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In animals, the expression of genetic factors has been studied ale-
most exclusively smong the attributes of the embryo or the adult, The
study of the effect of genetic factors on the gametes themselves has
boen tormed the genctics of gametes. Genetis offects on gametes ave
of particular interest, because they may cause, or indeed, be cxpressed
directly as differences in the fertility of the gameteos, and this in
turn might have repercussions on both fundamental and applied genetics,
vhere it is generally assumed that the chances of & particular ovum being
fortilised by a particular spermatosoon are not affected by their genie
content, The relation of the genetics of gametes to mammalian blology
hag boen presented by Beatly (1956, 1957a, 1957¢, 1958a, 1958b, 1959),
Beatty and Fepler (195%, 1959b), and Breden (1956, 1957s, 1957b, 195€a,
1958b, 1959). :

The present study has been condusted with the visible, as distinet
from the behavioural, charaectoristice of spermatozca of the laboratery
mouse, Jiug Busculug. This spocies wes chosen for the following reasons,
First, the chief longeterm application of this kind of work is likely to
be in memmals, m.mm_dhmmm-w
intensively (Grfneberg 1952). Thimdly, internationally known inbred
gtrains are awailable to all workers, and results on particular streins
or crosses can readily be confirmed or extended. Fourthly, mice are an
inexpensive source of spermatosca throughout the year, and breed quickly,
Finally, an eventual possibility in this kind of work is to attempt the



artificial separation of spermatozoa according to their genetic content
and thus, after artificial insemination, to attain scme measure of cone
trol over genotic segregation matios; in the mouse, a technique for
artificial insemination is already available (Snell, Hummel and Abolmenn
1944)«

The spermatozoan characteristics chosen for etudy were mainly the |
dimensions of the head end midploce, though two other charestarietics |
presumptively related to spermatosoan fertility and three more charace
teristics associated with physiological maturation of spermatozoa have
also been studied. There is 1little precedent in mice for quantitative
studiecs of this kind, and almost no information about the relative ime
portance of biological and technical sources of wvariation was awailable
before the beginning of the experimenta. It was felt desireble, there-
fore, to arrange scmevhat complex sampling structures in cuch a way that
the varicus sources of error variation would not bias the main results.
The sampling structure also permitted estimation of the magnitudes of |
these various sources of error variation after the experiments were come
pleted, and this formed en important subsidiary objective, since it aided
the interpretation of the analyses in the present work, and yielded ine
formation that could be of service in designing future amperiments.

All the observations (apart from the measurements of live spermato-
s0a) were conducted with nigrosinecosin preparetions where the staining
nixture consiste of 30 g. nigrosin (Gwrr), 5 g. cosin (Gwr) and 300 co
distilled water (Hancock 1951). This mode of preparation wes adopted
for the following reasons.

The main object of the work was to study the dimensional charece
teristics of spermatosoa. The measurement of such characteristics is
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present results supplement those of Braeden (1957b) on strain differences
in the behaviow of mouse gemetes close Yo the time of fertilisation,
Other work is that of Snell and Pousher (1943), Snell (1944) and Clayton
and Edvards (1957) on spermatoscan antigens specific to inbred streins
of micoy of Hancook (1953) on & spermatosoan abmormality charecterising
e related group of bulls; and of Edwards (1955) on the wmequal fertie
lity of spermatosoa from inbred streins of mice, as juiged from the
numbers of offepring reccrded after hotervspermic insemination,

With the ovim, examples are known in this firet category. Beatly
end Plschberg (1951) attributed a high incidence of triploid embryos in
a particular stock of mice %o a tendenay in the strain towanrds submere
sion of the second polar body of the egge This was supported by Braden
(1957b), whose paper also brought to light mmerous differences botween
straing of mice in the ineidence of almormalities of egg matumtion and
fertilization, conditioned by the strain %o which the female belonged.
Cytogenatical ancmmlios in the mammalisn egg with particular reference
to parthenogenesis and polyploidy are revieved Ly Beatty (1957¢).

A second category of observation arises when single hereditary face
tors are known to affect the phenotype of gametes, and when it is wnlmown
vhether gene action on the gamete is mediated by the somatic or the
gametic gene complements, or by both., A major ecxample is the identifie
caticn of the entigens of blood in the spermatosos of mammels (e.ge
landsteiner and Levine 1926). A probable connection between the
melanizing pover of rabbit spermatosce i yiigp, and the genstic cone
stitution of the rabbit at the alkdno locus, has been reported by Bestiy
(1956). The present work suggests that spermatosocan characteristics
of the mouse are unaffected by an agouti-locus allele, but are possibly
affected by alleles at the albino locus.



A third and particoularly interesting category of obserwation iz
vhen gene acticn on gametes is attridutable to singls gemetic fastors
m,awmmmﬂnuuﬁmuh
individual gamete, Basiocally, this type of observation demands the
demcnstmtion of two or more different phenotypic classes of gamete
segrogating from a hoterozygous soma, There wes some slight evidence
for such segregation in the work on melanizing esctivity of rabbit sperme
atosoa mentioned above, Braden (1958a) has produsced strong evidence
that T locus allslsp may have a direct effect on mouse spermatozoa beare
ing tham, Reports that the X- and Yebearing spermatozoa of mammals
differ in size have been discussed by Beatty (1999) whe finde no crucial
evidence for dimorphism. The control of sex ratio by separetion of Xe
end T-bearing spermatozoa after comnter-streaning centrifugatdion (ILindahl as¢
1958) or hy elestwophoresis (Gowdon 1958) or after gravitatiomal fall
(Bhattacharya 1958) would oome into the present category.

The present stulles are concerned chiefly with diresct comparisons
of the spermatozoan characteristics of particular intwed strains, In
the second chapier, F; crosses between certain of these strains have also
been studied and have yielded what is believed to be the first demcnw
stration of heterosis in the spermatosoan phanotype.
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CHAPTIER 1
STRAIN DIFFERENCES IN SPERMATOZOA FROM EIGHT DNBRED STRAINS OF MICE

1. ITHTRODUCTION

Tatil recently, the expression of genctic fastors in animels has
been studied almost emclusively in the asygote. Gemetio offects on the
phenotype of gametes form a field of study, the genetics of gametes.

The main objectives in the present section were to acquire informe
ation on the following points. What are the visible ways in which the
phenotype of the spermatosoa veries? What controls this wariatiom,
and in particular, how much of it is determined genetically? Braden
(1955) hed reported strain differences in mice in the shape of the
spermatoscan head, and possibly in ite lemgth and bresdth. The present
investigation brings to light mmerous genetic differences, as judged by
differences between streins, in the charecteristics of spermatosca from
eight inbred streins of mice. Sources of variation within streins have
also been evaluated, some of the information being vital for correct
appreciation of the differences between strains,

2. MATERIALS AWD METHODS

a) Zhe inbred stiuing
The history and relationships of the standard inbred strains of mice

are given by Heston (1949) end Yy Carter, Dunn, Falconer, Grinoberg,
Heston and Snell (1952). The relatiomships of the strains used in this
work, with the approximate time of their origin, are shown in Fig. 1.
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The sysbols used to designate the strains, folloved in brackste by the
accepted ‘international symbol, if any, ave given below. A1l struins
bave been inbred brother to sister for more then twenty generetions,
except for V struin, which is highly though not formelly inbred, snd
would have been studied separately if any outstending peculiaritics had
become ovident in variance within the stauin,

The strains are as followss

¥ (no international symbol)se originally "Eegtock" (Beatty and
Fischberg 1949), or "silver stock" (Beatty and Pischberg 1951);
selooted for high incidence of heteropledd emdryos (Beatty 1954);
mainteined chiefly bty sid-matings with pericdic culling of sube
lines; genotype, glal kb, segregating for j and g and perhaps for
£ ghpe

4 (4/fa)s= genotype, 28 Ib o0.

&/(%g) (no international symbol)s~ originated gizgs 1948
from A/Fa by addition of § and Bg through five generations of
backeorossing to A/Faj then full inbreeding with forced segroe
gation at the g losusy local symbol REB; gemotype, gg kb Balle
and either gg or 2g.

SR4 (CBA/Fa)ie gomotype, wild type.

CBA/g (CBA/Bowg)s= arose girgg 1948 after mutation from j
to g in the CBA/Ca stock (at that time tho same as CBA/Fa); local
gymbol MBy gemotype, gg.

Kb (no intermational symbol)se originated gipeg 1949 from a
four-uay cross botween A/Fa, C57BL/Fa, CBA/Fa and RII/Faj then
soveral generations of sslection for large body sizej then full
inbreeding (stock of Falooner and lLatyssewski); gemotype, gg.

| BRI (RIIX/Fa)s= genotye, gg.

57 (05TBL/Fa)i= genotype, ga.



b) Seapling of ihe stmains

The stocks of mice have beem kept for many generations under stane
dard conditions of maintenance at the Institute. Throughout the pre=
sent investigation, the cages were ia no particular ceguence on the
racks, and their order was frequently changed. The sampling is summere
ised in Table 1, in which 1t will be seen that the strain means of age
(140 « 210 days) range over a restricted period of what 4s commonly
regarded as the useful hreeding life of male mice (about 50 « 280 days).
For reasons of time, it wms not possible to arrange for the average age
of the struins to be identical end, as mentioned later (pe s ), there is,
in any case; little ovidence that age of male affects any spermatozcan
characteristic.

The chnice of the eight strains, end the mumber of thirteen males
per strein wus diotated ly avallability., Iitters clder then 330 days
or youger than 60 days were rejosted. The sampling was designed to
give as many litters as possible per strain, Vhenm more than thirteem
litters per strain were awailable, thirtean were selected at randomy
vhen exactly thirteen litters were awailable, all were chosen. One
mle was sslected at random from cach litter. When loss than thirtesn
litters existed per sivain, one male was chosen at random from each, and
the process repsated untdl thirteen males were aveilable for that strain,
The 104 males (thirteen for each of the eight strains) thus chosen were
killed in reandomised onder over a period of four days, and thelr spermo~
tozoa mounted as nigrosineecsin preparations that werse inazpecled ad once.
Pour males giving wnsatisfeotory preparations were replaced by litter
mates, chosen at random, and recorded in random position on the list of
males yeot to be killed,



) Eremaretions

411 dlesections and the making of preparations (s)ddes) vers sarried
out in a constant temperature room at 19 &£ 290, The mice were killed ly
sturning and breaking the neck. The yagg defersniis vere dissested out
and clesned externally; the contente of both the yugg were stripped
immediately into & single drop of 0.85% Nall with the ald of two forceps.
After one minute, the spermatosca were mixed with the saline by gently
pipetting wp and doun, and the suspension allowed to stand another minmute,
One drep of nigrosinecosin stain (mede to the formula of lancock 1951)
s mixved into the suspension and left for two minutes., Two slides were
smeared thinly with the stained suspension, using the edge of smothsr
slide, and allowsd to dry on the benohy drying took about one mimute,
and vas alweys complate between four to five minutes after the mouse was
killed, Ooverslips (13°xz 7/8") were moumted with DePeX, Each of the
208 preparations was coded by & second party, and the codo was withheld
wmitil ell observations had been comploted.

d) Apperaius and messuping rocedure

For the study of the dimensional charecteristics of the spermatosoa,
the projection microscope described by Beatiy and Napier (1959a) giving
e magnification of x 6950, was useds The nominal resolving power of
thoummun.o.a/“ for white light, Measurements were made
on dravings of projected images of spermatozoa. The unusually high
mgnification was employed in order to minimize the effeci o such toche
ndcal factors as the thickness of the pemoil lines or the cocrsencss of
the scales on the measuring instruments., Straight lines were measured
with & stoel rule graduated to 0.5 mm., and curved lines (those along
e main axis of the midpiece) were measured with & rotameter graduated
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to 1/26" (= 1.6 ma). For measuring areas, e planimeter graduated to

0.1 cu was used, Observations recorded as percentages vere made by

direct vislon through an ordinary mieroscope with olleimmeraion objective
and x 10 ooular, and without a filter. The whole of the present invese
tigation is twoedimensional in the plane of optical projection of the

spermatozon which lie flat against the slide,

All the preparations of the experiment were placed in & reandomised
order bafore examination, Except for restrictions described below,
spermatozoa were sempled by selecting each isolated spermatozoon that came
into the field of view during a systematic search of a preparation, This
was considered % be the equiwalent of formal random sampling, since there
was little reason to expect any relationship between the attributes of
a spermatogoon and its position on the preparation. Groups of agglutine
ated spermatosoa wvere ignored,

It had been intended to measure only randomly chosen wetained spere
matosoa with normal acrosomal capss This was achieved, except for occa=
sions (9.9% of all spermatoson, distributed fairly equelly over the strains)
when there was a scarcity of unstained speymatosos. The head and midpiece
of five spermatozea per slide were outlined on paper, with one paper for
each of the 1040 spermatozoa. The scrosomal and postenuclear caps wers
included in the sketech of the head. The pepers were placed in random
onder and the following characteristics measureds hoad brecdth, heed apes,
midpiece length (ealled pidpicce Jength A) and pidpiece ares.

The breadth of the sickleeshaped head is defined ss follows, The
half of the inocurved edge of the sickle nearest to the base of the head
is moderately straight, though closer inspection shows that it resembles



two eycles of o flattened sinusoidal cwrve, A base line was drewn
through this curve, lHead treadth was measured as the maximmm breadth
of the spermatoscan head at right angles t9 and measured from the base
line, (See Fig, 2).

“The nidnlege lmeadid wes determined by dividing the ares Yy the
length, This was thought to give & better cotimate than would diveoct
measurement, since the sotual breadth is only about 0.8/ in effect,
the breadth has been measured as an average along the length of the
more or less rectangular midpisce.

The 1040 sheets of papor were then classified Wy the subjective
eriterion of whothor the head appeared to be "thick® or "thin", and the
£ "thick" opermatogos wves listed for cach slide, This charsoterlotis
ws stadied in onder to soe if a quick method of measuring head breadth
would, vhen analysed, give resulte ccapareblo with those from detailed .
meagurement, Full amalysis of the ¥ "thick® spermatosoa was carried
out but, because of the transitory interest of this charecteristic, only
the conclusions are reported (p.26 ).

While cach slide was in position for the obserwations described
above, an additional five spermatozoa were selectad at randem, with no
attention to the qualities of the head, and with the sole restriction
thet each bore a kinetoplasmic globule on the midpiece, The length of
the midpicce, and the point of attachment of the lkinetoplasmic globule,
were marked on paper. From these drawings, midpiece length (ealled
Ml)mm There is, therefore, 2 2light differw
ence in category botween midpiece lengths A and B; the former are frem
spermatozca that do not necessarily bear a kinetoplasmic globule and
whose heads are of 2 certain class, while the latter are all from spermae
tosca bearing a globule and with wmelassified heads,
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The globule sod poaition was meagured as the distance between the
point of attaclment of the kinetoplasmic globule and the rear end of
the midpiecce. The glohuls mizpaticn poaiidep, or the rolative distance
irevelled by the kinetoplasmic globule during ite migration from the
front to the rear of the midplece, ws dotermined as the retio of (a)
the distance betwesn the attaclment of the globule and the front end
of the nidpiece, end (b) the total length of the midpiece.

The charasteriotic of "hend length" of the spermatozos wme not
possured, The pecullar shape of the head does not allow for eny saslly
definsble single measuremeut thet can be called the natural length of
the heed. The curved beak of the acrosomal cap is very delicate and
presente verying degrees of curvature. In some memmalian specios,
mmu-Mzaumuatmmamwm
mmam’mmm.mmammm
length; in mice, this 1s not so.

All the slides were thon placed in & mew rendem order and esmamined
with en ondinary microscopes The following charecteristics, studied
concurrently, were listed from 50 spormatoscs per slidej the percentage
of spermatozoa with unsteined hesds (called Limateined) end the percene
tage of spermatosce with normal seroscmal caps (called § uoimal geos B).
Unstained spermetozon wore those whose heads were lighter in colour Han
the imediate background, Spermatozos with normal caps were those in
vhdch the caps were nelther loose, missing nor irregular, All gpermatosos
ﬁ&wmm.m,htﬂbmdMaotw. With the
Mhamnﬂucﬂw,htommau,mw
cwrrently, were lsted from 50 spermatosos per slides the percentage of
spermatozon bearing a kinetoplasaiec globule (ealled £idth Zlobule), and
wmdmmutmwm(mm
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Sapg A)e There i3 no essential difference betwoan the A and B series
for % normal caps; the two series were drawn from the same slides but
en d¢ifferent occusions, and permit a check on repeatability of ohserw
vatlon and analysise

For purposes of amalysis, the charecteristics of spermatozoe fall
aaturally inte two growps - the pepmumation datg and the porgantess dats.
The latter were analysed after the angular (aresin) transformation
(Snedecor 1956), the standard error of a transformed percentage being
independent of the actual vnlue of that percentage,

£) Eactors end thelr effectes Bbiomotrical mothods

An extensive series of graphs, and a preliminary experiment not roe
corded here, gave no compelling evidence that any epermatozoan charace
teristic was related to the age and weight of the male over the range
studied in this work, Purther, for dimensiomal characteristics no reel
differences between litter means within strains could be demonatrated
(pe 12 )y in spite of the varying ages and weights of the litters, Strain
means of spermatosocan charecteristics were not significantly correlated
vith gtrain means of age or weight (p.23 ). Finally, there were no
marked differences among strains in their average age or weight. It
wag therefore thought reasonable to ignore age and weight of the males
in the present investigation.

The factors studied are perhaps best stated in conjunction with the
statistical model used for analysis. The characteristics of & spermae
tozoon are affected by waricus fagters (= sources of suxisticn; for
cxamplo, males in litters), that are listed in the subssquent analysis
of wariance. Each factor has an gffegt (e.g. the maloseinelitiers effect).
The factor and ite effect are given the same symbol (e.g. M(L) ). Handom
effects (e.g. the differences between random males of the same litter)
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ere neasured quantitstively e Wariance Scuponcute (o.8e Uy(y)”) that
are isolable from the hierarchical analyses of variance; the signifi.
cance of effects is tested by comparing mean squares in the analyses.
Mﬁnﬁ(ﬂMﬁqMMﬂ“)mu
the strict sense, measured by gonglantg that are not true wariance come
ponents but are computed as if they were. For convenience, and in the
abgence of any general term demoting the measures of both fixed and rene
dom effects, these constants will be referred tc as wvariance components.
The following effects were studied, the first being of primery interest
in this wvork; the inbred strain effect, Ij the maleos-in-straing effect,
M(I); the preparationseinemales effect, P(M); the spermatoscasinepre=
parations effect, S(P). There were equal mmbers of cbservations at
each level of the factors listed above. Provision had been made for
orthogonal analysis of a possible difference between litter means in
the presence of two levels of unbalance in mmbers (varying aumbers of
males per litter and of litters per strain), If litters are taken into
account, the males=inestrains effect, n(x).umm into a litterse
inestraing effect, L(I), and a males-inelitters effect, M(L). It was
assumed that there was no significant familics-inestrains environmental
effeot, and, within an inbred strain, family means would be unlikely to
differ for any genetic reason. Two special sources of variation, El and
ER, are deseribed on pes2 o

Most of the computations are of standard form (e.g. Anderson and
Bancroft 19523 Snedesor 1956). Some examples of detailed application
of bicmetrical methods %o spermatosca of the rabbit ave given by Beatty
and Hapier (195%9a, 195%). Hormality of distribution and homogeneity
of variance have been assumedj wunpublished work by R.A, Deatty has demcn=
strated the valldity of these assumptions at several levels of analysis.
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A fow small and nonegignificant components of variance, irratiomally
"negative®, have been treated as real figures throughout computation
(Beatty and Napler 195%). An epproximate method was used for assesse
ing the significance of "all individual compariscns® among seversl means
with wmequal mumbers of observations per mean,

Abbreviations additional to the gymbols for factors and straing ine
cludes dof, (degrees of freedom); /(0,001 mms,); P (probabllity of
mull hypothesis); V.R. (variance ratio); 5.BE. (standard erver); S.D,
(standaxd deviation); 3 ('Student's' 3); 8 (mean square); x (correle
ation coefficient); 2  (variance component of & rendom factor, and alse
the analogous constant for a fixed factor). Differences between strains,
differences among strains, and strain differences, are synonymous phrases,
all meaning "differences between means of strains®,

3. RESULIS

s) Iresentaticn
The original data are summarized in Table 5 as all strein means of

all the spermatoscan characteristics studied, and elsewhere as comparie
sons, mean squares and wariance componenta,

The significance of the sources of variation affecting each spermoe
tozoan characteristic is tested (p. 13 ) from the analyses of varience,
The analyses, and the component structure (p. ¢ , Table 3) lead to the
isclation of components of variance (p. 20, Table 4). The strain svere
ages for each spermatoscan charecteristic, and the average standard error
per strain mean, are given in Table 53 from this arises a detailed
statement of the significance of all differences among strain means of
all characteristics (p. 2/ )« Outstanding strain differences are em=
phasizsed (p.23 ), and cbservations on living spermatozos deseribed (p.»:).
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Experimental conclusions are recallsd in the more general context of
the Discuseion, with some unavoidable repotition, but freed from the
Ginutag of statistical statement and argument,

b) Asalvecs of varisuce

| The individual besis of the analyses in Table 2 was cne spermato-
goon in the menswration data, while in the percentage data it was ome
angularly trensformed percentage derived from 100 spermatozoe per male.
Angular percentages were obtained by pooling the data for the two proe
parations of each mle, expressing the result as an actusl percentege,
and then angularly trensforming it. ‘

For cach mensuration characteristic, 832 degrees of freedcm were
available for the spermatosoa~inepreparations source of veriation.
This would have given a meen square unnecessarily well=determined in
relation to the rest of the anmalysis., To avoid computational labour
the information was reduced to 208 degrees of freedom by selecting at
randca from the record sheets, data for only two spermatosca per slide.
The data from all five spermatosca per slide were used for caloulating
mean squares at all higher levels of analysis,

In interpreting the analyses of variance shown in Table 2, it is
necessary at the outsst to consider vhether or not there is a real
litterseinegtraing effect, L(I). If 1t is not real, then the M(I) mean
square is an appropriate error term for assessing the significance of the
strain offect, I, If the L(I) effect is real, then the M(I) term in
the analynis must bd eplit up into L(I) and M(L), and the L(I) term would
form the basis of an ervor tem for testing the significance of the
strain effect. Arguments against the reality of the L(I) effect ave,

firstly, that it is popesignificent, in eloven of the twelve analyses,
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and only in one analysis does it attain a low level of significancej
secondly, in six of the emalyses, apparent differences in magnitude
between the L(I) and M(L) mean squares are partly a reflection of vhat
appears to be a small subnormality of the M(L) mean squares, probably
due %o chance fluctustions, An argument supporting the reality of the
L(I) effect is that ite mean square is slightly (though nonesignificant.
1y) greater than the M(L) mean square in cleven of the analyses, and
significently greater in one analysis, though at a low level of signie
ficance, An argument for allowing the use of the M(I) mean square as
the error term for testing the strain effect, even in the presence of a
possibly real L(I) effect, is that the M(I) and L(I) mean squares do not
differ greatly in magnitude. On the whole, the littersein-strains effect,
even if it should be real, is likely to be small, and the results have
been analysed and presented in the first place on the assumption of no
real L(X) effect, But modificatory notes have been added to the legends
of the Tables and in the text, so that the results can be re-assessed, if
subsequent work should point to a real L(I) effect; the underlying prine
ciples are explained but the computations are not presented in detail,
In the mensuration data, the results appear to be clearwcut, Oa
the assumption of no real littersein-strains effect, there are signifi.
cant differences among strain moans for head breadth and area, midplece
length A and B, midpiece breadth, globule end position and globule mige
retion position. (If & real litters-inestrains effect is assumed, the
strain differences for midpiece breadth and globule end position do not
quite ettain significance), In the lower levels of the analyses of mene
suration data in Table 2 (colums b - £) there are no significant effects
of litters in strains, males in litters, or preparations in males, ewoept
for significant differences betwesn duplicate preparations for midpiece ares
and breadth, and for ;1shule migration position., The struin differences in



the sise of the midpiece can be further interpreted. First, the virtml
constency of midplece aresamong strains is as striking in the emalysis
of variance as in the means of Table 5) from the latter, it may be cale
culatod that the grand average of midpiece area (llvﬂ}) has a S.B.,
based on differences botween strain means, of only & 0,185 /2 (7 duf.)s
Socond, and ty contrast, there are highly significant strain differences
in midplecs langth and breadth, Struin means of the length and breadth
of the midpiece must, therefore, be negatively correlated; this wms oone
firmed directly by correlating the strain means of midplece breadth in
Table 5 with the midpiece length A or By both carrelations were signifie
cant, These two correlations do not appear om p, 23, where & particu
larly high level of signifisance was used.

In the percentage date, there are highly significant differences
between ptrains for % unstained and for % normal caps A and B, but the
# vith globule is not significent. There is a low level of significance
attached to the L(I) mean square for % normsl caps A, but the L(I) mean
squares for ¥ nommal caps B and for the other characteristics are not
significant, The M(I) and M(L) mean squares are all highly significant
in comparison with the theoretical wariance of an angularly transformed
percentage; this may indicate true M(I) and M(L) effects but, alterw
natively, may reflect differences between duplicate preparations (see
Legend to Table 4).

It will be seen that the general patterns of the analyses of midpiece
length A and B are similar, as might be expected, since these two categories
of length differed tut little, The analyses of § normal caps A and B
are also similar.

The relative contributions of the warious sources of variation are
more easily visuzlised from veriance components (Table 4), which ave
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derived from the material fees the meiesdal in Tables 2 and 3., In the
nensuwration data, cutstanding peinte are the large megnitude of the
strain components for head breadth and heed area, and for midpleoce
length, while the strain component for midplece area is serv. 411 L(I)
and H(L) components for all mensuration charecteristics are nonesignifie
cant and small,  The Jargest componeat in any enalysis is on the right
mmammi 8(P) in the mensuration data, M(L) in the pere
contage dats, In the percentage deta, the L(I) effoct is evidently not
welledotormined, since large estimated wvarisnce components cammot be showm
to be significant,

e) Compariscns of all strein meens of all charestexistics
mummwmmms.mmm

-mmmtammm For instance, CBA/g and it
parent otrein CBA are closely alike; A/CRg end ite parent strain A ave
eliks axoept in hoad bredthy tho 057 heed s emmll. Detailed inter-
mudhmdmwuothnnha!mn
Mmumm

For any particular spermatoscan charecteristic, the difference between
two strain means vould be deemed significant if 1t excoeded { +/2) x (S.E.
per strain mean in Table 5) x (§), provided that only gpg such comparison
is made, planned in advance of the experiment, or stated before consulting
the results. But 28 comparisons are possible among 8 strain means, and
one or more "signifficances® may be found that are, in fact, chance fiucte
um.mmot.mﬁcum This difficully was
mwmumanﬁ(lus)bmhmm
of all comparisons among all means for each characteristic, the resulting
interpretation of Table 5 being presented in the main body of Table 6.



The A and B series of midplece length were treated as duplicatesy on
the rare occasions vhen they gave different significance levels for a
particular comparison, the lover significance was chosen, The A and B
series of % hormal caps were treated similarly.

Table 6 also bears a modificatory footenote, prepared as follows,
for amending the body of the Table if a real L(I) effect is to be assumed,
A table similar to Table 5, but shoving strain means of Jitter mosng, wse
first compiled, and the differences among means calculated, But, all
the available methods for testing ®=11 differences among means® seem to
demand equal mumbers of observations in the subclasses, whereas inequale
ities axisted in the present data, An approximate method was, therefore,
used which was considered adequate, since the inequalities were not large.
Duncan's 1955 method was not adapted, because the treatment of his "Rule
2% could not be viswalised, Instead, an adaptation was made of the earlier
Tukey method (as deseribed, with modifications, by Smnedecor 1956), Least
significant differences (L.S.D.) were computedy differences between strain
means of litter means excceding the L,S,D, were deecmed significant, while
those not exeeeding the L.S.D. were considered nonesgignificant, The L.S.D,
was computed as |/ ¥ x Q/ngn,, vhere M8 s the L(I) meen square in the
analysis of variance (Table 2), ny is the harmenie mean of the mumbers of
obgservations per litter in the vhole experiment, n, is the harmonic mean
of the nmbers of litters in the two particular strains under comparisocn,
and Q is a factor from the 0,05 P Table of May (1952), entered for 78 d.f.
and 8 groups. A Table similar to Teble 6 was set up, listing ell signie
ficant differences botween strain means of litter meansy comparison of
this Table with the body of Table 6 led at once to the modificatory note
at the foot of Table 6, The A and B series for midpiece length and for

% normal caps were treated as in the previous peragraph,
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Table 6 is, therefore, a complete statement of all the significent
differences between strains and, by exclusion, of all differences that
are not significent. CBA/g and OBA do not differ significently frem
one another in any characteristic, A and A/CRg differ only in head breadth,
while each of the remaining strains differs significantly from cach other
strain in at least three spermatozoan charecteristics,

d) gervelaticn of spermatosonn charscteristics
0 The colums of strain means in Tables 1 and 5§ form fourteen sete of

data among which ninety-cne correlatica coefficients were caloulated,
Several "significances" due only to chance fluctuation would be expected
from so many unplanned comparisons. As e safeguard, therefore, only
those correlations greater than 0.83 were merked eignificant, the signie
ficance level being P < 0,01, The significant correlations weres
between the A and B series for midpiece length, F = +0,97; betwoen A
and B series for spermatozos with normal caps, = +0,965 between heed
breadth and head aves, § = +0,90; and between the migration positicn and
end position of the kinetoplasmic globule, § = +0.,99. The last correle
ation has little interest, being a necessary ccnsequence of the definition
of the two correlates. It will be noted that no spermatosoan charectere

istic was significantly correlated with age or weight,

Table 7 sumarizes the more striking characteristics of the @ifferent
strains, chosen on the following principles, The characteristics were
those showing an overall significance of P< 0,005 for the differences
among strain means in the analyses of variance in Table 2, For each
such characteristic, the two strains with the highest and the two with
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the lowest mean wvalue of that characteristic were selected from Table 5,
but vere retained only if they differed gicnificantly from at least three
other streins, In the originmal data sheets, some of these differences
were obvious, For instance, the mean head breadth and head area of each
of the thirteen 057 males were smaller than the corresponding means for
each of the thirteen A strain males.

f) [ksasurcuents on living sporpatosos

C57 and CBA males were selested in pairs of approximately equal age,
but with the age differing betweesn pairs, The twenty mice of ten pairs
wers killed in randomised order, and the head breadths of their living
spermatosce determined in the usual way (though without coding), the
pemen being mounted in saline under a coverslip ringed with waseline,
Ten spermatosce, temporarily at rest, but shoving motility after measurew
ment, were measured per male. An analysis of variance, with an indivie
mumammmmuwmuﬁ.mmm
mean squaress mm.%iu defe)s peirs, 0,249 (9 duf.); inter-
action, 0,230 (9 d.f.); spermatosos in preparation, 0.113 (180 d.fs).
The interection is berely significant, The mean square for peirs is
not significant, thus suggesting once again that age bas little effect
on head breadth, The difference between strains is highly significant,
Mean head breadths for C57 and OBA spermatozoa were 3,00/« and 3.61 /c
respectively.

In comparison with spermatosoa in nigrosineecsin preparations (Tables
2 and 5) 1% would appear, therefors, that living spormatoscs have smaller
heads, and an increased wariance within preparationsy =all this, however,
might be due to living spermatozoa not lying flat against the slide, and
being viewed at slightly varying angles. The change in breadth might
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also be due %o & possible swelling of the spermatosocan head in nigrosine
m'mm The only conclusion drawn from the present section
is that an obserwvation made with nigrosineecain preparations is confirmed
from living spermatosoa; the spermatozsca of C57 have a significantly
narrove: head than those of CBA,

4. DISCUSSION

a) giweln differences in speruptogoan charscterigiics

The main finding in these permanent nigrosineeosin preperations is
that peversl characteristics of spermetosca vary significantly emong the
eight inbwed strains. Some differences are not inconsiderablep Lor
instance, the head bresdth of A stwein spermatozos is about 10F grester
than that of the C57 struin, and in V strain there are about tudee as
nany unstained spermatosoa as in KLy differences were scmetimes otrilking-
1y clear by inspection of the originmal data, In the menswraticn charace
teristics, the intwed strain effects fall into two clear groups according
to the characteristic studied; the effects are el ther highly significant
end large (variance components between 18% and 24%), or else they are
not significant or at a moderate level of significance, and are small
{varience components between 0F and 3%). (See Table 4).

Bven in comparison vith what may be an over-stringent error temm,
based on an assumed reality of the litters-inestrains effect, strain means
are found to differ significantly in the breadth and ares of the spermatosocan
head, in midplece length, in the incidense of spermatosce with an wnstained
heed, end in the incidence of those with nomal sorcsomal caps. Strain
differences in head breadth and ares are highly correlated. The differ-
ences in head breadth are so marked that independent analyses, from measured



breadths, or from & crude classification of spermatoscan heads as "thick®
u'ﬁ'h'(y.m),pnnmunwmmorm“.
and almost identical liste of significant differences among these means,
With a less stringeat but, nevertheless, probably valid estimate of errce
(assuming no real litterseinestrains effect), three further characteristics
show significant differences among streinsy the midpiece breadth, the
globule end position, and the globule migration position.

The veriation in the midpiece is of interest. Within emall and
stated limits of error, g varlstion exists between streins in the avea
of the midplece. is Juiged from these sight strains, the average mide
plece area per strain can be regarded as a constant typloal of the species.
But there are significant (and negatively correlated) strain differences
in the length and breadth of the midplece. The essential attribute of
the midplece susceptible to strain variation must, therefore, be its
2hapg, and the shape Yyplcal of a strain is not apparently subject to any
litters~inwgtraing or males-in=litters offeat. Betwoen duplicate preoe
parations, however, the area and breadth are found to differ significantly,
btut not the length; the preparation techmique probably causes small deoe
formations of the midpiece, with the longor axis the more resistant to
deformations All cbserwations were two-dimensional, and nothing can be
said about the wolume of the midplece,

Whether significant or not, the wariance components for the strain
effecis on the kinetoplasmic globule are of little interest, being exe
tremely small for each cbaerved attribute of the globule, Strain wmrise
tions in the incidense of unstained heads, and of those with normsl
acrosomal caps, are alike; this was to be expeoted, since most of the
spermatosoa with normal acrosomal cepe are also unatained,
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The spermatoscan characteristics fall into three main groups re-
lative to the blology of spermatosca. Most of the characteristics are
dinsnsicnge The incidences of unstained spermatozoa and of those with
& normal acrosomal cap probebly bear & positive reletionship towards the
Sextiliiy of semeny there is ovidence for this in the rabbit (Beatty
1957b); and the incidense of stained spermatozoa is related to fertille
% in the bull (Bishop 1955) and o spermmatoscan viebility in several
mommals (references in Beatty 1957b)s It may well be that most of the
abnormsl caps are artefacts representing the response of the spermatosos
t the challenge of the method of preparation, tut thelr inecidence is,
nevertheless, connected with semen quality es mentloned above. The
iucidence of spermatozoa with a kinetoplasmic globule, and the two
mossures of the positlon of the giobule an the midpiess, ave related %o
the plyaiclogigal maturaiion or "ripening" of spermatosoa in the genital
tract of the male (Mamn 1954). In each of these blologlcal contexts,
therefore, at least two charecteristics differ significantly among strains
of mice.

In the face of the manifold variation among strin means (Table 6),
it is notevorthy that CBA and CBA/j do not differ in any characteristics
of tholr spermatosoa whatsoevery as may be seen from Table 5, the two
sets of means are almost the same. Since CBA/g arose 28 a mutation from
4 to § in the CBA strain, (see Fig. 1) and the two intwed straine must de
genetically identical, apart from invisible mutation and gemetic drift,
it is inferred that the none-agoull mutation g does mot affect spermatos
scan characteristics in the mouse, in the sense that ji and gg mice have
virtuelly identicel spermatoscan charecteristics, The heterozygote jg
has not, howover, been exmmined., Also, the near-identity of the results
from these two closely related streins gives an empirical check cn the



validity of the sampling, measurement and enalysis in this experiment,
Two other strains, A and A/CRg, related to one another, (see Fig. 1),
though less closely than are UBA/j and CBA, were indistinguishable in
all cheracteristics except head tweadths Sinse A strain is homozygous
for albine, vhereas some of the A/0Rg individuale are heterosygous, the
possibility existe that albino locus allsles may hove some effect om head
breadth of the spermatozoa, Other pairs of etrains are not closely ree
lated enough for argwments about specific genes to have much waliddity.

b) Yaziation within struing,

- With most blological charsoteristics (for instance, the body weight),
one would expect to find demonstrable litter and male effects in an experie
ment of this size, betruying the influence of ege, mmber in the litter,
mmber in a cage, maternal effects, behavicwul relationships in the cage,
end various impondersbles connected with maintenance, health, and so om.
By conirast, the mensuration cheracteristics of spermatosoa in & strain
seem o be quite free of demonstrable veriation assoclated with the idene
ity of the Miter or of the male, Even the technicel veriation between
duplicate preparetions is almost nagligible (end is nonwsignificant) for
head breadth, head ares, and for midpiece length, It is concluded that
deat of meny envirczmentel, blological and technical factors. However,
as discussed below, some significant variation has been detected between
duplicate slides for midpicce area and breadth, end for the globule position
Mun»mm&tmmmmnuw”chuuuw
envircnment, It will be noted in mensuration data that the wain component
«muhtmmmmmusm
part of this variation must be attributed to observetional wncertainty
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associated vith the limite of optisal resoclution of the microscope.

¢) Senetds ond nopegenetic wariaticn
Ghder the sampling conditions of this work with inbred mics, it is

assumed that strain components of wariance reflect genotic effects, and
that all the wariation vithin o strain is nonegenctic. The possibility
of heteroaygosity or fresh mutation in an inbred strain can not be abe
solutely exeluded, but was assumed to be minor on degree. For the
present purposes, V straia will be treated as a formally inbred struin,
Variation between litters in streins would reflect envircnmental or mate
ernal offects, while the males-inelitters variation would show environs
mental effecte. Variation botween duplicate preparations is attributed
%o technique, and variation between spermatozoa in preparations is attrie
buted %o a combination of tecimique, cbscrwation, and of matural variation
botween spermatosca. Age and weight seem to play a negligible role in
spermatoscan vardation (p.5 ) and will not be considered further.

For head breadth, head area, and midpiece longth, genetic variation
is represented by marked differences among strains, while the only none
genetic variation occurs in the differences botween spermatosoa in pre-
parations. The midpiese area has no genetdo wariation, but there is a
moderate nonegenotic wariation attributable to technique and a large none
genotic component for differences botween spermatosee in preparations.
The midpiece breadth, the globule end position, and the globule migration
position, cach hes a very small though significant genetie component, a
moderate ccmponent atiributable to technique, and a large componcant for
non=genotic variation between spermatosoa in preparations. Among the
percentage data, vhere interest was concentrated at the upper levels of
the analysis, the main conclusions are that there is & moderately large
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genetic component for the incidence of spermatosca wvith unstained heads
and wvith normal acrosomel capsy the genetic component for the incidence
of spermatosoa bearing a globule is small and none-significant,

As a gulde to work on the quantitative genetics of spermatozoa, it
will be noted that the head breadth in particular, and also the head
area and the midpiece length, are "good" characteristics, with a large
genetic component and no demonstrable nonegenetic components other than
the wariation between spermatoszoa on a preparation. These charactere
isties should have a congiderable potential for response to selection,

d)  Bliegetricel analvels of spexwetososn chermacteristics

1. 20 e Sensemwtteh ata; Thave 15 & Gstutind Pessiblanes betisen
the t%wo independent analyses of the midpiece length, and the rank order
of strain means from the one amalysis is almost identical with that
from the othery analyses of closely related strains are in good agree=
ment; no means squares are more than slightly subnosmal, and no wvariance
components more than slightly 'negative'. But, in the percentage data,
enalyses of the two sets of observations on the incidence of nowrmal
acrosomal caps are in failr rather than good agreement, and there is
obviously much intangible variation vithin strains, This contrast be-
twoen monsuration dats and percentage data also applies to rabbit
(pe32 )o

The demonstration of the reality of diffsrences betwoen meang of
measurements made on %o or more populations of small objects is not

necessarily limited to differences of greater magnitude than the nominal
resclving power of the microscope. The coarser the resolution, however,
the larger is the number of individuals that may have to be measured to

establish a difference., For a walid assessment of such small mean



-le

differences, the following conditions must hold, though expericnce may
show that some can be relazeds= (1) phyeical and cbservational sources
of error must be randomized, as well as the order of presentation of the
objects to the observery (2) the material must be coded, so that the ob=
server doss not Imow the olass of object bafore him (3) the obsarver
mst not, by inspection, be able %o recogaise that two or more classes
of object are being presented to himy and (4) the comparisons of means
must emerge from a single experiment designed to reveal thems The pre=
sent work, which largely concerns mean differences, was deaigned to mest
these conditions. Absolute magnitudes of eingle observations, or means
of ouch observations, are of a different status; within the firinge of
uncertainty of the optieal resolution, any given observer might consis-
tently overe- or under-estimate the true walue, and this blas might differ
from thet of another observer; or from that of the same observer on a
differsnt ccession, But, when mean differences are being assessed under
the conditions desoribed above, most of this bias would be expected to
cancel cut.

o) Messuremente of Jiving and deed svermatosos

An excellent account of difficulties involved in making unbiassed
neasurenents of spermatozos was given nearly half o century ago by
Zeleny and Faust (1915). In planning the present work, a high pricrity
wae given to elimimating possible sources of subjective wariation attrie
butable to the obmerver and to tecimique, In consequence, spermstoszca
were examined in dried mmears (permanent nigrosineecsin preparations)
vhere they are no longer alive. This aided measurement, because the
spermatozoa lie flat in the field of optical projection, and are not

moving, In addition, all the preparations of an experiment can be
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examined in a coded and rendomised order, and remein awvailable for
further study. One comparison, of head breadth, has been checked with
living spermatosoas the narrouness of the spermatozoan head of 057 in
comparison with that of CBA wes first suggested bty the preliminavy data
of Breden (1956) in living spermatosos, has been confimmed in the pree
sent vork with nigrosineeosin preparations (Table 7) and again confimmed
with living spermatozoa (pe 2. )e

Strain differemces are also found in the rabbit (Beatty and Hapler
195%). The effects of sources of variation on rabbit epermatozoa and
on those of mice are similar, In both species, the breadth and ares
of the spermatoscan head are independent of numerous tecimical, environe
mental and observational sources of wariation, and there are no signie
ficant differences between males within litters, In the rabbit, differ-
encos botween "litters within weeks of the experimental periocd" were,
aedmittedly, significant for head breadth and head ares, but might have
been confounded with a genetic component not present in the inbred micej
in mice, there was no significant litters-in-strains effect for these
charecteristicss Two special forms of ervor variation, El and E2,
were desoribed and considered by Beatty and Napier (195%9a). In the
rabbdt, the potential ™individual semen sample ervort effect (El),
attributabls to the particular circumstances under which each semen
sample was handled, was found not to exist. In the presemt work,
vhere the E1 effect would be confounded with meleseinelitters effect,
their collective effect was found to be negligible; haence, there 48 no
evidence in elther spocies for a real El effect on any menswration chare
acteristic studieds An "individual slide error® (E2), attributable to
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the perticulsr obspervational circumstances under which cach slide was
exanined, was found %o be noneacistent for head breadth in the rabbity
in the present work, it would be confounded with the preparationseine
males effect, but their collsotive effect was found to De negligible
for hesd bresdth, head area, midpiece langth and globule end position.
Henoe, there is no evidensce that B2 affeots these characteristics of
the mouses But, in the mouss, E2 may well sccomnt for the significant
differences botween duplicate slides for midpiece area, midplece breadth,
and globule migration position. The deformations of the midpiece mene
tioned on ps 24 would be & part explanation of E2,

Significant strain differences in the mouse for the incidence of
unstained heads (o measure of fertility), were also demonstrable in the
rabbit (Beatty and Napler 1959b).

S. SUMMARY

1, Genetic effeots on the visible characteristics of spermatoszoa,
as judged by significant and often striking strain differences, have been
studied in the inbred strains of mice, A, A/Cllg, CBA, OBA/3, KL, RIIX
and 057, and in the partially inbred strain V.

2, The spermatozcan characteristics, observed in permanent nigro-
sin~cosin preparations of spermatosoa from the yug deforens, weret-
(2) dimensicns. 4n optical profeotions head breadth and avea; midpiece
length, breadth and area; relative and sctual positions of the kineto-
plasmie globule on the midpiece; (b) percentages of spermatoscs with
unstained heads, or with normal acrosomal caps, or of those bearing a
kinotoplasmic globules, The incidence of unstained heads, and of heads
vith normal caps, relates to semen fertility; observations on the
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kinetoplasmic globule are measures of the physiologieal maturetion of
sperma tozoa.

3. The effects of the following fastors on spermetozcan charaoe
teristics were studied: strains, litterseinestrains, malop=ineatraing,
males=in=litiers, preparaiionsein-males, spermatoscaeineproparations,
speaial errvors El and E2, Age and weight of the male, also studied,
did not seem to affect any spermatosoan characteristic,

4e umerous significant strain differences were found for all
spermatozoan characteristics except midpiece area and incidense of sperw
matosoa bearing a globule. The magnitude of the strain differences was
up to some 10=50% of the mean walue of the chamaocteristic. Strain
variation in the midpiece is essentially in shape, with negatively
correlated strain differences for length end breadth, the area being
virtmlly identical for all streins. Strain variation in the attrie
butes of the kinetoplasmic globule is unimportant.

S¢ Comparison of two closely related strains, indistinguishable
in all spermetososn charecteristics, suggested that the g and § alleles
have no differentisl effect on the spermatosoan phemotype. A difference
in breadth of the spermatozoan head between two less closely related strains
suggested, on the other hand, an effect of albino=locus genes on spermae
tozoa,.

6. There were no demonstrable effects of litters in stwains, or
of males in litters, on any mensuration characteristie of spermatosoa.
mmwmammmmwtotm
blological, envirommental and teclmical sources of wariation., The chare
acteristics recorded as percentages are less independent, and much intane
gible variation exists. The factors found to have significant effects
on the characteristics of head btwreadth and area, or of midplece length,



vare the gepetlo differemsces botween stomins, and the nonmgenctlc
variation between spermatosca in preparation; these charscteristics
appesr particoularly sulteble for quantitetive stuifes on the genoties
of the flenotype of gametes,

7¢ The marrouncss of the spermatoscan head of C57 in comparisen
with that of CBA has bean checked with living spermatosoa,

8 The spermatosos of mice and rabbits have analogous patterns
of variation,

9  The present status of the genetics of mummalian gametes 19
rovicwed,



T PHENOTYPE OF MOUSE SPERMATOZOA IN FOUR TNBRED STRATNS
AND THEIR P, CROSSES

1, INTRODUCTION

In the foregoing pages, evidence of genetic effects on the sporma~
togscan phenotype of mice has been presented in the form of highly signie
ficant differences among eight inbred struins. The chameteristics
studied were head ares, head breadth, midplece aves, midpiece length,
nddpiece breadth, end position and migretion position of the kinetoplasmic
globules and insidence of wnstained spermatososn heads, indidence of
heads with noymel acroscml csps, and incidence of spermatosce vith a
kinetoplasmic globule.

In this chapter, studics have besn extended, in the first place %o
F, erosses between inbred streins of mice, and evidence for heterosis
in the spermatosoan phenotype has bean sought for in those of the above
mentioned characteristics that vere found to be particularly sultable for
genotlc studies. A second objective was to confirm the existensce of
differences in the speruatozoan phenotype amcang four of the inbred gtraing
used in the previcus work, A virtually complete confirmation was ashieved,
vith respect to the charucteristics studded, The two objectives were
pursued in a single planned experiment,

Observaticns on the spemmatoscan phenotype in Fy crosses of mice had
h--uwmﬂgu).
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2 MATERIAIS AND METHODS

ﬂM”MMW“MhWﬂ
of Chapter 13 the inbred etrains; the meking of nigrosinecosin pre-
parations of spermatozonj measuring equipmenty the definitions of the
spermatozosn characteristics; general remarks on bicmetrical methods.
The projection microscope described by Beatty and Hapier (195%) wes
again used for dimensiomal characteristics. The steel rule used before
for measuring streight lines was replaced by vernier calipers reading
uwp to 0.1 mm,

The four inbred strains, CBA, A/CRg, RIII, and 057, were taken for
the present investigation. The six possible crosses were made., The
object of study was the variation in the spermatozoan phenotype among
the ten genetic groups (four pure lines and six crosses). For reascns
of time and space, reciprocal crosses were not atudied. BEach cross
m.m.mh.-hﬁldmuﬁnmsbﬁndﬂ
parents. (Table 8).

The stocks of the ten genetic groups were built up over the seme
period of time, The ages of the available males ranged from 50 to 159
days; from these males, five littars per genetic group were selected in
such & way that the age distribution was roughly comparable from one
group to another. Two males per litter wers selected at random.

The 100 males were killed in rendomised cxder over a period of four
days, The contents of the two yugs deforeniis of each male were mixed
and made into nigrosineeosin preparetions in a constant temperature room
4t 19 4 20 C, vith two preparations (slides) per male, The 200 slides
were coded by e colleague who withheld the code until all observations
on them had been completed.
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The coded preparations were placed in a rondomized oxder, and o
spermatozoa per slide (with weteined heads and normal acroscmal caps)
mmmmmnuwn.-muasm.
vith a seperate sheet of paper for cach spermatosoon, The drawings
vers placed in o rendomised order, and measurements made of the head
gres, besd breadth, midpiece ares, and pidplece length.

uahmmu.mmm.mrom
characteristics were scored from twenty spermatoszoe per slide, using en
oil immersion cbjootive with an ordinary microscope, and s green filter
eimilar to the Wratten 58; J umatalned (the percentage of spermatosca
whose heads were, on the whole, less deeply stained than the imnediate
background of the preparation), end £ nommal capg (the percentage sperma-
tozoa with normal acrosomal caps).

In the analysis of the results, the ages of the males were not taken
into sscount for the following reasons. The avernge age in the ten
genetic groups was more or less balanced. (Graphical representation in
this and the previous work (Chapter I) showed no clear relationship
within genetic groups between spermatozoan characteristice and age.

Analyses were carried out by standard methods (e.g. Snedescor 19%6).
Percentages were studied after the appropriate angular transformaticn,

3. RESULES

a) Ecesentation

The group averages of each spermatosoan characteristic are summarw
ised in Table 9. Differences between litter means within groups ave
given in the form of the average standard error per group meany these
standard errors are the besis of all the subsequent tests of significance.
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The average figures for pure strains combined and crosses combined are
also shown,

The course of analysis of differences among the ten group means is
conveniently referenced to the following tables, and the taxt assoclated
vith eache In Table 10, the wariation among groups is amalysed in terms
of the four genolypes involved and of an average compariscn betueen pure
strains and crogseses. Differences among the pure strains alone are then
given (Table 11), vhile Table 12 shows explicitly the agreement betwoen
the present results and earlier ones shoun in Table 6, Heterosis in
spermatosoan characteristics is assessed (Table 13). Amalyses of
veriance of variance are deseribed.

The term heterosis is defined as the extent to which a orcss de=-
viates from the mideparent (i.e, from the average of the two parental
types), using the figures shown in Table 9 without transformation other
than the anguler trensformation smployed for the percentage data.

b)

The first step in analysis was to deal with the questiony for each
spermatosoan characteristic, are the differences among the ten means in
Table 9 attributable only to sempling error? This was tested by a simple
partition of the variance ameng 50 litter means into Dotuesn groups (on
94.:.{-&WM (on 40 dufs)s The mesn
square on 40 d.f. was a measure of gsampling error against which the signie
ficance of the between groups mean squares could be tested., The results
are shown in the top and bottom lines of Table 10, Differences among
the ten genetle groups arve significant for all chaacteristics exsept
midpiece area, though the latter approaches the conventional significance
level of P = 0,05, It was concluded that real differcnces had been demone
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strated among the group means of all charecteristics except midpiece area.
The second step in anelysis was to find whether the variation between
group means could be interpreted in terms of the genetic relationshipe
between the groups. Thia was earried out by regression analysis on
the following model. The group means were taken as the dependent
variate, Y. Independent variates X, X, and X, were sot wp, repre-
senting the A/CRe, RIII, and 057 gencmes. The values entered under
X3y Xpy Xy are conveniently explained by ewsmples in the genctic growp
4A/CBg each male contains one A/URg gencme and no contribution from any
other genome, and Xy, Xp, and X4 are entered as 1, 0 and 0 respectivelyy
in the A/CRg x 057 cross, each male contains a half gemome of A/CRg and
a half genome of 057, and X3, Xg, X3 are accondingly entered as 0.5, 0,
0s5¢ No independent variste was needed for the UBA gencme, since all
males were fully identified by specifying three of the four gencmes.
A further independent variste X, was also set up, bearing values of 0
for a pure struin and 1 for a oross. A multiple regression of T on
the X was then carried out, on 4 d.f.. Because of the structure of the
sampling, X, was uncorrelated with the other X, thus simplifying the com
putation of the inverse matrix, and permitiing the effect of X, to be
shoun as o separate line in Table 10. Nommality of distribution and
parallclism of regression lines were assumed. Homogeneity of variance
was also assumedj ﬁomﬂwnmmvnhotﬂu
sampling structure by the results of an analysis described on pelis
These computations led to the partitioning of the variance among
genetic groups (on 9 d.f,.) into the three categories shown in Table 10,
The collective effect of the fouwr genomes, cn 3 d.f., is listed as the
fgenomes® source of variation in the Table, The regression on X, mes=
sured the average deviation of crosses from mideparents, and is entered
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a8 the "hoterosis" sowrce of variation. The residml wariation, on 5 d.f,.,
is the "remainder®,

It wvill be seen from Table 10 that the "genomes" and "heterosis"
effects accomnt, collectively, for much of the demonstrable variatica
between the ten genctic groups. The remainder mean square is none
significant, and scarcely larger than the error mean aquare, for head
ares, midpiece area, midpiece length, and % unstained, and is barely
significant for head breadth, However, in one analysis, that of #
normal caps, the remainder is compellingly significant. The generel
result is, therefore, that the analysis appears to have beem reasonably
suceessful in partitioning the wariation among group means in terms of
tangible sources of variatiocn. lMost of the variation between genetic
groups can be interpreted in terms of the average effects of the four
genomes, and the average effect of hetercsis, This general statement
must be qualified by pointing out certein discrepanciesj these sre the
occasions when the remainder mean square is significant or nearly so
(see p. 45 ) and also the situation for midpiece area where a "signifie
cant® genomes effect is somewhat doubtful because there are no compellinge
1y significent differences among the ten groupe as a whole,

e) DRifferences botween the pure straing
In the present experiment, four of the strains ecmmined in the pre-

vious work (Chapter 1) were re-investigated. From the values of the
spermatosocan characteristics in Table 9, it is possible to write doun the
rank order of the strains for each charecteristic, and alsc to compare the
strains individully with one another. The significance of these come
parisons is set out in full in Table 11, The strain avereges and a list
of significant differences are available for the same four strains of the

previous experiment in Tables 5 and 6.
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A comparison of the two experiments is sumarised in Table 12,
vhere the straing are placed in renk order according to the average
values of their spermatoscan charecteristics. It will be seen that the
rank orders for head avea, head breadth, and midplece length are idene
tical, For the ¥ unstained the two right hand streins (CBA and 057),
and for the § normal caps the two loft hand strains (CBA and RIII) 4n
the first experiment have become interchanged in the present experiment;
this is, however, scarcely surprising because there is little difference
betuween the two strains concerned in the two charecteristics and, there-
fore, a slight sempling ervor mey place the strains in an altered vank
order. Even the midplece area which does not differ significantly
betireen genetie groups show good agreement in renk order in the two eme
perimente, This indicates a possible existence of small bub real
differences botween genetic groups in their midpiece area.

Beonuse the characteristics of head area, head breadth, and mide
plece length agree in rank order, the signs (positive or negative) of
the differences between individual means must also agree, six comparie
sons being possible among four strsin means. The significance level
of each individual comparison, classed either as P> 0,05 or P < 0,08,
wag identical in both experiments. A substantial degree of agreement
was also found for significance levels of individual comparisons among
the other charecteristics.

The repeatability of resulis can also be vismlised from correlations
betwean the strain means in the two cxperiments, as shown in the right
mmnnor'umu. These correlations are high and two of them
attain significances the significence tests are, however, cverestringeat,
since the correlation coefficient is based on only 2 d.f,
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Finally, another estimate of struin differcnces can be obtained in
the present experiment by using the muliiple regression equations caloule
able from the computations explained on pelo.« Estimated differences
among pure strains can then be caloulated, using the whole weight of the
experinent, i.e, utiliging the indivect information in the crosses as
well as the direct information from the pure streins alone, The ree
sults of this analysis are, however, valid only if the assumptions ine
herent in the model are fully obeyed, and only if the remainder mean
square is nearly equal to the error mean sguare, and alsc if differences
between the reciprocal erosses, not studied in this experiment, are neglie
gibles Because of these complaxities, the alternative estimates do not
seem worth setting cut in detell, but it may be recorded that there was
substantial agreemont between estimates and significance tests obtained
in this way, and those obiained from the pure stenins alone in the
present as well as the previous experiments.

The use of a green filter did not noticeably affect the classifie
cation of spermatozos as stained or wnstained, In the present experie
nent, the average percentage of unstained spermatoszoa over all pure
strains was 33.7% in the provious work without a filter, the average
over the same strains was 30.3%

The conslusions are that the differences among strain means re-
ported in the previocus experiment have beem confimmed to a remarkable
degree in the present one. For the welledifferentiated characteristics,
in which the sampling errcr is relatively smsll, the agreement was vire
tually complete.

d) Heterosis in the spormetogoan phenotype
The first objective of this experiment included a search for evidence
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of heterosis in the spermatozocan phenotype; 1.e. of significant de-
vistion of crosses from their mideparent. The average heterosis of
all crosses in comparison with all pure strains cen be visualised from
the averages at the bottom of Table 9. The significance of this average
heterosis is showm hy the significance of the "hetercsis" mean square in
Table 10, but the meaning of average heterosis and of ite significance
are affocted vhen the "remainder” mean square in the Table is signifie
cant, Each cross may also be compared individually with its %o paren-
tal types, the direction and significanse of these individual comparisons
being summarized in Table 13. The following pisture emerges from these
various comparisons. (It should be bomme in mind below that the classi-
fication of parental types as "larger” or "smaller" is in tems of thelr
spermatoscan charasteristdcs, and not their body welght).

The general analysis of joad ares appeared to have been particul-
arly successful, in that the highly significant "gencme™ and "heterosis”
effects take out a large proportion of the total wariance, and leave a
remainder mean square that is scarcely larger than the error mean square.
The conclusion is that heterosis in head area is a real phenomenon and
1s shown to sbout the sane extent by all erosses. Comparison of indle
vidual crosses with their perentel types is in good agreement with this
general conclusion, s might be expected. The head ares of the crose is
always lerger than that of the smaller parental type, and significantly so
for five of the crosses. It is Jarger than the larger parent in five
crosses (significantly so for cme cross), and smaller canly in one cross.
A1l crosses exceed the mideparental value, and significantly se in fowr
crosses. The C57 x A/CRg cross seemed %o be & particulayly clear cuample
of heterosis, since the head area was significantly greater than that of
the mideparent or either parent separately.
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For pidpies Jouglh also, the generel analysis of variance appears
to be clearwcut, but the average heterosis, though significant, is not
at a high level of significance. The individual comparisons of crosses
with their parental types, in Table 13, show that all crosses have a
longer midpiece than either the smaller parent or the mideparent, and
three of the erosses have a longer midpiecce than the larger parent.
The only individual compariscn involving any degree of significance is
CBA = A/CRg, which is significantly greater than the smaller parent or
the mid-parent.

In the generzl analysis of § porxmal capg, the significant averege
heterosis is accompanied by a eignificant "remainder® mean square, which
indicates that individuel oomparisons might be more interesting. In
fact, %o of the orosses show & slight nonesignificant negative hetercsis,
two & nonesignificant positive heterceis, while two show a significant
positive heterosis, the more striking ecxample being the OBA x C57 crces.

In the general anmalyeis of hioad breadih, the average heterosis effect
i9 marked as nonwsignificant, but the significant "remeinder" mean square
indicates once agein that the average effect may not be very meaningful,
and that individual comparisons of crosses with their parental types
might be more waluable. In fact, cne cross does show heterosisy the
CBA x RIII cross is significantly greater than the smaller parent or the
mideparent, and greater than the larger parent, though not significantly
so. The other five crosses show a slight non-significant negative
hotercsis.

Pinally, the generasl emalyses of gidpiege axes and of 3 yngtained
show no significant average heterosis and the nonegignificant "remainder®
moan square indicates that this absence of demonstrable heterceis is
consistent, It was concluded that no heterosis in these characteristice
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could be shown, and individun) comparisons of crosses with parents were
not carried out.

In sumary, the head ares provides the main example of heterosis
in the spermatosoan phenotypes there is & highly significant average
hetercsis that is more or less wniform for cach cross. The same intere
pretation, though at & lower level of significance, can be placed on
heterosis in midpiece lengths In % normal caps, and head breadth, the
concept of en average heterosis over the vhols experiment has little -
meaning; the demonstrable heterosis is confined to a fow particular
crosses., No hoterosis could be shown in midpiece area and in £ une
stained,

o) Analvels of wariance of varjance

In an attempt to investigate the variance of wariance, the pooled
nwummmnwrumwu.mx
variate and subjected to an analysis of variance, with partition into
"between ten genetdc groups” and "between litters within groupe (erwor)®,
A similar analysis was performed on the pooled "between male" variance
for each litter. These approximate analyses showed no trace of any
significent differences in variance among the ten gemetic groupe. It
was folt that further analysis was wnlikely to bo profitable, and that
detailed exanination of the variance of variance would require an experie
ment of different design. lHowever, the negative results @ suggost that
variance was more or less homogemecus between the genetic groups at two
levels of the sampling structure, thus supporting an earlier assumption,
(p. 40).



- 47 -

4. DISCUSSION

The main sdvances derived from the present study are as follows.
The previous work (Chapter 1), was conducted with inbred strains only,
whereas the present work drings in F; crosses as well, Differences
between the males from the variocus strains and orosses can largely be
accounted for in terms of the genstic relationships between the males.
Hetercsis in the visible spermatoscan phenotype haas been demcnatrated
for the first time.

e) Avezage genetic effecie

The overall differonces among the ten group means (four pure straine
and six erosses) are highly significant for all spermatozcan charactere
istics except midpiece area, . Vhen this significant wariation between
group means is partitioned according to the genetic relationships be-
tween the ten groups,; all or nearly all of it can be accounted for in
terms of two factorss firstly, by a "general combining ability® for each
of the four parental genomes involved, measured by the "genomes effect”,
and secondly, by a "hetercsis effect" differentiating the spermatozoa
of crosses from those of pure strains. The "remainder" variance after
the partition is often lititle greater than the sampling error that underw
lies the whole experiment, and is estimated by differences among litter
means within groups. mma-mmwmtc
four spermatozoan charecteristics (head area, midplece area and length,
and percentage of unstained spermatoszoa). It is small (though just
formally significant) for head breadth, and only for the percentage of
spermatosca with normal caps does 1t attein a higher level of significance.

A general pleture of the results is, thevefore, that the inheritance
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of genetic factors affecting the spermatoscan phenotype can be explained
fairly succossfully in terms of average effects of the parental gemotype
and an average effect of heterosis: There is undoubtedly a large element
of "general combining ability" among the four parental types. This .
genspal ploture is subjest to discrepanciss associated with particular
erosees and particular spermatosean charscteristics, described balow,

In Chapter I, differences in the spermatosca of eight inbwred strains
were reported, The re-investigation of four of these streins in the
present work showed virtually complete repeatability of the previous ree
sultss For the characteristics of head area, head breadth, and midplece
length, in which sampling error is relatively small, it was found that
all differences between means of strains in the first experiment were
of the same sign (positive or negative) as in the present experiment,
and the govels of gignificance testing the reality of these differences
were identical. Ever with characteristics subjeet to a higher degree
of sampling ervor (mldplece ares, £ unstained, end % normal caps) the
agreamant was good.

This agreement betwesn the tuwo experiments is of importance because,
however carefully sampling and analysis are carried out, the real test of
the wmlidity of the conclusions lies in confirmation by repetition,
The agreement also supperts the argument (p. 31 ) that average diffevences
c¢an be shown to have & real existence evan if the magnitude of the differe
ence is of the same order as, or even smaller than the nominel resolving

power of the microssope.

e) Jatercsis
Heterosis is defined in this work ss the deviation of the cross frem
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their mid-parent, The overall analysis of differences among the ten
genetic groups shows e highly significant and consistent heterosis
displayed by all crosses for head area, and also significant and apparently
congistent heterosis in midpiece length, For head bweadth and % normal
caps, the average hetercsis over all crosses had little meaning; certain
erosses displayed heterosis, others did not., Midpiece area and % unstained
showed ne heterosis.

The main interest of the findings is that heterosis in the sperma-
toscan phenotype has been demonstrated for the first time, Detalled figures
are available from the data in Table 9; for instance, the ¥ normal caps
in the OBA x C57 oross is 73.4 and in the mid-parent is 64.9, while the
average head area over all crosses is about 3% greater than the average
of the four pure strains., There is at present no objective basis for
saying whether heterosis of this order of magnitude is "large" or "small",
To take an example from domestic animals, where the main eriteriom is
economic, & 3% rise in the weight of fowl eggs might be of no advantage,
vhereas a 3% rise in the mmber of eggs might be of considerable importance.

It must be pointed out that the heterosis reported in the present
study refers to untransformed dimensions, and angulsrly trensformed
percentages. The magnitude of hetercasis, and even ite sign, vary sccording
to the scale of measurement. In the most extreme example, however, the C57
x A/CRg eross, the mean head area was significantly larger then in either
parent, and no raticnal scale transformation could possibly make it smaller
than the larger parent, or the mid-parent,

As 1t happened, all significant heterosis in the present work vas
positive in sign. The concept of Jyhrid yigour, however, attaches a
positive sign to deviations in the direction of increased fitness., With



spermatosoa, the fitness is presumably susmed up by the potentiality of
the spermatosca to reach and fertilize an egg normally. The dimensional
characteristics of spermatosca have mo known relation to fertility (though
some real relationship may well exist), and one can not yet say if the
increase in dimensions encountered in the orosses represents a positive
or negative hyteld vigoury in short, one does not know at present if a
spermatozoon is the better for being large or for being small, But one
can speak of positive hybrid vigowr in the % normal caps, because semen
containing a high percentage of spermatosoa with normal caps must
presumably be more fertile than semem with a smaller percentage.

Table 8 shows that there is an obvious hetercsis in body weight
(except in one cross) in the same direction as the heterceis in spermatosoan
characteristics. The point, however, was not pursued further in view of
the fact that the body weight is subject to the influence of several factors
such as age, litter-sise and a mmber of other pre-natal and post-natal
conditions, The effects of these factors could not be conveniently
assessed in the present experiment. It may, however, be recalled that
extensive observations by Robertson (1948) on Dregopbils melsnczzster
have shown that inbreeding reduces body sise mainly by reduction in cell
size and the present work perhaps provides a parallel, in so far as the
smaller body sise in the inbred strains, as indicated by the lower welghs,
is accompenied by smaller cell (spermatosean) size,

d) Ihe constency of the midpiece ares
Attention was drawm earlier (p.1§) to the fact that the midpiece length

and breadth varied between inbred strains with a high degree of significance,
vhereas the midpiece area did not, and the variance component for strain
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differences in ares was sero., This was supported by the present work,
vhich again showed significant strain differences in midpiece length (the
breadth wvas not studied), while there was no firm evidence for strain
differences in midpiece area, though the possibility of amall real
differences can not be wholly excluded. The present work also showed
no hetercsis in midpiece area.

The conclusion is that the midplece area seems to be relatively
resistant to genetic variation, and in this respect is unlike all the
other characteristics. Genetic variation in the material so far studied
affects only the length and/or breadth, and it is, therefore, the shape
rather than the sise of the midplece that is subject to genetdu variation.
It vill be realised that all this work is two-dimensiomal, with size and
shape judged from the sperwatosoa as seen in optical projection, No data
mmmmwuuhwnmtma
the plane of projection.

¢) Ihe mode of gene acticn on spermatogos
The variance has so far been used merely as a part of the amalytical

process in order to assess comparison »of meang. Variation in the wvariance
itwelf is, however, of interest. J priorl, two opposed tendencies might
be expected to affect the wariance of variance, First, the well-known
mmm&trlmmmwmmwmm
than inbred straine might lead cne to expect a decreased varisnce in the
erosses. But, on the other hand, the spermatozoa of an inbred strain are
alike genetically, whereas those of crosses are diverse as a result of
segregation of genes at the male medosis. Henoce, if gene action were
exerted on the developing spermatosoa in its haploid state after the
meduction Algdaton, the ymmianss in the emnesss misht be ineressed,



inalysis of the pooled within-preparation variance showed no trace
of significant differences among the ten genetic groups., However, the
conclusion wvas that the experiment was inadequate for studying this
particular problem.

£) living spermatosos

For reasons stated in Chapter 1 (Genoral Introdustion and p. 31),
most of the vork on the genetics of spermatosca has beem conducted with
permanent nigrosine-ecsin preparations in which the spermatozoa are no
longer alive. It is important to kmow whether or not comparisons made
from thegse preparaticns agree with those made from obserwations on living
spermatosoa. The availabls results are encouraging, Tho narrouness
of the C57 spermatoscan head in compariscn with that of CBA was suggested
by the preliminary results of Bredem (1956), has been confirmed in the
first part of the present work with both living and cdead spermstosca
(pe2fi, and Tabls 7), and is again confirmed with dead spermatosos in the
second part (p. /2 ).

A mew paper by Braden (1959) contains information about the
morphology of the spermatoszoa of mice. The data for dimensions of
spermatosoa can not be analysed formally, because the sampling is not
fully specified, but suggest that 057 spermatoscan heads are marrower
not only than those of CBA but also of RIII and A, These three compar-
isons agree with the results obtained in the first experiment (Table 6),
and two of them are again confirmed from nigrosineessin preparations in
the present work (Table 11), Other comparisons of pure strains available
from Breden's data seem to be overshadowed by sampling error and would
require neither confirmation nor denial.



1. A quantitative study has been made of the characteristics of mouse
spermatosoa as seen in optical projection in permanent nigrosinesosin

preparations, There were ten genetic groups, comprising four inbred
strains and the six possible crosses (reciprocal crosses were not studied).

2, The characteristics studied were the ares and breadth of the spermatoscan
head, the area and length of the rddplece, the percentage of unstained sperm-
atozos, and the percentage of heads with normel acrosomal caps. Significant
aifferences were found among the ten groups for all cheracteristics except

midpicce area.

3, Significant variation among the ten groups could, in general, be accounted
for largely in terms of the genetic relationships between the groups, on the
simple quantitative model that there is a "genomes effect" attributable to
the four typos of parental genome involved, and an average "hetorosis effect”
differentiating crosses from pure strains.

4s The clearest evidence of average heterceis was found in the head area and,
to 2 lesser extent, in the midpiece length, With the percantage of spermatozoan
heads bearing normal acroscmal caps, and with the head breadth, the heterosis
was exhibited only by particular crosses. There was no demomstrable heterosis
in the midpiece area or in the percentage of unstained spermatosca. All
significant heterosis was positive, in the sense that F, crosses had larger
spermatozoan dimensions, and a higher percentage of spermatosca with normal
agrosomal caps.

5« The results of two independent series of observatiocns on the spermatosoan
characteristics of four inbred strains were in good agreement.

s il s



6. Comparisons of the spermatoscan characteristics from living
spermatosoa and from spermatozoa in nigrosin-gosin preparations are
80 far in agreement.



The study of genetic effects on the characteristics of gametes has
been called the genetics of gametes. The genstics of gametes can be
w“hﬂdhmdﬂumd”mu
generation to the next; this has relewance to quantitative genetics in
general, and is particularly relevant to experiments for controlling the
transmission of herediiary factors from the parent to the offspring.

As evidenoe of such genetic effects, mmerous differences have been
found in the charscteristics of spermatosca from eight inbred strains of
mice, and have been confirmed in a separate experiment with fowr of the
straing, The spermatoscan characteristics studied are mainly dimensionsl,
but others relate to semen fertility and to the physiologicel maturation of
gpermatosoa. The dimensional cheracteristics of spermatosoa are i ulated
to an unuswal degree from the effects of envirommental and other factors.
The eharacteristics of head breadth snd area, and of midpiece length,
vhich show highly significant strain dilferences, appsar to be particularly
well suited to quantitative study of the genetics of the phenotype of gametes.
Comparison of related strains suggests that the spermatosoan charsoteristics of
mice are not affected by an agouti~locus allele but are possibly affected
by alleles at the albino=locus~., The variation in the spermatoscan phenotype
between first generation crosses made from the pure strains can largely be
accounted for in terms of an average of the values of the charmecteristics
of the parental types, together with an effect of hetercsis, The phenomencn
of hetercsis in spermatosoa, which is nearly but not quite the same as "hybrid
vigour", appears to have been demonstrated for the first time,



Maternal and eytoplasmic effecta on spermatosoa have not been studied,
They require future exanination not only to amplify wderstanding of the
genetics of spermatosce, but because spermatozsos are in some ways peouliarly
adapted to quantitative genetic study, and might form useful meterial for
the investigation of such effects Der ss.

As a field of study, the genetics of gametes is at present in a
preliminary phase concerned largely with bullding up a body of fact, and
with developing the necessary tecimiques for establishing those facts,
Until this phase is further advanced, it would seem inappropriate to consider
in too great detail the possible implications for general genstics., However,
AT 1% should be demonstrated that more than ome or two genee affeot the
phenotype of gametes bearing them, it might become necessary to reconsider
& bagie postulate of quantitative genetics, that the chanses of & given ovum
being fertilised by a given spermatogoon are waffected by their gemic content.,
Purther, if spermatosoa should be affected by their own genes, it might
become possible to separate “permatosoa according to their genic contemt,
and thus control the process of transmission of hereditary characteristics
from one generation to the next. Possibilities of this kind are long-tern
aims that form stimuli for undertaking research on the genetics of gametes.

Some general conclusicns in the field, with the contributions of other
workers taken into account, as well as the particular results of the present
work, are as follows. Firstly, there is now a good deal of evidence of
genetic effects on the morphological and also the behavioural phenotype of
ganetes, and a beglmning has been made to distinguishing effects dus to the
genome of the male soma from those attributable to the genic content of the
gemetes themselves. Secondly, there is evidence of heritable variation affect-
ing the viability of spermatosos, and relevant, therefore, to the general
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subject of male fertility, Thindly, experiments purporting to control
gex ratio by separating X and Y- bearing spermatozca have already been
reported; if these can be confimmed, they will have shown that the two
kinds of spermatosoa differ phenotypleally in asccordance with their
chromosomal content.
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TABLE 1.
Sempling of the eight strains,

Heapa of A0 mades por ol

Y- 13 12 33,2
A 1n 182 26,7
A/CRe 12 156 1.8
CEA 10 153 29,8
CBA/g i3 139 32,2
K 4 173 50,1
RIIX 13 160 21,9
es7 10 as 26,8

29.3

{
1
&

m&u&m-nnhﬂmdmdnhmm
only negligible changes in the ages and weights,



( Lagend to Table 2 t 4Anslyses of variance, )

Individual bases of each analysis (deseribed on p. 18) ave (a) 1
epesuatosoon in the mensuration data, and (b) 1 angularly trensformed
percentage derived from 100 spermatosoa per male,

Symbols ( sources of variation ) stand for (see pps 15 & 16) 1=
I  isbred strains; L(I) litters-in-strains; 4(I) males-in-straine;
0(L) males-in-litters; P(N) preparations-in-nales;

3(?) spermatomce~in-preparations,
Significance levels are i ® 0,06 > P > 0,025
" 0,085>P > 0,00
% 0,00 > P > 0,005
weee Q06 OP

The indicated levels of significance of the inbred straine effect
(1) ave based on comparison with the = ¥(I) effect, assuming that mo
real L(I) effect emists, If the L(I) effect is assumed to be real, the
test of significance for the I effect involves unequal mumbers in cub-
claseen, and combinations of the I, L(I) and M(L) meen asquares (method
of Satterthwaite and Cochwan, as in Snedecor 1956), When this test is
used, the significance marised in the Table for the I sources of variae
tion 48 modified as follows : for midpiece breadth and globule end
and migration positions, the I effect is reduced to non-significance #§
the remaining tests of the I effect have unaltered significance level@y

except for-a reduction in the significance level of the I effects amom@

percentage data,

in percentage data, the exrror tem for testing the significance
of the (1) and M(L) effects is the theoretical variance of the angular

percentage (8.21),



Table Z2: Analyses ol variance,
Column reference a b ¢ d e f
Source of variation 1 M(TI) P(M) S(P)
- ™~
L(1) M(L)
- 7 96 104 208
u=s
~ -~
78 18
A 1) 2)
Key to mean squares a,c c,e e,f -
for variance ratios 2)
testing significance b,d d,e
of source of varia-
tion,
MENSURATION DATA
Head breadth, p 1,4094%%*x 0,0459 0.0341 0,0310
0.0500 "0.0280
Head area, p° 89 ,54%%** 3,36 2,97 2,60
A
3.73 2.84
Mlidpiece length A, 14,160%%*x 0.586 0.485 0.380
0.637 70,363
Midpiece length B, u 11,915*%x% 0,471 0.378 0.385
0.519 70,262
Midpiece area, F? 4,38 4,49 3,96%%xx 2,10
L A N
4,41 4,86
Midpiece breadth, pu 0.02686%%x* 0:29981 0,0070T7T***xx 0.00358
0.00967 70.00776
Globule end 26,52+ ) 9,99 10,32* 7.43
poslflon,p 10.21r‘* ‘9‘07
Globule migration 0.0504** QA9202 0.0209%* 0.0146
siti p. .
i 0.0207 0.0182
PERCENTAGE DATA AS
ANGULAR PERCENTAGES
Unstained 306 ,0%%*x* T0, T**** = £
> - &
76.4 7 46 2% # 4%
Normal cap A 315 ,8* %k 9], ] *x** - -
lOl.O*r :;8.0****
Normal cap B 198, T*x*k 62, 2%*%¥ - i
—— .
67.0 4] 1 #***
With a globule 84.7 44 ,0%*** o -
— et e N 5
47.7 28,1 ****




TABLE 3.
Variance component structure of analyses of variance,

Effect mdmmuhmxun‘m

o '(‘,)z d,wz o'.“)t am)z o4
I i S 10 14,808 130
L(1) i 5 10 1,815
() 1 5 10
P(n) i 5
s(p) i

For mensuration data & as in the table, For percentage data : delete
all reference to effects and components for P(M) end 5(P) , and
divide remaining coefficients by 10, The status of o )% in
percentage data is not the same as in mensuration data ( sece logend
to Table 4 ).

(For explanation of the gymbole see pp. 16 and 17.)



TABLE 4 s Components of variance,

Spermatosoan Total Components as f=age of total computed variance
PESIGEPRCRR .. v P i < oS P L YO L P
lensaration date

Head breadth, A 00433 24 4 - 1 72
Head avea, X SR i 0 2 i
Hidplece length A, « 0515 20 . 5 -2 4 74
Nidpiece length B, < 0481 18 5 -2 0 80
Hidpioce aress > 252 0 - 4 1" e
#idpiece breadth, x 0,00463 3 3 1 g |
Globule end position, » 8,00 2 1 92
Globule migration position 00061 17 1 -2 e

iy
Unstained heads 88 19 = " e P
Normal oaps A TGRS * aeci Ll W "
Hormsl caps B mr N » 1 e &
¥ith globule 47.2 5 35 0 e >

Significance levels are repeated from Table 2, Total computed
mumu&mmmmum-nnmm
in the mensurstion date and for three effects in the percentage data.
O‘m)z is not of the sene status in the percentage deta s in the
nensuretion data § in percentage data, no (M) variance wes estimated,
axd Oy 2 therefore containe some variance dus to the P(X) effest
and to the theoretical variance of an angular percentage, The Table
is caloulable from the information in Tables 2 and 3



Table 5: Strain averages of all spermatozoon characteristics

-

Mensuration data

Percentage data,

in angular transformation

Unstained Normal Normal With

Strain Head Head Midpiece Midpiece Midpiece Midpiece Globule Globule
breadth area length length area breadth end migration Cap A Cap B globu
in u in u A, inp B, inp in in u position position
in p

v 3.70 22,7 22.5 22,6 18.0 0,798 4.82 0.788 37.6 59.5 58.8 29 .4
A 3.96 24.5 22,3 22.4 18.4 0.827 3.64 0.838 3l1.8 48,17 50.9 26,2
A/CRe 3.81 24,1 22,5 22.4 18.4 0,822 3.72 0.835 30.7 50.8 52.9 25,2
CBA 3.80 24.3 21.7 21.8 18.0 0.832 3.55 0.837 28.7 58,6 58.3 31.¢
CBA/a 3.83 24,3 21.6 21.9 18,3 0.849 4.26 0.806 27.0 53.9 56.8 28,1
KL 3.84 24,1 22,0 22.1 18,2 0.830 4.52 0.796 22.6 48.1 49 .4 25, ¢
RIII 3.78 23.3 22.1 22,2 18.1 0.818 4.10 0.815 35.2 53.2 56.4 23.(
C57 3.60 22.4 22.3 22.5 18,3 0.819 3.84 0.829 26.7 45.17 49.6 28,
S.E. for each +0.0188 + 0.166 + 0.0671 + 0.0602 + 0.186 + 0.00846 + 0.277 + 0.0125 + 2,33 +2,656 + 2,19 + 1.
strain mean
Significance of
differences among W N % % RN N.S. e ] ¥ ax e NN W

the 8 strain means)

——

The averages are means of male means,
the M(I) mean squares in Table 2,

Standard errors, each for 96 d.f,, are based on
Significance levels are repeated from column a of Table 2,

Strain averages based on means of litter means varied only negligibly from those shown above.




(Legend to TABLE 6, )

The Teble, constructed from the data of Teble 5, compares
m-—dmmwmmm‘aa.
All significent comparisons are listed, all nonegignificant compa~
risons omitted, The characteristics " # with a globule * and
'mm'uutw.@mm aignificant
differences among means of strains were found in the analysis of
variance (Table 2), | |

lodification if e 1(1) effect is assumed real, An epproximation
is to regaxd compariscns between colums (g) and (g) es nonesigni-
ficant, and to julge comparisons between colums (g) end () as
significant at the < 0,05 instead of the < 0,01 level. A move
exact modification is s (1) all comparisons between colums (g)
end (g), and all comparisons involving midpiece breadth, globule
end position, and globule sigration position, are to be considered
ww:(a)mmtmxgsum(.)m ®
consider the following comparisons nonesignificent @

head breadth, RIII >V .

hoad avea KL > RUII, RIII>V,

midpdece length XL > CBA 4, A> KL,

% unstained V >C57 4 RIL > KL,

# noxuwal cape V> KL o
(3) ald comparisons now remaining in colums (g) and (p) ave
gignificant at the P = (0,05 levels



TABLE 6 s List of all significant comparisons among means of strains,

Strains with means of spermatozoan

Mm“ T significantly different from those in
columns (b) and (o) level of the difference :

P =<0,01 P= 0y 05=0,01
@ | ® @

v

Head breadth 4 V A/Cg CBA CBA/g KL RIII C57 -

4/CRe CBA CBA/g XKL RIII V 57 o
o e57 -
Head ares A A/CEg CBA CBA/g KL 'V RILI C57 -
RILI vV 057 -
m v o/GRe CBA CBA/g T RIII o
v - A
¢57 - RIIX
4 C57 CBA CBA/g KL -
RIIX CBA CBA/g -
KL CBA -
ridpiece CBa/a v 4/CRg RILI C57
Wt ACBA KL - v
Globule end  V ACBA A/CRg C57
e ) . cBA
Globule migre=- A CBA - v
tion position \/ono ooy z v
CBa/a XL CS7 cBa
1 ' CBA/g €57
- KL
L €57 A

A KL C57



TABLE T,
mammmm«'-mmmuﬂmm

Strain Head Head Midpiece  percentage percentage
unstained heads  normal caps

v NATTOW amall long high high
A wide large

CBA Large Short High
CBA/a Short

RIII Righ

es7 Narrow Small

Strains A/CRe and KL have no demonstrably outstanding characteristics.
The Table, based on strain means of male means, is derived from Tables 5 and 6.
If the litters-in-strains effect is assumed to be real, the two right hand
columns are to be deleted.



TARLE 8,
Sampling of the ten genetic groups.

Sroup dean wolsht, gus. loan ace, davs,
Pure strains

CRa 25.8 neé
A/GRg 26,9 32
RIIX 5.8 12
e37 2543 113
F , crosses

¢BA = RILI 3040 iz
CBA x €57 J2.2 i3
CBA = A/CRe 29,0 105
RIIX = €57 3045 224
RIII = 4/CRg 25.6 92
¢57 = A/CRg 22.9 nz
Grand mean 219 14

There are 5 litters per genetic group, and 2 males per
1litter, nuhrlm-.mummmu that
of the female parent,



TABLE 9 1 Group everages of all spermatosoan characteristics,

Percentage data in
Mensuration data angular tranaformation
Groups “Heal, fead . Jidpiecs Hidgiece  J Unstained 7 Hommal oap
area breadth area length
CBA 2,8 3,66 18,1 21,8 2643 70,0
A/CRe 23,2 35,68 18,6 22,2 3445 6646
RIII 22,9 3,58 18,1 22,2 41.2 72,6
e57 22,2 345 18,5 22.4 32,8 5948
CBA x RIIZ B9 3N 18,1 22,1 38,3 Ti0
CBA = 057 257 353 18,5 22,2 26,3 T34
CBAx ACHlg 2442 3,66 18,7 22,4 28,2 T8
RIII = C57 2l 349 18,6 22,4 29,8 6246
RIIIx A/CRe 2044 3,62 18,1 22,2 37.9 672
C5Tz4/Clg 259 3449 19,3 22,6 2949 69,2
S.Es for each
Group mean ~%-01999 20,02752 30,2720 10,1574 42045 22,868
Moans of all
e ey 00 5. M) 22,1 337 672
Reans of &l 50 358 18,5 22,3 30,1 7044




Sources of
a.t.
Hoad Hoad Midplece, Angulsr § Angular 3
wariation area in 2 bresdthin area in ° length in  wunstained HNormal cap
Genetis groupe 9 36437 . L009052 L1468 0530 25.19 1545
. sk ok sk sk ek st ek o ok ok ok wok
Gencaes 3 «2570 0946 7% o84
Heterosis 1 « 3804 ¥ 000084 «1103 0934 1.3 23.01 %
Reminder 5 L0610 001942 L0887 0202 5,02 1,64
Litters within
r-u.) groups 40 <0400 000758 0740 «0189 8.09 349
arror

Key to significance levels - as in Table 2.



- TABLE 11,

list of all significant comparisons among the means of the pure strains,

Head breadth

midpiece length
% Unstained

% Normal caps

CBA, A/CHg

4/cBe, 057

All significant compariscns are included, all nonegignificent
corparioons omitted, Aidpiece area is omitted, zince no over-
all significant diffexrences among group means were found in the
analynis of variance (Table 10).

Hothods

A2 in Duncan (1955), with the means of pure strains
and the standard error per mean (om 40 d.f, from the
whole experiment) talen from Table 9,



TARLE 12,
Comarison of RANK ORDER of pure strains in the first experiment
and the present one, and the CORRELATION between the

two experiments,

Spermatozosn First Present Gorrelation

characteristics experiment experinent co=efficiont on
! 2 dofy

Head area CBA 4/CBe RIII C57 CBA 4/CRe RIII 057 * o937

Head bresdth  A/GES CBA RIII €57  A/CB CBARIIIC57  + .97

Midplece ares 4/CHS CST RIII OBA  A/CHp O57 CBA RIII  + ,9500")

Midpiece length C57 A/Cfg RIII CBA €57 4/CRe RIII CR4 + 4046

% Unstained  RIII A/CRe CBA 057 RILI A/CRe €57 CBA + o84

% Nommal caps CBa RIII A/Cgg 057 RIII CBA A/CHg €57 + +560

The strains with larger values of spermatozoan charasteristics are showa
on the left of each ranic,

The rank oxder in the first experisent is from Table 5 and was based upon
means of male means § moans of litter means from the original data of that
experiment were found to give the same rank order, The 'A' and 'B' series
for midpiece length and for # normal caps in the previous experiment werve
averagcde

Tho correlations are betwoen the strain means in Table 9 of the precent
experinent and the corresponding means in Table 5 of the previous ome,

Significance levels & Mr-o.w

005 > P > 0,025



TABLE \3 3 Comparisons of Crosses with Parents and Mid-paremts.

Midpiece area and % unstained are omitted because of the absence of overall
gignificance for the "heterosis" items in Table 10, The Table is constructed
from the data in Table 9 using the following standard errors each on 40 d.f,
S.BE. for 'a' and 'b' comparisons = infzgis.l. in Table 9
S.B, for ‘o' comparison ={0,8666) (¢ 2) ( S.E. in Table 9),
where 0,8666 is the reciprocal of the square root of the harmonic
mean of 1 and 2 (because each cross is 1 genedic vhereas

the nid-parent value is the mean of 2 genetic groups.)s

Gross Comperists’ D68l - Hjdpiege # Ngrugl
, % + {001 + J005-,001 + -
CBAX RIII D + ES : - -
e + o05-4025 + (01l= ,005 # -
e + €001 #,05-00 + + & 400
CBAxXC57T b - - 4005=,001 = -
e + 025,01 =~ + + <001
a '.’(.wl - +¢m-.001 +
CBA x A/CRe D + - + -
¢ + ,005 = + ,025-,01 +
a + 025=,01 + + +(0001
RIITIZC57 b - - 025,01 + -
; a B - + +
RIIIx A/CRe b + - - - « 05,025
C57 = A/CRe a +4 001 + + + 4001
. b + o025=,01 = {001 + -
[+ + & +O0L - + + 4025=, 01
(1) a = (cross) - (smaller perent)
b = (cross) - (larger parent)
¢ = (cross) « t)e
By'smaller' and 'larger' parents are meant the parents with

the smeller or larger value of the spermatozoan characteristic
in guestion,

In the body of the Table the '+' and '~'

signs show if the

comparison is positive or negative, while the figures (values of P)
indicate that the comparison is significant and state the level
of significance,



