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ABSTRACT

*,Linkage relationships, degree of penetrance and egg
: viability of the'homeotic recessive mutation'mainIOpedia

were studled 1n Trlbollum castaneum Herbst.’ The mxp gene

has varlable express1on,_complete penetrance and reduced
egg v1ab111ty., Vlablllty reductlons are not conflned to
the egg stage but are ev1dent in pupae that fall to become
adults. Further reductions in v1ab111ty are produced when
| mxp oocurs with certaln other mutatlons.».In:addltlon, when
"Qgp‘occurS-in the-heterozygous.condition.uith:the Dachs_z
‘(Dch) mutant, a«semidcninant phenotypic expression of the :
| mxp gene is’ produced at least some of the time.

Two- and three p01nt backcrosses between knoun
markers for llnkage groups IT through X and mxp were carraed
out. The. gene max1lloped1a was found to be llnked with
known markers for llnkage group II. The __p gene is 7 8- 5 7
‘unlts from Dachs (Dch) and 23.4-25.9 units from pearl (p).
It is also llnked with Relndeer (Rd) which was recently |
ass001ated w1th llnkage group II.V The mutant genes Rd and
;;p are 29.1- 39 9 unlts apart A‘reviSed~mapﬂofliinkage
' group II is presented. - |
 The value of homeotlo.mutants 1n evolutlonary studles

- of insects is dlscussed.
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INTRODUCTION

An hereditary change resulting in "the alteration of
one organ of a segmented or homologous series from its own
éharacteristic form to that of some other member of the
series" is referred to as'homeosis (Darlington and Mather,
1949). Mutant genes giving rise to such alterations by
interference with primary processes in embryonic development
are called "homeotic mutanté" (Goldschmidt, 1945).

The first homeotic mﬁtant in.inSects was found in

"Drosophila'melanégaster} It modified the mouth parts to

structures resembling walking légs'(Bridges and Dobzhansky,
1933). Since then, numerous homeotic mutants have been
found in well-investigated orders of insects including

Tribolium castaneum Herbst and T. confusum Duval, members of

the Coleoptera. Many of these mutations markedly affect the
appendages of the head region. In T. castaneumbthe mutant
antennapedia (ap), reported independenﬁly by Englert and Bell
(1963) and Sokoloff and Dawson (1963), is expressed by the
modification of the paired antennae into structures resem-
bling walking legs. This gene does not exhibit any decrease
in viability (Tagarro, 1973). A sex-linked mutation in T,
palpi to be replaced by appendages resembling prothoracic
walking legs. Expressivity of this mutant is somewhat
variable but penetrance is complete (Daly and Sokoloff,

1965). Dawson (1968) reported an homologous mutation in



" T. castaneum. From very limited data, he concluded that
the gene had an autosomal mode of inheritance, and that
the'lg,mutaht appéared to be linked with prothoraxless
 (§§;) in linkage group IX. In T. castaneunm, ﬁaxillopedia
'(g;g) mutants, caused by an autosomal recessive gene, have
normal.maxillary palpi replaced by appendages resembling
walking legs. This gene has considefable variability in
expfession. An mxp beétle may have almost normal maxil-
lary palpi except for a claw on the terminal segment, or
each palpus may dévelop into a well-developed leg with
distinct tarsal claws, tarsal segments, and a tibia-like
segment containing tibial spurs. In addition, a segment
representing the femur may be present (Hoy, 1966a). The
expression of the mxp gene can be intensified by inbreeding
and its effect may\extend-to the labial palpi. As with the
maxillary palpi, the most frequent modification in the
labial palpi is the additional of tarsal claws and tibial
spurs. Occasionally the distal segments of the labial
palpi may be modified into a tarsus and partial tibial
segment (Hoy, 1966a). (For illustrations of this, see Fig.
18.8f in Sokoloff, 1977 and Fig. 1, E-L.)

From an evolutionary standpoint, genetic studies of
evidence for the Coleopteran phylogeny proposed by Smith

(1950) from his cytological studies.
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In constructing the phylogeny of Tribolium castaneum,

 I. confusum, and T. destructor, Smith (1950) found that T.
- castaneum conformed to. the formula. for a 9AA + Xy primitive

Coleopteran karyotype. Tribolium castaneum has 9 pairs of

autosomes and a pair of sex chromosomes. The y chromosome
is considerably smaller than the X in the Xy pair. Tribolium
" confusum, with only 9 pairs of chromosomes, evolved from a
- I. castaneum-like form by a translocation of a pair of
autosomes to the Xy pair. The formation of the so-called
neo-X and neo-Y pair resulted in a reduction in chromosome

number from 10 to 9 pairs. Tribolium destructor also has 9

pairs of chromosomes and probably evolved from T. confusum
following the elimination of the translocated autosomal
portion from the X and Y, since thevX and y are comparable
to the X and y of T. castaneum in size (Smith, 1950).

When considering the genetics of T. castaneum and
T, confusum, Smith (1952) postulated that some genes which
exhibit autosomal inheritance in T. castaneum should behave
like sex-linked genes in I. confusum. Sokoloff, Ackermann
and Overton (1967) note that alate prothorax (apt) and
prothoraxless (ptl) exhibit autosomal inheritance in TI.
and prothoraxlesslike (ptll) in T. confusum are sex-linked.
Dawson (1968) found that labiopedia (1lp) in T. castaneum

is an autosomal gene linked with prothoraxless. Hence, it



would seem that linkage group IX of i. castaneum, identified
by the prothoraxless mutant, is the one which became
associated With the X aﬁd Y in the evolutionary histofy of

- T. confusum.

Quantitative values for penetrance in the homeotic
mutant maxillopedia (mxp) are lacking and information on
linkage relationships of the mutant are unknown. The purpoée
of the present investigation is to determine values for
penetrance and egg viability of the mxp gene and to deter-

mine its linkage relationships.



MATERIALS AND METHODS

The following mutants of Tribolium castaneum,

obtained from the Tribolium Stock Center on the campus of
California State College, San Bernardino, were used in this
investigation to identify the various linkage groups.

" Linkage Group II

1) Dachs (Dch) is an autosomal dominant in which the distal
segments of the antennae are fused forming a slightly cup-
shaped structure. It is linked with pearl on chromosome II
(Sokoloff, personal communication).

~2) The missing abdominal sternites (mas) mutant is an auto-
somal recessive which causes a reduction in abdominal
sternites from fivebto four leaving an unsclerotized area
anterior to the apparent second segment. The whole

abdomen is displaced slightly forward and a minute gap is
left between the edges of the elytra.and.the lateral mafgins,
of the abdomenf Penetrance, expressivity and viability are
good. It is linked with pearl on linkage group II (Sokoloff,
1965) . | |

3) The pearl (p) mutant is an autosomal recessive with good
viability, complete penetrance, and pleiotropic effects.

The major effect of pearl is to produce an eye in the adult
that is devoid of pigment (Park, 1937). Marginal ommatidia
still appear black, but this is due to a pigmented endo-
skeletal structure that forms under them (Sokoloff, 1959).



Pearl serves as the anchor gene for llnkage group II.

'"Llnkage Group III

1) The aureate (au) gene is an autosomal recessive whlch E
produces an exoskeleton covered w1th 3 times as many golden
‘"halrs" than normal beetles (Ackermann, l967, Sokoloff,
Hayes, Pease and Ackermann, 1967, and Sokoloff 1967) Pits‘
-at the base of these "halrs" are readlly observable and

- aureate}(ag)'beetles canreas1ly be dlstlngulshed from.the
wild type by tbeir‘less sblny appearance. This mutant_gene'v
'exbibits'complete penetrance with'no variation:in expreSSion !
(Hoy, l966b)kl It can be used to 1dent1fy llnkage group. III
(Sokoloff, Ackermann and Helnze, 1967)

2) The black'(b)‘mutant_ls.an,autosomal;semidominant in
which:the'normal red-rustforichestnut body-colorlis-replaced ;
‘by a dark black coloratlon 1n the homozygote and a bronze
coloratlon in the heterozygote.f Black mutants exhlblt high
v1ab1l1ty and good penetrance (SokolOff,'Slatis and Stanley,
l960)fv Th1s 1s an excellent marker for llnkage group IITI. |

"Llnkage Group. IV

l) The hazel (h) mutant is an autosomal rece851ve.that
causes eye color o become a llght reddlsh brown to a dark
brown in place of the normal black (Dawson, 1969) ThlS

' mutant;gene can‘be used as an alternative marker toyidentify
linkage group Iv.

2) The sooty (s) gene 1s an autosomal semldomlnant whlch

produces a.black body color 1n»place of the reddlsh-brown



yer chesnut. Wlld type homozygotes and heterozygotes are -
nearly 1nd1st1ngulshable.- Mutants have a-reduced‘v1ab111ty

' of about 20% (Bartlett, Bell and Shldeler,vl962 and Sokoloff,

1966) It 1dent1f1es llnkage group IV

'L;nkage ‘Group V”

1) The jet (1) mutant is an autosemalareeessiﬁe that pre-‘
bduces a body color_somewhat darker fhan sooty (s) and
lighter than black'(b) It dlffers from black (b) in that
it has a reddish tlnge and. the appendages are less Qpaéue.“
Penetrance is complete and Vlabllltyvls low. (Park, 1954‘ahd
Tagarfo,“l973). Nevertheless, jet is an excellent marker
,for linkage group V. -

2) The microcephalic (mc) mutant is an autosomal recessive
With'considerable variation in expression, complete pene-
trance and a reduced viabilify‘ef 10%. 1In gg‘beetles the
cranial poftion of the head is smallef, the compound eyes
are reducedbinvsize, there are fewer ommatidia present and,
in some cases, the ommatidia are totaily absent (Sokoloff
and Lasley, 1961). The mc gene is linked with jet and can
serve as a marker for linkage group V.

' Linkage Group VI

1) Microphthalmic”(Mo), a dominant mutant gene with reces-
sive lethal effects,ralters the shape of the compound eye
. and ‘reduces the ‘number of ommatldla present The dorsal

facets are most often ellmlnated. Less frequently, dorsal

and lateral portions;are reduced. Ommatidia are often



disarranged from the~normal‘orderly progression of rows.
.These‘rows'maydbejincomplete~orvcompletely.disrupted .
(Soholoff ‘1960). It is the only marker 1dent1fy1ng llnkage
group VI at ‘this tlme.

'”Llnkage Group VIT

1) The chestnut (c) mutant is an’autosomal recessive gene:
which modlfles the color of the compound eye from black to
reddish- brown or red There 1s no . apparent loss of v1ab111-
ty from the w1ld type (Eddleman, 1961) It serves as an ,
‘alternate marker for 11nkage group VII. | o
2) Short antenna (Sa), an autosomal domlnant mutatlon with
recessive lethal‘effects, prlmarlly acts upon the antennae.

- These may become shorter due*tota‘reduction and/or fusion,of
the central antenna Segments. fViability ofsheterozygotes is
reducedf15% (Bell, 1962). Sa is located on linkage group
vir. - | R
“'Linkage’GrOup VIII

1) The antennapedla (_p) mutant is an autosomal recess1ve
homeotlc;mutatloncw1th plelotroplc effects. The most

- notiCeable'effect.isia‘modification of the antennae to leg;'
like appendages. Lesser effects are ‘the modlflcatlon of the
“1ength and shape of the metathorax and the fus1on of the
dlstal segments of the tar81 (Sokoloff 1977) ~ The ap
beetles show complete penetrance and there is no reductlon o
in viability»from the-wild'type‘(Englert, Shideler and Bell,
1963). This:mutation serves to identify linkage group VIII.



2) .The‘mutatidn'shqrt'elytré (gﬂ)»israh autosbmal'récessiﬁe
with variable expressibh, iﬁcdmplete‘penetrance and'gOOdY
v1ab111ty.b The elytra are shortened and the dlstal abdom1na1
terglte may be v1s1b1e in sh beetles., In addltlon, distal
portlons of thg elytra may dlvergeyln.vgrying degrees ;.
V(Sokolbff, 1962). It serVesité identifyﬂlinkagé.group VIII..

‘”Linkagé‘Group IX‘

1) The mutant alate prothorax (apt) is a semidominant
homeotlc mutatlon wh;ch is often expressed’by the production
of elytra-like aptendagéslériéiﬂgvfrom‘lateral edges of the
prdthorax ih the»pupa.- Adults~and»pupae can . be rectgnizéd”_ .
byvthese asymmetrical prothoracicigrowths;'fPenetrance is
fincbmplete,and viability is‘podr, Moét apt beetles die in
thetpupa stage (Sokoloff, 1965) ‘This mutant is probably |
linked with'gﬁi'on llnkage group IX.

2) The prothoraxless (ptl) mutant is an autosomal semi-
‘dom;nant w1th a var;able expresslon. In the'heterozygote,»
the.prctergﬁm may eXhiBit‘é groove at right'angles_to the
nidline and may‘héve various indentétions at'oné or the
[otheruanteriOr'COrners.'_Homozygotes are_seVerely affected
bécéuse»thevprothdrax.is'almOSt gdne and the‘forelegs are
greatlyﬁfeduced.'vHohozygqtétStoéks d§ not live long
'(Lasley énd Sokbloff,ilééO);  The ptl gene‘has been

assigned to linkage-group IX.

1) The abbrev1atéd appendages (aa) mutant is an autosomal
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recess1ve that shortens the elytra to three quarters of the'

normal. length often w1th elytra dlvergent exposing the dorsal

‘surface of the abdomen. In some aa beetles:the legs and"

podomeres are shortened,d'The gene has good'penetrancelwith
regard,to the'effeot on.the,elytra, but Variable‘penetrence
in regard to the legs (Sokoloff, 1965). Presently, this

gene is the only one aveilable to identify'linkage.group'X.

1) The gene max1llopedial(ggg) is en autosomal.recesslve‘
homeotic mutation of ueriable expression, Which produoes
leg-1like struotures'in-place:ofvnormal mexillaryvpalpi
(Hoy, 1966a). | N

2) Reindeer‘(ﬂd)‘is‘an autosonal;dominant mutation. The

heterozygote‘has grossly enlarged proximal'antennalvseg-’

ments and may cause a conspicuous branching of the antennae.

The‘proximal bulges arenso pronounced that they can be

detected with the unaidedbeye' This mutant was discoVered

by P. S. Dawson and has not been released for further study.
Studies on penetrance and viability were carried out

for the maxillopedia‘(mxp) mutant of Tribolium castaneum

Herbst. Beetles homozygous for the me‘gene‘were reared in
a medium of whole wheat flour and yeast in the proportions
of 19:1 and allowed to develop into a productive stock for

six-months. After that tlme, pupae were isolated and sexed.

- Mating pairs of p beetles, one month old, were placed in

3/4 ounce glass contalners (creamers) for three-days and
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transferred to new creamers with fresh medium. Another
transfer waé accdmplishéd three days later. Similar
procedures were repeated with some creamers kept in an
incubator at 32°C and 70% relative humidity while others
were kept at room tempefature. Eggs laid were counted and
three weeks later the number of emergent larvae was noted.
After 5 weeks, maxillary paipi of adults were examined to
see if they possessed the mxp trait. A wild type Chicago
strain, Chicago +, was used with the same procedure to
serve as the control. Similar tests were pérfofmed wiﬁh
mxp X + Chicago and with mxp X +/g§2‘matings. A calcula-
tion of penetrance and viability followed.

To determine the linkage group of the mxp gene,
crosses were carried out between strains carrying two known
markers (when possible) for a pérticularvlinkage group and
the mxp géne; Beetles homozygous for known markers for
each chromosome were crossed with mxp homozygotes. When
the F1 éf'the cross was obtained, pupae were sexed and
isolated in separate containers. Some of the F1 beetles
were mass mated to obtain F2. The F, beetles isolated
previously were backcrossed with virgin females and males
homozygous for all three traits. Genetic ratios obtained
were analyzed taking into account degree of penetrance and
genetic recombination due to crossing over according to the

methods given by Bailey (1961).
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Rearing methods similar to those used for determin-
ing penetrance and viability were used for determining

linkage relationships.

When individuals heterozygous for three traits are
backcrossed to those homozygous for three traits
(+/a,+/b,+/c X a/a,b/b,c/c), eight phenotypic classes are
expected. These eight classes will occur with equal fre-
quency if the genes are all equally viable and penetrant
and are located among distinct linkage groups. If either
two or all three genes are linked; then a disproportionate-
ly higher phenotypic frequency will be obtained for the
parental genotypes and all other classes will be conse-
quently reduced. The magnitude of the skewed frequencies
will depend upon the distance between those genes which
occur on the same chromosome. |

Bailey (1961) gives three illustrative models.

In Model A, all three genes belong to distinct linkages.
" Backcrosses between the hypothetical genotypes noted above

should produce the following results:



:‘ v1 :  s
"fPheﬁotiée" . Genotige ,> - Fregﬁénéx 
o+ 4lag/ble 125
e ;f_v:',a/a,+/b,+/q'}_‘ .125
 " b'}"615:._;/a,b7b,+/¢f' }} 125
e  +/a4/befe 125
. ab | ‘_a/a;b/b,ﬁjc;  ‘.125
s afa,t/bie/c 125
be  +/a,b/b,e/e 125
-abc  ‘ é/a,b/b,é/c .125-

, In Model B, it is presumed that genes a and b are
linked and'25 units apart. The backchsSes can be repre-
sented as ++/ab,+/c X ab/ab,c/c. The progeny Obtained,

should appear in the following proportidns:

> Phenotype , | Genotype | Freguency
| + ++/ab,+/c ‘.1875
a _ | ,a+/éb,+/c .0625
b  4b/ab,+/c .0625
, cvvv‘ - ‘a+/+b,c/c ‘v - .1875
ab ab/ab,+/c ' .1875
ac | at/ab,c/c | .0625
be  +b/ab,c/e 0625

abe | ab/ab,c/c 0 .1875

In Model C, it is assumed all three génes'are linked
in the order a, b, c. Genes a and b are ten units apart,

b and c are ten units apart and a and ¢ recombine with a
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frequency of 20%. Assuming no interference, backcrosses

between +++/abc and abc/abe should produce:

Phehofzpe - Genotype - Frequency
+ +++/abe | . 405
abe abe/abe ‘ 405
a » at+/abe .045
‘bc' +be/abe ' .045
ab ab+/abe .045
c ++c/abe ‘ 045
ac ‘atc/abe .005
b : +b+/abe .005

A similar model, Model D, can be devised to illus-
trate how the triple locus cross is affected by the
presence of one dominant allele. Suppose genes A and b
are linked and are two units apart but gene ¢ is in a
separate linkage group. Backcrosses can be represented
as ++/Ab,+/c X +b/+b,c/c.i The progeny produced will be

in the following proportions:



Phenotype Genotype

- Frequency
+ ++/+b,+/c «245
A A+/+Db,+/c .005
b +b/+b,+/c : .005
c ++/+b,c/c <245
Ab "+b/Ab,+/c «RL5
Aec A+/+b,c/c .005
be +b/+b,c/c .005
Abe +b/Ab,c/c .245

Model E is necessary to show the expected results
of a double locus cross when the genes are linked and 25

units apart. The backcross would be A+/+b X +Db/+b.

Expected frequencies are:

Phenotype - Genotype Frequency
+ ++/+b .125
A A+/+1p 375
b +b/+D .375

Ab Ab/+Db 125



‘Scanning eleetron micrograpns‘ef normal and

maxiilopedia'(mxp)‘Tnibolium’CaStanenm;

A,

_Lateral view of the normal head of T

'castaneum, w1ld type (85X) ' Note shape of
max111ary palpus°

Ventral view of the normal head of T.

,;castaneum, w11d type (80X). Note the.

appearance of the max1llary and lablal palpl.‘

Frontal view of the normal headvof TI.

 castaneunm, wild type (80X). Note the

' IappeafaneetoftthevmaXillary‘and labial palpi.

Ventral v1ew of Dch+/+ E in T. castaneum

(55X)9, Note brlstle on dlstal end of one

‘1max1llary palpus.

Ventral v1ew of mxp mutant 1n T CaStaneun

- (70X and 130X, respectlvelv) - Note that

both max1llary and,lablal palpllare‘modifiedv

'vintoaleg-like‘structuresxb

o G’c"Lov

Ventral views of two_' p mutants 1n T

| K 60X and L- 155X) Note tlblal spurs are

o well- deflned in all mlcrographs. In K L

tarsal claws are well deflned on the max1l-
1ary palpl and partly v1s1ble 1n‘the,lab1al
palpig . e _ , :
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RESULTS

l) Penetrance of max1lloped1a homozygotes

The penetrance of the mxp gene is nearly‘COmpleteg'
Out of the 304 adults‘eXamined,,cnlyvtwo were scored as wild
type (see Table 1). 'oﬁe of these,lupcn:close‘examination;_
showed a slight modification‘of one labial,palpus. Hoy |
(1966a) reported that';zg beetles often have affected
labial palpi in addition to the alteratlon of the max1llary_
palpi. Cons;derlng the highly varlable express1on of mxp,
it is possihle that the slight modification of the one
lablal palpus was actually a manifestation of complete __E>>
penetrance. For the analysis of the data to follow, it was.

assumed that mxp has complete penetrance.

2)  Egg Viability of nmaxillopedia

| The mutant gehe'mgp appears to have slight effects
on viability,' Data in Table 2 show that mxp/mxp eggs had a
decrease of 11.6% in viability compared to the eggs of the
Chicago + strain when the,beetlesxare reared in the |
incubator.  Matings carried.out at room temperature and
humidity (Table 3) showed a similar reduction of 10.1%.
‘There does not appear to be any decfease in‘viability when
the mxp is in the heterozygous condition (éompare Table 2
and Table 3).



20

Table 1. Number and percentage of phenotypically mxp

beetles used to determine percent penetrance in

" Triboliun castaneum.

'Mgzigg _phenotypes

number mxp ' + % penetrance
1 32 0 100.0
2 30 1 96.7
3 118 0 100.0
b 55 0 100.0
5 69 1 98.6

TOTAL 302 2 99.3



Table 2. Egg Viability in various genotypic crosses of Tribolium castaneum at

32°C and 70% R.H.

Pair +/+ X +/+
.Coa
mating eggs larvae

Mating Type

+/+ X mxp/mxp
eggs larvae %

mxp/mxp X +/+
eggs larvae %

“mxp/mxp X mxp/mxp

eggs larvae %

1 138
2 151
3 -

TOTAL 289

a .
each cross represents a single

151 117 77.5

twice at three day intervals.

89 T4 83.1

152 124 81.5
110 62 56.4
143 T4 51.7

405 260 64.2

mating pair successively transferred

e



Mating Type

Pair +/+ X +/+ +/+ X mxp/mxp mxp/mxp X mxp/mxp

mating eggs larvae % eggs larvae = % eggs larvae A
1 119 103 86.6 168 136 81.0 75 53 70.6
2 101 74 73.3 - - - 40 28 70,0

"TOTAL 220 177 80.5 - - - 115 81 70.4

a . . . .
each cross represents a single mating pair successively transferred

twice at three day intervals.

ce
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3) Egg Vlablllty and Adult Phenotvplc Ratlos of max1llo- |

When ‘mxp heterozygotes and __p homozygotes were'
crossed re01procally, egg v1ab111t1es of 77.8% and 79 17
(Table 4)~were4obta1ned. These percentages are’ comparable
to the values obtained‘for crosses.between_w1ld_type and
"mgp‘homozygote beetlészin“which no decrease in egg ?iability7'
- was noted o e | |
However, a s1gn1flcant dev1at10n from the expected‘
S 1:1 ratlo of __p to w1ld type phenotypes was produced in
vleach case. In both sets of crosses, the ;;p class falls
short of expectedovalues. In the cross of +/__p males and
";_p/;_p”females, a total'number‘of 155 larvae*was»counted_“
three weeks after the egg number was determlned.: From
these larvae, 119 beetles (76 8%) reached the adult stage.
" In the cross of __p/__p males w1th +/__p females, a total |
:number.of‘235 larvae was counted and,.of these, 206
‘t,(87.6%) reached_the adultbstaée;b's lv

When‘the resultant‘adultlphenotypic ratios of the
two sets'of crOSSesuarevexamined (Tahle7l), it is apparent”’
:pthat the ;_p class is dlmlnlshed below expected values.'
‘In each cross, the w1ld type class approx1mates the 50% |
,expected value; 74 out. of 155 and 120 out of 235. ’The‘,’
";_2 class produced values 51gn1flcantly below those |
expected Only 37 8% and 41 79 of the total reached the -

'adult stage.



Table 4. Egg,Viébility and adult phenotypic ratios from (A) mxp/mxp X +/mxp

and (B) the reciprocal cross. - =

Mating -

Adults (N)

®76.8% of larvae reached adult stage.

B87'.6% of larvae reached adult stage.

L : |  Kdults ¢

A, mxp/mxp X +/mxp eggs larvae % mxp + total - mxp +
1 94 65 69.1 17 36 53 321 67.9
2 102 90 88.2 28 38 66 424 57.6
TOTAL 196 155  79.1 45 74 119% 37.8 62.2

‘Mating Adults (N) Adults

B. +/mxp X mxp/mxp eggs larvae % mxp +  total mxp +
1 170 138 8l.2 57 68 125 45.6 544
2 132 97 3.5 29 52 81 35.8  64.2
TOTAL 302 235 77.8 86 120 2068 1.7 58.3

7z
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Apparently mxp significantly reduces the number of
larvae that reach adulthood. From observations made during
scoring of beetles in these crosses and in others, it seems
that a large proportion of deaths of mxp beetles occurs
during the process of metamorphosis. In ﬁearly every cross
where some mxp homoZygotes were expected, dehydrated pupae
were observed;b That'these déad,pupae<were.mostly'ggp, was
evident by examination of the maxillary palpi.

In attempts to»obtain>mxp - apt, mxp - ptl and

- mxp - mas homozygotes for 1inkage study backcrosses, vast
numbers of’these dead pupae were observed. Not only does
the mxp gene affect pupal emergence by itself, but when it
~occurs with ceftain other mutants,»the effect 1s greatly
magnified. In fact, it was not possible to obtain any

- mXp ;'gpg‘or'ggp - mas homozygotes at all, yet both genes

in each case could be observed in individual dead pupae.

..................

Markers not associated with linkage group IT showed
no evidence of linkage with maxillopedia (mxp). A brief
review of these negative findings folléws.

To determine if'gzg is a member of linkage group
ITI, the markers black (b) and aureate (au) were used in
backcrosses. The backcross b au +/+ + mxp males X
‘ Qigg'g;g/b*gg‘gzp females and reciprocal crosses, from six
and eight successful matings respectively, showed little

deviation from the_ekpected l:l:l;l'ratio when each
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marker was considered.separately (see Appendix I). HoweVer;
‘ all classes of phenotypes that expressed mxp had decreased |

inumbers. This is not surpr1s1ng in the llght of the o
: v1ab111ty reductlon of __p mutants.
| : The test of llnkage for group IV produced similar
»_resu1ts. Using hazel (h) and sooty (s) as known markers:
for group IV,'variation from the expected ratios if theV
genes were not linked to ;_p proved of little s1gn1flcance.
‘Backcrosses resultlng from fourteen and four successful
: matlngs for crosses w;th female heterozygotes and male»
‘heterozygotes, respectiwely, were performed. In this case,ﬂ
the ;_p phenotyplc classes were also reduced in number
'(see Appendlx II) | |

"The markers jet (l) and mlcrocephallc (mc) were
used 1n backcrosses to test __p for llnkage in group V.
Fourteen successful matrngs-were produced from crosses with
female heterozygotes for all,those traits andlfivevfrom |
crosses‘with,male heterozygotes. When each marker was
considered separately,,the wild type phenotypic‘class was
' the most numerous.‘ This was expected)since;allvthree;genes
reduce v1ab111ty. The maxillopedia classes were not
reduced as much as those of the other markers (see
Appendlx I11). .
Mlcrophthalmlc (Mo), the only known marker for

linkage group VI, was used in backcrosses. Backcrosses

of female and male heterozygotes for Mo and mxp to mxp
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homozygotes produced six andbelght successful matings
respectlvely. Mo—__p phenotyplc classes were cons1derably
vbelow expected values for nonllnkage, however, the wild |
type class was well- represented 1n “the progeny (see,vnv:-'
_Appendlx IV) _ It appears that __p occurrlng in conJunctlon
w1th the Mo gene drastlcally reduces v1ab111ty, although
| not to the extent observed with alate prothorax (_p_) and
mlss1ng abdominal sternltes (mas) mentioned prev1ously.
Backcrosses to test for llnkage 1n group VII were
'performed w1th (Sa) Short antenna and (e) chestnut, whlch
are. known markers for the group. Phenotyplc ratlos from
nine successful matlngs w1th female heterozygotes and from
‘ls1x successful matlngs w1th male heterozygotes only vary
'hsllghtly from the expected 1l l l ratlo ‘when each marker )
»13 cons1dered separately (see Appendlx V) As 1n the |
I’other crosses, the ;_p classes are. all reduced due to
factors wh;ch affectwv1ab111ty and adult‘surv1vorsh1p._
For'a"determination of linkage.in group VIII,
'antennapedla (_p) ‘and. short elytra (sh) were used.‘.Three'j
vp01nt backcrosses, _p sh +/+ + g_p females X _p sh __p/
"_p sh __p males and the rec1procal cross, were performed
as well as two p01nt crosses between each known marker
;and __p ‘ All three groups of crosses failed to show
linkage between mxp and the markers for llnkage group
htVIII.‘ The max1llopedla phenotyplc.classes;were,below
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‘texpeeted'valnes in most ofvtne-erosses (seé Appendioes‘

VI, VII and VIII). R | -

. Due to phylogenetlc con81deratlons of great

N 1nterest two separate backcrosses were attempted w1th the
‘two known markers for llnkage group IX. Recall that both

alate prothorax ( apt) and prothoraxless (ptl) are autosomal

genes in T. castaneum, but are sex- llnked in I. confusum.
New genes found to be llnked w1th these would be of great
value in supportlng the proposed phylogenetlc relatlonshlp
between the two species. Datarfor ptl backcrosses were
difficult to obtain. Only two . of the progeny exhlblted a

- ptl phenotype in the two successful crosses when female
heterozygotes for ptl and mxp were backcrossed to,mgp.
Five‘snocessful‘matings were‘obtained:in;the reciprocal.
cross and the ptl and.ptl-mzp‘classes'were greatly reduced
in‘number (See’Appendix IX). By taking into consideration
the more viable mxp and‘wild type classes, linkage between
the two genes was discounted. However, it is possible that
ptl and mxp are so far apart that recombination values
resemble those of random assortment. As mentioned previous-
ly, backcrosses to determine linkage between'mzp and apt
could not be carried out. Attempts to obtaln apt-mxp
’homOZygotes failed. It appears ‘that 1nd1v1duals w1th both
» ofbthese genes in homozygous condltlon are"not.able-to make
~ the transition from,pnpa.to}adult; since_manyupartially

emerged adults were found to be of the'mxpfapt>phenotype.
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The marker abbrev1ated appendaoes (aa) was used to

/test llnkage for mxp in group X : Even cons1der1ng the_
dlfflculty in readlng aa homozygotes, llnkage between the
genes was not demonstrated. Backcrosses w1th male hetero-
- Zygous parents had the now famlllar decrease 1n __p classes
(see Appendlx X) | ; |

' Data obtalned from backcrosses 1nvolv1ng the j_gv
markers Dachs (Dch) ‘and pearl (p) for llnkage group II,

which d1d demonstrate llnkage wrth p, ‘are summarlzed 1n

. Tables 5 and 6.

' The appllcatlon of formulas derived by Balley (l961)~
shows that llnkage occurs between Dch and mxp for backcrosses

w1th female and male heterozygous parents with values of

XL 282 7 (df -1, P<. 005) and one of XL~166 7 (df l P< 005)
'respect1vely. However, when a dlfferent formula accountlng
for decreased v1ab111ty of __p was used, only 1n female
sheterozygote backcrosses dld.a dlfferentlal v1ab111ty
between the two genes prove 51gn1flcant. __R-5 l (df 1, |
P<.025). Vlablllty studles for Dachs (Dch) have yet to be
_performed, but the v1ab111ty of Dch in the male heterozygous.
backcrosses appears to be. reduced in a s1mllar proportlon to -
the reductlon of __p The crossover value for backcrosses |
~with female heterozygous parents is 7 8 i 1.40% and 5.7 ivv'
1. 597 for the re01procal cross. R
L;nkage is also.demonstrated.when‘pearlﬁ(p) and

"mxp are considered'separately;.JChi-square,values for
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Table 5. BackcrOSSuprogenydfrom (A) Dch p +/+ + mxp female
V,X + Qdmkp/+ gfmxp:nale“and (B) the reciprocal |
cross from 12 successful matings each (numbers in

parentheses are decimal fractions of the total).

" Dehi p (Deh B;brisile) . dd_ 179 (.45)% “81‘(.38)8 _

me 116 (.29) 72 (L34)
w3610 18 (.08)
b mxp 35 (09) 29 (14)
Deh p mxp - B o ) '1'8:(.04)'- o 5 (.02)
£ 4 (.01) 3 (.02)
Deh mxp 7 (.02) 3 (.02)
D | 2 (.00) 1 (.00)
‘eTOTAL“ S S 3 212

®38 had one brlstle on dlstal end of one max1llary palpus.’

B27 had one brlstle on dlstal end of one max1llary palpus.-’
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Table 6. Backcross progeny from (A) Dech p +/+ + mxp females
X + p mxp/+ p mxp males and (B) the reciprocal

cross when each pair of genes is considered

separately.
‘ Cross
~ Phenotype A B
" De : 215 99
mxp 151 101
" 'Deh mxp 25 8
+ 6 | b
TOTAL 397 - 212
'p . 181 82
' mxp | 123 75
- p mxp 53 34
+ . | 40 21
TOTAL | 397 | 212
" Deh p 197 | 86
+ ' 120 85
" 'Deh L3 21
] 37 30

TOTAL 397 212
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backecrosses, xi=112.2 for female heterozygote and xi=49.1
for males, are both highly significant (df=1, P<.005).
'Again, however, it is only the female heterozygous back-
crosses which show mxp hav1ng any differential viability:
1X§£E=5.l (df=1, P<.025). The crossover value for hetero-
zygous female parents is 23.4 * 2.12% and 25.9 % 1.77%

for the male. Two pOinﬁ backcrosses attempting to show
linkage between p and mxp made without the presence of the
" Dch allele failed to shOW‘linkage. Homozygous pearl (p)
beetles for this cross were obtained from a different
stock than those used in the three point cross. bFurther
investigation into this may explain thesé results.
Crossover values for Dch and p were 20.2 1_2;02% for the
female and 24.1 1,2.94%}for the male'hetefozygote backQ‘
crosses. | | | o ‘

Frém Table 5, some progeny with the Dch-p phenotype
were often observéd‘nnipqsséssia brisnie;atvthé diétalvend,‘
of one maxillary palpﬁs (see Fig. l;D) These progeny were
not scored as Dch-g—__g beetles because this bristle was
also observed in Dch p +/+ +’gzp beetles obtained from
" Dch p +/+ p+ X + 4 ggp/+‘+ mxp crosses. It appears that
when the Dch and Qgg'genes.are in thetheterozygous
condition, mxp acts as a semidominant-at leastvsome of the

time. Whether the alleles Dch and mxp interact to produce

this bristle is only conjecture at this point. As
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previously mentioned; orossesfbetween + ChioagO'wild type
and m __p homozygotes falled to. show any effect of mnxp in
the heterozygous condltlon.__y

Relndeer (Rd) has been 1ncluded in both llnkage
group X and group II. Accordlng to Dawson (unpubllshed
data), Rd and aa are llnked in group X (Sokoloff, personal
communlcatlon) Us1ng the three p01nt cross Rd aa-__p
to test for llnkage of __p in group X,. no llnkage was
demonstrated between Rd and aa; however, linkage between
'igzp and'Bd became evident (Table 7). Levels‘of significance
were very high for Chi—square tests for linkage (afr=1,
P<.005) for both sets of baokcrosses,,X£=244.6'for female
heterozygotes‘and xi=50 8’for the males. Differential
v1ab111ty also had a hlgh Chi-square significance value‘
(df=1, P<.005) in ‘each backeross, x;_@=14-5 and Xa&p=25'9
for female and male heterozygotes, respectively. Crossover
values of 29.1 * 1.22% and 39.9 + 1.39% were obtained for
female and male‘heterOZygous backorosses.

This disparity between the crOSsover values in the
~ two sexes can be ewplained by the existence of different
genetic'modifiers among malesvand fenales. Recently,
Dewees (1975) has demonstrated that recombination values
can be modlfled toward a hlgher or lower value in

“Trlbollum castaneum by selection. Since recombination is

under genetic control, these dlfferent.values‘for'the two

sexes are not_surprising.
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Table 7. Backecross progeny from (A) Rd +/+ mxp female X
+ mxp/+ mxp male and (B) the reciprocal cross

- from 16 and 17 successful matings, respectively.

Cross
Phenotype A ‘ B
"Rd 517 | 408
o mxp 472 | o 337
" Rd nxp _ 154 193
+ 251 301

TOTAL 1394 1239



'DISCUSSION

Dachs (Dch) and max1lloped1a (__p) have been o
shown to be closely llnked by this present study. These
genes are 7.8 unlts and~5 7‘un1ts apart for femalestand'
males, reSpectively. Llnkage in the same three p01nt
cross. was establlshed between pearl (p) and (mxp).

These genes are 23 A unlts apart for females and 25 9 unlts
“apart for males. The map distances between Dch and p,

' obtained in these studies,ﬁwere 20,2:for females and 24.1
for males. 'SokolOff’(nnpublished data)‘established

linkage between these:two geneS’with values of 15.44 unitsp
apart ferifemales and 19,71 unitseapart for males.
Interference in female backcrosSespwas moderate,'of the
order of about .39, while‘in male backerosses interference
was nil (about 1%). |

~Linkage was also established between mxp and Eg‘in
this present study. ‘These genes were found to be 29.1 units
apart for females‘and.39;9 units apart for males. Mufioz
(unpublished data) foundnﬁg and mas to be linked and 31.90-
-36.74 units apart,. Sokoloff kunpublished'data) has found:‘-
mas andlggh to be‘elosely linhed. _Fdf females, Dch and mas
were fennd to be 2.28 units.apart’and 8.74 units apart for
males. These fignres suggeSt that‘Rd is-also a gene in
linkage group IT. The ‘data just. descrlbed serve to build

the llnkage map shown in Flg. 2.



36

(R4) mxp 'Dch-' (Rd)
..... S e S i
] 1T 1
ma.s he)

‘Figure 2.

PropOSédjgéné order for data-obtained'from

‘Table 7 and from previous studies (Mufioz,

unpublished data and Sékoloff,"unpublished

data).
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' Prev1ous work on llnkage group II began with the
‘study of the mutant eye color ‘gene pearl by Park (1937)
It subsequently was des1gnated the anchor gene for the ~group
by Sokoloff (1966). Pink (pPk)bldentlfled by Lasley (1960)
 was found to be allelie w1th pearl | It is recessive to
wild type, but domlnant to pearl Dewees_and Bells(l967)
’vtested b and p for pseudoaIlellsm'from‘reciprocal
',crosses of D +/p ix p f/pPk + in mass matlngs. vAli
36 654 progeny were of the mutant phenotype, which 1nd1cated ﬁ
”that at thls level of resolutlon no recomblnatlon occurS' _ |
' between the two alleles. The pearl and. pegleg (pg) mutants
were found to be llnked and about 30 units apart (Lasley o |
and Sokoloff, 1961).
Ivory (1)’and peari IIke.are also allelio:autosonal
rece381ve genes in llnkage group II. Lemon-and'Blackmanb
| (1967) crossed pearl -like and ivory whlch produced an F1‘
nof all. mutant beetles.. Slmllar crosses between pearl and
ivory by Dewees and Bell (1967) establlshed a recomblnatlon‘
ifrequency of 03%, show1ng that pearl and 1vory are not B |
allelic but closely located genes. | y ‘ |
) Reduced eye notch'(Ren), an autosonai;dominant
nutatlon w1th recessive lethal effects, was also found to

v‘(be in llnkage group II (Bell and Shldeler, 1971) Crosses 3,}‘

'produced a recomblnatlon rate of 0. 37% with pearl and: 31 7%&-'

with pegleg (pg) ' Crosses between pearl and pegleg showed'

ancrOSsover rate‘of 30% wh;ch suggested a linear gene order
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” of Ren 0.37 p 30.0 pg, but thls was not verlfled by three’
p01nt crosses. The 30% crossover rate between ‘pearl and
pegleg dupllcates the 30% rate obtalned by Lasley and
-Sokoloff (1961) for the two genes.»_

-The 1nformat10n rev1ewed above and the data
.‘accumulated durlng thls study are summarlzed in Table 8
‘This alse serves‘as the basis fer the llnkage map of the
second cnromosome‘provided,in.Fig. 3. .Linkage grenvai
is now one of the most«thordugnly'investigatedvautosomal‘ :
iinkage groups. |

2)  The impOrtancetdf,homeotic‘mutants‘in.evOlutionary.

Homeotic mutents‘are known to occur in a wide
vériety of Arthropod'groups,’particularly in several
orders of insects. This is not surprising in view of
their common ancestry. These.muﬁsnts are often used to
demonstrate homologies in diversevgroups.and'provide
evidence for the stfuctural”changes which have occurred
in their evolution. A prime example, to demonstrate
the usefulness of hqneotie mutantsdin such studies, is
the investigation by Bridges and_DobzhanSky (1933). They
- discovered the homeotlc mutant probosc1ped1a in the frult

fly Drosophila melanogaster. This mutant gene produced

mouth parts that approximated,those of lower orders of
insects. The pseudotracheae sf the proboscis had dis-

~ appeared completely in these flies. Changes in shape and



Table 8. Linkage data now available for group II of

Tribolium castaneum.
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Figure 3. Linkage map of group II in Tribolium castaneum.

Linkage Group II

(Rd) _ |
kg S SR,
nxp
" mas
Dch
1 - i, pearl-like
" Ren
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position were noted ih:the lébium, maxilla and maxillary
palpus. In addition, the labrum and labial palpi had
developed in place of the oral lobes.. This finding
supported early claims by MacCloskie (1880) that the fly
proboscis contained structures homologous to mouth parts in
other insect groups.

MacCloskie (1880), in his detailed study of the
proboscis of the house fly.and the function of the great
tendons in its moveméht; concluded that these‘tendons must
belong to the mandibles. They were found to closely
resemble mandibular tehdbns of other . insect orders and of
lobsters in position and function. He concluded that the
operculum of the probosecis répresents two united mandibles,
probably enclosing the labrum. The pa1pi‘of the proboscis
were>said to represent the maxillae.

Insects are presumed to have evolved from a -
miiiipede-like ancestor composed of a Series of nearly
identical leg-bearing segments. Thisbview of insect
evolution is supported by the existence of homeotic
mutations which transform particular head region appendages
into appendages characteristic,of thoracic segments.

Bridges and Dobzhansky (1933) found that the homeotic

tip of the proboscis modified into a pair of jointed
~appendages which extended sidewise and were tipped with

strong claw-like bristles.
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Villee (1942) used‘this and other_informatiOn on

aristapedia, a homeotic mutantvinIDrosophiia‘melanogaster
in whieh the arista of the antennae are modified to tarsuse'
like segments, to demonstrate the homology ‘of insect mouth
parts with the antenna mouthpart walklng leg series of
appendages of other arthropods. Stocker (1981) supports
the existence of this series in.a study of_sensory neuron

pathways through homeotic organs in Drosophila melanogaster.

Displaced 1eg andkantennalvneurons by homeotic transforma-
~tions project exclusively into normal antennal and proboscis
centers of the brain. It’appears tnat affinities between
the sensory neurons and the specific brain centers are due
to homologies between antennal, leg and proboscis neurons
and between the,three corresponding brainvcenters.'

Many mutants similar to those just described have
beenrreported in the Coleopteran genus. of Tribcolium. In
E.‘caStaneum'the mutation antennapedia, an autosomal re-
cessive (Englert and Bell, 1963 and Sokoloff and Dawson,
1963)vmodifies the antennae into leg-like appendages; and
maxiilopedia, an autosomal recessive, modifies the maxil-
lary and labial palpi intobstruotures resembling walking
legs (Hoy, 1966a). In T. confusunm labiopedia, a sex-
linked recessive, nodifies labial palpi into similar
leg-like structures (Daly and Sokoloff 1965) Dawson

(1968) found an homologous mutatlon, lablopedla (1p ),
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Garcia-Bellido (1977) developed a modei to explain
‘the possible genetic manifestationsvof homeotic mutations
and their mode of operationfinvdevelopment. He found that
the transformed organ (allotype)vié identical developmental-
ly to the organ it mimics (telotype). Daly and Sokoloff
(1965) demonstrated that both allotype and telotype in the
same individual can also be equally afifected by another

mutation. = Tribolium confusum flour beetles possessing the

mutant gene labiopedia (lp) were crossed with stilted leg
(stl) mutants. The mutant stilted legs (stl) produces

legs with tarsal segments fused,‘tibia lengthened, femur
reduced and trdchahtefs often absent. The labial legs were
affected in the same manner as the walking legs in pheno=-
typically stl-lp beetles.

Garcia-Bellido.(l977) concluded further that the
function of the wild type allele (autotype) is to repress
the developmental characteristic of the telotype in the
autotype. He believes that genes have evolved which act
to repress a primitive developmental pathway énd thus permit
the evolution of a new developmental. pathway to proceed.

In the insects, the evolutionary process has changed the

repetition of’identical.segments.into segments with specific
characteristics of.head, thorax and abdomen. When the genes
that produce these specific characteristics become inactive
by mutation, the alternative (homeotic) pathway that appears

is a thoracecic one. It is therefore assumed that the thoracic
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pathway is the archetypic one. _Sokoloff, Papini and
Faustini (1981) in their study of Horned gena (Hg), a
homeotic sex-linked‘dominant with semilethal effects,
suggest that the gene is atavistic, retufning specialized
segments to a more primitive condition. They assert that
the gene is of ancient origin andvhas existed at least
since the genera of Tenebrionidae were being evolved.
Evidence is drawn from other Coleopteran genera possessing
similar horn-like structures in the.head region and from
cytological studies by Smith (1950), which developed a
Coleopteran karyotype phylogeny.

From a review of‘émbryonic studies, Snédgrass
(1935) has suggested a five stage evolution of the defini-
tiveiinsect structure from a theoretical wormlike ancestor.
In the first wormlike stage, the animal consists of a lohg
segmented part coextensive with the alimentary cana1 and a
short unsegmented preoral part, or proéﬁomium;_ The mouth
is located ventrally between,thé prostomium‘and the first
segment. Since the prostomium contains the pfincipal
sensory ganglion, it.is.regarded és the afchicephalon or
primitive head. The second stage is characterized by each
body segment acquiring a pair of movable lateroventral
appendages with one or two pairs of antennal organs on the
prostomium. In the third stage, a‘protocephalon forms the
union of the first poétofalusomite and the primitive head.

The fourth stage is characterized by segregation of the
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post protocephalon segments 1nto three dlstlnct reglons.v‘sd
: The flrst realon is called the ‘gnathal reglon s1nce 1ts
appendages arevdestlned to become the feedlng organs._ The
thoracic reglon is located posterlor to the gnathal reglcn
and its appendages develop into organs of locomotlon. In
‘the third reglon, the appendages.are reduced and mostly
obliterated. It has been termed the abdominal regicn.‘ In
the fifth stage,'the-gnathal segments become united with
the prdtccephalon.. Thls_definltive head‘is'now composed of.
~the protodephallc appendages or antennaefbthe prostemiumblf
and the four succeeding gnathal segments. | |

‘The Circumstantial evidence‘presented above snggests
that the nouth parts‘of insects were criginally derived
from walking appendages. 'Presumably,]during the evolution
and spec1a11zat10n of the segments ass001ated with the mouth,
a suppressor gene or genes arose that suppressed the
formationiof legs in the mouth region. The genetic'evidence
suggests that such a genevcould be the wild type allele of’
maxillopedia. Under normal circumstances, this gene |
prevents the max1llary palpus -forming cells from comlng
under the 1nfluence of embryonic leg- formlng fields and the
result is the productlon of normal max1llary palpl. When
this gene mutates, however, it no longer exerts its suppres-
sive effect and cells whlch would normally produce max1l-
‘lary palpi come undervthe_lnfluence of leg-formlng genes.
These genes then produce leg-likevinstead of maxillary

palpus-like structures.



SUMMARY

The'present Study shows that maxillopedia'( p),h

a homeotlc mutant in Trlbollum castaneum Herbst has -
.complete penetrance and reduces egg v1ab111ty. Vlablllty
reductions are not conf;ned to the_egg stage_but»are very
evident'in”pubae.that fail:to become adults; }Further‘
v1ab111ty reductlons are produced when m _;p occurs with
certaln other mutant genes, Beetles whlch are homozygous
‘for ;p; and oXp or mas and mxp fall to make the trans1t10n

from pupae to adult. A 81m11ar effect 1s produced when

" ptl and mxp occur together.-
| ‘b In addltlon, when _;p.occurs 1n the heterozygous ‘:,f'
condltlon w1th the Dachs (Dch) mutant, a semldomlnant :
effect of mxp is produced,atwleast some.of the,tlme.
Th1s effect is manlfested by one max111ary palpus hav1ng
‘a s1ngle dlstal brlstle. _ | L ’ » ,

bl The maX1lloped1a (__p) gene is llnked with known
markers for llnkage group II. It 1s 7 8 =5.7 unlts from
Dachs (Dch)- and 23 L= 25 9 unlts from pearl (p) It is also
llnked w1th Relndeer (Rd) Wthh was recently assoclated w1th‘
_llnkage-group II.. Relndeer (Rd) and max1lloped1a (__p) are
129.9-39.9 units apart. o
The value of,homeotic’mutants in tracing evolutionary'

history of'inSects.is disCussed,ff
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Appendix TI.

APPENDIC

ES

Backcross progeny from (A) b au +/++ mxp

female X b au mxp/b au mxp male and (B) the

reciprocal cross from 8 and 6 successful

matings, respectively (numbers in parentheses

are decimal fraction of the total).

Cross

Phenotype A B

b au mxp 78 (.12) 40 (.11)
b au 92 (.15) 49 (.13)
b mxp 73 (.11) 35 (.10)
b 72 (.11) 54 (.15)
au mxp 56 (.09) 36 (.10)
au 74 (.12) 47 (.13)
mxp 88 (.14) 40 (.11)
4 100 (.16) 62 (.17)
TOTAL 633 363
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Backcross progeny from (A) h s +/+ + mxp
female X b s mxp/h s mxp male and (B) the

reciprocal cross from 14 and 4 successful

52

matings, respectively (numbérs in parentheses

are decimal fractions of the total).

Cross

Phenotype A B

h g mxp 148 (.16) 1 (.01)
ns 205 (.22) 1 (.01)

H mxp 54 (.06) 9 (.06)
'h 50 (.05) 8 (.05)

& mxp 38 (.04) 1 (.01)
] 44 (.05) 1 (.01)
Wxp 193 (.20) 50 (.35)

+ 203 (.22) 72 (.50)

TOTAL 935 143>
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‘Backcrdssﬂprogény from (A) i mc +/+ + mxp

female X ] mc mxp/Jj mc mxp male and (B) the

'-reciprocal cross;from 14 and .5 successful

matings, respéctively'(numbers in parentheses

‘are,decimélifractions of the total).

" SO A T =
= J 1= I =1
R R
, 1= |
E |

g 8

(@]
=]
X

+ =
»

TOTAL

,' 30 (.11) 0 (.00)
43 (.16) 2 (.02)
16 (.06) 1 (o)
R R N
12 (L04) 8 (.09)
22 (L08) 2 (.02)
:.,59 (.21) ,b. 26 (.31)
76 (2m) i3 (.51)

277 g5



54

Appendix IV. Backecross progeny from (A) Mo +/+ mxp female X
+ mxp/+ mxp male and (B) the reciprocal cross
from 6 and 8 successful matings, respectively
(numbers in parentheses are decimal fractions

of the total).

Cross
Phenotype A B
- Mo mxp 18 (.04) 3 (.01)
Mo 81 (.19) 48 (.13)
- Ixp 169 (.39) 169 (.46)
+ | 165 (.38) 144 (.40)

TOTAL 433 364
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Appéndix V. Backcross progeny from (A) Sa ¢ +/+ + mxp
female X + ¢ mxp/+ ¢ mxp male and (B) the
reciprocal cross from 9 and 6 successful

matings, respectively (numbers in parentheses

are decimal fractions of the total).

Cross

Phenotype A B
Sa ¢ mxp 44 (1) 33 (.10)
Sac 48 (.16) 51 (.15)
Sz mxp | 33 (.11) | 46 (.14)

Sa 45 (.14) 38 (.11)

¢ mxp 21 (.07) » 27 (.08)

c 39 (.13) 52 (.15)
- IXp 35 (.11) 36 (.11)

¥ 45 (.14) 56 (.16)

TOTAL 310 | | 339
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Appendix VI. Backcross progeny from sh +/+ mxp female X
- sh mxp/sh mxp male from 2 successful matings
(numbers in parentheses are decimal fractions

of the total).

Phenotype ' Cross
sh 33 (.19)
- mxp 52 (.30)

TOTAL | 176
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Appendix VII. Backcross progeny from (A) ap +/+ mxp female

X ap mxp/ap mxp male and (B) the reciprocal

cross from 5 and 7 successful matings,
respectively (numbers in parentheses are

decimal.fractiOns of the total).

Cross
Phenotype A B
- 2p mxp 44 (.17) 84 (.20)
ap 70 (.26) | 96 (.23)
- mxp ' : 68 (.26) 112 (.26)
+ 81 (.31) 134 (.31)

TOTAL 263 ' 426
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Appendix VIII. Backecross prégény from (A) ap sh +/+ + EER“

| - »female'X §g7§gfggg/gg-§§'g5g male and (B)‘f
the recipfocalycross from_2 and 7 succeésful
matings;,respectively (numbers in parentheses

are décimal_fractions of the total).

) 5h mxp o - 6>(.05) o 15 (404)
y sh - ’,77 (.05) .  ‘ 28 (.08)

19 (.14) B 61 (.17)
16 (.12) 18 (.05)

E |

ap
ap

ap mxp 22 (.16) | 48 (.14)
ap -
sh
sh

19 (.14) 30 (.08)
“mxp 25 (;18) N R 60 (.17)
; | 22 (.16) 96 (.27)

TOTAL o o 136 356
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Appendix IX. Backcross progeny from (A) ptl +/+ mxp female
X + mxp/+ mxp male and (B) the reciprocal
cross from 2 and 5 successful matings, respec-
tivély (numbers in parentheses are decimal

fractions of the total).

Cross
Phenotype A B
ptl mxp 0 (.00) , 1 (.00)
ptl 2 (.02) 16 (.04)
Wxp 73 (.51) 202 (.52)
+ | 67 (.47) 172 (.44)

TOTAL 142 391
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Backcross progeny from (A) aa +/+ mxp female

X'gg'mxp/ég'mxp male and (B) the reciprocal

cross from 7 and 8 successful matings,
respectively (numbers in parentheses are

decimal fractions of the total).

Cross
Phenotype A B
as mxp 147 (.25) 99 (L23)
aa 154 (.27) 126 (.29)
mxp 156 (.27) 80 (.19)
¥ 124 (.21) 125 (.29)
TOTAL 581 430
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