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We used a balancer chromosome to recover ethylmethanesulfonate-induced reces-
sive mutations in a targeted region of the genome of the red flour beetle (Tribollum
castaneum) by the technique of chromosome extraction. The experiments reported
herein constitute the first successful application of this powerful technique in the
order Coleoptera. Using the balancer chromosome maxlllopedia-Dachs3 (mxpDch-}),
we recovered seven recessive visible variants representing seven distinct loci and
several dozen recessive lethal variants representing at least five distinct loci after
screening 1,607 EMS-mutagenlzed chromosomes. A subset of the mxpa"1-J-extract-
ed mutations were positioned on the map of the second linkage group by a series
of two-, three-, and four-point crosses. The orientation of the homeotic gene com-
plex (HOM-C) on this linkage group was also determined. With the advent of better
and more varied balancer chromosomes and the concomitant improvement of chro-
mosome extraction procedures for genetic analysis of T. castaneum, saturation
mutagenesis of targeted regions of the genome is now feasible in this species.

Drosophila melanogaster offers the pre-
ferred experimented system for analyzing
the structure and function of insect genes.
This is due in part to the ability to con-
duct saturation mutagenesis and to ma-
nipulate chromosomes in vivo using bal-
ancer chromosomes. However, in view of
the great diversity of insect forms and the
great importance of insects to mankind,
other insect models are clearly needed.
Much effort is being devoted to mapping
the genomes of several economically im-
portant insect species with molecular
markers (Hunt and Page 1995; Severson et
al. 1993; Zheng et al. 1993) and to devel-
oping new techniques for germ-line trans-
formation (O'Brochta and Handler 1993).
For most of these species, however, over-
all poor genetic tractability and, in partic-
ular, the absence of methods for chromo-
some manipulation severely limit the va-
riety of experimental approaches possible.

The red flour beetle (Tribolium casta-
neum) has a number of advantages that
recommend it as a favorable subject for ge-
netic and molecular investigations, includ-
ing ease of rearing, handling, and making
genetic crosses; a reasonably short gener-
ation time; the existence of a large collec-
tion of visible mutations, chromosome re-
arrangements, and other genetic variants;
relatively well-marked linkage maps; and a
small genome size with a long-period inter-

spersion pattern of distribution of repeti-
tive DNA (Beeman et al. 1992; Brown et al.
1990; Juan et al. 1993). To date, one of the
best characterized genetic regions of the T.
castaneum genome is the second linkage
group (LG2). This has resulted from our
analysis of an important cluster of devel-
opmental regulatory genes called the ho-
meotic complex (HOM-C), represented by
more than 70 mutations (Beeman 1987;
Beeman et al. 1989). Our integrated genet-
ic/molecular/developmental analysis of
this region has helped to establish Triboli-
um as an important new model for genetic
studies and has led to the discovery of sev-
eral chromosome rearrangements with
breaks in or near the HOM-C (Beeman et
al. 1986; Stuart et al. 1993). We have used
these rearrangements to test the feasibility
of chromosome extraction in beetles. Pre-
viously we briefly discussed the use of bal-
ancers for chromosome extraction (Bee-
man et al. 1992). In this report we describe
in detail the results of our efforts to identify
new recessive genetic markers for LG2 by
ethylmethanesulfonate mutagenesis fol-
lowed by chromosome extraction using the
balancer chromosome maxillopedia-Dachs3

Materials and Methods
Strains and Genetic Variants
The standard, wild-type strains GA-1 and
Lab-S are described in Haliscak and Bee-
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Table 1. Description of visible mutations referred to In this work

Allele Locus Origin- Description (Wable/iethal) Original reference

maxillopedia (mxp)

alate prothorax (O"")

pointed abdominal stemite(A'")

pointed abdominal sternite G4*"-*)

Reindeer (Rd)

Recurved anterior pronotum (Rap)

unbuckled (ub)

Eye reduced (Er)

Dachs-3 (mxp0^)

Extra sclentes (A**1)

Eyeless (Ey)

Stumpy (mxp*")

Antennagaleal (Cx**1)

Antennagalea-4 (Cr**)

Antennagalea-5 (Cx***)

Cephalothorax-5 (Cx1)

Antennapalpus (mxp**)

antena bifurcada (ab)

pearl (p)

Pinched sternellum (ft)

maxillopedia (mxp)

Cephalothorax (Cx)

Abdominal (A)

Abdominal (A)

Reindeer (Rd)
Recurved anterior prono-
tum (Rap)
unbuckled (ub)

Eye reduced (Er)

mxp

A

microcephalic (me)

mxp

Cx

Cx

Cr?

Or

mxp

antena bifurcada (ab)

pearl (p)

Pinched sternellum (ft)

S

S

S

G, GA-1

S

S, GA-1

S, ab/Ar*'p

G, Cr* '

a GA-1

G, GA-1

G, GA-1

EMS, Ub-S

G, GA-1

G, mxp*"

G, mxp*"

G, mxp*"

EMS, Lab-S, or
GA-1

S

S
G, mxp*"

Weak homeotic transformation of maxillary Sokoloff (1966, 1977)
and labial palps to legs (V)
Weak homeotic transformation of prothorax to Sokoloff (1966, 1977)
mesothorax (V)
Weak homeotic transformation of abdominal Sokoloff (1966, 1977)
segment 4 to 3 (V)

Strong homeotic transformation of abdominal Beeman et al. (1989)
segment 4 to 3 (V)

Thickened antennae and femurs (V) Dawson (1984)

Notched anterior border of pronotum (V) This work

Slender appendages, and eplmera folded back This work
and protruding outward from prothoraclc ster-
nellum (V)

Missing ommatidla and constriction In ocular Stuart and Mocelln (1995)
portion of head; similar to Ey (L)

Weak homeotic transformation of prothorax to This work
lablum: short prothoraclc legs and reduced
pronotum (L)

Strong homeotic transformation of abdominal Beeman et al. (1989)
segment 2 to 3 (L)

Missing ommatidla and constriction In ocular This work
portion of head; similar to Er (L)

Strong homeotic transformation of antennae to Beeman et al. (1989)
palps: short antennae (SL)

Homeotic transformation of basal antenna to Stuart et al (1991)
basal maxillary palp (L)

Similar to Cr4*' (L); small notches In genae This work
Similar to Cr* ' (L); large notches In genae This work
Weak homeotic transformation of prothorax to This work
mesothorax (L), gular sutures unfused

Homeotic transformation of distal antenna to Beeman et al. (1989)
distal palp (V)
Long outgrowths on antennae and trochanters Vasquez and Nunez del Castillo (1985)
(V)
White eyes (V) Sokoloff (1966, 1977)

Malformed sternellum, coxae, and pronotum; This work
branched palps; extra setae (L)

•S = spontaneous, G = gamma radiation-Induced; EMS = ethylmethanesulfonate-lnduced.Strain following comma Indicates parent strain.

man (1983). The sooty strain (Sokoloff
1966) is homozygous for a spontaneous
recessive mutation on LG4 that confers a
dark body color. This strain was used for
mutagenesis in order to facilitate separa-
tion of the sexes after mating. The ab
strain originated near Bogota, Colombia
(Vasquez and Nunez del Castillo 1985),
and is segregating for the spontaneous an-
tena bifurcada (aft) mutation. This variant
is recessive and homozygous viable, but
is male sterile. The stock is maintained by
periodic selection of homozygous, nonvir-
gin females. General descriptions of other
mutations used or referred to in this work
are given in Table 1. Maxillopedia-Dachs3
(jnxpPc^s) was used as the balancer chro-
mosome. The dominant phenotype of
mxp1**-3 is a dramatic shortening and bow-
legged appearance of the prothoracic legs
(Figure 1C,D) and a reduction in the size
of the pronotum due to an apparent gain-
of-function mutation of the maxillopedia
gene in the HOM-C on LG2. This pheno-

type is easily scorable in larvae, pupae,
and adults. The chromosome is lethal
when homozygous, and, as shown below,
eliminates recovery of viable recombi-
nants over a distance of approximately
25-30 map units on LG2. In addition, the
mXpDcM chromosome is associated with
pseudolinkage between LG2 and LG9, sug-
gesting that it is a 2,9 translocation (see
below). The dominant mutation Eyeless
(Ey) (Table 1) was used in conjunction
with mxpf**-3 for chromosome extraction,
as described below. Ey is easily scorable
in pupae or adults (Figure 1A.B), but is not
expressed in larvae. Ey is associated with
pseudolinkage between LG2 and LG5, and
thus appears to be a 2,5 translocation. The
Eyeless phenotype appears to be caused
by a mutation in the microcephalic (me)
gene on LG5, while the recessive lethality
seems to be associated with the LG2 break
(Beeman RW, unpublished observations).
See Sokoloff (1962) for a description of the
me mutation. Extra sclerites (A1*1) and

Stumpy (mxp5"") are dominant, gain-of-
function mutations in the homeotic genes
Abdominal (A) and maxillopedia (mxp), re-
spectively. Both variants suppress recom-
bination in the region of the HOM-C and
are balanced by mxpDcM. A1*-' is associated
with pseudolinkage between LG2 and LG4,
and thus appears to be a 2,4 translocation.
Cephalothorax (Cx5) is an apparent null
mutation in the homeotic Cephalothorax
gene, while Antennagalea-4 (Cx***) and An-
tennagalea-5 (Cr4*5) are apparent gain-of-
function mutations in the Cx gene. Cx5,
Cx**4, and Cx**5 were all induced on mxp50"
chromosomes and are all recombination-
ally inseparable from mxp50". As shown be-
low, the two Ag variants are associated
with regions of crossover suppression
considerably more extensive than that of
the parent mxp50" chromosome. The ap-
parent point mutations Antennapalpus
(mxp**), a dominant, gain-of-function mxp
allele, and the recessive A alleles pointed
abdominal sternites (Apat and ApaJ) and
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Figure 1. Adult phenotypes of mxpDchJ and Ey. (A) Wild-type head, ventral view, showing position of eyes (arrow). (B) Corresponding view of Ey/+ head, showing constriction
resulting from lack of eye development (arrow). (C) Side view of wild-type beetle, showing prothoracic legs (arrow). (D) Corresponding view of mxpDehJ/+, showing stunted
and abnormal development of prothoracic legs (arrow).

missing abdominal sternites (Ama*) were
used for three- and four-point mapping of
extracted mutations.

EMS Mutagenesis
Virgin sooty males 2-6 days old were
starved overnight, then exposed to 7 cm
Whatman #1 filter papers soaked with 2 ml
of 1% sucrose + 0.025 or 0.04 M EMS in
plastic petri dishes at 100% relative hu-
midity. Males (50 per dish) were allowed
to feed on the EMS solution for 24 h in the

sxtrsct
1. EMS-fed males X D/E females >• */D

2. individual */D X D/E a m p l ' f y > */D

3. * / D X self h O m o z y g O S e > * / *

Figure 2. General scheme for chromosome extrac-
tion of T. castaneum. Abbreviations: D = balancer chro-
mosome mxp0"*3; E = dominant marker, Ey, * = mu-
tagenized chromosome subject to extraction. In gen-
eral, D represents any balancer chromosome and E rep-
resents any dominant marker included within the
balanced region. Cross 1 (extraction) was done en
masse. Single */D progeny of this cross, heterozygous
for a single, mutagenized second chromosome, were
crossed individually to several D/E mates in cross 2 to
amplify the extracted chromosome. Several */D sibs
(progeny of cross 2), all carrying copies of the same
second chromosome, were self-crossed in cross 3 to
generate homozygotes. */E progeny of cross 2 were
eliminated as larvae to facilitate selection of virgin */D
for cross 3. This was made possible by larval expres-
sion of the D phenotype.

dark, then were allowed to mate en masse
with 2 week old virgin female mxjfKh3/Ey.
The males were discarded after 3 days. Fe-
males were transferred weekly to fresh
flour for a total oviposition period of 1-2
months.

Chromosome Extraction
We used a standard, three-generation
chromosome extraction scheme: (1) ex-
traction of individual mutagenized chro-
mosomes using the balancer chromosome
mxpDch^ (2) amplification of the extracted
chromosomes using an additional domi-
nant marker (Ey) tightly linked in trans
with the balancer chromosome; and (3)
rendering the extracted chromosomes ho-
mozygous by inbreeding followed by elim-
ination of balancer chromosomes (Figure
2). Specifically, after crossing mutagenized
sooty males to mxpDcl''3 females en masse,
virgin F, adults heterozygous for mxpDcM

and for the treated chromosome were in-
dividually backcrossed to 2-3 virgin
mxpPchj/Ey of t n e appropriate sex, and vir-
gin progeny heterozygous for mxpDclhJ and
for the treated chromosome were mass
self-crossed (up to 13 beetles per cross)
to generate homozygotes for the treated
chromosome. Homozygotes were recog-
nized by the absence of the mxpDchJ phe-
notype. Several homozygotes from each
line were examined for visible mutant phe-

notypes. The absence of non-mxp0^-3 phe-
notypes indicated the presence of a lethal
on the mutagenized chromosome. Puta-
tive new mutants were confirmed in sub-
sequent generations.

Linkage Group Determination and
Mapping of New Mutants
Since nvcpPch-3 is a 2,9 translocation (see
below), we first had to determine the link-

Table 2. Pseudolinkage of mxp*** with LG9

Progeny phenotype

D+ + +
+Epa
D+p+
+E+a
D++a
+Ep+
D+pa
+E+ +
DE+ +
+ +pa
DEp+
++pa
DE+a

DEpa
+ + + +
Total

No. of progeny

61
136

5
I
0
0
0
0

37
13
t
0

a
0

249

Testcross: D++/+Ep x ap (combined data from 14 sin-
gle pairs) where D = mxp0"*3, E = A^', p = pearl, and
a = /"•"•'. A*-' and its noncomplementing recessive al-
lele Ar-2 were included to illustrate the nondisjunction
invariably associated with mxp0^. The DE++ and
DEp+ classes reflect this phenomenon. A**' assorts in-
dependently of p (Beeman RW, unpublished data).
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