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Abstract. A hypermutable strain of Drosophila simu-
lans that originated from a single spontaneous mut-
ant male was characterized. Seven different mutat-
ions were isolated from roughly 100 generations of
offspring. The genetic analysis of the viable mut-
ants showed two mutations on the X chromosome,

one in the lozenge locus and the other in the ruby
gene. The autosomic mutations characterized were a
dpp-heldout-like, a blistered-like and a homoeotic
dominant mutant with an antenna-to-leg transfor-
mation and ectopic eyes that we called Zoinho-na-
pata.
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Spontaneous mutations are rare events. The majority of
these may be due to the insertion of moderately repeti-
tive DNA or mobile elements [1]. In some particular
crosses between certain strains, hypermutability occurs
together with chromosomal rearrangements, male re-
combination, reversion of mutations, chromosome
nondisjunction, and partial or complete sterility. These
correlated genetic traits have been defined as hybrid
dysgenesis [2]. Hybrid dysgenesis has been described in
Drosophila melanogaster for the P element [3, 4]; the [
element [5] and hobo [6—9]. The transposable element
Ulysses is also responsible for hybrid dysgenesis in D.
virilis [10].
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Some Drosophila strains show only hypermutability and
not the other traits associated with hybrid dysgenesis.
The gypsy element, for example, produces germinal
mutations in the D. melanogaster MS strain [11], and
mariner transposition results in somatic and germinal
mutations in some strains of D. mauritiana and D.
simulans [12].

In D. simulans, the content of moderately repetitive
DNA is one-seventh of that in the sibling species D.
melanogaster [13]. Therefore, if mobile DNA elements
are the primary agents of mutagenesis, a lower fre-
quency of spontaneous mutations could be expected in
this species. However, spontaneous mutations at the
white locus and genetic instability associated with trans-
posable elements have also been demonstrated in D.
simulans [14], indicating that there are active transpos-
able elements in this species.
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Figure 1. Schematic representation of the appearing order of
mutants in D. simulans hypermutable strain (Dshs). The mutants
were the following: /z, lozenge; rb, ruby eyes; dpp-like, decapenta-
plegic heldout like; Zp, Zoinho-na-pata; w?, white; bs, blistered-
like; 0l?, occeli-less; 0251.31 (marker strain — BG). The arrows
represent strains maintained in our laboratory. The numbers
represent the total generations since each mutant appeared.

The present study corresponds to the characterization
of one hypermutable strain of D. simulans in an at-
tempt to contribute to the knowledge of genetic insta-
bility in strains of D. simulans.

Materials and methods

Origin of the hypermutable strain. The D. simulans ‘hy-
permutable’ strain (Dshs) originated from a single
spontancous mutant male, encountered in a freshly
collected wild sample in Estagdo Experimental Agro-
nomica de Guaiba-UFRGS, Southern Brazil (30° 50" S;
51° 39" W). This mutant has eyes of reduced size, glis-
tening surface and colour alteration (dark red). These
phenotypes resemble that of the /lozenge mutant of D.
melanogaster. Homozygous females are sterile, so, for
maintenance of this mutant, F, males are crossed with
a wild-type D. simulans strain (Eld A) coming from the
same location. In the course of the strain maintenance
other spontaneous mutants arose (described below).
Genetic analysis of the mutants. For the chromosome
localization of the first mutant and genetic mapping of
the other sex-linked genes, a yellow (y) strain (1-0.0)
was used as genetic marker. A D. simulans ruby (rb)
strain from the Bloomington Stock Center # 2320
rb[1] was used to perform an allelism test with our rb
mutant.

For the chromosome localization of the autosomic mu-
tant genes, mass-mating crosses were performed be-
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tween the homozygous mutant line and the BG
14021-1251.42 strain (Bowling Green Stock Center —
BG). This strain is homozygous for the markers nt
(2-0.0), pm (2-104.5), st (3-40.0) and e (3-60). F, and
F, were analysed for mutant classes.

For genetic mapping, a strain was constructed with the
markers e (3-60), from strain 0251.33 (BG), and ry
(3-), from strain 2211 (Bloomington Stock Center).
Homozygous mutant females were crossed to males
homozygous for all markers. F, females were back-
crossed to males of the marker strain. The offspring
were analysed in order to score phenotype classes.

For analysis of the temperature effect in the expression
of blistered-like mutant phenotype, F, and F, of
crosses between the b/-like strain and two different
strains (wild-type Eld A and yellow) were reared at
22 °C and at 29 °C and scored for the appearance of the
blistered phenotype.

Figure 2. (4) D. simulans dpp-like strain showing heldout
wings phenotype. (B) D. simulans showing white eyes, resem-
bling the white alleles of D. melanogaster. (C) D. simulans
Zoinho-na-pata strain showing antenna-to-leg transformation
and an ectopic eye in the homoeotic leg. (D and E) D.
simulans blistered-like (bs-like) strain in that flies show wings
with blisters.



CMLS, Cell. Mol. Life Sci. Vol. 54, 1998

Southern blot analysis. Genomic DNA of each strain was
prepared from roughly 200 adult flies according to the
method described by Jowett [15]. DNA samples (approx-
imately 5 pg from each strain) were digested with restric-
tion endonucleases, following the recommendations of
the manufacturers. The DNA fragments were then sub-
mitted to electrophoresis on 0.8% agarose gels, and
transferred to nylon membranes. Fragments of genomic
DNA from around the P-element insertion of /z'A™B!
were used as a probe for the lozenge gene [16, 17]. The
plasmids pUCI1813 and pUCI109H (kindly provided by
Dr. R. Blackman, University of Illinois, USA) were used
as a probe for the decapentaplegic gene.

Results and discussion

The hypermutable strain

The mutations that arose from the lozenge mut-
ant, and the number of generations that passed until the
appearance of each additional mutation are rep-
resented in figure 1. After three generations of main-ten-
ance of the lozenge mutant in laboratory, a second
X-linked mutation appeared. The double homoz-
ygous with /lozenge present light yellow eyes. This
new mutant had brown eyes. Genetic analysis of the
mutant indicated that it is an allele of the ruby
gene (see below). After 27 generations, one fly with
‘heldout’ wings was identified. The phenotype of
this mutant resembles the decapentaplegic ‘heldout’
allele of D. melanogaster. Thus, we called this mut-
ant ‘dpp-like’ (fig. 2A). In an attempt to map the
‘dpp-like’ gene, we crossed this mutant with a strain
bearing markers on the second chromosome (BG-
0251.31). Another new mutant, homoeotic and domi-
nant, then appeared in the F, of this cross. The
phenotype expression of this new mutant is antennae-to-
leg transformation, similar to Antennapedia mutants, and
an ectopic eye formation similar to those described for
constructs of the eyeless gene [18] and dachshund [19].
Due to the uniqueness of such a phenotype as a sponta-
neous mutant we think that it deserves special attention.
This mutant was further analysed elsewhere (E. L. S.
Loreto et al., unpublished results). We suggest that this
mutant may be either an Antp allele with a remarkable
phenotype or another gene that can activate both Antp
and/or eyeless ectopically. We call this mutant ‘Zoinho-
na-pata’ (Zp), which in the Portuguese vernacular means
‘a little eye in the leg’ (fig. 2C and D). After 8 generations
of maintenance of the Zp strain a new male with a lozenge
phenotype appeared, but it was sterile. In the 29th
generation, a male with white phenotype arose in this
strain, however it, too, was sterile (fig. 2B).

In the propagation of the original /ozenge strain, the
29th generation produced a wing mutant. In this mu-
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tant, the defects range from wings with intervein blisters
to completely ballooned wings. The phenotype of this
mutant was similar to that of the blistered (bs) of D.
melanogaster, so we called this mutant blistered-like
(bs-like, fig. 2E). Seven generations later in this strain,
one fly with a phenotype resembling ocelli-less oc-
curred. Once again, this fly was sterile. In the 21st
generation a new lozenge mutant appeared (fig. 1).
Allelic complementation tests showed that this muta-
tion targeted the same locus affected in the first mutant
observed (lozenge).

Some phenotypic alterations appeared in the Dshs
strain that suggested the occurrence of somatic muta-
tions. For example, some female flies that did not
develop one side of the dorsal thorax can be seen in
figure 3B and C. These flies produced 67 wild-type

Figure 3. (4) D. simulans showing one wild-type eye and another
with lozenge [ruby phenotype. (B and C) Flies showing half of the
thorax missing and wings with malformations.
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Figure 4. (A4) D. simulans wild-type to eye phenotype. (B) lozenge mutant showing eyes characterized by reduced size, and a glistening
surface appearance and changes in pigmentation. (C) Scanning microscopy of a wild-type eye. (D) Scanning microscopy of a lozenge

mutant eye.

offspring in the F, and 215 wild-type flies in the F,,
suggesting that this phenotype may be due to a somatic
alteration.

One female that had one wild-type eye and one eye with
a lozenge-ruby phenotype (fig. 3A) was found in the
crosses performed in the maintenance of the lozenge
strain (Eld A females x lozenge /ruby males). The occur-
rence of somatic nondisjunction of the X chromosome
is a possible explanation for this remarkable phenotype.

Genetic analysis of the mutants

The lozenge mutant. This mutant shows a phenotype
similar to D. melanogaster’s lozenge mutants: the eyes
are reduced in size, and the surface has a glistening
appearance and altered pigmentation (fig. 4). The tarsal
claws are reduced. Homozygous females are sterile;
spermathecae and parovaria are absent. As can be seen
in table 1, this gene is clearly X-linked because /z males

crossed with wild-type females produced wild-type F,.
The F, produced both /z and wild-type males, but only
wild-type females. In table 2, the results of genetic
mapping for the lozenge locus shows the map distance
from the yellow marker to be 24.2 ¢cM. This is slightly
different from the distance that is found for D.
melanogaster (27.7). However, differences in map dis-
tances are frequently found between D. melanogaster
and D. simulans [20, 21].

The molecular analysis of the lozenge region of this
mutant by Southern hybridization experiments indicates
that there may be an insertion or rearrangement in the
Iz gene. Figure 5 presents rough restriction maps of D.
simulans lozenge region and the D. simulans lozenge
mutant. The membrane shown in figure 6 was hy-
bridized with the Sal//Sal 7 kb probe. The HindIIl
digested DNA of wild-type flies, and rb flies showed
5.5-kb and 2-kb hybridizing bands, whereas the /lozenge
mutant showed a 5.2-kb hybridizing band. That result
suggested that the defect could represent an insertion in



CMLS, Cell. Mol. Life Sci. Vol. 54, 1998

the adjacent fragment to this genomic region. In the
Sall digested DNA, no differences were observed; how-
ever, a larger band appeared in the /z mutant in the
EcoRI digested DNA. When the membrane was hy-
bridized with the Sal/Sal 6-kb probe (fig. 6B), smaller
bands appeared in all digestions of the /z mutant, com-
pared with the wild-type and rb controls, suggesting a
rearrangement in the /z region for this mutant. No
significant differences were observed in hybridizations
with the BHS probe (fig. 6C) and the Sal/Sal 3-kb probe
(data not shown). Together, the data suggest the occur-
rence of an insertion within the Sal/Sal 6-kb genomic
region. However, further studies will be necessary to
identify and completely describe this alteration.

The ruby mutant. Crosses between rb mutant males and
wild-type females (Eld A) showed that this mutation is
recessive and sex-linked (table 3). In the F, generation,
all offspring were wild-type. However, in the F,, males
were rb and wild-type, while all of the females were of
the wild-type. Genetic mapping for this gene is pre-
sented in tables 4 and 5. The map distance as deter-
mined by crosses between yellow males and the rb
females in this strain of D. simulans was around 7.5 cM.
In the opposite crosses (yellow females x rb males), the
map distance was 6.9 ¢cM. Therefore, the average dis-
tance between yellow and ruby is 7.2 ¢cM, practically the
same as the position for ruby in D. melanogaster (7.4
c¢M). The results of the allelism test to the rb mutant
described here and the rb[1] allele of D. simulans # 2320
strain are presented in table 6. As can be seen, both F,
and F, show rb phenotypes, indicating that the mutant
described here is an allele of the ruby gene.

Table 1. Number of /lozenge and wild-type flies in the F, and F,
of crosses between the lozenge mutant males and wild-type (Eld
A) females.

F, F,
Males 467 wild-type 621 wild-type
608 Iz
Females 438 wild-type 1115 wild-type

Table 2. Genetic mapping of the D. simulans lozenge gene. D.
simulans Iz males were crossed with yellow females. The F, and F,
offspring were screened for phenotypic classes. The recombinants
between y and /z correspond to the sum of the frequencies of the
wild-type and the frequencies of the double mutant /z/y (24.2%).

F, F,
Females 798 wild-type 1037 wild-type
1104 yellow
Males 806 y 865 (38.2%) Iz

852 (37.6%) y
283 (12.5%) Iz]y
265 (11.7%) wild-type
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Figure 5. (4) The genomic region surrounding the P-1ArB inser-
tion element within the D. melanogaster Iz'A™! strain. The frag-
ments representing the probes used in the Southern analysis are
indicated by the bars below the map [16, 17]. (B) The upper figure
shows a rough restriction map of the Eld A D. simulans region
that corresponds to the D. melanogaster Iz'A™! genomic region.
The lower figure shows a rough restriction map of the D. simulans
Iz-like mutant for the same region. The polymorphisms detected
by Southern analysis correspond primarily to the Sal/Sal 6-kb
genomic region. The lines in the middle show which fragments
hybridize to the D. melanogaster probes from the /z'A™B! genomic
region. S*, only one of these Sa/l sites is present, but the exact site
it undetermined.

The decapentaplegic-like gene. This mutant is an auto-
somic recessive one. Homozygous mutant flies show
heldout wings, and heterozygous flies are wild-type.
Mapping of the mutant locus was attempted by crossing
the mutant line to markers from all chromosomes. The
frequencies of parental and recombinant phenotypes in
the F, indicated that the gene is on the left arm of the
second chromosome, since we did not find recombinants
between nt and this mutant (table 7). The D.
melanogaster decapentaplegic gene is localized on left
arm of the second chromosome (2-4.0). The dpp locus is
a 55-kb genetic unit required for proper pattern forma-
tion during the embryonic and imaginal development of
the organism. Its expression is essential for the growth
and differentiation of the 19 imaginal discs. Some muta-
tions in a specific 3’ regulatory region of this gene, called
the disk-ho region, produce flies with a heldout wings
posture [20].

The D. simulans dpp-like mutant described here exhibits
heldout wings. However, based on results of two differ-
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Figure 6. Southern blot of genomic DNA of a D. simulans lozenge
mutant; one wild-type strain (Eld A) and a ruby mutant (but
wild-type to lozenge phenotype). The membrane was hybridized
with three different probes, corresponding to 25 kb of lozenge gene
(see fig. 5). (A4) Sal/Sal 7 kb; (B) Sal/Sal 6 kb; (C) BHS.
Approximately 5 pg of genomic DNA of each strain was digested
with restriction enzymes in the following order: (1) Eld A digested
with HindIIl; (2) lozenge (Iz) digested with HindIIL; (3) ruby (rb)
digested with HindlIII; (4) Eld A digested with Sa/l; (5) lozenge (Iz)
digested with Sall; (6) ruby (rb) digested with Sal/l; (7) Eld A
digested with EcoRI; (8) lozenge (Iz) digested with EcoRI; (9) ruby
(rb) digested with EcoRI. Bars on the right represent the 4 HindIIl
fragments (24 kb; 9.5 kb; 6.8 kb; 4.3 kb; 2.3 kb and 2 kb).
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Table 3. Number of ruby and wild-type flies in the F, and F, of
crosses between the ruby mutant males and wild-type (Eld A)
females.

F, F,
Males 217 wild-type 216 wild-type
223 rb
Females 237 wild-type 415 wild-type

Table 4. Genetic mapping of the D. simulans ruby gene. D.
simulans yellow males were crossed with ruby females. The F, and
F, offspring were screened for phenotypic classes. The recombi-
nants between y and rb correspond to the sum of the frequencies
of the wild-type and the frequencies of the double mutant rb/y
(7.5%).

F, F,
Females 470 wild-type 860 (48.8%) wild-type
903 (51.2%) rb
Males 313 wild-type 601 (48.2%) rb

552 (44.3%) p
54 (4.3%) rb/y
40 (3.2%) wild-type

ent methodological approaches, we believe that this
mutation is not an allele of the dpp gene. The F,
frequencies of crosses between double mutant male
(dpp-like/nt) and wild-type (Eld A) females is 10.1% for
nt recombinant and 9.8% for dpp-like recombinant (in
2209 F, screened). Although the F, is not the best choice
for genetic mapping, this recombination frequency indi-
cates that the distance of this mutant gene to nf is
greater than 4.0 cM, which is the distance from nt to dpp
in D. melanogaster.

Southern blot analysis of the dpp gene region provided
a second line of evidence that the mutated locus is
unlikely to be dpp. Using a D. melanogaster dpp genomic
DNA fragment corresponding to the disk-ho region as
probe, no differences were detected among the dpp-like
mutant and four D. simulans strain used as wild-type
controls (data not shown).

The blistered-like gene. The wings of Drosophila are
derived from two ephithelial layers of the wing disc.
During wing development, intervein cells are responsible
for connecting and holding the two surfaces of the wing
together. Intervein cells differentiate a highly specialized
system of cytoskeletal supports anchored in integrin-me-
diated basal lamina [21, 22]. Mutations in integrin genes
such as inflated (if), myospheroid (mys) and blistered (bs)
result in defective dorsoventral adhesion of intervein
cells, leading to the formation of wing blisters [22, 23].
The D. simulans blistered-like mutant shows blisters in
the wings with variable expression and incomplete pene-
trance. As can be seen in figure 10, crosses between
bs-like with two different strains — one wild-
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Table 5. Genetic mapping of the D. simulans ruby gene. D.
simulans rb males were crossed with yellow females. The F, and F,
offspring were screened for phenotypic classes. The recombinants
between y and rb correspond to the sum of the frequencies of the
wild-type and the frequencies of the double mutant rb/y (6.9%).

F, F,
Females 578 wild-type
Males 603 y 902 (47.2%) rb

877 (45.9%) y
63 (3.3%) rb/y
70 (3.6%) wild-type

Table 6. Number of flies in F, and F, in the allelism test between
the ruby mutant males and D. simulans ruby (rb) strain from
Bloomington Stock Center # 2320 rb[1].

F, F,
Males 365 rb 457 rb
Females 338 rb 476 rb

type and the other yellow — produce F, and F, with
blisters in the wings, although in low frequency. These
crosses suggest that this mutation is dominant, with
incomplete penetrance. Frequently, the affected flies
show one wing with blisters and another free of any
malformation. The expression of the phenotype of this
mutation is also affected by temperature; the flies reared
at 29 °C produce more offspring with wing blisters than
flies reared at 22 °C (fig. 7). Interestingly, the mutations
blistered-like and Zoinho-na-pata have the same pattern
of expression: (i) incomplete penetrance; (ii) often just
one body side is affected; and (iii) the phenotype expres-
sion is influenced by temperature.

Table 7. Frequencies of phenotype classes in the F, of crosses
between the mutant dpp-like males and the females with the
markers nt; pm (chromosome 2) and st; e (chromosome 3).

Class n %
Wwild 637 35.55
dpp-like 168 9.38
dpp-like; st; e 49 2.73
dpp-like; st 7 0.39
dpp-like; e; pm 7 0.39
dpplike; pm 28 1.56
pm; nt 91 5.08
nt 140 7.81
e; st 245 13.67
e 70 3.90
e; pm 119 6.64
e; pm; nt 49 2.73
st 14 0.78
pm 140 7.81
nt; st 15 0.84
nt; e; st 13 0.73
1792 100%
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Figure 7. Frequencies of flies with blisters in the wing when
reared at 22 °C and at 29 °C. (4) Column 1, F, of crosses between
bs-like male and yellow female; column 2, F, of the same cross.
(B) Crosses between yellow male and bs-like female. (C) Crosses
between the bs-like male and Eld A female (wild-type).

As can be seen in table 8, there is no linkage of the
bs-like mutation with any of the markers of the third
chromosome, indicating that this gene is probably on
the second chromosome. Because the D. melanogaster
inflated and myospheroid genes are on the X chromo-
some, the putative genes for which the bs-like mutant
can be an allele are blistered (2:107.3) or bloated (2:58.5)
[24].

Hypermutability. The genetic instability in Dshs is re-
stricted to hypermutability, since gonadal dysgenesis
and embryonic sterility were not observed (data not
shown). The mutations described here are very stable,
and no reversions of mutations were observed (at least
in the rb and dpp-like strains that showed complete
penetrance). In the other mutations that showed incom-
plete penetrance, revertants may be confused with the
flies that did not express the phenotype. It has not yet

Table 8. Frequencies of phenotype classes in the F, of crosses
between the mutant bs-like males and the females with the mark-
ers st; e; ry (chromosome 3).

Class n %

Wild-type 330 61.9
e; sr; ry 30 4.5
e 2 0.4
ry 58 10.9
st 20 38
e; st 16 3.0
e; ry 9 1.7
st; ry 6 1.1
bs-like 24 4.5
e; st; ry; bs-like 17 32
st 21 39
st; bs-like 1 0.2

e; ry; bs-like 5 0.9
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conclusively been proven if a transposable element is
the causal agent of the hypermutability within this
strain. In situ hybridization with gypsy, hobo, I, mariner
and 412 transposons with polytenic chromosomes from
larvae of each mutant line did not show hybridization
of the expected bands in the /z and rb mutants on the X
chromosome (data not shown). Thus it is unlikely that
these transposable elements are related to these muta-
tions. Nevertheless, another transposable element may
be the causal agent of this genetic instability. That
remains to be demonstrated.
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