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HE house fly, Musca domestica L., has a diploid chromosome number of 12 
(STEVENS 1908) that includes five pairs of autosomes and a pair of sex 

chromosomes. Normally, the female contains an XX and the male an XY chro- 
mosome complement (PERJE 1948) ; however, abnormal cases of sex chromosome 
constitution with spontaneous origin have been reported ( HIROYOSHI 1964; 
RUBINI 1964; RUBINI and FRANCO 1966). The gene mutations studied have 
been assigned to five linkage groups (Table 1 )  that are believed to correspond 
to the five pairs of autosomes since no sex-linked inheritance has been demon- 
strated. These linkage groups were given different Roman numeral designations 
by three groups of workers (HIROYOSHI 1960; MILANI 1961; TSUKAMOTO, BABA, 
and HIRAGA 1961). TSUKAMOTO'S group has since adopted the nomenclature of 
HIROYOSHI (TSUKAMOTO and HIROYOSHI 1964) (Table 2). Also, karyotype anal- 
yses were performed by two other independent research groups (PERJE 1948; 
BOYES and NALOR 1962). The two groups numbered the karyotype in different 
ways (Figure 1 ) . Attempts are now underway by some of these authors to resolve 
the nomenclatural differences. 

If the genetic work performed on Musca domestica is to be unified, the individ- 
ual linkage groups must be assigned to particular members of the karyotype by 
cytological analysis. This correlation has not been attempted in work thus far 
reported. The experiments reported here were made ( 1  ) to draw together the 
work already performed on linkage group studies by HIROYOSHI, MILANI, and 
TSUKAMOTO et aZ., and on karyotype analyses by PERJE and by BOYES and 
NAYLOR; (2) to assign the five linkage groups to the particular member of the 
chromosome complement to which each corresponds; and (3) to thereby unify 
the nomenclature and the genetic knowledge already obtained. Cytological anal- 
ysis of induced translocations was used to determine which markers are located 
on particular chromosomes of the karyotype. 

MATERIALS AND METHODS~ 

House flies were reared at 26.7"C +- 2.0" on standard CSMA (Chemical Specialties Manu- 
facturing Association) larval medium mixed with water. Adult flies were held at the same tem- 

Mention of a proprietary product does not necessarily imply endorsement of this product by the USDA. 
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TABLE 2 

Arbitrary numbering of linkage groups of the house fly by two independent research groups 

Mutant markers representing five linkage groups 
Sex 

Author chromosomes R1 car bwb rb ocm 

HIROYOSHI I VI V I1 IV I11 
MILANI I I11 V I1 VI IV 

perature and at a relative humidity of 55% -e 5%, and were provided with water and a dry diet 
consisting of three parts powdered milk, three parts sugar, and one part dry egg yolk. 

X-ray treatments for induction of translocations were administered to adult males with a 
General Electric Maxitron X-ray machine at 300 kv, 20 ma, at a distance of 35 cm with a filtra- 
tion of 1 mm A1 and 1 mm Cu. The flies were irradiated in gelatine capsules a t  an approximate 
dose rate of 280r/min. 

Three of the five linkage groups were chosen for the first section of the experiment. A stock 
of house flies bearing two mutant markers, bwb (brown-body color) and ocra (ocra-eye color), 
both hmnozygous recessives representing different linkage groups, was mated reciprocally to a 
second stock carrying the dominant marker, R1 (Rolled-wings), in heterozygous form (Rl/RI+) 
which represmts a third linkage group. Controls and a series of treatments were set up for each 
reciprocal cross. Four- to six-day-old males were irradiated with 2000 to 2750r of X rays in the 
treated series. 

PI matings were made in  mass. and F, RI/Rl+ males heterozygous for the recessives bwb 
and ocra were used to test for the presence of translocations. The F, Rl/Rl+ males were crossed 
individually to homozygous bwb; ocra virgin females (backcross), and the F, progeny were 
scored for the presence of translocations between the linkage groups containing the bwb+ and 
RI markers, the ocra+ and RI markers, the bwb+, ocraf ,  and RI markers, and the Y chromosome 
and RI marker (when Rl/Rl+ males were treated). Cultures containing translocations were 
multiplied by making appropriate crosses, they were then held in stock form in the heterozygous 
state until enough larvae and flies were available for cytological analyses. 

The second section of the experiment was similar to the first, but a fourth linkage group 
containing car (carnation-eye color) was tested with the Rl marker. Translocations were 
recovered between the car+ and RI markers, the Y chromosome and RI marker, and the Y 

d KARYOTYPE 

I I  I f  11 11 t t  t t  
Author 

-- ----- 

PERJE X and Y I It m Ip Y 

- - - - - - - - - -  _ _ - _ _ _  

BOYES I XI Y I P m  Iz 

FIGURE 1 .-Karyotype numbering of the hcuse fly by two independent research groups. 
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chromosome and car+ marker; they were then multiplied for future cytological analyses. 
In the third section of the experiment, the remaining linkage group containing rb (ruby-eye 

color) was tested with the linkage group containing the RI marker. Translocations were recovered 
between the rb+ and RZ markers, the Y chromosome and RZ marker, and the Y chromosome and 
rb+ marker; these too were multiplied for future cytological analyses. 

A representative diagram of the procedure used to recover translocations is given in Figure 2. 
The markers used in the diagram are taken from the second section of the experiment. 

Theoretically, cytological analysis of the induced translocations from the three preceding 
sections of the work should provide the answer to the linkage group-karyotype relationship. 
However, to avoid any error in establishing this relationship because of the possibility of some 
chromosomal abnormality previously present in any of the stocks used in the foregoing work, 
we studied translocations induced in four additional crosses. 

The following crosses were made in the same manner as the foregoing tests. (1) Fargo wild- 
type males were treated and crossed to a stock homozygous for the recessives, car and ct (cut- 
wing tips) ; translocations were recovered between the car+ and ct+ linkage groups, the Y chro- 
mosome and car+ marker, and the Y chromosome and ct+ marker. (2) Fargo wild-type males 
were treated and crossed to a stock homozygous for the recessives bwb and ocra; translocations 
were recovered between the bwb+ and ocra+ linkage groups, the Y chromosome and bwb+ 
marker, and the Y chromosome and 0" marker. (3) Fargo wild-type males were treated and 
crossed to a stock homozygous for the recessives, cm (carmine-eye color) and bwb; transloca- 
tions were recovered between the cm+ and bwb+ linkage groups, the Y chromosome and cm+ 
marker, and the Y chromosome and bwb+ marker. (4) Fargo wild-type males were treated and 
crossed with a stock homozygous for the recessives, ac (ali-curve-curled wings), ar (aristapedia- 
leg-like antennae), and ye (yellow-eye color) ; translocations were recovered between the ac+ 
and ar+ linkage groups, the QC+ and ye+ linkage groups, the or+ and ye+ linkage groups, the 
ac+, ar+, and ye+ linkage groups, the Y chromosome and ac+ marker, and the Y chromosome 
and ar+ marker. 

(Selected for RI  d) 

PI gametes 

car RI+ - - - I  -- 
car RI+ 

(car) 

2,000 r 

J 
car' RI - - *  
car+ RI+ 

(RI) 
4 

-- 

translocated 

X 

car+ RI car RI* 

car RI' car RI' 

- -- 
F2 - - - -  

(RI) (car) 

FIGURE 2.-Diagram of translocation recovery between two linkage groups in the house fly. 
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TABLE 3 

Relative lengths and arm ratios of house fly autosomes using PERJE’S numbering system 

PBRJE’S autosome numbering system 

I I1 111 IV V 

Relative autosome lengths 1.5 1.4 1.25 1.1 1 .o 
Relative arm ratios 1 : 1.1 1 : 1.5 1 :2.4 1 : 1.7 1 : 1.4 

Y chromosome-autosome translocations were held in stock form by making brother-sister 
matings each generation. The Y chromosome-autosome translocations described by SULLIVAN 
(1958, 1961), ‘MILANI and FRANCO (1959), TSUKAMOTO et al. (1961), KERR (1960, 1961), and 
HIROYOSHI (1964) have been hypothesized to involve a male-determining mechanism that 
spontaneously links to an autosome. Progeny receiving the translocated autosome are male; 
progeny receiving the nontranslocated autosome in Y-autosomal translocation stocks are female. 
This phenomenon has not yet been demonstrated cytologically and is sometimes accompanied by 
entire loss of the Y chromosome, at least in respect to cytological visibility (Orlando regular wild- 
type stock, personal observation), and by the presence of extra heterochromosomes (HIROYOSHI 
1964; RUBINI 1964; RUBINI and FRANCO 1965). 

Translocations between autosomes (either marked with RI and one or more recessive markers 
or with two or more recessive markers) had to be selected each generation to perpetuate them in 
heterozygous stock form by mating RI or f males from translocation-containing stocks to virgin 
females homozygous for the recessive marker or markers used in the original PI cross. Males 
were used to avoid the loss or complication of the translocation by crossing over, shown to take 
place only in female house flies (HIROYOSHI 196.0; WAGONER unpublished). 

Cytological analysis consisted of microscopic examination of larval ganglia and spermatogonial 
cells in mitotic divisions and of first meiotic divisions in testes. Because of somatic pairing in 
Diptera, mitotic rather then meiotic cells were used for most of the analyses; meiotic chromo- 
somes are much smaller and more difficult to interpret, especially in the house fly, because the 
morphological differences of some of the chromosomes are quite small (Table 3 ) .  Squashes of the 
tissues stained with lacto-aceto-orcein were sufficient for us to determine which chromosomal pairs 
were involved in mitotic and meiotic interpairing in induced translocations. The testes o r  ganglia 
were dissected in Belar’s saline solution, cleaned, put into a drop of stain for 25 seconds, squashed 
under a coverslip, and sealed with paraffin. Only autosome-autosome translocations were used for 
final cytological analyses. 

RESULTS A N D  DISCUSSION 

In  3,865 tests, 177 translocations were recovered in the different irradiated 
series of the following types: 

No of No of No of 
translocations trans lo cab on^ translocations 

Linkage groups recoverpd I inkage groups recovered Linkage groups recoveied 

bwb+-RI 12 car+-ct f 12 Y-bwb+ 2 
ocra+ -RL 18 Y-car+ 8 ac + -ar + 23 
bwb+ -ocra + - Rl 4 Y-ct+ 3 ac + -ye + 12 
car +-RI 5 bwb+-ocraf 15 ar+-ye+ 8 
rb+-RL 5 Y-bwb+ 5 ac+-ar+-ye+ 1 
Y-RI 21 Y-ocraf 3 Y-aC+ 7 
Y-car+ 3 cm + -bwb + 6 Y-ar+ 2 
Y-rb+ 1 Y-cm+ 1 Y-ye+ 0 

TOTAL 177 
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I;IGURFS 3-8. FIcuns 3.-Nornial frnialr house fly rhroniosomrs sren in a larval ganglion 
FIGURE 4.- 

FIGURE 5.  
FIGURE 6.- 

FIGURE 7 . 4 -  
FIGURE A.-1-111 translocation. spermato- 

cell takrn from the Orlando rrgular wild-typr stock. mitotic metaphase, x 1000. 
Normal house fly chromosomes seen in metaphase of meiosis I in a testis cell. x 1200. 
-1-111 translocation. arms of unequal length, spermatogonial metaphase. x 1300. 
1-111 translocation. arms of unrqual length. spermatogonial metaphase, x 1500. 
111 translocation. spermatogonial prophasr. x 1350. 
gonial metaphase, x 1200. 
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The majority of translocations were sufficiently fertile to be multiplied and 
kept as stocks in heterozygous form. No translocations were recovered in any 
control series (684 tests). Reciprocal crosses showed no differences. 

For our discussion, we will use PERJE’S (1948) method of karyotype number- 
ing (Figure 1) using X and Y to represent the sex chromosomes and Roman 
numerals I to V to represent the five pairs of autosomes, starting with the longest 
pair and ending with the shortest pair. 

The normal chromosomes of a wild-type female house fly are shown in Figure 
3. The normal karyotype which we observed agreed with the description of BOYES 
and NAYLOR ( 1962) concerning relative chromosome lengths and centromere 
positions (Table 3 ) .  Normal meiotic metaphase I is shown in Figure 4. 

Cytological analyses of translocations recovered in the first section of the ex- 
periment showed that the R1 marker and the bwb marker were located on chro- 
mosomes I and 111. The pairs were either joined in gonial metaphase or, if sepa- 
rate, had chromosome arms of unequal length in Rl-bwbf translocations (Fig- 
gures 5, 6, 7, 8) .  Analysis of translocations between the RI and ocra+ markers 
showed chromosome I and V joined in gonial metaphase and late prophase (Fig- 
ures 9, 10, 11 ). Thus the RI linkage group is located on chromosome I since this 
chromosome was involved in both Rl-bwbf and Rl-ocraf translocations. The 
bwbf marker must then have a position on chromosome 111, and o c r d  maintains 
a position on chromosome V. 

Cytological results from the second section of the experiment showed chromo- 
some I1 involved with chromosome I in carf-RI translocations (Figures 12, 13, 
and 14)’ so car+ must maintain a position on chromosome 11. When rb+-R1 
translocations were induced in the third section of the experiment, cytological 
analysis showed chromosome IV joined with chromosome I. Therefore, rb+ is 
located on the remaining pair of autosomes, IV. Additional studies have shown 
that the rb phenotype is actually determined by recessive loci on two chromo- 
somes. These data will be presented elsewhere. 

Cytological analyses of the translocations induced in the four crosses where 
the Fargo wild-type strain was treated agreed with the linkage group-karyo- 
type relationship established from analyses in the first three sections of the 
experiment. 

Translocations between car+ and ctf involved chromosomes I1 and IV (check 
Table 1 for linkage relationships) ; those between the bwbf and ocraf markers 
involved chromosomes I11 and V (Figures 15, 16); those between the cm+ and 
bwbf markers involved chromosomes I1 and I11 (Figure 17) ; those between the 
a,+ and arf markers involved chromosomes I and 11; those between acf and 
ye+ markers involved chromosomes I and IV; and those between the ar+ and ye+ 
markers involved chromosomes I1 and IV. Analysis of the translocation between 
the a c f ,  ar+, and ye+ markers has not yet been completed. 

Five triple translocations and two quadruple translocations (Figures 18, 19) 
were recovered by cytological analysis from stocks in which two chromosome 
pairs were marked. In all cases, the additional chromosome pairs involved were 
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l:i(,ci<i:> 0-1 I.. l:i(;t.iii:. ().-I-\. t i . ; i i i ~ I ~ ) ~ i i t i ( ! i i .  ~ ~ ~ ~ ~ t ~ i i i ; i t o ~ : ~ i i i ; i I  ~ i i v t i i p l i i i w .  x l200, l : l ( j l . i i t ;  

10.-1-\' translocations. mriosis I nirtaphase. testis. x 1200. I:lcunr 11 .-I-V triinslocation, 
spermatogonial metaphase, x 1300. FIGURE I2.--I-II translocations. spermatogonial metaphase, 
x 1200. FIGURE 14.-1-11 
translocations. meiosis I metaphase, testis, x 1200. 

FIGURE 13.-1-11 translocation. meiosis I prophase. testis, x 1550. 

related to predicted linkage groups from cytological analysis after appropriate 
genetic crosses were made to test the predictions, further evidence supporting 
the correct assignment of linkage groups to particular members of the karyot-ype. 

The nomenclatural differences can now be resolved. This is shown by combin- 
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l:ii;i.iit., I i- I O .  l y i i ; i . i t i . .  I i. - - I l l  I. f t . ~ i r I ~ l i i i , ~ i f i i ) I i .  .;l)c’t.iri;itogoniiil nic~tiiphasc~. x 1550. 1;IcunE 
16.--III-\~ triirislocatiori. sl)(”.Iiiiitogotii;il mc~t;iph;isc, x 1550. I;ICURE 17.-11-111 translocation, 
sperniatagonial nwtaphase. x 1550. FIGURE I8.--II-III-IV-T‘ translocation, meiosis I meta- 
phase, testis ( a  indicates the sex chromosomes; b indicates ring of 8; and c indicates chromosome 
I ) .  x 1000. FIGURE 19.-I-III-IV-V translocation. meiosis I metaphase, testis (a indicates the 
s?x chromosomes; b indicates ring of 8; and c indicates chromosome II), ~ 1 2 0 0 .  

ing Table 2 and Figure 1 (Figure 20) with the new assignment of linkage groups 
added using PERJE’S method of numbering the karyotype. Chromosome I contains 
RI and ac; chromosome 11, car, cm, and ar; chromosome 111. bwb; chromosome 
IV, rb, ct, and ye; and chromosome V, ocra. 
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MUTANTS REPRESENTING 5 AUTOSOMAL LINKAGE GROUPS 

Correlation of members of 
koryotype and linkage groups 
determined by cytological 
examination 

Numbering of linkage groups 
on basis of correlation 

Numbering of chromosomes 
by Perje 

Numbering of chromosomes 
by Boyes 

Numbering o f  linkage groups 
by Hiroyoshi 

Numbering of linkage groups 
by Milani 

or ct 
Sex oc car - rb 

Chromosomes R! c_m bwb !e 0- 

I I  I I  1 1  It It t t  
X S Y  I n III lsr Y 

X S Y  I U m Ip Y 

I PI Y Ip m II 

I PI Y II Ip m 

I m Y II m Ip 

FIGURE 20.-Linkage group and karyotype numbering by four independent investigators and 
the linkage group-karyotype correlation determined by the cytological analysis of induced 
translocations. 
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SUMMARY 

Cytological studies of induced translocations in the house fly, Musca domestica 
L., showed that the five linkage groups previously reported by other workers 
belong to the five pairs of autosomes also previously reported. No sex-linked 
mutants have been found thus far. The correlation of the linkage groups to par- 
ticular chromosomes as seen cytologically had not been previously attempted 
and was the objective in this work. The new assignment of linkage groups to 
particular chromosomes (made by using PERJE’S numbering of the house fly 
karyotype with X and Y representing the sex chromosomes and Roman numerals 
I to V representing the autosomal pairs starting with I as the longest pair and 
ending with V as the shortest pair) shows the RI marker and its associated link- 
age group located on chromosome I, the car marker and its linkage group on 
chromosome 11, the bwb marker and its linkage group on chromosome 111, the 
rb marker and its linkage group on chromosome IV, and the ocra marker and its 
linkage group on chromosome V. 
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