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at wnicn aevelopment stops or becomes acerrant. Tnerefore, specific
andna s ies may be correlatea with particular maie sterile mutants.
VArougn The stuay 67 many maie steriie futants, it may be possible to
determine gene activities during spermiogenesis and to aefine some
gene activity at the uitrastructural level.

Aitnough the Y cnromosome ana its Tertiiity factors have been
STLG1aG i SOmE aGevati, reiativairy iittie is xnown of the roie of
auTOSOma L genes in spermiogenesis. This investigation was conducted

16 an atiemptl 1o estanlisn tne roie of autosomal genes in spermiogenesis

&nG TC nCrease the overal: understandiag of the geaetic control of




























riCn nISTOnes in the nucieus Tatied To occur. Microtubulies, normaily
associated with the nead during condensation and elongation, were not
observea.

cindsiey (1568) studied the genetic control of sperm development.
One nunared and twenty gamma-ray-induced sex-linked male sterile mutants
were croauced in wiicn 80% had X chromoscme transiocations to either the
seconda ¢y Third chromosome. These wmutants demcnstrated failure of nead
ne réaining sex-iinkea mutants and 50 autosomal male
steriles ccilectea from natural populations demcnstrated abortive sperm

1fierentiation. Asparentiy, there nas been no ultrastructure study of

(@]

soerm geveiopment in autosomal wiie steriie mutants.







Table 1. Description of stocks and mutants used in the isolation and
mapping of maie steriie mutants. Adaitional data found 1in
Lindsley and Grell (1967).

Symbotl Narie Location

(€]

-5
i

-w

Rt

Secorc NMuitipie 5

Thira Muitipie 3

Curty

Serrate

Stuobie

Claret novi-disjunctiona’
Bristie

Dicraete

Jarmed

Pium

Sternopiural

Star

wild type

inversions, crnromosone 2
marked with Cy

inversions, Carcmcsaat o
marked witn Sb and Ser

inversions, Chromosome 2
inversions, cnromosone 3
inversions, chromosome 3
3-100.7, recessive utant
2-54 .8, cominant mutant
inversions, CAromossme O
2-41.0, dominant mutant
iNVersions, CAromcSuiie 2
2-22.0, dominant mutant
2-1.3, dominant mutant
2-53.2, coiinant mutant
2-72.G, cominant mutant

2-107.3, dominant mutant




Cross 1 +/+ 3 Cy/Pm ; D/Sb X +/Y 5 +/+ 5 /4
females from stock \ treated with EMS
— X
Cross 2 +/+ 3 Cy/Pm 5 D/Sb X +/Y 5 Cy/+ 5 D/+
Temaies from stock \ one maie per culture
Cross 3 +/+ 3 Cy/Pm ; D/Sh X +/Y 5 Cy/+ ; D/+
femaies from steck / ~\ ore male per culture
"2 ¥
Crass 4 +/+ 3 Cy/+ 3 Df+ X +/Y 5 Cy/+ 5 D/~
Cross 4a Parents from Cross 4 v
transferred to a new check maies for
vial sterility:
Cross 5a +/+ ; Cy/Pm 3 D/So X +/Y 5 +/+ 5/t
famales trom stock a check of chromcsomes
2 and 3
Cross 5b +/+ 3 SM5/Sp J ; +/~ X +/Y ;3 Cy/+ ; +/+
femaies from STOCK a check of chromosome 3
Cross 5¢ +/+ 3 +/+ 3 TM3/cahd X +/Y 3 +/+ ; D/+
fenaies from stock a check of chromosome 2
rigure 1. Induction and identitication of maie sterile mutants in

chromcsomes 11 anc 2il.
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segregate before the final identification of the mutant. Sterile
mutants on chromosomes two and three have been maintained in balanced

stock as heterozygotes over SM5 and TM3 respectively.

Mapping of Mutants

Mutants were mapped using standard techniques (Fig. 2). Since
male sterility must be scored in the F2, only non-Curly males were
scored. Loci were determined by recombination analysis and

complementation tests.

Cytology and Fine Structure

For general 1light microscopic observation, testes of adult males
were dissected in Drosophila Ringer's solution (Butterworth, Bodenstein,
and King, 1965). Using phase contrast microscopy, testes were checked
for elongation of bundles, motility of sperm, general stages of cells
within the testes, and general morphology of the reproductive tract.
Alternatively, testes were stained with aceto-carmine-fast green
(Dippell, 1955) and examined with the phase contrast microscope for
the occurrence of elongate mature sperm heads. Female reproductive
systems were dissected and examined following mating to male sterile
mutants to ascertain sperm transfer.

For fine structure analysis, testes of male sterile mutants and
wild type controls were dissected in fixative, either within 5 hours
of eclosion or after being mated and tested for sterility. Testes
were fixed 1-2 hours in (1)3% glutaraldehyde in cacodylate buffer at

room temperature followed 1% 0sOz for 1 hour in the same buffer or

(2) Karnovsky's fixative (Karnovsky, 1965) followed by post fixation




p AB X mS__
SMS SM5

Ny
s » ToVE
5 males from stock
|
¥
r2 score non-SM5 maies for steriiity

nag recombination witn marker

sy

A and 8.
Figure 2. Design OT & typicai 3-pcint cross to determine locations

of maie steriie mutants. The symbois A and B represent

FINKET QOIiNGAT Markers; ms represents any maie Steriie

mutarnt.




il
WiTh usls. Tissues were aehydratea in etnyi aiconol, ciearea in
cropyiene oxide anc embedded in Epon 812 (Luft, 1961). For detailed
tight microscopy, one micron sections were cut with giass knives and
stained with Richarason's stain (Richardson, Jarett, Finke, 1960).
nhin sections were cut with a diamond, double stained with uranyl acetate

(Watson, 1958) and lead citrate (Reynoids, 1863), and examined with a

Zeiss cM9-S electron microscope.
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RESULTS

Genetic Analysis

Thirty-one maie-sterile mutations were induced with ethyl

methanesuifonate. ritteen mutations were in the second chromosome;

16 in the third (Tables 2 and 3). Seven mutant stocks have been lost.

—h

A cneck of femaie Tertility Toilowing isoiation revealed a high
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oncomitant female sterility. OF the third-chromosome
futants tested ali have some degree of femaie sterility and four
aemonstrate sterility in ail nomozygous femaies. One of these, C3-11,
is oniy semisteriie in homozygous males. Twe second CNromoSGIE Mulants
thatl demonstrate compiete maie sterility are completely sterile in
nomozygous femaies.

Complementation tests on the compiete steriles uncovered only

ne presumed alielic pair on The Secona Chromosome (Figure 3). Mutations

,C)
a
v
a

Co-1 ana Cp-2 were found To oe noncomyiementing, i.e. are steriie in
felerdzygous comblnation with each ciner. This is true of none of the
TH57rA CAYOMOSOME Mutahts TasTed.

ihe approximate map 1ocation of the second-chromosome complete

steriies are given in rigure 4. Also iisted are the locations of the
Sther previousiy isoiated maie-Steriie mutants (Lindsicy ang Grell,

1557, Tnere appears o be & Ciu

[ %]

tering o7 mutations n the Teft arm

neir tag heterccnromatin.,  Thnree of the mutants map witnin tre four

Gag Wnsts Bl to 5o,




vable 2. Second chromosome recessive maie steriie mutants
Mutant rertility*

male female
Co-1 sterile fertile
Co-2 steriie fertile
Co-3 steriie sterile
Co-4 semisteriie -
Cp-b*= steriie -
Co-6 semisteriie -
Co=7 semisteriie fertile
Cp-6 semisteriie -
-5 S semisteriie -
C2-1G steriie fertile
Cp-ti steriie fertile
Cp-iz steriie fertile
Co=15 steriie fertiie
Co-igx= steriie -
Cp=15 steriie steriie
*Crecked in homozygotes.
**Matant stocks nave been Gost.
Cp retfers to chromoscie il the number Toiiowirng to the oraer
14 which tne mutants were recoverad. Sterile means that all
nowozycuus flies are sterile; semisteriie means tnat some
nomozygous fiies are steriie.




Tabie 5. Tnird coromosome recessive male sterile mutants
Mutant rertility*

male female
Cs3-i sterile sterile
Cqm2x* steriie -
€5-3 sterile sterile
C3-4 sterile semisterile
C5-5 semisteriie semisteriie
C5-0 semisterile semisteriie
Cy-7 semisteriie -
C3-8 semisterile -
Cy=G%* steriie -
C3-70 steriie steriile
Cq-1d Pz semisteriie steriie
Cy-i2%% steriie -
CS-—AJ*"‘ SCeria & -
Cy-i4 steriie semisteriie
Cy=ioxw steriie -
{4-77 ST i -
*

i NOMOZYSSTES.
stocks nave been tost
Sane s ocem of nomenciature as in Tabie Z.

Cz refers o cnromosome [11.
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Second chromosome mutanis
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Figure 3. cComplementation Test. The symbol "—" means heterozygotes are

fertile and "O" means they are sterile.




é 12 15 3 13 H 10
(‘3) (44)(4{{4)(54.8) (74)
[ LI | |
2L f {1 1 O B Il { —T 2R
E|3 2/E4/E5 Eé E9 \I NHEIZ crs
(28) 44) 479 €8s (55.6)(57) (655)(66.5) (68) (68.2) (101+)
ET
(548)

Figure 4, Approximate map locations of second chromosome male sterile mutants. The upper number refers to the mutant; the lower
number, in parentheses, to the map locations. Locations in bold print indicate mutants isoloted by other investigators; only

numbers | and 2 and c¢rs are in existence.
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Figures 5-1i6. Spermiogenesis in male sterile mutant Cr-3.

Figure 5. A ceveloping nebenkern in an early spermatid.
The nebenkern (nb) is composed of interlocking
mitochondria. One nucleus (n) is shown in the
upper right. X §200.

rigure 6. An eariy spermatid sectioned through the tail
shortly after division of the nebenkern. The
two mitochondrial derivatives {m) have areas
of cytoplasm {cyt) within them. Four axonemes

(a) are present within a single cytoplasmic

unit. X 28,000.

Figure 7. Speriwatids in early stage of elongation. Tnree,
of presumanly four, nuciei (n) are seen in cross-
section. Acrosomes {ac) are located adjacent
o two nucieil and tae centricie (c), surrounded
by dense material, is in contact with the third
nucieus. A Tongitudinai-section through an
axoneme is shown lying between the mito-
chondriai derivatives (m). X 13,400.
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Figure 8.
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ure 9.
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Section through the tails of a bundle of spermatids.
Discrete cytoplasmic masses usualiy contain four
axonemes and various numbers of mitochondrial
derivatives. X 13,800.

One of the cytoplasmic unit as seen in Figure 8.
The outer membranes around the four axonemes are
in contact with the mitochondrial derivatives.
Paracrystalline material is beginning to form at
the contact points between the primary derivative
(iny) and the membranes around the axoneme (see
arrows). Microtubules (mt) occur in the cyto-
piasm around tne derivatives. X 52,400.

A rnormal spermatid at tne same stage ¢f cdevelopment

&s tnose in Figures 8 and 9. Only one axoname

anc a primary (my) and a secondary (i,) mitochondrial
derivative are seen in each cytoplasmic unit. Para-
crystalline materiai (cry) is present within the primary
mitochondriai derivative. X 52,400.
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Stightly Tater stage in development of spermatids in
mutant Co-3 in which there is a limited separation of
vew individual spermatids (arrows). Two nuclei (n),
an early stage of chromatin condensation, are
G in cross-section within a cytopiasmic unit.
gie row of microtubules (mt) if juxtaposed on
tne corvex side of each nucieus. Satelijte tubules
(st), as weil as, spokes and secondary fibers, are row
present in the axonemal compiex. Large, irreguiar-
shapea, primary derivatives (my) are often found.
Paracrystaliine materiail {cry) forms at each contact
point with tne membranes around tne axoneme. X 32,000.
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()
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Spermatids in groups o7 Tour within discrete cytoplasmic
Laits Toilowing incomplete separation. Large myelin
Tigures (mf) are present. X 32,000.
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Figure
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13.
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Sectior at the level of spermatid heads. In one
cytopiasmic mass all four nuclei are in the cross-
section {arrows). Many large myeiin figures are
seen in the bundies of spermatids. X 24,000.

4]
D
o O

i
roXir
igure 13). Axonemes are often seeén in groups
ur in aistinct cytopiasmic units. Very
yeiin figures (mf) occur within the bundie.

~4 =5

a
i
0
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Figure 15,

Figure

(@)

39

Degenerating bundles (dg) demonstrating the
regular occurrence of groups of four spermatids.
X 13,800.

Decenerating spermatids (dg) next to a unit of

Tour spermatids. Only the wwo, cored central (ct)

and the nine, cored sateilite (st) tubuies remain as
remenants of the axcnemal compiex in the degenera-
Ting spermatias. The axoneme show apparentiy complete
aifferentiation and tne primery derivatives are aimost
compietely 7itled with the paracrystalline material
(cryy. X 78,600.
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Figures 17-28.

Figures 17-18.

41

Spermicgenesis in male steriie mutant Co-10.

Normal and abonormal spermatids from the sarne
bundie in mutant C>-10. A normai axoneme (a)
with the 9 + 2 tubule pattern is shown in Figure
17. The two mitochondrial derivatives (m) lie
on either side of the axoneme. The axoneme is
disrupted in Figure 18 with the pair of central
tubules (ct) and the nine peripheral doublets
(pd) scattered in the cytoplasm adjacent to
cytopiasmic membranes. Only one of the two
derivatives lies adjacent to the disrupted
axoneme. X 78,600.
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T

igure 19. Sperinatid at the beginning of tne paracrystaliine
body formation. The nine peripheral doublets (pd)
and central pair of tubules (ct) are scattered in

the cytopiasm but remain associated with cytoplasmic
membranes. One doubiet (pdi) sfiows a 1ink connecting
it with the cytopiasmic membrane. Paracrystaliine
material (cry) forms at the points of contact

between the membrane of the mitochondrial derivative
and the cytoplasmic membranes. X 56,000.

4

Figure 20. Spermatid containing several secondary mitochondrial
derivatives. The aensity of the secondary derivative
(mp) s markedly less than tnat of the primary derivative
{my). X 56,000.







rigures 21-22.

Normal and mutant spermatids at the same deveiop-
mental stage. Mutant spermatias (Figure 22) have

a larger cross-sectional area, much larger primary
and secondary derivatives, and a much less dense
matrix within the secondary derivative. The section
inciudes the tip of an acrosome (ac) and a nucleus
(n), as well as, tails. Axonemal complexes within
tre mutant spermatids vary from normal configuration
to tne compiete absence of axonemal complexes.

soth Tigures X 40,000.
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the membranes around the axoneme are maintained in the mutant whether
the disruption is caused by the lack of some stabilizing structure with-
in the axoneme or by instability of the membrane around the axoneme. It
has not yet proven possible to distinguish between these two possibilities
at the ultrasturctural level. Even though the axonemal doublet complexes
appear normal, minute structures not yet detected or intermolecular bonds
that cannot be resolved by the electron microscope may be responsible for
the failure of the units to maintain the normal "9 + 2" configuration.

The following scheme is proposed as an explanation of the several
anomal ies associated with mutant C2-1O. Shortly after initiation of
flagellar differentiation from a normal centriole, the 9 + 2 axonemal
pattern is disrupted. The axonemal doublets, in contact with the
axonemal membranes, are dispersed through the cytoplasm. The primary
mitochondrial derivative then forms contacts with the cytoplasmic
membranes, and paracrystalline bodies begin to form. The axoneme,
which possibly serves as the central axis for elongation of the tail
of the spermatid, is not present as a functional unit due to its
disruption. In the absence of this organized structure, the mito-
chondrial derivatives form multiple attachments to the cytoplasmic
membranes. The attachment to a number of membranes outside the central
axis presumably prevents normal elongation and reduction of the cross-
éectiona] area of the mitochondrial derivatives. This further prevents
normal elongation of the spermatid. More microtubules form around the
derivatives, their number varying with the size of the derijvatives.
The spermatids then undergo limited elongation but degenerate prior to

complete maturation. The axonemal complex apparently completes

differentiation even though its components are disrupted.
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Formation of muitiple paracrystaliine bodies occurs in both €r-3
and CZ-IO. In normal spermatids, paracrystalline body formation begins
within the primary mitochondrial derivative at each contact point
between the membranes of the mitochondrial derivative and the membranes
around the axoneme. In mutant C5-3 a single primary mitochondrial
derivative may be seen in contact with up to four axonemal points. It
should aiso be noted that more than one primary derivative may establish
contact with a single axonemal compiex and that paracrystalline bodies
form within each mjitochondrial derivative. In large irregular primary
mitochondrial derivatives of mutant C,-10, paracrystalline bodies form
at contact points between the membranes of the mitochondrial derivatives
and the cytoplasmic membranes, even where no axonemal components are
present. Hess and Meyer (1968) state "that the formation of para-
crystailine bodies always starts at the point of contact of the nebenkern
derivative with the axial fiber compiex". The demonstration of
paracrystalline body formation at the points of contact of the primary
mitochondrial derivative with the Cytopiasmic membranes strongly
suggests that the important factor is contact with the membrane rather
than orientation of the axoneme itseif. It is also obvious that contact
is necessary for the initiation of paracrystalline body formation, but
that a specific site of contact, relative to the axoneme, is not
important. Any contact with cytoplasmic membranes whether they surround
the axoneme or not may initiate the formation of paracrystalline bodies.
The above statement must be qualified in that under normal conditions
mitochondrial derivatives attach at a specific site on the axonemal

complex and, therefore, paracrystalline body formation begins at a

specific site relative to the axonemal complex.
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