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In typical somatic cells, DNA is tightly organized by histones that are necessary for its proper packaging into the nucleus. In
sexually-reproducing animals, the haploid product of male meiosis must be further condensed to fit within sperm heads, thus
requiring an even greater degree of packaging. This is accomplished in most organisms by replacing histones with protamines,
which allows DNA to be compacted into the reduced space. In mammals, protamines are produced after meiosis is complete and
are transcribed by the single allele present in the haploid genome that is to be packaged into the sperm head. Here, we present our
findings that protamine expression occurs from both alleles in diploid cells, rather than haploid cells, in two species of Drosophila.
The differential allelic expression of protamines likely influences the selective pressures that shape their evolution.

1. Introduction

Spermatogenesis is a highly orchestrated process that, when
operating properly, results in functional and motile sperm.
The maturation of spermatids into fully functional sperma-
tozoa occurs in the final stages of spermatogenesis, known as
spermiogenesis. Here, chromatin reorganization and an in-
creased level of compaction are essential for proper pack-
aging of nuclear material into the sperm heads [1, 2]. This
packaging is necessary for proper sperm head morphology,
sperm motility, protection against DNA damage, and the abi-
lity to penetrate an ovum [3-5].

Unlike somatic cells, where histones serve to condense
DNA, most organisms use protamines to properly organize
DNA into a more highly condensed state within the sperm
head [6]. Protamines increase the ability of DNA to be pack-
ed more tightly by organizing the DNA in linear, side-by-side
arrays, rather than by induced supercoiling, with further sta-
bility achieved through protamine cysteine-cysteine residue
interactions [6, 7]. In mammals, transcription of protamines
occurs in the haploid genome, after meiosis is complete [8].
Histones are first replaced by transition proteins TP1 and
TP2, followed by protamines [9]. To date, it is unclear if the
haploid expression of protamines occurs only in mammals,

or if this allelic expression is consistent across all sexually-
reproducing animals.

Extensive studies on the genes that encode for protamines
have mostly been performed in vertebrates, particularly in
mammalian models (reviewed in [10]). With respect to in-
vertebrates, two genes have been identified and characterized
in the fruit fly, Drosophila melanogaster: Mst35Ba and
Mst35Bb. These genes encode for Drosophila protamine A
(protA) and protamine B (protB), respectively [11]. Interest-
ingly, in situ hybridization in D. melanogaster uncovered the
presence of these protamine transcripts in primary sperma-
tocytes (diploid cells), which have yet to undergo meiosis
[11]. This raises the interesting possibility that insects may
differ in temporal expression of protamine genes than in ma-
mmals. Furthermore, this has implications for the parental
influence of protamines and their evolution: in haploid cells,
only one parent contributes the genes coding for the prota-
mines used to package the sperm head, while in diploid cells,
both parental genomes may be used when transcribing pro-
tamines.

Here, we present our findings on protamine production
in two related species of Drosophila: D. simulans and D. mau-
ritiana. To determine the parental contribution towards
protamines, and thus whether they are contributed by one
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parent’s genome (one allele) or both parent’s genomes (two
alleles), we use transgenic flies that produce a red fluorescent
protein (RFP) or green fluorescent protein (GFP) attached to
protB [12]. The sperm heads of these transgenic flies emit a
red or green fluorescent signal due to the tagged protamines.
By crossing a male possessing the transgene of one fluorop-
hore (e.g., REP) with a female carrying the transgene of the
other fluorophore (e.g., GFP) and examining the sperm fluo-
rescence of the male offspring, henceforth referred to as a
transgenic hybrid, we can elucidate when protamine gene ex-
pression occurs. During Drosophila male meiosis, the synapt-
onemal complex is absent and chromosomes do not undergo
recombination [13, 14], and thus the male offspring pro-
duced from these crosses cannot recombine the two separate
transgenes onto a single chromosome in their sperm. There-
fore, the sperm that is produced will only exhibit fluorescence
due to either a GFP- or RFP-tagged protamine, but not both.
If transcription occurs from a single allele, then we should
observe a single fluorescent signal of either red or green. In
contrast, dual expression of RFP or GFP within one sperm
head provides evidence of diploid gene expression from
both alleles. Our results provide concrete evidence that the
protamines present in sperm heads are transcribed during
the diploid phase of sperm development from both alleles in
the genome. This increases the likelihood that the allelic, and
thus possibly overall timing, of protamine expression may
vary widely across different species.

2. Materials and Methods

All flies and crosses were maintained on standard Bloom-
ington recipe media (Bloomington Drosophila Stock Center,
Bloomington, IN, USA) and flies were housed at 22°C on
a 14h:10h light:dark cycle. Transgenic D. simulans and D.
mauritiana flies with GFP- and RFP-tagged protamines were
kindly provided by Dr. John Belote. Transgenic D. simulans
lines possessed either a GFP-tagged protB (genotype: w*;
pBac{3xP3-EGFP, ProtB-EGFP}11B) or a RFP-tagged protB
transgene (genotype: w; P{w8, ProtB-DsRed-monomer,
w*}3A). Likewise, D. mauritiana transgenic lines also pos-
sessed either a GFP-tagged protB transgene (genotype: w;
P{w8, ProtB-EGFP, w*}8A) or a RFP-tagged protB transgene
(genotype: w; P{w8, ProtB-DsRed-monomer, w*}13A).

Five-day-old virgin D. simulans males carrying the protB-
GFP transgene were mated with five-day-old virgin D. simu-
lans females carrying the protB-RFP transgene. The recipro-
cal cross was also made. The same set of crosses was perform-
ed with equivalent D. mauritiana GFP and RFP transgenic
flies. Testes of newly eclosed transgenic hybrid males (1-
2 days old) were dissected in Testes Buffer (183 mM KCl,
47 mM NacCl, 10 mM Tris-HCI) and squashed using a cover
slip. Images of fluorescent sperm were captured using fluo-
rescent imaging on a Leica DMI6000 B inverted microscope
and were analyzed using MetaMorph. Some samples were
captured using Z-stacking and deconvolved with AutoQuant
deconvolution software.

We did note that transgenic flies possessing RFP-tagged
protamines exhibited a lower fluorescent intensity than those
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expressing GFP-tagged protamines. Therefore, contrast and
brightness levels were adjusted for some images to allow for
clear visualization of the presence or absence of fluorescence.
Images of sperm with only GFP- or RFP-tagged protamines
were not adjusted; however, contrast and brightness levels
of sperm from transgenic hybrids required minor changes
to offer better simultaneous visualization of both fluorescent
protamines.

3. Results and Discussion

Previous work on mammals found that protamines, used for
packaging DNA into sperm heads, are expressed from the
haploid genome after meiosis. Although it has been shown
that protamines are also expressed in the insect D. mela-
nogaster, and are expressed in diploid cells prior to meiosis
[11], it has not been shown whether this expression occurs
from a single allele, as in mammals, or if both alleles are ex-
pressed. Additionally, diploid expression has yet to be con-
firmed in other species of Drosophila. Here, we created trans-
genic hybrid flies that can produce protamines tagged by
two fluorophores (GFP and RFP) from the diploid genome,
but only one fluorophore (GFP or RFP) from the haploid
genome. This allows us to determine if protamines are ex-
pressed during the haploid or diploid phase of the developing
sperm, and if they are expressed in diploid cells, whether
their expression derives from a single allele or both alleles.

To ensure the dual fluorescence from RFP and GFP in
the transgenic hybrids is not a product of autofluorescence,
male flies with only one transgene were dissected and sperm
were scored for both red and green fluorescence (Figures
1(a)-1(1)). Transgenic flies possessing either RFP- or GFP-
tagged protamines in D. simulans (Figures 1(a)-1(f)), as
well as D. mauritiana (Figures 1(g)-1(1)), exhibited only one
signal (Figures 1(c), 1(f), 1(i), 1(1)). Male transgenic hybrids
possessing both the GFP and RFP transgenes had sperm
that fluoresced both green and red in D. simulans (Figures
2(a)-2(f)) and D. mauritiana (Figures 2(g)-2(l)). Signal
from RFP- and GFP-tagged protamines could be seen with-
out adjustments; however, contrast and brightness levels
were adjusted to enhance visualization of the weaker RFP flu-
orophore. Although it was not possible to determine at which
cellular stage protamines are expressed, since transcription
of the fluorophore labelled protein may occur at an earlier
stage than translation, we can definitively say that two fluo-
rophores are present in each sperm head, and thus expression
must occur within a diploid cell. Therefore, this provides
concrete evidence that protamine expression, at least in the
melanogaster subgroup of Drosophila, occurs at the diploid
phase from both alleles, rather than in the haploid phase
from a single allele, as observed in mammals [15-17].

The results from this study, in addition to previous stud-
ies [11, 15-17], raise some interesting questions: are there
benefits between haploid versus diploid expression of pro-
tamines? Why is there a temporal difference in protamine
expression between Drosophila and other organisms, where
protamine expression has been characterized? Perhaps the
answer lies in the sharing of haploid-expressed transcripts
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FIGURE 1: D. simulans (a—f) and D. mauritiana (g-1) sperm heads possessing GFP-tagged (a—c, g—i) or RFP-tagged (d—f, j-1) protamine.
Sperm containing the protB-GFP transgene only fluoresce green (a, ¢, g, i) and do not reveal any red light autofluorescence (b, ¢, h, 1).
Similarly, sperm containing only the protB-RFP transgene only fluoresce red (e, f, k, 1), with no green autofluorescence (d, f, j, 1). Images
(a—c) and (g-1) were taken at 40x magnification, while images (d—f) were taken at 63x magnification. Bars represent 10 ym.

between connected sperm heads. In mammals, protamine
transcripts are shared though cytoplasmic bridges connect-
ing the nonindividualized sperm after meiosis are complete
[18]. Even though each protamine is only transcribed from
the haploid genome, the individual sperm has access to the
transcripts from the diploid genome due to these cytoplasmic

bridges. It is possible that nonindividualized sperm heads are
not equally sharing postmeiotic transcripts, so it is unclear
what the degree of access to both protamines truly is within
each sperm head [19]. If sharing is indeed unequal, subtle
differences in sperm head packaging may exist between indi-
vidualized sperm heads due to differences in the protamine
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FiGure 2: Transgenic hybrids in D. simulans (a—f) and D. mauritiana (g-1). D. simulans females with the transgene possessing the GFP-tagged
protamine mated to D. simulans males with RFP-tagged protamine transgene (a—c), and the reciprocal cross (d—f) fluoresces both red and
green (¢, f). Similarly, D. mauritiana females with the transgene possessing the GFP-tagged protamine mated to D. mauritiana males with
RFP-tagged protamine transgene (g—i), and the reciprocal cross (j-1) also fluoresces both red and green (i, 1), thus suggesting that protamine
expression occurs during the sperm cell’s diploid phase. Images (a—c) were taken at 63x magnification, while images (d-1) were taken at 40x

magnification. Bars represent 10 ym.

allele that is present in each sperm’s haploid genome. This
could have a profound effect on the sperm’s fertilization
success and the individual’s overall fitness [20], resulting in
strong purifying selection on protamine alleles. In contrast,

organisms with protamine expression prior to meiosis from
the diploid genome will ensure equal protamine transcripts
across all sperm heads, and thus individual protamine
alleles may have a lesser impact on sperm function. This
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would prove to be especially important for species that are
polygamous and undergo sperm competition within the
reproductive tract [21, 22].

The expression of protamines during either the haploid
or diploid phase in different species may indicate that there
are benefits or costs to expression during one phase com-
pared to the other. There may be ramifications of haploid
gene expression which are alleviated by diploid expression.
For example, protamine expression during the haploid phase
may cause sperm from a single male to be more phenotypi-
cally different from each other, as well as from the diploid
male [20]. As such, sperm derived from one male may poten-
tially compete with each other, setting up a conflict of interest
between the sperm and the male, as each sperm competes to
successfully fertilize the egg, potentially affecting the male’s
ability to maximize his own fitness [23, 24]. Further studies
may identify an advantage of protamine expression in the
haploid versus diploid phase, and how species benefit uni-
quely to one expression pattern over the other.

Although many stages within spermiogenesis are con-
served between Drosophila and mammals, there are major
differences, including the findings from this paper, on the
timing and genomic contribution towards protamine expres-
sion. Mice and humans have two protamines that likely arose
due to a gene duplication event [25, 26]. These genes are hap-
loinsufficient and require two fully functional copies in order
to prevent male sterility [27]. Drosophila also possesses two
protamine genes, again likely due to a gene duplication event,
but each copy is not haploinsufficient [28]. In determining
the functional significance of the protA and protB genes, it
was surprising to discover that male flies with homozygous
deletions for both protamine genes at the same time did
not have a reduction in sperm motility or fertility, although
approximately 20% had abnormally-shaped nuclei, suggest-
ing some level of protamine functional redundancy [28].
Although fertility was not greatly impacted in these mutant
flies, sperm that lacked both protA and protB were more sen-
sitive to X-ray mutagenesis, indicating that the protamines
may serve to protect DNA from damage in Drosophila [28].

Aside from the implications that sperm packaging has
for male fertility, understanding DNA condensation and
proper sperm head packaging also has applications from
an evolutionary perspective, since there will be different
selective pressures on a gene that is expressed only in a
haploid state from those that are expressed in a diploid state
[29, 30]. To understand the extent of differential protein
expression in sperm heads, additional work in characterizing
protamines across different taxa will need to be completed to
further understand the evolutionary implications of diploid
versus haploid gene expression.

Acknowledgments

The authors would like to express their gratitude to Dr.
John Belote for providing the transgenic D. simulans and
D. mauritiana flies and Dr. Robert Cumming for use of his
imaging equipment and input on fluorescent image analysis.
This project was funded by an NSERC Discovery Grant to A.
J. Moehring

References

[1] K. T. Tokuyasu, “Dynamics of spermiogenesis in Drosophila
melanogaster. IV. Nuclear transformation,” Cell and Tissue
Research, vol. 124, no. 4, pp. 479-506, 1972.

[2] D. M. de Kretser, K. L. Loveland, A. Meinhardt, D. Simor-
angkir, and N. Wreford, “Spermatogenesis,” Human Reproduic-
tion, vol. 13, no. 1, pp. 1-8, 1998.

[3] A. Agarwal and T. M. Said, “Role of sperm chromatin abnor-
malities and DNA damage in male infertility,” Human Repro-
duction Update, vol. 9, no. 4, pp. 331-345, 2003.

[4] V. W. Aoki, L. Liu, and D. T. Carrell, “Identification and eval-
uation of a novel sperm protamine abnormality in a popula-
tion of infertile males,” Human Reproduction, vol. 20, no. 5,
pp. 1298-1306, 2005.

[5] P. G. Bianchi, G. C. Manicardi, D. Bizzaro, U. Bianchi, and
D. Sakkas, “Effect of deoxyribonucleic acid protamination on
fluorochrome staining and in situ nick-translation of murine
and human mature spermatozoa,” Biology of Reproduction, vol.
49, no. 5, pp. 1083—-1088, 1993.

[6] W. S. Ward and D. S. Coffey, “DNA packaging and organiza-
tion in mammalian spermatozoa: comparison with somatic
cells,” Biology of Reproduction, vol. 44, no. 4, pp. 569-574,
1991.

[7] R. Balhorn, “A model for the structure of chromatin in mam-
malian sperm,” Journal of Cell Biology, vol. 93, no. 2, pp. 298—
305, 1982.

[8] K. Steger, “Transcriptional and translational regulation of gene
expression in haploid spermatids,” Anatomy and Embryology,
vol. 199, no. 6, pp. 471-487, 1999.

[9] M. L. Meistrich, B. Mohapatra, C. R. Shirley, and M. Zhao,
“Roles of transition nuclear proteins in spermiogenesis,” Chro-
mosoma, vol. 111, no. 8, pp. 483-488, 2003.

[10] R.Balhorn, “The protamine family of sperm nuclear proteins,”
Genome Biology, vol. 8, no. 9, p. 227, 2007.

[11] S.J.Raja and R. Renkawitz-Pohl, “Replacement by Drosophila
melanogaster protamines and Mst77F of histones during chro-
matin condensation in late spermatids and role of Sesame in
the removal of these proteins from the male pronucleus,” Mol-
ecular and Cellular Biology, vol. 25, no. 14, pp. 6165-6177,
2005.

[12] M. K. Manier, J. M. Belote, K. S. Berben, D. Novikov, W. T. Stu-
art, and S. Pitnick, “Resolving mechanisms of competitive fer-
tilization success in Drosophila melanogaster,” Science, vol. 328,
no. 5976, pp. 354-357, 2010.

[13] T. Morgan, “No crossing over in the male of Drosophila of
genes in the second and third pairs of chromosomes,” Biolo-
gical Bulletin, vol. 26, no. 4, pp. 195-204, 1914.

[14] S. W. Rasmussen, “Ultrastructural studies of spermatogenesis
in Drosophila melanogaster Meigen,” Cell and Tissue Research,
vol. 140, no. 1, pp. 125-144, 1973.

[15] R.Oliva, J. Mezquita, C. Mezquita, and G. H. Dixon, “Haploid
expression of the rooster protamine mRNA in the postmeiotic
stages of spermatogenesis,” Developmental Biology, vol. 125,
no. 2, pp. 332-340, 1988.

[16] C. H. Lee, 1. Bartels, and W. Engel, “Haploid expression of
a protamine gene during bovine spermatogenesis,” Biological
Chemistry Hoppe-Seyler, vol. 368, no. 7, pp. 807-811, 1987.

[17] L. Domenjoud, H. Kremling, P. Burfeind, W. M. Maier, and
W. Engel, “On the expression of protamine genes in the testis
of man and other mammals,” Andrologia, vol. 23, no. 5, pp.
333-337, 1991.



(18]

[26]

(27]

[28

K. A. Caldwell and M. A. Handel, “Protamine transcript shar-
ing among postmeiotic spermatids,” Proceedings of the Nation-
al Academy of Sciences of the United States of America, vol. 88,
no. 6, pp. 24072411, 1991.

K. Lee, H. S. Haugen, C. H. Clegg, and R. E. Braun, “Premature
translation of protamine 1 mRNA causes precocious nuclear
condensation and arrests spermatid differentiation in mice,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 92, no. 26, pp. 12451-12455, 1995.

S. Immler, “Sperm competition and sperm cooperation: the
potential role of diploid and haploid expression,” Reproduic-
tion, vol. 135, no. 3, pp. 275-283, 2008.

G. A. Parker, “Sperm competition and its evolutionary conseq-
uences in the insects,” Biological Reviews, vol. 45, no. 4, pp.
525-567, 1970.

R. R. Snook, “Sperm in competition: not playing by the num-
bers,” Trends in Ecology and Evolution, vol. 20, no. 1, pp. 46-53,
2005.

G. A. Parker, “Sperm competition games: sperm size and
sperm number under adult control,” Proceedings of the Royal
Society B, vol. 253, no. 1338, pp. 245-254, 1993.

G. A. Parker and M. E. Begon, “Sperm competition games:
sperm size and number under gametic control,” Proceedings
of the Royal Society B, vol. 253, no. 1338, pp. 255-262, 1993.

L. Domenjoud, G. Nussbaum, I. M. Adham, G. Greeske, and
W. Engel, “Genomic sequences of human protamines whose
genes, PRM1 and PRM2, are clustered,” Genomics, vol. 8, no.
1, pp. 127-133, 1990.

N. B. Hecht, K. C. Kleene, and P. C. Yelick, “Mapping of hap-
loid expressed genes: genes for both mouse protamines are loc-
ated on chromosome 16,” Somatic Cell and Molecular Genetics,
vol. 12, no. 2, pp. 203-208, 1986.

C. Cho, W. D. Willis, E. H. Goulding et al., “Haploinsufficiency

of protamine-1 or -2 causes infertility in mice,” Nature Gene-
tics, vol. 28, no. 1, pp. 82-86, 2001.

C. Rathke, B. Barckmann, S. Burkhard, S. Jayaramaiah-Raja, J.
Roote, and R. Renkawitz-Pohl, “Distinct functions of Mst77F
and protamines in nuclear shaping and chromatin conden-
sation during Drosophila spermiogenesis,” European Jour-
nal of Cell Biology, vol. 89, no. 4, pp. 326-338, 2010.

C. D. Jenkins, “Selection and the evolution of genetic life cyc-
les,” Genetics, vol. 133, no. 2, pp. 401-410, 1993.

S. B. Joseph and M. Kirkpatrick, “Haploid selection in ani-
mals,” Trends in Ecology and Evolution, vol. 19, no. 11, pp. 592—
597, 2004.

International Journal of Evolutionary Biology



	Introduction
	Materials and Methods
	Results and Discussion
	Acknowledgments
	References

