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Abstract

The global replacement of histones with protamines in sperm chromatin is widespread in 

animals, including insects, but its actual function remains enigmatic. We show that in the 

Drosophila paternal effect mutant paternal loss (pal), sperm chromatin retains germline histones 

H3 and H4 genome wide without impairing sperm viability. However, after fertilization, pal 
sperm chromosomes are targeted by the egg chromosomal passenger complex and engage into 

a catastrophic premature division in synchrony with female meiosis II. We show that pal 
encodes a rapidly evolving transition protein specifically required for the eviction of (H3-H4)2 

tetramers from spermatid DNA after the removal of H2A-H2B dimers. Our study thus reveals an 

unsuspected role of histone eviction from insect sperm chromatin: safeguarding the integrity of the 

male pronucleus during female meiosis.

Introduction

Sperm chromatin is generally characterized by a high level of DNA compaction, which 

reduces nuclear volume and contributes to the shape and hydrodynamic properties of the 

sperm head (1, 2). In many animal species, tight packaging of sperm DNA follows the 

replacement of nucleosomal histones with sperm nuclear basic proteins (SNBPs), such as the 

well-characterized mammalian protamines (3). This distinct, global chromatin remodeling 

process known as the histone-to-protamine transition occurs during spermiogenesis, the 

differentiation of post-meiotic spermatids (1, 2, 4). Although the histone-to-protamine 

transition is generally assumed to be essential for the formation of functional sperm, not 
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all animals use SNBPs for sperm chromatin assembly. For example, whereas mammalian 

sperm DNA is mostly packaged with protamines, many other vertebrates maintain a full 

nucleosome-based sperm chromatin (5, 6). Even within groups of related species (e.g., 

teleost fishes), sperm chromatin can vary between protamine based and histone based (7, 8). 

These repeated transitions between nucleosomal and nucleoprotamine sperm chromatin (3, 

9) have left the function of histone replacement by SNBPs unclear.

Despite their enormous diversity and ancient evolutionary history, all major orders of 

insects consistently encode “histone-free” packaging of sperm DNA (10–12). As the 

best characterized example, the model species Drosophila melanogaster has ultracompact 

sperm chromatin entirely organized with protamine-like SNBPs, except for centromeres 

that retain the centromeric histone H3 (CenH3) (1, 4, 13). This indicates that a stringent 

selective requirement for SNBP-based sperm chromatin must exist in insects. In this work, 

we discovered that the replacement of histones with SNBPs is functionally linked to a 

postfertilization process through the characterization of a Drosophila paternal effect mutant 

named paternal loss (pal).

Results

Paternal effect mutants represent a rare genetic resource to investigate sperm functions that 

are specifically required for the integration of paternal chromosomes in the zygote (14–18). 

The pal mutant, which was isolated more than fifty years ago, has been known to induce 

sporadic loss of paternal chromosomes at the onset of embryonic development (14, 19, 20), 

but the origin of this phenotype is unknown. In wild-type eggs fertilized by sperm from 

pal mutant males, loss of the paternal X chromosome, for example, occurs in about 3% of 

adult progeny and can lead to the development of bilateral gynandromorphs, with half male 

(X0) and half female (XX) tissues (20) (Fig. 1A). Similarly, losses of the Y chromosome 

and the small chromosome 4, but not one of the larger, essential chromosomes 2 or 3, 

were also detected in the progeny of pal males (14, 20). To investigate the cytological 

bases of these early chromosome losses, we collected wild-type eggs fertilized by sperm 

from pal mutant males (hereafter referred to as pal eggs). In Drosophila, after fertilization, 

the male and female pronuclei migrate to a central region of the egg where they appose 

without fusing their nuclear envelopes (Fig. 1B). We observed frequent (~50 to 60%; table 

S1) fragmentation of the male pronucleus at the apposition stage in pal eggs (Fig. 1C). As 

expected, this phenotype was followed by the sporadic loss or fragmentation of paternal 

chromosomes during the first and second embryonic mitoses (Fig. 1, D and E), which was in 

agreement with Baker’s original prediction based on adult mosaic analyses (20). In addition, 

we observed that about half of pal eggs did not hatch (table S2), suggesting that most of 

these early chromosomal defects cause embryonic arrest. Taken together, these observations 

indicate that loss of paternal chromosomes in pal eggs is a secondary consequence of a much 

more penetrant phenotype that affects the integrity of the male pronucleus.

Paternal chromosomes in pal eggs are aberrantly targeted by the CPC

We investigated the cause of male pronuclear fragmentation in pal eggs. In contrast to 

most vertebrates in which fertilization occurs in oocytes arrested in metaphase II of female 
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meiosis, insect fertilization occurs when female meiosis resumes from metaphase I arrest 

(21–26). In Drosophila, the earliest stage of fertilized eggs practically accessible to cytology 

is metaphase II, which is recognized by the presence of the female meiotic spindles 

organized in tandem (Fig. 1B). At this stage, in eggs fertilized by wild-type sperm (referred 

to as wild-type eggs), the sperm nucleus has already replaced its SNBPs with histones and 

typically appears as a small, roundish nucleus. We found that in pal eggs, the male nucleus 

was irregular in shape and almost systematically surrounded by a spindle of microtubules 

(96.4%, n = 28; Fig. 1F). Such ectopic, paternal spindles were not observed in wild-type 

eggs (0%, n = 36). Like female meiotic spindles, the paternal spindle in pal eggs was 

anastral (Fig. 1F) and sperm-derived centrioles were normally found in the sperm aster, 

a large aster of microtubules that captures the female pronucleus (fig. S1). The paternal 

pseudodivision progressed in synchrony with female meiosis II and the paternal chromatids 

derived from the haploid sperm nucleus eventually stretched between the spindle poles (Fig. 

1F). This suggests that paternal chromosomes in pal eggs follow the same cytoplasmic cues 

that control female meiosis progression. We thus investigated whether the pseudodivision 

of pal paternal chromosomes is triggered by the chromosomal passenger complex (CPC), 

which controls meiotic spindle formation in Drosophila oocytes by enabling kinetochore 

assembly and microtubule recruitment (27). A key subunit of the CPC is the Aurora B 

kinase, which phosphorylates histone H3 on serine 10 (H3S10ph) (28). In wild-type eggs 

in meiosis II, H3S10ph was exclusively found on maternal chromosomes (n = 21; Fig. 

1F). By contrast, in pal eggs, this histone mark decorated both maternal and paternal 

chromosomes (100%, n = 15; Fig. 1F). Consistently, INCENP, another CPC subunit (27), 

also aberrantly localized on paternal chromosomes and the paternal spindle in pal eggs (fig. 

S1). To demonstrate that the CPC was responsible for the cytological defects affecting the 

male pronucleus in pal eggs, we crossed pal males with females expressing a small hairpin 

RNA targeting aurora B (aurB) in the germline. As expected, maternal knockdown (KD) of 

aurB abolished phosphorylation of H3S10 on female chromosomes and prevented meiosis 

progression (fig. S2). In aurB KD eggs fertilized with pal sperm, we additionally observed 

a complete suppression of the pal pronuclear phenotype (fig. S2). We conclude that in pal 
eggs, the CPC instructs the paternal genome to engage in a pseudomeiotic division, leading 

to frequent pronuclear fragmentation and occasional losses of paternal chromosomes.

Histones H3 and H4 are aberrantly retained in pal sperm chromatin

Because pal is a paternal effect mutant, we investigated whether these egg phenotypes may 

result from an altered sperm chromatin organization. In Drosophila, the histone-to-protamine 

transition occurs at midspermiogenesis and noncentromeric histones are replaced with 

protamine-like SNBPs before the individualization of spermatids (1). Drosophila comprises 

a minimal set of nucleosome core histones, including canonical (or replicative) histones 

H2A, H2B, H3.2, and H4, and histone variants H2Av, H3.3, and Cid/CenH3 (29). We found 

that transgenic red fluorescent protein (RFP)–tagged H2A, H2Av, and H2B expressed in the 

male germline were completely removed from spermatid nuclei at the histone-to-protamine 

transition in control and pal testes (Fig. 2, A and B, and fig. S3, A and B). By contrast, 

although green fluorescent protein (GFP)–tagged H3.2 and H3.3 were also removed in 

control males, both transgenic H3 histones were aberrantly retained in pal mutants, marking 

all sperm nuclei (Fig. 2C and fig. S3C). Our immunofluorescence analyses also revealed 
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the persistence of acetylated H4 (H4ac) beyond the histone-to-protamine transition in pal 
testes (fig. S3D), thus suggesting that histones are retained as (H3-H4)2 tetramers on 

sperm DNA (tetrasomes) following the partial disassembly of nucleosomes. We observed 

that GFP-Cid, the Drosophila centromeric H3 that is retained in mature sperm (13), was 

normally distributed as four foci in pal sperm nuclei (fig. S3E). These results imply that, 

during normal Drosophila spermiogenesis, the removal of H2A-H2B dimers from spermatid 

nucleosomes is functionally uncoupled from the final elimination of (H3-H4)2 tetramers. 

To directly examine the dynamics of histone removal in transitioning spermatid nuclei, 

we simultaneously imaged H2A-RFP and H3.3-GFP and measured relative fluorescence 

intensities in spermatid cysts at different stages. We found that the disassembly of spermatid 

nucleosomes is a sequential process, with H2A-H2B dimers being eliminated first, followed 

by histones H3 and H4 (fig. S4). Notably, global retention of H3 and H4 in pal spermatozoa 

did not preclude loading of the major Drosophila SNBPs Protamine B (ProtB) and Mst77F 

(Fig. 2D and fig. S3A). However, western blot quantification of ProtB-GFP suggested that 

SNBPs are less abundant in pal sperm than in control sperm (fig. S5). Although pal sperm 

nuclei appeared regular and homogeneous in shape, they were on average 25% shorter 

and significantly wider than wild-type sperm nuclei (Fig. 2, D and E). This difference 

had no apparent impact on the motility or fertilization potential of pal gametes (Movie S1 

and fig. S6), revealing the remarkable plasticity of Drosophila spermatozoa with respect 

to their chromatin composition and nuclear morphology. We conclude that the pal gene is 

specifically required for the elimination of H3 and H4 at the histone-to-protamine transition.

pal sperm rescues the viability of Hira mutant eggs

We then sought to evaluate the actual contribution of pal sperm histones to paternal 

nucleosome reassembly after fertilization. Crossing H3.3-GFP–expressing pal males with 

wild-type females revealed that H3.3-GFP specifically decorated paternal chromatin in 

the male pronucleus and throughout the first zygotic division (100%, n = 18; Fig. 3A). 

Thus, paternally transmitted histones in pal sperm directly contribute to the formation of 

paternal nucleosomes in the egg. We then wondered whether maternal H3 and H4 histones 

stored in the egg are nevertheless required for male pronuclear formation in pal eggs. 

In both vertebrates and invertebrates, genome-wide histone deposition on paternal DNA 

following SNBP removal is initiated by the conserved HIRA histone chaperone complex 

(30). Specifically, maternal HIRA assembles (H3.3-H4)2 tetramers in the male pronucleus 

in a replication-independent manner. In the absence of functional HIRA, such as in the 

Drosophila maternal effect mutant sésame (Hirassm), fertilized eggs fail to initiate paternal 

nucleosome assembly and develop only with maternal chromosomes, which leads to haploid 

development and full embryonic lethality (31, 32). We observed that crosses between 

Hirassm females and pal males were fertile, with embryo hatching at rates on par with 

that of control crosses involving pal males and wild-type females (Fig. 3B and table S2). In 

addition, both crosses produced a similar number of adult progenies (Fig. 3C), and pal males 

were also able to restore the fertility of females with germline knockdown of Hira (table 

S2). At the cytological level, instead of the typical Hirassm phenotype showing a round, 

inert male pronucleus, Hirassm eggs fertilized by pal sperm showed only a pal phenotype, 

demonstrating that pal is epistatic to Hirassm (Fig. 3D). This suggests that, in pal sperm 

chromatin, H3 and H4 are present as tetrasomes throughout the paternal genome, thus 
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bypassing the need for HIRA during male pronuclear formation. To determine the timing of 

paternal nucleosome reconstitution in pal eggs, we crossed pal mutant males with transgenic 

females expressing H2A-RFP. Maternal H2A-RFP decorated the male pronucleus of pal 
eggs as early as meiosis II (100%, n = 13) in a way indistinguishable from that of control 

eggs (100%, n = 11) (Fig. 3E). This result confirms that in pal eggs, H2A-H2B dimers 

stored in the egg cytoplasm are deposited on sperm tetrasomes in a replication-independent 

manner.

We conclude that the persistence of H3-H4 in pal sperm establishes an aberrant epigenetic 

identity of paternal chromosomes at fertilization, ultimately leading to their incorrect 

recognition by the CPC as maternal chromosomes during the second female meiotic 

division.

pal encodes a fast-evolving transition protein

To identify the pal gene, we performed a classical deficiency mapping of the original 

pal1 allele (19,20). We narrowed down the pal locus to a 76-kb interval in region 30C of 

chromosome 2L (Fig. 4A and table S1; see the supplementary text). Across this region, 

whole-genome sequencing of pal1 flies identified a nonsense point mutation in CG31882, a 

small, intronless gene specifically expressed in testes and predicted to encode a 121–amino 

acid (aa) basic protein (Fig. 4B and fig. S7). The premature stop codon in pal1 leads to 

30-aa C-terminal truncation of CG31882 protein. To validate that CG31882 is indeed pal, 
we generated a deletion that removes most of CG31882 coding region with CRISPR-Cas9. 

The deletion, named palΔ4, recapitulated the phenotypes of pal eggs (Fig. 4B and table S2). 

By contrast, we found that a previously reported insertion-deletion allele, CG31882RT4 (33), 

which likely causes changes in the N terminus of the protein, did not impair pal function 

(fig. S7; see supplementary text). We also generated transgenes expressing wild-type Pal 

or Pal tagged with V5 (Pal-V5) under the endogenous regulatory regions of pal (Fig. 4B), 

which rescued the cytological defects of pal eggs (table S1). Both transgenes also restored 

full embryo lethality in crosses with Hirassm females (table S2), thus confirming that the 

CG31882 is the pal gene and demonstrating that Pal-V5 is functional.

At the cytological level, in testes, we observed that Pal-V5 transiently accumulates in 

spermatid nuclei undergoing the histone-to-protamine transition (Fig. 4, C and D). Pal-V5 

first appeared in spermatids that had begun to incorporate the transition protein Tpl94D (10) 

and were still positive for H4ac (Fig. 4, C and E). Pal-V5 was still detectable shortly after 

H4ac disappearance but vanished before that of Tpl94D (Fig. 4, D to E). We thus conclude 

that Pal is a transition protein required for histone H3 and H4 eviction before the final 

deposition of SNBPs (Fig. 4F).

Previous analyses had suggested that CG31882 is an evolutionarily young, testis-specific 

gene limited to species of the D. melanogaster subgroup, identified through sequence 

homology searches (33–35). However, our examination of syntenic regions flanked by 

GlcAT-S and Apoltp revealed orthologs of this gene in most surveyed melanogaster group 

species as well as in other Drosophilinae subfamily species (Fig. 4G and fig. S8A). RNA 

sequencing analyses further confirmed their testis- or male-specific expression (table S3). 

Comparison of the different pal orthologs reveals that its protein evolutionary rate [the 
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nonsynonymous substitution rates (dN) normalized by synonymous substitutions rates (dS)] 

in the D. melanogaster subgroup is higher than that of most genes, including known SNBPs 

(fig. S8B) (36, 37). Although we did not detect any positively selective sites using the site 

model in PAML (P = 0.59), the highly divergent Pal proteins share a conserved 20-aa motif 

at their C terminus (Fig. 4G). This motif, which is truncated in the pal1 allele, is thus likely 

of critical importance for Pal function. In some melanogaster group species, such as D. 
ananassae, pal orthologs are apparently absent despite their conservation in more divergent 

species (Fig. 4G). Our findings are reminiscent of another study in Drosophila in which it 

was found that young, rapidly evolving SNBP genes are more likely to encode important 

functions than older, evolutionarily constrained genes (37). Thus, even though the histone 

eviction function is critical, the genetic means by which this function is mediated may vary 

across Drosophila and other insect species.

Discussion

Paternal effect mutants represent invaluable genetic tools to investigate the influence of 

spermiogenesis and sperm chromatin composition on the fate of paternal chromosomes at 

fertilization. In Drosophila, the molecular characterization of K81 (15, 38) and deadbeat 
(17) has, for example, revealed that these paternal gene products establish an epigenetic 

protection of sperm telomeres in the egg. Similarly, Heterochromatin Protein 1E exerts a 

transgenerational effect on the integrity of paternal chromosomes during the first mitosis 

(16). The elucidation of the pal phenotype now sheds light on the role of sperm histone 

elimination as an adaptation to constraints exerted by the egg cytoplasm on the fertilizing 

sperm nucleus.

Our characterization of pal first reveals the extraordinary plasticity of insect sperm 

chromatin composition. Although Drosophila spermiogenesis is sensitive to the loss of 

particular SNBPs (39–41), the global retention of H3 and H4 histones observed in pal 
mutants has no detectable impact on sperm differentiation or function despite substantial 

changes in nuclear morphology. It suggests that major diversification of sperm chromatin 

composition in animals could result from minimal changes in genes involved in the histone-

to-protamine transition.

In pal sperm, we hypothesize that (H3-H4)2 tetramers are distributed throughout the 

genome, reflecting the original position of nucleosomes before the removal of H2A 

and H2B at the histone-to-protamine transition. These tetrasomes must then coexist 

with SNBPs that are subsequently deposited, although less abundantly than in normal 

sperm chromatin. Incidentally, this study also establishes that histone elimination during 

Drosophila spermiogenesis is a sequential process, with the removal of H2A-H2B and 

H3-H4 being temporally and functionally distinct. Notably, during mouse spermiogenesis, 

the replacement of H2A and H2B with testis-specific histone variants prepares the final 

replacement of nucleosomes with protamines (42–44), whereas in Xenopus, only H2A-H2B 

dimers are partially replaced with SNBPs, leading to the retention of H3 and H4 in sperm 

(45). The sequential elimination of histones in spermatids could thus be widespread in 

animals.
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The recurrent packaging of sperm DNA with nonhistone proteins is a longstanding mystery 

in chromatin biology and evolution. Main hypotheses on this specialization include sperm 

nuclear compaction, transcriptional shutdown in spermatids, and sperm DNA protection 

against damages (5, 44, 46). Our work now suggests that the timing of egg fertilization 

with respect to female meiosis progression is a previously unexplored, key determinant of 

sperm chromatin evolution in animals. In insects, early fertilization (metaphase of meiosis I) 

inevitably exposes the decondensing sperm nucleus to egg cytoplasmic cues that initiate the 

second meiotic division of maternal chromosomes. We propose that the global and invariable 

replacement of histones with SNBPs in insects establishes an epigenetic identity of paternal 

chromosomes that prevents their deleterious interaction with the egg CPC. In vertebrate 

eggs, the relatively late oocyte fertilization timing (metaphase of meiosis II) may offer a 

more permissive environment to the fertilizing sperm nucleus during its transformation into 

a pronucleus. In support of this possibility, premature chromosome condensation of sperm 

chromosomes, a defect highly reminiscent of the pal phenotype, is frequently observed 

when in vitro fertilization or intracytoplasmic sperm injection is performed with immature 

mammalian oocytes (47, 48). The temporal uncoupling of female meiosis II initiation and 

male pronuclear formation in vertebrates could have thus favored the extreme diversification 

of sperm chromatin types, including histone-based sperm chromatin. Still, other animals 

with an early type of fertilization, such as the model nematode Caenorhabditis elegans, 

maintain histone-based sperm chromatin (49), which suggests the evolution of additional, 

yet unknown mechanisms to protect the paternal genome during the formation of the diploid 

zygote.
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Fig. 1. pal induces premature condensation of paternal chromosomes at fertilization.
(A) A gynandromorph obtained from a cross between pal1 males and w1118 females. Cells 

in the right half (male) are missing the white+ (red eye color) paternal X chromosome 

(XP) and have only the white maternal X chromosome (XM). Note the shorter male 

wing and presence of sex combs on first leg (arrow). (B) Schematic of fertilization and 

zygote formation in Drosophila. Sperm chromatin (green), nucleosomal chromatin (red), 

microtubules (black), sperm tail, and centrioles (blue). PB, polar bodies; PN, pronuclei. 

(C) (Top) Apposed male and female pronuclei in a control egg. (Bottom) A fragmented 

male pronucleus in an egg fertilized by pal1 sperm. WT, wild type. (D) A pal1 embryo 

during first mitosis with one small chromosome positioned outside the main spindle 

(arrow). (E) Second mitosis in a pal1/Df(2L)ED690 embryo with genetic material scattered 

between the two spindles (arrows). (F) (Left) Control eggs at the indicated phase of female 

meiosis II. The male pronucleus (inset) remains associated with the sperm aster. (Right) 
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In pal1/Df(2L)Exel6024 eggs at metaphase of female meiosis II, an ectopic spindle is 

formed around the male pronucleus, which aberrantly stains for H3S10ph. In anaphase and 

telophase II, the paternal chromosomes are stretched between the spindle poles. All scale 

bars, 10 μm.
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Fig. 2. H3 and H4 are retained in pal sperm chromatin.
(A) Schematic illustrating the spermiogenesis stages shown in (B) and (C). F-actin cones 

forming the individualization complex (IC) progress from the anterior end (right) to the 

posterior end (left) of spermatids. The presence of IC (orange) on spermatid nuclei (blue) 

indicates the end of the histone-to-protamine transition. (B) Confocal images of spermatid 

nuclei at the indicated stage. In both control (pal1/+) and pal1/Df(2L)Exel6024 testes, 

H2A-RFP is eliminated at the histone-to-protamine transition, before the formation of 

individualization cones (F-actin). (C) H3.3-GFP is eliminated from control spermatids but is 
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aberrantly retained in pal1/Df(2L)Exel6024 spermatids and mature spermatozoa in seminal 

vesicles (SV). (D) pal sperm nuclei incorporate ProtamineB-GFP (ProtB-GFP). Mutant 

sperm nuclei have aberrant morphology of compared with control sperm nuclei (close-up, 

right). Scale bars, 10 μm. (E) Measurements of sperm nuclear length and width in wild-type 

(WT) (n = 136) and pal1 (n = 194) seminal vesicles. t test, ****P < 0.0001.
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Fig. 3. pal sperm rescues Hira maternal effect embryo lethality.
(A) H3.3-GFP is paternally transmitted by pal1/Df(2L)Exel6024 males and is detected 

on paternal chromatin during the first mitosis. WT, wild type. (B) Percentage of hatched 

embryos obtained from the indicated crosses. Df represents Df(2L)Exel6024. (C) Mean 

number (±SD) of F1 adult progeny produced by the indicated crosses. (D) In Hirassm 

control eggs (left), the male pronucleus is round and does not stain for H4ac. In Hirassm 

eggs fertilized with sperm from pal1/Df(2L)Exel6024 males (right), a spindle forms around 

paternal chromosomes, which stain for H4ac. Arrows indicate the center of the sperm aster. 
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Both eggs are infected with the natural endosymbiont Wolbachia, which is visible as faint 

dots in the green channel. (E) Maternal H2A-RFP is deposited in paternal chromatin during 

decondensation of the male pronucleus in both WT and pal1/Df(2L)Exel6024 eggs. All scale 

bars, 10 μm.
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Fig. 4. Pal is a fast-evolving transition protein.
(A) Deficiency mapping of pal1. The CG31882/pal genetic region is shown in purple. (B) 

Schematic of CG31882/pal alleles and pal-V5 rescue transgene. (C) Pal-V5 is detected in 

spermatid nuclei that are positive for Tpl94D-RFP but negative for ProtB-GFP (arrowheads). 

The numbers in gray circles correspond to the stages defined in (F). (D) Quantification of 

Pal-V5– and Tpl94D-RFP–positive cysts per testis indicates a shorter residency time of Pal 

in spermatid nuclei. (E) Pal-V5 is detected shortly before and after H4ac disappearance. 

(F) Schematic testis that shows the progression of the histone-to-protamine transition. The 
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stages (one to five) are defined by the presence or absence of indicated chromosomal 

proteins [see also (C) and (E)]. (G) (Left) Representation of pal homologs and their 

neighboring genes, GlcAT-S and Apoltp, in 13 Drosophila species and an outgroup species, 

Scaptodrosophila lebanonensis (subfamily Drosophilinae), whose phylogenetic relationships 

and divergence times are indicated on the left. There is an apparent absence of a pal 
homolog in D. ananassae and D. bipectinata. (Right) Pal proteins share a 21-aa conserved 

C-terminal domain, with relative size of letters indicating aa frequency at each position. 

Species (nonexhaustive) of the D. melanogaster group and subgroup are shown (gray 

backgrounds).
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