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Abstract 

Special chromosomes limited to the germ line (=Ks) and exceptional genetic events such as 

elimination mitoses and a monopolar migration of the Ks in the last gonial mitosis are specific 

features of the complex chromosome cycle occurring in the chironomid Acricotopus lucidus. In 

the male, this unequal differential gonial mitosis results in a regular spermatocyte possessing all 

the Ks in addition to the somatic chromosomes (=Ss) and an aberrant spermatocyte containing 

only Ss. During evolution, the Ks have developed from the Ss and are composed of euchromatic 

S-homologous sections and heterochromatic segments. Less is known about the function and the 

transcriptional activity of the Ks. Specific post-translational histone modifications are known to 

be associated with transcriptionally active and inactive states of the chromatin. In an 

immunofluorescence study, the distribution of the following acetylated (ac), methylated (me) and 

phosphorylated (ph) amino acids in the histones H3 and H4 were analysed in Ks and Ss in male 

gonial mitoses and meiosis of A. lucidus, namely H3K18ac and H4K8ac, H3K4me3 and 

H3K9me3, H3S10ph, H3S28ph and H3T3ph. Ks and Ss clearly differ in the distribution of 

H3S28ph in gonial and meiotic metaphases. The H3S28ph mark covered the entire Ss, while the 

Ks showed this label only on their pericentromeric heterochromatin bands containing germ line-

specific repetitive DNA sequences. A differential timing in the dephosphorylation of H3S10ph, 

H3S28ph and H3T3ph between Ks and Ss within the same cell was detected in the last gonial 

mitosis. The dephosphorylation occurred earlier in the Ks migrating first to the pole, than in the 

later equally segregating Ss. A programmed rapid histone deacetylation and dephosphorylation 

happened in the unseparated Ss of the aberrant spermatocyte at metaphase I in the connected 
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primary spermatocyte, which correlated with the beginning of a permanent inactivation of these 

Ss in a metaphase-like condensed state. In meiosis, phosphorylated H3T3 could be detected only 

in metaphase II chromosomes at the inner centromeres of the attached sister chromatids. The 

H3T3ph labelling at these region was recently reported to be essential in mitosis for correct 

deposition of components of the chromosomal passenger complex and so for proper alignment, 

sister chromatid cohesion and segregation of chromosomes (Wang et al., Science 330:231-235, 

2010; Curr Biol 21:1061-1069, 2011). Importantly, in spermatocytes the euchromatic sections of 

the Ks were strongly acetylated at H3K18 and H4K8 and trimethylated at H3K4 during meiosis I 

and II, while the euchromatin of the meiotic Ss was hypoacetylated and hypomethylated at these 

sites. This result suggests a silencing of the Ss during spermatocyte meiosis. The high levels of 

active histone modifications detected in the euchromatic K sections support the idea that the Ks 

of A. lucidus are transcriptionally active in the germ line. 
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Abbreviations 

DAPI            4’,6-Diamidino-2-phenylindole 

FISH            Fluorescence in situ hybridization 

FITC            Fluorescein isothiocyanate 

Ks                Germ line-limited ('Keimbahn') chromosomes 

PBS              Phosphate buffered saline 

Ss                 Somatic chromosomes 

 

 

Introduction 

Extra chromosomes occurring only in the germ line cells have been discovered in the dipteran 

families of the Cecidomyidae, Chironomidae and Sciaridae, in some hagfish species 

(Cyclostomata), and also in the zebra finch (White 1973; Gerbi 1986; Goday and Esteban 2001; 

Pigozzi and Solari 2005; Itoh et al. 2009; Kojima et al. 2010). In the chironomid Acricotopus 

lucidus, these germ line-limited chromosomes (=Ks; K being derived from “Keimbahn”; Bauer 

and Beermann 1952) and the somatic chromosomes (=Ss) pass through a complex chromosome 

cycle with interesting genetic specialities such as elimination mitoses and monopolar migration 

of chromosomes (Bauer and Beermann 1952; Redi et al. 2001; Staiber 2007). In the last gonial 

mitosis prior to meiosis all of the Ks move unseparated to only one cell pole, while the Ss first 

stay back in the equatorial plane and then segregate equally. In the male, the one daughter cell of 

this differential mitosis, which receives all the Ks and two sets of Ss, differentiates into a regular 

spermatocyte and later undergoes meiosis, while the other cell, that obtains only two S sets, 
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develops to an aberrant spermatocyte. Cytokinesis is incomplete and the daughter cells remain 

connected by a permanent cytoplasmic canal (Fig. 1). 
 

 

Fig. 1 Diagram summarising the most relevant chromosomal events in male differential gonial mitosis, 

meiosis I and meiosis II of Acricotopus lucidus. S, soma chromosomes (red, 2n = 6); K, germline-limited 

chromosomes (blue, variable number); asp, aberrant spermatocyte; sp I, primary spermatocyte; sp II, 

secondary spermatocyte; sp, spermatid. 

 

During premeiotic growth of the primary spermatocyte most of the mitochondria of the aberrant 

spermatocyte are actively transported via a connecting canal to the primary spermatocyte 

(Staiber 2007). In meiosis I of the primary spermatocyte, the development of the joined aberrant 

spermatocyte is blocked, which is clearly seen by the form of their chromosomes which are 

arrested in a metaphase-like condensed state (Staiber 2008). This condensed state of the 

chromosomes persists during meiosis II, and the beginning spermiogenesis (Fig. 1).   

     Chromosome painting with probes of the three Ss hybridised onto the Ks of spermatogonial 

metaphases and meiotic stages, and the microdissection and cloning of K heterochromatin DNA 

clearly demonstrated that the Ks have developed from the Ss during evolution and are composed 
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of S-homologous sections and heterochromatic segments containing germ line specific highly 

repetitive DNA sequences (Staiber et al. 1997; Staiber and Schiffkowski 2000). 

     Less is known about the function and the transcriptional activity of the Ks in the germ line. 

Experiments in cecidomyiids, in which the additional chromosomes were eliminated from the 

germ line, demonstrated that the presence of these chromosomes is indispensable for the normal 

development of germ cells in both sexes (Geyer-Duszynska 1966, Bantock 1970). The S-

homologous sections in the Ks of A. lucidus contain sequences that can be transcriptionally 

activated. This was shown on polytene salivary gland chromosomes containing X-ray 

translocated K sections. The K-derived sections exhibited S-homologous banding patterns and 

formed puffs, and in one case even a regular Balbiani ring (Staiber and Thudium 1986; Staiber 

2002). 

     Specific post-translational modifications of amino acids in the N-terminal tails of the core 

histones have been shown to be associated with transcriptionally active or inactive states of the 

chromatin (Santos-Rosa and Caldas 2005; Bannister and Kouzarides 2011). Methylation of 

histone H3 at Lys4 correlates with gene transcription, mostly found on promoter regions but also 

within the mRNA coding regions of actively transcribed genes, while methylation of histone H3 

at Lys9 is associated with transcriptionally inactive chromatin and heterochromatinisation 

(Fischle et al. 2005; Santos-Rosa and Caldas 2005; Shilatifard 2008). Histone acetylation at 

lysines is generally linked to gene activation and is a mark of active chromatin (Bannister and 

Kouzarides 2011). Increasing levels of histone H3 phosphorylated at Ser10 and Ser28 correlate 

with increasing chromatin compaction during chromosome condensation in mitosis and meiosis 

(Wei et al. 1998; Nowac and Corces 2004; Xu et al. 2009). 

     In the present study, the distribution patterns of histone H3 phosphorylated at Ser10, Ser28 

and Thr3 (H3S10ph, H3S28ph, H3T3ph), trimethylated at Lys4 and Lys9 (H3K4me3, 

H3K9me3) and acetylated at Lys18 (H3K18ac), and of histone H4 acetylated at Lys8 (H4K8ac), 

were analysed by immunofluorescence in Ks and Ss during male gonial mitosis and meiosis in A. 

lucidus. 

     Clear differences in the distribution of H3S28ph between Ss and Ks were detected in gonial 

and meiotic metaphases. Interestingly, during differential gonial mitosis within the same cell the 

dephosphorylation of H3S10ph, H3S28ph and H3Tph started at different times in Ks and Ss. A 

programmed rapid dephosphorylation of H3S10ph and H3S28ph, and histone deacetylation, 

occurred in the Ss of the aberrant spermatocyte at the time of metaphase I in the connected 

primary spermatocyte, and this activity closely correlates with the beginning of inactivation of 

the Ss during whole meiosis.  

     The phosphorylation of H3T3 at the inner centromeres during mitosis was recently reported 

to be necessary for the correct positioning and accummulation of components of the 

chromosomal passenger complex (CPC) (Dai et al. 2005, 2006; Wang et al. 2010, 2011). In 

meiosis of A. lucidus, the same distribution of the H3T3ph mark was detected in metaphase II 

chromosomes at the inner centromere regions between the attached sister chromatids. 
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    During both meiotic divisions, the euchromatic sections of the Ks were found to be heavily 

acetylated at H3K18 and H4K8, and trimethylated at H3K4, all known markers of 

transcriptionally competent or active chromatin. In contrast, the meiotic Ss were clearly 

hypoacetylated and hypomethylated at these sites, indicating a silencing of them in the spermato-

cytes. The high level of active histone modifications in the euchromatic sections of the Ks 

strongly supports the idea that the Ks of A. lucidus are transcriptionally active in the germ line. 

 

 

Materials and methods 

Chromosome preparation and fixation 

Testes of young fourth instar larvae and young prepupae of Acricotopus lucidus (Diptera, 

Chironomidae) were dissected in Ringer’s solution (100 mM NaCl, 3 mM KCl, 3 mM CaCl2, pH 

7.2) for the preparation of gonial mitoses and meiotic stages. The gonads were immediately fixed 

in 3% paraformaldehyde in phosphate buffered saline (PBS), pH 6.9, 0.1% Triton
®
-X 100, for 3 

min, incubated in a 10 µl drop of 50% acetic acid, 1% paraformaldehyde, for 1-3 min, and were 

then squashed. Preparations were frozen in liquid nitrogen to remove the coverslips, post-fixed in 

3.7% formaldehyde in PBS for 10 min, washed three times in PBS, and then placed in PBS, pH 

6.9, at room temperature for the subsequent immunodetection, or were stored in 80% glycerol in 

PBS at -20°C. 

 

Immunofluorescence and microscopy 

Chromosome preparations were treated with 0.4% Triton
®
 X-100 in PBS, pH 6.9, for 4 h, and 

then placed in 4% non-fat dry milk in PBS, pH 7.4, for at least 4 h. The preparations were 

covered with polyclonal rabbit antibodies for detection of H3K4me3 (Abcam; #ab8580) and 

H3K9me3 (Abcam; #ab8898), H3S10ph (Upstate; #06-570, lot 24019; and Cell Signaling; 

#9701, lot 13), H3S28ph (Cell Signaling; #9713, lot 1), and H3T3ph (Cell Signaling; #9714, lot 

1), H3K18ac (Cell Signaling; #9675, lot 2) and H4K8ac (Upstate; #07-328), diluted 1:50 to 

1:100 in PBS with 3% BSA, and incubated in a humidified chamber under plastic coverslips at 

5°C overnight. After four washes of 10 min each in PBS, pH 7.4, 0.2% Tween
®
 20, preparations 

were overlayed with fluorescein isithiocyanate (FITC)-conjugated goat anti-rabbit IgG (Jackson 

Laboratories) as secondary antibody, diluted 1:50 in PBS with 3% BSA at room temperature for 

at least 1h or at 5°C overnight. After three final washes the chromosomes were counterstained 

with 0.2µg/mL 4’,6-diamidino-2-phenylindole (DAPI) in PBS, pH 7.4, for 5 min and mounted in 

Vectashield antifade solution (Vector Laboratories). 

     Fluorescence images were captured with a Zeiss Axioplan epifluorescence microscope 

equipped with a Plan-Neofluar 100/1.3 objective, and a Canon 450D digital camera. Images 

were further processed with a Corel Draw software package.  
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Chromosome painting and Giemsa C-banding 

The generation of painting probes of the three somatic chromosomes of A. lucidus by microdis-

section and DOP-PCR, the preparation of spermatogonial mitoses and the fluorescence in situ 

hybridisation (FISH) were performed as described in Staiber (2009). Giemsa C-banding of 

spermatogonial metaphases was done according to the method of Hsu (1971). 

 

 

Results 

Distribution of eu- and heterochromatin in the somatic and the germ line-limited  

chromosomes of A. lucidus 
 

In A. lucidus the gonial germ line cells in both sexes exhibit, in addition to three pairs of somatic 

chromosomes (=Ss), a variable number of 6 to 16 germ line-limited chromosomes (=Ks). Nine 

different K types, which form, in various compositions, the K complements can be distinguished 

by G-banding (Staiber 1988). Multicolor FISH with whole chromosome painting probes of the 

three Ss (I-III) onto spermatogonial metaphases demonstrates that each of the euchromatic 

sections of the different Ks contains S-homologous DNA sequences, and are painted by one of 

the S probes (Fig. 2a). The heterochromatic segments of the Ks are devoid of hybridisation 

signals and are intensely stained by DAPI (Fig. 2a, b). The homologous Ss display characteristic 

close pairing in spermatogonial metaphases and also in metaphases of ganglion cells (Fig. 2b, c). 

     The distribution of the heterochromatin in the Ss and Ks is clearly visible in the C-banded 

spermatogonial metaphase in Figure 2d. The Ss reveal only dot-like heterochromatic segments at 

their centromeres, while the Ks, except K9, display large pericentromeric, central and terminal 

heterochromatin bands, as can be clearly seen in the slightly stretched K1 shown in the insert of 

Figure 2d. Some of the K types can be easily identified just by their characteristic morphology, 

without banding or painting, as e.g. K4 and K9 (Fig. 2b).  

                

 

Histone modification patterns of Ss and Ks in spermatogonial metaphases  

and differential mitoses of A. lucidus 

 

The immunodetection of H3S10ph on chromosomes of spermatogonial metaphases and of 

differential mitoses with early monopolar moving Ks and still equatorially arranged Ss, revealed 

an intense uniform staining of the entire Ss and Ks (Fig. 3a, a’). In contrast, the H3S28ph 

distribution is quite different in Ss and Ks. In gonial metaphases, the paired Ss are completely 

decorated by the H3S28ph antibody, and show bright fluorescence, while the Ks are labelled 

only at their pericentromeric heterochromatin bands (Fig. 3b). In differential mitoses, a short 

time after the beginning of the monopolar migration of the Ks, the pericentromeric H3S28ph 

mark disappears from the Ks, while the remaining Ss keep the high level of phosphorylated 
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H3S28 (Fig. 3b’). The immunolocalisation of H3T3ph resulted in the same intense labelling of 

the whole of the Ss and Ks, as detected for H3S10ph (Fig. 3c, c’).    
 

 

Fig. 2  Distribution of eu- and heterochromatin in the somatic chromosomes (S) and the germ line-limited 

chromosomes (K) of Acricotopus lucidus. a Three-color FISH using whole chromosome painting probes 

of the three Ss, SI (purple), SII (red), SIII (green), onto a spermatogonial metaphase. Each euchromatic 

section of the Ks is painted by one of the S probes. Heterochromatic segments are visualised by DAPI 

(blue). The homologous Ss are closely paired. b Reverse DAPI image of the metaphase in a. c Metaphase 

of a ganglion cell of A. lucidus with 2n = 6 Ss. d C-banded spermatogonial metaphase showing the 

heterochromatic segments of the Ss and Ks. Insert: the slightly stretched K1 displays two pericentromeric 

(arrowheads) and three terminal (dashes) heterochromatic segments. I-III and dots, soma chromosomes 

SI-SIII; 1,4, and 9, germ line-limited chromosomes K1, K4, K9. Bars, 5 µm 

  

     The antibody against H3K4me3 specifically decorates the euchromatic sections of the Ss and 

Ks in spermatogonial metaphases (Fig. 3d), and in differential mitoses (Fig. 3d’). The hetero-

chromatic segments of Ss and Ks are devoid of the H3K4me3 mark and are clearly visible as 

gaps in the green immunofluorescent labelling, as seen for example on the large central hetero-

chromatic block of the germ line-limited chromosome K4 (arrowheads in Fig. 3d).                                                                                             
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     The immunolocalisation of H3K9me3 in spermatogonial metaphases, and differential 

mitoses, revealed a faint staining of the centromeric heterochromatin of the Ss and a clear 

staining of the pericentromeric and terminal heterochromatin bands of the Ks, but no labelling of 

the central heterochromatic block of K4 (Fig. 3e, e’). The H3K9me3 positive segments are 

identical with the C-banding positive segments in Figure 2d, with the exception of K4. 
 

 

Fig. 3  Immunofluorescence images of the distribution of histone modifications in Ss and Ks of 

Acricotopus lucidus in spermatogonial metaphases (a-f) and in differential gonial mitoses (a’-f’) with 

early monopolar-moving Ks (to the right pole, arrowhead in a’). Chromosomes are counterstained with 

DAPI and pseudocolored red. a, a’ H3S10ph. The entire Ss and Ks are uniformly and intensively labelled 

by the antibody. a’ The section of an interphase nucleus (IN) is devoid of signals. b, b’ H3S28ph. Quite 

different immunostaining patterns of Ss and Ks. The Ss are completely stained, while the Ks are labelled 

only at the pericentromeric heterochromatin bands. c, c’ H3T3ph. The whole Ss and Ks are immuno-

labelled. d, d’ H3K4me3. The euchromatic arms of the Ss and the euchromatic sections of the Ks are 

intensely stained, while the heterochromatic segments of Ss and Ks are not labelled (arrows). Arrowheads 

indicate the large central heterochromatin blocks of the K4s. e, e’ H3K9me3. The centromeric hetero-

chromatin of the Ss (dots) and the pericentromeric and terminal heterochromatic segments of the Ks are 

marked. f, f’ H3K18ac. The condensed Ss and Ks are devoid of H3K18ac signals in contrast to the section 

of an interphase nucleus (IN) in f. Bar, 10 µm 
 

     The immunodetection of H3K18ac and H4K8ac, both markers of active chromatin (Wang et. 

al. 2008; McDonald and Howe 2009), resulted in a clear staining of gonial interphase nuclei, but 

revealed no signals on the condensed Ss and Ks of spermatogonial metaphases and differential 

mitoses (Fig. 3f, f’). After differential mitosis, the decondensed Ss in the aberrant spermatocyte 

nuclei display clear acetylation marks at these sites (not shown). 
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Different timing in histone dephosphorylation of Ss and Ks during  

differential gonial mitoses of A. lucidus 

 

In normal spermatogonial mitoses, the phosphorylation of H3S10 in Ss and Ks increases during 

prophase and through to metaphase, with the progressive chromosome condensation (Fig 4a, 

stage 1).  
 

 

Fig. 4  Distribution of H3S10ph and H3T3ph, and different timing of dephosphorylation in Ss and Ks 

during normal spermatogonial mitoses and differential gonial mitoses of Acricotopus lucidus. a Four 

successive stages of normal mitoses (1-4) with regular segregation of Ss and Ks. In the metaphase (1), 
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and in the early (2) and mid (3) anaphase the entire Ss and Ks are intensely stained by the H3S10ph 

antibody. In late anaphase (4) a clear reduction of staining can be seen around the centromeric regions of 

the poleward moving chromosomes (arrows). b-e Successive stages of differential mitoses (1-6). At the 

beginning of the monopolar movement (arrowhead) of the Ks (1), the remaining Ss and the Ks are 

equally stained. A progressive dephosphorylation of H3S10ph visible in a decreasing immuno-

fluorescence occurs in the poleward moving Ks (2-5), while in the segregating Ss the H3S10ph staining 

persists. In telophase (6), the Ss in the arising primary spermatocyte (spI) and in the aberrant 

spermatocyte (asp) are devoid of labelling. f Phase contrast image of an asp in interphase and a spI. Both 

cells remain connected by a permanent cytoplasmic canal (arrow). g Successive stages of differential 

gonial mitoses (1-6) showing the different timing of dephosphorylation of H3T3ph in the Ks and Ss. 

Bars, 10 µm 

 

The strong H3S10ph immunofluorescence of the equally segregating Ss and Ks persists during 

early and mid anaphase (Fig. 4a, stages 2 and 3). Clear signs of dephosphorylation of H3S10ph, 

visible in a reduction of antibody staining around the centromeric regions moving ahead to the 

poles, were detected in late anaphase (Fig. 4a, stage 4). In differential gonial mitosis at the 

beginning of the monopolar migration of the Ks, the Ks and the still equatorially arranged Ss are 

entirely decorated with the H3S10ph antibody (Fig. 4b, stage 1). With the onset of the equal 

segregation of the still intensely labelled Ss a clear reduction of the H3S10ph antibody staining is 

visible in the poleward-moving Ks (Fig. 4c, stage 2). The segregating Ss retain the intense 

H3S10ph staining during mid anaphase [(Fig. 4d (stage 3), b, (stage 4)] and in late anaphase (Fig 

4b, stage 5), while the H3S10ph level in the Ks is further reduced. At telophase, the Ss and the 

monopolar arranged Ks are devoid of significant H3S10ph labelling (Fig. 4e). The resulting 

daughter cells of a differential mitosis, the primary spermatocyte and the aberrant spermatocyte, 

which remain connected by a permanent cytoplasmic canal, are shown in Fig. 4f.              

     For H3T3ph, virtually the same differences in timing of dephosphorylation of Ks und Ss 

during differential mitosis, as established for H3S10ph, were detected (Fig. 4g, stages 1-6). Only 

the dephosphorylation of H3T3ph starts earlier in the Ss, already in mid anaphase, than those of 

H3S10ph.  

     In metaphases of normal spermatogonial mitoses, the paired homologous Ss are entirely and 

intensely decorated by the H3S28ph antibody, while the Ks exhibit signals only at the 

pericentromeric heterochromatin bands (Fig. 5a). During early and mid-anaphase (Fig. 5b, stages 

1 and 2) and also in late anaphase (Fig. 5c) the Ss retain the intense H3S28ph labelling and can 

be easily distinguished from the also equally segregating Ks. In telophase, Ss and Ks are devoid 

of H3S28ph signals (Fig. 5d). In prometaphases and metaphases of differential mitoses, the 

entire Ss, and the pericentromeric heterochromatin bands of the Ks, are visualised by the 

H3S28ph antibody (Fig. 5e, stage 1 and 2). During the early phase of their monopolar migration, 

the Ks lose their H3S28ph mark, while the remaining Ss maintain the strong H3S28ph labelling 

(Fig. 5e, stage 3). Furthermore, in early anaphase, the equally segregating Ss furthermore show 

high levels of H3S28ph (Fig. 5f, stages 1-3), but then during mid-anaphase the 

dephosphorylation of H3S28ph begins, starting from the centromeric regions of the Ss (Fig. 5g) 
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and continues during late anaphase (Fig. 5h). In telophase, the Ss and Ks are devoid of H3S28ph 

signals (Fig. 5i).    
 

 

Fig. 5  Distribution of H3S28ph and timing of dephosphorylation of Ss and Ks in normal spermatogonial 

mitoses (a-d) and in differential gonial mitoses (e-i) of Acricotopus lucidus.  a Top and side view of 

adjacent spermatogonial metaphases. The Ss (dots) are completely stained by the antibody, while the Ks 

are only labelled at their pericentromeric heterochromatin bands. b The Ss retain the strong H3S28ph 

labelling during early (1), mid- (2) and late (c) anaphase. d In telophase, the Ss have lost the H3S28ph 

mark. e Prometaphase (1) and metaphase (2, insert) and a stage with monopolar (arrowhead)-moving Ks 

(3) of differential mitoses with clear H3S28ph labelling of the Ss. f Three early anaphases (1-3) with 

intensely stained segregating Ss. The Ks display no signals. During mid- (g) and late (h) anaphase the 

H3S28 phosphorylation mark disappears from the Ss starting from their centromeric regions. i In 

telophase, the Ss are devoid of H3S28ph signals. Bars, 10 µm 

 

 

Histone modification patterns of Ss and Ks in metaphase I spermatocytes and  

the connected aberrant spermatocytes of A. lucidus 

 

The distribution of the same histone modifications as analysed before on normal and differential 

gonial mitoses (Fig. 3a-f ‘) were next examined on the Ss and Ks in metaphases I of primary 

spermatocytes, and on the Ss of the connected aberrant spermatocytes.  

     In spermatocytes at metaphases I, immunostained with the H3S10ph antibody, all Ss and Ks 

are completely decorated by the antibody, while the condensed Ss in the aberrant spermatocyte 

are devoid of signals (Fig. 6a). Staining with the antibody against H3S28ph strongly labels the 
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entire Ss in metaphases I, while the Ks are marked only at their pericentromeric heterochromatin 

bands. The condensed Ss of the aberrant spermatocyte show no H3S28ph signals (Fig. 6b).  
 

 

Fig. 6  Immunofluorescence images of the distribution of histone modifications in the Ss and Ks of 

Acricotopus lucidus in metaphases I (MI, right) of primary spermatocytes (spI) and in the Ss of the 

connected aberrant spermatocytes (asp, left). a H3S10ph. The entire Ss and Ks in the MI are intensely 

labelled by the antibody. The metaphase-like condensed Ss in the asp are devoid of signals. b H3S28ph. 

The three S bivalents (dots) in the MI are completely decorated by the antibody, while the Ks show 

staining only at the pericentromeric heterochromatin bands. The Ss of the asp exhibit no antibody signals. 

c H3T3ph. The Ss and Ks in the MI and the Ss in the asp lack this histone modification, in contrast to the 

Ss and Ks in spermatogonial metaphases in Fig 3c. d H3K4me3. The Ss in the MI (dots) are clearly 

hypomethylated, while the euchromatic sections of the Ks exhibit intense antibody labelling. The Ss of 

the asp show very bright immunofluorescence of trimethylated H3K4. e H3K9me3. The terminal 

heterochromatin of the Ks in the MI exhibit very strong signals (arrowhead), the pericentromeric K 

heterochromatin somewhat weaker and the centromeres of the Ss only very faint signals. The Ss in the 

asp display clear dot-like labelling at the centromeres (see also the Ss of another asp in the insert; bar, 5 

µm). f H4K8ac. The S bivalents (dots) in the MI are devoid of signals, while the euchromatic sections of 

the Ks show intense antibody staining. The Ss of the asp are not labelled. Bar, 10 µm 
 

In contrast to the staining of the entire Ss and Ks in spermatogonial metaphases by the H3T3ph 

antibody (Fig. 3c), neither the Ss and Ks in metaphase I spermatocytes nor the Ss in the 

connected aberrant spermatocytes, exhibit any H3T3ph labelling. (Fig. 6c). Thus, none of the 
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antibodies against the three histone H3 phosphorylation forms displayed signals on the 

permanently condensed Ss of the aberrant spermatocytes.                                                                                                              

    H3K4me3 immunostaining of metaphases I resulted in an intense labelling of the euchromatic 

sections of the Ks, while the mainly euchromatic Ss were clearly hypotrimethylated at H3K4. In 

contrast, the Ss in the aberrant spermatocyte showed very bright H3K4me3 immunofluorescence, 

indicating to high levels of trimethylated H3K4 (Fig. 6d).  

    Immunostaining of metaphases I with the H3K9me3 antibody produced an strong labelling of 

the terminal heterochromatin bands of the Ks, as clearly visible in K1 (arrowhead in Fig. 6e), and 

a weaker labelling of the pericentromeric heterochromatin bands of the Ks and only very faint 

signals on the centromeric heterochromatin of the Ss (Fig. 6e). The central heterochromatic 

segment of K4 was devoid of H3K9me3 staining. The Ss in the aberrant spermatocyte showed 

clear dot-like H3K9me3 signals on their heterochromatic centromere regions (Fig. 6e, insert). 

    The immunodetection of H4K8ac revealed high levels of H4K8 acetylation in the euchromatic 

sections of the Ks, and a clear hypoacetylation of the Ss in metaphases I (Fig 6f). No H4K8ac 

staining was detected on the Ss of the aberrant spermatocyte. The same labelling pattern was 

obtained with the H3K18ac antibody (Fig. 8g). 

 

 

Programmed histone dephosphorylation and inactivation of the Ss in 

the aberrant spermatocytes of A. lucidus during meiosis 

 

In male meiosis the first signs of H3S10 phosphorylation appeared at the end of pachytene, but 

clearly increased levels of H3S10ph were found in diplotene. Figure 7a presents a H3S10ph- 

stained section with three primary spermatocytes in successive meiotic stages from diplotene to 

metaphase I, and their connected aberrant spermatocytes. From diplotene to diakinesis in the 

primary spermatocytes (Fig. 7a, stages 1 and 2), the six condensing Ss in the connected aberrant 

spermatocytes show increasing H3S10ph immunofluorescence intensities. However, at 

metaphase I, while the Ss and Ks of the primary spermatocyte maintain the strong H3S10ph 

staining, the metaphase-like condensed Ss in the connected aberrant spermatocyte rapidly lose 

the H3S10ph mark (arrow in Fig. 7a, stage 3). Also at the metaphase II stage in the secondary 

spermatocytes the Ss in the connected aberrant spermatocyte lack H3S10ph antibody labelling 

(Fig. 7b). The same rapid change in the phosphorylation state of the Ss was detected for 

H3S28ph. At diakinesis in the primary spermatocyte, the Ss of the aberrant spermatocyte still 

exhibit high levels of H3S28ph (Fig. 7c); the Ss of the aberrant spermatocyte are devoid of 

H3S28ph signals at metaphase I (arrow in Fig. 7d). In the connected primary spermatocyte the 

entire Ss retain the strong H3S28 phosphorylation (Fig. 7d). The lack of the H3S28ph mark in 

the condensed Ss of the aberrant spermatocyte persists during second meiotic division (Fig. 7e), 

and the beginning spermiogenesis (Fig. 7f).    

 



 14 

  

Fig. 7 Programmed dephosphorylation of H3S10ph (a, b) and H3S28ph (c-f) in the metaphase-like 

condensed Ss of the aberrant spermatocytes. a Distribution of H3S10ph in three successive meiotic 

stages, diplotene (1), diakinesis (2) and metaphase I (3), of primary spermatocytes (spI) and in the 

connected aberrant spermatocytes (asp). The increasing chromosome condensation of the Ss in the asps of 

the two earlier stages (1, 2) is associated with an increasing H3S10ph antibody staining. However, at 

metaphase I stage (MI) in the connected spI (3), the Ss in the asp rapidly lose the H3S10ph mark (arrow). 

b Clear H3S10ph labelling of Ss and Ks in metaphases II (MII) of secondary spermatocytes (spII), but 

lack of staining of the Ss in the aberrant spermatocyte (arrow). c Intense H3S28ph staining of the entire 

Ss of an asp linked to a spI in diakinesis. d Complete dephosphorylation of H3S28ph in the Ss of an asp 

(arrow) that is joined with a spI in metaphase I stage. The Ss (dots) and the pericentromeric bands of the 

Ks in the spI remain phosphorylated at H3S28. e Intense H3S28ph staining of the Ss (dots) in two 

secondary spermatocytes (spII) and lack of labelling in the Ss (arrow) of the asp. f The Ss of the asp 

maintain the metaphase-like condensed state and the dephosphorylation at H3S28 (arrow) until beginning 

of spermiogenesis. sp, elongating spermatids. Bars, 10 µm 

 

Changes in the histone acetylation of Ss and Ks in gonial cells and  

in regular and aberrant spermatocytes of A. lucidus during meiosis  

 

The decondensed euchromatin in interphase nuclei of spermatogonial cells of A. lucidus is 

clearly stained by the antibody against acetylated H4K8, while the compact heterochromatic 

parts in the interphase nuclei, and also the condensed Ss and Ks in mitotic metaphases, are 
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devoid of this acetylation mark (Fig. 8a). The deacetylation of the euchromatin at H4K8 is 

visible as decreasing antibody fluorescence occurs gradually, with the increasing condensation of 

the chromosomes during prophase to metaphase of mitosis in gonial cells (Fig. 8b, stages 1-4).   
 

 

Fig. 8  Changes in the acetylation of H3K18 and H4K8 in spermatogonial mitosis (a, b) and in male 

meiosis (c-j) of Acricotopus lucidus. a Section with a spermatogonial interphase nucleus (sg) showing 

clear H4K8ac labelling of the euchromatin and a metaphase with chromosomes lacking antibody staining. 

b The euchromatin of Ks and Ss is successively deacetylated at H4K8 with increasing chromosome 

condensation from interphase (1), during prophase (2, 3) to metaphase (4) in gonial mitoses. From 

pachytene (c), diplotene (d), diakinesis (e) to beginning metaphase I stage (f) in the primary spermatocyte 

(spI, right), the condensing Ss in the connected aberrant spermatocyte (asp, left) show increasing 

H3K18ac immunofluorescence intensity. f The euchromatic sections of the Ks in the spI are acetylated at 

H3K18, while the Ss (dots) are clearly hypoacetylated. g At metaphase I stage in the spI the Ss of the asp 

are rapidly deacetylated at H3K18 (arrow), while the euchromatin of the Ks in the spI remains acetylated. 

h The euchromatic sections of the Ks of a secondary spermatocyte (spII) at metaphase II show intense 

H3K18ac staining, while the Ss in the connected asp further lack this acetylation mark (arrow). i Two 

rounded spermatid nuclei show clear H3K18ac antibody staining. The condensed Ss of the connected asp 

lack this label (arrow). j Section with the Ss of two adjacent asps, the left ones are intensely acetylated at 

H4K8, while the slightly more condensed right ones are deacetylated at this side. Bars, 10 µm 

                                                                                                      

     In contrast, in meiosis, the condensing Ss in the aberrant spermatocyte show increasing levels 

of H3K18ac and H4K8ac with increasing chromosome condensation from pachytene (Fig. 8c), 
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diplotene (Fig. 8d), diakinesis (Fig. 8e) to metaphase I (Fig. 8f) in the connected primary 

spermatocytes. In the primary spermatocyte at pachytene the euchromatic sections in the loops of 

the tightly paired homologues are clearly stained by the H3K18ac and H4K8ac antibodies, while 

the heterochromatic parts show no signals (Fig. 8c). The euchromatic sections maintain this clear 

H3K18ac and H4K8ac labelling during the following prophase stages to metaphase I (Figs. 8c-f). 

At metaphase I, it becomes apparent that only the euchromatic sections of the Ks show this high 

level of acetylated histones, but not the mainly euchromatic Ss (Fig. 8f). Then, still in metaphase 

I, a rapid histone deacetylation takes place in the Ss of the aberrant spermatocyte (arrow in Fig. 

8g), comparable in timing with the rapid dephosphorylation of H3S10ph and H3S28ph in the Ss 

of the aberrant spermatocyte (Fig. 7a, d). The lack of the H3K18 and H4K8 acetylation mark at 

the condensed Ss of the aberrant spermatocyte persists during second meiotic division (Fig. 8h), 

and in the beginning of spermiogenesis (Fig. 8i). There are only minor differences in the degree 

of chromosome condensation between Ss, which show high levels of H3K18ac and H4K8ac, and 

the Ss where the deacetylation has already occurred (Fig 8j). In contrast, the euchromatic 

sections of the Ks keep the acetylation mark at H3K18 and H4K8 during the second meiotic 

division (Fig. 8h), as do the round spermatids which display clear acetylation marks at this sites 

(Fig. 8i). 

 

 

Distribution of H3K4me3 and H3T3ph in regular and aberrant spermatocytes 

during meiosis of A. lucidus  

 

The immunodetection of H3K4me3 in spermatocytes of A. lucidus revealed that in metaphases I, 

the euchromatic sections of the Ks were strongly methylated, while the mainly euchromatic Ss 

were hypomethylated and devoid of H3K4me3 antibody staining. (Fig. 9a). In contrast, the Ss in 

the connected aberrant spermatocyte were hypermethylated and showed very intense H3K4me3 

immunofluorescence. (Fig. 9a). The Ss of the aberrant spermatocyte do not lose this 

trimethylation mark at H3K4 during metaphase I, as they do for the phosphorylation mark at 

H3S10 and H3S28 and the acetylation mark at H3K18 and H4K8, but they maintain this high 

level of H3K4me3 during meiosis II (Fig 9b) and in the beginning of spermiogenesis (Fig. 9c).                         

      The immunodetection of H3T3ph in metaphases of normal spermatogonial mitoses, and in 

differential mitoses of A. lucidus, resulted in an intense labelling of the entire Ss and Ks as 

shown before in Figures 3c, c’. During meiosis phosphorylated H3T3 could only be detected on 

metaphase II chromosomes in secondary spermatocytes (Fig. 9d, e). The H3T3ph antibody 

specifically labelled the regions around the inner centromeres between the paired sister 

chromatids in all Ss and Ks. (Fig. 9d’ e’). The six metaphase-like condensed Ss in the connected 

aberrant spermatocyte each also containing two sister chromatids are devoid of H3T3ph signals 

(Fig. 9d, e). 
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Fig. 9 a-c Permanent H3K4me3 labelling of the metaphase-like condensed Ss of the aberrant 

spermatocyte (asp) during meiosis. a Metaphase I. b Metaphase II stage showing one of the two 

secondary spermatocytes. c Round spermatid stage. Section with one of the four spermatids. d-e’ Specific 

H3T3ph labelling of the centromeric regions of metaphase II chromosomes. d Top and (e) side views of 

metaphases II of secondary spermatocytes (spII) with clear signals at the centromeric regions of Ss and 

Ks. The Ss of the connected asp each consisting of two sister chromatids exhibit no signals. d’, e’ 

Sections of the metaphases II in d, e. H3T3 phosphorylation occurs around the inner centromeric regions 

between the attached sister chromatids. a-e Bars,10 µm. d’, e’ Bars, 2 µm 

 

Differential distribution of histone modifications in the Ss and Ks  

 

The results of the distribution of modified histones in the eu- and heterochromatin of the Ss and 

Ks in spermatogonial metaphases and spermatocyte metaphases I, and of the Ss in the connected 

aberrant spermatocytes of A. lucidus are summarised in Table 1.                
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Table 1 Summary of the distribution of the histone modifications in the Ss and Ks in spermatogonial 

metaqphases, and in spermatocyte mataphase I and the connected aberrant spermatocytes of Acricotopus 

lucidus 

 

    In metaphases of gonial mitoses H3S10ph and H3T3ph were spread over the entire Ss and Ks, 

while the distribution of H3S28ph was different in Ss and Ks. High levels of H3K4me3 were 

detected in the euchromatin of Ss and Ks, and vice versa high levels of H3K9me3 in the 

heterochromatin. An exception was the central heterochromatic block of the germ line-limited 

chromosome K4 that was devoid of H3K9me3 signals. Detectable amounts of H3K18ac and 

H4K8ac were not present in the condensed Ss and Ks of spermatogonial metaphases. 

     In spermatocyte metaphase I, the Ss and Ks exhibited the same staining patterns for H3S10ph 

and H3S28ph as in gonial metaphases, but were devoid of H3T3ph antibody signals. In meiosis, 

the H3T3ph antibody only labelled the inner centromeres between the sister chromatids of Ss 

and Ks in metaphases II of secondary spermatocytes (not listed in Table 1). H3K9me3 antibody 

staining visualised the heterochromatic parts of Ss and Ks, except for the central heterochromatic 

block of K4. Particularly noteworthy is the clear hypomethylation for H3K4me3, and the hypo-

acetylation for H3K18ac and H4K8ac of the euchromatin of the meiotic Ss, and the clear hyper-

methylation and hyperacetylation at these sites of the euchromatic sections of the meiotic Ks. 

     In the aberrant spermatocyte, the permanently condensed Ss are hypophosphorylated for the 

three histone H3 phosphorylation forms, and hypoacetylated for H3K18 and H4K8 at metaphase 

I in the connected primary spermatocyte, but show high levels of H3K4me3 in the euchromatin 

and clear H3K9me3 staining of the centromeric heterochromatin. 

 

Discussion 

Histone phosphorylation at H3S10 and H3S28 during mitosis and meiosis is closely linked to 

chromosome condensation, and is mediated by the Aurora B kinase (Hendzel et al. 1997; Giet 

and Glover 2001; Goto et al. 2002; Banerjee and Chakravarti 2011). In A. lucidus Ss and Ks 
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significantly differ in their H3S28ph distribution pattern. The level of phosphorylated H3S28 is 

regulated by the interplay between Aurora B and phosphatase PP1 activities (Goto et al. 2002). 

Before entry into mitosis, a low level of H3S28ph is maintained by continuous 

dephosphorylation by PP1. With onset of mitosis, the PP1 activity is reduced by Cdc2 kinase-

mediated phosphorylation of PP1, leading to increasing levels of H3S28ph from prophase to 

metaphase (Kwon et al. 1997; Goto et al. 2002). After separation of the sister chromatids Aurora 

B dissociates from the chromatin, and the level of H3S28ph decreases (Adams et al. 2001; Goto 

et al, 2002). The dephosphorylation of H3S28ph and also of H3T3ph in the segregating Ss 

during the differential mitosis of A. lucidus occurred earlier than those of H3S10ph. The same 

differences in the dephosphorylation of histone H3 at this sites were reported from human cells, 

and it was supposed that this could result from differences in PP1 activities between H3S28ph 

and H3T3ph, and H3S10ph (Goto et al. 2002; Qian et al. 2011). In vitro, the dephosphorylation 

of H3S28ph and H3T3ph needed about 10 times less PP1 phosphatase than that of H3S10ph 

(Qian et al. 2011). 

      In spermatogonial metaphases of A. lucidus, the H3T3ph mark uniformly covered the entire 

Ss and Ks, while in meiosis the H3T3ph antibody exclusively labelled the inner centromeres 

between the paired regions of the sister chromatids of Ss and Ks in metaphases II (Fig. 9d-e’). 

This specific chromosomal localisation of H3T3ph in meiotic metaphase II chromosomes of A. 

lucidus is the same as reported for mitotic metaphase chromosomes of mammalian cells (Dai et. 

al. 2006; Wang et al. 2010). The phosphorylation of H3T3 by the kinase Haspin at the inner 

centromeres during mitosis is necessary for the correct positioning and the accumulation of 

components of the chromosomal passenger complex (CPC) at this site, and thereby for the 

proper alignment, sister chromatid cohesion and segregation of chromosomes (Wang et al. 

2010). The latter are common features of mitosis and the second meiotic division. During 

process, the CPC subunit Survivin directly binds to the H3T3ph mark (Wang et al. 2010; Kelly 

et al. 2010). In addition to Survivin the CPC contains the subunits Aurora B, INCENP and 

Borealin (Ruchaud et al. 2007). The recruitment of the CPC to the centromere activates Aurora 

B, which in turn, as suggested by Wang et al. (2011), triggers a CPC-Haspin-H3T3ph feedback 

loop that enhances the phosphorylation of H3T3. Intriguingly, in Drosophila, Borealin is a CPC 

component in all mitotic cells, but it is specifically replaced by the paralogue Australin in the 

two male meiotic divisions (Gao et al. 2008). 

      Recently, Qian et al. (2011) demonstrated that in human cells H3T3ph is targeted and 

dephosphorylated by a complex of the phosphatase PP1γ and the H3T3ph-specifying subunit 

Repo-Man. During early phases of mitosis, and until metaphase, this complex prevents a Haspin-

mediated spreading of the H3T3 phosphorylation to the chromosome arms, and thus limits the 

H3T3ph mark to the inner centromeres. A similar mechanism may exist for the H3S28 

phosphorylation on the Ks of A. lucidus, which limits the H3S28ph mark to the pericentromeric 

heterochromatin bands and prevents a spreading of the H3S28 phosphorylation over the entire 

Ks. The reason for the restriction of the H3S28ph mark to these chromosomal regions of the Ks 
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is not known. The pericentromeric heterochromatin bands of the Ks of A. lucidus contain highly 

repeated germ line-specific DNA sequence families that are supposed to be involved in the 

recognition and distinction of Ks and Ss, and in their differential behaviour in the complex 

chromosome cycle they pass through together (Staiber et al. 1997). 

     In normal spermatogonial mitoses of A. lucidus, with equal segregation of Ss and Ks, the 

dephosphorylation of H3S10ph started during anaphase and was first visible in a decreasing 

H3S10ph antibody staining around the centromeric regions of the chromosomes moving ahead to 

the poles (Fig. 4a). The same timing and pattern of histone dephosphorylation was described for 

syncytial mitoses in Drosophila and for neuroblast mitoses in Sciara (Su et al. 1998; Escriba et 

al. 2011). 

    A very interesting finding of the present work is that during differential gonial mitosis in A. 

lucidus, the H3 dephosphorylation happened at different times in the Ks and in the Ss in the 

same cell (Fig. 4b-e). The earlier pole-moving Ks were dephosphorylated first during anaphase 

at H3S10, H3S28 and H3T3, and the Ss later on. This suggests a chromosome autonomous 

regulation of the histone dephosphorylation in the cell. The difference in timing of anaphase H3 

dephosphorylation of Ks and Ss may also be the result of a midzone activation of Aurora B in 

anaphase producing a phosphorylation gradient along the division axis (Fuller et al. 2008). 

    Until now less is known about the function and transcriptional activity of the Ks in the germ 

line. Bantock (1970) developed the idea that the germ line-resticted chromosomes probably carry 

fertility factors. In an autoradiographic study analysing the RNA synthesis during oogenesis of 

the cecidomiid Wachtliella persicariae Kunz et al. (1970) detected signals on the E-

chromosomes in oocytes indicating transcriptional activity.  

    Trimethylated H3K4 is a known marker of actively transcribed genes (Schneider et al. 2004; 

Shilatifard 2008). In a genome-wide chromatin analysis of Drosophila Kc cells Schübeler et al 

(2004) established that active euchromatic genes were hypermethylated for H3K4me2, 

H3K4me3 and H3K79me2, and hyperacetated for H3 and H4, while inactive genes were 

hypomethylated and deacetylated at these sites, and as a result, the level of histone modification 

was found to correlate with the level of transcription. Intriguingly, trimethylation of H3K4 is not 

only a hallmark of transcriptionally active chromatin but was also shown to function as a label 

and molecular memory of recently active chromatin (Ng et al. 2003; Valls et al. 2005; Muramoto 

et al. 2010). In metaphases of spermatogonial mitoses of A. lucidus, the Ss exhibited high levels 

of H3K4me3, as also did the euchromatic sections of the Ks (Fig. 3d, d’), while in metaphases I 

the meiotic Ss were clearly hypo-trimethylated at H3K4 (Fig. 6d). The euchromatic sections of 

the Ks in metaphases I furthermore showed high levels of H3K4me3, as also did the permanently 

condensed Ss in the connected aberrant spermatocyte (Fig. 6d). Assuming that the detected 

differential H3K4me3 patterns in Ss and Ks reflect the previous activity state of the chromatin, 

this would mean that genes in the Ss and in the euchromatic K sections are actively transcribed 

in spermatogonial interphase cells. But that after the last gonial mitosis prior to meiosis 

previously active genes of the Ss are silenced in the newly formed primary spermatocyte, while 
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genes in the euchromatic K sections and in the Ss of the connected aberrant spermatocyte remain 

active or competent for transcriptional activity. The earlier reported programmed regression of 

the nucleolus in the primary spermatocyte during the premeiotic interphase supports the view 

that the Ss are silenced (Staiber 2009). The permanently condensed Ss of the aberrant 

spermatocyte are strongly trimethylated at H3K4 (Fig. 6d), because they were active in the 

previous interphase. This accords with an earlier idea that the aberrant spermatocyte nourishes 

the primary spermatocyte via the connecting canal and supports their premeiotic growth (Staiber 

2007). In contrast to the Ks of A. lucidus the mainly heterochromatic L chromosomes of S. 

coprophila lack detectable levels of the active chromatin marker H3K4me3 (Greciano et al. 

2009). 

     The acetylation of histones on multiple lysines is associated with transcriptionally active 

genomic regions (Valls et al. 2005; Mac Donald and Howe 2009). Correspondingly, 

spermatogonial interphase nuclei of A. lucidus were clearly labelled by the H4K8ac antibody 

(Fig. 8a, b). An overall reduction of histone acetylation takes place with the chromosome 

condensation during mitosis and in gene silencing (Bonenfant et al. 2007: Xu et al. 2009). In A. 

lucidus, no H4K8ac mark could be detected on condensed metaphase Ss and Ks of 

spermatogonial mitoses (Fig. 8a, b). In metaphases I of meiosis, the Ss were hypoacetylated at 

H3K18 and H4K8, while the euchromatic S-homologous sections of the Ks exhibited high levels 

of H3K18ac and H4K8ac. There are indications that acetylation of histones can also act as a 

molecular bookmark, comparable with the above mentioned epigenetic memory of trimethylated 

H3K4 to transmit the activity state of genes through the cell cycle from the mother to the 

daughter cell (Jeppesen 1997; Valls et al. 2005; Zhao et al. 2011). This supports the idea that 

gene sequences in the euchromatic section of the Ks are transcriptionally active in the germ line 

cells of A. lucidus. The clear hypoacetylation of the meiotic Ss, and the above mentioned 

hypomethylation at H3K4, strongly indicate that they are silenced during premeiotic growth 

phase of the primary spermatocyte. Histone hypoacetylation and hypomethylation at H3K4 were 

recently shown by Zakharova et al. (2011) to be associated with the silenced X chromosome in 

female somatic cells of the marsupial Monodelphis domestica. A strong reduction of acetylation 

at H3K9 was also established for the silenced X and B chromosomes during male meiosis of the 

grasshopper Eyprepocnemis plorans (Cabrero et al. 2007). 

    Trimethylated H3K9 is a characteristic histone modification linked to gene repression, and is a 

hallmark of heterochromatin (Fischle et al. 2005; Grewal and Jia 2007). In A. lucidus, the 

chromosome segments of Ss and Ks, labelled by the H3K9me3 antibody, are the same that were 

identified as heterochromatic by C-banding, except for the central part of germ line-limited 

chromosome K4. It is not known why this segment of K4 is C-banding positive while H3K9me3 

is negative. In the S. coprophila the L chromosomes exhibit high levels of H3K9me2, H3K9me3 

and H4K20me2, and clear signals of two heterochromatin specific proteins, ScoHET1 and 

ScoHET2 (Greciano et al. 2009). The antibodies covered the entire L chromosomes 

unambiguously, indicating that they are mostly heterochromatic.  
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    The last spermatogonial mitosis in A. lucidus produces two daughter cells with quite different 

karyotypes. With entry of the regular spermatocyte into meiosis the Ss of the joint aberrant 

spermatocyte undergo chromatin compaction, and show increasing levels of H3S10ph and 

H3S28ph (Fig. 7a). At metaphase I in the connected primary spermatocyte the histone 

phosphorylation marks rapidly disappear from the Ss when they are permanently inactivated in a 

condensed state. The erasure of the H3S10ph and H3S28ph marks does not affect the 

trimethylation marks at H3K4 and H3K9 on the Ss, which remain unchanged during meiotic 

divisions. The rapid reduction of histone phosphorylation in the Ss of the aberrant spermatocyte 

at metaphase I might be due to a rapid dissociation of Aurora B from the chromatin, and/or an 

increase of phosphatase PP1 activity. A lack of histone H3 phosphorylation, but only around the 

centromeric region, was recently reported for the maternal X chromosome in male meiosis II of 

Sciara, which does not separate as a result of a centromere inactivation (Escriba et al. 2011).  

     The mechanism of the programmed inactivation of the Ss in the aberrant spermatocyte of A. 

lucidus is unknown. It was supposed that a mechanism like the meiotic silencing of unsynapsed 

chromatin (MSUC) acts during meiotic prophase via the connecting canal from the primary 

spermatocyte, and induces the permanent inactivation of the unsynaped Ss in the aberrant 

spermatocyte (Staiber 2008). The purpose of this arrest of the Ss in the aberrant spermatocytes 

might be to block the entry of the aberrant spermatocyte into meiosis, and thereby to prevent the 

generation of sperms that contain only Ss, but no Ks (Staiber 2008).  

     In summary, striking differences were detected in the distribution of modified histones 

associated with transcriptional active and inactive chromatin, and in the timing of their changes 

between Ss and Ks in spermatogonial mitoses, in spermatocyte meiosis and in aberrant 

spermatocytes of A. lucidus. In both chromosome complements, histone dephosphorylation 

occurs at different times within a single cell during differential mitosis. A rapid histone 

deacetylation and dephosphorylation in the Ss of the aberrant spermatocyte correlate with their 

programmed permanent inactivation in a metaphase-like condensed state. In this context, an 

understanding of the molecular mechanism inducing the inactivation of all chromosomes of a 

cell is of particular interest. The clear hypoacetylation of H3K18 and H4K8, and the 

hypomethylation of H3K4 detected in the meiotic Ss, indicate a silencing of the Ss in the regular 

spermatocyte. In contrast, the strong hyperacetylation and hypermethylation of histones H3 and 

H4 at these residues in the euchromatic sections of the Ks during spermatocyte meiosis strongly 

suggests that the Ks of A. lucidus are transcriptionally active in the germ line. 

 

 

Acknowledgements 

The author thanks Clara Goday, CSIC, Madrid, Spain, for introducing in immunostaining and 

kindly providing antibodies,  Sabrina Kugler, Anja C. Nagel and Prof. Anette Preiss, University 

of Hohenheim, for the gift of antibodies and support, and Prof. Neil Jones, Biological Sciences, 

Aberystwyth University, Wales, and the reviewers for helpfull suggestions and corrections to the 



 23 

manuscript. This work was supported by a grant of the Deutsche Forschungsgemeinschaft (Sta 

462/5-1). 

 

  

References 

Adams RR, Maiato H, Earnshaw WC, Carmena M (2001) Essential roles of Drosophila inner 

centromere protein (INCENP) and Aurora B in histone H3 phosphorylation, metaphase 

chromosome alignment, kinetochore disjunction, and chromosome segregation. J Cell Biol 

153:865-879 

Banerjee T, Chakravarti D (2011) A peek into the complex realm of histone phosphorylation 

Mol Cell Biol 31:4858-4873 

Bannister AJ, Kouzarides T (2011) Regulations of chromatin by histone modifications. Cell Res 

21:381-395 

Bantock CR (1970) Experiments on the chromosome elimination in the gall midge, Mayetiola 

destructor. J Embryol Exp Morph 24:257-286 

Bauer H, Beermann, W (1952) Der Chromosomencyclus der Orthocladiinen (Nematocera, 

Diptera). Z  Naturforsch 7b:557–563 

Bonenfant D, Towbin H, Coulot M, Schindler P, Mueller DR, Van Oostrum J (2007) Analysis of 

dynamic changes in post-translational modifications of human histones during cell cycle by 

mass spectrometry. Mol Cell Proteomics 6:1917-1932 

Cabrero J, Teruel M, Carmona FD, Jimenez R, Camacho JPM (2007) Histone H3 lysine 9 

acetylation pattern suggests that X and B chromosomes are silenced during entire male 

meiosis in a grasshopper. Cytogen Genome Res 119:135-142  

Dai J, Sultan S, Taylor SS, Higgins JMG (2005). The kinase Haspin is required for mitotic 

histone H3 Thr 3 phosphorylation and normal metaphase chromosome alignment. Genes 

Dev 19:472–488 

Dai J, Sullivan BA, Higgins JMG (2006) Regulation of mitotic chromosome cohesion by Haspin 

and Aurora B. Dev Cell 11:741-750 

Escriba MC, Giardini MC, Goday C (2011) Histone H3 phosphorylation and non-disjunction of 

the maternal X chromosome during male meiosis in sciarid flies. J Cell Sci 124:1715-1725 

Fischle W, Tseng BS, Dormann HL, Ueberheide BM, Garcia BA, Shabanowitz J, Hunt DF, 

Funabiki H, Allis CD (2005) Regulation of HP1-chromatin binding by histone H3 

methylation and phosphorylation. Nature 438:1116-1122 

Fuller BG, Lampson MA, Foley EA, Rosasco-Nitcher S, Le KV, Tobelmann P, Brautigan DL, 

Stukenberg PT, Kapoor TM (2008) Midzone activation of aurora B in anaphase produces an 

intracellular phosphorylation gradient. Nature 453:1132-1135 

Gao S, Giansanti MG, Buttrick GJ, Ramasubramanyan S, Auton A, Gatti M, Wakefield JG 

(2008) Australin: a chromosomal passenger protein required specifically for Drosophila 

melanogaster male meiosis. J Cell Biol 180:521-535 



 24 

Gerbi S (1986) Unusual movements in sciarid flies. In: Hennig W (ed) Germ line-soma 

differentiation. Results and problems of cell differentiation. Springer Verlag, New York, pp 

71–104 

Geyer-Duszynska I (1966) Genetic factors in oögenesis and spermatogenesis in Cecidomyiidae. 

In Chromosomes today. Vol. 1. Edited by C.D. Darlington and K.R. Lewis. Oliver and 

Boyd, Edinburgh, U.K. pp 174–178 

Giet R, Glover DM (2001) Drosophila Aurora B kinase is required for histone H3 

phosphorylation and Condensin recruitment during chromosome condensation and to 

organize the central spindle during cytokinesis. J Cell Biol 152:669-681  

Goday C, Esteban MR (2001) Chromosome elimination in sciarid flies. BioEssays 23:242–250 

Goto H, Yasui Y, Nigg EA, Inagaki M (2002) Aurora-B phosphorylates Histone H3 at serine28 

with regard to the mitotic chromosome condensation. Genes Cells 7:11-17 

Greciano PG, Ruiz MF, Kremer L, Goday C (2009) Two new chromodomain-containing 

proteins that associate with heterochromatin in Sciara coprophila chromosomes. 

Chromosoma 118:361-376 

Grewal SIS, Jia S (2007) Heterochromatin revisted. Nat Genet 8:35-46 

Hendzel MJ, Wie Y, Mancini MA, Van Hooser A, Ranalli T, Brinkley BR, Bazett-Jones DP, 

Allis CD (1997) Mitosis-specific phosphorylation of histone H3 initiates primarily within 

pericentromeric heterochromatin during G2 and spreads in an ordered fashion coincident 

with mitotic chromosome condensation. Chromosoma 106:348-360 

Hsu TC (1971) Heterochromatin pattern in metaphase chromosomes of Drosophila 

melanogaster. J Hered 62:285-287 

Itoh Y, Kampf K, Pigozzi MI, Arnold AP (2009) Molecular cloning and characterization of the 

germline-restricted chromosome sequence in the zebra finch. Chromosoma 118:527-536 

Jeppesen P (1997) Histone acetylation: a possible mechanism for the inheritance of cell memory 

at mitosis. BioEssays 19:67-74 

Kelly AE, Ghenoiu C, Xue JZ, Zierhut C, Kimura H, Funabiki H (2010) Survivin reads 

phosphorylated histone H3 threonine 3 to activate the mitotic kinase Aurora B. Science 

330:235-239 

Kojima NF, Kojima KK, Kobayakawa S, Higashide N, Hamanaka C, Nitta A, Koeda I, 

Yamaguchi T, Shichiri M, Kohno S, Kubota S (2010) Whole chromosome elimination and 

chromosome terminus elimination both contribute to somatic differentiation in Taiwanese 

hagfish Paramyxine shen. Chromosome Res 18:383-400 

Kunz W, Trepte H-H, Bier K (1970) On the function of the germ line chromosomes in the 

oogenesis of Wachtliella persicariae (Cecidomyiidae). Chromosoma 30:180-192 

Kwon Y-G, Lee SY, Choi Y, Greengard P, Nairn AC (1997) Cell cycle-dependent 

phosphorylation of mammalian protein phosphatase 1 by cdc2 kinase. Proc Natl Acad Sci 

USA 94:2168-2173 

MacDonald VE, Howe LJ (2009) Histone acetylation. Epigenetics 4:139-143 



 25 

Muramoto T, Müller I, Thomas G, Melvin A, Chubb JR (2010) Methylation of H3K4 is required 

for inheritance of active transcriptional states. Curr Biol 20:397-406 

Ng HH, Robert F, Young RA, Struhl K (2003) Targeted recruitment of Set1 histone methylase 

by elongating Pol II provides a localized mark and memory of recent transcriptional 

activity. Mol Cell 11:709–719 

Nowak SJ, Corces VG (2004) Phosphorylation of histone H3: a balancing act between 

chromosome condensation and transcriptional activation. Trends Genet 20:214-220 

Pigozzi MI, Solari AJ (2005) The germ-line-restricted chromosome in the zebra finch: 

recombination in females and elimination in males. Chromosoma 114:403–409 

Qian J, Lesage B, Beullens M, Van Eynde A, Bollen M (2011) PP1/Repo-Man dephosphorylates 

mitotic histone H3 at T3 and regulates chromosomal Aurora B targeting. Curr Biol 21:766-

773 

Redi AA, Garagna S, Zacharias H, Zuccotti M, Capanna E (2001) The other chromatin. 

Chromosoma 110:136–147 

Ruchaud S, Carmena M, Earnshaw WC (2007) Chromosomal passengers: conducting cell 

division. Nat Rev Mol Cell Biol 8:798-812 

Santos-Rosa H, Caldas C (2005) Chromatin modifier enzymes, the histone code and cancer. Eur 

J Cancer 41:2381-2402 

Schneider R, Bannister AJ, Myers FA, Thorne AW, Crane-Robinson C, Kouzarides T (2004) 

Histone H3 lysine 4 methylation patterns in higher eukaryotic genes. Nat Cell Biol 6:73-77 

Schübeler D, MacAlpine DM, Scalzo D, Wirbelauer C, Kooperberg C, Van Leewen F, 

Gottschling DE, O’Neill LP, Turner BM, Delrow J, Bell SP, Groudine M (2004) The 

histone modification pattern of active genes revealed through genome-wide chromatin 

analysis of a higher eukaryote Genes Dev 18:1263-1271 

Shilatifard A (2008) Molecular implementation and physiological roles for histone H3 lysine 4 

(H3K4) methylation. Curr Opin Cell Biol 20:341-348 

Staiber W (1988) G-banding of germ line limited chromosomes in Acricotopus lucidus (Diptera, 

Chironomidae). Chromosoma 97:231-234 

Staiber W (2002) Isolation of a new germ line-specific repetitive DNA family in Acricotopus by 

microdissection of polytenized germ line limited chromosome sections from a permanent 

larval salivary gland preparation. Cytogenet Genome Res 98:210–215 

Staiber W (2007) Asymmetric distribution of mitochondria and of spindle microtubules in 

opposite directions in differential mitosis of germ line cells in Acricotopus. Cell Tissue Res 

329:197–203 

Staiber W (2008) Centrosome hyperamplification with the formation of multiple asters and 

programmed chromosome inactivation in aberrant spermatocytes during male meiosis in 

Acricotopus. Cell Tissue Res 334:81-91 

Staiber W (2009) FISH analysis and cytogenetic characterization of male meiotic prophase I in 

Acricotopus lucidus (Diptera, Chironomidae). Genet Mol Res 8:1218-1230 



 26 

Staiber W, Thudium D (1986) X-ray induced rearrangements between germ-line limited and 

soma chromosomes of Acricotopus lucidus (Diptera, Chironomidae). Genetica 69:149-156 

Staiber W, Wech I, Preiss A (1997) Isolation and localization of a germ line-specific highly 

repetitive DNA family in Acricotopus lucidus (Diptera, Chironomidae). Chromosoma 106: 

267–275 

Staiber W, Schiffkowski C (2000) Structural evolution of the germ line-limited chromosomes in 

Acricotopus. Chromosoma 109:343-349 

Su TT, Sprenger F, DiGregorio PJ, Campbell SD, O’Farrel PH (1998) Exit from mitosis in 

Drosophila syncytial embryos requires proteolysis and cyclin degradation, and is associated 

with localized dephosphorylation. Gene Dev 12:1495-1503 

Tulu US, Fagerstrom, Ferenz NP, Wadsworth p (2006) Molecular requirements for kinetochore-

associated microtubule formation in mammalian cells. Curr Biol 16:536-541 

Valls E, Sanches-Molina, Martinez-Balbas MA (2005) Role of histone modifications in marking 

and activating genes through mitosis. J Biol Chem 280:42592-42600 

Wang Z, Zang C, Rosenfeld JA, Schones DE, Barski A, Cuddapah S, Cui K, Roh TY, Peng W, 

Zhang MQ, Zhao K (2008) Combinatorial patterns of histone acetylations and methylations 

in the human genome. Nat Genet 40:897-903 

Wang F, Dai J, Daum JR, Niedzialkowska E, Banerjee B, Stukenberg PT, Gorbsky GJ, Higgins 

JMG (2010). Histone H3 Thr-3 phosphorylation by Haspin positions Aurora B at 

centromeres in mitosis. Science 330:231-235 

Wang F, Ulanova NP, Van der Waal MS, Patnaik D, Lens SMA, Higgins JMG (2011) A 

positive feedback loop involving Haspin and Aurora B promotes CPC accumulation at 

centromeres in mitosis. Curr Biol 21:1061-1069 

Wei Y, Mizzen CA, Cook RG, Gorovsky MA, Allis CD (1998) Phosphorylation of histone H3 

at serine 10 is correlated with chromosome condensation during mitosis and meiosis in 

Tetrahymena. Proc Natl Acad Sci USA 95:7480–7484 

White MJD (1973) Animal cytology and evolution, 3rd edn. Cambridge University Press, 

Cambridge, pp 500–546 

Xu D, Bai J, Duan Q, Costa M, Dai W (2009) Covalent modifications of histones during mitosis 

and meiosis. Cell Cycle 8:3688-3694 

Zakharova IS, Shevchenko AI, Shilov AG, Nesterova TB, Vandeberg JL, Zakian SM (2011) 

Histone H3 trimethylation at lysine 9 marks the inactive metaphase X chromosome in the 

marsupial Monodelphis domestica. Chromosoma 120:177-183 

Zhao R, Nakamura T, Fu Y, Zsolt L, Spector DL (2011) Gene bookmarking accelerates the 

kinetics of post-mitotic transcriptional re-activation. Nat Cell Biol 13:1295-1303 

 


