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ABSTRACT 18 

This work describes the morphology of the sperm cell of Maja brachydactyla, with emphasis on 19 

localizing actin and tubulin. The spermatozoon of M. brachydactyla is similar in appearance and 20 

organization to other brachyuran spermatozoa. The spermatozoon is a globular cell composed of 21 

a central acrosome, which is surrounded by a thin layer of cytoplasm, and a cup-shaped nucleus 22 

with four radiating lateral arms. The acrosome is a subspheroidal vesicle composed of three 23 

concentric zones surrounded by a capsule. The acrosome is apically covered by an operculum. 24 

The perforatorium penetrates the center of the acrosome and has granular material partially 25 

composed of actin. The cytoplasm contains one centriole in the subacrosomal region. A 26 

cytoplasmic ring encircles the acrosome in the subapical region of the cell and contains the 27 

structures-organelles complex (SO-complex), which is composed of a membrane system, 28 

mitochondria with few cristae, and microtubules. In the nucleus, slightly condensed chromatin 29 

extends along the lateral arms, in which no microtubules have been observed. Chromatin fibers 30 

aggregate in certain areas and are often associated to the SO-complex. During the acrosomal 31 

reaction, the acrosome could provide support for the penetration of the sperm nucleus, the SO-32 

complex could serve as an anchor point for chromatin, and the lateral arms could play an 33 

important role triggering the acrosomal reaction, while slightly decondensed chromatin may be 34 

necessary for the deformation of the nucleus. 35 

Key words: 36 

Maja brachydactyla, spermatozoa, morphology, acrosome, microtubules, chromatin 37 
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INTRODUCTION 39 

The spermatozoon of Brachyura is generally described as a non-flagellated cell with a globular 40 

acrosome, often surrounded by a fine layer of cytoplasm, and a nucleus located in the periphery 41 

that extends into several radiating arms (Jamieson and Tudge, 2000). Numerous ultrastructural 42 

variations have been described and used as characteristics to validate morphological and 43 

molecular-based phylogenetic studies (Jamieson, 1994). For example, the separation between the 44 

Gecarcinucidae and Potamidae families in the Potamoidea is confirmed by the presence of a 45 

middle acrosomal layer in the sperm of the Potamidae (represented by the subfamily 46 

Potamiscinae in Klaus et al., 2009). Similarly, the differences observed between the spermatozoa 47 

of Macropodia longirostris (Jamieson et al., 1998) and Inachus phalangium (Rorandelli et al., 48 

2008) and the rest of Majoidea, including the spider crab Maja brachydactyla, support the 49 

existence of a taxonomic unit within the Inachinae, as suggested by larval studies (see discussion 50 

in Rorandelli et al., 2008). 51 

Aside from its phylogenetic importance, the study of the morphology and composition of 52 

brachyuran spermatozoa can contribute to our understanding of the complex mechanisms of 53 

gamete fertilization in these animals. Several authors have described that during the first phases 54 

of gamete contact, the acrosome undergoes an eversion (Fasten, 1921; Hinsch, 1971; Goudeau, 55 

1982; Nanshan and Luzheng, 1987; Krol et al., 1992; Medina and Rodríguez, 1992a), initiating 56 

the motion of the sperm nucleus toward the oocyte. In some studies, the presence of actin in the 57 

perforatorium suggests that polymerization of actin could have an active role in the acrosomal 58 

eversion (Hernandez et al., 1989). In addition, actin has been found in the lateral arms of the 59 

nucleus, and myosin occupies the basal portion of the lateral arms (Perez et al., 1986; Hernandez 60 

et al., 1989). 61 
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The consistency and composition of the nucleus are also important characteristics. Chromatin in 62 

the sperm nucleus of most brachyurans appears decondensed and fluid-like (Brown, 1966; 63 

Langreth 1969; Hinsch 1969, 1986; Medina and Rodríguez, 1992b). These properties are 64 

necessary in nuclei that must undergo mechanic deformation in order to enter the oocyte (Talbot 65 

and Chanmanon, 1980; Goudeau, 1982). Despite its malleability, the chromatin must also 66 

possess a minimum consistency in order to penetrate the oocyte without causing DNA breakage. 67 

In this regard, the chromatin close to the acrosome in I. phalangium is more electron-dense 68 

(greater condensation according to Rorandelli et al. 2008) than the chromatin located in the 69 

nuclear periphery. In this case, the dense inner chromatin could better resist the mechanical 70 

traction exerted during the acrosomal eversion. 71 

Here, we complement the study of spermiogenesis of Maja brachydactyla (Simeó et al., 2009) 72 

by describing the morphology of the spermatozoon of this species and the distribution of actin 73 

and tubulin. 74 

MATERIALS AND METHODS 75 

Animals 76 

Mature male specimens of Maja brachydactyla Balss, 1922 were captured in Galicia, Northwest 77 

Spain, by artisanal coastal fishery using gillnets between November 2006 and July 2007. Each 78 

animal was anesthetized on ice for at least 10 minutes, until they did not respond to external 79 

stimuli, heart was dissected causing the death of the animal and testis and vas deferens were then 80 

removed. The experimental procedure conforms to the current animal protection regulations 81 

(86/609/CEE, RD 1201/2005, and D 214/1997). 82 

83 
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Transmission electron microscopy (TEM) 84 

Small pieces of testes and vas deferens were fixed in a mixture of 2% paraformaldehyde and 85 

2.5% glutaraldehyde in cacodylate buffer (0.1 mol L-1, pH 7.4) for 24 h at 4ºC. Samples were 86 

rinsed in cacodylate buffer (3 times for 10 minutes and 3 times for 30 minutes) and post-fixed for 87 

1 hour and 30 minutes at 4ºC in 1% osmium tetroxide in cacodylate buffer. The samples were 88 

then rinsed in cacodylate buffer twice for 5 minutes and once for 30 minutes. Fixed tissue 89 

samples were dehydrated through graded series of acetone and embedded in Spurr’s resin. 90 

Ultrathin sections were made using a Leica UCT ultramicrotome and counterstained with uranyl 91 

acetate and lead citrate. Observations were made with a Jeol EM-1010 transmission electron 92 

microscope at 80 kV. Cellular measurements were made using an image analyzing system 93 

(AnalySIS, SIS). 94 

Scanning electron microscopy (SEM) 95 

Fresh testis and vas deferens tissue were dissected in PBS, and cell suspensions were placed on 96 

glass slides pre-treated with poly-L-lysine. Tissue samples were fixed in a mixture of 2% 97 

paraformaldehyde and 2.5% glutaraldehyde in cacodylate buffer (0.1 mol L-1, pH 7.4) for 24 h at 98 

4ºC. Samples were rinsed in cacodylate buffer (3 times for 10 minutes and 3 times for 30 99 

minutes) and post-fixed for 1 hour and 30 minutes at 4ºC in 1% osmium tetraoxide in cacodylate 100 

buffer. Then, the samples were rinsed in cacodylate buffer twice for 5 minutes and once for 30 101 

minutes. Progressive dehydration of fixed tissue samples was done in an ascending ethanol 102 

series. Following dehydration, samples were critical point dried and sputter coated with gold-103 

palladium. Observations were made with a Hitachi S-2300 scanning electron microscope at 10-104 

15 kV. 105 

106 
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Confocal immunomicroscopy and epifluorescence microscopy 107 

Confocal immunofluorescence was performed based on the technique used in Tudge et al. (1994) 108 

with some variations. Fresh testis and vas deferens tissue were dissected in PBS, and cell 109 

suspensions were placed on glass slides pretreated with poly-L-lysine, air-dried for 2 hours, and 110 

refrigerated overnight. The slides were then fixed in 3% paraformaldehyde, 60 mmol L-1 glucose 111 

in phosphate buffer (0.1 mol L-1, pH 7.4) for 20 minutes at 4 ºC, washed three times in PBS for 112 

15 minutes each, and blocked with PBS containing 1% BSA for 30 minutes using a humid 113 

chamber. The slides were then incubated overnight at 4°C in the humid chamber with anti-β-114 

tubulin antibody (Amersham Biosciences, Munich, Germany) diluted 1:25 in the same solution 115 

used for blocking. Next day, samples were washed several times with PBS containing 0.1% 116 

Tween-20, followed by a wash with PBS. The samples were then incubated for 1 hour in a 117 

humid chamber with the secondary antibody Alexa Fluor 488 goat anti-rabbit IgG (Molecular 118 

probes, Camarillo, CA, USA) diluted 1:500 in PBS containing 0.1% Tween-20 and 1% BSA. 119 

After the secondary antibody incubation, the slides were treated for 20 minutes with rodaminated 120 

phalloidin (Sigma, St. Louis, MO, USA) to highlight actin, and for 5 minutes with 1% 121 

bisbenzimide (Hoechst 33258) in PBS to stain nuclear material. Finally, the slides were washed 122 

in PBS, mounted with Immunofluore mounting media (MP Biomedicals, Heidelberg, Germany), 123 

and dried overnight at 4°C before observation with a Leica DMRD confocal fluorescence 124 

microscope. 125 

RESULTS 126 

General description of the spermatozoa 127 

Mature sperm cells are packed into spermatophores in the median vas deferens. The 128 

spermatophores of M. brachydactyla vary in size and contain between a few up to several 129 
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hundreds of sperm cells, which are separated by an intercellular matrix (Fig. 1A). The mature 130 

spermatozoon of M. brachydactyla is a star-shaped cell, with a globular body approximately 5 131 

μm long and 7 μm wide and four radiating arms (Fig. 1B). The sperm cell is composed of a 132 

complex acrosome, a thin layer of cytoplasm, and a cup-shaped nucleus. The acrosome is the 133 

most voluminous structure of the spermatozoon and appears as an electron-dense body that fills 134 

the center of the sperm cell (Fig. 1A). The cytoplasm is located between the acrosome and the 135 

nucleus. The nucleus is positioned in the periphery of the cell and extends throughout the 136 

radiating lateral arms. Both, the acrosome, except in the apical region, and the cytoplasm are 137 

surrounded by the nucleus (Fig. 1B). 138 

Acrosome 139 

The acrosome is a subspheroidal, complex vesicle that measures around 4 µm in length and 5 µm 140 

in width. It consists of three concentric layers of different electron densities (external, 141 

intermediate, and internal acrosomal layers), a central perforatorium, and an operculum in the 142 

apical region (Fig. 2A). The internal acrosomal layer is the most electron-dense of the three 143 

concentric layers, and the intermediate layer is the least electron-dense (Fig. 2A,B). A capsule 144 

envelopes the external acrosomal layer (Fig. 3C). The capsule is a thin (35 ± 5 nm) lightly 145 

electron-dense layer limited by the acrosomal membrane, which is in close association with the 146 

nuclear envelope. 147 

The operculum is the most electron-dense structure of the spermatozoon and is centrally 148 

depressed (Fig. 2 A). In fully mature spermatozoa, the operculum shows a small protuberance in 149 

its center (Fig. 4D). 150 

The perforatorium is a central rhomboidal column that crosses the acrosome up to the operculum 151 

following the anterior-posterior axis of the cell (Fig. 2A). The basal region of the perforatorium 152 
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is separated from the cytoplasm by a discontinuous membrane (Fig. 3B). In this region the 153 

thickened ring, an electron-dense band of the acrosome associated to the base of the 154 

perforatorium, is also observed (Figs. 2A and 3B). The perforatorium contains granular material 155 

in the upper half and small, granular, rod-shaped matter in the basal area (Figs. 2A,C and 3A,B). 156 

A positive reaction with rodaminated phalloidin indicates that actin forms part of this material 157 

(Fig. 5B). 158 

Cytoplasm  159 

The cytoplasm is a sparse, thin layer between the acrosome and the nucleus and is only 160 

noticeable below the perforatorium and around the subapical region of the spermatozoon (Fig. 161 

2A). Only in these regions, the cytoplasm contains the organelles (Fig. 3A). In the basal region 162 

of the perforatorium, one centriole is found (Fig. 3A,B). In the subapical region of the 163 

spermatozoon, the cytoplasm forms a cytoplasmic ring (Figs. 2C and 4D), which surrounds the 164 

operculum and contains a circular aggregate of structures and organelles called the structures-165 

organelles complex (SO-complex) (Figs. 2A,B and 3A). The SO-complex is composed of a 166 

membrane system that wraps around an accumulation of microtubules and some mitochondria 167 

with few cristae (Fig. 3C-E). Both the centriole and the SO-complex intensely react with anti-β-168 

tubulin antibody (Fig. 5B). 169 

Nucleus 170 

The sperm nucleus of M. brachydactyla is a cup-shaped structure with four lateral arms that 171 

surrounds the acrosome, with the exception of the operculum (Figs. 2A,C and 4C). The nucleus 172 

contains decondensed chromatin that, here, is organized into fibers of 10 nm (Fig. 3E,F). The 173 

chromatin fibers extend along the lateral arms (Fig. 3F), as confirmed by their reaction with 174 

Hoechst fluorescent dye (Fig. 5B). Occasionally, the chromatin fibers are aggregated in electron-175 
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dense areas throughout the nucleus, some of them appearing close to the SO-complex (Fig. 3D-176 

F). The absence of reaction with either rodaminated phalloidin or anti-β-tubulin (Fig. 5B) 177 

indicates that no microtubules or any other cellular cytoskeleton components are found in the 178 

lateral arms. 179 

The lateral arms develop during the last phases of spermiogenesis. While immature spermatozoa 180 

obtained from the transformation zone of the seminiferous tubule contain poorly developed or no 181 

lateral arms (Fig. 4A,B), the nucleus of the mature spermatozoa found in the evacuation zone 182 

already presents the four, well-developed lateral arms (Fig. 4C). Each lateral arm is 183 

approximately 9 µm long (Fig. 4C). Occasionally, the spermatozoa present only three lateral 184 

arms (Fig. 5A). In all spermatozoa observed, morphogenesis of the lateral arms, both in position 185 

and in length, is remarkably regular. 186 

The nuclear envelope appears as a thick, electron-dense wall (Fig. 3F). However, it presents 187 

some discontinuities along the inner edge, where the nuclear envelope is in contact with the 188 

acrosome (white arrows in Fig. 3E). 189 

DISCUSSION 190 

Terminological considerations 191 

The different structures of the spermatozoon have been termed according to the most accepted 192 

denominations in the literature (Table 1), with the exception of the structures-organelles 193 

complex. While the denominations acrosome, perforatorium, and operculum, including their 194 

derivatives, are widely accepted, the terminology of the complex composed of the membrane 195 

system, mitochondria, and occasionally the microtubules that encircle the acrosome is highly 196 

variable. We believe previous denominations of this complex are not appropriate because they 197 

place too much emphasis on the membrane system but mask the presence of mitochondria and 198 
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microtubules. Therefore, we propose the novel term structures-organelles complex (SO-199 

complex), in which structures refer to the membrane systems and microtubules, while organelles 200 

refer to mitochondria. Although the role of the complex is not yet clear, bringing together the 201 

different components of the complex under the generic term SO-complex reflects the close 202 

relationship observed between the three components during spermiogenesis in M. brachydactyla 203 

(Simeó et al., 2009). In addition, using a generic name may facilitate the morphological 204 

descriptions of the brachyuran spermatozoa, addressing the differences of the development of the 205 

components between species, as well as further comparisons for taxonomical studies. We are 206 

aware that the denomination SO-complex is based on morphological observations, and a more 207 

proper term could be found in the future, as more information about its development and 208 

function becomes available. 209 

Sperm morphology of M. brachydactyla 210 

The spermatozoon of M. brachydactyla exhibits the appearance and general organization of the 211 

brachyuran spermatozoon (Jamieson, 1994). The sperm cell is non-flagellated and is composed 212 

of a central spheroidal acrosome, surrounded by a thin layer of cytoplasm, and a cup-shaped 213 

nucleus with four lateral arms. The spermatozoon shares most of the traits of the spermatozoa of 214 

the Majoidea superfamily, such as the broad and centrally depressed operculum, the rhomboidal 215 

and short perforatorium, the concentric zonation of the acrosome, and the presence of centrioles 216 

(Jamieson et al., 1998; Jamieson and Tudge, 2000). Other characters observed in several 217 

Majoidea are absent: the posterior median process (Hinsch, 1969, 1973), the presence of 218 

microtubules in the lateral arms (Hinsch, 1969, 1973), and the perforation of the operculum 219 

(Jamieson, 1991; 1994; Jamieson and Tudge, 2000). We summarize the presence, absence, and 220 

the type of characters used by Jamieson (1994) for cladistic analysis in Table 2, while the 221 
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relative position and structural elements of the spermatozoon components of M. brachydactyla 222 

are represented in Fig. 6. 223 

The acrosome is the most prominent component of the spermatozoa in M. brachydactyla and 224 

follows the general pattern observed in Majoidea (Hinsch, 1973; Chiba et al., 1992; Jamieson et 225 

al., 1998). However, the subspheroidal shape of the acrosome contrasts with the strongly 226 

depressed acrosome of Macropodia longirostris (Jamieson et al., 1998) and Inachus phalangium 227 

(Rorandelli et al., 2008). The acrosome is organized into three concentric layers of different 228 

electron densities, all surrounded by a capsule, covered apically by the operculum, and centrally 229 

penetrated by the perforatorium. In addition, the thickened ring is also observed. While the three-230 

coat morphology and organization of the acrosome in M. brachydactyla is similar to that of other 231 

Majoidea, such as Libinia sp. (Hinsch, 1969) and Chionoecetes opilio (Chiba et al., 1992), it 232 

differs from the description of M. brachydactyla with only two separate layers given by Tudge 233 

and Justine (1994). The internal acrosomal layer of M. brachydactyla spermatozoa may be 234 

homologous to the inner acrosome zone described by Tudge and Justine (1994, as Maja 235 

squinado); however, the homology is unclear for the outer acrosome zone of Tudge and Justine 236 

(1994) and the external and intermediate acrosomal layers of M. brachydactyla. 237 

The presence of actin in brachyuran spermatozoa has been reported in several species with a 238 

variable distribution (Tudge et al., 1994; Rorandelli et al., 2008). Actin in M. brachydactyla, as 239 

in I. phalangium (Rorandelli et al., 2008), is restricted to the basal region of the perforatorium, 240 

while in Cancer pagurus (Tudge et al., 1994), actin is present in the perforatorium as well as in 241 

two concentric rings of the acrosome. 242 

The highly reduced cytoplasm of M. brachydactyla sperm cells is more apparent in the base of 243 

the perforatorium and in the cytoplasmic ring, contrary to the conspicuous cytoplasm observed in 244 
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the spermatozoa of Jasus novaehollandiae (Tudge et al., 1998) and Pylocheles sp. (Tudge et al., 245 

2001). The base of the perforatorium contains at least one centriole, as described in C. opilio 246 

(Chiba et al., 1992), but we do not discard the presence of two centrioles as in other Majoidea 247 

(Jamieson et al., 1998). The cytoplasmic ring is filled with the structures-organelles complex 248 

(SO-complex), which is composed of a membrane system, microtubules, and very simplified 249 

mitochondria with few cristae. The SO-complex of Carcinus maenas (Pochon-Masson, 1968), 250 

Cancer sp. (Langreth, 1969), and Neodorippe astuta (Jamieson and Tudge, 1990) has the same 251 

components (membranes, mitochondria, and microtubules) as M. brachydactyla, while the SO-252 

complex in most brachyuran species only contains membranes and mitochondria (see SO-253 

complex section in Table 1 for references). 254 

The sperm nucleus of M. brachydactyla presents an electron-dense complex envelope, derived 255 

from the fusion of the outer edge of the plasma membrane and the nuclear envelope during 256 

spermiogenesis (Simeó et al., 2009), similar to other brachyurans (Hinsch, 1988; Chiba et al., 257 

1992). The nucleus of the sperm cell generally has four radial arms, occasionally only three 258 

situated laterally. The number of nuclear arms varies among Majoidea, showing three in some 259 

species (Hinsch, 1969; Jamieson et al., 1998), between 4 and 10 in C. opilio (Chiba et al., 1992), 260 

and 5 radial arms with several ventral protrusions in I. phalangium (Rorandelli et al., 2008). 261 

While the lateral arms of L. emarginata (Hinsch, 1969) contain chromatin and microtubules, the 262 

lateral arms of M. brachydactyla only seem to contain chromatin; neither microtubules nor β-263 

tubulin were observed using TEM or immunofluorescence microscopy. We did not observe the 264 

source for the development of the lateral arms, neither during spermiogenesis (Simeó et al., 265 

2009), nor in mature spermatozoa. 266 
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Chevaillier (1970) and Reger et al. (1984) demonstrated in some decapods that the morphology 267 

of the nucleus depends on the method of fixation applied. Nevertheless, our methods seem to 268 

obtain reproducible results, which we describe and discuss below. The chromatin is non-269 

condensed and is organized into fibers of approximately 10 nm of diameter, similar to the size of 270 

a nucleosome (see the discussions of Kurtz et al., 2007; Martínez-Soler et al., 2007b). Indeed, the 271 

chromatin does not seem to be organized into superior structures like the granules or fibers with 272 

a diameter of 20 nm or greater observed in other non-crustacean species (Gimenez-Bonafé et al., 273 

2002; Martínez-Soler et al., 2007a; Kurtz et al., 2009b). However, the chromatin is not 274 

completely uniform throughout the nucleus, and the chromatin fibers appear to agglutinate in 275 

several more electron-dense areas, around the SO-complex and at the base of the lateral arms. 276 

We do not reject the possibility that part of the chromatin could be bound to the SO-complex 277 

through the nuclear envelope, similar to the anchorage of chromatin to the nuclear envelope, 278 

covered by microtubules, observed in other spermiogenesis (Kessel and Spaziani, 1969; Soley, 279 

1997; Martínez-Soler et al., 2007a). 280 

Despite the possible relation between the nuclear lateral arms and the chromatin aggregates, the 281 

causes and mechanical elements that determine the development of the four nuclear arms remain 282 

unknown. In this regard, the presence and role of the sperm nuclear matrix in the organization of 283 

the nucleus in the brachyuran spermatozoon, which has been described in the sperm of mammals 284 

(e.g., Ward and Coffey, 1990; Nadel et al., 1995; Kramer and Krawetz, 1996), should be 285 

investigated in further studies. 286 

Origin and function of some sperm organelles 287 

The acrosome, including the perforatorium, is the most complex organelle in the non-flagellated 288 

sperm of brachyurans and provides the necessary movements for the sperm nucleus to penetrate 289 
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the oocyte envelope and reach the oocyte cytoplasm (Brown, 1966; Hinsch, 1971; Goudeau, 290 

1982; Medina and Rodríguez, 1992a). In M. brachydactyla, the acrosomal layers form 291 

independently of each other during spermiogenesis (Simeó et al., 2009), and the internal 292 

acrosomal layer and the perforatorium appear to have a coordinated self-organization in the later 293 

phases of spermiogenesis. The internal acrosomal layer originates from an electron-dense vesicle 294 

formed in the cytoplasm that later merges with the proacrosomal vesicle. Then, the perforatorium 295 

develops from an invagination of the proacrosomal vesicle simultaneously with the elongation of 296 

the electron-dense granule, which constitutes the internal acrosomal layer. These facts suggest 297 

that the composition and function of the acrosomal layers could be complementary during the 298 

acrosomal eversion. 299 

The SO-complex is composed of a membrane system, which is derived from the degeneration of 300 

the endoplasmic reticulum and Golgi complex, along with mitochondria with poorly developed 301 

cristae, and microtubules (Simeó et al., 2009). Among other functions, the SO-complex could 302 

serve as an anchor point for the chromatin and provide the necessary mechanic stability to push 303 

the chromatin (by way of frontal traction) toward the oocyte during the acrosomal eversion (see 304 

descriptions of the acrosomal eversion in Brown, 1966; Hinsch, 1971; Goudeau, 1982; Medina 305 

and Rodríguez, 1992a). The different degrees of chromatin condensation observed in the sperm 306 

of the Majoidea I. phalangium (Rorandelli et al., 2008) could be related to the nuclear traction 307 

described during the first stages of fertilization. 308 

In brachyuran spermatozoa, the lateral arms could be involved in triggering the acrosomal 309 

reaction. Attachment of the spermatozoa to the oocytes occurs through the operculum and lateral 310 

arms, and is followed by the acrosomal reaction (Brown, 1966; Hinsch, 1971; Medina, 1992). 311 

The lateral arms increase the contact surface between gametes, which may be necessary to 312 
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provoke an ion transport that triggers the acrosomal reaction, as suggested by experimental 313 

activation of the acrosomal reaction using calcium ionophore treatments or rich-calcium 314 

solutions (Fasten, 1921; Nanshan and Luzheng, 1987; Medina and Rodríguez, 1992a). 315 

Finally, poor condensation of the sperm chromatin is most likely indispensable to this type of 316 

gamete fertilization. The chromatin in the mature sperm of most non-crustacean species is highly 317 

compact due to the presence of highly basic DNA-interacting proteins, such as histones (without 318 

any post-translational modifications) or other proteins (SNBPs, protamines) with a high content 319 

of arginine or lysine residues (reviewed in Kasinsky, 1989). However, the DNA in the sperm 320 

nucleus of C. pagurus (Kurtz et al., 2008) and M. brachydactyla (Kurtz et al., 2009a) is bound to 321 

hyperacetylated histones (histone H4 in C. pagurus and histone H3 in M. brachydactyla). 322 

Hyperacetylation prevents the condensation of chromatin into structures of higher order than 323 

nucleosomes (Garcia-Ramirez et al., 1995; reviewed in Zheng and Hayes, 2003; Calestagne-324 

Morelli and Ausió, 2006), but it may also provide resistance to breakage as well as flexibility to 325 

the nucleus during the acrosomal reaction. 326 
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FIGURE LEGENDS 505 

Fig. 1. Partial view of a spermatophore located in the median vas deferens of Maja 506 

brachydactyla containing ripe spermatozoa. (A) Transmission electron micrograph, (B) 507 

scanning electron micrograph. A, acrosome; Arm, lateral or nuclear arms; N, nucleus.  508 

Fig. 2. Transmission electron micrographs of the spermatozoa of Maja brachydactyla contained 509 

within the spermatophore in the median vas deferens (A, B) and contained within the 510 

evacuation zone of the seminiferous tubule in the testis (C). A. Radial section. B. Cross 511 

section made approximately at the level indicated in A (see dashed line). C. Radial 512 

section. A, acrosome; A1, external acrosomal layer; A2, intermediate acrosomal layer; 513 

A3, internal acrosomal layer; Arm, lateral or nuclear arms; At, actin; Chr(+), more 514 

densely arranged chromatin; CR, cytoplasmic ring; Cy, cytoplasm; N, nucleus; NE, 515 

nuclear envelope; Op, operculum; P, perforatorium; SO, structures-organelles complex; 516 

Tr, thickened ring. 517 

Fig. 3. Transmission electron micrographs of the nucleus and cytoplasm of the spermatozoa of 518 

Maja brachydactyla. A. Radial section of the spermatozoon, demonstrating the large size 519 

and morphological complexity of the acrosome. B. Detail of the basal area of the 520 

acrosome and the reduced area of cytoplasm where the centriole is found. C. Transversal 521 

section of the structures-organelles complex composed of a series of membranes, 522 

microtubules, and some mitochondria. D. Amplification of area D in image A showing 523 

the membrane system that encircles the acrosome. E. The SO-complex of the cytoplasm, 524 

showing its relation to the densely arranged chromatin fibers; also observe that the 525 

nuclear envelope is discontinuous (white arrows). F. Detail of the nucleus located within 526 

the lateral arms. The chromatin appears non-condensed and organized into fibers. A1, 527 
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external acrosomal layer; A2, intermediate acrosomal layer; A3, internal acrosomal layer; 528 

Arm, lateral or nuclear arms; At, actin; Ca, capsule; Ce, centriole; Chr, chromatin; 529 

Chr(+), more densely arranged chromatin; Chr(-), less densely arranged chromatin; Cy, 530 

cytoplasm; M, mitochondria; Ms, membrane system; Mt, microtubules; N, nucleus; NE, 531 

nuclear envelope; Op, operculum; P, perforatorium; SO, structures-organelles complex, 532 

Tr, thickened ring. 533 

Fig. 4. Scanning electron micrographs documenting the development of the lateral arms at the 534 

end of the spermatogenesis in Maja brachydactyla observed in the seminiferous tubule of 535 

the testis. A and B. Spermatozoon released from the transformation zone. C and D. 536 

Mature spermatozoon obtained from the evacuation zone. Arm, lateral or nuclear arms; 537 

CR, cytoplasmic ring; N, nucleus; Op, operculum. 538 

Fig. 5. Mature spermatozoon of Maja brachydactyla. A. Phase contrast microscopy. B. Confocal 539 

fluorescence microscopy. The reaction of the rodaminated phalloidin (red) in the center 540 

of the cell indicates the presence of actin in the perforatorium. The anti-β-tubulin 541 

antibody (green) binds to a ring that surrounds the acrosome and corresponds to the area 542 

occupied by the structures-organelles complex and the area where the centriole(s) is 543 

located (see also Fig. 3). The DNA is labeled by Hoechst intercalating dye (blue). A, 544 

acrosome; Arm, lateral or nuclear arms; Ce, putative centriole; N, nucleus; P, 545 

perforatorium; SO, structures-organelles complex. 546 

Fig. 6. Schematic reconstruction of the mature spermatozoon of spider crab, Maja brachydactyla. 547 
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