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Abstract

Morphological changes in the fomation of spermatozoa of Nautilus belauensis in

Palau were studied. The nucleus undergoes considerable elongation during early

spermlOgeneSis and is surrounded by extensive microtubules to make the manchette

stmcture. The mitochondria mlgでate tO One pole of the secondary spermatocyte to be-

come two mitochondrial masses which elongate and eventually lie in two grooves oでthe

nuclear envelope on the opposite side of the nucleus. The acrosomal complex is a

pointed apical sac. The complex contains anterior and posterior acrosomal rods and an

irregular vesicles situated in theをont tip of the nucleus. At the posterior end of the

nucleus proximal and distal basal bodies lie parallel in the basal body fossa. Each basal

body is composed of nine sets of doublet microtubules. These morphological Seatures

are compared with the ultrastructure of Nautilus pompilius in the PhilipplneS, Fiji and

Papua New Guinea and it is suggested that the diff:erences found among them are not

considerable enough to distinguish the species.
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Introduction

There have been several ultrastructural studies of theめrmation of spermatozoa

of Nautilus pompilius (Amolds and Williams-Amolds, 1978, Tsukahara, 1985, 1988,

Tsukahara et al., 1991 ). Tsukahara et al. ( 1991 ) compared ultrastructural features

of spermatozoa or Nautilus pompilius from Fiji and Papua New Guinea and

showed that there was only a little geographical difference between them.

The species level taxonomy or chambered Nautilus has long been obscure. Re-

cently, Saunders (1987) proposed the division of Nautilus into five or possibly six

species (N. pompilius, N. macromphalus, N. scrobiculatus, N. stenomphalus, N.

belauensis and possibly N. repertus). However, some malacologists regard the latter

three putative species as geographic variants or N. pompilius (e.g. Habe, 1980, Ab-

bott 皮 Dance, 1983). Tanabe et al. (1990) carried out comparative momhological

studies of living Nautilus from the PhilipplneS, Fiji and Palau, and have suggested

that the Palau population, previously distinguished as N. belauensis, and the other

two populations belong to the same, wide ranglng SPeCies, N. pompilius, Or that

otherwise they are closely related sibling species, N. belauensis and N. pompilius

respectively.

This paper describes ultrastructural changes during spermatogenesis and

sperm10geneSis of N. belauensis in comparison with the morphological features of

the formation or spermatozoa or N. pompilius.
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Materials and Methods

Six specimens or mature male N. belauensis captured in Mutremdiu Bay, Palau

during August and September were used in this study. Their son parts were dis-

sected and testes and spermatophores in the spermatophore sacs were removed.

Small pieces were prenXed with 2.5% glutaraldehyde in bu鵬red saline (1% K2

Cr20,-KOH burfer (pH7.4) containing 0.5M NaCl) for 3 hours at room tempera-

ture. After rinslng three times with buffered saline, Post fixation was carried out

for 1 hour with 10/o OsO4 in buffered saline at OoC. Tissues were then dehydrated

and embedded in Spurr resin. Ultra-thin sections of the specimens were stained

with uranyl acetate and lead citrate, and were observed by a Hitachi H-600 trans一

mission electron microscope.

Results

Spermatocyte and spermatid in the testis

Many spermatogonia and young spermatocytes are seen near the bas負l lamina

of the seminiferous tubule. Primary spermatocytes undergo first meiotic division

to the zygotene stage and studded synaptonemal complexes are observed in its nu-

cleus (Fig. 1, 2a, 2b). Numbers of mitochondria are scattered in the cytoplasm.

The Golgi apparatus and a few electron dense granules are also observed in the

cytoplasm.

When the youngest spermatid begins spermlOgeneSis, many mitochondria crowd

near one side of the nucleus and mse gradually with one another to become two

large oval mitochondrial masses (Fig. 3). some spematids have a cytoplasmic

bridge to connect to the neighboring cell throughout their dif鮭rentiation into ma-

ture spermatozoon (Fig. 6, Fig. ll). A pair of centrioles is fbund in the periph-

eral cytoplasm near the mitochondrial mass (Fig. 3, arrowhead), and then moves

toward the nuclear envelope (Fig. 4, arrowhead). one of them changes into the

distal basal body to prepare an elongated nagellum (Fig. 5, db), while the other

changes into the proximal bas負l body and moves closely into the pit of the enve-

lope (Fig. 5, pb). These two basal bodies are set on a slightly acute angle to each

other.

The spherical nucleus elongates gradually to a pear shape as subsequent devel-

opment progresses (Fig. 6). proximal and distal basal bodies are almost parallel

to each other in a implantation fbssa of the nuclear envelope. On the nearly op-

posite side of these basal bodies around the nucleus the Golgi apparatus makes a

number of small Golgi vesicles, and many of these appear to gather like a cap on

the anterior surぬce of the nucleus (Fig. 7). Two mitochondrial rods are elongated

along the nuclear envelope on the opposite side to the fbssa. Many microtubules

begin to develop around the nucleus and mitochondrial rods (Fig. 6, arrowhead).

In cross section it is easy to observe many parallel microtubules are in a row

around the nucleus and mitochondrial rods (Fig. 8).
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Fig. 1. Primary spermatocyte in which synaptonemal complexes in the nucleus (arrow), and

mitochondria (nit), Golgi apparatus (Gol) and electron dense granules (arrowhead)

in the cytoplasm. ×8,100.

Fig. 2a. A synaptonemal complex (arrow) in the nucleus of a primary spematocyte. ×14,400.

Fig. 2b. Synaptonemal complexes (arrow) in the nucleus of a primary spematocyte. × 18,000.
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Fig. 3. Early spermatid in which the mitochondria (arrow) have clumped to one side of the nu-
     cleus. A pair of parallel centrioles (arrowhead) in the peripheral cytoplasm. X 18,000. 

Fig. 4. Early spermatid in which the two mitochondrial masses and two centrioles  (arrowhead) 
      are located to one side of the nucleus. X 9,000. 

Fig. 5. Spermatid with two basal bodies. The proximal basal body (pb) penetrates part way into 
     the fossa and the distal basal body  (db), which is set on a slightly acute angle, forms 

      an elongated flagellum. X 9,000.
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Fig･ 6･ The mitochondria (arrow) elongate on either side of the pear-shaped nucleus of the

spermatid. Many mlCrOtubules (arrowhead) have extended along the nucleus and

mitochondrial rods. × 16,200.

Fig. 7. Mitochondria elongate notably along the nuclear envelope (arrow). Golgi apparatus

(Gel) is situated on the mture anterior of the spermatid. The electron dense mass

(arrowhead) adheres to the血turc apex of the nucleus. × 13,500.

The nucleus elongates mrther to become a cylindrical shape (Fig. 9). chromatin

condensation begins to appear in the periphery of the nucleus tip. Two or three

rows of parallel microtubules surround the nuclear envelope and mitochondrial

rods as the manchette structure (Fig. 10). The number of microtubules amounts

to more than　200　around the nucleus of about I /jm in diameter･ Two

mitochondrial rods are situated in the groove of the nuclear envelope on opposite
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Fig. 8. Cross section of the elongating nucleus with a row of microtubules (arrowhead) around

the nucleus and mitochondrial rods (arrow) of the spermatid. ×28,800.

Fig･ 9. Anterior side of the cylindrical nucleus of the spermatid. Condensation of the chroma-

tin begins in the periphery of nucleus･ (arrow). x 14,400.

sides of the nucleus.

Thc mlly grown spermatid in the testis have small masses of cytoplasm around

near the nucleus tip (Fig. ll). some of these are still linked by cytoplasm bridges.

The apical end of the nucleus presents as a disc below the acrosomal complex

(Fig. 12). The acrosomal region is a pointed apical sac with granular, dense ma-

terial. There are two acrosomal rods. The anterior electron dense rod is about 250

mm in length and about 30 nm in width at the tip of the sac, and the posterior,
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Fig. 10. In a cross section of a slightly older spermatocyte, the well developed manchette struc-

ture surround the nucleus. Two mitochondrial rods arc situated in a groove of the

nuclear envelope (arrow). ×43,200.

Fig. ll. Anterior side of a chromatin showing the well-condensed nucleus of a請lly grown

spcrmatid with a small mass of cytoplasm. ×4,860.
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Fig. 12. The pointed tip of the nucleus and acrosomal region with an anterior rod (ar), a pos-

tcrior rod (pr) and a irregular vesicle (arrow) in簡ont of the nuclear end (nu).

×36,000.

Fig. 13. Parallel basal bodies (pb, db) with electron dense cap (arrow) lie in a deepめssa of

the posterior end or the nucleus of a spermatid. A connecting piece (cp) is insened

between the basal body and axoneme. ×27,000.

Fig. 14. Parallel basal bodies with doublets of microtubules (arrowhead). ×43,200.



Fomation or Spematozoa of N. belauensis

緩ま閣誓言言`'.ち ..∵憲∴謙÷∴∴∴∴子守∴仁子∴ 剪�.JS' ナ高言 ｣∴ ��lr 停苒s�苒�x駢B粐ﾂ��｢ﾒﾇFF簓Brｲ粐�粫�ﾂrr�"r��

騒認遊＼鰯鬱.-T.言_詳言∴諒闇童謡閣 劍ﾉﾂ�YTへ陶�x耳蒔I?�粐w"ﾒ�<r�黙Tr::/ h`､上､' ��･,-,-案あ ��

∴∴ 令 侭nﾈﾋ��h�ｳ｣ｳｹ?�ﾋ笋簫ﾈﾋ���.���ﾒ�ﾉ伊ﾉ��8(6ﾘ耳鱚�������ﾈ耳��ｨ甁ﾂﾒ�2wGB���｢�仄隧9xYxX�2�W"穽V�� 盤韻 中言 .千. 纏…/〟 ����r�Δ�ﾒ(���(�r���ﾂ���*C｢�������ﾘ4R�.i:一∴｢ 予言薄 ら./ 書● �-ﾂ�&亦���B�｢謦ﾈ�>���

∴∴言.∴∴∴一∴ 劔i...-鮮 :'王 滝 劔�U��
1◆-.-尊貴`＼ 千 Sl-C--.- i..∴*.:損.i謹!. i'. ∴ �..,..* ∴∴∴∴∴∴∴∴ ■冒言∴薫塁∴.∴∴ 通H臺Jﾙ�ﾙｲ�Rﾂﾂ"ﾂ篦��に<r粤｢粤ｦ亦�� 隆��ﾂ�ﾂ��ﾒ謦ﾂ譁����,R�蕀>｢"ﾒ�

+ ∴∴∴. 崩停謦ﾂﾖ津ｦ猛ﾂﾙ4ﾙkb��苒ﾒ���依��り������"�､子.-→ヽ 醗隻蘭書､､観 �rﾒ�÷←＼ :｢∴ 一十十:÷､三 言斗∴∴十 ､ヽ �.,-..+;'# ･,.質.- ��"���定*ﾒ停�鱗�ﾂ�Xｽ鞁��b��"�

'*it- 唸���������伊r簫������ず���依鶇�なｯCｨ�ﾋ���9��(ｼ�ﾋ粤ｳ｢ﾔ剃定ｧrrx����Sﾒﾄ頂���凵R∴ --r_' ∵∴÷ =>r:-. i.､∴＼I t＼`1 ､や.＼` 
ISLj' 懸…態竃鑑壁函翳曇誓言i ヽ､9-.● 劔剪�H���

襲露
語

騒露,Er,--,l'''-震懸'- _一1-短評鷲 冓..A ��麗欝 ��h�����h�ｲ�7���4*H42�白ｲ������ⅲ�∴/舵.-'一一一一'i'Lm-i'-''章嵐撃露童謡 劔��ﾂ��耳�"�

㌻∴一十懸 ��)MR� 啅靈粐�畿 劒R駛�ﾆ辻ﾂ��ﾈ�f��
- ��劍����6ﾘ�ｲﾒ����･青,a_,3 友免咤$辻� 

熟議灘.),舵-..r- � 唸��<r餬������ﾈ爾�劔 鋳鶇.(耳�ﾂ粳khﾖc2簫�劔�ｨ耳���

bi.圏.,, ��

～ 綿ﾈ��ﾂ踪*ﾘﾆ"�劔劔劍ﾘ陳ﾒ��).ゝ ∴一 ¢夜露. 刹E紺瑠 

チ議箆 ◆ rp､-.),.- ーi句読.- ∴ヽ ∴"∴∵ら 佩ﾉz6佶ﾎ､r�螢撥調賀田国憲閏 ∴-∴∴言∴漂 ���*ﾙ�ﾈ�"ﾕ停��り�h�育��(+R�一∴ ら. ∴ .slr 龍 一_1°蜜 ��"�ki. 壷守 ":! 与霧 tt手 ��ｲ�ｻ���◆. '● ti-●. 千 霧 �ｪH���������ｸ��b���子7 二∴∴ 二滝言を,,.,,-. i謙責.wi ∴+ 駄'i 遅�"�ﾋ罠�稈罎粐�X���鎚ﾅﾈ爾ﾒﾘ+R�Rﾖ艇8ﾆ��9(8ﾋ鵯B�亦ﾓ�ﾈ�ｸ�ｳ｢�耳ﾅ"�� 飛�"r�塾 

一.血､:∴∴証∵ 題耶疏 〇一∴∴- 咾�粲B�稲.a-富 貴憲二｢∴ 亦�倩�V��:�ｼ����2ﾂ�,I_～ ･ヽ ∴∵∴ 劍Y 辻ｲﾖ鞴��2�X���b�.,_a.,._寧 -.一着登 I)iL,Y.. ヾ∵ �ｩ�ﾘ��ﾂ�呈定��J9z2���?�耳耳�ほ�r��r��り.r�HvB�F���ｨ爾���ﾉyRﾒ��剌ｬ一,ィ,｢ 

I-I.き~圏_ 刮抽ﾄ盤 剪竄定��� 凵��∴ I.----,､.- �,i.._､rt言 � ����淫｢�ｷｲ�

73

Fig. 15. Dense mature spermatozoa are arranged in the spermatophorc; a conical nucleus tip

(arrow) × 18,000.

Fig. 16. Cross section of mature spermatozoa･ A rare cloverlearshaped nucleus with three

groov?S (arrow)･ ×27･000･

Fig･ 17･ Posterior end of mature spermatozoa･ The width of the axoneme increases slightly Just

under the annular atrium (arrow). ×21,600.
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slightly less dense rod is about 550 mm in length and about 40 nm in width. An

irregular electron light vesicle is located in五〇nt of the nuclear disc･ Many long

nlaments of nuclear material run along the long axis of the nucleus (Fig. 13). At

the end of the nucleus two parallel basal bodies occur on the electron dense cap

on the anterior side. Each body lies deep in the basal body fbssa and is about 0.4

〟m in length and about O･15 i`m in diameter･ A connecting piece is found be-

tween the posterior bas負l body and the axoneme. There are nine set of doublet

microtubules on each bas負l body, in cross section (Fig. 14).

Mature spermatozoa in the spermatophore

Numerous mature spermatozoa arrange their heads toward the outer layer of

the electron dense mass (Fig. 15). The nucleus reaches about 38FLm in length.

In cross section, the nucleus is O･5×0･3I`m in diameter with two grooves situated

on its opposite sides (Fig. 16). Rarely, a nucleus has three mitochondrial grooves

around its envelope and appears like a clover leaf in cross section (Fig. 16, arrow).

The elongated axoneme increases in width紅Om about 0.2/`m to about 0.3/`m just

under the annular atrium (Fig. 17, arrow).

Discussion

Franzen ( 1956) has theorized that animals with internal fertilization or compli-

cated copulation have relatively specialized spermatozoa with highly modmed mor-

phology. Arnold and Williams-Amold ( 1978) described spermiogenesis of Nautilus

pompilius in the PhilipplneS by electron microscope and compared this to the

ultrastructures of other cephalopods. They speculated that the differences round

are greater than might be expected ir the mechanisms of sperm transfer and fertili-

zation were the only controlling forces determlnlng the evolution of spermatozoan

ultrastructure.

Tsukahara (1985) and Tsukahara et al. (1991) analyzed the ultrastructure of

the spermatozoa of Nautilus pompilius in Fiji and Papua New Guinea, comparlng

morphological dif鰐rences with samples from the Philippines, and showed clearly

that there is only a little geographical difference among Nautilus from these three

areas･ For instance, the mature spermatozoon or N. Pompilius from the PhilipplneS

has a nucleus about 35/∠m in length and about 0.3/`m in diameter (Amold and

Williams-Arnold, 1978), those from Fiji about 37FLm in length and about 0.5XO.

3/jm in diameter (Tsukahara, 1985), while those紅om Papua New Guinea about

36FLm in length and O･5XO.3FLm in diameter (Tsukahara et al., 1991). These val-

ues may not be outside the range of individual variation in each region.

Ultrastructural studies of male gametes during spermatogenesis and

sperm10geneSis of Nautilus belauensis from Palau, indicate no considerable differ-

ence in morphologlCal changes during the formation of the spermatocytes and

spermatids between N. belauensis and N. pompilius, including elongation of the nu-

cleus, emergence of the manchette structure, behavior of mitochondria, and the
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features of the basal body, which is composed of nine sets of doublet microtubules,

and the acrosomal complex. However, Some small differences were observed; for

instance, the nucleus of mature spermatozoa of N･ belauensis is about 38 LLm in

length, while this is about 35-37FLm in length in N･ Pompilius･ The acrosomal

rods of the two putative species are also slightly different. For instance, the ante-

rior rod is about O･25/`m in length and the posterior rod is about O･55i∠m in

length in N･ belauensis, while the former is about O･36FLm and the latter is about

O･6FLm in N･ pompilius･ The maximum average number of microtubules in the

manchette is 212 in N. belauensis, while 190 in N. pompilius. These differences

between the two species, however, may be not considerable enough to serve as a

basis to distinguish species. It is suggested that the Palau population, N. belauensis

and the populations belongmg to N. Pompilius have a wide variety of the morph0-

10gical features exhibited during the formation of spermatozoa that overlap each

other. At the most, these populations belong to closely related sibling species, N

belauensis and N. pompilius respectively.
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