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ABSTRACT

Ultrastructure of gametes (sperm and eggs) of vestimentiferan tubeworms and external-internal insemination by means
of spermatozeugmata in Riftia pachyptila were described. The spermatozoa of Riftia are threadlike, about 130 um long,
and have a diameter of about 0.7 pm, narrowing to 0.2 um in the apical portion of the macrodome, and pointed at the
end of the tail. Oocytes are produced by the ovaries at the first meiotic prophase stage. The early oocytes are small,
hardly exceeding 10 pm in diameter, spherical cells with a poorly differentiated cytoplasm and large nuclei with a nu-
cleolus. Completely formed oocytes reaching up to 130 um in diameter leave the ovary, their germinal vesicle is unre-
sorbed and has a nucleolus. They are coated by a yolk membrane of 1.2 um. The eggs enter the oviduct, move along,
and accumulate in its expanded anterior portion, the ovisack. The sperm is released in seawater as sperm packages, each
having the shape of a torch. Then sperm moves to females and sperm packages at the posterior end of the oviduct sur-
rounding of eggs. Inside the female tube, spermatozoa and, possibly, yet unsplit sperm packages, invade the oviducts

through genital openings, where the unfertilized eggs are already present in the terminal portion of the egg sack.
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1. Introduction

External-internal insemination by means of the sperma-
tozeugmata occurs in nature enough often as in vertebrates
[1,2] as in invertebrates [3-5]. There are many works about
spermatozeugmata in annelids and related taxons [6-8].

Pogonophorans and vestimentiferans, or Siboglinids
(Annelida) in modern taxonomy [9-11]—deep-sea worms
that have chitinous tubes and inhabit reducing biotopes
such as hydrocarbon seeps, hydrothermal vents, etc.—
play an important role in many marine ecosystems. They
have long attracted zoologists, with particular attention to
their feeding and reproduction.

The reproductive organs of male and female Lamelli-
brachia barhami have been described at the histological
level [12-14]. A light microscopic description of the gam-
ete morphology of pogonophorans is given in a number
of papers [12-15]. An electron microscopic study of sperm
has been carried out on the pogonophoran Siboglinum
ermani [16] and on the vestimentiferans Riftia pachyptila
[17,18], Lamellibrachia luymesi, and Ridgeia piscesae
[18,19].

Riftia pachyptila, the first vestimentiferan species de-
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scribed from deep-sea hydrothermal vents, has become a
kind of model for the study of obturate pogonophoran
biology [20]. In recent years, several papers have been
published on the reproductive biology and development
of this species [18,21,22]. Direct observations of Riftia
ejecting both types of gametes into the seawater testify to
external insermination in these animals [21]. At the same
time, the sperm was found in the spermatheca of R.
pachyptila and Lamellibrachia luymesi, suggesting internal
fertilization in vestimentiferans [22].

Many questions remain open concerning the ultrastruc-
ture of mature spermatozoa in these species. The descrip-
tion of sperm of R. pachyptila was based on sections of
the late spermatids [17]. The authors had at their disposal
only cross-sections of mature spermatozoa. Marotta et al.
[18] represented a different picture of the structure of the
vestimentiferan sperm acrosome.

2. Materials and Methods

The vestimentiferans Riftia pachyptila (Polychaeta: Si-
boglinidae: Vestimentifera) were sampled using “MIR”
manned submersibles during the 49" cruise of the RV
“Akademik Mstislav Keldysh” in the rift zone of the
East-Pacific Rise (9°45’N; 103°41°W) at a depth of about
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2600 m and in the Guaymas Basin of the Gulf of Cali-
fornia (27°00°N; 111°24°W) at a depth of about 2000 m.
Live male and female gonads were analyzed under a light
microscope. We picked up R. pachyptila specimens aboard
and washed away mature eggs and sperm out of the tubes
in the laboratory by an optical microscopy right away the
worms were elevated to the deck from depth. We ob-
served sperm motion and took its video record.

For electron microscopy, pieces of the gonads were
prefixed in a 3% glutaraldehyde solution in cacodylate
buffer with the addition of sodium chloride. Then they
were postfixed in a 2% solution of osmium tetroxide in
the same buffer, dehydrated in alcohols, and embedded in
Epon-araldite resin. Sections were cut with a Reichert-Jung
Ultracut E ultratome and analyzed with a JEOL 100 SX
electron microscope.

3. Results

In hydrothermal sites of the East-Pacific Rise and in the
Guaymas Basin, the giant (more than 1 m long) vesti-
mentiferan Riftia pachyptila forms massive aggregations
of dioecious individuals. Reproduction of R. pachyptila is
asynchronous; however, ready-to-spawn animals with
mature gametes are always present.

Ultrastructure of sperm. The spermatozoa of Riftia
pachyptila are threadlike, about 130 um long, and have a
diameter of about 0.7 pum, narrowing to 0.2 um in the
apical portion of the acrosome, and pointed at the end of
the tail. The sperm can be subdivided into three portions:
an acrosome, a nucleus, and a tail, which includes the
middle part of the sperm. The length of the acrosome is 6
pm, the length of nucleus is 26 pum, and that of the tail,
including its middle part, is about 98 um. The sperm mid
portion is about 1 um long (Figures 1(a)-(f)).

The sperm acrosome is formed by an elongated acro-
somal vesicle, about 6 um long, spirally twirled (4 gyres)
around an electron-transparent subacrosomal material with
sparse granules. The wall thickness of the acrosomal vesicle
varies from 0.05 to 0.5 um (Figures 1(a)-(c)). The acro-
some main axis is located at an angle to the axis of the
nucleus. A spiral thickening is present on the periphery
of the acrosome. The basal part of the acrosome contains an
electron-dense structure connecting it with the nucleus
(Figures 1(b) and (c)). In one instance, the acrosome was
seen to surround a hollow apical portion of the nucleus
(Figure 1(a)).

The acrosome is followed by a region about 26 pum
long that hosts the nucleus and mitochondria (Figures
1(a), (b) and (d)). The nucleus is made up of condensed
chromatin and a short electron-transparent anterior por-
tion of about 3 um long. The apical portion of the nu-
cleus is electron transparent and is merely enveloped by a
nuclear membrane. The nuclear wall starts to thicken
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gradually, and the nucleus becomes filled with con-
densed chromatin and thus completely electron dense
(Figures 1(a), (b) and (d)). There are two spiral parallel
grooves in the nucleus (Figure 1(d)). One of the grooves
hosts one or two mitochondria spirally twining round the
nucleus, the other is filled with cytoplasm without any
visible structures.

The sperm tail is threadlike, about 0.7 um in diameter,
and hosts an axoneme with a typical pattern, 9(2) + 2, of
microtubules. It begins from a modified distal centriole
(Figure 1(f)). The kinetosome is surrounded by a fibril-
lar root complex beginning from the middle portion of
the kinetosome. Its electron dense fibrils surrounding the
distal portion of the kinetosome and the apical portion of
the axoneme separate and protrude out of the cytoplasm
to form a special structure, the annulus (Figure 1(f)). The
tail ends in a terminal portion, in which the doublets of
microtubules are reduced gradually.

Ultrastructure of eggs. The ovaries of Riftia are very
large and are located ventral to the trophosome in the
paired gonocoel along the entire trunk and above the
ventral blood vessel. Posteriorly the ovaries pass into the
oviducts running forward and located ventrally to the
ovaries.

In the middle part of the ovaries, three types of cells
are observed: oogonia, oocytes at various stages of growth,
and follicular cells (Figure 1(g)). The ovarian tissue is
penetrated by anastomosing blood vessels surrounded by
somatic cells. The oogonia are rather small, slightly more
than 10 um in diameter, and have a large nucleus with a
transparent nucleoplasm.

The early oocytes are small, hardly exceeding 10 pm
in diameter, spherical cells with a poorly differentiated
cytoplasm and large nuclei having a nucleolus (Figures
1(9), (h) and (j)). Their cytoplasm contains elongate mito-
chondria, channels of endoplasmic reticulum, and cis-
terns of Golgi’s complex (Figure 1(k)). As they grow,
the oocytes enlarge, cytoplasmic organelles increase in
number, and, in addition to numerous mitochondria and
dictyosomes, yolk granules of variable size of two types
emerge in the cytoplasm: electron dense protein granules
and electron transparent lipid ones (Figures 1(j) and (K)).
At early stages of growth, oocytes are already surrounded
by follicular cells with a large nucleus, about 10 pm in
diameter, and a thin layer of cytoplasm (Figures 1(h), (j)
and (k)). The plasma membrane of oocytes forms nu-
merous microvilli: protrusions about 1.2 pm high and
0.01 um thick, surrounded by an electron dense material,
the glycocalix. The distal ends of microvilli closely con-
tact follicular cells (Figures 1(h), (j) and (k)). In the cor-
tical oocyte layer, besides numerous vesicles, no special-
ized cortical granules are observed that release their con-
tents during the cortical reaction.

Completely formed oocytes reaching up to 130 pm in
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diameter leave the ovary; their germinal vesicle is unre-
sorbed and has a nucleolus (Figures 1(i) and (k)). They
are coated by a yolk membrane of 1.2 um. The eggs en-
ter the oviduct, move along, and accumulate in its ex-
panded anterior portion, the ovisack (Figures 1(I) and
(m)).

Insemination. When sperm released into seawater, the
spermatozoa begin to move within the packages, so as
the packages themselves start moving. Quickly moving
sperm packages find their way into the chitinous tubes of
the females.

The packages in seawater do not retain their integrity,
for more than 30 s, and then split into individual sper-
matozoa, each capable of independent wormlike motion.
This is clearly seen with the light microscope during ob-
servations of live sperm packages and spermatozoa. In-
side the female tube, spermatozoa and, possibly, yet
unsplit sperm packages invade the oviducts through geni-
tal openings. Unfertilized eggs are already present in the
terminal portion of the female egg sack (Figures 1(I) and
(m)).

The sperm occur in seawater as sperm packages, each
having the shape of a torch (Figure 2). Its cup is formed
by acrosomes, a nuclear region of the sperm, and a mid-
dle region of the sperm. The long handle of the torch is
formed by densely packed sperm tails. It has a pointed
terminal region about 12.5 um long formed by motile
portions of the tails, which are only formed by axonemes
not surrounded by a layer of cytoplasm. Initially, the
packages are associated in groups, being connected by
ends of the tails. The spermatozoa in packages are densely
packed, and it is possible to distinguish three regions in
the sperm package: an acrosomal region, a nuclear one,
and a tail. There are about 340 - 350 spermatozoa in each
package connected with each other by thin fibrils. The
sperm packages are surrounded along the periphery by a
thin layer of nanofibrils to ensure integrity.

Here, the sperm penetrates the eggs, and the matura-
tion process is completed: the pronuclei merge to form
the nucleus of a zygote.

4. Discussion

Various aspects of the reproduction and development of
Riftia have earlier been studied on specimens sampled in
vent sites of the Galapagos Rift [17] and the East Pacific
Rise [18,21,22]. We also collected Riftia in the East-Pacific
Rise rift zone, and, in addition, in the Guaymas Basin,
the Gulf of California. Our observations on reproduction
have been made on the East-Pacific material.

Our observations of the gamete morphology and in-
semination of Riftia mostly agree with the data of other
authors who studied the gametes of Riftia [17-18,21-22].
There are discrepancies on the sperm acrosome structure
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in vestimentiferans described by different authors. Very
unusual sperm with a unique structure of the acrosome
have been described for Ridgeia piscesae [19]. These
authors noted that the acrosomes of late spermatids
sharply differ from those of mature sperm. The acrosome
of late spermatids of Ridgeia is a spirally coiled rib-
bon-like cistern twining around the spindle-shaped proc-
ess of spermatids that hangs down from its anterior end
near the place of its connection with the cytoplasm of the
cytophore. In the mature sperm of this species, the acro-
some is surrounds the anterior region of the nucleus.
Gardiner & Jones [17], who studied the ultrastructure of
spermatogenesis in R. pachyptila, described only the
formation of acrosomes in the spermatids as they had no
mature spermatozoa at their disposal. Nevertheless, in a
large review on vestimentiferans [23], these authors drew
the conclusion that a similar displacement of the acro-
some after completion of spermatogenesis might occur in
R. pachyptila, too. The acrosome, which is lateral to the
nucleus in late spermatids, moves onto the nucleus, sur-
rounding its apical portion devoid of chromatin and the
adjacent region of the nucleus containing chromatin.
Such a unique structure of sperms in vestimentiferans
greatly differs from that of perviate pogonophores, par-
ticularly Siboglinum [16], and this was considered as an
argument in favor of the supposition that perviate po-
gonophores and obturate pogonophores or vestimen-
tiferans may belong to absolutely different taxa [24]. It
has been suggested to classify vestimentiferans as a phy-
lum or as a subphylum Obturata with a single class—
Vestimentifera [20]. But now zoologists consider all po-
gonophorans, among Polychaeta [9-11,25,26].

Our research shows that no change in the location of
the sperm acrosome occurs at the end of spermiogenesis.
In late spermatids, the acrosome is already anterior to the
apical portion of the nucleus, being located at a slight
angle to it. There is an electron dense structure between
the acrosome and the nucleus that connects the acroso-
mal vesicle and the nucleus. Our observations confirm
the results of electron microscopical and immunochemi-
cal studies by Marotta et al. [18] demonstrating that in
mature sperm in sperm packages of Riftia pachyptila and
Lamellibrachia luymesi the acrosome is located in front
of the nucleus. In our material, the only instance where
the acrosome is shifted onto the apical portion of the nu-
cleus was probably an artifact of fixation.

Oogenesis of R. pachyptila is similar to oogenesis of
annelids, which has been adequately studied in various
groups: polychaetes [27,28], oligochaetes [29], and leaches
[30]. Our observations on oogenesis in R. pachyptila are
consistent with the earlier description [23]. Oogonia and
oocytes at different stages of growth surrounded by flat-
tened follicular cells are observed in the ovaries of R.
pachyptila. Blood vessels are also found, but trophocytes
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Figure. 1. Longitudinal ((a)-(d), (f)) and cross-cut () sections of spermatozoa of vestimentiferan Riftia pachiptila. (a) Sperm
acrosomes and apical parts of nucleus. Scale: 0.25 um; (b) Acrosomes and nucleus of sperm of Riftia. Scale: 0.5 um; (c) Lon-
gitudinal sections of sperm acrosomes. Scale: 0.25 um; (d) Middle part of nucleus and mitochondria. Scale: 0.25 um; (e)
Cross sections of acrosomes. Scale: 0.25 um; (f) Tail parts of sperm of Riftia. Scale: 0.5 um; Oocytes ((g)-(j)) and mature egg
(i) of vestimentiferan Riftia pachiptila; (g) Oocytes of Riftia. Scale: 20 pm; (h) Oocyte cytoplasm at a stage of growth. Scale: 10
pm; (i) Mature egg of Riftia, washed up from female oviduct. Scale: 10 um; (j) The follicular cells, surrounding oocytes. Scale:
10 um; (k) Vitelline envelope of oocytes. Scale: 1 um; (I) and (m) Mature eggs of Riftia pachyptila in female oviduct, sur-
rounded with sperm. () Scale: 40 pm; (m) Scale: 5 um.

Abbreviations for figgures. (a)-(m): a: acrosome, f: flagellum, fc: folliculare cell, m: mitochondria, n: nucleus, oc: oocyte, s: sperm,
ve: vitelline envelope.

Copyright © 2012 SciRes. 0OJMS
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Figure 2. The sperm package of R. pachyptila in sea water
has the shape of a torch. Scale: 10 um.

are absent. Follicular cells that perform the protein-syn-
thesizing and nutritive functions have been described for
many polychaetes [27,28]. They can also participate in
oocyte resorption. Similarly to previous observations, the
blood vessels are usually surrounded by various somatic
cells, which, in addition to the feeding function, have the
structuring function and support the ovarian tissue. It is
possible to summarize that Riftia exhibits the follicular
type of oogenesis which occurs in many polychaetes.

It is generally believed that insemination is internal in
R. pachyptila, a view first put forward by Gardiner and
Jones [17] and now shared by many authors [19,21,22,
31-33]. As R. pachyptila typically form dense popula-
tions of hundreds of dioecious individuals, Malakhov and
Galkin [20] assumed that the males could transfer sperm
masses to the females by extending the tentacular region
with adhering sperm packages out of the tube and bend-
ing it toward the females.

In our opinion, insemination in R. pachyptila should
be classified as the external-internal type, and it is ac-
complished by means of spermatozeugmata. During sper-
miogenesis, R. pachyptila forms packages consisting of
340 - 350 spermatozoa. The anterior part of sperm pack-
ages comprised of acrosomes, nuclei, middle parts of
spermatozoa, and short basal portions of tails are stuck
together by means of an extracellular nanofibrillar matrix
and form a uniform structure. The remaining greater part
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of sperm tails are stick together more losely.

As the sperm packages consist of homogeneous cells,
they cannot be classified as spermatophores, and such
formations are referred to as the spermatozeugmata [19].
To date, insemination by means of the spermatozeugmata
has been described for a large variety of animals: fishes
[1,2,34-35], annelids [6,7,36], gastropods [37,38]. The
spermatozeugmata is also found in animals with external
insemination, namely bivalves [39,40], bryozoans [4,5],
and sipunculans [8].

The spermatozeugmata is thought to provide a more
effective transport of sperm. For example, in oyster, the
eggs usually remain close to motionless females at a sig-
nificant distance from males [40]. Males of freshwater
bivalve unionids release the spermatozeugmata into the
water as spherical aggregations of 8000 - 9000 spermato-
zoa with their heads turned to the center of the sphere
[41]. In the bryozoan Membranipora membranacea, the
colonies eject into seawater individual eggs and sper-
matozeugmata containing 32 - 64 spermatozoa [4].

During spawning, sperm packages or spermatozeug-
mata are released from the males into the water where
they actively move to the tubes of females. In the labo-
ratory, the spermatozeugmata split within 15 - 30 sec-
onds into individual spermatozoa. However, it is quite
possible that in specific conditions of hydrothermal vents
the sperm packages keep their integrity for a longer pe-
riod. When inside the tube of female, the spermatozoa
penetrate through the genital opening (gonopore) into the
eggsack, where they can be stored and fuse with the eggs.
Sperm packages cannot move within the limited space of
the oviducts, but spermatozoa are capable of vermicular
movements in the oviducts. For adaptation to this type of
motion, R. pachyptila sperm contain a plenty of cyto-
plasm in the nuclear and tail regions. Only the acrosome
is surrounded by the plasma membrane and it has no
layer of cytoplasm.

Such a type of insemination should be considered ex-
ternal-internal because during spawning the sperm is
released into the seawater, swim to the females, and
penetrate into the female tubes to carry out fertilization
by merging with the eggs in the oviducts. R. pachyptila
eggs, being of a medium size, about 130 um, have merely
a thin yolk envelope and are adapted for internal insemi-
nation and development up the larval stage in the ovis-
acks or in the tube cavity. The lack of well-developed
cortical granules suggests that at fertilization no apparent
cortical reaction occurs in the eggs of R. pachyptila and
no fertilization membrane is formed, i.e., the embryos
have no other protective coating than a thin yolk enve-
lope.

It is safe to assume that the spermatozeugmata are ca-
pable of chemotaxis—directional movement inside the
female tube. The middle region of sperm contains nu-
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merous actin microfilaments [18]. This suggests that the
tail is motile relative to the nucleus and that the sper-
matozoa, as well as the sperm package can change the
direction of movement.

In summary, it can be concluded that the gametes of R.
pachyptila are adapted for external-internal insemination
and embryonic development inside the females. By their
development and morphology, gametes of R. pachyptila
are similar to those of many annelids that exhibit in-
semination by means of the spermatozeugmata. This un-
doubtedly points to the affinity of the vestimentiferans
with the polychaetes. This viewpoint has long been ad-
vanced by mophologists [11,43-45] and has repeatedly
been confirmed by molecular biologists [9,10,25,26].
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