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a b s t r a c t

We investigated the cytology of the oogenic cycle in two oviparous demosponges, Axinella damicornis and
Raspaciona aculeata, during 2 consecutive years both by light and electron microscopy. Oocytes of both
species were similar in their basic morphological features but differences were noticed in time required to
complete oocyte maturation and mechanisms of acquisition of nutritional reserves. The oogenic cycle o
A. damicornis extended for 7–8 months in autumn-spring, while that of R. aculeata did it for 3–5 months in
summer-autumn. Yolk of A. damicornis was predominantly formed by autosynthesis. Oocytes endocytosed
bacteria individually and stored them in groups in large vesicles. Bacteria were digested and lipidic mate-
rial was added to the vesicles to produce a peculiar granular yolk hitherto unknown in sponges. Scarce
cells carrying heterogeneous inclusions were observed in the perioocytic space, and were interpreted as
putative nurse cells. Such cells were presumably releasing lipid granules to the perioocytic space. In con-
trast, large numbers of nurse cells were found surrounding the oocytes of R. aculeata. They transported
both lipid granules and heterogeneous yolk bodies to the oocytes. R. aculeata also produced some of their

yolk by autosynthesis. The involvement of nurse cells in the vitellogenesis of R. aculeata shortened the
oocyte maturation, whereas a largely autosynthetic vitellogenesis in A. damicornis prolonged the duration
of oogenesis.
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. Introduction

Sexual reproduction in demosponges exhibits profuse vari-
tion in terms of mode (oviparism/viviparism and gonocho-
ism/hermaphroditism), dynamics (from very short gametogenic
ycles to nearly continuous gametogenesis) and morphology of
ametes (Fell, 1974; Reiswig, 1983; Simpson, 1984; Boury-Esnault
nd Jamieson, 1999; Riesgo et al., 2007a,b; Riesgo and Maldonado,
008a). Origin of gametes in demosponges is also diverse. To date
here is no evidence of a predetermined germline, and demosponge
ametes are known to derive from at least three types of somatic
ells (archaeocytes, choanocytes, or storage cells), depending on
he species (Fell, 1974, 1983; Reiswig, 1983; Simpson, 1984; Willenz
nd Hartman, 2004).

Oocytes usually derive from archaeocytes (see Fell, 1983 and

impson, 1984 for reviews), although in few cases, choanocytes
ave been suggested as the oocyte anlagen (Diaz, 1973a,b; Gaino
t al., 1986). Oocytes usually develop relatively scattered through
he sponge mesohyl (Fell, 1983; Simpson, 1984), though in some
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pecies appear clustered or aggregated (e.g., Lévi, 1956; Diaz,
973a,b; Fell and Jacob, 1979; Fromont, 1994; Riesgo et al., 2007b).
emosponge oocytes usually differ morphologically in aspects such
s oocyte size, type and abundance of yolk, presence of enveloping
urse or follicular cells, and collagenous covers (see Fell, 1974, 1983;
impson, 1984 for reviews).

Yolk formation (i.e., vitellogenesis) in poriferans, has been
eported to take place by: 1) autosynthesis, with or without using
ino- or endocytosed basic precursors (proteins, lipids, etc); 2) het-
rosynthesis, with yolk and/or yolk precursors supplied by somatic
ells (nurse cells), or 3) both types simultaneously (Fell, 1974,
983; Simpson, 1984; Sciscioli et al., 1991). All these three types
f yok formation patterns have been also reported for most marine
nvertebrates (Nørrevang, 1968; Anderson, 1974; Eckelbarger, 1994;
amírez Llodra, 2002). It is postulated that basal invertebrates pre-
ominantly form their yolk by the most “primitive” mechanism:
utosynthesis (Eckelbarger, 1994). The diverse populations of inclu-
ions traditionally called yolk can be roughly divided into fatty yolk

lipid droplets- and proteid yolk -composed of protein and carbo-
ydrates (Nørrevang, 1968; Anderson, 1974). Proteid yolk shows a
emarkable uniformity throughout the animal kingdom, occurring
s membrane-bound electron-dense bodies with a homogeneous
tructure that, in some cases, possess a finely outlined dense core

http://www.sciencedirect.com/science/journal/00408166
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Fig. 1. Morphology and location of oocytes of Axinella damicornis and Raspaciona aculeata studied by light microscopy. Mature oocytes spread homogeneously within the
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esohyl of (A) Axinella damicornis and (B) Raspaciona aculeata. Young (C) and ma
culeata.

mbedded in a less dense matrix (Nørrevang, 1968; Anderson,
974; Adiyodi and Adiyodi, 1983). Only in some invertebrates,
uch as some molluscs, polychaetes, and echinoderms, yolk looks
eterogeneous (e.g., ringed or vesiculated) (Anderson, 1974). In
emosponges, yolk has been reported to have both homogeneous
e.g., Lévi and Lévi, 1976; Gallissian and Vacelet, 1976; Sciscioli et al.,
989, 1991, 2002; Riesgo et al., 2007a) and heterogeneous appear-
nce (e.g., Diaz et al., 1975; Watanabe, 1978; Gaino et al., 1986;
aino and Sarà, 1994; Lepore et al., 1995), but the latter is more
ommon and abundant.

Since vitellogenesis remains poorly documented in oviparous
emosponges, we selected two species belonging to different
rders: Raspaciona aculeata (Johnston, 1842) (order Poeciloscle-
ida) and Axinella damicornis Esper, 1794 (order Halichondrida).
he reproductive cycle of Raspaciona aculeata has been studied
y Riesgo and Maldonado (2008b), who reported the oogenesis to
ccur from July to November and described the gametes using light

icroscopy only. Similarly, little is known about the gametogenesis

f A. damicornis. The duration of the gametogenic cycle was studied
y Siribelli (1962) in the western coast of Italy and by Riesgo and
aldonado (2008b) in the northeastern coast of Spain. Whereas

iribelli (1962) reported the oogenesis to extend from February

A
c
b
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) oocytes of Axinella damicornis. Young (E) and mature (F) oocytes of Raspaciona

o July, Riesgo and Maldonado (2008b) documented it from Octo-
er to May. In contrast, in the western coast of France, Lévi (1950)
ocumented spawning of mature eggs of A. damicornis in Septem-
er. Thus, it appears that timing and duration of oogenesis in A.
amicornis depend on the particular environmental characteristics
f each location. Again, all these studies described only the basic
orphology of gametes using light microscopy. Therefore, since

ltrastructural features of female gametes of A. damicornis and R.
culeata are largely unknown, we decided to investigate these ooge-
eses using light and electron microscopy to describe the process
f oocyte maturation, with focus on the mechanisms of yolk pro-
uction and storage.

. Materials and methods

.1. Sampling
We studied two populations of the oviparous demosponges
xinella damicornis and Raspaciona aculeata, in the sublittoral rocky
ommunities of the North-eastern Mediterranean coast of Spain,
etween the localities of Blanes and Tossa de Mar (41◦ 11′ 18′′ N,
◦ 45′ 2′′ W). A previous 2-year study based on repetitive monthly
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Fig. 2. Young oocyte of Axinella damicornis. (A) General view of a young oocyte. (B) Large pseudopodium emitted by a young oocyte. (C) Filiform microvilli with a small vesicle
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n the tip (mv) displayed by the oolemma. The cytoplasm of the oocyte contained he
acteria (b).

ampling of 5 tagged individuals and additional fortnightly sam-
ling of 25 untagged individuals during the maximum reproductive
ctivity revealed that males and females of both species produce
ynchronically oocytes and spermatic cysts during a brief period
f the year (Riesgo and Maldonado, 2008b). From that study, a sex
atio close to 1:1 was inferred for Raspaciona aculeata and close to
:1 for Axinella damicornis.

The current cytological study of the oogenesis was based only on
he tagged individuals (n = 5) of each species mentioned above. All
hese 5 individuals were large and presumably mature adults. They
ere sampled monthly during 2 consecutive years (2003–2005).
sing scuba and surgical scissors, we collected a small tissue piece
approx. 1 cm × 0.5 cm × 0.3 cm) from each sponge at each sampling
ime. In no case tissue collection involved death or reproductive
nterruption in the injured sponges over the study period. Tis-
ue samples were divided into two pieces, one assigned to light
icroscopy and the other to electron microscopy. Samples for elec-

c
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eneous yolk (hv). (D) Higher magnification of the microvilli, in close proximity to a

ron microscopy were always pre-fixed in 2.5% glutaraldehyde in
.2 M Millonig’s phosphate buffer (MPB) and 1.4 M sodium chloride,
nd stored until further examination.

.2. Light microscopy

Tissue samples for light microscopy were maintained in ambi-
nt seawater for transportation to the laboratory and fixed within
h after collection in 4% formaldehyde in seawater for 24 h. Then,

amples were desilicified with 5% hydrofluoric acid for 5 h, rinsed
n distilled water, dehydrated through a graded ethanol series
70%, 96%, 100%), cleared in toluene, and embedded in paraffin to

ut them into 5 �m-thick sections with an Autocut Reichert-Jung
icrotome 2040. After deparaffining with xylene, sections were

tained with Hematoxylin-PAS, and studied through a Zeiss Axio-
lan II compound microscope connected to a Spot Cooled Color
igital camera. When light-microscopy sections revealed oogenic
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ctivity in any of the species, we resumed processing for samples
or electron microscopy.

.3. Transmission electron microscopy

After primary aldehyde fixation, samples were post-fixed in 2%
smium tetroxide in MPB, dehydrated in a graded acetone series,
nd embedded in Spurr’s resin. Ultrathin sections obtained with
n Ultracut Reichert-Jung ultramicrotome were mounted on gold

rids and stained with 2% uranyl acetate for 30 min, then with lead
itrate for 10 min (Reynolds, 1963). Observations were conducted
ith a JEOL 1010 transmission electron microscope (TEM) operating

t 80 kV and provided with a Gatan module for acquisition of digital
mages.

i
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ig. 3. Inclusions of the young oocyte of Axinella damicornis. (A) Homogeneous yolk inc
esicle containing fibrous material in the cytoplasm of the oocyte. (C) Vacuoles showin
ith a fine-grained content in the cytoplasm. (D) Glycogen rosettes (g), heterogeneous yo

ocyte.
and Cell 41 (2009) 51–65

. Results

.1. Axinella damicornis

First evidence of oogenesis was detected in the sponge tissue in
ctober-November (depending on year). Oogenesis was synchronic

n the studied population, and extended through April-May (7–8
onths). Most females (2 out of three) that produced oocytes in

004 year did it also in 2005. Oocytes consistently located scattered
hroughout the mesohyl (Fig. 1A, C and D), and were very similar

n morphology to archaeocytes, even showing a similar affinity for
tains. Youngest oocytes, found in October and November, mea-
ured approximately 30 �m (Fig. 2A) and were lobate because of
he formation of pseudopodia (Figs. 1C and 2A and B). They had a
ucleolate nucleus measuring approximately 10 �m (Fig. 1C). They

lusion. Note the numerous vesicles (arrow head) surrounding the yolk body. (B)
g bacteria in different digestion stages (db) and numerous vesicles (arrow heads)
lk inclusions (hv), and multiple vesicles (arrow heads) within the cytoplasm of the
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isplayed great number of filiform microvilli with a small vesicle
n the tip (Fig. 2C and D).

In early oocytes, vitellogenesis involved obvious changes in
ost of the ooplasm, except for the perinuclear space. The oocyte

ytoplasm progressively filled with different types of inclusions:
eterogeneous and homogeneous yolk bodies (Figs. 2C and 3A,
espectively), small vesicles with fibrous content (Fig. 3B), and vesi-
les with bacteria in different stages of digestion (Fig. 3C and D).
acteria contained in these vesicles have previously been endocy-
osed from the mesohyl of the sponge (Figs. 2D and 4A) and stored
ndividually in small vesicles (Fig. 4B–D). Later, such small vesi-
les fused together and showed evident signs of bacteria digestion

Figs. 3C and D and 4A). The ooplasm also showed great number
f small electron-clear vesicles (Fig. 3A, C and D), which were par-
icularly abundant in the periphery of the oocyte (Fig. 2C and D).
lycogen rosettes located scattered within the ooplasm (Fig. 3D).
ipid droplets were scarce (not shown).

a

o
y
c

ig. 4. Endocytosis of bacteria in Axinella damicornis. (A) Microvilli (mv) of the oolemma clo
v) and large vesicles with bacteria in different stages of digestion (db). (B and C) Bacteria (
f microvesicles (v) in the periphery of the cytoplasm of the oocyte. (D) Small vesicles con
olemma (ol).
and Cell 41 (2009) 51–65 55

Oocyte maturation progressed synchronously within and
etween individuals during both years of study. During oocyte
rowth, both cytoplasm and nucleus increased in size. Mature
ocytes became round, attaining approximately 120–150 �m
Fig. 1A and D). The nucleolated nucleus (15 �m in diameter)
ontained fine-grained chromatin and several chromatin masses
Fig. 5A and B). A narrow area (approx. 3 �m) with scarce yolk inclu-
ions and highly vesiculated surrounded the nucleus (Fig. 5A and B).
ultiple dictyosomes located within this perinuclear area, with the

amellae oriented parallel to the nuclear membrane and small vesi-
les detaching from their ends (Fig. 5B). Mitochondria were hard to
ee because of the high density of inclusions in the ooplasm, as well

s endoplasmic reticulum and free ribosomes.

In mature oocytes, different types of yolk inclusions were
bserved in the ooplasm, presumably being correlative stages of
olk formation: (1) heterogeneous membrane-bound composites
ontaining semi-digested bacteria (Fig. 5C–F), (2) large vesicles con-

se to a free bacteria (b). The cytoplasm of the oocyte showed numerous microvesicles
b) endocytosed by a mid-stage oocyte. Note the oolemma (ol) and the great number
taining single bacteria (b) in the cytoplasm of an oocyte. Note the proximity to the
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Fig. 5. Mature oocyte of Axinella damicornis. (A) View of the nucleolate (nu) nucleus (n) and the narrow perinuclear region (pn) devoid of inclusions. Note the chromatin
masses (arrow heads) within the nucleus. (B) Close up of the nucleus (n) with chromatin masses (arrow head) and the Golgi apparatus (ag), with the lamellae orientated
parallel to the nuclear membrane and numerous microvesicles detaching from its end. (C) Heterogeneous inclusions (hv) within the cytoplasm of the oocyte. (D) Close up of
a heterogeneous yolk inclusion. (E and F) Vesicles of granular electron-dense yolk (gv) and heterogeneous inclusions (hv) in the cytoplasm of the oocyte.
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Fig. 6. Yolk elaboration in Axinella damicornis. (A) Periphery of the oocyte showing numerous vesicles with bacteria in different digestion stages (db) and granular yolk
inclusions (gv). (B and C) Close up of large vesicles containing bacteria in digestion (db). (D and E) Intermediate stages of formation of granular yolk bodies (gv). Note the
lipidic material (li) and the digested bacteria (db) within the same large vesicle. (F) Granular yolk inclusion within a small vesicle.
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ig. 7. Nurse cells in Axinella damicornis. (A) Nurse cells (nc) approaching an oocyte
f the oocyte. (B and C) High magnification of the nurse cells in (A). Note the large n
nd the lipid granules (li) that appeared to be released in the mesohyl by the nurse

aining semi-digested bacteria and lipidic material, which resulted
rom the fusion of several small ones (Fig. 6A–E), and 3) small vesi-
les containing coarse granular electron-dense yolk (Fig. 6A, D and
). Such granular yolk vesicles were comprised of 10–25 granules
Fig. 6F).

Scarce cells surrounded the oocyte during oogenesis (Fig. 7A).
heir cytoplasm contained heterogeneous inclusions (Fig. 7B and
), which strongly resembled those of the oocyte. These cells
howed a large anucleolate nucleus with chromatin condensations
n the inner nuclear membrane (Fig. 7B). In addition, such cells
ppear to exocytose lipidic inclusions in the vicinity of the oocyte
Fig. 7A and B).

.2. Raspaciona aculeata

In 2004, oocytes were found in the sponge tissue for 3 months
from August to October). However, in 2005 oogenesis occurred

uring 5 months, from July to November. Onset of oogenesis was
ynchronic within the studied population in both years. All females
n = 3) that produced oocytes in 2004 did it also in 2005. The small-
st cells identified as oocytes were 25 �m in diameter. These young
ocytes appeared scattered within the mesohyl (Fig. 1B and E), and

t
2
S
n
n

ote the numerous lipidic granules (li) scattered within the mesohyl in the vicinity
(n) and the heterogeneous inclusions (hv) within the cytoplasm of the nurse cells,
(B).

trongly resembled to archaeocytes because of their similarities in
orphology and affinity for stains. Young oocytes had an oval 5 �m-

ucleus provided with a 2 �m-well developed nucleolus (Fig. 8A).
ictyosomes occurred adjacent to the external nuclear membrane,
ith cisternae oriented parallel to it (Fig. 8B). The remaining

oplasm contained large numbers of small electron-clear vesicles,
carce lipid droplets, and small groups of mitochondria (Fig. 8B–D).
itellogenesis started at this early-stage (25 �m in diameter), and

ew small heterogeneous inclusions appeared within the ooplasm
Fig. 8C).

Oocyte development was highly synchronous within and
etween individuals in both years. Mid-stage oocytes (approxi-
ately 65 �m in diameter) emitted numerous pseudopodia (Figs

A and 10C and D). Their ooplasm started filling with heterogeneous
nclusions of complex nature (presumably lipidic and proteina-
eous) from the nucleus to the periphery ( Figs. 9A and 10A), but
eaving a perinuclear region devoid of yolk bodies where large dic-

yosomes located (Fig. 9B–D). The nucleus measured approximately
5 �m, and the nucleolus increased up to 5 �m in diameter (Fig. 9B).
ome chromatin masses were seen apparently attached to the inner
uclear membrane (Fig. 9C). Numerous pores were evident in the
uclear membrane (Fig. 9C and D). Mitochondria were abundant
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ig. 8. Young oocyte of Raspaciona aculeata. (A) General view of a nucleolate (nu)
olgi apparatus (ag) close to the external nuclear membrane. Note the numerous e
howing the nucleus (n), small dictyosomes located close to the nucleus (ag), mitoch
n formation (hv). (D) Detail of the ooplasm containing small clusters of mitochond

hrough the entire ooplasm, usually in clusters of 15–20 organelles
Fig. 10B). The periphery of the oolemma showed numerous small
lectron-clear vesicles (Fig. 10C and D). At this stage, moderate
mounts of collagen microfibrils (Fig. 10C) and free-living bacteria,
ere surrounding the oocytes.

Mature oocytes measured approximately 190 �m (Fig. 1F) and
ocated homogenously within the entire mesohyl (Fig. 1B). Their
ucleus was ovoid, measuring 30 �m in its largest diameter, with
4–5 �m nucleolus (Fig. 11A). A 5 �m-wide area rich in small

lectron-clear vesicles and devoid of yolk bodies surrounded the
ucleus (Fig. 11A and B) like in mid-stage oocytes. Larger dic-
yosomes than in previous stages occurred in the vicinity of the
ucleus, most of them with their lamellae in parallel to the nuclear
embrane (Fig. 11B). Large clusters of mitochondria were no longer
ound. Instead, groups of only 6–8 mitochondria occurred in the
eriphery of the ooplasm (Fig. 11D). Glycogen rosettes were com-
on throughout the cytoplasm (Fig. 11E), as well as yolk inclusions
ith heterogeneous appearance (Fig. 11C, D, and F). Yolk inclusions
ith an electron-dense, homogeneous appearance also occurred,

(
e
c
l
e

e. Note the oval shape of the nucleus (n). (B) Close up of the nucleus (n) and the
n-clear microvesicles (vs) found in the ooplasm. (C) General view of the ooplasm

al clusters (m), electron-clear microvesicles (vs), and heterogeneous yolk inclusions
), electron-clear microvesicles (vs), and lipid droplets (li).

ut less frequently (Fig. 11F). Both types of yolk inclusions appeared
o correspond to different stages in the formation of proteinaceous
olk. Abundant membrane-bound lipid droplets were intermingled
ith yolk bodies, as well as additional membrane-bound granular

nclusions (Fig. 11F). At this stage, few microvilli were produced by
he oolemma (Fig. 11C).

We identified two potential types of nurse cells in the vicinity
f growing oocytes during the entire oogenesis. Type I were amoe-
oid cells (Fig. 12A–B) that occurred in high numbers around the
ocytes. They measured approximately 10 �m in their largest diam-
ter and contained heterogeneous inclusions (Fig. 12A–D) similar
o those within oocytes. As they approached the oolemma, they
tarted to flatten against it (Fig. 12A and C). At those areas, numer-
us small electron-dense vesicles occurred in the perioocytic space

Fig. 12D). Type II cells were round, approximately 4 �m in diam-
ter, and less numerous than type I cells (Fig. 12E). Type II nurse
ells were charged with large vacuoles of granular content and
ipid droplets, vaguely resembling spherulose cells. These cells
mbedded so deeply in the oocyte that the possibility that they
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he nucleolate (nu) nucleus (n), and the perinuclear region (pn) devoid of inclusion
hich contained numerous dictyosomes (ag). Note the nuclear pores (p) displayed

re phagocytosed entirely cannot be discounted (Fig. 12E). Never-
heless, we never found clear evidence that such phagocytosis takes
lace.

Occasionally, vesicles containing collagen microfibrils and other
aterial of unknown nature were found in the periphery of the

oplasm of mature oocytes (Fig. 12F). Similar collagen microfibrils
ccurred in the mesohyl close to the oolemma (Fig. 12F). We have
ot enough evidence to conclude whether such collagen microfib-
ils were being secreted or endocytosed by the oocyte.

. Discussion

Although our data are not conclusive, oocytes of both Axinella

amicornis and Raspaciona aculeata appeared to derive from
rchaeocytes, because of their similarities in size, morphology, and
ffinity for stains. A similar origin of oocytes has been postulated
or the majority of sponges (see Fell, 1983 and Simpson, 1984 for
eviews). Oocytes of the 2 studied species were very similar in

S
n
s
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e

e oocyte showing the numerous pseudopodia (ps). (B) Mid-stage oocyte showing
nd D) Details of the nucleus (n) and the perinuclear region of a mid-stage oocyte,
nuclear membrane and the chromatin masses (c) inside the nucleus.

orphology during the course of the maturation process. Both
ocytes were lobate at early stages, emitting numerous pseudopo-
ia, and microvilli presumably involved in pinocytosis of dissolved
ompounds from the mesohyl, as previously described for many
emosponges (e.g., Fincher, 1940; Diaz, 1979; Gaino et al., 1986;
allissian and Vacelet, 1992; Sciscioli et al., 1991) and other inver-

ebrates (Nørrevang, 1968). Nevertheless, microvilli were more
umerous in Axinella damicornis than in Raspaciona aculeata. The
ytoplasm of both oocytes contained glycogen rosettes, as well
s homogeneous and heterogeneous yolk, which have also been
escribed in many other demosponges (Borojevic, 1967; Fell, 1974;
iaz et al., 1975; Aisenstadt and Korotkova, 1976; Lévi and Lévi,
976; Simpson, 1984; Gaino et al., 1986; Gaino and Sarà, 1994;

ciscioli et al., 1989; Lepore et al., 1995). In both studied species, the
ucleus possessed a perinuclear region devoid of yolk inclusions, as
hown by the oocytes of the demosponges Suberites massa (Diaz et
l., 1975), Tetilla serica (Watanabe, 1978), Stelletta grubii (Sciscioli
t al., 1991), and Halichondria panicea (Witte and Barthel, 1994).
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Fig. 10. Organelles and inclusions of the mid-stage oocyte of Raspaciona aculeata. (A) Detail of the region immediately close to the nucleus, showing early stages of yolk
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olgi apparatuses, usually involved in the synthesis and/or accu-
ulation of yolk (Nørrevang, 1968), were very abundant in both

tudied species. Dictyosomes arranged their lamellae in parallel
o the external nuclear membrane, as reported from many other
ponge oocytes (Diaz, 1979; Sciscioli et al., 1991; Gallissian and
acelet, 1992; Lepore et al., 1995). Dictyosomes of mature oocytes
f R. aculeata were slightly larger than those of A. damicornis.

Major differences between the oogenesis of both studied species
ere basically restricted to the process of formation and accu-
ulation of nutritional reserves. Oocytes of demosponges have

een reported to acquire their reserves using autosynthesis with
r without endocytosis and heterosynthesis with transfer of nutri-
ive material by nurse cells and/or phagocytosis of complete nurse

ells (Simpson, 1984; Sciscioli et al., 1991). Many authors have sug-
ested that endocytosed microbes (bacteria and other symbiotic
icrobes) may be used to elaborate yolk by the oocytes (Gaino

nd Sarà, 1994; Sciscioli et al., 1989, 1991, 1994). Ultrastructural
xaminations of growing oocytes of Axinella damicornis allowed the

y
d
e
p
A

etail of a mitochondrial cluster (m). (C) Periphery of the ooplasm showing the
he occurrence of collagen microfibrils (mf) in the vicinity of the oocyte. (D) Small
of mitochondria (m), lipid droplets (li), numerous microvesicles (vs), heterogeneous

orroboration that the granular electron-dense yolk was elaborated
rom endocytosed bacteria subsequently combined with other fine-
rained granular material -presumably lipidic. Bacteria appeared to
e endocytosed individually by the oocyte and stored in small vesi-
les, a mechanism widespread within demosponges (Diaz et al.,
975; Aisenstadt and Korotkova, 1976; Gallissian and Vacelet, 1976;
aino et al., 1986, 1987; Sciscioli et al., 1989, 1991; Ereskovsky et
l., 2005; Maldonado et al., 2005; Maldonado, 2007). Then, some of
he vesicles fused to form a large, single one, containing approx-
mately 15-20 bacteria that were progressively digested. Lipidic

aterial was then incorporated and mixed with the subproduct of
acteria digestion to complete the formation of complex electron-
ense granular yolk. Such complex yolk bodies, containing 10-25

olk granules, have never been reported in other demosponges to
ate. These observations suggest that most yolk of A. damicornis is
laborated by the oocytes from the phagocytosed materials, being a
rocess close to an autosynthetic vitellogenesis (Nørrevang, 1968;
nderson, 1974; Eckelbarger, 1994). Nevertheless, not all the yolk
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Fig. 11. Mature oocyte of Raspaciona aculeata. (A) View of the nucleolate (nu) nucleus (n) and the wide perinuclear region (pn). (B) Detail of the nucleus (n) and the large
dictyosomes (ag) located in the perinuclear region, with the lamellae orientated parallel to the nuclear membrane. Note the abundant electron-clear microvesicles (vs)
adjacent within this region. (C) Microvilli (mv) displayed by the oolemma. Note the heterogeneous yolk inclusions of the ooplasm (hv). (D) Detail of the peripheral ooplasm
showing small clusters of mitochondria (m) and heterogeneous yolk inclusions (hv). (E) Glycogen rosettes (g) within the ooplasm. (F) Different types of inclusions observed
in the oocyte cytoplasm: granular inclusions (gi), homogeneous yolk (hov), heterogeneous yolk (hv), and lipid droplets (li).
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Fig. 12. Nurse cells and fibrilar vacuoles of Raspaciona aculeata. (A) Nurse cells (nc) containing heterogeneous yolk (hv) approaching a mid-stage oocyte (oo). (B) Type I of
nurse cell in the surroundings of the oocyte. Note the nucleolate (nu) nucleus (n) and the heterogeneous yolk inclusions (hv). (C) Nurse cell approaching an oocyte (oo) and
containing lipid droplets (li) and heterogeneous yolk (hv) strongly similar to those of the oocyte (hv). (D) Detail of the heterogeneous inclusions (hv) and lipid droplets (li)
carried by nurse cells. Note the microvesicles (vs) and the collagen microfibrils (mf) occurring in the space between the oocyte (oo) and the nurse cell. (E) Type II of nurse
cell attached to the oocyte (oo) containing granular inclusions (gi) and lipid droplets (li). Note the different appearance of the nucleus (n) from that of type I nurse cells. (F)
Vacuoles of fibrilar content (fv) close to the oolemma (ol). Note the similarity of the fibrilar content with mesohyl collagen (mf).
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n the oocyte cytoplasm was granular yolk elaborated as described
bove. An additional autosynthetic mechanism of vitellogenesis
annot be discarded in the oocytes of A. damicornis, since we have
ound small vesicles with incipient yolk formation (Fig. 3 A, C,
nd D) that may be early-stages of the homogeneous yolk bodies
Fig. 3A). Furthermore, we found numerous small vesicles, pre-
umably Golgi-derived, surrounding homogeneous yolk platelets,
hich in many other invertebrates is evidence indicating autosyn-

hetic yolk formation (Nørrevang, 1968; Eckelbarger 1979; Ramírez
lodra, 2002). Although the autosynthesis of yolk appeared to be
he predominant mechanism in Axinella damicornis, some yolk may
ave been elaborated by heterosynthesis. Few cells approached the
eveloping oocytes. They were interpreted as “putative” nurse cells
ince they contained heterogeneous inclusions that appeared to
e phagosomes involved in synthesis of proteinaceous and lipidic

nclusions from unknown material. Furthermore, they appeared
o release lipid droplets to the perioocytic space. Nevertheless,
uch cells cannot be unequivocally considered nurse cells, since
any mesohyl cells contain heterogeneous inclusions and are not

nvolved in oocyte nutrition. However, since they were very close
o the oocyte and their inclusions were similar to those of the
ocyte, our impression is that they are playing a similar role to
hat of conventional nurse cells. The mechanism of yolk elabora-
ion in which nurse cells are involved, known as heteronomous
olk formation (Nørrevang, 1968) or heterosynthetic vitellogenesis
Anderson, 1974; Eckelbarger, 1994), has been previously reported
n many demosponges (Tuzet and Pavans de Ceccaty, 1958; Fell,
974, 1983; Simpson, 1984).

In the process of yolk elaboration of Raspaciona aculeata bacteria
layed no obvious role. Yolk was elaborated by both autosyn-
hesis, which started in mid-stage oocytes as described in many
ther demosponges (e.g., Diaz et al., 1975; Gallissian and Vacelet,
976; Watanabe, 1978) and heterosynthesis, i.e., transference from
urse cells. Incipient yolk granules located close to the perinuclear
egion, whereas completely formed yolk granules were found in the
eriphery of ooplasm. Such a gradual distribution may be related to
he elaboration of yolk in the Golgi cisternae (e.g., Nørrevang, 1968)
hich were predominantly located in the perinuclear ooplasm.
dditionally, numerous nurse cells of two types were involved in

he intense transference of yolk precursors to the oocyte. Trans-
erence intensity was inferred from the great number of nurse
ells that approached the oocytes and the numerous microvesi-
les that occurred in the space between the oocyte and the nurse
ell. Whether these microvesicles resulted from exo- or endocy-
otic processes carried out by the oocyte cannot be unequivocally
tated, although the latter option appears to be more likely. Such
ransference of material to the oocyte by nurse cells has previously
een reported from other demosponges (e.g., Fell, 1969; Witte and
arthel, 1994; Lepore et al., 1995) and many other invertebrates
e.g., Eckelbarger, 1979; Blades-Eckelbarger and Youngbluth, 1984;
amírez Llodra, 2002).

Differences between Axinella damicornis and Raspaciona
culeata in the involvement of nurse cells in yolk elaboration
ay account for the 5-month lapse in the extension of both

ogeneses. Supply of abundant reserve material by nurse cells
heterosynthesis) usually allows a comparatively rapid comple-
ion of vitellogenesis and a fast egg production (Eckelbarger, 1994;
amírez Llodra, 2002). Heterosynthetic vitellogenesis was the pre-
ominant mechanism used by Raspaciona aculeata, while a largely
utosynthetic yolk elaboration with uptake of exogenous material

bacteria) resulted in a slower egg production in Axinella damicornis.
lthough vitellogenic mechanisms have often been considered use-

ul traits to decipher the phylogeny in invertebrates (Eckelbarger,
994), the reasons after the evidence of sponges having both types
f mechanisms of yolk formation (i.e., autosynthetic and heterosyn-

D

D

D

and Cell 41 (2009) 51–65

hetic) are not likely to be correlated with phylogenetic position, as
uggested for other invertebrates (Eckelbarger and Larson, 1993).

Intracellular symbionts were not observed in the oocytes of the
wo selected species, although free intercellular microorganisms
ere abundant in the mesohyl of adults. All engulfed microorgan-

sms were digested and catabolised. Therefore, we discard vertical
ransmission of microbes through the oocytes in both species. Vesi-
les of 2 �m in diameter, filled with fibrous material (that strongly
esembled collagen microfibrils), were observed in the periphery
f the oocyte of Raspaciona aculeata. We lack evidence to con-
lude whether such collagen is incorporated or secreted by the
ocyte. Similar vesicles containing collagen have been reported in
he oocytes of Scypha ciliata (Franzén, 1988), Sycon ciliatum (Gaino
t al., 1987), Stelletta grubii (Sciscioli et al., 1991), and Geodia cydo-
ium (Sciscioli et al., 1994). However, while in Sycon the fibrilar
ontent seemed to be endocytosed to help formation of yolk, in
he rest of species collagen fibrils seemed to be secreted by the
ocyte itself to form a collagenous envelope, as reported also in
etilla serica (Endo et al., 1967), Tetilla japonica (Watanabe, 1978),
nd Aplysina (formerly Verongia) cavernicola (Gallissian and Vacelet,
976). The ooplasm of Axinella damicornis also showed vesicles con-
aining fibril bundles of collagen similar to those reported for Tethya
eychellensis (Gaino and Sarà, 1994). Nevertheless, since they did
ot appear in the periphery of the ooplasm in A. damicornis, they
annot be directly linked to exo- or endocytosis processes.

In summary, the oogenesis of both Axinella damicornis and Ras-
aciona aculeata follows the general pattern described in other
emosponges (see Fell, 1974, 1983; Simpson, 1984 for reviews)
nd many other invertebrates (Nørrevang, 1968; Anderson, 1974;
diyodi and Adiyodi, 1983). Nevertheless, both species also show
istinct features regarding the formation of oocyte reserves, sug-
esting that some aspects of sponge oogenesis are specifically
dapted.
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