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Abstract This study describes the reproductive cycle of

Petrosia ficiformis and documents for the first time

embryogenesis in an oviparous haplosclerid demosponge.

Gonochoric adults, occurring in 2:1 female/male ratios,

spawned in late autumn, after a 7-month long oogenesis

and a 2.5-week-long spermatogenesis. Following a

remarkable migration, the oocytes were released as 250 lm

eggs bearing attached polar bodies and a thin mucous

cover. Round-headed spermatozoa with three large mito-

chondria, and many proacrosomal vesicles fertilized the

eggs externally. A fertilization membrane appeared around

the zygotes. Nearly equal and total cleavage led to a ste-

reoblastula that subsequently became an entirely ciliated

larva. The larva alternated spherical and multilobate body

shape and consisted of undifferentiated cells. It had poor

abilities to swim and glide, probably experiencing passive

dispersal and unselective attachment. Settlers developed

choanocyte chambers after 1.5 months. Symbiotic

microbes were absent from gametes and larvae, being

necessarily acquired from the ambient at each sponge

generation.

Introduction

The haplosclerid demosponge Petrosia ficiformis (Poiret

1789) is one of the most prominent members in Mediter-

ranean sublittoral rocky communities. It ranks among the

largest organisms, with a red-wine colored, massive-lobate

body that operates as a microhabitat itself, hosting diverse

invertebrates (ophiuroids, shrimps, polychaetes, cnidarians,

mollusks, etc). In addition, the massive silica skeleton of

this sponge has been suggested to act as a substantial trap

for silicate, a relevant nutrient also required for primary

production (Maldonado et al. 2005). The sponge is also the

source of several bioactive metabolites (e.g., Ferretti et al.

2007) and hosts a diverse community of both phototrophic

and heterotrophic microbes that are diversely integrated in

the host metabolism (e.g., Regoli et al. 2004).

Sets of unpublished observations suggest that P. fici-

formis may follow a ‘‘K’’ ecological strategy, with very

low growth and recruitment rates so that its population

may require some conservationist attention in the highly

impacted Mediterranean sublittoral (Barea-Azcón et al.

2008). For instance, after nearly 20 years of repetitive

diving on local Mediterranean rocky-bottom communities

(northwestern Spanish coast), we have observed neither

noticeable recruitment nor individual growth of P. ficifor-

mis. Such a perception fully agrees with the results of an

unpublished photographic 10-year monitoring (Teixidó and

Garrabou, pers. comm.) of 28 individuals, which revealed

no appreciable individual growth during the study. Like-

wise, recruitment was not detected, while mortality reached

7%. Death of some large individuals by unidentified

infectious agents has also been noticed by other authors

(Cerrano et al. 2001; authors, unpublished observations).

These data suggest that if the populations of P. ficiformis

are anyhow damaged, they will require very long periods
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(decades) for eventual recovery. If we were urged to car-

ried out conservation actions, the current shortage of

information on the life cycle and reproductive biology

of this emblematic organism would put at risk the chances

of success.

Taxonomically, the genus Petrosia belongs to the

family Petrosiidae in the order Haplosclerida. Most

members of this order are hermaphrodites that undergo

internal fertilization, brood their embryos (viviparism) and

release a free-swimming parenchymella larva. Neverthe-

less, three haplosclerid families—taxonomically distin-

guished as the suborder Petrosina (i.e., Petrosiidae,

Phloeodictyiidae, Calcifibrospongidae)—are long sus-

pected to be oviparous (i.e., gonochoric broadcasters).

The available reproductive information on the suborder

Petrosina is notably scarce, derived mostly from obser-

vations on the petrosiid genus Xestospongia. Males and

females of several species of Xestospongia have occa-

sionally been observed to release their gametes synchro-

nously for external fertilization (Fromont and Bergquist

1994; Ritson-Williams et al. 2005). Such observations

have fostered the idea that this should also be the case for

the entire suborder Petrosina. Because externally fertilized

eggs collected after a field spawning of Xestospongia

bergquistia divided and differentiated into small, larval-

like, ciliated embryos after 4 days (Fromont and Berg-

quist 1994), it had also been assumed that all Petrosina

disperse through a parenchymella-like, free-swimming

larval stage, as their viviparous haplosclerid counterparts

do (see reviews by Maldonado and Bergquist 2002;

Maldonado 2006). However, this view is now challenged

because recent molecular studies based on the rRNA

(Redmond et al. 2007; Redmond and McCormack 2008)

strongly suggest that both the family Petrosiidae and the

suborder Petrosina may be polyphyletic: the viviparous

genera Petrosia and Xetospongia being placed in different

subclades of the order Haplosclerida.

To our knowledge, the only available information on the

sexual cycle of P. ficiformis derives from a light micros-

copy study based on the sections of 1,602 individuals

(Scalera-Liaci et al. 1973). The study revealed this species

to be gonochoric, but with a vast majority (67.8%) of

individuals not producing gametes at the time of repro-

duction. More importantly, individuals having oocytes

(31.7%) largely outnumbered individuals bearing sper-

matic cysts (0.5%). It was unresolved whether the low

number of individuals (32.2%) involved in sexual repro-

duction and the overwhelming female (64:1) overabun-

dance were part of a peculiar reproductive strategy or the

result of difficulties to identify male individuals. The

oogenesis of P. ficiformis has partially been described

(Lepore et al. 1995), but the spermatogenesis and the

spermatozoon are yet to be documented by TEM. There is

no information on gamete release, embryogenesis, and the

larval stage.

Here, we present new information on the process of

gametogenesis, fertilization, and embryogenesis of P. fici-

formis. This information is improving our knowledge of the

reproductive biology and the life cycle of this organism,

and it also expected to foster further studies for a better

phylogenetic understanding of the biological heterogeneity

in the current order Haplosclerida.

Materials and methods

Dynamics of gametogenesis

Populations of Petrosia ficiformis typically consist of

sparsely scattered individuals, growing preferentially at

semi-shaded rocky walls and overhangs. We investigated a

population established at rocky cliffs (7–16 m deep) in the

Spanish Mediterranean coast between Blanes (40�4002000 N;

2� 4801300E) and Tossa de Mar (41�4205300N; 2�5600500 E).

To investigate reproductive activity in the population

over annual cycles, we tagged 5 large, presumably mature

individuals and sampled their tissue monthly for gamete

occurrence from October 2003 to December 2005. Samples

consisted of approximately 1 9 0.5 9 0.5 cm tissue pieces

collected by scuba diving using surgical scissors. Although

wounds caused by our sampling healed very slowly (2–

3 months; Fig. 1a) compared with other species (a few

days) in no case did repetitive tissue collection cause death.

When sampling of tagged individuals revealed that ga-

metogenetic activity was about to peak in the population,

which happened in autumn, we increased both sampling

frequency (10-day intervals) and the number sampled

individuals, which ranged from 7 to 19, depending on year

and specimen abundance in the diving area.

Tissue samples were maintained in ambient seawater for

transportation to the laboratory (1 to 2 h). For optical

microscopy, samples were fixed, dehydrated, embedded,

stained, and studied as detailed elsewhere (Riesgo et al.

2007; Maldonado and Riesgo 2008a). To estimate densities

of gametes over time, we took three pictures (1009) of each

of two non-serial sections per individual, following the

protocol detailed elsewhere (Maldonado and Riesgo 2008a).

Digital histological images were used to measure or count

gametes and study histological features. We estimated the

number of oocytes per mm3 (O) of tissue in female sponges

over time by applying the following equation,

O ¼ ðN t= d þ tð Þð ÞF

where N is the number of oocytes counted in the 7 mm2

field of the histological sections, t is thickness of section

(5 lm), d is average diameter of oocytes for each month,
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Fig. 1 a Large male of P. ficiformis at 12 m depth. Note the scars

(arrows) produced by our periodical tissue sampling. b Early oocytes

(o) scattered in the deep mesohyl, as visualized using light

microscopy. c Late oocytes (o) aggregated in the vicinity of excurrent

canals (ex). d–f Comparative size and shape of oocytes in early, mid,

and late stages, respectively. g Late oocyte (o) breaking through the

epithelium of an excurrent canal (ex). h–i Oocytes (o) after migration

to the excurrent canals (ex) for imminent spawning. j–k Early and late

stages of spermatic cysts (sc), which are far larger than choanocyte

chambers (cc), as viewed through light microscopy. i Detail of a

nearly mature spermatic cyst, showing the heads of the spermatozoa

clumped in the center of the lumen
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and F (=28.5) is a factor converting the volume of obser-

vation to 1 mm3 (Elvin 1976; Maldonado and Riesgo

2008a). Because of serious difficulties in detecting early

spermatic cysts by light microscopy during 2004 and 2005,

we did not quantify them over time, but instead recorded

their presence/absence in the individuals during 2006 and

2007s samplings to refine sex ratio estimations. The

potential relationship between oogenetic activity and sea-

water temperature was examined by plotting monthly

estimates of oocyte density versus monthly temperature.

Temperature averages derived from measurements during

3 to 5 dives a month at the local habitat using a Suntoo

underwater thermometer (±0.5�C).

Ultrastructure of gametes

Transmission electron microscopy (TEM) was used when

needed to describe the ultrastructure of developing and

spawned gametes. Tissue samples for TEM observation were

prepared and studied following the protocol detailed else-

where (Riesgo et al. 2007; Maldonado and Riesgo 2008a).

Embryos and larvae

Based on the information on gametogenesis dynamics

obtained during the 2003–2005 sampling, we predicted

spawning in 2006 and 2007. To complete the qualitative

information on sexual condition (female, male, or non-

reproductive), gamete release, and fertilization, we tagged

26 individuals and monitored them every 3 days during the

weeks at which spawning was expected. Upon release,

gametes were collected by scuba using 60 ml plastic

syringes and mixed in the laboratory for fertilization.

Resulting embryos, larvae, and juveniles were cultured in

Petri dishes filled with unfiltered seawater in a temperature-

controlled (16�C) room for 3 months and monitored peri-

odically. In vivo observations were made under both

dissecting and compound microscopes connected to a digital

camera and a digital time-lapse video recorded. At differ-

ent steps of the development process, embryos were also

fixed for TEM.

Results

Gametogenesis dynamics

The histological sections corroborated that oocytes and

spermatic cysts never co-occurred in the same individuals

(i.e., gonochorism). Oocytes consistently showed intense

affinity for the stains (Fig. 1b–f). The 2-year monitoring

(2003–2005) indicated that oogenesis extended for several

Fig. 2 a Seawater temperature

during two annual cycles and its

relationship with mean (±SD)

oocyte density (number of

oocytes per cm3 of mesohyl) in

P. ficiformis. b Oocyte size

(mean ± SD) over two annual

cycles
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months each year, with some inter-annual variability

(Fig. 2a). During 2004, oocytes were first detected in the

sponge tissue in May, coincidentally with the spring water

warming, and they were visible until late November

(Fig. 2a). In contrast, although oocytes were also released

in late November in 2005, the first oocytes were not

detected until August that year. At the beginning of

oogenesis small oocytes occurred sparsely scattered

through the mesohyl (Fig. 1b), while sections taken

towards the end of oogenesis showed large aggregated

oocytes, usually below the endopinacoderm of exhalant

canals (Fig. 1c). In November 2005 and 2006, we obtained

ample evidence of large oocytes entering the excurrent

channels (Fig. 1g–i).

Average production (±SD) of mature oocytes per mm3 of

sponge tissue was estimated as 3.6 ± 2.4 in 2004 and

5.6 ± 4.2 in 2005 (Fig. 2a). Nevertheless, these mean

values must be taken cautiously, as indicated by their asso-

ciated large standard deviations. It is likely that migration

and clumping of oocytes during the course of oogenesis led

to the underestimation of mean densities because our peri-

odical sampling was restricted to small tissue portions taken

from relatively superficial areas in order not to compromise

sponge health. Sections also revealed mean oocyte size to

increase progressively at an approximately constant rate

during oogenesis in both years (Fig. 2b). Nevertheless,

mature oocytes in 2005 had a smaller average diameter than

in 2004 (Fig. 2b). Smaller oocytes in 2005 could derive from

the fact that oogenesis was shorter and the average number

of produced oocytes higher (Fig. 2a).

We failed to detect spermatic cysts by light microscopy

in 2003, 2004, and 2005’s samples, but identified them

finally in 2006’s sections (Fig. 1j–l). These cysts had also

been highly elusive in previous research (Scalera-Liaci

et al. 1973; Scalera-Liaci and Sciscioli 1975). Cysts were

first noticed as small, loose cell groups with poor affinity

for the stains (Fig. 1j). Spermatogenesis developed rapidly,

with cysts occurring in the mesohyl of males no longer than

about 2.5 weeks a year, usually in late November. The

relationship between spermatogenesis and temperature was

unclear. A summer maximum followed by a drastic tem-

perature drop by mid November (Fig. 2a) could be spec-

ulated to trigger sperm production, if any relationship.

The combination of histological sampling and in vivo

monitoring throughout 2006–2007 revealed that out of 26

tagged individuals, 4 contained no gametes, 15 had

oocytes, and 7 others had spermatic cysts and that such a

sexual condition was maintained over the entire study

period. Therefore, about 57.7% of individuals in the pop-

ulation should be expected to be females and 27% to be

males, with a 2:1 female/male sex ratio. Two of the four

sponges that never contained gametes were relatively small

Fig. 3 Mid-size oocyte features. a General view of amoeboid, young

oocyte containing abundant yolk inclusions (y) and surrounded by

numerous nurse cells (nc). A non-vitellogenic area surrounds the

nucleolate nucleus (n). b Immature yolk inclusions still showing

patent multi-lamellar (ml) substructures and groups of glycogen

granules (gl). There are adjacent clusters of small mitochondria (m).

c A late-stage yolk body showing a more homogeneous substructure,

in which glycogen (gl), vesicular (vs) and multi-lamellar (ml)
components are little distinguishable
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(\60 cm3) and probably were sexually immature; the two

others were relatively large ([280 cm3) and apparently

healthy. Therefore, we cannot exclude the possibility that

the latter ones were actually males in which we failed to

identify the spermatic cysts.

Ultrastructure of oogenesis

We were unable to identify the origin of oogonia. The

smallest recognizable female reproductive cells were 10 to

20 lm, relatively amoeboid oocytes (Fig. 1b, d). They

initially occurred so sparsely scattered in the mesohyl

(Fig. 1b) that we failed to retrieve them in ultra-thin TEM

sections. For this reason, our ultrastructural description

mostly focuses on mid-stage (50–150 lm) and late-stage

oocytes (Fig. 1e–i). Mid-size oocytes were also somewhat

amoeboid (Fig. 3a). They contained abundant, large elec-

tron-dense yolk inclusions, which were consistently mem-

brane bound. At this stage, most yolk inclusions consisted

of a complex combination of heterogeneous materials, often

showing multi-membrane substructure and incorporating

abundant glycogen granules (Fig. 3b). Only few yolk bod-

ies showed the relatively homogeneous substructure that

characterized yolk in mature oocytes (Fig. 3c). Clusters of

small mitochondria (Fig. 3b) and rosettes of glycogen

granules (Fig. 4a) were common among the yolk bodies.

The nucleolate nucleus was surrounded by a 20 lm-wide

perinuclear region in which yolk bodies were absent

(Fig. 4b–c). This perinuclear region contained multiple

units of the Golgi apparatus, clusters of mitochondria,

abundant small electron-translucent vesicles, and glycogen

granules (Fig. 4b–d). The nuclear membrane of mid-size

oocytes showed evident pores, through which unidentified

material (probably mRNA) migrated (Fig. 4d).

Mid-size oocytes were usually surrounded by a lax cell

layer consisting of nurse cells, specialized pocket cells (i.e.,

bacteriocytes, hosting enormous amounts of living bacte-

ria), and, most peripherally, large spherulous cells (Fig. 5a,

b). All those cells never formed a continuous follicle-like

epithelium. Rather, they occurred as amoeboid cells mov-

ing around oocytes in the perioocytic space. Nurse cells

actively participated in oocyte vitellogenesis, as revealed

by a cytoplasm charged with phagocytosed bacteria and

heterogeneous yolk granules identical to those also occur-

ing in the oocytes (Fig. 5c). Nurse cells often established

intimate contact with oocytes, sometimes being deeply

Fig. 4 Mid-size oocyte

features. a Glycogen (gl)
organized in rosettes. b–c View

of the cytoplasmic vicinity of

the nucleolate (nu) nucleus (n),

which virtually lacks yolk

bodies (y), but contains many

electron-clear vesicles (ev),

glycogen granules (gl),
mitochondria (m), and

numerous units of the Golgi

apparatus (g). d Detail of a

Golgi apparatus unit (g)

adjacent to the nuclear

membrane (nm), which shows

several pores (p) filled with

migrating material, probably

mRNA
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embraced by the oocyte membrane (Fig. 6a). Some narrow

cytoplasmic bridges between nurse cells and the oocyte

(Fig. 6b) were formed for probable transference of small

inclusions and yolk precursors. In addition, nurse cells

exocytosed in the vicinity of the oocytes yolk bodies and

large inclusions, which were subsequently engulfed by

oocyte pseudopodia (Fig. 6c, d). Abundance of small

electron-clear vesicles in the periphery of the oocytes

suggests that they were also able to pinocytose soluble

compounds (Fig. 6e). Bacteriocytes released abundant

bacteria to the perioocytic mesohyl (Fig. 6f). We never

obtained evidence of oocytes directly engulfing these freed

bacteria, but they were engulfed by nurse cells (Fig. 5c).

Groups of spherulous cells occurred peripherally to the

nurse cells and bacteriocytes that surrounded the oocytes

(Fig. 5a, b). Nevertheless, no obvious involvement of these

spherulous cells in the oogenesis was realized.

Mature oocytes (200–250 lm) showed a cytological

organization similar to that described for mid-size oocytes,

but lacked the nucleolus. The perinuclear cytoplasm lacked

yolk bodies (Fig. 7a), but contained many units of the

Golgi apparatus, isolated round mitochondria, glycogen

granules, free ribosomes, and electron-clear vesicles

(Fig. 7b). The remaining cytoplasm was heavily charged

with membrane bound, electron-dense yolk bodies of var-

iable size (Fig. 7c). These yolk bodies were more homo-

geneous in content than those found in mid-size oocytes,

though diverse components were still evident (Fig. 7d),

some of them showing the para-crystalline substructure

typical of proteinaceous materials (Fig. 7e). Unlike in

mature oocytes of other demosponges, lipid droplets

occurred at very low density. The most peripheral cyto-

plasm of the mature oocyte was characterized by many

small, electron-clear vesicles (Fig. 7f) probably resulting

from pinocytosis. The membrane of mature oocytes formed

periodical stout microvilli and was enveloped by a 0.5-lm

thick layer of mucus-like material (Fig. 7g).

Ultrastructure of spermatogenesis

Because spermatogenesis was relatively rapid, our TEM

follow-up provided fragmentary information for some of

the steps, which will require further research. At the onset

of spermatogenesis i.e., about 2.5 weeks before spawning

the choanocyte chambers started showing some enlarged

choanocytes (Fig. 8a). These swollen choanocytes entered

the mesohyl and formed large aggregates. At this stage,

many choanocytes chambers were still functional in the

adjacent tissue, so that the transdifferentiation process of

choanocytes into spermatogonia only affected to either

some cells in each chamber or few entire chambers. It was

unclear whether or not the flagellum was disassembled

during the transdifferentiation and additional observations

would be required to corroborate this issue. Spermatogonia

still contained many phagosomes and diverse inclusions

similar to those characterizing the cytoplasm of the

Fig. 5 Oocyte envelope. a, b Developing oocyte (o) surrounded by

nurse cells (nc), bacteriocytes (bc) and, more peripherally, spherulous

cells (sp). c Detail of the nurse cell in micrograph (b) showing part of

the nucleus (n), an engulfed bacterium (b), and newly produced yolk

bodies (y)
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choanocytes in the chambers (Fig. 8b). Primary spermat-

ocytes formed large groups in the mesohyl, without being

initially limited by any sort of follicle (Fig. 8c) They

measured approximately 3 lm in the largest diameter,

showed some typical synaptonemal complexes in their

nucleus and were flagellated (Fig. 8d–f). No accessory

centriole was noticed in the basal apparatus of the sper-

matocyte flagellum. Some of the cytoplasmic inclusions

characterizing the cytoplasm of choanocytes and sperma-

togonia persisted in the cytoplasm of both primary and

secondary spermatocytes (Fig. 8d–g). Secondary spermat-

ocytes showed, in addition to remains of phagosomes, a

nucleus with partially condensed chromatin, a relatively

large cytoplasm containing several small mitochondria

(Fig. 8g), and a flagellum (not shown). As typical in animal

spermatogenesis, cytoplasmic bridges connected the sister

cells resulting from successive spermatogenetic divisions

(Fig. 8g). The spermatogenesis was highly synchronous at

both the cyst level and the individual level. Mature sper-

matozoa were characterized by a round head containing a

large nucleus, three large, round mitochondria, and up to

13 electron-dense proacrosomal vesicles, typically located

at the cell (anterior) pole opposite to the flagellum insertion

(Fig. 9a, b). Proacrosomal vesicles were membrane bound

and contained granulose material (Fig. 9c). The condensed

chromatin of the nucleus typically occupied the central

Fig. 6 Oocyte nourishment.

a Nurse cell (nc) charged with

yolk bodies (y) being deeply

embraced by the oocyte (o).

b Detail of nurse cell (nc) in (a),

showing membrane areas

(arrows) in close contact with

the oocyte (o). c, d Details of

oocytes engulfing yolk bodies

(y) and other vesiculate

materials (vs) released to the

perioocytic space by the nurse

cells. e Microvilli (mv) of the

oocyte membrane with

cytoplasmic production of

electron-clear vesicles (ev)

suggesting pinocytosis from the

perioocytic space. f Abundant

bacteria (b) released by

bacteriocytes to the vicinity

of oocytes (o)
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region, leaving a peripheral, narrow band of uncondensed

material (Fig. 9a, b). The basal apparatus of the flagellum

consisted of a principal centriole (basal body) and a per-

pendicular accessory centriole (Fig. 10a). There were not

other evident cytoskeletal components associated with the

basal apparatus of the cilium.

Spermatic cysts were limited by a continuous epithelium

of follicular cells (Fig. 10a, b), which was in turn sur-

rounded by a lax layer of large bacteriocytes charged with

bacteria (Fig. 10a, b). Follicle cells were flat, pavement-

like, thickened only at a central zone, in which the nucleus

and abundant small electron-clear vesicles occurred

(Fig. 10b, c). Contacts between adjacent follicle cells were

by either juxtaposition or simple interdigitations, with no

obvious membrane specialization (Fig. 10d, e). After

spawning, several types of mesohyl cells entered the cysts

to engulf non-spawned spermatozoa, as recently detailed

elsewhere (Riesgo et al. 2008).

Fertilization and embryo development

Spawning occurred in the morning of two consecutive

days in December 2006 and a single day in November

2007. Detailed information on the biology of spawning is

provided elsewhere (authors, in prep.). Upon release,

eggs measured 259.6 ± 19.7 lm on average (n = 30).

Fig. 7 Late-stage oocyte

features. a Perinuclear area (pn)

lacking yolk bodies (y) around

the nucleus (n) of mature

oocytes. b Detail of the

perinuclear area, showing

abundant glycogen (gl),
mitochondria (m), and electron-

clear vesicles (ev), as well as

five units of the Golgi apparatus

(g). c Detail of an intermediate

cytoplasmic region heavily

filled with membrane-bound

yolk bodies (y). d Mature yolk

body showing amalgamation of

diverse compounds and

materials. e Magnification of

yolk body in Fig. 7 showing

pseudo-crystalline (pc),

amorphous (am), and multi-

lamellar (ml) materials. f Detail

of the peripheral cytoplasm

showing microvilli (mv) and

abundant small electron-clear

vesicles (ev). g General view of

the membrane of mature

oocytes, which forms regular,

stout microvilli (mv) and is

covered by a layer of mucus-

like material (mm)
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They came out bearing two, 12–15 lm translucent polar

bodies attached, which were filled with turgid vesicles

(Fig. 11a–c).

Fertilization took place externally. By mixing collected

male and female gametes, we performed in vitro fertiliza-

tion in Petri dishes. About 6 h after fertilization, a mem-

brane appeared externally to the mucous layer of eggs

(Fig. 11c). The polar bodies remained attached to this fer-

tilization membrane (Fig. 11c). Eggs started dividing in the

laboratory about 10 h after spawning (Fig. 11d). The plane

of the first embryonic division was perpendicular to a

diametrical axis arising from the position at which the polar

bodies occurred (Fig. 11e, h; see Video 1, as Supplementary

Material). Initial cleavage was nearly equal and total, and

took place relatively slowly, with about a 4 h-period

required for the two-cell stage to reach the four-cell stage

and a similar additional period to complete the eight-cell

stage (Fig. 11e–j; see Video 1, as Supplementary Material).

Blastomeres proliferated so strongly packed to each other

that became polyhedral, giving rise to a spherical stereo-

blastula (Fig. 12a–c). The thin mucous layer and the fer-

tilization membrane, which showed completely different

Fig. 8 Features of early

spermatogenesis. a Regular

choanocyte (rc) adjacent to

choanocytes (ec) that are

enlarging to become

spermatogonia.

b Spermatogonia (sg) showing

a nucleus (n) with peripheral

chromatin condensation and a

cytoplasm containing inclusions

and phagosomes (ph) that are

characteristic of the choanocyte

cytoplasm. c Aggregation of

primary spermatocytes (s1)

adjacent to bacteriocytes (bc)

and spherulous cells (sp), but

lacking a follicle. d–f Diverse

sections of primary

spermatocytes, showing the

flagellum (f), the nucleus (n)

with synaptonemal complexes

(sn), and a cytoplasm containing

diverse multi-lamellar (ml) and

vesiculate inclusions (vs),

phagosomes (ph), and several

small mitochondria (m). g Sister

secondary spermatocytes (s2)

showing the cytoplasmic bridge

(cb), the nucleus (n), many

small mitochondria (m), and

remains of phagosomes (ph)
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substructural organization, were still enveloping the

embryos during the earliest stages of cleavage (Fig. 12d–e).

Cilia appeared at about the 64-cell stage, but they started

effectively beating only about 12 h later. Then, cell division

accelerated and the fertilization membrane started dissolv-

ing. The first solid, multicellular spherical embryos with

functional cilia were noticed about 36 h after fertilization

(Fig. 11k; see Video 2, as Supplementary Material). These

ciliated embryos correspond to the larval stage. At no time

did they swim in the water of the Petri dishes. Rather, these

300–400-lm larvae were slow gliders that had the ability to

remodel their body shape, producing transient lobules

(Fig. 11l; see Videos 3–4, as Supplementary Material).

Spontaneous changes in shape occurred at about 4 h inter-

vals, perhaps stimulated by periodic waves of massive

mitose of the larval cells (see Videos 3, as Supplementary

Material). Larvae also produced transient lobules when

disturbed (see Videos 4, as Supplementary Material). TEM

observations revealed that the larval cells attained not much

differentiation (Fig. 12c), irrespective of being at the body

surface or at internal regions. The only difference was that

peripheral cells were monociliated while internal ones were

not (not shown). All larval cells showed a large nucleolate

nucleus surrounded by many units of the Golgi apparatus

(Fig. 13a–c). Their cytoplasm was heavily charged with

yolk bodies, glycogen granules and electron-clear vesicles

(Fig. 13a–c). Larval cells were tightly packed (Fig. 13a),

only rarely allowing tiny intercellular spaces that contained

diverse vesiculate material (Fig. 13d). Despite the intimate

intercellular contacts, membrane specializations for special

junctions were never noticed.

Larvae started attaching to the bottom of dishes about

2 weeks after spawning (Fig. 11m). Cilia were still visible

for several hours in attaching larvae (Fig. 11n). Many multi-

lobate larvae remained unattached on the bottom of the Petri

dishes for about two additional weeks before successful

attachment, indicating a potential large variability in the

duration of embryonic development and larval life, at least

in our laboratory conditions. Settlers initially produced thin,

pointing protrusions (Fig. 11o). During attachment, settlers

were able to fuse each other producing large chimeric

aggregates (Fig. 11p). Juveniles developed obvious cho-

anocyte chambers only after 1.5 months (not shown). After

3 months in the laboratory cultures, the young sponges had

attained very little growth, although became more solid and

non-translucent. The removal of small tissue pieces for

spicule analysis under the light microscope corroborated

that they have developed the small hastate oxeas charac-

teristic of adult P. ficiformis, but somewhat thinner (not

shown), as it would be expected for spicules developed

under low availability of food and silicic acid.

Fig. 9 Mature spermatozoa. a Longitudinal section of the sperma-

tozoon showing the nucleus (n), three large mitochondria (m) and a

flagellum (f) provided with a basal body (bb) and accessory centriole

(ac). b Angling section of the spermatozoon showing a large battery

of proacrosomal vesicles (pv), the nucleus (n) and large mitochondria

(m). c Proacrosomal vesicles (pv) showing a finely granulated,

electron-dense content bounded by a bi-layered membrane (vm)
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Discussion

The reproductive cycle of Petrosia ficiformis was char-

acterized by spawning in late autumn. In most sublittoral

demosponges from the Atlantic-Mediterranean region

reproduction occurs in the late spring or summer (e.g.,

Lévi 1956; Mercurio et al. 2007), probably stimulated by

the previous seasonal temperature rising in spring. Nev-

ertheless, a recent study has demonstrated that there is at

least a set of oviparous species that release their gametes

during the cold season (Riesgo and Maldonado 2008).

Petrosia ficiformis is also to be added to that group.

Similarly, declining temperatures have been suggested to

stimulate the onset of reproduction of the Australian

oviparous haplosclerid Xestospongia bergquistia and

X. testudinaria in Autumn (Fromont and Bergquist 1994). In

contrast, the Caribbean Xestospongia muta reproduces in

spring (Ritson-Williams et al. 2005), although seasonal

changes in seawater temperature are only subtle at those

latitudes. The ecophysiological reasons for using different

timing strategies remain unknown and could be of many

types.

Our study of the P. ficiformis oogenesis corroborates

previous findings by Lepore et al. (1995), but indicates that

those authors described intermediate rather than mature

oocytes. We also found that most individuals of the

population reproduce every year and that female/male

ratios are about 2:1 or even closer to the parity. It is likely

that the enormous difficulties to histologically identify

males led to the ‘‘suspicious’’ 62:1 female/male ratio pre-

viously found in this sponge (Scalera-Liaci et al. 1973). We

detected that oogenesis involved not only oocyte growth,

but also a peculiar migration process. Most oocytes initially

appeared in the innermost regions of the mesohyl but

migrated progressively towards the vicinity of excurrent

canals, where they aggregated to enter massively the canals

immediately prior to spawning. According to our tissue

sampling, duration of oogenesis was about 7 months in

2004, but only 4 months in 2005. A previous report by

Scalera-Liaci et al. (1973), which was based on the very

large numbers of individuals, reported a 8-month long

oogenesis. Therefore, it is likely that oogenesis also

extended in our sponges for 7–8 months in 2005, but we

failed to detect the small stage oocytes characterizing the

beginning of oogenesis. Shorter oogenesis (about

4–5 months) has been postulated for other viviparous

haplosclerids in the genus Xestospongia (Fromont and

Bergquist 1994). During 2005, oocytes reached a final size

smaller than that in 2004 (Fig. 2), although were produced

in higher numbers. Between-year variability in food

availability and temperature may partially have accounted

for those differences, but we cannot disregard that the

Fig. 10 Spermatic cyst

envelope. a Spawned spermatic

cyst, in which only three

spermatozoa (s) remain. Note

the continuous envelope of

follicle cells (fc) and the

occurrence of peripheral

bacteriocytes (bc). b–c Central

region of follicle cells (fc)

showing the nucleus (n) and

small electron-clear vesicles

(ev). Note the intercellular

contact (arrows) between

follicle cells (fc). Bacteriocytes

(bc) occur peripherally to the

follicle cells. d Contact (arrows)

between the flat expansions of

adjacent follicles cells (fc),

which takes place by simple cell

overlapping. Note the adjacent

bacteriocyte (bc).

e Magnification of contact

between follicle cells showing

no membrane specialization.

Amorphous rather than spatially

organized material occurs in the

intercellular space (is)
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Fig. 11 In vivo observations on spawned eggs, embryos and

juveniles. a Polar bodies (pb) attached to a released egg (eg).

b Detail of polar bodies showing their many refringent vesicles. c Egg

(eg) surrounded by a newly formed fertilization membrane (fm)

bearing the polar bodies (pb) attached (pb). d A cleaved egg (arrow)

surrounded by a majority of still undivided eggs. e–g Compound

microscopy micrographs of a 2, 4, and 8-cell stages of a same embryo

within a fertilization membrane (fm) that holds the polar bodies (pb).

h–j Dissecting microscopy micrographs illustrating 2, 4, and 8-cell

stages of embryos. k–l Views of the spherical multiciliated larva (k)

and its multilobate transitory morphology (l), respectively. The lobes

do not correspond to a single cell, but are formed by dozens of them.

m Multilobate settling larva, initiating attachment at several points

(arrows). n Inset of Fig. 11m showing that cilia are still present at

different regions of the larval body during the attachment process.

o Early settler still lacking spicules and choanocytes chambers and

characterized by thin, long protrusions (arrows). p Aggregate of

1.5-month-old settlers, which remain fused and have developed

choanocyte chambers

Mar Biol (2009) 156:2181–2197 2193

123



monthly tissue removal carried out during 2004 was also

partially responsible for the 2005 pattern.

We found spermatogenesis to extend for about

2.5 weeks, in good agreement with the previous data by

Scalera-Liaci et al. (1973). Spermatogenesis shorter than a

week has been postulated for several species of the genus

Xestospongia (Fromont and Bergquist 1994). The sper-

matozoon of P. ficiformis was of the ‘‘primitive’’ type,

similar in organization to that described in species from

other demosponge groups, such as the viviparous Aply-

silla rosea (Tuzet et al. 1970) and the oviparous Suberites

domuncula (Diaz and Connes 1980). Because spermato-

genesis was very rapid, we could not follow in detail the

formation of proacrosomal vesicles from the Golgi

apparatus. Nevertheless, they were virtually identical in

structure, size, and position to the proacrosomal vesicles

known from the spermatozoon of many cnidarians, par-

ticularly corals. Another trait indicating that these struc-

tures were proacrosomal vesicles is that they first

appeared during the spermatidogenesis, but not earlier

in spermatogenesis, once the Golgi apparatus had been

disassembled. Given the lack of information, a compari-

son between the ultrastructure of the spermatozoon of

P. ficiformis and that of other viviparous haplosclerids is

not possible yet.

Spawning in the studied population of Petrosia ficifor-

mis took place during only 1 or 2 days a year, a restricted

timing similar to that reported for several Xestospongia

species (Fromont and Bergquist 1994; Ritson-Williams

et al. 2005). External fertilization led to a slow cleavage

Fig. 12 Cytology of early embryos. a, b Section of an early stage and

a late stage of the stereoblastula, showing relatively few, large, and

polyhedral blastomeres. The mucous envelope (mm) is more devel-

oped in the early stage, while blastomeres are smaller, but more

numerous in the late stage. c General view of internal (in) and

peripheral blastomeres (pe) in a late blastula. Nucleolate nuclei (n) are

visible. d Peripheral blastomere showing yolk bodies (y), the cell

membrane (cm), the mucous envelope (mm), and the fertilization

membrane (fm). e Comparative view of the substructure of the

mucous envelope (mm) and the fertilization membrane (fm)
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that started after 6–10 h. In contrast, externally fertilized

eggs of Xestospongia (Fromont and Bergquist 1994) and

Aplysina (Maldonado 2009) are known to reach a 4 or 8-

cell stages in only 4 h after spawning. The earliest cleavage

stages occurred while embryos were still surrounded by the

fertilization membrane and had the polar bodies attached.

Interestingly, the plane of the first cleavage was perpen-

dicular to a diametrical axis arising from the position of the

polar bodies. This is exactly the same relative orientation

reported by Tuzet (1970) during the cleavage of calcareous

sponges and strengthens the view that sponge eggs may

have a prefixed polarity.

The most outstanding finding of this study is probably

the demonstration that the reproductive cycle of Petrosia

ficiformis is characterized by the production of an entirely

ciliated, solid larval stage. It is hard to decide whether

this larva, which is characterized by a simple cytology of

undifferentiated cells, may correspond to the ancestral

condition of the parenchymella larval type or to a sec-

ondary simplification of such a type. It is worth noting

that the extreme simplicity of this larva in terms of

cytology and behavior strongly contrasts with the features

of the parenchymella larva of viviparous haplosclerids,

which is one of the most sophisticated types in Porifera

(Maldonado 2006). We are also confident that the fact

that embryos were reared in vitro is not responsible for

the described larval features. Embryos of 2 other ovi-

viparous species were reared by us in the laboratory

during 2007 and 2008 (i.e., Cliona viridis: Maldonado and

Riesgo 2008b; Aplysina aerophoba: Maldonado 2009).

Unlike in P. ficiformis, the embryos of those other

sponges developed into conventional swimming larvae in

the laboratory. Furthermore, we obtained identical non-

swimming larvae for P. ficiformis in two consecutive

years (one of them is not reported in this manuscript).

That the larva of P. ficiformis is not swimming is not

unique feature in Porifera. The unciliated hoplitomella

larva of genera such as Thoosa and Alectona is a heavy

ball incorporating spicules and lacking cilia, and it does

not swim. However, that larva is able to remain sus-

pended in the plankton for dispersal during long periods

(Maldonado and Bergquist 2002). Likewise, the ciliated

Fig. 13 Cytology of larvae (a)

distal region of two peripheral

larval cells. The nucleus (n) is

nucleolate and the cytoplasm is

filled with yolk granules (y).

Intercellular spaces (is) are

virtually non-existing. The

mucous envelope (mm) is still

visible, while most of the

fertilization membrane (fm) has

been dissolved. b Detail of the

nucleolate (nu) nucleus (n) of a

larval blastomere surrounded by

several units of the Golgi

apparatus (g) and yolk bodies

(y). c Detail of a Golgi

apparatus unit (g), the nuclear

membrane (nm), in which pores

are not visible, abundant

glycogen granules (gl), and

electron-clear vesicles (ev).

d Detail of the contact region

between two peripheral larval

cells showing that the

intercellular space (is) is

collapsed in most areas (arrows)

or allows tiny lacunae occupied

by vesiculate material (vs)
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clavablastula larva of several species does not swim but

only glides on the bottom (Maldonado and Bergquist

2002). The larva of P. ficiformis has limited abilities for

both swimming and gliding. The ciliary beating probably

enable this larva only to remain suspended in the plank-

ton, while the slow development rates ensure at least

2 weeks of dispersal by turbulences, currents and waves.

It is noteworthy that spawning days were characterized by

moderate surge anticipating stormy conditions in both

years. Given the limited ability for swimming and the

absence of larval responses to light and other stimuli, the

clear abundance of adults in shaded overhangs, walls and

crevices must be explained by either preferential passive

delivery of larvae to these microhabitats or enhanced

survival of random settlers in them.

It is noteworthy that, despite the fact that the adults of

P. ficiformis consistently harbor different types of sym-

biotic bacteria and cyanobacteria, these microbes were

not found in mature oocytes, spermatozoa or embryos.

Therefore, although the microbial symbionts of this

sponge were initially suspected to be vertically transferred

(Scalera-Liaci et al. 1973), our results are congruent with

those by Lepore et al. (1995) and allow us to definitively

conclude that microbes must be acquired from the

ambient water by each new generation of juvenile spon-

ges. This may also be the reason why most bacteria in the

adult sponge remain within special bacteriocytes, as

recently suggested in a more specific study on intergen-

erational transmission of microbial symbionts (Maldonado

2007).

It is difficult to asses the phylogenetic value of the

features herein reported for P. ficiformis because the

reproductive information available for oviparous haplos-

clerids is very scarce. The recent proposal that Petrosia and

Xestospongia are not phylogenetically related but belong-

ing to different sublclades of Haplosclerida in which

oviparism was acquired independently can be neither

conclusively validated nor refuted from our results. Nev-

ertheless, some interesting reproductive differences

between both genera have been realized. Petrosia had

longer gametogenesis, produced twice larger eggs that

were spawned in isolation (not within sinking, sticky

mucous threads), formed a fertilization membrane, and had

slower embryonic development leading to a subspherical

to multilobate, gliding larva somewhat different from

the prolate (168–90 lm) larva reported for Xestospongia

(Fromont and Bergquist 1994). Further reproductive stud-

ies on oviparous haplosclerids are urgently required to

clarify the recently sparked debate on the monophyly of

oviparity in the group, and for a more complete under-

standing of population dynamics and life histories to

facilitate future actions on species conservation and

management.
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video processing. This study was funded by 2 grants of the Spanish

Government (CTM2005-05366/MAR and BFU2008-00227/BMC).

References

Barea-Azcón JM, Ballesteros-Duperón E, Moreno D (2008) Libro

Rojo de los Invertebrados de Andalucı́a: Tomo IV. Junta de

Andalucı́a, Sevilla
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