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Sponges host dense and diverse communities of microbes (known as
the microbiome) beneficial for the host nutrition and defense. Symbionts
in turn receive shelter and metabolites from the sponge host, making
their relationship beneficial for both partners. Given that sponge-microbes
associations are fundamental for the survival of both, especially the sponge,
such relationship is maintained through their life and even passed on to
the future generations. In many organisms, the microbiome has profound
effects on the development of the host, but the influence of the microbiome
on the reproductive and developmental pathways of the sponges are
less understood. In sponges, microbes are passed on to oocytes, sperm,
embryos, and larvae (known as vertical transmission), using a variety of
methods that include direct uptake from the mesohyl through phagocytosis
by oocytes to indirect transmission to the oocyte by nurse cells. Such
microbes can remain in the reproductive elements untouched, for transfer
to offspring, or can be digested to make the yolky nutrient reserves
of oocytes and larvae. When and how those decisions are made are
fundamentally unanswered questions in sponge reproduction. Here we review
the diversity of vertical transmission modes existent in the entire phylum
Porifera through detailed imaging using electron microscopy, available
metabarcoding data from reproductive elements, and macroevolutionary
patterns associated to phylogenetic constraints. Additionally, we examine the
fidelity of this vertical transmission and possible reasons for the observed
variability in some developmental stages. Our current understanding in marine
sponges, however, is that the adult microbial community is established by a
combination of both vertical and horizontal (acquisition from the surrounding
environment in each new generation) transmission processes, although the
extent in which each mode shapes the adult microbiome still remains to
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be determined. We also assessed the fundamental role of filtration, the
cellular structures for acquiring external microbes, and the role of the host
immune system, that ultimately shapes the stable communities of prokaryotes
observed in adult sponges.
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symbiosis

Introduction

Symbioses between microbes and metazoans are extremely
common in marine, freshwater, and terrestrial environments
(Margulis and Fester, 1991). Genomic studies suggest that
such interactions were likely present in the earliest metazoans
(Taylor et al, 2007; Siegl et al, 2011). Animal-microbe
interactions can include different levels of relationships such
as mutualism, commensalism, parasitism, and pathogenic.
Microbes are fundamental for the host health, nutrition,
defense, reproduction and development (McFall-Ngai, 2002;
Pais et al., 2008; Maldonado et al., 2012; Thomas et al., 2017;
Slaby et al, 2019; Hou et al, 2022), and most of them are
faithfully transmitted to the next generation to ensure that these
benefits are propagated in time and perpetuated throughout
generations (Chaston and Goodrich-Blair, 2010; Arora et al,
2017; Carrier et al, 2022). It is not surprising then that
microbes have evolved to regulate some of the crucial steps in
animal development (Nyholm, 2020), persisting as a unit of
selection through generations. This concept is coined as the
“hologenome” (Zilber-Rosenberg and Rosenberg, 2008). One
of the most iconic examples of the microbial modulation of
animal development is that of the bacteria Wolbachia and
several species of arthropods and nematodes (McFall-Ngai,
2002). Wolbachia affects reproductive processes and is essential
for either oogenesis, sex-determination, or reproduction in favor
of female offspring of their hosts (Charlat et al, 2003). But
there are many other examples that are particularly prevalent
among invertebrates (Habetha et al, 2003; Rosenberg et al,
2010; Pradeu, 2011; Clarke, 2014).

Among the aquatic animals with more remarkable symbiotic
partnerships are sponges, which belong to phylum Porifera.
Sponges are sessile filter feeders that filter the water column
to obtain food (Taylor et al, 2007; Maldonado et al., 2012).
Interestingly, some sponges may actually crawl on the substrate,
although at very low rate (Maldonado and Uriz, 1999;
Morganti et al,, 2021). Sponges use captured bacteria as a
food source and can reduce the bacterial cell content in
the surrounding water by up to three orders of magnitude
(Ribes et al, 1999; Hentschel et al, 2003). However, they
simultaneously harbor a dense, diverse, and multifunctional
array of symbiotic microorganisms different from the seawater
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dominant community (Slaby et al., 2019; Oliveira et al., 2020a;
Posadas et al,, 2022). This sponge microbiome can include
60 microbial phyla from all three domains of life (Webster
and Thomas, 2016; Apprill, 2017; Nguyen and Thomas, 2018;
Jahn et al,, 2019; Nguyen et al, 2021), and is highly specific,
presenting host species specificity (Thomas et al.,, 2016), and
even genotype specificity (Griffiths et al, 2019; Diez-Vives
et al., 2020; Easson et al,, 2020). The microbial communities
carry out several fundamental functions for the sponges and
their ecosystems including provision of vitamins and amino
acids that largely contribute to sponge nutrition, production of
secondary metabolites, and in the regulation of major ocean
biogeochemical cycles of carbon, nitrogen, phosphorous, and
sulfur (Thomas et al., 2010; Maldonado et al., 2012; Wilson
et al., 2014; Leys et al., 2018; Pita et al., 2018b; Tianero et al,,
2019; Zhang et al., 2019; Engelberts et al., 2020; Rix et al., 2020;
Hudspith et al., 2021a; Stévenne et al., 2021). The mechanisms
of microbiome acquisition and maintenance are rather unclear,
and likely involve host and symbiont-mediated recognition
systems. Nonetheless, the microbiome is also dynamic, and
its structure depends heavily on the local habitat and the
environmental factors to which the sponge microbiome can
be very susceptible (Webster et al,, 2008; Erwin et al., 2012b;
Schmitt et al., 2012b; Simister et al., 2012b; Pita et al., 2018b;
Steffen et al., 2022).

Sponges are often categorized into two ecological
phenotypes, based on their microbial abundance, diversity,
and water pumping rate (Reiswig, 1974; Vacelet and Donadey,
1977; Figure 1). Low microbial abundance sponges (LMA)
have a microbial concentration close to that of seawater
and rely on heterotrophic feeding from particulate organic
matter (POM). They host microbiota of different phylogenetic
signature, sometimes similar to ambient seawater (Taylor
et al, 2007; Easson and Thacker, 2014; Sipkema et al,
2015; Gantt et al,, 2019). LMA sponges have high pumping
rates, extensive aquiferous channels, and dense choanocyte
chambers (Hentschel et al, 2006; Weisz et al, 2007;
Poppell et al, 2014; Figures 1A,B). On the other hand,
high microbial abundance (HMA) sponges have dense
microbial concentrations (Hentschel et al, 2006) on which
they rely on to acquire energy (Figures 1C,D) and have
lower water pumping rates. Proteobacteria (mainly the
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Gamma- and Alphaproteobacteria classes), Acidobacteria,
Actinobacteria, Chloroflexi, Nitrospirae, Cyanobacteria, the
candidate Poribacteria and the archaeal Thaumarchaeota
are among the dominant microbial phyla in HMA sponges
(Moitinho-Silva et al., 2017; Pita et al.,, 2018b). Due to the
role of microorganisms in using DOM, it was thought that
HMAs were better adapted to use dissolved organic matter
(DOM), however, an increasing number of studies have
showed DOM consumption not only by HMA but also
by LMA species, representing their main carbon source
(~90%) (de Goeij et al., 2017; Morganti et al, 2017; Rix
et al, 2020; Bart et al, 2021). This finding was further
strengthened by the increasing evidence that DOM uptake
was not restricted to only symbiont cells but also host cells
(i.e., choanocyte), which were responsible of DOM uptake
in both sponge groups (Achlatis et al., 2019; Rix et al., 2020;
Hudspith et al, 2021a). However, DOM is assimilated more
efficiently in HMA species (Rix et al, 2020; Bart et al,
2021) but see (Campana et al, 2021), although sometimes
at lower removal rates due to the discrepancy in pumping
rates (Morganti et al., 2017; Rix et al., 2020; Bart et al,
2021).

Microorganisms can be incorporated to sponge eggs,
sperm, embryos, and larvae (reviewed in Carrier et al,, 2022),
making reproduction of sponges a hot topic for microbial
studies. Sponges can display all types of reproduction, from
asexual to sexual reproduction, including hermaphroditism,
gonochorism or successional hermaphroditism, oviparity, and
viviparity. Their gametogenic and embryogenic processes are
relatively well known for approximately 1% of the 9,500
species known to date, and in almost all cases there are
microbes present in the process. Although there are more
than 600 scientific articles about sponge reproduction (Lanna
et al, 2018), several aspects of the process of symbiont
transmission are still rather mysterious, such as the mechanisms
involved in microbial recognition and incorporation into
sponge reproductive features and the role of the microorganisms
during sponge reproduction. Pioneering work on the presence
of bacteria on sponge tissues and reproductive elements was
based on light and electron microscopy description with little
information about the constituents beyond the morphological
shape and location. On the contrary, in this new era of
fast and affordable Next Generation Sequencing (NGS), the
majority of studies in sponge microbiome are based on
molecular techniques, which provide taxonomic assignment
of the different microbes inhabiting the host, but ignore
morphological features (e.g., location in tissue, morphology,
state, and aggregation). In recent years there is only a handful
of papers that present a combined analysis of sequencing and
microscopical evidence for symbiont transmission involving
any reproductive element (Schmitt et al., 2007a,b; Fieth et al,
2016). Therefore, there is an important gap to fill recovering
the well-illustrated information from the physiology of the
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sponge tissue, and the overwhelming information on sequence
components.

of the
reproduction are still in their infancy (Song et al, 2021)

Functional studies symbiont roles during
compared other organisms (e.g., Sharon et al, 2011; Gabay
et al., 2018; Fukatsu, 2021), because they are highly limited by
the dearth of universal sponge models. However, sponges are
promising models of animal-microbe symbioses since they
present interesting properties such as complex symbiosis with
thousands of microbial lineages that differ during their life cycle
stages, large distribution ranges for many species, which can be
accessible to many distant laboratories, and quick regeneration
capacities after fragmentation, production of budding and
gemmules, that can be used as clonal populations. All the above
properties are crucial tools to dissect the animal-microbiota
crosstalk, but relevant model sponge species to address them
are still under development (Ereskovsky et al, 2009; Pita
et al,, 2016; Kenny et al., 2020). In this sense, the development
of universal, exportable, and easy to culture sponge models
that allow manipulation of symbionts during the life cycle of
sponges would be crucial to understand the origins of symbiosis
establishment in animals and how evolution modulates the
benefits of symbiosis by perpetuating the microbiomes through
generations in one of the most ancient lineages of animals.
But until then, important steps toward the integration of
the available knowledge on the microbiome patterns during
sponge development is urgently required. This review will
try to gather most of the physiological information regarding
sponge relationship with microorganisms, including both
environmental acquisition and vertical transfer to the offspring,
in combination with newest molecular information on sponge
microbiome composition. We also aim to unify definitions
for the cell types, structures and processes commonly used
during the transmission of microbial communities to the next
generation and to shed light into the mechanisms and the role of
the microbiome in the nutrition of the host during reproduction
and the germinal line.

Classification and transmission of
symbionts

Types of host—microbiome
associations

The classical paradigm for animal symbiosis is that each
host species maintains only necessary symbionts. Sometimes
this symbiosis involves highly specific partnerships between a
single host and a single microbe, as in many insects, arthropods,
and cephalopods (reviewed in Moran et al., 2008). But in others,
it implies a very complex prokaryotic consortia, including
bacteria and archaea, such as in the sponge microbiome. In
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FIGURE 1

Note the bacteria in all images (arrows).

Abundance of microbes in the mesohyl of sponges: HMA and LMA. (A) Mesohy!l of the LMA haplosclerid sponge Hemigellius pilosus.
(B) Mesohyl with a choanocyte chamber (cc) in the LMA axinellid sponge Raspaciona aculeata. (C) Mesohyl of the HMA tetractinellid sponge
Geodia barretti showing a spherulous cell (sc). (D) Mesohyl of the HMA chondrosiid sponge Chondrosia reniformis showing an archaeocyte (a).

simple symbioses, most of the symbionts are placed in three
categories (Moran et al,, 2008). The first one attains obligate
symbionts, also called “primary symbionts,” which are typically
restricted to a specialized organ, called a bacteriome and
comprised of bacteriocytes. They cannot invade naive hosts and
exclusively rely on host-based mechanisms for transmission.
The proposed function of these obligate symbionts is the
provision of nutrients. In contrast, facultative or secondary
symbionts are erratically distributed in the body of the host,
they may reside extracellularly as well as invade various cell
types and organs, including reproductive organs, however,
they are not required for host reproduction. Based on how
these facultative symbionts affect the host phenotype, they are
divided in two non-exclusive categories: “facultative mutualists,”
which provide some benefit to the host, like protection; and
“reproductive manipulators,” which are parasites that are spread
by increasing the host reproduction through female offspring at
the expense of reproduction through male offspring. However,
these definitions are not always strict, and there are also cases of
apparent shifts and intermediate cases.

In complex symbioses, hosts can harbor highly diverse
and complex communities of bacteria and archaea, as well as
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protists, viruses, and fungi, where all categories of symbionts
and intermediate forms are expected to co-occur. This type
of complex symbiosis is observed in many organisms, but
it is brought to a high level of complexity in sponges. The
sponge microbiome contains thousands of prokaryotic species
(based on the analysis of the 16S rRNA gene) and is well
known to be species-specific thanks to a large body of literature
that demonstrates the similarity of the microbiome in the
same conspecific species from distant sites, and differences in
sympatric sponges belonging to different species (e.g., Thomas
et al, 2016; Pankey et al, 2022). The exclusive presence
(or at least greatly increased in abundance) of symbiotic
sequences in sponges compared to the surrounding sea water
led to the definition of “sponge-specific clusters” (Hentschel
et al, 2002; Taylor et al.,, 2007), which was later redefined as
“sponge- and coral-specific clusters” (Simister et al., 2012a). To
facilitate the study of these highly diverse communities, a core
microbiota approach is commonly used, in which only microbes
that are abundant and consistently detected are considered,
while putatively non-symbiotic microbes are ignored (Schmitt
et al.,, 2012b; Shade and Handelsman, 2012; Astudillo-Garcia
et al, 2017). The identification of core communities may
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have implications for coevolution, as core microbes are more
likely to have coevolved with their hosts (O’Brien et al,, 2019),
however, different core microbiota definitions can largely
impact ecological analyses (Astudillo-Garcia et al., 2017). On the
other hand, microbes shared between different sponge species
could be considered as generalist members, while those present
in only one sponge species are specialist partners (Taylor et al,,
2004b). For example, “Candidatus Synechococcus feldmannii”
is specific to Petrosia ficiformis (Burgsdorf et al, 2019),
and the alphaproteobacterium “Candidatus Halichondribacter
symbioticus” is specific to its host, Halichondria panicea
(Knobloch et al, 2018). On the contrary, “Candidatus
Synechococcus spongiarum” is a generalist symbiont occurring
in several sponge species (Thacker, 2005; Burgsdorf et al,
2019). Interestingly, detailed analysis of another generalist
filamentous cyanobacterial symbiont (Oscillatoria spongeliae)
revealed that different sponge species contained distinct strains
of this cyanobacteria (Ridley et al,, 2005). It is possible that our
perception of generalist microbes only reflects our often-shallow
analysis of sequence similarity. Finally, depending on the nature
of the symbiotic interaction, host-specific symbionts could have
a mutualistic association with the sponge that benefits their host,
but generalist symbionts may be commensals that exploit the
resources provided by their host without significantly affecting
sponge fitness (Thacker, 2005).

Modes of transmission

The main two different ways of microbial transmission
were introduced to distinguish between parental and non-
parental transmission (Fine, 1975). In sponges, vertical
transmission (VT) refers to the transference of the symbionts
directly through parental gametes to the offspring, whereas
horizontal acquisition (HA) is the passing of symbionts among
hosts through contact or acquisition from the surrounding
environment in each new generation. Earlier evolutionary
theory gave preference to parental transmission of the microbial
symbiotic world. It was thought that beneficial symbionts (in a
sense obligate) should be vertically transmitted, and the higher
the dependency is, the higher the expected incidence of VT
(Ewald, 1987; Bull et al., 1991; Yamamura, 1993; Douglas, 1994;
Thompson, 1994; Doebeli and Knowlton, 1998; Herre et al,
1999; Wilkinson and Sherratt, 2001). Meanwhile, secondary
symbionts (facultative) can be transferred either vertically
or horizontally. In support, many obligate insect-microbe
interactions, such as those described between Buchnera-
aphid (Buchner, 1965), Wolbachia-nematode (Mclaren et al,
1975), and Ishikawaella-stinkbug (Fukatsu and Hosokawa,
2002) are transmitted from parents to offspring. However,
many organisms, do not pass on their symbionts vertically
(Oliveira et al, 2020b). Prominent examples of essential
microbes exclusively acquired via horizontal transmission
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include the bioluminescent Vibrio fischeri in bobtail squids
(McFall-Ngai, 2014), the nitrogen-fixing rhizobia in legumes
(Simms and Taylor, 2002; Remigi et al., 2016), the hydrothermal
vent tubeworm Riftia pachyptila and its Endoriftia persephone
symbiont (Dubilier et al., 2001; Robidart et al, 2008), and
water fleas Daphnia magna (Mushegian and Ebert, 2017).
Interestingly, many coral species do not pass algal symbionts
to their offspring, despite their necessity later in life (Fadlallah,
1983), because presence of symbionts may harm the coral
offspring early in life (Hartmann et al., 2017).

Each of these strategies has certain benefits and costs
(Vrijenhoek, 2010; Thacker and Freeman, 2012). Briefly,
strict VT ensures that offspring obtain the symbionts that
are necessary for host fitness directly from the parent, but
increases their specialization toward total dependence on the
host, showing reduction of the symbiont genome or loss
of metabolic capability over successive generations (Moran,
2002). Horizontal acquisition allows the transmission of locally
advantageous and novel microbial partners, although it may
leave the host more susceptible to the attack of “cheater”
symbionts or putative pathogens (Frank, 1996; Thacker and
Freeman, 2012), depends on the availability of the symbionts
within the surrounding environment, and lacks the symbiont
assurance guaranteed by VT (Sachs et al., 2011; Douglas and
Werren, 2016). Mixed transmission modes also exist, in which
VT is supplemented by host-to-host transfers or de novo HA
of microbes, also known as “leaky” vertical transmission (LVT)
(Schmitt et al., 2008; Vrijenhoek, 2010; Ebert, 2013; Oliveira
et al,, 2020a). This hybrid model achieves a trade-off balance,
and it is probably the most fitting strategy for the majority of
host-microbiome interactions.

It is worth noting, however, that VT and HA can occur
within the same microbial species, which are then referred
as mixed-mode transmission (MMT) symbionts, in contrast
with the single-mode transmission (SMT) symbionts (Ebert,
2013). The combination of the two forms of transmission in
the same symbiont allows them to survive periods when one
form of transmission is not possible. MMT symbionts, which
probably include both primary and secondary symbionts, would
perform similar functions for the host as the strictly vertical
transmitted ones, such as nutrition or defense. Out of 528
analyzed symbioses, strict VT symbionts represented 42.8%,
while those with HA were 21.2%, and a large 36% exhibited
some form of MMT (Russell, 2019). In the marine environment,
symbionts are more likely to present a MMT than a strict
SMT, since the aquatic media offers more opportunities for
symbionts to survive and get transferred between hosts than
air (Russell, 2019). This lack of strict VT supports the lack of
genome reduction in marine compared to terrestrial symbiosis
(Bennett and Moran, 2015; Russell et al., 2017; Diez-Vives et al.,
2018). Ebert (2013) stressed the fact that exclusive, uniparental
VT is rare and seemingly limited to a few obligate mutualistic
prokaryotic symbionts of invertebrate host taxa (Moran et al,
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2008; Bright and Bulgheresi, 2010). The majority of symbionts
often labeled as VT should, in fact, be considered MMT
symbionts, as they also present HA, although in very low rates
(Dunn and Smith, 2001; Moran et al., 2008; Werren et al., 2008;
Brandvain et al,, 2011). For instance, the maternally transmitted
obligate intracellular symbiont Wolbachia is able to survive for
extended periods of time in cell-free media (Rasgon et al., 2006)
and then re-enter host cells (West et al, 1998; Reuter et al,
2005; White et al., 2017). Symbiont loss has been associated with
colonization of new habitats (Reuter et al., 2005), and routes of
transmission to re-enter the host appear to be the hemolymph
or the gut in insects, where Wolbachia needs to undergo cell-
to-cell transfer, crossing multiple somatic tissues and navigating
to the germ line (Frydman et al, 2006; White et al, 2017).
In deep sea mussels, bacterial symbionts are sometimes lost
from the host but reacquired by HA from the environment
(Won et al, 2008). In many cases, facultative symbionts,
experimentally introduced to uninfected hosts, establish stable,
maternally inherited infection (Pontes and Dale, 2006; Perreau
et al, 2021), indicating that the persistence of the symbiosis is
largely achieved through symbiont capabilities rather than host
adaptations for maintaining symbiosis.

In sponges, earlier studies pointed out the principal role of
VT in numerous sponge species, which was easily confirmed by
the presence of similar morphotypes in adults and gametes or
larvae using microscopy or banding pattern/sequence similarity
in adults and offspring (Schmitt et al, 2007b; Lee et al,
2009; Bergman et al, 2011). The lack of detection of sponge
symbionts in the water, due to the low resolution of the
applied techniques, reinforced the idea of the VT as the main
mode responsible of structuring the sponge-specific microbial
assemblages (Hentschel et al, 2002). However, our current
understanding for marine sponges is that a combination of
both VT and HA processes apply for the entire community,
although the extent in which each mode shapes the sponge
prokaryote community and whether the entire microbiome is
able to perform MMT or it is limited to few taxa still remains to
be determined.

Horizontal acquisition in Porifera:
Discrimination between food and
symbionts

Uptake of microorganisms in sponges
for nutrition

Sponges are filter feeders that continuously pump water
and consume large amounts of food particles and microbial
cells of different sizes (de Goeij et al, 2013; Achlatis et al,
2019; Hudspith et al, 2021b). Particles, including bacteria,
that advance through the progressively narrower canal walls
and reach the choanocyte chambers, are captured by the
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microvilli or pseudopodia of specialized flagellated cells called
choanocytes (Leys and Eerkes-Medrano, 2006). Once inside the
choanocytes (Figures 2A,B), microbes can be digested in special
vesicles (Figure 2A) or transferred to the underlying amebocytes
(Maldonado et al, 2010; Yuen, 2016). Additionally, food
particles and/or microbes can be taken from the surrounding
water on the sponge surface by epithelial pinacocytes, or
after entering the ostia by the endopinacocytes lining the
canals (Figures 2C-E; Reiswig, 1971). Amebocytes can transfer
microbes to other host cells, usually archaeocytes, for further
digestion (Figure 2F; Imsiecke, 1993; Maldonado et al., 2010),
store them inside as symbionts, release them into the mesohyl,
and sometimes migrate themselves toward inner areas of
the sponge matrix (Figure 2G; Maldonado et al.,, 2010) (see
sketch in Figure 3). Pinacocytes, choanocytes and amebocytes
(sometimes referred as archaeocytes because of their similarity
under TEM) therefore play an important role in microbial
selection process, by performing post-capture recognition,
sorting, and transport (Yahel et al, 2006; Yuen, 2016).
Consistent with the role of pinacocytes and choanocytes at the
frontline of interactions with the external environment, genes
involved in the primary response to bacteria are upregulated in
both cell types (Yuen, 2016).

In the case of larger preys like Rhodotorula sp., a marine
yeast, amebocytes transiently leave the mesohyl to enter the
choanocyte chambers through the wide intercellular spaces
between choanocytes and directly engulf the yeast there.
Choanocytes probably also allow yeast cells to enter the mesohyl
by regulating the width of the intercellular spaces (Maldonado
et al,, 2010). In this case, once the yeast is in the mesohyl, it
is rapidly surrounded by aggregation of amebocytes. Finally,
endopinacocytes, lining the walls of the aquiferous canals, can
phagocytose directly the yeast cells from the seawater and
then migrate into the mesohyl. These cells in some instances
were phagocytosed by another sponge cell, a larger amebocyte
(Maldonado et al, 2010). Subsequently, microbes that are
going to serve as food for sponges are digested with the help
of effector molecules that participate in oxidative as well as
non-oxidative (enzymatic) mechanisms (Peskin et al, 1998;
Dzik, 2010; Mukherjee et al,, 2016). Additionally, perforin-
like molecules, lysozymes and other effectors are involved in
defense against pathogenic bacteria (McCormack and Podack,
2015).

The debate about a possible size selection of the ingested
microbes leaned toward a size-independent selection proved
by several studies (e.g., Frost, 1976; Francis and Poirrier, 1986;
Hanson et al,, 2009; McMurray et al, 2016). Interestingly,
choanocytes can also recognize and phagocytose protein-coated
inert material as well as totally inert material such as Indian
ink (Kilian, 1952) and latex beads (Willenz, 1980; Willenz and
van de Vyver, 1982). In the calcareous Sycon coactum, bacterial
and latex beads appeared in the choanocyte phagosomes after 5-
10 min of being fed (Leys and Eerkes-Medrano, 2006). The fact
that choanocytes phagocytose many types of particles (including
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FIGURE 2

Main pathways for acquisition of symbionts in sponges. (A) Choanocyte chamber showing choanocytes phagocytosing intact bacteria (white
arrows) and digested bacteria in vesicles (black arrow) in the poecilosclerid Crambe crambe. (B) Choanocyte of the homosclerophorid
Corticium candelabrum showing a vesicle containing an intact bacterial cell (white arrow). (C) Endopinacoderm of the haplosclerid Petrosia
ficiformis showing a pinacocyte cell (p) engulfing bacteria (black arrow) that are accumulated below the pinacoderm in the mesohy! (ab). Note
the presence of bacteria (white arrow) in the canal. (D) Endopinacoderm lining a canal (c) in the chondrosiid Chondrosia reniformis. Note the
pinacocyte (p) opening toward the canal and the symbiotic bacteria (white arrows) in the mesohyl. (E) Endopinacoderm lining a canal (c) in the
chondrosiid C. reniformis and showing a pinacocyte (p) engulfing bacteria that are later seen in the mesohyl (white arrows). (F) Archaeocyte (a)
in the suberitid Halichondria panicea engulfing a vesicle containing bacteria (white arrow). (G) Archaeocyte (a) in the chondrosiid C. reniformis
containing bacteria within a vesicle (white arrow). (H) Archaeocytes (a) in the dyctioceratid Ircinia fasciculata showing symbionts (white arrows)
surrounding them product of chemotaxis. Note that some archaeocytes contain vesicles digesting symbionts (black arrow). (I) Bacteriocytes (b)
in the haplosclerid P. ficiformis containing abundant symbionts in cellular pockets (white arrows). Note the choanocyte chamber close to the
bacteriocytes showing bacteria within vesicles of the choanocyte (black arrow).

Indian ink and latex beads) and subsequently release unwanted
items into the exhalent currents (Wilkinson et al., 1984), and
that are equally efficient to remove all particles from the water
(Francis and Poirrier, 1986), indicates that differential retention,
and not differential uptake, explains particle selectivity in
sponges. Sponge feeding preference appears to vary with a whole
range of factors including sponge species, food availability,
and time of the year (Turon et al, 1997; Hanson et al,
2009). Selective feeding of bacterial taxa with high nucleic acid
content has also been reported, which could be due to their
greater nutritive value (Yahel et al,, 2006; McMurray et al,
2016).

Frontiers in Ecology and Evolution

Horizontal acquisition of symbionts

Acquisition of microorganisms from the water does not
only fulfill nutritional needs, but it is also the mechanism
for capturing symbionts, which may remain undigested and
duplicating within the sponge mesohyl. The ability of sponges
to selectively recruit specific microbial symbionts from seawater
has been largely reported (Wilkinson et al, 1984; Taylor
et al., 2007; Wehrl et al., 2007; Sipkema et al., 2015; Webster
and Thomas, 2016). A pioneer “in situ” experiment was
conducted by Wilkinson and collaborators in 1984, concluding
that labeled food bacteria are readily phagocytosed mostly
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FIGURE 3

Methods of acquisition and transmission of symbiotic bacteria to oocytes in sponges. Horizontal acquisition through filtering by choanocytes (1)
that are then engulfed in vesicles and released in the mesohyl (2), transferred to amebocytes/archaeocytes (3), or bacteriocytes (4).
Amebocytes/archaeocytes can either transfer the microbial cells to other host cells (5) or to the mesohyl (6). In some cases, microbial cells can
squeeze in-between choanocytes (7) or pinacocytes (8) toward the mesohyl. Pinacocytes can also phagocytose microbes from the canals (9)
and release them to the mesohyl. Bigger cells can be engulfed by amebocytes that reach the choanocyte chambers through the spaces
between choanocytes (10). Amebocytes/archaeocytes can either digest the microbes (11) or store them intact within vesicles (12). The
symbionts within amebocytes/archaeocytes are sometimes released close to the oocyte (13), that will phagocytose them subsequently (14), or
can be transferred by fusing the membranes (15), acting then as nurse cells. In some cases, the nurse cells are phagocytosed completely by the
oocyte (16). Microbes can also approach the oocyte by the mechanisms described in the text, and accumulate there (17). Once the oocyte is
fertilized, some microbes penetrate the space between the follicle and the egg before its closure (18), and then can enter the embryo through
the cleavage furrow (19), or be transferred by the follicle cells using cytoplasmic bridges (20). Depending on the species or reproductive stage,

microbes are maintained intact (21) or digested to form yolk (22).

by sponge choanocytes, and in a smaller proportion by
pinacocytes, in the first 30 min (Wilkinson et al.,, 1984). On
the contrary, labeled potential symbionts were recycled many
times through the canal systems passing unrecognized and
undamaged. Other studies have shown that food bacteria can
be seen in the choanocytes, endopinacocytes, and amebocytes
but not in deeper regions of the mesohyl, which suggest
the rapid digestion of the bacteria upon contact with the
host, while latex beads were found deeper in the mesohyl
(Turon et al, 1997; Wehrl et al., 2007; Maldonado et al.,
2010).

Symbiotic microbes in sponges mainly occur extracellularly,
in close vicinity to sponge cells. But there are also examples
of sponges presenting bacteriocytes (Figure 2I), cells that
accumulate bacteria inside specialized vesicles (Vacelet and
Donadey, 1977; Vacelet and Duport, 2004; Maldonado, 2007;
Burgsdorf et al., 2019; Schellenberg et al., 2020). The presence
of bacteriocytes can complement the presence of bacteria in
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the mesohyl (Figure 2I; Riitzler et al, 2005). Bacteriocytes
approach the choanocyte chambers to take microbes from
the choanocytes (Figure 2I). In some studies, these cells
have been reported as calcibacteriocytes (Uriz et al, 2012),
or chemobacteriocytes (Tianero et al, 2019). Epithelial cells
can fold over themselves to form a large extracellular
pocket that encloses symbionts taken from the seawater
after an unknown mechanism to accumulate them on the
surface (Figure 2C). This cell can leave the epithelium and
migrate into the mesohyl, resulting in a pocket bacteriocyte
(Maldonado, 2007) with microbes in the extracellular space
in contrast to bacteriocytes hosting symbionts in endoplasmic
vesicles.

The importance of HA in shaping the microbiome is
progressively taking a more relevant role. It is becoming clearer,
that essential sponge symbionts can be found in sea water,
albeit in low abundances (considered the seed bank) (Webster
et al, 2010), and they are major contributors to the sponge

frontiersin.org


https://doi.org/10.3389/fevo.2022.1015592
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Diez-Vives et al.

microbiome (Turon et al, 2018; Wu et al., 2018; Sacristan-
Soriano et al., 2019; Oliveira et al., 2020b). Turon et al. (2018)
calculated that half of the sponge species studied shared >50%
relative abundance of the core microbiome with the seawater
microbial core. But it is still difficult to define the direction of
flow of these microbial groups between the sponge and seawater.
In any case, they should not be considered contaminants,
food, opportunistic, or non-core microbial members (Schmitt
et al,, 2008; Fieth et al,, 2016). HA can better explain both
similarities of microbiome communities in sponge hosts from
distant sites and deviance from the host-specificity pattern
within same sponge species (Erwin and Thacker, 2008; Erwin
et al., 2011, 2012a; Montalvo and Hill, 2011; Alex et al., 2013;
Schottner et al,, 2013; Easson and Thacker, 2014). A clear
example of the importance of HA as a unique mechanism
capable of modeling the sponge-specific signature can be found
in P. ficiformis. This sponge has been proven free of symbionts in
the germline (Maldonado and Riesgo, 2009a), therefore relying
exclusively on HA from the surrounding seawater, but still
keeping a sponge-specific community (Schmitt et al., 2012a;
Blanquer et al., 2013; Burgsdorf et al.,, 2014; Sipkema et al,
2015). P. ficiformis is proposed to acquire microbes from the
water in each generation and use a finely tuned immune
system to select for desired symbionts. This selection runs
even below the species-specific signature as this species displays
specificity down to genotype level (Diez-Vives et al,, 2020).
It remains unclear whether HA sponge symbionts could be
considered generalist members of the sponge microbiome, while
those strictly conserved by VT constitute specialist partners.
Probably answering this, we have the previously mentioned
example of the “Ca. S. spongiarum,” which presents LVT, but
it is found in many sponge species, while “Ca. S. feldmannii”
is HA and it is specific to P. ficiformis (Burgsdorf et al,
2019).

Resolving these processes is important for future models of
predictive ecological outcomes. HA microbes (either obligate
or facultative) need to survive outside the host, but also
overcome the physical (i.e., pinacoderm and phagocytosis) and
chemical barriers (i.e., oxidative stress and probably bactericidal
components) to invade the sponge matrix without being
digested (see more about these mechanisms below). Because
of the selective pressures imposed both by the host and the
environment, HA symbionts usually maintain genome sizes
similar to free-living microbes or even enlarged genomes like
the nitrogen fixing rhizobium (Downie and Young, 2001).
Returning to the cyanobacterial examples, these symbionts
exemplify the different genomic needs for a HA and a VT
symbionts (Burgsdorf et al., 2019). The HA “Ca. S. feldmannii”
is found within bacteriocytes and, among other differential
features to survive in the water compared to the VT “Ca.
S. spongiarum,” it presents an O antigen for flotation in
the water column (Simkovsky et al, 2012). This O antigen
is a known feature recognized by sponge archaeocytes as
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a signal for phagocytosis (Snyder et al, 2009; Burgsdorf
et al, 2015), therefore the authors suggest that “Ca. S.
feldmannii” avoids digestion by staying inside bacteriocyte
cells, but how the bacterium is taken and recognized by the
choanocytes (or pinacocytes) and transferred to the “safe”
bacteriocyte instead of an archaeocyte (and therefore digested)
is not resolved. Microbial transitions from free-living state
to host body spaces are also stressful to the host, whose
immune system must recognize, accept, and incorporate
a foreign cell activating all physical alterations necessary
to accommodate the symbiont (Douglas, 2021; Hall et al,
2021).

Once inside the mesohyl, symbionts can provide nutrition
to the host by two possible routes: “milking” that is obtaining
nutrients from secondary metabolic products produced by the
living symbionts or “farming” that is the direct intracellular
digestion of symbionts. In fact, not all symbionts gain fitness
from the association with the host. Sometimes, the symbionts
depend on the host for growth and reproduction, but their
propagation is only allowed by the host as source of renewable
food supply or other resources (Hoang et al, 2019). The
boundary between symbionts and food is weak in many
associations. Because symbiont populations are clonal, digestion
of some individuals does not limit the benefits of the symbiosis
altogether. Regulated lysosomal digestion of symbionts has been
reported in mussels (Detree et al,, 2016; Sun et al., 2017; Zheng
et al,, 2017) and also in sponges (Yuen, 2016). Leys reported
that even though sponges efficiently remove 99% of ambient
microbes, these only comprise a 5% of their carbon budget, and
the remaining comes from dissolved carbon and detritus, and
phagocytosis of their own symbionts (Leys et al., 2018). In an
elegant study in Amphimedon queenslandica, juvenile sponges
were observed to quickly recognize symbionts as a source of
nutrition, and efficiently digest them within choanocytes or
archaeocytes in 2 h, or transfer them to amebocytes that never
digest them (Yuen, 2016). In turn, foreign bacteria from a
different sponge species were always digested in archaeocytes
but never before 8 h after feeding. The molecular machinery
for lysosomal digestion was engaged in choanocytes and
archaeocytes that were digesting both native and non-native
bacteria fed to the sponges, whereas symbiont recognition genes
were expressed in the amebocytes containing native symbionts
(Yuen, 2016).

Vertical transmission of symbionts
in Porifera

As in other metazoans, VT plays an important role in the
assembly of sponge microbiota. In the 1960s, the pioneering
work of Lévi and Porte (1962) already showed sponge oocytes,
embryos and/or larvae containing microbes using electron
microscopy. Since then, several ways of VT have been described
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over time. A summary of scientific publications mentioning
or illustrating sponge-associated microbes in reproductive
elements can be found in Supplementary Table 1. In these
manuscripts, however, many different terms have been applied
to describe the mechanisms by which symbiotic microbes
can be incorporated from the maternal mesohyl into egg or
embryos. Here, we will revise the evidence and unify the
terminology to understand the common trends within the
phylum. First of all, it is important to clarify the terms of
phagocytosis and pinocytosis (Bowers, 1977). The former is
a form of endocytosis that often involves the formation of
pseudopodia to engulf large particles or deep depressions of
the surface that form large phagocytic vesicles (Figures 4B-
D,F). Pinocytosis is another form of endocytosis, which involves
the invagination of membrane regions to form pockets that
allow the non-specific entry of extracellular particles, usually
of smaller size than bacteria. In either case, endocytosis
does not imply digestion itself (Figures 4A,C), these vacuoles
need acidification and fusion with lysosomes (with digestive
enzymes) to finalize digestion (Figures 5A,B,D; Clarke and
Maddera, 2006; Cosson and Soldati, 2008). To understand how
symbionts are vertically transmitted between generations, we
must first briefly address the sponge reproduction types and
their stages.

Modes of reproduction

Sponges exhibit a biphasic life-cycle, while adults are
mostly sessile organisms, the previous developmental stages
(gametes, embryos, and larvae) are suspended in the water
column. Sponges lack a distinct germline, so gametes are
differentiated from the totipotent amoeboid/archaeocytes cells
that wander in the mesohyl, and from the pluripotent
choanocytes (Riesgo and Solana, 2021). It is still unclear how
the somatic cells become either female or male gametes, but
it seems that a mixed system with environmental as well
as genetic sex determination can be in place (Gilbert and
Simpson, 1976; Mukai, 1992). What triggers gametogenesis
and gamete release are also a combination of several factors,
of which environmental ones are the best understood. Here,
usually temperature is what triggers gametogenesis, but
also nutrient fluxes and other factors such as photoperiod
and rainfall (e.g., Hoppe and Reichert, 1987; Witte, 1996;
Riesgo et al., 2007a; Cajado and Lanna, 2021). Once the
gametes are formed, they are released in the water column
(in oviparous species), or the eggs are retained in the
mother sponge (in viviparous species). In both oviparous
and viviparous species, the sperm is released in the water.
The fertilization takes place either in the seawater column
in oviparous sponges or inside the mother sponge in
viviparous sponges (Simpson, 1984; Maldonado and Riesgo,
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2009b; Ereskovsky, 2010). Embryogenesis will therefore occur
in the water or inside the sponge (Leys and Ereskovsky,
2006). Interestingly all sponge larvae known so far are
lecithotrophic (non-feeding), the majority are ciliated to some
extent, and with a relatively short planktonic life (Maldonado,
2006).

At the cytological level, sponge gametogenesis is rather
similar to that of other invertebrates (e.g., Maldonado and
Riesgo, 2009a,b; Ereskovsky, 2010; Koutsouveli et al., 2020),
but it mainly differs in the absence of gonads (Simpson,
1984). Rather, sponges scatter their gametes throughout their
mesohyl in an unorderly fashion, although in some species the
parental sponge isolates them from the internal sponge milieu
(Simpson, 1984; Maldonado and Riesgo, 2009b; Ereskovsky,
2010). Whereas the oocytes mature independently, the sperm
matures in clusters, called spermatic cysts, that can be enveloped
by follicle cells in some species (Vasconcellos et al, 2019)
or lying in the mesohyl (Koutsouveli et al, 2020). Usually,
the follicle spaces of spermatic cysts are devoid of microbes
(Vasconcellos et al, 2019) but in species where the follicle
layer is absent, microbes often coexist with maturing sperm
(Figure 5H; Koutsouveli et al.,, 2020). Similarly, regardless of
the presence of follicle, oocytes and eggs of some species grow
surrounded by collagen accumulations to protect and isolate
them in the mesohyl, and these can contain very few microbial
cells (Figures 4A,C; Lévi and Lévi, 1976; Usher et al., 2001;
Koutsouveli et al., 2020). However, the isolation of developing
oocytes is never complete, allowing them to capture microbes
by phagocytosis (Figures 4B-E).

The formation and accumulation of oocyte nutrients in
sponges can be done by the oocyte itself or with the help of
nurse cells, which are usually transdifferentiated archaeocytes or
choanocytes (Simpson, 1984; Usher et al., 2004; Maldonado and
Riesgo, 2009b). When the gametes generate the yolk themselves
(by homosynthesis), lipids and proteins are produced and
packed by the Golgi apparatus and the endoplasmic reticulum
within the ooplasm. In addition, yolk can be formed directly
using microbes phagocytosed from the mesohyl, which are
then digested in the ooplasm (Figures 5A-E), as in the
case of the oocytes of the agelasid Cymbaxinella damicornis
(Riesgo and Maldonado, 2009) and the calcarean Paraleucilla
magna (Lanna and Klautau, 2010). On the other hand, in
the heterosynthetic pathway, nurse cells release or fuse their
contents (e.g., lipids and proteins) with eggs, embryos or larvae,
which can include microbes presumably phagocytosed from
the mesohyl and transferred to the cell lines (e.g., Koutsouveli
et al,, 2018). The strategy of yolk formation in each species
is driven by phylogenetic constrains but it is also influenced
by environmental factors, such as nutrient availability in the
surrounding water. A variety of other cells in close association
with oocytes have been proposed as accessory cells involved in
oocyte nutrition as well (Simpson, 1984; Ereskovsky, 2010).
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FIGURE 4

Phagocytosis of symbionts by sponge oocytes. (A) Oocyte (00) in the tetractinellid sponge Geodia barretti showing bacterial symbionts within
vesicles (white arrows). (B) Oocyte (00) of the homosclerophorid Corticium candelabrum showing phagocytotic processes of bacterial cells
(white arrows). (C) Oocyte (00) in the tetractinellid sponge G. barretti containing bacterial symbionts within vesicles (black arrows) and showing
a depression of the oolemma for phagocytosis of a bacterial cell (white arrow). (D) Oocyte (00) in the chondrosiid Chondrosia reniformis with a
nurse cell (nc) in close proximity containing digested bacteria (black arrows) within its cytoplasm. Note the bacterial phagocytosis performed by
the oocyte itself (white arrow). (E) Oocyte (0o) of the homosclerophorid C. candelabrum showing phagocytotic processes of bacterial cells
(black arrows) and nurse cells (nc) dragging symbionts (white arrows) to the oocyte periphery. (F) Oocyte (00) in the chondrosiid C. reniformis
phagocytosing a symbiotic bacterium from the mesohyl (white arrow).

Cellular mechanisms for the microbial
transfer to oocytes

During oogenesis, microbes can be actively engulfed by
phagocytosis by the oocytes (see sketch in Figure 3). This is
a common situation widely described among viviparous and
oviparous sponges. Phagocytosis could be done by mechanisms
such as the extension of pseudopods into the mesohyl, seen
for example in Stelletta grubii (Sciscioli et al,, 1991), Geodia
cydonium (Sciscioli et al., 1994), Aplysina cauliformis (Tsurumi
and Reiswig, 1997), Geodia macandrewii (Koutsouveli et al.,
2020), or Chondrosia reniformis (Figures 4D,F), or by smaller
evaginations or depressions of the oocyte surface forming
vesicles (Figures 4B,C), such as those in Aplysina aerophoba
(Maldonado, 2009), Tethya citrina (Gaino et al., 1987; Corriero
et al,, 1996), Tethya aurantium (Corriero et al,, 1996; Sciscioli
et al, 2002), Corticium candelabrum (Boury-Esnault et al,
2005; de Caralt et al, 2007; Maldonado, 2007; Riesgo et al,
2007a; Sharp et al,, 2007), Halisarca dujardini (Ereskovsky and
Gonobobleva, 2000; Ereskovsky et al,, 2005), and C. damicornis
(Riesgo and Maldonado, 2009). The engulfment of microbes
during oogenesis starts during the previtellogenic phase in
most cases (Figures 4A,B), but it is continued and increased
during the vitellogenic phase (Figures 4C-F; see examples
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also in Riesgo and Maldonado, 2009; Koutsouveli et al.,
2020). Phagocytosis can engulf either single microbes in a
vesicle (Figures 4B-Dj; Sciscioli et al, 1991; Riesgo and
Maldonado, 2009; Koutsouveli et al., 2020), microbial clusters
that accumulated around the oocyte (Figure 4E; Kaye, 1991),
or even an entire cell containing microbes (nurse cell or
bacteriocyte) (Kaye, 1991; Schmitt et al., 2008).

When the microbial transfer to the oocyte is done by
nurse cells, some species use intracellular transfer of contents,
through cellular processes linking the cytoplasm of the two
cells. These are called cytoplasmic bridges, umbilical cords,
or intercellular bridges. In most chondrillids, during early
oogenesis, the nurse cells create thin filaments near the oocyte
to pass both nutrients and microbes (Lévi and Lévi, 1976;
Usher et al,, 2001, 2005). But a similar mechanism has been
reported in other non-chondrillid sponges as well (Gallissian
and Vacelet, 1976; Diaz, 1979; Kaye, 1991). As the oocyte
develops, nurse cells, will form, in combination with other
cell types, the follicular cover, which will protect the oocyte
until is released to the ambient water to experience external
fertilization (Lévi and Lévi, 1976). Often, nurse cells forming
the follicle are full of microbes. In some species, however, the
microbes accumulate outside the follicle (Figure 6A), while in
others, microbial cells are found also below the follicle, in close
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FIGURE 5

Digestion of symbiont bacteria within oocytes, sperm, and embryos of sponges. (A) Oocyte of the haplosclerid sponge Hemigellius pilosus
showing vesicles of digested bacteria (black arrow) that result into yolk production. (B) Oocyte (00) of the homosclerophorid Corticium
candelabrum showing digestion of bacterial cells (white arrows). (C) Embryos (em) of the homosclerophorid C. candelabrum undergoing the
first cleavage division where the accumulated symbionts are dragged into the inside of the developing embryo (white arrows). Note the
digestion of some of the bacterial pockets (black arrow). (D,E) Digestion of bacterial symbionts (black arrows) within vesicles of the oolemma of
the agelasid Cymbaxinella damicornis. Note the formation of yolk (y) with the products of bacterial digestion. (F) Digestion of symbiont bacteria
(black arrow) within blastomeres (b) of the embryo of the poecilosclerid Phorbas areolatus to make yolk (y). Note the similar appearance of
symbiotic bacteria (white arrow) occurring between blastomeres. (G) Spermatogonium of the haplosclerid Petrosia ficiformis showing a vesicle
with digested bacterial cells (black arrow) and yolk (y) platelets. (H) Spermatic cyst in the tetractinellid sponge Geodia hentscheli showing
spermatogonia (s) with bacterial cells (white arrows) within the cytoplasm. Note the similar appearance of the symbiont cells within the mesohyl
(black arrow) and the lack of follicle that allows bacteria to enter the lumen of the cyst. () Oocyte of the tetractinellid sponge G. hentscheli

showing digestion of bacterial cells (black arrows) and intact symbionts (white arrows) within vesicles.

contact to the oocyte or developing embryo, as in Oscarella spp.
(Ereskovsky and Boury-Esnault, 2002). In homoscleromorph
sponges, for instance in several Oscarella species, microbes
penetrate the space between the follicle and the egg before its
closure once the oocyte is fertilized, either individually or by
migration of nurse cells through the follicle cells by utilizing
the embryogenic movements (Ereskovsky and Boury-Esnault,
2002). These microbes can remain in the space between follicle
and oocyte or they can enter the egg during the first cleavage
division, taking advantage of the dragging force of the cleavage
furrow (Figure 5C; Ereskovsky and Boury-Esnault, 2002; Riesgo
et al., 2007a).

These processes can happen exclusively or in combination,
simultaneously or sequentially. For instance, oocytes that
phagocytose free microbes themselves in early stages, can
also receive help from the nurse cells in later stages. This
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was confirmed in Chondrilla australiensis, which showed few
cyanobacteria cells even before the appearance of nurse cells,
implying a direct acquisition by the oocyte (Usher et al,
2001). Early-stage oocytes of C. candelabrum engulfed isolated
microbes occasionally (Figure 4B), maintaining them in vesicles
without digesting them, but late-stage oocytes phagocytosed
large amounts of microbes that were digested within large (5-
7 wm) vacuoles in the peripheral ooplasm (Figures 5B,C; Riesgo
etal,, 2007a). In growing oocytes of chondrilliids, dictyoceratids,
and axinellids, nurse cells form cytoplasmic bridges, but in
latter stages, as the egg increases in size, nurse cells containing
large amounts of microbes fused with the eggs releasing their
contents into the cytoplasm (Usher and Ereskovsky, 2005) or are
phagocytosed directly by the egg (Schmitt et al., 2008).
Interestingly, Sciscioli and coauthors (Sciscioli et al., 2002)
noted that most of the data on oocyte-microbes association
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FIGURE 6

present in the mesohyl (black arrow).

Symbionts within embryos and larvae of sponges. (A) Symbiotic bacteria (white arrows) in the mesohyl of the haplosclerid Haliclona penicillata
accumulating close to the embryonic follicle (f). (B) Symbionts (white arrows) outside and inside the embryonic follicle (f) of the poecilosclerid
Kirkpatrickia variolosa. Note the follicle cell (f) forming yolk with the product of bacterial digestion (black arrow). Note the embryo containing
large bacterial cells (b) different from the small symbionts (white arrows). (C) Larval cells (la) of the haplosclerid Hemigellius pilosus showing
bacteria within the cells (black arrow) and between cells (white arrows). (D) Larval cavity (ca) of the cinctoblastula larva (la) of the
homosclerophorid Corticium candelabrum showing large accumulations of symbiotic bacteria. (E) Embryonic cells (e) of the poecilosclerid
Mycale laevis showing a large symbiotic bacterium (white arrow) between them. (F) Inner larval cells (la) and ciliated epithelial cells (cc) in the
larva of the poecilosclerid M. laevis showing the presence of symbiotic spirochetes (white arrow) interspersed between them similar to the ones

support the notion that the ability of the oocyte to entrap
microbes is restricted to free microbes, dispersed in the sponge
mesohyl. Therefore, sponges with specialized bacteriocytes
would not be able to transfer their symbionts through the
germline (Maldonado, 2007). Indeed, in P. ficiformis where
microbes are included in highly specialized bacteriocyte cells
(Vacelet and Donadey, 1977; Bigliardi et al., 1993; Maldonado,
2007), microorganisms are never observed in the ooplasm
(Lepore et al., 1995; Maldonado and Riesgo, 2009a). However,
bacteriocytes have been observed surrounding the oocyte
charged with enormous amounts of living microbes, and
also releasing these microbes to the vicinity of oocytes of
P. ficiformis (Maldonado and Riesgo, 2009a). Why the oocytes
of this species never phagocytose those surrounding mesohyl
microbes is unknown. Contrarily, in carnivorous sponges,
where bacteriocytes are full of fundamental symbionts for their
nutrition in adult sponges (Dupont et al, 2013), microbial
symbionts are indeed phagocytosed by the oocytes (Riesgo
et al., 2007b), although they seem to be absent in the embryos
(Vacelet et al., 1996). A similar situation is observed in Svenzea
zeai, where the bacteriocytes transfer symbionts to the embryo
that are digested afterwards, but also some bacteriocytes are
incorporated in the embryos and maintained in the larva
(Riitzler et al., 2005). This therefore contradicts the hypothesis
of an exclusive vertical transfer of microbes free in the mesohyl
(Sciscioli et al., 2002; Maldonado, 2007; Carrier et al., 2022).
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Transmission to embryos and larvae

In oviparous species, where embryonic development takes
place in the seawater column, microbes can be consumed
or rearranged between extracellular and intracellular areas,
affecting the location of microbes in the future larva,
but surely, VT no longer occurs. In turn, HA is very
likely to occur during the embryonic phase in oviparous
species. In viviparous species, regardless of having symbiotic
microbes within the oocyte (which will or will not be
maintained during the entire development), microbes can
start or continue being incorporated from the maternal
sponge during the embryogenesis and larval development
(Figure 6). The transference during embryogenesis occurs by
similar mechanisms as those described earlier: phagocytosing
unicellular microbes, bacteriocytes or nurse cells (Lévi and
Lévi, 1976; Riitzler et al,, 2005; Fieth et al, 2016), through
the cleavage furrows (Ereskovsky and Boury-Esnault, 2002;
Riesgo et al,, 2007a), or using radiating cytoplasmic bridges
(Kaye, 1991; Kaye and Reiswig, 1991b). Microbes can be
found within or among the blastomeres in the embryos
(Figures 6B-F), sometimes under digestion (Figures 5C,F).
During larval development, symbiotic microbes can be found
in the intercellular spaces, the blastocoel or intracellularly in
the larval cells (Figure 6D; Ereskovsky et al., 2005; Maldonado
and Riesgo, 2008). In general, microbes present already in the
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cytoplasm of the oocyte, unless digested, will be later found
intracellularly in the blastomeres of the embryo and the larval
cells, while microbes transferred by extracellular processes, will
be found dispersed between blastomeres and in the blastocoel
(Ereskovsky and Boury-Esnault, 2002; Ereskovsky et al., 2005;
Maldonado, 2007; Riesgo et al, 2007a). The result of this
processes will generate a larva that may have intracellular
microbes inside epithelial cells, extracellular microbes in the
internal extracellular medium or the internal cavity, or both
(Ereskovsky and Gonobobleva, 2000; Carrier et al., 2022).
Given that the description of these processes is done through
microscopical observations, only snapshots of the process are
usually captured, but the whole transitional story is still missing
from the literature.

Selective versus unselective
transmission of symbionts

The processes underlaying symbiont transmission to
germline could be regarded as either selective or unselective.
When the transmission of symbionts occurs with the aid of
nurse cells, either by cytoplasmic bridges with the oocyte or
engulfing the entire nurse cells, the process may be considered
selective or intracellular (Kaye, 1991; Usher et al, 2005; de
Caralt et al,, 2007; Maldonado, 2007), since the recognition of
the microbes occurs selectively by the nurse cell and/or the
symbionts are transported intracellularly. In the absence of
nurse cells, oocytes engulf microbes directly from the mesohyl
(Gaino et al., 1987; Sciscioli et al., 1991, 1994; Ereskovsky et al.,
2005; Koutsouveli et al., 2020), which are considered unspecific,
extracellular or neutral because an unselective mechanism is
assumed based on their abundance in the adult tissue. These
assumptions can be imprecise. On one hand, nurse cells can
endocytose large groups of microbes at once (Sciscioli et al.,
2002; Riesgo et al.,, 2007a) which may not imply an individual
recognition of each microbe. On the other hand, endocytosis of
the microbes around the oocyte could be far from unselective.
First, one should not forget that microbes found in the deep
mesohyl have already passed through a selection process, since
they have survived digestion by the choanocytes and archeocytes
(Wehrl et al., 2007). Second, the microbial accumulation around
the oocytes could also derive by selective processes (Figures 4A,
5C): (1) migration (chemotaxis) of intercellular microbes in
the vicinity of oocytes which are sometimes herded by nurse
cells (Figures 2H, 4E), (2) exocytosis of microbes transported
by nurse cells to the oocyte periphery, (3) enhanced rates of
microbial proliferation around the oocyte, or (4) the combined
action of these processes. A substantial contribution of the
nurse cells to these accumulations occurs in many species,
because no massive events of either microbial migration or
microbial division have been recorded so far (Usher et al,
2001, 2005; Riesgo et al, 2007a). In fact, in C. australiensis,
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the cyanobacterial symbiont “Ca. S. spongiarum” is normally
confined to the better-illuminated periphery, or cortex, of the
sponge, and is probably transported from the cortex to the
periphery of the eggs by the nurse cells (Usher et al,, 2005).
Amebocytes in homoscleromorphs can also phagocytose these
symbionts and transfer them to the surroundings of developing
oocytes without digestion (Figure 4E; Riesgo et al, 2007a).
Therefore, if the microbes surrounding oocytes were selected by
nurse cells from the mesohyl and released next to oocytes, this
should be considered a selective process as well. Fitting neutral
models to adult and larval microbiota of several sponge species,
Bjork et al. (2019) found that VT is governed by both neutral
and selective processes. In fact, almost 43% of the symbionts
that were selectively enriched in adults (compared to the water
samples), were likely transmitted into the oocyte by selective
processes (Bjork et al., 2019).

Role of symbionts during
gametogenesis and
embryogenesis

In most animals, symbionts affect the metabolism and
ultimately the reproduction of their hosts. In insects, replication
of endosymbionts is intimately integrated with the early
developmental stages of the hosts (Braendle et al, 2003;
Wilkinson et al,, 2003; Rafiqi et al,, 2020). This integration
can result in developmental dependence, for example, antibiotic
treatment of female aphids generally prevents successful
development of embryos due to lack of essential amino
acid provisioning (Wilkinson and Ishikawa, 2000). In ants,
endosymbionts seem to be only important during host
development, reaching a peak of abundance and multiplication
in early developmental stages, but symbionts are not essential
in the guts of adult insects (Wolschin et al,, 2004). In Hydra
viridis, the presence of an algal symbiont (Chlorella vulgaris)
promotes oogenesis, which rarely occurs in its absence, because
it facilitates extra nutritional intake, but does not affect sperm
production (Habetha et al,, 2003). There is still little evidence
of the role of symbionts during sponge reproduction, but the
physiological changes that occur during gametogenesis that
affect filtration points to a nutritional role of the symbionts.

During sponge reproduction, a very peculiar phenomenon
occurs: sperm is formed by transforming part of all choanocyte
chambers into spermatic cysts in most species (Simpson,
1984; Maldonado and Riesgo, 2009b;
2019). The choanocytes are the iconic filtering cells of

Jasconcellos et al.,

sponges, and therefore, if many (or most) are transformed
into sperm cells, especially in gonochoristic species (see
Koutsouveli et al, 2020), filtration and ultimately nutrition
can be compromised. In these energetically demanding
times, ensuring the survival of males is particularly crucial
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to maintain the viability of the species. Similarly, sponge
oogenesis requires more nutritional intake, given the large
amounts of yolk they need to produce for their eggs and
lecithotrophic larvae. Therefore, metabolic provisioning
by sponge symbionts during gametogenesis is particularly
of the

relationship between the host and its symbionts most likely

important to ensure survival individuals and
changes during this period to cover the higher demand of
energy.

Sponges may intensify the farming of symbionts, either
by somatic cells (archaeocytes) or reproductive elements,
in order to obtain nutrients during gametogenesis for yolk
production (Figure 5). There is evidence from two sponge
species that showed symbiont digestion in the sponge cortex
during reproductive periods (Usher et al,, 2001; Oren et al,
2005). Oren and collaborators suggest this could be a balancing
mechanism by which the size of the symbiont population is
controlled by the host (Oren et al, 2005), but we believe
symbiont digestion could also be a mechanism to provide
extra nutrition to the host during this physiological state.
For the oocyte and subsequent reproductive forms this has
been well documented. In many species, the germline digests
microbes (Figures 5A,B,D,E,I), and the product is usually
transformed into yolk. Digestion of bacteria has been described
within the oocytes of H. dujardini (Ereskovsky et al,, 2005),
P. magna (Lanna and Klautau, 2010), Spongia barbara (Kaye,
1991; Kaye and Reiswig, 1991a), C. candelabrum (Riesgo
et al, 2007a), and C. damicornis (Riesgo and Maldonado,
2009). However, microbes are often seen dividing within
oocyte vesicles in oviparous species (e.g., Maldonado, 2007;
Koutsouveli et al, 2020). The embryos of many viviparous
species, such as Kirkpatrickia variolosa and Hemigellius pilosus,
have been reported to digest bacteria (Koutsouveli et al,
2018). Interestingly, in male sponges, although microbes are
sometimes reported in the sperm cells (Figure 5H), they are
usually digested to help with nutrition during gametogenesis
(Figure 5G; Gaino et al., 1984; Maldonado and Riesgo, 2009b;
Koutsouveli et al,, 2020). Intact bacterial symbionts in sperm
have only been observed in C. australiensis (Usher et al., 2005).
The symbiont abundance and community structure within the
host seem to play a major role in the final yolk composition
(Carballeira et al., 1986; Raederstorff et al, 1987; Djerassi
and Lam, 1991; Thiel et al., 2002; Hochmuth et al., 2010; de
Kluijver et al,, 2021) through desaturation and elongation of
fatty acids (Hahn et al,, 1988; Barnathan, 2009). For instance, the
symbiotic microbial community in deep-sea sponges provide
lipid building blocks that contribute to the construction of host
very long chain lipids (de Kluijver et al,, 2021). It is believed
that the high lipid content observed in the oocytes of the
HMA deep-sea sponge Geodia spp. is a result of both mesohyl
microbes that provide lipids for yolk formation, and symbionts
within their oocytes that directly participate in homosynthetic
lipid formation by providing the host with bacterial fatty acids
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(Koutsouveli et al., 2020). Interestingly, in LMA sponge species
with no vertically transmitted symbionts in the oocytes, such as
Phakellia ventilabrum, triglycerides are the main components of
oocyte yolk, which can be obtained by PUFA oxidation routes
happening within the nurse cells (heterosynthesis) that later
transfer yolk to the oocytes (Koutsouveli et al., 2022).

We do not know if the choice of digested symbionts
is through random selection of the present microbiota or
whether they are selected for desired characteristics, e.g., higher
nutritional supply, as this is quite difficult to determine. While
a random digestion of symbionts could maintain the microbial
community structure stable, a selective digestion could alter
the community. Alternative to this farming or digestion of
symbionts, the sponge host could obtain nutrition by an
enhanced exchange of metabolites from the symbionts, possibly
thanks to the host-microbiome crosstalk, but none of this has
been resolved and is an avenue for future research. Furthermore,
the fate of symbionts can vary during different phases of the
reproductive development. While endocytosis of microbes by
the oocyte usually has a trophic role in viviparous species, the
presence of microbes later in the embryos and larvae is linked to
the actual vertical transfer of symbionts (Kaye, 1991; Kaye and
Reiswig, 1991a; Ereskovsky et al., 2005; de Caralt et al., 2007;
Riesgo et al.,, 2007a). For example, in the viviparous Oscarella
spp., symbiotic microbes increased in number during embryo
development, with no signs of digestion in the embryo or
morula (Ereskovsky and Boury-Esnault, 2002). Similarly, in the
viviparous Craniella zetlandica and Craniella infrequens several
morphologies of microbes were observed in dividing stages
during their development (Busch et al, 2020). However, the
blastula of A. queenslandica is the earliest stage with observed
evidence of sponge cells digesting symbionts (Fieth et al., 2016).
These exemplify that the same or different symbionts can
perform a role of nutrition or seed to the next generation during
the different phases of development.

Fidelity and maintenance of
symbiont composition from early
developmental stages to adult life

The presence or not of a similar microbial community in
adults and offspring depends on the identity and role of the
symbionts involved in each physiological stage. Differences in
the transfer and digestion of symbionts during oocyte and
embryo development could create variability in the larvae
microbial assemblage before release. Once larvae are released,
they are unable to feed (by filtering) and might be regarded as a
closed system with potentially no or very little exchange with
the environment (Schmitt et al., 2008). Therefore, changes in
the community during this free-living period are also crucial
to understand the fidelity of VT in sponges. For instance, the
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community of microbes in the brooded embryos and the larvae
of Tedania sp. differed greatly from the adult sponges. Such
changes could be due to reproducing microbes in larval and
post-larval stages (Wu et al.,, 2018), but digestion of symbionts
for nourishment (although not observed in this species) cannot
be ruled out since digestion of symbiotic microbes has been
reported during larval metamorphosis and settlement in several
sponge species (Kaye and Reiswig, 1991b; Fieth et al, 2016).
During the larval phase, larvae are also dependent on their
microbiota for correct development. Song and collaborators
demonstrated the dependence of the larvae of A. queenslandica
on symbiotic bacteria to produce the essential amino acid
arginine, which the larvae require to synthesize nitric oxide
(NO)—an essential signaling molecule in the processes of larval
settlement and metamorphosis (Song et al., 2021). Once the
larvae are settled and the juveniles start pumping, the present
bacterial community will aid the larvae to overcome the huge
invasion of water derived symbionts (Fieth et al., 2016). After
this initial, large disruption of the microbial structure, juveniles
will restore the host-specific community observed in adult
sponges (Fieth et al,, 2016), probably thanks to a highly specific
immune system that will select for the desired symbionts.

The application of molecular techniques can help
understand the faithfulness of symbiont VT and the
changes occurring during the entire reproductive process.
Results from the early 2000s revealed a large diversity of
microorganisms in sponge larvae and found broad congruence
between reproductive stages and adult-associated microbial
communities. This indicated that most of the complex microbial
community is collectively transferred via VT. Results from clone
libraries, DGGE band excision and FISH approaches confirmed
the presence of similar microbes in adults, embryos, larvae, and
juveniles of different sponge species (Enticknap et al, 2006;
Schmitt, 2007; Schmitt et al., 2007a,b, 2008; Sharp et al., 2007;
Lee et al.,, 2009; Bergman et al., 2011; Gloeckner et al., 2013).
DGGE and FISH, however, were still limited techniques since
they recovered only the most abundant microbial constituents.
With the NGS methodologies, we are now able to describe
the communities with fine detail, and provide new light on
the influence of the HA versus VT in the final community
composition. Unfortunately, NGS techniques often come
without morphological information for the microorganism nor
localization in the oocytes, embryos, or larvae. Thus, newer
identified microbial species still need these latter characteristics
elucidated.

Fully tracking VT of symbionts requires sampling across
the life cycle of the sponge. Sampling the microbiome from
oocytes and embryos is difficult due to the challenge of isolating
these elements from the adult of most species, and there has
been more focus on the easier-to-sample larval stage. Research
has shown that the microbiome of sponge larvae, although
somewhat similar to the mother sponge, is usually a subset
of the diversity hosted in the adult, that can show more or
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less similarity depending on the species (Steger et al,, 2008;
Webster et al., 2010; Fieth et al., 2016; Wu et al., 2018; Sacristan-
Soriano et al., 2019; Busch et al.,, 2020; Luter et al., 2020;
Oliveira et al., 2020b). However, many studies pooled several
reproductive elements together and this could homogenize the
sampled community, making it more similar to the mother
sponge and masking individual variability. Bjork et al. (2019)
attempted sequencing individual larva and found that the
larval community is indeed different to the adult sponge but
also different between siblings. Using eight sponge species,
the authors concluded that VT is weak and incomplete, with
siblings receiving different subsets from the parents. These
differences can confer advantages or “priority effect” for the
future colonization in different settlement environments (Bjork
et al,, 2019). However, in this case, the brooded embryos were
not studied and which could have potentially had a similar
microbe community as the mother sponge but changed in
different ways for each of the free-swimming larvae upon
release.

We therefore suggest here a general scenario where adults
transfer a rather similar set of symbionts through VT to oocytes
(in oviparous species) and up to embryos (in viviparous species),
but differential digestion and competition of microbial members
during this time, creates some degree of variability within the
communities. When the oocyte or larvae are released, they keep
experiencing differential proliferation or digestion of symbionts,
with very little acquisition of environmental ones during the
free-swimming period. The result of these processes will provide
each late larva with a different microbial composition that
may confer them an advantage during settlement in different
environments and provide the species with a certain ecological
plasticity. This variance will agree with the differences found
between larvae when compared to mother and to other sibling
larvae. The largest change in the larvae microbial community
will still occur once metamorphosis is complete, the oscula of
the juvenile opens and water pumping activity commences. This
will result in a large influx of environmental microbes for which
the sponge will either digest, expel, or acquire, and which will
compete with the existent microbial community in the juvenile.
As the sponge develops and grows, non-neutral processes will
impact the microbiome community, mediated by the rise of
the host immune system activity (selective acquisition and
curation of symbionts), symbiont-mediated host invasion, and
microbe-microbe interactions within the host, that will likely
result in the reversion to the adult host-specific microbiome. It
remains unclear whether a small fraction of the original bacterial
population in the larva survives this disruption and, through
sequential division, recuperates the host-specific community, or
the whole community is obtained anew from the environment
by the juvenile sponge. If the former process occurs then we
can be assured about the importance of VT of symbionts, but
the latter would place a larger importance on the HA. Only
improved experiential studies will aid in solving these questions.
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The evolution of vertical
transmission in Porifera

The symbiotic partnership between prokaryotic organisms
and sponges is so beneficial for both host and microbes that it
occurs across and within all four classes of sponges (Figure 7).
However, some sponge classes are predominantly LMA,
such as Calcarea, Hexactinellida, and Homoscleromorpha,
where only some of their members are considered HMA
(Figure 7; Thomas et al,, 2016; Moitinho-Silva et al.,, 2017;
Pankey et al.,, 2022). Remarkable exceptions of sponges with
dense microbial communities belonging to classes where
the mesohyl is usually almost devoid of symbionts are the
hexactinellid Vazella pourtalesii (Bayer et al, 2020), and
the homoscleromorphs C. candelabrum (Sipkema et al,
2015) and Pseudocorticium jarrei (Schmitt et al, 2012a). In
the case of the HMA homoscleromorphs, it is known that
their larvae are full of VT symbionts (Figure 6D; Bjork
et al, 2019; Oliveira et al, 2020b; Ruiz et al, 2020), but
the symbiont composition of hexactinellid larvae is almost
completely unknown, with the exception of symbionts
observed by TEM in the trichimella larva of Oopsacas
minuta transferred through VT (Boury-Esnault et al, 1999),
given that the reproduction of such enigmatic creatures has
rarely been observed. The demosponges are more varied
in their symbiont composition and abundance, with clades
HMA like the dictyoceratids,
chodrilliids,  scopalinids,
and other clades with only some members with dense

eminently chondrosiids,

verongiids, and tetractinellids,
communities in the mesohyl, like the axinellids, haplosclerids,
and agelasids (Figure 7). In turn, other demosponge orders
are consistently LMA, including the dendroceratids, suberitids,
tethyids, bubarids, spongillids, clionaids, and poecilosclerids
(Figure 7). There seems to be a very subtle correlation between
of

and the symbiotic microbial content of sponges, with most

modes reproduction  (gonochorism/hermaphroditism)
hermaphroditic sponges being LMA and most gonochoristic
species being HMA (Figure 7). Similarly, there is a moderate
correlation between reproduction strategy (oviparity/viviparity)
and microbial content, with most oviparous species being
HMA and most viviparous being LMA (Figure 7). Notable
exceptions to these rules are the dictyoceratids, which are
HMA sponges with gonochoristic and viviparous lifestyles,
conditions that are not common across demosponges
(Figure 7).

All classes of sponges have certain degree of VT of their
symbionts, either through oocytes or through embryos and
larvae (Figure 7), although this has been more thoroughly
studied in homoscleromorphs and demosponges. In
Hexactinellida and Calcarea, transference of microbes has
rarely been reported except for the presence of a few bacterial
cells in the embryos and larvae of the calcareous species

P. magna (Lanna and Klautau, 2010, 2012) and of S. coactum
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(Eerkes-Medrano and Leys, 2006) and the hexactinellid
O. minuta (Boury-Esnault et al,, 1999). Vertical transmission
seems to be correlated with both the sexual strategy and the
HMA/LMA nature of the sponges. In this sense, viviparous
and oviparous species may have different metabolic and
functional requirements from their symbionts. Oviparous
species need larger reserves of energy (yolk inclusions)
in the oocytes since the nutritional intake for the further
development of embryos does not depend from the mother
sponge (Sciscioli et al, 2002). This accumulation of extra
reserves could be achieved by digestion of engulfed symbionts
(see below). However, oviparous sponges also need to transmit
symbionts during oogenesis, since the planktonic embryo
and the lecithotrophic larval stages will not have readily
access to symbionts. Therefore, phagocytosed symbionts in
the oocyte need to survive undigested during development.
Interestingly, while digestion of symbionts in oviparous
species occurs primarily in LMA sponges (Figure 7; Gaino
et al., 1987; Gaino and Sara, 1994; Riesgo and Maldonado,
2009), HMA sponges tend to maintain their symbionts intact,
like it occurs in tetractinellids and verongiids (Gaino, 1980;
Sciscioli et al., 1991, 1994; Tsurumi and Reiswig, 1997; Usher
et al.,, 2005; Maldonado, 2009; Koutsouveli et al., 2020). On
the contrary, oocytes of viviparous sponges could digest all
microbial cells for energy, since the embryo can acquire new
ones later on (Kaye, 1991; Kaye and Reiswig, 1991a; Ereskovsky
and Boury-Esnault, 2002; de Caralt et al., 2007; Riesgo et al,,
2007a). Interestingly, almost all larval stages, scrutinized by
TEM, contain microbes (in different amounts), but even in
the cases where the symbionts could not be imaged, like in
the embryos and larvae of poecilosclerid cladorhizids (Riesgo
et al, 2007a), 16S rRNA sequences from prokaryotes were
retrieved from the embryonic stages (Verhoeven and Dufour,
2018).

The ability of recruiting large abundances of symbionts
in HMA sponges might be behind the evolutionary shifts
exhibited toward gonochorism across the evolution of sponges
(Figure 7; Riesgo et al,, 2014). Gonochoristic sponges usually
invest more in reproduction than hermaphroditic at the
individual level, with both females and males producing
large numbers of gametes, but only engaging half or less
of the population in the reproductive season. In contrast,
hermaphroditic sponges invest very little, but almost the
entire population participate in reproduction (see Maldonado
and Riesgo, 2009b for a review). Then, how is gonochorism
favored in some sponge species given the enormous nutritional
cost of making lots of gametes? Here is when alternative
sources of nutrition besides filter-feeding might be so important
for gonochoristic sponges. Gonochoristic sponges might
be able to supply nutrients to maintain themselves and
provide enough resources for yolk formation thanks to
the metabolic advantages provided by symbionts, either by
the metabolic interplay with such complex microbiomes or
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Phylogenetic backbone for the phylum Porifera to show presence/absence of several biological traits related to symbiont abundance,
reproduction, and symbiont presence in developmental stages. Note the class names are shown in capital letters, while order and family names

are in lowercase letters.

through direct digestion of symbiont cells. However, whether
such interplay actually had a profound effect shaping the
evolutionary routes of sexual reproduction in sponges remains
untested.

Symbiont recognition

The recruitment of microbes can occur by either a
host-mediated or a symbiont-mediated mechanism (i.e., host
invasion), or a combination of both. Here, we summarize the
current knowledge on these mechanisms.
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Host-mediated recognition of
symbionts

Host-mediated recognition of microbes is required at
different times throughout the sponge life cycle. Recognition
and selection of microbes occurs during feeding, to maintain
a healthy equilibrium with mesohyl symbionts (i.e., control of
the microbial density), and for the transmission to the next
generations. Some, mechanisms proposed for maintaining
healthy associations with microbiomes include strategies
such as phagocytosis of excess of symbionts (Aderem

and Underhill, 1999), physical expulsions of microbes
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(Nyholm and McFall-Ngai, 2004), and
starvation of symbionts (Reiswig, 1981; Wilkinson, 1992; Miiller
et al., 2004; Hoffmann et al., 2008; Leys et al., 2018; Engelberts
et al., 2020).

The

mediating

oxygen deprivation,

four cell types that for

interactions

are key players

microbial are:  choanocytes,
amebocytes/archeocytes, nurse cells, and germline. Host-
microbiota interactions are based on the exchange of
information, that comes from the microbial signal - host
receptor interactions. This recognition lies in the host innate
immune system, which plays a crucial role in animal-microbe
crosstalk (Schmittmann et al., 2020; Ie Pennec and Gardéres,
2019; Dierking and Pita, 2020). The host innate immune
system includes a complex repertoire of immune receptors,
so-called pattern recognition receptors (PRRs), that recognize
the microbe associated molecular patterns (MAMPs) present in
prokaryotes but absent in eukaryotes (Medzhitov and Janeway,
2002; Koropatnick et al., 2004). MAMPs include components of
bacterial cell walls and membranes, lipopolysaccharides (LPS),
but also endogenous ligands derived from damaged cells (Yu
etal, 2010). PRR stimulation ultimately leads to the production
of inflammatory cytokines or antimicrobial peptides (AMPs)
(Brennan and Gilmore, 2018; Nie et al., 2018), or the activation
of cellular immune effectors such as phagocytes. As MAMPs
occur in both pathogens and symbionts, the host must be able
to respond to either eliminate or tolerate those microorganisms
(Schmittmann et al., 2020).

Interestingly, the different ecological sponge phenotypes
exhibit both disparate microbiome diversity and immunological
repertoires (Ryu et al., 2016; Pita et al,, 2018a), which can lead
to different outcomes for the host (i.e., survival or mortality)
under environmental stressors (Posadas et al, 2022). Recent
studies also suggest that metabolic and innate immunity genetic
pathways might be tightly interconnected. Indeed, during times
of metabolic stress, the activation of the CaMKKB-AMPK-FoxO
genetic response could be behind the ingestion of symbiotic
bacteria in A. queenslandica (Yuen, 2016). However, there is
no information on the changes in the immune system during
the VT to the germline in order to determine which are the
mechanisms of symbionts selection.

Symbiont-mediated mechanisms

Symbiont acquisition can also be symbiont-dependent,
where the persistence of the symbiosis is largely achieved
through symbiont capabilities rather than host adaptations
for maintaining symbiosis. To start, symbionts display high
levels of chemotaxis toward sponge derived exudates and
this enhances the HA of rare or specific bacteria from the
seawater (Tout et al,, 2017). Once inside the sponge aquiferous
system, microbial symbionts could use molecular mimicry as
a strategy to avoid detection by the host. Algal symbionts
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can avoid digestion by translocating photosynthate to the host
thus mimicking digesting prey, a strategy called “Arrested
Phagosome Hypothesis” (Malcolm and April, 2012; Hill, 2014).
Other chemical disguise could consist of mucous or capsules
covering the specific receptors recognized by the sponge,
extracellular masking factors, or the absence of the recognizable
element itself in the microbial symbiont (Wilkinson et al., 1981,
1984; Burgsdorf et al,, 2015). Existence of slime layers and
sheaths have been reported on symbiotic bacteria (Vacelet, 1975;
Wilkinson, 1978; Friedrich et al, 1999). This would “hide”
the microbes to any kind of engulfment and allow them to
exist within in the mesohyl. A molecular mechanism mediating
microbial recognition that has received much attention is
the presence of eukaryotic-like proteins or proteins carrying
eukaryotic domains in prokaryotes (so-called ELPs). ELPs
are thought to be laterally transferred from eukaryotes to
prokaryotes, allowing them to manipulate host cell behavior.
Microbes carrying ELPs are phagocytosed by ameboid cells
and accumulated in vesicles but not digested (Nguyen et al,
2014; Reynolds and Thomas, 2016), although the pathways for
exocytosis post-capture require elucidation. ELPs are found in
higher frequency in sponge symbiont genomes in comparison
to free-living water column microbes (Fan et al, 2012; Gao
et al., 2014; Kamke et al., 2014; Tian et al., 2014). Furthermore,
they were highly expressed in many different sponges associated
microbial phyla (Diez-Vives et al, 2017). Recently, in vitro
experiments showed that phage-encoded ankyrins facilitated
microbes-eukaryote coexistence by reducing phagocytosis rates
of the tested murine macrophages through immune system-
suppression of the sponge (Jahn et al., 2019). Thus, these phage
ankyrins likely help the symbiotic microbes to evade the host
immune system, and underpins the relevance of the tripartite
phage-microbes—eukaryote dialogue in the host-microbiome
symbiosis research. It is unknown whether these “undetected”
symbionts are able to enter the germline for VT, or are taken
from the environment each generation.

Another host
colonization and regulation of symbiont-symbiont interactions

potential molecular mechanism for
in sponges is quorum sensing (QS), which allows microbes
to sense and perceive their population density through
the use of diffusible signals (Fuqua and Greenberg, 2002;
Waters and Bassler, 2005). QS is known to be critically
important in regulating some microbial symbioses (Verma and
Miyashiro, 2013), but its role in regulating host colonization
and symbiont-symbiont interactions in sponges is relatively
unexplored. The presence of the QS signal N-acyl homoserine
lactone (AHL) has been frequently reported in a wide diversity
of sponge species (Taylor et al, 2004a; Mohamed et al,
2008; Zan et al,, 2012; Bose et al,, 2017), indicating a role in
the establishment and acclimation to the host environment
(Garderes et al, 2012). AHL signaling contributes to flagellar
motility, which may enable the symbionts to occupy different
niches within the sponge environment (Zan et al,, 2012). But
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most interestingly, these molecules can also interfere with the
sponge-microbes communication. Stimulation with bacterial
N-3-oxododecanoyl-L-homoserine lactone downregulated
genes related to immunity and apoptosis, potentially aiding
the sponge to monitor and regulate microbial populations
(Garderes et al,, 2014). Symbiotic microbial cells in turn, are
highly likely to produce molecules that allow them to disrupt QS
signals, also known as quorum quenching (QQ) and quorum
sensing inhibition (QSI) to control behavior of the microbial
community, coordinate virulence, and biofilm development as
described in clinical pathogens and host-associated microbes
(Gutiérrez-Barranquero et al., 2019; Weiland-Brduer et al.,
2020). Since QS is a key regulator of bacterial behavior is not
surprising that hosts have evolved mechanisms to interfere the
bacterial QS as well, through production of molecules with
AHL-mimicry or enzymatic degradation of AHLs. Examples
of eukaryotic QQ have been described for the red algae
Delisia pulchra (Manefield et al,, 2002; Harder et al, 2012),
the metazoan Hydra (Pietschke et al,, 2017), and other algae,
plants and animals (reviewed in Rajamani et al,, 2019). These
eukaryotic QQ could be considered as another system for
host-mediated recognition and interaction with symbionts.

Conclusion and future directions

The role and dynamics of sponge-associated microbes
during host reproduction are increasingly important research
topics, reflecting our current interest on the effect that the
microbiome can have on the host reproduction and offspring
outcomes. The rapid evolution of methodologies continuously
refines our perception of the complexity of the sponge microbial
community. The new developments in sequencing platforms
and chemistry have allowed a deeper understanding on the
mechanisms of symbiont transmission, including their presence
in environmental waters which act as seed banks, and the
fidelity of VT in terms of the amount and identity of the
microbial set transferred from parents to offspring. However,
debate continues on these topics, which is due to the different
methodologies applied and differences in the terminology
used, but most importantly because a complete picture of
the process of horizontal and VT is still missing. In this
review we offered our view on what should be considered
in future developmental symbiosis research, highlight relevant
issues on this topic, and suggest how to approach the standing
questions in the field.

Among the ambiguous definitions we face, we have
highlighted the importance of understanding the selective and
unselective nature of the uptake and transfer of symbionts,
which appears more complicated than first thought. We have
discussed the thin line between food and symbiont microbes.
Sponge-associated microbes can be dependent on the host but
may not be involved in metabolic exchange with the sponge
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and thus only exist as fresh food for the host, somehow like a
bioreactor. The identification of the molecular underpinnings
of this situation is the quintessential discovery that would
allow designing functional experiments to understand how,
why and when the microbes are granted opportunity to live
and grow within the sponge tissues as symbionts, and why
and when such association is disrupted for the symbiont
become food. Recent studies have challenged the classic view
of seawater bacteria being digested at higher rates than sponge
symbionts. Future studies need to validate these surprising
observations and to respond to specific questions regarding the
long-term association with symbionts, including (a) whether
the fate of symbionts changes progressively over time or at
specific moments (i.e., stress, starvation, and reproduction),
(b) whether sponges allow overgrowth of symbionts for
later farming, (c) whether the host select for specific taxa
during this farming or it is a random uptake, and (c)
whether a minimum number of members are maintained
to recover the population or are acquired again from the
environment. Studies on the functional exchanges between
the sponge and its symbionts are still in their infancy, and
usually involve a snapshot in the life of the sponge, which
provides a biased view to the nature of this association. To
understand the changes and function of the reproductive
microbiome, detailed analyses of every developmental step need
to be included, with the assessment of microbe presence and
function at each step using metabarcoding, metagenomic, and
metatranscriptomic analyses.

We have also noted that the sponge microbiome seems to
be shaped by facultative symbionts, that do not show genome
reduction or obligate characteristics in its majority. Therefore,
the prevalence of MMT symbionts, that can survive inside
and outside the host and be transferred through VT and HA
modes based on either sponge or symbiont needs, could be
higher than expected. Studies focused on the seed microbiome
in the water, and on sponges with exclusive HA transfer
can help to understand the frequency of this mode, which
could redefine our understanding of sponge core, generalist
or specialist microbes. Another unresolved issue is when a
microbe can be considered truly vertically transmitted. As of
now, VT refers to the transference of the symbionts directly
through parental gametes to the offspring. But, as we have
discussed, microbes included in oocytes, embryos and larvae
can be used for nutrition at some point of development or
later during larval metamorphosis and settlement. Thus, studies
looking into different stages of development would identify
different VT symbionts, arriving to different conclusions. So,
how can we define a truly vertically transmitted symbiont?
We suggest that VT symbionts define only those surviving
through the entire gametogenic and embryonic development,
forming the seed population of symbionts during settlement
and metamorphosis, and are present when an influx of
new environmental microbes occurs. However, such definition
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should be validated through long-term monitoring of labeled
microbes during the sponge development, something that could
be achieved through targeted sponge collection and molecular
labeling with FISH or colloidal gold immunological assays.
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Glossary

Simple symbioses: in host-microbiome systems refers to hosts maintaining a close relationship with only one or
few microorganisms.

Complex symbioses: in host-microbiome systems refers to hosts that harbor highly diverse and complex communities of
other microorganisms.

Obligate symbionts: organisms that are permanently and intimately associated with their host. They are thought to be transmitted
directly from mother to progeny.

Facultative symbionts: organisms that can be horizontally and vertically transmitted and retain the ability to survive inside and
outside the host.

Vertical transmission: when microbes are passed on to oocytes, sperm, embryos, and larvae to ensure symbiosis. In sponges, it
involves a variety of methods that includes direct uptake (phagocytosis) by the oocyte/embryo/larva from the mesohyl and indirect
transfer by nurse cells to the oocyte/embryo/larva.

Horizontal acquisition: gain of microbes from the surrounding environment in each new generation. In sponges it involves either
filtration through choanocytes or phagocytosis by exo- and endopinacocytes.

“Leaky” vertical transmission (LVT): when vertical transmission is supplemented by host-to-host transfers through the water or
de novo horizontal acquisition of microbes. This is probably the most common transmission mode in sponges.

Single-mode transmission (SMT) symbionts: symbionts that can only be transmitted by one physical route, either
vertical or horizontal.

Mixed-mode transmission (MMT) symbionts: symbionts that can be transmitted by both horizontal and vertical
modes simultaneously.

Choanocytes: specialized feeding cells of sponges bearing a flagellum and a microvilli collar for bacterial capture. They retain some
pluripotency and are able to dedifferentiate to archaeocytes (see below) or turn into female or male gametes.

Archaeocytes: stem cells of sponges that also perform somatic functions such as digestion and nutrient transport. They are able to
differentiate into potentially any cell of the sponge or turn into female or male gametes.

Pinacocyte: epithelial cells of the sponges that are usually flattened and can have primary cilia (in homoscleromorphs). They line the
outer surface of the sponge (exopinacocytes), the internal canals (endopinacocytes), or the basal part of the sponges (basopinacocytes).

Nurse cells: transdifferentiated archaeocytes or choanocytes that help in the nourishment of the oocyte, embryo or larvae by
releasing or fusing their membranes to transfer the contents, which can include platelets with lipids, proteins or microbes.

Cytoplasmic bridges: Also called umbilical cords, or intercellular bridges, are cellular processes linking the cytoplasm
of the two cells.

Follicle: cellular envelope for reproductive elements, that could be formed by nurse cells, transdifferentiated
archaeocytes, or pinacocytes.

Phagocytosis: form of endocytosis that often involves the formation of pseudopodia to engulf large particles or deep depressions
of the surface that form large phagocytic vesicles.

Pinocytosis: another form of endocytosis, which involves the invagination of membrane regions to form pockets that allow the
non-specific entry of extracellular particles, usually of smaller size than bacteria.

Hermaphroditism: reproductive strategy where the same individual is able to make female and male gametes, whether it is at the
same time or with some time lag between the processes.

Gonochorism: reproductive strategy where sexes are separate, and therefore an individual is able to either make female or male
gametes exclusively.

Oviparity: reproductive condition where the eggs and sperm are released to the environment, encapsulated or free.

Viviparity: reproductive condition where the eggs are incubated in the maternal body until growth is completed and a larva or
juvenile is released into the environment.
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