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With the advent of molecular phylogenetics, the morphology-based classification of Porifera has been cardinally
changed. However, the relationships between some clusters of Demospongiae, the most diverse sponge class, remain
uncertain. An analysis of sponge cell ultrastructures, in particular the flagellar apparatus (kinetid) of choano-
cytes, may help clarify the evolutionary links in Demospongiae. We studied the kinetid structure of the sponges
Spongilla lacustris, Ephydatia fluviatilis and Lubomirskia baikalensis, which belong to the recently established
order Spongillida (Heteroscleromorpha). In these sponges, the kinetid of the choanocytes have a uniform structure,
consisting of a single kinetosome (without centriole) encircled with a ring of electron-dense bodies producing lateral
microtubules. The flagellar transition zone contains a transverse plate with an axosome and a coiled filament. This
type of kinetid is similar to that of Haplosclerida representatives, whose morphologic similarities with Spongillida
representatives were still not explained. We also discussed the nuclear location in the choanocyte (basal or apical),
which correlates to the kinetid structure in Demospongiae. Only three types of flagellar apparatus have been found
in Demospongiae up to now, implying that the kinetid is one of the most conservative structures in sponge evolution.

ADDITIONAL KEYWORDS: choanocyte — Demospongiae — Ephydatia fluviatilis — Heteroscleromorpha —
kinetid — Lubomirskia baikalensis — phylogeny — Porifera — sponges — Spongilla lacustris.

INTRODUCTION the demospongian phylogenetic tree based on morpho-
logical features (e.g. Lévi, 1953; Bergquist, 1978). The
authors of the fundamental work ‘Systema Porifera’
(Hooper & van Soest, 2002) proposed a new system for
the phylum Porifera based on morphological cladistic
analysis. They revised many traditional approaches to
poriferan phylogeny and classification and confirmed
in general the splitting of Demospongiae into the three
subclasses (Homoscleromorpha, Tetractinomorpha
and Ceractinomorpha) introduced by Lévi (1953), but
the division into orders was largely reconsidered. For
*Corresponding author. E-mail: d_igor_po@yahoo.com example, the previously independent orders Axinellida

Poriferais undergoing a major systematic reassessment
and the evolutionary history of Demospongiae, the rich-
est sponge group, has proved to be a particularly com-
plex problem. Their limited morphological characters,
combined with the diversity of interpretations, have
resulted in numerous reconstructions of demospon-
gian classification. There have been several variants of
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2 I1.R.POZDNYAKOV ETAL.

and Halichondriida were considered closely related
and united into a single order: Halichondriida (Hooper
& van Soest, 2002).

Borchiellini et al. (2004) constructed a molecular
tree of Porifera based on 18S and some domains of
28S rDNA sequences and initiated a new direction
for evolutionary studies of sponges. Since then, add-
itional molecular data have been accumulated and
summarized (Morrow et al., 2012, 2013; Worheide
et al., 2012; Redmond et al., 2013) and a new ver-
sion of demospongian systematics has been proposed
(Morrow & Cardenas, 2015). This new system par-
tially reverts to earlier classifications. For example,
the orders Axinellida and Tetractinellida are re-estab-
lished according to Bergquist (1978). However, some
other relationships between orders, subclasses and
classes appear for the first time. The most unexpected
alterations to Demospongiae systematics are: (1) the
former subclass Homoscleromorpha does not belong
to Demospongiae (Gazave et al., 2012), (2) the spicule-
less sponges form a separate branch of Demospongiae,
splitting this taxon into two groups: with and without
spicules respectively, (3) among the spicular sponges,
the order Haplosclerida is a sister group to the rest, (4)
reclassification of the former freshwater haplosclerids
to a new order: Spongillida.

The position of spicule-less demosponges and
Haplosclerida has been generally accepted, whereas
for Spongillida, another tree topology has been sug-
gested (Sperling, Peterson & Pisani, 2009; Hill et al.,
2013). Hill and Sperling with their coworkers asserted
that Spongillida is related to Haplosclerida, as had
been claimed in previous versions of the phylogeny
(Bergquist, 1978; Manconi & Pronzato, 2002). This also
corresponds to morphological data: these orders share
skeletal morphotraits and the ability to produce gem-
mules (Manconi & Pronzato, 2002, 2015). However,
Morrow & Cardenas (2015) considered this relationship
not well supported and an artefact of undersampling.

Recent large multigene comparison (Simion et al.,
2017) has also showed Haplosclerida and Spongillida
to be distantly related, but another recent study
(Schuster et al., 2017) has supported the kinship of
these two orders again.

Therefore, the phylogenetic relationship between
Spongillida and Haplosclerida requires careful con-
sideration and explanation based on a complex
approach taking into account all possible characters.
Determining the phylogenetic significance of additional
morphological characters may be useful in this regard.
Previously, we discussed the usability of the flagellar
apparatus (kinetid) structure of choanocytes as a phylo-
genetic marker (Pozdnyakov & Karpov, 2013, 2015,
2016). We demonstrated that kinetid structure differs
between representatives of different sponge orders and
that there is agreement between the topology of the

molecular phylogenetic tree of sponges and the posi-
tions of different choanocyte kinetid types on this tree.
Therefore, we can determine kinetid evolutionary his-
tory based on molecular tree analysis. Additionally,
the kinetid structure possibly has characters that
can be used as the morphological confirmation for a
molecular tree.

In this paper, we present a detailed description of
the kinetid structure of choanocytes in two species:
Spongilla lacustris (Linnaeus, 1759) and Ephydatia
fluviatilis (Linnaeus, 1759) (Spongillida, Spongillidae),
and less detailed data on Lubomirskia baikalensis
(Pallas, 1776) (Spongillida, Lubomirskiidae). All
these sponges belong to the newly established order
Spongillida with newly proposed phylogenetic relation-
ships (Morrow & Cardenas, 2015). Therefore, it is espe-
cially interesting to provide additional morphological
support for such establishment and to compare features
of the new order with other taxa in Demospongiae.

MATERIAL AND METHODS

The specimens of S. lacustris were grown in laboratory
culture from gemmules collected from a pond near Saint
Petersburg in September 2013. They were cultivated
in Petri dishes filled to 2/3 of their volume with tap
water originating from the Neva River. The gemmules
hatched on the second day of cultivation and after about
3 days, the oscular tubes of the young sponges formed.
For transmission electron microscopy (TEM), we used
approximately 8-day-old sponges with well-developed
oscular tubes. They grew and began to acquire a green
coloration. For prefixation, 1 mL of 1% osmium tet-
roxide in cacodylate buffer (0.1 mol 1-%, pH 7.4) was
added to 3 mL of water containing a sponge fragment.
Next, 4 mL of 4% glutaraldehyde in the same buffer was
added and the sponge fragment was kept in this mix-
ture for 15 min on ice in the dark. Then, the fixative
mixture was replaced with 2% glutaraldehyde for 1 h on
ice. Afterwards, samples were rinsed twice in the buffer
and postfixed in 1% osmium tetroxide for 1 h at room
temperature. The samples were then washed twice
for 10 min in the same buffer, dehydrated in a graded
ethanol series and embedded in Epon-Araldite resin.

After polymerization, the resin blocks with sponge
fragments were trimmed and treated with 10% hydro-
fluoric acid for 5 min to remove siliceous skeletal ele-
ments. Ultrathin sections (60 nm) were cut with a
Leica EM UC6 ultramicrotome using a glass knife.
The sections were double stained in uranyl acetate
(15 min) and subsequently lead citrate (3 min) and
were observed in a JEM 1400 electron microscope
equipped with an Olympus Veleta digital camera.

The specimens of L. baikalensis were collected from
Lake Baikal near Cape Listvenichny at 12 m depth
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CHOANOCYTE KINETID IN SPONGILLIDA 3

by SCUBA in March 2015. Fixation for TEM was per-
formed according to the following protocol: pre-fixation
in 1% OsO, for 10 min, rinsing in cacodylate buffer
(30 mM, pH 7.9) for 10 min, fixation in 1.5% gluta-
raldehyde solution in cacodylate buffer for 1 h, rins-
ing in cacodylate buffer for 30 min, post-fixation in 1%
0OsO, solution in cacodylate buffer for 2 h. Afterwards
the post-fixation samples were washed in filtered
Baikalian water, desilicated in 5% HF at 6 °C during
the night, dehydrated in a graded ethanol series and
embedded in Araldite resin. Ultrathin sections (60—
80 nm) were cut with a RMC PowerTome XL ultra-
microtome equipped with a diamond knife Drukkert
45°. After staining, the sections were examined with
Zeiss-1000 and JEOL JEM 1400 electron microscopes.

Electron micrographs of E. fluviatilis from S. A.
Karpov’s personal collection were re-examined
with particular attention to the kinetid structure.
Preparation protocols for this material were published
earlier (Karpov & Efremova, 1994).

RESULTS
KINETID STRUCTURE OF S. LACUSTRIS

Choanocytes of S. lacustris usually have approxi-
mately equal dimensions in the apical-basal direction
and from side to side, and look square in longitudinal
sections with long microvilli at the collar. The nucleus
occupies a basal position in the cell and has no connec-
tion with the flagellar apparatus (Fig. 1A, B).

The flagellum of S. lacustris has a typical eukary-
otic organization (9 + 2 axoneme) and emerges from
a small protrusion on cell surface in the centre of
the collar filled with a thick layer of loose glycocalyx

composed of densely branching fibres (Fig. 1A, B). The
surface of the flagellum bears two or three longitu-
dinal vanes (Fig. 1B).

The transition zone of the flagellum is short: the
proximal ends of the central microtubules are located
nearly at the level of the cell surface (Fig. 2B, C). The
central microtubules arise from the prominent axo-
some in the centre of a transversal plate (Fig. 2B, C,
G, J). An axosome also produces several filaments in
different directions (Fig. 2B, G, H).

A delicate thread-like circular filament adheres to
the inner surface of the nine peripheral doublets and
coils around the proximal end of the central tubules of
the axosome (Fig. 3A, B). We believe it is a coiled fibre
because no micrographs of transverse sections have
demonstrated a complete circle.

The kinetosome has a typical structure of nine
microtubular triplets (Fig. 3D-H). It is located inside
the protrusion from which the flagellum emerges.
Nine transitional fibres (alar sheets), about 100 nm
long, project radially from the kinetosome and contact
the cell membrane (Fig. 3C, H, I). Points of attachment
are marked by electron-dense granules.

Transverse and longitudinal sections of the kineto-
some show the presence of electron-dense bodies (sat-
ellites) on the kinetosomal surface (Figs 2C—J, 3D-H,
J-T). Transverse sections demonstrate that the satellites
are not separate from each other but merge into a ring
(Fig. 3J, K). The comparison of longitudinal and trans-
verse sections shows that the ring is probably incomplete,
wavy and has variable thickness (Figs 2C—J, 3D-T).

The satellites produce single microtubules radiat-
ing laterally at various angles (Figs 2C-H, 3E-H, J-N,
P-T, 4A-E). Additional microtubular singlets arise
directly from the proximal end of the kinetosome in

Figure 1. General view of a choanocyte of Spongilla lacustris in longitudinal section. A, whole cell. B, flagellar apparatus.
Abbreviations: fl, flagellum,; fv, flagellar vanes; Ga, Golgi apparatus; gl, glycocalix; k, kinetosome; mv, microvilli; n, nucleus;
p, protrusion at the base of flagellum.
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4 1.R.POZDNYAKOV ET AL.

Figure 2. Series of longitudinal sections of Spongilla lacustris flagellar apparatus. A-D, the series of consecutive sec-
tions through the kinetosome. E—H, the series of consecutive sections through the kinetosome of another choanocyte. J, the
section through the longitudinal axis of the kinetosome of one more choanocyte. Abbreviations: as, axosome; cmt, central
microtubules; fr, fibrillar root; Ga, Golgi apparatus; gl, glycocalix; k, kinetosome; Imt, lateral microtubules; s, satellite; tf,
transition fiber; tp, transverse plate; usm, unstructured material.

different directions (Fig. 4A, B, D). Some of the micro-
tubules pass to the plasma membrane and underlie it
for some distance (Fig. 4A, D, E).

The kinetosome of S. lacustris has short fibrillar
roots that descend from the proximal ends of the

triplets in the cytoplasm (Figs 2A-D, 3H, L). The Golgi
complex is located below the kinetosome (Fig. 1A, B).

We found no traces of a permanent centriole in
the majority of the complete serial sections of kinet-
ids (Fig. 2A-H, 3A-H). However, in some series,
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6 I.R.POZDNYAKOV ET AL.

Figure 4. Patterns of lateral microtubules running from the MTOCs in the kinetid of Spongilla lacustris. A, longitudinal
section through the kinetosome. B, C, two sections from a transverse series through the kinetosome from distal to proximal
direction of one choanocyte. D, E, two sections from a transverse series through the kinetosome from proximal to distal dir-
ection of another choanocyte. Abbreviations: dfk, microtubules starting directly from kinetosome; k, kinetosome; Imt, lateral
microtubules; s, satellite.

centriole-like bodies were present (Fig. 5A, B). At the
same time, choanocytes without the nuclear envelope
around the chromatin associated with microtubules
(Fig. 5C-H) have been found in some sections. The
centriole-like body is located near the kinetosome at
the stage of a disordered nuclear envelope (Fig. 5E, F).

The centriole-like bodies were found in different posi-
tions towards the kinetosome (Fig. 5A, B). Thus, we can
assume that the centriole-like body in S. lacustris is a
temporary structure associated with choanocyte div-
ision, later becoming the kinetosome of the new flagel-
lum of the daughter choanocyte.

Figure 3. Series of transverse sections of the Spongilla lacustris flagellar apparatus. A—H, series of consecutive sections
through the transition zone and kinetosome from distal to proximal end (view from inside the cell). I-L, selected sections from
a series through the kinetosome from distal to proximal end of another choanocyte (view from outside the cell). M—P, selected
sections from a series through the kinetosome from distal to proximal end of one more choanocyte (view from outside the cell).
Q-T, single slightly oblique section through the kinetosome of different choanocytes at different levels. Abbreviations: as, axo-
some; cf, coil fiber; cmt, central microtubules; fr, fibrillar root; k, kinetosome; Imt, lateral microtubules; pdm, peripheral doublet
of microtubules; ptm, peripheral triplet of microtubules; s, satellite; tf, transition fibre; usm, unstructured material.
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CHOANOCYTE KINETID IN SPONGILLIDA 7

Figure 5. Centriole-like bodies in divided choanocytes of Spongilla lacustris. A, B, centriole-like body. C-F, choanocyte with
resorbed nuclear envelope on a series of sections (from one side of the cell to the other side through the plane of the kinetosome).
G, H, enlarged chromosomes with mitotic spindle microtubules from (C) and (D), respectively (dashed area). Abbreviations:
chr, chromosome; clb, centriole-like body; k, kinetosome; sk, second kinetosome. Arrowheads, the spindle microtubules.
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8 I.R.POZDNYAKOV ET AL.

An overall scheme of a choanocyte kinetid of S. lacus-
tris is shown in Figure 6.

KINETID STRUCTURE OF E. FLUVIATILIS

In light of new data on the S. lacustris kinetid, we re-
examined the TEM images of E. fluviatilis to highlight
their differences and similarities. Several new details
have to be added to the original investigation (Karpov &
Efremova, 1994).

1. As in S. lacustris, the flagellum of E. fluviatilis
emerges from a small protrusion in the centre of
the collar. However, it is less pronounced than in
S. lacustris and the kinetosome does not fit entirely
into it (Fig. TA).

2. A thicker section in the middle of the transverse
plate of E. fluviatilis can now be equated with the
axosome of S. lacustris (Fig. 7B).

3. A coiled fibre in the transition zone above the trans-
verse plate is present in both species.

A

tf

4. On the proximal end of the kinetosome, a few
short, non-striated fibrillar roots similar to those
in the kinetosome of S. lacustris are present
(Fig. 7TC-E).

5. A centriole-like structure, previously described as a
centriole (Karpov & Efremova, 1994), was observed
with the same frequency as in S. lacustris cho-
anocytes. Therefore, we consider it to be a provi-
sional kinetosome that appears during cell division
(Pozdnyakov & Karpov, 2016).

Based on these observations, we conclude that the
kinetid structure of E. fluviatilis choanocyte is sub-
stantially similar to that of S. lacustris and can be
referred to as the same scheme (Fig. 6).

KINETID STRUCTURE OF L. BAIKALENSIS

Unlike S. lacustris, the choanocytes of L. baikalensis are
elongated along the apical-basal axis (Fig. 8A). The gen-
eral structure of the kinetid in L. baikalensis has many

Figure 6. Reconstruction of a Spongilla lacustris kinetid. A, the lateral view. B, the kinetosome in plane. Abbreviations: as,
axosome; cf, coil fibre; dz, dense zone; fr, fibrillar roots; Ga, Golgi apparatus; k, kinetosome; Imt, lateral microtubes; n, nu-
cleus; p, protrusion at the base of flagellum,; tf, transition fiber; rs, ring of satellites; usm, unstructured material.
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CHOANOCYTE KINETID IN SPONGILLIDA 9

Figure 7. Some details of the kinetid structure of Ephydatia fluviatilis in different longitudinal sections. A, starting of
flagellum; B, axosome with the ending of central microtubule; C-E, fibrillar roots; E, satellites location. Abbreviations: as,
axosome; fr, fibrillar roots; k, kinetosome; p, protrusion at the base of flagellum; s, satellite.

similarities to that of S. lacustris (Fig. 8), including: a at the surface of the kinetosome (Fig. 8B-D), short
basal nucleus (Fig. 8A), a transverse plate with an axo- fibrillar roots (Fig. 8D), and a Golgi apparatus underly-
some (Fig. 8B, D), satellites with microtubules located  ing the kinetosome (Fig. 8B). The general disposition of
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10 I.R.POZDNYAKOV ETAL.

Figure 8. General view of a choanocyte of Lubomirskia baikalensis in a longitudinal section and some details of its kinetid
structure. A, general view of a choanocyte. B, longitudinal section through the kinetosome and Golgi complex. C, transverse sec-
tion through the kinetosome with lateral microtubules. D, longitudinal section through the middle of kinetosome. Abbreviations:
fl, flagellum; Ga, Golgi apparatus; k, kinetosome; lmt, lateral microtubes; n, nucleus; s, satellite; tp, transition fiber.

the marked structures and organelles is similar to that
of S. lacustris. Thus, in general, we may assume that
the key kinetid characters of L. baikalensis choanocytes
follow the scheme as proposed for S. lacustris (Fig. 6).

DISCUSSION

The kinetids of S. lacustris, E. fluviatilis and L. bai-
kalensis proved to be notably similar; this was to be
expected, since these sponges belong to the one mono-
phyletic group inside the order Spongillida (Manconi &
Pronzato, 2002; Itskovich et al., 2008; Redmond et al.,
2013; Morrow & Cardenas, 2015). The obtained data
corresponds with the image of the kinetid in collar cells
of Ephydatia muelleri (Lieberkuhn, 1855) presented by
Garrone et al. (1980). It can be assumed that other mem-
bers of this group also possess the same type of kinetid,

yet, we do not have enough data to make a general con-
clusion about the choanocyte flagellar apparatus for the
entire order.

In our previous works (Pozdnyakov & Karpov, 2015,
2016), we found three types of demospongian kinet-
ids. The Type I kinetid can be observed in sponges
from the Verongimorpha + Keratosa branch, in the
subclass Verongimorpha (Halisarca dujardini —
Gonobobleva & Maldonado, 2009; Aplysina aerophoba
— Maldonado, 2009) and in the subclass Keratosa
(Lamellodysidea sp. — Pozdnyakov et al., unpublished).
Its kinetosome is connected to the nucleus by the fi-
brillar roots, the centriole is located at a sharp angle
to the kinetosome, two microtubule organizing cent-
ers (MTOCSs) shaped like distinct bodies (large basal
foot and smaller satellite), the long transition zone
bears the axial granule at the top of the kinetosome
(Fig. 9) (Pozdnyakov & Karpov, 2016).
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CHOANOCYTE KINETID IN SPONGILLIDA 11

Verongimorpha

Keratosa
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Figure 9. Three kinetid types on the phylogenetic tree of Demospongiae (from: Morrow & Cardenas, 2015, modified) and
position of the nucleus in choanocytes of some orders (according to Table 2). Abbreviations: I, II, ITI, noted kinetid types. A,
clear apical position of nucleus; A?, assumed apical position of nucleus; B, clear basal position of nucleus.
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12 1.R.POZDNYAKOV ET AL.

The type II kinetid occurs in representatives of the
orders Suberitida (Halichondria sp.) and Poecilosclerida
(Crellomima imparidens) (Pozdnyakov & Karpov, 2016).
Its general characters coincide with those of type I, ex-
cept for an absence of the centriole in type II (Fig. 9).

The type III kinetid was found in representatives
of the orders Haplosclerida (Haliclona sp., Haliclona
indistincta) and Spongillida (E. fluviatilis). It has no
kinetosome-nucleus connection and no centriole, the
MTOCs are shaped like few satellites of different sizes
encircling the kinetosome, short transition zone with
coil fibre and the axial granule (Fig. 9).

The new descriptions of kinetid structure in
Spongillida presented here agree with earlier data
concerning the choanocyte kinetid of sponges from this
order. However, it is necessary to make some adjust-
ments to the scheme of type III kinetids published ear-
lier (Pozdnyakov & Karpov, 2016).

Comparing the newly observed Spongillida and
Haliclona (Pozdnyakov & Karpov, 2015) reveals an add-
itional common element in their kinetid structure: the
presence of short fibrillar roots. Short roots were also
described in E. fluviatilis by Brill (1973). Therefore,
the non-striated fibrillar roots can be considered as a
permanent character of the type III kinetid.

Previously we distinguished type III as having sev-
eral small satellites associated with the kinetosome in-
stead of one the large basal foot and one small satellite
as in types I and II. But, the satellites in S. lacustris
comprise the ring around the kinetosome; they are of
variable size, comparable in some cases with the basal
feet of types I and II. Since the relative size of MTOCs
is variable, they cannot be a distinguishing feature of
the kinetid. In the type III kinetid, the MTOCs are
dispersed around the kinetosome and even encircling
it, while in the two other kinetid types the MTOCs
are concentrated in a single basal foot and a satellite
(Pozdnyakov & Karpov, 2013, 2015). Thus, the organ-
ization of the MTOC becomes a discriminatory char-
acter of choanocyte kinetids.

The position of the axosome in the transverse plate of
Spongillida is similar to the position of the axial gran-
ule of sponges without a transverse plate (Pozdnyakov
& Karpov, 2016). These two structures might be
homologous in sponges. Possibly, more detailed study
will reveal axosomes in Haliclona or other sponge
species with a transverse plate and then the axosome
will be recognized as the common character of kinetid
type III.

The issue of presence/absence of the centriole in cho-
anocytes of Spongillida is now clarified: the centriole-
like bodies in Spongillida are temporary attributes
of the cell division process. The centriole is absent in
the interphase choanocytes of S. lacustris and other
studied Spongillida, and in the choanocytes of other

studied Heteroscleromorpha. As such, the absence of a
centriole remains a common character of kinetid types
IT and III. Reconsidered features of the three kinetid
structures are listed in Table 1.

We found three kinetid types in the class
Demospongiae. They are described for 11 species
belonging to seven orders. It is not enough to describe
the kinetid type as a characteristic of the order, or for a
detailed reconstruction of this structure’s evolutionary
changes. However, these data can provide the basis
for revealing the ancestral variants of the kinetid and
allow us to note the points on phylogenetic tree where
the kinetid has transformed.

By finding similar kinetid structures in representa-
tives of related orders, one can consider the kinetid
inherited from common ancestor. Furthermore, if a
species of any order with a kinetid structure different
from the supposed ancestral form is found, it would re-
veal the morphological transformation that took place
in the lineage of this order (regardless of whether this
happened in common ancestor of the order or inside
the lineage of this species particularly).

Therefore, even small number of studied kinetid
structures can be used to reconstruct the basic ele-
ments of the ancestral kinetid and to draft a scheme of
morphological transformations in different branches
of Porifera.

This scheme, even in the present form, allows us to
have some expectation of the structure of the choano-
cyte kinetid of an unstudied species and remains open
to additional data and further analysis.

Additional information about the kinetid types’ dis-
tribution in the demospongian phylogenetic tree can
be obtained from the nuclear location in the choano-
cytes, as discussed below.

NUCLEUS POSITION IN THE CHOANOCYTE AND KINETID
STRUCTURE

As we noticed in previous works (Pozdnyakov & Karpov,
2016), in described kinetid types the nucleus location
in the choanocyte correlates with some features of the
kinetid structure: besides the obvious kinetosome—
nuclear connection and fibrillar root development, the
structure of the MTOCs and the transition flagellar
zone also correlate with the basal or apical location of
the nucleus (Karpov & Efremova, 1994; Gonobobleva
& Maldonado, 2009; Pozdnyakov & Karpov, 2013, 2015,
2016). Therefore, the nuclear position in choanocytes
could inform the kinetid structure types.

According to the literature, in Demospongiae, the
nucleus may be located in both the basal and apical
parts of choanocytes. It is also necessary to specify
the situation when the nuclear apical-basal exten-
sion, including the nuclear ‘beak’, is comparable with
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the size of the choanocyte. This is usually observed in
flattened choanocytes, but is possible in the elongated
choanocyte as well. In the case when the dimensions
of the nucleus and the choanocyte are comparable, the
nucleus can be connected to the kinetosome through
the fibrillar roots at the apical pole and can reach the
cell membrane at the basal pole. Herewith the nucleus
may turn out to be closer to the cell membrane on the
basal pole, since the place occupied by the kinetosome
remains on the apical end. In such a position, the nu-
cleus cannot be called basal, since, by joining spatially
to the basal pole of the cell, the nucleus is structurally
related to the apical pole.

We described such position in Halichondria sp.,
where the choanocyte is flattened along the apical-
basal axis (Pozdnyakov & Karpov, 2016). The same
situation is observed in Crambe crambe (see fig. 17 in
Turon, Galera & Uriz, 1997). The apical-basal length
of the choanocyte is comparable to the size of the nu-
cleus and the nucleus, associated with the kinetosome,
is located near the membrane on the basal pole of the
cell. The section of the C. crambe choanocyte in a non
apical-basal plane (fig. 2 in Riesgo & Maldonado, 2009)
would likely not reflect the real position of the nucleus
relative to the kinetosome.

To confirm the basal position of the nucleus, we have
to show that nuclear apical-basal dimension including
a ‘beak’ is substantially less than the corresponding
size of the choanocyte, or that the Golgi apparatus is
located between the nucleus and the kinetosome.

Therefore, we analyzed published and unpublished
images of longitudinal sections of the choanocytes
(Table 2). Almost all representatives of Verongimorpha
+ Keratosa with one exception (Gaino et al., 1984)
have an apical nucleus. As such, these species have the
kinetosome-nucleus connection, and we can expect the
type I kinetid in this branch, as it was shown already
for some species (Pozdnyakov & Karpov, 2016). The
exception, a dyctioceratid species Spongia officinalis
Linnaeus, 1759, was investigated during spermatogen-
esis (Gaino et al., 1984) and the choanocyte located in
mesohyl (out of a choanocyte chamber) was not regular
but had undergone a process of transformation. The
kinetid of the normal choanocyte has to be studied to
clarify this exception.

Most choanocytes of Heteroscleromorpha, besides
the orders Haplosclerida and Spongillida, have an api-
cal nucleus, based on the published images.

Scrutiny of available information reveals an unam-
biguous basal position of the nucleus in Haplosclerida
and Spongillida only. The basal position of the nu-
cleus in the order Haplosclerida was registered in
the various, even distantly related species (Redmond
et al.,2011). As such, we propose that all haplosclerids
have a kinetid structure similar to that observed in

Haliclona sp. (Pozdnyakov & Karpov, 2016). Therefore,
we can predict that the majority of haplosclerids have
a type III kinetid. For freshwater sponges, data from
the literature (Table 2) agree with our data in that
E. fluviatilis and L. baikalensis have a type I1II kinetid.

ON THE TRENDS OF KINETID TRANSFORMATION IN
EVOLUTION OF DEMOSPONGIAE

The issue of the phylogenetic relationships between
the three kinetid types remains unresolved at pre-
sent, though the data collected allow us to produce
the initial scheme of evolutionary kinetid transfor-
mations. Kinetid type II (found in C. imparidens
and Halichondria sp.) or a similar type could be pro-
posed for several other species of Poecilosclerida and
Suberitida and for species of Tethyida, Clionaida
and Tetractinellida on the basis of nuclear position
(Table 2). This leads us to suggest that this kinetid
type could be the feature of the common ancestor of a
cluster including all of these orders.

Type I kinetid presence in all studied representa-
tives of the branch Verongimorpha + Keratoza sug-
gests that this type is the ancestral kinetid for this
group. The type II kinetid is nearly identical to type
I devoid of a centriole, which was probably lost though
evolution. Thus, the type I kinetid appears to be an-
cestral for one of the main branches of Demospongiae
and its close derivative can be found in species of other
branch. Our working hypothesis for future studies
is that the type I kinetid most closely resembles the
kinetid of a common ancestor of Demospongiae.

The kinetids of Spongillida and Haplosclerida (type
III) appear to have undergone further modifications
from the ancestral state. The absence of the centriole
associates this type with type II. However, several
changes are required to evolve from type II to type III.
The transition zone has to become restructured and
shortened, the connection between the kinetosome and
nucleus has to be lost and the concentrated MTOC has
to become dispersed.

In the morphological system, freshwater sponges
were included in the order Haplosclerida (Hooper &
van Soest, 2002) as a family Spongillidae. Since 2004, a
bulk of studies (Borchiellini et al., 2004; Morrow et al.,
2012; Worheide et al., 2012; Morrow & Cardenas, 2015)
distinctly separated Haplosclerida from Spongillida.
This change was also confirmed by the recent multigene
analysis conducted by Simion et al. (2017). However,
molecular surveys claiming a close relationship
between these groups periodically appear (Sperling
et al., 2009; Hill et al., 2013; Schuster et al., 2017).
Their relationship was also supported by morphologi-
cal similarities in the skeletal morphotraits, an ability
to produce resistant bodies (Manconi & Pronzato, 2002,
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Table 2. Position of the nucleus in the choanocytes of Demospongiae

Taxa Apical Basal References
Chondrillida
Chondrilla nucula Clearly Ereskovsky, unpublished
Chondrilla sp. Clearly Ereskovsky, unpublished
Halisarca cearulea Clearly Ereskovsky, unpublished
Halisarca harmelini Clearly Ereskovsky et al., 2011
Halisarca magellanica Clearly Willenz, Ereskovsky & Lavrov, 2017
Thymosiopsis conglomerans Clearly Vacelet et al., 2000
Chondrosiida
Chondrosia reniformis Clearly Ereskovsky, unpublished
Dictyoceratida
Scalarispongia scalaris Clearly Vacelet et al., 1989
Pleraplysilla spinifera Clearly Donadey & Vacelet, 1977
Dysidea avara Clearly Turon et al., 1997
Spongia officinalis Possibly (probably changed by Ref. ‘Discussion’ of present paper
spermatogenesis)
Dendroceratida
Chelonaplysilla noevus Clearly Vacelet et al., 1989
Verongida
Hexadella pruvoti Clearly Reveillaud et al., 2012
Hexadella crypta Clearly Reveillaud et al., 2012
Hexadella racovitzai Clearly Reveillaud et al., 2012
Hexadella topsenti Clearly Reveillaud et al., 2012
Suberitida
Suberites domuncula Clearly Ereskovsky, unpublished
Clionaida
Willardia caicosensis Possibly (probably apical elongated) Willenz & Pomponi, 1996
Haplosclerida
Haliclona cinerea Clearly  Ereskovsky, unpublished
Haliclona fulva Clearly  Ereskovsky, unpublished
Haliclona mucosa Clearly  Ereskovsky, unpublished
Haliclona permollis Clearly Amano & Hori, 1996
Pellina fistulosa Clearly  Langenbruch & Jones, 1989
Pellina semitubulosa Sciscioli et al., 1997
Callyspongia diffusa Clearly  Smith & Hildemann, 1990
Amphimedon queenslandica Clearly  Sogabe, Nakanishi & Degnan, 2016
Suberitida
Hymeniacidon perlevis Clearly Maldonado et al., 2010
Poecilosclerida
Hemimycale columella Possibly (probably apical elongated) Willenz, unpublished
Hymedesmia irregularis Possibly (probably apical elongated) Ereskovsky, unpublished
Iophon proximum Possibly (probably apical elongated) Willenz, unpublished
Phorbas topsenti Possibly (probably apical elongated) Vacelet & Perez, 2008
Mycale microstigmatosa Possibly (probably apical elongated) Alexander, 2015
Crambe crambe Clearly Turon et al., 1997
Tetractinellida
Craniella serica Clearly Watanabe, 1978
Tethyida
Tethya seychellensis Clearly Gaino et al., 2009
Tethya sp. Clearly Pozdnyakov, unpublished
Spongillida
Ephydatia muelleri Possibly (on the grounds of Golgi Garrone et al., 1980
apparatus position)
Lubomirskia baikalensis Clearly  Ereskovsky, Chernogor & Belikov, 2016
Ephydatia fluviatilis Clearly  Funayama et al., 2010
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2007), some embryological characters (Ereskovsky,
2010) and the features of the kinetid structure in their
choanocytes (Pozdnyakov & Karpov, 2015).

Confirmation of molecular kinship would explain
all the marked coincidences in the morphology of
Haplosclerida and Spongillida. However, at present,
molecular—phylogenetic studies presenting Spongillida
and Haplosclerida as non-related groups prevail; these
orders are considered separated from the common
Heteroscleromorpha trunk independently from each
other. In this case, some morphological similarities
between sponges of these two orders can be symple-
siomorphic. However, according to our hypothesis, the
choanocyte kinetid of Spongillida and Haplosclerida is
advanced compared to that of their ancestor, and the
similarity of the kinetid structure in these orders can
only be explained by evolutionary parallelism.

Perhaps the structure of the kinetid will prove to be a
character that can help clarify the positioning of these two
orders. To achieve clarity, and for a general understanding
of the ways in which this character has evolved within
Demospongiae, an investigation of the kinetid structure
in unstudied representatives of Heteroscleromorpha
(especially of orders Axinellida, Scopalinida, Biemnida,
Bubarida, Desmacellida) is needed.
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