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Seasonal dynamics of a complex 
cheilostome bryozoan symbiosis: 
vertical transfer challenged
E. A. Bogdanov 1, A. E. Vishnyakov 1, O. N. Kotenko 1, A. V. Grischenko 2,3, 
A. V. Letarov 4* & A. N. Ostrovsky 1,5*

Symbiotic associations are dynamic systems influenced by both intrinsic and extrinsic factors. Here 
we describe for the first time the developmental and seasonal changes of the funicular bodies in the 
bryozoan Dendrobeania fruticosa, which are unique temporary organs of cheilostome bryozoans 
containing prokaryotic symbionts. Histological and ultrastructural studies showed that these organs 
undergo strong seasonal modification in the White Sea during the ice-free period. Initially (in June) 
they play a trophic function and support the development of a large population of bacteria. From 
June to September, both funicular bodies and bacteria show signs of degradation accompanied by 
development of presumed virus-like particles (VLPs); these self-organize to hollow spheres inside 
bacteria and are also detected outside of them. Although the destruction of bacteria coincides with 
the development of VLPs and spheres, the general picture differs considerably from the known 
instances of bacteriophagy in bryozoans. We broadly discuss potential routes of bacterial infection 
in Bryozoa and question the hypothesis of vertical transfer, which, although widely accepted in the 
literature, is contradicted by molecular, morphological and ecological evidence.

Symbiotic associations are widespread among  organisms1,2, demonstrating an interorganismal level of mor-
phological and physiological complexity in the framework of the holobiont  paradigm3. Given the huge vari-
ety of symbiotic associations—facultative and obligatory, commensal, parasitic and mutualistic—symbioses 
are also considered as the next level of adaptation of organisms to new types of biocenoses and competitive 
 pressures4–6, requiring an adjustment of the energy balance between the newly established symbiotic system 
and the  environment7.

The marine realm encompasses a plethora of symbiotic associations between various  protists8,9,  metazoans10–12, 
metazoans and  protists13,14, protists and  prokaryotes15,16, and metazoans and  procaryotes17–19. Some symbioses 
also involve  viruses20. While certain associations (e.g., corals-zooxanthellae, sponges-bacteria) became model 
study  objects21–24, most symbiotic relationships still await exploration. Among them are bryozoans hosting 
prokaryotes (reviewed  in7,25).

The phylum Bryozoa is composed almost exclusively of colonial animals inhabiting fresh, brackish, and salt 
waters from high to low latitudes and from the intertidal to the abyss. Bryozoans are suspension-feeders that 
mostly feed on unicellular algae, and, together with cnidarians and sponges, are among the dominating epibiotic 
groups in various benthic  communities26–28. A bryozoan colony consists of iterative modules termed zooids, 
usually less than 1 mm long. The feeding module (autozooid) is composed of a body wall (box-, tube- or sac-like 
cystid) and the retractile crown of ciliary tentacles associated with a U-shaped gut (polypide). Polypide excursions 
(extensions and retractions) are provided by the parietal and retractor muscles. Communication between zooids 
is provided via pores in zooidal walls, open or plugged by pore-cell  complexes29–33. In most marine bryozoans 
of the class Gymnolaemata, the zooids are additionally interconnected by a system of mesothelial funicular 
cords. These cross the zooidal cavity in different directions and transport substances throughout the  colony34–37.
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Bryozoans form endosymbiotic associations with various prokaryotes that were first described by  Lutaud38,39. 
More recent studies have led to the conclusion that this association is a highly specialized symbiosis in which bac-
terial symbionts are vertically transmitted between  generations40,41, protect bryozoan larvae from  predators42–45, 
affect the fertility of  colonies46,47, and show signs of genome  reduction48. However, all of the experimental and 
molecular works behind this paradigm have focused on a small number of species from the genera Bugula (cur-
rently split into four genera) and Watersipora. Earlier microscopical studies showed the presence of prokaryotes 
(mostly intercellularly, but occasionally intracellularly) in species from nine phylogenetically distant families of 
cheilostome bryozoans (the only clade with published records of bryozoan symbionts). This indicates multiple 
independent origins of these  associations38,39,49,50 (reviewed  in25) and suggests various trajectories of bacterial 
circulation in the life cycle of bryozoan hosts.

In species of four bryozoan families (Bugulidae, Candidae, Beaniidae, Epistomiidae), the bacteria are located 
inside the so-called funicular bodies (abbreviated as FBs here and elsewhere)—‘capsules’ that have a wall of 
somatic cells associated with the funicular  cords20,25,47,49,51. It was suggested that these structures serve as sites for 
incubation and multiplication of  bacteria25, which can later move to the funicular cords and travel inside them 
towards incubation chambers containing a larva, thereby corroborating the idea of their vertical  transfer47. In 
addition, collapsing bacteria and a variety of virus-like particles were recently detected in the funicular bodies 
of two bryozoan  species20.

This paper presents ultrastructural details of co-specialization of the funicular bodies in the cheilostome 
bryozoan Dendrobeania fruticosa (Bugulidae) and its bacterial symbionts, along with putative virus-like particles 
(VLPs). We for the first time describe the ultrastructure of these temporary organs and their bacterial and viral 
content in their seasonal dynamics, considering the probability of bacteriophagy in this symbiotic system. We 
also discuss the structure, function, and development of the studied FBs, comparing them with published data. 
Importantly, we critically analyze the hypothesis of vertical transfer of symbionts in bryozoans and consider it 
and bacterial transmission from the external environment as possible alternatives for infection.

Material and methods
The weakly-calcified erect colonies of Dendrobeania fruticosa52 form delicate tufts 2–3 cm high with flat and 
narrow, dichotomously forking branches (Fig. 1A), anchored to the substrate by rhizoid-like polymorphs (keno-
zooids)37. Each branch consists of 2–5, most frequently 3–4 rows of elongated autozooids. Some zooids are 
associated with the helmet-like brood chambers (ovicells) (Fig. 1B) bearing embryos during the reproductive 
season. In the White Sea, single embryos were recorded in June–August in the old parts of the colony, while 
active reproduction started in September–October, involving mostly the young colony parts.

Dendrobeania fruticosa is a boreal-Arctic species, widely distributed in the seas of the northern hemisphere, 
from the Barents to Chukchi Sea and from the Beaufort Sea to Greenland; in the North Atlantic—from Iceland 
and the Norwegian Sea via the North Sea to Great Britain, and from the Saint Lawrence Gulf southwards to the 
Gulf of Maine; in the North Pacific—from the Bering Strait southwards to the northern part of the Sea of Japan, 

Figure 1.  General view of a colony branch of Dendrobeania fruticosa with orange oocytes visible inside 
autozooids and embryos in ovicells (A) (collected on 23 August 2021), and colony fragment (B) (developing 
polypide buds inside young zooids on the tip of the branch shown by arrows, some ovicells marked by asterisks) 
(collected on 23 June 2021) (stereomicroscope).
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and from the Gulf of Alaska to Vancouver  Island53–59. This sublittoral to upper bathyal species has been recorded 
over a depth range 1.5–330 m, most frequently 7–25 m, on hard and mixed (with silt admixture) bottoms, at 
water temperatures of −1.9 to 14.5 °C and salinities of 26.51–34.78‰. The substrata mainly include rocks, mol-
lusc shells, hydroids, and other bryozoans.

Colonies of D. fruticosa growing on the lower part of boulders on the silty bottom were collected by SCUBA 
at 10‒15 m depth on 21 March 2022, 14 June 2021, 22 June 2020, 23 June 2018, 19 August 2020, 23 August 2021 
(one colony was taken in each case), and 31 September 2019 (three colonies), in the Chupa Inlet, Kandalaksha 
Bay, White Sea, close to the Educational and Research Station “Belomorskaia”, Saint Petersburg State University. 
No material was collected in July because of the weather conditions or logistical reasons. Colonies collected in 
September 2019 were kept at + 4 °C for two weeks before fixation. The others were fixed directly after collection.

For light microscopy and transmission electron microscopy (TEM), individual fragments of the colonies were 
fixed in 2.5% glutaraldehyde (buffered in 0.1 M Na-cacodylate with 10.26% sucrose, pH 7.4) for 1 h, washed 
three times in buffer each lasting 15 min, and postfixed in 1% osmium tetroxide (OsO4) during 1 h followed by 
three rinses in distilled water, each lasting 20 min. Samples were decalcified in 8.5% EDTA solution from a few 
hours to one day, after which the fragments were washed in distilled water. The dehydration process involved 
an ethanol series (30–50–70–80–90–100%) and acetone, after which the fragments were embedded in epoxy 
resin type TAAB 812. Semithin sections (1.0 µm thick) were made using a ultramicrotome Leica EM UC7 (Leica 
Microsystems, Wetzlar, Germany), stained by  Richardson60 and Humphrey and  Pitman61 techniques and exam-
ined with a light microscope Leica DM 2500. Ultrathin sections (70 nm thick) were also made using a Leica EM 
UC7 ultramicrotome. Sections were collected on copper grids and contrasted in uranyl acetate and lead citrate. 
The sections were examined using JEOL JEM-1400 and JEOL JEM-2100HC (JEOL Ltd., Japan) transmission 
electron microscopes and photographed with digital CCD cameras.

At least 26 zooids with FBs from nine colonies were studied ultrastructurally.

Results
Distribution and state of funicular bodies in the colony. All studied colonies of Dendrobeania fruti-
cosa were overwintered. Funicular bodies (FB) were recorded in all of them (i.e. in all collection months: March, 
June, August and September). Most examined zooids contained a single FB in the cavity; in three zooids, two FB 
were found, and in one zooid, four bodies.

The state of the FBs (early and mature with no signs of degradation, and degrading at early, advanced and 
terminal stages) and their symbionts (‘healthy’ and modified) correlated with the month of collection and with 
the position and age of the zooids hosting them (for classification of the stages see Table 1 and Fig. 2). Early and 
mature FBs with no signs of degradation were recorded in young zooids in the colonies collected only in June, 
whereas older zooids in the colonies collected in June and August contained FBs (and bacteria) in various stages 
of degradation, from the ‘early’- to ‘late-advanced’. Colonies collected in late March and late September contained 
only strongly degraded FBs in old zooids.

In the colony collected on 23 June 2018, the growing branch tip included a terminal zooidal bud, proximally 
followed by a young zooid with a polypide bud (Fig. 1B), and then two young zooids with functional polypides. 
In none of these four modules were FBs observed. In contrast, the following (towards the base of the branch) six 
zooids in this row had functional polypides and FBs from the early developing (in two distalmost zooids among 
those six) to the non-modified mature FBs (in the following four zooids). None of the FBs showed any signs of 
degradation and contained numerous and ‘healthy’ (non-modified) bacteria (Figs. 3C, 4, 5, 6). We also examined 
sections of a zooid (presumably the most proximal module in this row) with degenerating polypide and mature 
non-modified FB (Fig. 3A). Thus, this colony piece showed an entire sequence from the early to mature stages in 
the FBs and zooidal development. Also, in the tip of another branch the youngest FB was recorded in the third 
zooid from top: the first was a zooidal bud, the second was a young zooid with a polypide bud, and the third was 
a zooid with fully-formed polypide and small FB.

Table 1.  State of the funicular bodies (FB) and bacteria, and the presence of the virus-like particles (VLP) in 
the colonies of Dendrobeania fruticosa collected in different months.

State of funicular body

Early and mature 
functional FBs with no 
signs of degradation

Initial stage of 
degradation

Advanced stage of degradation
Terminal stage of 
degradationEarly- Mid- Late-

% of bacteria 100% 100% 100–70% 70%-30% 30–1% 1–0%

State of bacteria ‘Healthy’ ‘Healthy’ or slightly 
modified

Modified, VLP may be 
present

Modified, VLP often 
present

Modified, VLP mostly 
present, spheres and 
fibrils often present

Modified

Inner cells Non-modified microvilli 
present

Slightly modified, 
microvilli mostly lost Modified Modified, often flat-

tened
Modified, mostly flat-
tened

Mostly double mem-
brane present

Interlayer space Absent
Absent or small, with 
small amount of VLP 
inside

Small Large, densely filled 
with VLP

Spherical complexes 
may be present

Spherical complexes 
may be present

Collection date 23 June 2018
22 June 2020 23 June 2018 14 June 2021 19 August 2020

23 August 2021
14 June 2021
23 August 2021
31 September 2019

14 June 2021
21 March 2022
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Older zooids in the basal part of the same branch contained FBs showing the first signs of degradation (initial 
stage) and bearing numerous non- or slightly modified bacteria (Figs. 7, 10A). These zooids also contained a 
brown body (remnants of a degenerated polypide), and one of them had a new polypide bud (Fig. 3B,D), whereas 
another seemed to hold a degenerating polypide.

In a growing tip of the colony collected on 22 June 2020, a young zooid with functional polypide contained 
the largest recorded mature FB that was non-modified, and enveloped numerous ‘healthy’ bacteria.

The colony collected on 14 June 2021 contained FBs at different stages of degradation. In the distal colony 
part, young zooids with functional polypides forming apical and lateral new growing tips of the branches con-
tained FBs in the ‘early-advanced’ stage of degradation. These FBs still enveloped numerous bacteria. Old zooids 
without polypides and with brown bodies forming the apical non-growing tip of the studied branch contained 
‘late-advanced’ FBs, either shrunken or swollen, with few bacteria. In the basal part of the same colony, old zooids 
(without polypides and with fragments of brown bodies) forming a branch near the zone of rhizoids, contained 
large swollen FBs at the terminal stage of degradation and almost no bacteria. FBs in the two latter groups of 
old zooids are probably overwintered (i.e., developed in the previous year). Similarly, in the colony collected on 
21 March 2022, old zooids without polypides in the apical, obviously overwintered non-growing parts of the 
branches had FBs at the terminal stage of degradation.

Figure 2.  Schemes of fragments of colonies collected in June (B), June–August (C) and September (A), and 
showing position of autozooids containing FBs at different stages of development and degradation. In (A) and 
(C) distal tips of the branches are not growing. Distal tip of the fragment in (B) shows zooidal buds, indicating 
a growing branch. (D) Vertical columns show schematic depictions of longitudinal sections of autozooids (left) 
and partial FBs (right) at consecutive stages of development (1–8) and degradation (corresponding to Table 1): 
1—distal zooidal bud and young autozooid with a polypide bud inside (no FBs); 2—young autozooid with 
functional polypide and early developing FB; 3—young autozooid with functional polypide and mature FB; 
4—autozooid with brown body, polypide bud and mature FB at initial stage of degradation; 5—autozooid with 
brown body, functional polypide and FB at early-advanced stage of degradation; 6—autozooid with brown body 
and FB at mid-advanced stage of degradation; 7—autozooid with brown bodies and FB at late-advanced stage of 
degradation; 8—autozooid with brown bodies and two FBs at terminal stage of degradation. BB brown body, FB 
funicular body, P polypide, PB polypide bud.
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In the colonies collected in the second half of August, zooids forming the apical non-growing parts of the 
branches contained FBs at either ‘mid-advanced’ (19 August 2020 and 23 August 2021) or ‘late-advanced’ (23 
August 2021) stages of degradation. Bacteria were still common in some of them (‘mid-advanced’), although 
most FBs had only a few (Figs. 8A,B). Zooids with FBs may or may not have a functioning polypide, also pos-
sessing a brown body.

In the colonies collected on 31 September 2019, a few symbionts were detected in the FBs. They were at the 
‘late-advanced’ stage of degradation (Figs. 3E, 8B,C, 10C). Examined zooids in the apical non-growing parts of 
the branches mostly lacked polypides.

Typically, FBs were adjacent to the basal wall of the zooid (Figs. 3A,C,E, 6A), although some were suspended 
inside the zooidal cavity underneath the forming (Fig. 2B), degrading (Fig. 3A) or functional (Fig. 3D) polypide. 
Regardless of the position, FBs were ‘anchored’ by either large funicular cord(s) or by thin processes of their cells, 
or often by both (Figs. 3, 4, 5, 8B, 10). Some funicular cords showed small internal lacunae, but they were never 
seen to be connected with the internal cavity of FB in our TEMs.

Early and mature non-modified funicular bodies (June). All but one young zooid with early and 
mature non-modified FBs collected in June 2018 and 2020 had the first functional polypide; the exception was 
one zooid in which the polypide had begun to degenerate (Fig. 3A). The length of these FBs varied from 40 to 
180 µm, the diameters from 15 to 50 µm.

Early and mature FBs had an oval or elongate-oval shape and consisted of a wall of somatic cells and an 
internal cavity filled with bacteria (Fig. 3A,C). In early FBs, this cavity was slit-like and ‘branching’ (Fig. 4A), in 
mature FBs it was much larger (Figs. 3A,C, 5, 6A) and divided into many connected pockets.

A TEM study showed that the wall of both early and mature FBs is formed by two cell layers of contrasting 
ultrastructure (Figs. 4, 5, 6). The external (outer) flattened cells were arranged in a single layer and sometimes 

Figure 3.  General view of funicular bodies inside the zooidal cavity in Dendrobeania fruticosa (A–D, collected 
on 23 June 2018, E, collected on 31 September 2019) (longitudinal stained sections, light microscopy). (A) 
Mature non-modified FB (arrow) situated between the basal zooidal wall and the degenerating polypide; part 
of the funicular cord is sandwiched between the FB and the polypide. (B) Zooid showing two cross-sectioned 
parts of one lobed FB below growing polypide bud, and part of the second FB to the right (all FBs shown by 
arrows); a large funicular cord runs above both FBs. (C) Mature non-modified FB situated on basal wall of 
zooid and connected to thin processes of funicular cells. (D) Enlarged view of two parts of one FB shown in (B) 
(in C and D FBs show the initial stage of degradation, visible as large ‘vacuoles’ potentially reflecting either cell 
degradation or a fixation artifact). (E) Collapsing FT. bw basal wall, dp degenerating polypide, fc funicular cord, 
fm frontal membrane, fp forming polypide bud, gy gymnocyst, ts tentacle sheath, zc zooidal cavity.
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overlap each other. They had an electron-translucent cytoplasm with a few organelles (elongated nucleus with 
prominent peripheral heterochromatin, sparse cisternae of rough cytoplasmic reticulum (RER), and some 
microvesicles). They resembled the funicular cells directly contacting them and sometimes giving the impression 
of the presence of a third cell layer (Figs. 4A, 5, inset, Fig. 6A). Overall, the external cells showed little evidence 
of synthetic or transport activity.

The inner layer consisted of cuboidal and prismatic cells, some having long irregular outgrowths separating 
a FB cavity onto interconnected chambers/pockets densely filled with bacteria (Figs. 3A,B, 5, 6A). These cells 
had a distinct polarity: their flat basal membrane abutted the membrane of the cells of the outer layer, whereas 
the apical one formed multiple thin cytoplasmic processes (microvilli) protruding between bacteria (Figs. 4B,C, 
5 and inset, Fig. 6A‒D). The lateral surfaces of the inner cells have tight contacts exhibiting a Z- or V-shaped 

Figure 4.  Early funicular body of Dendrobeania fruticosa (collected on 23 June 2018) (TEM). (A) Whole 
view of early-stage funicular body. (B) Partial view of cavity and wall of early-stage FB showing external and 
inner cell layers (arrowheads: multivesicular bodies; arrow: adherens junction with Z-curve between cells). 
(C) Bacterial symbionts and microvilli formed by cells of inner layer. Inset: enlarged area showing bacterial 
pili (arrow). ec cells of external layer, fc cells of funicular cords, ic cells of inner layer, n nucleus, rer rough 
endoplasmic reticulum, zc zooidal cavity.
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configuration (Figs. 5, 6B,D). The cytoplasm was electron-translucent, although denser than in the external 
cells, and contained a large nucleus, mostly filled with euchromatin and highly fragmented heterochromatin, an 
extensive RER, several Golgi complexes, and abundant multivesicular bodies (Figs. 4, 5, 6). Microvesicles and pits 
were detected beneath and in association with the apical membrane, possibly indicating exo- and endocytosis 
(Fig. 6E and inset).

The symbionts filling the FB cavity were Gram-negative, elongate-oval or rod-shaped bacteria 2–3 µm long, 
some up to 5 µm, and about 0.5 µm in diameter (Figs. 4, 6). A well-defined, central, electron-lucent nucleoid 
zone with flocculent contents was surrounded by a thin peripheral layer of electron-dense cytoplasm, enveloped 
by two membranes. Bacterial cells (some obviously dividing) were in contact with the apical membrane of the 
inner cells of FT and sometimes clearly showed pili on their surface (Fig. 4C, inset). The space of the FB cavity 
between bacteria was electron-transparent. No connection between this cavity and the lacunae of funicular 
cords was detected.

Degrading funicular bodies (June, August, September). Initial stage. In the colony collected on 23 
June 2018, zooids in the basal part of the growing branch contained FBs in the initial stage of degradation (Ta-
ble 1, see also above). Usually they were elongate-oval, in two cases lobed. Three studied autozooids contained 
two FBs each (in one case an oval and a bilobed FBs occurred in the same zooid), and one zooid contained four 
FBs (one of them with four lobes, partly shown in Fig. 3B,D, see also Fig. 7). The latter zooid had a new polypide 
bud, and all these zooids contained a brown body.

At this earliest stage of FB modification, cells of the external layer were unchanged. In the cells of the inner 
layer, RER was still massive, but some cisternae formed local expansions, sometimes turning into large ‘vacuoles’ 
and occupying up to a third of the cell volume (Fig. 7A,C,E, and possibly 3B, D). Cisternae of the Golgi complexes 
became longer and formed dense piles. In addition to multivesicular bodies, phagosomes with heterogeneous 
contents, which in some cases resemble lysing bacteria, appeared in the cytoplasm (Fig. 7B–E). Initially appearing 
as several non-connected lacunae, an interlayer space (ILS) was formed between cells of the external and inner 
layers of FB. It was mostly narrow, becoming wider in places containing large electron-dense bodies of various 

Figure 5.  Scheme of a mature non-modified funicular body of Dendrobeania fruticosa (corresponding to 
those collected on 23 June 2018) showing two-layered wall structure, thick funicular cord (to the left), and thin 
processes of funicular cells adjacent to the external cell layer, and bacteria inside the FB internal cavity. Inset: 
enlarged area showing cells of both external and inner layers and bacteria with cytoplasmic processes in between 
(not shown in the larger scheme). ec cells of external layer, fc cells of funicular cord, ic cells of inner layer, zc 
zooidal cavity.
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sizes (Fig. 7A, inset, F). In addition, tiny fibrils about 100 nm long and angular globules (presumably virus-like 
particles, see below) became visible in some areas of ILS (Fig. 7F).

At the initial degradation stage, numerous bacteria, some apparently still dividing, filled the entire cavity of 
the FBs (Figs. 7A, 8A). However, the number of microvilli formed by the inner cells and present between bacteria, 
was significantly reduced. Microvesicles beneath the apical membrane of these cells were abundant, presumably 
indicating transmembrane transport. The morphology of bacteria changed too. Although the maximum length 
was still about 5 µm, many bacteria were about 1 µm in diameter. The most noticeable changes occurred in the 
bacterial nucleoid, which was fragmented and became smaller (Fig. 7A–C).

Figure 6.  Ultrastructure of mature non-modified funicular body of Dendrobeania fruticosa (collected on 
23 June 2018, also shown in Fig. 3C) (TEM). (A) Part of FB with two-layered wall and adjacent funicular 
cells; non-modified bacteria fill the internal space. (B,C) Area of internal cavity with bacterial symbionts and 
microvilli formed by cells of inner layer. (D,E) Details of ultrastructure of cells of inner layer; extensive RER, 
Golgi apparatuses and large multivesicular bodies in various stages of development are visible (inset and E: 
presumed exocytosis shown with arrowheads) (arrow: adherens junction with Z-curve between cells of inner 
layer in B and D). aG Golgi apparatus, bw basal wall, ec cells of external layer, ep epithelium of body wall, fc 
cells of funicular cords, ic cells of inner layer, m mitochondrion, mv multivesicular body, n nucleus, rer rough 
endoplasmic reticulum, zc zooidal cavity.
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Figure 7.  Ultrastructure of funicular bodies of Dendrobeania fruticosa (collected on 23 June 2018) showing the 
initial stage of degradation (TEM). (A) Part of FB densely filled with modified bacteria; large expanded parts of 
RER shown by arrows (also visible in C and E) (inset: peripheral area of FB wall showing cells of both external 
and inner layers and forming ‘interlayer’ space (asterisks) containing electron-dense bodies; scale bar 500 nm). 
(B,C) Bacteria and cells of inner layer with presumed phagosomes (arrowheads) containing bacteria-like 
content. (D,E) Presumed phagosomes (shown by arrowhead in E) with bacteria-like content shown at higher 
magnification. (F) Peripheral area of FB wall showing cells of external and inner layers with an interlayer space 
(ILS) (asterisks) between them containing electron-dense bodies and ‘fibrils’ sometimes in groups (also visible in 
inset). aG Golgi apparatus, ec cells of external layer, fc funicular cell, ic cells of inner layer, rer rough endoplasmic 
reticulum, zc zooidal cavity.
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Advanced stages. In the colony collected on 14 June 2021, FBs were either at the early, or late-advanced, or even 
at the terminal stages of degradation, depending on zooid age (Table 1, see above). Middle-advanced stages were 
detected in the colonies collected on 19 August 2020 and 23 August 2021. Late-advanced stages were recorded in 
the colonies collected on 23 August 2021 and 31 September 2019. In zooids with advanced-stage FBs, functional 
polypides were usually absent, being substituted by their remnants in the form of brown bodies; nonetheless, 
even at the end of September, we found several zooids with such FBs and with functional polypides (Fig. 3E).

At the early-advanced stage of degradation, FB structure was similar to the initial stage, although the number 
of bacteria was markedly reduced and their morphology changed. The interlayer space of FBs was more developed 
and sometimes contained virus-like particles (Fig. 10A).

The middle, late and terminal stages of FB degradation differed drastically from the initial and early-advanced 
stages. E.g. in longitudinal semi-thin sections, some FBs at the late-advanced stage were unevenly elongated, 
either shrunken or swollen, with a dark periphery and lighter homogeneous contents (Fig. 3E). The bacterial cells 
inside them were almost indistinguishable with light microscopy. The length of such FBs could reach 100 µm, 
and the width varied within 10–30 µm due to numerous deformations (Figs. 3E, B,C*).

On TEM images, the outer cell layer of FBs at the middle- and late-advanced stages was still clearly visible, 
but its cells were much thinner. The cells of the inner lining also became thin. The latter still formed a continu-
ous layer in the FBs at the middle-advanced stage of degradation (Fig. 10B), while only a few of these cells 
survived to the late-advanced stage (Fig. 10C). Cells of the inner layer greatly decreased in size and often had 

Figure 8.  Degradation stages of the funicular bodies and their bacterial symbionts in Dendrobeania fruticosa 
(TEM). (A) Middle-advanced stage showing remaining bacteria inside the cavity of FB near its inner cells; 
peripheral part of FB with two cell layers and ILS (asterisk here and elsewhere) inbetween are visible in the right 
upper corner (19 August 2020). (B) Area of FB at the late-advanced stage showing cavity devoid of bacteria and 
its wall consisting of inner and external cell layers with greatly expanded ILS; inner layer consists of collapsing 
cells with cytoplasm of various electron density, some still having long and branching cytoplasmic processes; 
‘double’ membrane (arrow)—part of collapsing cell, is visible between two cells (inset: enlarged fragment of 
ILS with tightly packed ‘globules’; scale bar 500 nm) (31 September 2019). (C) Area of FB at the late-advanced 
stage of FB degradation showing remaining bacteria collapsing inside FB cavity (31 September 2019). ec cells of 
external layer, fc funicular cell, ic cells of inner layer, zc zooidal cavity.
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an electron-dense cytoplasm with a still-recognizable RER. Some of them still possessed reduced cytoplasmic 
processes protruding into the internal cavity (Figs. 8B,C, 9D, 10C).

Finally, the collapsed cells of the inner cell layer degraded, leaving only two membranes that ‘stuck’ together. 
Thus, the internal cavity of late-advanced FBs was enveloped by these membranes and the few remaining inner 
cells (Figs. 8B, 10B,C). In both middle- and late-advanced stages, some bacteria were still visible on the periphery 
of the FB internal cavity (Figs. 8, 9D, 10B,C). In addition, this cavity was filled with dense flocculent material 
and fragments of cell membranes (Figs. 8, 10B,C). The remaining bacteria showed further signs of degradation. 
Many were swollen and/or irregularly shaped. The nucleoid underwent further fragmentation, and electron-
lucent areas appeared inside some bacteria. ILS was wide and prominent. It still possessed some electron-dense 
bodies (Fig. 8B), although those found in August were smaller than those in June. Most of the ILS were filled 
with the presumed virus-like particles (see below).

Only occasional bacteria were recorded in the large swollen FBs at the terminal stage of degradation in old 
zooids without polypides in the basal part of the colony collected on 14 June 2021. The inner cell layer was 
degraded to a double membrane. ILS was greatly enlarged and contained spherical complexes made of putative 

Figure 9.  Stages of formation of putative virus-like particles in funicular bodies at late-advanced stages of 
degradation (collected on 23 August 2021 and 31 September 2019) (TEM). (A–C) VLP and ‘self-constructed’ 
spherical complexes inside bacteria (23 August 2021); (D) VLP in symbiont-containing cavity near bacteria and 
in ILS between two FB cell layers (asterisk) (inset: probable perforation of the inner cell layer acting as a passage 
for VLPs transfer to ILS shown by arrowheads, scale bar 200 nm) (23 August 2021); (E,F) Self-assembling/
constructing of spherical complexes (arrows) inside ILS (31 September 2019). (G) ‘Globules’ (arrowheads) and 
‘fibrils’ inside ILS (to the right), and filaments in FB inner cavity (to the left) divided by inner layer cell; (H) 
‘globules’ (arrowheads) and ‘fibrils’ inside ILS under higher magnification. ec cells of external layer, ic cells of 
inner layer, zc zooidal cavity.
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VLPs (see below). No bacteria and spherical complexes were detected in the terminal stage FBs in the colony 
collected on 21 March 2022.

Putative VLPs in bacterial cells and FBs. In the cytoplasm of some bacteria in FBs at the middle- and 
late-advanced stages of degradation, our TEM examination revealed numerous filaments (presumed VLPs). 
These filaments were either chaotically distributed or assembled in rows, stacks or clumps, sometimes forming 
spheres 400 to 550 nm in diameter (Fig. 9–C). The wall of such spherical complexes consisted of 70–110 nm long 
and 10–15 nm wide filaments. For the first time, spheres were detected inside bacteria in FB at the late-advanced 
stage of degradation in the colony collected on 23 August 2021. Numerous filaments (some up to 450 nm long 
and 10–15 nm wide) were also detected, lying freely inside the internal cavity of some FBs (Fig. 9D). Sometimes 
they were also visible inside ILS, possibly entering it through the gaps in the degrading inner cell layer.

ILS also contained putative VLPs, but their structure was different from those found in the FB cavity and 
bacteria. Tiny fibrils 100–110 nm long were first detected in this space at the initial stage of degradation of FB 
in the colony collected on 23 June 2018 (Fig. 7F), but they were especially numerous in FBs at the middle- and 
late stages of degradation in August and September. Compared with filaments inside the internal cavity of FBs, 
fibrils were shorter, somewhat thinner, and looked crumpled (compare left and right sides of Fig. 9G). We also 
recorded numerous, often tightly packed, dark angular globules 40–45 nm in diameter inside ILS (Figs. 8B, 
inset, Fig. 9D,E,G), visible as penta- or hexahedrons under high magnification (Fig. 9H). The mixture of these 
globules and aforementioned fibrils was often chaotic (Figs. 9D, 10B,C). Noteworthy, scattered globules and 
fibrils sometimes also occurred inside the FB internal cavity.

Finally, some late-advanced and terminal stage FBs (collected on 31 September 2019 and 14 June 2021, 
respectively) contained complete or partial spherical complexes inside their ILS (Fig. 9E,F). Their structure and 
size were similar to those recorded in bacteria, but each sphere had a thin peripheral (and more electron-dense) 
zone over the distal ends of filaments (90–100 nm long) forming the rest of the sphere ‘wall’. The central part of 
the sphere was filled with flocculent material. Spheres in the different stages of self-assembly were always seen 
in groups. Note that the early stage of the grouping of ‘fibrils’ in ILS was already detected in one FB at the initial 
stage of its degradation (Fig. 7F).

Discussion
Funicular bodies: structure, function, and development. The ultrastructural and functional com-
plexity of funicular bodies in  bryozoans25,46,47 (our data), as well as the reduction of the genome in their symbi-
otic bacteria (e.g., Bugula neritina48), point at a long-term co-evolution between these organisms, also suggesting 

Figure 10.  Schemes of funicular bodies of Dendrobeania fruticosa at various stages of degradation (from 
left to right: early-, middle- and late-advanced), showing changes in their structure accompanied by bacterial 
degradation and putative VLP appearance (magnified sector in B) and self-construction of spherical complexes 
inside bacteria (magnified sector in C) and inside ILS. Note continuous ‘double’ membrane between internal 
cavity of funicular body and intercellular space, remaining after collapse of the inner cell layer. ec cells of 
external layer, fc funicular cell, ic cells of inner layer, zc zooidal cavity.
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that infected bryozoan colonies spend a significant part of their energy budget supporting numerous bacteria 
inside FBs. All known prokaryote symbionts are apparently non-pathogenic for  bryozoans49,62. Instead, the over-
all evidence indicates a mutualistic relationship. Symbiotic bacteria are known to produce toxic substances (bry-
ostatins in Bugula63; bryoanthrathiophene in Watersipora64) that protect bryozoan larvae from  predators42,44,45. 
Another potential role of bacterial secondary metabolites is the chemical defense of early developmental stages 
during larval settlement and  metamorphosis40,65. Such chemical defence may also prevent epibiotic overgrowth 
of the bryozoan colonies by other bacteria and algae (reviewed  in66,67). Similar functions can be assumed for 
symbiotic prokaryotes of Dendrobeania fruticosa, although experimental evidence is still required.

FBs with bacterial symbionts in colonies of D. fruticosa show signs of high specialization. The walls of the 
funicular body completely isolate its internal cavity from the surrounding zooidal cavity: the cells of the outer 
layer overlap each other, whereas cells of the inner layer have tight Z-shaped contacts. Such isolation probably 
creates a specific environment inside the symbiont-containing space that helps maintain a growing population 
of bacterial symbionts. A massive protein-synthesizing apparatus was observed in the cells of the inner layer. 
In addition, the ‘pocket’-like structure of the internal cavity of FB and the abundance of cytoplasmic processes, 
some of which protruded deep into this cavity, contribute to increasing both the general inner surface area of 
FB and the contact area between its inner cells and bacteria. From their side, bacteria provide this contact by 
numerous pili. Numerous pits and microvesicles associated with the apical membrane of the inner cells imply 
an active exchange of substances between the host and its symbionts (e.g., nutrition provided to growing and 
multiplying bacteria and absorption of the potential wastes they produce).

The ultrastructure and functional morphology of FBs in Aquiloniella scabra, the only species in which the 
ultrastructure of these organs was described, are very similar to those in D. fruticosa. Its FBs also consist of two 
cell types, but the inner cell layer is formed by one or a few cells, whereas external cells form a multilayered 
 envelope25. In both species, the main function of FBs was considered to be the chambers/organs for symbiont 
incubation and nourishment.

FBs with symbiotic bacteria have been found in several bryozoan species from four different  families20,25,47,49,51 
(our data). Remarkably, all these families (Bugulidae, Beaniidae, Candidae, Epistomiidae) belong to the clade 
Buguloidea. Encapsulated aggregations of bacteria within the zooidal cavity were also described in two species of 
Watersipora from the phylogenetically distant family Watersiporidae (Smittinoidea)62,68. In that case, prokaryotes 
(“mollicutes”) were also enveloped by flattened bryozoan cells, although the current scarcity of data makes it 
difficult to compare these cell aggregations with funicular bodies.

Among Buguloidea, FBs show the same basic structure, although species described by  Lutaud49, Dyrynda 
and  King51, and Mathew with co-authors46 based on light microscopy require re-examination by TEM. Moreo-
ver, FBs are in all instances associated with the funicular system of the colony. This similarity could indicate the 
single origin of the bacterial symbiosis and FBs within Buguloidea. Still, it remains unknown (although rather 
probable) whether that system transports nutrients from feeding polypides to FBs because no communication 
between the lacunae of the funicular cords and the FB internal cavity was detected. Another, more likely option, 
however, is the independent acquisition of bacteria (see also below) and a similar ‘reaction’ of host tissues to 
invaders, resulting in the formation of bacterial organs (FB) with a similar bauplan. The presence of incapsulated 
bacteria in non-related Watersipora supports the second interpretation. Answering this question will require 
both ultrastructural studies and molecular identification of bacteria.

As for the initial source of somatic cells and development of FBs, two variants have been suggested. Describ-
ing the development of FBs in Bugulina turbinata,  Lutaud49 stated that the epithelial cells of the cystid wall were 
transformed into the inner cell layer of the FB, whereas peritoneal cells formed its external lining. By contrast, 
while studying Aquiloniella scabra, Karagodina with co-authors25 suggested that bacteria are engulfed by one of 
the funicular cells, which becomes a ‘bacteriocyte’ that is later enveloped by neighboring funicular cells. In the 
latter case, FBs are considered to be modified expanded parts of the funicular system. This is consistent with 
experiments by Sharp and co-authors40, who detected groups of labeled bacteria in the funicular cords of Bugula 
neritina, and also multiple bacteria developing inside enlarged funicular cords (in fact, very large FBs) in the 
related Paralicornia sinuosa20.

Our TEM study of FBs in D. fruticosa showed that they are not swollen parts of the funicular cords, as was 
stated by Vishnyakov with co-authors for B. neritina20. It is more likely that the funicular cords and processes of 
their cells contact the external cell layer of FBs. According to the third scenario that we present here, the inner 
cell layer of FBs in D. fruticosa, as well as in other studied bugulids, most likely originates from the coelomocytes 
which accumulate bacteria via phagocytosis. Such solitary cells were described inside the zooidal cavity in B. 
neritina20. Instead of being digested, engulfed bacteria could trigger the coelomocyte divisions resulting in the 
formation of the inner cell layer. In contrast, in A. scabra, the coelomocyte can remain single or undergo only 
a few divisions. We propose that the external cell layer of FB in D. fruticosa originates from the funicular cells 
because these cell types are ultrastructurally similar. Finally, it is also possible that the exact process and sources 
of FB formation differ in different species.

Multiple and lobed FBs found in two zooids of D. fruticosa could indicate a potential mode of their multiplica-
tion. The case of P. sinuosa requires additional study, but currently we believe that its bacteria-bearing ‘funicular 
cords’ are very large, elongated FBs, as well  (see20).

Symbiont circulation in the bryozoan life cycle. The taxonomic diversity of bryozoan hosts and their 
symbiotic bacteria—supported by a variety of sites in the bryozoan zooids and larvae where symbionts have been 
found—unambiguously point to multiple independent origins of symbiotic associations between bacteria and 
cheilostome  Bryozoa20,25.
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Rod-shaped bacteria are the most common symbionts in the superfamily Buguloidea. Although superficially 
similar, these bacteria strongly differ in their maximum size, suggesting the presence of different procaryote spe-
cies. Thus, bacteria detected in the larvae of Bugulina simplex and in FBs of Aquiloniella scabra can reach 10 μm 
in  length25,69, while healthy symbionts (see below) inside coelomocytes and presumably peritoneal cells of Bugula 
neritina were only 2.5 μm  long20. The maximum length of bacteria in FBs of D. fruticosa never exceeded 5 μm. 
Coccoid bacteria in the tentacles of B. neritina were 0.5–0.7 μm in  diameter20. Else, oval or irregularly-shaped 
mycoplasma-like α-Proteobacteria were detected in the genus Watersipora62,68,70. By contrast, the symbionts 
identified in B. neritina and B. simplex belong to γ-Proteobacteria69,71,72.

Apart from FBs, prokaryote symbionts were described extracellularly in colonies of different cheilostome spe-
cies: in vestibular glands of autozooids, inside polymorphic zooids (avicularia)38,39,50, in tentacles and funicular 
 cords20. They have also been found intracellularly: inside coelomocytes, epithelial and peritoneal cells of the 
body wall, and pharyngeal  cells20,50. In addition, Woollacott and  Zimmer73 described bacteria in the ‘channels’ 
of the funicular cords associated with brood chambers. However, the TEM image they published shows bacteria 
inside large vacuoles of the funicular cells—seemingly not in the lacunae between these cells, recalling the afore-
mentioned idea of a ‘bacteriocyte’. Finally, bacteria have also been found in the pallial sinus of bryozoan larvae 
(62,68,74; reviewed  in72). All these diverse data have led to two opposite views on the acquisition and circulation 
of symbionts in the bryozoan life cycle.

Discovery of bacteria in both colonies and larvae of B. neritina was regarded as possible evidence of their 
transmission from larvae to  adults74. This assumption was experimentally proven using both labeled bacteria 
and their metabolites (bryostatins) in the larvae and preancestrulae developing from  them40. Moreover, the pres-
ence of bacteria within brood chambers (ovicells) in this species was considered as proof for the next step—the 
transition of symbionts from the colony to the incubated larvae, i.e., the vertical transfer of symbionts. Symbiotic 
bacteria populating larvae (and making them unpalatable for predators) are incorporated into the preancestrular 
tissues during larval metamorphosis, and then found inside zooidal buds in early colonies (a symbiont association 
with the host cells was not specified) and funicular cords of rhizoids in adult  colonies40.

The next step of the bacterial development could be the formation of FBs as a locus of symbiont reproduc-
tion. Mature FBs, full of bacteria, were considered to be the starting point for the transfer of prokaryotes (by 
an unknown mechanism) from the zooid to the brood cavity (via funicular cords associated with both FB and 
ovicells), and then to the incubated  larvae47. Light microscopic data demonstrated: (1) the association of FBs with 
tube-like funicular  cords47, and (2) the presence of groups of ‘bacterial bodies’ (small aggregations of bacteria) 
inside the ooecial vesicle (membranous-epithelial ‘plug’ that closes the entrance to the ovicell; mentioned in B. 
neritina47, and shown in images of the related Bugulina flabellata75–77). In addition, ultrastructural data proved the 
presence of bacteria inside funicular cords, more precisely—inside their funicular cells (see above), “extending 
to the ooecial vesicle” (73, p. 362). Elsewhere, Sharp and co-authors (40, p. 697) used fluorescence microscopy to 
demonstrate the presence of bacteria “within the ovicells”, and suggested that they are transported there across 
the colony via funicular cords that also house bacteria. Combined, all these data imply that bacteria move from 
FBs to the ooecial vesicle, accumulate there, and then somehow enter the brood cavity, which contains a larva, 
either through or in-between the epithelial cells and the cuticle of the ooecial vesicle. Findings of bacteria inside 
larvae and adult colonies of two species from the non-related genus Watersipora62,68 further strengthened the 
hypothesis of vertical transfer, which has subsequently been widely accepted by many  authors20,30,47,78. Despite 
extensive TEM studies, no bacteria have been found inside the funicular cords in B. neritina (Vishnyakov & 
Ostrovsky, unpublished data), which contradicts the data of Sharp and  coauthors40 obtained by fluorescent 
microscopy. Accordingly, it was suggested that coelomocytes carry symbionts to the ooecial vesicle  instead20.

Nonetheless, the hypothesis of vertical transfer faces serious objections based on life history, molecular and 
morphological data. In Dendrobeania fruticosa in the White Sea, for example, larval production occurs pre-
dominantly in autumn (mainly in the distal parts of branches, Fig. 1A), and no bacteria are present in colonies 
during this period. In addition, molecular population studies revealed that B. neritina is a complex of sibling 
species, both symbiotic and aposymbiotic, some of which live in sympatry, with the horizontal transfer between 
colonies being the most parsimonious explanation for the distribution of bacteria between  siblings79. A study 
of the genome of symbiotic bacteria showed that they may be able to live outside the  host48, which is consistent 
with the hypothesis of horizontal transfer (which is not the same as environmental transmission, see below).

TEM data showed no communication between the FB cavity and lacunae of the funicular cords in the studied 
species, in particular in B. neritina (Vishnyakov & Ostrovsky, unpublished data), Aquiloniella scabra25 and D. 
fruticosa (this study). Coelomocytes (and presumed peritoneal cells) with bacteria embedded in their cyto-
plasm were indeed recorded inside the ooecial vesicle in B. neritina20. Nevertheless, extensive TEM studies of 
B. neritina ovicells at various stages of placental development (Vishnyakov and Ostrovsky, unpublished data) 
have not revealed bacteria between placental cells adjoining a developing embryo. The fact that these cells are 
provided with both tight and adherens junctions (e.g., B. neritina and Bicellariella ciliata73,80), and additionally 
are covered by a cuticle (albeit thin) raises the question of whether coelomocytes with bacteria and/or bacteria 
alone can move through the very thick hypertrophied placental epithelium. Interestingly, Miller with co-authors48 
detected a gene encoding chitinase in the genome of the symbiont of B. neritina that could potentially be used 
for cuticle piercing.

Another opportunity for the vertical transfer of symbionts is their transport via the supraneural coelomopore 
during oviposition  (see20,81). In this case, free bacteria in the cavity of the maternal zooid could stick to the 
ovulated oocyte before its transfer into the brood cavity via the coelomopore. However, free bacteria were never 
recorded in the zooidal cavity. For the Watersipora species, an assumed variant of symbiont transmission is 
through a strand of mucus extending from the maternal zooid to the released larva and tethering it for a few 
 minutes68.
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Environmental transmission, when bacteria are acquired from the surrounding seawater, is an alternative 
option for symbiont acquisition. It may potentially occur either via infection of brooded larvae inside the ovicell 
by bacteria entering the brood cavity from the external environment or via infection of larvae during the free-
swimming period by bacteria from the water column. Published images by Sharp and co-authors40 showed the 
presence of both symbiotic bacteria and bryostatins both inside the ooecial vesicle and in the peripheral part of 
the brood cavity, close to the entrance of the ovicell. Although these authors stated that such close “locations of 
both the bacterial symbionts and the bryostatins demonstrate that the B. neritina–‘E. sertula’ association has a 
delivery system for both the symbionts and the bryostatins to embryos within the ovicell” (40, p. 699), we argue, 
based on the above-mentioned data, that this statement remains a probable yet unproven speculation. Our 
numerous unpublished TEM images indicate the presence of a large number of bacteria filling the brood space 
between the embryos and the ovicell wall in the brood chambers with and without developing larvae. These 
bacteria, attracted by some chemical signal(s), can enter the ovicells from outside and infect larvae. Until the 
transfer of bacteria through the wall of the ooecial vesicle or during oviposition is documented, environmental 
transmission remains the more probable method. Notably, recent studies on sponge microbiotas showed that 
the environmental transmission is widespread in this group of suspension  feeders82.

The hypothesis of external acquisition of bacteria by the bryozoan hosts leaves different infection pathways 
open. Some of these could potentially develop into vertical transfer. Beyond the infection of larvae, prokaryotes 
could enter feeding autozooids via the mouth (and further through the intestinal epithelium into the zooidal 
cavity), through the coelomopore—a presumed entrance for alien  sperm76,81,83, or by direct infection of the 
tentacles (probably by penetration through the outer epithelium).

We should stress that FBs were absent in zooidal buds and the youngest zooids with functional polypides 
in the growing branch tip of one colony of D. fruticosa collected in June. This suggests that bacteria are not 
transmitted from the older colony parts (and, thus, are not inherited from the founding larvae), but obtained 
from the external medium since older (and more proximal) zooids had FBs. This idea is supported by the lack 
of signs of transfer of bacteria between zooids via communication pores and their pore-cell complexes in Dend-
robeania fruticosa and Aquiloniella scabra in our TEMs. In contrast, fluorescence microscopy showed symbionts 
in the non-feeding zooidal bud of the newly-formed small colony of B. neritina40. Bacteria were also present in 
the preancestrula formed during larval metamorphosis. It remains unknown whether they can move from the 
preancestrula to the bud along with coelomocytes, with growing funicular cords or both before the formation of 
transverse walls that isolate newly budded zooids. So, interzooidal transfer to budding sites is possible, and the 
youngest zooids with functional polypides in the growing tips of D. fruticosa could already receive bacteria too, 
but FBs were not yet developed. Thus the question of interzooidal/intracolonial transport of bacteria remains 
open.

Two infection pathways—via larvae and by direct penetration through the tissues of the functional polypide, 
potentially exist in the same species. This is the case in B. neritina, which has morphologically different symbionts 
in FBs and in the  tentacles20. Bacteria in the epithelial wall of the tentacle sheath and ooecial vesicle (see above) 
could potentially get there via both pathways, or enter the zooid via the coelomopore (third way), subsequently 
becoming entrapped by coelomocytes or cells of the cystid wall.

Finally, the presence of bryozoan sibling species, some of which have symbionts while others do not, and the 
presence of symbiotic and aposymbiotic colonies within the same  species79, suggests that bacteria can be lost 
and acquired anew at both short- and long-term time scales, as occurs in hermatypic corals and their symbiotic 
 zooxanthellae84–86. In this light, it would be important to know whether FBs can develop anew in D. fruticosa 
after overwintering in the same zooids, or whether they appear only in newly budding zooids. What is the 
source of bacteria in overwintered colonies? Is it an external infection, or some ‘survivor’-cells (descendants of 
the bacterial pool from the larva that overwintered inside epithelial cells and/or coelomocytes), or both? This 
will require further study.

Symbiont population dynamics in Dendrobeania fruticosa and its potential drivers. Whatever 
the route used by bacteria to enter zooids, they are apparently immediately ‘trapped’ by somatic cells. Free bacte-
ria have never been observed inside the zooidal cavity, another argument against their passage through the wall 
of the ooecial vesicle to the ovicell.

We have shown that regardless of the as-yet-unknown mode of FB development, these temporary organs and 
the symbionts inside them undergo seasonal changes. Early and mature FBs with non-modified morphology 
and ‘healthy’ bacteria were found in young zooids only in the colonies collected in June. In one of these colonies, 
older zooids contained FBs at the initial stage of degradation. In the same month, one colony possessed FBs 
either at the early-advanced degradation stage (in young zooids) still containing numerous bacteria or at the late-
advanced and even terminal stages in old, presumably overwintered zooids. At the initial stage of modification, 
the slightly developed ‘interlayer’ space between the inner and outer FB cell layers contained fibrils (presumed 
virus-like particles). Interestingly, the cells of the inner lining apparently engulfed some of the bacterial cells 
by phagocytosis, supporting our interpretation of the origin of these cells from coelomocytes in this species.

One to two months later (August–September), all examined FBs were either at the middle-, or the late-
advanced stages of degradation. The number of bacteria in the FB internal cavity distinctly decreased, the inner 
layer of cells became thinner, and in some regions remained only as a double membrane. The protein-synthesis 
apparatus was seen only occasionally, and engulfed bacteria were no longer visible inside the inner cells. A wide 
ILS, formed between the cells of the outer and inner layers, contained abundant putative virus-like particles 
(Figs. 2, 10). All these FBs were recorded in feeding and non-feeding zooids in the non-growing distal parts of 
colony branches.
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Polypide recycling and a seasonal drop of planktonic food alone cannot explain these changes. Firstly, modi-
fied FBs were found in zooids with both degenerated and functioning polypides. Secondly, the initial stages of 
FBs degradation were detected in June when phytoplankton is abundant in the White Sea (e.g.87). We therefore 
propose the following scenario for the sequence of changes in FBs and their possible causes. In June, newly-
formed zooids build funicular bodies containing bacteria that were acquired either from outside or via internal 
transfer from older colony parts. During that month, FBs begin to degrade. This process continues throughout 
the rest of the summer. The mid-advanced stage of FB degradation, with few modified bacteria surviving and 
distributed on the periphery of the FB cavity, was recorded in August. This stage is reminiscent of the final stage 
in Lutaud’s49 descriptions of the gradual destruction of FBs accompanied by the disappearance of bacterial symbi-
onts in Bugulina turbinata. In late September, FBs change and bacteria disappear, probably through viral lysis (the 
induction of prophages) (Fig. 2). Young and non-modified FBs were never encountered in August and September, 
indicating that development of FBs occurs only in young zooids at the growing tips of colony branches in June.

Vishnyakov et al.20 recently described the degradation of symbiotic prokaryotes in Bugula neritina and Par-
alicornia sinuosa accompanied by a change in bacterial morphology similar to bacteriophage-mediated lysis. 
Degradation process was accompanied by the appearance of polyhedral VLPs in B. neritina and by the formation 
of structures similar to the so-called metamorphosis-associated contractile complexes (MACs) in P. sinuosa. 
These complexes are phage-related structures whose activity eventually results in the cell lysis,  see88. Although 
the fate of FBs was not analyzed in their paper, these two VLP variants were observed both inside the bacteria 
and in the FB internal space by Vishnyakov and co-authors20.

In D. fruticosa, presumed VLPs in the form of spherical complexes (as clusters of straight filaments) are 
present inside bacteria and, together with their fragments, inside the ILS. The filaments were also observed in 
the free state, frequently curved (apparently flexible) in the internal cavity of FBs. ILS was mostly filled with 
‘fibrils’ (potentially representing modified/corrupted filaments) and ‘globules’, although filaments were inciden-
tally recorded inside ILS too. We suggest that, in D. fruticosa, filaments may represent bacteriophage virions. 
This interpretation is supported by their appearance being associated with the degradation of bacterial cells, as 
in the case of VLP in B. neritina and P. sinuosa. Nonetheless, the morphology of the spherical complexes built 
from the filaments in D. fruticosa is unique: they do not resemble any known group of bacterial viruses. We found 
these putative VLPs inside ILS between the outer and inner FB cell layers. It remains unclear whether they travel 
there from the FB internal cavity or self-assemble inside ILS from individual filaments that were incidentally met 
there too. We add that spherical complexes, complete or partial, were recorded inside ILS of the funicular bodies 
in non-overwintered (collected on 31 September 2019) and presumably overwintered (14 June 2021) zooids.

A filamentous morphology is known from only one bacteriophage from the order Tubulavirales, which 
includes two families Inoviridae and  Plectoviridae89. Although inoviruses or plectoviruses have never been 
reported to assemble in any regular macrocomplexes, the ability of the filamentous Pf phages (inoviruses) of 
Pseudomonas aeruginosa to form nearly regular liquid crystalline assemblages was recently  demonstrated90 (see 
also  review91). Interestingly the formation of such crystals required interactions with bacterial or eukaryotic 
polymeric molecules such as polysaccharides, DNA and probably  mucin90,91.

The development of filamentous phages in bacterial cells usually does not kill the cells because these viruses 
assemble, along with extrusion from the infected bacterium, without disrupting its cell wall (reviewed  in92). 
However, cell death mediated by filamentous prophage induction has been reported in P. aeruginosa due to the 
emergence of so-called superinfective phage  variants93–95. Accordingly, the degradation of bacteria in D. fruticosa 
associated with bacterial viruses is possible.

Since the assembly of known filamentous phages is associated with their extrusion from the cell, virions 
should not accumulate inside bacteria. Although filamentous assembly intermediates may be present  (see92), they 
are not expected to accumulate in such large quantities and/or form superstructures in the bacterial cytoplasm 
like the ones we found in D. fruticosa (Fig. 9). Our observations revealed nothing resembling the extrusion of 
a filamentous phage from the surface of a bacterial cell. Therefore, if the described filaments are indeed VLPs, 
they may represent a new type of bacterial virus.

Even though many details remain unknown, we assume that the filaments, ‘globules’, ’fibrils’, and spherical 
structures in D. fruticosa are of viral origin. Their development following the total disappearance of bacteria in 
FBs indicates their bacteriophage nature. If so, our observations support the idea that viruses control the number 
of symbionts in their bryozoan  host20, as has been reported in some  insects85,86,96.

Data availability
All the data produced during this study are available from Andrew Ostrovsky.
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