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ABSTRACT
Despite recent genomic studies and increased molecular data, epitheliocystis remains an enigmatic fish disease with no experi-
mental in vitro or in vivo models to aid the advancement of research. In this study, we revert to a classical microscopical approach 
and screen with the electron microscope the epitheliocystis lesions caused by a Ca. Parilichlamydia sp., infecting mucus cells in 
Greater amberjack. We report distinct morphological features of this bacterial family, characterised by Intermediate Bodies that 
closely resemble those of previously described Candidatus similchlamydia, and Elementary Bodies that exhibit morphological 
similarities to Chlamydia trachomatis. We describe the characteristics of a novel Chlamydial Inclusion Membrane (IM) type, 
with abundant interdigitations, possibly shaped by fusion of the IM with cytoplasmic vesicles, and moreover discuss the presence 
of multivesicular bodies in the infected cell. Our observation of immune cells in the infected areas indicates an interaction of 
macrophages with infected cells, a role for granular cells as pathogens reservoirs and an active phagoptosis process in the nearby 
areas, overall shedding light on cellular immune processes characterising these infections in fish hosts.

1   |   Introduction

Chlamydial pathogens are highly specialised obligate intracel-
lular Gram-negative bacteria, widely distributed in diverse envi-
ronments and affecting more than 400 eukaryotic hosts including 
higher vertebrates, invertebrates and protists (Moulder  2019). 
These bacteria, which can often reinfect or persist in the organ-
ism following first infection (Hogan et al. 2004), target cells of 
genital, intestinal and ocular mucosal barriers (Premachandra 
and Jayaweera  2022; Yang et  al.  2021), causing characteristic 
chronic and latent/subclinical infections (Bavoil 2014).

In fish hosts, Chlamydiae have been implicated as causative 
agents of epitheliocystis disease, a gill and skin infection in 
which intracellular bacteria cause the distinctive formation of 

intracellular inclusions (reviewed in (Blandford et al. 2018)). 
Six of the nine currently recognised families of the Chlamydial 
order, Ca. Piscichlamydiaceae, Ca. Clavichamydiaceae, Ca. 
Parilichamydiaceae, Parachlamydiaceae, Simkaniaceae and 
Rhabdochlamydiaceae, have been so far associated with the 
condition (Blandford et  al.  2018; Pawlikowska-Warych and 
Deptuła 2016; Stride et al. 2014), with different bacterial spe-
cies found in different hosts, overall suggesting a fish host-
specificity for these pathogens (Stride et  al.  2014). Between 
these families, the Candidatus family Parilichlamydiaceae, 
currently including two proposed genera Ca. Similichlamydia 
and Ca. Parilichlamydia, and observed in at least eight fish 
hosts, has received increasing attention due to its evolu-
tionary significance revealed by its deeply branching posi-
tion in the Chlamydial taxonomic trees (Stride et  al.  2013c; 
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Taylor-Brown et al. 2017b). Despite the considerable interest 
in this chlamydial family and the increasing number of bac-
teria associated with it, our understanding of these patho-
gens and their biology remains limited. A few recent studies 
employing Next-Generation Sequencing (NGS) techniques 
have shown that those agents have highly reduced genomes 
characterised by minimal metabolic capacity and enriched in 
transporters likely used to scavenge nutrients from the host 
(Pillonel et al. 2018; Taylor-Brown et al. 2018; Taylor-Brown 
et al. 2017a).

Given the current absence of in  vitro validation for genomic 
findings, microscopic observation of the lesions continues to 
be a crucial tool, albeit limited, to complement the emerging 
NGS data. One such observation is that lesions associated with 
Parilichlamydiaceae are observed in different areas of the gill 
including the filaments and the lamellae, where they seem to 
cause minimal to no epithelial proliferation in the different fish 
hosts (Guevara Soto et al. 2016; Seth-Smith et al. 2017; Steigen 
et al. 2015, 2013; Stride et al. 2013a, 2013b, 2013c; Taylor-Brown 
et  al.  2017a). Moreover, different mechanisms of division of 
the Ca. Parilichamydiaceae species have been proposed based 
on both ultrastructural and genomic observations (Pillonel 
et al. 2018; Seth-Smith et al. 2017), with bacteria dividing by a 
budding mechanism (Seth-Smith et al. 2017).

Epitheliocystis in Greater Amberjack in Greece has been 
attributed to two coinfecting bacterial agents, a novel 
Betaproteobacteria and a Ca. Parilichlamydia sp. with 98.64% 
similarity with Ca. Parilichlamydia carangidicola (Cascarano 
et  al.  2022). In this host, two distinct disease manifestations 
were observed. The acute form involved an infection of inter-
lamellar mitochondria-rich cells (also known as chloride cells), 
characterised by pronounced focal epithelial proliferation and 
associated fish mortalities. In contrast, the chronic form pre-
sented as a non-proliferative intracellular infection affecting 
mucous cells along the trailing (afferent) edge of the filament 
(Cascarano et al. 2022). It should be noted that the term trailing/
afferent edge refers to the same area of the filament, the edge 
which trails the water flow, and it is adjacent to the afferent ar-
tery (Wilson and Laurent 2002).

Epitheliocystis infection of mucous cells has been previ-
ously described in carp, Cyprinus carpio, by Molnar and 
Boros (1981) and by Paperna and Alves Dematos (1984). These 
authors provided the first analysis of the ultrastructure of in-
fected mucous cells and investigated the morphology of the 
infective agents, but were unable to include molecular data, 
which was not yet accessible at the time. On the other hand, 
the 16S rRNA is available for the closest relative, the bacte-
ria Ca. Parilichlamydia carangidicola, which was described 
in Seriola lalandi in Australia in epithelial cells (Stride 
et al. 2013a).

While the acute infection of interlamellar chloride cells is cur-
rently being attributed to a Beta-proteobacterium (Cascarano 
M.C. and Katharios P., unpublished data), the chronic infec-
tion of mucous cells along the trailing/afferent edge of Greater 
Amberjack is subject to ultrastructural investigation in the 
present study. Our aim is to clarify the nature of the infective 
agent, investigate its intracellular association with the cell 

organelles, and explore the local cellular immune response to 
infection.

2   |   Materials and Methods

2.1   |   Fish Sampling, Molecular Analysis 
and Histology

Greater amberjack were sacrificed during an experiment where 
the onset and progression of epitheliocystis were monitored 
for over 1 year in cage-reared fish in Souda Bay, Crete, Greece. 
For extended methods, one can refer to (Cascarano et al. 2022). 
Briefly, 85 fish from the same fish cohort were sampled in eight 
different months, following their transfer from a pathogen-free 
inland hatchery to the sea cages. Gill samples were preserved 
in 96% ethanol, RNAlater, 10% phosphate buffer formalin and 
4F:1G (McDowell and Trump fixative, 4% formaldehyde +1% 
gluteraldehyde in phosphate buffer), depending on the analysis 
to perform, which included molecular analysis and histology.

In the aforementioned experiment, fish gills were tested with 
PCR to detect the presence of bacterial pathogens associated 
with epitheliocystis using primer sets for known gamma-
proteobacteria, beta-proteobacteria and chlamydial agents 
(Cascarano et al. 2022). Histological analysis was moreover exe-
cuted in all 85 samples, following gill dehydration and inclusion 
in glycol methacrylate resin (Technovit 7100; Heraeus Kulzer, 
Wehrheim, Germany). Sections were obtained by cutting 4 μm 
gill slices with a microtome (RM 2245; Leica Biosystems, 
Nussloch, Germany) and stained with methylene blue/azure 
II/basic fuchsin (polychrome stain) or periodic acid–Schiff 
(PAS) (Periodic Acid–Schiff (PAS) Stain Kit; Tcs Biosciences, 
Buckingham, UK). Each sample was screened for the pres-
ence of epitheliocystis lesions, marking cyst location along the 
filament and changes (if any) in the surrounding epithelium 
(Cascarano et al. 2022).

2.2   |   Electron Microscopy

All gill samples in which the distinctive infection of mucous 
cells along the trailing edge of the filament was observed were 
retained to select an appropriate sample to process for electron 
microscopy. To increase the possibility of sectioning infected 
cells along the thin trailing/afferent edge of the filaments, only 
samples with abundant cysts were considered. Moreover, gills 
showing evident coinfection with other bacteria or monogenean 
parasites were excluded. The chosen sample belonged to a 366 g 
fish which was sacrificed in December 2018, 4 months after 
transfer to the sea cages. The gills of this fish were positive for 
both Ca. Parilichlamydia sp. and Ca. Ichthyocystis epithelio-
cystis agents (PCR positive signals) and displayed numerous 
infected mucous cells, which were observed in almost all fila-
ments (trailing edge and filament tip) of multiple gill arches.

Gills preserved in 4F:1G were rinsed with Sodium Cacodylate 
Buffer (SCB) (0.1 M, pH 7.2) for 15 min for three times. Following 
rinsing, gills were fixed with 1% osmium tetroxide for 2 h at RT 
and rinsed with 0.1 M SCB buffer for 15 min for three times. 
The fixed sample was dehydrated by ascending grade ethanol 

 13652761, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jfd.14146 by Pantelis K

atharios - C
onsorcio Interuniversitario D

o Sistem
a U

niversitario D
e G

alicia (C
isug) , W

iley O
nline L

ibrary on [21/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3 of 14

solutions (30, 50, 70, 80, 90, 95 and 100% ethanol for 15 min 
for each concentration) and treated with 100% dry ethanol for 
20 min, followed by immersion into propylene oxide twice for 
15 min each. Following dehydration, filaments from different 
arches were divided into different blocks and treated with in-
creasing mixed solutions of resin embedding media (Durcupan 
ACM, Sigma Aldrich) and propylene oxide (V:V = 1:3; V:V = 1:1; 
V:V = 3:1, for 1 h in each solution) and finally in 100% resin 
embedding media overnight. The recipe for the resin embed-
ding media included: 10 mL of Durcupan single component A, 
M epoxy resin; 10 mL of Durcupan single component B, hard-
ener 964; 0.3 mL of Durcupan single component C, accelera-
tor 960 and 0.3 mL Durcupan single component D, plasticiser. 
Afterwards, the sample was dried at 60°C for 48 h.

Sections were cut from the embedded gills with cross-sections 
of the trailing/afferent edge and of the filament tip, using an ul-
tramicrotome LEICA EM UC7. Sections were stained with tolu-
idine blue and observed with a light microscope to progressively 
discard tissues and reach a region of interest. Once a lesion or 
an area of interest was located, up to three 70 nm thick sections 
were taken and placed on a copper 300-mesh grid. Samples on 

the grid were stained with lead citrate and uranyl acetate and 
observed in the transmission electron microscope JEOL JEM-
2100 (University of Crete) at 80 KV.

3   |   Results

Longitudinal sections of the tip and trailing edge of the fila-
ments showed several infected mucous cells often clustering in 
infected groups (Figure 1A–C). Infected cells were also observed 
along the trailing edges of multiple neighbouring filaments and 
in proximity to the interbranchial septum, in areas rich with 
lymphocytes (Figure 1D). Such cells were never observed along 
the leading edge.

Infected mucous cells were hypertrophic and showed a distinct 
polarisation, with intracellular bacteria always observed in an 
enclosed compartment at the bottom of the cell above the nu-
cleus, and the apical part of the cell filled with mucin granules 
(Figure 1A,C). In some areas, the rupture of the cyst with release 
of the bacteria on the epithelium was observed (Figure 1D), or the 
presence of detached whole bacterial inclusions (Figure 1D,E).

FIGURE 1    |    Histology of infected gill filaments, polychrome stain. (A) infected mucous cells in the trailing edge of the filament, above the affer-
ent artery (arrow). (B) Illustration of a partial gill arch (modified from Cascarano et al. 2022) indicating the position of the infected cells. (C) Higher 
magnification of the area in box A. (D) Rupture of the inclusion and bacterial release (multiple arrowhead), or the whole inclusion detached from the 
filament (arrowhead). (E) Higher magnification of a detached whole bacterial inclusion.
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In comparison with the small (up to 20 μm height and 8 μm width), 
pear-shaped, uninfected neighbouring mucous cells, infected cells 
are hypertrophic and rounder in shape (up to 28 μm in diameter). 
The cell morphology changes to accommodate the intracellular ex-
panding bacterial inclusion, which was observed in TEM to range 
between 5 and 25 μm in diameter. The bacterial compartment pro-
gressively fills the cytoplasmic space to the detriment of the upper 
space available to contain the mucin granules (Figure 2A,B).

We observed the different chlamydial morphological forms in 
different sizes of inclusion.

Within the smallest observed inclusions (Figure  3A–C), we 
mostly observed densely aggregated electron-dense chlamydial 
reticulate bodies (RBs). Two forms of RBs were observed: 1–2 μm 
elongated dominant bacterial forms with single nucleoids and 
bigger amorphous multinucleated bacteria (Figure  3B,C). In 
these inclusions, the interbacterial space appears minimised 
and RBs are in close contact with one another, tightly wrapped 
in the inclusion (Figure 3B).

In the largest inclusions of up to 15 μm (Figure  3D–G), the 
dominant bacteria morphology is intermediate bodies IBs, 300–
500 nm in diameter, with an electron-dense central nucleoid 
(100–110 nm) and an electron-dense cytoplasmic area in prox-
imity to the bacterial membrane (Figure 3D). Several amorphous 
electron-light (toluidine blue unstained) multinuclear 1 μm RBs 
are moreover observed (Figure 3E). IBs appear to originate by 
budding of amorphous RBs (Figure 3D) and moreover from bi-
nary fission between IBs (Figure 3E). Multiple IBs are observed 
to be connected by cytoplasmic bridges in a pearl necklace-like 
structure (Figure 3F). Very few electrodense elementary bodies 
(EBs) are observed in the inclusion (Figure 3G). Bacteria are less 
densely aggregated in the inclusion and the abundant interbac-
terial space is filled with an electron-dense granular substance 
(Figure 3D), which is acidophilic when stained in toluidine blue.

In the inclusions above 15 μm (Figure 3H,I) we observed less inter-
bacterial substance with a more granular texture. Amorphous RBs 
are more regular in shape and appear almost completely spherical 
(Figure 3H,I). From multinucleate round RBs several IBs originate 
by budding which also share cytoplasmic bridges (Figure 3H). IBs 
appear to be smaller, uniform in size (300 nm) and more compact, 
with few electrodense cytoplasm around the nucleoid (Figure 3I). 
Several electron-dense 200 nm EBs originate from IBs in several 
areas of the inclusion (Figure 3I), wide 4 μm wide aberrant chla-
mydial bodies can be observed (Figure 2B).

The electron-dense inclusion membrane (IM) surrounds the 
intracellular space occupied by the replicating bacteria, located 
between the nucleus (Figure 4A,B) and the above-located mucin 
granules (Figure 4C,D). In the early stages of replication, when 
the inclusion is still small and bacterial forms are still preva-
lently RBs, the inclusion membrane is tightly wrapping the 
bacteria and its surface is mostly smooth (Figure 3B). With the 
progression of the infection, bacteria are loosely sparse in the in-
clusion and often not in contact with the IM (Figure 3B). In this 
stage, and up to the largest observed inclusions, the inclusion 
membrane is not smooth but displays numerous characteristic 
interdigitations of 100–200 nm (Figure 4B). Longer interdigita-
tions with electron-dense granular material are seen in the in-
terface with the nucleus (Figure 4B) and in the upper interface 
with the mucin granules compartment (Figure 4C).

The electron-dense cytoplasm of the infected cell exhibits numer-
ous electron-light vesicles, approximately 150–200 nm in diameter. 
These vesicles are particularly prominent beneath the nucleus of 
the cell (Figure 4A) and in the cytoplasmic periphery of the cell 
surrounding the granules (Figure 4D). In many areas, such vesi-
cles appear to fuse with the inclusion membrane (Figure 3B).

In other cytoplasmic areas in proximity to the inclusion mem-
brane, we observed multiple membrane stacks/vesicles con-
taining 50–80 nm electron-dense granules (Figure 4E,F). These 
vesicles are observed to interdigitate and/or fuse with the bacte-
rial inclusion (Figure 4F). The biggest vesicles can reach up to 
0.7 μm and resemble multivesicular bodies (Figure 4F).

The inspection of the areas surrounding the infected cells re-
vealed the presence of different cell types, including epithelial 
cells, lymphocytes, mitochondria-rich cells and migrating mac-
rophages (Figure 2A).

FIGURE 2    |    TEM of infected mucous cells with nucleus (n), cyto-
plasm (c), bacterial inclusion (i) and mucin granules (g). Surrounding 
cells include lymphocyte-like cells (L), other mucous cells (MC), emp-
ty mucous cells (EMC), mitochondria-rich cells (MRC) and migrating 
macrophage-like cells (MLC). (A) Longitudinal section of infected mu-
cous cell (epithelium surface on the bottom of the picture marked with 
black arrowhead). (B) Cross-section of an infected cell. In the inclusion 
(i) note a big aberrant bacterial cell (asterisk).
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FIGURE 3    |    Changes in bacteria morphologies with increasing inclusion size. Inclusion of 5 μm (panel A–C), 14 μm (panels D–G) and 20 μm 
(H, I). (A) Infected mucous cell with cytoplasm (c), nucleus (n) and mucin granules (g), lymphocyte (l). (B) In between granules (g), an inclusion 
membrane (black arrowhead) displays tightly packed amorphous bacteria (asterisk) and elongated bacteria with an electron-dense nucleus (white 
arrowheads). (C) Higher magnification of a reticulate body (RB) above granules (g). (D) Intermediate bodies IB, budding from RB (black arrowhead), 
intersperse with a dense interbacterial substance (asterisk). Note the presence of few elementary bodies (EB) (multiple arrow). (E) Binary fission 
between IBs (white arrow). (F) Multiple IBs connected by cytoplasmic bridges (black arrowheads). (G) EB in proximity of IBs (multiple arrow). (H) 
Several IBs originate from single amorphous polynucleated RB or are connected to each other (black arrowheads). Nucleus (n) of the infected cell. (I) 
Electron-dense EBs originate from IBs (white arrows).
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At least one macrophage with extended pseudopods was observed 
in proximity to one of the observed infected cells (Figures 2A, 
5A). In one specific case, we observed a macrophage cytoplas-
mic projection adhering to the infected cell (Figure 5B,C). In the 
adhesion area, the macrophage cytoplasm appears void of organ-
elles and only displays a rough endoplasmic reticulum stack and 
the presence of small vesicles with electrodense content near the 

membrane (Figure 5C). On the other side, the cytoplasm of the 
infected cell appears more electrodense and has finely granular 
electrodense particles (Figure 5C).

Below the infected cells, in deeper areas of the filament closer 
to the afferent artery, we observed some peculiar granulocytes, 
with toluidine blue-stained basophilic granules (Figure 5D,E). 

FIGURE 4    |    The inclusion membrane. (A) Infected cell with nucleus (n), cytoplasm (c), electron-lucent cytoplasmic vesicles (black arrowhead). 
(B) Higher magnification of the area in from box A, with cytoplasm (c), and membrane invagination containing electron-dense granular material 
(black arrow). Note electron-lucent vesicles in the cytoplasm (black arrowheads) fusing with the inclusion membrane (multiple arrow). (C) Interface 
between inclusion (i) and mucin granules (g) separated by the inclusion membrane (multiple arrow), electron-dense substance in between bacteria 
(asterisk). (D) Infected cell in the interface between mucin and inclusion; the cytoplasm at the periphery (c) is rich in electron-lucent empty vesicles 
(black arrowheads). (E) Area with a high number of interdigitations in the inclusion membrane. (F) Higher magnification of the area in the black box 
E, indicating the presence of a multivesicular body (black arrow) fusing with the inclusion membrane. Electron-lucent vesicles in the cytoplasmatic 
side (black arrowhead).
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FIGURE 5    |     Legend on next page.
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These cells always displayed a round-to-oval shape, electron-
loose cytoplasm, round-to-oval nucleus with condensed pe-
ripheral chromatin, and few granules (Figure  5F). Granules 
were uniformly electron-dense and regular in most cells, while 
different sizes and appearances were observed in some cells 
displaying slight degranulation. In the cytoplasm of these gran-
ulocytes, we observed 0.5 to 1 μm electron-lucent membrane-
bound vesicles, containing 200–300 nm electrodense bacteria in 
contact with the vesicle membrane (Figure 5F). In some cases, 
non-electrodense bacteria could be observed also in lysosomal 
compartments (Figure 5G), and in phagosomes (Figure 5H).

Other immune cells were detected in the deeper layer of the trail-
ing/afferent edge of the gills, including a number of phagocytic 
cells digesting whole cells (Figure 6A–D), cells looking like pre-
cursors of macrophages (Figure 6E), precursors of granulocytes, 
and eosinophil-like granulocytes (Figure  6F). As observed in 
other infected cells (Figure 6B) some of the phagocytized cells 
resemble mucous or granular cells due to the numerous inter-
nal granules (Figure  6C). Cells containing long cytoplasmic 
projections and bundles of microfilaments were also observed 
(Figure  6A,B), one of which contained phagocytized cells 
(Figure 6B).

4   |   Discussion

4.1   |   The Infecting Agent

What we have previously described as chronic stages of epithe-
liocystis infection (Cascarano et al. 2022) is confirmed here to 
be a chronic infection of the mucous cells in the mucosal area 
of the trailing/afferent edge of greater amberjack gill filaments. 
The intracellular bacteria infecting mucous cells display the typ-
ical morphology of a chlamydial agent, and, according to our 
previous 16S sequencing results, have 98.64% similarity (partial 
alignment, 79% query cover) with Ca. Parilichlamydia caran-
gidicola described from yellowtail kingfish (Seriola lalandi) in 
Australia (Stride et al. 2013a).

The infecting Chlamydial agent displays two forms of RBs, 
one elongated and the second amorphous and multinucleated 
(Figure  7A). Elongated RBs were observed only in the small-
est inclusions and could therefore represent an initial stage of 
transition from the primary EB. In the closest observed species 
of the genus, Ca. Parilichlamydia carangidicola, epitheliocystis 
agent on Seriola lalandi, neither EBs nor multinucleated amor-
phous RBs were observed (Stride et al. 2013a). Even though in 
the aforementioned study the nature of the infected cell was not 

discussed, it is important to underline that chlamydial inclu-
sions were in a central position of the interlamellar area (areas 
in which also mucous cells are often observed) and that the bac-
terial infection did not produce a clear proliferative response 
(Stride et al. 2013a). Closer similarity of RBs was observed with 
bacteria from Ca. Similichlamydia sp. in gilthead seabream 
in Greece, with similar aberrant bodies and budding of IBs 
which are observed also connecting by bridges (Seth-Smith 
et  al.  2017). In their study, Seth-Smith and colleagues (Seth-
Smith et al. 2017) suggested a shared RBs budding mechanism 
between Chlamydiae from water vertebrates and observed sim-
ilarity of Similichlamydia RBs with aberrant chlamydial forms 
produced in other species in the presence of antibiotics or nu-
trient restrictions (see the study on C. trachomatis in (Lambden 
et al. 2006)). Such observations might be valid also in our case. 
In the present study, we observed also IBs and few small uni-
formly electrodense EBs (Figure 7A). Since we did not observe 
inclusions above 20 μm, we assume that in larger inclusions, a 
higher ratio of this final infectious stage would be expected. The 
shape of RBs was not described in Ca. Parilichlamydia carangid-
icola (Stride et al. 2013a) and our findings suggest a clear differ-
ence with other members of Similichlamydia, Actinochlamydia 
and Parilichlamydia, given the fairly uniform round shape and 
electron-dense granular content appearance of this body, resem-
bling mostly the EBs of C. trachomatis (Zigangirova et al. 2013).

We observed a decreasing staining affinity of the chlamydial in-
clusion with time, with bacteria strongly staining with toluidine 
blue only at very early stages of infection (small inclusions). In 
later stages, it might appear that bacteria stain significantly less, 
while the interbacterial substance inside the inclusion stained 
blue. We observed that interbacterial material is not observed 
in small inclusions (densely aggregated RBs only), increases sig-
nificantly with the appearance of IBs in bigger inclusions and 
decreases slightly with the appearance of EBs in the biggest in-
clusion observed.

In carp fry obtained from pond farms in Hungary, Molnar 
and Boros (Molnar and Boros 1981) described infection of mu-
cous cells with significant similarities to the ones depicted in 
our study. Interestingly, these authors also observed that the 
inclusion is stained dark blue in early stages (10–15 μm inclu-
sion, haemalaun and Giemsa stain) and lighter afterwards 
(70–80 μm) (Molnar and Boros 1981). It was moreover observed 
that, once the biggest size is reached, the inclusion ‘pushes’ to-
ward the surface of the epithelium, where it can be released with 
slight compression of the epithelium and, when extruded, it re-
tains its size and shape. Chlamydial bacterial forms described 
from Hungary resemble closely the IBs observed in our study 

FIGURE 5    |    Immune cells in proximity of infected mucous cells (asterisk). (A) Macrophage-like cell (MLC) with extending pseudopods and a 
phagocytic cell (white arrow) displaying in its cytoplasm a phagocytized cell (pc). (B) Interaction between an infected mucous cell and a macrophage. 
(C) Higher magnification of the area in box B showing the cytoplasmatic projection of the macrophage adhering to the infected cell (area between 
arrows) in proximity of the chlamydial inclusion membrane (multiple arrow). (D) Semithin-section, toluidine blue-stained area between the infected 
cell and the afferent artery showing granular cells (arrows). (E) Histology polychrome stain of the area between the infected cell and the afferent 
artery showing granular cells (arrows). (F) TEM of a granular cell with multiple vesicles containing bacterial-like electron-dense peripheral bod-
ies (multiple arrows). (G) Granular cell in proximity of an infected mucous cell, displaying bacteria-like structures inside phagolysosomes (white 
arrowheads) and in a vesicle (black box). (H) Higher magnification of an area in the black box G. Autophagosome assembles around a cytoplasmic 
membrane-bound structure, a bacterium is observed in a second vesicle.
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and are even connected in tandems by cytoplasmatic bridges. 
Paperna and Alves Dematos (Paperna and Alves Dematos 1984) 
observed also similar connections of IBs in the mucous cells 
of carp farmed in Israel and Portugal. In their study, though, 
different cell types and many bacterial forms were observed, 
suggesting also in their case a coinfection of multiple agents. 
Observation of EBs in carp infected mucocytes, coupled with 
supporting molecular data, would greatly help the identification 
of potential phylogenetic relationships between bacteria found 
in the same cells and different hosts.

4.2   |   Intracellular Infection of Mucous Cells

While the study of mucous cells in fish is still in its infancy, 
we are gathering significant knowledge on their functioning 
from mammal models. For example, it is now well established 
that the process of mucus secretion and exocytosis of mucin 
granules (Burgoyne and Morgan 2003; Verdugo 1990, 1991) is 
coupled with a mechanism of upper membrane endocytosis to 
maintain both membrane and secretory potential of the cell 
in balance and moreover guarantee the continuous secretory 

FIGURE 6    |    Longitudinal section of the deeper layer of the trailing/afferent edge below infected mucous cell. (A) Granular cell with secondary ly-
sosomes containing either bacteria or secretory granules (multiple arrowhead); Phagocytic cell with nucleus (n) and phagocytized cells (pc); cell with 
elongated cytoplasmic extensions and numerous cytoplasmatic filament bundles (white arrows). (B) Phagocytic cell with nucleus (n) and phagocyted 
cells (pc). Cytoplasmic projections containing filamentous bundles (white arrow). Nearby a cell resembling the precursor of a mucous cell (PMC). (C) 
Continuation of the previous picture with filaments in cytoplasmic projection of the phagocytic cell (white arrow), moreover showing another phago-
cytic cell containing a phagocytized cell (pc) resembling a granular cell or a mucous cell. (D) Degranulating or apoptotic granular cell in proximity 
of a phagocytic cell with nucleus (n) containing different level of degenerating phagocytized cells (pc). (E) cell resembling a macrophage (PMO). (F) 
Precursor of eosinophil-like granulocyte with segmented bilobular nucleus (PELG) and a eosinophil-like granulocyte (ELG) with long cytoplasmatic 
projection terminating with several vesicles.
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capabilities of the cell (Gundelfinger et al. 2003). Such ‘recy-
cling’ of portions of the cytoplasmic membrane in secreting 
cells (a process known as exo-endocytosis coupling) has been 
discussed in mice intestinal goblet cells, where it has been 

shown that parts of the secretory granule membrane are re-
endocytosed after granule secretion and trafficked to either 
lysosomes (for degradation), Golgi (for membrane recycling) 
or even transited to other cells for immune processing of the 

FIGURE 7    |    Bacterial morphology and proposed Chlamydial infection cycle inside mucous cells. (A) Variation of bacterial forms within lesion. (1) 
Reticulate bodies (RB) in elongated forms dividing by binary fission, and amorphous multinucleated forms. Bacteria are closely adhering to each oth-
er (no interbacterial space) and have electrodense cytoplasm staining with toluidine blue. (2) Amorphous multinucleated bodies from which interme-
diate bodies (IB) originate by polar budding. (3) IBs can divide and remain connected by cytoplasmic bridges. (4) Rounded electrodense Elementary 
bodies (EB). (B) Section of the trailing/afferent edge of the gills where infected mucous cells are to be found. (C) Normal mucous cell showing the 
exo-endocytic coupling regulating plasma membrane surface balance with endocytic vesicles trafficked to lysosome, Golgi and possibly transcytosis. 
(D) Early chlamydial inclusion developing above the cell nucleus, possibly redirecting endocytic vesicles to the inclusion. (E) Expansion of the chla-
mydial inclusion and possible fusion of multivesicular body (MVB) blue vesicle, with inclusion membrane. Note the interaction with the adhering 
macrophage. (F) Extrusion of the inclusion in the water, as observed in previous studies (Cascarano et al. 2022). (G) Rupture of the cyst releasing 
bacteria on the epithelium as observed in previous studies (Cascarano et al. 2022). (H) Putative secondary infection of granular cells.
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external lumen contents (transcytosis) (Gustafsson et al. 2021) 
(Figure 7C).

In our study, we did observe the presence of small empty ves-
icles in the upper cytoplasmic membrane of uninfected muco-
cytes in proximity to the mucus secretion pore (not shown). Size 
and shape of such vesicles resemble the numerous small vesicles 
found in proximity to the IM in infected cells, which seem, at 
different points, to fuse with the inclusion, forming the char-
acteristic invaginations. We moreover observed that the shape 
of the IM changes over time, with bigger inclusions displaying 
an increased number of IM interdigitations, and a lower num-
ber of surface mucin granules. While a completely different 
kind of study is necessary to prove the ability of Chlamydiae to 
scavenge endocytic vesicles from the exo-endocytic coupling in 
our model, it is well known that intracellular bacteria require 
host cell membrane to expand their intracellular niche during 
replication (Case et  al.  2016). Our hypothesis is that, if Ca. 
Parilichlamydia could redirect endocytic vesicles, less mem-
brane would be available for mucin granule production and, 
instead, would be available for the expansion of the inclusion, ex-
plaining the simultaneous increase in size of IM and decrease in 
mucus content of the infected cell (Figure 7D,E). Consequently, 
the chlamydial agent could be actively interfering with mucin 
granules formation and mucus secretion during infection, with 
multiple implications in the disease development.

Aside from the membrane surface, obligate intracellular bac-
teria need to scavenge nutrients from the host cell. In other 
Chlamydial studies, it has been shown that bacterial effectors 
secreted and inserted in the IM, the inclusion membrane pro-
teins (INCs), can promote nutrient acquisition through redi-
rection of cell nutrient-rich exocytic vesicles transiting from 
the Golgi apparatus, or trafficking of multivesicular bodies 
(MVB) (Elwell et  al.  2016). Multivesicular bodies are special-
ised heterogeneous late endosomes that include proteins and 
lipids to be recycled, degraded or expelled from the cell (Denzer 
et al. 2000; Piper and Luzio 2001). In C. trachomatis, MVBs are 
hijacked by the bacteria and their content is delivered into the 
bacterial inclusion to promote bacterial intracellular develop-
ment and, moreover, for the reactivation of persistent bacteria 
(Beatty  2006, 2008; Gambarte Tudela et  al.  2015; Robertson 
et al. 2009). Importantly, in mucous cells, glycoproteins, which 
are necessary to form the mucin granules, are also trafficked 
from the Golgi (Neutra and Leblond 1966). In our work, we ob-
served a chlamydial inclusion containing RBs and IBs to be in 
contact with vesicles containing electron-dense granules resem-
bling MVBs. While the fusion and nature of such compartments 
is far from being demonstrated for these non-cultivable bacteria, 
our observations suggest the possibility of a common mecha-
nism of scavenging late endosomes in Ca. Parilichlamydia and 
C. trachomatis (Figure 7E). Moreover, if the intracellular bacte-
ria could indeed redirect vesicles from the Golgi, it could also be 
scavenging mucin precursors.

In the absence of in vivo infection models, it is not possible to 
state if the extrusion of the whole bacterial inclusion observed 
in histology (Cascarano et al. 2022), and similarly noted in carp 
(Molnar and Boros 1981), is just a post-mortem artefact. Aside 
from the abundant evidence of detached whole cysts in our sam-
ples, we do consider cyst extrusion a possibility because such 

a mechanism is described as a conserved exit mechanism in 
other Chlamydial species (Zuck, Sherrid, et al. 2016). Extrusion 
of whole inclusion has been shown in detail in C. trachomatis 
(Volceanov et al. 2014) and is believed to be a strategy aiming 
to increase bacterial survival outside the infected cell and as-
sist transmission to other cells, or even other hosts (Hybiske and 
Stephens  2007). Whole extruded chlamydial inclusions have 
been moreover proved to be engulfed and disseminated in other 
areas by macrophages (Zuck, Ellis, et al. 2016).

4.3   |   Local Cellular Immune Response to 
Chlamydial Infection

Macrophages, which are known to populate gills mucosal tissue 
(Koppang et al. 2015), can be additionally recruited from other 
areas by proinflammatory signals, as it has been described in C. 
trachomatis (reviewed in (Lausen et al. 2019)). Activated mac-
rophages migrate with chemotaxis to infected areas in response 
to different stimuli, moving using pseudopods and mobile pro-
cesses (Mathias et al. 2009; Rougerie et al. 2013). They perform 
various tasks and can have a direct cytotoxic effect on damaged 
or virus-infected cells, or facilitate cytotoxic action by activating 
lymphocytes (Alexander and Evans  1971; Corthay et al.  2005; 
Haabeth et al. 2011; Porta et al. 2015) through Toll-like receptor 
and interferon pathways (Müller et al. 2017). Macrophages are 
also potential host cells susceptible to infection, as it has been 
shown that other chlamydial species can survive phagocytosis 
and reside (but not replicate) in these cells, making them possible 
vehicles for bacterial dissemination (Herweg and Rudel 2016). 
In our study, a thorough comparison with uninfected gills is 
missing, which would have helped in discriminating between 
resident immune cell populations and immune cells migrating 
in the area during infection. Nevertheless, at least one macro-
phage was observed in proximity to every chlamydia-infected 
cell, with one macrophage even showing an area of adhesion to 
an infected cell (Figure 7E). Even if additional studies are nec-
essary to support this observation, the direct contact between 
macrophage and infected mucous cell shown here suggests 
a direct cytotoxic action by transfer of cytotoxic compounds. 
Importantly, none of the inspected macrophages was observed 
to contain chlamydial bodies, while we observed non-replicating 
bacteria inside granular cells.

In proximity to the infected cells and in deeper layers of the fil-
ament, we observed several cells that were described as phago-
cytic cells containing whole cells. Such description was made 
based on the observation of cells including large phagosomes 
containing whole degrading cells (resembling mucous cells or 
granular cells) and, moreover, for similarity to the mononuclear 
phagocytes engulfing eukaryotic cells described in fish spleen 
(Dyková et  al.  2022). Phagoptosis (or primary phagocytosis) is 
the killing of a viable cell by phagocytosis which is related to 
the expression of specific ‘eat me signals’ following stress, dam-
age or senescence of the cell (Brown and Neher 2012); associated 
with biological processes as cell turnover, regulation of inflam-
mation and defence against pathogens and cancer cells (Brown 
and Neher 2012; Brown et al. 2015). While this process has been 
extensively studied in mammals, it was predicted to be the sub-
ject of future studies in teleost (Esteban et  al.  2015), where it 
has been related to apoptotic cell clearance in zebrafish models 
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(Blume et al. 2020). It is interesting to notice that in our study 
most phagocytized cells resemble mucous or granular cells. 
Considering that both these cell types have been shown to be 
putatively infected by the Ca. Parilichlamydia agent, this could 
lead us to hypothesise that infected cells are recognised and tar-
geted by immune phagocytic cells and that phagoptosis is part of 
the mechanisms activated during chlamydial infection of cells 
in fish gills.

A number of granular cells were observed in the deeper layer 
of the trailing/afferent edge of the gills, below the layer of in-
fected cells, of which a few displayed some degree of degranu-
lation. In our study, we pointed to the presence of one or two 
different types of bacteria (based on different electron-density) 
inside lysosomal compartments or in endocytic vesicles in cells 
neighbouring chlamydial-infected cells. Considering that our 
screened sample was positive for two different agents, we sug-
gest that one or even both epitheliocystis agents infecting greater 
amberjack could transit or reside in these cells, with proximity 
to infected mucous cells mostly supporting this evidence for 
the chlamydial agent. The presence of non-replicating bacteria 
in infected immune cells can cause persistency of the agents in 
the tissues following the first infection (Hogan et al. 2004), and 
might explain the prolonged observation of Chlamydial signal 
obtained by PCR screening during our previous monitoring 
study (Cascarano et al. 2022).

Based on this study and our previous observations in histology 
(Cascarano et al. 2022), extrusion of whole inclusions from the 
epithelium, rupture of the inclusions with bacterial dissemina-
tion on the epithelia and persistence in immune cells can all be 
potential means of transmission and dissemination of this chla-
mydial pathogen (Figure 7F–H).
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