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Abstract
Nodular gill disease (NGD) is an emerging condition associated with amoeba tropho-
zoites in freshwater salmonid farms. However, unambiguous identification of the 
pathogens still must be achieved. This study aimed to identify the amoeba species 
involved in periodic NGD outbreaks in two rainbow trout (Oncorhynchus mykiss) farms 
in Northeastern Italy. During four episodes (February–April 2023), 88 fish were eu-
thanized, and their gills were evaluated by macroscopic, microscopic and histopatho-
logical examination. The macroscopic and microscopic severity of the lesions and the 
degree of amoebae infestation were scored and statistically evaluated. One gill arch 
from each animal was put on non-nutrient agar (NNA) Petri dishes for amoeba isolation, 
cultivation and subsequent identification with SSU rDNA sequencing. Histopathology 
confirmed moderate to severe lesions consistent with NGD and mild to moderate 
amoeba infestation. The presence of amoebae was significantly correlated with le-
sion severity. Light microscopy of cultured amoebae strains and SSU rDNA analysis 
revealed the presence of a previously characterized amoeba Naegleria sp. strain GERK 
and several new strains: two strains from Hartmannelidae, three vannelid amoebae 
from the genus Ripella and cercozoan amoeba Rosculus. Despite the uncertainty in 
NGD etiopathogenesis and amoebae pathogenic role, identifying known and new 
amoebae leans towards a possible multi-aetiological origin.
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1  |  INTRODUC TION

The rainbow trout (Oncorhynchus mykiss, Walbaum) is the most 
commonly farmed fish in Italy, with numerous facilities located near 
sources of cold and well-oxygenated water, such as the basins in the 
Northeastern part of the country. Numerous diseases affect pro-
duction, and in recent years, severe gill lesions have been reported 
to be associated with amoebic parasite infestation, referable to the 
so-called nodular gill disease (NGD).

NGD is an emerging disease affecting freshwater salmonids 
worldwide. It was first described in rainbow trout in Canada (Daoust & 
Ferguson, 1985, 1986) and in the United States (Bullock et al., 1994). 
Since then, NGD episodes were reported also in Europe, Denmark 
(Buchmann et  al.,  2004), Poland (Antychowicz,  2007), Germany 
(Dyková et  al.,  2010), the Czech Republic (Dyková & Tyml,  2016), 
Italy (Quaglio et  al.,  2016), Spain (Bermúdez et  al.,  2019), Russia 
(Kudryavtsev et al., 2022) and Switzerland (Vannetti et al., 2023).

Rainbow trout is the most affected species, but outbreaks of 
NGD have also been reported in brown trout (Salmo trutta) (Perolo 
et  al.,  2019), chinook salmon (Oncorhynchus tshawytscha) (Tubbs 
et al., 2010), arctic char (Salvelinus alpinus) (Speare, 1999) and brook 
trout (Salvelinus fontinalis) (Perolo et al., 2018).

In Italy, the disease manifests from autumn to early spring, with 
greater severity in winter when the water temperature is under 
12°C. The most affected animals are juveniles, around 20 g, but sub-
adult trout (around 100 g) can be infected, and the cumulative mor-
tality can reach 60% (Quaglio et al., 2016).

NGD outbreaks show many resemblances with the well-known 
amoebic gill disease (AGD) affecting saltwater salmonids and caused 
by Neoparamoeba perurans (Young et al., 2007).

Fish affected by NGD show severe respiratory distress, including 
surface swimming, ataxia and flared opercula. Macroscopically, the 
gills show excessive mucous production and a characteristic club-
like appearance of filament tips, visible as multifocal to coalescent 
whitish nodules, indicative of severe epithelial hyperplasia. This can 
be better observed histologically as prominent respiratory epithelia 
proliferation producing extensive lamellar fusion with obliteration of 
the interlamellar space, mucous cell hypertrophy, lamellar oedema, 
necrosis and sloughing of epithelial cells. These changes contribute 
to the filaments' characteristic ‘clubbing’ (Speare & Ferguson, 2006).

The aetiological agent causing NGD has not been identified so 
far with certainty: Thecamoeba hoffmani (Buchmann et  al.,  2004; 
Sawyer et  al.,  1974), Rhogostoma minus (Dyková & Tyml,  2016), 
Cochliopodium sp. (Bermúdez et al., 2019; Daoust & Ferguson, 1985; 
Noble et  al.,  1997; Tubbs et  al.,  2010; Vannetti et  al.,  2023) and 
other amoebae from the genera Acanthamoeba, Hartmannella (now 
Vermamoeba), Naegleria, Protacanthamoeba, Ripella, Saccamoeba, 
Mycamoeba and Vannella (with recent isolation of Vannella mustala-
htiana sp. nov. from Kudryavtsev et al., 2022) (Dyková et al., 2010; 
Jensen et al., 2020; Padrós & Constenla, 2021; Vannetti et al., 2023) 
have been proposed through the years. These findings support the 
hypothesis that a single agent might not cause the disease, which 
can be instead the result of multifactorial conditions that possibly 
involve multiple amoeba species.

Other factors, such as environmental conditions and concomi-
tant infection from other pathological agents (e.g. bacteria), must be 
evaluated to clarify the etiopathogenesis of this condition and pro-
ceed toward a definitive assignment of disease causation through 
compliance with the Bradford Hill criteria and Koch's postulates.

In the present work, two Italian farms rearing rainbow trout and 
cyclically affected by NGD were monitored during the late winter 
and the beginning of spring 2021. The aim was to isolate and charac-
terize the amoeba species possibly associated with the disease onset 
and to establish if a correlation existed between the abundance of 
amoebae and the severity of the lesions.

2  |  MATERIAL S AND METHODS

2.1  |  Samples collection

The two rainbow trout farms in the Trentino region (Northeastern 
Italy) with suspected cases of NGD were monitored based on the re-
ports by the trout farmers. The two farms are located on different riv-
erwater basins: the Sarca River (farm A) and the Chiese River (farm B) 
(Figure 1). Samples were collected between February and April 2021. 
Fish were monitored for clinical signs of NGD, including lethargy, 
mortality and severe respiratory insufficiency (Antychowicz, 2007; 
Buchmann et al., 2004; Padrós & Constenla, 2021; Perolo et al., 2019; 
Quaglio et al., 2016). Environmental parameters (temperature, dis-
solved oxygen, water pH) and fish performance metrics (mean ani-
mal weight, animal rearing density and cumulative mortality) were 
collected for each sampling event. Moribund fish were euthanized 
by overdose of tricaine methanesulphonate (MS-222) anaesthetic 
solution (Pharmaq, Hampshire, UK) and immediately transported to 
the laboratory located within the farms for fresh mount examination 
and preliminary NGD diagnosis. Gills from positive fish were sam-
pled and immediately put in 10% neutral-buffered formalin (NBF) 
or on non-nutrient agar (NNA) plates. They were then transported 
to the laboratories of the Department of Comparative Biomedicine 
and Food Science (BCA) of the University of Padua for histology, to 
the Department of Veterinary Medical Sciences for parasitological 
examination and to the Institute of Parasitology, Biological Centre 
of the Czech Academy of Science for amoebae cultivation, isolation 
and identification.

A total of 88 fish were collected over four samplings. Fourteen 
fish were collected in February 2021 from farm A, 18 fish, 22 fish 
and 34 fish were sampled from farm B over three samplings be-
tween February and April 2021.

2.2  |  Macroscopic examination of the fish

A complete necropsy was performed on each animal selected for the 
analyses, visually examining the gill arches and the main organs (liver, 
spleen, kidney, heart and digestive tract). For the macroscopic evalu-
ation of branchial arch hyperplasia status, a numerical score indicat-
ing the severity of the lesions was applied to each arch (Table 1, first 
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column), modifying the classification method proposed for AGD evalu-
ation of saltwater salmonids (Taylor et al., 2009) and more recently for 
NGD evaluation of rainbow trout (Vannetti et al., 2023), obtaining a 
macroscopic score (MaS) for each animal sampled in the study.

Once the MaS of each animal was scored accordingly, a gill macro-
scopic index (GMaI), calculated as the mean of all the MaS, was esti-
mated for each NGD outbreak, as similarly done by Taylor et al. (2016). 
A mean index was also calculated, defined as the mean of all the indi-
vidual MaS together, regardless of the sampling location.

2.3  |  Fresh microscopic examination of the gills

From each animal's first right gill arch, a wet mount of gill scrap-
ing was obtained to evaluate and confirm the presence of amoebic 
trophozoites. The scrapes were evaluated in the in-farm laboratories 
with an optic microscope (Nikon Eclipse E100, 2015).

2.4  |  Gill histopathology

Each animal's first left gill arch was sampled and fixed in 10% NBF 
for 48 h, dehydrated in ethanol series and embedded in paraffin. 
Several sections were cut at 4 μm and stained with haematoxylin and 

eosin (HE), and Giemsa stainings, to better visualize trophozoites 
(Quaglio et al., 2016). Giemsa-stained slides were visualized with a 
Nikon Eclipse Ci-L (2011) optical microscope. Slides were evaluated 
to assess the severity of the hyperplastic reaction and the presence 
and distribution of the amoebae. The lesions' severity and the de-
gree of amoebae infestation were scored numerically following the 
method proposed by Perolo et al.  (2019) modified from Clark and 
Nowak (1999), obtaining a microscopic score (MiS) and an amoebic 
score (AS) (Table  1, second and third columns respectively). Once 
the MiS and AS of each animal were scored, a gill microscopic index 
(GMiI) and a gill amoebic index (GAI) were calculated for each out-
break as the mean of all the MiS and AS respectively.

Mean Indexes, defined as the mean of all the MiS and all the AS 
together, regardless of the sampling location, were also calculated.

2.5  |  Amoebae cultures maintenance, microscopic 
examination and molecular identification

A portion of the second left gill arch from each animal was put in 
NNA Petri dishes free from inactivated bacteria for the cultivation 
of cultures. The primary isolates obtained on day 10 post-inoculation 
were transferred to 1.5% nutrient agar containing malt nutrient agar 
with malt and yeast extracts with a few drops of PAGE solution 

F I G U R E  1 Map of the study highlighting the two sampling sites, farm A (red dot) and farm B (yellow dot).
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TA B L E  1 Macroscopic (MaS), microscopic (MiS) and amoebic scores (AS) applied to estimate the severity of the lesions.

Score Macroscopic (Mas) Microscopic (MiS) Amoebae (AS)

0, Null Absence of lesions, the gills have a physiological 
red colour

Physiological aspect of filaments and 
lamellae, absence of any sign of 
tissue suffering or alteration

Complete absence of 
encysted or free 
amoebae

1, Very mild Scattered focal area with mild proliferation and/
or mild discoloration at the filament tips

Most filaments and lamellae have a 
physiological appearance; possible 
presence of a slight hyperplastic 
reaction in the apexes of some 
filaments

Occasional presence of 
single amoebae, mainly 
encysted in the tissue 
surface

2, Mild ≤10% of gills showing mild proliferations and/or 
discolorations at the filament tips

The hyperplasia affects more than half 
of the filaments for a third of their 
length, with a club-like appearance

Small groups composed 
of 3–4 amoebae, free 
or encysted along the 
tissue surface

3, Moderate 10%–20% of gills showing proliferations of 
filament tips and thickening of the mucous 
layer

Gill arches with diffuse and modest 
epithelial proliferation affecting up 
to half the length of the filaments 
or branchial arches with few 
filaments affected by an intense 
hyperplastic reaction with fusion 
at the apical level; lamellar fusion, 
epithelial necrosis and mild to 
moderate goblet cells hyperplasia 
are frequent

Most hyperplastic 
filaments have groups 
with more than five 
amoebae, free or 
encysted along the 
tissue surface
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(Page, 1988) and then subcultured in Petri dishes with regular daily 
observation of the cultures. These agar plate cultures were main-
tained in an incubator at 15°C. None of the cultures were completely 
purified of accompanying bacteria, and no bacteria were added as 
food.

Petri dishes containing amoebae were washed using PAGE solu-
tion, and a drop of amoebae suspension was added to the cover 
slide. Amoebae were let to adhere for at least 30 min in a wet cham-
ber. Then, the cover slide was used to observe amoebae in a hanging 
drop preparation using an Olympus BX51 (2000) light microscope 
equipped with Nomarski DIC optics and an Olympus DP71 digital 
camera.

Amoeba cultures were washed off agar plates, concentrated by 
centrifugation and resuspended in 400 μL TNES-urea buffer (10 mM 
Tris–HCl with pH 8; 125 mM NaCl; 10 mM EDTA; 0.5% SDS and 4 M 
urea). Classic phenol-chloroform extraction (Sambrook et al., 1989) 
was used to obtain amoebae cultures DNA with overnight diges-
tion with proteinase K (50 μg mL-1180; Serva, Germany) at 55°C. 
Extracted DNA was stored at −20°C.

PCRs were performed using an AccuPower® PCR PreMix (Bioneer, 
South Korea) containing 0.5 μL of each primer (25 pmol), 18 μL DNAse-
free water and 1 μL extracted DNA at a concentration of 50–200 ng/
μL. Samples were prepared using the following primer combina-
tions: (i) ERIB1 (5′-ACCTGGTTGATCCTGCCAG-3′) and ERIB10 
(5′-CTTCCGCAGGTTCACCTACGG-3′) (Barta et al., 1997) or (ii) 620F 
(5′-GCCAGCACCCGCGTAATTCC-3′) (Tyml et  al.,  2016) and ERIB10 
(Barta et al., 1997). Primer pair ERIB1 + ERIB10 amplifies almost com-
plete SSU rDNA, whereas primer pair 620F + ERIB10 amplifies approx-
imately 1500 bp. Cycle parameters were set as follows: Denaturation 
95°C for 3 min, followed by 35 cycles of 94°C for 1 min, 58°C for 1 min, 
72°C for 2 min with a terminal extension at 72°C for 10 min. PCR ampl-
icons were extracted from the gel using the Gel/ PCR DNA Fragments 
Extraction Kit (Geneaid Biotech Ltd., USA) and sequenced directly 
(SEQme, Czech Republic) using the Sanger method. Obtained PCR 
products with low band intensity or unclear sequencing results were 
cloned into the pDrive vector using a Qiagen PCR Cloning Kit (Qiagen, 
Germany) and transformed into competent E. coli cells. Plasmids were 
purified with a High Pure Plasmid Isolation Kit (Roche Applied Science, 

Score Macroscopic (Mas) Microscopic (MiS) Amoebae (AS)

4, Severe 20%–50% of gills showing proliferations of 
filament tips and/or discoloration, with mucus 
patches

Most of the gill arch is affected by 
hyperplasia; the affected filaments 
show epithelial proliferation for 
more than two-thirds of their 
length and often there is a fusion 
of 3–4 filaments. In addition to 
sloughing and necrosis, there is 
marked hypertrophy of goblet cells

Continuous sequence of 
amoebae along the 
tissue surface of the 
hyperplastic filaments, 
with the possible 
presence of clusters of 
encysted amoebae

5, Very severe >50% of gills affected by severe lesions The hyperplastic reaction affects 
the entire gill arch; the affected 
filaments along their entire length 
are fused together in groups of 
five or more. Sloughing, necrosis 
and goblet cells hyperplasia are 
common

Numerous groups of 
amoebae that cover the 
filaments and occupy 
the inter-filamentary 
spaces and the 
pseudocysts formed by 
the fusion of lamellae 
and filaments

Note: MiS and AS were assessed by histological examination. MaS scoring system was modified from the classification method proposed for AGD 
evaluation of saltwater salmonids (Taylor et al., 2009, 2016) and NGD for rainbow trout (Vannetti et al., 2023). MiS and AS follow the method 
proposed by Perolo et al. (2019) and modified from Clark and Nowak (1999).

TA B L E  1 (Continued)
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Germany), and five plasmid clones were sequenced using the Sanger 
method (SEQme, Czech Republic). To determine the identity and phy-
logenetic relationships of amoebae strains, a BLAST search was first 
performed to identify SSU rDNA sequences with the highest similarity 
to the studied amoebae strains. Then, five individual alignments were 
prepared that included all available sequences of closely related amoe-
bae available in GenBank. Nucleotide sequences were aligned using 
Mafft version 7.490 (Katoh & Standley, 2013) implemented in Geneious 
Prime v 11.1 (Kearse et al., 2012), using the E-INS-I algorithm, with a 
gap opening penalty of 2.0. Maximum likelihood (ML) analyses were 
performed using RAxML v7.2.8 (Stamatakis, 2014) with the GTR + Γ 
model of nucleotide substitution. Bootstrap supports were calculated 
from 1000 replicates. Strain-specific divergences were identified from 
proportional distances (in %) calculated in Geneious Prime based on 
the alignments used for the ML analysis.

2.6  |  Statistical analysis

The data distribution between the two sampling sites was analysed 
using the Mann–Whitney nonparametric test.

The correlations among the diagnostic scores were expressed 
by Pearson's correlation coefficient (ρ), and the degree of agree-
ment between the diagnostic classification criteria was assessed by 
Cohen's weighted kappa (κ).

Values between .1 and .3 were considered a weak correlation, 
between .4 and .6 moderate correlation and between .7 and .9 
strong correlation.

The software IBM-SPSS Statistics 28.01 was used to perform 
the statistical analyses. The level of significance was set at p < .05.

3  |  RESULTS

3.1  |  Samples collection

All the fish collected exhibited clinical signs consistent with NGD, in-
cluding lethargy, surface swimming, flared opercula and skin darkening.

The mean weight of the fish in both farms was 20–35 g, and the 
animals were raised with a 20 kg/m3 density. The cumulative mor-
tality in both farmings and for all samplings reached 20%–30% over 
the sampling period. The water temperature remained stable, being 
10–10.5°C in both farms, as well as the pH that was 7.5–8 in farm A 
and 7–8 in farm B. Dissolved oxygen concentration varied from 9 to 
9.5 mg/L in farm A to 12 mg/L in farm B.

These water quality parameters remained constant in all four 
samplings in both farms over the sampling period examined.

3.2  |  Macroscopic examination of fish

Macroscopically, the gills showed hypermucosity, alternated anae-
mic and congested areas and characteristic multifocal to coalescent 

white nodules distributed along the filament distal extremities, ref-
erable to several adjacent filaments clubbed and fused (Figure  2). 
In the most severe cases, overgrowth of microorganisms referable 
to oomycetes of the genus Saprolegnia sp. was also observed. After 
opening the coelomic cavity, most subjects showed a brown discol-
oration of the liver, likely referable to prolonged hypoxia and hyper-
capnia. The other organs were unremarkable.

The MaS of each animal was scored and reported in Appendix S1; 
the mean indexes GMaI for each sampling and the mean cumulative 
index are reported in Table 2.

Altogether, most of the gill arches had a moderate to severe level 
of macroscopic changes, and were assigned with higher frequency to 
MaS scores 3 and 4, with no entry registered for score 0 (Figure 3).

The GMaI varied from 2.57 to 3.75, with a mean index of 3.50 
among all the samplings.

TA B L E  2 Gill macroscopic index (GMaI), gill microscopic index 
(GMiI) and gill amoebic index (GAI) were calculated for each 
sampling (N = 4) as the mean between all the calculated MaS, 
MiS and AS respectively. A mean index, reporting the mean of all 
the calculated scores, regardless of the outbreak location, is also 
provided.

Sampling GMaI GMiI GAI

N. 1 (farm A)
(n: 14)

2.57 ± 0.23 3.00 ± 0.23 1.14 ± 0.21

N. 2 (farm B)
(n: 18)

3.72 ± 0.11 4.33 ± 0.14 2.44 ± 0.17

N. 3 (farm B)
(n: 22)

3.50 ± 0.33 3.77 ± 0.23 2.41 ± 0.18

N. 4 (farm B)
(n: 34)

3.75 ± 0.15 3.88 ± 0.13 2.65 ± 0.16

Mean index 3.50 ± 0.11 3.81 ± 0.10 2.31 ± 0.10

Note: Data are shown as mean ± SEM (standard error of the mean).

F I G U R E  2 Rainbow trout (Oncorhynchus mykiss). Pale nodules in 
the distal part of the filaments (arrowheads) referable to nodular gill 
disease (NGD).
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3.3  |  Fresh microscopic examination of gills

When observed microscopically, the gill fresh mounts were charac-
terized by a high number of alive amoebic trophozoites lining the gill 
surface or clustered between the lamellae. At 100× magnification, 
morphologically distinct subgroups of naked amoebae, with typical 
free pseudopods (Figure 4a) and testate amoebae, characterized by 
a shell-like structure (Figure 4b), were observed.

3.4  |  Gill histopathology

The lesions observed in the 88 gill arches examined histologically re-
vealed extensive hyperplasia of the respiratory epithelium, causing the 
rounding up of filaments extremities, obliteration of the interlamellar 

spaces and fusion of adjacent filaments (Figure 5a). In the most severe 
cases, the filaments of the entire gill arch were fused together, causing 
a profound alteration of the gill architecture (Figure 5b). Other signs 
within the hyperplastic areas included spongiosis of the apical por-
tions of the hyperplastic filaments (Figure 6a), lamellar oedema, ne-
crosis and cellular sloughing of the respiratory epithelium, goblet cell 
hyperplasia and leucocyte infiltration of the filament axes (Figure 6b). 
In groups or single, numerous polyhedric amoebic elements with 
high Giemsa affinity were noted attached along the hyperplastic fila-
ments (Figure 6c), encysted within the epithelial surface (Figure 6d), 
or within interlamellar pseudocysts (i.e. the space formed by apical 
fusion of adjacent lamellae) (Figure 6e). Trophozoites were character-
ized by a 15–25 μm diameter, one paracentral micronucleus, a clear 
perinuclear halo and numerous cytoplasmic basophilic to metachro-
matic granulations and vacuolizations (Figure 6f).

The scores of MiS and AS of each animal are reported in 
Appendix S1, the mean indexes GmiI and GAI for each sampling 
and the corresponding cumulative Mean Index are reported in 
Table 2.

Altogether, most specimens showed a moderate to severe hy-
perplastic disease (similar to macroscopic lesions) and were assigned 
with higher frequency to MiS scores 3, 4 and 5, with no entry reg-
istered for score 0 (Figure 3). The amoebic infestation was instead 
most frequently evaluated as mild to moderate, with a higher fre-
quency of AS scores 1, 2 and 3 (Figure 3).

The GMiI varied from 3.00 to 4.33, with a mean index of 3.81 
among all samplings. The GAI varied from 1.14 to 2.65, with a mean 
index of 2.31 among all the samplings.

3.5  |  Amoebae morphological and molecular 
identification

Twelve primary amoebae isolates were obtained from 48 samples 
of gill arches showing signs of NGD and selected for amoebae 

F I G U R E  3 Observed score frequencies of the three diagnostic 
classifications (AS, amoebic score; MaS, macroscopic score; MiS, 
microscopic score) in sample farms A and B. The description of the 
scores is reported in Table 1.

F I G U R E  4 Gill fresh mounts showing the presence of naked amoebae (a) and testate amoeba (b). The arrowheads highlight the 
characteristic shell-like structure of testate amoebae (b).
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cultivation. Subsequent subculturing of these isolates resulted 
in cultures of five different strains. Based on morphology and 
phylogenetic analysis, these strains were assigned to the genus 
Rosculus (Figure 7a), Copromyxa (Figure 7b), Ptolemeba (Figure 7c), 
Naegleria (Figure 7d) and Ripella (Figure 7e). Rosculus, Copromyxa 
and Ptolemeba were only detected in samples from farm A isolated 
in February 2021, while Ripella amoebae were very abundant in all 
isolates from farm B isolated in April 2021 and were not detected 

in isolates from farm A. Rosculus sp. strains were the most abun-
dant amoebae in farm A and were present in four out of five pri-
mary isolates. Naegleria strains were the only ones detected in 
both farms.

All strains of Rosculus, the most abundant amoeba from farm A, 
were identical based on their SSU rDNA sequence and clustered in 
close relation to Rosculus piscicus. Ptolemeba sp. strain SARCA12B 
clustered together with all sequences of Ptolemeba bulliensis and 

F I G U R E  6 (a) The apex of the filament (*) shows prominent intercellular oedema (spongiosis), viewed as clear spaces within the gill 
epithelium, Giemsa stain. (b) Sloughing of respiratory epithelial cells (arrows) and leucocyte infiltration (*) of some gill filaments, Giemsa 
stain. (c) Apical hyperplasia of gill filaments showing clusters of trophozoites (*) along the surface. Trophozoites are characterized by intense 
Giemsa affinity, Giemsa stain. (d) Detail of amoeba trophozoites (arrows) encysted within the epithelial surface of the filament, Giemsa stain. 
(e) Presence of lacunae or pseudocysts (*) within the hyperplastic lamellae, containing cellular debris and trophozoites, and hypertrophic 
goblet cells (arrow), haematoxylin and eosin (HE). (f) Detail of a trophozoite with one paracentral micronucleus, a clear perinuclear halo and 
numerous cytoplasmic basophilic to metachromatic granulations and vacuolizations, Giemsa stain.

F I G U R E  5 (a) Entire gill arch showing the microscopic alteration of the gill structure, characterized by hyperplasia of the respiratory 
epithelium with fusion of adjacent filaments (*) and lamellae, resulting in obliteration of the interlamellar spaces and classic club shape of the 
filaments, Giemsa stain. (b) Detail of severe alteration of the gill structure, involving an extensive portion of the gill arch and the fusion of 
approximately 10 filaments, Giemsa stain.
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    |  9 of 14BROCCA et al.

revealed more than 99% similarity with all of them. Copromyxa sp. 
strain SARCA3 was identified only in one primary isolate, and it clus-
tered independently within Copromyxa species close to Copromyxa 
cantabrigiensis and C. vandevyveri.

Sequencing of Ripella isolates revealed they contained many 
morphologically indistinguishable but molecularly distinct Ripella 
strains. Due to their co-occurrence, we were able only to obtain 
three SSU rDNA sequences of these Ripella strains in good quality 
(strains CHIESE 83/1, CHIESE 83/2 and CHIESE 60). These three 
molecularly identified Ripella strains clustered independently, show-
ing relatively high distance from each other (84%–94% similarity) 
and the other Ripella species and strains available in GenBank. Only 
the Ripella sp. strain CHIESE 83/1 was closely related to Ripella 
sp. GERL34 (GenBank HM363631). All three isolated Naegleria 
strains (represented by strain SARCA12) were identical to the strain 

Naegleria sp. GERK (GenBank HM363629). The phylogenetic rela-
tionships of all strains are represented in Figure 8. Sequences ob-
tained in this study were deposited in GenBank under accession 
numbers PP258995-PP259001.

3.6  |  Statistical analysis

The comparison of data distribution between Mas, MiS and AS re-
vealed a statistically significant difference (p = .001) between Farm 
A and Farm B.

In farm A, the medians were 3.0 (1–4) for Mas, 3.0 (2–5) for MiS 
and 1.0 (0–3) for AS.

In farm B, the medians were 4.0 (2–5) for MaS, 4.0 (1–5) for Mis 
and 3.0 (0–5) for AS.

F I G U R E  7 Differential interference contrast light photomicrographs of amoebae strains identified in NGD outbreaks. (a) Rosculus sp., (b) 
Copromyxa sp., (c) Ptolemeba sp., (d) Naegleria sp., (e) Ripella spp.
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The statistical analysis also revealed the existence of a sig-
nificant (p < .001) moderate correlation between the different 
scores:  .614 between MaS and AS scores, .528 between MiS and 
AS scores and  .465 between MaS and MiS scores. The accuracy 
was not significant between MaS and AS scores and significant 
but unremarkable for MaS-MiS and MiS-AS scores. The results are 
reported in Table 3.

4  |  DISCUSSION

This study represents one of the first attempts to overcome the 
anecdotal approach to the description of NGD in rainbow trout. 
Currently, most of the literature is based on case reports and de-
scriptions of disease outbreaks. Although of considerable value, 
more in-depth studies are needed to establish the role of amoebae 
in this disease.

Given the high prevalence of rainbow trout farming systems in 
the Northeastern region of Italy and the high prevalence reported 
in the last decade of amoebic elements associated with hyperplastic 

gill disease (Cocco et al., 2023), this area was selected as a starting 
point for a rigorous evaluation of the disease.

Notably, a statistical evaluation of the macroscopic and micro-
scopic lesions associated with the intensity of amoebic infestation 
was performed and coupled with a strain identification that de-
tected new and already reported amoebae strains, increasing the 
available dataset.

Even if some limiting factors must be considered, such as the dif-
ferent numerosity of the samplings (a frequent occurrence when field 
factors constrain research) and the wider sampling window for farm 
B, the two farms (which supply their water from two different river 
basins) showed an overall different amoeba profile and different se-
verities of lesions, with farm B having a more severe level of amoebic 
infestation compared to farm A as testified by the higher GMaI, GMiI 
and GAI. This difference was also confirmed statistically by the non-
parametric test. The higher scores in farm B may be associated with 
the numerous Ripella sp. strains, which were not present in farm A. 
However, this observation is not supported by statistical significance.

The histological evaluation confirmed the gill hyperplasia associ-
ated with the presence of amoebae. A general parallel trend between 

F I G U R E  8 Maximum likelihood trees based on SSU rDNA sequences showing phylogenetic relationships of amoebae strains identified in 
NGD outbreaks. Bootstrap support values are indicated at each node. GenBank accession numbers of SSU sequences are listed next to the 
taxon names.
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the severity of macroscopic lesions and the severity of gill hyperplasia 
and amoebic infestation was observed by the pathologists. There was 
a higher tendency to assign macroscopic and microscopic lesions to 
higher scores (3–5), while the evaluation of amoeba infestation was ten-
dentially assigned to lower scores (1–3). This tendency is also reflected 
by the mean indexes, with GMaI and GMiI generally higher than GAI.

All the scores showed a moderate correlation between them, 
which was considered a satisfactory indicator of their consistency.

The correlation between MaS and MiS (ρ = .465) confirms that 
macroscopic lesions correspond to a similar histological alteration. 
The correlation between AS and MiS (ρ = .528) suggests that histo-
logical alterations are associated with a certain degree of amoebae 
proliferation on the gill tissue.

Whether this is of significance and could provide new insight into 
the etiopathogenesis of the disease is still a matter of debate.

Despite the moderate correlation between all the scoring sys-
tems applied, Cohen's Kappa analysis showed low agreement be-
tween assigned values. This is probably due to the data dispersion, 
which could be explained by the high number of classes used for pa-
thology scoring (0–5). For future analysis, using fewer classes would 
potentially increase the reliability of the data, allowing for a better 
practical value of the scoring system.

A mean index was also calculated for each type of score. Of the 
three, the GMaI is the only one that can potentially be performed 
on the field and represents a cost-effective tool that allows a non-
invasive, real-time evaluation of gross gill lesions in fish with clinical 
signs of NGD, useful for farm management decisions. However, it is 
based on a subjective evaluation and does not allow to assess the 
degree of amoeba infestation. More likely, the index is strictly cor-
related to gill hyperplasia.

GMiI and GAI are invasive and time-consuming but allow an ac-
curate qualitative and semi-quantitative evaluation of gill lesions 
and amoebic infestation and the comparison of pathological devel-
opment at different time points, places and fish groups.

Of the seven amoebae strains identified in NGD outbreaks in 
the Italian farms, only one has been reported before in NGD sal-
monid outbreaks (Dyková et al., 2010). Strain SARCA12 was found 
identical to Naegleria sp. GERK (Genbank: HM363629), detected in 
rainbow trout in southeastern Germany. Strain SARCA12 is likely 
almost identical to isolate K77_3F5 detected in rainbow trout in 
Switzerland (Vannetti et al., 2023), deduced from the given high 
sequence similarity of K77_3F5 and Naegleria sp. GERK, but the di-
rect comparison could not be made due to unpublished sequence 
data for K77_3F5. Similarly to the study of Vannetti et al. (2023), 
three strains of the genus Ripella were identified. Their sequences 
could not be compared due to unpublished sequence data of 

Ripella amoebae in Vannetti et al. (2023). Ripella strains identified 
in our study clustered separately without close relation to known 
Ripella sequences except for strain CHIESE83/1, showing close re-
lation to Ripella sp. strain GERL34 (HM363631) that was described 
as Vannella sp. in Dyková et  al.  (2010), the same study on NGD 
outbreak in southeastern Germany. This suggests a potential link 
between the NGD outbreak in Italian farms and the outbreak de-
scribed by Dyková et al. (2010). However, none of the other seven 
amoebae strains identified in their study and classified into genera 
Acanthamoeba, Hartmannella, Protacanthamoeba and Vannella have 
been detected in our study. Moreover, the three remaining strains 
identified in our study were not reported in Dyková et al. (2010).

The strain SARCA12B was found to be Ptolemeba bulliensis. 
It showed a close relationship and more than 99% similarity in its 
SSU rDNA with several P. bulliensis strains, including LOS7N/I 
(AY145442), which was isolated from the gills of Atlantic salmon 
caught in the Elbe River in the Czech Republic (Dyková et al., 2002). 
The almost identical SSU rDNA sequences and indistinguishable 
morphology of these two strains suggest that P. bulliensis can infect 
rainbow trout and Atlantic salmon. Strain SARCA3 has been classi-
fied in the genus Copromyxa, showing a close relation to C. protea 
and C. cantabrigiensis, never reported from fish tissues. Interestingly, 
strain SARCA10 clustered within cercozoan Rosculus spp. with a 
close relation to R. piscicus isolated from the gut content of green 
sunfish (Lepomis cyanellus) (Schuler et al., 2018).

The isolated amoebae differed between the two farms except 
for Naegleria sp., which was found in both. The same amoeba was 
also present in NGD outbreaks in rainbow trout in southeastern 
Germany (Dyková et al., 2010), supporting that this amoeba is a po-
tential aetiological agent in NGD outbreaks. Similarly, identifying a 
Ripella strain closely resembling the one detected in an outbreak in 
Southeastern Germany raises Ripella as a potential agent in NGD, 
even if it was only detected in farm B. Nevertheless, our results are 
in accordance with the hypothesis that different amoebae are possi-
bly implied in NGD outbreaks.

However, this can be explained by the difficulty of isolating 
and cultivating amoebae. It is already well-known that cultivation-
based methods imply a selective bias for amoebae able to grow 
in artificial media. It has been estimated that more than 99% of 
bacterial and archeal species have not been cultured yet, being 
part of the so-called Microbial Dark Matter (Jiao et al., 2021; Yarza 
et al., 2014).

Moreover, morphological identification of naked lobose amoeba 
is difficult and often inadequate, and many species with high mor-
phological similarity have genetic differences. Until now, the main 
phylogenetic studies on Amoebozoa organisms are based on the 

Comparison N κ Z p ρ

AS vs. MiS 88 0.062 ± 0.026 2.418 .016 .528***

AS vs. MaS 74 0.137 ± 0.039 3.664 .000 .614***

MaS vs. MiS 74 0.343 ± 0.078 4.716 .000 .465***

***Indicates a highly significant correlation (ρ; p < .001).

TA B L E  3 Weighted Cohen's Kappa (κ) 
test and Pearson correlation coefficients 
(ρ) between amoebic score (AS), 
macroscopic score (Mas) and microscopic 
score (MiS).
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sequencing of the SSU rRNA gene, resulting in an extensive database 
of this marker and enabling species comparison and identification. 
As reported by Nassonova et al. (2010), the COI gene (Cytochrome C 
Oxidase subunit I gene) and ITS (Internal Transcribed Spacer) region 
provide better resolution for taxonomic identification and polymor-
phism individuation into the same species. However, very few data 
are available compared with SSU rRNA gene analysis. For precise 
species identification, including taxonomic analysis using the COI 
gene and ITS region in future studies will be helpful.

The upcoming analyses will be focused on the ultrastruc-
tural evaluation of amoebae trophozoites with TEM (Transmission 
Electron Microscopy) to obtain a precise description of organelles 
and cellular structures, such as mitochondrial cristae, nucleus and 
cellular membrane. This information can be paired with genetic anal-
ysis to obtain more accurate identification, classification and new 
species description, particularly in the case of Naegleria sp. that we 
identified more frequently associated with NGD.

Overall, the evaluation of the possible pathogenic role of dif-
ferent amoeba species has proven to be challenging, and the ap-
plication of rigorous histopathological and cultivation methods has 
shown how different farms are characterized by different amoebic 
populations. In this regard, Naegleria represents the only common 
factor between the two sites. However, further studies are needed 
to fulfil the Bradford Hill criteria and Koch's postulate to assign dis-
ease causation in NGD.

Specifically, more studies will have to focus on the complex rela-
tionship between amoebae and gill respiratory epithelium. Gills have 
a stereotypical response to many noxious stimuli, and determining 
the initial stimulating injury can be challenging. Moreover, many 
factors other than pathogens contribute to establishing a disease 
(Cocco et al., 2023), including water temperature, population den-
sity, environmental contaminant, stress and fish development stage 
(Adams & Nowak, 2001; Zilberg & Munday, 2000).

Currently, the available data only prove a correlation between the 
damage and the amoebic infestation; however, known factors capa-
ble of inducing gill hyperplasia include filamentous bacteria, organic 
material in the water (which amoebae feed on) and suspended solids. 
All these factors are also recognized as predisposing conditions for 
amoebae growth (Dyková & Tyml, 2016; Lasjerdi et al., 2011; Loret & 
Greub, 2010). Whether amoebae are present in NGD cases as oppor-
tunistic pathogens, as a component of a multifactorial disease starring 
multiple amoeba species and other microorganisms and even environ-
mental conditions, or as a primary pathogen is still unknown.

For a better understanding of the correlation and causation be-
tween tissue lesions and the presence of amoebae, it will be neces-
sary to observe the progression of the pathology thoroughly (Clark 
& Nowak,  1999; Zilberg & Munday,  2000). However, comparing 
macroscopic and microscopic aspects with the presence of amoebae 
is challenging at the initial stage of the pathology due to the absence 
of visible lesions and clinical symptoms that indicate the rise and de-
velopment of the disease.

In the future, only experimental infection trials will be able to 
prove a causative relationship and describe the initial stages of the 
disease.

Of great interest for future studies is the investigation of the 
amoeba population profiles in association with other environmental 
factors and with other pathogens, both during periods not character-
ized by disease and during disease peaks. For such kinds of studies, the 
investigation of amoeba population profiles through next-generation 
sequencing (NGS) techniques is being developed more and more. The 
NGS sequencing of the 18S rRNA gene permits the simultaneous 
screening of all the eukaryotic populations in each sample. This would 
allow us to monitor the different amoeba populations and better eluci-
date the disease trend in the field and the involvement of amoeba in its 
progression. These techniques are already applied in Atlantic salmon 
affected by AGD (Birlanga et al., 2022), and their potential for rainbow 
trout also seems promising.

In conclusion, this research allowed the characterization of 
amoeba strains associated with NGD outbreaks in rainbow trout in 
Trentino fish farms. The isolated amoeba species confirmed the pres-
ence of Naegleria spp., a species that has already been detected in 
other NGD outbreaks, as well as new species belonging to the gen-
era Rosculus sp., Copromyxa sp. and Ptolemoeba sp. that have never 
been described before in other NGD outbreaks, neither in Italy nor 
in other European or non-European countries. These data strengthen 
the hypothesis that NGD is a multi-aetiological disease. Future metag-
enomic and infection tests will be necessary to confirm the patho-
genic role of the identified species in the onset and progression of 
the pathology, as well as to determine whether they are saprophytic, 
commensal, opportunistic, or primary agents of the disease.

The correlation between macroscopic evaluation of gill alterations, 
microscopic assessment of lesions and amoeba infestation level has 
been assessed, confirming the practicality of these scoring systems 
and their reliability in quantifying tissue damage at the gill level.
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