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Abstract

Background Paramoeba perurans is the causative agent of amoebic gill disease (AGD) in Atlantic salmon Salmo salar
L. and many other farmed marine fish species worldwide. The first cases of AGD in Norway were reported in 2006, and
it has subsequently become established as a significant gill disease that affects the country’s salmonid aquaculture
industry. Despite several decades of research on AGD, there is still a lack of knowledge of the biology of P perurans
and its interactions with its hosts and the environment.

Methods The growth and morphology of 10 clonal isolates of P perurans were studied. The isolates were from
farmed Atlantic salmon and ballan wrasse that had been obtained from different sites along the Norwegian coast
between 2013 and 2015. The morphology and population growth patterns of these clonal amoeba isolates were
examined in vitro using light microscopy and real-time reverse transcription polymerase chain reaction under a range
of temperatures (4, 12, 15 and 21 °C) and salinities (20, 25, 30 and 34 %o).

Results We found distinct morphological differences between both locomotive and floating forms of the amoeba
isolates. The locomotive amoebae of the clonal isolates varied in size (area) from 453 um2 to 802 me.There were dif-
ferences in the growth patterns of the clonal amoeba isolates under similar conditions, and in their responses to vari-
ations in temperature and salinity. While most of the isolates grew well at salinities of 25-34 %o, a significant reduction
in growth was seen at 20 %o. Most of the amoeba isolates grew well at 12 °C and 15 °C. At 4 °C, amoebae grew slower
and, in contrast to the other temperatures, no extended pseudopodia could be seen in their floating form. The iso-
lates seemed to reach a plateau phase faster at 21 °C, with a higher number of smaller, rounded amoebae.

Conclusions The differences observed here between clonal isolates of P perurans should be further examined in
experimental in vivo challenge studies, as they may be of relevance to the virulence and proliferation potential of this
amoeba on gills. Potential differences in virulence within P, perurans could have implications for management strate-
gies for AGD.

Keywords Amoebic gill disease, AGD, Growth curve, Amoebae, Clonal culture, Salinity, Temperature

*Correspondence:

Linda Andersen

Linda.Andersen@ilab.no

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13071-023-05715-2&domain=pdf

Blindheim et al. Parasites & Vectors (2023) 16:112

Background

Amoebic gill disease (AGD) in seawater-farmed Atlan-
tic salmon Salmo salar is caused by the amoeba Para-
moeba perurans (syn. Neoparamoeba perurans [1]) [2, 3].
AGD has been reported from salmonids and unrelated
fish species such as turbot Scophthalmus maximus, ayu
Plecoglossus altivelis, ballan wrasse Labrus bergylta, and
lumpfish Cyclopterus lumpus [4-8]. It has been a seri-
ous problem for salmon aquaculture in Tasmania for
several decades [9, 10], and has more recently become
a major concern in other salmon-producing countries
such as Ireland, Scotland, and Chile [9]. In Norway, AGD
has been a recurring problem since 2013 [5]. Although
the amoeba is now widespread in Norwegian aquacul-
ture, the severity of AGD outbreaks vary. It has not been
established if this is mostly related to variations in envi-
ronmental conditions or host status, or if differences in
virulence between amoeba isolates influence the severity
and outcome of an infection.

The gross pathology of AGD is characterized by pale
mucoid patches on the gills [11], while histopathologi-
cal gill lesions include areas with epithelial hyperplasia
and fusion of secondary lamellae [10]. The disease has
been well described, but there are few publications on
Paramoeba perurans’s biology and interactions with the
environment [12]. This is partly because P. perurans was
not identified until 2007 [3], and before this other para-
moebae, specifically Paramoeba pemaquidensis, were
assumed to be the causative agents of AGD [8]. Further-
more, methods for isolating and maintaining P. perurans
in culture were not published until 2012 [2]. An increas-
ing number of studies looking into the characteristics,
biology and virulence traits of amoebae have been pub-
lished [12-24] since P. perurans was shown to be the
aetiological agent of AGD. Morphological characteristics
identified through light and electron microscopy have
been used for many years to identify and group amoe-
bae [25]. More recently, molecular methods have become
increasingly important for their identification and classi-
fication. In particular, 18S ribosomal RNA (rRNA) gene
sequences have been used to resolve phylogenetic rela-
tionships of amoebae [26].

Amoebae of the genus Paramoeba are ubiquitous in
marine environments, and some of them are patho-
genic to marine animals such as fish (Paramoeba peru-
rans), lobsters (Paramoeba perniciosa), and sea urchins
(Paramoeba invadens). Paramoeba spp. are small, lobose
amoebae with dactylopodiate pseudopodia when in their
locomotive or attached form [25, 27]. The free-living spe-
cies may show cell surface structures (microscales, hemi-
spheres, tubule-like structures), while animal symbionts
such as Paramoeba invadens, Paramoeba branchiphila
and Paramoeba perurans show a smoother glycocalyx
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[28, 29]. One of the main identifying characteristics of
members of the genus Paramoeba, which is shared with
the closely related genus Janickina, is the presence of
one or more parasomes. This juxtanuclear organelle has
been shown to be a pro-kinetoplastid endosymbiont
similar to Perkinsela amoebae, a symbiont in Janickina
pigmentifera, and is therefore often referred to as a Per-
kinsela amoeba-like organism (PLO) [24, 30, 31]. The
relationships between PLOs and species of these genera
are believed to be obligatory and mutualistic, as most of
the latter harbour at least one parasome (between one
and six have been reported) [32-34]. The parasomes
are believed to be vertically transmitted from parent to
daughter cell [24]. In addition, P perurans may harbour
endosymbiotic bacteria such as ‘Candidatus Syngna-
mydia salmonis’ [21] or Vibrio species [35]. The role of
these endosymbionts, if any, is currently not known, but
several other amoebae such as Acanthamoeba castella-
nii and Hartmanella vermiformis are known to harbour
Chlamydia-like bacteria (see e.g. Horn et al. [36]). In cul-
ture, Paramoeba spp. can be seen as adherent, flat loco-
motive forms, or star-shaped floating forms with long,
slender pseudopods [23, 25, 28]. When P. perurans cul-
tures age, an increasing number of small, rounded float-
ing forms of the amoeba may occur, which are known as
pseudocysts [19]. Pseudocysts are viable, and though not
true cysts, these forms may enable the amoeba to survive
under unfavourable environmental conditions.

Important risk factors for outbreaks of AGD are high
salinity (>32 %o) and temperature (>12 °C), although
AGD has been reported at lower temperatures and salini-
ties [8, 37]. In non-clonal cultures of P. perurans obtained
from salmon on the west coast of Scotland, popula-
tion growth was arrested at temperatures below 8 °C
and above 18 °C [12]. Growth was also arrested below
20-25 %o, while the conditions for optimal growth were
reported to be 15 °C and 35 %o, with amoeba numbers
doubling every 14 h [12].

The extent of variation in amoeba strains and its signifi-
cance to virulence during an AGD infection of Atlantic
salmon are not known. Hence, we examined the morpho-
logical characteristics of 10 P perurans clonal cultures
derived from salmon and ballan wrasse from different
geographical areas of Norway, together with growth
curve patterns and survival at a range of temperatures (4,
12, 15 and 21 °C) and salinities (20, 25, 30 and 34 %o).

Methods

Primary isolation and culturing of P. perurans

Amoebae were isolated from the gills of individual, killed
fish showing signs of AGD that had been sent to either
the Fish Disease Research Group at the University of Ber-
gen (Bergen, Norway) or to the Industrial and Aquatic
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Laboratory (ILAB; Bergen, Norway) from commercial
fish farms between 2013 and 2015 (Table 1). Most of the
isolates were isolated from fish in the autumn months
(August—November), when the incidence of AGD was
high along the Norwegian coast. Isolate 8, however, was
isolated from an AGD case in February, and isolate 3
was isolated in January from a tank experiment with net-
pen-reared Atlantic salmon, which had been brought in
from a fjord outside Bergen to ILAB in 2013, in which P
perurans was an incidental finding when the gills were
examined [38]. The approval identifiers for the animal
experiments conducted at the ILAB are given in the “Eth-
ics approval and consent to participate” section. The iso-
lates were obtained by scraping mucus and gill tissue with
amoebae onto malt yeast agar (MYA) plates and adding
10-15 mL of autoclaved seawater [2]. Isolate 4 was iso-
lated from the gills of a ballan wrasse held in a wrasse-
only land-based facility [18]. Plates were washed with
autoclaved seawater the next day to remove debris and
excess bacteria. All plates were incubated at 15 °C in a
Sanyo MIR-554 incubator (Sanyo Electric, Osaka, Japan).
Upon confirmation of amoeba growth (the amoebae were
observed using an inverted microscope) a small piece of
agar with amoebae was transferred to a new MYA plate
and a layer of autoclaved seawater was added. For sub-
sequent passages, the amoebae were either transferred
to cell culture flasks (Nunclon) and grown in malt yeast
broth (MYB) [5, 21], or transferred to new MYA plates,
as described above.

Clonal cultures
Clonal strains of each isolate were established by
using two different methods [18, 21]. Briefly, method 1
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consisted of transferring single floating amoebae from
MYA plates or cell culture flasks into individual wells
in 24-well cell culture plates. Method 2 involved seed-
ing individual amoebae that had been diluted with MYB
from cell culture flasks into wells of a 96-well cell culture
plate. For the latter approach, the dilution of the original
amoebae polyculture was such that only a few of the 96
wells receiving MYB would contain amoebae. For both
methods, microscopy was used to ensure that only one
amoeba was present in the wells. The clonal P perurans
isolates (isolate 1-10) used in this study are listed in
Table 1.

DNA extraction, polymerase chain reaction

and sequencing

To confirm the identity of the amoeba clones, partial
sequencing of the 18S rRNA gene was conducted on
DNA extracted from all clones of P perurans used in
this study. Both amoebae attached to the substrate and
floating amoebae were concentrated by centrifugation
at 1430 x g for 15 min and resuspended in 1 mL sea-
water. The amoebae were then centrifuged for 5 min at
21,000 x g and the resulting pellets were resuspended
in 200 ul phosphate buffered saline for DNA extraction
using the DNeasy Blood & Tissue kit (Qiagen) as recom-
mended by the manufacturer. DNA was stored at —20 °C
before use.

Polymerase chain reaction (PCR) and sequencing
were performed as described in [18], except that NP-F2
(forward, 5-GCATGGGATAATGGAACAGG-3’) and
NP-R10 (reverse, 5'-AAGTTTACCCCATCCTTTCG-3')
primers and an annealing temperature of 57 °C were
used. The resulting sequences were trimmed to 736 base

Table 1 An overview of the Paramoeba perurans isolates included in the study

Isolate UoB identifier Fish species County Year Months since first isolation
Morphology Growthat  Temperature Salinity
15°C

1 HO1/13Pp B2 Salmo salar Hordaland® 2013 27 17 24 21
2 H02/13Pp C2 Salmo salar Hordaland 2013 59 18 25 22
3 HO3/14Pp B10 Salmo salar Hordaland 2014 25 22 22 20
4 HO04/14Pp F3 Labrus bergylta Hordaland 2014 18 8 15 18
5 MRO06/14Pp E4 Salmo salar Meare and Romsdal 2014 47 12 12 10
6 SF07/14Pp B2 Salmo salar Sogn and Fjordane® 2014 48 7 14 11
7 SF08/14Pp E1 Salmo salar Sogn and Fjordane 2014 17 14 14 11
8 SF11/15Pp C4 Salmo salar Sogn and Fjordane 2015 13 10 10 13
9 R18/15Pp D7 Salmo salar Rogaland 2015 6 3 3 6
10 ST19/15Pp K2 Salmo salar Trendelag 2015 4 1 1 5

The University of Bergen (UoB) identifier is based on county, culture number, year, species and cell culture tray well of the clone. The isolates are numbered according
to the time of isolation. The age of the cultures at the start of each experiment is given in months

?Hordaland and Sogn and Fjordane are now collectively known as Vestland county
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pairs and compared to the rRNA gene from P. perurans
(EF216904 [3]).

RNA extraction and real-time reverse transcription PCR
Real-time reverse transcription PCR (RT-PCR) was used
for the relative quantification of amoeba RNA from the
different experiments to establish growth curves and
compare development. RNA from each in vitro experi-
ment was extracted as described in Gunnarsson et al.
[39]. For further real-time RT-PCR analyses the AgPath-
ID one-step RT-PCR kit (Applied Biosystems) was used
together with the 185 rRNA Pperu assay [21]. As no
endogenous control was available, the obtained Ct val-
ues are presented in this paper as ‘load; i.e. the Ct value
is subtracted from the number of cycles run (45). In addi-
tion, all the isolates were checked for the presence of
‘Candidatus Syngnamydia salmonis’ using the SCh assay
[40] since this bacterium has been found to live intracel-
lularly in P. perurans [21].

Morphological evaluation and size measurements
Paramoeba perurans grown in cell culture flasks with
MYB were harvested by cell scraping and centrifugation
at 1000 x g for 15 min. The supernatant was discarded,
and the resulting pellets were resuspended in MYB to
obtain a concentration of amoebae suitable for micros-
copy. A 10-pul amoeba suspension was used to make each
hanging drop preparation. The amoebae were allowed to
attach and establish locomotion for 1 h before the prepa-
rations were examined by Nomarski differential inter-
ference contrast microscopy on a Zeiss Axioskop 2 Plus
microscope (isolates 1, 3, 4, 7-10) and photographed
using a Nikon digital sight DS-5 M camera. For isolates
2, 5 and 6, an Olympus BX43 microscope with an SC50
camera was used. The amoebae were measured on cap-
tured photos using the software Image] 1.50B (http://
imagej.nih.gov/ij). Images of 40-60 individual amoe-
bae from each isolate were studied to obtain at least 30
measurements per isolate. When the outlines of nuclei
or parasomes were obscured by the granular endoplasm
(unclear), they were not measured, hence fewer measure-
ments were obtained for these organelles. The measure-
ments of the amoebae were based on locomotive (actively
moving) amoebae in hanging drop preparations. ‘Length’
was measured from the distal part of the leading hyaline
cytoplasmic edge (‘anterior’) to the cytoplasmic edge of
the trailing end with granular endoplasm and/or uroid(s)
(‘posterior’). The ‘width’ was then measured perpendicu-
lar to the length.

Amoeba population growth curves at 15 °C
Cell culture plates with 24 wells were used for the experi-
ments conducted to determine P perurans population
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growth. Two experiments were conducted with similar
set-ups, but at different times and with different start-
ing concentration of amoebae and numbers of sampling
points. In experiment 1, the wells for isolates 1, 2, 4 and
6 were inoculated with 600-1900 amoebae (determined
by using a CASY cell counter [5]) in 500 pl MYB, while
in experiment 2, the wells for isolates 3, 5, 7-10 were
inoculated with approximately 500 amoebae (determined
by using a Biirker cell counting chamber) in 500 pl MYB.
For both experiments, the amoebae were incubated in
the dark and kept undisturbed at 15 °C in a Sanyo MIR-
554 (Sanyo Electric) incubator until sampling. Samples
were collected after 2 hours and at 1, 2, 3, 4, 8, 11 (for
experiment 1 only) and 14 days post-inoculation (dpi), by
transferring the supernatant (containing floating amoe-
bae) from each well to individual 1.5-ml Eppendorf tubes.
Then, 1 mL Isol RNA-lysis reagent (5 PRIME, Hamburg,
Germany) was added to each tube, and 1 mL Isol RNA-
lysis reagent (5 PRIME) was added to each well. The well
contents were mixed and then transferred to separate
1.5-ml Eppendorf tubes (this latter fraction contained
amoebae attached to the bottom of the wells). The sam-
ples were stored at —40 °C until RNA extraction.

Temperature tolerance

In addition to the growth characteristics experiment con-
ducted at 15 °C, the growth of all 10 P. perurans isolates
was assessed at three additional temperatures in an iden-
tical set-up to experiment 2. For each temperature (4, 12
and 21 °C) and sampling point (3, 8 and 14 dpi), approxi-
mately 500 amoebae (determined by using a Biirker cell
counting chamber) were inoculated into three replicate
wells containing 500 ul MYB. A fridge was used for the
4 °C incubation, a Minitron incubator (Infors) for the
12 °C incubation; the 21 °C incubation was at room tem-
perature. Floating amoebae were sampled by transferring
the supernatant to individual 1.5-ml Eppendorf tubes,
centrifuging the supernatant at 16,200 x g for 5 min,
then removing the supernatant and freezing the pellet
at — 40 °C. Attached amoebae were collected by add-
ing 1 ml Isol RNA-lysis reagent (5 PRIME) to the well,
mixing and transferring the liquid to a separate 1.5-ml
Eppendorf tube and freezing at — 40 °C until the RNA
was extracted as described above.

In 2021, an experiment was conducted to test recov-
ery after an extended cold period. One isolate, isolate 2,
that had been held at ILAB for 9 years and shown to be
virulent during this period, was split into three 75-cm?
cell culture flasks and held at 15 °C in a series KB8182
incubator (Termaks). After 3 days, the three bottles were
transferred to 4 °C. After an extended period (37 days
and 57 days), cells were scraped from about one third of
the surface area per cell culture flask, and together with
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one third of the supernatant transferred into new cell
culture flasks. The cultures in the new flasks were sup-
plied with MYB, incubated under standard conditions,
and after 8 and 20 days checked for viability, which was
assessed as the presence of attached amoebae using an
inverted microscope (DM IRBE; Leica). The amoebae
were counted and the numbers compared to those of
amoebae seen during normal maintenance passages.

Salinity tolerance

The growth of P perurans clones was assessed in two
similar experiments at four different salinities: 20, 25,
30 and 34 %o. The different salinities were achieved with
pre-mixed MYB and distilled H,O and measured using
MultiLine 3420 Portable Digital Multiparameter appa-
ratus (WTW). Five hundred microlitres of solution at
each salinity was added to six wells in a 24-well cell cul-
ture plate, with one plate per isolate. The amoebae were
harvested from cell culture flasks by centrifugation as
described earlier, and approximately 200 amoebae were
added to each well. The cell culture plates were incubated
at 16 °C in a Sanyo MIR-554 (Sanyo Electric) incubator
and at 6 (experiment 2, isolates 8—10) or 7 (experiment
1, isolates 1-7) and 17 dpi (all isolates), two wells of each
salinity for all isolates were harvested by transferring the
supernatant to a 1.5-mL Eppendorf tube. Two hundred
and fifty microlitres of MYB was then added to each well
and mixed to loosen attached amoebae into suspension.
The 250 ul of MYB containing previously adherent amoe-
bae was transferred to the same centrifuge tube as the
floating amoebae and centrifuged at 12,000 x g for 5 min
at 4 °C. All the supernatant but 50 pl was discarded, and
the tubes were frozen at — 40 °C. RNA was extracted
as previously described after the addition of 1 ml Isol
RNA-lysis reagent (5 PRIME). At 20 dpi, the amoebae in
the two remaining wells at each salinity were detached,
pooled, and transferred to a new well (one per salinity)
in a 6-well cell culture plate. Five millilitres of 34 %o MYB
was added to each well and the plates were incubated at
16 °C in a Sanyo MIR-554 (Sanyo Electric) incubator for
11 days to assess amoebae viability after prolonged expo-
sure to variable salinities.

AGD-challenge study: 25 and 34 %o

An AGD-challenge study was conducted in 2014 where
30 salmon (individual weight ~90 g, range 69.9-100.9 g
at first sampling) challenged with amoebae (isolate 2,
1000 amoebae per litre, 50-L volume) for 1 h at 34 %o
were transferred directly after the challenge to either
25 or 34 %o, with 15 salmon in each tank (500-L tanks).
Isolate 2 was chosen due to its virulence for salmon in
other challenge studies [5]; the inoculum was prepared as
described in Haugland et al. [5]. Five fish were sampled
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from each tank at 15 and 27 days post-challenge (dpc).
The gill score was assessed using the gill arch with the
most severe lesions, as described in Haugland et al. [5],
and gill samples were collected for real-time RT-PCR
analysis and re-isolation of amoebae on MYA. The gill
samples were analysed using the NeoUni [13] and EF1A
[41] assays at PHARMAQ Analytiq (Bergen, Norway).
Presence of surviving amoebae was examined as growth
on MYA plates and examined under an inverted micro-
scope (Leica DM IRBE; Leica). The animal study was con-
ducted under the animal approval identifier 6926.

Statistics

Dimensions of the amoebae of the different isolates were
compared using non-parametric Kruskal-Wallis tests
followed by post hoc multiple comparisons. Amoebae
growth in cultures was analysed on load (45-Ct) data
using ANOVA and Newman-Keuls post hoc test. Het-
eroscedasticity was examined with Levene’s test; x” trans-
formations were used when necessary. Correlations were
examined using Spearman’s rank-order correlation coef-
ficients (r,). Statistical analyses were performed with the
software Statistica 13.

Results

PCR and sequencing

All 10 clonal isolates of the amoeba were confirmed to
be P perurans by sequencing, and all of these clones,
except H02/13Pp C2, were positive for ‘Candidatus Syn-
gnamydia salmonis’ by real-time RT-PCR. Alignment of
the partial rRNA gene from the isolates with EF216904 is
shown in Additional file 1: Alignment Al.

Morphology of locomotive amoebae

When observed in hanging drop preparations, actively
moving trophozoites of the 10 strains displayed simi-
lar morphotypes (Figs. 1, 2). They were irregular in
shape, usually oval, but also had triangular to flabel-
late, spatulate or even bilobed shapes. Their length
was normally less than their width (Table 2). In all of
the isolates, the trophozoites showed an anterior and
often laterally flattened hyaloplasmic rim, with 10-20
short subpseudopodia rarely projecting more than
5 um. The posterior end was thick and occasionally
had ridges (e.g. Figs. 1b—d, 2g), which were rounded
and smooth and occasionally had one or more pointed
adhesive uroids (Fig. 1f) or a larger knobby uroid.
The granuloplasm represented most of the area of the
amoebae cells, and contained large amounts of refrac-
tive granules, vacuoles, the cell nucleus and normally
a single parasome (from one to three were seen).
The parasomes varied in size (5-90 um?) within, and
among, isolates (Table 2). In the majority of amoebae,
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Fig. 1 a-f Morphology of locomotive Paramoeba perurans in hanging drop preparations. Paramoeba perurans with Perkinsela-like organisms
(parasomes) of greatly increased size (a, b). Paramoeba perurans with two parasomes (c—f). Scale bars represent 10 um. a Isolate 1; b isolate 7; ¢
isolate 8; d isolate 3; e, f isolate 2
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Fig. 2 a—-g Different morphologies of locomotive Paramoeba perurans in hanging drop preparations. a Isolate 5, b isolate 10, c isolate 7, d isolate 2,

e isolate 4, fisolate 9, g isolate 1. Scale bars represent 10 um

regardless of isolate, the parasomes were oval and sim-
ilar in size (mean 3.2-5.5 pm in diameter), but in some
individual amoebae (Fig. 1a, b, d) they were rounded
and much larger (7.9-10.9 pum in diameter). The

occasional occurrence of such large parasomes did not
appear to be strain related. The parasome was always
in close contact with the amoeba nucleus, and this
pair was normally located in the anterior half of the
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granuloplasm. Nuclei were vesicular, with a rounded
and more distinct karyosome, averaging 2.7 pum in
diameter.

There were highly significant differences in amoeba
size and shape, and parasome size (in all cases
P<0.001) (Table 2). Notably larger amoebae (in area)
were seen for isolates 3 and 9, while they were smaller
for isolates 4 and 8. The shape of the locomotive form,
as represented by their length/width ratio in hang-
ing drop preparations, also varied, as this was high
(rounded amoebae) in isolates 8 and 10, and particu-
larly low (wide amoebae) in isolates 1 and 9. The size
of measurable nuclei varied significantly, as these were
larger in isolates 2 and 9 and particularly small in iso-
lates 5 and 6. Parasome size varied among strains, and
isolate 7 had particularly large parasomes (post hoc
multiple comparison, P<0.001), while the parasomes
in isolate 6 were smaller than those in the other iso-
lates (post hoc multiple comparison, P<0.001). The
sizes of the amoebae, parasomes and nuclei did not
correlate with culture ‘age’ (r,<0.30, P>0.40) for any
of the strains, irrespective of how long they had been
kept in culture (range 4—59 months).
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Morphology of floating forms

Floating forms of the amoebae were observed during the
determination of growth curves for all isolates at 15 °C.
The floating forms had different morphologies, examples
of which can be seen in Fig. 3. The cell body was spherical
or subspherical with thin, long (generally 25-30 um, but
reaching 57 pm), sometimes corkscrew-shaped pseudo-
podia (e.g. isolate 2; Fig. 3a, b) or with shorter tapering,
pointed pseudopodia, which gave the amoebae a star-
shaped appearance (e.g. isolate 1; Fig. 3c, d). The number
of pseudopodia counted varied from one to 14, but the
majority of these amoebae had five to six long pseudopo-
dia (pseudopodia length:cell body diameter, range from
2.5:1 to 3:1).

Paramoeba perurans population growth patterns at 15 °C
Amoebae attached to the cell plate bottom

At 15 °C, all isolates except isolate 6 had an increase in
overall amoebae population levels from day 1 to day 14.
The observed maximum load was not related to the ini-
tial amount of amoebae seeded to the wells. All of the
isolates, except isolate 5, showed a marked increase in the
amounts of attached amoebae from 2 h to 1 dpi (Fig. 4).
Some isolates (isolates 1, 3, 5 and 10) showed a gradual

Fig. 3 a-d Examples of the morphology of floating Paramoeba perurans examined in this study. a, b Isolate 2; ¢, d isolate 1. Scale bars represent

20 um
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increase in the amount of attached amoebae from day
1 until a plateau was reached (3-8 days), followed by
a decrease in attached amoebae (4-14 days). Isolate 7
showed a gradual increase to day 3 and thereafter no
change, isolate 4 a gradual increase throughout, and iso-
late 6 a decrease from 1 to 14 dpi. Isolate 8 had an irreg-
ular growth pattern with peaks at 1, 4 and 14 dpi. Most
isolates (isolates 2, 3, 5, 9 and 10) had reached a plateau
or maximum density by day 8 after inoculation. Three
isolates (isolates 1, 6 and 7) reached a plateau earlier, i.e.
after 1-3 days.

Amoebae in suspension (floating amoebae)

An initial decrease in the amount of free-floating amoe-
bae was seen in most isolates from 2 h to 1 day (isolates
1-4, 7-9). In isolate 5 there was an increase, while no
significant change was detected in isolates 6 and 10. The
overall pattern was an increase from day 1 to 8. In sev-
eral isolates a marked further increase occurred from day
8 to 14 (isolates 2, 3, 5, 7, 8, 9), often coinciding with a
decrease in attached amoebae (Fig. 4). The appearance of
the floating morph occurred at different time points for
the various isolates (Fig. 4), and there were large differ-
ences in the numbers produced. Based on microscopic
observations and real-time RT-PCR data, it seemed that
the floating morphs appeared at around the same time
that the plateau phase of the attached amoebae was
reached, which varied from 2 to 8 days. For most iso-
lates (1, 5, 6, 8-10), floating morphs were detected early
in the experiment (2—4 dpi), but for isolates 2, 3 and 7,
these were not seen until 8 dpi. For isolate 4, some float-
ing amoebae were seen at 1 dpi, but were not observed at
2-8 dpi, while new observations of floating forms were
recorded from 11 dpi and onwards.

Locomotive amoebae in water surface microlayers
Interestingly, for some isolates, especially isolate 4, large
amounts of the locomotive morph could be observed in
the surface microlayer of the wells (Fig. 5a, b), especially
from day 8 onwards. Locomotive amoebae were also
detected in the surface microlayers for isolates 1, 2 and 6,
but in lower numbers (not quantified).

Paramoeba perurans population growth at different
temperatures

Population growth at 4 °C

Isolate 5 was the only isolate that showed a decline in
amoebae levels at each sampling at 4 °C, although iso-
late 2 also showed an overall reduction in amoebae lev-
els throughout the experiment (Fig. 6). An increase in P
perurans levels was seen for all other isolates, with the
highest load either at 8 dpi (isolates 2 and 9) or 14 dpi
(isolates 1, 3, 4, 6-8 and 10). The morphology of floating
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Fig. 5 Morphology of attached Paramoeba perurans of isolate 4 in
the surface microlayer (a, b), floating amoebae grown at 4 °C (c) and
isolate 5 grown at 21 °C, at 8 days post-inoculation (d). Scale bars
represent 20 um (@, b) and 50 um (c, d)

amoebae was usually different at 4 °C from that observed
at higher temperatures (free floating morphs) in that
their pseudopodia were very short or absent (Fig. 5¢).
At 14 dpi there were large differences in the numbers of
amoebae between the clonal isolates.

For the long-term survival study of amoebae in cell
culture flasks (<8 weeks at 4 °C), attached forms were
seen in all triplicate flasks after 1 week of subculturing
after being kept for 5 weeks (37 days) at 4 °C. The amoe-
bae numbers in the cell culture flasks were low at this
time (8 days post-transfer from 4 °C to 15 °C), with~ 15
attached amoebae per flask when counted under a micro-
scope, indicating that the amoebae were in a restitutive
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phase, as higher numbers would be expected under
standard growth conditions. Three weeks after the sub-
culturing (20 days post-transfer from 4 °C to 15 °C), the
growth in the cell culture flasks had been restored to nor-
mal amoebae levels (compared to maintenance cultures).
When amoebae were collected from the cell culture flasks
held at 4 °C at 8 weeks (57 dpi), no viable amoebae were
observed when examined at 8 or 20 days after subcultur-
ing (post-transfer from 4 °C to 15 °C).

Population growth at 12 °C
All isolates showed an increase in overall amoebae lev-
els at each sampling when grown at 12 °C. For isolates
1-3 and 5-9 the attached amoebae population levels
increased at each sampling. For isolate 4 the attached
amoebae levels were similar at 8 and 14 dpi, while isolate
10 showed the first significant (Newman-Keuls, P<0.001)
increase 14 dpi. For all isolates, the floating amoebae lev-
els increased.

At 12 °C, growth (load) did not correlate with age
(r,<0.31, P>0.38) for the different strains, which had
been kept in culture for 1-25 months (age).

Population growth at 21 °C

When the amoebae were grown at 21 °C the highest
densities were seen at 8 dpi for all isolates (attached and
floating amoebae combined). Both attached and float-
ing forms of amoebae could be observed at all sampling
points for all isolates, but at the samplings performed at
8 and 14 dpi, the cultures appeared to be in poor condi-
tion, as a large proportion of the observed amoebae were
round in shape and did not have pseudopodia (Fig. 5d).

Growth and survival at different levels of salinity

All amoeba isolates were exposed to four different salini-
ties (20, 25, 30 and 34 %o) for 20 days to assess whether
there were any variations in tolerance or preference for
seawater at reduced salinity (Fig. 7).

At the first sampling point, 6 dpi (experiment 2, iso-
lates 8—10) or 7 dpi (experiment 1, isolates 1-7), the best
growth (highest load) was seen at the highest salinities
(30—34 %o) for all of the isolates. Amoebae densities at
these highest salinities did not differ significantly. All of
the isolates had reduced growth at 20 %o compared to the
other salinities, and 20%o was the only salinity that had an
effect on growth across isolates (ANOVA, F;,=100.4,
P<0.001; Fig. 7). Only isolates 3, 4 and 7 had significantly
reduced amoebae densities at 25%o.

At the second sampling, 17 dpi, the only salinity
affecting growth across isolates was 20%o (ANOVA,
F;4;,=71.5, P<0.001). An overall slight yet significant
reduction of load was seen at 6-7 dpi to 17 dpi (ANOVA
F)145=19.0, P<0.001; Fig. 7). The largest decrease at
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20%o was seen for isolates 4 and 5 at 17 days (— 10.9 and
— 9.3 Ct values, respectively), while in isolates 9 and 10,
the effect of this salinity was marginal (— 1.4 and — 0.5 Ct
values, respectively). Across salinities, load varied highly
significantly with isolate (ANOVA, F; (,=68.8 and 39.5,
at 6-7 and 17 dpi, respectively; both P<0.001). Isolate 5
showed particularly poor growth (as load), while isolate 8
showed the best growth.

Even though we observed very few attached amoebae
in the 20%o wells by microscopy after 20 days, all isolates
except isolate 5 survived exposure to these unfavourable
conditions, as growth recommenced when the amoebae
were transferred back to full-strength seawater (34%o).
The varying periods of time between isolation of the
amoebae isolates and the experiment were not seen to
have any impact on the measured growth under reduced
salinity (20%o; r,<0.36, P>0.31).

AGD-challenge study

In Atlantic salmon challenged with P perurans (isolate
2) at 34%o for 1 h and transferred to 2 %o or 34%o, no
infection was observed in fish grown on at 25%o for up
to 61 days. Real-time RT-PCR analyses for Paramoeba sp.
from gill samples taken at 15, 27 and 61 dpc were nega-
tive, and no amoebae were re-isolated on agar. In the 34
%o group, however, two out of five fish were positive at
day 15 (Ct values of 32.6-32.8, mean gill score of 1), and
five out of five at 27 dpc (Ct values of 23.4-27.1, mean
gill score of 3.2). Fish mortality was observed in the 34%o
tank at 42 (one fish), 45 (one fish) and 57 dpc (two fish),
while the challenge in the tank at 25%o0 was terminated
at 61 dpc after additional sampling of fish from this tank.
No fish mortality was observed in the 25%o tank. The fish
that died at 42-57 dpc in the 34%o tank had gill scores
between 4 and 5 and were all Paramoeba sp. positive,
with Ct values in the range of 18.1-24.8.

Discussion

Differences existed between the clonal isolates in their
morphology, growth curves and temperature and salin-
ity preferences. Some of the isolates (isolate 2—5 and 8)
described in this study have been used in challenge stud-
ies [5, 13, 18, 42], with varying results regarding disease
development. More specifically, isolates 2, 4, 5 and 8
were shown to be highly virulent for salmon, inducing
severe AGD, whereas isolate 3 appeared to be less viru-
lent. Differences in virulence between clonal isolates,
both in vitro and in vivo, have been reported, but the
mechanisms underlying these variations have not been
documented. Moreover, as pointed out by Collins et al.
[17], such differences in virulence, even if stable at the
genomic level, may not be stable at the gene expression
level. Bridle et al. [16] reported that a clonal culture that
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Fig. 7 Growth of 10 different isolates of Paramoeba perurans at four different salinities [20, 25, 30 and 34 %o (parts per thousand; ppt)]. Samples were
collected after 6 (isolates 1-7) or 7 days (isolates 8-10), and after 17 days. Values are presented as amoeba load (45 — Ct value). Error bars indicate SD.

*P<0.05,*P<0.01,***P<0.001
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was shown to be virulent after 70 days of culture lost
virulence after 3 years in culture (>200 passages). At the
time of this study, the virulent isolate 2 (H02/13Pp) had
been virulent for 9 years (personal observation), since its
initial isolation in 2013. Variation in the period of time
between isolation and the experiments was not found
to have any impact on the measured isolate characteris-
tics. Virulence may relate to the production of extracel-
lular products or factors that influence growth rate [14],
amoebae numbers, or resistance to elimination mecha-
nisms exhibited by the host [17]. Extracellular products
may degrade tissues directly or destroy protective barri-
ers [43]. Research on P perurans is complicated by the
present inability to grow the amoeba in axenic cultures. It
is currently not known how virulence in cultured amoe-
bae may vary over time.

Research has broadened in recent years to include
examination of the role of bacteria in xenic amoeba cul-
tures and how they may influence P. perurans’ virulence
[14, 35]. The role of bacteria may be symbiotic, such that
they produce compounds that facilitate P perurans’s
growth, or they may be a food source for the amoeba.
Various marine bacteria have been reported to live in
close association with P. perurans, with both Vibrio spp.
[35] and ‘Candidatus Syngnamydia salmonis’ [21] having
been detected intracellularly. The former may be prey,
while the latter appears to be a symbiont characteristi-
cally present in most isolates. Strikingly, nine out of the
10 isolates that we examined in this study harboured
‘Candidatus Syngnamydia salmonis’ [21]. To date, we
have only identified two clonal P. perurans isolates with-
out the ‘Candidatus Syngnamydia salmonis’ symbiont:
isolate 2 (H02/13Pp C2), and an isolate from Scotland
(SCO01/18 E3). Since isolate 2 lacks ‘Candidatus Syngna-
mydia salmonis’ but is highly virulent (personal observa-
tion), it seems unlikely that the latter has a major impact
on its virulence.

The ultrastructural features of Paramoeba spp. under
in vitro conditions have been described [33, 44, 45]. In
2007 it was shown that P perurans was the aetiologi-
cal agent of AGD [3], and protocols for its long-term
in vitro culturing were published in 2012, facilitating
further research [2]. Since then, several studies of Para-
moeba spp. describing cell morphology of the amoebae
in culture have been conducted using light microscopy
together with transmission and scanning electron
microscopy [1, 13, 21, 23, 28, 46, 47]. Only a few of these
studies reported that the experiments were conducted
with clonal amoeba cultures [13, 21, 23, 46], which are
necessary to obtain species strain- or genotype-specific
information. The descriptions from morphological exam-
ination of the 10 clonal P. perurans isolates in this study
agree with previous descriptions of Paramoeba spp.
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with respect to size and morphological features of both
the attached and floating forms. In the first published
description of P. perurans, Young et al. [3] noted that its
size was 41-56 um in adherent form, the nucleus was
3.3-6.0 um and the parasomes 5.3—8.0 pm. Similar sizes
have also been reported for P perurans more recently,
i.e. 15-40 pm [14] and 10-20 pm [35]. Karlsbakk et al. [6]
reported that free amoebae from infected gills measured
from 17.3 to 32.5 um in wet mount preparations, and
22.4-28.5 um in culture. The attached forms can exceed
50 um in size [48]. The greatest sizes of attached amoebae
of the 10 different clones measured in the present study
were between 26 and 43 pm (range 19-64 pum). The kary-
osomes measured up to 2.7 pm in diameter. All of the
isolates examined had one or more (up to three) paras-
omes with a mean diameter of 3.2-5.5 um, which were
always located close to the nucleus; the size and shape of
most of the parasomes were in agreement with previous
descriptions. In a few amoebae, however, the parasome
was larger (7.9-10.9 pum), perhaps indicating pre-divi-
sion forms. The clonal isolates (attached amoeba) varied
in size, and the mean size (area) ranged from 453 to 802
um? Dykova et al. [44] noted intra-strain size differences
within 15 clonal strains of P pemaquidensis and three
clonal strains of P. branchiphila.

Although genetically indistinguishable (with respect
to partial 18S rDNA sequences), the clonal isolates of P
perurans in our study had different phenotypes in both
the attached forms (with respect to size) and the float-
ing forms. The appearance of the floating forms in the
present study corresponded to previous descriptions of
Paramoeba [23, 44, 46], but also here differences between
strains could be observed, as the shape, numbers, and
lengths of pseudopodia together with the shape and size
of the cell bodies varied. For instance, clonal isolates 1
and 4 had small lobose pseudopodia, whereas isolate 2
had long, extended, sometimes corkscrew-shaped pseu-
dopodia. The presence of a pointed adhesive uroid in
some amoebae was noted for three isolates. Such struc-
tures have not previously been noted in symbiotic Par-
amoeba spp. of fish, but are known to occur in other
species of this genus, such as Paramoeba atlantica and
Paramoeba longipodia [28, 49].

For clonal isolate 4, large amounts of locomotive forms
of the amoeba were also seen in the surface microlayer of
the wells. Since observing this in the in vitro study pre-
sented here, we have also seen locomotive amoebae in
these layers in several P perurans cultures. Hence this
phenomenon has now been observed in a range of iso-
lates, and it appears to be a general trait that is not related
to strain. Amoebae move and feed using their pseudo-
pods, and it has been suggested that feeding (population
growth) in Paramoeba may only occur in the attached
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or locomotive form [33, 48, 50, 51], while in the floating
form the long, thin pseudopods (filopodia) contribute to
buoyancy and likely also to attachment to new substrates
(e.g. hosts). In Acanthamoeba spp., attached forms of
amoebae in the surface microlayers may allow them to
graze and phagocytose bacteria while being transported
passively over enormous distances; the surface microlay-
ers are known to be a micro-niche that is especially rich
in nutrients and microorganisms [52]. To the best of our
knowledge, this is the first report to show that 2. perurans
may form grazing trophozoites in the surface microlayer
of water, and it consequently seems possible that P. peru-
rans can survive and spread long distances in this way.

Collins et al. [12] observed optimal growth of non-
clonal P. perurans populations held in vitro at 15 °C and
a salinity of 35%o, with amoebae numbers doubling every
14 h. Their findings agree well with those of our experi-
ments in which a culturing regime was used that has been
sustained since October 2013 at our facility, where clonal
cultures of P perurans have been kept in culturefor
>9 years at 15 °C and split every 14th day (personal
observations). Collins et al. [12] found that P perurans
were able to grow at 20—-50 %o at 15 °C, and at 25-50 %o at
temperatures of 8, 11 and 18 °C. The lower temperature
and salinity limits for P. perurans population growth have
been reported to be between 4 and 8 °C and between 20
and 25%o [12]. Although no growth was detected at 4 °C
in that study, amoeba populations were shown to remain
stable over the experimental period of 15 days at 2—4 °C
[12]. In our study, an increase in P. perurans levels from
day 3 to day 14 was detected for eight out of the 10 iso-
lates when held at 4 °C. P. perurans (isolate 2) was also
shown to be viable after being kept in cell culture flasks
for 5 weeks at 4 °C. It is interesting to note that, in the
temperature study at 4 °C, the pseudopods of the floating
amoeba were very short or retracted; this probably led to
a reduction in surface area as a response to environmen-
tal stress, in agreement with Lima et al. [19]. At tempera-
tures and salinities below growth permissive levels, the
number of attached amoebae relative to amoebae in sus-
pension was lower [12]. The same was true here for cul-
tures held at 21 °C. In agreement with Collins et al. [12],
this may have been related to environmental stress in the
enclosed in vitro set-up (e.g. a build-up of toxic metabo-
lites or the depletion of prey organisms).

Growth of the various isolates in our study was exam-
ined at 4, 12, 15 and 21 °C. At 15 °C, the attached forms of
various isolates were observed to reach a plateau phase at
different time points after inoculation into wells. The pla-
teau phase ([12]) was reached approximately at the same
time point that the floating forms could be identified in
the various cultures, as previously reported by Collins
et al. [12]. Floating amoebae were observed between 3
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and 14 (mean 5.4) dpi for the various isolates. After the
plateau phase, a reduction in the attached amoeba lev-
els could be seen for most isolates, and at the same time
an increase in the floating amoebae levels. The amoe-
bae population levels detected for the various cultures
also varied between clonal isolates. The highest levels of
amoebae were seen for attached amoebae from isolate 9
at 8 dpi, as amoebae proliferate until floating forms start
to appear due to increased density in culture. For float-
ing amoebae, the highest levels were seen at 14 dpi for
isolate 10. The time points where floating forms were
seen were not related to variation in the starting num-
bers of amoebae (higher in isolates 1, 2, 4 and 6). Also,
the doubling time for P. perurans held at 15 °C and 35%o
has been reported to be only 14 h [12], so the variation
in starting numbers of amoebae was thought to have had
only a minor influence. Indeed, the highest densities of
amoebae at 15 °C were seen for the other isolates with
lower starting amounts (e.g. 3, 5, 7, 9, 10). At the highest
temperature, 21 °C, amoebae had a similar appearance
to amoebae grown under standard growth conditions
(15-16 °C), but there were more small, rounded amoeba
(‘pseudocysts’), which indicated that the culture condi-
tions were suboptimal for the amoebae. High amounts of
small, rounded amoeba are often seen in dense cultures
or when subculturing has been infrequent [23]. In the
present study, cultures with amoeba incubated at 21 °C
seemed to stagnate sooner, as the plateau phase was
reached at an earlier time point (between 3 and 8 days),
with a reduction in attached amoeba numbers seen for
most isolates at 8 dpi.

Contractile vacuoles are involved in maintaining
osmotic equilibrium in the amoeba under periods of
reduced salinity [19]. When the P. perurans isolates were
exposed to a range of salinities (20-34%o) in our study,
there was a reduction in amoeba growth at 20%o, and a
general preference for higher salinities was seen. When
the amoebae were transferred back to full-strength sea-
water after 20 days, population growth resumed. These
results agree well with those from the in vivo challenge
study of Atlantic salmon presented here, where fish
were challenged with isolate 2 at 34%o for 1 h and then
split into two groups and exposed to either 25 or 34%o.
P perurans infections were not established in the 25%o
tank. Clonal P. perurans isolate 2 could not establish an
infection in salmon transferred to a lower salinity (25%o)
immediately after the challenge, even when held at full
salinity during the 1-h challenge. In contrast, in the tank
at 34 %o salinity, most of the fish were infected with P
perurans (real-time RT-PCR positive), with some fish
attaining a gill score of 4-5. In contrast, clonal isolate
3 was incidentally isolated from a non-AGD-challenge
experiment with fish held at 25%o [38], and the amoeba



Blindheim et al. Parasites & Vectors (2023) 16:112

strain was shown to proliferate at this salinity—although
at low levels and with low prevalence. A possible explana-
tion for this is that some amoebae in cases of late stage
AGD are better ‘protected’ than amoebae during the
initial phase of infection (due to excess mucus and per-
sistent cavitation) [12]. In our in vitro salinity study, iso-
late 3 was one of three isolates that also showed reduced
growth at 25%o at 6—7 dpi.

AGD outbreaks may vary. The disease mostly devel-
ops to a treatable level, although it may progress to cause
mortality of the most severely affected individuals, or it
may clear over time with a change in salinity or season.
Salmon are usually treated when gill scores reach>2
in 30% of the examined population [53], although there
has been a shift to more proactive treatments at lower
mean gill score. When the mean gill score of fish reaches
3, there are few gill surfaces left without mucus patches
[54]. When culturing P perurans, we observed phe-
notypical differences such as size differences and the
appearance of floating forms of the amoeba. At present,
treatment decisions do not take into consideration the
type of isolate that has been detected, as no phenotypic
traits have been linked to virulence, and the virulence
mechanisms are not understood. The composition of the
bacterial communities associated with the clonal isolates,
and how this might change with exposure to various
salinities and temperatures, is clearly of great interest but
was not examined in the present study. If a link is found
between specific isolates and virulence, identifying which
isolate has infected a fish population may help in decid-
ing whether to treat the fish or not.

Conclusions

We have described the light microscopic characteristics
of 10 clonal isolates of P. perurans, and investigated their
growth characteristics under different salinities and tem-
peratures. Variation in morphology and size between iso-
lates agreed with observations from previous studies. The
observed differences between some of the isolates with
respect to their temperature and salinity preferences may
be of importance for mitigation strategies. The relation-
ship between bacteria and the proliferation and morphol-
ogy of P. perurans and the development and virulence of
AGD should be investigated further.
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