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A B S T R A C T

Aquaculture is an increasingly important and efficient form of food production. As in all production systems
where living animals are held in close proximity, infection with pathogenic agents can be a problem. Both
Atlantic salmon Salmo salar, and lumpfish Cyclopterus lumpus sea-farmed in Norway, are prone to a variety of
bacterial pathogens. Phocoenobacter atlanticus subsp. atlanticus and Phocoenobacter atlanticus subsp. cyclopteri
(formerly known as ‘Pasteurella atlantica genomovars salmonicida and cyclopteri’) cause relatively host- specific
infections and ‘pasteurellosis’ in salmon and lumpfish respectively. In the present study, two previously pub-
lished qPCRs capable of detection of two undefined ‘Pasteurella spp.’ were validated as specific for detection of
Phocoenobacter atlanticus subsp. atlanticus and subsp. cyclopteri, respectively, and thus represent important tools
for study and management of fish pasteurellosis in the North Atlantic area.

1. Introduction

Aquaculture of Atlantic salmon (Salmo salar) is an important and
expanding industry worldwide. Although fully enclosed and semi-
enclosed seawater farming facilities are gradually being introduced,
the majority of sea-farmed salmon remain produced in open seawater
cages in Norway (Naylor et al., 2021; Barrett et al., 2020; FAO, 2024).
Although facilitating effective production, these cages also allow path-
ogenic agents, including the salmon louse, Lepeophtheirus salmonis, ready
access to fish confined within the cage. Lice can e.g. be removed by
chemical, mechanical or thermal treatments, and/or by use of
cleaner-fish (Aldrin et al., 2023). Following widespread development of
resistance amongst salmon louse populations to chemical treatments in
recent years (Aaen et al., 2015), various cleaner-fish species including
farmed lumpfish (Cyclopterus lumpus), have been used to control louse
numbers in salmon cages (Pincinato et al., 2025). Almost ironically,
both farmed salmon and lumpfish suffer high mortality levels due to
infections with relatively host-specific (Gulla et al., 2023) subspecies of
the Gram-negative bacterium Phocoenobacter atlanticus, i.e. subsp.
atlanticus in salmon and subsp. cyclopteri in lumpfish (Nilsen, 2025).
Until recently Phocoenobacter atlanticus was considered, but never
validly published, as belonging to the genus Pasteurella (Ellul et al.,

2019a, 2019b; Kverme et al., 2022; Alarcón et al., 2016). As outbreaks of
disease caused by both subspecies are now widespread in the industry,
there is a need for highly specific molecular diagnostic assays capable of
identification and differentiation of them. Sandlund et al. (2021).
designed real-time PCR (qPCR) assays capable of detection and differ-
entiation, in a transmission experiment, of two ‘Pasteurella sp.’ isolates
originating from Atlantic salmon (Sandlund et al., 2021; isolate 1) and
lumpfish (Sandlund et al., 2021; isolate 2) respectively. The aim of
Sandlund et al. was apparently not to specifically identify these isolates
at species or subspecies level, but rather to follow the course of infection.
The described assays were thus not extensively validated. The purpose of
the present study was, therefore, evaluation and validation of the two
qPCR assays described by Sandlund et al. (2021). for use in diagnostics
and future research involving Phocoenobacter atlanticus subsp. atlanticus
and subsp. cyclopteri.

2. Materials and methods

PCR primers and probes for both assays were as described by Sand-
lund et al. (2021). and are shown in Table 1. Bacterial isolates used in
the current study and their origins are listed in Table 2. Sub-cultures
from cryopreserved stocks held at − 80

◦

C were prepared on blood agar
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with a final NaCl concentration of 2 % (BAS) and incubated aerobically
at 22+ /- 2

◦

C. DNA was then extracted with a DNeasy Blood and Tissue
DNA extraction kit (Qiagen) as described by the manufacturer. Primers
and probes were produced by TAGC Copenhagen (Denmark). All qPCR
experiments were run with 900 nM primers and 600 nM probe in Bril-
liant III Ultra-Fast QPCR Master Mix (Agilent). Gradient qPCR experi-
ments were run in triplicate on a CFX96 instrument (Bio-Rad) with a
gradient as shown in Fig. 1. The cycling conditions were 95̊C for 3 min
followed by 45 cycles of 95̊C for 5 s and annealing at varying tempera-
tures for 10 s. Ph. atlanticus subsp. atlanticus VIB3687 and Ph. atlanticus
subsp. cyclopteri VIO9100 were used as templates in gradient experi-
ments for the respective assays. All other qPCR experiments were per-
formed on an Aria MX (Agilent) instrument. The cycling conditions were
as in the gradient experiments except for an annealing temperature of
57

◦

C for the Ph. atlanticus subsp. atlanticus assay and 60
◦

C for the Ph.
atlanticus subsp. cyclopteri assay.

Amplification efficiency (E) and linearity (as R2) was determined by
analysing a 6 log template dilution series. Each experiment was per-
formed with two qPCR replicates. Cq values were plotted against –log10
(1/dilution factor) and linear regression was performed with E calcu-
lated using the formula: E = 10^(-1/slope) – 1. Assay specificity was
assessed both in silico, using 90 genome sequences, and in vitro, through
qPCR analysis of a panel of 45 bacterial isolates.

The in silico assessment of assay specificity was done by searching the
RefSeq prokaryote representative genomes, RefSeq assembly and pro-
karyotic non-representative genomes databases with BLASTn 2.16.1 +

(Altschul et al., 1997) online with the two amplicons including also 20
flanking base pairs on each side. Permissive and sensitive search pa-
rameters were used, expect value = 1, word size = 7, match/mismatch
penalties = 1/-1 and gap costs = 1/2. Sequence hits were aligned in
MEGA 12 (Tamura et al., 2021) before counting SNPs and plotting with
R version 4.4.1 using ggplot2 version 3.5.1.

3. Results

The optimal annealing temperatures were identified prior to deter-
mination of amplification efficiency and linearity. Specificities were
assessed in silico by analysing 90 genomes and by running qPCRs on DNA
from 45 relevant bacterial isolates.

Temperature gradient qPCR for the Ph. atlanticus subsp. atlanticus
assay (Table 1) showed a constant Cq value as a function of annealing
temperature up to approximately 59̊C (Fig. 1) and we chose an
annealing temperature of 57̊C. The Ph. atlanticus subsp. cyclopteri assay
(Table 1) showed a constant Cq value up to approximately 63̊C (Fig. 1),
and an annealing temperature of 60̊C was chosen. Amplification effi-
ciency (E) and linearity were assessed by analysing a template dilution
series over 6 logs (Supplementary Table 1). E values of 94.9 % and
107.9 % were calculated for the Ph. atlanticus subsp. atlanticus and Ph.
atlanticus subsp. cyclopteri assays, respectively. Both values fall within
our acceptance interval of 80 – 110 %. Linearity, measured as R2, was

Table 1
Primers and probes described by Sandlund et al. 2021.

Oligo name Target Sequence (5′>3′)

Patlsalm_F Ph. atlanticus subsp.
atlanticus

TCTAATATTGATGATCTTGTTTG

Patlsalm_R Ph. atlanticus subsp.
atlanticus

ATTTCCTAAATTAGGAAAGATAC

Patlsalm_BHQpr† Ph. atlanticus subsp.
atlanticus

ACTTGATGAAGCTACACAACGTG

Phcyclo_F Ph. atlanticus subsp.
cyclopteri

TATTAATGATACAGGTGCTTTA

Phcyclo_R Ph. atlanticus subsp.
cyclopteri

ATCCCTTCTGGTTGTGTT

Phcyclo_pr† Ph. atlanticus subsp.
cyclopteri

ACTAATGTTGCAGATCTTGTTTGGC

† The probes were labelled with FAM and BHQ1

Table 2
In vitro specificity for the two real-time qPCR assays.

Species (lineage*) Strain Ph. atlanticus
subsp. atlanticus,
Cq value

Ph. atlanticus
subsp. cyclopteri,
Cq value

Ph. atlanticus subsp.
atlanticus (Pas− 1)

NVIB3691 23.0/20.7 No Cq/No Cq

Ph. atlanticus subsp.
atlanticus (Pas− 1)

NVIB3692 27.1/22.7 No Cq/No Cq

Ph. atlanticus subsp.
atlanticus (Pas− 2)

NVIB3131 21.2/27.8 No Cq/No Cq

Ph. atlanticus subsp.
atlanticus (Pas− 2)

NVIB3693 24.4/24.7 No Cq/No Cq

Ph. atlanticus subsp.
atlanticus (Pas− 2)

NVIB3695 25.2/22.1 No Cq/No Cq

Ph. atlanticus subsp.
atlanticus (Pas− 3)

NVIB3694 29.2/29.6 No Cq/No Cq

Ph. atlanticus subsp.
atlanticus (Pas− 4)

NVIB3014 24.6/26.5 No Cq/No Cq

Ph. atlanticus subsp.
atlanticus (Pas− 4)

NVIB3308 22.7/26.4 No Cq/No Cq

Ph. atlanticus subsp.
atlanticus (Pas− 4)

NVIB3506 22.4/23.0 No Cq/No Cq

Ph. atlanticus subsp.
atlanticus (Pas− 4)

NVIB3673 23.1/24.5 No Cq/No Cq

Ph. atlanticus subsp.
atlanticus (Pas− 4)

NVIB3687 20.8/23.1 No Cq/No Cq

Ph. atlanticus subsp.
atlanticus (Pas− 4)

NVIB3708 25.3/21.9 No Cq/No Cq

Ph. atlanticus subsp.
atlanticus (Pas− 4)

NVIB3760 23.5/23.6 No Cq/No Cq

Ph. atlanticus subsp.
atlanticus (Pas− 4)

NVIB3763 24.5/24.7 No Cq/No Cq

Ph. atlanticus subsp.
atlanticus (Pas− 4)

NVIB3784 22.1/23.4 No Cq/No Cq

Ph. atlanticus subsp.
atlanticus (Pas− 4)

NVIB3834 22.5/22.1 No Cq/No Cq

Ph. atlanticus subsp.
cyclopteri (Pac)

TW141_17 No Cq/No Cq 16.8/17.9

Ph. atlanticus subsp.
cyclopteri (Pac)

NVIB3801 No Cq/No Cq 17.4/17.6

Ph. atlanticus subsp.
cyclopteri (Pac)

NVIO3648 No Cq/No Cq 17.2/17.5

Ph. atlanticus subsp.
cyclopteri (Pac)

NVIB3802 No Cq/No Cq 16.9/16.2

Ph. atlanticus subsp.
cyclopteri (Pac)

NVIB3273 No Cq/No Cq 14.7/15.1

Ph. atlanticus subsp.
cyclopteri (Pac)

NVIO9100 No Cq/No Cq 18.9/19.2

Ph. skyensis (Ps− 1) 03D1 No Cq/No Cq No Cq/No Cq
Ph. skyensis (Ps− 1) 95A1T No Cq/No Cq No Cq/No Cq
Ph. skyensis (Ps− 1) NVIO11850 No Cq/No Cq No Cq/No Cq
Ph. skyensis (Ps− 1) NVIO11851 No Cq/No Cq No Cq/No Cq
Ph. skyensis (Ps− 2) 01A1 No Cq/No Cq No Cq/No Cq
Ph. skyensis (Ps− 2) 98B1 No Cq/No Cq No Cq/No Cq
Ph. skyensis (Ps− 3) TW16_20 No Cq/No Cq No Cq/No Cq
Ph. skyensis (Ps− 3) TW246_19 No Cq/No Cq No Cq/No Cq
Ph. skyensis (Ps− 3) TW260_19 No Cq/No Cq No Cq/No Cq
Ph. skyensis (Ps− 3) TW273_19 No Cq/No Cq No Cq/No Cq
Ph. skyensis (Ps− 3) TW342_17 No Cq/No Cq No Cq/No Cq
Ph. skyensis (Ps− 3) TW34_18 No Cq/No Cq No Cq/No Cq
Ph. skyensis (Ps− 3) TW379_17 No Cq/No Cq No Cq/No Cq
Ph. uteri NVIB5283 No Cq/No Cq No Cq/No Cq
Vibrio anguillarum NVIB1161 No Cq/No Cq No Cq/No Cq
Yersinia ruckeri NVIB5363 No Cq/No Cq No Cq/No Cq
Aeromonas salmonicida

subsp. salmonicida
NVIB4007 No Cq/No Cq No Cq/No Cq

Aliivibrio logei NVIB1575 No Cq/No Cq No Cq/No Cq
Carnobacterium
maltoaromaticum

NVIB3457 No Cq/No Cq No Cq/No Cq

Moritella viscosa NVIB5591 No Cq/No Cq No Cq/No Cq
Photobacterium damselae

subsp. piscicida
NVIB3219 No Cq/No Cq No Cq/No Cq

Pseudomonas
anguilliseptica

NVIB5182 No Cq/No Cq No Cq/No Cq

Tenacibaculum
finnmarkense subsp.
finnmarkense

NVIB756 No Cq/No Cq No Cq/No Cq
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found to be > 0.990 for both assays and concluded to be acceptable.
The target for the Ph. atlanticus subsp. atlanticus qPCRs developed by

Sandlund et al. (2021) was identified as the outer membrane protein A
(OmpA) gene. This gene is a common housekeeping gene in
Gram-negative bacteria, occasionally linked to virulence (Roy Chowd-
hury et al., 2022), and is often used as a PCR target (Apfalter et al., 2003;
Mohan Nair and Venkitanarayanan, 2006; Stevens et al., 2010). We
were not able to identify the Ph. atlanticus subsp. cyclopteri assay target.

In silico specificity was analysed by aligning the primer/probe se-
quences to 90 Phocoenobacter genomes of recognized taxonomic status,
and covering three different species (accession numbers and SNP counts
as described in Supplementary table 2). The Ph. atlanticus subsp. atlan-
ticus assay had a perfect match to all 55 Ph. atlanticus subsp. atlanticus
genomes from all four lineages (Gulla et al., 2023). (Fig. 2A). Likewise
did the Ph. atlanticus subsp. cyclopteri assay have a perfect match to all
the 20 Ph. atlanticus subsp. cyclopteri genomes (Fig. 2B). Ph. atlanticus
subsp. cyclopteri genomes displayed 14 SNPs relative to the Ph. atlanticus
subsp. atlanticus assay, with Ph. skyensis and Ph. uteri displaying 17 and
20 SNPs to that assay, respectively (Fig. 2A). The Ph. atlanticus subsp.

atlanticus genomes displayed 15–16 SNPs compared to the Ph. atlanticus
subsp. cyclopteri assay while Ph. skyensis and Ph. uteri displayed between
17 and 21 SNPs (Fig. 2B). Specificity was also assessed in vitro by
running the two qPCR assays against a broad selection of target and
non-target bacterial isolates (Table 2). For both the Ph. atlanticus subsp.
atlanticus assay and the Ph. atlanticus subsp. cyclopteri assay, all PCR
results turned out specific for the target taxa.

4. Discussion

The current work has confirmed that the two qPCRs published by
Sandlund et al. (2021), originally directed at two different ‘Pasteurella’
isolates originating from Atlantic salmon and lumpfish, displayed
acceptable amplification efficiency, linearity and high specificity for
detection of Ph. atlanticus subspecies atlanticus and cyclopteri, respec-
tively. Specificity was assessed both in vitro by running qPCRs on a se-
lection of bacterial isolates, and in silico by aligning the primer and probe
sequences to target and non-target genome sequences. By the in silico
approach, all three oligonucleotides of both assays produced full-length,
identical matches within all target genomes, while non-target genomes
displayed 14 or more mismatches. Both the number and position of in-
dividual SNPs within a primer or probe sequence will affect qPCR
functionality. As a rule of thumb, we consider an assay with (approxi-
mately) ≥ 4 SNPs compared to non-targets as likely to be specific (Boyle
et al., 2009; Lefever et al., 2013). The in silico specificity analysis per-
formed here thus strongly indicates that the two assays are both specific.
For in vitro assessment, the two assays were tested against 36 Phocoe-
nobacter isolates recovered over a broad geographic area over a number
of years, covering three species and both Ph. atlanticus subspecies in
addition to 9 non-Phocoenobacter species (Table 2). While Ph. atlanticus
subsp. cyclopteri is genetically homogeneous, subsp. atlanticus comprises
a number of different genetic lineages. All in vitro qPCR results were in
compliance with the in silico results, and it was thus concluded that the
specificity was acceptable for both assays.

The gradient qPCRs demonstrated that annealing temperatures could
be increased compared to the values described by Sandlund et al. Those
used in the current study (57̊C for assay Ph. atlanticus subsp. atlanticus
and 60̊C for assay Ph. atlanticus subsp. cyclopteri), were respectively 2̊C
and 5̊C higher than previously reported. Maximizing annealing tem-
peratures may be desirable as it can increase specificity and thus
decrease the risk for false positive results (Wu et al., 1991). Both Atlantic
salmon and lumpfish are susceptible to ‘pasteurellosis’ caused by Ph.
atlanticus and the occurrence appears to be increasing (Stige et al.,
2025). The validation of qPCR assays for specific detection of Ph.
atlanticus subsp. atlanticus and Ph. atlanticus subsp. cyclopteri is,

* Lineage as defined by Gulla et al. (2023).

Fig. 1. Annealing temperatures analysed by gradient qPCRs. Cq values are
shown as a function of annealing temperature for the two assays. qPCR was
performed in triplicates. Ph. atlanticus subsp. atlanticus is represented by blue
circles and Ph. atlanticus subsp. cyclopteri is represented by orange squares.

Fig. 2. In silico specificity. Primers and probe sequences aligned with target and non-target genome sequences for Ph. atlanticus subsp. atlanticus assay (A) and Ph.
atlanticus subsp. cyclopteri assay (B). Three gap symbols separate the oligos. Each match is shown as. and n is the number of identical sequences (Supplementary table
2). SNPs is the total number of SNPs compared to all three assay sequences combined. PhAtlAtl is Ph. atlanticus subsp. atlanticus, PhAtlCycl is Ph. atlanticus subsp.
cyclopteri, PhSky is Ph. skyensis and PhUteri is Ph. uteri. Forward primer (left oligo) and probe (middle oligo) are shown in 5′ > 3’ direction, while reverse primer
(right oligo) is shown in 3′ > 5’ direction. Ph. uteri has two alleles of the Ph. atlanticus subsp. cyclopteri assay target sequence.

B. Spilsberg et al.
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therefore, a significant contribution in terms of managing infections
caused by these bacteria.
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