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A B S T R A C T   

Carnobacterium is a genus of Gram-positive bacteria, within family Carnobacteriaceae, and they are catalase- and 
oxidase-negative, non-sporing bacteria with properties such as CO2 and L (+)- lactic acid production from 
glucose, but they are not able to grow on acetate agar. They are ubiquitous lactic acid bacteria and have been 
isolated from both cold and temperate environments, and they are identified as components of the microbiota in 
the gastrointestinal (GI) tract of salmonids and several other fish species of which Carnobacterium (piscicola) 
maltaromaticum, Carnobacterium mobile, Carnobacterium divergens, Carnobacterium alterfunitum, and Carnobacte-
rium inhibens are reported. During the last two decades several studies have revealed that carnobacteria can act as 
probiotics to promote health benefits of fish, as well as they in ex vivo studies to some extent can out-compete 
pathogens. In addition to beneficial effects, information is available that some carnobacteria species causing 
fish disease. The aim of the present review is to present an updated overview of Carnobacterium in fish, with focus 
on their presence in the GI tract, their use as probiotic supplement and general information on pathogenic 
carnobacteria.   

1. Introduction 

Lactic acid bacteria (LAB) are considered good candidates as bene-
ficial bacteria to fish due to their ability to inhibit adherence and colo-
nization of pathogenic bacteria in the gastrointestinal (GI) tract (Ringø 
et al., 2010, 2018) and to produce antimicrobial compounds (Evangel-
ista et al., 2022; Ringø et al., 2018). Among the LAB investigated in 
aquaculture, Lactobacillus species being most frequently studied (Ringø 
et al., 2020a), but during the last two decades several studies have 
suggested that Carnobacterium might be a good candidate to promote 
health benefits of fish. 

Genus Carnobacterium belongs to the family Carnobacteriaceae 
within the order of Latobacillales and they grow in a pH range of 7–9 and 
most species produce lactic acid through the fermentation of carbohy-
drates such as glucose. According to Schillinger and Holzapfel (1995) 
the first mention of these atypical lactobacilli not growing on acetate 
agar was made in the 1950s referring to strains isolated from poultry 
meat. In aquaculture. the earliest evidence of “Carnobacterium species” 
was a report on a pathogenic Lactobacillus piscicola, isolated from 
salmonid fish (Hiu et al., 1984), but according to Web of Science, Collins 
et al. (1987) proposed a new genus, Carnobacterium by reclassification of 
Lactobacillus divergens, Lactobacillus piscicola and some 
catalase-negative, asporogenous, rod-shaped bacteria from poultry. 

To avoid overlaps with previous book reviews on genus 

Carnobacterium, readers with interest in history, morphology, habitats, 
physiological properties, isolation, cultivation, maintenance, conserva-
tion, genetics, identification, and differentiation of species are recom-
mended to have a closer look at book review by Schillinger and 
Holzapfel (1995) published in “The Genera of Lactic Acid Bacteria” and by 
Hammes and Hertel (2006) published in “The prokaryotes. A handbook on 
the Biology of Bacteria”. 

Carnobacteria are isolated from Arctic and temperate environments 
(Leisner et al., 2007; Ringø et al., 2018; Ringø & Gatesoupe, 1998). 
Currently genus Carnobacterium consists of 10 species of which; Carno-
bacterium (piscicola) maltaromaticum, Carnobacterium mobile, Carno-
bacterium divergens, Carnobacterium alterfunitum, and Carnobacterium 
inhibens have been isolated from fish intestine. The first study isolating 
carnobacteria from gastrointestinal (GI) tract of fish, wild Atlantic 
salmon (Salmo salar), Atlantic cod (Gadus morhua) and saithe (Pollachius 
virens), was carried out by Strøm (1988). The bacterium isolated from 
Atlantic salmon was identified as Lactobacillus plantarum Lab01 but was 
later reclassified as C. divergens (Ringø et al., 2001). This bacterium has 
been used as probiotic supplement in in vivo studies (Gildberg et al., 
1995, 1997; Gildberg & Mikkelsen, 1998; Ottesen & Olafsen, 2000; 
Puvanendran et al., 2021; Strøm & Ringø, 1993) as well as in an ex vivo 
study to study the interactions between C. divergens and fish pathogens 
(Kristiansen et al., 2011). 

Carnobacteria have been reported as a part of the microbial 
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communities of different environments, fish gastrointestinal (GI) tract 
(Table 1), fish eye (Pastorino et al., 2021), spoilage of aquatic products 
(Zhang et al., 2015; Zotta et al., 2019), seafood (Mauguin & Novel, 
1994), meat (Montel et al., 1991), dairy products (Afzal et al., 2010), 
blood from a cancer patient (Lo & Sheth, 2021), anoxic waters in Ace 
Lake, Antarctica (Franzmann et al., 1991), in the human small bowel 
(duodenum and jejunum) (Iskandar et al., 2017; Van Tassell & Miller, 
2011). and even from butterfly species at the Tibetan Plateau (Cao et al., 
2021). Even though some information was presented on carnobacteria 
in fish in previous reviews on LAB (Lambuk et al., 2022; Lauzon & Ringø, 
2011; Leisner et al., 2007; Merrifield et al., 2014; Ringø, 2004; Ringø 
et al., 2018; Ringø & Gatesoupe, 1998) and shellfish (Ringø et al., 
2020b), the present review address to present an updated overview of 
Carnobacterium in fish, with focus on their presence in the GI tract, their 
use as probiotic supplement and on pathogenic carnobacteria. 

2. Carnobacteria in the gastrointestinal (GI) tract of fish 

Carnobacteria have been identified as components of the microbiota 
of the GI tract of several fish species (Table 1) and shellfish (Ringø et al., 
2020b). The first study isolating carnobacteria from the GI tract of fish 
was reported by Strøm (1988). One of the carnobacteria isolated, 
identified as Lb. plantarum Lab 01 later reclassified as C. divergens (Ringø 
et al., 2001) has revealed antagonistic activity against fish pathogens, 
Aeromonas salmonicida ssp. salmonicida (causative agent of furuncu-
losis), Vibrio salmonicida and Vibrio (Listonella) anguillarum (causative 
agent of vibriosis) (Ringø, 2008). 

2.1. Salmonidae 

Several studies have identified carnobacteria from the GI tract of 
Arctic charr (Salvelinus alpinus) (Table 1), and the first study was re-
ported by Ringø et al. (1997) isolating C. divergens from distal intestine. 
Later studies have revealed that carnobacteria composition appears to 
be affected by dietary components, fatty acids (Ringø et al., 1998), 
carbohydrate levels (Ringø & Olsen, 1999), oils (Ringø, Lødemel, et al., 
2002) and inulin (Ringø, Sperstad, Myklebust, Mayhew, & Olsen, 2006) 
as well as migration from freshwater to seawater and from seawater 
back to freshwater (Ringø, 2000). 

In a study evaluated the effect of different fatty acids on LAB colo-
nizing the GI tract of freshwater reared Arctic charr, Ringø et al. (1998) 
reported highest frequency of LAB in stomach, proximal- and distal in-
testine and feces of fish fed 7% linoleic acid diet and 4% of a poly-
unsaturated fatty mix. Among the LAB identified were Carnobacterium 
spp. and C. maltaromaticum predominant. 

Arctic charr fed high levels of dietary carbohydrates displayed 
different adherent culturable carnobacteria profiles in the intestine, 
such as C. mobile in the proximal intestine and C. maltaromaticum in the 
distal intestine; however, fish fed low levels of dietary carbohydrates 
displayed only C. divergens in both intestinal regions It is important to 
note also that the higher dietary carbohydrate level reduced the fre-
quency of carnobacteria isolation within replicate fish (Ringø & Olsen, 
1999). 

Ringø, Lødemel, et al. (2002) investigated the effect of dietary soy-
bean-, linseed- and marine oil on the aerobic populations of heterotro-
phic bacteria present in the distal intestine of Arctic charr. Differences in 
the bacteria microbiota were revealed between the rearing groups 
before and after challenge with A. salmonicida ssp. salmonicida, as well as 
interindividual variations, as carnobacteria were only reported in the 
distal intestine of charr fed soybean- and linseed oil before challenge. In 
contrast, Carnobacterium spp. and C. funditum were revealed in the distal 
intestine of fish fed the same dietary oils after challenge. However, an 
interesting finding was that the carnobacteria isolated inhibited in vitro 
growth of three pathogens tested but the ability differed between the 
dietary treatment. 

Ringø, Seppola, et al. (2002) present report on a strain 6251 isolated 

from Arctic charr and revealed that the most abundant cellular fatty acid 
was oleic acid (18:1 n-9) (36.0%). Sequencing of a 16S rDNA region of 
578 nucleotides and AFLPTM microbial fingerprinting suggested that 
the strain was not closely related to any carnobacteria known. However, 
DNA-DNA similarity determinations displayed high similarity (96.2%) 
with the type strain of C. divergens. The unique phenotypic attributes of 
strain 6251 represented new information on the biodiversity and ecol-
ogy of carnobacteria and especially of the species C. divergens. Fig. 1 
shows the morphology of C. divergens 6251 (Myklebust & Ringø, un-
published data). 

Ringø, Sperstad, Myklebust, Mayhew, and Olsen (2006) revealed 
that dietary inulin tended to lower culturable autochthonous carno-
bacteria levels (by ca. 90%) in the distal intestine of Arctic charr, which 
seemed to benefit C. maltaromaticum at the expense of C. divergens. 
However, as high inclusion level, 15 g kg− 1 was used in this study, these 
results should be handled with care as Olsen et al. (2001) using similar 
inclusion level revealed that absorptive cells in pylorus caeca show 
numerous intracytoplasmic vacuoles which vary in size and shape and 
amounted for ca. 4.5% of cellular volume, and in distal intestine highly 
vacuolated cells increased from 14.3% to 22.1% of the cell volume in the 
control group vs. inulin fed fish, and many of the vacuoles have a 
lamellar content. To fully conclude, lower inclusion levels of inulin 
supplementation merits investigations. 

Carnobacterium spp., C. divergens, C. inhibens, C. maltaromaticum and 
C. mobile have been isolated from the GI tract of Atlantic salmon 
(Table 1). In a study evaluating bacteria associated with Atlantic 
salmon, revealed that among 751 bacteria isolated from food, water, and 
the GI tract, 201 were identified as Carnobacterium and 199 of them were 
isolated from proximal-, mid- and distal intestine (Ringø et al., 2000). 
Within the 199 C. maltaromaticum – like isolates, 139 inhibited in vitro 
growth of A. salmonicida subsp. salmonicida. 

Cultured isolates subsequently identified by 16S rRNA gene 
sequencing analysis revealed Carnobacterium levels in the distal intestine 
of Atlantic salmon of log 3.8 and 5.2 CFU g− 1 for the autochthonous and 
allochthonous communities, respectively (Ringø et al., 2008). Cantas 
et al. (2011) evaluated the culturable allochthonous intestinal micro-
biota of triploid and diploid Atlantic salmon and displayed significantly 
higher total bacterial counts within proximal intestine, midgut, and 
distal intestine in triploids, but a significant decrease in carnobacteria 
was observed in triploids compared to diploids. Whether these differ-
ences contribute to fish health or disease resistance was not elucidated 
and merits further investigations. 

Askarian et al. (2012) evaluated the effect of chitin (5% supple-
mentation) on the adherent aerobic intestinal microbiota of Atlantic 
salmon. One hundred and thirty-nine isolates were isolated by cultiva-
tion and 64 of them were subsequently identified by 16S rRNA gene 
sequencing and further tested for enzyme activities. The carnobacteria 
isolated from the proximal intestine (n = 3) of fish fed chitin revealed 
protease and cellulase activities and in vitro growth inhibition of 
A. salmonicida subsp. salmonicida, V. anguillarum and Moritella viscosa 
but did not display inhibition of C. maltaromaticum. 

In their study evaluating the microbial community in the distal in-
testine contents of Atlantic salmon, Zarkasi et al. (2016) reported LAB 
species including Carnobacterium. In a study evaluating alternative 
protein sources on the distal intestinal microbiota of Atlantic salmon, 
Gajardo et al. (2017) reported that fish fed soy protein concentrate and 
poultry meal showed significantly higher abundance of Carnobacterium. 
In a study evaluating Atlantic salmon across freshwater to saltwater 
transition using deep 16S rRNA gene sequencing and quantitative PCR 
revealed allochthonous Carnobacterium (Rudi et al., 2018). Pyloric ceca 
compartments scraped and collected, contained both consents and mu-
cosa, were used in an in vitro model to assay the impact of mannan 
oligosaccharide (MOS) of Atlantic salmon intestinal microbiota 
(Kazlauskaite et al., 2022). DNA metabarcoding with 16S rDNA marker 
revealed a significant shift in the microbiome composition in response to 
MOS supplementation by an increase in Carnobacterium. Based on their 
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Table 1 
Carnobacterium isolated from different segments of the GI tract and feces of fish.  

Species Carnobacterium species Isolated from GI tract “segments” References 

Arctic charr Carnobacterium spp. S, PI, DI, and feces Ringø et al. (1998)  
Carnobacterium spp. DI Ringø and Olsen (1999)  
Carnobacterium spp. DI Ringø, Lødemel, et al. (2002)  
Carnobacterium spp., 
C. divergens and C. maltaromaticuma 

DI Ringø, Sperstad, Myklebust, Mayhew, and Olsen (2006)  

C. divergens DI Ringø et al. (1997)  
C. divergens PI and DI Ringø and Olsen (1999)  
C. funditum DI Ringø, Lødemel, et al. (2002)  
C. maltaromaticum S, PI, DI, and feces Ringø et al. (1998)  
C. maltaromaticum PI Ringø and Olsen (1999)  
C. mobile DI Ringø and Olsen (1999) 

Atlantic salmon Carnobacteria DI Villasante et al. (2022)  
Carnobacterium spp. PI, MI and DI Ringø et al. (2000)  
Carnobacterium spp. PI, MI and DI Cantas et al. (2011)  
Carnobacterium spp. PI Askarian et al. (2012)  
Carnobacterium spp. EI Zarkasi et al. (2014)  
Carnobacterium spp. DI Zarkasi et al. (2016)  
Carnobacterium spp. DI Gajardo et al. (2017)  
Carnobacterium spp. EI Rudi et al. (2018)  
Carnobacterium spp. EI Fogarty et al. (2019)  
Carnobacterium spp. PC Kazlauskaite et al. (2022)  
Carnobacterium spp. and C. divergens Frozen digesta samples Dehler et al. (2017a)  
C. divergens EI Strøm (1988)  
C. inhibens IS Jöborn et al. (1997, 1999)  
C. inhibens DI Voll Bugten et al. (2022)  
C. maltaromaticum DI Ringø, Sperstad, Myklebust, Mayhew, et al. (2006)  
C. maltaromaticum PI and DI Bakke-McKellep et al. (2007)   

PI Skrodenyte-Arbaciauskiene et al. (2008)  
C. mobile DI Ringø et al. (2016) 

Brown trout Carnobacterium spp. EI González et al. (1999)  
Carnobacterium spp., 
C. maltaromaticum and C. divergens 

NI González et al. (2000)  

C. maltaromaticum PI and DI Al-Hisnawi et al. (2015) 
Rainbow trout Carnobacterium spp. EI Spanggaard et al. (2000)  

Carnobacterium spp. DI Lyons et al. (2017)  
Carnobacterium spp. EI Bruni et al. (2018)  
C. divergens and C. maltaromaticum EI Kim et al. (2007)  
C. maltaromaticum DI Starliper et al. (1992)  
C. maltaromaticum E Pond et al. (2006)  
C. maltaromaticum EI Mansfield et al. (2010)  
C. maltaromaticum DI Desai et al. (2012)  
C. maltaromaticum EI Garcés et al. (2020)  
Carnobacterium spp., and C. maltaromaticum EI Huber et al. (2004)  
C. maltaromaticum, 
C. alterfunitum-like and C. divergens 

EI Spanggaard et al. (2001)  

C. mobile DI Ringø et al. (2016) 
Mediterranean trout C. maltaromaticum EI Iorizzo et al. (2021) 
River trout C. maltaromaticum EI Skrodenyte-Arbaciauskiene et al. (2006) 
Sea trout Carnobacterium spp., and C. maltaromaticum PI Skrodenyte-Arbaciauskiene et al. (2008)  

C. maltaromaticum NI Balcázar et al. (2007) 
Atlantic cod Carnobacterium spp. PI, DI and HC Ringø et al. (2006)  

Carnobacterium spp. PI Askarian et al. (2013)  
Carnobacterium spp. PI and DI Zhou et al. (2013)  
C. divergens DI Strøm (1988)  
C. divergens, 
C. gallinarum, C. inhibens and C. maltaromaticum 

DI and HC Seppola et al. (2006) 

Saithe C. divergens EI Strøm (1988) 
Common carp Carnobacterium sp. EI Hagi et al. (2004) 
Fine flounder Carnobacterium spp. and C. divergens EI Salas-Leiva et al. (2017) 
Nile tilapia Carnobacterium spp. IS Chitambo et al. (2023) 
Turbot Carnobacterium spp. EI Yang et al. (2018) 
Flathead grey mullet Carnobacterium spp. EI Al Bulushi et al. (2010) 
Northern snakehead Carnobacterium spp. EI Miao et al. (2018) 
Red cusk eel Carnobacterium spp. DI Romero et al. (2022) 
Wolffish C. divergens EI Ringø et al. (2001) 
Costal fishb Carnobacterium spp. EI Sahnouni et al. (2016) 

Arctic charr – Salvelinus alpinus; Atlantic salmon – Salmo salar; Brown trout – Salmo trutta; Rainbow trout – Oncorhynchus mykiss; Mediterranean trout – Salmo mac-
rostigma; River trout – Salmo trutta fario; Sea trout – Salmo trutta trutta; Atlantic cod – Gadus morhua; Saithe – Pollachius virens; Common carp – Cyprinus carpio; Fine 
flounder – Paralichthys adspersus; Nile tilapia – Oreochromis niloticus; Turbot – Scophthalmus maximus; Flathead grey mullet – Mugil cephalus; Northern snakehead – 
Channa argus; Red cusk eel – Genypterus chilensis; Wolffish – Anarhichas lupus. 
S – stomach; PC – pyloric caeca; PI – proximal intestine; MI – mid intestine; DI – distal intestine; HC – hindgut chamber; EI – entire intestine; IS – intestinal samples with 
no further description; NI – no specific information was given, only gut or intestine. 

a Previously Carnobacterium piscicola. 
b No further information was given. 
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results the authors concluded that in vitro models are a complement to in 
vivo trials. However, this statement can be question, as Spanggaard et al. 
(2001) stated: “in vitro antagonism could not completely predict an in vivo 
effect“. 

The presence of C. divergens in the GI tract of Atlantic salmon has 
been reported in three studies (Dehler et al., 2017a; Dehler et al., 2017b; 
Strøm 1988). According to Dehler et al. (2017a), the most dominant 
phylum isolated from the GI tract of the fish Atlantic salmon was Fir-
micutes by Carnobacterium, C. divergens, Lactobacillus, Lactococcus and 
Streptococcus. In a study focus on seawater transfer of Atlantic salmon, 
Dehler et al. (2017b) reported that Carnobacteriaceae was more abun-
dant in freshwater fish. 

C. inhibens is reported in different environment, the blood of a met-
astatic cancer patient (Lo & Sheth, 2021) and in three Atlantic salmon 
studies (Jöborn et al., 1997, 1999; Voll Bugten et al., 2022). In the early 
study of Jöborn et al. (1997), the authors isolated a non-virulent Car-
nobacterium K1 from the intestinal tract, both from mucosa and faces 
contents of Atlantic salmon, and K1 was later identified as C. inhibens 
(Jöborn et al., 1999). In addition, the strain displayed in vitro growth 
inhibition of V. anguillarum and A. salmonicida. 

In a study by Voll Bugten et al. (2022), the Atlantic salmon parr 
hindgut microbiomes were generally highly distinct vs. that reported 
from the recirculation aquaculture system (RAS) water microbiomes, 
dominated by phyla Bacilli and Firmicutes. An OTU probably C. inhibens, 
was isolated from the fish gut. However, fish reared in RAS without 
membrane ultrafiltration, a reduction in the relative abundance of this 
Carnobacterium OTU was observed. 

Ringø, Sperstad, Myklebust, Mayhew, et al. (2006) reported that 
dietary krill meal reduced culturable epithelium-associated (autoch-
thonous) C. maltaromaticum populations in the distal intestine of 
Atlantic salmon down from log 3.23 CFU g− 1 in the control fish to 
non-detectable level, less that log 2 CFU g− 1, by krill feeding. Indigenous 
C. maltaromaticum populations in the gut of Atlantic salmon have also 
been reported to be sensitive to oxytetracycline administration (Bak-
ke-McKellep et al., 2007). In a later study, Skrodenyte-Arbaciauskiene 
et al. (2008) sampled content from proximal intestine of freshwater 
Atlantic salmon and displayed that Carnobacterium spp. represented 

15.4% of the culturable heterotrophic populations of the fish and 
comprised of C. maltaromaticum. 

In their study devoted to the dietary effect on the gut microbiota of 
aquatic animals, Ringø et al. (2016) revealed C. mobile in the digestive 
tract of Atlantic salmon, but differences were notice regarding dietary 
oils treatment. C. mobile was noticed in fish fed sunflower -, rapeseed- 
and fish oil and commercial diet, however, the bacterium was not 
detected in fish fed linseed oil. 

González et al. (1999) reported that carnobacteria by classical 
cultivation methods were dominant (nearly 40% of psychrotrophs) in 
brown trout (Salmo trutta) intestinal samples. In a later study by the 
same authors, two hundred and thirty-seven Gram-positive, oxidase- 
and catalase negative rods were isolated from the skin, gills, and gut of 
wild brown trout by cultivation and characterized based on phenotyp-
ical characteristics (González et al., 2000). Approximately 91% were 
assigned to carnobacteria and 156 strains were identified as 
C. maltaromaticum, 10 strains as C. divergens and 59 strains to uniden-
tified carnobacteria. In a laboratory experiment with brown trout the 
culturable autochthonous LAB isolated from posterior- and distal in-
testine were identified as C. maltaromaticum (Al-Hisnawi et al., 2015). 

Carnobacterium spp., C. divergens, C. maltaromaticum and Carno-
bacterium alterfunitum-like, have been isolated from the GI tract of 
rainbow trout (Oncorhynchus mykiss) (Table 1). Regarding both cultur-
able and non-culturable populations, the population levels of Carno-
bacterium in the gut contents of rainbow trout are reported to be 
relatively low. An investigation of the intestinal microbiota, sampled 
from gut content of rainbow trout by Spanggaard et al. (2000), included 
comparison of microscopic counts with plate counts, reported that more 
than 50% of the bacteria were culturable, and among the culturable 
bacteria the authors reported carnobacteria. In a later study, Huber et al. 
(2004) determined the microbial composition of the intestines of 
rainbow trout from three fish farms by both classical culture-dependent 
methods and culture-independent molecular methods (DGGE and FISH). 
Carnobacteria were not isolated using culture-based methods or FISH 
from rainbow trout intestine at farm 1, farm 2 or from the first visit to 
farm 3. However, the second visit at farm 3 revealed that Carnobacterium 
spp. accounted for 33% of the culturable populations while FISH 

Fig. 1. Morphology of Carnobacterium divergens 6251 isolated from proximal intestine of Arctic charr (Myklebust & Ringø, unpublished data).  
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investigations indicated that carnobacteria represented 3% of total 
bacterial levels. DGGE and subsequent sequencing indicated that these 
carnobacteria belonged to C. maltaromaticum. Kim and Austin (2006a) 
characterized two probiotic carnobacteria strains isolated from the in-
testine of rainbow trout: C. maltaromaticum B26 and C. divergens B33 
inhibiting in vitro growth of A. salmonicida, Aeromonas hydrophila, 
Streptococcus iniae and V. anguillarum. Based on their results the authors 
suggested that these species may play an important defensive role 
against pathogenic organisms in the fish GI tract, which was later 
confirmed by Kim and Austin (2008) showing the unique phenotypic 
characteristics and antibiotic resistance. In a study by Kim et al. (2007), 
the authors investigated the microbial community by clone libraries and 
DGGE of farm reared rainbow trout and displayed one strain of Carno-
bacterium sp., and one strain displaying high similarity to C. divergens. 
Clone libraries derived from the intestinal contents and intestinal mucus 
revealed that 14.3% and 3.2% of the clones from intestinal contents and 
mucus belonged to C. maltaromaticum. An interesting finding of this 
study was higher bacterial diversity in fish intestine than previously 
reported, and that the adherent microbiota profile was different 
compared to that of gut content. 

Garcés et al. (2020) isolated an autochthonous carnobacteria from 
trout intestine by classical culture-based methods and 16S rRNA 
sequencing which revealed high similarity to C. maltaromaticum. 

Lyons et al. (2017) revealed that one of the principal genera asso-
ciated with distal mucosa of farmed diploid rainbow trout by using next 
generation sequencing belonged to genus Carnobacterium and the genus 
was the most prevalent of the LAB genera (6.2%), followed by Staphy-
lococcus (ca. 3%), Streptococcus (ca. 2.5%), Vagococcus (1.74%), Entero-
coccus (1.72%) and Lacticigenium (ca. 1%). 

Bruni et al. (2018) reported in an investigation evaluated the dietary 
effect of black soldier fly (Hermetia illucens) on intestinal microbial 
communities of rainbow trout by DGGE, and revealed that Carnobacte-
rium sp., and that C. divergens were one of the dominant bacterial species 
in the insect-fed groups vs. control fed fish. 

Among the 461 bacteria isolated from the intestinal content of 
rainbow trout, one isolate showed high similarity to C. alterfunitum using 
16S rDNA gene sequence analysis (Spanggaard et al., 2001). The 
C. alterfunitum D5 isolate, was unable to inhibit V. anguillarum in M9GC 
broth and showed only minimal inhibition in tryptic soy broth. 

From two private hatcheries in the Pacific Northwest, USA, Starliper 
et al. (1992) isolated five bacteria belonging to C. maltaromaticum from 
distal intestine of moribund rainbow trout. In two later studies, Pond 
et al. (2006) and Mansfield et al. (2010) revealed that C. maltaromaticum 
was a dominant in the gut contents of laboratory reared rainbow trout. 
According to clone library analyses, Mansfield et al. (2010) revealed that 
C. maltaromaticum represented 55% of the total bacterial community of 
the distal gut contents of rainbow trout fed a fishmeal-based diet, but 
when the dietary protein source was changed to casein or soybean meal 
(SBM) the abundance increased to 87.8% and 97.2%, respectively. 

Distal intestine contents of rainbow trout fed diets supplemented 
with plant ingredients or a fish meal (FM) diet (control) was investigated 
by Desai et al. (2012). The microbiota community profiles were deter-
mined by pyrosequencing of cpn60 PCR products and 16S rRNA DGGE 
and the authors revealed C. maltaromaticum. As fish fed plant ingredient 
diets were associated with higher Firmicutes: Proteobacteria ratios than 
control, authors suggested that the modulation may contribute to 
negative health outcomes when diets contain plant meal proteins, but 
these changes in microbiome structure can be minimized with addi-
tional processing of plant ingredients. 

In contrast to the results reported on C. mobile in the GI tract of 
Atlantic salmon, the bacterium was only revealed in the intestine of 
rainbow trout fed sunflower oil (Ringø et al., 2016). The reason for this 
difference between salmonid species is unclear, as the similar culture 
conditions and diets were used. 

From the GI tract of river trout, Skrodenyte-Arbaciauskiene et al. 
(2006) isolated C. maltaromaticum which represented 3.8% and 4.2% of 

the isolates from fish sampled from the Skroblus river and the Zeimena 
river, respectively. 

Skrodenyte-Arbaciauskiene et al. (2008) collected samples from the 
posterior digesta of sea trout and cultured isolates were subsequently 
identified by partial 16S rDNA sequencing, and the results displayed that 
carnobacteria constituted 6.0% of the culturable heterotrophic pop-
ulations and comprised of C. maltaromaticum and an unidentified Car-
nobacterium spp. Balcázar et al. (2007) carried out a sequencing study of 
variable regions of the 16S rRNA gene of LAB species isolated from 
healthy salmonids, Atlantic salmon, brown trout, and rainbow trout and 
noticed that the predominant LAB isolated belonged to 
C. maltaromaticum. 

2.2. Gadidae 

The first study isolating carnobacteria from Atlantic cod (Gadus 
morhua) intestine, distal intestine, was done by Strøm (1988). Later, 
Ringø, Sperstad, Myklebust, Refstie, & Krogdahl (2006) isolated aerobic 
heterotrophic bacteria (n = 944) from the GI tract of healthy Atlantic 
cod fed three different diets, FM, standard- or a bioprocessed SBM, by 
classical cultivation methods and 425 isolates were subsequently iden-
tified by sequencing the 16S rRNA genes. The results revealed that the 
gut microbiota was affected by dietary manipulation as fish fed FM was 
dominated by Gram-positive bacteria of the genera Brochothrix and 
Carnobacterium. Chryseobacterium spp., Psychrobacter glacincola, and 
Carnobacterium, dominated in the GI tract of fish fed SBM. Antagonistic 
activity of carnobacteria regarding in vitro growth inhibition of 
A. salmonicida ssp. salmonicida and V. anguillarum revealed that 21 out of 
45 strains inhibited or delayed growth of the pathogens. Seventy-nine 
bacteria previously isolated from the GI tract of Atlantic cod by Ringø 
et al. (2006), but not previously tested for enzyme-production, identified 
by 16S rRNA gene sequencing or tested for antagonistic activity were 
further investigated by Askarian et al. (2013). Carnobacterium sp. strain 
476 isolated from fish fed SBM revealed moderate protease and cellulase 
score and low phytase score, but an interesting finding was that this 
strain showed antagonistic effect against all four pathogens tested. The 
effect of chitin supplementation on the autochthonous bacteria in 
proximal- and distal intestine of Atlantic cod was investigated by DGGE 
by (Zhou et al., 2013), and the study reported Carnobacterium in both gut 
segments and in both feeding groups, with or without chitin 
supplementation. 

Seppola et al. (2006) evaluated the autochthonous (bacteria associ-
ated with mucosa) and allochthonous (transit) bacteria in distal intes-
tine and hindgut chamber by cultivation of fed and starved Atlantic cod. 
All bacterial strains isolated from hindgut chamber belong to carno-
bacteria. In contrast, only 10% of the bacteria strains isolated from the 
distal intestine belonged to carnobacteria. Random amplification of 
polymorphic DNA (RAPD) analysis using three selective primers, 
revealed that the 25 isolates tested segregated into eight clusters. The 
major cluster comprised of nine strains isolated from the hindgut 
chamber of both fed and starved fish and revealed low similarity with 
the reference strains. The other carnobacteria strains isolated from the 
hindgut chamber were in cluster showing high similarity with 
C. gallinarum or C. maltaromaticum. Strains isolated from distal intestine 
appeared more divergent and three trains belonged to C. divergens and 
C. inhibens. The presence of autochthonous bacteria in the hindgut 
chamber was confirmed as autochthonous rod-shaped bacteria revealed 
between adjacent microvilli by transmission electron microscopy. 

In her master study, Strøm (1988), isolated a C. divergens from the GI 
tract of saithe (Pollachius virens), and this isolate revealed antagonistic 
activity on in vitro growth of some pathogenic fish bacteria. 

2.3. Cyprinidae 

In a study, investigating, the diversity and seasonal changes in LAB in 
the digestive tract of common carp (Cyprinus carpio) sampled from lake 
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Kasumigaura Japan by cultivation and subsequently identified RAPD 
analysis, Hagi et al. (2004) reported an interesting finding that Carno-
bacterium sp. were only recorded in samples from January and March, 
when the water temperature was low. 

2.4. Pleuronectiformes 

Salas-Leiva et al. (2017) reported in a comparative study of farmed 
and wild-caught fine flounder (Paralichthys adspersus) by classical 
cultivation and subsequently by 16S rRNA gene analysis, a more diverse 
microbial community in wild caught-compared to farmed fish. However, 
Carnobacterium was reported as a part of the intestinal allochthonous 
bacterial community in farmed fish but not in wild-caught fish. 

The autochthonous microbiota from whole intestinal tract of turbot 
(Scophthalmus maximus) fed diet supplemented with 5% stachyose, often 
regarded as an anti-nutritional factor, revealed significant higher 
abundance of Carnobacterium, than that of fish fed a FM diet (Yang et al., 
2018). 

2.5. Mugilidae 

Out of 99 bacteria isolated from the gut of flathead grey mullet (Mugil 
cephalus), one isolate was identified as Carnobacterium sp. (Al Bulushi 
et al., 2010). 

2.6. Channidae 

In an investigation evaluated the dietary effect of SBM on gut 
microbiota evaluated by RNA extraction and qRT-PCR, Miao et al. 
(2018) reported that in Northern snakehead (Channa argus) fed 
replacement of 75% of SBM, a higher abundance of Carnobacterium sp., 
was displayed, in contrast carnobacteria was not revealed in the other 
feeding groups. Based on their results that SBM affects intestinal ho-
meostasis by modulation the gut microbiota, the authors suggested that 
as certain species of Carnobacterium is opportunistic pathogen that may 
impair the intestinal immune mechanisms in fish, but as most carno-
bacteria are considered as beneficial this hypothesis merits further 
investigation. 

2.7. Ophidiidae 

In a recent study, Romero et al. (2022) evaluated the distal content 
microbiome by next generation sequencing and metabolomic pathways 
in metagenomes of wild and aquacultured red cusk eel (Genypterus chi-
lensis). The results revealed that phylum Firmicutes was most abundant in 
aquacultured fish, and at genus level Carnobacterium was highly noticed. 

2.8. Anarhichadidae 

In a study focus on identification and carnobacteria isolated from 
different fish species, Ringø et al. (2001) reported the presence of a 
C. divergens isolated from wolffish (Anarhichas lupus) fry intestine. 

2.9. Costal fish 

Sahnouni et al. (2016) carried out a study to characterize allochth-
onous LAB strains isolated from the GI tract of three fish species: Atlantic 
horse mackerel (Trachurus trachurus), European pilchard (Sardina pil-
chardus) and Atlantic bonito (Sarda sarda), based on classical cultivation 
and phenotypic characteristics. Ten strains were identified as Carno-
bacterium spp., and these strains revealed inhibitory activities against 
one or more of the following target strains: Staphylococcus aureus, 
Escherichia coli, Pseudomonas aeruginosa, Bacillus cereus, A. hydrophila, 
Listeria innocua, Salmonella sp. and Vibrio sp., and two carnobacteria 
strains showed production of bacteriocin-like substances. 

3. Carnobacterium used as probiotic 

Probiotic, a word derived from Latin, for life, has a long history, and 
according to Ozen and Dinleyici (2015) sophisticated technology in 
molecular archeology, can trace the use of fermented products as early 
as 8.000 BC. The term probiotics was first proposed by Lilly and Stillwell 
(1965) and they suggested the definition ‘‘substances produced by one 
protozoan that stimulated the growth of another’’, and according to Web of 
Science, more than 35.000 and 36.000 papers are published using the 
key words, probiotic or probiotics, respectively. In aquaculture LAB 
generally classified with the Qualified Presumption of Safety status, are 
most frequently used as probiotics (Contente et al., 2023), and the use of 
probiotics is suggested as a reliable alternative to chemotherapy with 
promising and well-establish results in numerous aquatic species. 

C. divergens and C. maltaromaticum contain genes that express various 
cell-surface adhesion proteins and structures, such as leucine-rich re-
peats, collagen-binding, fibrinogen-binding, and mucin-binding pro-
teins, which play major roles of probiotics colonising the intestinal tract. 

The first probiotic study in aquaculture was published by Kozasa 
(1986). In aquaculture, probiotics are ether added to the diet or water to 
reduce pathogen adherence and colonization in larval-, fry- and juvenile 
intestines by enhancing the proportion of health-promoting bacteria in 
the gut, affect positively the immune system and improve disease 
resistance. An advantage by using this method is that it can be imple-
mented during the early stages of development when vaccination by 
injection is impractical, and in in vivo three mechanisms: competition, 
exclusion, and displacement can be involved in the inhibitory effects of 
probiotics on pathogens present in the GI tract. 

Even though some studies have reported no or negative effect on the 
use of carnobacteria as probiotics, several studies have revealed that 
supplementation of feed with carnobacteria are effective for improving 
the health and growth of aquatic fish (Table 2). The first study using 
carnobacteria as probiotic in aquaculture, L. plantarum Lab01 later 
reclassified as C. divergens, was published by Strøm and Ringø (1993). 
Atlantic cod larvae, five days old was exposed to 105 C. divergens mL− 1, 
and half of the water volume was replaced with filtered sea water, the 
2nd, 4th, 6th and 8th after exposure. Bacteriological analysis on day 9 
after experimental start showed lower log CFU values in the water of the 
experimental flask vs. control and that probiotic administration modu-
lated the larval gut microbiota, by increasing the proportion of 
C. divergens to 70% of the gut microbiota. Since then, C. divergens Lab01 
has been used in several probiotic studies (Gildberg et al., 1995, 1997; 
Gildberg & Mikkelsen, 1998; Hartviksen et al., 2015; Kristiansen et al., 
2011; Puvanendran et al., 2021). 

3.1. Carnobacterium sp. 

Robertson et al. (2000) showed in vitro growth inhibition of 
A. hydrophila, A. salmonicida, Flavobacterium psychrophilum, Photo-
bacterium damselae subsp. piscicida, Streptococcus milleri, V. anguillarum 
and Vibrio ordalii but no inhibition towards Debaryomyces hansenii, 
Janthinobacterium lividum, Vibrio alginolyticus, V. harveyi or Yersinia 
ruckeri by strain of Carnobacterium strain K1 isolated from the intestine 
of Atlantic salmon (Jöborn et al., 1997). Feeding Atlantic salmon and 
rainbow trout diets supplemented strain K1, 5 × 107 cells g− 1, revealed 
that the isolate remained viable in the GI tract as after reverting to 
control diets after 28 days of probiotic feeding, the isolate was 
re-isolated from the intestine. After feeding the probiotic diet for 14 
days, fish were challenge by cohabitation of four pathogens and dis-
played reduced mortality caused by A. salmonicida, V. ordalii and 
Y. ruckeri, but not in the V. anguillarum challenge experiment. 

Spanggaard et al. (2001) tested the probiotic potential of Pseudo-
monas and carnobacteria. Rainbow trout challenge with V. anguillarum 
was improved (13–43%) by Pseudomonas administration but the two 
carnobacteria tested that revealed antagonistic effect on in vitro growth 
did not improve disease resistance towards V. anguillarum of rainbow 
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trout. Based on their results the authors concluded that “in vitro antag-
onism could not completely predict an in vivo effect“. 

In a study with rainbow trout, Carnobacterium BA211 (107 bacterial 
cells g− 1) was administered for 14 days an increased resistance was 
observed following exposure with A. salmonicida; 105 CFU mL− 1 after 14 
days challenge (Irianto & Austin, 2002). In addition, BA211 was still 
present in the GI after 7 days of probiotic feeding. There was no clear 
indication increased number of erythrocytes, macrophages, lympho-
cytes, and leucocytes, but enhanced lysozyme activity in the fish was 
noticed by Carnobacterium administration. 

A commercial feed was added dead probiotic cells, formaldehyde 
treated, of Carnobacterium BA211 (107 cells g− 1) was fed to rainbow 
trout fry and fingerlings for 14 days and thereafter infected intraperi-
toneally with 106 cells of A. salmonicida, improved resistance was re-
ported of BA211 fed fish (Irianto & Austin, 2003). Administration of 
dead probiotic cells to rainbow trout fingerlings for 14 days, did not 
affect numbers of erythrocytes and lysozyme activity but an increase in 

leucocyte numbers was revealed. 
In their study with Atlantic halibut (Hippoglossus hippoglossus), Ver-

ner-Jeffreys et al. (2003) reported the effect of probiotic exposure by 
adding 106 CFU ml− 1 of Carnobacterium strain AN1 and AN2 on disease 
resistance against V. anguillarum. 

Sequeiros et al. (2022) used an autochthonous Carnobacterium sp. T4 
isolated from Patagonian fish (Garcés et al., 2020) and revealed 
nonspecific adhesion and that the strain was tolerant to trout bile and 
acid pH values, which is an essential property for their survival in the 
fish gut. Probiotic feeding by T4, 107 CFU g− 1, showed its presence the 
zebrafish intestines. Bacteriological evaluations by cultivation after 14 
days of probiotic feeding, displayed decreased counts of vibrios and 
enterobacteria decreased, and based on their findings the authors 
concluded that the four LAB tested including Carnobacterium sp. T4 are 
interesting probiotic candidates for use in aquaculture. However, to 
fully conclude the probiotic potential of T4, studies on the effect on the 
immune system, gut histology analysis and challenge studies merits 

Table 2 
Use of Carnobacterium as probiotics in finfish.  

Carnobacterium species Fish species Mode of application Reported effects References 

Carnobacterium sp. Atlantic 
salmon 
and rainbow 
trout 

5 × 107 cells g− 1 The probiont colonize the GI tract 
↑ resistance against A. salmonicida, V. ordalii and Y. ruckeri 
↓ resistance toward V. anguillarum 

Robertson et al. (2000)  

Rainbow 
trout 

107 cells mL− 1 ↓ disease resistance towards V. anguillarum Spanggaard et al. (2001)  

Rainbow 
trout 

107 CFU g− 1 Present in the GI after 7 days of probiotic feeding. 
→ number of erythrocytes, macrophages, lymphocytes, and 
leucocytes 

Irianto and Austin 
(2002)  

Rainbow 
trout 

107 cells g− 1 ↑ resistance against A. salmonicida 
↑ leucocyte numbers 
→ numbers of erythrocytes and lysozyme activity 

Irianto and Austin 
(2003)  

Zebrafish 107 cells g− 1 Showed nonspecific adhesion 
↓ vibrios and enterobacteria in the gut 

Sequeiros et al. (2022) 

C. divergens Arctic charr 106 CFUg− 1 ↑ growth performance 
→ behavioral characteristics and distal intestinal 
microbiota 

Knobloch et al. (2022)  

Atlantic cod 105 CFU mL− 1 Modulated the gut microbiota by increasing C. divergens in the gut Strøm and Ringø (1993)  
Atlantic cod 2 × 109 g− 1 ↑ disease resistance against V. anguillarum Gildberg et al. (1997)  
Atlantic cod 108 CFUg− 1 → disease resistance against V. anguillarum 4 weeks after infection Gildberg and Mikkelsen 

(1998)  
Atlantic cod 107 CFU mL− 1 added to rearing 

water of Artemia 
↑ growth and disease resistance against V. anguillarum 
→ gut microbiota, prior or post challenge 

Puvanendran et al. 
(2021)  

Atlantic 
halibut 

107 CFU mL− 1 ↑ growth, survival, and number of goblets cells Ottesen and Olafsen 
(2000)  

Atlantic 
salmon 

2.5 × 109 CFU g− 1 ↑ growth, and high adhesion of LAB, 5 weeks after experimental start 
↓ survival against A. salmonicida 

Gildberg et al. (1995)  

Atlantic 
salmon 

Ex vivo exposure. 
6 × 104 or 6 × 106 viable bacteria 
mL− 1 

Did not cause cell damage to the intestine 
Prevented, to some extent, pathogen-induced damage in the proximal 
intestine 

Ringø et al. (2007)  

Atlantic 
salmon 

Ex vivo exposure. 
108 CFU mL− 1 

Did not cause cell damage to the intestine 
Prevented, to some extent, pathogen-induced damage in the proximal 
intestine 

Kristiansen et al. (2011)  

Atlantic 
salmon 

Ex vivo exposure. 
3.2 × 107 

CFU mL− 1 

Did not cause cell damage to the intestine 
Prevented, to some extent, pathogen-induced damage 
caused by A. salmonicida 

Hartviksen et al. (2015)  

Common 
carp 

107 CFU g− 1 or 109 CFU g− 1 Both diets, ↑ crude lipid 
→ growth performance and crude protein 

Mazurkiewicz et al. 
(2007) 

C. maltaromaticum Atlantic cod Ex vivo exposure. 
2.3 × 107 mL− 1 

Exposure did not display cell damage or cellular disruptions 
Can to some extent out-compete the pathogen 

Løvmo Martinsen et al. 
(2011)  

Rainbow 
trout 

6.5 × 108 CFU g− 1 ↑ growth performance and apparent digestibility 
Affected the microbial counts in the content from the digestive tract 

Goals and Potorski 
(2022) 

C. maltaromaticum 
B26 and C. divergens 
B33 

Rainbow 
trout 

> 107 CFU g− 1 ↑ phagocytic activity of head macrophages (B26), respiratory burst 
and serum lysozyme activity (B33) 
and gut mucosal lysozyme 
activity (both strains) 
↑ resistance against A. salmonicida and Y. ruckeri (both strains) 
Both strains were detected in gut content and associated to mucus 14 
days after feeding 

Kim and Austin (2006a, 
2006b) 

Atlantic salmon – Salmo salar; Rainbow trout – Oncorhynchus mykiss; Zebrafish – Danio rerio; Arctic charr – Salvelinus alpinus; Atlantic cod – Gadus morhua; Atlantic 
halibut – Hippoglossus hippoglossus; Common carp – Cyprinus carpio. 
↑ - increase; → no effect; ↓ - decrease. 
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investigations. 

3.2. C. divergens 

A dietary supplementation of a C. divergens V41 originally isolated 
from fish viscera (Pilet et al., 1995) was administrated to juvenile Arctic 
charr for four weeks (Knobloch et al., 2022). The strain enhanced 
growth performance without altering behavioral characteristics or the 
gut microbiota determined using 16S rRNA fluorescence in situ hy-
bridization (FISH). The lack of effect on the distal intestine microbiota, 
digesta and mucus, may be due to that the administration period was too 
short, but what about the microbiota in the proximal intestine? 

Gildberg et al. (1997) supplemented C. divergens in the feed of 
Atlantic cod fry, and fry receiving 2 × 109 g− 1 demonstrated improved 
disease resistance against V. anguillarum. Furthermore, the authors 
stated “true colonization” of C. divergens. However, to confirm this hy-
pothesis the fry should be reverted to control feed for at least 14 days, 
and then analysed the gut microbiota. Gildberg and Mikkelsen (1998) 
used C. divergens as fed supplements to a commercial diet to Atlantic cod 
fry either alone or in combination with immuno-stimulating peptides. In 
vitro growth experiments revealed that culture filtrates from the car-
nobacteria inhibited the in vitro growth of V. anguillarum. After three 
weeks of feeding, were fish challenged by bath exposure to 
V. anguillarum (107 mL− 1, 1 h), and 12 days after infection a significant 
(P < 0.05) reduced cumulative mortality was revealed in fish the car-
nobacteria supplemented diet and immune-stimulating peptides. How-
ever, four weeks after infection, similar cumulative mortality was 
noticed in all treatment groups, including the control. Generally, the 
viable counts of LAB were higher in pyloric caeca vs. intestine indicating 
that they colonize the pyloric caeca mucus layer of the fry, and that to 
some extent survived the passage of the GI tract. 

In a recent study, Puvanendran et al. (2021) also verified benefits of 
supplementation of C. divergens Lab01 in the diet of Atlantic cod larvae 
as significantly increased growth and survival during the larval phase 
and disease resistance towards V. anguillarum was noticed vs. larvae fed 
the control diet. However, probiotic supplementation revealed no sig-
nificant effect on the overall gut microbiota and the relative level of 
carnobacteria was not affected by probiotic feeding, as abundance of 
carnobacteria was relatively low. 

Atlantic halibut larvae exposed to 107 CFU mL− 1 of C. divergens 
showed increased growth and survival compared to control fed fry and 
fry exposed to Vibrio iliopiscarius (Ottesen & Olafsen, 2000). In addition, 
probiotic administration to the rearing water resulted in a higher 
number of goblet cells in larvae, specialized epithelial cells that line 
multiple mucosal surfaces and have a well-appreciated role in barrier 
maintenance through the secretion of mucus repellent towards unde-
sirable gut bacteria (Knoop & Newberry, 2018). 

Gildberg et al. (1995) conducted a 5-weeks feeding trial with Atlantic 
salmon fry to determine the effect of C. divergens Lab01 and showed 
increased growth, and significantly high adhesion of LAB in fry 5 weeks 
after experimental start. However, a significant lower survival was 
noticed in fry fed det supplemented with Lab01 in a cohabitant infection 
study with A. salmonicida compared to the control group. 

In an ex vivo study, the intestinal sac method, the proximal intestine 
was exposed to C. divergens strain 6251 isolated from proximal intestine 
of Arctic charr (Ringø, Seppola, et al., 2002), at 6 × 104 or 6 × 106 viable 
bacteria mL− 1 (Ringø et al., 2007). Light - and electron microscopy 
evaluations revealed that bacterial exposure to strain 6251 revealed 
similar appearance of the intestinal mucosal epithelium, with no signs of 
damage as that observed when the proximal intestine was exposed to 
Ringer solution only. However, exposure of the proximal intestine to 
pathogenic bacteria, A. salmonicida at 6 × 104 viable bacteria mL− 1and 
Vibrio anguillarum at 6 × 104 or 6 × 106 viable bacteria mL− 1, resulted in 
damaged epithelial cells, cell debris in the lumen, and microvilli disor-
ganization. Co-incubation of the proximal intestine with C. divergens and 
a pathogen and did not reverse the damaging effects caused by the 

pathogen, although these were alleviated when probiotic bacteria were 
used. Based on these results, it was suggested that C. divergens, prevented 
to some extent, pathogen-induced damage in the proximal intestine of 
Atlantic salmon. 

In an ex vivo experiment, Kristiansen et al. (2011), displayed that 
exposure of C. divergens Lab01 at 108 CFU mL− 1 did not cause cell 
damage to the intestinal tract of Atlantic salmon, and that Lab01 adhere 
to the epithelium or mucus layer in the proximal intestine, where cul-
turable heterotrophic bacterial levels, identified as C. divergens, were 
elevated by 234% compared to the control. However, this effect was 
noticed in the distal intestine. Isolated carnobacteria from the ex vivo 
experiment was tested for their ability to inhibit in vitro growth of 
Y. ruckeri and A. salmonicida ssp. salmonicida. Extracellular products 
from all 11 isolated carnobacteria strains from the ex vivo experiment, 
plus type strain C. inhibens CCUG 31728, inhibited in vitro growth of 
Y. ruckeri. However, only extracellular products from C. divergens isolate 
57 inhibited the growth of A. salmonicida. 

Lack of beneficial effects were observed in a 42-day study of common 
carp fed two diets added C. divergens, such as specific growth rate, feed 
conversion, protein efficient ratio and crude protein (Mazurkiewicz 
et al., 2007). However, supplementation significantly enhanced crude 
lipid. 

3.3. C. maltaromaticum 

Løvmo Martinsen et al. (2011) investigated by using an ex vivo 
method whether the proximal intestine of Atlantic cod is an infection 
route for V. anguillarum serotype 02 β and if C. maltaromaticum, origi-
nally isolated from the hindgut chamber of Atlantic cod (Seppola et al., 
2006) could out-compete the pathogen and modulate the autochthonous 
proximal intestinal microbiota. Exposure of V. anguillarum to the prox-
imal intestine did not reveal cell damage indicating that this gut segment 
is not a major infection site for V. anguillarum in healthy Atlantic cod, but 
raised an important question, what about the distal intestine a topic 
merits investigation. Exposing the proximal intestine to 
C. maltaromaticum, displayed no cell damage or cellular disruptions, and 
exposure of the proximal intestine to the probiotic and pathogenic 
bacteria indicated that C. maltaromaticum, to some extent, outcompeted 
the pathogen, however further investigation is needed. Analysis of the 
proximal intestine indicated that C. maltaromaticum modulated the 
autochthonous proximal intestine microbiota in Atlantic cod. 

Goals and Potorski (2022) conducted a 56-day feeding trial with 
juvenile rainbow trout experimentally reared in RAS to determine the 
effect of 6.5 × 108 CFU g− 1 of C. maltaromaticum and revealed that 
enrichment significantly affected growth performance, apparent di-
gestibility coefficients of protein, lipid, ash, and nitrogen-free extract. 
Furthermore, probiotic administration significantly influenced micro-
bial counts in the content sampled from the digestive tract. 

3.4. C. maltaromaticum and C. divergens 

Kim and Austin (2006b) used C. maltaromaticum B26 and C. divergens 
B33 as probiotic supplements to rainbow trout, 25 g, and demonstrated 
that high levels of C. maltaromaticum and C. divergens in the intestines 
enhanced the cellular and humoral immune responses, and improved 
protection against A. salmonicida and Y. ruckeri compared to control fed 
fish. 

4. Bacteriocins 

Several isolates of carnobacteria produce bacteriocins, ribosomally 
synthesized proteinaceous compounds produced during the primary 
phase of growth which may be bactericidal or bacteriostatic in nature. 
Since the first studies reporting bacteriocin production by 
C. maltaromaticum isolated from meat (Ahn & Stiles, 1990) and carno-
bacteria isolated from fish (Stoffels et al., 1992a, 1992b, 1993) there are 
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according to Web of Science published more than 220 papers using the 
keywords, bacteriocin and Carnobacterium. 

To avoid overlaps with previous review papers describing the pro-
duction of bacteriocins by carnobacteria, scientists with interest in this 
topic are recommended to have a closer look at the reviews of Desriac 
et al. (2010), Evangelista et al. (2022) and Pereira et al. (2022). How-
ever, the use of bacteriocin producing LAB vs. non-bacteriocin producing 
LAB on fish health have rarely been assessed in fish (Contente et al., 
2023), a topic that merits investigations. 

5. Pathogenic Carnobacterium 

Carnobacteria can be considered as a part of the normal gut microbial 
populations of many fish species (Table 1), and there is a wide range of 
possibilities for the use of probiotic Carnobacterium, but less information 
is available on pathogenic carnobacteria. 

Several reports refer to the association of Carnobacterium sp. and 
Lactobacillus piscicola later reclassified as C. maltaromaticum related to 
fish disease, the pseudokidney disease which is associated to colder 
water temperatures (see Table 3). 

5.1. Carnobacterium sp. 

Baya et al. (1991) evaluated the phenotypical and serological prop-
erties of carnobacteria associated with high mortalities of stripped bass 
(Morone saxatilis) and channel catfish (Ictalurus punctatus). Carnobac-
teria strain HB-425 and HB426 isolated from striped bass were used in 
peritoneal infection trials with striped bass and rainbow trout, and an 
LD50 of 106 was reported for rainbow trout but striped bass survived 
doses of 108. These values were higher than LD50 values of 
V. anguillarum and A. hydrophila in trout, ca. 103 and 103-104, respec-
tively (Santos et al., 1992). Furthermore, drug resistance of strain 
HB-425 and HB426 were tested against 18 chemotherapeutic agens 
widely used in aquaculture, and among these compounds, the strains 
were sensitive for tetracycline, oxytetracycline and erythromycin. 

In a study with Atlantic cod larvae, characterizing potentially path-
ogenic bacteria, Sandlund and Bergh (2008) reported that Carnobacte-
rium strain HI21050 caused high larval mortality. 

Loch et al. (2012) reported a Carnobacterium in the kidneys of Chi-
nook salmon (Oncorhynchus tshawytscha Walbaum). By cultivation the 
results showed that A. salmonicida subsp. salmonicida was most preva-
lent, but Carnobacterium revealed a prevalence of 4.5% and 2.3% in 

female and males, respectively in Chinook salmon collected from little 
Manistee River Weir and Medusa Creek Weir. According to the authors, 
50% of the Carnobacterium infected Chinook salmon clinically normal, 
whilst the others exhibited focal discoloration of the lateral muscula-
ture, opacity and thickening of the swim bladder walls. 

According to a study evaluating pathogens in wild and farmed ma-
rine in the Gulf of Eilat, Ucko and Colorni (2014) reported a Carno-
bacterium sp. isolated from diseased grouper (Epinephelus fasciatus). 
Furthermore, drug resistance of the carnobacteria strain was tested 
against seven chemotherapeutic agents, and among these compounds, 
the strains were sensitive for chloramphenicol and florfenicol. 

5.2. C. maltaromaticum 

C. maltaromaticum is the causative agent of pseudokidney disease but 
has also been associated with other forms of chronic inflammation, 
pseudomembrane formation, and occasionally, nephrocalcinosis in both 
gender of salmonids. The first study reporting carnobacteria from 
diseased salmonids sampled from hatcheries in Oregon was reported by 
Hiu et al. (1984). Lactobacillus piscicola, later reclassified as C. piscicola 
and finally reclassified as C. maltaromaticum was isolated from kidney 
tissue of disease fish showing pathological signs in internal organs or 
skin which may be a result of stress during spawning. 

In a screening study of 11 salmonids hatcheries in southern Australia, 
Humphrey et al. (1987) reported that one of the bacteria of pathogenic 
significance was Lb. piscicola (C. maltaromaticum). 

Starliper et al. (1992) carried out a challenge study to evaluate the 
pathogenicity of C. maltaromaticum isolated from moribund rainbow 
trout by intraperitoneal (i.p.) injection and waterborne exposure and 
isolate 27,488 was successfully isolated from kidney i.p.-injected fish. 
However, as carnobacteria revealed low mortality in the challenge tests, 
the authors suggested that the bacteria may only cause problems in 
severely stressed fish, e.g., due to spawning. 

Toranzo, Romalde, Nunez, Figueras, & Barja (1993) reported the first 
description in Spain of a carnobacteria strain causing important mor-
talities in market-size rainbow trout revealing clinical signs such as a 
pronounced bilateral exophthalmia with periocular haemorrhages, 
accumulation of ascitic fluid, and haemorrhages in the liver, swim 
bladder, muscle, and intestine. Taxonomic studies displayed that the 
isolate PT-31 was C. maltaromaticum. Challenge studies, i.p. injection or 
water exposure showed that isolate PT-31 was highly pathogenic for 
fingerlings rainbow trout (10 g), LD50 < 5–6 × 104, and moribund fish 
revealed both external and internal signs. The inoculated strain was 
reisolated from kidney, liver, spleen, and brain of dead fish, while PT-31 
was only reisolated from kidney of surviving trout. Toranzo, Novoa, 
Baya, Hetrick, Barja, & Figueras (1993) investigated histopathological 
changes in rainbow trout and stripped bass infected by 
C. maltaromaticum strain HB-425 isolated from striped bass (Baya et al., 
1991), but HB-425 caused only mild lesions in spleen and kidney, and no 
damage to the eyes and musculature was noticed. Based on these find-
ings it can be concluded that PT-31 is more pathogenic and virulent than 
HB-425. 

During high mortalities of pseudokidney disease in farmed rainbow 
trout in Venezuela, Alvarez et al. (1995), isolated C. maltaromaticum 
from ascitic fluids and kidneys, sensitive to oxytetracycline. Further-
more, laboratory studies reported 100% mortality at injection of 2 ×
104 cells per fish, but not at 103 cells/fish. 

Loch et al. (2008) reported isolation of a C. maltaromaticum-like 
bacterium, but not fully identical to C. maltaromaticum, from kidneys 
and swim bladders of lake whitefish (Coregonus clupeaformis) from Lakes 
Michigan and Huron. The C. maltaromaticum-like bacterium was asso-
ciated with splenomegaly, renal and splenic congestion, and thickening 
of the swim bladder wall with accumulation of a mucoid exudate. Ex-
amination of stained tissue sections revealed renal and splenic conges-
tion, vacuolation and bile stasis within the liver, and hyperplasia within 
the epithelial lining of the swim bladder. The concurrent presence of 

Table 3 
Pathogenic Carnobacterium in finfish.  

Carnobacterium species Fish species References 

Carnobacterium sp. Channel catfish Baya et al. (1991)  
Striped bass Baya et al. (1991)  
Atlantic cod Sandlund and Bergh (2008)  
Chinook salmon Loch et al. (2012)  
White grouper Ucko and Colorni (2014) 

C. maltaromaticuma Salmonids Hiu et al. (1984)  
Salmonids Humphrey et al. (1987)  
Salmonids Loch et al. (2011)  
Brook trout Standish et al. (2022)  
Rainbow trout Starliper et al. (1992)  
Rainbow trout Toranzo et al. (1993a, b)  
Rainbow trout Alvarez et al. (1995)  
Rainbow trout Smith et al. (2023)  
Lake whitefish Loch et al. (2008)  
Burbot Pietsch et al. (2020)  
Diseased fish Roh et al. (2020) 

Channel catfish – Ictalurus punctatus; Striped bass – Morone saxatilis; Atlantic 
halibut – Hippoglossus hippoglossus; Atlantic cod – Gadus morhua; White grouper – 
Epinephelus aeneus; Brook trout – Salvelinus fontinalis; Rainbow trout – Onco-
rhynchus mykiss; Lake whitefish - Coregonus clupeaformis; Burbot – Lota lolta. 

a First described as Lactobacillus piscicola (Hiu et al., 1984), later reclassified as 
C. piscicola and finally reclassified as C. maltaromaticum. 
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pathological changes and the C. maltaromaticum-like bacteria suggests 
that this bacterium is pathogenic to lake whitefish. 

In a later study, Loch et al. (2011) isolated 29 strains identified as 
C. maltaromaticum from Chinook and coho salmon from stations in Great 
Lakes basin. C. maltaromaticum were recovered from the kidneys, spleen, 
swim bladder, and/or external ulcerations of 51 infected fish, and 
C. maltaromaticum infections were reported to be widespread in both 
feral and farmed spawning populations of the salmon. An interesting 
finding was that infection prevalence varied significantly according to 
location (highest infection rate from Platte River Weir), fish species and 
strain, gender (highest in female), and across time. 

The first study revealing disease caused by C. maltaromaticum in 
Korea was reported by Roh et al. (2020) investigating pathogenicity and 
virulence factors between non-pathogenic (DSM20342, isolated from a 
dietary product) and pathogenic (C. maltaromaticum ATCC35586 and 
18ISCm, isolated from disease fish) bacteria, a not well documented 
topic. The results from the Roh and co-authors study showed that bac-
terial virulence factors was only present in strains isolated from diseased 
fish, a finding strengthened in a challenge study. 

Standish et al. (2022) used duplex quantitative real-time PCR for 
detection and discrimination of C. maltaromaticum and V. salmoninarum 
of lake trout tissues and reported prevalence of C. maltaromaticum in 
kidney and liver. 

6. Conclusions and further directions 

The interactions between the commensal gut microbiota and the 
immune system and function includes multifold interactions in ho-
meostasis and disease. When investigating the intestinal bacterial 
community of fish, most studies have focused on the allochthonous 
microbiota, while those bacteria that colonize the mucosal surface (the 
autochthonous microbiota); which may be important in specialized 
physiological functions, are less characterized. Therefore, it is recom-
mended more focus on the autochthonous gut microbiota in future 
studies. 

Numerous studies have assessed that carnobacteria are a part of the 
gut microbiota of salmonids (Merrifield et al., 2014; Ringø et al., 2018, 
2020a) and other fish species, see Table 1, and several studies carried 
out on fish species in the Arctic region have revealed “high” abundance 
of carnobacteria in the GI tract. A temperature effect on fecal microbiota 
of Tasmanian Atlantic salmon has also been reported (Neuman et al., 
2016). Therefore, further studies are required to address the impact of 
seasonal temperature and diet on the carnobacteria levels in the gut of 
salmonids and other fish species to better understand their importance 
as components of the “normal” microbiota. Despite this, carnobacteria 
populations are of potential importance to the host fish as Carnobacte-
rium have been extensively tested both in vitro, to ascertain their impacts 
on transient pathogenic bacteria, and ex vivo and in vivo as probiotics. 

Gut microbial evaluations of salmonids from the somewhat contra-
dictory findings of the present literature – and the different and not al-
ways appropriate (to isolate carnobacteria) methodology used can 
compromise conclusions. As some recent studies revealed that yellow 
drum (Nibea albiflora) (Li et al., 2022), and red sea bream (Pagrus major) 
(Jang et al., 2022) did not retrieving Carnobacterium as components of 
the indigenous gut microbiota, it is difficult to draw final conclusions 
based on the present literature whether carnobacteria are true colo-
nizers in fish intestine. These contrasting results may be due to differ-
ences in incubation temperature in cultivation studies, lower 
temperature is recommended, number of samples collected, and 
different ranges of seasonal variation and environmental conditions 
experienced in these studies. 

Previous studies were based on culture-based methods. Although 
there is a discussion over the value and need of using culture-based 
techniques vs. culture-independent approaches, methods frequently 
used today to obtain inventory of the diversity present in the intestine, it 
is apparent that viable cells are valuable to culture collections, in 

vaccine production, and as probiotics and synbiotics. 
Probiotics such as carnobacteria as potential growth promotor, 

improve health and wellbeing and without harmful effects on the host 
require more research to ensure positive outcome. In terms of functional 
characteristics, probiotic carnobacteria must possess tolerance to the GI 
environment and the ability to adhere and colonize to intestinal 
epithelial cells. Antagonistic effects against pathogens, the possibility of 
large-scale production, and genetic stability also need to be addressed. 
To be considered a true probiotic, strains need to meet safety criteria, 
and be isolated from suitable habitats, screened for phenotype and ge-
notype pathogenicity, be identified, and characterized, and tested for 
antimicrobial susceptibilities. 

Most of the probiotics used in aquaculture are derived from terres-
trial sources and not from the host animal or the environment. During 
the last years the use of “host-associated probiotics” has gained attention, 
as an alternative strategy within aquaculture (Van Doan et al., 2020), 
which per se is dependent on the use of terrestrial microorganisms. 
When discussing “host-associated probiotics” in aquatic animals an 
interesting topic arises. Are there differences in colonization pattern, 
ability of probiotics to colonize the GI tract, between larvae and adult 
fish as Ringø (1999) revealed that C. divergens Lab01 isolated from adult 
Atlantic salmon colonize the gut of early developing turbot larvae. As no 
conclusion can be drawn per se on permanent colonization, this topic 
merits further investigations. 

Several studies have reported in vitro growth inhibition of pathogens 
by carnobacteria (Askarian et al., 2012; Jöborn et al., 1999; Ringø, 2000; 
Ringø et al., 2006; Robertson et al., 2000; Strøm, 1988). However, when 
testing the probiotic potential of a given bacteria species, one cannot 
fully rely on in vitro growth inhibition of a pathogen to predict an in vivo 
effect. Carrying out challenge studies is a must. 

LAB and their bacteriocins are alternatives to chemicals and antibi-
otics as antimicrobial activities toward pathogens, and the use of bac-
teriocinogenic bacterial strains may be excellent candidates for a 
sustainable aquaculture, as bacteriocins can be an alternative to anti-
biotic. For a deeper understanding of the mechanisms of action of 
bacteriocin producing carnobacteria on host mucosal immunity, further 
studies are necessary. 

Comparing to existing studies on other LAB species, there are a sig-
nificant gap in the knowledge to date, regarding pathogenic carnobac-
teria as approximately 13.5% of the available articles on Carnobacterium 
involved in pathogenesis were published in the last three years 
(2020–2022). This indicates a persistent lack of research in this field and 
further studies are needed. 

Conflict of interest 

There is no conflict of interest. 

References 

Afzal, M. I., Jacquet, T., Delauney, S., Borges, F., Millière, J.-B., Revol-Junelles, A.-M., 
et al. (2010). Carnobacterium maltaromaticum: Identification, isolation tools, ecology 
and technological aspects in dairy products. Food Microbiology, 22, 573–579. https:// 
doi.org/10.1016/j.fm.2010.03.019 

Ahn, C., & Stiles, M. E. (1990). Plasmid associated bacteriocin production by a strain of 
Carnobacterium piscicola from meat. Applied and Environmental Microbiology, 56(8), 
2503–2510. https://doi.org/10.1128/AEM.56.8.2503-2510.1990 

Al Bulushi, I. M., Poole, S. E., Barlow, R., Deeth, H. C., & Dykes, G. A. (2010). Speciation 
of Gram-positive bacteria in fresh and ambient-stored sub-tropical marine fish. 
International Journal of Food Microbiology, 138(1–2), 32–38. https://doi.org/ 
10.1016/j.ijfoodmicro.2009.11.021 

Al-Hisnawi, A., Ringø, E., Davies, S. J., Waines, P., Bradley, G., & Merrifield, D. L. (2015). 
First report on the autochthonous gut microbiota of brown trout (Salmo trutta). 
Aquaculture Research, 46, 2962–2971. https://doi.org/10.1111/are.12451 

Alvarez, J., Austin, B., & Reyes, H. (1995). An outbreak of lactobacillosis (Pseudokidney 
disease) in farmed rainbow trout (Oncorhynchus mykiss, Walbaum) in Venezuela. 
Bulletin of European Fish Pathology, 15(6), 200–201. 

Askarian, F., Sperstad, S., Merrifield, D. L., Ray, A. K., & Ringø, E. (2013). The effect of 
different feeding regimes on enzyme activities of gut microbiota in Atlantic cod 
(Gadus morhua L.). Aquaculture Research, 44, 841–846. https://doi.org/10.1111/ 
j.1365-2109.2010.03079x 

E. Ringø                                                                                                                                                                                                                                           

https://doi.org/10.1016/j.fm.2010.03.019
https://doi.org/10.1016/j.fm.2010.03.019
https://doi.org/10.1128/AEM.56.8.2503-2510.1990
https://doi.org/10.1016/j.ijfoodmicro.2009.11.021
https://doi.org/10.1016/j.ijfoodmicro.2009.11.021
https://doi.org/10.1111/are.12451
http://refhub.elsevier.com/S2468-550X(23)00137-5/sref5
http://refhub.elsevier.com/S2468-550X(23)00137-5/sref5
http://refhub.elsevier.com/S2468-550X(23)00137-5/sref5
https://doi.org/10.1111/j.1365-2109.2010.03079x
https://doi.org/10.1111/j.1365-2109.2010.03079x


Aquaculture and Fisheries xxx (xxxx) xxx

11

Askarian, F., Zhou, Z., Olsen, R. E., Sperstad, S., & Ringø, E. (2012). Culturable 
autochthonous gut bacteria in Atlantic salmon (Salmo salar L.) fed diets with or 
without chitin. Characterization by 16S rRNA gene sequencing, ability to produce 
enzymes and in vitro growth inhibition of for fish pathogens. Aquaculture, 326–329, 
1–8. https://doi.org/10.1016/j.aquaculture.2011.10.016 

Bakke-McKellep, A. M., Penn, M. H., Salas, P. M., Refstie, S., Sperstad, S., Landsverk, T., 
et al. (2007). Effects of dietary soybean meal, inulin and oxytetracycline on 
gastrointestinal histological characteristics, distal intestine cell proliferation and 
intestinal microbiota in Atlantic salmon (Salmo salar L.). British Journal of Nutrition, 
97, 699–713. https://doi.org/10.1017/S0007114507381397 
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González, C. J., García-López, T.-M., García-López, M.-L., & Otero, A. (1999). Bacterial 
microflora of wild brown trout (Salmo trutta), wild pike (Esox lucius), and 
aquacultured rainbow trout (Oncorhynchus mykiss). Journal of Food Protection, 62 
(11), 1270–1277. https://doi.org/10.4315/0362-028X-62.11.1270 

Hagi, T., Tanaka, D., Iwamura, Y., & Hoshino, T. (2004). Diversity and seasonal changes 
in lactic acid bacteria in the intestinal tract of culture freshwater fish. Aquaculture, 
234, 335–346. https://doi.org/10.1016/j.aquaculture.2004.01.018 

Hammes, W. P., & Hertel, C. (2006). The genera Lactobacillus and Carnobacterium. In 
M. Dworkin, S. Falkow, E. Rosenberg, K.-H. Schleifer, & E. Stackebrandt (Eds.), The 
prokaryotes. A handbook on the Biology of bacteria”. Third edition. Volume 4: Bacteria, 
Firmicutes, Cyanobacteria (Vol. 4, pp. 320–403). Singapore: Springer. https://doi. 
org/10.1007/0-387-30744-3_10.  

Hartviksen, M., Gonzalez Vecino, J. L., Kettunen, A., Myklebust, R., Ruohonen, K., 
Wadsworth, S., et al. (2015). Probiotic and pathogen ex vivo exposure of Atlantic 
salmon (Salmo salar L.) intestine from fish fed four different protein sources. Journal 
of Aquaculture Research & Development, 6, 340. https://doi.org/10.4172/2155- 
9546.1000340 

Hiu, S. F., Holt, R. A., Srirunganathan, N., Seidler, R. J., & Fryer, J. L. (1984). 
Lactobacillus piscicola, a new species from salmonid fish. International Journal of 
Systematic Bacteriology, 34, 393–400. 

Huber, I., Spanggaard, B., Appel, K. F., Rossen, L., Nielsen, T., & Gram, L. (2004). 
Phylogenetic analysis and in situ identification of the intestinal microbial 
community of rainbow trout (Oncorhynchus mykiss, Walbaum). Journal of Applied 
Microbiology, 96, 117–132. https://doi.org/10.1046/j.1365-2672.2003.02109.x 

Humphrey, J., Lancaster, C. E., Gudkovs, N., & Copland, J. W. (1987). The disease status 
of Australian salmonids: Bacteria and bacterial diseases. Journal of Fish Diseases, 10 
(5), 403–410. https://doi.org/10.1111/j.1365-2761.1987.tb01088.x 

Iorizzo, M., Albanese, G., Testa, B., Ianiro, M., Letizia, F., Succi, M., et al. (2021). 
Presence of lactic acid bacteria in the intestinal tract of the Mediterranean trout 
(Salmo macrostigma) in its natural environment. Life, 11, 667. https://doi.org/ 
10.3390/life11070667 

Irianto, I., & Austin, B. (2002). Use of probiotics to control furunculosis in rainbow trout, 
Oncorhynchus mykiss (Walbaum). Journal of Fish Diseases, 25, 333–342. https://doi. 
org/10.1046/j.1365-2761.2002.00375.x 

Irianto, I., & Austin, B. (2003). Use of dead probiotics to control furunculosis in rainbow 
trout, Oncorhynchus mykiss (Walbaum). Journal of Fish Diseases, 26, 59–62. https:// 
doi.org/10.1046/j.1365-2761.2003.00414.x 

Iskandar, C. F., Borges, F., Taminiau, B., Daube, G., Zagorec, M., Remenant, B., et al. 
(2017). Comparative genomic analysis reveals ecological differentiation in the genus 
Carnobacterium. Frontiers in Microbiology, 8, 311–340. https://doi.org/10.3389/ 
fmicb.2017.00357 

Jang, W. E., Jeon, M.-H., Lee, S.-J., Park, S. Y., Lee, Y.-S., Noh, D.-I., et al. (2022). Dietary 
supplementation of Bacillus sp. PM8313 with B-glucan modulates the intestinal 
microbiota of red sea bream (Pagrus major) to increase growth, immunity, and 
disease resistance. Frontiers in Immunology, 13, Article 960554. https://doi.org/ 
10.3389/fimmu.2022.960554 
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