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ABSTRACT 

Carnobacterium maltaromaticum is a diverse lactic acid bacteria (LAB) that is found and isolated 

from various environments and habitats. It is present in a variety of foods that includes dairy as 

well as non-dairy products such as meat and fish where they are capable of producing flavors in 

milk and effective bacteriocins against Listeria monocytogenes in processed-food products, 

respectively. Apart from technological potential in food products, C. maltaromaticum is a known 

pathogen in fish and due to this reason, they are not considered safe by EFSA. This study aims 

to differentiate between genomes of fish pathogenic strains and non-pathogenic food strains of 

C. maltaromaticum. Therefore, to study the genomic differences in this diversely found specie, 

the phylogenetic & pan-core genome analysis, as well as safety assessment on the basis of 

virulence factors, antibiotic resistance and pathogenicity island acquisition was determined using 

in silico approach. Results show that increase in pseudogenes of SK series of pathogenic strains 

suggests the transition of pathogenic strains to host-adapted (fish) lifestyle. Moreover, the safety 

assessment revealed that apathogenic strains cannot be termed completely safe due to the 

presence of virulence factors and pathogenicity islands and thus, safety might be a strain-specific 

feature. The genomic variations and safety determined in this study will provide insight into the 

potential application of dairy strains as probiotics. However, further in-vivo evaluations are 

required to confirm their potential and safety. 
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INTRODUCTION 

Carnobacterium is a gram positive and facultatively anaerobic, ubiquitous lactic acid bacteria 

(LAB), which ferment glucose to produce lactic acid (Collins et al., 1987). At present, 12 species 

of Carnobacterium are known. Out of these 12 species, the most common species isolated from 

natural environment & foods is C. maltaromaticum. C. maltaromaticum is found in both cold 

and temperate environments (Jørgen J Leisner et al., 2007). 

Among the genomes of Carnobacterium that have been sequenced, C. maltaromaticum exhibit 

the largest and variable genomes ranging approximately 3.3 ± 0.7 Mbp, that depicts that the 

strains have lost as well as gained large fragment of DNA (Iskandar et al., 2017). Also, C. 

maltaromaticum is the only specie that is found in different environments and habitats. Various 

environments include dairy products, processed food as well as the gut of teleost species (Jørgen 

J Leisner et al., 2007).  

C. maltaromaticum strains are present in a wide variety of foods that include dairy & non-dairy 

products such as meat and fish. Several studies are being carried out to explore the potential of 

Carnobacterium maltaromaticum in product development due to it’s organoleptic as well as its 

antimicrobial properties against food-borne pathogens. In food products, C. maltaromaticum 

produce certain flavors and may play a significant role in ripening. Moreover, it also acts as a 

biopreservative, as it inhibits the growth of Listeria monocytogenes, which is a well-known 

pathogen and also a spoilage causing micro-organism (Afzal et al., 2010). In contrast, it is also 

found in processed food products such as vacuum packaged fish and meat products, where it is 

responsible for spoilage (Jørgen J Leisner et al., 2007). Moreover, the probiotic potential of C. 

maltaromaticum in fish has also been explored (D.-H. Kim & Austin, 2006; D. Kim et al., 2007; 
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Robertson et al., 2000). Although, currently there is no commercially applied protective culture 

of C. maltaromaticum (Jørgen J Leisner et al., 2007). 

According to United States Food and Drug Administration (USFDA) C. maltaromaticum is 

considered GRAS which means “generally recognized as safe”. However, because of its virulent 

nature in fish, C. maltaromaticum is not included in the Qualified Presumption of Safety (QPS) 

of European Food Safety Agency (Bourdichon et al., 2012; J J Leisner et al., 2012; Ramia et al., 

2019)(EFSA, 2012). Indeed, C. maltaromaticum has been found to cause infections in fishes, 

such as teleosts and cartilaginous fish. Such cases of infections by C. maltaromaticum has been 

reported worldwide, including United States, Europe and Africa (Bruno et al., 2013; Hiu et al., 

1984; J J Leisner et al., 2012; Loch et al., 2008, 2011; Mohamed et al., 2017; Ramia et al., 2019; 

Starliper et al., 1992). In rainbow trout, many cases of pseudo-kidney diseases caused by C. 

maltaromaticum have been reported (Loch et al., 2008, 2011). In 2011, Loch et al. studied that 

some infections caused by C. maltaromaticum in different species of fish such as feral and captive 

rainbow trout as well as some species of salmon leads to mortality. Moreover, in recent studies, 

more cases of C. maltaromaticum infection in sharks, particularly meningitis was reported 

(Schaffer et al., 2013; Steele et al., 2019). Also, C. maltaromaticum strains have been isolated 

from different organs of infected fish, thus giving insights into the pathogenicity of C. 

maltaromaticum (Roh et al., 2020).  

In 1984, first cases of C. maltaromaticum (previously known as C. piscicola) infection was 

reported in rainbow trout suffering from damaged kidney (Hiu et al., 1984) as well as from 

cutthroat trout (Michel et al., 1986). Further in early 90s, the mortality cases of cultured striped 

bass, channel fish and rainbow trout were reported (Baya et al., 1991; Toranzo et al., 1993). 
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Hence, C. maltaromaticum is potentially virulent in fish, however it also has a significant 

potential as probiotic (Jørgen J Leisner et al., 2007).  

For a long time, the relevance of C. maltaromaticum has been underrated as it is unable to grow 

on media that contains acetate, for example MRS and Rogosa medium. Due to this inability, C. 

maltaromaticum was identified late, initially as Lactobacillus maltaromaticus in 1974 (Miller III 

et al., 1974). However, later the re-classification of this bacterium named it as C. maltaromaticum 

(Mora et al., 2003). C. maltaromaticum has the ability to grow and survive at temperatures as 

low as 2-4°C such as chilled-meat products & cheese, and alkaline pH up to 9.6 (Catherine 

Cailliez-Grimal et al., 2007; Sakala et al., 2002). This ability of C. maltaromaticum to grow as 

well as survive alkaline environment (high pH) allows it to colonize in soft cheeses, whose pH 

increase after ripening. Moreover, although limited data is available, but studies describes that 

Carnobacterium has the ability to survive in the mammalian gut.    

At the time of this study, there are 33 publicly available genomes of Carnobacterium 

maltaromaticum species listed in National Center for Biotechnology Information (NCBI). Out of 

these, only 2 genomes are complete, 1 chromosome available, whereas 13 are at scaffold 

assembly level and 17 are at contigs assembly level. These strains have been isolated from dairy, 

non-dairy, processed food such as vacuum packaged meat & beef and diseased fish. Comparative 

genome analysis allows us to discriminate pathogenic species from apathogenic (non-

pathogenic) species found in food products and to find the niche-specific genomic features and 

genetic relatedness in C. maltaromaticum strains. The aim of this study is to analyze and compare 

the pathogenic and apathogenic strains of C. maltaromaticum by focusing on evolutionary 

relationship, pan and core genome, safety assessment and genome plasticity. Following are the 

objectives of this study:  
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OBJECTIVES: 

1. Evaluation of genomic differences between fish pathogenic strains and apathogenic food 

strains of C. maltaromaticum. 

2. Inter and intra-strain comparative genomic analysis for safety assessment of  

C. maltaromaticum strains. 
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LITERATURE REVIEW 

2.1 Taxonomy 

In 1974, C. maltaromaticum was discovered relatively late, initially as Lactobacillus 

maltaromaticus (Miller III et al., 1974). However, in 2003, it was reclassified as C. 

maltaromaticum (Mora et al., 2003). The non-typical heterofermentative species isolated from 

processed food-products such as meat, fish & chicken, previously classified as Lactobacillus, 

were suggested to be re-classified as the genus Carnobacterium, due to its inability to grow on 

agar containing acetate (Collins et al., 1987; WALTER P Hammes & Hertel, 2006). On the basis 

of niche and habitat, C. maltaromaticum was categorized into two groups: Group I which 

includes species originated from animals and their products; Group II includes species which 

occur in natural and cold environment (W P Hammes & Hertel, 2009).  

Carnobacterium is a rod-shaped LAB bacterium that ferment glucose and results in the 

production of L (+)-lactic acid. Their cell wall composition includes meso-diaminopimelic acid, 

which is a characteristic of Carnobacterium. Sequencing of 16S rDNA shows that in a 

phylogenetic analysis, Carnobacterium forms an evolutionary distinct group and significantly 

differ from other lactic acid bacteria (Wallbanks et al., 1990). 

Initially, Carnobacterium contained only four strains belonging to these species: C. divergens, 

C. piscicola, C. gallinarum and C. mobile.   C. piscicola and Lactobacillus maltaromaticus whose 

isolation source is malty-flavored milk are heterotypic synonyms (Collins et al., 1987; Miller III 

et al., 1974; Mora et al., 2003). However, this bacterium has not been commercialized as non-

starter LAB. The basic properties of C. maltaromaticum has been demonstrated (Afzal et al., 

2010).  
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2.2 Characteristics of Carnobacterium 

Currently, the genus Carnobacterium contain 12 species that had been found from multiple 

environments such as cold and temperate environment, as well as from animals GIT 

(gastrointestinal tract), from fish and meat associated food products and dairy products.   

Among the genus Carnobacterium, C. maltaromaticum and C. divergens are the most common 

species isolated from diverse sources (Jørgen J Leisner et al., 2007). Technological potential C. 

maltaromaticum and C. divergens in dairy products is reported (Laursen et al., 2005; Millière et 

al., 1994; Morea et al., 1999). Also, they have been isolated from habitats that are associated with 

animals. In meat & fish-associated food products, these species were dominantly found among 

the bacterial communities (Chaillou et al., 2015; Duan et al., 2016; Fougy et al., 2016; 

Jääskeläinen et al., 2016). Due to their ability of adaptation in various environments, it is 

necessary to evaluate the genomic traits in these strains. 

C. maltaromaticum possess a large genome, ranging in size 3.3 Mbp ± 0.7. The large genome 

size suggests the reason behind adaptation of this specie in diverse environments (Jørgen J 

Leisner et al., 2007). Conversely, the size of the genome does not always predict the colonization 

ability in various environments as C. divergens possess a relatively smaller genome 

(approximately 2.7 Mbp), but still found in diverse environments (Catherine Cailliez-Grimal et 

al., 2013; Remenant et al., 2016; Sun et al., 2015). 

They are mesophilic (i.e they can grow at moderate temperatures), whereas few species are also 

able to grow and survive at temperatures as low as 0°C. Moreover, few species are halotolerant 

and can grow with 8% NaCl. Whereas, some of the species are alkaliphilic that can grow at pH 

9.5 (C Cailliez-Grimal et al., 2014; Pikuta & Hoover, 2014). 
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2.3 Isolation and enumeration of C. maltaromaticum 

Food & dairy products-associated bacterial strains isolation and identification seem to be a 

challenging task in microbial taxonomy. Several different types of culturing media for the 

isolation of Carnobacterium, includes non-selective, semi-selective and selective media 

(WALTER P Hammes & Hertel, 2006).  

To detect and selectively isolate of Carnobacterium, CTAS medium abbreviated as Cresol Red 

Thallium Acetate Sucrose was recommended. However, this media may allow the growth of 

some other gram-positive bacteria such as Leuconostoc and Enterococcus. The culture is 

incubated at temperature 30°C for 24-48 hours, or at a bit lower temperature, i.e 25°C for 3-4 

days (Holzapfel, 1992). Other media include EBRER medium, which require relatively low 

temperature, i.e. 7°C for incubation for 10 days, and Cresol Red Thallium Acetate Sucrose Inulin 

Agar (CTSI), which has certain limitations such as its red color, prolonged time of incubation, 

that is 4 days and complexity (Wasney et al., 2001). 

 

Figure 1. C. maltaromaticum cells on the medium agar plate incubation at 30°C for 3 days. 

(Miller III et al., 1974; Mora et al., 2003) 
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As C. maltaromaticum is able to grow on pH upto 9.6, it can be isolated on a medium based on 

pH and pattern of antibiotic resistance. Therefore, a new selective medium, known as CM, was 

suggested, which is based on TS-YE agar and supplemented with antibiotics including 

vancomycin, gentamycin and nalidixic acid with a pH of 8.8. It is highly selective for dairy strains 

of C. maltaromaticum after incubation at 25°C for 36-48 hours (Hélène Carole Edima et al., 

2007). Thus, this selective medium was found suitable for the C. maltaromaticum.  

For enumeration, methods such as flow cytometry, epiflourescent microscopy and in situ 

hybridization were used for C. divergens and C. maltaromaticum. These techniques allow rapid 

and selective enumeration of mixed bacterial cultures, when coupled together (Connil et al., 

1998). 

2.4 Occurence of different species of Carnobacterium in diverse environments 

Several genera and various species of Lactic Acid Bacteria (LAB) are explored for many years 

due to their ability to ferment food and exert many benefits on health, particularly as probiotics. 

LAB are able to grow and colonize in animals-originated foods, such as meat & beef, fish as well 

as dairy products. Several LAB are also the part of microbiota in gut and vagina (Douglas & 

Klaenhammer, 2010; Douillard & De Vos, 2014). 

Lactic acid bacteria can be classified as either specialist or generalist bacteria. The specialist 

bacteria are those that exert low diversity at genetic level and are capable of being used as starter 

cultures for some fermented food products (Delorme et al., 2010). These bacteria have undergone 

massive loss of genes, particularly those responsible for biosynthetic pathways (Douglas & 

Klaenhammer, 2010). Alternatively, the functions of lost genes were executed by other acquired 

genes responsible for transportation of amino acids and carbohydrates that consequently makes 

the bacteria able to grow in nutrients-rich environment of fermentation (Lorca et al., 2007). Such 
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changes of gain and loss of genes were associated with the specialization towards food 

environment, particularly illustrated in dairy strains. Different LAB exerts certain genomic 

changes according to their ecological niche specialization (Iskandar et al., 2017)     

 

Figure 2. Relative abundance of each Carnobacterium species obtained from 16S metagenomic 

analyses of 681 samples originating from food. One asterisk indicates significant difference (P 

< 0.0001) compared to all other Carnobacterium sp, two asterisks indicate significant 

difference (P < 0.01) compared to C. iners, C. inhibens, C. jeotgali, C. mobile and C. viridans. 

Three asterisks indicate significant difference (P < 0.0001) compared to all Carnobacterium sp. 

Except C. maltaromaticum (Iskandar et al., 2017). 

Iskander et al., in 2017, conducted a study and found that C. maltaromaticum is the most 

dominant species in animal-derived foods, for example, dairy products, meat and beef, fish 

products as well as in the microbiota of GIT tract, followed by C. divergens. The evolutionary 

relationship between these two species adapted in animal, suggests that these species are more 
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closely related to each other as they belong to one of the two deeply branched lineages. Whereas, 

the species rarely associated with animals belong to the other lineage. Genomic analysis of these 

species suggests that the lineage species of animal origin exhibit large secretome as compared to 

species belonging to another lineage. Also, the proteome of C. maltaromaticum and C. divergens 

is highly diverse & include genes responsible for adaptation in animal environment (Iskandar et 

al., 2017).  

2.5 Carnobacterium maltaromaticum in dairy products 

The presence of Carnobacterium in dairy, i.e milk associated, products as well as other food 

products is not reported frequently. The reason is the inability of Carnobacterium to grow on 

media containing acetate, such as MRS or Rogosa agar, which are commonly used for the 

enumeration of LAB. Acetate inhibit the growth of Carnobacterium and thus these acetate-

containing media reduce concentrations of Carnobacterium in food (Chenoll et al., 2007; 

WALTER P Hammes & Hertel, 2006; Leblanc et al., 1997; Sakala et al., 2002; Susiluoto et al., 

2003).  

As far as dairy products are concerned, C. maltaromaticum is found in soft cheeses made from 

pasteurized and raw milk of ewe, goat or cow milk. They are also able to survive at high alkaline 

pH in cheese during ripening (Catherine Cailliez-Grimal et al., 2007; Millière et al., 1994). 

High genetic diversity exists between different dairy isolated strains of C. maltaromaticum & 

starter Lactic acid bacteria, for example Streptococcus thermophiles and Lactococcus lactis 

(Delorme et al., 2010; Passerini et al., 2010; Rahman et al., 2014) which increase the potential 

for C. maltaromaticum for innovation in dairy industry. C. maltaromaticum has the potential for 

culture innovation (Iskandar et al., 2016). Furthermore, this specie is able to survive the process 

of acidification without interfering with the commercial starters (H C Edima et al., 2008). C. 
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maltaromaticum has the potential in dairy industry, where it can be employed as a adjunct culture 

because:  

1. It has the ability to colonize cheeses and can reach up to the concentration of 109 CFU/g 

suggesting that it can survive during ripening of cheese and do not compete with other 

starter LAB (Afzal et al., 2010).  

2. In soft cheeses, this bacterium does not produce significant amount of harmful 

compounds, for instance tyramine and histamine (Afzal et al., 2010)  

3. It can produce different flavor compounds in dairy products such as 3-methylbutanal. 

4. It is able to produce bacteriocins that can prevent the growth of Listeria monocytogenes, 

which is a well-known food-borne pathogen.  

5. It possess insignificant or slight anti-inflammatory properties in comparison to other 

probiotic lactic acid bacteria (Rahman, Gleinser, et al., 2014). 

6. This bacterium is rarely related to any human disease and no case of infection in human 

has been reported or linked directly to using C. maltaromaticum-containing dairy 

products (Afzal et al., 2010). 

C. maltaromaticum is widely found in different foods, as shown in Table 1. C. maltaromaticum 

was firstly isolated from malty flavored-milk, in which aldehydes, i.e. 3-methylbutanal, 2-

methylbutanal, 2-methylpropanal were responsible for flavor (Miller III et al., 1974). Moreover, 

studies have suggested that the industrialization of dairy manufacturing resulted in reduction in 

diversity (Bachmann et al., 2011) 
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Table 1. Carnobacterium maltaromaticum in food products 

Product Sensory impact Reference 

Dairy 

Skimmed Milk Malty flavor Miller et al., 1974 

Soft cheeses No off-flavours Millière and Lefebvre 1994; 

Millière et al., 1994; Cailliez-

Grimal et al., 2007 

Mozzarella No off-flavours Morea et al., 1999 

Fish and shellfish 

MAP Salmon No off-flavours Emborg et al., 2002 

Cold-smoked Salmon Malt culture medium Leroi et al., 1998 

Slightly sour, sweet/ 

nauseous (vacuum) 

Oxydized, bitter and 

fishy/malty (MAP) 

Paludan-Muller et al., 1998 

 

No spoilage odour detected Duffes et al., 1999a 

Meat 

MAP Beef muscles VOC Aldehydes, lactones, 

sulphur compounds 

Ercolini et al., 2009 

MAP Broilers Not determined Vihavainen et al., 2007 

Marinated pork No spoilage odour detected Schirmer et al., 2009 

 

MAP: Modified atmosphere packed. 

VOC: Volatile Organic Compounds. 

Also, the key factor considered essential to be a part of gut colonization is the ability to hydrolyze 

bile (Kleerebezem et al., 2010; Seedorf et al., 2014). In a study, it was reported that C. 

maltaromaticum LMA 28, which has been isolated from soft ripened cheese, possess genes that 

are responsible for the survivability of this bacterium in the gastrointestinal (GIT) tract of mouse 

(Rahman, Gleinser, et al., 2014; Sun et al., 2015). 



14 

 

2.5.1 Cheese ripening 

In 1994, for the first time, C. maltaromaticum was reported to be found in Brie cheese, a type of 

French ripened soft cheese (Millière et al., 1994; Millière & Lefebvre, 1994) and later in 2007, 

it was confirmed (Catherine Cailliez-Grimal et al., 2007). Analysis of 30 samples of French 

ripened cheese, 10 was found to have C. maltaromaticum and 3 isolated from cheese exhibited 

anti-bacterial activity against Listeria. When cheese samples were analyzed, C. maltaromaticum 

constituted the flora able to survive at low temperature at higher pH levels (Catherine Cailliez-

Grimal et al., 2007). It also plays a role in ripening soft cheese (H C Edima et al., 2008). Another 

study reported that this species also plays a role in citrate fermentation in the Mozzarella cheese 

and constitutes 70% of the curd (Morea et al., 1999). 

Some examples of cheeses in which C. maltaromaticum is found: Camembert, Epoisse, Brie, 

Picodon, Pérail and Petit Munster & Petit Livarot (Catherine Cailliez-Grimal et al., 2007; 

Millière et al., 1994).   

C. maltaromaticum is a slow acidification species in comparison to other commercialized lactic 

acid bacterial strains that are used as starter culture, for instance Lactococcus lactis and 

Streptococcus thermophilus. However, it has been found that the psychrotrophic C. 

maltaromaticum LMA 28 survive acidic conditions (low pH) when co-cultured with L. lactis 

DSMZ 20481 or S. thermophilus INRA 302 (H C Edima et al., 2008). Due to this property of 

slow-acidification, Carnobacterium strains are not usable as starter culture, and hence they can 

be used as non-starter LAB (NSLAB). However, they can play a role in cheese ripening 

(Briggiler-Marcó et al., 2007) as well as in the development of aroma in soft cheeses. 
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2.5.2 Aroma and flavor compounds 

In fact, C. maltaromaticum is significantly known for producing aroma and flavor compounds, 

for example 3-methylbutanal as a result of catabolism of leucine. These aldehydes are reported 

to be responsible for malty flavor in milk, which is a characteristic feature of C. maltaromaticum 

(Larrouture-Thiveyrat & Montel, 2003; Laursen et al., 2006; Miller III et al., 1974; Smit et al., 

2009). 

Table 2. Compounds produced by catabolism of branched chain amino-acids by C. 

maltaromaticum 

Branched-chain amino acids Compounds 

Leucine α-ketoisocaproicacid,3-methylbutanal and 3-methylbutanol 

Isoleucine 3-methylbutanoicacid, 2-methylbutanal 

Valine 2-methylbutanol,2- methylpropanal and 2-methylpropanol 

 

The alcohols produced by this catabolism reaction, that is 2-methylbutanol, 3-methylbutanol and 

2-methylpropanol are responsible for malty, alcoholic and fruity aroma (Thierry & Maillard, 

2002). Whereas, the other products of catabolism, i.e. branched-chain acids, that is, 2-

methylbutanoic acid, 3-methylbutanoic acid and 2-methylpropanoic acid) produce rotten-fruit 

like, rancid and putrid ester flavors (Marilley & Casey, 2004; Thierry & Maillard, 2002). Thus, 

C. maltaromaticum has the potential to play a role in developing the taste and texture during 

cheese ripening (Millière et al., 1994; Millière & Lefebvre, 1994).   

2.5.3 Lactose metabolism 

Lactose is the main source of carbon in milk. Iskander et al., in 2016, investigated the genes for 

lactose metabolism in C. maltaromaticum. Results showed that C. maltaromaticum possess genes 
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that are involved in lactose and galactose metabolism pathways, namely Leloir and Tagatose-6-

phosphate (Tagatose-6P) pathways. Also, the strains may have genes associated with one or both 

pathways. Moreover, the study suggests that lactose and galactose metabolism genes, i.e lac and 

gal genes, evolved as a result of horizontal gene transfer, duplication and translocation, which 

consequently contribute to the adaptation of C. maltaromaticum in wide range of environment 

and variable properties related to technological potential (Iskandar et al., 2016).  

 

Figure 3. Tagatose 6-Phosphate and Leloir pathway (Iskandar et al., 2016) 

2.6 Carnobacterium maltaromaticum in non-dairy products 

Two closely related animal-associated strains of Carnobacterium, i.e. C. divergens and C. 

maltaromaticum has the ability of growing in meat products at low temperatures ranging from 2 

to -1.5°C (Jones, 2004; McMullen & Stiles, 1993; Sakala et al., 2002). C. divergens and C. 

maltaromaticum predominates the gram + and other lactic acid bacteria in the raw meat 

environment such as beef, lamb, poultry and pork. These two species are found and survive 

irrespective of the environmental condition in the meat products, such as aerobic environment, 
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vacuum-packaged, MAP conditions with concentration of CO2/N2 ranging from 10/90 to 80/20 

(Barakat et al., 2000; Björkroth et al., 2005; GRANT & PATTERSON, 1991; Jones, 2004; 

Laursen et al., 2005; McMullen & Stiles, 1993; Sakala et al., 2002; Shaw & Harding, 1984; 

Susiluoto et al., 2003; Vihavainen & Björkroth, 2007). 

C. maltaromaticum found in processed food such as vacuum packaged meat and beef product, 

are of significant importance as they are responsible for certain antibacterial activities, as they 

produce bacteriocins and organic acids. Zhang et al., in 2019, demonstrated that Carnobacterium 

produce organic acids, such as formate and acetate, which are associated with anti-bacterial 

activity of Carnobacterium in conditions of vacuum-packaged meat products. However, lactate 

was previously believed to be of importance, for its inhibitory activity on chilled meat products 

(Zhang et al., 2019). 

Several studies demonstrate the preservation of processed ready-to-eat food products such as 

cooked chicken, minced meat and refrigerated food, for example cold-smoked salmon to protect 

them from Listeria monocytogenes. Two ways of preservation are used: Firstly, the bacteriocin, 

produced by Carnobacterium is added to the food. Secondly, the bacteriocin-producing 

Carnobacterium is directly added to the food (Afzal et al., 2010). 

Recently, a study carried out by Bergem et al., in 2020 reported that C. maltaromaticum EBP3019 

and C. maltaromaticum SF668 are highly effective in inhibiting Listeria monocytogenes. The 

study provides insights into 16kDa unmodified bacteriocin and five different bacteriocins 

produced by C. maltaromaticum EBP3019 and C. maltaromaticum SF668, respectively (Begrem 

et al., 2020). 
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In 2011, Casaburi et al. compared multiple C. maltaromaticum strains activity of spoilage in both 

vacuum-packaged & air-stored beef. Their study suggested that volatile organic compounds with 

low sensory effect are produced by C. maltaromaticum, independent of the strain. The spoilage 

effect of these compounds on meat is negligible. Moreover, Carnobacteria is being explored as 

protective culture for inhibition of pathogens and organisms responsible for spoilage, in dairy 

and non-dairy (meat, seafood) products (Casaburi et al., 2011). 

C. maltaromaticum is known to be part of fish intestinal microbiota and isolated from different 

fishes such as cod, trout, charr and salmon (Jørgen J Leisner et al., 2007). Contrary to that, C. 

maltaromaticum is rarely found in the mammalian intestine. Rahman et al., in 2014, 

demonstrated that in addition to fish, Carnobacterium might exert certain immunomodulatory 

properties in mammals as well (Rahman, Gleinser, et al., 2014).  

2.6.1 Bacteriocin production 

Carnobacteria produce antibacterial compounds, such as bacteriocins and organic acids, in order 

to adapt in conditions of meat microbiota. Bacteriocins are antimicrobial peptides, synthesized 

by the ribosomes. Depending on the structural properties, bacteriocins are classified into three 

major groups: Class I, II and III (Alvarez-Sieiro et al., 2016; Cotter et al., 2005, 2013).  

Class I bacteriocins are peptides of small size (<5kDa) that have undergone post-translational 

modification. Example include lantibiotics, that contain an unusual amino acid lanthionine (Lan). 

Their activity varies according to their structure (McAuliffe et al., 2001). Class II bacteriocins 

are unmodified peptides of small size as Class I (<5kDa) but are permeable through bacterial 

membranes. On the basis of structure, they are further classified into four groups: IIa, IIb, IIc and 

IId. Class I & II bacteriocins exhibit thermostable properties. Class III bacteriocins are relatively 
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larger (>30kDa), and generally comprises bacteriolysins. They are thermoliable (Cotter et al., 

2005, 2013).  

Class IIa bacteriocin, namely Carnobacteriocin, inhibit Listeria by antimicrobial activity which 

is carried out by creation of pore, disruption in potential of membrane and also by exudation of 

substances that have low molecular weight present inside (Drider et al., 2006; Suzuki et al., 

2005). 

Carnobacteriocins belonging to class II bacteriocins transport with the help of ABC transport 

system (ATP-binding cassette) (Drider et al., 2006). Whereas, transport of divergicin A is based 

on cellular secretion pathway (sec pathway) and does not depend on secretion protein (Worobo 

et al., 1994). 

Divercin V41 and Divergicin M35 (Class IIa bacteriocins), and Divergicin A (Class IId 

bacteriocins) have been isolated from C. divergens strains (Metivier et al., 1998; Tahiri et al., 

2004; Worobo et al., 1994). However, in comparison to C. divergens, C. maltaromaticum 

produce a large number of bacteriocins. Examples include Carnolysin (Class I), Carnobacteiocin 

B2 and BM1, Piscicolin 126 and CS526, and maltaricin CPN belonging to class IIa, and 

Carnobacteriocin X (Class IId) (Bhugaloo-Vial et al., 1996; Hammi et al., 2016; Herbin et al., 

1997; Jack et al., 1996; Martin-Visscher et al., 2008; Quadri et al., 1994; Tulini et al., 2014; 

Yamazaki et al., 2005). 
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Table 3. Bacteriocins produced by C. maltaromaticum (Jørgen J Leisner et al., 2007) 

Bacteriocin (Class) Gene 
Location of 

gene 
Reference 

Carnobacteriocin A (IIc)/ Piscicolin 61 cbnA Plasmid Worobo et al. (1994) 

Holck et al. (1994) 

Carnobacteriocin BM1 (IIa)/ 

Carnobacteriocin B1/ Piscicosin V1b/ 

Carnocin CP51 

cbnBM1 Chromosome Quadri et al. (1994) 

Bhugaloo-Vial et al. 

(1996) 

Herbin et al. (1997) 

Carnobacteriocin B2 (IIa) cbnB2 Plasmid Quadri et al. (1994) 

Wang et al. (1999) 

Carnocin CP52/ A9b   Herbin et al. (1997) 

Nilsson et al. (2002) 

Piscicolin 126 (IIa)/ Piscicocin V1a pisA Chromosome Jack et al. (1996) 

Bhugaloo-Vial et al. 

(1996) 

Gursky et al. (2006) 

Piscicocin CS526 (IIa) ND ND Yamazaki et al. (2005) 

 

2.6.2 Preservation of food 

Since Carnobacterium is significantly important for producing bacteriocins (Jørgen J Leisner et 

al., 2007). Different types of bacteriocins are produced by different strains of Carnobacterium. 

These bacteriocins have the ability to inhibit the spoilage and pathogenic micro-organism such 

as Listeria. Carnobacteria and Listeria exhibit same behaviors toward temperature and pH and 

are psychrophilic. Therefore, due to bacteriocin producing ability, the use of Carnobacterium 

isolated from food such as cheese and other, is very well reported. In several refrigerated foods, 

bacteriocin produced by Carnobacterium results in inhibition of Listeria during critical phases 

(Buchanan & Klawitter, 1991; Catherine Cailliez-Grimal et al., 2007; Herbin et al., 1997). 
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2.7 Carnobacterium maltaromaticum as pathogen (in diseased fish) 

C. maltaromaticum is a bacterium of technological interest as it possesses anti-bacterial 

properties, inhabit the intestines of fish, for example GIT of teleost, and might has a potential to 

play a role as probiotic. Besides its technological potential, C. maltaromaticum is a known fish 

pathogen, and infect fishes in cold water (teleosts) under stress conditions (such as spawning and 

handling events) (Loch et al., 2008, 2011).  

C. maltaromaticum has been known to cause infections in fish. Fish infected with C. 

maltaromaticum are reported to suffer from septicemia, visceral congestion, pseudokidney 

disease, splenomegaly, internal hemorrhages, thickened swim-bladder walls and muscular 

abscesses.  

Not long ago, C, maltaromaticum have been found & isolated from organs of diseased fish, that 

is from brain and ear of Alopias vulpunis, commonly known as common thresher and Lamna 

ditropis, which is salmon shark. While strandings of thresher shark are recent, the strandings of 

salmon sharks have long been known, that suggest a long-term relation of C. maltaromaticum 

with sharks. More interesting is the fact that some strains of C. maltaromaticum have applications 

in food industry, due to their probiotic properties in fish, antimicrobial properties in vacuum 

packaged products and flavoring properties in dairy products (Steele et al., 2019).  

Common thresher and salmon shark are both top predators that belongs to Lamniformes order 

and migrate between Northeast Pacific Ocean coast and offshore waters and also use the 

continental shelf as a nursery during juveniles (Cartamil, 2009). Severe meningitis, as well as 

acute otitis, have been reported in the brain and ear of infected/diseased threshers and salmon 

sharks, that are infected by C. maltaromaticum (Schaffer et al., 2013). In a recent study, Steele 

et al., sequenced 9 strains of C. maltaromaticum (SK_AV1, SK_AV2, SK_AV3, SK_AV4, 
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SK_AV5, SK_AV6, SK_LD1, SK_LD2, SK_LD3) that have been originated from the brain and 

ear tissues of diseased fish and found high degree of pseudogenization, depicting the transition 

of host and lifestyle of bacterium (Steele et al., 2019). 

Roh et al., in 2020, evaluated the pathogenicity of C. maltaromaticum strains found in diseased 

fish. It was found that, those strains that originated from diseased fish were able to cause high 

histopathological changes and mortality. The C. maltaromaticum strains studied were found to 

exhibit more than 90% of KEGG orthologs id, however the genes, that is wecC and xtmA were 

specifically present only in strains isolated from diseased fish. Also, only the strains from infected 

fish possessed two paralogs of wecC, which is involved in the production of a major component 

of teichuronic acid (a virulence factor), that is D-mannosaminuronic acid. Their study also 

describes the potential of wecC gene as virulence factor.  

In 2018, Korea, C maltaromaticum strain was isolated from infected rainbow trout. The body 

surface of trout was infected with ulcerative lesions. And confirmed that C. maltaromaticum 

18ISCm was able to cause mortality when infected in healthy rainbow trout, thus confirming the 

pathogenicity of this strain. Altogether, their study suggests that C. maltaromaticum strains 

isolated from infected fish differ from the food-associated strains depending upon pathogenicity 

and presence/absence of certain virulence factors (Roh et al., 2020).  

In another study by Leisner et al., in 2012 suggested that C. maltaromaticum ATCC35586 carry 

genes that might be virulent and encode products that are responsible for adhesion to fibronectin 

and collagen, synthesis of capsule, modification of cell wall, mechanisms involved in iron 

scavenging, invasion, hemolysis and resistance to toxic compounds, that might cause infection 

in fish. Furthermore, the potent virulence factors were found to have homology with genes in 

Listeria (J J Leisner et al., 2012). 
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A recent study tested the pathogenicity of C. maltaromaticum strains, i.e. 18ISCm, ATCC35586 

& DSM 20342 (isolated from dairy origin) and found the highest mortality (almost 80%) in fish 

infected with 18ISCm strain, 60% with ATCC35586 and 0% from DSM 20342 (Roh et al., 2020). 

The study described that only the fish that were exposed with pathogenic strains: C. 

maltaromaticum ATCC35586 and 18ISCm exhibited infectious conditions such as reddish swim 

bladders, abdominal distension with clear ascites and abnormal behavior, for instance loss of 

equilibrium and erratic swimming. The histopathology of the organs of fish infected with C. 

maltaromaticum ATCC 35586 showed that kidney, swim bladder and spleen were mainly 

affected by the infection. Moreover, only the diseased fish isolated strains: C. maltaromaticum 

18ISCm, C. maltaromaticum ATCC 35586 and C. maltaromaticum SK_AV1 were, particularly, 

found to contain three genes particularly: wecC, panE and xtmA. 

In this study, they found that wecC gene encoding the UDP-N-acetyl-D-mannosamine 

dehydrogenase was absent in most C. maltaromaticum strains. However, it was present in the 

diseased fish associated strains. Thus, this indicate that this gene might be involved in the 

pathway responsible for pathogenicity. On the basis of comparative genomics, genes related to 

D-mannosaminuronic acid, precursor for synthesis of a virulence factor, namely Teichouronic 

acid, were found particularly in strains isolated from diseased and infectious fish. 

According to this study by Roh et al., in 2020, only the fish infected with C. maltaromaticum 

18ISCm and C. maltaromaticum ATCC 35886 showed symptoms of diseases and even led to 

death of rainbow trout. Conversely, the fish to which high dose of C. maltaromaticum DSM 

20342 (derived from dairy products) was administered, neither show any symptoms of the 

diseases nor mortality. This study illustrates significant difference between the pathogenic & 

apathogenic strains of C. maltaromaticum (Roh et al., 2020). 
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2.8 Safety assessment 

Despite bacteriocins production and other probiotic-related properties, there are limitations in the 

applications of C. maltaromaticum in several food products as bioprotective culture. This is due 

to the ability of C. maltaromaticum to break tyrosine and produce tyramine. However, C. 

maltaromaticum LMA28 isolated from soft cheese didn’t produce tyramine and histamine 

(Hélène Carole Edima et al., 2007). Thus, the concentration of tyramine that is produced, depends 

on the type of strain & the type of food (Jørgen J Leisner et al., 2007; Masson et al., 1996). One 

strain, C. maltaromaticum CB1 is considered GRAS (Generally recognized as Safe, GRN 

00159), for applications in ready-to-eat products of meat, since 2005.  

C. maltaromaticum is a known pathogen in fish but has not been known to cause infection in 

human and is therefore, not regarded as opportunistic pathogen. However, one case has been 

reported in which a strain C. maltaromaticum has been found from pus of human (Chmelař et al., 

2002).   
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MATERIALS & METHODS 

3.1 Genomes, genome validation and properties 

3.1.1 Sequence retrieval from NCBI 

At the time of this study, all publicly available genomes of Carnobacterium maltaromaticum 

were obtained and genome sequence assemblies (Genbank and Fasta) were retrieved from 

National Center for Biotechnology Information (NCBI) 

(http://www.ncbi.nlm.nih.gov/genome/browse/). A total of 33 genomes were available. Only 2 

were complete genomes, one was at chromosome level, and the other 30 were draft genomes 

assembled at scaffold and contig level. The isolation source of retrieved genomes was from: dairy 

products, processed food, fish products and diseased fish. The properties, accession numbers and 

origin of isolation of the retrieved C. maltaromaticum strains that are analyzed in this study are 

described in Table 4.  

Table 4. Carnobacterium maltaromaticum genomes retrieved from NCBI for analysis 

Food associated strains 

S. 

No. 
Accession No. Strain 

Assembly 

Level 

No. of 

Contigs 
Isolation source 

1 HE999757.1 LMA 28 Complete 1 Ripened soft cheese 

D
ai

ry
 

is
o

la
te

s 

2 JQMX00000000 DSM 20342 MX5 Contig 5 Milk with malty flavor 

3 JQBG01000000 DSM 20342 Scaffold 111 Milk with malty flavor 

4 
CP016844 

Plasmids (4): CP016845-48 
TMW 2.1581 Complete 5 Poultry meat-spoilage 

N
o

n
-D

ai
ry

 i
so

la
te

s 

5 NRQC01000000 A7 Contig 20 Vacuum packaged beef 

6 NRPU01000000 A15 Contig 23 Vacuum-packaged beef 

7 NRPV01000000 A14 Contig 23 Vacuum-packaged beef 

8 NRPT01000000 A16 Contig 21 Vacuum-packaged beef 

9 NRQE01000000 A5 Contig 22 Vacuum-packaged beef 

10 NRPR01000000 A18 Contig 22 Vacuum-packaged beef 

11 NRQD01000000 A6 Contig 23 Vacuum-packaged beef 

12 NRQG01000000 A3 Contig 28 Vacuum-packaged beef 

13 NRQI01000000 A1 Contig 29 Vacuum-packaged beef 

14 NRPS01000000 A17 Contig 21 Vacuum packaged meat 

15 JQBU01000000 DSM 20722 Scaffold 35 Vacuum packaged meat 

16 WNJR01000000 SF668 Contig 88 Fish product 

17 WNJS01000000 EBP3019 Scaffold 121 Fish product 

18 CVNA00000000 ML_1_97 Contig 229 Fresh Salmon 

19 CVMZ00000000 3-18 Contig 160 Pork meat product 

http://www.ncbi.nlm.nih.gov/genome/browse/
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3.1.2 Genome synteny 

Draft genomes were aligned and reordered to refine genome assemblies according to the 

reference genome. Thus, genome synteny, that is orthologous gene set having same local 

organization in species (Iskandar et al., 2017), was determined using MAUVE v. 20150226, 

which is a multiple alignment tool. Draft genome sequences (Genbank format) were aligned with 

ProgressiveMauve according to the reference genome and the output was obtained in FASTA 

format (Darling et al., 2004). 

Diseased fish associated 

S. 

No. 
Accession No. Strain 

Assembly 

Level 
No. of 

Contigs 
Isolation source 

D
is

ea
se

d
 F

is
h

 

20 
Chromosome: CP045040 

Plasmids (4): CP045041-44 
18ISCm Chromosome 5 Rainbow trout 

21 AGNS00000000 ATCC 35586 Contig 74 Diseased salmon 

22 BJOJ01000000 NBRC 15685 Contig 108 
Diseased adult cutthroat 

trout 

23 JQBV01000000 DSM 20730 Scaffold 56 Diseased rainbow trout 

24 PKFM01000000 SK_AV1 Scaffold 18 
Alopias vulpinus (Common 

thresher) – Brain 

25 PKFL01000000 SK_AV2 Scaffold 19 
Alopias vulpinus (Common 

thresher) – Ear 

26 PKFK01000000 SK_AV3 Scaffold 18 
Alopias vulpinus (Common 

thresher) – Brain 

27 PKFJ01000000 SK_AV4 Scaffold 18 
Alopias vulpinus (Common 

thresher) – Ear 

28 PKFI01000000 SK_AV5 Scaffold 33 
Alopias vulpinus (Common 

thresher) – Brain 

29 PKFH01000000 SK_AV6 Scaffold 19 
Alopias vulpinus (Common 

thresher) – Ear 

30 PKFG01000000 SK_LD1 Scaffold 18 
Lamna ditropis (Salmon 

shark)- Brain 

31 PKFF01000000 SK_LD2 Scaffold 17 
Lamna ditropis (Salmon 

shark)- Ear 

32 PKFE01000000 SK_LD3 Scaffold 19 
Lamna ditropis (Salmon 

shark)- Brain 

33 JUUF01000000 757_CMAL Contig 514   
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3.1.3. Validation of genomes 

To confirm the validity of the genomes, average nucleotide identity (ANI) was determined. Using 

C. maltaromaticum LMA28 as reference, ANI values were determined using OrthoANItool v 

0.93.1 (OAT) (Lee et al., 2016).  

3.1.4. Genome annotation 

On the basis of ANI results, 32 valid strains were used for further analysis. The valid genomes 

were annotated using PATRIC (Pathosystems Resource Integration Center) available at 

https://www.patricbrc.org/ (Brettin et al., 2015) which is a free, online webserver tool that 

provide various analysis including genome annotation. It is a microbial bioinformatics tool that 

provides various services including comparative genome and proteome analysis. The size, GC%, 

CDS, tRNA and rRNA were determined. PATRIC provide annotation of genomes using RAST 

(Rapid annotation using subsystem technology). Output is obtained in various formats (Genbank, 

Fasta, embl etc). 

3.2 Phylogenetic & Proteome analysis 

For analysis of evolutionary relationship and variation in genomes, all 32 strains of C. 

maltaromaticum were analyzed and 16S rRNA having 1400-1700 nucleotides were retrieved and 

selected for phylogenetic evaluation (Ali et al., 2012). 

The 16S rRNA phylogenetic tree was constructed using Neighbor joining method (Saitou & Nei, 

1987). 16S rRNA sequences from all strains were first aligned and then phylogenetic tree was 

constructed, with 1000 bootstrap replications, using MEGAx (Kumar et al., 2018). Enterococcus 

faecalis V583, which is a closely related specie was used as an outgroup, for construction of 

phylogenetic tree.  

https://www.patricbrc.org/
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For pair-wise comparison of genetic relatedness, AAI (Average amino acid identity) was 

determined and AAI matrix was generated which shows the % amino acid identity among the 32 

strains. AAI analysis was performed under authorized projects using EDGAR (Efficient 

Database framework for comparative Genome Analyses using BLAST score Ratios) (Blom et 

al., 2016). 

3.3 Pan-core genome analysis 

3.3.1 Pan-core genome plot 

To estimate conservation in genome and to better understand the phylogenetic relationship, pan-

core genome analysis was performed. Pan genome represents the global gene repertoire of the 

species whereas, core genome represents the genes that are shared and conserved among all the 

strains. Dispensable, also known as accessory genome includes genes which are shared by two 

or more strains, but not all. And unique (Singleton) genes are present in only one strain.  

For comparison of 32 strains of C. maltaromaticum, pan-core genome analysis was performed 

using EDGAR (Efficient Database framework for comparative Genome Analyses using BLAST 

score Ratios) (Blom et al., 2016). The plot of pan-core genome analysis was also constructed on 

the basis of total number of distinct gene families and shared genes, respectively, with the 

subsequent addition of a genomes.  

3.3.2. Core Phylogeny 

Another phylogenetic analysis was performed in which core genome-based tree was constructed 

including 32 species of C. maltaromaticum. This tree was also constructed using EDGAR (Blom 

et al., 2016). 
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3.4 Functional annotations 

COG (Cluster of Orthologous Group) and KEGG (Kyoto Encyclopedia of Genes and Genomes) 

analysis was also performed (Kanehisa et al., 2012). Graphical representation of accessory, core 

and unique genes distribution, on the basis of COG and KEGG function, was obtained using 

BPGA Software (Chaudhari et al., 2016). 

3.5 Safety assessment 

By determination and assessment of following factors, the pathogenic nature of C. 

maltaromaticum species was explored:  

• Virulence factors 

• Antibiotic resistance 

3.5.1 Virulence Factors 

Virulence factors refers to the properties of pathogenesis that are responsible and enhance its 

potential for causing diseases. To identify the virulence factors in C. maltaromaticum strains, an 

online database VFDB (Virulence Factor Database) was used (Available online at: 

http://www.mgc.ac.cn/VFs/). VFDB identify virulence factors and their functional features that 

allow bacteria to cause pathogenicity (Chen et al., 2016).  

Sequences in Genbank format were uploaded in Regular BLAST. Blastn and DNA sequences 

from VFDB full dataset (Set B) was chosen. E-value was set at 0.00001 and BLOSUM62 matrix 

was chosen. To obtain precise and accurate results, only factors having score more than 90 were 

considered. Results were manually exported to tabular form, along with the virulence factor and 

related genes and a heatmap was generated on the basis of presence and absence of virulence 

factors, according to the bitscore.  

http://www.mgc.ac.cn/VFs/
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3.5.2. Antibiotic resistance genes 

To analyze the antibiotic resistancepresent in the genomes of C. maltaromaticum, antibiotic 

resistance genes were determined using RGI (Resistance Gene Identifier)- CARD 

(Comprehensive Antibiotic Resistance Database) (https://card.mcmaster.ca/analyze/rgi). The 

CARD provides curated reference sequences and SNPs organized via the Antibiotic Resistance 

Ontology ("ARO"). RGI 5.1.1 Web Portal predicts ORF using Prodigal, homolog detection by 

Diamond and strict significance by CARD bit score cut-offs (Alcock et al., 2020). 

DNA sequences in FASTA format were uploaded and perfect, strict and loose hits criteria was 

selected under high quality/coverage. Results with >50% matching identity were recorded and 

the output was compiled in tabular format.   

3.6 Genome plasticity 

The ability of C. maltaromaticum to adapt in diverse environment can be illustrated by 

determining the genetic events. For the identification of following horizontally acquired genes, 

genome plasticity was analyzed:  

• Genomic Islands 

• Pathogenic Islands 

• Prophage Sequences 

3.6.1. Genomic islands (GEIs) 

Genomic islands are the region of genes that are acquired and transferred through horizontal gene 

transfer. Virulence & antibiotic resistance genes are also present in genomic islands, particularly 

called pathogenicity islands and resistance islands, respectively.  

https://card.mcmaster.ca/analyze/rgi
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The genomic islands in C. maltaromaticum strains were determined using IslandViewer4 

(http://www.pathogenomics.sfu.ca/islandviewer/) which is a computational tool that employs 

four different genomic island prediction methods: IslandPick, IslandPath-DIMOB, SIGI-HMM, 

and Islander (Bertelli et al., 2017). The .gbff file of each C. maltaromaticum strain retrieved from 

NCBI, after manually removing comments, was used as an input, individually. The results 

provided the image, sequences and tab delimited file of the predicted genomic islands. The 

percentage of genomic islands in each strain was also calculated using following formula:  

% of genomic islands = Total no. of bp in genomic islands    x   100 

                        Total no. of bp in genome of strain 

The % genomic islands were visualized in the form of a graph, whereas the other results were 

manually curated and further visualized using BRIG (Blast Ring Image Generator) in the form 

of circular image. 

3.6.2. Pathogenicity islands (PAIs) 

Pathogenicity islands comprise of virulence factors responsible for causing disease. They are 

present in pathogenic species, while generally absent from non-pathogenic species. PAIs exhibit 

certain characteristics such as G+C content and codon usage deviation, transposases and 

integrases, virulence factors, direct repeats, flanking tRNAs & frequently present mobile genetic 

elements.  

To predict the putative pathogenicity islands, GIPSy v 1.1.2. (Genomic Island Prediction 

Software) was used. Genbank sequences obtained from IslandViewer4 (.gbk) were used as input 

and C. maltaromaticum LMA 28 was used as reference. GIPSY generates a list of putative 

pathogenicity islands on the basis of GC content, codon usage, transposase, virulence factors, 

tRNAs and provide associated files of the results (Soares et al., 2016).  

http://www.pathogenomics.sfu.ca/islandviewer/
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For visualization of these PAIs, BRIG (Blast Ring Image Generator) was used for easy 

comparison among C. maltaromaticum strains. 

3.6.3. Prophage sequences 

To predict the integrated prophage sequences in C. maltaromaticum strains, online webserver 

tool PHASTER (PHAge Search Tool Enhanced Release), which is an updated version of 

PHAST, was employed. It is available at https://phaster.ca/. It is an efficient and user-friendly 

webserver for fast detection & annotation of prophages in the genomes and plasmids of bacteria 

and provide accurate and precise results (Arndt et al., 2016).   

The Genbank file, obtained from IslandViewer4 were used as an input in PHASTER. The results 

were exported in tabular format and only the intact prophage sequences were manually curated 

in the form of tab delimited file to further visualize in BRIG (Blast Ring Image Generator). 

3.6.4 Circular comparison map of genomes 

BRIG (Blast Ring Image Generator) was employed for visualization of genome plasticity 

including the predicted genomic islands, pathogenicity islands and prophage sequences. It is a 

free-cross platform application that display comparisons among large genomes in the form of 

circular genome map. The software is available at http://brig.sourceforge.net/. The similarity (% 

identity) of reference genome with other strains is performed using Blast (Alikhan et al., 2011). 

The Genbank files obtained from IslandViewer4 were used to visualize the genomes and genomic 

islands, pathogenicity islands and prophage sequences were added as custom features in the form 

of tab-delimited file. Image size were adjusted according to the requirement. All other features 

were set as default. Results were generated in image format. 

https://phaster.ca/
http://brig.sourceforge.net/
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For all food associated strains (both dairy & non-dairy strains), only strong pathogenicity islands 

and intact prophage sequences were plotted by keeping C. maltaromaticum LMA28 as a 

reference and the others as query sequences.  

For all the other pathogenic strains, only strong pathogenicity islands and intact prophages were 

visualized due to large dataset again by keeping C. maltaromaticum LMA28 as a reference. 
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RESULTS 

4.1 Genomes, genome validation and properties 

4.1.1 Sequence retrieval from NCBI 

Sequences of 33 publicly available genomes (Table 4) were retrieved from NCBI in Genbank 

and FASTA format. At the time of this study, among these 33 strains, 2 genomes were complete, 

i.e. C. maltaromaticum LMA28 (isolated from ripened cheese) and C. maltaromaticum TMW 

2.1581 (isolated from spoilage poultry meat). One strain isolated from diseased rainbow trout, C. 

maltaromaticum 18ISCm was at chromosome level. Whereas 13 genomes were assembled at 

scaffold and 17 at contig level.  

Only two strains: C. maltaromaticum TMW 2.1581 and C. maltaromaticum 18ISCm exhibited 4 

plasmids, each. On the basis of their source of isolation, they were grouped as follows: 

 

Table 5. Grouping of C. maltaromaticum genomes available on NCBI, on the basis of source of 

isolation 

S. 

No 
Source of isolation 

Number of genomes 

available on NCBI 
C. maltaromaticum Strains 

1 Dairy (Milk and cheese) 3 LMA 28, DSM 20342 MX5, DSM 20342 

2 
Processed-food products 

(Non-Dairy) 
16 

TMW 2.1581, A1, A3, A5, A6, A6, A14, 

A15, A16, A17, A18, DSM 20722, EBP 

3019, SF668, ML_1_97, 3_18 

3 Diseased Fish 13 

18ISCm, ATCC 35586, NBRC 15685, DSM 

20730, SK_AV1, SK_AV2, SK_AV3, 

SK_AV4, SK_AV5, SK_AV6, SK_LD1, 

SK_LD2, SK_LD3 

4 Unknown 1 757_CMAL 
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4.1.2 Validation of genomes 

To ensure the validation of genomes, in-silico ANI were determined. Average nucleotide identity 

(ANI) was calculated with C. maltaromaticum LMA28 as reference and only strains with ANI > 

95% were considered valid. Only one strain C. maltaromaticum 757_CMAL had 67.71% ANI, 

whereas all the other strains had >95% ANI. This might be due to the reason that this genome is 

not completely assembled yet and contains 514 contigs in genome assembly, with size of 1.8 

MBp, which is much less than other genomes. 

Due to the divergence of C. maltaromaticum 757_CMAL from other strains, this strain was 

excluded from further analysis and all the other 32 strains were considered valid.   

Table 6. ANI of C. maltaromaticum strains 

 Strains ANI 

C. maltaromaticum LMA28   

C. maltaromaticum TMW2.1581 99.56 

C. maltaromaticum DSM 20342 MX5 99.65 

C. maltaromaticum DSM 20342 99.66 

C. maltaromaticum NBRC 15685 99.19 

C. maltaromaticum DSM20722 99.17 

C. maltaromaticum A6 99.15 

C. maltaromaticum A5 99.14 

C. maltaromaticum A17 99.14 

C. maltaromaticum A15 99.13 

C. maltaromaticum A16 99.13 

C. maltaromaticum A18 99.13 

C. maltaromaticum A14 99.11 

C. maltaromaticum A7 99.07 

C. maltaromaticum EBP3019 98.98 

C. maltaromaticum SF668 98.92 

C. maltaromaticum ATCC 35586 98.9 

C. maltaromaticum ML_1_97 98.89 

C. maltaromaticum DSM20730 98.86 

C. maltaromaticum 3_18 98.83 

C. maltaromaticum A1 98.51 

C. maltaromaticum A3 98.49 



36 

 

 Strains ANI 

C. maltaromaticum 18ISCm 98.12 

C. maltaromaticum SK_AV1 96.69 

C. maltaromaticum SK_AV2 96.69 

C. maltaromaticum SK_AV3 96.7 

C. maltaromaticum SK_AV4 96.7 

C. maltaromaticum SK_AV5 96.71 

C. maltaromaticum SK_AV6 96.71 

C. maltaromaticum SK_LD1 96.69 

C. maltaromaticum SK_LD2 96.72 

C. maltaromaticum SK_LD3 96.71 

C. maltaromaticum 757_CMAL 67.71 

 

4.1.3 Genome Annotation 

Average genome size of all C. maltaromaticum strains is about 3.5 Mb with an average GC 

content 34.4%. The largest genomes were acquired by C. maltaromaticum 18ISCm (4.06 MBp) 

followed by dairy isolated strains (C. maltaromaticum DSM 20342 MX5) probably due to the 

reason of better adaptability in environment, followed by food-associated strains. Whereas, it can 

be seen that the diseased fish isolated strains (C. maltaromaticum SK series of strains) possessed 

smaller genomes (3.30 Mbp). Moreover, there is no substantial difference in average genome 

size of pathogenic (3.41 Mbp) and non-pathogenic strains (3.56 MBp). This difference in genome 

size is generally considered normal among strains of same species. 

Furthermore, the average CDS found in the genomes of C. maltaromaticum were 3417. Highest 

number of Coding Sequences (CDS), 4036, were found in C. maltaromaticum DSM 18ISCm, 

and lowest CDS, 3214, were found in C. maltaromaticum NBRC 15685.  

It can be seen that very high number of pseudogenes were present in SK series of strains isolated 

from common thresher and salmon shark, which depicts that the strains have transitioned and 

adapted according to lifestyle of their host. However, C. maltaromaticum ML_1_97 also 
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possessed a relatively higher number of pseudogenes, which can possibly be due to the exceptionally high 

number of contigs in genome assembly. The genomic features are shown in Table 7. 

Table 7. General genomic features of apathogenic and pathogenic C. maltaromaticum strains 

Apathogenic food strains 

Origin Strains Size Pseudogenes CDS tRNA rRNA 

D
ai

ry
  C. maltaromaticum LMA 28 3.65 120 3585 59 19 

 C. maltaromaticum DSM 20342 MX5 3.88 108 3779 64 19 

 C. maltaromaticum DSM 20342 3.75 77 3676 60 4 

N
o
n
-D

ai
ry

/ 
P

ro
ce

ss
ed

 F
o

o
d

 

 C. maltaromaticum TMW 2.1581 3.70 90 3541 64 19 

 C. maltaromaticum A7 3.50 65 3360 62 9 

 C. maltaromaticum A15 3.53 50 3367 55 9 

 C. maltaromaticum A14 3.53 50 3366 55 9 

 C. maltaromaticum A16 3.53 50 3362 47 9 

 C. maltaromaticum A5 3.53 50 3367 48 9 

 C. maltaromaticum A18 3.53 52 3362 60 9 

 C. maltaromaticum A6 3.53 50 3366 54 9 

 C. maltaromaticum A3 3.50 67 3391 61 8 

 C. maltaromaticum A1 3.50 68 3366 55 9 

 C. maltaromaticum A17 3.53 50 3360 48 9 

 C. maltaromaticum DSM 20722 3.58 58 3412 65 4 

 C. maltaromaticum SF668 3.64 48 3514 62 9 

 C. maltaromaticum EBP3019 3.48 63 3354 62 8 

 C. maltaromaticum ML_1_97 3.31 68 3384 37 4 

 C. maltaromaticum 3_18 3.56 60 3485 59 5 

 

Fish pathogenic strains 

Origin Strains Size Pseudogenes CDS tRNA rRNA 

D
is

ea
se

d
 F

is
h

 

 C. maltaromaticum 18ISCm 4.07 34 4036 66 19 

 C. maltaromaticum ATCC 35586 3.54 53 3454 61 9 

 C. maltaromaticum NBRC 15685 3.43 49 3214 30 3 

 C. maltaromaticum DSM 20730 3.54 58 3433 47 3 

 C. maltaromaticum SK_AV1 3.30 243 3306 49 4 

 C. maltaromaticum SK_AV2 3.30 244 3296 49 4 

 C. maltaromaticum SK_AV3 3.30 248 3312 49 4 

 C. maltaromaticum SK_AV4 3.30 247 3308 49 4 

 C. maltaromaticum SK_AV5 3.38 252 3390 45 5 

 C. maltaromaticum SK_AV6 3.30 242 3303 36 7 

 C. maltaromaticum SK_LD1 3.29 246 3304 43 4 

 C. maltaromaticum SK_LD2 3.29 247 3304 49 4 

 C. maltaromaticum SK_LD3 3.30 243 3299 47 6 
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4.2 Phylogenetic and proteome analysis 

Phylogenetic analysis and evolutionary relationship between C. maltaromaticum strains was 

studied and a tree was constructed on the basis of 16S rRNA (Fig. 4). Enterococcus faecalis 

V583 was used as an outgroup for the tree. The dairy-isolated strains are marked with blue dot, 

food-associated strains in green dot, and diseased fish-isolated strains in red.  

All the 3 dairy isolated strains were closely related in the phylogenetic tree and belong to the 

same ancestor. The vacuum-packaged products formed a monophyletic clade in the tree, except 

C. maltaromaticum A1 and C. maltaromaticum A3, which formed a separate clade. The SK series 

of strains isolated from diseased fish also shared a monophyletic clade suggesting the same 

common ancestor. Other pathogenic strains, C. maltaromaticum ATCC 35586, C. 

maltaromaticum DSM 20730, C. maltaromaticum NBRC 15685 and C. maltaromaticum 

18ISCm were rather more closely related to apathogenic strains. This could be due to the reason 

that genetic makeup of the strains has probably not gone complete adaptation and is still 

undergoing. Thus, on the basis of 16S rRNA, it is difficult to clearly differentiate between 

pathogenic and apathogenic strains. 
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Figure 4. 16S rRNA phylogenetic analysis of C. maltaromaticum strains woth 1000 bootstrap 

replications 

After phylogenetic analysis, proteome of the strains was analyzed by evaluating AAI (Amino 

Acid identity) and a color matrix was constructed. Darker color represents maximum % identity, 

followed by lighter colors. 
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Figure 5. AAI matrix showing pair-wise genetic relatedness between 32 strains of C. 

maltaromaticum 

The 9 SK series of strains, i.e. SK_AV1, SK_AV2, SK_AV3, SK_AV4, SK_AV5, SK_AV6, 

SK_LD1, SK_LD2, SK_LD3 isolated from diseased fish showed maximum similarity (>99%-

100%) among themselves and least (<99%) with the other strains of C. maltaromaticum. 

However, all the other strains had an AAI of >99% among themselves and <99% with SK series 

of strains. C. maltaromaticum A1 and A3 were more closely related to each other rather other 

vacuum-packaged beef isolated strains. Also, the pathogenic strain C. maltaromaticum NBRC 
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15685 shared a high AAI with vacuum-packaged beef originated strains, as compared to other 

pathogenic strains. Another pathogenic strain, C. maltaromaticum DSM 20730 shared 100% AAI 

with C. maltaromaticum 3_18 and had >99% AAI with the other dairy and food-associated 

strains. C. maltaromaticum 18ISCm and C. maltaromaticum ATCC35586 also showed a similar 

behavior by having >99% identity with all the strains of C. maltaromaticum, except 9 SK series 

of strains. 

4.3 Pan-Core Genome Analysis 

4.3.1 Pan-Core Genome Plot  

Pan core genome analysis results are shown in Table 8 and Fig 6. With the subsequent addition 

of genomes, the pan genome increased which suggests that it is an open-pan genome. While the 

core genome decreased with the addition of genomes until the end, where it stabilized. Initially, 

complete genomes were added so that no unusual increase or decrease could happen due to the 

draft genomes.  

 

Figure 6. Core vs. pan plot between 32 strains of C. maltaromaticum 
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Table 8. Pan and core genome of C. maltaromaticum strains 

Organism name Core genome Pan genome 

C. maltaromaticum LMA28 3235 3235 

C. maltaromaticum 18ISCm 2651 4270 

C. maltaromaticum TMW 2.1581 2546 4521 

C. maltaromaticum DSM 20342 MX5 2507 4832 

C. maltaromaticum DSM 20342 2502 4874 

C. maltaromaticum A1 2393 5155 

C. maltaromaticum A3 2393 5158 

C. maltaromaticum A5 2367 5344 

C. maltaromaticum A6 2367 5344 

C. maltaromaticum A7 2344 5467 

C. maltaromaticum A14 2344 5467 

C. maltaromaticum A15 2344 5468 

C. maltaromaticum A16 2344 5469 

C. maltaromaticum A17 2344 5469 

C. maltaromaticum A18 2344 5471 

C. maltaromaticum DSM 20722 2329 5508 

C. maltaromaticum EBP 3019 2295 5663 

C. maltaromaticum SF668 2084 5816 

C. maltaromaticum ML_1_97 2074 5898 

C. maltaromaticum 3-18 2063 6008 

C. maltaromaticum ATCC 35586 2044 6235 

C. maltaromaticum NBRC 15685 2040 6252 

C. maltaromaticum DSM 20730 2040 6269 

C. maltaromaticum SK_AV1 1879 6443 

C. maltaromaticum SK_AV2 1878 6445 

C. maltaromaticum SK_AV3 1873 6448 

C. maltaromaticum SK_AV4 1873 6450 

C. maltaromaticum SK_AV5 1872 6529 

C. maltaromaticum SK_AV6 1872 6533 

C. maltaromaticum SK_LD1 1869 6537 

C. maltaromaticum SK_LD2 1868 6538 

C. maltaromaticum SK_LD3 1867 6535 
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Across all 32 genomes, C. maltaromaticum pan genome constitutes 6535 genes and shared 1867 

core genes. 2957 genes were found as dispensable genome. However, the number of unique genes 

was quite variable among the species. Maximum unique/ singleton genes were present in C. 

maltaromaticum ATCC 35586 (n=138) followed by C. maltaromaticum EBP 3019 (n=86) and 

C. maltaromaticum A7 (n=84).  

4.3.2. Core Phylogeny 

For further investigation on phylogenetic analysis, a core gene tree was constructed on the basis 

of core genome (Fig. 7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 7. Core phylogenetic tree of C. maltaromaticum strains 
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C. maltaromaticum 18ISCm and 9 strains of C. maltaromaticum (SK series of strains) that have 

been isolated from common thresher & salmon shark formed separate clades in the tree apart 

from other strains which are placed closely together. Like 16S rRNA tree, the pathogenic strains, 

C. maltaromaticum ATCC 35586, NBRC 15685 and DSM 20730 were more closely related to 

dairy, processed food and food product isolated strains, respectively. 

4.4 Functional annotation 

Identification of functional categories of COG (Clusters of orthologous groups) in C. 

maltaromaticum strains (Fig. 8) suggested that the core genome was highly associated with 

metabolism and information storage and processing. Similar results were observed with 

accessory genes. Also, some accessory genes were also associated with cellular processing and 

signaling. Moreover, most of the information storage and processing were related to unique 

genes.  

 

Figure 8. COG-based functional analysis of C. maltaromaticum strains 
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In the KEGG (Kyoto Encyclopedia of Genes and Genomes) functional annotation (Fig. 8), 

significantly higher number of core, accessory and unique genes were associated with 

metabolism. However, few were associated with environmental and genetic information 

processing. 

 

Figure 9. KEGG-based functional analysis of C. maltaromaticum strains 

4.5 Safety assessment 

4.5.1 Virulence factors 

In this study, virulence factor database (VFDB) was employed to identify the potential virulence 

factors among the 32 strains of C. maltaromaticum (Fig. 10). The results were compared with 1 

closely related probiotic Lactobacillus sakei subsp. 23K. The most common virulence factors 

determined in most of the strains were related to adherence and stress. Other virulence factors 

found were related to immune evasion, secretion, anti-phagocytosis, serum resistance, enzyme, 

bile resistance, regulation and toxin. 
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Highest number of virulence factors were found in C. maltaromaticum ATCC 35586, SK_AV1, SK_AV2, 

SK_AV3, SK_AV4 and SK_AV6 and 3 food-associated strains C. maltaromaticum DSM 20342, DSM 

20722 and ML_1_97. Moreover, it was found that immune evasion related polyglutamic acid capsule 

genes (CapE, cap5E and cap8E) were absent in vacuum packaged food strains, along with 

antiphagocytosis related gene (capG) and serum resistance and immune evasion genes (wbtE and wbtF), 

except A1 and A3 where wbtF is present. Interestingly, toxin related virulence factor cnf1 was found 

unique to C. maltaromaticum SK_AV5 only and was absent from all other strains.  

 

 

Figure 10. Distribution of virulence factors in C. maltaromaticum strains and closely related 

probiotic Lactobacillus species. 
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To compare the dairy strains, virulence factors in a closely related probiotic strain were also 

determined. It was observed that Lactobacillus sakei subsp. 23K also possess some virulence 

factors similar to C. maltaromaticum LMA 28. Some VFs were common in both closely related 

probiotic and C. maltaromaticum strains. However, our C. maltaromaticum strains have 

relatively more VFs in both pathogenic and apathogenic strains. 

4.5.2 Antibiotic Resistance 

In C. maltaromaticum A1 and A3, tetM gene for tetracycline resistance was found with 100% 

identity (Perfect hit). However, all the other resistance genes were detected under strict and loose 

hits. All the strains possessed almost similar antibiotic resistance pattern. However, some 

exceptions include streptogramin resistance gene vatA unique to C. maltaromaticum 18ISCm, 

penam resistance gene CBP-1 (CBP-β lactamase) was only found in C. maltaromaticum ATCC 

35586 and rifamycin resistance gene arr-5 present only in C. maltaromaticum ML_1_97. Other 

resistance genes that were present in few but not all strains include tetracycline, pulvomycin, 

Fosfomycin and tunicamycin resistance genes. 
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Figure 11. Resistance genes determination in C. maltaromaticum strains under perfect, strict 

and loose hits 

4.6 Genome plasticity 

Genome plasticity is referred as the intermittent presence of gain or loss of genetic information 

and is responsible for the niche-adaptation in a particular environment. For genome plasticity 

analysis, genomic and pathogenic islands, prophage sequences were predicted in C. 

maltaromaticum strains.  
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4.6.1 Genomic Islands 

Maximum number of genomic islands (i.e. 20) were found in C. maltaromaticum DSM 20342 

MX5 and C. maltaromaticum 18ISCm, followed by C. maltaromaticum LMA 28, TMW 2.1581, 

DSM 20342, EBP 3019 and 3_18. For prediction of highest acquisition of genomic islands, the 

percentage of acquired genomic islands was calculated. On the basis of the GEI %, a graph was 

created, which depicts that highest % of genomic islands were acquired by dairy isolated strains 

(C. maltaromaticum DSM 20342, DSM 20342 MX5 and LMA 28), food-derived strains (C. 

maltaromaticum A7, EBP3019, 3_18, SF668) and one pathogenic specie (C. maltaromaticum 

SK_AV5). The higher % of GEI in these strains suggests acquisition of large gene sets to adapt 

in their environment. Graphical representation of % GEI of C. maltaromaticum is shown in Fig. 

12.   

 

Figure 12. % GEI acquisition in C. maltaromaticum strains 
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Furthermore, the specific genes in these genomic islands were also determined. it was found that 

some food strains of C. maltaromaticum possess genes for metabolism of sugar, including 

lactose, mannitol, sucrose and galactose, as shown in Table 9. 

Table 9. Genes in genomic islands of C. maltaromaticum 

Genes in GEI C. maltaromaticum Strains 

Cell Surface Protein 

LPXTG/ Sortase LMA28, DSM 20342 MX5, DSM 20342 

EBP3019, TMW 2.1581, 18ISCm 

Sugar Metabolism 

Lactose DSM 20342 MX5, DSM 20342, A5, A6, 

A7, A14, A15, A16, A17, A18, SF668, 

ATCC 35586 

Mannitol, Lactose EBP 3019 

Mannose NBRC 15685 

Sucrose, Galactose TMW 2.1581 

Virulence family protein 

Isochorismatase ATCC 35586, EBP 3019 

 

4.6.2 Pathogenicity Islands 

Pathogenicity islands exhibit certain features such as virulence factors, insertion sequences, 

integrases, transposases, phages, direct repeats and flanking tRNAs. GIPSy (Genomic Island 

Prediction Software) predicted putative pathogenicity islands in C. maltaromaticum strains with 

strong, normal and weak prediction.  

Highest number of strong PAIs were predicted in 9 C. maltaromaticum SK series of strains 

isolated from diseased fish, ATCC 35586, followed by food-associated strains. Pathogenic 

strains C. maltaromaticum NBRC 15685 and DSM 20730 possess 1 and 0 strong pathogenicity 

island. Few food-associated strains were also predicted to have no strong pathogenicity island. 
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Table 10. Putative pathogenicity islands (PAI) in C. maltaromaticum 

Strains PAI Strong Normal Weak 

C. maltaromaticum LMA 28     

C. maltaromaticum SK_AV1 5 3 1 1 

C. maltaromaticum SK_AV2 5 3 1 1 

C. maltaromaticum SK_AV3 5 3 1 1 

C. maltaromaticum SK_AV4 5 3 1 1 

C. maltaromaticum SK_AV5 5 3 1 1 

C. maltaromaticum SK_AV6 5 3 1 1 

C. maltaromaticum SK_LD1 5 3 1 1 

C. maltaromaticum SK_LD2 5 3 1 1 

C. maltaromaticum SK_LD3 5 3 1 1 

C. maltaromaticum ATCC 35586 3 3  0  0  

C. maltaromaticum SF668 8 2 6 0 

C. maltaromaticum A5 5 2 2 1 

C. maltaromaticum A6 5 2 2 1 

C. maltaromaticum A14 5 2 2 1 

C. maltaromaticum A15 5 2 2 1 

C. maltaromaticum A16 5 2 2 1 

C. maltaromaticum A17 5 2 2 1 

C. maltaromaticum A18 5 2 2 1 

C. maltaromaticum DSM 20342 MX5 2 2 0  0  

C. maltaromaticum ML_1_97 6 1 4 1 

C. maltaromaticum EBP3019 5 1 3 1 

C. maltaromaticum NBRC 15685 4 1 2 1 

C. maltaromaticum A7 4 1 3 0 

C. maltaromaticum A3 4 1 3 0 

C. maltaromaticum A1 4 1 3 0 

C. maltaromaticum 18ISCm 7 0 7 0 

C. maltaromaticum DSM 20730 7 0 6 1 

C. maltaromaticum DSM 20722 6 0 6 0 

C. maltaromaticum TMW 2.1581 4 0 4 0 

C. maltaromaticum DSM 20342 4 0 4 0 

C. maltaromaticum 3_18 4 0 4 0 
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4.6.3 Prophage sequences 

Prophage sequences were determined using PHASTER. Intact (score>90), questionable (score 

between 70-90) and incomplete (score<70) prophage sequences were predicted in C. 

maltaromaticum strains. The maximum number of prophages (n=3) were found in C. 

maltaromaicum 18ISCm. Intact prophage sequences were found in all dairy and pathogenic, 

except C. maltaromaticum NBRC 15685. Whereas, in food-associated strains, intact sequences 

were found in C. maltaromaticum A1, A3, A7, ML_1_97, SF668, EBP 3019, 3_18.   

 

Table 11. Prophage sequences in C. maltaromaticum strains 

Strains 
*No. of 

prophages 
Intact prophage proteins 

LMA 28 2 (0,3) AttL, endolysin, Ig-like virion protein, putative RNA polymerase sigma 

24, XRE like HTH transcriptional regulator, Cro/CI family XRE family 

transcriptional regulator, attR, putative integrase, putative peptidase, 

Mg2+/CO2+ transport protein CorA 

AttL, autolytic lysozyme, N-acetylmuramoyl-L- alanine amidase, holin, 

endolysin, terminase, large subunit, ArpU family transcriptional regulator, 

single-stranded DNA binding protein, YopX protein, DNA-methylase, D 

replication protein DC, zinc-ribbon domain containing protein, 

bifunctional S24 family peptidase/transcriptional regulator, attR, site-

specific integrase 

DSM 20342 1 (1,4) attL, lysin, holin, putative short tail fiber, putative tail endopeptidase, tail-

related proteins, head-tail joining protein, capsid, portal protein, cI-like 

repressor, DNA replication initiation control protein YabA, stage O 

sporulation protein YaaT, putative DNA polymerase III, , protein from 

Nitrogen regulatory protein P-II (GLNB) family, putative thymidylate 

kinase, attR, 

DSM 20342 

MX5 

2 (0,4) Autolytic lysozyme, attL, N-acetylmuramoyl-L- alanine amidase, 

endolysin, terminase large subunit, putative transposase A, transposase 

insF, sugar phosphate nucleotidyltransferase, anti-represser kilAC domain 

protein, cI-like repressor, site-specific integrase, attR   
Lysin, holin, membrane protein, putative short tail fiber, putative tail 

endopeptidase, tail-related proteins, head-tail joining protein, capsid & 

portal protein, putative transposase A, putative anti-repressor, transposase 

insF, cI-like repressor, attR, DNA replication initiation control protein, 

YabA, stage O sporulation protein YaaT, putative DNA polymerase III, 

protein from Nitrogen regulatory protein P-II (GLNB) family, putative 

thymidylate kinase 
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Strains 
*No. of 

prophages 
Intact prophage proteins 

TMW 2.1581 0 (1,2) - 

A1 1 (0,2) Tail-related proteins; prohead protease; putative prohead protease; Portal 

protein,  RegA, Terminase large subunit;  Terminase small subunit; 

endonuclease; conserved phage protein,  DNA polymerase B region 

protein;  sliding clamp DNA polymerase,  membrane-associated initiation 

of head vertex; helicase; VRR-NUC domain-containing protein; Rep 

protein;, DUF955 domain containing protein; integrase, tRNA, attR, clpP 

A3 1 (0,2) PlyB054, holin, minor structural protein 4, endopeptidase, putative tail 

component, tail tape measure protein,  major tail protein; prohead protease; 

putative prohead protease; Portal protein,  RegA, Terminase large subunit;  

Terminase small subunit; endonuclease; conserved phage protein; gp34,  

DNA polymerase B region protein;  sliding clamp DNA polymerase,  

membrane-associated initiation of head vertex; helicase; VRR-NUC 

domain-containing protein; Rep protein;, DUF955 domain containing 

protein; integrase, tRNA, attR, clpP 

A5 

A6  

0 (0,1) - 

A7 1 (2,2) site-specific recombinase; DNA primase subunit, holin, tail-related 

protein; phage head-tail adapter protein;, phage gp6-like head-tail 

connector protein; major capsid protein;  membrane-associated initiation 

of head vertex; putative portal protein, transferase; S-adenosylmethionine 

synthetase; terminase; putative class I holin; helicase; putative primase;  

ribonucleotide reductase A subunit; polymerase;  

A14 

A15 

A16 

A17 

A18 

0 (0,1) - 

DSM 20722 0 (1,3)  -  

SF668 1(0,2) putative DNA polymerase III; carbonic anhydrase family protein;  attL, 

lysin, holin, glycerophosphoryl diester phosphodiesterase;, putative phage 

tail protein; clamp-loader subunit; putative major tail shaft protein; major 

capsid protein b; scaffold; portal; terminase large subunit; Phage terminase 

small subunit; ArpU family transcriptional regulator; DUF1642 domain 

containing protein; baseplate wedge subunit; DNA cytosine 

methyltransferase; putative DNA replication & excisionase protein, attR, 

integrase, pyrroline-5-carboxylate reductase; deoxycytidylate deaminase  

EBP 3019 1 (1,3) N-acetylmuramoyl-L-alanine amidase; tail-related proteins; structure, 

head & capsid proteins, head maturation protease; portal protein; putative 

phage terminase large subunit 
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Strains 
*No. of 

prophages 
Intact prophage proteins 

ML_1_97 1 (0,0) DNA topoisomerase II large subunit; N-acetylmuramoyl-L- alanine 

amidase, tail protein, glycerophosphoryl diester phosphodiesterase, 

putative phagerelated tail tape measure protein, putative structure & head-

tail joining protein, HK97 family phage major capsid, Clp protease-like 

protein, portal protein, putative phage terminase large subunit, , ArpU 

family transcriptional regulator, DNA repair protein recN, D replication 

protein DC, phage protein, 

3_18 1 (1,4) N-acetylmuramoyl-L- alanine amidase , holin, glycerophosphoryl diester 

phosphodiesterase, tail-related proteins, structure protein, head-tail joining 

protein, HK97 family phage major capsid protein, ClpP, portal protein, 

putative phage terminase-large subunit, RNA polymerase sigma-70, phage 

portal protein HK97 family , portal protein, putative single stranded DNA 

binding protein, RNA polymerase binding protein, , D replication protein 

DC, putative DNA replication protein 

18ISCm 3 (1,3) attL, integrase, late promoter transcription, anti-repressor protein, putative 

DnaB-like helicase, Phage related protein, terminase, phage portal protein, 

phage prohead, phage major capsid protein, aminopeptidase, tail-related 

proteins, putative minor structural protein 2 

attl, dihydrofolate reductase, N-acetylmuramoyl-L-alanine amidase, 

putative host interaction protein, tail component, Ig-like virion protein, 

major capsid protein gpP, portal, TerL, terminase small subunit, DUF3850 

domain-containing protein, gp51, putative HNH endonuclease, putative 

SSB protein, zinc finger protein, Phage replication initiation, putative 

excisionase protein, Rep protein, putative regulatory protein, integrase, 

attR, Pyrroline-5-carboxylate reductase, deoxycytidylate deaminase 

attL, XRE family transcriptional regulator, repressor, putative rep protein, 

integrase, attL, DUF3800 domain-containing protein, N-acetylmuramoyl-

L-alanine amidase,  putative minor structural protein 2, tail-related 

proteins,  aminopeptidase, phage major capsid protein, phage prohead, 

phage portal protein, terminase, Phage related protein, ABC-type transport 

system, ATP-binding protein, putative DnaB-like helicase, recombination 

endonuclease subunit, anti-repressor protein, CI phage repressor protein, 

putative cI-like repressor, metallo-prtoeinase motif, integrase, attR, SSU 

ribosomal protein S9p, LSU ribosomal protein L13p, baseplate hub 

subunit 

ATCC 35586 1 (2,6) attL, site-specific integrase, anti-repressor kilAC domain protein, putative 

phage replisome organizer, zinc finger protein, phage terminase small 

subunit, portal, minor capsid protein, tail protein, holin, 

Nacetylmuramoyl-L- alanine amidase, attR 
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Strains 
*No. of 

prophages 
Intact prophage proteins 

DSM 20730 1 (1,3) AttL,virion associated hydrolase; tail protein, capsid proteins, portal, 

TerL, t RNA, positive control sigma-like factor, putative single stranded 

DNA binding protein, RNA polymerase binding protein & replication, 

phage replication initiation, putative phage replisome organizer, repressor, 

site-specific integrase, attR 

NBRC 15685 0 (0,2) - 

SK_AV1, 

SK_AV2, 

SK_AV3, 

SK_AV4, 

SK_AV5, 

SK_AV6, 

SK_LD1, 

SK_LD2, 

SK_LD3 

1(0,3) attL, replication and recombination DNA helicase; putative structural 

protein; tail fiber;  capsid and scaffold protein;  clamp-loader subunit; 

putative major tail shaft protein; DNA polymerase; major capsid protein; 

scaffold; portal; terminase large subunit; terminase small subunit; tRNA; 

ArpU family transcriptional regulator; single-stranded DNA binding 

protein; DNA replication protein; anti-repressor KilAC domain protein; 

repressor; site-specific integrase; attR 

* No. of prophages: Intact (Questionable, Incomplete) 

4.6.4 Circular genome visualization 

The genomic islands, pathogenicity islands and prophage sequences were visualized using BRIG 

(Blast Ring Image Generator). 
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Figure 13. Comparison of food associated strains with C. maltaromaticum LMA 28 as 

reference genome. Each ring represents a genome as depicted in the legends. Pathogenicity 

islands and prophages are shown outside the rings in red and black, respectively. 
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Figure 14. Comparison of pathogenic strains with C. maltaromaticum LMA 28 as reference 

genome. Each ring represents a genome as depicted in the legends. Pathogenicity islands and 

prophages are shown outside the rings in red and black, respectively.  
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DISCUSSION 

Carnobacterium is a rod-shaped, gram positive, facultatively anaerobic, ubiquitous LAB, which 

ferment glucose and results in the production of L (+)-lactic acid. It had been isolated from 

multiple environments such as cold and temperate environment, as well as the gastrointestinal 

tract of animals, from fish and meat associated food products and dairy products.   

C. maltaromaticum exhibit diverse environment (Jørgen J Leisner et al., 2007). Technological 

potential of C. maltaromaticum has been reported in milk-associated (dairy) products (Laursen 

et al., 2006; Millière et al., 1994; Morea et al., 1999). They have the potential to be used as 

adjunct culture (Afzal et al., 2010). Also, in meat and fish-associated food products, this specie 

is dominantly found among the bacterial communities (Chaillou et al., 2015; Duan et al., 2016; 

Fougy et al., 2016; Jääskeläinen et al., 2016). C. maltaromaticum produce anti-bacterial 

compounds that inhibit Listeria monocytogenes. Besides, C. maltaromaticum is known to cause 

diseases and infections in fish and its pathogenic strains have been described in some studies 

(Loch et al., 2008, 2011; Roh et al., 2020).  

The purpose of this study was to compare and get insights of the fundamental genomic 

differences between fish pathogenic strains and non-pathogenic food strains of Carnobacterium 

maltaromaticum at genome level. In this study, sequences of publicly available genomes of C. 

maltaromaticum were obtained from NCBI which were then validated, followed by annotation, 

phylogenetic analysis, pan-core genome analysis, evaluation of safety on the basis of virulence 

factors and antibiotic resistance, and determination of genome plasticity by prediction of genomic 

islands, pathogenic islands and prophage sequences. 

Among the 33 publicly available C. maltaromaticum strains, 3 strains belonged to dairy products, 

16 from vacuum-packaged meat (processed food) and fish products, 13 from diseased fish and 1 
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strain had ambiguous source. After alignment of the genomes, the 33 genomes were validated on 

the basis of ANI (Awan et al., 2018) which excluded 1 strain, that is C. maltaromaticum 

757_CMAL from further analysis. This divergence might be due to the reason that this genoms 

is not completely assembled yet and contains high number of contigs in it’s genome assembly, 

with a size of only 1.8 MBp. The rest of the genomes were annotated. 

Larger genomes were acquired by dairy isolated strains and C. maltaromaticum 18ISCm, 

followed by food-associated strains and relatively smaller genomes were exhibited by pathogenic 

strains, with few exceptions. However, there was no substantial difference between the average 

genome size of apathogenic and pathogenic strains. Also, a high number of pseudogenes were 

present in pathogenic strains. Studies have shown that high degree of pseudogenization suggests 

genome decay and indicate reduction in genome often observed in pathogens, which means that 

the strains might have lost and shed genes and adapted due to the transition according to the host 

lifestyle (i.e fish) (Moran, 2002; Steele et al., 2019). Moreover, the strains exhibit low GC content 

(34.4%). Studies have reported that recently acquired genes tend to be more AT-rich than 

recipient’s average which depicts horizontally transferred DNA have lower GC content than host 

chromosome in bacteria. Ultimately this can be associated with evolution and environmental 

adaptation of C. maltaromaticum strains (Ravenall, et al., 2015; Nishida, 2012). 

Phylogenetic analysis on the basis of 16S rRNA revealed that dairy strains belong to same 

common ancestor. Some other pathogenic and apathogenic strains form a clade which 

differentiate these strains. Previous studies have also reported shared evolution of the SK series 

of strains and their divergence from other known isolates (Steele et al., 2019).  However, some 

pathogenic strains such as NBRC 15685, DSM 20730 and ATCC 35586 are defying this rule, 

and they are rather more closely related to apathogenic strains. This could be due to the reason 
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that genetic makeup of the strains has probably not gone complete adaptation and is still going 

on. So, on the basis of 16S rRNA, we can’t differentiate between pathogenic and apathogenic 

strains. Further, pairwise-genetic relatedness on the basis of AAI among C. maltaromaticum 

strains were evaluated. All the strains (except SK series of strains) had an AAI of >99% among 

themselves and <99% with SK series of strains. Interestingly, the 9 SK series of strains i.e. 

isolated from diseased fish showed maximum similarity (>99%-100%) among themselves and 

least (<99%) with the other strains of C. maltaromaticum. These genomic variations in these 

strains depicts a certain level of host-adaptation in fish pathogenic strains, and they are different 

at genomic level. 

Pan & core genome studies are carried out to determine the conservation in genetic structures 

present among different individual bacteria strains of a species. Previous studies have reported 

that this variation in the proteins might be correlated with the geographical isolation and lifestyles 

(Caputo et al., 2015; Francis et al., 2013). Pan-core genome analysis revealed that C. 

maltaromaticum shared core genome of 55% of the average CDS among the strains. These set of 

genes conserved between the strains contain essential genes that are required for the independent 

survival of a specie. Pan-core plot suggests that the strains exhibited an open pan and the strains 

are still harboring genetic exchange. However, variable numb er of unique genes were found. 

Highest number of unique genes were found in C. maltaromaticum ATCC 35586. Leisner et al., 

has reported that C. maltaromaticum ATCC 35586 possess certain virulent genes that might be 

responsible for pathogenicity in fish. Thus, these unique genes in C. maltaromaticum ATCC 

35586 might be the virulence genes. Furthermore, a core-based phylogenetic tree was also 

constructed. The tree revealed that the dairy strains were closely related, like in 16S rRNA tree. 

Pathogenic strains C. maltaromaticum ATCC 35586, DSM 20730 and NBRC 15685 were more 
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closely related to dairy, C. maltaromaticum 3_18 and vacuum packaged meat isolated strains, 

respectively. Thus, phylogenetic analysis, on the basis of 16S rRNA and core phylogeny does 

not clearly differentiate between pathogenic and apathogenic strains of C. maltaromaticum. 

The functional annotation using COG and KEGG is quite significant as it categorizes the 

functions into families and super families. The COG results suggested that the core genome was 

highly associated with metabolism and information storage and processing. Similar results were 

observed with accessory genes. Also, some accessory genes were also associated with cellular 

processing and signaling. Moreover, most of the information storage and processing were related 

to unique genes. In the KEGG functional annotation, significantly higher number of core, 

accessory and unique genes were associated with metabolism. This is due to the reason that 

KEGG includes more metabolism-related genes. However, few genes were associated with 

environmental and genetic information processing.  

C. maltaromaticum LMA 28, isolated from soft cheese, possess certain probiotic-related features. 

Rahman et al., studied C. maltaromaticum LMA 28 ability to survive in the gut of mammals and 

found that it exhibits genes for adaptation in the mammalian gut (Rahman, Gleinser, et al., 2014). 

Conversely, C. maltaromaticum strains, such as 18ISCm and ATCC 35586 have been reported 

as fish pathogen (Roh et al., 2020). Therefore, there is a need for determination of the safety of 

C. maltaromaticum strains if they are to be used for their technological potential in further 

applications and evaluate whether is safety of C. maltaromaticum strains is ecosystem-specific 

or strain-specifc. 

Virulence factors were determined in C. maltaromaticum strains and compared with a closely 

related probiotic specie. All the strains, that is dairy, non-dairy and diseased fish isolates, 

possessed some virulence factors. Virulence factors related to adherence, stress, regulation and 
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enzymes were found in nearly all strains as well as in Lactobacillus sakei subsp. 23K. Previous 

studies have reported that some virulence factors sometimes might be present in non-pathogenic 

commensal bacteria which are either suppressed by other genes or tended to be involved in 

general host interactions that contributes to adhesion and protection. Remarkably, many 

probiotic-related traits could be associated to virulence factors. Thus, VFs don’t clearly 

differentiate pathogenic strains from non-pathogenic strains. Consequently, each virulence factor 

has its specific role in the particular bacterial species that encode them.  detection of virulence 

genes may not always be sufficient to determine pathogenicity.  

Antibiotic resistance was also investigated in C. maltaromaticum strains. Only tetM gene for 

tetracycline resistance was found with 100% identity in C. maltaromaticum A1 and A3. Previous 

research has shown C. maltaromaticum to be phenotypically resistant to ampicillin, vancomycin, 

kanamycin, gentamycin and nalidixic acid and C. maltaromaticum ATCC 35586, a fish 

pathogen, has been reported to be phenotypically resistant to aquaculture antibiotics such as 

chlortetracycline, nitrofurans and sulfonamides (J J Leisner et al., 2012). Thus, genotypic 

antibiotic resistance must be verified by phenotypic methods such as disc diffusion method using 

CLSI guideline. Moreover, further in vitro and in vivo studies are needed to confirm if these 

strains are safe to use.  

Genome plasticity was predicted in order to understand the gain or loss of genes, through 

horizontal gene transfer. This plays a significant role in the adaptation of bacteria in particular 

environment (Dobrindt et al., 2010). In this study, genomic islands, pathogenicity islands and 

prophage sequences were predicted in C. maltaromaticum strains. Dairy isolated strains 

possessed a high % of genomic island (GEI). The other strains acquiring relatively higher % of 

GEI include food associated strains C. maltaromaticum A7, EBP 3019, 3_18, SF668 and a 
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pathogenic strain C. maltaromaticum SK_AV5. Studies have shown that large size of C. 

maltaromaticum may be the reason of its well-adaptation to environmental challenges. Hence, 

large % of acquired GEIs in some food and pathogenic strains depicts that all the strains are 

adapting towards their specific niche or ecosystem. 

Pathogenicity islands are subsets of genomic islands, acquired through horizontal gene transfer 

and comprise of virulence factors that are generally absent from non-pathogenic strains of the 

same or closely related species (Gal‐Mor & Finlay, 2006). Highest number of strong PAIs were 

predicted in nine C. maltaromaticum SK series strains isolated from diseased fish, ATCC 35586, 

followed by food-associated strains. Few food-associated strains were also predicted to have no 

strong pathogenicity island. As revealed in this study, few strong PAIs were found in both 

pathogenic and apathogenic strains thus there is a certain degree of probability that some 

apathogenic strains may not be safe due to the presence of PAI. 

Prophages are of high importance as they are involved in horizontal gene transfer and contributes 

to the diversity in bacteria (Li et al., 2017). In this study, the maximum number of prophages 

(n=3) were found in C. maltaromaticum 18ISCm. Intact prophage sequences were found in all 

dairy and pathogenic strains, except C. maltaromaticum NBRC 15685. Whereas, in food-

associated strains, intact sequences were only found in C. maltaromaticum A1, A3, A7, 

ML_1_97, SF668, EBP 3019, 3_18.  

Hence, variation between pathogenic and apathogenic strains of C. maltaromaticum that are 

found in diverse environments, exist in pseudogenes with pathogenic strains exhibiting higher 

number of pseudogenes suggesting their transition towards host-adapted lifestyle. Also, 

acquisition of genomic islands in both pathogenic and non-pathogenic C. maltaromaticum strains 

suggests that these strains are on the coarse of adaptation. Furthermore, apathogenic strains 
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cannot be termed as completely safe due to the presence of VFs, in comparison to reference 

probiotic and PAIs. And the safety assessment revealed that safety might be a strain-specific 

feature and due to high diversity, virulence factors are widespread in apathogenic strains, as well. 
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CONCLUSION & FUTURE PROSPECTS 

The genome size and acquisition of genomic islands in C. maltaromaticum strains depicts better 

adaptability of these strains in their particular environment. Moreover, . Low GC content in C. 

maltaromaticum might be associated to its evolution and adaptation in environment. High 

number of pseudogenes in pathogenic strains depicts a transition of C. maltaromaticum SK series 

of strains to host (fish) -adapted lifestyle. Phylogenetic and AAI analysis reveals that some 

pathogenic strains are more closely related to food-associated strains rather pathogenic strains 

and that SK series of strains are distantly-related compared to other pathogenic and apathogenic 

strains. Therefore, no clear differentiation can be seen between fish pathogenic and apathogenic 

food strains at genomic level. Also, C. maltaromaticum strains exhibit open pan genome. 

Regarding safety assessment, adherence and stress related virulence factors, and enzymes 

including bsh were found to be present in almost all strains of C. maltaromaticum as well as 

closely related probiotic specie, Lacobacillus sakei subsp. 23K as well. Thus, the safety of C. 

maltaromaticum strains is hard to determine on the basis of VFs as there is no clear variation in 

virulence factors of pathogenic and apathogenic strains. Moreover, the genotypic antibiotic 

resistance in C. maltaromaticum strains needs to be phenotypically verified. Furthermore, strong 

pathogenicity islands were also found in all C. maltaromaticum strains, except 6 strains (2 

pathogenic, 1 dairy and 3 food-associated), along with intact prophage sequences. Thus, 

apathogenic strains cannot be termed as completely safe due to the presence of VFs, in 

comparison to reference probiotic and PAIs. Thus, safety of C. maltaromaticum might be a strain-

specific feature and due to high diversity, virulence factors are widespread in apathogenic strains, 

as well. 
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The Dairy isolated strains as well as some food associated strains may have the potential to be 

used a probiotic as they exhibit certain genes such as sugar (lactose) metabolism, bile tolerance 

genes. However, in vitro studies are needed to confirm the presence and functionality of these 

probiotic-related genes and validate if these strains have technological potential, so that they can 

be employed for further industrial applications. Furthermore, in vivo trials are required to 

evaluate and confirm the safety of dairy and food associated strains, before using at larger scale. 

Moreover, a large number of C. maltaromaticum strains and its data from respective ecosystem 

is required to better understand the genome dynamics, safety and technological potential of the 

strains. 
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