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presence of a genetic cluster unique to the blue pigmenting strains containing a second copy 

of five trp  genes, clearly involved in the blue pigment production. The biochemical 

characterisation of the pigment, hampered by strong issues of solubility, led to the conclusion 

that the molecule is an indigo-derivative.  

Transposon-induced mutants confirmed the involvement of the previously identified unique 

cluster and the association of several genes affecting directly or indirectly the blue molecule 

production. Furthermore, the phenotypic characteri sation of the mutants revealed a key role 

of iron in the production of the pigment, such as absence of any advantage of the wild -type 

strain  in co-culture with a non -pigmenting mutant .  

To conclude, the present work represents an exhaustive investigation of the spoilage potential 

of the blue-pigmenting  P. fluorescens strains, giving to food industry reliable approaches to 

identify, track and prevent spoilage related to the growth of these interesting bacteria.
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BACKGROUND  

Microbiological spoilage is  the complex batch of modification caused by bacteria, yeasts and 

moulds that can affect the quality of the aliment in terms of nutritional value, texture, flavour 

and, sometimes, consumer compliance (Gram et al., 2002) . This activity can be fulfilled  by 

microorganisms through different actions such as the breakdown of food components, 

production of extracellular molecules (such as CO2, pigmented molecules or polysaccharide 

material) or through the growth of bacteria themselves (Gram and Huss, 1996). Spoilage 

caused by bacteria can induce changes in organoleptic properties through visible growth 

(formation of colonies or slimes on food surfaces), changes in the texture of food matrices or 

through the production of off -odours and off-flavours that  might redu ce consumer 

acceptance of food. 

Usually, spoilage activity is evident when bacteria reach 107-109 CFU/g of food and can be the 

consequence of interactions among different species of spoilers (Gram et al., 2002) . 

Food environment plays an important role in the development of spoilers. Indeed, food 

characteristics, such as pH value, composition of nutrients, water activity (A w), oxido-

reduction  potential and presence of molecules that can inhibit the growth of spoilage 

microorganisms, directly influence bacterial growth and their spoilage activity . Moreover, 

temperature of storage influences the predominance of particular species in the food 

environment.  

Pseudomonas strains, and specifically Pseudomonas fluorescens are considered among the 

most important food spoilers, thanks to the ubiquitous nature, their recovery in a wide range 

of food products, their wide growth temperature range and their ability to induce the spoilage 

effect through different mechanisms  (Dogan and Boor, 2003; de Oliveira et al., 2015). 

The most outstanding event related to contamination  of strains belonging to the 

Pseudomonas fluorescens group was the identification, in 2010, of unpleasant blue 

discolouration s on mozzarella cheese.  
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In that occasion, some European consumers noticed the formation of an undesirable blue 

pigmentation  on the surface of mozzarella cheese. Analyses conducted by health authorities 

identified P. fluorescens as responsible of the outbreak (Marro et al., 2011). Specifically, in 

2010 the Annual Report of Rapid Alert System for Food and Feed (RASFF) reported the 

involvement of two main species belonging to the Pseudomonas fluorescens group: P. 

tolaasii  and P. libanensis. The microbiological analyses of the contaminated blue cheese 

revealed high concentrations of these strains (up to 106 CFU/g of cheese; Bogdanova et al., 

2010). No information was given about the chemical nature of the blue pigment.  

Actually, not only mozzarella cheese can be involved in such event, as visible in Figure 0.1. 

Spoiled food products due to the production of the blue pigment on mozzarella cheese, pork and 
ricotta cheese. Mozzarella cheese was experimentally contaminated during a challenge test. Pork 
and ricotta cheese were seized after the sale. 

Despite the fact that strains of the P. fluorescens group were blamed of the blue 

discolouration, an imprecise background was given at the time of the blue mozzarella event. 

This was due to the fact that characterisation of the responsible strains was mainly conducted 

using quite dated approaches that often cannot distinguish among different strains. As a 

matter of fact, P. tolaasii  and P. libanensis were identified as causing the blue discolouration 

even if the Type strains are usually defined as unpigmented.    

Figure 0 .1 - Blue  discolo u ration caused by P. fluorescens strains.  
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AIM  

As reported in the background, microbial food spoilage is a complex process that can be 

controlled through a complete understan ding of the causes and the spoilage mechanisms, as 

well as the environmental conditions in which bacteria can induce alterations.   

Poor information is available about the ability of some P. fluorescens strains to induce blue 

discolouration in food products, the responsible strains, the chemical nature of the secreted 

pigment, the conditions enhancing the production, as well as the biosynthetic pathway of the 

blue molecule itself.  

To solve these issues, the major aim of the present work was a complete investigation of the 

spoilage potential of P. fluorescens in food, focusing in particular on the production of the 

blue pigment. 

Initially, general information about  P. fluorescens spoilage potential was reported, including 

all the characteristics that make Pseudomonas one of the most important food spoilers.  

Then, this study aimed to the investigation of the strains causing the blue discolourations, by 

developing and applying a polyphasic approach based on microbiological tests, a MLST 

approach and a challenge test to distinguish blue -pigmenting strains . 

Reached this goal, the attention was focused on the understanding of the genetic 

determinants at the bottom of the blue pigment production, through the application of 

comparative genomic and transcriptomic approach es.  

The chemical nature of the blue pigment and the environmental conditions of its production 

were further subject matters of the present research.  

Finally, a deep understanding of the biosynthetic pathway was aimed, by the application of a 

random mutagenesis process and a further study of the so-obtained non-pigmenting 

mutants.  

In addition to the goals of advancing research in the understanding of the spoilage topic, this 

study aimed to give to food industry relevant methods to identify, track and prevent the 

contamination of blue -pigmenting Pseudomonas. 
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that, alongside classical microbiology, unravelled the difficult  classification of the strains of 

the genus. Around  the beginning of the third quarter of the 20 th century, DNA/DNA 

hybridization revealed deep differences among phenotypically similar strains (Pecknold and 

Grogan, 1973). Subsequently, RNA/DNA hybridization showed the presence of five different 

rRNA groups (rRNA group I, II, III, IV and V; Palleroni et al., 1972). Pseudomonas rRNA 

group I (called Pseudomonas sensu stricto) comprised P. aeruginosa, all the fluorescent 

Pseudomonas and some non-fluorescent Pseudomonas (such as P. stutzeri, P. alcaligenes, P. 

pseudoalcaligenes and P. mendocina). A more in depth analysis of genetic differences among 

Pseudomonas species was conducted with the study of 16S sequence homologies: despite the 

low discriminat ory power of rRNA, the study allowed the identification of distinct 

phylogenetic groups (Laguerre et al., 1994; Anzai et al., 2000).  

From 2000, a great advance in Pseudomonas study was represented by siderophores study 

by Meyer and colleagues that allowed an excellent characterisation of several species (Meyer, 

2000; Meyer et al., 2002).  

At the present time (December 2015) the genus comprises 244 species, as reported at 

http://www.bacterio.net/ , having different characteristics.  

In this chapter, the importance of the genus Pseudomonas and related genera as food 

spoilers is described. Taxonomic organization, identification methods, spoilage mechanisms 

and control plans are reported, with the goal of highlight ing the extreme complexity of the 

spoilage potential of the genera Pseudomonas, Xanthomonas and Shewanella. 

1.3. Identification and tracking methods of foodborne 

pseudomonads : from classical microbiology towards       

-omics  

Several traditional methods have been applied to isolate and characterise Pseudomonas spp. 

strains from foodstuff s; however, recently these approaches have been replaced by more 

exhaustive and effective nucleic acid-based investigation methods (de Jonghe et al., 2011). 
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Three ISO standards are available for the enumeration of Pseudomonas species. ISO 

16266:2006 reports enumeration methods of Pseudomonas aeruginosa from bottled water 

and is based on the plating on cetrimide agar medium with nalidixic acid ; a double 

incubation is suggested (4 and 42 °C). ISO/TS 11059:2009 and ISO 13720:2010 are official 

methods to isolate and count Pseudomonas spp. in milk and dairy products and  in meat and 

meat products, respectively. ISO 13720:2010 reports the use of Pseudomonas Agar Base, a 

selective agar medium containing cetrimide, fucidin and cephalosporin ( CFC supplement), 

three antibiotics selective for other non-Pseudomonas strains, and incubation at 25 °C for 44 

hours (Tryfinopoulou et al., 2001). On the other hand, ISO 11059:2009 suggests incubation 

in a medium containing  penicillin and pimaticin at 25 °C for 48 hours.  

Routinely applied tests for  Pseudomonas are based on the identification of morphologic al, 

phenotypic and biochemical characteristics of the strains. Some commercial kits are available 

for  strain  identificati on, allowing a great saving of money and time. The most common kit is 

the API 20 NE system (No-Enterobacteriaceae; Biomerièux, Lyon, France). The API 20 NE 

system was proposed by Peladan and Monteil in 1988 as an effective method to characterise 

Pseudomonas and it was applied in further studies, for example the investigation of microbial 

diversity in milk and dairy plants conducted by Dogan and Boor (2003). As an alternative, 

BIOLOG GN microtiter plates can be used to characterise Pseudomonas strains (Johnsen et 

al., 1996; Arnaut-Rollier et al., 1999; Martin et al., 2011). Other analyses are based on the 

growth of strains on differential agar ised media, on Gram staining, on strain  nutritional 

requirement s, on motility tests and on the ability to grow at diff erent temperatures. 

The recent increasing interest in molecular approaches led to the development of several 

typing methods that  avoid the lack of information  inherent in  classical methods. These new 

approaches allowed not only the identification of the species within  the genus, but allowed 

also the description  of phylogenetic relationships among the species. Examples are the 

application of REP-PCR (Repetitive Extragenic Palindromic PCR; Johnsen et al., 1996), 

RFLP (Restriction Fragment Length Polymorphism ;  Franzetti and Scarpellini, 2007), DGGE 

(Denaturing Gradient Gel Electrophoresis , De Jonghe et al., 2011), and PGFE (Pulsed Field 

Gel Electrophoresis; Nogarol et al., 2013) to the identification of foodborne Pseudomonas 
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species. Sequencing of 16S rRNA genes has been widely used to identify and categorise 

several species of the genus isolated from food or other environments (Laguerre et al., 1994; 

Moore et al., 1996; Anzai et al., 2000); however, because of the relatively high conservation 

of the 16S gene, not all species can be discriminated using this approach (Moore et al., 1996; 

Anzai et al., 2000; Yamamoto et al., 2000). For this reason, the investigation by sequencing 

of 16S rRNA locus has been replaced by the combined analysis of several sequences of 

defined housekeeping genes for identification, characterisation and spoiler tracking 

purposes. Some studies have focused on the phylogeny of the whole genus (Yamamoto et al., 

2000 ; Hilario et al., 2004; Mulet et al., 2010), while others have concentrated on subgroups 

of the genus, such as the investigation of blue-pigmenting strains isolated from food products 

and belonging to the P. fluorescens group by Andreani and collaborators (2014). Both 

classical microbiological and biomolecular approaches require the isolation of the strains 

from the ir  origin environments (culture -dependent methods). For this reason, these 

techniques have to take into account the problem of viable but non culturable bacteria 

(VBNC). VBNC are bacteria whose metabolic activity is too low to allow reproduction. 

Sometimes, the induction of VBNC form s is due to stresses to which vital cells are subjected 

within  the food chain (e.g. refrigeration of fresh products,  use of sanitisers or heating 

treatments).  

Apart from culture -dependent biomolecular methods (based on the study of single cells 

isolated and grown as planktonic cultures), recently, the spread of Next-Generation 

Sequencing (NGS) approaches (e.g. 454 Pyrosequencing and Illumina sequencing) has 

allowed a more in depth knowledge about food and its spoilers (Andrews-Polymenis et al., 

2009; Holt et al., 2008; Gilmour et al., 2010). The ever-decreasing cost of NGS techniques 

has made it easier to obtain complete or draft genomes of bacterial species (Diaz-Sanchez et 

al., 2012; Solieri et al., 2012). Consider that, taking into account an average Pseudomonas 

fluorescens genome size of 6 Mbases, in a single run of MiSeq 300 pair -end (Illumina 

Technology) with an estimated output of 15 Gbases (data obtained from Illumina website in 

December 2015), up to 10 genomes could be multiplexed to obtain a coverage that allows 

robust genomic and comparative investigations (Kisand and Lettieri, 2013). Recently, several 
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The optimum pH environment  for  Pseudomonas strains is above 5.8: lower pH values slow 

down bacterial growth.  

Pseudomonas strains have very simple nutritional requirements and have the ability to use 

different organic compounds as carbon and energy sources. For these reasons, Pseudomonas 

can be defined as a ubiquitous bacterium. Pseudomonas is present in a wide range of 

different environments such as organic material under decomposition, atmospheric dust and 

vegetation and it has various animal and plant hosts (Anzai et al., 2000: Frapolli et al., 

2007).  

Some strains are important bacter ia of soil and water and are responsible for the degradation 

of several molecules. For this reason, they are very important in the mineralization process in 

nature, in sewage treatment and in the degradation of xenobiotic substances, such as 

pesticides or chemicals. They are also important agents in bioremediation of the environment 

(Stanier et al., 1966; Wasi et al., 2013). 

Some species are human pathogens, such as the well-known P. aeruginosa, but also 

Pseudomonas paucimobilis , Pseudomonas putida, Pseudomonas fluorescens and 

Pseudomonas acidovorans (Tümmler et al., 2014). Other species are plant pathogens, for 

example Pseudomonas pseudoalcaligenes, Pseudomonas savastanoi, Pseudomonas 

syringae  and others are animal pathogens, mainly against fishes and birds (Pseudomonas 

anguilliseptica , Pseudomonas chlororaphis , Pseudomonas aeruginosa; Peix et al., 2009). 

Some Pseudomonas are well-known food spoilers, such as Pseudomonas fluorescens that is 

responsible for the spoilage of dairy products, raw fish and meat and eggs, because of their 

psychrotolerant character (Jay, 2003; Palleroni, 2010).  

1.4.1. Pseudomonas fluorescens  group  

A recent investigation based on the sequencing of four  loci (16S rRNA, gyrB , rpoB  and rpoD ) 

by Mulet and collaborators (2010) of 107 Pseudomonas, allowed the identification of two 

major lineages (P. aeruginosa and P. fluorescens). The P. fluorescens lineage has itself been 

divided in to six groups (P. syringae, P. lutea, P. putida, P. anguillise ptica, P. straminea and 

P. fluorescens). In particular,  the P. fluorescens group has been identified as a well-separated 

monophyletic group, comprising nine further subgroups and characterised by strains with 
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high spoilage potential. Since the recent classification by Mulet and colleagues, at least 52 

species are now considered as part of the Pseudomonas fluorescens group (2010). The 

schematic representation of the lineages, groups and subgroups within the genus is reported 

in Figure 1.1. 

In the history of microbiology, the Pseudomonas fluorescens group has not been intensively 

studied (Palleroni, 2010) and only recently this group has been seriously considered due to 

its high spoilage potential.  

Pseudomonas fluorescens possesses a number of functional traits that allow to grow in 

several environments, such as the production of several secondary metabolites or 

siderophores (Cornelis, 2010), the presence of several secretion systems and the ability to 

form biofilms, toget her with the adaptability of its genome (Spiers et al., 2000; Silby et al., 

2011). 

The major issue concerning Pseudomonas fluorescens group strains (and specifically P. 

fluorescens subgroup and P. fluorescens) is food spoilage and their  importance is relat ed to 

public hygiene and the food trade. In fact, even though P. fluorescens group strains are easily 

destroyed by the heat treatments usually applied to food, they are able to produce a wide 

range of enzymes (mainly proteases, lipases and lecithinases), or pigments, that are in some 

cases thermostable. Most of the reported spoilage cases by Pseudomonas fluorescens are 

attributable to post -process contaminations.  

An early investigation into  the pathogenicity of Pseudomonas fluorescens identified it  as a 

harmless bug (Baader and Garrer, 1887). In this study, Pseudomonas fluorescens was 

defined as non-pathogenic as no reaction took place when a culture was applied 

subcutaneously to animals or injected into the peritoneum. Additionally, ingestion of cultures 

resulted in no harm to the gastro enteric tract. However, a recent review by Scales and co-

workers (2014) reported Pseudomonas fluorescens as a possible human pathogen as it has 

been identified as part of the microflora of several anatomical locations (i.e. mouth, stomach 

and lungs). Usually, bacteraemia cases involving Pseudomonas are milder than those 

involving its cognate Pseudomonas aeruginosa and they are usually related to nosocomial 

infections.    
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Figure 1.1 - The genus Pseudomonas.  
Schematic representation of lineages, groups and subgroups of the genus Pseudomonas, as reported 
by Mulet et al., 2010. 
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Pseudomonas is commonly part of the microflora of aerobically stored fish (Gram and Huss, 

1996) and a specific spoiler of fresh and marine water tropical fish (Gram et al., 1990; Gram, 

1992) and its growth should usually be inhibited by the use of Modified Atmosphere Packages 

(MAPs). Actually, Pseudomonas and H2S (hydrogen sulphide gas) producing bacteria were 

reported to domi nate some products such as sea bass both in the presence of air and under 

MAP conditions (Parlapani et al., 2015). Some species are also fish opportunists (e.g. P. 

aeruginosa  and P. fluorescens) or fish pathogens (such as P. putida, P. fluorescens) as 

reported by different studies (Altinok et al., 2006; Franzetti and Scarpellini, 2007; Zhang et 

al., 2014; Sun and Sun, 2015). 

Meat represents another favourable environment for the growth of Pseudomonas. P. 

fluorescens, P. lundensis and P. fragi were the most represented groups in poultry, both in 

processed meat, on the skin of slaughtered broilers and in processing plants (Arnaut-Rollier 

et al., 1999; Mellor et al., 2011; Oakley et al., 2013; Grewal et al., 2015). Pseudomonas spp., 

and especially P. lundensis, have also been isolated from goat and lamb slaughterhouse 

surfaces. Most of them were demonstrated to be resistant to at least one antimicrobial  

compound (Lavilla Lerma et al., 2012; Lavilla Lerma et al., 2014; Lavilla Lerma et al., 2015). 

Pseudomonas strains have also been isolated from beef: Doulgeraki and Nychas (2013) 

reported P. fragi to be the predominant species during the storage of minced beef, especially 

at 15 °C and in presence of oxygen; at lower temperatures (5 and 10 °C), P. fragi  prevails, 

while under a MAP environment at 15 °C P. fragi  and P. fluorescens dominate the microflora. 

Mastromatteo and colleagues reported Pseudomonas to be responsible for  unacceptability of 

pork sausage if no MAP was applied in the packaging of the meat product (2011). Finally, a 

gene expression investigation conducted by Mohareb and co-workers identified specific genes 

involved in meat spoilage, specifically regulated by glucose concentration and storage 

temperature (Mohareb et al., 2015). 

A great advantage for several Pseudomonas strains is the ability to compete with food 

microflora for iron (Cornelis, 2010). For example, milk is character ised by a low free iron 

content: due to the production of siderophores, Pseudomonas strains are able to obtain iron 

from lactoferrin (Mcphee and Griffiths, 2002). Due to their  ubiquitous presence, 
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1.5.1. Pigment production  

Pseudomonas strains are well-known producers of pigmented molecules that can be involved 

in several spoilage events; however, not all of the known pigments have been reported in 

food. Few scientific papers are available except for a few technical reports of official 

laboratories responsible for food control. Table 1.1 reports cases of bacterial discolouration 

caused by Pseudomonas species.  

Table 1.1 - Discolo u ration caused by Pseudomonas in food products.  
Summary of recent reports of discolouration caused by Pseudomonas strains. The table reports the 
identified pigment, if available, the colour, the food matrix of isolation, the identified species and the 
reference. 

Colour  Pigment  Food  Species  Reference  

Blue  Unknown   Rabbit meat P. gessardii  
(P. fluorescens subgroup) Sarale et al., 2011 

Blue Indigoidine  
Mozzarella cheese 

Fresh, low-acid 
cheese 

P. lemonnieri  
now P. fluorescens biovar 

IV 
(P. corrugata  subgroup) 

Caputo et al., 2015 
Martin et al., 2011 

Blue Melanin  Pork and beef P. fluorescens  
(P. fluorescens group)  Kröckel, 2009  

Blue-black Unknown  
(Indigo -derivative)  

Mozzarella cheese 
Pork 
Beef 

Ricotta cheese 

P. fluorescens subgroup 
(P. fluorescens group)  

Cantoni et al., 
2006 

Andreani et al., 
2014 

Andreani et al., 
2015 

Dark orange-
red Unknown  Mozzarella cheese P. brassicacearum 

(P. fluorescens group) 
Cantoni et al., 

2003 

Yellow-purple  Unknown  Mozzarella cheese P. gessardii  
(P. fluorescens subgroup) 

Cantoni et al., 
2006 

Green-blue Pyoverdine & 
indigoidine  Mozzarella cheese P. putida  

P. fluorescens 
Cantoni et al., 

2006 

Green  Pyoverdine Mozzarella cheese P. fluorescens biovar I  Cantoni et al., 
2006 

It is quite evident that a more in depth investigation is necessary to clearly understand the 

chemical nature of the pigments involved in such unpleasant spoilage effects. The most 

outstanding event was represented by a discolouration reported in 2010 in mozzarella cheese. 

Official reports of the RASFF (Rapid Alert System for Food and Feed, the system that comes 

into play when a quick notification of presumed dangerous food contaminations is necessary 

to defend human health ), of 2010 identified the cause in Pseudomonas strains (and 

specifically P. tolasii  and P. libanensis). In the preliminary  study conducted by Caputo and 

colleagues (2015), the pigment was identified as indigoidine (as already reported by Martin et 

al., 2011 reporting a case of blue discolouration in a Latin-style fresh cheese) and the strains 

responsible for  the spoilage defect were suggested to be P. fluorescens biovar IV (previously 
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their  capability to adapt to anoxic environments (Hau and Gralnick, 2007). Despite the 

heterogeneity of these environments, water (marine and fresh water) can be considered as 

the preferred environment  for Shewanella. These waterborne bacteria are involved in food 

contaminat ion, especially of seafood, but also of poultry and other meat products (Parker and 

Levin, 1983; Nychas et al., 2007; Dainty et al., 1989). Moreover, Janda recently reported 

some species of Shewanella as human pathogens (i.e. S. algae; Janda, 2014). 

Due to their ability to induce changes in  the odour profile (off -odours) and in relation to the 

wide range of metabolites produced, in the last decade some members of this genus have 

been proposed as SSOs of food and have been used as shelf life predictors (e.g. in seafood 

products; Gram and Dalgaard, 2002).   

1.6.1. Shewanella  spp.  

Shewanella is the type genus and, at the present, the sole genus of the family Shewanellaceae 

ascribed to the order Alteromonadales, with around 50 described species (Satomi, 2014). 

Taking into account the phenotypic variability of th e genus, species characterisation and 

reclassification is based on DNA/DNA hybri dization and 16S rRNA gene sequencing (Hau 

and Gralnick, 2007). The sequence of additional genes, such as gyrB,  confirmed  the species 

delineation (Dehaut et al., 2014; Satomi et al., 2003). Moreover, molecular typing of strains 

can reduce misinterpretation  and has allowed the development of intra -species studies 

through different approaches such as Random Amplification of Polymorphic DNA (RAPD), 

Matrix -Assisted Laser Desorption/Ionization T ime of Flight (MALDI -TOF), MLST and 

Whole Genome Sequencing (WGS; Serio et al., 2014; Satomi, 2014; Deng et al., 2014). As for 

other bacterial taxa, NGS techniques have allowed a deeper investigation of the genomic 

information related to its phenotypes. To date (December 2015), 25 complete genomes and 

25 draft genomes are available on GenBank. Annotations conducted by Dikow (2011) 

revealed that Shewanella possesses about 5,000 genes and that its genome consists of 

approximately 5 Mbp.  

These Gram-negative bacteria are oxidase positive, non-endospore forming bacteria 

characterised by rod-shaped morphology. All the members are motile (e.g. swimming 

motility) due to a unique polar flagellum (Wu et al., 2011; Satomi, 2014). Generally, a first 
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phenotypic separation among psychrotrophic and mesophilic species can be delivered by 

testing the growth at 4, 37 and 42 °C (Fonnesbech Vogel et al., 2005). Careful attention is 

required to the isolation temperature in order to differentiate the three major phenotypic 

lineages: i) psychrotolerant non-halophilic bacteria, ii) psychrophilic  species requiring salt 

for growth and iii) mesophilic species (Satomi, 2014). The use of different salt concentrations 

in combination with the use of different carbon sources and enzymatic activities (e.g. amino 

acid decarboxylation) have been widely proposed for strai n characterisation, taxonomic keys 

and numerical taxonomy purposes (Fonnesbech Vogel et al., 2005; Satomi et al., 2006; 

Satomi et al., 2007; Dehaut et al., 2014; Serio et al., 2014). Basically, the aforementioned 

phenotypic traits, together with the production of H 2S and non-fermentative metabolism on 

oxidative-fermentative (OF) medium are indicative of the genus. The excellent work of 

Satomi (2014) retained the most useful phenotypic analyses for species delineation. The 

species are defined as aerobes/facultative anaerobes. Moreover, one of the evolutionary keys 

to the worldwide diffusion of Shewanella is related to the wide number of electron acceptors 

and metabolic pathways adopted under limited oxygen conditions (Hau and Gralnick, 2007). 

The use of several compounds such as trimethylamine-N-oxide (TMAO), sulphur and other 

organic compounds under anaerobic conditions  and their psychrotrophic habit s make 

Shewanella one of the major spoilers of refrigerated food such as seafood products. The 

spoiler species of Shewanella can typically be described as H2S producers and media 

containing thiosul phate (such as Iron Agar (IA) plates) are commonly applied for their first 

isolation and enumeration (Fonnesbech Vogel et al., 2005; Dehaut et al., 2014; Serio et al., 

2014). On the other hand, the use of common media such as Plate Count Agar (PCA) could 

lead to a lack of recovery of species or strains that prefer salt (e.g. some strains of S. 

frigidimarina ; Broekaert et al., 2011). 

1.6.2.  Spoilage potential of Shewanella  spp.    

From the first isolation on the surface of taint butter in the 1931, the genus Shewanella was 

associated with  food spoilage (Derby and Hammer, 1931). Despite their relevance as SSO in 

aquatic food products, some species are also involved in the deterioration of meat and 

poultry. The spoilage potential of Shewanella has been extensively reviewed in products 
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stored in aerobic, but also in low oxygen conditions such as MAP and vacuum packaging 

(Russel et al., 1995; Nychas et al., 2007; Vihavainen and Björkroth, 2010). In refrigerated 

food rich in amino acid and other nitrogen sources, such as fish or flesh stored at low 

temperature, some members of the genus Shewanella can dominate the microbiota and 

produce several compounds according to their flexible metabolism. However, dominance in 

the spoilage population is not necessary in order to  exert spoilage effects. The genome 

sequence of Shewanella oneidensis revealed that Shewanella are able to metabolise a wide 

range of different substrates as the sole carbon sources (Fredrickson et al., 2008). For this 

reason, these bacteria are among the most important microorganisms involved in the 

degradation of organic matter. The catabolic pathways described in Shewanella oneidensis 

revealed the ability to use substrates commonly present in food (e.g. fatty acids, amino acids 

and several carbohydrates). Moreover, the study of functional properties through genomic 

approaches could lead to a new comprehension of the spoilage activities of Shewanella 

species. The in silico  analysis of S. putrefaciens genomes has suggested an alternative 

functional pathway involved in the production of amines (Remenant et al., 2015). According 

to this comparative analysis, putrescine production seems related to the ability to transform 

L-ornithine derived from glutamate, while some strains also have the potential ability  to 

convert putrescine to spermidi ne. Clearly, the production of foetid amines and diamines is 

strain -dependent and this approach could elucidate specific strains food spoilage ability 

(Remenant et al., 2015). The decarboxylation of amino acids such as lysine and ornithine is a 

phenotypic marker for strains involved in the production of cadaverine and putrescine, while 

the use of histidine seemed to be less common, with low risk of histamine production (Serio 

et al., 2014). The role of Shewanella as an SSO of fish, especially marine fish, i s related to the 

production of two spoilage markers involved in the classical alteration of odour: 

trimethylamine (TMA) and H 2S. The use of TMAO as a final electron acceptor during 

anaerobic metabolism would be consistent with  fishy odour production due to its conversion 

to TMA (Fonnesbech Vogel et al., 2005), while the putrid odour caused by the H2S formation 

is related to the use of sulphite and other molecules such as polysulphide and thiosulphate 

(Hau and Gralni ck, 2007). In fresh meat of warm -blooded animals, especially in vacuum 
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packaged flesh at high pH values, the production of H 2S can induce the greening 

discolouration of muscle due to the formation of a pigment complex called sulphmyoglobin. 

This is probably due to the catabolism of sulphur-containing amino acids with the formation 

of sulphide (Garcia-Lopez et al., 1998; Nychas et al., 2007; Nychas et al., 2008). Other 

additional enzymatic activities of Shewanella can induce spoilage: for example, extracellular 

DNAse activity is involved in nu cleotide degradation (Satomi, 2014; Serio et al., 2014). The 

breakdown of hypoxanthine (Hx) or the conversion of Inosine MonoPhosphate (IMP) and 

inosine into Hx coincide with  bitter flavours and the related decay of fish freshness (Haard, 

2002; Serio et al., 2014). Finally, proteolytic activities could also favour deterioration and the 

spread of bacteria into the muscles due to the hydrolysis of collagen and other structural 

proteins (Gennari et al., 1999; Fonnesbech Vogel et al., 2005; Serio et al., 2014). On the basis 

of their metabolism, the spoilage potential of Shewanella is then related to the substantial 

production of chemical compounds with low odour thresholds. H 2S, TMA and Hx and other 

volatile compounds such as alcohols and aldehydes contribute  to the formation of the 

volatilome of food during its shelf life (Casaburi et al., 2015).  

These malodourous molecules are common indicators of spoilage; however, not all the 

Shewanella species are able to produce this wide range of compounds. Up to ten years ago, 

the major species described during the deterioration of food, especially seafood, was S. 

putrefaciens (Fonnesbech Vogel et al., 2005). Fonnesbech Vogel and co-workers (2005) on  

the basis of phenotypic taxonomy, G-C content, DNA/DNA hybridization and phylogenetic 

analysis of 16S rRNA highlighted that a dominant species among the H2S producers is 

Shewanella baltica . Recent studies have confirmed that S. baltica plays a key role in the 

deterioration  of finfish and freshwater fish , together with S. putrefaciens (Beaz-Hidalgo et 

al., 2014; Dehaut et al., 2014; Serio et al., 2014). 

Several other species are H2S producers such as S. algae, S. colwelliana  (Fonnesbech Vogel 

et al., 2005) and other well-characterised species as reported in the works of Satomi and co-

workers (Satomi et al., 2006 , 2007) , although only S. putrefaciens and S. baltica are widely 

isolated and used as SSOs, as documented by recent studies on H2S producing bacteria (see 

Table 1.3 for details).  
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Table 1.3 summarises some recent works related to Shewanella contamination, reporting 

both studies cited above and some minor ones. Nearly all studies applied Iron Agar as a first 

isolation medium f ollowed by different characterisation methods. The use of H2S producing 

bacteria as markers is also commonly applied in predictive microbiology particularly for 

finfish (Giuffrida et al., 2013; Carrascosa et al., 2014). 

Recent findings have suggested a certain heterogeneity of the phenotypic traits of S. baltica. 

Some strains are unable to produce H2S and this could lead to misinterpretations when 

applying common media used for Shewanella enumeration (Dehaut et al., 2014). On the 

other hand, other genera with morphologies simil ar to Shewanella species, such as Serratia , 

are able to grow in Iron Agar (Serio et al., 2014). The same authors suggested the application 

of additional selective media for the enumeration of Shewanella. An increase in salt 

concentration  could enhance the isolation and differentiation of halophilic species. At the 

same time, a shift from the media with thiosul phate to the media that highlight TMAO 

reduction or pigment synthesis (e.g. salmon pink colour) could improve the detection of 

different Shewanella species (Dehaut et al., 2014; Serio et al., 2014). For instance, other 

additional substrates such as cysteine in substitution or in addition to thiosul phate could 

better elucidate the H2S production pattern (Macé et al., 2014; Serio et al., 2014). Moreover, 

species identification requires the complementary use of classical phenotypic keys in 

combination with different genetic targets (Tryfinopoulou et al., 2007). As previously 

mentioned, some species, such as S. algae, have been also reported as putative human 

pathogens (Janda and Abbot, 2015). Furthermore, new insights suggested that S. algae was 

also involved in the production of tetrodotoxin during cases of food poisoning (Wang et al., 

2013). 

1.6.3.  Xanthomonas  spp.  

Species belonging to the genus Xanthomonas  are able to colonise a broad range of hosts (400 

species of plants); however, these bacteria show a high level of specialization according to the 

host species and tissues (Ryan et al., 2011). Whole-genome analyses have revealed that this 

specialization is related to a reduction in genome size, where the species able to colonise seed  



 

 

Table 1.3 - Shewanella in food products.  
Overview of some recent articles (2007 -2015) concerning the isolation and characteri sation of H 2S producing bacteria (or putative Shewanella spp.) from food 
matrices.  

Food  Storage condition  
Media of isolation/ 

enumeration  
Method of 

characteri sation  
TMAO/H 2S Species  References  

Sea bream skin and flesh 
Gills  

Not reported  Iron Agar Lyngby  Phenotypic +/+  
H2S producing 

bacteria/putative  
S. putrefaciens 

Carrascosa et al., 
2015 

Whole, ungutted sea bass 
(Dicentrarchus  labrax ) 

Not reported  Iron Agar Lyngby  Phenotypic +/+  
H2S producing 

bacteria/putative S. 
putrefaciens  

Carrascosa et al., 
2015 

Spoiled salmon fillets MAP 
Iron Agar with 0.04% of L -

cysteine 
16S rRNA Not reported  S. baltica Macé et al., 2014 

Spoiled cooked whole 
tropical shrimps  

MAP Iron Agar  16S rRNA gene Not reported  S. baltica  Macé et al., 2014 

Red tuna and swordfish 
steaks 

Refrigerated in aerobiosis Kligler Iron Agar  (KIA)  
16S rDNA 

RAPD and REP-PCR 
+/+  

S. baltica , 
S. putrefaciens, 

S. morhuae 
Serio et al., 2014 

Atlantic horse mackerel  
(Trachurus  trachurus ) 

MAP 
Klig ler Iron agar  

Long and Hammer plate 
16S rRNA Not reported  

Putative  
S. baltica ,  

S. glacialipiscicola , 
Shewanella spp. 

Alfaro and 
Hernandez, 2013 

King scallop  
(Pecten maximus ) 

Aerobic, vacuum packed 
MAP 

Iron Agar  16S rRNA  Not reported  
S. frigidimarina,  

S. baltica, 
S. putrefaciens 

Coton et al., 2013 

North American catfish 
fillets ( Ictalurus  

punctatus ) 
Air  DNase test agar 16S rRNA Not reported  S. baltica 

Hickey et al., 
2013 

Pacific White Shrimp 
(Litopenaeus 
vannamei ) 

MAP 
Plate Count Agar and Triple 

Sugar Iron 
Phenotypic Not reported  Shewanella spp. Qian et al., 2013 

       



 

 

Whole ungutted sea 
bream 

On ice Iron Agar  

culture independent by 
16S rRNA 

cloning procedure, 
culture dependent 

biochemical identification  

+/+  S. putrefaciens -like 
Parlapani et al., 

2013 

Restaurant knife, 
marinated beef,  

poisoned patients 

Epidemiological survey 
after tetrodotoxin 

intoxication  

WS Salmonella Agar, 
 Salmonella Shigella Agar, 

 Eosin Methylene Blue Agar, 
Thiosulfate Citrate Bile Salts 

Sucrose Agar 

16S rDNA Not reported  
S. algae,  

Shewanella spp. 
Wang et al., 2013 

Broiler carcasses Air -packaged Not reported  PCR-DGGE Not reported  Shewanella spp. Zhang et al., 2013 
Surface of 

the salmon pieces 
MAP 

Nutrient Agar Long  
and Hammer Agar 

16S rRNA gene Not reported  
S. baltica, S. morhuae 

Shewanella spp. 
Powell and 

Tamplin, 2012 

Marine finfish  Not reported  
Iron Agar with 0.5% NaCl  
(L-cysteine and sodium 

thiosulphate)  

REP-PCR and phenotypic, 
16S rRNA, 
gyrB  gene 

Not reported  

S. frigidimarina  
S. vesiculosa 

S. baltica 
S. glacialipiscicola  

Broekaert et al., 
2011 

Mediterranean hake  
(Merluccius  merluccius ) 

Not reported  Iron Agar Lyngby API 20NE Not reported  
Presumptive  

S. putrefaciens 
Baixas-Nogueras 

et al., 2009  

North - Atlantic cod  
air or MAP, superchilled 

temperatures, brined  
Iron Agar  16S rRNA clone analysis Not reported  

Shewanella spp., 
 S. benthica 

Reynisson et al., 
2009 

Atlantic cod  
(Gadus morhua ) 

MAP Iron Agar Lyngby  DGGE Not reported  S. putrefaciens 
Hovda et al., 

2007 

Sparus aurata  
Air,  

MAP 
Iron agar 

SDS-PAGE 
16S rRNA 

phenotypic 
+/+  

S. baltica 
(phenotypic clusters:  

S. baltica,  
S. oneidensis and  
S. putrefaciens) 

Tryfinopoulou et 
al., 2007 
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surfaces (X. oryzae pv. oryzae) differ from species associated with xylem invasion (e.g. X. 

fastidiosa ).  

Xanthomonas  can be a cause of postharvest diseases and was reported as one of the genera 

isolated from spoiled fruits and vegetables (Barth et al., 2009). As for other 

Gammaproteobacteria, the taxonomy of Xanthomonas  has been progressively rebuilt during 

the last two decades. Particularly, X. campestris  pathovars were split into new species taking 

into account their  host range (Vorhölter et al., 2008) . One of the main characteristics that 

identif ies the genus is the production of yellow pigments (xanthomonadins), conferring the 

name to the genus: xanthos is yellow in ancient Greek (Rajagopal et al., 1997). Despite their 

diverse and adaptable pathogenicity, the genus shows heterogeneous phenotypic and 

physiological traits that lead to difficult phenotypic classification (Meyer and Bogdanove, 

2009). The bacteria are motile due to the presence of a single polar flagellum, catalase 

positive and some species are able to produce the exopolysaccharide xanthan that is largely 

applied in the food industry as emulsifier (Vorhölter et al., 2008; Palaniraj and Jayaraman, 

2011). Several genotyping methods were proposed for a polyphasic approach classification of 

Xant homonas together with genome sequencing (Meyer and Bogdanove, 2009). However, 

the study of full metabolic profiles using different carbon sources (e.g. the BIOLOG system) 

could be applied routinely  in order to classify common species in large datasets (Stoyanova et 

al., 2014). 

1.6.4.  Spoilage potential of Xanthomonas  spp.  

Liao and Wells (1987) provided experimental evidence of the pectolytic activity of some 

strains of Xanthomonas campestris . Some strains showed the capacity to liquefy pectate gels 

in in vi tro  tests; moreover, in fresh plant materia l the strains were able to macerate vegetable 

tissue suggesting that X. campestris  plays an active role in the postharvest rot of plant crops 

(e.g. potato tubers, carrot, cucumber, cauliflower). Xanthomonas  species are also involved in 

alteration s to fruits that are directly associated with  their pathogenic behaviour such as 

cankers and necrotic lesions. Xanthomonas arboricola  pv. pruni  is the disease agent of the 

bacterial spot of stone fruit (BSSF) that was spread around world due to human migrations 

(Boudon et al., 2005). The lesions on fruits depend on early infections after petal fall , with 
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different aspects ranging from large open-deep lesions into the pulp to the coalescent 

spotting on the fruit surfac e (Ritchie, 1995). In this case, as for other fruits, each specific 

pathovar or species was involved in the bacterial spot on both leaves and fruits (e.g. 

Xanthomonas axonopodis  pv. passiflorae  on the passion fruit); outbreaks can lead to 

economic loss due to direct damage to the fruit and plant (Muhnoz et al., 2011). 

1.7. Conclusion and future perspectives: biofilm 

formation and control of spoilage defects  

Besides the taxonomic history of Pseudomonas, Shewanella and Xanthomonas , that often 

groups the three genera altogether along with  their  spoilage activity, these taxa are also 

associated because of their biofilm formation and  their psychrotrophic nature.   

For these reasons, maintenance of the cold chain might not be the solution to all of the issues 

related to their growth and spoilage. I t has been reported that a further reduction of storage 

temperature from 4 -6 °C to 2 °C might be helpful to reduce the spoilage activity of 

psychrotrophs during  longer and longer shelf life times (Kumarsan et al., 2007).  

As already reported, the three genera are able to produce biofilms: for this reason, the 

identification of safe and uncontaminated raw materials and final products is not 

synonymous with  non-spoiled food. Indeed, working surfaces, packaging and transport and 

storage equipment might be contaminated by bacterial biofilms, which are very difficult to 

remove during sanitization. Particular attention must be paid to post -process 

contaminations . Adequate sanitization is fundamental, taking into account the need t o deal 

with complex structures as biofilms. Because of these structures, bacteria are able to resist a 

wide range of stresses, especially sanitisers applied for the decontamination of processing 

surfaces. Furthermore, biofilm s might act as a reservoir of secreted enzymes, protecting them 

from the activity of detergents and sanitization methods and enhancing enzyme activity  (Teh 

et al., 2014). 

The management of packaging processes, taking into account the aerobic nature of 

Pseudomonas and Xanthomonas  can be helpful in control ling proliferation. MAP, with a low 
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Thus, because the role of the P. fluorescens group in food spoilage has been established, the 

interest in methods for correctly identifying the different species of this group has grown. 

Concerning Pseudomonas taxonomy, several different phenotypic traits were chosen for 

species identification until molecular biology methods, such as DNA/ DNA hybridisation 

(Wayne et al., 1987; Palleroni et al., 1973), RNA/ DNA hybridisation (Palleroni et al., 1973; De 

Vos et al., 1985; De Vos et al., 1989), REP-PCR (Repetitive Extragenic Palindromic Sequence 

Polymerase Chain Reaction; Johnsen et al., 1996), 16S rRNA sequencing (Woese et al., 1984; 

Laguerre et al., 1994; Moore et al., 1996; Bennasar et al., 1998), 16S-23S rRNA intergenic 

spacer (ITS; Gurtler and Stanisich, 1996) and PFGE (Pulsed-Field Gel Electrophoresis, 

Nogarol et al., 2013) became more frequent. Because of the low level of variability in 16S 

rRNA and other housekeeping genes and past lateral gene transfer events, a single-gene-

based identification approach may not be appropriate for strain typing (Frapolli et al., 2007). 

Since 1998, MLST has been proposed as a portable and universal method for characterising 

bacteria by sequence polymorphisms within internal fragments of housekeeping genes 

(Maiden, 2006). Different approaches have been developed to improve the characterisation 

of Pseudomonas spp.: Yamamoto et al., (2000) studied the genus Pseudomonas by analysing 

the gyrB  and the rpoD  genes, whereas Hilario and co-workers developed an approach based 

on atpD , carA , recA and 16S sequencing (Hilario et al., 2004). In 2010, Mulet and colleagues 

developed a MLST scheme to disclose the phylogenetic relationships within the 

Pseudomonas genus by 16S rRNA, gyrB , rpoB  and rpoD  sequencing of 107 Pseudomonas 

Type strains. 

Many MLST schemes have been created as tracking instruments of pathogens (i.e., the first 

MLST scheme was created for Neisseria meningitidis  by Maiden et al., 1998), but schemes to 

track food spoilers could be helpful to discover the causes of the spoilage reactions and to 

solve related problems.  

Currently, no studies are available about the nature of the blue pigment involved in blue 

mozzarella events, whereas only one study has been conducted using PFGE analysis to 

highlight the phylogenetic relationships of the isolates involved in the case of the mozzarella 

contamination (Nogarol et al., 2013).  



http://pubmlst.org/pfluorescens




 

 

Table 2.1 - Origins and typing data of Pseudomonas fl uorescens strains analysed in this study.  

Sample Strain Subgroup a Source Provenience b ST c 
Alleles c 

glnS gyrB ileS nuoD recA rpoB rpoD 
DSM 17152T P. gessardii P. fluorescens mineral water France 7 7 7 7 7 7 7 7 

DSM 15294T P. brenneri P. fluorescens natural mineral water France 8 8 8 8 8 8 8 8 

DSM 17967T P. mandelii P. mandelii mineral water France 9 9 9 9 9 9 9 9 

DSM 17150T P. jessenii P. jessenii mineral water France 10 10 10 10 10 10 10 10 

DSM 16610T P. koreensis P. koreensis agricultural soil Korea 11 11 11 11 11 11 11 11 

DSM 17489T P. orientalis P. fluorescens spring water France 12 12 12 12 12 12 12 12 

DSM 18928T P. synxantha P. fluorescens cream USA 13 13 13 13 13 13 13 13 

DSM 18862T P. azotoformans P. fluorescens paddies Japan 14 14 14 14 14 14 14 14 

DSM 6252T P. lundensis P. fragi prepacked beef Sweden 15 15 15 15 15 15 15 15 

DSM 14020T P. rhodesiae P. fluorescens natural mineral water France 16 16 16 16 16 16 16 16 

DSM 11331T P. veronii P. fluorescens mineral water France 17 17 17 17 17 17 17 17 

DSM 17149T P. libanensis P. fluorescens spring water Lebanon 18 18 18 18 18 18 18 18 

DSM50415 P. fluorescens P. fluorescens soil Germany 19 19 19 19 19 19 19 19 

CECT124T P. corrugata P. corrugata tomato: pith necrosis UK 20 20 20 20 20 20 20 20 

CECT229T P. marginalis P. fluorescens Cichorium intybus (endive) USA 21 21 21 21 21 21 21 21 

CECT378T P. fluorescens P. fluorescens pre-filter tanks, town water works UK 22 22 22 22 22 22 22 22 

CECT446T P. fragi P. fragi Unknown Germany 23 23 23 23 23 23 23 23 

CECT4470T P. chlororaphis P. chlororaphis plate contaminant Germany 24 24 24 24 24 24 24 24 

ps_1* 18 P. fluorescens mozzarella cheese NE Italy 25 25 25 25 25 25 25 25 

ps_2* 22 P. fluorescens blue mozzarella cheese Germany 26 26 26 26 26 26 26 26 

ps_3 23 P. fragi mozzarella cheese Italy 27 27 27 27 27 27 27 27 



 

 

ps_4 31 P. fluorescens mozzarella cheese NE Italy 28 28 28 28 28 28 28 28 

ps_5* 52 P. fluorescens mozzarella cheese NE Italy 29 29 29 29 29 29 29 29 

ps_6* 57 P. fluorescens blue mozzarella cheese NE Italy 30 30 30 30 30 26 30 30 

ps_7 61 P. koreensis mozzarella cheese NE Italy 31 31 31 31 31 30 31 31 

ps_8 77 P. fluorescens mozzarella cheese NE Italy 32 28 32 28 32 28 28 28 

ps_9 84 P. fluorescens mozzarella cheese NE Italy 33 32 33 32 33 31 32 32 

ps_10 92 P. fluorescens mozzarella cheese NE Italy 34 32 34 33 34 31 32 32 

ps_11 95 P. fluorescens mixed salad NE Italy 35 21 35 34 35 21 33 21 

ps_12 98 P. fragi butter Germany 36 33 36 35 36 32 34 32 

ps_13* 100 P. fluorescens blue mozzarella cheese Germany 37 34 37 36 37 33 35 33 

ps_14 139 P. koreensis pork NE Italy 38 35 38 37 38 34 36 31 

ps_15 3bol P. fluorescens Salmo trutta marmoratus (trout) NE Italy 39 36 17 38 39 35 37 17 

ps_16 6bol P. fluorescens Salmo trutta fario (trout) NE Italy 40 37 39 39 40 36 38 34 

ps_17 33Ae P. fragi Ricotta NE Italy 41 38 40 40 41 37 39 35 

ps_18 L2-2 P. fluorescens UHT milk Italy 42 39 41 41 42 38 40 36 

ps_19 L3-1 P. fragi UHT milk Italy 43 40 42 42 43 39 41 37 

ps_20 L3-4 P. fluorescens UHT milk Italy 44 41 30 43 44 40 30 38 

ps_21 MOZ2 P. koreensis mozzarella cheese Italy 45 42 43 44 45 41 42 39 

ps_22* MOZ3 P. fluorescens blue mozzarella cheese Italy 46 43 44 45 46 26 43 30 

ps_23 MOZ5 P. koreensis mozzarella cheese Italy 47 44 45 46 47 42 44 40 

ps_24 PISA 3 P. fluorescens cheese C Italy 48 45 46 47 48 43 45 41 

ps_25* PISA 4 P. fluorescens UHT milk C Italy 49 46 26 48 49 26 30 42 

ps_26 H6Ae P. koreensis human NE Italy 50 47 47 49 50 44 46 43 

(it continues in the following pages)  



 

 

Sample Strain Subgroup a Source Provenience b ST c 
Alleles c 

glnS gyrB ileS nuoD recA rpoB rpoD 
ps_27 602a P. fluorescens mixed salad NE Italy 51 48 41 50 42 45 47 44 

ps_28 602b P. koreensis mixed salad NE Italy 52 49 48 51 51 46 48 45 

ps_29 602c P. fluorescens mixed salad NE Italy 53 50 49 52 52 47 49 46 

ps_30 602d P. fluorescens mixed salad NE Italy 54 51 50 53 53 48 50 47 

ps_31 602e P. fluorescens mixed salad NE Italy 55 50 51 54 54 49 51 48 

ps_32 602f P. chlororaphis mixed salad NE Italy 56 52 52 55 55 50 52 49 

ps_33 602h P. fluorescens mixed salad NE Italy 57 53 53 56 56 51 53 50 

ps_34 602i P. fluorescens mixed salad NE Italy 58 50 54 52 52 52 49 46 

ps_35 602l P. fluorescens mixed salad NE Italy 59 54 51 54 54 49 51 48 

ps_36 602m P. fluorescens mixed salad NE Italy 60 55 52 57 57 53 54 51 

ps_37 602qc P. chlororaphis mixed salad NE Italy 61 56 55 58 58 54 48 52 

ps_38 602qi P. chlororaphis mixed salad NE Italy 62 56 56 59 58 3 55 3 

ps_39 602r P. fluorescens mixed salad NE Italy 63 57 57 60 59 21 21 21 

ps_40 603g P. fluorescens ricotta NE Italy 64 58 58 30 60 55 56 53 

ps_41 Pse11 P. fragi pork NE Italy 65 59 59 61 61 56 57 54 

ps_42 Pse12 P. fragi pork NE Italy 66 60 60 62 62 57 58 55 

ps_43 Pse13 P. fluorescens pork NE Italy 67 61 61 63 63 58 59 56 

ps_44 Pse15 P. fragi pork NE Italy 68 62 62 64 64 59 58 55 

ps_45 Pse16 P. fragi pork NE Italy 69 63 63 15 65 60 60 15 

ps_46 Pse19 P. fragi pork NE Italy 70 60 64 65 66 61 58 57 

ps_47 Pse21 P. fragi pork NE Italy 71 64 23 66 67 62 23 58 

ps_48 Pse24 P. fragi pork NE Italy 72 62 60 64 66 63 58 59 



 

 

ps_49 Pse26 P. fragi pork NE Italy 73 65 27 67 68 64 27 27 

ps_50 Pse29 P. fragi pork NE Italy 74 66 60 62 66 65 58 59 

ps_51 Pse30 P. chlororaphis pork NE Italy 75 67 65 68 69 66 61 3 

ps_52 Pse38 P. koreensis pork NE Italy 76 68 66 69 70 67 62 43 

ps_53 Pse39 P. fragi pork NE Italy 77 62 62 64 70 59 58 55 

ps_54 Pse44 P. fragi pork NE Italy 78 60 67 70 71 68 58 60 

ps_55 Pse46 P. koreensis pork NE Italy 79 69 68 71 72 69 63 61 

ps_56 761 5 P. koreensis sashimi NE Italy 80 70 69 72 73 70 64 62 

ps_57 762 1 P. fluorescens sashimi NE Italy 81 39 41 73 42 38 65 36 

ps_58 762 2 P. corrugata sashimi NE Italy 82 71 70 74 74 71 66 63 

ps_59 762 3 P. fluorescens sashimi NE Italy 83 72 71 75 75 72 67 64 

ps_60 762 5  sashimi NE Italy  73 70  76 73 68 65 

ps_61 763 1 P. fluorescens sashimi NE Italy 84 74 25 76 77 74 69 25 

ps_62 763 2  sashimi NE Italy  75 72  78 75 70 66 

ps_63 763 3  sashimi NE Italy  76 73  79 76 71 67 

ps_64 763 4 P. fluorescens sashimi NE Italy 85 77 74 77 80 77 72 68 

ps_65 815b P. koreensis rocket NE Italy 86 78 75 78 81 78 73 45 

ps_66 815 m P. koreensis rocket NE Italy 87 79 76 77 82 79 64 69 

ps_67 816d P. koreensis valerian NE Italy 88 80 77 79 83 80 66 70 

ps_68 816o P. corrugata valerian NE Italy 89 81 70 80 74 81 74 71 

ps_69 Pse48 P. mandelii dairy-product NE Italy 90 82 78 81 84 9 75 72 

ps_70 Pse49 P. fragi dairy-product NE Italy 91 83 79 82 85 82 76 73 

ps_71 Pse50 P. fragi UHT milk NE Italy 92 84 80 83 86 83 77 74 

(it continues in the follo wing page )  



 

 

Sample Strain Subgroup a Source Provenience b ST c 
Alleles c 

glnS gyrB ileS nuoD recA rpoB rpoD 
ps_72 Pse51 P. fragi dairy-product NE Italy 93 85 81 84 87 84 78 75 

ps_73 Pse52 P. fluorescens dairy-product NE Italy 94 86 82 85 88 85 79 76 

ps_74 Pse54 P. fragi dairy-product NE Italy 95 62 83 86 62 63 58 59 

ps_75* 62 P. fluorescens blue mozzarella cheese NE Italy 29 29 29 29 29 29 29 29 

ps_76* PISA 1 P. fluorescens mozzarella cheese C Italy 26 26 26 26 26 26 26 26 

ps_77* uk1 P. fluorescens blue beef England 96 87 5 5 89 86 80 77 

ps_78* uk4 P. fluorescens blue mozzarella cheese England 97 88 26 87 44 26 81 78 

ps_79* bb P. fluorescens blue pork NE Italy 98 89 5 5 90 86 82 5 

 

a The subgroup names (i.e., complexes, which are shown for field isolates) were assigned according to the attribution provided by Mulet et al., (2010).  

b The geographic position is reported for the Italian samples (NE: North -East, C: Central).  

c STs and alleles were determined by MLST. 

* Strains that produced the blue pigment on Potato Dextrose Agar and MBM Agar. 

 





 

 

Table 2.2 - Primers used for amplification and sequencing.  

Primer  Sequence (5' -3')  Gene Product  Size of PCR 
amplicon (bp)  

Size of the target 
sequence (bp)  

Annealing 
temp (°C)  Reference  

glnS_F ACCAACCCGGCCAAGAAGACCAGG(24) glutaminyl -tRNA 
synthetase 710 bp 501 bp 

64.7 
this study 

glnS_R TGCTTGAGCTTGCGCTTG(18) 56.0 

gyrB_F  GGTGGTCGATAACTCCATCG(20) 
DNA gyrase subunit B 704 bp 492 bp 

59.4 
this study 

gyrB_R  CGCTGAGGAATGTTGTTGGT(20) 57.3 

ileS_F TTCCCAATGAARGCCGGCCTGCC(23) 
isoleucyl-tRNA synthetase 633 bp 552 bp 

66.9 
this study 

ileS_R GGGGTGGTGGTCCAGATCACG(21) 65.7 

nuoD_F  GAAGTCCTGACCTTCCTGC(19) NADH dehydrogenase 
subunit D  771 bp 600 bp 

59.9 
this study 

nuoD_R  GAAGAACTCGGCCATCATG(19) 59.7 

recA_F TGGCTGCGGCCCTGGGTCAGATC(23) 
recombinase A 573 bp 435 bp 

69.9 Frapolli et al., 
2007 recA_R ACCAGGCAGTTGGCGTTCTTGAT(23) 62.4 

rpoB_F  TGGCCGGTCGTCACGGTAACA(21) DNA-directed RNA 
polymerase subunit beta 610 bp 477 bp 

64.8 
this study 

rpoB_R  CCGAAACGCTGACCACCGAAC(21) 64.3 

rpoD_F  CTGATCCAGGAAGGCAACATCGG(23) RNA polymerase sigma 
factor 631 bp 480 bp 

64.5 
this study 

rpoD_R  ACTCGTCGAGGAAGGAGCG(19) 65.6 
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2.4. Results  

2.4.1. Phenotypic characterisation  

The results of the phenotypic characterisation are summarised in Table 2.3. 

Table 2.3 - Phenotypic traits of the Pseudomonas fluorescens strains.  

The percent values are reported in brackets.  

Phenotypic traits  
 6 °C 22 °C 31 °C 
Pigment production on CFC PAB  
Yellow 27 (31.03%) 47 (54.02%) 11 (12.64%) 
Ochre 0 (0%) 10 (11.49%) 16 (18.39%) 
Blue  (diffusible)  3 (3.45%) 5 (5.75%) 0 (0%) 
Other 0 (0%) 4 (4.60%) 4 (4.60%) 
No colour 57 (65.52%) 21 (24.14%) 56 (64.37%) 
Not grown 0 (0%) 0 (0%) 0 (0%) 
Pigment production on PDA  
Yellow 1 (1.15%) 7 (8.05%) 3 (3.45%) 
Ochre 0 (0%) 2 (2.30%) 10 (11.49%) 
Blue  (diffusible)  
Light blue  (not diffusible)  

10 (11.49%) 
1 (1.15%) 

12 (13.79%) 
4 (4.60%) 

0 (0%) 
1 (1.15%) 

No colour 75 (86.21%) 62 (71.26%) 64 (73.56%) 
Not grown 0 (0%) 0 (0%) 9 (10.35%) 
Fluorescent emission on CFC PAB  
Yes 60 (68.97%) 55 (63.22%) 43 (49.43%) 
No 27 (31.03%) 32 (36.78%) 44 (50.57%) 
Not grown 0 (0%) 0 (0%) 0 (0%) 
Proteolytic  activity on NA with 2% UHT Milk  
Yes 63 (72.41%) 82 (94.25%) 36 (41.38%) 
No  24 (27.59%) 5 (5.75%) 50 (57.47%) 
Not grown 0 (0%) 0 (0%) 1 (1.15%) 
Lipolytic  activity on EYA  
Yes  52 (59.77%) 64 (73.56%) 25 (28.74%) 
No  35 (40.23%) 23 (26.44%) 61 (70.11%) 
Not grown 0 (0%) 0 (0%) 1 (1.15%) 
Lecithinasic activity on EYA  
Yes  52 (59.77%) 50 (57.47%) 34 (39.08%) 
No  35 (40.23%) 37 (42.53%) 52 (59.77%) 
Not grown 0 (0%) 0 (0%) 1 (1.15%) 

To standardise the data collection, a cut-off value was selected to verify the phenotypic traits. 

At 6 °C, the data were collected on the 10th day, when the traits were completely evident; at 
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22 °C and 31 °C, the cut-off was fixed on the 7th day, when the maximum expression of the 

traits was observed. 

All strains grew on CFC PAB, whereas 9 (10.98%) strains did not grow on PDA at 31 °C. 

Several strains did not show any pigment at 6 °C and 31 °C, whereas most of the strains 

(75.86%) produced pigments at 22 °C (yellow was the most common). The pigment produced 

by ps_1, ps_2, ps_5, ps_6, ps_13, ps_22, ps_25, ps_75, ps_76, ps_77, ps_78, and ps_79 on 

PDA was light blue at the beginning of the colour production, and its in tensity increased 

turning deep grey, dark blue and deep brown or black and the pigment diffused throughout 

the entire agar plate. Additionally, P. fluorescens biovar IV ( P. lemonnieri,  DSM 50415), 

ps_58, ps_62 and ps_68 produced a non-diffusible light blue  pigment on PDA. 

Pseudomonas libanensis (DSM 17149T), which was suggested as the strain responsible for 

the discolouration of mozzarella cheeses in the Annual Report of RASFF, did not produce any 

blue pigment on PDA.  

The production of fluorescent molecules was tested both on CFC PAB and PDA. Because of 

the higher fluorescent emission detected on CFC PAB, the results of the test on this medium 

are reported in Table 2.3; more than half of the strains produced fluorescent molecules at 6 

°C, 22 °C and 31 °C. Only 1 strain did not grow on EYA at 31 °C, and another one did not grow 

on NA with 2% of UHT Milk at the same temperature. Proteolytic activity was observed in 82 

(94.25%) strains at 22 °C, underlining that protease production is a common spoilage 

mechanism of the P. fluorescens group. 

Approximately 75% of the strains showed lipolytic activity in EYA at 22 °C, whereas half of 

the strains showed lecithinasic activity. These phenotypes and the related degree of 

manifestation were strictly connected with the growth temperature; thus, all th e information 

was summarised by a hierarchical cluster analysis.  

The statistical analysis of the enzyme production, representing the spoilage potential, allowed 

the definition of four  major groups within the considered population ( Figure 2.1). The group 

showing the maximum spoilage potential was characterised by high enzymatic activity, 

especially at 22 °C; the high spoilage activity group included all the strains with high 

proteasic and lipasic potential and low amounts of lecithinase production; the grou p showing 
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Figure 2.1 - Maximum Likelihood (ML) tree of the dataset.  

Phylogenetic reconstruction of the 100 Pseudomonas strains based on the seven MLST genes. The subgroups identified by the phylogenetic analysis are numbered as follows: (1) P. fragi subgroup; (2) P. jess enii subgroup; (3) P. corrugata 

subgroup; (4) P. koreensis subgroup; (5) P. chlororaphis subgroup; (6)   P. fluorescens subgroup. Coloured rectangles (internal ring) represent pigment production on PDA. The length of the red bars (middle ring) indicates th e enzymatic 

activity level according to the hierarchical cluster analysis. Coloured circles (external ring) represent the fluoresce nt emission ability on CFC PAB at 22 °C.  
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ps_25, ps_75, ps_76, ps_77, ps_78, and ps_79) that also contains four non-pigmented 

strains (ps_20, ps_33, ps_40, and ps_61). 

The completely sequenced strain P. fluorescens A506 and the type strain P. orientalis  DSM 

17489 were closely related to the blue-pigmented strains. The P. orientalis  DSM 17489 strain 

showed no blue pigment production in PDA. With the aim to evaluate the genetic diversity 

between groups of strains that were isolated from distinct ecological niches, the topology 

obtained through the phylogenetic reconstruction of the 79 field strains, excluding the 

reference and the completely sequenced strains (most of them isolated from the soil and the 

environment), was compared with  the one that was previously obtained (Figure 2.11, 

reported at the end of Chapter 2); the tree had higher bootstrap values, although some 

branches were located in different positions. However, the main cluster composition was 

maintained.  

2.4.4. Recombination analysis of the population structure  

ClonalFrame allowed the investigation of clonal relationships and recombination events for 

the concatenated sequences. The genes glnS and recA were revealed to be the most 

recombinant, whereas nuoD, rpoB  and rpoD  were not affected by recombination. The ML 

and ClonalFrame trees were compared, and the topologies were found to be very similar to 

one another, supporting the main cluster and sub-cluster division (data not shown).  

The ratio of recombination to mu tation (r/m) was calculated for the entire population and 

was equal to 0.710 (a low value according to Vos and Didelot, 2009), demonstrating the 

predominance of mutation events. However, when the field strains were analysed separately, 

ClonalFrame detected a slightly higher recombination rate with an r/m value equal to 1.228 

(an intermediate value according to Vos and Didelot, 2009).  

Structure software was used to investigate the population structure of the Pseudomonas 

population: the program allows to dete ct the presence of subpopulations that are different in 

terms of allelic frequencies and also to visualise the occurrence of genetic transfer within the 

subgroups. The software identified two major groups (K = 2 ; Figure 2.2). 

Sixty-nine strains were homogeneous, whereas the remaining strains were of a mixed origin, 

indicating that some sequences could have been imported from the other population. 
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The MLST approach is a greatly advantageous typing method as it allows rapid and cheap 

sequence-based strain identification that could be easil y shared between different 

laboratories. 

The aim of this study was the creation and implementation of a MLST scheme and public 

database to genetically type the strains belonging to the P. fluorescens group that were 

isolated from food  products to understand genetic differences among them and to identify a 

potential connection with specific phenotypic traits.  

The strain discrimination power resulting from the MLST was high, the method was robust, 

practical and allowed the discrimination of all the taxa that were analysed. Among the initial 

142 strains, 98 different STs were identified, demonstrating the presence of high 

heterogeneity even within the same taxon . Only two STs (ST26 and ST29) were found 

simultaneously in different strains that were isolated from  samples of blue mozzarella cheese 

originating from different dairy plants.  

The ML tree showed a similar topology to that obtained from 16S rRNA, gyrB , rpoB  and 

rpoD  sequences in the study conducted by Mulet et al., (2010), except for the P. fragi  

subgroup that was not well-separated from all the others. A similar clustering was obtained 

by Matthijs et al., (2012): P. fragi  belonged to a distinct cluster, whereas P. mandelii  and P. 

koreensis were in two different subgroups. However, the tree obtained throu gh this double-

loci approach was characterised by lower bootstrap values (Matthijs et al., 2012). 

A low level of recombination (r/m: 0.710) was detected by the ClonalFrame analysis, 

demonstrating that mutation could be the predominant driving force in the diversification of 

the P. fluorescens group that was considered. The r/m value was lower than the one reported 

for Pseudomonas viridiflava  (r/m = 2.0) and Pseudomonas syringae (r/m = 1.5) by Vos and 

Didelot (2009). This difference is most likely because of two factors: first, recombination 

rates depend on the ecological characteristics of the strains, and the populations considered 

by Vos and Didelot are both plant pathogens, suggesting that a higher occurrence of 

recombination could be detected among strains sharing an identical ecological niche. 

Actually, when the field strains were analysed separately, excluding the Type and reference 

strains and the six completely sequenced genomes obtained from GenBank, a higher r/m 





Chapter 2 

 
82 

another pigment, such as pyomelanin. Actually, P. fluorescens biovar IV, a strain isolated 

from soil, could also produce a deep-blue pigment on PDA (Hugo and Turner, 1957), which 

has been described by Starr et al., (1967) as a blue insoluble intracellular pigment. In 2011, 

Martin and collaborators simula ted the contamination of a fresh low-acid cheese with the P. 

fluorescens biovar IV: the isolates produced a blue pigment and fluoresced under UV light 

when re-inoculated onto fresh, low-acid cheese. However, the phenotypic analysis of the P. 

fluorescens biovar IV in this study demonstrated important differences in the pigment 

produced from the mozzarella borne strains. The P. fluorescens biovar IV produced a blue 

water insoluble pigment that could be observed at 31 °C on PDA and a fluorescent emission 

after UV light exposure (Martin et al., 2011), whereas the blue pigment produced by the 

strains in this study was diffusible, not fluorescent and was produced only at 6 °C and 22 °C 

and not at 31 °C; additionally, P. lemonnieri  did not produce any pigment on MB M Agar or 

on mozzarella cheese.  

Pyomelanin was also excluded from the hypothesis as the cause of the mozzarella 

discolouration because the addition of lysine did not enhance the pigment production in 

MBM Agar (Boles et al., 2004). Thus, the matched use of both PDA and MBM Agar is 

suggested to highlight this phenotypic trait.  

Concerning enzymatic alteration, P. fluorescens is responsible for the highest depredation of 

milk because of its capacity to synthesise extracellular enzymes (Dufour et al., 2008).  

As reported by Marchand et al., (2009), protease production is more frequent than other 

observed phenotypic traits. 

Lipolytic and lecithinasic spoilage is less frequently reported in food, most likely because of 

the lower percentage of strains bearing this adulteration ability. Nevertheless, all the traits 

were temperature-dependent. The P. fragi  strains were characterised by no lecithinasic 

activity, confirming the results that were obtained by Franzetti and Scarpellini (2007).  

The strain clustering based on the phenotypic traits underlined the clear distinction within 

the considered population, which, however, could not be directly linked to the phylogenetic 

grouping, except for the blue pigment production. Indeed, it is interesting to highlight that all 

the blue-pigmented strains belong to a unique phylogenetic cluster, as shown in Figure 2.1. 



Chapter 2 

 
83 

Moreover, the only two strains isolated from meat (ps_77 and ps_79) were clustered together 

in a clearly independent group, very close to P. fluorescens A506, even though isolated from 

different geographical area (England and Italy) and from different sources (beef and pork). 

No evident clusterization based on other phenotypic traits (i.e. degree of enzymatic activity) 

was apparent.  

In 2013, Nogarol and colleagues applied a PFGE protocol to 181 strains of P. fluorescens that 

were isolated from mozzarella cheese samples from Italian and German plants involved in 

the blue mozzarella events, but they could not identify any phylogenetic clusters that were 

responsible for the blue discolouration (Nogarol et al., 2013). Most likely this is because of 

the lack of phenotypic tests that confirmed the real ability of the strains to produce the blue 

pigment. It has been demonstrated here that not all the strains that were isolated from the 

spoiled blue mozzarella cheeses have been able to produce the pigment on PDA (see Table 

2.1). 

The pigment production test on the cheese demonstrated that the P. fluorescens strains 

(ps_1, ps_2, ps_5, ps_6, ps_13, ps_22, ps_25, ps_75, ps_76, ps_77, ps_78 and ps_79) were 

able to reproduce the blue colouration under controlled experimental conditions in an in 

vitro  system on mozzarella cheese, confirming that the mozzarella cheese is a substrate that 

allowed the pigment production after oxygen exposure. The phylogenetic relatedness of the 

blue-pigmenting strains represents an outstanding result, indicating that this characteristic is 

clearly related to the core genome, although phenotypic properties are often linked to the 

accessory genes. No previous studies were able to connect this phenotypic trait to a specific 

genetic cluster and this discovery may help focus on a specific group for controlling the 

strains involved in the blue discolouration of dairy products.  

In conclusion, this study was characterised by thorough comparative work of microbiological 

and molecular approaches to investigate the nature of the genetic relationships between the 

isolates and to characterise the blue pigmented producers together with the main spoilage 

traits. The production of the blue pigment seemed to be related to the presence of a specific 

gene or genomic regions in the core genome of the strains, as they all clustered in the same 

phylogenetic group.  
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2.8 . Supplementary data  

 

Figure 2.4 - ML tree based on glnS sequencing . 

Phylogenetic reconstruction of six completely sequenced strains, seventeen Type strains, one 
reference strain and 79 isolates based on glnS sequencing. 
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Figure 2.5 - ML tree based on gyrB  sequencing . 

Phylogenetic reconstruction of six completely sequenced strains, seventeen Type strains, one 
reference strain and 79 isolates based on gyrB sequencing. 
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Figure 2.6 - ML tree based on ileS sequencing . 

Phylogenetic analysis of six completely sequenced strains, seventeen Type strains, one reference 
strain and 76 isolates based on ileS sequencing. 
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Figure 2.7 -ML tree based on nuoD sequencing . 

Phylogenetic reconstruction of six completely sequenced strains, seventeen Type strains, one 
reference strain and 79 isolates based on nuoD sequencing. 
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Figure 2.8  - ML tree based on recA  sequencing . 

Phylogenetic reconstruction of six completely sequenced strains, seventeen Type strains, one 
reference strain and 79 isolates based on recA sequencing  
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Figure 2.9 - ML tree based on rpoB sequencing . 

Phylogenetic reconstruction of six completely sequenced strains, seventeen Type strains, one 
reference strain and 79 isolates based on rpoB sequencing. 
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Figure 2.10 - ML tree based on rpoD sequencing . 

Phylogenetic reconstruction of six completely sequenced strains, seventeen Type strains, one 
reference strain and 79 isolates based on rpoD sequencing. 
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Figure 2.11 - ML tree of the field strains of the dataset . 

Phylogenetic reconstruction of 76 isolates based on the concatenated analysis of glnS, gyrB, ileS, 
nuoD, recA, rpoB e rpoD. Blue pigmenting strains are marked with * symbol.  
 

  





 

 

Table 2.5 - Origins and typing data of Pseudomonas fl uorescens strains analysed in this study.  

a The subgroup names (i.e., complexes, which are shown for field isolates) were assigned according to the attribution provided by Mulet et al., (2010). 

b The geographic position is reported for the Italian samples (NE: North -East, C: Central).  

c STs and alleles were determined by MLST. 

* Strains that produced the blue pigment on Potato Dextrose Agar and MBM Agar. 

 

Sample Strain Subgroup a Source Provenience b ST c 
Alleles c 

glnS gyrB ileS nuoD recA rpoB rpoD 

ps_80* SAL1 P. fluorescens salami NE Italy 99 34 37 88 37 33 35 33 

ps_81* BU3 P. fluorescens butter NE Italy 100 90 84 29 29 29 29 29 

ps_82* PCA3 P. fluorescens butter NE Italy 37 34 37 36 37 33 35 33 

ps_83* EL1 P. fluorescens ricotta cheese NE Italy 101 91 85 43 91 26 83 79 

ps_84* ML1  P. fluorescens mozzarella cheese NE Italy 102 92 5 5 92 86 82 78 

ps_85* 811/2 P. fluorescens mozzarella cheese NE Italy 103 93 25 89 93 87 69 25 

ps_86*  811/1 P. fragi mozzarella cheese NE Italy 104 94 27 90 94 64 84 27 
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Figure 2.12 - ML tree of the expanded dataset . 

Phylogenetic reconstruction of the 110 Pseudomonas strains based on the sequences seven MLST 
genes. The blue branch is highlighted in blue. 
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3.1. Abstract  

Pseudomonas fluorescens is a well-known food spoiler, able to cause serious economic losses 

in the food industry due to its ability to produce many extracellular, and often thermostable, 

compounds. The most outstanding spoilage events involving P. fluorescens were blue 

discolouration of several food stuffs, mainly dairy products. The bacteria involved in such 

high-profile cases have been identified as belonging to a clearly distinct phylogenetic cluster 

of the P. fluorescens group. Although the blue pigment has recently been investigated in 

several studies, the biosynthetic pathway leading to the pigment formation, as well as its 

chemical nature, remain challenging and unsolved points. 

In the present paper, genomic and transcriptomic data of four  P. fluorescens strains (two 

blue-pigmenting strains and two non-pigmenting strains) were analysed to evaluate the 

presence and the expression of blue strain-specific genes. In particular, the pangenome 

analysis showed the presence in the blue-pigmenting strains of two copies of genes involved 

in the tryptophan biosynthesis pathway (including trpABCDF ). The global expression 

profiling of blue -pigmenting strains versus non-pigmenting strains showed a general up-

regulation of genes involved in iron uptake and a down-regulation of genes involved in 

primary metabolism. Chromogenic reaction of the blue -pigmenting bacterial cells with 

Kovac's reagent indicated an indole-derivative as the precursor of the blue pigment. Finally, 

solubility tests and MALDI -TOF mass spectrometry analysis of the isolated pigment 

suggested that its molecular structure is very probably a hydrophobic indigo analogue. 

3.2 . Introduction  

The genus Pseudomonas comprises several rod-shaped, Gram-negative, aerobic, mesophilic 

and psychrotolerant microorganisms, characteri sed by simple nutritional requirements 

(Anzai et al., 2000; Frapolli et al., 2007). Recent taxonomic issues (Palleroni, 2010) led to 

the identification of multiple phylogenetic clusters, among which the Pseudomonas sensu 

stricto  group (rRNA group I) stands out. It  comprises several species, such as Pseudomonas 
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indigoidine has been identified in Erwinia chrysantemi  (now Dickeya dadantii ; Reverchon 

et al., 2002; Chu et al., 2010), in Photorhabdus luminescens (Brachmann et al., 2012), 

Phaeobacter sp. (Cude et al., 2012), Streptomyces chromofuscus (Yu et al., 2013) and 

Vogesella indigofera  (van de Loo et al., 1998). Indigoidine synthesis, in E. chrysanthemi , 

depends on a regulator region (pecS) and three open reading frames (ORFs) designated indA , 

indB  and indC. In V. indigofera , the indigoidine locus is composed of five genes, igiA , igiB , 

igiC , igiD  and igiE  (van de Loo et al., 1998). It has been demonstrated that this pigment plays 

an important role in tolerance to oxidative stress (Reverchon et al., 2002), but its intrinsic 

function remains elusive (Brachmann et al., 2012).  

In recent years, Next-Generation High -Throughput Sequencing (HT-NGS) has been 

increasingly used, overtaking classical microbiology and first generation biomolecular 

technology in several fields, such as diagnostics and biotechnology, but also food 

microbiology. This is due to the enormous advantages of these techniques, which are less 

time-consuming, cheaper and more adaptable to several research goals (Diaz-Sanchez et al., 

2012; Solieri et al., 2012). In food microbiology, HT -NGS approaches have generally been 

applied for food safety purposes, investigating food pathogens such as Salmonella  spp. (Holt 

et al., 2008 ; Andrews-Polymenis et al., 2009) and Listeria monocytogenes  strains isolated 

from meat products (Gilmour et al., 2010). HT-NGS applications are numerous: including 

whole-genome sequencing, RNA-sequencing techniques, investigating bacterial expression in 

different environmental conditions, and the investigation of the microbiota of food products 

through metagenomics and metatranscriptomics (Diaz -Sanchez et al., 2012; Loman et al., 

2012; Solieri et al., 2012). However, poor bibliography is available about food spoilers so far. 

In the present study, the draft genomes of four phylogenetically related P. fluorescens strains 

were determined. The strains were previously characterised as having two different 

phenotypes: two are able to produce the blue pigment and two are non-pigmenting strains. 

The same strains were also analysed using a transcriptomic approach to identify differential 

gene expression in blue-producing and not -producing strains. Finally, analytical techniques 

were applied in order to suggest the molecular structure of the isolated blue pigment. 
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were submitted to the Sequence Read Archive (SRA; http://www.ncbi.nlm.nih.gov/sra/ ) with 

the following accession numbers: SRR1720109; SRR1720183; SRR1720185 and SRR1720188. 

FASTQ reads were checked for quality using FastQC (Version 0.11.2, Babraham Institute; 

http://www.bioinformatics.babraham.ac.uk/projects/ ) and CLCBio GenomicsWorkbench 

(version 7.5). Trimming of the reads was performed using SolexaQA++ v.3.0 (Cox et al., 

2010). De-novo assembly was carried out using Assembl-o-matic (Fondi et al., 2014) with 

minimum k -value = 20 and maximum k-value = 90. Contig mapping was performed using 

Contiguator (Galardini et al., 2011) which allowed the mapping of the draft genomes on the 

reference genome P. fluorescens A506 (NC_017911. 1). Finally, the genomes were annotated 

using Prokka: Prokaryotic Genome Annotation System, which merges Prodigal 2.60, Aragorn 

and RNAmmer 1.2 to predict open reading frames (ORFs), tRNAs, and rRNAs respectively 

(Seemann, 2014).  

G-C content was obtained using Artemis release 16.0.0 (Carver et al., 2012); the presence of 

plasmids was investigated using Plasmid finder 1.2 (Carattoli et al., 2014). 

The draft genome sequence data are now available in NCBI under the following sequence 

numbers: LCYA00000000, LCYB00000000, LCYC00000000 and LCYD00000000.  

A phylogenomic analysis of the four  draft genomes of this study and eighteen complete and 

draft genomes was performed using Gegenees (Ågren et al., 2012). The list of genomes used 

for this analysis is reported in Table 3.1. 

A preliminary pangenome analysis was performed using the Perl script Parapipe, which uses 

Multiparanoid  and automatically performs  paired comparisons within each possible couple 

of genomes among the ones provided (https://sourceforge.net/projects/parapipe/ ). Lists of 

proteins obtained were analysed using Blast2GO®  (https://www.  blast2go.com/b2ghome; 

Conesa et al., 2005).  

The analysis of the presence of genes involved in indigoidine biosynthesis was conducted 

using the stand-alone version of Protein-Protein BLAST 2.2.28+ with threshold e-value of 1e-

6 (Shiryev et al., 2007). Query was constituted by indABC of indigoidine producing species 

(D. dadantii , NC_014500, previously known as E. chrysanthemi ; Dickeya zeae, NC_012912; 

P. luminescens, NC_005126; Serratia proteamaculans , NC_009832; Streptomyces albus,

http://www.ncbi.nlm.nih.gov/sra/
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Table 3.1 - Complete and draft genomes analysed in the phylogenomic investigation 
using Gegenees.  

Strains  Accession numbers  
P. fluorescens_A506 NC_017911.1 
P. fluorescens_BBc6R8 NZ_AKXH00000000.2  
P. fluorescens_BRIP34879  NZ_AMZW00000000.1  
P. fluorescens_BS2 NZ_AMZG00000000.1  
P. fluorescens_CHA0  NC_021237.1 
P. fluorescens_F113  NC_016830.1 
P. fluorescens_NCIMB_11764 NZ_CM001560.1 
P. fluorescens_NZ007  NZ_AKBR00000000.1  
P. fluorescens_NZ011 NZ_AJXJ00000000.1  
P. fluorescens_NZ052  NZ_AJXH00000000.1  
P. fluorescens_NZI7  NZ_AJXF00000000.1  
P. fluorescens_Pf0_1  NC_007492.2  
P. fluorescens_Q2_87  NZ_AGBM00000000.1  
P. fluorescens_Q8r1_96  NZ_AHPO00000000.1  
P. fluorescens_SBW25 NC_012660.1 
P. fluorescens_SS101  NZ_CM001513.1 
P. fluorescens_WH6  NZ_CM001025.1 
P. fluorescens_Wood1R NZ_CAFF00000000.1  

  

Table 3.2 - Genes involved in indigoidine biosynthesis used as query for the Blastp 
investigation of ps_20, ps_22, ps_40 and ps_77 draft genomes.  

Gene  Strains  Locus  

indA  

Dickeya dadantii  (strain 3937)  Dda3937_00974  
Dickeya zeae Dd1591_0071 

Photorhabdus luminescens plu2187 
Serratia proteamaculans  Spro_1699 

Streptomyces albus XNR 5636 XNR_5636  
Streptomyces fulvissimus  SFUL_5937 

indB 

Dickeya dadantii  (strain 3937)  Dda3937_00973  
Dickeya zeae Dd1591_0072 

Photorhabdus luminescens plu2182 
Serratia proteamaculans  Spro_1697 

Streptomyces albus XNR 5636 XNR_5633  
Streptomyces fulvissimus  SFUL_2478 

indC 

Dickeya dadantii  (strain 3937)  Dda3937_00972  
Dickeya zeae Dd1591_0073 

Photorhabdus luminescens plu2186 
Serratia proteamaculans  Spro_1698 

Streptomyces albus XNR 5636 XNR_5634  
Streptomyces fulvissimus  SFUL_5936 

igiA  Vogesella indigofera  AAD54004.1 
igiB  Vogesella indigofera  AAD54005.1 
igiC  Vogesella indigofera  AAD54006.1 
igiD  Vogesella indigofera  AAD54007.1 
igiE  Vogesella indigofera  AAD54008.1 





http://bioinfogp.cnb.csic.es/tools/venny/index.html
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while 250, 1,526, 1,308 and 391 genes were unique respectively for ps_20, ps_22, ps_40 and 

ps_77. A summary of pangenome analysis is reported in Figure 3.2. 

 

Figure 3.2 - Pangenome analysis.  

Euler-Venn chart of computed Pangenome analysis using Parapipe. Each strain is represented by an 
oval. The number of orthologous coding sequences (CDSs) shared by all strains is reported in the 
center of the image. Overlapping regions show the number of CDSs conserved only within the 
specified genomes. Numbers in non-overlapping portions of each oval show the number of CDSs 
unique to each strain.  

The preliminary analysis of the genomic results showed some macroscopic differences 

between the two phenotypes considered. The 114 genes shared by the non-pigmenting strains 

and the 194 genes exclusive to the blue-pigmenting strains were classified in 18 COG (Cluster 

of Orthologous Group) Functional Categories, showing different gene balance between the 

two phenotypes. The relative abundance of each COG functional category is reported in Table 

3.4. 

Blastp analysis showed that approximately 50% of the blue pigmenting strains' unique genes 

are located in the genomic regions that are represented by two contigs of the ps_77 draft 

genome (contig_0004 and contig_0057 of 1,907,245 and 214,980 bp, respectively).  

Contig_0004 is particularly interesting because it contains five clusters that are unique to 

ps_22 and ps_77 interspersed within clusters of nonexclusive genes. For the sake of 

simplicity the aforementioned contigs, clusters and genes are reported with the nomenclature 

referring to ps_77 only. A graphical representatio n of contig_0004 is reported in Figure 3.3. 

The major gene cluster with blue-strains exclusive genes is made of loci between 





 

  

 

 

 

Figure 3.3 - Graphical representation of the 84,616 bp gene clusters in contig_0004 of ps_77 draft genome . 

The cluster of contig_0004 of ps_77 containing accessory trp genes (16,159 bp) is showed in detail. Accessory trp genes are marked with ** symbol. Extremity 
gene numbers and nt-position for each clusters are reported.  The gene clusters unique to the blue-pigmenting strains are highlighted in blue. The clusters shared 
among pigmenting and non -pigmenting strains are reported in pink.  
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producers of the blue pigment. However, a previous paper has already demonstrated the blue 

pigment produced by P. lemonnieri  is completely different from the one produced by the P. 

fluorescens strains isolated from the blue spoiled food (Andreani et al., 2014). In particular, 

the reference strain of P. lemonnieri  (DSM 50415) produces a non-diffusible green-blue 

pigment (10GY3/8 according to Munsell Color System) on PDA, while no pigment is visible 

on MBM agar or on mozzarella cheese, which is in contrast to the blue-pigment producing 

strains under investigation he re. 

3.4.2. Growth curves and pigment production  

No significant differences were noticed between the growth rates of the ps_20, ps_22, ps_40 

and ps_77 cultures in MBM broth in the same conditions of incubation (data not shown).  

As expected, only ps_22 and ps_77 became darker because of the production of the blue 

pigment during bacterial growth. After the pigment production, the whole broth took on a 

darker shade (2.5PB2/2 according to Munsell Color System); the pigment was particularly 

visible in brown corp uscles on the surface of the broth exposed to air, when the O.D. reached 

0.7 at 600 nm, corresponding to about 7×108 CFU/mL. As already shown on the agar plates, 

in liquid medium the pigment seemed to be diffusible, as all the liquid turned from pale 

yellow to brown. It was evident that the blue pigment production took place in the late 

logarithmic phase. Based on the present and previously published data (Andreani et al., 

2014), MBM broth was selected to study gene expression related to the blue pigment 

production.  

3.4.3. Transcriptome sequencing and analysis  

Cells reached an O.D. of 0.7 at 600 nm between 35 and 41 h, showing similar growth rates 

overall. At the moment of the O.D. measurement, the cultures were in the late logarithmic 

phase and none of them reached the stationary phase. For this reason each culture can be 

considered metabolically active. 

A total of 127,562,641 base pairs were generated using Illumina 2500 50 single-end (UC 

Davis Genome Center). The quality of the reads was high, as almost 98% of the reads of each 

transcriptome had a PHRED value higher than 30. A preliminary evaluation cond ucted using 
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in states of low iron concentration. The genomes of both blue and non-pigmenting strains 

carry the genes involved in the biosynthesis of pyoverdine, but only the blue-pigmenting 

showed the ability to express them and synthesize the yellow pigment to improve iron 

content. 

It is not clear whether the major iron requirement is due to the necessity to produce the blue 

pigmented molecule or whether the blue pigment produced by the strains could itself be 

helpful in iron up take. 

Up-regulation of genes encoding for oxidoreductases  

Six genes coding for oxidoreductase appear to be up-regulated in the blue-pigmenting 

strains. This class of enzymes comprises oxygenases (monooxygenases and dioxygenases), 

and in particular the sup eroxide dismutase sodA1, which is involved in stress resistance and 

is upregulated also in iron depletion conditions (Lim et al., 2012). 

Down-regulation of genes involved in primary metabolism  

Genes involved in amino acid biosynthesis (ilvB , asnB, pheT, aroK , nspC, PflA506_1916, 

PflA506_4051, PflA506_0784) and cell replication ( recF, mdoH , fstQ and ftsK) were 

significantly down -regulated in the blue-pigmenting strains. This means that these strains 

require a lower primary metabolism activity, leading to a  major investment in alternative 

pathways, as reported for P. fluorescens in a state of iron scarcity (Lim et al., 2012). 

Down-regulation of genes of the respiratory chains  

In aerobic metabolism, the respiratory chain typically uses proteins that require i ron 

cofactors. Down-regulation of genes coding for proteins of the respiratory chain is consistent 

with the evident status of iron depletion and the up -regulation of genes involved in iron 

uptake observed in the blue-pigmenting strains (Lim et al., 2012). 

 

The transcriptomic analysis showed the importance of iron metabolism for the production of 

the blue pigment. However, the link between the blue phenotype and iron depletion remains 

unclear. No other important differences were observed between blue-pigment ing strains and 

non-pigmenting strains, which led to the hypothesis that the blue pigment production might 





 

 

 

 

Figure 3.5 - Comparative representation of trp gene cluster . 

Graphical representation of trp gene -containing cluster of P. fluorescens A506, of the blue-pigmenting strains (ps_22 and ps_77) and of the non -pigmenting 
strains (ps_20 and ps_40). Core genes are reported on the left; the accessory genes unique to the blue-pigmenting strains are shown on the right and marked 
with ** symbol. Annotated CDS number is reported for each strain.  
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necessary to infer the most likely source of this putative HGT event. 

Tryptophan is an aromatic amino acid whose synthesis is biochemically the most expensive 

in bacteria (Bentley, 1990). However, in several bacteria, tryptophan is not only a protein 

constituent as several bacterial species use the tryptophan biosynthetic pathway for other 

purposes such as production of quinolone (in P. aeruginosa; Xie et al., 2003), indole -3-acetic 

acid (in Azospirillum brasilense ; De Troch et al., 1997) and violacein (in Chromobacterium 

violaceum ; Antônio and Creczynski-Pasa, 2004). 

Because of the absence of accessory trp  genes in P. fluorescens A506, the annotated contig of 

ps_77 containing both core and accessory copies of trp  genes (except trpF ) was used as the 

reference for the setting up of the RNAseq data analysis. Interestingly, the genes identified as 

exclusively present in blue-pigmenting strains were highly expressed, especially the trp  

accessory cluster, whose expression was higher than the respective genes present in the core 

genome (Table 3.6).  

Table 3.6 - Read count of core genome and accessory trp genes in blue -pigmenting 
strains . 

Gene  
Ps_22  Ps_77  

Core genome 
gene  

Accessory 
gene**  

Core genome 
gene  

Accessory 
gene**  

trpA  260 11,209 615 15,760 

trpB  706 14,289 882 18,410 

trpC  270 5,543 785 2,372 

trpD  364 12,026 558 20,810 

trpF a - 923 - 943 

atrpF core genome gene is not present in contig_0004.  

These results suggest the possible involvement of the accessory trp  genes in the blue pigment 

production. The knocking down of these genes in the blue-pigmenting strains could be used 

as a strategy to effectively test their role in synthesizing the pigment. 

3.4.5. Biochemical characteri sation of the blue pigment  

Tryptophan is also involved in indigo biosynthesis ( Figure 3.6). Indigo is a dark blue dye, 

widely used in the textile industry. It was initially extracted from plants of the genus 
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Indigofera  (Adeyanju et al., 2011), but the natural extraction was first replaced by chemical 

synthesis and more recently by biosynthesis using genetically modified microbes (Ensley et 

al., 1983; Murdock et al., 1993; Pathak and Madamwar, 2010). Indigo production takes place 

via indole oxidation. Various enzymes belonging to monoxygenase and dioxygenase classes 

are capable of indole oxidation to form the unpigmented parental compound of indigo 

(cisindole-2,3-dihydrodiol; Ensley et al., 1983; O'Connor et al., 1997; O'Connor and 

Hartmans, 1998; Berry et al., 2002). Several Pseudomonas species were reported as 

synthesizing such enzymes (Eaton and Chapman, 1995; Pathak and Madamwar, 2010; Ma et 

al., 2012), but so far none of them has been shown to synthesize indole. The analysis of the 

draft genomes of the four P. fluorescens strains showed the absence of the tryptophanase 

gene (tnaA ) that encodes for the enzyme responsible of the conversion of tryptophan to 

indole in indole -producing bacteria. To test the hypothesis that the blue pigment could be 

indigo, the four strains were  tested for indole production, as it is widely accepted that this 

molecule is the biosynthetic precursor of indigo and an increased tryptophan production 

could be related to the synthesis of blue pigments through an indole intermediate. A positive 

result to the Kovac's indole test is typically assessed by observing the formation of a purple 

compound (7.5R5/18 according to Munsell Color System). The same reagent can produce 

different coloured substances with different indole derivatives (Ehmann, 1977).  

In th e present case, the four P. fluorescens strains grew similarly in the SIM agar; the straw -

yellow colour of the agar inoculated with the blue pigmenting strains started to darken after 

24 h, becoming progressively browner, as shown in Figure 3.7. The addition of Kovac's 

reagent generated no positive reaction at 24 h, while a green-blue halo (2.5B2/4 according to 

Munsell Color System) was visible in the blue-pigmenting strains at 48 and 72 h. Only 

pigmented colonies led to the chromogenic reaction in the presence of Kovac's reagent, 

indicating that the formation of the pigment is unequivocally cor related to the biosynthesis of  

indole or an indole -derivative. The formation of a green-blue colour demonstrated that an 

indole-derivative was produced and not indole. It should be noted that the reaction occurred 

in the same time window as pigment production.  



 

 

 

Figure 3.6 - Indigo biosynthetic pathway . 

Indigo biosynthetic pathway and role of trp gene -encoding enzymes in the production of indigo -dye in recombinant Escherichia coli showing both indole 
production and indole -oxidative enzymes. Adapted from Berry et al., 2002.  
 

 

Figure 3.7 - Indole production test . 

Reactions observed during indole -test; no positive reaction was visible after 24 hours of growth in SIM agar (a). A green -blue halo was visible in the blue-
pigmenting strains at 48 hours (b) and 72 hours (c). No reaction was visible after 168 hours (d).  
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Interestingly, when the production of the blue pigment by bacterial cells ended, the 

chromogenic reaction by the Kovac's reagent did not take place anymore, suggesting that the 

indole-derivative is not present anymore. This indicates that the completion of the blue 

pigment formation reaction coincides with the depletion of an indole -derivative, evidencing 

its role as precursor of the pigment in the biosynthetic route. Therefore, as pigmenting 

strains showed the presence of a second copy of the genes involved in the tryptophan 

pathway, the activity of this biosynthetic route for the formation of an indole -derivative, 

which could produce a blue-coloured indigo -derivative, is plausible. 

The coloured material was physically separated from the bacterial culture broth and 

solubility tests were performed in order to characteris e the chemical behaviour of the 

pigment. The pigmented material proved to be insoluble in water, 1 M NaOH, ethanol, 

methanol, acetonitrile and DMSO. In contrast indigo (Sigma 229296), indigoidine and leuco -

indigoidine are freely soluble in water and DMSO (Cude et al., 2012; Kurniawan et al., 2014). 

The different  chemical behaviours can be explained by the presence of organic substituents 

on the indigo molecule, which are possibly responsible of its hydrophobicity, as is the case 

with the indigoids studied by Starr et al., (1967), which were soluble in pure TFA as well. 

The extract derived from the treatment of the coloured material with DMSO was 

characterised by LC-MS/MS using a 6520 Q-TOF mass spectrometer as described in the 

Material s and methods section (paragraph 3.3.7.). In contrast with Caputo et al., (2015), this 

study did not find any trace of indigoidine or leuco -indigoidine. The pig mented bacterial 

pellet was only partially soluble in concentrated TFA. 

MALDI -TOF mass spectrometry was used to characterise the pigment. As a control, the 

molar mass of commercial indigo was determined according to the protocol by Sanz et al., 

(2012), with a result of 263.08 g/mol, which is in agreement with the reported value (262.27 

g/mol). MALDI -TOF Mass spectrometry analysis identified a compound with a molar mass 

of 434.17 g/mol. This result does not agree with the findings by Caputo et al., (2015); the 

considerably higher value of the molecule confirms the previous hypothesis that it is 

plausible that an indigo -derivative is formed by coloured P. fluorescens strains. Recently, a 

study reported the involvement of indigo -derivative molecules as modulators in bacterial 
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signalling pathways (Biswas et al., 2015). This result suggests a potential function for the blue 

pigment. Additional experiments are required to evaluate the role of the blue pigment acting 

in cell-cell interactions or as an antimicrobial agent.  

Although the chemical formula of the blue pigment is still unknown, these results offer a key 

for completing the biosynthetic pathway leading to pigment formation from tryptophan.  

At the moment it can be concluded that the blue pigment pr oduced by coloured P. 

fluorescens strains is not indigo nor indigoidine, but a heavier molecule, and specifically, an 

indigo -derivative. 

3.5 . Conclusions  

The spoilage potential of P. fluorescens and, in particular, its ability to produce a blue 

pigment on several food matrices can cause serious economic losses in the food industry. In 

the present study, the production of the blue pigment was investigated through genomic and 

transcriptomic techniques. The presence in the blue-pigmenting strains of double copies of 

trp  genes indicates the potential involvement of these genes in the blue pigment production. 

This result is of great interest for the prevention of food discolo uration spoilage. In fact, the 

unique presence of these genes in the pigmenting strains can be useful in designing Real-

Time PCR assays to reveal the presence of blue producing strains in different food matrices. 

The transcriptomic analysis revealed a high state of iron depletion in the blue-pigmenting 

strains that may be better understood on completion of the pigment chemical structure 

identification. A hypothesis could be that iron is a co -factor for specific enzymes involved in 

the pigment production. Again, the trp  gene cluster has been shown to be potentially related 

to the blue pigment production, resulting in its being highly expressed only in the blue 

pigmenting strains.  

The results from the chromogenic test, solubility characteris ation and mass spectrometry 

analysis suggest that the blue pigment is a hydrophobic indigo-like molecule. Further 

chemical analyses of the pigment are still in progress in order to unequivocally identify its 

molecular structure.  In conclusion, the coupling of NGS techniques with biochemical analysis 
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3.8 . Supplementary data  

Table 3.7 - Up - and down - regulated genes obtained through Differential Gene Expression Analysis . 

Gene 
name a Synonym b Annotated Functions c 

Fold Change d  
(original 
values)  

EDGE test:  
blue vs white. 

tagwise 
dispersions   P-

value e 

a.  Up-regulated genes  
 
 

IRON UPTAKE   

efeO PflA506_2583  periplasmic iron transport protein EfeO  4.487858112 2.86E-04 
efeU PflA506_2584  ferrous iron permease EfeU 3.681618075 2.05E-03 
pvdO PflA506_3086  chromophore maturation protein PvdO  5.635179619 4.03E-06 
pvdF PflA506_3087  N(5)-hydroxyornithine transformylase PvdF  2.241941643 6.38E-03 
pvdI  PflA506_3091  non-ribosomal peptide synthetase PvdI 2.709517532 3.19E-04 

OXIDOREDUCTASES   

sodA1 PflA506_0863  superoxide dismutase 3.050019925 8.63E-03 
- PflA506_1293 short chain dehydrogenase/reductase family protein  2.233665347 7.18E-03 

- PflA506_2379  short chain dehydrogenase/reductase family 
oxidoreductase 2.536304199 1.83E-03 

- PflA506_2528  cupin domain -containing protein  4.24185941 1.62E-07 

- PflA506_3494  short chain dehydrogenase/reductase family 
oxidoreductase 2.857785569 1.11E-04 

- PflA506_4144 MaoC-like domain protein  4.353851309 8.27E-06 

TRANSCRIPTION   

- PflA506_0211 transcriptional regulator SftR -related protein  2.343291042 4.78E-03 
- PflA506_1949 sigma-54 dependent transcriptional regulator  2.649955405 1.02E-03 
- PflA506_2163 AraC family transcriptional regulator  33.66315143 2.63E-07 



 

 

Gene 
name a Synonym b Annotated Functions c 

Fold Change d  
(original 
values)  

EDGE test:  
blue vs white. 

tagwise 
dispersions  P -

value e 
- PflA506_2968  DNA-binding response regulator 5.867122516 3.65E-07 

greA PflA506_4559  transcription elongation factor GreA  3.183311481 8.22E-05 

DRUG RESISTANCE   

acrA PflA506_2969  acriflavine resistance protein A 2.598557166 2.05E-03 
acrB PflA506_2970  acriflavine resistance protein B 2.498165386 1.38E-03 

- PflA506_4208  drug resistance transporter, EmrB/QacA family  2.536751326 1.20E-03 

OTHER FUNCTIONS   

- PflA506_0160  hypothetical protein  794.2671546 1.17E-13 
- PflA506_0168  lipoprotein  163.3498404 3.39E-28 
- PflA506_0461  hypothetical protein  447.2901811 4.83E-14 
- PflA506_0462  lipoprotein  28.61440038 7.53E-19 
- PflA506_0891  hypothetical protein  3.146866615 8.69E-04 
- PflA506_1096  class III aminotransferase 6.130211791 1.85E-05 

dgkA PflA506_1168 diacylglycerol kinase 2.310586436 9.09E-03 
- PflA506_1594 VacJ family lipoprotein  3.334847267 5.16E-03 
- PflA506_1942 PepSY-associated TM helix domain-containing protein  2.238832209  5.28E-03 

- PflA506_3356  NodT family efflux transporter outer membrane 
lipoprotein  3.721717155 1.24E-05 

arnT_2  PflA506_3380  undecaprenyl phosphate-alpha-4-amino-4-deoxy-L-
arabinose arabinosyl transferase 2.311179213 3.37E-03 

prpD  PflA506_3931 2-methylcitrate dehydratase 2.388775414 2.75E-03 
- PflA506_4279  hypothetical protein  2.334039481 6.44E-03 

rpsQ PflA506_4813 30S ribosomal protein S17 27.61604053 3.15E-03 
- PflA506_5185 hypothetical protein  2.455557284 2.19E-03 
     
     
     



 

 

b. Down -regulated genes  

AMINO ACIDS BIOSYNTHESIS    

aroK  PflA506_0403  shikimate kinase -2.086583389  2.96E-03 
- PflA506_0784  tRNA-Thr  -2.255271503 4.73E-03 
- PflA506_1916 tRNA-Val -1.907614303 1.32E-05 

nspC PflA506_3051 carboxynorspermidine decarboxylase -1.260451805 9.58E-03 
pheT PflA506_3452  phenylalanyl -tRNA synthetase subunit beta -2.194101986 1.84E-03 
asnB PflA506_3631 asparagine synthase -1.83955912 1.23E-03 

- PflA506_4051 tRNA-Arg -3.721409881 3.05E-04 
ilvB  PflA506_4513 acetolactate synthase large subunit -2.619092295 5.35E-04 

RESPIRATORY CHAIN   

- PflA506_0081  cytochrome c4 -4.591925856 4.38E-06 

- PflA506_3983  electron transfer flavoprotein -ubiquinone 
oxidoreductase -3.109137457 6.68E-05 

cydB PflA506_4639  cytochrome d ubiquinol oxidase, subunit II  -1.697009566 1.19E-03 
cydA PflA506_4640  cytochrome d ubiquinol oxidase, subunit I  -2.137704348 1.80E-03 

ABC TRANSPORTER   

opuCC PflA506_0804  
glycine betaine/carnitine/choline ABC 

transporter, periplasmic glycine 
betaine/carnitine/choline -binding protein  

-1.869526654 2.48E-03 

- PflA506_2445  ABC transporter permease -1.224405619 7.60E-03 
- PflA506_2448  ABC transporter substrate-binding protein  -1.234401674 4.88E-03 

CELL REPLICATION   

recF PflA506_0003  DNA replication and repair protein RecF  -1.874990985 6.57E-03 
mdoH  PflA506_0359  glucans biosynthesis glucosyltransferase H -1.963883944 7.79E-03 
ftsQ PflA506_0933  cell division protein FtsQ  -2.106889719 1.87E-03 
ftsK PflA506_3183 DNA translocase FtsK -1.300307408 9.75E-03 

TRANSCRIPTIONAL REGULATOR   

- PflA506_1169 LysR family transcriptional regulator  -1.602136843 8.20E-03 
- PflA506_3292  AraC family transcriptional regulator  -1.572565218 1.35E-03 



 

 

Gene 
name a Synonym b Annotated Functions c 

Fold Change d  
(original 
values)  

EDGE test:  
blue vs white. 

tagwise 
dispersions  P-

value e 
     
- PflA506_3563  GntR family transcriptional regulator  -1.620803004  2.94E-04 

anr  PflA506_3874  transcriptional regulator Anr  -2.094611054 1.42E-03 

OTHER   

- PflA506_0165 hypothetical protein  -245.2594698 2.25E-08 
ychF PflA506_0717 GTP-binding protein YchF  -1.946452337 6.22E-03 

- PflA506_1267 hypothetical protein  -1.914802846 2.10E-03 
- PflA506_1648  hypothetical protein  - 1.22E-04 
- PflA506_1653 ISPpu14-like transposase, Orf1 - 3.31E-05 

cmk PflA506_1700  cytidylate kinase -3.864295807 1.13E-04 
- PflA506_1759 hypothetical protein  -1.335637252 6.45E-03 
- PflA506_1920  hypothetical protein  -1.454469288 1.26E-03 
- PflA506_2020  hypothetical protein  - 8.97E-04 
- PflA506_2022  hypothetical protein  - 5.97E-03 
- PflA506_2082  hypothetical protein  -56.9058859 1.15E-05 
- PflA506_2084  site-specific recombinase, phage integrase family -318.3344961 2.00E-11 

- PflA506_2087  peptidase propeptide and YPEB domain-
containing protein  -1.375573024 9.21E-03 

- PflA506_2111 hypothetical protein  -1.371835351 5.09E-03 
- PflA506_2702  KaiC domain protein  -1.251335768 9.01E-03 
- PflA506_2866  Translocator protein, LysE family  -1.99836645 3.87E-05 

proP PflA506_2888  osmosensory proline/glycine betaine transporter 
ProP -2.13548905 2.86E-03 

- PflA506_3569  addiction module killer protein  -13.08354692 7.45E-10 
mscS PflA506_4234  small-conductance mechanosensitive channel -2.086199168 5.93E-04 

- PflA506_4261 fumarate hydratase, class I -1.679578054 4.65E-03 
- PflA506_4404  S-type pyocin/colicin family protein  -128.079872 1.55E-09 
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3.9 . Appendix to C hapter 3  

During the investigation of the genomic information of the blue and non -pigmenting strains, 

trp  genes were revealed to be potentially involved in the blue-pigment production, as they 

have been found in a genetic cluster of the accessory genome of the blue strains. 

Trp operon has been widely used as a model to investigate the evolutionary relationship 

between gene and protein, and gene expression. 

Multiple copies of trp  genes have been reported in several bacterial species: for example, for 

archaea and bacteria, four  different groups of TrpB protein were identified , whose 

combinations have been found in several species (Merkl, 2004) . Moreover, in some cases, an 

additional function for the second copy has been speculated (Xie et al., 2001; Busch et al., 

2014). Particularly, the two copies possess substrate specificity, giving different selective 

advantages to bacteria having both copies, through still unknown mechanisms (Busch et al., 

2014).  

3.9.1 . Screening of the strains for the presence of trp  genes  

To confirm the real correlation between the presence of the aforementioned genes and the 

ability to produce the blue pigment, 36 strains (eighteen blue- and eighteen non-pigmenting 

strains) were investigated to identify the presence of these genes. Table 3.8 reports the 

strains used in the investigation. 

Table 3.8  - Strains investigated  for the presence of trp genes . 

Blue -strains  ps_1, ps_2, ps_5, ps_6, ps_13, ps_22, ps_25, ps_75, ps_76, ps_77, 
ps_78, ps_79, ps_80, ps_81, ps_82, ps_83, ps_84, ps_85.  

Non -pigmenting 
strains  

ps_3, ps_4, ps_7, ps_20, ps_21, ps_27, ps_29, ps_33, ps_37, ps_40, 
ps_48, ps_51, ps_54, ps_58, ps_59, ps_61, ps_64, ps_74. 

The second copy of the trp  genes (trpA_2 , trpB_2 , trpC_2 , trpD_2 , trpF_2 ) of the 

previously completely sequenced genomes of ps_22 and ps_77 were used to design five 

primer pairs. Primers were designed from the most conserved regions using Primer3 
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software (http://frodo.wi. mit.edu/primer3/ ). The complete list of the primers used for PCR 

amplification and sequencing is reported in Table 3.9.  

Table 3.9 - Primers used for amplification and sequencing . 

Primer  Sequence (5' -3')  Annealing temperature (°C)  

trpA_2 _F TGA CCT TGA CTC TGG CTC TC 59.4 

trpA_2 _R CTG TCT CAC CCT GGC GAT AA 59.4 

trpB_2 _F AGA GAT ATT CGA GGT GGC GG 59.4 

trpB_2 _R GCT ACC CAA TTG ACG GTG TC 59.4 

trpC_2 _F GGA CGA GGT TTG TAT TGC GG 59.4 

trpC_2 _R GGT AGA ATC CAA GCA AGC CG 59.4 

trpD_2 _F CGA CTT ATT GGA GGC CGT TG 59.4 

trpD_2 _R TTC GTC CAG TCC CTC TTC AC 59.4 

trpF_2 _F TGA TCA AAG TGT GCG GTG TG 57.3 

trpF_2 _R CGG TAG TAT CGT TGG CTC CT 59.4 

Genomic DNA was extracted as previously described (Paragraph 2.2.4. of this thesis). The 

PCR amplifications were performed in an Applied Biosystems 2720 Thermal Cycler in a final 

volume of 20 µL of amplification mix containing 1U of GoTaq polymerase (Promega, 

Madison, WI), 1U GoTaq Buffer, 1.5 mM MgCl2, 0.2 mM each deoxynucleotide triphosphate 

(dNTP), 250 nM each primer and 5 ng of genomic DNA as the template. The reaction mixture 

was subjected to the following thermal cycle: an initial step at 94 °C for 2 min to activate the 

polymerase and 35 cycles each of denaturation at 94 °C for 20 s, annealing of the primers at 

62 °C for 30 s and extension at 72 °C for 1 min and a final step of extension at 72 °C for 7 min. 

The amplified products were analysed by electrophoresis on 1.8% agarose-Tris-acetate-EDTA 

(TAE) gels, stained with SYBR®  Safe DNA Gel Stain (Invitrogen, Carlsbad, CA) and visualised 

on a UV transilluminator (Gel Doc XR, Biorad).  

The amplification of the second copy of trp  genes was possible only for the blue-pigmenting 

strains. Some aspecific products were visible for some non-pigmenting strains, but they were 

avoided enhancing the annealing temperature of the reaction. Moreover, the aspecific bands 

were longer than the specific PCR product. For this reason, they were easily identified and 

distinguished each other. 

The identification of the second copies of trp  genes only in the blue-pigmenting strains 

confirmed the possibility to use these genes as a marker for the presence of potential blue 

http://frodo.wi.mit.edu/primer3/


http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Figure 3.9 - ML phylogenetic tree of TrpB proteins . 

Proteins encoded by first copy are highlighted with a light blue box, while the ones by the second 
copy are highlighted in pink. No protein of TrpB was found in ps_22 due to the lower coverage of the 
genome. 

 

Figure 3.10 - ML phylogenetic tree of TrpC proteins . 

Proteins encoded by first copy are highlighted with a light blue box, while the ones by the second 
copy are highlighted in pink . 
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Figure 3.11 - ML phylogenetic tree of TrpD proteins . 

Proteins encoded by first copy are highlighted with a light blue box, the ones by the second copy are 
highlighted in pink, while proteins encoded by a third copy are highlighted in green.  
 

 

Figure 3.12 - ML phylogenetic tree of TrpF proteins . 

Proteins encoded by first copy are highlighted with a light blue box, while the ones by the second 
copy are highlighted in pink.  
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4.1. Abstract   

Pseudomonas fluorescens ps_77 is a blue-pigmenting strain belonging to the P. fluorescens 

subgroup. The biosynthetic pathway of the pigment seems to be related to tryptophan 

metabolism, as blue pigmenting strains have a second copy of trpABCDF  genes, encoding for 

enzymes involved in tryptophan production.  In this paper, random mutagenesis of P. 

fluorescens ps_77 was performed with the aim to identify  the genes involved in the blue-

pigment production. Genetic analyses based on the mapping of the insertions and gene 

expression studies were performed. The phenotypic characterisation of the white mutants 

was conducted to highlight the biological function of the pigment.  The mapping of 

transposon insertions and the evaluation of gene expression in blue- and non-pigmenting 

strains revealed the complexity of pigment biosynthesis. The trpB  gene and other genes of 

the genetic cluster identified solely in  blue pigmenting strain s are involved in the biosynthetic 

pathway. Moreover, other genes involved in regulation, biofilm formation, motility, signalling  

were found to mediate pigment production. The characterisation of the mutants led to the 

conclusion that the blue molecule does not function as a siderophore, but that iron is 

necessary to produce the pigment. The biosynthetic pathway, the chemical nature and the 

function  of the blue pigment  remain an open question.  

4.2 . Introduction  

Pseudomonas fluorescens is a well-known food spoiler belonging to the genus Pseudomonas. 

The importance of this Gram-negative bacterium is related to public hygiene and food trade, 

as it is not commonly considered a human pathogen (Scales et al., 2014), even if it can be 

found in several anatomic locations.  

The interest towards this group of bacteria as food spoilers has increased since 2010, when 

some packages of mozzarella were seized after a blue discolouration was noticed on the 

external surface of the cheese (Annual Report of RASFF). After the initial uncertainty about 

the cause of this particular alteration, strains belonging to Pseudomonas tolaasii and 
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the second copies in all the analysed blue-pigmenting strains only (Andreani, Appendix to 

Chapter 3 of the present Manuscript). The complete biosynthetic pathway and the type of 

enzymes involved in the production of the blue pigment , the chemical nature of the coloured 

molecule, as well as, the biological function of pigment production  remain an open question.  

Several fluorescent Pseudomonas produce secondary metabolites that can play a role in 

bacterial survival, fitness and advantage. A good example is Pseudomonas fluorescens CHA0 

(now Pseudomonas protegens), whose production of several secondary metabolites allows 

the defense response against nematodes, influencing the physiology of predators and 

enhancing the fitness in the environment (Nei dig et al., 2011). Another example is 

represented by the chromosome of Pseudomonas fluorescens Pf-5, a biocontrol strain, whose 

6% of the genetic information is dedicated to the biosynthesis of secondary metabolites 

(including antibiotics, toxins and sider ophores; Looper and Gross, 2007). In particular, 

strains belonging to the genus Pseudomonas are well-known siderophore producers, or 

rather small molecule chelators able to bind extracellular ferric iron, making it bioavailable to 

microbes (Cornelis, 2010). Previous studies based on the analysis of the transcriptomes 

revealed a state of iron depletion of the blue-pigmenting strains in comparison to non-

pigmenting ones: for this reason, one hypothesis was that the blue-pigment m ight have a 

siderophore function (Andreani et al., 2015). Some secondary metabolites might provide 

oxidative protection against antimicrobial agents (e.g. prodigiosins produced by different 

bacteria and, specifically, some Pseudomonas species; Stankovic et al., 2014; Sumathi et al., 

2014). 

Transposon mutagenesis has been widely used as a powerful tool to investigate gene function 

in bacteria. The main basic concept of the method is to randomly disrupt genes using 

traceable mobile elements. Each random insertion allows the creation of a mutant having a 

peculiar phenotype, that is easily selected, isolated and screened (Chen et al., 2000b). 

Mapping of the insertion, namely the identification of the locus the transposon is inserted in, 

allows the identification  of the genes involved in each specific phenotype. Transposon 

mutagenesis has been used for a wide range of purposes in bacteria, such as the investigation 

of biosynthetic genes of several metabolites. For example, through transposon mutagenesis 
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the biosynthetic pathways of secondary metabolites in P. chlororaphis  have been investigated 

(Kang et al., 2008) , the biosynthetic genes of Phl (3,4-diacetylphloroglucinol) or even the 

biosynthesis of a red pigmented derivative in P. fluorescens Q2-87 (Bangera and 

Thomashow, 1996). 

In this  study, a previously characterised strain of the P. fluorescens species complex was 

investigated. Ps_77 was isolated from a blue slice of beef in the UK. The strain produces a 

dark-blue, extracellular pigment on Potato Dextrose Agar and Minimal Bacterial Medium 

(Andreani et al., 2015) at 6 °C and 22 °C, as well as on mozzarella cheese. Ps_77 belongs to 

the Pseudomonas fluorescens subgroup and the draft genome sequence is now available 

(LCYB00000000).  

In the present work, more than 105 mutants of ps_77 were obtained using transposon 

mutagenesis, with the aim to collect non-pigmenting strains from the blue wild -type one. 

Transposon insertions were mapped in 24 non-pigmenting  strains and one hyper pigmented 

mutant  with the aim to identify the localization of the transposon in the chromosome. A 

phenotypic characterisation of the wild -type and the mutant strains was conducted to 

investigate the biological functio n of the pigment.  

4.3. Material s and methods  

4.3.1. Bacterial strain s  

The Pseudomonas fluorescens strain ps_77 was cultured and maintained in Luria Bertani 

(LB) Broth. The choice of the strain was conducted with the aim of selecting a blue strain for 

which detailed genomic information was available. Ps_77 produces a dark-blue pigment on 

Potato Dextrose Agar (PDA; Oxoid Microbiology Products, Thermo Scientific), Minimal 

Bacterial Medium Agar (0.7% K2HPO4, 0.3% KH2PO4, 0.05% tri -sodium citrate, 0.01% 

MgSO4, 0.1% (NH4)2SO4, 0.2% glucose and 1.5% agar; Boles et al., 2004) and mozzarella 

cheese. The wild-type strain and transposon-induced mutants were stored at -80 °C in LB 

Broth with 50% v/v glycerol (Sigma -Aldrich). Where appropriate, 50 ng/ µL kanamycin 

(Sigma-Aldrich) was supplemented to the medium.  
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(SybEnzyme), 2 µL of 10XSE-Buffer W, 15.8 µL of nuclease-free water and 1 µL of digested 

gDNA (450-850 ng/µL). Samples were incubated at 37 °C for 1 hour to allow the enzyme to 

cut gDNA and 20 minutes at 80 °C to inactivate the enzyme in an Applied Biosystems 2720 

Thermal Cycler. An unimolecular ligation was performed in a reaction containing 5 ,000 units 

of T4 DNA Ligase (SybEnzyme), 10 µL of 10X Buffer SE-T4 DNA Ligase Buffer, 2.5 µL of 10 

mM ATP, 52.5 µL of nuclease-free water and 10 µL of digested gDNA in an Applied 

Biosystems 2720 Thermal Cycler. A first PCR amplification was performed (4 µL of 5X 

Phusion HF Buffer, 0.4 µL of 10 mM dNTPs, 2.5 µL of 10 pM KAN-2FP-2, 2.5 µL of 10 pM 

KAN-2RP-2, 0.2 µL of Phusion DNA Polymerase, 5.4 µL of nuclease-free water and 5 µL of 

ligated gDNA). The reaction mixture was subjected to the following thermal cycle: an initial 

step at 98 °C for 30 seconds to activate the polymerase and 35 cycles each of denaturation at 

98 °C for 10 seconds, annealing of the primers at 54 °C for 30 seconds and extension at 72 °C 

for 90 seconds and a final step of extension at 72 °C for 10 minutes. The so obtained PCR 

product was applied in a second nested PCR (4 µL of 5X Phusion HF Buffer, 0.4 µL of 10 mM 

dNTPs, 2.5 µL of 10 pM KAN-2FP-1, 2.5 µL of 10 pM KAN-2RP-1, 0.2 µL of Phusion DNA 

Polymerase, 5.4 µL of nuclease-free water and 5 µL of 1:500 PCR product). The PCR products 

were sent to Macrogen Inc. (Amsterdam, the Netherlands) for direct Sanger sequencing with 

the upstream primer (KAN -2 FP-3) or the downstream primer (KAN -2 RP-3).  

All the sequences were checked for quality and edited with FinchTV 1.4.0 software 

(Geospiza).  

4.3.4. Genetic analyses and evaluation of gene expression in 

Pseudomonas  fluores cens  strains  

Insertion sequences were queried against NCBI using the Basic Local Alignment Search Tool 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi ). When necessary, HMMER was applied with the 

aim to highlight protein homology of the query against Reference proteomes or SwissProt 

(Finn et al., 2015). In selected cases, SIM (Local Similarity Program; Huang and Miller, 1991) 

was applied to align amino acidic sequences. 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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4.3.5.3. Utiliz ation of carbon sources 

To assay whether the blue or the non-pigmenting strains were able to use different carbon 

sources in comparison to the wild -type strain, a Biolog GN2 Micro Plate was used for each 

strain. Biolog plates are 96-well plates: on the bottom of each well, a unique different carbon 

source is bound. If the strain is able to use that specific carbon source, it is able to grow and a 

colorimetric reaction takes place. Strains were grown overnight at 28 °C in LB broth and a 5-

fold dilution was p ipetted in each of the 96-wells of the Biolog GN2 plate. Biolog GN2 Micro 

Plates were incubated at 28 °C and bacterial growth was evaluated after 24 hours by 

measuring the O.D. at 600 nm with a plate reader. 

4.3.5.4. Competition experiment  

A competition experiment was set up to highlight the presence of differential fitness of the 

blue- and non-pigmenting strains in KB broth in different environmental conditions. Two 

strains having the same growth rate (ps_77 and M19) were inoculated in 2 mL of normal KB 

broth or iron -limited KB broth at the same concentration. Each competition experiment was 

conducted using six replicates and three different investigations were set up to test the 

competition at 4, 22 and 28 °C. The ratio between ps_77 and M19 was checked by plating on 

MBM agar every day for 5 days for the 22 and 28 °C experiments and 9 days for the 4 °C 

experiment to allow the strain s to reach the final amount of 108 CFU/m L.  

Similarly, the competition experiment was conducted on four  different food matric es: bacon 

(the meat portion), bacon (the fat portion), mozzarella cheese and the governing liquid of 

mozzarella cheese. The same amount of ps_77 and M19 were mixed and 100 µL of the mix 

were dispensed on six samples for each food type. The samples were incubated at 4 °C for 12 

days, until the blue pigment was visible on food. The ratio between the wild -type and the 

non-pigmenting mutant was checked as previously reported. 
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insertions were localized in nineteen different genes. BlastKOALA tool allowed the 

annotation of only fifteen  entries, belonging to different pathways (mainly concerning 

metabolism and environmental information processing). Briefly, four  sequences were 

categorized as belonging to amino acid metabolism (mainly of Gly, Ser, Thr, Arg, Pro, His, 

Phe, Tyr and Trp), a further four  to carbohydrate metabolism, three genes are involved in 

energy metabolism, as well as single genes involved in metabolism of cofactors and vitamins, 

processing of genetic information, processing of environmental information and lipid 

metabolism. Table 4.3 details the pathways to which all genes belong. On the other hand, 

PFLuk1_00753 (disrupted in the hyper pigmented strain) was identified as belonging to 

Energy metabolisms by BlastKOALA tool.  

4.4.3. Investigation of presumptive gene function in blue pigment 

production  

4.4.3.1. Blue-pigmenting strains exclusive genes 

Four genes (PFLuk1_0667, PFLuk1_0668, PFLuk1_0673 and PFLuk1_0674) belonging to a 

genic cluster unique to the blue pigmenting strains were affected by transposon insertions 

giving a non-pigmented phenotype, in M2, M3, M4, M6, M7 and M19. As already reported in 

Andreani et al., 2015, these genes show a low level of similarity to other bacterial species 

genes, (as reported in paragraph 3.4.4.). 

PFLuk1_00667 has been annotated as Tryptophan synthase beta chain trpB_1; a more in 

depth analysis conducted with Hmmer revealed the presence of two protein domains (B3-4 

superfamily and TrpB_II superfamily) that allowed Prokka software to annotate the locus. 

This result partially confirms previous conclusions that indicated all the second copies of trp  

genes to be involved in the blue pigment biosynthesis. In fact, it is not clear whether the 

absence of trpA , trpC , trpD  and trpF second copy mutants among the white ones is due the 

induction by the disruption of these genes of a lethal phenotype or to the fact that these 

disruptions  maintain the blue pigment production. Moreover, due to the low number of non -

pigmented transposon-induced mutants obtained, a further transposon mutagenesis or site- 

 



 

 

Table 4.3 - COGs of disrupted loci in the investigated mutants . 

 

locus name  Cluster of ortholog category  

PFLuk1_00099  metabolism 
global and overview maps 

metabolic pathway 
biosynthesis of secondary metabolites 

microbial metabolism in diverse environments  
biosynthesis of antibiotics  

carbon metabolism 
carbohydrate metabolism pentose phosphate pathway 

metabolism of other amino acids glutathione metabolism  

PFLuk1_00100 metabolism 
global and overview maps 

metabolic pathway 
biosynthesis of secondary metabolites 

microbial metabolism in diverse environments  
biosynthesis of antibiotics  

carbon metabolism 
carbohydrate metabolism pentose phosphate pathway 

PFLuk1_00503  metabolism 
global and overview maps 

metabolic pathway 
biosynthesis of secondary metabolites 

biosynthesis of amino acids 
carbon metabolism 

amino acid metabolism histidine metabolism  

PFLuk1_00600  metabolism 
global and overview maps metabolic pathway 

metabolism of cofactors and vitamins nicotinate and nicotinamide metabolism  

PFLuk1_00667 metabolism 
global and overview maps 

metabolic pathway 
biosynthesis of secondary metabolites 

biosynthesis of amino acids 

amino acid metabolism 
glycine, serine and threonine metabolism 

phenylalanine, tyrosine and tryptophan biosynthesis  



 

 

locus name  Cluster of ortholog category  

PFLuk1_02002  environmental information 
processing signal transduction  two-component system 

PFLuk1_02131 metabolism 
global and overview maps 

metabolic pathway 
carbon metabolism 

microbial metabolism in diverse environments  
energy metabolism carbon fixation pathways in prokaryotes  

metabolism of cofactors and vitamins one carbon pool by folate 

 
metabolism 

global and overview maps 
metabolic pathway 

PFLuk1_03159 microbial metabolism in diverse environments  
  energy metabolism sulphur  metabolism 

PFLuk1_04071 metabolism 
global and overview maps metabolic pathway 
amino acid metabolism arginine and proline metabolism 

PFLuk1_05080  metabolism 

global and overview maps 

metabolic pathway 
biosynthesis of secondary metabolites 

microbial metabolism in diverse environments  
biosynthesis of antibiotics  

carbon metabolism 

carbohydrate metabolism 
glycolysis/gluconeogenesis 

citrate cycle (TCA cycle) 
pyruvate metabolism 

PFLuk1_05081 metabolism 

global and overview maps 

metabolic pathway 
biosynthesis of secondary metabolites 

microbial metabolism in diverse environments  
biosynthesis of antibiotics  

carbon metabolism 

carbohydrate metabolism 
glycolysis/gluconeogenesis 

citrate cycle (TCA cycle) 
pyruvate metabolism 



 

 

PFLuk1_05234 metabolism 
global and overview maps metabolic pathway 
amino acid metabolism arginine and proline metabolism  

PFLuk1_05547 metabolism 
lipid metabolism  arachidonic acid metabolism 

metabolism of other amino acids glutathione metabolism  
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directed mutagenesis might be useful to discern the possible role of trpACDF in the 

biosynthetic pathway. 

Specifically, double copies of trpB  genes have been reported in several bacterial and archaeal 

species (Xie et al., 2001; Busch et al., 2014). It has been demonstrated that usually the 

second copy possesses substrate specificity as it recognises not L-serine, but O-Phospho-L-

serine, giving a selective advantage to strains having the second copy through a better 

regulation of intracellular amount of indole (Busch et al., 2014). Additionally, it has been 

reported that, as usually TrpB assembles with TrpA, TrpB2 is not able to take part in this 

interaction. Finally, even if contributing to tryptophan biosynthesis, TrpB2 seems to have 

other functions, such as indole salvage (Hiyama et al., 2014). 

The investigation of PFLuk1_00668 did no t reveal any interesting information: the locus was 

annotated as Hypothetical Protein for the similarity to a hypothetical protein of other species 

and no characteristic domain was identified through Hmmer investigation.  

PFLuk1_00673 and PFLuk1_00674 were annotated as UDP-2-acetamido-2-deoxy-3-oxo-D-

glucuronate aminotransferase. Poor similarity to other species was revealed by a Blast 

analysis. Both proteins seem to have a characteristic domain, namely a 

DegT/DnrJ/EryC1/StrS aminotransferase  domain. DegT/DnrJ/EryC1/StrS 

aminotransferases have been widely reported as having a regulatory and protein kinase 

(sensor) function (Murphy et al., 1993; Madduri and Hutchinson, 1995). In Bacillus 

stearothermophilus , degT has a proper regulatory function, being involved in the transfer of 

environmental stimuli (Takagi et al., 1990). Recently, aminotransferases of this family have 

been identified as involved in aminotrasfers that lead to amino sugars involved in the 

formation of LPS and aminoglycosides in P. porphyromona s (Shoji et al., 2002). On the 

other hand, Chen and colleagues (2000a) hypotheses that the lower blue pigment production 

in P. porphyromonas  degT- mutants might be due the impossibility of the mutant strain to 

secrete the extracellular pigment through the production of vesicles. DegT/DnrJ/EryC1/StrS 

aminotransferase domain, the two amino acidic sequences are quite different. First, 

PFLuk1_00673 and PFLuk1_00674 length differs for six amino acids, as revealed by the 

alignment. SIM analysis revealed also a low similarity between the two proteins with 31.6% 
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environment (Ma et al., 1998; Singh et al., 2005; Bériault et al., 2007). Butler and co-workers 

(2002) notified that G6PDH and 6PGDH are responsible of the majority of NADPH  

molecules produced in the bacterial cell. Two main hypotheses can be done about the reason 

why the disruption of zwf  and pgl  induces the loss of the blue phenotype in ps_77. The first 

one is because NADPH is an important cofactor of several reactions; the lower production of 

this cofactor might reduce the amount of NADPH, necessary for the production of the blue 

pigment. The second one is related to the biosynthetic pathway of the amino acid serine, 

involving these enzymes to produce the parental compound 3-phospo-D-glycerate. Serine, 

together with indole, is the substrate of Tryptophan synthase beta chain (TrpB) to form 

tryptophan. As the blue pigment seems to be an indigo-derivative, a lower amount of serine 

might affect the amount of tryptophan and the f inal production of the blue molecule.  

PFLuk1_00503 was mapped during the investigation of M5 and it encodes for an ATP-

Phosphoribosyltransferase and its ortholog in P. fluorescens A506 is hisG. hisG is involved in 

the biosynthesis of amino acid histidine. Histidine biosynthetic pathway is linked  to the 

tryptophan biosynthetic pathway, in particular as tryptophan  and histidine share a common 

parental compound (Phosphoribosyl pyrophosphate; PRPP). In 2005, Henry and co-workers 

reported as the deletion of trpC induced the accumulation of PRPP in Salmonella 

typhimurium , reducing the activity of hisG and the downstream genes. Supposing that the 

opposite can also take place and that tryptophan metabolism is  involved in the blue pigment 

production, it can be deduced that the disruption of hisG might involve the accumulation of 

PRPP and a downregulation of trp  metabolism, inducing the loss of the blue pigment 

phenotype.  

One of the non-pigmenti ng mutants (M21) was characterised by the disruption of 

PFLuk1_00600, namely the nicotinate -nucleotide phosphorylase nadC. This enzyme crosses 

again the tryptophan biosynthetic pathway, as it requires PRPP to produce nicotinamide 

mononucleotide, a precursor of NAD (Kurnasov et al., 2003). In Burkholderia  spp. and 

Pseudomonas, nadC is involved in the biosynthesis of secondary metabolites, such as 

fitormones and indole -3-acetic acid (Patten and Glick, 2002; Wang et al., 2006). Again, two 

hypotheses can be formulated about the involvement of this locus in the blue pigment 
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production: the first one involves the accumulation of PRPP, as already stated for hisG -. 

However, as nadC is involved in the production of NAD, the lower amount of the cofactor 

might reduce the utilization of secondary metabolites pathway, as a way to save energy for 

basal metabolism.  

PFLuk1_01741 encodes for the chromosome partition protein ParA; this protein belongs to 

Walker-Type ATPases protein family and it is involved in chromosome partitioning during 

cell division (Lasocki et al., 2007; Bartosik et al., 2014). In most species, parA  is not 

essential, as the phenotype of parA - strains is not lethal (with  the exception of Caulobacter 

crescentus; Mohl and Gober, 1997). parA  mutants show species-dependent phenotypes: 

alteration in motility has been demonstrated in P. aeruginosa, with no swarming and 

defective swimming motility (Lasocki et al., 2007). The authors hypothesised this could be 

due to a defect in signalling system between cells or, less likely, to the disturbance of pool of 

ATP, necessary for the activity of movement apparatus. parA  knock-out strains of P. putida  

were characterised by a defective phenotype (characterised by an high number of anucleate 

cells and smaller dimensions of cells) in presence of a minimal medium (such as M9) and at 

lower temperature, suggesting a putative role of ParA protein in management of the 

chromosome in stressing conditions (Godfrin -Estevenon et al., 2002)  

One non-pigmenting mutant (M15) was characteri sed by disruption of gene encoded by 

PFLuk_02002, namely a signal transduction histidine -protein kinase BarA, annotated as 

gacS in Pseudomonas species. gacS belongs to the GacS/GacA two-component system, 

involved in the signal/transduction pathway. Briefly, GacS protein transmembrane domain 

senses different (not already completely understood) stimuli and induces a phosphorylative 

cascade. GacS encounters an autophosphorylation, than the phosphoric group is moved to 

the cognate GacA that changes its conformation and regulates transcription of a wide range 

of genes. GacS/GacA system has been reported to regulate several phenotypes in bacteria. In 

E. coli, BarA system regulates iron acquisition, through the modulation of siderophore 

biosynthesis (Sahu et al., 2003). In Pseudomonas fluorescens FD6 (a biocontrol strain), it 

has been demonstrated that gacS knock-out strains cannot produce a wide range of 

secondary metabolites. In particular, biofilm formation and siderophore production were 
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encounters because of cysH deletion, might reduce the inclination to produce an expe nsive 

molecule, such the blue pigment. On the other hand, hypothesizing the importance of biofilm 

formation in the production of the pigment, cysH deletion might nullify the blue -pigment 

production in ps_77.  

PFLuk1_04071 was disrupted in strain M11: this locus encodes for nspC, a 

carboxynorspermideine/carboxyspermidine decarboxylase. In Vibrio cholerae , increased 

activity of NspC induces a higher production of biofilm, reducing, in the meantime, motility 

(Parker et al., 2012). A similar result was obtained for Salmonella enterica  (Nesse et al., 

2015). Actually, recent investigations revealed exactly the opposite trend, revealing as 

different levels of norspermidine remarkably prevent biofilm formation in Bacillus subtilis , 

Pseudomonas aeruginosa  and Escherichia coli affecting cellular adhesion and reducing 

exopolysaccharide production (Si et al., 2015). No evidences are nowadays available about 

further NspC function in P. fluorescens, therefore no real conjectures can be argued. The 

phenotypic characterisation of M11 mutant might shed light on the function of the protein to 

further investigate its role in pigment biosynthesis.  

PFLuk1_04714 was disrupted in one non-pigmenting ps_77 mutant (M23): genomic 

annotation performed in a previous study (Andrean i et al., 2015) revealed it to be a putative 

cardiolipin synthase, as identified in a phenazine-producing P. fluorescens strain. This 

enzyme catalysed the production of cardiolipin (CL) in a wide range of prokaryote and 

eukaryote organisms (Carman, 2012) and is supposed to have a role in energy production. 

Lin and co-workers revealed a correlation between CL production and cell shape and the 

ability to produce biofilm in Rhodobacter sphaeroides (Lin et al., 2015). 

Five non-pigmenting mutants (M8, M9, M10, M 22 and M24) had insertions in 

PFLuk_05080 and PFLuk_05081, namely aceF and aceE genes, coding for two of the three 

subunits of pyruvate dehydrogenase complex (Patel et al., 2014). These enzymes catalyse the 

formation from Pyruvate of Acetyl -Coenzyme A (Acetyl -CoA) and ATP. After the production, 

Acetyl-CoA enters the TCA cycle or it is used for the synthesis of ATP and acetate, an 

important carbon source for the cell. The disruption of these loci directly perturbs the 

energetic situation of the cell that encounters a stressing event as also reported in the study of 
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Tomar and co-workers (2003). As already highlighted for PFLuk1_00600, supposing that the 

blue pigment production might require high energetic cost, Pseudomonas might be 

disadvantaged and might principally invest energy in the basal metabolism. This seems to be 

likely as it involved metabolism of tryptophan, whose biosynthesis is biochemically the most 

expensive in bacteria (Bentley, 1990). 

Another gene involved in polyamines biosynthesis (PFLuk1_05234) was interested in a 

disruption in one of the non -pigmenting mutants (M12). This locus encodes for the 

biosynthetic arginine decarboxylase, responsible of the synthesis of agmatine from arginine, 

a precursor of putrescine (Moore and Boyle, 1990). The deletion of speA gene in Yersinia  

pestis corresponds to two main events: the lower production of putrescine and the decrease 

in biofilm formation attitude (Patel et al., 2006). Putrescine has actually different functions, 

others than biofilm production: in fact, as other polyamines, it protects bacteria from 

oxidative stress, as demonstrated in E. coli (Chattopadhyay et al., 2003). In Proteus 

mirabilis , putrescine acts as signal molecules to induce swarming motility (Sturgill and 

Rather, 2004). Thanks to these data, it seems evident the involvement of bacterial signalling 

and biofilm formation, as a prerogative for the pigment biosynthesis.  

M20 was characterised by gene disruption of PFLuk1_05423, annotated as Hypothetical 

protein by Prokka, showing high level of similarity with tfoX_C encoding for a competence 

protein. No particular phenotype has been reported in literature as a result of gene deletion, 

if not the loss of competence, namely the ability to uptake DNA from the environment 

(Smeets et al., 2006). It is not clear how this gene could be involved in the pigment 

production.  

Finally, one non-pigment ing mutant (M17) was characterised by the disruption of 

PFLuk1_05547, annotated as an hydroperoxy fatty acids reductase gpx2, that is a glutathione 

peroxidase involved in oxidative stress resistance (Leisinger et al., 2001). Interestingly, the 

activity of this enzyme is induced under oxidative stress and is addressed against large 

hydroperoxydes, such as nucleic acids, proteins and fatty acids (Avery and Avery, 2001). As 

previously supposed, the blue pigment biosynthetic pathway might cause oxidative stress 
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issue to bacterial cell. Indeed, no production is visible when an important enzyme for 

oxidative stress is silenced.  

To summarize, the blue pigment biosynthetic pathway is strictly related to trp  genes, 

confirming the importance of the genomic region previously identified in contig_ 0004 of 

ps_77. Actually, a more in depth analysis of this genetic cluster is necessary to understand 

the function of each gene. The production seems to be strictly related to the activity of the two 

component system GacS/GacA, involved in several cell functions, such as motility, biofilm 

formation, signalling among cells and secondary metabolite production. It is again not clear 

whether the pigment acts as a signal molecule or it requires signalling molecules to be 

synthesized. Similar conclusions can be done for the correlation between biofilm formation 

and blue pigment production. Anyway, it seem likely to suppose that defects in the energetic 

apparatus are correlated to a reduction of biochemically expensive metabolite production, 

such as those involving tryptophan.  

4.4.4.  Evaluation of gene  expression  

Evaluation of the gene expression aimed the identification of differential expression among 

two blue (ps_22 and ps_77) and two non-pigmenting strains (ps_20 and ps_40) as a way to 

confirm the real involvement of genes previously identified thro ugh the mapping in the 

mutants. Results are reported in Table 4.2. Both expression values evaluated using P. 

fluorescens A506 and ps_77 as reference genome are reported, based on a previous 

transcriptomic experiment (Andreani et al., 2015). Differential gene expression was 

considered with p-values lower than 0.01.  

No differential gene expression was highlighted using P. fluorescens A506 as reference 

genome, made exception for expression of nspC, weakly significantly over expressed in white 

strains (p -value of 0.0099). Similar results were obtained using ps_77 as reference genome, 

except for the genes belonging to the blue strain unique cluster. For these genes, significance 

of differential expression is due to the absence of those genes in the white strains. To verify 

the actual expression at high levels of those genes in the blue-pigmenting strains, as a 

confirmation of the real involvement of these genes in the blue pigment production, number 

of reads that mapped to PFLuk1_0667, PFLuk1_0668, PFLuk1_0673 and PFLuk1_0674 was 
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checked. Number of reads of ps_22 and ps_77 mapping against ps_77 used as reference 

genome was substantially high, especially for trpB_1  and wbpE_1, showing more than 

18,000 and 9,000  reads respectively (see Table 4.4 for details). Indeed, number of reads for 

the aforementioned loci was comparable or substantially higher to number of reads mapping 

to gyrB , a housekeeping gene. These results further support putative role  of these genes in 

the blue pigment production.  

Table 4.4 - Number of transcriptome reads mapping to ps_22 and ps_77 genomes . 

Locus name  Locus number  
Number of reads  

Ps_22  Ps_77  

trpB_1  PFLuk1_00667 14,290 18,410 

- PFLuk1_00668  2,122 1,621 

wbpE_1 PFLuk1_00673 2,652 1,939 

wbpE_2  PFLuk1_00674 15,778 9,751 

gyrB  PFLuk1_01753 2,688 3,800  

Expression results highlight that disrupted genes, other than those belonging to the blue-

strain unique cluster, might have multiple functions in P. fluorescens and in some cases 

might only be indirectly responsible in the pigment production. Specifically, the knock -out of 

these genes creates the conditions and the assumptions that make the blue pigment 

production impossible or disadvantaged.  

4.4.5.  Phenotypic characteri sation of the mutants  

4.4.5.1. Growth  curves 

Growth rate was investigated for the wild -type strain (ps_77), the hyper pigmented strain 

(M25) and five non-pigmenting mutants (M2, M3, M19, M20  and M21) in KB broth at 28 °C. 

Furthermore,  also P. fluorescens SBW25 and PBR840 were included in the analysis and used 

as control strains. Growth curves in normal KB  are reported in Figure 4.1, panel A.  

Growth rate of each investigated strain was calculated using DMFit of ComBase. Even if the 

model was initially created for the investigation of growth data in log CFU format, recent 

investigations revealed its applicability also to optical density -based growth curve 

(Mytilinaios et al., 2012; Rickett et al., 2015). Growth rates are reported in Table 4.5. 
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As expected the wild-type strain of P. fluorescens SBW25 had a higher growth rate 

(0.0911 ± 0.019) in comparison to the non-producer cheater (0.0627 ± 0.00451; Figure 4.1). 

 

Figure 4.1 - Growth curve s in KB  and in iron -free KB . 

Growth curves in KB  (Panel A) and in iron -free KB (Panel B) by measuring the O.D. at 600 nm. SD is 
reported in the graph.  
 
 
 

Table 4.5 - Growth rates calculated through Combase.  

 Growth rate in KB  Growth rate in i ron -free KB  Note  

Ps_77  0.0398  ± 0.00275 0.0358 ± 0.00116 wild -type strain 

M25  0.0672 ± 0.00375 0.0757 ± 0.00104 blue (hyper pigmented)  

M2  0.0376 ± 0.00219 0.0354 ± 0.00106 white  

M3  0.0403  ± 0.00251 0.0382  ± 0.000853  white  

M19  0.0391 ± 0.00215 0.036 ± 0.00119 white  

M20  0.0414 ± 0.00198 0.0374 ± 0.00103 white  

M21  0.035 ± 0.00237  0.0309  ± 0.00087  white  

SBW25  0.0911 ± 0.019 0.101 ± 0.00766  Control strain  

PBR840  0.0627 ± 0.00451 0.0475 ± 0.00303  Control strain  

 

Interestingly, ps_77 and the analysed non-pigmenting mutants had a similar growth rate. 

One exception was observed: M25, the blue pigmenting strain characterised by a massive 

production of the pigment (Figure 4.2), grew with a higher rate (0.0672  ± 0.00375), showing 

a better fitness in comparison to other mutants.  
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Figure 4.2 - 96 -well  plate for the evaluation of growth and pigment production of the 
strain s. 

4.4.5.2. Growth curves in iron -free condition and evaluation of siderophore production  

Growth rate in absence of free-iron was investigated in KB with 100 µg/mL human 

apotransferrin and 20 mM sodium bicarbonate (Figure 4.1, Panel B). 

As already reported (Moon et al., 2007; Luján et al., 2015), P. fluorescens SBW25 growth rate 

was superimposable in both normal and iron -limited KB (0.0911 ± 0.019 and 0.101 ± 

0.00766 , respectively) as expected due to the production of pyoverdine. A lower growth rate 

was observed for the cheater strain, unable to synthesize the siderophore (Moon et al., 2007). 

Similar growth rates were observed for  ps_77 and mutant strains in KB broth and KB broth 

with apotransferrin. Indeed, ps_77 strain is a siderophore producer: in addition to 

pyoverdine, also pseudomonine is produced (Andreani, personal communication). These 

results lead to the conclusion that the blue molecule has not a siderophore function: if this 

hypothesis was verified, a reduced growth rate had to be observed in non-pigmenting 

mutants in iron -depletion condition. Actually, t he WT strain and the mutants, with the 

exception of M25, have a similar growth rate.  

M25 was able to grow better in absence of iron (with growth rates of 0.0672 ± 0.00375 and 

0.0757 ± 0.00104, respectively in normal KB and iron -free KB), having a similar growth rate 

to P. fluorescens SBW25 that is a well-known producer of siderophores. After 31 hours of 
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growth, M25 produced a high amount of pigment compared to the wild -type strain (as 

reported in Figure 4.2). In particular, the blue -pigment production was more pronounced in 

normal KB than in presence of chelators. These results suggested that M25 is a strong 

siderophore producer. 

To confirm previous findings, the liquid CAS assay was conducted at 31 hours of growth, 

when a dark halo was visible in the wells containing M25 and only a grey shadow was visible 

for ps_77. Interestingly, already at 31 hours of growth an intense orange pigment was visible 

for M25 because of the activity of siderophores in solution, able to force out iron from 

preformed HDTMA -Fe complexes (Alexander and Zuberer, 1991). Moreover, the colorimetric 

reaction was more marked in iron -free environment, according to expectation, as 

siderophores are usually produced in condition of poor availability of iron (Cornelis, 2010). 

No colorimetric reaction was visible for ps_77, other mutants, P. fluorescens SBW25 and 

PBR840. Results are reported in Figure 4.3. 

 

Figure 4.3 - 96 -well plate for the execution of the CAS assay . 

It  seems most likely that the blue pigment  is not a siderophore, as growth rate in normal and 

iron -limited KB broth  were similar  for the blue- and non-pigmenting strains . Moreover, it 

could be demonstrated that M25 is able to produce a great amount of the pigment, as well as 

of siderophores. These results are consistent with a scenario where iron -uptake through the 

production of siderophore s is involved in the production of the blue molecule.  





 

 

 

 

Figure 4.4 - Biolog GN2 test . 

Blue bars represent growth measured through a Plate reader as reported in the Material and methods. Red bars represent no growth in presence of 
the reported carbon source . 

Value Water  -Cyclodextrin Dextrin Glycogen Tween 40 Tween 80 N-Acetyl-D-galactosamine N-Acetyl-D-glucosamine Adonitol L-Arabinose D-Arabitol D-Cellobiose

WT
M25
M2
M3 
M19
M20

Value i-Erythritol D-Fructose L-Fucose D-Galactose Gentiobiose  -D-Glucose m-Inositol  -D-Lactose Lactulose Maltose D-Mannitol D-Mannose
WT

M25
M2
M3 
M19
M20

Value D-Melibiose  -Methyl-D-Glucoside D-Psicose D-Raffinose L.Rhamnose D-Sorbitol Sucrose D-Threalose Turanose Xylitol Methyl Pyruvate Mono-Methyl-Succinate
WT
M25

M2
M3 
M19
M20

Value Acetic acid Cis-Acotonic Acid Citric Acid Formic Acid D-Galactonic Acid Lactone D-Galacturonic Acid D-Gluconic Acid D-Glucosaminic Acid D-Glucuronic Acid  -Hydroxy- Butyric Acid  -Hydroxy- Butyric Acid  -Hydroxy- Butyric Acid
WT
M25
M2
M3 

M19
M20

Value p-Hydroxy Phenylacetic Acid Itaconic Acid  -Keto Butyric Acid   -Keto Glutaric Acid   -Keto Valeric Acid D,L-Lactic Acid Malonic Acid Propionic Acid Quinic Acid D-Saccharic Acid Sebacic Acid Succinic Acid

WT
M25
M2
M3 
M19
M20

Value Bromo Succinic Acid Succinamic Acid Glucoronamide L-Alanine D-Alanine L-Alanine L-Alanyl-glycine L-Asparagine L-Aspartic Acid L-Glutamic Acid Glycyl-L-Aspartic Acid Glycyl-L-Glutamic Acid
WT

M25
M2
M3 
M19
M20

Value L-Histidine Hydroxy-L-Proline L-Leucine L-Ornithine L-Phenylalanine L-Proline L-Pyroglutamic Acid D-serine L-Serine L-Threonine D,L-Carnitine  -Amino Butyric Acid
WT
M25
M2

M3 
M19
M20

Value Urocanic Acid Inosine Uridine Thymidine Phenylethylamine Putrescine 2-Aminoethanol 2,3-Butanediol Glycerol D,L-   -Glycerol-phosphate Glucose-1-Phosphate Glucose-6-Phosphate
WT
M25
M2
M3 

M19
M20
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Figure 4.5 - Ratio of tested strains during the competition experiment in normal KB 
and iron -limited KB . 

-2
-1,5

-1
-0,5

0
0,5

1
1,5

2
2,5

0 1 2 3 4 5 6 7 8

R
at

io 

Days 

ps_77/M19 4 °C 

normal KB iron-limited KB

-2

-1,5

-1

-0,5

0

0,5

1

1,5

0 1 2 3 4 5R
at

io 

Days 

ps_77/M19 22 °C 

normal KB iron-limited KB

-2

-1,5

-1

-0,5

0

0,5

1

1,5

2

0 1 2 3 4 5 6R
at

io 

Days 

ps_77/M19 28 °C  

normal KB iron-limited KB



Chapter 4 

 
183 

At 22 °C, ps_77 seems to have a better fitness in iron-free conditions, in comparison to the 

growth in normal KB. Finally, the whi te mutant showed a better fitness at 28 °C, without 

overcoming on the other strain.  

The competition experiment was performed also on four  food matrices already tested in 

previous challenge tests (Andreani, personal communication). The same amount of the two 

overnight cultures was mixed and spotted on about 1 cm3 of food or in 1 mL of governing 

liquid of mozzarella cheese. Ratio between the two strains was measured in the mixture 

spotted at the beginning and when the blue pigment was visible at least in one of the samples. 

In Figure 4.6, pigment production in the sample s is reported. 

 

Ratio between the two strains is reported in Figure 4.7. 

Again, the ratio between the two strains fluctuates in the six replicates. These results agree 

with the ones obtained by Luján and co-workers when observing the competition between the 

WT strain of P. fluorescens SBW25 and its cheater strain PBR840 (Luján et al., 2015). In this 

study the ratio between the two strains was close to 1, underlying that several Pseudomonas 

are able to take up siderophores produced and released in the environment by other bacteria 

(Cornelis, 2010). Excluding the molecule to be a siderophore, it is likely that the blue pigment 

could have a favourable effect also to non-pigmenting strains sharing the environment with 

the producers, whatever its function was.  

 

Figure 4.6 - Competition experiment in food matrices . 
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Figure 4.7 - Ratio of the strains during the competition experiment on food matrices . 

4.5. Conclusion  

In the present work, the blue pigment production of ps_77, a P. fluorescens strain was 

investigated. The strategy was to isolate mutants presenting insertions in genes involved 

directly or having an indirect effect on pigment production with the aim to find genes 

responsible for pigment production . 

As expected, sequencing of the flanking regions to the transposons confirmed the importance 

of a unique gene cluster in the blue pigment production, containing trp  genes. Additionally,  

genes previously not implicated and other loci whose role in the biosynthesis and excretion 

has to be disclosed have been reported in this study. 

Several mechanisms are involved in the blue molecule production, such as oxidative stress 

response, biofilm formation and signalling among cells , such as production of quorum 

sensing molecules. However, the biosynthetic process seems to be centered on tryptophan 

metabolism, as several genes investigated lead to tryptophan biosynthetic pathway . 

Iron plays a key role in the biosynthetic pathway as its enhanced uptake induces a higher 

pigment production. No visible enhanced fitness has been reported through competition 

experiments, underlying th e possibility of the non-producing strain s to benefit of the pigment 

produced by the blue-pigmenting strains growing in co -culture.  
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GENERAL CONCLUSIONS 

AND FUTURE PERSPECTIVES  
In the present thesis, a comprehensive study of the spoilage activity of P. fluorescens strains 

isolated from food products has been conducted, paying particular attention to strains able to 

produce a blue pigment. 

This study represents the first investigation of a combined evaluation of phenotyp ic and 

genetic information that was able to correlate the blue-pigment production to a specific 

phylogenetic group through the creation and application of a MLST approach.  

The blue pigment production takes place only in particular  environmental conditions ( i.e. at 

6 °C and 22 °C, but not at 31 °C, on MBM agar and PDA, in presence of oxygen, when high 

cell density is present). This information help s in the understanding of the spoilage 

mechanisms of the strains and in preventing pigment production.  

The genomic analyses, and specially the pangenome analysis, revealed a first panel of five 

genes (namely trpABCDF ) involved in the blue pigment production. Moreover, a key role of a 

genetic cluster found exclusively in the blue pigmenting strains investigated has been 

reported. 

Mutagenesis revealed the involvement of TrpB and further three loci of the blue-unique 

cluster in the blue molecule production. However, the involvement of the other trp  genes can 

be finally excluded only through the application of site -directed mutagenesis. 

The chemical nature of the pigment remains an unsolved issue, at the moment: chemical 

investigation conducted through LC-MS/MS reveals that the pigment is an indigo -derivative, 

even if the molecular composition remains unclear.  However, the blue pigment is not 

indigoidine and the producing strains are not P. lemonnieri  strains (P. fluorescens biovar IV), 

in contrasts with findings of Caputo and colleagues (2015). 

A deeper phenotypic characterisation of the transposon-induced mutants is necessary to 

highlight the role of the pigment. For instance, antimicrobial activity of the pigment might be 

tested against different bacterial species, as well as moulds and yeasts. Moreover, the 
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eventual protection against oxidative stress might be investigated, or rather the ability to 

produce biofilm and signal molecules of the mutants. Additionally,  the application of further  

bioinformatics tools  might shed light on the complete biosynthetic pathway.  

Besides the mere research goals, the application of the MLST scheme, combined with simple 

phenotypic tests are useful in food industry to identify potential spoilers in raw materials, in 

processing plants and in final products, allowing  to highlight  also the routes and sources of 

contamination. However, the re latively high cost of MLST approach, based on the 

amplification and sequencing of seven loci, might reduce the applicability of the methods in 

food industry. A quicker screening might be provided by the identification of trp  genes, which 

presence can be easily investigated through a simple PCR amplification and amplicon 

visualisation through gel electrophoresis.  

Rigorous hygiene standards must be applied to reduce the event of exogenous contamination 

that involve food product after food processing.  A particular attention must be paid to the 

cold chain, when required. 
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