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Abstract 

The tomato pith necrosis (TPN) symptoms, assigned mainly to Pseudomonas corrugata and           

P. mediterranea, have also been assigned to fluorescent oxidase-positive Pseudomonas strains of 

which its taxonomy remains to be clarified. 

The phylogenetic relationships within the genus Pseudomonas of 32 fluorescent oxidase-positive 

strains, isolated from TPN in Portugal, were determined based on partial rpoB gene sequences of these 

strains and almost all Pseudomonas type strains. This analysis revealed a huge diversity among these 

strains and allowed the identification of the species: P. aeruginosa, P. azotoformans, P. cichorii,           

P. grimontii, P. koreensis, P. monteilii, P. moraviensis, P. poae, P. rhodesiae, P. thivervalensis,            

P. vranovensis as well as Pseudomonas genomospecies FP2. Two non-fluorescent strains, also 

included in this study, were identified as P. veronii. 

The partial rpoB gene sequencing proved to be a powerful method for identification of Pseudomonas 

strains and a database including rpoB sequences of 109 Pseudomonas type strains was created for 

identification of bacteria in our laboratory. 

The phenotypic characterization based on the LOPAT tests and nutritional profiles obtained through 

the Biolog system presented limitations in the differentiation of the majority of the strains studied. 
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Resumo 

Os sintomas da medula negra do tomateiro (MNT), atribuídos fundamentalmente às espécies 

Pseudomonas corrugata e P. mediterranea, têm vindo a ser igualmente atribuídos a estirpes de 

Pseudomonas fluorescentes, oxidase positiva, cuja taxonomia ainda não foi totalmente esclarecida. 

As relações filogenéticas dentro do género Pseudomonas de 32 estirpes fluorescentes oxidase 

positiva, isoladas da MNT em Portugal, foram determinadas com base nas sequências parciais do gene 

rpoB destas estirpes e da maioria das estirpes tipo do género Pseudomonas. Esta análise revelou uma 

enorme diversidade genética entre as estirpes estudadas permitindo a identificação das espécies:       

P. aeruginosa, P. azotoformans, P. cichorii, P. grimontii, P. koreensis, P. monteilii, P. moraviensis,       

P. poae, P. rhodesiae, P. thivervalensis, P. vranovensis bem como Pseudomonas genomospecies FP2. 

Duas estirpes não fluorescentes, também incluídas neste estudo, foram identificadas como P. veronii. 

A sequenciação parcial do gene rpoB provou ser um método poderoso de identificação de estirpes 

de Pseudomonas tendo sido criada uma base de dados, incluindo sequências rpoB de 109 estirpes tipo 

do género Pseudomonas, para a identificação de bactérias no nosso laboratório. 

A caracterização fenotípica com base nos testes LOPAT e nos perfis nutricionais obtidos através do 

sistema Biolog apresentou limitações na diferenciação da maioria das estirpes estudadas. 
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Resumo alargado 

A doença da medula negra do tomateiro (MNT) tem sido assinalada nos diversos países das 

diferentes regiões do globo produtoras de tomate estando por vezes associada a graves prejuízos. Em 

Portugal, a doença foi observada pela primeira vez em 1985 aparecendo de uma forma esporádica e 

desde 1997, tem sido frequentemente observada nas principais regiões produtoras de tomate, 

nomeadamente Entre Douro e Minho, Ribatejo e Oeste e Algarve. 

Apesar dos sintomas da doença da MNT não serem específicos das bactérias Pseudomonas 

corrugata e P. mediterranea (espécie próxima de P. corrugata), estas espécies têm sido referidas como 

os principais agentes causais da doença. Outras espécies têm sido associadas aos sintomas da 

doença, nomeadamente P. viridiflava, P. cichorii, P. fluorescens, Erwinia carotovora e Erwinia 

chrysanthemi, existindo portanto, um complexo bacteriano associado à sintomatologia da doença. Além 

disso, estirpes de Pseudomonas fluorescentes não identificadas ao nível da espécie têm sido 

igualmente associadas aos sintomas da doença na Europa (Portugal, Espanha, França, Grécia, Itália e 

Suíça) bem como no continente Americano (Canada). Estas estirpes correspondem, na sua maioria, a 

estirpes oxidase positiva capazes de causar medula negra em tomateiro. 

No sentido de aprofundar o conhecimento da taxonomia do grupo emergente de estirpes 

patogénicas de Pseudomonas fluorescentes, oxidase positiva, que têm sido isoladas da MNT em 

Portugal, procedeu-se à caracterização fenotípica e genotípica de 32 estirpes seleccionadas desse 

grupo (estirpes MNT). 

O gene rpoB, que codifica para a síntese da subunidade β da RNA polimerase, foi recentemente 

descrito como um útil marcador molecular para a identificação das espécies do género Pseudomonas 

tendo sido publicadas no banco de dados GenBank, as sequências parciais do gene rpoB de diversas 

espécies do género Pseudomonas. 

No presente estudo, procedeu-se à sequenciação de um fragmento do gene rpoB das estirpes MNT 

bem como das estirpes tipo do género Pseudomonas para as quais a sequência parcial deste gene não 

estava disponível no GenBank. As sequências obtidas conjuntamente com as sequências parciais do 

gene rpoB exportadas do GenBank, permitiram estudar as relações filogenéticas entre as estirpes MNT 

e as diferentes estirpes tipo do género Pseudomonas. 

A análise filogenética revelou uma enorme diversidade genética entre as estirpes MNT e permitiu a 

identificação das espécies: P. aeruginosa, P. azotoformans, P. cichorii, P. grimontii, P. koreensis,        

P. monteilii, P. moraviensis, P. poae, P. rhodesiae, P. thivervalensis, P. vranovensis bem como 
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Pseudomonas genomospecies FP2. Duas estirpes patogénicas não fluorescentes, também incluídas 

neste estudo, foram identificadas como P. veronii. Entre as espécies e genomoespécies identificadas, 

apenas P. aeruginosa, P. cichorii, P. rhodesiae e Pseudomonas genomospecies FP2 foram 

anteriormente associadas aos sintomas da MNT. As restantes espécies identificadas correspondem, na 

sua maioria, a bactérias habitantes do solo e da água ou associadas a plantas e o seu envolvimento 

nesta doença foi confirmado pela primeira vez. 

As estirpes MNT foram igualmente caracterizadas com base nos testes bioquímicos LOPAT e nos 

perfis nutricionais obtidos através do sistema BIOLOG a partir de 95 fontes de carbono passíveis de 

serem utilizadas pelas bactérias. As características LOPAT permitiram distinguir diferentes grupos 

fenotípicos mas não foram suficientes para descriminar a grande diversidade de espécies identificadas. 

Comparando os resultados da identificação pelo sistema BIOLOG com os da análise filogenética, 

apenas a identificação das espécies P. aeruginosa e P. cichorii foi concordante, o que poderá ser 

explicado pelo facto de todas as outras espécies identificadas através da análise filogenética não 

constarem na base de dados BIOLOG usada na identificação. 

A sequenciação parcial do gene rpoB provou ser um método rápido e fiável de identificação de 

estirpes de Pseudomonas. Deste modo, as sequências parciais do gene rpoB de 109 estirpes tipo do 

género Pseudomonas, determinadas neste estudo ou exportadas do GenBank, foram utilizadas na 

construção de uma base de dados a ser usada na identificação de estirpes de Pseudomonas no nosso 

laboratório. 

Foi ainda associada à base de dados criada, uma ferramenta BLAST que permite a comparação de 

sequências desconhecidas com as sequências presentes nesta base de dados. No entanto, a 

identificação de bactérias através da análise comparativa de sequências por BLAST deverá ser 

confirmada pela construção de uma árvore filogenética. 
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1.  Introduction 

The tomato pith necrosis (TPN), a disease of tomato plants (Lycopersicon esculentum) grown mainly 

in greenhouses but also outdoors, was first reported in England in 1955 and attributed to Pseudomonas 

corrugata (Scarlett et al., 1978). Afterwards, the TPN disease was successively reported in several 

countries in Europe as well as in the other continents (Moura, 2005; Passo, 2005). Nowadays, the 

disease has been reported worldwide and significant yield losses may occur (Scarlett et al., 1978; 

Catara & Albanese, 1993; Lopez et al., 1994; Moura et al., 1999; Vasconcelos, 2001). 

Although TPN symptoms are not specific to P. corrugata and also P. mediterranea (closely related to 

P. corrugata), these non-fluorescent species have been described as the main causal agents of the 

disease (Catara et al., 2002; Moura, 2005). Other bacteria have been associated with the TPN 

symptoms including fluorescent Pseudomonas species such as P. viridiflava, P. cichorii and                 

P. fluorescens and also, unidentified fluorescent Pseudomonas strains (Sutra et al., 1997; Moura, 

2005). In addition, Erwinia carotovora (Malathrakis & Goumas, 1987; Moura et al., 1999) and Erwinia 

chrysanthemi (Alivizatos, 1985; Oliveira & Ferreira-Pinto, 1990) have also been associated with the TPN 

symptoms, highlighting a heterogeneous group of species that have been associated with this disease. 

In Portugal, the disease was first observed in 1985 (Santa-Marta, 1985) when it appeared 

sporadically in greenhouses and since 1997, has frequently been observed in the main tomato 

producing areas, namely Entre Douro e Minho (North), Ribatejo e Oeste (West) and Algarve (South) 

(Moura et al., 1999; Moura et al., 2003; Moura, 2005; Passo, 2005). Similarly to what has been reported 

in other countries, fluorescent Pseudomonas spp. have frequently been reported causing TPN in 

Portugal (Moura et al., 1999; Moura, 2005; Passo, 2005). Moura (2005) presented a large collection of 

fluorescent and non-fluorescent Pseudomonas strains isolated from TPN in Portugal, from 1997 to 

2001, in the main tomato producing areas. Besides the identification of the species P. corrugata,          

P. mediterranea and P. viridiflava, other fluorescent Pseudomonas spp. were reported as causing TPN 

symptoms including P. cichorii, P. marginalis and unidentified fluorescent strains. The phenotypic 

characterization and pathogenicity assessment of these strains showed that fluorescent Pseudomonas 

spp., mainly oxidase-positive strains, were able to produce typical symptoms of pith necrosis on tomato 

plants being, in some cases, more aggressive than P. corrugata, P. mediterranea and P. viridiflava 

strains (Moura, 2005). Moreover, the isolation of fluorescent oxidase-positive Pseudomonas strains 

causing TPN in Portugal was also reported by Passo (2005). However, the taxonomy of the emergent 

group of fluorescent oxidase-positive Pseudomonas strains causing TPN in Portugal remains to be 
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clarified (Moura, 2005) and this fact, prompts us to study phenotypic and molecular characteristics of a 

representative group of these strains in order to clarify their taxonomic identity. 

Different phenotypic methods are available for characterization and identification of Pseudomonas 

species, including conventional biochemical tests such as the LOPAT tests proposed by Lelliott et al. 

(1966) for identification of pathogenic fluorescent Pseudomonas or automated methods developed for 

identification of bacteria based on their nutritional profiles such as the Biolog system. Moreover, the 

advances in DNA sequencing technology and growing availability of sequence information databases 

have greatly enhanced the use of molecular methods for the identification of bacteria. Recently, the 

rpoB gene was described as a useful molecular marker for identification of Pseudomonas species, 

showing a phylogenetic resolution three times higher than that of the most commonly used gene for 

bacteria identification, the 16S RNA gene (Tayeb et al., 2005). Consequently, several partial rpoB gene 

sequences of Pseudomonas type strains were deposited in the GenBank public database (Tayeb et al., 

2005). This way, besides the phenotypic characterization based on the LOPAT tests and nutritional 

profiles, we attempted to identify the TPN strains through the comparison of their rpoB gene sequences 

with those of Pseudomonas type strains. 

 

Aims of the present study 

 

This study was performed with the overall objective of contributing to clarify the taxonomy and 

phylogeny of the pathogenic fluorescent oxidase-positive Pseudomonas strains that have been 

recurrently isolated from TPN in Portugal, characterizing them in two different approaches based on 

phenotypic and molecular information. Our specific aims were: 

▪ To characterize the bacterial strains through the LOPAT tests and nutritional profiles using the 

Biolog system, 

▪ To determine the taxonomic identity and phylogenetic relationships of the bacterial strains within 

the genus Pseudomonas, by sequencing an rpoB gene fragment of these strains and comparing those 

sequences with partial rpoB sequences of all Pseudomonas type strains through the phylogenetic 

analysis, 

▪ To develop a complete database with the rpoB sequences of all Pseudomonas type strains and to 

assess the use of this database for BLAST search identification of Pseudomonas spp. strains 

comparing the results obtained with those obtained through the phylogenetic analysis. 
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1.1  Tomato pith necrosis 

1.1.1  Causal agents 

P. corrugata and P. mediterranea are non-fluorescent Pseudomonas species that represent a major 

group of bacteria associated with TPN in several countries (Moura, 2005). P. corrugata, a soil-borne 

pathogen, was first described by Scarlett et al. (1978) as the causal agent of TPN and after that, has 

been isolated all over the world causing pith necrosis mainly on tomato. In 2002, Catara et al. proposed 

P. mediterranea as a novel species responsible for TPN disease, for P. corrugata strains genetically and 

phenotypically divergent. P. mediterranea, as the specific epithet indicate, has been isolated from 

Mediterranean basin countries: Italy, France, Spain (Catara et al., 2002), Portugal (Moura et al., 2003; 

Passo, 2005) and Turkey (Basim et al., 2005). 

Furthermore, the symptoms of TPN have also been ascribed to several different bacterial pathogens, 

such as P. cichorii (Wilkie & Dye, 1974; Moura et al., 1999; Moura, 2005), P. viridiflava (Alivizatos, 1986; 

Malathrakis & Goumas, 1987; Jacob & Martins, 1989; Alippi et al., 2003; Moura, 2005), P. fluorescens 

(Malathrakis & Goumas, 1987; Moura et al., 1999; Cantore & Iacobellis, 2002; Saygili et al., 2004; 

Passo, 2005; Molan & Ibrahim, 2007), P. syringae pv. syringae (Jacob & Martins, 1989; Moura et al., 

1999), P. marginalis (Moura, 2005; Passo, 2005), Erwinia carotovora subsp. carotovora (Speights et al., 

1967; Dhanvantari & Dirks, 1987; Malathrakis & Goumas, 1987; Carroll et al., 1992; Moura et al., 1999) 

now reclassified as Pectobacterium carotovorum subsp. carotovorum, Erwinia carotovora subsp. 

atroseptica (Malathrakis & Goumas, 1987; Moura et al., 1999) now reclassified as Pectobacterium 

atrosepticum and, Erwinia chrysanthemi (Victoria & Granada, 1983; Alivizatos, 1985; Oliveira & 

Ferreira-Pinto, 1990) now reclassified as Dickeya chrysanthemi. 

In addition to the species reported here, the involvement of unidentified fluorescent Pseudomonas 

strains in TPN has been described in different countries in Europe, namely in Greece (Alivizatos, 1984), 

Italy (Catara, 1994), France, Spain, Switzerland (Sutra et al., 1997), Portugal (Moura, 2005; Passo, 

2005) and in the American continent, namely in Canada (Dhanvantari, 1990). The majority of the 

unidentified fluorescent Pseudomonas strains, that have been isolated from TPN in different countries, 

correspond to oxidase-positive strains which produce symptoms of pith necrosis on tomato plants 

(Alivizatos, 1984; Dhanvantari, 1990; Catara, 1994; Sutra et al., 1997; Moura, 2005). 

The taxonomy of Pseudomonas strains isolated from TPN, including P. corrugata and unidentified 

fluorescent oxidase-positive strains, was studied by Sutra et al. (1997). In this study, on the basis of 

phenotypic analysis and DNA-DNA hybridization results, they proposed three unnamed fluorescent 

Pseudomonas genomospecies, FP1, FP2 and FP3, phenotypically related to P. corrugata strains. The 
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DNA-DNA hybridizations revealed that they are clearly separate from P. corrugata and belong to three 

different DNA hybridization groups that could be proposed as new species. However, the authors didn’t 

feel free to propose new species because of the lack of discriminating phenotypic tests and the low 

number of strains in DNA hybridization group of Pseudomonas genomospecies FP3. All strains 

belonging to Pseudomonas genomospecies FP1 and FP2 were pathogenic on tomato whereas none of 

the Pseudomonas genomospecies FP3 strains produced typical symptoms of pith necrosis in tomato 

(Sutra et al., 1997). Interestingly, two unidentified fluorescent Pseudomonas strains, previously 

described as a novel agent of tomato stem necrosis in Canada (Dhanvantari, 1990) as referred 

beforehand, were identified as Pseudomonas genomospecies FP1 and FP2. Moreover, among the 

fluorescent oxidase-positive strains which couldn´t be assigned to any Pseudomonas genomospecies, 

some were phenotypically identified as P. cichorii, P. marginalis and P. aeruginosa but the pathogenicity 

on tomato plants was not assessed and, the remaining strains which were isolated phenotypes, were 

not identified (Sutra et al., 1997). 

 

1.1.2  Symptoms 

Frequently, the first symptom of the disease is a chlorosis of the youngest leaves usually on plants 

where the fruit of the first truss is fully grown although still green. In severe cases, this chlorosis is 

intensified affecting all the top half of the plant which loses turgidity and the whole plant then collapses 

(Scarlett et al., 1978). On the stems surface of these plants, dark brown to black lesions are usually 

seen coinciding with the area of the stem where the pith is affected (Figure 1a). The development of 

adventitious roots on the affected stem areas is also quite a frequent symptom (Figure 1b). Sometimes 

a dirty-white bacterial flux can be seen either oozing from the pruning scars where the old leaves were 

removed or from the splits that can occur in the affected stems and petioles (Scarlett et al., 1978; Catara 

& Bella, 1996). 

The disease is manifested internally by a typical brownish-black necrosis of pith tissues (Figure 1d), 

generally well defined that is often extended throughout the stem into the peduncles, petioles and the 

leaf rachises (Figure 1c). The brown colouring may also extend to the root system (Catara & Bella, 

1996). In a more advanced disease stage, the pith disintegrates and the stem becomes hollow and 

splits (Figure 1e). Sometimes, and particularly in plants without external lesions, the pith can be slightly 

brown in colour (Figure 1d'), with or without cavities, and the necrosis can also affect the vascular 

system (Scarlett et al., 1978). 



INTRODUCTION 

 

5 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  TPN symptoms: a) dark brown lesion on the stem and petiole surface (a') coinciding with a 

typical brownish-black necrosis of pith tissues (a''); b) numerous adventitious roots on the affected stem 

areas; c) pith necrosis extended throughout the stem into the peduncle, petiole and leaf rachis; d) necrosis 

of pith tissues, slightly brown (d') and dark brown (d''); e) hollow stem with dark brown cavity after pith 

disintegration (Images from the author). 
 

Plants severely infected, wilt and die, while other infected plants, even with hollow and splits stems, 

survive and yield normally appearing to make a complete recovery (Scarlett et al., 1978). 

 

1.2  The genus Pseudomonas 

1.2.1  An overview of taxonomy 

The genus Pseudomonas Migula 1894 was originally described as including polarly flagellated, 

strictly aerobic Gram-negative rods, having a respiratory type of metabolism in which oxygen is used. In 

the course of many years, this vague phenotypic definition allowed the genus Pseudomonas to become 

a dumping ground for poorly characterized bacteria and a large number of species were assigned to this 

genus (Palleroni, 1992; Kersters et al., 1996). 

a'' 

c b 

e d' 

a' 

d'' b 
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The unsatisfactory state of affairs lasted for about 70 years, until attempts at rational classification of 

the Pseudomonas species were made in several laboratories around the world. The first                   

well-documented arguments for the multigeneric nature of Pseudomonas were presented by Palleroni et 

al. in 1973, following the early taxonomic studies conducted in Berkeley (USA) based on phenotypic and 

DNA-DNA hybridization methods (Stanier et al., 1966; Ballard et al., 1968; Davis et al., 1970; Palleroni 

& Doudoroff, 1971; Palleroni et al., 1972). Using conservative regions of the genome such as the 

ribosomal RNA (rRNA) genes in a comparative rRNA-DNA hybridization method applied to various 

Pseudomonas species, they proposed to subdivide this genus into five distinct rRNA homology groups 

(rRNA groups I to V). Through this technique, organisms of other genera (Xanthomonas and 

Escherichia) appeared to be related to some Pseudomonas species, giving similarity values higher than 

those found between the pseudomonads groups themselves. 

Later, the phylogenetic distance between each of the Palleroni´s rRNA groups was more precisely 

determined by the inclusion of a wide variety of Proteobacteria in rRNA-DNA hybridization studies in 

Ghent (Belgium) using a variation of the hybridization technique (De Vos & De Ley, 1983; De Vos et al., 

1985, 1989; De Ley, 1992). Also rRNA oligonucleotide cataloguing and later 16S rRNA sequencing, 

contributed considerably to the present knowledge of the phylogenetic distribution of the pseudomonads 

within the rRNA framework of the Proteobacteria (Woese, 1987; Stackebrandt et al., 1988; Vandamme 

et al., 1996). The phylogenetic heterogeneity of the genus Pseudomonas was also supported by the 

finding that there are enzymatic differences in aromatic amino acid biosynthesis in general agreement 

with the results from rRNA analysis (Whitaker et al., 1981; Byng et al., 1983). Besides these studies, the 

proposed division of Pseudomonas into various rRNA groups has received confirmation by many other 

investigations following various approaches, including investigations on metabolic pathways and their 

regulatory mechanisms, nucleic acid similarity studies, amino acid sequences of selected proteins, 

immunological studies and cell wall composition (Palleroni, 2005). 

During the last decades, the knowledge of the phylogenetic relationships of Pseudomonas together 

with the results of detailed polyphasic taxonomic studies have led to reviews of the classification and 

nomenclature of the various Pseudomonas species (Kersters et al., 1996). Consequently, many of the 

organisms that were previously described as Pseudomonas species have been reclassified within new 

or pre-existing genera (Kersters et al., 1996; Anzai et al., 2000). Nowadays, the genus Pseudomonas is 

restricted to those species related to the type species P. aeruginosa, i.e. the genuine pseudomonads of 

the rRNA group I, which belong to the Gamma subclass of the Proteobacteria (Kersters et al., 1996; 

Moore et al., 2006). Thus, the genus Pseudomonas is synonymous with Pseudomonas rRNA homology 

group I, Pseudomonas sensu stricto and true Pseudomonas. The word “pseudomonad” quite often 
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used, is a descriptive term (i.e. Pseudomonas-like), with no formal nomenclature status, accorded to a 

nonexclusive collection of bacteria exhibiting various levels of similarity with species of the genus 

Pseudomonas (Moore et al., 2006). 

The updated list of species and subspecies of the genus Pseudomonas which have nomenclatural 

standing is available on the website of List of Prokaryotic names with Standing in Nomenclature (LPSN) 

(Euzéby, 1997). If we exclude the Pseudomonas species reclassified in other genera and the species 

recognized as later heterotypic synonyms of other Pseudomonas species, this list included 121 

Pseudomonas species valid names at the time of this research (July, 2008). Anzai et al. (2000), based 

on 16S rRNA phylogeny, demonstrated that 9 of these species do not belong to this genus and should 

be excluded from the genus Pseudomonas, namely P. beteli, P. boreopolis, P. carboxydohydrogena,   

P. cissicola, P. flectens, P. geniculata, P. halophila, P. hibiscicola and P. pictorum. However, these 

species have not been allocated to another genus so far. The 112 remaining validly named 

Pseudomonas species are listed in Table 1, including 53 species studied by Anzai et al. (2000),           

P. gelidicola described in 1951 but that was not included in the Anzai’s study and 58 new species 

described between 1999 and 2008. 

Despite the enormous joint effort by taxonomists in improving the classification and gradually 

stabilising the nomenclature of the pseudomonads, there are still validly named Pseudomonas species 

which have an uncertain phylogenetic position (Palleroni, 2005) such as P. gelidicola. This species was 

referred by Kersters et al. (1996) as a species whose phylogenetic position was undetermined. 

Unfortunately, Anzai et al. (2000) could not sequence the 16S rRNA encoding gene of this species 

because they could not obtain the type strain (P. gelidicola IAM 1127) from the IAM culture collection 

and its phylogenetic position is still undetermined. Other Pseudomonas species included in Table 1 and 

described after the study of Anzai et al. (2000), such as P. abietaniphila, P. cannabina, P. tremae and  

P. vancouverensis, were referred by Palleroni (2005) as species that have an uncertain phylogenetic 

position. 

The separate species P. aurantiaca, P. aureofaciens and P. chlororaphis considered by Anzai et al. 

(2000) were recently reclassified by Peix et al. (2007) as 3 novel subspecies of P. chlororaphis:            

P. chlororaphis subsp. chlororaphis, P. chlororaphis subsp. aurantiaca and P. chlororaphis subsp. 

aureofaciens. These are the only validly named subspecies within the genus Pseudomonas and are 

also listed in Table 1 which includes 114 validly named Pseudomonas species and subspecies in total. 
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Table 1.  Validly named Pseudomonas species and subspecies, respective type strain accession numbers and origin of 

isolation 

Isolation 
Species name Type strain 

Source Place Year 

P. abietaniphila Mohn et al. 1999 CIP 106708T Bleached kraft mill effluent Canada 1995 

P. aeruginosa (Schroeter 1872) Migula 1900 LMG 1242T na na na 

P. agarici Young 1970 LMG 2112T 
Cultivated mushroom Agaricus bisporus with 
drippy gills 

New Zealand 1969 

P. alcaligenes Monias 1928 LMG 1224T Swimming pool water na 1961 

P. alcaliphila Yumoto et al. 2001 CIP 108031T Sea water  Japan 1999 

P. amygdali Psallidas and Panagopoulos 1975 LMG 2123T Prunus amygdalus Greece 1967 

P. anguilliseptica Wakabayashi and Egusa 1972 CIP 106711T Pond-cultured eels Japan na 

P. antarctica Reddy et al. 2004 CIP 108466T Cyanobacterial mat samples Antarctica na 

P. argentinensis Peix et al. 2005 Peix CH01T Soil Argentina 2003 

P. asplenii (Ark and Tompkins 1946) Savulescu 1947 
(Approved Lists 1980) emend. Tvrzová et al. 2006 

LMG 2137T Asplenium nidus na na 

P. avellanae Janse et al. 1997 CIP 105176T Corylus avellana Greece 1976 

P. azotifigens Hatayama et al. 2005 CIP 108866T Compost pile Japan na 

P. azotoformans Iizuka and Komagata 1963 CIP 106744T Rice paddy Japan na 

P. balearica Bennasar et al. 1996 CIP 105297T Wastewater treatment plant Spain na 

P. borbori Vanparys et al. 2006 LMG 23199T Nitrifying inoculum Belgium na 

P. brassicacearum Achouak et al. 2000 CIP 107059T Plant rhizosphere France na 

P. brenneri Baïda et al. 2002 CIP 106646T Mineral water after bottling France 1997 

P. cannabina (ex Sutic and Dowson 1959) Gardan et 
al. 1999 

CIP 106140T Cannabis sativa Hungry 1957 

P. caricapapayae Robbs 1956 LMG 2152T Carica papaya Brazil 1966 

P. cedrina corrig. Dabboussi et al. 2002 CIP 105541T Spring water Lebanon 1995 

P. chlororaphis subsp. aurantiaca (Nakhimovskaya 
1948) Peix et al. 2007 

CIP 109718T na na na 

P. chlororaphis subsp. aureofaciens (Kluyver 
1956) Peix et al. 2007 

LMG 1245T River clay suspended in kerosene Netherlands na 

P. chlororaphis subsp. chlororaphis (Guignard and 
Sauvageau 1894) Bergey et al. 1930 

LMG 5004T Contaminated plate na na 

P. cichorii (Swingle 1925) Stapp 1928 LMG 2162T Cichorium endivia Germany na 

P. citronellolis Seubert 1960 (Approved Lists 1980) 
emend. Lang et al. 2007 

CIP 104381T Soil under pine trees USA na 

P. congelans Behrendt et al. 2003 CFBP 7019T Phyllosphere of grasses Germany 1994 

P. corrugata Roberts and Scarlett 1981 LMG 2172T Tomato pith necrosis 
United 
Kingdom 

1972 

P. costantinii Munsch et al. 2002 CFBP 5705T 
Cultivated mushroom Agaricus bisporus with 
brown blotch disease symptoms 

Finland 1997 

P. cremoricolorata Uchino et al. 2002 CIP 107616T Rice paddy Japan 1963 

P. delhiensis Prakash et al. 2007 DSM 18900T 
Soil sample contaminated by polycyclic 
aromatic compounds 

India na 

P. duriflava Liu et al. 2008  KCTC 22129T Soil sample from desert China na 

P. extremorientalis Ivanova et al. 2002 CFBP 6729T Drinking water reservoir Russia 1998 

P. ficuserectae Goto 1983 LMG 5694T Ficus erectae Japan 1977 

P. flavescens Hildebrand et al. 1994 CIP 104204T Canker tissue of Juglans regia USA 1970 

P. fluorescens Migula 1895 CIP 69.13T Pre-filter water-works tanks 
United 
Kingdom 

1951 

P. fragi (Eichholz 1902) Gruber 1905 LMG 2191T na na na 
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Table 1. (Continuation)  Validly named Pseudomonas species and subspecies, respective type strain accession numbers 

and origin of isolation 

Isolation 
Species name Type strain 

Source Place Year 

P. frederiksbergensis Andersen et al. 2000 CIP 106887T Soil from a gasification site Denmark 1994 

P. fulva Iizuka and Komagata 1963 CIP 106765T Rice paddy Japan 1963 

P. fuscovaginae (ex Tanii et al. 1976) Miyajima et al. 
1983 

LMG 2158T Oryza sativa Japan 1976 

P. gelidicola Kadota 1951 CIP 106748T 
Algae Gelidium amansii and rotted straw 
submerged in seawater 

Japan na 

P. gessardii Verhille et al. 1999 CIP 105469T Natural mineral water France 1995 

P. graminis Behrendt et al. 1999  CIP 105897T Grasses Germany 1993 

P. grimontii Baïda et al. 2002 CIP 106645T Natural mineral water France 1997 

P. guineae Bozal et al. 2007 LMG 24016T Soil Antarctica 2005 

P. indica Pandey et al. 2002 CIP 107714T Oil field soil India na 

P. jessenii Verhille et al. 1999 CIP 105274T Natural mineral water France 1995 

P. jinjuensis Kwon et al. 2003 CIP 108617T Agricultural soil 
Republic of 
Korea 

1999 

P. kilonensis Sikorski et al. 2001 CIP 107321T Agricultural soil Germany na 

P. knackmussii Stolz et al. 2007 DSM 6978T Sewage treatment plant Germany 1974 

P. koreensis Kwon et al. 2003 CIP 108616T Agricultural soil 
Republic of 
Korea 

2000 

P. libanensis Dabboussi et al. 1999 CIP 105460T Spring water Lebanon 1995 

P. lini Delorme et al. 2002 CIP 105460T Bulk and rhizospheric soil France 1993 

P. lundensis Molin et al. 1986 CIP 103272T Pre-packed beef Sweden 1979 

P. lurida Behrendt et al. 2007 DSM 15835T Phyllosphere of grasses  Germany 1994 

P. lutea Peix et al. 2004 Peix OK2T Soil Spain 1997 

P. luteola Kodama et al. 1985 CIP 102995T Human wound na na 

P. mandelii Verhille et al. 1999 CIP 105273T Natural mineral water France 1995 

P. marginalis (Brown 1918) Stevens 1925 LMG 2210T Cichorium intybus imported from Belgium USA na 

P. marincola Romanenko et al. 2008 JCM 14761T Deep-sea brittle star Fiji Sea na 

P. mediterranea Catara et al. 2002 CIP 107708T Tomato pith necrosis Italy 1994 

P. meliae Ogimi 1981 LMG 2220T Melia azedarach Japan 1974 

P. mendocina Palleroni 1970 LMG 1223T Soil enriched with ethanol as carbon source Argentina na 

P. meridiana Reddy et al. 2004 DSM 15319T Cyanobacterial mat samples Antarctica na 

P. migulae Verhille et al. 1999 CIP 105470T Natural mineral water France 1995 

P. mohnii Cámara et al. 2007 CIP 109614T 
Sequencing batch reactor treating paper mill 
effluent 

Canada na 

P. monteilii Elomari et al. 1997 CIP 104883T Human, bronchial aspirate France 1990 

P. moorei Cámara et al. 2007 CIP 109622T Soil samples Germany 1997 

P. moraviensis Tvrzová et al. 2006 DSM 16007T Soil 
Czech 
Republic 

na 

P. mosselii Dabboussi et al. 2002 CFBP 4846T Human, tracheal aspirate France 1990 

P. mucidolens Levine and Anderson 1932 LMG 2223T Musty egg USA 1929 

P. nitroreducens Iizuka and Komagata 1964 
(Approved Lists 1980) emend. Lang et al. 2007 

CIP 106747T Oil brine Japan 1957 

P. oleovorans Lee and Chandler 1941 LMG 2229T 
Oil-water emulsion used as lubricant in cutting 
metals 

USA na 
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Table 1. (Continuation)  Validly named Pseudomonas species and subspecies, respective type strain accession numbers 

and origin of isolation 

Isolation 
Species name Type strain 

Source Place Year 

P. orientalis Dabboussi et al. 2002 CIP 105540T Spring water Lebanon 1995 

P. oryzihabitans Kodama et al. 1985 CIP 102996T Rice paddy Japan 1963 

P. otitidis Clark et al. 2006 DSM 17224T Ear of human with acute otitis externa USA na 

P. pachastrellae Romanenko et al. 2005 DSM 17577T Deep-sea sponge Pachastrella sp. 
Philippine 
Sea 

1991 

P. palleroniana Gardan et al. 2002 CFBP 4389T Oryza sativa Cameroon 1988 

P. panacis Park et al. 2005 CIP 108524T Rusty root of ginseng 
Republic of 
Korea 

2004 

P. panipatensis Gupta et al. 2008 CCM 7469T Oil-contaminated soil India na 

P. parafulva Uchino et al. 2002 CIP 107617T Rice paddy Japan na 

P. peli Vanparys et al. 2006 LMG 23201T Nitrifying inoculum Belgium 2003 

P. pertucinogena Kawai and Yabuuchi 1975 LMG 1874T Clinical origin na na 

P. plecoglossicida Nishimori et al. 2000 CIP 106493T Diseased cultured fish Plecoglossus altevelis Japan 1994 

P. poae Behrendt et al. 2003 CFBP 6764T Phyllosphere of grasses Germany  1994 

P. pohangensis Weon et al. 2006 DSM 17875T Seashore sand 
Republic of 
Korea 

2005 

P. proteolytica Reddy et al. 2004 DSM 15321T Cyanobacterial mat samples Antarctica na 

P. pseudoalcaligenes Stanier 1966 LMG 1225T Human sinus discharge France 1956 

P. psychrophila Yumoto et al. 2002 CIP 107901T Cold room for food storage Japan na 

P. psychrotolerans Hauser et al. 2004 DSM 15758T Water under a dog's cage in a medical clinic Austria 2002 

P. putida (Trevisan 1889) Migula 1895 LMG 2257T Soil USA na 

P. reinekei Cámara et al. 2007 CIP 109621T 
Aerobic zone of river sediment enriched with 
4-chlorosalicylate 

Germany 1993 

P. resinovorans Delaporte et al. 1961 LMG 2274T Soil France 1961 

P. rhizosphaerae Peix et al. 2003 Peix IH5T Soil Spain 1997 

P. rhodesiae Coroler et al. 1997 CIP 104664T Natural mineral water France 1992 

P. salomonii Gardan et al. 2002 CFBP 2022T Allium sativum France 1976 

P. savastanoi (Janse 1982) Gardan et al. 1992 CIP 103721T Olea europea Yugoslavia na 

P. segetis Park et al. 2006 DSM 18913T Soil 
Republic of 
Korea 

2004 

P. simiae Vela et al. 2006 CIP 109526T 
Monkeys liver with acute bronchopneumonia 
and bacteraemia 

Spain 2003 

P. straminea corrig. Iizuka and Komagata 1963 
(Approved Lists 1980) emend. Uchino et al. 2000 

CIP 106745T Rice paddy  Japan na 

P. stutzeri (Lehmann and Neumann 1896) Sijderius 
1946 

LMG 11199T Human spinal fluid na na 

P. synxantha (Ehrenberg 1840) Holland 1920 LMG 2335T Cream USA na 

P. syringae van Hall 1902 LMG 1247T Syringa vulgaris 
United 
Kingdom 

1950 

P. taetrolens Haynes 1957 LMG 2336T Musty egg USA na 

P. thermotolerans Manaia and Moore 2002 DSM 14292T Cooking water of cork transformation industry Portugal 1998 

P. thivervalensis Achouak et al. 2000 CFBP 5754T Plant rhizosphere France na 

P. tolaasii Paine 1919 LMG 2342T 
Cultivated mushroom Agaricus bisporus with 
brown blotch disease symptoms 

United 
Kingdom 

1965 

P. tremae Gardan et al. 1999 CFBP 3229T Trema orientalis Japan 1979 

P. trivialis Behrendt et al. 2003 CFBP 6765T Phyllosphere of grasses Germany 1994 
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Table 1. (Continuation)  Validly named Pseudomonas species and subspecies, respective type strain accession numbers 

and origin of isolation 

Isolation 
Species name Type strain 

Source Place Year 

P. umsongensis Kwon et al. 2003 CIP 108618T Soil 
Republic of 
Korea 

2000 

P. vancouverensis Mohn et al. 1999 CIP 106707T Forest soil  Canada 1998 

P. veronii Elomari et al. 1996 CIP 104663T Natural mineral water France 1992 

P. viridiflava (Burkholder 1930) Dowson 1939 LMG 2352T Phaseolus sp. Switzerland 1927 

P. vranovensis Tvrzová et al. 2006 DSM 16006T Soil 
Czech 
Republic 

na 

P. xanthomarina Romanenko et al. 2005 CIP 109222T Ascidian Halocynthia aurantium Sea of Japan 1992 

Abbreviations: CCM - Czechoslovak Collection of Microorganisms, Brno, Czech Republic; CFBP - Collection Française de Bactéries 

Phytopathogènes, Angers, France; CIP - Collection de l´Institut Pasteur, Paris, France; DSM - Deutsche Sammlung von Mikroorganismen 

und Zellkulturen, Braunschweig, Germany; JCM - Japan Collection of Microorganisms, Wako-shi, Japan; KCTC - Korean Collection for 

Type Cultures, Daejon, Republic of Korea; LMG - Laboratory for Microbiology Ghent Bacteria Collection, Ghent, Belgium; na - information 

not available; Peix - working collection of Dr. Alvaro Peix, University of Salamanca, Spain. 

 

1.2.2  Plant pathogenic Pseudomonas species 

Pseudomonas is a genus of truly ubiquitous organisms, which seem to be a consequence of their 

simple nutritional requirements, the range of carbon compounds they utilize and, their genetic and 

metabolic adaptability (Moore et al., 2006). In fact, the genus includes species isolated from a 

multiplicity of environments (Table 1), with importance in medical, food and environmental microbiology 

as well as plant pathology. 

In association with plants, some Pseudomonas species are pathogens (Palleroni, 2005; Höfte & De 

Vos, 2006), while others exist as saprophytes and are generally assigned to one of the three species:  

P. fluorescens, P. putida or P. chlororaphis (Braun-Kiewnick & Sands, 2001). 

The plant pathogenic Pseudomonas species are diverse with respect to their genetics, ecology and 

the diseases that they cause. Generally, they are isolated from lesions in plant hosts, which are natural 

enrichment cultures (Palleroni, 2005). The distribution of many of these pathogens outside their host 

plants is poorly known, although many seem to be able to exist as saprophytes as well (Moore et al., 

2006). Pseudomonas species cause important diseases on a variety of crops and the symptoms include 

necrotic lesions, spots, tissue maceration, blossom, twig, leaf or kernel blight, cankers and galls. Their 

important virulence factors are: the type III secretion system, ice nucleation activity, the production of 

secondary metabolites such as phytotoxins, pectolytic enzymes or exopolysaccharides, and hormone 

production (Höfte & De Vos, 2006). 
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Currently, the genus Pseudomonas comprises 18 validly described plant pathogenic Pseudomonas 

species and 3 species that are pathogenic to mushrooms (Höfte & De Vos, 2006). The plant pathogenic 

Pseudomonas species, distinguished by the presence or absence of cytochrome C oxidase      

(oxidase-positive or oxidase-negative, respectively), and respective hosts are presented in Table 2. 

Among these species, only P. amygdali, P. corrugata, P. mediterranea and P. tremae are                 

non-fluorescent and all the other species produce fluorescent pigments on iron-limiting media such as 

King B medium (King et al., 1954). The fluorescent oxidase-positive species P. agarici, P. costantinii 

and P. tolaasii are pathogenic on the cultivated mushrooms Agaricus. 

 
Table 2.  Validly published names of oxidase-positive and oxidase-negative plant pathogenic Pseudomonas species ª 

Oxidase Species name Host 

P. asplenii Asplenum nidus 

P. cichorii Wide host range 

P. corrugata Lycopersicon esculentum, Chrysanthemum morifolium, Pepper 

P. fuscovaginae Oryza sativa 

P. marginalis Wide host range 

P. mediterranea Lycopersicon esculentum 

P. palleroniana Oryza sativa 

 
Oxidase-positive 
species 

P. salomonii Allium sativum 

P. amygdali Prunus amygdalus 

P. avellanae Corylus avellana 

P. cannabina Cannabis sativa 

P. caricapapayae Carica papaya 

P. ficuserectae Ficus erectae 

P. meliae Melia azedarach 

P. savastanoi Wide host range 

P. syringae Wide host range 

P. tremae Trema orientalis 

 
Oxidase-negative 
species 

P. viridiflava Wide host range 

ª Adapted from Höfte & De Vos (2006). 

 

Among the oxidase-positive species, the name P. marginalis has commonly been used for           

soft-rotting strains resembling P. fluorescens biovar 2 (P. marginalis sensu stricto) or for any fluorescent 

oxidase-positive soft-rotting pseudomonad (P. marginalis sensu lacto) (Höfte & De Vos, 2006). Since 

soft rot activity can be demonstrated in various fluorescent oxidase-positive pseudomonads including 

most biovars of P. fluorescens and strains identified as P. putida, P. aureofaciens (now reclassified as 

P. chlororaphis subsp. aureofaciens) and P. tolaasii, Janse et al. (1992) concluded that it no longer 

makes sense to classify all fluorescent oxidase-positive soft-rotting bacteria in the artificial species       

P. marginalis. All these bacteria appear to belong to the P. fluorescens supercluster (Janse et al., 1992). 
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P. aeruginosa is interesting in that besides its major importance as a clinical pathogen, it can also be 

occasionally pathogenic for plants (Palleroni, 2005; Schroth et al., 2006). Two cases where                  

P. aeruginosa has caused a severe onion bulb rot in the field and/or in storage were reported by Cother 

et al. (1976) and Gupta et al. (1986). Moreover, agricultural soils and certain plants including tomato, 

celery and ornamental plants, were referred to as reservoirs for the bacterium (Green et al., 1974; Cho 

et al., 1975) and, the ability of P. aeruginosa strains to produce rotting symptoms in artificially inoculated 

plants, either isolated from plants or infected human patients, was reported by different authors (Green 

et al., 1974; Cho et al., 1975; Lebeda et al., 1984). 

 

1.3  Identification of plant pathogenic Pseudomonas species 

General identification of an isolated strain usually begins with an examination of disease symptoms. 

Knowledge of the host and type of induced symptoms often enables an investigator to make a 

judgement as to the identity of the causal agent since most of the plant pathogenic pseudomonads are 

host specific. A preliminary identification can also be made by the use of semiselective media in 

combination with disease symptomatology and host of origin. After a preliminary identification is made, 

various phenotypic and molecular tests can be done to further identify the organisms at the species and 

pathovar level. The identification of plant pathogenic bacteria should be supported by pathogenicity 

tests and proof of Koch´s postulates (Braun-Kiewnick & Sands, 2001). 

Some of the most frequently phenotypic and molecular methods, used to identify Pseudomonas 

species, are described below. 

 

1.3.1  Phenotypic methods 

1.3.1.1  Conventional phenotypic tests 

The classical phenotypic characteristics of bacteria comprise morphological, physiological and 

biochemical features. Individually, many of these characteristics have been shown to be irrelevant as 

parameters for genetic relatedness, yet as a whole, they provide descriptive information enabling us to 

recognize taxa (Vandamme et al., 1996). 

Generally, the conventional bacteriological test used to characterize Pseudomonas strains include 

cellular morphology and flagella typing, Gram staining, glucose metabolism and presence of cytochrome 

C oxidase. The accumulation of endocellular granules of poly-hydroxybutyrate and production of specific 
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pigments are other phenotypic characters of particular interest in this genus (Meyer et al., 2008). The 

iron deficient King B medium (King et al., 1954) allows the differentiation of all fluorescent 

Pseudomonas, on which they produce diffusible yellow, green or blue fluorescent pigments. 

To identify plant pathogenic fluorescent Pseudomonas, bacteriologists still rely on a combination of 

five phenotypic tests proposed by Lelliott et al. (1966). This identification scheme is called LOPAT for 

Levan production from sucrose, presence of cytochrome C Oxidase, Pectinase, Argine dihydrolase and 

hypersensitive reaction on Tobacco leaves. According to the LOPAT characters, five groups were 

defined: groups I and II correspond to oxidase-negative plant pathogenic species (P. syringae and 

related species, and P. viridiflava, respectively), groups III and IV to oxidase-positive plant pathogenic 

species (P. cichorii and P. marginalis, respectively) and group V corresponds to P. fluorescens and 

some other saprophytic pseudomonads. This determinative scheme is still very useful and widely 

applied to differentiate strains but is insufficient for accurate identification due to being based on a few 

characters (Meyer et al., 2008). Additional tests for identification of plant pathogenic Pseudomonas 

species can be performed (Braun-Kiewnick & Sands, 2001). 

 

1.3.1.2  Nutritional profiles 

The identification of bacteria according to its catabolic enzymes, profiling what substrates the 

organism uses as a carbon and energy source, has been developed into commercial kits (Lelliott & 

Stead, 1987; Stead, 1992b). 

The commercialized systems providing many carbon sources in ready-to-use form such as the 

Biotype 100 strips (bioMérieux, France) and the Biolog GN MicroPlates (Biolog Inc., USA), can be used 

to differentiate Pseudomonas species (Grimont et al., 1996). The Biolog system allows testing 95 

substrates and the Biotype 100 system allows testing 99 substrates. Both systems are composed of test 

wells, each one containing a single dried carbon source plus one control well without carbon source. 

The system´s wells are easily inoculated with a cell suspension by the user according to the 

manufacturer´s instructions and incubated aerobically at a suitable temperature.  

Using the Biotype 100 system, the assimilation of a carbon source is detected through the bacterial 

growth indicated by a higher turbidity observed in the test well than in the control well. The results are 

visually examined and can be evaluated by comparing them with the results obtained for reference 

strains or published data or with the database available for this identification system. 

In the Biolog system, the utilization of a carbon source is detected through the respiration of cells in 

the well, leading to the reduction of the tetrazolium violet used as a redox dye. The respiration process 
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of actively growing cells that reduces the tetrazolium violet is used as a colorimetric marker of the 

utilization of the carbon source. Thus, cells capable of catabolising the test substrate reduce the dye 

and produce a purple colour, whereas the wells containing the cells failing to catabolise the substrate 

will remain colourless. Those with intermediate rates of catabolism differ in rate and/or extent of colour 

formation. However, in all cases the colour is stable because the reduction is essentially irreversible 

(Bochner & Savageau, 1977). The end result is a pattern of coloured wells on the MicroPlate that is 

readable either visually or by a fiber optic reading instrument, the MicroStation reader. The fingerprint 

data is fed into the MicroLog software, which searches its extensive database and makes an 

identification in seconds. 

The nutritional profiles obtained with these systems complemented with other bacterial features such 

as fluorescence on King B medium, pectinolytic activity and tobacco hypersensitivity allow a fast 

characterization and/or identification reaching a result in 24 to 48 hours.  

Grimont et al. (1996) studying the ability of the Biolog and Biotype 100 systems to differentiate 

Pseudomonas species, reported that several species could be well differentiated using both systems. 

However, none of the two systems could differentiate P. fuscovaginae from P. asplenii or species within 

complex taxa such as P. fluorescens, P. putida and P. marginalis. 

 

1.3.1.3  Cellular fatty acid profiles 

Fatty acids, the major constituents of lipids and lipopolysaccharides present in bacterial membranes, 

have been extensively used for classification and identification purposes (Vandamme et al., 1996). 

Stead et al. (1992) referred the fatty acid profiling method as a rapid and accurate tool for identification 

of many bacteria. The taxonomic value of fatty acid profiles for differentiating plant pathogenic and other 

bacteria belonging to the genus Pseudomonas has been reported from several laboratories (Ikemoto et 

al., 1978; Oyaizu & Komagata, 1983; Roy, 1988; Stead, 1992a; Vancanneyt et al., 1996b). 

Identification by fatty acid profiling is, in general, based on the extraction and purification of the fatty 

acid methyl esters (FAMEs) that are subsequently separated by gas chromatography. The profiles can 

then be compared with one or more profile libraries and a list of bacteria with the most similar profiles is 

given together with a calculation of the relative similarity. The Microbial Identification System (MIDI, 

Microbial ID Inc.) is an automated fatty acid analysis system commercially available that allows the 

identification of bacteria based on the FAME profiles through the pattern recognition software. This 

system is recommended for genus and species identification, if library databases are regularly updated 

(Stead et al., 1992). 
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The main disadvantage of this system and other automated systems (e.g. Biolog system), is not only 

their cost but also the maintenance of updated databases (Meyer et al., 2008). 

 

1.3.1.3  Siderophore typing 

Siderophore typing or siderotyping has been recently proposed as a fast, accurate and               

easy-to-perform method for identification of fluorescent and non-fluorescent Pseudomonas at the 

species level by the siderophore(s) they produce (Meyer et al., 2002, 2008). These molecules especially 

designed to trap iron (III) under the form of very stable complexes, are produced by microorganisms 

when grown under iron deficiency and after internalized into the cells by specific membrane receptors 

(Neilands, 1982). 

Pyoverdine, the typical yellow-green fluorescent pigment excreted by fluorescent Pseudomonas 

species (Elliott, 1958), is the main siderophore of these bacteria (Meyer & Stintzi, 1998). Meyer et al. 

(2002) showed that strains belonging to a well defined fluorescent Pseudomonas species produce an 

identical pyoverdine and, furthermore, that most species are characterized by specific pyoverdines. 

Thus, fluorescent Pseudomonas strains producing a particular pyoverdine can be identified through its 

pyoverdine-isoelectrofocusing pattern, obtained by isoelectrophoresis of structurally different 

pyoverdines (isoforms) and visually compared with those of reference strains (Meyer et al., 2008). 

The siderotyping method was successfully extended to the non-fluorescent species P. corrugata,    

P. frederiksbergensis, P. graminis and P. plecoglossicida, which were seen to have a species-specific 

siderophore system (Meyer et al., 2002). Such species do not synthesize pyoverdines as siderophores 

but synthesize other structurally different compounds that are still unknown, with the exception of the 

siderophore corrugatin produced by P. corrugata (Meyer et al., 2008). 

 

1.3.2  Genotypic methods 

1.3.2.1  DNA-DNA hybridization 

DNA-DNA hybridization is acknowledged as the reference method for bacterial species delineation 

(Wayne et al., 1987). This method is used to estimate the nucleotide sequence similarity between two 

entire genomes by measuring the fraction of the genomes that can form duplexes under specific 

conditions of ionic strength and temperature (Johnson, 1994; Vandamme et al., 1996). The results are 

then reported as DNA percentage relatedness which is an indirect parameter of the sequence similarity 
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between two genomes (Vandamme et al., 1996). In addition, the thermal stability of the duplexes can be 

measured and is used to estimate the degree of base mispairing in heterologous duplexes (hybrids) 

(Johnson, 1994). 

Nowadays, this method is systematically used in polyphasic taxonomic studies to define new species 

in the genus. Such defined species represent groups of strains sharing 70 % or greater DNA-DNA 

relatedness with 5 °C or less ∆Tm, where Tm is the melting temperature of the hybrid determined by 

stepwise denaturation and ∆Tm is the difference in Tm between the homologous and heterologous 

hybrids formed under standard conditions i.e. thermal stability of the hybrid (Wayne et al., 1987). Both 

values should be considered and phenotypic characteristics have to agree with this definition (Wayne et 

al., 1987). DNA-DNA hybridization, which is laborious and time consuming, is not per se an identification 

tool, but it allows species delineation as groups in which molecular identification tools can easily be 

defined (Meyer et al., 2008). 

 

1.3.2.2  Polymerase chain reaction 

The polymerase chain reaction (PCR) provides a simple and ingenious method to exponentially 

amplify specific DNA sequences by in vitro DNA synthesis. Three essential steps to PCR include, 

melting of the target DNA, annealing of two oligonucleotide primers to the denatured DNA strands and 

primer extension by a thermostable DNA polymerase. Newly synthesized DNA strands serve as a target 

for subsequent DNA synthesis as the three steps are repeated several times. The specificity of the 

method derives from the synthetic oligonucleotide primers, which base-pair to and define each end of 

the target sequence to be amplified (Henson & French, 1993). 

PCR-based methods have been widely used for the detection and identification of bacterial plant 

pathogens and specific primers have been designed based on either the amplification of specific genes 

from chromosome or plasmids, or on different approaches such as sequences selected from RAPD or 

rep-PCR fragments (Louws et al., 1999). 

Primer sequences have been described to identify different plant pathogenic Pseudomonas species 

such as P. corrugata and P. mediterranea (Catara et al., 2002), P. viridiflava (Moura, 2005),                 

P. avellanae (Loreti & Gallelli, 2002), P. savastanoi (Penyalver et al., 2000) and P. syringae pathovars 

(Braun-Kiewnick & Sands, 2001). 
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1.3.2.3  Sequencing of conserved genes 

Generally, sequencing of conserved genes includes the PCR amplification of a fragment or a 

complete gene followed by DNA sequencing i.e. determination of the precise sequence of nucleotides in 

a fragment of DNA. Comparison of conserved genes sequences has been widely applied in bacterial 

identification and phylogenetic analysis (Mollet et al., 1997; Tayeb et al., 2005). Internet-accessible 

software enables a computer-assisted comparative analysis of the DNA sequences generated with 

those available in the public domain databases. This comparison may provide presumptive identification 

or, at least, place the unknown pathogen within a phylogenetic framework (Louws et al., 1999). 

 

1.3.2.3.1  16S rRNA gene 

The 16S rRNA encoding gene (rrs) is present in the chromosome of all bacteria (universal 

distribution) and its sequence is roughly 1500 nucleotides long (Gupta, 1998). The rrs gene has been by 

far the most widely used for bacterial identification and phylogenetic analysis, and its usefulness was 

greatly enhanced through the establishment of nucleotide sequence public databases such as the 

GenBank that contains over 90 000 deposited rrs sequences (Clarridge, 2004). This gene is highly 

conserved and its sequences have been used for identification of Pseudomonas at the genus level 

(Widmer et al., 1998) as well as at the species level (Jakob et al., 2002; Goss et al., 2005). 

Nevertheless, the resolution of rrs sequence analysis may not be sufficient to distinguish closely related 

species and this approach does not guarantee species identity as determined by DNA-DNA 

hybridization (Fox et al., 1992). Strains exhibiting more than 70 % DNA relatedness have been shown to 

be extremely similar in their rrs sequences. However, the converse is not necessarily true. According to 

Stackebrandt & Goebel (1994), two strains with rrs sequences that are less than 97 % identical, are 

assigned with high confidence to different species but the DNA-DNA hybridization is still required to 

establish whether strains that have 97 % or more rrs similarity, should or should not be placed in the 

same species. 

Indeed, the rrs gene evolves so slowly that its high degree of conservation led to a small number of 

informative nucleotide sites in its sequence (Teichmann & Mitchison, 1999). Furthermore, multiple 

copies of rrs gene may be present with different sequences within a strain and therefore, ambiguous 

interpretations of rrs sequencing may occur (Cilia et al., 1995; Ueda et al., 1999). Thus, less conserved 

protein encoding genes have been studied to overcome these limitations and to refine phylogenies. 
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1.3.2.3.2  Protein encoding genes 

Nucleotide sequences of protein encoding genes evolve more rapidly than those of rrs gene and 

thus, provide an increased ability to resolve species within a genus (Hanage et al., 2006). Several 

protein encoding genes have been used as molecular markers to study phylogenetic relationships 

among Pseudomonas species, including the oprI gene coding for the outer membrane lipoprotein I    

(De Vos et al., 1998), the rpoD and gyrB genes coding for σ70 factor of the RNA polymerase and DNA 

gyrase β subunit, respectively (Yamamoto et al., 2000), the narG and nosZ genes coding for nitrate 

reductase and nitrous oxide reductase, respectively (Delorme et al., 2003) and the atpD, carA and recA 

genes coding for catalytic subunit of the F0F1-ATP synthase complex, carbamoyl phosphate synthase A 

subunit and recombinase A, respectively (Hilario et al., 2004). Recently, Tayeb et al. (2005) showed that 

the resolution power of rpoB gene sequences of Pseudomonas strains is almost equivalent to         

DNA-DNA hybridization and three times higher than that of rrs gene sequences. In this study, rpoB 

sequencing was generally found to be a straightforward method for identification of Pseudomonas 

strains at the species level and was referred to as the first identification method in their laboratory 

(Institut Pasteur, France). Furthermore, the rpoB gene has also served as a signature for identification 

as well as a locus for phylogenetic analysis of other bacteria (Rowland et al., 1992; Mollet et al., 1997; 

Kim et al., 1999; Drancourt & Raoult, 2002; Scola et al., 2006; Tayeb et al., 2008). 

The rpoB gene coding for the RNA polymerase β subunit is a highly conserved gene and its 

sequence is about 4000 base pairs long (Borodin et al., 1988). This gene is present in the chromosome 

of all bacteria and the protein that it codes, plays an essential role in transcription of the DNA to RNA 

(Watson et al., 2004). Contrarily to the rrs gene, the existence of multiple copies of the rpoB gene has 

never been reported for any bacteria (Mollet et al., 1997; Dahllöf et al., 2000). Due to its discriminatory 

power, the rpoB gene can be used to develop primers for specific and rapid detection of bacteria as 

described by Qi et al. (2001) for specific detection of Bacillus anthracis. 

 

1.3.2.3.3  Comparison to public sequence databases available on the web 

Once sequencing has been completed, the method of data analysis depends upon the desired 

application. The sequences can be submitted via internet through the BLAST (Basic Local Alignment 

Search Tool) search services, available on the National Center for Biotechnology Information (NCBI) 

website, to be compared with the sequences stored in the GenBank database which includes all publicly 

available DNA sequences (Madden et al., 1996).  
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The BLAST search services consist of a set of programs designed to perform similarity searches on 

all available sequence data and uses an algorithm developed by NCBI that seeks out local alignment 

(the alignment of a portion of two sequences) as opposed to global alignment (the alignment of two 

sequences over their entire length). By searching for local alignments, BLAST is able to identify regions 

of similarity within two sequences. The suitable program for the comparison of a nucleotide query 

sequence against a nucleotide sequence database is the BLASTn program (Altschul et al., 1990). Other 

programs are available for the comparison of amino acid sequences (NCBI website). 

Besides the GenBank database, other public nucleotide sequence databases are available on the 

web, namely the DNA DataBank of Japan (DDBJ website) and the database of the European Molecular 

Biology Laboratory (EMBL website). These three databases exchange data on a daily basis. 

 

1.3.2.3.4  Phylogenetic comparisons 

To infer phylogenetic trees, the sequences must be aligned using a program such as Clustal W 

(Thompson et al., 1997). Then, the genetic distances or similarity values are calculated and the 

phylogenetic trees are generated. There are numerous published methods and software packages that 

can be used for this analysis. Phylogenetic trees can be produced by different methods such as the 

Neighbor-Joining method (Saitou & Nei, 1987), the Maximum-Likelihood method (Felsenstein, 1981), 

the Maximum-Parsimony method (Edwards & Cavalli-Sforza, 1964) and the Bayesian inference method 

(Rannala & Yang, 1996). The bootstrap method described by Felsenstein (1985) is widely used to 

assess the robustness of branches within trees. The software packages which provide user access of 

these methods include free packages such as PHYLIP, PHYML, MEGA and MrBayes as well as the 

PAUP software which is paid for. 
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2.  Materials and methods 

2.1  Bacterial strains 

2.1.1  Pseudomonas spp. isolated from tomato pith necrosis 

A total of 35 Pseudomonas spp. strains isolated in Portugal from tomato pith necrosis (TPN strains) 

were studied: 32 fluorescent oxidase-positive strains, 1 fluorescent oxidase-negative strain and             

2 non-fluorescent strains (Table 3). Besides the 32 fluorescent oxidase-positive strains, the last 3 TPN 

strains were also included in our collection because their identity is still undetermined. 
 

The 35 TPN strains were isolated in different agricultural regions, namely Entre Douro e Minho 

(North), Ribatejo e Oeste (West) and Algarve (South), from 1997 to 2007: 

� 20 strains were isolated by Dr. Luísa Moura from 1997 to 2001 (Moura, 2005), 

� 8 strains were isolated in 2004 during my training period when graduating in agronomic 

engineering (Passo, 2005) and, 

� 7 strains were isolated in 2007 at the end of the cropping season (from October to November) in 

western region at the beginning of this study. 
 

These strains were selected to be representative of a wide diversity on the following criteria: 

geographical origin, phenotypic characterization, siderotypes and aggressiveness. All selected strains 

caused pith necrosis on tomato plants according to Moura (2005), Passo (2005) and pathogenicity tests 

previously performed in our laboratory (LPVVA, ISA, Portugal).  

The strain accession numbers used in this study corresponded to those from the bacterial collection 

of the UMR PaVé laboratory (INRA, Angers, France). 

 

Table 3.  TPN strains studied and respective geographical origin and year of isolation 

Strain  Isolated from 

 
Accession 

no. 
Original 
Name 

Reference 

 

Year 
Agricultural 

region 
Locality/Council 

12600 A307 Moura (2005)  1997 E Amorim, Póvoa de Varzim 

12602 A312 Moura (2005)  1998 E Aguçadoura, Póvoa de Varzim 

12603 A99 Moura (2005)  1997 E Rio Alto, Póvoa de Varzim 

12604 A18  Moura (2005)  1997 E Aguçadoura, Póvoa de Varzim 

12605 A337 Moura (2005)  1997 E Aguçadoura, Póvoa de Varzim 

12606 A301 Moura (2005)  1997 E Aguçadoura, Póvoa de Varzim 

 

Fluorescent 

Pseudomonas 
 

Oxidase-positive 

12608 P4 Moura (2005)  1999 E Barroselas, Viana do Castelo 
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Table 3. (Continuation)  TPN strains studied and respective geographical origin and year of isolation 

Strain  Isolated from 

 
Accession 

no. 
Original 
Name 

Reference 

 

Year 
Agricultural 

region 
Locality/Council 

12611 A89 Moura (2005)  1997 E Rio Alto, Póvoa de Varzim 

12612 EU14 Moura (2005)  1998 A Faro 

12614 A239 Moura (2005)  1997 E Aguçadoura, Póvoa de Varzim 

12616 A123 Moura (2005)  1997 E Navais, Póvoa de Varzim 

12625 A281 Moura (2005)  1998 E Aguçadoura, Póvoa de Varzim 

12626 A141 Moura (2005)  1997 E Rio Alto, Póvoa de Varzim 

12627 CB35.1 Moura (2005)  2001 A Patacão, Faro 

12632 L3 Moura (2005)  1999 E Monte Redondo, Arcos de Valdevez 

12634 39A3d1 Moura (2005)  1999 A Virgílios, Faro 

12636 AL16b Moura (2005)  1998 A Mar e Guerra, Faro 

12643 TV26-1 Moura (2005)  2001 RO Póvoa de Pena Firme, Torres Vedras 

12879 2C-1AaL Passo (2005)  2004 A Patacão, Faro 

12880 4C-1EaL Passo (2005)  2004 E Vairão, Vila do Conde 

12881 2C-1AaB Passo (2005)  2004 A Patacão, Faro 

12882 2A-2EaB Passo (2005)  2004 E Vairão, Vila do Conde 

12883 6B-4AaL Passo (2005)  2004 A Patacão, Faro 

12884 5A-1EaB Passo (2005)  2004 E Vairão, Vila do Conde 

12885 6A-1EaB Passo (2005)  2004 E Vairão, Vila do Conde 

12886 1B-1EaB Passo (2005)  2004 E Vairão, Vila do Conde 

12887 1.1 -  2007 RO Silveira, Torres Vedras 

12888 2.4 -  2007 RO Silveira, Torres Vedras 

12889 2A-6 -  2007 RO Silveira, Torres Vedras 

12892 6A-5 -  2007 RO Silveira, Torres Vedras 

12893 7B-3 -  2007 RO Silveira, Torres Vedras 

 

Fluorescent 

Pseudomonas 
 

Oxidase-positive 

12894 8A-2 -  2007 RO Silveira, Torres Vedras 

Oxidase-negative 12890 3B-3 -  2007 RO Silveira, Torres Vedras 

12633 SB26 Moura (2005)  2001 A Patacão, Faro Non-fluorescent 
Pseudomonas 12642 AL13.2 Moura (2005)  1998 A Caldeira do Neto, Faro 

Abbreviations: A - Algarve; E - Entre Douro e Minho; RO - Ribatejo e Oeste. 
 

2.1.2  Pseudomonas type strains 

A total of 41 Pseudomonas type strains were included in our bacterial collection (Table 4): 38 type 

strains of Pseudomonas species and the 3 type strains of Pseudomonas genomospecies FP1, 

Pseudomonas genomospecies FP2 and Pseudomonas genomospecies FP3, proposed by Sutra et al. 

(1997). 
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These strains were acquired from the following bacterial collections: CFBP (Collection Française de 

Bactéries Phytopathogènes, INRA, Angers, France), CIP (Collection de l´Institut Pasteur, Paris, 

France), DSM (Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany), 

LMG (Laboratory for Microbiology Ghent Bacteria Collection, Ghent, Belgium) and also, from the 

working collections of Dr. Alvaro Peix (University of Salamanca, Spain) and Dr. Louis Gardan (UMR 

PaVé, INRA, Angers, France). 

The 38 type strains of Pseudomonas species included in our collection correspond to the type strains 

for which no rpoB sequences were found available in the GenBank database (NCBI website). 

Unfortunately, the type strains of 5 Pseudomonas species (P. duriflava, P. marincola, P. panipatensis, 

P. gelidicola and P. meridiana) for which the rpoB sequences were not available, could not be included 

in our collection. The type strains of P. gelidicola (CIP 106748T) and P. meridiana (DSM 15319T), could 

not be obtained from the respective culture collections because the cultures deposited there were not 

authentic being no more available, similarly to what was reported by Anzai et al. (2000) that also could 

not obtain the type strain of P. gelidicola from the IAM culture collection. The type strains of P. duriflava, 

P. marincola and P. panipatensis that were described in 2008 were not included in our study because 

they were not deposited in the European culture collections from where all the other strains were 

obtained. As referred in Table 1, they were isolated from sources which are not associated with 

agricultural environments namely, soil sample from desert (P. duriflava), brittle star (P. marincola) and 

oil-contaminated soil (P. panipatensis). 

Additional 3 type strains of Pseudomonas genomospecies FP1, FP2 and FP3 were selected as they 

are representatives of three different genomic groups composed by fluorescent oxidase-positive 

Pseudomonas strains isolated from TPN (Sutra et al., 1997) and because their respective rpoB 

sequences have not yet been determined. 

 

Table 4.  Pseudomonas type strains used in this study 

Taxon Strain accession no. 

P. antarctica CIP 108466T 

P. argentinensis Peix CH01T 

P. azotifigens CIP 108866T 

P. borbori LMG 23199T 

P. congelans CFBP 7019T 

P. costantinii CFBP 5705T 

P. delhiensis DSM 18900T 

P. extremorientalis CFBP 6729T 

P. guineae LMG 24016T 

P. jinjuensis CIP 108617T 
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Table 4. (Continuation)  Pseudomonas type strains used in this study 

Taxon Strain accession no. 

P. knackmussii DSM 6978T 

P. koreensis CIP 108616T 

P. lurida DSM 15835T 

P. lutea Peix OK2T 

P. mohnii CIP 109614T 

P. moorei CIP 109622T 

P. moraviensis DSM 16007T 

P. mosselii CFBP 4846T 

P. otitidis DSM 17224T 

P. pachastrellae DSM 17577T 

P. palleroniana CFBP 4389T 

P. panacis CIP 108524T 

P. peli LMG 23201T 

P. poae CFBP 6764T 

P. pohangensis DSM 17875T 

P. proteolytica DSM 15321T 

P. psychrotolerans DSM 15758T 

P. reinekei CIP 109621T 

P. rhizosphaerae Peix IH5T 

P. salomonii CFBP 2022T 

P. segetis DSM 18913T 

P. simiae CIP 109526T 

P. straminea CIP 106745T 

P. thermotolerans DSM 14292T 

P. trivialis CFBP 6765T 

P. umsongensis CIP 108618T 

P. vranovensis DSM 16006T 

P. xanthomarina CIP 109222T 

Pseudomonas genomospecies FP1 CFBP 5748 

Pseudomonas genomospecies FP2 CFBP 5749 

Pseudomonas genomospecies FP3 Gardan 10569 

 

2.1.3  Culture conditions 

The TPN strains (§ 2.2.1) and the type strains of Pseudomonas genomospecies FP1, FP2 and FP3 

(§ 2.1.2) were routinely cultured on YBGA medium (Sutra et al., 1997; Appendix 2) at 28 °C. The type 

strains of Pseudomonas species (Table 4) were cultured on suitable media at defined temperatures as 

recommended by the culture collection from where they were acquired (Appendix 1). The composition of 

all used culture media is presented in Appendix 2. 
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2.2  Phenotypic characterization 

2.2.1  Biochemical tests 

The 35 fluorescent and non-fluorescent TPN strains (§ 2.1.1) were characterized through the LOPAT 

tests (Lelliott et al., 1966). The levan production from sucrose, the presence of cytochrome C oxidase 

and argine dihydrolase, and the hypersensitive reaction on tobacco leaves were tested as described by 

Lelliott et al. (1966). The pectinolytic activity was tested on calcium pectate gel according the method 

described by Paton (1958).  

The production of fluorescent pigments was observed on King B medium (King et al., 1954; 

Appendix 2) under 365 nm UV light. 

 

2.2.2  Nutritional profiles using the Biolog system 

The 35 TPN strains (§ 2.1.1) were characterized according to their nutritional profiles obtained 

through the Biolog GN MicroPlates and following the manufacturer’s instructions (Biolog Inc., USA). The 

pure cultures were grown on Biolog Universal Growth agar (Biolog Inc., USA), for 16-24 h at 28 °C, and 

with a sterile swab the cells were harvested and suspended in 18 mL of sterile saline solution (0.85 % 

NaCl), prewarmed at 28 °C. 

The inoculum cell density was adjusted within an acceptable turbidity range on a turbidimeter (Biolog 

Inc., USA). The density was raised by adding more cells and lowered by adding more saline solution 

until a transmittance level of 50 % to 54 % was obtained. 

After establishing the acceptable inoculum density, the wells of the Biolog GN MicroPlate (Appendix 

3) prewarmed at 28 °C, were filled with 150 µL of the cell suspension using a multichannel pipette and 

incubated at 28 °C. After 24 h, the MicroPlate reactions were read by using the MicroStation reader 3.5 

(Biolog Inc., USA) set at a wavelength of 590 nm and, the results were automatically entered in the 

Microlog 4.2 software (Biolog Inc., USA) and compared with reference patterns in its GN aerobic 

bacteria database (524 reference patterns). 
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2.3  Molecular characterization 

In order to clarify the taxonomic position of the 35 TPN strains (§ 2.1.1) within the genus 

Pseudomonas, we attempted to obtain a partial sequence of the rpoB gene from these strains and from 

all Pseudomonas species as well as from the Pseudomonas genomospecies FP1, FP2 and FP3. 

Due to a recent phylogenetic study of the genus Pseudomonas based on rpoB gene sequences 

(Tayeb et al., 2005), several rpoB sequences of Pseudomonas type strains were deposited in the 

GenBank database. Hence, the rpoB sequences of Pseudomonas type strains available in this 

database were uploaded and for the species which hadn’t been sequenced yet, we attempted to 

sequence an rpoB gene fragment. 

 

2.3.1  Retrieval of rpoB gene sequences from the GenBank database 

An exhaustive research on all available rpoB gene sequences of Pseudomonas type strains was 

performed in the GenBank database (NCBI website). 

The available rpoB sequences of Pseudomonas type strains were retrieved from the GenBank 

database and a list with all sequences was compiled in a fasta format file. Each sequence was renamed 

with the species name, type strain accession number and sequence accession number. 

 

2.3.2  rpoB amplification and sequencing 

2.3.2.1  Bacterial suspensions  

The 71 bacterial strains, including the 35 TPN strains (§ 2.1.1) and the 41 Pseudomonas type strains 

(§ 2.1.2), were cultured on appropriate media (Appendix 1) by streaking them on agar plates to obtain 

isolated colonies. After growth during 24 h in appropriate temperature conditions (Appendix 1), only one 

isolated colony was subcultured, grew during 24 h and bacterial suspensions were prepared in 4.5 mL 

of ultrapure sterile water. The optical density was adjusted to 0.5-1 by using a spectrophotometer model 

Uvikon (Secomam) and the LabPower junior software (version 2.06). The suspensions were conserved 

at - 20 °C. 

The frozen suspensions were directly used in the PCR amplification after thawing at room 

temperature. Freezing and thawing favoured cellular lysis and made DNA available for PCR 

amplification. 
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2.3.2.2  PCR amplification 

2.3.2.2.1  Primers used to amplify an rpoB gene fragment 

The primers LAPSBIS designed by Dr. Jean-Marie Meyer (University Louis Pasteur, pers. 

communication, 2008) and LAPS27 (Tayeb et al., 2005) presented in Table 5, were used to amplify a 

1220 bp fragment of the rpoB gene. These primers covered the rpoB sequence of P. aeruginosa PA01 

(GenBank accession no. NP252960; NCBI website) from position 1401 to 2620. 

 
Table 5.  Primers used to amplify rpoB gene fragments 

Primers Sequence 

LAPSBIS (forward) 5´  CCAGTTCCGCGTTGGCCTGG  3´ 

LAPS27 (reverse) 5´  CGGCTTCGTCCAGCTTGTTCAG  3´ 

RPOBPF2 (forward) 5´  GAAAGCGAAGGCCTGATGCC  3´ 

 

When the pair of primers LAPSBIS and LAPS27 did not allow a specific amplification of the target 

DNA i.e. a unique band of the expected size, the forward primer RPOBPF2 (Table 5) was used instead 

of LAPSBIS. The pair of primers RPOBPF2 and LAPS27 amplify a 1159 bp fragment. 

The primer RPOBPF2 was designed by Sophie Bonneau (INRA – Angers, pers. communication, 

2008) after alignment of all rpoB gene complete sequences of Pseudomonas species available in the 

GenBank database (NCBI website) and all partial rpoB gene sequences obtained in this study (§ 2.3.3) 

with the pair of primers LAPSBIS and LAPS27. RPOBPF2 was localized downstream the primer 

LAPSBIS, in a conserved region among all these sequences. The pair of primers RPOBPF2 and 

LAPS27 covered the rpoB sequence of P. aeruginosa PA01 (GenBank accession no. NP 252960; NCBI 

website) from position 1462 to 2620. 

 

2.3.2.2.2  Conditions of DNA amplification 

PCR amplification of the rpoB gene was carried out in a final volume of 50 µL containing 1x GoTaq 

reaction buffer with 1 U GoTaq DNA polymerase (Promega, USA), 3 mM MgCl2, each of the 

deoxynucleoside triphosphates at a concentration of 200 µM, each of the primers at a concentration of 

0.2 µM and 6 µL of bacterial suspension. 

PCR amplification was performed using a thermocycler model GeneAmp PCR 9700 (Applied 

Biosystems). The following PCR program was used: initial denaturation at 94 °C for 90 s, 40 cycles of 
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denaturation at 94 °C for 10 s, annealing at 62 °C for 20 s and extension at 72 °C for 50 s, and final 

extension step at 72 °C for 5 min. 

The annealing temperature was fixed at 62 °C, after the evaluation of different annealing 

temperatures (from 50 °C to 70 °C ), using a specific thermocycler model iCycler version 4.006        

(Bio-rad) which is able to produce different temperatures at a defined step for different samples. 

 

2.3.2.2.3  Electrophoresis of DNA 

The result of PCR amplification was checked by electrophoresis. A 2 µL aliquot of amplified PCR 

product was separated on 0.8 % (w/v) agarose gel (Eurobio) in TAE buffer (Sambrook et al., 1989; 

Appendix 4). 

The migration of PCR products through the gel was performed during 20 min in an electrophoresis 

cell model RunOneTM (Embi Tec) at 100 V. For estimation of the size and mass of DNA fragments,      

10 µL of 1 Kb DNA Ladder at 50 ng µL -1 (Invitrogen, Appendix 4) were used. This molecular weight 

marker allowed the quantification of DNA due to the precise known ng amounts of the 1636 bp band  

(10 % of the mass applied to the gel). Therefore, using 10 µL of 1 Kb DNA Ladder (50 ng µL-1) the 

fragment of 1636 bp will have 50 ng of DNA and through the comparison between fragments, the DNA 

could be approximately quantified. 

DNA fragments were visualized under UV light after staining in a 2.5 µg mL-1 ethidium bromide 

solution for 10 min. 

 

2.3.2.3  Sequencing of PCR products 

The PCR products were sent to different companies where they were purified and sequenced in both 

directions using the forward and reverse primers, previously used for PCR amplification. 

The partial rpoB gene sequences and corresponding chromatograms were read and edited using the 

Bioedit software version 7.0.9 (Hall, 1998). The pairwise alignment of forward and reverse sequences 

was performed and both sequences were combined into a single consensus sequence. The few 

mismatches detected were manually corrected by referring to DNA sequence chromatograms. 
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2.3.3  Phylogenetic analysis 

2.3.3.1  Sequences alignment 

The partial rpoB gene sequences of TPN strains and Pseudomonas type strains, either retrieved 

from the GenBank database (§ 2.3.1) or determined in this study (§ 2.3.2), were aligned with the Clustal 

W algorithm (Thompson et al., 1997) using the following parameters: 10 for gap opening and 6.66 for 

gap extension. 

The resulting alignment was checked and manual adjustments were made where necessary. The 

sequences translation was performed to observe the encoded protein and to search the presence of 

stop codons along the protein sequences, verifying the accuracy of the nucleotide sequences. After 

that, the aligned sequences were trimmed to start and finish at the same nucleotide position and used to 

infer the phylogenetic trees. 

The DNAsp software version 4.50 (Rozas et al., 2003) was used for analysis of nucleotide 

polymorphism from the aligned DNA sequence data. The percentage of similarity between sequences 

was determined using the Bioedit software version 7.0.9 (Hall, 1998). 

 

2.3.3.2  Neighbor-Joining phylogenetic tree 

A phylogenetic tree was generated by the Neighbor-Joining method (Saitou & Nei, 1987) using the 

package of programs PHYLIP version 3.67 (Felsenstein, 2004). 

The DNA distance matrix was calculated from the data set according to the Kimura two-parameter 

model (Kimura, 1980) and using the Dnadist program. After that, the tree was calculated using the 

Neighbor program and visualized using the Njplot program (Perrière & Gouy, 1996). 

The reliability of individual branches in the tree, was assessed from a consensus based on 1000 

randomly generated trees (Felsenstein, 1985) using the Seqboot, Dnadist, Neighbor and Consense 

programs of PHYLIP package. 

 

2.3.3.3  Maximum-Likelihood phylogenetic tree 

The jModeltest program version 0.1.1 (Posada, 2008) was used to select the most appropriate 

evolutionary model for the data set according to the Akaike´s information criterion. The most appropriate 

model was then used to calculate the phylogenetic tree by the Maximum-Likelihood method using the 



MATERIALS AND METHODS 

 

30 

package of programs PHYML version 3.0 (Guindon & Gascuel, 2003). The tree was visualized using the 

Njplot program (Perrière & Gouy, 1996). 

The reliability of individual branches in the tree was assessed from a consensus based on 1000 

randomly generated trees (Felsenstein, 1985), using the PHYML package in a parallel task of the 

analysis. 

 

2.3.4  Construction of an rpoB sequence database 

A nucleotide sequence database was created with the partial rpoB gene sequences of 

Pseudomonas type strains, either retrieved from the GenBank database (§ 2.3.3) or determined in this 

study (§ 2.3.2). A web interface was implemented to perform BLAST searches in this database, using 

the BLASTn program (Altschul et al., 1990). This tool was developed with the collaboration of MIGALE 

bioinformatics platform of INRA (Jouy-en-Josas, France). 

The partial rpoB sequences of the 35 TPN strains (§ 2.1.1) were compared with the sequences 

present in the database by BLAST search to infer similarity relationships between sequences. The 

results were compared with those obtained through the phylogenetic analysis (§ 2.3.3). 
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3.  Results and discussion 

3.1  Phenotypic characterization 

3.1.1  Biochemical tests 

The results of the biochemical LOPAT determinative tests executed for the 35 TPN strains (§ 2.1.1) 

and their grouping based on the LOPAT scheme (Lelliott et al., 1966) are presented in Table 6. 

 

Table 6.  Results of the biochemical LOPAT tests and grouping of TPN strains by the LOPAT scheme (Lelliott et al., 1966) 

Strain Biochemical tests 

 Accession no. L O P A T 
LOPAT group a 

12625 - + - - + III 
12616 + + + + - 
12634 + + + + - 

IVa 

12612 - + + + - 
12643 - + + + - 

IVb 

12600 - + - + - 
12602 - + - + - 
12608 - + - + - 
12611 - + - + - 
12626 - + - + - 
12627 - + - + - 
12636 - + - + - 
12879 - + - + - 
12880 - + - + - 
12883 - + - + - 
12884 - + - + - 
12887 - + - + - 
12888 - + - + - 
12889 - + - + - 
12892 - + - + - 
12893 - + - + - 
12894 - + - + - 

Va 

12603 + + - + - 
12604 + + - + - 
12605 + + - + - 
12614 + + - + - 
12632 + + - + - 
12882 + + - + - 
12885 + + - + - 
12886 + + - + - 

Vb 

12606 + + - - - 

 
Fluorescent Pseudomonas  
 

Oxidase-positive 
 

12881 - + - + + 
Oxidase-negative 12890 - - - + - 

Atypical 

12633 - + - + - Va 
Non-fluorescent Pseudomonas 

12642 + + - + - Vb 

Abbreviations: L - Levan production; O - cytochrome C oxidase; P - pectinolytic activity; A - arginine dihydrolase;                  

T - hypersensitive reaction on tobacco; a - LOPAT group according to the scheme proposed by Lelliott et al. (1966). 
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According to the results of the LOPAT tests (Table 6), all fluorescent and non-fluorescent TPN 

strains exhibited characteristics of the LOPAT groups III, IV and V defined for fluorescent            

oxidase-positive pseudomonads by Lelliott et al. (1966), with exception of 3 fluorescent strains that 

showed an atypical profile including the single oxidase-negative strain 12890 and two oxidase-positive 

strains, 12606 and 12881. Among the oxidase-positive strains, strain 12606 was the only one that 

showed a weak oxidase reaction. 

Among all fluorescent oxidase-positive strains studied (32 strains): 25 strains showed characteristics 

of group V (Table 6) that correspond to P. fluorescens and some other saprophytic pseudomonads,       

4 strains (12616, 12634, 12612 and 12643) showed characteristics of group IV that corresponds to      

P. marginalis, 1 strain (12625) showed characteristics of group III that corresponds to P. cichorii and     

2 strains (12606 and 12881) showed different atypical LOPAT patterns. Contrarily to group V, strain 

12606 showed lack of arginine dihydrolase and strain 12881 produced a hypersensitive reaction on 

tobacco. An atypical LOPAT profile equal to that exhibited by strain 12606, was also reported from 

unidentified fluorescent Pseudomonas strains causing TPN in Canada (Dhanvantari, 1990). 

The strains showing profiles of IV subgroups (IVa and IVb) or V subgroups (Va and Vb), differ only in 

the levan character as discriminated by Lelliott et al. (1966). 

The majority of the TPN strains exhibited the LOPAT profile V which has also been reported by 

different investigators from several fluorescent Pseudomonas strains associated with TPN symptoms 

(Cantore & Iacobellis, 2002; Saygili et al., 2004; Moura, 2005). Moreover, the LOPAT profile V was also 

reported from strains of Pseudomonas genomospecies FP1, FP2 and FP3 that were isolated from TPN 

(Sutra et al., 1997). According to Lelliott et al. (1966), this LOPAT profile corresponds to P. fluorescens 

and other saprophytic pseudomonads which constitute a substantial part of the microflora in the 

rhizosphere of the plants (Schroth et al., 2006). The characteristics of the LOPAT groups III and IV 

showed by the strains referred above were previously reported by Moura (2005). 

The only fluorescent oxidase-negative strain studied (12890), showed an atypical LOPAT profile 

different to those defined by Lelliott et al. (1966) for oxidase-negative species (LOPAT group I or II). 

This strain was not identified through the PCR amplification using specific primers for identification of   

P. viridiflava (Moura, 2005), previously performed in our laboratory (LPVVA, ISA, Portugal). 

Despite the fact that strains 12633 and 12642 are non-fluorescent, they exhibited characteristics of 

LOPAT group V defined for fluorescent pseudomonads by Lelliott et al. (1966). Moura (2005) could not 

identify these strains through the phenotypic characterization or PCR amplification using the specific 

primers for identification of the only 2 non-fluorescent Pseudomonas species associated with TPN, 

namely P. corrugata and P. mediterranea. 
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On the whole, only 2 strains (12625 and 12881) caused hypersensitivity on tobacco leaves 

confirming its plant pathogenicity. The 4 strains belonging to group IV (12616, 12634, 12612 and 12643) 

showed pectinolytic activity which might also explain their plant pathogenicity. 

On King B medium, the majority of fluorescent TPN strains produced a bright diffusible fluorescent 

pigment while the fluorescent strains 12625, 12636 and 12892 showed only a weak fluorescence. Two 

strains (12633 and 12642) did not produce any fluorescent pigment on King B medium as reported by 

Moura (2005). 

 

3.1.2  Nutritional profiles using the Biolog system 

The results of the identification through the Biolog system of the 35 TPN strains (§ 2.1.1) are 

presented in Table 7. 

 

Table 7.  Identification of TPN strains using the Biolog GN Microplates 

Biolog identification Strains  

P. aeruginosa ▪ 12880   ▪ 12883 

P. asplenii ▪ 12636 

P. cichorii ▪ 12625 

P. fluorescens ▪ 12603   ▪ 12616 

P. fluorescens biotype F ▪ 12600   ▪ 12611 

P. fluorescens biotype G ▪ 12606   ▪ 12608   ▪ 12887 

“P. maculicola" ▪ 12884   ▪ 12894 

P. marginalis ▪ 12612   ▪ 12634   ▪ 12879   ▪ 12881 

P. putida ▪ 12626   ▪ 12892 

P. putida biotype A ▪ 12643   ▪ 12893 

P. synxantha ▪ 12614   ▪ 12632   ▪ 12882   ▪ 12885 

Pseudomonas sp. ▪ 12604   ▪ 12605   ▪ 12627   ▪ 12633   ▪ 12642   ▪ 12886   ▪ 12888   ▪ 12889   ▪ 12890 

no ID ▪ 12602 

Abbreviation: no ID - the Biolog system did not identify the strain. 

 

The nutritional profiles obtained with the Biolog GN Microplates allowed the identification of 25 

strains (71 %) at the species level, namely: P. aeruginosa (2 strains), P. asplenii (1 strain), P. cichorii   

(1 strain), P. fluorescens (2 strains), P. fluorescens biotype F (2 strains), P. fluorescens biotype G        

(3 strains), “P. maculicola" (2 strains), P. marginalis (4 strains), P. putida (2 strains), P. putida biotype A   

(2 strains) and P. synxantha (4 strains). The remaining 10 strains (29 %) could not be identified at the 

species level: 9 strains were identified at the genus level as Pseudomonas sp. and strain 12602 was not 

identified at all by the Biolog system. 
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All strains identified at the species level were fluorescent oxidase-positive and the identity given by 

the Biolog system corresponded to fluorescent oxidase-positive Pseudomonas species as expected. 

The single fluorescent oxidase-negative strain (12890) and the two non-fluorescent Pseudomonas 

strains studied (12633 and 12642) were identified exclusively at the genus level. 

In spite of “P. maculicola” isn’t contemplated in the List of Prokaryotic names with Standing in 

Nomenclature (LPSN website), this species name represents one entry in Microlog 4.2 database as a 

non-enteric oxidase-positive Pseudomonas species and 2 strains (12884 and 12894) were identified as 

this species. 

 

3.2  Molecular characterization 

3.2.1  Retrieval of rpoB gene sequences from the GenBank database 

After research on the available rpoB gene sequences of Pseudomonas type strains in the GenBank 

database, among the 114 validly named Pseudomonas species and subspecies listed in Table 1, partial 

rpoB sequences of 71 different Pseudomonas type strains were found deposited in this database. 

These 71 nucleotide sequences were uploaded including 68 sequences of Pseudomonas species and  

3 sequences of the P. chlororaphis subspecies (Table 8). The GenBank accession number of these 

sequences and the respective sequence length are listed in Table 8. The sequences obtained varied in 

length from 773 nt (P. anguilliseptica) to 1178 nt (P. cichorii). 

Besides the rpoB sequences of Pseudomonas species type strains available in the GenBank, the 

rpoB sequences of P. chlororaphis subspecies type strains were also included in this study as these 

subspecies were recently described through the reclassification of the species P. chlororaphis,             

P. aurantiaca and P. aureofaciens (Peix et al., 2007) and are the only subspecies described within the 

genus Pseudomonas. 

All sequences obtained from the GenBank were determined by Tayeb et al. (2005) in the 

phylogenetic study of the genus Pseudomonas based on rpoB gene sequences, except for the rpoB 

sequences of P. thivervalensis and P. tremae type strains that were obtained by Cladera et al. (2006) 

and Tayeb et al. (unpublished study; NCBI website), respectively. 
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Table 8.  Accession numbers of partial rpoB gene sequences obtained from the GenBank database 

Partial rpoB sequences 
Species Strain accession no. 

GenBank accession no. Length (nt) 

P. abietaniphila  CIP 106708T AJ717416 966 

P. aeruginosa  LMG 1242T AJ717442 1149 

P. alcaligenes  LMG 1224T AJ717475 1017 

P. agarici  LMG 2112T AJ717477 1124 

P. alcaliphila  CIP 108031T AJ717463 1118 

P. amygdali LMG 2123T AJ717462 1032 

P. anguilliseptica CIP 106711T AJ717417 773 

P. asplenii  LMG 2137T AJ717432 1064 

P. avellanae CIP 105176T AJ717469 1120 

P. azotoformans  CIP 106744T AJ717458 1122 

P. balearica CIP 105297T AJ717480 1100 

P. brassicacearum CIP 107059T AJ717436 1032 

P. brenneri CIP 106646T AJ717482 1083 

P. cannabina CIP 106140T AJ717453 1132 

P. caricapapayae  LMG 2152T AJ717437 1146 

P. cedrina  CIP 105541T AJ717424 1169 

P. chlororaphis subsp. aurantiaca  CIP 109718T AJ717421 780 

P. chlororaphis subsp. aureofaciens LMG 1245T AJ717426 1166 

P. chlororaphis subsp. chlororaphis LMG 5004T AJ717478 978 

P. cichorii  LMG 2162T AJ717418 1187 

P. citronellolis  CIP 104381T AJ717460 965 

P. corrugata  LMG 2172T AJ717487 852 

P. cremoricolorata  CIP 107616T AJ717476 944 

P. ficuserectae  LMG 5694T AJ717457 1128 

P. flavescens  CIP 104204T AJ717468 1137 

P. fluorescens CIP 69.13T AJ717451 1011 

P. fragi LMG 2191T AJ717444 1145 

P. frederiksbergensis  CIP 106887T AJ717465 953 

P. fulva  CIP 106765T AJ717419 1171 

P. fuscovaginae  LMG 2158T AJ717433 1164 

P. gessardii  CIP 105469T AJ717438 1019 

P. graminis  CIP 105897T AJ717429 1166 

P. grimontii  CIP 106645T AJ717439 1148 

P. indica  CIP 107714T AJ717481 943 

P. jessenii  CIP 105274T AJ717447 1020 

P. kilonensis  CIP 107321T AJ717472 951 

P. libanensis  CIP 105460T AJ717454 995 
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Table 8. (Continuation)  Accession numbers of partial rpoB gene sequences obtained from the GenBank database 

Partial rpoB sequences 
Species Strain accession no. 

GenBank accession no. Length (nt) 

P. lini  CIP 107460T AJ717466 972 

P. lundensis  CIP 103272T AJ717428 1155 

P. luteola  CIP 102995T AJ717452 982 

P. mandelii  CIP 105273T AJ717435 1033 

P. marginalis  LMG 2210T AJ717425 1167 

P. mediterranea  CIP 107708T AJ717449 955 

P. meliae  LMG 2220T AJ717486 930 

P. mendocina  LMG 1223T AJ717440 1142 

P. migulae  CIP 105470T AJ717446 1024 

P. monteilii  CIP 104883T AJ717455 1012 

P. mucidolens  LMG 2223T AJ717427 1168 

P. nitroreducens  CIP 106747T AJ717448 1050 

P. oleovorans  LMG 2229T AJ717461 1035 

P. orientalis  CIP 105540T AJ717434 1143 

P. oryzihabitans  CIP 102996T AJ717470 959 

P. parafulva  CIP 107617T AJ717471 950 

P. pertucinogena  LMG 1874T AJ717441 1109 

P. plecoglossicida  CIP 106493T AJ717456 1004 

P. pseudoalcaligenes  LMG 1225T AJ717430 1152 

P. psychrophila  CIP 107901T AJ717464 957 

P. putida  LMG 2257T AJ717474 979 

P. resinovorans  LMG 2274T AJ717479 1001 

P. rhodesiae CIP 104664T AJ717431 1143 

P. savastanoi CIP 103721T AJ717422 1161 

P. stutzeri LMG 11199T AJ717459 995 

P. synxantha  LMG 2335T AJ717420 1173 

P. syringae  LMG 1247T AJ717484 987 

P. taetrolens  LMG 2336T AJ717423 1170 

P. thivervalensis  CFBP 5754 T AM084680 852 

P. tolaasii  LMG 2342T AJ717467 1032 

P. tremae  CFBP 3229T AJ973062 940 

P. vancouverensis  CIP 106707T AJ717473 1112 

P. veronii  CIP 104663T AJ717445 1017 

P. viridiflava  LMG 2352T AJ717483 937 
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3.2.2  rpoB amplification and sequencing 

Partial rpoB gene sequences were determined for the 35 TPN strains studied (§ 2.1.1) and for 38 of 

the 41 Pseudomonas type strains of our collection (§ 2.1.2). The sequences of 3 Pseudomonas species, 

namely P. pachastrellae (DSM 17577T), P. peli (LMG 23201T) and P. pohangensis (DSM 17875T), 

could not be determined either as the rpoB amplification was non-specific (P. pohangensis) or as the 

results of sequencing were found too ambiguous and unexploited (P. pachastrellae and P. peli). 

All strains produced one single amplicon of the expected size through the PCR amplification using 

the pair of primers LAPSBIS and LAPS27 or RPOBF2 and LAPS27 as shown in Figure 2. The only 

exception was the type strain of P. pohangensis (DSM 17875T) for which the amplification of the target 

DNA could not be obtained and, consequently, its sequence could not be determined. In this case, the 

PCR using the primers LAPSBIS and LAPS27 did not produce any DNA and conversely, the 

amplification using the primers RPOBF2 and LAPS27 was non-specific producing a multiband profile. 

The rpoB gene fragments of almost all strains were amplified using the pair of primers LAPSBIS and 

LAPS27. For only 6 strains, namely TPN strain 12625 and the Pseudomonas type strains CFBP 4389T 

(P. palleroniana), CFBP 7019T (P. congelans), Peix OK2T (P. lutea), CIP 108524T (P. panacis) and  

CIP 109222T (P. xanthomarina), the rpoB fragment was amplified using the pair of primers RPOBF2 

and LAPS27. For these strains, the PCR amplification using the first set of primers, in some cases did 

not produce any fragment whereas in other cases was unspecific, producing several fragments. 

 

 

 

 

 

 

 

 

 

 

Figure 2.  DNA fragments on agarose gel electrophoresis obtained through the PCR amplification using the pair of 

primers: a) LAPSBIS and LAPS27; b) RPOBF2 and LAPS27. 
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The rpoB sequences determined in this study varied in length from 933 nt for the smallest sequence 

(TPN strain 12625) to 1120 nt for the biggest sequences (TPN strain 12884 and P. avellanae CIP 

105176T) and the length of all sequences determined are presented in Appendix 5. 

To sum up, 144 rpoB sequences were obtained either retrieved from the GenBank database    

(Table 8) or determined in this study (Appendix 5), including sequences of the 35 TPN strains and 

sequences of 109 Pseudomonas type strains (103 Pseudomonas species, 3 P. chlororaphis subspecies 

and Pseudomonas genomospecies FP1, FP2 and FP3). Among the 114 validly named Pseudomonas 

species and subspecies listed in Table 1, the rpoB sequences of only 8 Pseudomonas species could 

not be determined for different reasons: on the one hand, the type strains of 5 Pseudomonas species 

(P. duriflava, P. marincola, P. panipatensis, P. gelidicola and P. meridiana) could not be acquired by our 

laboratory and on the other hand, the rpoB amplification or the rpoB sequencing of 3 species              

(P. pachastrellae, P. peli and P. pohangensis) could not be achieved. 

 

3.2.3  Phylogenetic analysis 

Although 144 rpoB sequences had been obtained in this study, 2 sequences of Pseudomonas type 

strains were excluded in order to increase the number of nucleotide sites under analysis. Aligning all 

144 rpoB sequences, we found out that excluding the shortest sequences under study, namely the 

sequences of P. anguilliseptica (773 nt) and P. chlororaphis subsp. aurantiaca (780 nt), the alignment 

length increased from 598 to 801 nt. When a preliminary phylogenetic tree was done, none of the TPN 

strains were grouped in the vicinity of P. anguilliseptica or P. chlororaphis subsp. aurantiaca    

(Appendix 6) and thus, their sequences were excluded from the phylogenetic analysis. 

A data set of 142 aligned sequences, including 107 sequences of Pseudomonas type strains and 35 

sequences of TPN strains, with a total length of 801 nt was used for the phylogenetic analysis. Of 801 

nucleotide positions, 55 % were invariable (441 monomorphic sites) and 3 gaps were observed at 

positions 315 to 317 corresponding to one codon deleted in the sequences of P. xanthomarina,            

P. pertucinogena, P. stutzeri and P. azotifigens. All rpoB sequences used in this analysis, as protein 

encoding sequences, presented an unambiguous reading frame and no stop codons were identified 

verifying the accuracy of the sequences editing. 

The phylogenetic trees inferred by the Neighbor-Joining method (NJ tree) and the               

Maximum-Likelihood method (ML tree) for the 142 aligned sequences, produced similar phylogenetic 

relationships for the TPN strains under study within the genus Pseudomonas. The ML tree was chosen 

to be presented here (Figure 3) and the NJ tree is presented in Appendix 7. 



RESULTS AND DISCUSSION 

 

39 

The evolutionary model selected for the data set under study and used to generate the ML tree was 

the GTR+I+G model (proportion of invariable sites (I) = 0.505; shape parameter of the gamma 

distribution (G) = 0.716). The highest supported branches with bootstrap values above 75 % were found 

at distal positions within the ML tree and the same branches were also found highly supported in the NJ 

tree. 

Within the ML tree, 6 major monophyletic groups (clades) were defined as shown in Figure 3. The 

species included in the Pseudomonas groups defined by Anzai et al. (2000) based on rrs sequences, 

namely P. syringae group, P. fluorescens group, P. putida group, P. aeruginosa group and P. stutzeri 

group, were generally found clustering together within these major clades. Besides the high number of 

species described after that study, clade 1 included the species of P. syringae group, clade 2 included 

the species of P. fluorescens group, clade 3 included the species of P. putida group except for             

P. oryzihabitans that was included in clade 4, clade 5 included the species of P. aeruginosa group and 

finally, clade 6 included the species of P. stutzeri group except for P. luteola that was included in clade 

3. The species included in P. chlororaphis group (Anzai et al., 2000) clustered in two different clades    

(1 and 2): P. chlororaphis subsp. chlororaphis and P. chlororaphis subsp. aureofaciens clustered in 

clade 1 whereas P. taetrolens, P. lundensis and P. fragi clustered in clade 2. The species P. taetrolens 

was also found clustered separately from P. chlororaphis in the phylogenetic study of Yamamoto et al. 

(2000) based on gyrB and rpoD sequences. 

The branch length of P. luteola (included in clade 3) and P. pertucinogena (included in clade 4) were 

unusually long and the clades that they formed were supported by low bootstrap values (above 50 %). 

The branch length of P. luteola was also found unusually long within the rpoB tree presented by Tayeb 

et al. (2005) and its assignment to the genus Pseudomonas has been discussed (Holmes et al., 1987; 

Anzai et al., 2000; Tayeb et al., 2005). The species P. pertucinogena has been observed at the 

borderline of the genus Pseudomonas in different phylogenetic studies based on either rrs or rpoB 

sequences (Anzai et al., 2000; Tayeb et al., 2005) but this phylogenetic position was not verified in our 

analysis. 

An interesting note that should be referred here is the fact that some Pseudomonas species which 

were found genetically almost identical on the basis of their rpoB sequences (Figure 3) such as            

P. fuscovaginae and P. asplenii (clade 1) or P. savastanoi and P. meliae (clade 2), were already 

suggested as possible synonymous by Vancanneyt et al. (1996a) and Gardan et al. (1999), 

respectively. Furthermore, the close relationship of P. oleovorans and P. pseudoalcaligenes (clade 5) 

has also been indicated (Yamamoto et al., 2000). 
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Figure 3.  Unrooted Maximum-Likelihood tree based on rpoB sequences with 801 nt of 142 strains including 

107 Pseudomonas type strains and 35 TPN strains. Strain accession numbers are given followed by 

sequence accession numbers for the sequences retrieved from the GenBank. TPN strains are highlighted in 

yellow and the identification through the Biolog system is given. Branches with bootstrap values above 75 % 

are indicated by thick lines and the bootstrap values of 50 to 75 % are given at the nodes. The Pseudomonas 

species included in the Anzai´s groups (Anzai et al., 2000) are indicated by the same colour of the respective 

group. 
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The 35 TPN strains studied exhibited a huge genetic diversity and were scattered in clades 1, 2, 3 

and 5, covering almost the whole genus diversity: clade 1 included 5 strains (12600, 12602, 12608, 

12625 and 12887), clade 2 included 18 strains (12603, 12604, 12605, 12606, 12611, 12612, 12614, 

12616, 12632, 12633, 12634, 12636, 12642, 12879, 12881, 12882, 12885 and 12886), clade 3 included 

7 strains (12626, 12627, 12643, 12884, 12889, 12893 and 12894) and finally, clade 5 included 2 strains 

(12880 and 12883). 

Among the 35 TPN strains, the phylogenetic analysis allowed the identification of 21 strains as they 

formed a monophyletic group with a given Pseudomonas type strain highly supported by bootstrap 

values above 88 % (16 strains) or moderately supported by bootstrap values of 53 to 62 % (5 strains). 

The remaining 14 strains could not be accurately identified as they did not form a monophyletic group 

with a single Pseudomonas type strain or, when this group was formed, it was weakly supported by 

bootstrap values bellow 50 %. 

The rpoB sequence-based identification of the 21 TPN strains determined through the phylogenetic 

analysis is presented in Table 9. This set of strains included 19 fluorescent oxidase-positive strains and 

the only 2 non-fluorescent strains sharing partial rpoB sequence similarities from 94 to 100 % with the 

most closely related Pseudomonas type strain (Table 9). 

 

Table 9.  rpoB sequence-based identification of 21 TPN strains determined through the phylogenetic analysis 

Strain accession no. Clade Molecular identification 
Similarity to 
type strain 

(%) 

LOPAT 
group 

Biolog identification 

12600 97.0 Va P. fluorescens biotype F 

12602 
1 P. koreensis a 

97.4 Va no ID 

12603  99.5 Vb P. fluorescens 

12611 97.9 Va P. fluorescens biotype F 

12879 97.9 Va P. marginalis 

12881 

2 P. rhodesiae a 

97.9 Atypical P. marginalis 

12604 2 P. thivervalensis b 97.4 Vb Pseudomonas sp. 

12605 2 Pseudomonas genomospecies FP2 b 98.8 Vb Pseudomonas sp. 

12606 2 P. poae a 99.5 Atypical P. fluorescens biotype G 

12608  97.8 Va P. fluorescens biotype G 

12887 
1 P. moraviensis a 

97.8 Va P. fluorescens biotype G 

12625  1 P. cichorii a 96.6 III P. cichorii 

12627 96.6 Va Pseudomonas sp. 

12884 
3 P. monteilii b 

96.6 Va “P. maculicola” 

12634 2 P. grimontii  a 99.6 IVa P. marginalis 

12880 98.6 Va P. aeruginosa 

12883 
5 P. aeruginosa a 

98.6 Va P. aeruginosa 

12886 2 P. azotoformans a 100 Vb Pseudomonas sp. 

 
Fluorescent 
Pseudomonas 
 

Oxidase-positive 

12892 3 P. vranovensis b 94.0 Va P. putida 



RESULTS AND DISCUSSION 

 

43 

Table 9. (Continuation)  rpoB sequence-based identification of 21 TPN strains determined through the phylogenetic analysis 

Abbreviations: a - Identification supported by high bootstrap values above 88 %; b - Identification supported by moderate bootstrap values 

of 53 to 62 %. 

 

All fluorescent oxidase-positive TPN strains identified through the phylogenetic analysis (Table 9) 

corresponded to fluorescent Pseudomonas species or genomospecies including: P. aeruginosa (strains 

12880 and 12883), P. azotoformans (strain 12886), P. cichorii (strain 12625), P. grimontii  (strain 

12634), P. koreensis (strains 12600 and 12602), P. monteilii (strains 12627 and 12884), P. moraviensis 

(strains 12608 and 12887), P. poae (strain 12606), P. rhodesiae (strains 12603, 12611, 12879 and 

12881), P. thivervalensis (strain 12604) and Pseudomonas genomospecies FP2 (strain 12605). The 

only exception was the fluorescent strain 12892 identified as P. vranovensis that was described as a 

non-fluorescent species (Tvrzová et al., 2006). 

Although the oxidase-positive strains 12633 and 12642 had not produced fluorescent pigments on 

King B medium, they were identified as P. veronii (Table 9) that was described as a fluorescent species 

(Elomari et al., 1996). To our knowledge, no P. veronii strain was described as non-fluorescent but the 

existence of non-fluorescent strains belonging to other Pseudomonas species that generally produce 

fluorescent pigments, was already reported for some strains of P. fluorescens biotype B (Stanier et al., 

1966), P. syringae (Bultreys et al., 2001) and P. aeruginosa (Palleroni, 2005) confirming that, in some 

cases, this character can be variable. Moreover, these strains exhibited the LOPAT profile V that 

corresponds to P. fluorescens and other saprophytic pseudomonads according to the determinative 

scheme of Lelliott et al. (1966) for fluorescent pseudomonads. 

The phenotypic characteristics exhibited by the 21 TPN strains identified, namely the activity of 

oxidase and arginine dihydrolase, were in accordance with those described for the species identified. 

The case of strain 12606 identified as P. poae is interesting because it was the only oxidase-positive 

strain exhibiting a weak oxidase reaction and this characteristic was also described for that species 

(Behrendt et al., 2003). Moreover, this strain exhibited an atypical LOPAT profile different from group V 

(Lelliott et al., 1966) because it showed lack of arginine dihydrolase that also characterizes the species 

P. poae (Behrendt et al., 2003). As referred before, this LOPAT profile was also exhibited by 

unidentified fluorescent Pseudomonas strains causing TPN in Canada (Dhanvantari, 1990) and the 

possibility of their identity as P. poae cannot be ruled out. 

Strain accession no. Clade Molecular identification 
Similarity to 
type strain 

(%) 

LOPAT 
group 

Biolog identification 

12633 99.8 Va Pseudomonas sp. Non-fluorescent 
Pseudomonas 12642 

2 P. veronii  a 
99.8 Vb Pseudomonas sp. 
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The TPN strains identified as P. rhodesiae (12603, 12611, 12879 and 12881) formed a highly 

supported clade (bootstrap value of 100 %) with the type strains of Pseudomonas genomospecies FP3 

(Gardan 10569) and P. rhodesiae (CIP 104664T) (Figure 3). The Pseudomonas genomospecies FP3 

was proposed by Sutra et al. (1997) for a distinct genomic group of strains isolated from TPN and, 

further studies later performed, based on results of siderotyping, ribotyping and DNA-DNA hybridization, 

suggested that this genomospecies is taxonomically identical to the species P. rhodesiae described in 

1997 by Coroler et al. (Sutra, 2000; Meyer et al., 2002). This identity was also confirmed in our study as 

the type strains of Pseudomonas genomospecies FP3 and P. rhodesiae clustered together in a highly 

supported clade and shared an rpoB sequence similarity of 99.5 %. This similarity was identical to the 

rrs sequence similarity of 99.6 % reported by Sutra (2000) for these type strains. Conversely to the TPN 

strains grouped with the Pseudomonas genomospecies FP3, this genomospecies was referred by Sutra 

et al. (1997) as non-pathogenic on tomato. Nevertheless, the type strain of Pseudomonas 

genomospecies FP3 (Gardan 10569) was able to produce pith necrosis on other plants such as bean, 

cauliflower, melon and cucumber (Sutra et al., 1997). 

The remaining 14 TPN strains that could not be accurately identified at the species level through the 

phylogenetic analysis, were included in clade 2 (7 strains: 12612, 12614, 12616, 12632, 12636, 12882 

and 12885) and clade 3 (7 strains: 12626, 12643, 12888, 12889, 12890, 12892, 12893 and 12894) 

(Figure 3). This set of strains included 13 fluorescent oxidase-positive strains and the only fluorescent 

oxidase-negative strain (12890). 

In clade 2, strains 12614, 12632, 12882 and 12885 were assumed as belonging to the same 

unnamed species because they formed a highly supported clade sharing sequence similarities of 98.5 

to 100 %. Additionally, these strains showed the same LOPAT profile (Vb) and presented similar 

nutritional profiles as they were equally identified by the Biolog system as P. synxantha. The identity of 

these strains could not be accurately determined through the phylogenetic analysis because the clade 

that they formed with P. gessardii type strain (CIP 105469T) was supported by a low bootstrap value 

(bellow 50 %). The rpoB sequence similarities that they shared with P. gessardii were 97.0 % for strains 

12882 and 12885, 97.3 % for strain 12614 and 97.9 % for strain 12632. However, they also shared 

sequence similarities of approximately 97 % with other species in clade 2, such as P. salomonii and     

P. simiae, what could explain the low bootstrap value supporting the clade that included these strains 

and the P. gessardii type strain. In respect to strains 12612 and 12636, they were found close to          

P. proteolytica and P. frederiksbergensis respectively but the clades formed were supported by low 

bootstrap values. Strain 12616 was found in an isolated branch. 
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The remaining 7 non-identified strains were found in clade 3 that included the P. putida group of 

Anzai et al. (2000) (Figure 3). Five strains clustered with the P. putida group in one clade moderately 

supported by a bootstrap value of 54 % (12626, 12643, 12889, 12893 and 12894) and the other            

2 strains (12888 and 12890) were found close to this group. Curiously, these TPN strains significantly 

increased the described genetic diversity of P. putida group based on type strains and some strains can 

represent new species. Strains 12626 and 12889 were regarded as belonging to the same unnamed 

species because they clustered together in a highly supported clade (bootstrap value of 100 %) and 

exhibited a high rpoB sequence similarity (99.2 %). According to these results, although the identity of 

these strains could not be accurately determined at the species level through the phylogenetic analysis, 

they were assigned to P. putida group that seems to be an important source of TPN pathogens. All 

strains identified through the Biolog system as P. putida or P. putida biotype A, were found close to      

P. putida group through the phylogenetic analysis but none of them were identified as this species. 

Comparing the results of the rpoB sequence-based identification through the phylogenetic analysis 

with those determined at the species level using the Biolog system (Table 9), only the identification of 

the P. cichorii strain (12625) and P. aeruginosa strains (12880 and 12883) were concordant in both 

approaches. The remaining species identified corresponded mainly to newly described species (from 

1996 to 2006) that were not included in the Biolog database used for identification. The identification of 

P. fluorescens strains causing TPN symptoms, has been reported from different laboratories where this 

identification was generally performed using the Biolog system (Moura et al., 1999; Cantore & Iacobellis, 

2002; Passo, 2005; Molan & Ibrahim, 2007). According to our results, none of the TPN strains were 

identified as P. fluorescens through the rpoB sequences, even the strains that showed a typical LOPAT 

profile of P. fluorescens (group V of Lelliott et al., 1966) or that were identified by the Biolog system as 

P. fluorescens. Thus, the association of P. fluorescens with the disease could not be confirmed in our 

study and it is probable that the strains previously identified as P. fluorescens could belong to other 

Pseudomonas species close to P. fluorescens as observed in this study. Furthermore, the inability of the 

Biolog system to differentiate species within complex taxa such as P. fluorescens, P. putida and           

P. marginalis, was reported by Grimont et al. (1996) indicating the need for new and additional 

phenotypic tests. 

In respect to the LOPAT tests, although informative, they were not generally sufficient to well 

differentiate the fluorescent TPN strains studied and only the P. cichorii strain (12625) was accurately 

identified through the LOPAT scheme (Lelliott et al., 1966). Among the pectinolytic oxidase-positive TPN 

strains (LOPAT profile IV), only strain 12634 was found closely related to P. marginalis but identified as 

P. grimontii and the 3 other non-identified strains were found distantly related to P. marginalis, in          
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P. fluorescens group (clade 2, strains 12616 and 12636) and P. putida group (clade 3, strain 12643). 

This way, although fluorescent soft-rotting oxidase-positive pseudomonads has been commonly named 

P. marginalis, we also verified that the pectinolytic activity in oxidase-positive strains cannot be regarded 

as a marker of P. marginalis as previously reported by Janse et al. (1992). 

Among the 13 Pseudomonas species and genomospecies to which the TPN strains were 

unambiguously assigned, only P. cichorii, P. rhodesiae and Pseudomonas genomospecies FP2 were 

previously reported causing pith necrosis on tomato or other plants (Wilkie & Dye, 1974; Sutra et al., 

1997; Moura et al., 1999; Sutra, 2000; Moura, 2005). P. aeruginosa is occasionally pathogenic for plants 

(Palleroni, 2005) and its isolation from TPN has been reported (Sutra et al., 1997; Passo, 2005). To our 

knowledge, the other identified species have never been reported as pathogenic for plants or reported 

to be isolated from TPN. The majority of these species are inhabitants of soil, namely P. koreensis,      

P. moraviensis and P. vranovensis (Kwon et al., 2003; Tvrzová et al., 2006), and inhabitants of water, 

namely P. grimontii , P. rhodesiae and P. veronii (Elomari et al., 1996; Coroler et al., 1997; Badïa et al., 

2002). The species P. azotoformans, P. poae and P. thivervalensis correspond to plant-associated 

bacteria that were isolated from the rhizosphere of Arabidopsis thaliana (Achouak et al., 2000), rice 

paddies (Palleroni, 2005) and phyllosphere of grasses (Behrendt et al., 2003), respectively. The species 

P. monteilii is the only one that was isolated from clinical specimens (Elomari et al., 1997). 

The identification of Pseudomonas species inhabitants of soil and water, suggested that soil and 

irrigation water can be important sources of inoculum as have been reported for P. corrugata. The ability 

to survive in the rhizosphere of tomato plants and to start endophytic colonization from the inoculum 

present in soil was confirmed for P. corrugata (Bella et al., 2003; Moura, 2005). Moreover, the role of 

irrigation water in the dissemination of P. corrugata has also been reported (Scarlett et al., 1978). 

Several TPN strains which were isolated in different years and/or different tomato producing regions, 

were unambiguously allocated to the same species (6 species grouping with 2 or more strains) or were 

assumed as belonging to the same unnamed species (strains 12614, 12632, 12882 and 12885 or 

12889 and 12626), suggesting that these species have an important role on the TPN disease. The TPN 

strains isolated by Moura (2005) that were found closely related in the rpoB-based phylogenetic tree 

(Figure 3) were generally found phenotypically closely related in that study which supports our 

phylogenetic results. 
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3.2.4  BLAST analysis 

A database comprising partial rpoB gene sequences of 109 Pseudomonas type strains (103 

Pseudomonas species, 3 P. chlororaphis subspecies and Pseudomonas genomospecies FP1, FP2 and 

FP3), either retrieved from the GenBank database (Table 8) or determined in this study (Appendix 5), 

was created. A BLAST search tool, developed for the comparison of nucleotide query sequences with 

the sequences present in this database, is now available in a website accessible for our laboratory. 

In order to compare the results obtained through the phylogenetic analysis with those of the BLAST 

search, the sequences of TPN strains compared with the sequences present in our database had the 

same length as used in the phylogenetic analysis (801 nt). 

When the rpoB sequences of the 21 TPN strains identified through the phylogenetic analysis were 

compared by BLAST search with those of our database, the sequence found with the highest similarity 

to each TPN strain corresponded to that of its phylogenetically closest Pseudomonas type strain. Thus, 

the BLAST search results obtained for these strains were concordant with those of the rpoB    

sequence-based identification determined through the phylogenetic analysis (Table 9). 

The BLAST search results obtained for the remaining 14 TPN strains that were not identified through 

the phylogenetic analysis are presented in Table 10. All strains shared the highest similarity with one 

Pseudomonas type strain except for strains 12614, 12643 and 12689 that equally shared the highest 

similarity with two different species. 

 

Table 10.  BLAST search results obtained for the 14 TPN strains non-identified though the phylogenetic analysis 

Strain BLAST search 

  Accession no. 
 
Pseudomonas type strain  Highest rpoB similarity (%) 

 12612 P. proteolytica  97.8 
 P. gessardii  97.3 
 

12614 
P. salomonii  97.3 

 12616 P. salomonii  97.5 
 12626 P. parafulva  92.6 
 12632 P. gessardii  97.9 
 12636 P. migulae  96.1 
 P. plecoglossicida  94.9 
 

12643 
P. putida  94.9 

 12882 P. salomonii  97.5 
 12885 P. salomonii  97.5 
 12888 P. vranovensis  92.8 
 P. parafulva  92.5 
 

12889 
P. mosselii  92.5 

 12893 P. mosselii  97.4 

 
Fluorescent 
Pseudomonas 
 
Oxidase-positive 

 12894 P. putida  94.4 
Oxidase-negative  12890 P. putida  93.0 
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According to the BLAST search results obtained for the TPN strains non-indentified through the 

phylogenetic analysis (Table 10), the highest rpoB sequence similarity that they shared with a given 

Pseudomonas type strain was, in almost all cases, higher than 94 % as observed for the TPN strains 

identified through the phylogenetic analysis (Table 9). However, in the phylogenetic tree (Figure 3), 

these strains were not found closely related to the Pseudomonas type strain with which they shared the 

highest sequence similarity or, when it happened, the robustness of the clade that they formed was not 

sufficient to infer their identity. Such discrepancies between sequence similarities and phylogenetic 

relationships suggested that the comparison of partial rpoB sequences only based on sequence 

similarities is informative but not sufficient for an accurate identification at the species level, as regarded 

for these strains. 

For a preliminary identification, the comparison of rpoB sequences through the BLAST search can 

be used to identify an unknown bacterial strain at the genus level or to know the closest species to this 

strain within the genus Pseudomonas. However, a phylogenetic tree should be done to confirm the 

strain identity because it is much more informative showing the evolutionary distances among the 

bacterial strains. 
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5.  Conclusion 

In this study, the partial rpoB gene sequencing proved to be a fast and accurate method for the 

characterization and identification of Pseudomonas strains, emphasizing what was reported by Tayeb et 

al. (2005). 

The phylogenetic analysis based on partial rpoB gene sequences contributed to clarify the taxonomic 

position within the genus Pseudomonas of the 32 pathogenic fluorescent oxidase-positive strains 

isolated from TPN in Portugal. This analysis revealed a huge genetic diversity among these strains and 

allowed the identification of 19 strains as: P. aeruginosa, P. azotoformans, P. cichorii, P. grimontii,       

P. koreensis, P. monteilii, P. moraviensis, P. poae, P. rhodesiae, P. thivervalensis, P. vranovensis as 

well as Pseudomonas genomospecies FP2. Additionally, the only 2 non-fluorescent oxidase-positive 

strains studied, which were not identified as P. corrugata or P. mediterranea through the PCR 

amplification using specific primers for these species (Moura, 2005), were identified as P. veronii that 

corresponds to a fluorescent species. 

Among the Pseudomonas species and genomospecies identified in this study through the 

phylogenetic analysis, only P. aeruginosa, P. cichorii, P. rhodesiae and Pseudomonas genomospecies 

FP2 were previously associated with the TPN disease. The involvement of the remaining identified 

species in this disease was reported here, for the first time. Most of the species identified were recently 

described corresponding to inhabitants of soil and water or plant-associated bacteria, and none of them 

were previously reported as pathogenic for plants. For a better understanding of the mechanisms that 

govern the pathogenicity of the TPN strains studied, it would be interesting to identify which common 

phenotypic and/or genotypic traits allow these strains to induce TPN symptoms. 

The TPN strains non-identified at the species level through the phylogenetic analysis can represent 

new species and further studies are needed to confirm their taxonomic identity. Moreover, the 

phylogenetic tree obtained with almost all Pseudomonas type strains, can also be used as a starting 

point for future taxonomic revisions because it revealed possible synonymous among Pseudomonas 

species. 

The phenotypic characterization of the TPN strains based on the LOPAT tests or nutritional profiles 

obtained through the Biolog system, presented limitations in the differentiation of the majority of these 

strains either because the number of characters taken into account was small or owing to the fact that 

the Biolog database used does not contain all Pseudomonas species, respectively. 
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In the present study, a database comprising partial rpoB gene sequences of almost all 

Pseudomonas type strains was created, including sequences of 103 Pseudomonas species,                  

3 P. chlororaphis subspecies and Pseudomonas genomospecies FP1, FP2 and FP3. This database is 

now available for routine identification of Pseudomonas strains in our laboratory and it can be used 

either for the comparison of rpoB sequences through the BLAST search or to calculate phylogenetic 

trees. 

The comparison of rpoB sequences through the BLAST search may provide probable bacteria 

identification but it should be supported by a phylogenetic tree that is much more informative. In the 

future, it would be useful if the web service created in this study for BLAST search in our database, also 

allowed the construction of phylogenetic trees with the query sequence and the sequences of the 

database. 
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Appendix 1.  Culture conditions for type strains of Pseudomonas 

Species Strain accession no. Culture medium Temperature 

P. antarctica CIP 108466T TSA 25 

P. argentinensis Peix CH01T TSA 28 

P. azotifigens CIP 108866T LB 30 

P. borbori LMG 23199T TSA 28 

P. congelans CFBP 7019T YBGA 28 
P. costantinii CFBP 5705T YBGA 28 
P. delhiensis DSM 18900T NA 37 

P. extremorientalis CFBP 6729T YBGA 28 
P. guineae LMG 24016T TSA 28 

P. jinjuensis CIP 108617T TSA 30 

P. knackmussii DSM 6978T NA 28 

P. koreensis CIP 108616T TSA 30 

P. lurida DSM 15835T NA 28 

P. lutea Peix OK2T TSA 28 

P. mohnii CIP 109614T TSA 30 

P. moorei CIP 109622T TSA 30 

P. moraviensis DSM 16007T TSA 28 

P. mosselii CFBP 4846T YBGA 28 
P. otitidis DSM 17224T TSA 28 

P. pachastrellae DSM 17577T TSA 28 

P. palleroniana CFBP 4389T YBGA 28 
P. panacis CIP 108524T TSA 30 

P. peli LMG 23201T TSA 28 

P. poae CFBP 6764T YBGA 28 
P. pohangensis DSM 17875T MA 28 

P. proteolytica DSM 15321T TSA 28 

P. psychrotolerans DSM 15758T TSA 28 

P. reinekei CIP 109621T TSA 30 

P. rhizosphaerae Peix IH5T TSA 28 

P. salomonii CFBP 2022T YBGA 28 
P. segetis DSM 18913T NA 28 

P. simiae CIP 109526T TSA 30 

P. straminea CIP 106745T TSA 25 

P. thermotolerans DSM 14292T NA 47 

P. trivialis CFBP 6765T YBGA 28 
P. umsongensis CIP 108618T TSA 30 

P. vranovensis DSM 16006T TSA 28 

P. xanthomarina CIP 109222T MA 25 
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Appendix 2.  Culture media used for growth of bacteria 

2.1  KING B (King et al., 1954) 

 

2.1.1  Composition 

Proteose peptone nº 3 [Difco] ..............................................................................20 g 

K2HPO4 (di-potassium hydrogen phosphate) [Merck] .........................................1.5 g 

MgSO4.7H2O (heptahydrated magnesium sulfate) [Fisher chemicals] ................1.5 g 

Glycerol ..............................................................................................10 mL or 12.6 g 

Agar agar [Merck] ................................................................................................15 g 

Distilled water ................................................................................................1000 mL 

 

2.1.2  Preparation 

Autoclave at 120 °C for 15 minutes. 

 

 

2.2  LURIA BERTANI MEDIUM (LB) 

 

2.2.1  Composition 

Tryptone [Difco] ....................................................................................................10 g 

Sodium chloride [Prolabo] ......................................................................................5 g 

Yeast extract [Oxoid] ..............................................................................................5 g 

Agar agar [Merck] ................................................................................................15 g 

Distilled water ................................................................................................1000 mL 

 

2.2.2  Preparation 

Adjust pH to 7.5 ± 0.2 at 25 °C. 

Autoclave at 120 °C for 15 min. 
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2.3  MARINE AGAR (MA) 

 

2.3.1  Composition 

Red sea salt [Red Sea, natural formula] ...........................................................33.3 g 

Bacto peptone [BD] ................................................................................................5 g 

Yeast extract [Oxoid] ..............................................................................................1 g 

Agar agar [Merck] ................................................................................................15 g 

Distilled water ................................................................................................1000 mL 
 

The peptone and yeast extract provide nitrogen, vitamins and minerals, and the red sea salt formula, 

with a high salt content, helps to simulate sea water. 

 

2.3.2  Preparation 

Adjust pH to 7.6 ± 0.2 at 25 °C. 

Autoclave at 120 °C for 15 min. 

 

 

2.4  NUTRIENT AGAR (NA) 

 

2.4.1  Composition 

Nutrient broth [Difco] ..............................................................................................8 g 

Agar agar [Merck] ................................................................................................15 g 

Distilled water ................................................................................................1000 mL 
 

Nutrient Broth (approximate formula per litre): 

Beef extract .............................................. 3 g 

Peptone .................................................... 5 g 

 

2.4.2  Preparation 

Adjust pH to 6.8 ± 0.2 at 25 °C. 

Autoclave at 120 °C for 15 min. 
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2.5  TRYPTONE SOYA AGAR (TSA) 

 

2.5.1  Composition 

Tryptone soya broth [Oxoid] .................................................................................30 g 

Agar agar [Merck] ................................................................................................15 g 

Distilled water ................................................................................................1000 mL 
 

Tryptone soya broth (approximate formula per litre): 

Pancreatic digest of casein .................... 17 g 

Papaic digest of soybean meal ................ 3 g 

Sodium chloride ....................................... 5 g 

Di-basic potassium phosphate ................. 2.5 

Glucose ................................................. 2.5 g 

 

2.5.2  Preparation 

Adjust pH to 7.3 ± 0.2 at 25 °C. 

Autoclave at 120 °C for 15 min. 

 

 

2.6  YBGA (Sutra et al., 1997) 

 

2.6.1  Composition 

Yeast extract [Oxoid] ..............................................................................................7 g 

Bacto peptone [BD] ................................................................................................7 g 

Glucose [Oxoid] .....................................................................................................7 g 

Agar agar [Merck] ................................................................................................15 g 

Distilled water ................................................................................................1000 mL 

 

2.6.2  Preparation 

Adjust pH to 7.2 at 25 °C. 

Autoclave at 120 °C for 15 min. 
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Appendix 3.  Metabolic test panel used in Biolog GN MicroPlate 
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Appendix 4.  Molecular biology solutions 

4.1  Molecular weight marker 1 Kb DNA Ladder (50 ng µL-1) 

 

1 Kb DNA ladder (1µg µL-1) [Invitrogen] ......... 10 µL 

Loading buffer .................................................. 8 µL 

Ultrapure sterile water .................................. 182 µL 

 

 

 

Mix it with one micropipette and keep it at 4 °C. 

 

 

4.2  Tris-acetate-EDTA (TAE) buffer 50x (Sambrook et al., 1989) 

 

Tris(hydroxymethyl)aminomethane [Eurobio] .....................................................242 g 

EDTA disodium salt [Eurobio] .........................................................................18.61 g 

Acetic acid pure [Sigma] ................................................................................57.1 mL 

 

Adjust pH to 8. 

Make up the volume to 1000 mL with distilled water. 

 

1 Kb DNA Ladder (Invitrogene) 
0.5 µg / lane 
0.9 % agarose gels 
Stained with ethidium bromide 

Contains 10% of the 
mass applied to the gel 
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Appendix 5.  Length of the partial rpoB gene sequences determined in this study 

Table 5A. Lengths of the rpoB sequences determined for the 35 TPN strains under study 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Strain accession no. Sequence length (nt) 

12600 1100 

12602 1085 

12603 1097 

12604 1099 

12605 1094 

12606 1091 

12608 1093 

12611 1096 

12612 1100 

12614 1086 

12616 1091 

12625 933 

12626 1091 

12627 1089 

12632 1076 

12633 1057 

12634 1075 

12636 1095 

12642 1089 

12643 1093 

12879 1093 

12880 1100 

12881 1090 

12882 1082 

12883 1087 

12884 1120 

12885 1101 

12886 1092 

12887 1100 

12888 1089 

12889 1082 

12890 1090 

12892 1091 

12893 1094 

12894 1100 
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Length of the partial rpoB gene sequences determined in this study (Continuation) 

Table 5B. Lengths of the rpoB sequences determined for 38 Pseudomonas type strains 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Taxon Accession no. Sequence length (nt) 

P. antarctica CIP 108466T 1087 

P. argentinensis CH01T 1087 

P. azotifigens CIP 108866T 1074 

P. borbori LMG 23199T 1098 

P. congelans CFBP 7019T 965 

P. costantinii CFBP 5705T 1109 

P. delhiensis DSM 18900T 1052 

P. extremorientalis CFBP 6729T 1087 

P. guineae LMG 24016T 1100 

P. jinjuensis CIP 108617T 1060 

P. knackmussii DSM 6978T 1102 

P. koreensis CIP 108616T 1105 

P. lurida DSM 15835T 1081 

P. lutea OK2T 940 

P. mohnii CIP 109614T 1105 

P. moorei CIP 109622T 1105 

P. moraviensis DSM 16007T 1083 

P. mosselii CFBP 4846T 1085 

P. otitidis DSM 17224T 1087 

P. palleroniana CFBP 4389T 1022 

P. panacis CIP 108524T 920 

P. poae CFBP 6764T 988 

P. proteolytica DSM 15321T 1102 

P. psychrotolerans DSM 15758T 1089 

P. reinekei CIP 109621T 1071 

P. rhizosphaerae IH5T 1074 

P. salomonii CFBP 2022T 1074 

P. segetis DSM 18913T 1096 

P. simiae CIP 109526T 1108 

P. straminea CIP 106745T 1087 

P. thermotolerans DMS 14292T 1096 

P. trivialis CFBP 6765T 1131 

P. umsongensis CIP 108618T 1102 

P. vranovensis DSM 16006T 1123 

P. xanthomarina CIP 109222T 984 

Pseudomonas genomospecies FP1 CFBP 5748 1063 

Pseudomonas genomospecies FP2 CFBP 5749 1066 

Pseudomonas genomospecies FP3 Gardan 10569 1063 
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Appendix 6.  Unrooted Neighbor-Joining tree based on rpoB sequences with 598 

nt of 144 strains including 109 Pseudomonas type strains and 35 TPN strains 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Strain accession numbers are given followed by sequence accession numbers for the sequences 

retrieved from the GenBank. TPN strains are highlighted in yellow and the identification through the 

Biolog system is given. The branches of P. chlororaphis subsp. aurantiaca and P. anguilliseptica are 

indicated by arrows. 
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Appendix 7.  Unrooted Neighbor-Joining tree based on rpoB sequences with 801 

nt of 142 strains including 107 Pseudomonas type strains and 35 TPN strains 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Strain accession numbers are given followed by sequence accession numbers for the sequences 

retrieved from the GenBank. TPN strains are highlighted in yellow and the identification through the 

Biolog system is given. Branches with bootstrap values above 75 % are indicated by thick lines. 
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