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Summary 

 

Objectives: The control and the management of phytopathogenic bacteria is going to get 

definitely more arduous in the next future, considering both the increasing threat from invasive alien 

species and increasing European legislation concerning restriction of copper use to control 

phytopathogenic bacteria. This thesis aims to respond to the urgent need for innovation in plant 

protection, using a complementary research approach to detect potential targets among new 

pathogenicity and virulence determinants of Gram-negative and Gram-positive phytopathogenic 

bacteria. As a model, Pseudomonas savastanoi pv. nerii (Psn23) and Curtobacterium flaccumfaciens 

pv. flaccumfaciens (Cff) have been selected for Gram-negative and Gram-positive phytopathogenic 

bacteria, respectively. 

 

Methods and results: The role played in the plant pathogenic bacterium Psn23 by the membrane 

protein PsnMATE on IAA efflux and homeostasis, as well as the consequences of these PsnMATE -

mediated processes on the different stages of plant infection, has been evaluated. To this purpose, in 

silico analysis of PsnMATE protein has been conducted, to detect those amino acids supposed to be 

involved in substrate and ions bounding. Accordingly, several mutants have been produced and then 

phenotypical characterized (i.e. gene expression, pathogenicity tests, and evaluation of IAA 

production by Salkowski assay and HPLC-FLD). The mutant tested have showed different phenotype 

compared to wild type, when inoculated on Oleander plants, as well as different extracellular efflux 

level of IAA (IAA-free and IAA-Lys). Obtained results has allowed to detect for the first time a new 

model for IAA biosynthesis and efflux, which is regulated by the paired activity of matE and IAA-

related genes.  

The phenotypic characteristic (i.e. pathogenicity, arsenic resistance, and plasmid profile) of C. 

flaccumfaciens strains isolated from different annual crops in Iran have been evaluated, and the 

phylogenetic position of the C. flaccumfaciens strains having different geographical origins has been 

analysed, in comparison to members of Curtobacterium spp., also with the aid of molecular 

fingerprint such as those obtained by rep-PCR. The results revealed that the strain causing wilt disease 

on dry beans are distributed into two phylogenetic lineages, yellow-pigmented and red-/orange 

pigmented strains, and no-pathogenic strains do not form a separate phylogenetic group. Despite no 

differences between pathogenic and non-pathogenic strains in their plasmid contents, the results show 

that those strains pathogenic on dry bean are resistant to arsenic compounds. The Phenotype 

MicroArray analysis combined with traditional microbiological plate have been conducted in order 

to further investigated the putatively correlation between metal resistance and the differential 
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virulence on bean. Obtained results have confirmed that all the strain virulent on bean are resistant to 

arsenic compounds, except for Cff type strain which shows a moderate tolerance. Thus, the genome 

of three strain, both virulent and no virulent on beans, has been sequenced and the comparative 

genomes analysis has been conducted to detect the genetic determinants of arsenic resistance. For the 

first time a putative arsRBC of Cff P990 strain has been identified, whereas arsenic resistant 

mechanism of Cff type strain, which are moderately tolerant to arsenic compounds, has yet to be 

elucidated. Furthermore, the genomes comparative analysis has allowed to detect a genome island 

(GIs) involved in virulence of Cff, which has been acquired from other plant pathogenic bacteria by 

horizontal gene transfer (HGT) events.  

 

Conclusion: The complementary research approach adopted has allowed to detect a potential 

virulence determinant of Psn23, which have never been studied before, and thus to detect a new model 

for IAA biosynthesis and transport outside the bacterial membrane. The IAA genes and MATE 

protein are widely diffuse in P. syringae complex, hence studies on MATE proteins can be considered 

pivotal to provide information essential for the development of innovative control molecules and 

strategies against these bacteria. In addition, phenotypic and genotypic characterization of C. 

flaccumfaciens and Cff strains have been allowed to provide interesting information concerning 

virulence/metal resistance correlation, as well as putatively virulence and pathogenicity determinants. 

Therefore, the obtained results on Cff, which has been definitely less investigated until now, will 

afford to develop innovative control methods for this pathogen. 



 

Chapter 1 

 

Introduction 
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1.1 Copper in plant protection: risks and regulatory frameworks  

 

Copper is an oligo-element essential for life, that participate in cellular physiology 

process (La Torre et al. 2018). The first copped-based antimicrobial compound used in 

agriculture was Bordeaux mixture (i.e. copper sulfate pentahydrate and lime mixture), which 

was discovered in 1885 by the French scientist Pierre-Marie Alexis Millardet. Since that 

time, there was a rapid development of copper-based antimicrobial compounds which 

revolutionized the twentieth century agriculture in general, and crop protection in particular 

(Lamichhane et al., 2018) Consequently, many thousands of tons of copper compounds 

were, and are still now, used annually in agricultural practices worldwide.  

Massive use of copper-based bactericide and fungicides to control plant disease lead to 

copper accumulation in the soil. Following application, copper which is no absorbed by plant 

tissues reaches the soil where it is accumulated and it is leached into surface and deep waters 

(La Torre et al. 2018). Moreover, this heavy metal cannot be degraded and its removal from 

soils is limited. Thus, copper can persist as contaminant and causes bioaccumulation and 

toxicity (Komarek et al., 2010; Mackie et al., 2012).  

The copper concentrations in soil show significant variations among and within 

countries, which depend by both natural conditions (e.g. climate and geology) and 

anthropogenic activities (Ballabio et al., 2018). For example, Cu has higher phytotoxicity in 

acid soils with a low cation exchange capacity than in slightly alkaline conditions (Fan et 

al., 2012). On the contrary of sandy soils, fine texture soils with high concentrations of 

organic matter, carbonates, clay, and oxides can have a higher holding capacity for Cu 

(Lamichhane et al.,2018). Moreover, absorption and precipitation and complexation 

reactions are influenced by pH (La Torre et al. 2018). Copper bioavailability as well as its 

toxicity greatly increases the soil pH decreases below 5.5 (Fan et al., 2012).  

The agricultural soils have higher Cu concentrations compared to forested lands, further 

indicating the link between Cu accumulation in topsoil and agricultural practices (Ballabio 

et al., 2018). Soil contamination by copper following repeated fungicides applications has 

been reported in vineyards in Italy, south France, southwest Germany (Ballabio et al., 2018). 

Similarly, contamination by copper occurs in soils where this element is used as broad 

fungicide and antimicrobial compound on olives and fruit trees, as well as on horticultural 

crops (Ballabio et al., 2018).   

High uptake of copper ions by plant at any time may lead to damage, also known as 

phytotoxicity (Lamichhane et al.,2018). In plant, excess copper adversely effects the 
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metabolic activity of roots and absorption of nutrients, thus having negative effects on crop 

yield and quality (La Torre et al. 2018). 

Additionally, copper is potentially toxic to the soil biota, including an extremely diverse 

array of micro- and macroorganisms (Lamichhane et al.,2018) Microorganisms are generally 

more sensitive to copper than other organisms in soil biocoenosis (Giller et al., 1998). High 

copper concentrations can lead to reduce metabolic activity of microorganism, modifying 

both the size of microbial biomass and soil processes (Giller et al., 1998, Kunito et al., 2001). 

Potential negative effects also have been observed on many macro-organisms, including 

earthworm population and nematodes (Van Zwieten et al, 200; Jaworska and Gorczyca et 

al., 2002).  

High copper level into the soils may cause the contamination of surface and subsurface 

water (Fernandez Calvino et al., 2009). Copper can interfere with aquatic organisms, such 

us sediment dwellers, algae, invertebrate and fish (La Torre et al. 2018). Heavy metals can 

be easily transferred to animals and humans if enter the food chain, causing toxic reaction in 

case of elevated intake (Lamichhane et al.,2018). Furthermore, despite antibiotics are 

forbidden in Europe in plant protection, copper-contaminated soils show a higher percentage 

of antibiotic resistant bacteria in comparison to those not contaminated (Knapp et al., 2010). 

This phenomenon can be explained on the basis of cross-resistance mechanisms related to 

the presence of genes for copper and antibiotics resistance located on the same plasmids 

(Baker et al., 2006, Hu et al., 2016). Therefore, copper-contaminated soils have to be 

considered a dangerous reservoir of genes for antibiotic resistance, easily transmitted to 

pathogenic bacteria infecting animals and humans, with a dramatic impact on their health.  

In summary, soils contaminated by copper following application of copper-based plant 

protection products and other agricultural practices represent a risk for a wide range of 

organisms and for the environment. For all these reasons, use of copper compounds in 

organic production were limited by the European Commission Regulation 473/2002/EC. 

Copper use is allowed up to 6Kg/ha/year, as specified in Regulation 889/2008/EC, detailing 

the rules for the implementation of Council Regulation 834/2007/EC on organic production 

(Lamichhane et al.,2018). Active substance copper compounds were approved as bactericide 

and fungicides by Commission Directive 2009/37/EC but the approval period was limited to 

7 years (La Torre et al. 2018). In 2014, with commission Implementing Regulation (EU) 

85/2014, the expiry of the approval period was postponed to 31 January 2018, and than to 

31 January 2019 (Commission Implementing Regulation (EU) 2018/1981) (La Torre et al. 

2018). Therefore, pursuant to above-mentioned Regulation, the approval of copper 
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compounds, as well as of candidates for its substitution, is confirmed until 31 December 

2025, under the conditions set out in Annex I and II. In addition, the use of copper-based 

plant protection products was restricted to a maximum application rate of 28 kg/ha of copper 

over a period of 7 years (i.e. on average 4 kg/ha/year) 

Heavy metals can be easily transferred to animals and humans if enter the food chain, 

causing toxic reaction in case of elevated intake (Lamichhane et al.,2018). Furthermore, 

despite antibiotics are forbidden in Europe in plant protection, copper-contaminated soils 

show a higher percentage of antibiotic resistant bacteria in comparison to those not 

contaminated (Knapp et al., 2010). This phenomenon can be explained on the basis of cross-

resistance mechanisms related to the presence of genes for copper and antibiotics resistance 

located on the same plasmids (Baker et al., 2006, Hu et al., 2016). Therefore, copper-

contaminated soils have to be considered a dangerous reservoir of genes for antibiotic 

resistance, easily transmitted to pathogenic bacteria infecting animals and humans, with a 

dramatic impact on their health.  

Heavy metals can be easily transferred to animals and humans if enter the food chain, 

causing toxic reaction in case of elevated intake (Lamichhane et al.,2018). Furthermore, 

despite antibiotics are forbidden in Europe in plant protection, copper-contaminated soils 

show a higher percentage of antibiotic resistant bacteria in comparison to those not 

contaminated (Knapp et al., 2010). This phenomenon can be explained on the basis of cross-

resistance mechanisms related to the presence of genes for copper and antibiotics resistance 

located on the same plasmids (Baker et al., 2006, Hu et al., 2016). Therefore, copper-

contaminated soils have to be considered a dangerous reservoir of genes for antibiotic 

resistance, easily transmitted to pathogenic bacteria infecting animals and humans, with a 

dramatic impact on their health.  

Heavy metals can be easily transferred to animals and humans if enter the food chain, 

causing toxic reaction in case of elevated intake (Lamichhane et al.,2018). Furthermore, 

despite antibiotics are forbidden in Europe in plant protection, copper-contaminated soils 

show a higher percentage of antibiotic resistant bacteria in comparison to those not 

contaminated (Knapp et al., 2010). This phenomenon can be explained on the basis of cross-

resistance mechanisms related to the presence of genes for copper and antibiotics resistance 

located on the same plasmids (Baker et al., 2006, Hu et al., 2016). Therefore, copper-

contaminated soils have to be considered a dangerous reservoir of genes for antibiotic 

resistance, easily transmitted to pathogenic bacteria infecting animals and humans, with a 

dramatic impact on their health.  
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Heavy metals can be easily transferred to animals and humans if enter the food chain, 

causing toxic reaction in case of elevated intake (Lamichhane et al.,2018). Furthermore, 

despite antibiotics are forbidden in Europe in plant protection, copper-contaminated soils 

show a higher percentage of antibiotic resistant bacteria in comparison to those not 

contaminated (Knapp et al., 2010). This phenomenon can be explained on the basis of cross-

resistance mechanisms related to the presence of genes for copper and antibiotics resistance 

located on the same plasmids (Baker et al., 2006, Hu et al., 2016). Therefore, copper-

contaminated soils have to be considered a dangerous reservoir of genes for antibiotic 

resistance, easily transmitted to pathogenic bacteria infecting animals and humans, with a 

dramatic impact on their health.  

Heavy metals can be easily transferred to animals and humans if enter the food chain, 

causing toxic reaction in case of elevated intake (Lamichhane et al.,2018). Furthermore, 

despite antibiotics are forbidden in Europe in plant protection, copper-contaminated soils 

show a higher percentage of antibiotic resistant bacteria in comparison to those not 

contaminated (Knapp et al., 2010). This phenomenon can be explained on the basis of cross-

resistance mechanisms related to the presence of genes for copper and antibiotics resistance 

located on the same plasmids (Baker et al., 2006, Hu et al., 2016). Therefore, copper-

contaminated soils have to be considered a dangerous reservoir of genes for antibiotic 

resistance, easily transmitted to pathogenic bacteria infecting animals and humans, with a 

dramatic impact on their health.  

Copper is still necessary at the present, especially in organic farming to contain plant 

diseases (La Torre et al. 2018). Although different approaches have been studied, no 

substance have yet been identified to entirely replace copper in plant protection (La Torre et 

al. 2018). Therefore, research efforts in this direction must continue in order to develop 

strategies to decrease copper load into the topsoil, and to search realistic and efficient 

alternative strategies.  

 

1.2 Global threat to agriculture from invasive species.  

 

For millennia, the natural barriers of oceans, mountains, rivers and deserts provided the 

isolation essential for unique species and ecosystems to evolve (IUNC, 2000). In just a few 

hundred years these barriers have been rendered ineffective by major global forces that 

combined to help alien species travel vast distances to new habitats and become alien 

invasive species (IUNC, 2000). Invasive alien species (IAS) are non-native species whose 
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introduction and/or spread outside their natural past or present ranges pose a risk to 

biodiversity (IEEP, 2009). Despite of humans have transported and traded plant and animal 

species for millennia, only in the last 50 years have witnessed an unprecedented acceleration 

in the importance and value of merchandise trade. (Hulme et al., 2009). With increased 

globalization and connectedness via world trade, the threat from invasive species arriving to 

countries in which they were previously absent was increased (Paini et al., 2016).   

Invasive alien species (IAS) have led and continue to lead to a wide range of ecological 

and socio-economic (Braat et.al, 2008). IAS, together with habitat destruction, have been a 

major cause of extinction of native species throughout the world in the past few hundred 

years (Braat el at., 2008). Additionally, it has been suggested that 80% of endangered species 

worldwide could suffer losses due to competition with or predation by IAS (Pimentel et. al., 

2005). Moreover, the introduction of IAS between continents, regions and nations has often 

had significant impacts on the structure and functioning of the recipient ecosystems (Braat 

et al., 2008).  Economic impacts can be divided into two main categories, i.e. costs of damage 

and costs of control measures (IEEP, 2009). Information on the cost of damage is the most 

common cost item for negative impacts on agricultural, forestry and fisheries sectors 

resulting from invasions of non-native pests, such as plant diseases (fungi and bacteria), 

insects and fouling organisms (marine, freshwater and terrestrial invertebrates) (IEEP, 

2009). 

In Europe the accidental introduction of the grape pest Phylloxera, Daktulosphaira 

vitifolia (Fitch) in 1862 on infested vines imported from the US resulted in significant 

impacts to the viticulture industry (MacLeod et al. 2010 Ormsby et al., 2017).  Moreover, 

Dryocosmus kuriphilus Yasumatsu, one of the most dangerous pests attacking chestnut trees 

(Castanea spp.), is native of China and it was recorder for the first time in Pidmont and pest 

quickly spread throughout the Italian peninsula (Quacchia et al., 2008; Brussino et al., 2002).  

Furthermore, considerable number of bacteria species were introduced in EPPO area. For 

instance, Erwinia amylovora (Mazzucchi et al., 1994), several Pseudomonas syringe 

pathovars (Fouts et al., 2002) and in recent times Xylella Fastidiosa (Saponari et al.,2014) 

have spread in Italy, causing production losses.  

In this frame Member State provides a set of measures to be taken across the EU in 

relation to invasive alien species. The EU Regulation 1143/2014 on invasive alien species 

(the IAS Regulation) envisages three distinct types of measures, which follow an 

internationally agreed hierarchical approach to combatting IAS. At first, several robust 

measures aimed at preventing the introduction of IAS (e.g. restrictions on keeping, 
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importing, selling). Then, Member States must put in place a surveillance system to detect 

the presence of IAS as early as possible and take rapid eradication measures to prevent them 

from establishing. When species are already widely spread in the territory, concerted 

management action is needed to prevent them from spreading any further and to minimize 

the harm they cause. Global goals in the management of threats from invasive alien species 

should include making best use of existing regulatory frameworks with emphasis on 

developing more effective instruments that are directly linked to legal or regulatory 

authority, investing more into global research initiatives, and targeting existing tools and 

resources more effectively. (Ormsby et al., 2017). 

 

1.3 Curtobacterium flaccumfaciens pv. flaccumfaciens 

 

Curtobacterium flaccumfaciens pv. flaccumfaciens (Cff) is the causal agent of bacterial 

wilt in dry beans worldwide (Chase et al., 2016). The pathogen is responsible for severe 

yield losses and seed quality reduction (Osdaghi et al, 2015a) on Phaseolus spp. and other 

leguminous plants. The disease was first identified from South Dakota (USA) in 1926 on 

Phaseolus vulgaris (Hedges,1926). Since then, the pathogen has rapidly spread to several 

geographic regions, and currently bacterial wilt disease has been reported from Mexico 

(Yerkes and Crispin, 1956), Australia (Wood and Easdown, 1990), Brazil (Maringoni and 

Rosa, 1997), Canada (Hsieh et al., 2002), Turkey (Bastas et al., 2014), South America and 

Tunisia (EPPO, 2011). Cff is included in the A2 quarantine list of the European and 

Mediterranean Plant Protection Organization (EPPO, 2011). Nevertheless, during the past 

decade Cff has been reported in a few bean fields of south-eastern Spain (Gonzalez et al., 

2005) and on soybean samples from Germany (Sammer and Reiher, 2012), where it recently 

eradicated.  

Based on the color of their colony, different phenotypic variants of Cff are described 

worldwide (Harveson and Vidaver, 2008), and the aggressiveness of these colony variants 

often differs from one to another (Osdaghi et al., 2015). While the yellow and orange variants 

are the most common phenotypes isolated from areas affected by the disease (Conner et al., 

2008), there are several other colony variants of the pathogen. For example, the purple 

variant was reported on beans from western Nebraska (Schuster et al., 1968) and Canada 

(Huang et al., 2006). Likewise, the pink variant of the pathogen was described on soy-bean 

from Brazil (Soares et al., 2013), and on common bean from western Nebraska (Harveson 

and Vidaver, 2008). Recently, the red variant was isolated in Iran (Osdaghi et al., 2016).  
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Host range of the pathogen varies among Phaseolus sp. (Hedges, 1926; Schuster and 

Sayre, 1967), Vigna sp. (EPPO, 2011, Wood and Easdown, 1990), Glycine max (Sammer 

and Reiher, 2012), Pisum sativum (EPPO, 2011), Lupinus polyphyllus Lindl (Schuster and 

Sayre 1967), Amaranthus retroflexus L., Chenopodium album L. (Schuster 1959), Cicer 

arietinum L., Vicia faba L., Vicia villosa Roth. and Lens culinaris Medik (Osdaghi et al. 

2015). Although leaves and stems of wheat (Triticum aestivum) were shown to be colonized 

by Cff, no leaf chlorosis/necrosis or wilting symptoms are reported on wheat to date (Silva 

Júnior et al., 2012). Moreover, epiphytic C. flaccumfaciens strains isolated from 

symptomless solanaceous vegetables are pathogenic on leguminous but not on solanaceous 

plants (Osdaghi et al., 2018). Epiphytic and endophytic survival has greater impact on a 

source of inoculum because bacteria can be protected inside the plant tissue (Gonçalves et 

al., 2017). 

Initial disease symptoms in the field consist of leaf wilting, during the period of warm, 

dry weather or moisture stress, followed by a recovery as the temperature drops in the 

evening (Harveson et al., 2015). Wilting becomes permanent during the following days as a 

result of bacterial plugging of the vessels when the water supply is cut off and then the leaves 

turn brown and then drop (EPPO, 2011). Infected plants can exhibit field symptoms 

consisting of interveinal, necrotic lesions surrounded by bright yellow borders (Harveson et 

al., 2013) (Figure 1). Young Phaseolus plants, when they are 5-7 cm tall, are particularly 

susceptible, and usually killed (EPPO, 2011). Symptoms on older plants are less pronounced 

as the disease generally develops and progress more slowly (Harveson et al., 2015).  

Initial infection occurs when the pathogen enters the vascular system through either 

infected seed or through wounds on leaves or stems (Harveson et al., 2015). After initial 

infection, secondary spread of bean wilt occurs similarly to common bacterial and halo 

blights (Harveson et al., 2015). If plants survive to produce mature seed, infection and 

systemic spread enable the pathogen to move through the vascular system into developing 

pods and seed embryos (Harveson et al., 2015). Detection of pathogen on infected seeds is 

relatively easy when present signs on their surface such as pigmentation or discoloration 

(EPPO, 2011). Unfortunately, Cff-infected seeds are very often asymptomatic and appear 

healthy (Harveson et al., 2015). Therefore, due to the seedborne nature of Cff, infected seeds 

represent the major source of inoculum and means for dispersal, both long and short 

distances (Zaumeyer and Thomas, 1957). Infected seeds also provide an excellent 

mechanism of survival for Cff, both internally and on the external seed surfaces (Harveson 

et al., 2015). Longevity outside the host is a major challenge to plant pathogenic bacteria 
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since most of them, including Cff, do not form spores or resistance structure (Gonçalves et 

al., 2018). Cff survived for up to 240 days in crop debris of common bean kept on the soil 

surface, but the survival period decreased to 30 days when debris are incorporated at a depth 

of 20 cm (Silva Júnior et al. 2012). In recent research about the survival capacity of Cff in 

the soil, the bacteria survived under controlled conditions for a period between 2 to 16 days, 

being influenced by soil type, Cff strains, moisture, and incubation temperature of the 

samples (Silva Júnior et al. 2012; Gonçalves et al., 2018). Therefore, more attention in the 

management of bacterial wilt in common bean cultivations is pivotal to minimize the risk of 

primary inoculum (Gonçalves et al., 2018).  

 

 

 

 

Accordingly, the management of bacterial wilt and of Cff is essentially based on using 

seeds with high sanitary quality and crop rotation with non-host species for Cff (Gonçalves 

et al., 2017). In addition, breeding for resistance in order to develop resistant cultivars is 

highly recommended (Silva Júnior et al., 2012 II; Urrea and Harveson, 2014), although such 

an approach is time-consuming and resource-intensive (Osdaghi et al., 2015). However, in 

some areas cultivated with common bean in the USA, where bacterial wilt was not detected 

for almost 25 years, the disease recurred, even with the adoption of recommended 

management measures (Harveson et al. 2011). Overall, it is essential to significantly increase 

the studies concerning Cff both for the development of innovative strategies for Cff-disease 

control and to prevent the introduction of the pathogen into a new area.  

 

Figure 1: Marginal necrotic and yellow symptoms associated with common 

bacteria wilt, caused by Curtobacterium flaccumfaciens pv. flaccumfaciens.  
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1.4 Multidrug-resistance efflux pumps in bacteria: not just for resistance 

 

Intrinsic resistance to certain antimicrobial agents is conferred by basal levels of efflux 

ability (Piddock, 2006). Efflux pumps transport several compounds which can be associated 

with the resistance to multiple antibiotics and antimicrobials (i.e. multidrug resistance, 

MDR) (Piddock, 2006). The mechanism of resistance to tetracycline in Escherichia coli was 

the first to be correlated with efflux pumps in 1980 (Mc Murry et al.,1980). Nowadays it is 

well known that MDR pumps constitute the most ubiquitous type of resistance element, 

present in all organisms (Martinez et al.,2009).  

Currently, six families of bacterial drug efflux pumps have been identified that 

contribute to the efflux pathway (Du et al., 2018). One of these, the ATP-binding cassette 

(ABC), directly utilizes ATP as energy source to drive transport (Piddock, 2006). The other 

five groups are secondary active transporters. These are the major facilitator superfamily 

(MFS), the multidrug and toxin extrusion (MATE) family, the small multidrug resistance 

(SMR) family, the resistance-nodulation-cell division (NRD) superfamily and 

proteobacterial antimicrobial compound efflux (PACE) family (Du et al., 2018).  

Different studies have demonstrated that MDR pumps are capable of extruding not only 

antibiotics but also antiseptics, heavy metals, solvents and detergents, among other toxic 

molecules (Martinez et al., 2009). For this reason, bacteria carrying MDR pumps not 

occurred only to environments with a high antibiotics load (Martinez et al.,2009). Soil and 

plants incorporate the organism with largest number of MDR pumps. (Konstantinidis et al., 

2004). The use of antibiotics for the therapy human infection is quite recent compared to 

efflux pumps selection, which are ancient and highly conserved determinants. These 

characteristics further support the paramount role of the efflux pumps to bacterial 

physiology, and likely their secondary role to antibiotics resistance. (Blanco et al., 2016).  

It has been found that MDR efflux pumps might have a relevant role in plant-pathogen 

interaction, during all stages of infection (Martinez et al.,2009). Mutants of Erwinia 

amylovora impaired in their AcrAB efflux pump exhibited reduced virulence (Burse et al., 

2004). Similarly, the ability of Pseudomonas syringae pv. tomato DC3000 to resist the action 

of flavonoids produced by the host depends from a functional mexAB-oprM efflux pump 

plays essential roles in (Vargas et al., 2011). 

In conclusion, bacterial efflux pumps are relevant elements for the physiology of 

microorganism in natural ecosystem and in bacteria/plant interaction, in addition to be 

antibiotic resistance determinants. 
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1.4.1 The MATE transporters and their hypothetic role in Pseudomonas   

         savastanoi pv. nerii 

 

 

The MATE transporters can be categorized into NorM, DinF (DNA-demage-inducible 

protein F) and eukaryotic subfamilies on the basis of their amino acid sequence similarity 

(Du et al., 2018).  MATE homologs share about 40% sequence similarity, suggesting an 

overall conserved structure and transport function (He et al., 2010). Members of NorM and 

DinF subfamilies can use either the Na+ or H+ electrochemical gradient to extrude 

polyaromatic and cationic drugs (Lu et al., 2013). To date, the X-ray structures of the Na+-

dependent NorM transporters from Vibrio cholerae (NorM-VC) (He et al., 2010) and 

Neisseria gonorrhoeae (NorM-NG) (Lu et al., 2013), as well as the H+-dependent DinF 

transporters from Pyrococcus furiosus (PfMATE) (Tanaka et al., 2013) and Bacillus 

halodurans (DinF-BH) (Lu et al., 2013 b) have been reported (Du et al., 2018). 

Their crystal structures share a similar protein fold, comprising 12 membrane-spanning 

segments (TM1-TM12). Nevertheless, the NorM and DinF proteins show a different 

arrangement of cation- and substrate-binding sites, suggesting a remarkable diversity among 

MATE transporters on their mechanistic and operational features (Radchenko et al., 2015). 

MATE transporters have a V-shaped central cavity open to the extracellular space, which is 

composed by amino-terminal and carboxyterminal domains related by pseudo-twofold 

symmetry. (Du et al., 2018). These structures probably show a mechanism transport identify 

by outward open state in which the central cavity is situated about halfway through the 

membrane bilayer (Figure 2). 

In the central cavity of NorM-NG pump, near the membrane-periplasm interface, a drug 

binding site has been identified (Lu et al., 2013). The mechanism of substrate transport needs 

ionic and hydrogen bonding. (Jin et al., 2014). NorM-VC interaction with the substrate is 

largely mediated by Na+ and H+ gradients, and an aspartate has been identified to be involved 

in proton coupling (Jin et al., 2014). The substrate and cation can bind the protein 

simultaneously, interacting with distinct subsets of amino acids. (Steed et al., 2013). 

Therefore, the protein conformational changes may indirectly mediate the coupling between 

the fluxes of ions and drugs (Du et al., 2018). The antiport mechanism proposed shows that 

high affinity for monovalent cations is reached by the outward-facing conformation state 

(He et al., 2010). After binding of cations, the structure undergoes an outward-facing to 

inward-facing conformational change that is more favourable to substrate binding (He 2010). 

Then, the outward-facing conformation could be restored by cation release and/or substrate 
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binding, and into the outer leaflet of the lipid bilayer and/or extracellular space the substrate 

is thus released (He et al., 2010; Lu et al., 2013; Du et al., 2018) (Figure 3). 

 

 

 

 

For the DinF subfamily members pfMATE, the drug-binding site is dominated by polar 

amino acid and is forming exclusively within the amino-terminal domain (Tanaka et al., 

2014). For another DinF subfamily, DinF-BH, substrates interaction are largely mediated by 

hydrophobic amino-acid within the central cavity (Lu et al., 2013b). Evidence indicates that 

residue D40 in DifN- BH makes charge-charge interaction with cationic substrate, and H+ 

directly compete with this interaction (Lu et al., 2013b). As shows in Figure 3, the resulting 

extracellular-facing protonated transporter then switches to the intracellular facing and 

protonated state (Lu et al., 2013b). Then the drug binding, which directly compete for D40, 

triggers deprotonation of the transporter and the intracellular-facing can return to the 

extracellular-facing, starting another transport cycle (Lu et al., 2013b). 

Recently, by in silico analysis the gene matE of Pseudomonas savastanoi pv. nerii (Psn) 

was found located into a specific genomic region including the genes iaaM and iaaH, for the 

biosynthesis of indole-3-acetic acid (IAA) using tryptophan (Trp) as precursor (Comai et al., 

1982; Sekine et al., 1988) as well as the gene iaaL coding for the homonym enzyme, able to 

convert IAA into IAA–lysine (IAA–Lys), supposed to be a less biologically active 

compound (Fett et al., 1987; Glass et al., 1986) . Preliminary studies revealed that in Psn the 

matE/iaaL operon could be also crucial for simultaneous regulation of intracellular IAA 

levels as well as for their differential modulation during the various stages of infection 

(Cerboneschi et al., 2016). In particular, several evidences suggest the MATE protein having 

a role in the secretion/transport of IAA, such as already demonstrated for the Mte1 protein 

of Tricoloma vaccinum (Krauss et al., 2015). Therefore, here the MATE putative protein of 

Figure 2: The cation-binding site of NorM-VC and mechanism of transport (He at 

al., 2010). 
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Psn will be investigate and evaluated as a potential target for the development of innovative 

anti-infective inhibitors, making bacteria more sensitive to a range of xenobiotic compounds 

for the “green control” of this pathogen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Proposed transport mechanism for DinF-BH (Le et al., 2013) 
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2.1 Aim and scope of this thesis 

 

Within European Union (EU) the control of bacterial diseases of plants still mainly 

relies on the use of copper compounds as bactericides, whereas antibiotics are also allowed 

to be used just in the USA and other extra-EU Countries. However, the restriction of copper 

use in plant protection is a priority for EU. Therefore, the control and the management of 

phytopathogenic bacteria is going to get definitely more arduous in the next future. In 

addition, due to the increased globalization and connectedness via world trade, the threat 

from quarantine, alien and invasive plant pathogenic bacteria arrival and entry in Countries 

where they were previously absent is expected to increase.  

This thesis aims to respond to this urgent need for innovation in plant protection against 

phytopathogenic bacteria, concerning the development of highly effective and eco-friendly 

alternatives to copper by applying. To this aim, a complementary research approach has been 

adopted, looking for several potential bacterial targets among new pathogenicity and 

virulence determinants of Gram-negative phytopathogenic bacteria, that have never been 

studied before and that here will be investigated. Moreover, the same approach will be also 

applied to Gram-positive plant pathogenic bacteria, which have been definitely less 

investigated until now, in spite of their relevant impact in recent times as emerging plant 

pathogens, with the support of genomic studies and cutting-edge approaches such as 

Phenotype MicroArray (PM). As a model, Pseudomonas savastanoi pv. nerii (Psn23) and 

Curtobacterium flaccumfaciens pv. flaccumfaciens (Cff) have been selected for Gram-

negative and Gram-positive phytopathogenic bacteria, respectively. 

 

• Chapter 3: The objectives of this study were to determinate the phenotypic characteristic 

(i.e. pathogenicity, arsenic resistance, and plasmid profile) of C. flaccumfaciens strains 

isolated from different annual crops in Iran and analyse the phylogenetic position of the C. 

flaccumfaciens strains having different geographical origins, in comparison to members of 

Curtobacterium spp., also with the aid of molecular fingerprint such as those obtained by 

rep-PCR. 

 

• Chapter 4: The aim of this study has been to evaluate the role played in the plant pathogenic 

bacterium Psn23 by the membrane protein PsnMATE on IAA efflux and homeostasis, as 

well as the consequences of these PsnMATE -mediated processes on the different stages of 

plant infection. To this purpose, in silico analysis of PsnMATE protein has been conducted, 
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to detect those amino acids supposed to be involved in substrate and ions bounding. 

Accordingly, several mutants have been produced and then phenotypical characterized (i.e. 

gene expression, pathogenicity tests, and evaluation of IAA production by Salkowski assay 

and HPLC-FLD). A model has been then drawn concerning the role of PsnMATE in the 

differential modulation of intracellular IAA levels.  

 

• Chapter 5: In this study we have selected two strains isolated from Solanaceous plants, one 

demonstrated to be virulent on bean (Cff strain P990 / ICMP 22053) and the other avirulent 

on bean and not pathogenic (C. flaccumfaciens Tom827 / ICMP 22084), and the Cff type 

strain ICPM 2584T. The genome of these three strains was sequenced, and a comprehensive 

comparison of genomes was conducted using DNA structural and annotation features, in 

order to identify genes putatively involved in Cff pathogenicity and/or virulence, in addition 

to the serine-protease coding gene that is the target of Cff-specific DNA based assay 

internationally adopted since the beginning of 2000’s. 

 

• Chapter 6: In this study, the chemical sensitivity to a wide number of metals and metalloids 

of three Cff strains, having distinct phenotypical characteristics and isolated from different 

hosts, was tested through Phenotype MicroArray analysis. In addition, the most significant 

metals/metalloids were further tested (i.e. caesium chloride, potassium tellurite and sodium 

metasilicate), including also the no pathogenic C. flaccumfaciens strain Tom 827 for 

comparison. At last, a genomic comparative analysis was conducted in order to detect the 

genetic determinants of tellurite and arsenic resistance, and that could be putatively related 

to the differential virulence on bean and other hosts of strains Cff P990, Cff type strain, and 

C. flaccumfaciens strain Tom827.  
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ABSTRACT

A multiphasic approach was used to decipher the phenotypic
features, genetic diversity, and phylogenetic position of 46 Curtobacte-
rium spp. strains isolated from dry beans and other annual crops in Iran
and Spain. Pathogenicity tests, resistance to arsenic compounds, plasmid
profiling and BOX-PCR were performed on the strains. Multilocus
sequence analysis (MLSA) was also performed on five housekeeping
genes (i.e., atpD, gyrB, ppk, recA, and rpoB) of all the strains, as well as
five pathotype strains of the species. Pathogenicity test showed that six
out of 42 strains isolated in Iran were nonpathogenic on common bean.
Despite no differences found between pathogenic and nonpathogenic
strains in their plasmid profiling, the former were resistant to different
concentrations of arsenic, while the latter were sensitive to the same

concentrations. Strains pathogenic on common bean were polyphyletic
with at least two evolutionary lineages (i.e., yellow-pigmented strains
versus red/orange-pigmented strains). Nonpathogenic strains isolated
from solanaceous vegetables were clustered within either the strains of
C. flaccumfaciens pv. flaccumfaciens or different pathovars of the
species. The results of MLSA and BOX-PCR analysis were similar to
each other and both methods were able to discriminate the yellow-
pigmented strains from the red/orange-pigmented strains. A compre-
hensive study of a worldwide collection representing all five pathovars
as well as nonpathogenic strains of C. flaccumfaciens is warranted for
a better understanding of the diversity within this phytopathogenic
bacterium.

Curtobacterium flaccumfaciens inhabits multiple ecological
niches, and includes environmental (Chase et al. 2016), human-
pathogenic (Francis et al. 2011) plant-pathogenic (Osdaghi et al.
2015a), and plant beneficial (Raupach andKloepper 2000) strains.
The plant-pathogenic strains consist of five pathovars, namely
C. flaccumfaciens pv. betae, C. flaccumfaciens pv. flaccumfa-
ciens, C. flaccumfaciens pv. ilicis, C. flaccumfaciens pv. oortii,
and C. flaccumfaciens pv. poinsettiae, the causal agents of
silvering disease of red beet, bacterial wilt of dry beans
(Fabaceae), bacterial blight of American holly, bacterial wilt
and spot of tulip, and bacterial canker of poinsettia, respectively
(Collins and Jones 1983; Dye and Kemp 1977). Among them,
C. flaccumfaciens pv. flaccumfaciens is an economically impor-
tant quarantine pathogen which causes bacterial wilt of dry beans
in several States in North and South America, Asia and Oceania
(EPPO 2011). C. flaccumfaciens is one of the most ambiguous
and poorly understood plant pathogenic bacteria in terms of its
biology, epidemiology and population genetics (Harveson et al.
2015). The bacterium also can colonize a number of plant spe-
cies without inducing any disease symptoms (Gonçalves et al.
2017; Harveson et al. 2015; Osdaghi et al. 2018a). While orange,
pink, purple and yellow colony variants of C. flaccumfaciens pv.
flaccumfaciens have been reported from the central high plains of

the United States (Agarkova et al. 2012), multicolored popula-
tions of the pathogen have been found in Canada (Huang et al.
2009) and Brazil (Soares et al. 2013). In addition to the yellow
and orange-pigmented variants, a new red-pigmented variant of
C. flaccumfaciens pv. flaccumfaciens has been recently isolated
from common bean seeds in Iran (Osdaghi and Lak 2015b;
Osdaghi et al. 2015a, 2016a). Differences in aggressiveness of
C. flaccumfaciens pv. flaccumfaciens variants were observed when
they were tested on various dry bean cultivars (Osdaghi et al.
2016a).
Nucleic acid sequence-based methods, such as multilocus se-

quence analysis (MLSA), have been developed to phylogenetically
analyze the multiple core genes and to obtain clustering patterns
of microorganisms. In particular, MLSA is a powerful and well-
accepted method to study the phylogeny of plant pathogenic bac-
teria (Jacques et al. 2012). While many MLSA studies have been
conducted on several Gram-negative and Gram-positive plant
pathogenic bacteria (Almeida et al. 2010; Jacques et al. 2012), no
study has been conducted to determine the phylogenetic position of
plant pathogenic C. flaccumfaciens strains. As a consequence, the
relationships between the results of band-based fingerprinting
(e.g., rep-PCR) and MLSA methods are yet to be determined for
C. flaccumfaciens. In addition, unlike extensive molecular studies
performed on several corynebacteria, (Gartemann et al. 2008), no
information is available on mechanistic understanding of the
virulence accessories and survival of C. flaccumfaciens on host
plants, and other environmental habitats. This is a paradox based on
the economic importance of this species, and the fact that high
throughput techniques are available which could aid in making
more accurate taxonomic classification.
The objectives of this study were to (i) determine the phenotypic

characteristics (i.e., pathogenicity, arsenic resistance, and plasmid
profile) of C. flaccumfaciens strains isolated from different annual

†Corresponding author: E. Osdaghi; E-mail: eosdaghi@shirazu.ac.ir

Funding: Financial support for this study was co-provided by Shiraz University
(Iran) and University of Florence (Italy).

*The e-Xtra logo stands for “electronic extra” and indicates that four supplementary
figures are published online.

© 2018 The American Phytopathological Society

1154 PHYTOPATHOLOGY

Phytopathology • 2018 • 108:1154-1164 • https://doi.org/10.1094/PHYTO-12-17-0420-R

mailto:eosdaghi@shirazu.ac.ir
https://doi.org/10.13039/501100005071
https://doi.org/10.1094/PHYTO-12-17-0420-R


crops in Iran, (ii) analyze the phylogenetic position of the
C. flaccumfaciens strains isolated in Iran and Spain, in relation to
all members of Curtobacterium spp., and (iii) compare the results
with those of BOX-PCR fingerprinting and phenotypic charac-
teristics of the strains.

MATERIALS AND METHODS

Bacterial strains. C. flaccumfaciens and Curtobacterium-like
strains isolated in Iran during 2013 to 2016, from either sym-
ptomatic dry bean plants or asymptomatic solanaceous vegetables
and squash (Cucurbita pepo), were used in this study (Table 1). The

strains isolated from solanaceous vegetables were associated with
either symptomatic or symptomless tomato and pepper plants in
Iran (Osdaghi et al. 2016b, 2017a, 2018a). Additionally, pure
DNA of four Curtobacterium spp. strains isolated from common
bean seeds of germplasm bank in Spain (provided by Ana J.
González; Horticultural and Forest Crops Area, SERIDA, Asturias,
Spain) were included in molecular and phylogenetic analysis
(González et al. 2005). In total, 51 strains, which include 46 strains
from Iran and Spain, as well as the type strains of C. flaccumfaciens
pv. flaccumfaciens (ICMP 2584),C. flaccumfaciens pv. betae (ICMP
2594),C. flaccumfaciens pv. ilicis (ICMP 2608), C. flaccumfaciens
pv. oortii (ICMP 2632), and C. flaccumfaciens pv. poinsettiae

TABLE 1. List of Curtobacterium flaccumfaciens and Curtobacterium-like strains used in this study, as well as the results of their morphological characterization,
specific PCR, and pathogenicity testsa

Strain Morphology Host of isolation

Pathogenicity
on common

bean

CffFOR2/
CffREV4
PCR

Origin
Date of
isolation

International
collection
number ReferenceProvince County

10eg Y-F Eggplant + + East Azerbaijan Marand 2014 ICMP 22079 Osdaghi et al. 2018a
50R R-F Common bean + + Markazi Arak 2014 ICMP 22071 Osdaghi et al. 2016a
80O O-F Common bean + + Markazi Arak 2014 ICMP 22069 Osdaghi et al. 2016a
Cb222 Y-F Common bean + + East Azerbaijan Marand 2015 ICMP 21399 This study
Cb302 Y-F Common bean + + East Azerbaijan Koshksaray 2015 _ This study
Cb926 Y-F Common bean + + Zanjan Zanjan 2015 _ This study
Cb935 Y-F Common bean + + Zanjan Zanjan 2015 _ This study
Cff110 Y-F Common bean + + Markazi Khomein 2014 _ This study
Cff113 Y-F Common bean + + Markazi Khomein 2014 _ This study
Cff114 Y-F Common bean + + East Azerbaijan Marand 2014 _ This study
Cff120 Y-F Common bean + + Markazi Khomein 2014 _ This study
Cff130 Y-F Common bean + + Markazi Khomein 2014 _ This study
Cff132 O-F Common bean + + Markazi Arak 2014 _ This study
Cff137 R-F Common bean + + Markazi Arak 2014 ICMP 22066 Osdaghi et al. 2016a
Cff151 O-F Common bean + + Markazi Arak 2014 _ This study
Cff153 O-F Common bean + + Markazi Arak 2014 _ This study
Cff155 O-F Common bean + + Markazi Arak 2014 _ This study
Cff156 O-F Common bean + + Markazi Arak 2014 _ This study
Cff204 O-F Common bean + + Fars Kazerun 2015 ICMP 22068 Osdaghi et al. 2016a
Cmmeg20 Y-F Eggplant _ _ Bushehr Borazjan 2014 ICMP 22056 Osdaghi et al. 2018a
Cw101 Y-F Cowpea + + Markazi Delijan 2015 _ This study
Cw104 Y-F Cowpea + + East Azerbaijan Koshksaray 2015 _ This study
Cw110 Y-F Cowpea + + East Azerbaijan Marand 2013 _ This study
Cw900 Y-D Cowpea + + Khuzestan Dezful 2015 _ This study
Eg502 Y-F Eggplant + + East Azerbaijan Koshksaray 2015 ICMP 22055 Osdaghi et al. 2018a
Eg505 Y-F Eggplant + + East Azerbaijan Marand 2015 ICMP 22054 Osdaghi et al. 2018a
G105 R-F Tomato _ _ Bushehr Borazjan 2015 ICMP 22064 Osdaghi et al. 2018a
G115 Y-F Tomato + + Fars Khesht 2015 _ Osdaghi et al. 2018a
K31 Y-F Tomato + + Fars Kazerun 2015 ICMP 22063 Osdaghi et al. 2018a
LPPA2199 O-ND Common bean ND _ Northern Spain 2006 _ SERIDA*
LPPA2315 Y-ND Common bean ND _ Northern Spain 2006 _ SERIDA
LPPA392 Y-ND Common bean ND _ Southern Spain 2005 _ SERIDA
LPPA987 Y-ND Common bean ND _ Northwestern Spain 2012 _ SERIDA
Mo01 Y-F Squash _ _ Golestan Gorgan _ _ This study
Mo04 O-F Squash _ _ Golestan Gorgan _ _ This study
P701 Y-F Bell pepper + + Zanjan Zanjan 2015 ICMP 22078 Osdaghi et al. 2018a
P990 Y-F Bell pepper + + Zanjan Zanjan 2015 ICMP 22053 Osdaghi et al. 2018a
Tom50 R-D Tomato + + Fars Khesht 2015 ICMP 22062 Osdaghi et al. 2018a
Tom803 Y-F Tomato + + East Azerbaijan Marand 2015 ICMP 22083 Osdaghi et al. 2018a
Tom805 Y-F Tomato + + West Azerbaijan Urmia 2015 _ This study
Tom806 Y-F Tomato + + West Azerbaijan Urmia 2015 ICMP 22059 Osdaghi et al. 2018a
Tom827 Y-F Tomato _ _ East Azerbaijan Marand 2015 ICMP 22084 Osdaghi et al. 2018a
Tom929 Y-F Tomato + + Qazvin Takestan 2015 _ This study
Tom930 Y-F Tomato + + Qazvin Takestan 2015 ICMP 22057 Osdaghi et al. 2018a
Tom999 Y-F Tomato + + Fars Abadeh 2015 ICMP 22082 Osdaghi et al. 2018a
Xeu15 Y-F Chili pepper _ _ East Azerbaijan Marand 2013 ICMP 21400 Osdaghi et al. 2018a
ICMP 2594 Y-D Red beet ND _ United Kingdom 1955 ICMP 2594T ICMP
ICMP 2584 Y-F Bean ND + Hungary 1957 ICMP 2584T ICMP
ICMP 2608 Y-D American holly ND _ USA 1960 ICMP 2608T ICMP
ICMP 2632 Y-D Tulip ND _ Netherlands 1967 ICMP 2632T ICMP
ICMP 2566 O-D Poinsettia ND _ USA 1942 ICMP 2566T ICMP
Tom835 Y-M Tomato _ _ Iran 2015 ICMP 22052 Osdaghi et al. 2018b
ICMP 2550 Y-M Tomato ND _ Hungary 1957 ICMP 2550 ICMP
Tom495 Peach color-M Tomato ND _ Iran 2015 ICMP 22060 Osdaghi et al. 2018b

a ICMP: International Collection of Microorganisms from Plants (Auckland, New Zealand). T: type strain. * Indicates pure DNA of the strains were provided by
Ana J. González (Horticultural and Forest Crops Area, SERIDA, Apdo 13. 33300, Asturias, Spain).
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(ICMP 2566) were used in this study. Standard strains ofClavibacter
michiganensis subsp. michiganensis (i.e., Tom835 = ICMP 22052,
ICMP 2550, and NCPPB 382), as well as a nonpathogenic strain of
Clavibacter spp. (Tom495 = ICMP 22060) were used as controls
(Osdaghi et al. 2018b).

Morphological characteristics and pathogenicity tests of
the strains. Morphological characteristics (e.g., colony color and
fluidity) of the strains were determined on yeast extract-dextrose-
calcium carbonate (YDC) agar medium, as well as nutrient agar
(NA)medium supplemented with 5% sucrose, after 72 h incubation
as described by Smith et al. (2001). Briefly, colonymorphologywas
subdivided into three categories: fluidal (colonies flowed when
plates were inclined at 45�), mucoid (colonies had a glutinous con-
sistency due to the production of polysaccharide), and dry (little or
no polysaccharide was produced) (Smith et al. 2001).
Pathogenicity tests were conducted on common bean (Phaseolus

vulgaris) plants (cultivar Dorsa) grown in glasshouse conditions
using the bacterial strains reported in Table 1. Plant growth con-
ditions and inoculum preparation were described previously
(Osdaghi et al. 2015b). Plants were inoculated at the 10 to 12 days
postemergence. For each strain, six common bean plants (three/
pot) were inoculated. Inoculation was made by inserting a sterile
dissecting needle dipped into a fresh bacterial suspension (1 × 108

CFU/ml) throughout the internode between the first and the second
node of each plant. All inoculated plants were maintained in the
greenhouse at ambient temperature (25 to 28�C and 14 h natural
light). A reference strain of C. flaccumfaciens pv. flaccumfaciens
(ICMP 22071) and sterile distilled water were used as positive and
negative controls, respectively. Plants were periodically monitored
for the appearance of disease symptoms and the final evaluation of
disease symptoms was performed at 20 days postinoculation (dpi).
Disease severity on each plant was rated based on the number of
primary or trifoliate leaves showing wilting symptoms as described
previously (Osdaghi et al. 2016a). Koch’s postulates were accom-
plished by re-isolating the inoculated strains on yeast-extract
peptone glucose agar (YPGA) medium from all inoculated plants.
The identity of re-isolated bacterial strains was confirmed using the
primer pair CffFOR2/CffREV4 (Tegli et al. 2002) (Table 2). Since
six strains (i.e., Cmmeg20, G105, Mo01 Mo04, Tom827, and
Xeu15) did not induce any symptoms on the inoculated common
bean cultivar Dorsa plants, the same procedure as described above
was conducted on common bean cultivars Derakhshan and Sadri
and cowpea (Vigna unguiculata) cultivar Mashhad. All the pathoge-
nicity tests were repeated twice.

Screening for arsenic resistance. We evaluated a set of 31
representative strains (Table 3) for their resistant response to
different concentrations of two arsenic compounds (i.e., sodium

arsenite [NaAsO2] and sodium arsenate [Na3AsO4]). Type strain of
C. flaccumfaciens pv. oortii (ICMP 2632) was used as positive
control as recommended by Hendrick et al. (1984). We also
included the standard strains of either pathogenic (i.e., ICMP 2550,
NCPPB 382, and ICMP 22052), or nonpathogenicClavibacter spp.
(ICMP 22060) strains as negative controls (Osdaghi et al. 2018b).
The bacterial strains were screened using the agar platingmethod

as described previously (Hendrick et al. 1984). Briefly, nutrient
broth-yeast extract (NBY) agar plates supplemented with three
different concentrations of either sodium arsenite (2, 5, and 7 mM),
or sodium arsenate (80, 100, and 130 mM) were used for bacterial
inoculation. For each strain, serial tenfold dilutionswereprepared from
a starter suspension (OD600= 2.5), obtained from a fresh culture grown
at 27�C for 24 h on nutrient broth agar medium. For each dilution, 12
droplets (each droplet containing 5 µl of the suspension) were plated
on each arsenic-containing plate. The plates were then incubated at
27�C for 48 h, afterwhich the number of single colony forming units
(CFU)were counted. The data (average values ± standard deviation
[SD]) were subjected to one-way analysis of variance (ANOVA).
Tukey’s range testwas also performed to identify statistically significant
differences among the strains / salt concentrations, using PASTVersion
3.17 (Hammer et al. 2001) (https://folk.uio.no/ohammer/past/).

Plasmid profiling. A set of 11 strains isolated in Iran was
selected to carry out plasmid content analysis. This set was repre-
sented by candidate strains based on different isolation hosts and
phenotypic features, including the type strain of C. flaccumfaciens
pv. flaccumfaciens (ICMP 2584), pathogenic strains (50R, 80O,
Cw110, P990, Tom50, and Tom930), as well as nonpathogenic
strains (Cmmeg20,Mo04,Tom827,andXeu15)ofC. flaccumfaciens.
The standard strains of Clavibacter michiganensis subsp. michi-
ganensis (ICMP 2550 and NCPPB 382), harboring two plasmids
(i.e., pCM1 and pCM2) (Meletzus et al. 1993) were also included in
this study as positive controls.
Plasmids were isolated according to the procedure described by

Klaenhammer (1984) with several modifications. The strains were
grown overnight in 10 ml of Luria-Bertani (LB) medium, on a
110 rpm shaker at 27 �C. Bacterial cells were pelleted by cen-
trifugation (6,000 × g for 5min) and the pellets were resuspended in
1ml of Tris-EDTA (TE) buffer (pH7.5), with 25% sucrose and 75 µl
of lysozyme (1mgml_1 inTE, pH7.5), and incubated at 37�C for 1 h.
Subsequently, 500 µl of lysis solution was added to the bacterial
pellet and the samples were heated at 62 �C for 1 h. Finally, plasmid
DNAwas neutralized by the addition of 50 µl of 2 M Tris (pH 7) and
70 µl of 5 M NaCl. The presence of plasmids was analyzed on 0.9%
agarose gel at 60 V for 4 to 5 h in TAE buffer. Agarose gel was stained
with ethidiumbromide at 0.5µg/ml andvisualizedwithUV light using
Gel Doc XR+ (BioRad). The experiments were repeated three times.

TABLE 2. Primer pairs used in this study

Primer name 5´_3´ sequence Target
Size of

amplicon (bp)
Annealing

temperature (�C) Reference

atpD2F GACATCGAGTTCCCGCAC atpD 1,105 64 Jacques et al. 2012
atpD2R CGATGATCTCCTGGAGCTCCTTGT
2F ACCGTCGAGTTCGACTACGA gyrB 977 57 Richert et al. 2005
6R AGSACGATCTTGTGGTA
ppkCfF GAGAACCTCATCCAGGCCCT ppk 604 63 This study
ppkCfR CGAGCTTCGAGTGCGTCTTCAG
recACfF GACCGCACTCGCCCAGATCGACCG recA 723 66 This study
recACfR GCCATCTTGTTCTTCACGACCTTG
3Fs GACAACTTCTACTTCAAC rpoB 447 55 Richert et al. 2007
4Rs GTTGTTCTGGTCCATGAAC
CffFOR2 GTTATGACTGAACTTCACTCC C. flaccumfaciens pv. flaccumfaciens 306 62 Tegli et al. 2002
CffREV4 GATGTTCCCGGTGTTCGA
ERIC1R ATGTAAGCTCCTGGGGATTCAC3 ERIC _ 42 Versalovic et al. 1994
ERIC2 AAGTAAGTGACTGGGGTGAGCG
BOXA1R CTACGCCAAGGCGACGCCTGACG BOX _ 52 Versalovic et al. 1994
REPIR-I IIICGICGICATCIGGC REP _ 42 Versalovic et al. 1994
REP2I ICGICTTATGIGGCCTAC

1156 PHYTOPATHOLOGY

https://folk.uio.no/ohammer/past/


DNA extraction, PCRs, and sequencing. DNA extraction
was performed using Expin Combo-GP DNA extraction kit
(GeneAll, Tic Tech Centre, Singapore) based on themanufacturer’s
recommendations. The quality and quantity of the DNAs were
spectrophotometrically evaluated and adjusted to 50 ng µl_1 using
Nanodrop ND-100 (Nanodrop Technologies, Waltham, MA). The
DNAwas kept at _20�C for further uses. Five housekeeping genes
including atpD, gyrB, ppk, recA, and rpoB were employed for the
sequencing and phylogenetic analyses on all the strains described in
Table 1. Primer pairs were used for partial sequencing of atpD,
gyrB, and rpoB as described previously (Table 2) (Jacques et al.
2012; Richert et al. 2005, 2007). While the primer pairs ppkCfF/
ppkCfR and recACfF/recACfR were redesigned for ppk and recA
genes, respectively, based on the sequence of Curtobacterium sp.
(strain MR_MD2014, GenBank: CP009755.1) (Mariita et al. 2015)
according to Jacques et al. (2012) (Table 2). For PCR reactions,
Universal PCR Kit, Ampliqon Taq DNA Polymerase Master Mix
Red (Ampliqon A/S, Odense, Denmark), was used according to the
manufacturer’s recommendations. For each strain, a 25 µl of PCR
including 50 ng of total DNA and 1 µl of each primer (10 pmol µl_1)
were used. Purity and yield of PCR products were checked by
running a 5-µl reaction mixture in 1.2% agarose gel stained with
ethidium bromide. The PCR products were sent to Bioneer Corpo-
ration (www.Bioneer.com) (Daejeon, SouthKorea) to be sequenced
using Sanger sequencing technology.
Resulting sequences were analyzed using the BLAST pro-

gram (https://blast.ncbi.nlm.nih.gov/) and aligned with Clustal W

program (Larkin et al. 2007) implemented in MEGA 6.06 software
(Tamura et al. 2013). Partial sequences were deposited in the NCBI
GenBank and assigned accession numbers as follows: atpD:
KX591664 to KX591707 and MG737698 to MG737699; gyrB:
KX591708 to KX591751, and MG737700 to MG737701; ppk:
KX591752 to KX591795, and MG737702 to MG737703; recA:
KX591796 to KX591839, and MG737704 to MG737705; and
rpoB:KX591840 toKX591883, andMG737706 toMG737707. For
phylogenetic comparisons, the respective sequences of the five
housekeeping genes were retrieved from 30 publicly available
complete genome sequences of Curtobacterium spp. strains in the
GenBank database.

Phylogenetic analysis. Sequences were concatenated follow-
ing the alphabetic order of the genes, ending in a sequence of
2,977 bp: nucleotides 1 to 761 for atpD, 762 to 1507 for gyrB
(746 bp), 1508 to 2021 for ppk (514 bp), 2022 to 2612 for recA
(591 bp), and 2613 to 2977 for rpoB (365 bp). Phylogenetic analyses
were performed on individual gene sequences as well as the data set
of concatenated sequences. Phylogenetic trees were constructed
using maximum likelihood method with MEGA 6.06 software
(Tamura et al. 2013). The general time-reversible (GTR) model of
evolution was selected for Maximum Likelihood analysis using the
Modeltest tab in MEGA 6.06 (Hall, 2011). Clavibacter michiga-
nensis subsp. michiganensis strain NCPPB 382 was used to root the
trees. MEGA 6.06 was used to obtain the phylogenetic trees and
bootstrap values (1000 replicates) for the nucleotide sequences of
each individual gene and of concatenated sequences. Additionally,

TABLE 3. Growth rate of Curtobacterium flaccumfaciens, Curtobacterium-like, and Clavibacter michiganensis strains used in this study on different concen-
trations of sodium arsenite (NaAsO2) and sodium arsenate (Na3AsO4)a

Strain

Resistance to

Pathogenicity
on common

bean

Sodium arsenite Sodium arsenate

2 mMS 5 mMS 7 mMS 80 mMS 100 mMS 130 mMS

C. flaccumfaciens pv. flaccumfaciens 10eg 102–104 £102 £102 104–106 104_106 102–104 +
C. flaccumfaciens pv. flaccumfaciens 50R 104–106 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens 80O 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Cb222 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Cb302 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Cb926 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Cff110 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Cff137 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Cff151 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Cff153 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Cff155 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Cff156 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens ICMP 2584T £102 _ _ £102 £102 £102 +
C. flaccumfaciens pv. flaccumfaciens Cw101 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Cw110 104–106 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Eg502 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Eg505 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Mo11 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens P701 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens P990 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Tom50 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Tom803 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Tom806 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. flaccumfaciens Tom930 102–104 £102 £102 104–106 104–106 £102 +
C. flaccumfaciens pv. flaccumfaciens Tom999 102–104 £102 £102 104–106 104–106 102–104 +
C. flaccumfaciens pv. oortii ICMP 2632T 102–104 £102 £102 104–106 104–106 104–106 _

C. flaccumfaciens Cmmeg20 _ _ _ _ _ _ _

C. flaccumfaciens G105 _ _ _ _ _ _ _

C. flaccumfaciens Tom827 _ _ _ _ _ _ _

C. flaccumfaciens Xeu15 _ _ _ _ _ _ _

Curtobacterium spp. Mo04 _ _ _ _ _ _ _

Clavibacter michiganensis subsp. michiganensis ICMP 2550T _ _ _ _ _ _ _

Clavibacter michiganensis subsp. michiganensis NCPPB 382 _ _ _ _ _ _ _

Clavibacter michiganensis subsp. michiganensis Tom835 _ _ _ _ _ _ _

Clavibacter spp. Tom495 _ _ _ _ _ _ _

a All strains, which were pathogenic on common bean, were able to grow on different concentrations of both compounds, while nonpathogenic strains were
sensitive. Clavibacter michiganensis strains were sensitive to both the compounds regardless of their pathogenicity on tomato. S = data statistically significant
(ANOVA and Tukey’s test, P < 0.05).
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the similarity matrix of the concatenated sequences of five house-
keeping genes, in the type strains of five pathovars of C. flaccum-
faciens, was prepared using the online service “Sequence Identity
And Similarity” (SIAS) (http://imed.med.ucm.es/Tools/sias.html)
with default settings.

Recombination analysis. Nucleotide diversity, the number
of haplotypes, and haplotype diversity were determined using
DnaSP 5.10 software (Librado and Rozas 2009). The class I
neutrality tests (Tajima’s D and Fu, and Li’s D* and F*) were
also calculated for detecting potential departure from the
mutation/drift equilibrium (Librado and Rozas 2009). Detection
of potential recombinant sequences and identification of likely
parental sequences within C. flaccumfaciens strains were
conducted using a set of seven nonparametric detection methods
(i.e., RDP, Geneconv, MaxChi, Chimaera, BootScan, SiScan,
and 3Seq) implemented in Recombination Detection Program
(RDP) version 4.80 (Martin et al. 2015). The analysis was per-
formedwith default settings for the different detectionmethods, and
the Bonferroni-corrected P value cutoff was set at 0.05. Two
independent experiments, one including all the Curtobacterium sp.
strains and the other including only C. flaccumfaciens strains,
were performed in this analysis. Recombination events were
accepted when they were identified by at least four out of seven
detection methods (Martin et al. 2015). Splits-decomposition
network was constructed and the pairwise homoplasy index (PHI)
was calculated using SplitsTree version 4.14.4 (Huson and Bryant
2006). These calculations used the individual genes, as well as the

entire data set of concatenated sequences (Huson and Bryant
2006).

Rep-PCR. Since the MLSA-based phylogeny was unable to
differentiate pathogenic and nonpathogenic strains, BOX, entero-
bacterial repetitive intergenic consensus (ERIC), and repetitive
element palindromic (REP) primers (Table 2) (Versalovic et al.
1994) were used to discriminate the putative diversity among
C. flaccumfaciens strains from our collection. Fifty-oneC. flaccum-
faciens and one Clavibacter michiganensis (as out-group) strains
were evaluated with rep-PCR analysis (Table 1). PCR reactions
were similar to those described above, while the annealing tem-
peratures are described in Table 2. Ten microliters of PCR products
was run on 1.2% agarose gel, stained with ethidium bromide, and
the digitized image was converted into a TIFF file for a subsequent
analysis of the fingerprint patterns. Unweighted pair groups with
arithmetic averages were calculated using NTSYS-pc software
version 2.02e (Rohlf 2008). The procedure was repeated in-
dependently to test the reproducibility of the fingerprints.

RESULTS

Morphology and pathogenicity of the strains. Morpho-
logical characteristics of the strains are presented inTable 1.Among
the bacterial strains isolated in Iran, all but two (i.e., Cw900
and Tom50) were shown to have fluidal colony on YDC me-
dium. The strains Cw900 and Tom50 have had dried colonies on
the same medium (Table 1). As for colony color, 30 strains had

Fig. 1. Plasmid profile of Curtobacterium flaccumfaciens and Curtobacterium-like strains used in this study. Indigenous plasmids from Clavibacter michiganensis
subsp. michiganensis (pCM1 and pCM2), whose sizes were 27.5 and 72 kb, respectively, were used as positive control. Chromosomal DNAs are seen as a common
band in all strains. Lanes A and M, Clavibacter michiganensis subsp. michiganensis ICMP 2550 and NCPB 382, respectively; lane B, ICMP 2584; lane C, P990;
lane D, Tom50; lane E, 50R; lane F, 80O; lane G, Tom827; lane H, Tom930; lane I, Xeu15; lane J, Cmmeg20; lane K, Cw110; and lane L, Mo04. No indigenous
plasmids were found in C. flaccumfaciens and Curtobacterium-like strains used in this study.
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yellow colonies, while eight were orange and four were red-
pigmented (Table 1; Supplementary Fig. S1).
All the C. flaccumfaciens strains isolated from dry beans in Iran

were pathogenic on common bean in greenhouse conditions
(Table 1). Interveinal chlorosis, leading to necrotic areas on the
leaves, and systemic wilting were observed at 8 to 14 days

postinoculation (Supplementary Fig. S2). Among the strains
isolated from solanaceous vegetables, all but four (i.e., Cmmeg20,
G105, Tom827, and Xeu15) were pathogenic on common bean
(Table 1). None of the strains isolated from squash (i.e., Mo01 and
Mo04) were pathogenic on common bean. After inoculation,
bacterial strains were re-isolated from the symptomatic plants, and

Fig. 2. Maximum likelihood tree based on the concatenated partial sequences of atpD, gyrB, ppk, recA, and rpoB genes in Curtobacterium flaccumfaciens and
Curtobacterium-like strains used in this study. Bootstrap scores (1,000 replicates) are displayed at each node. Clavibacter michiganensis was used for rooting the
tree. Yellow-pigmented strains of C. flaccumfaciens were phylogenetically different from those of red/orange-pigmented strains. Nonpathogenic strains of
C. flaccumfaciens were scattered among the pathogenic strains. The strains isolated in Iran and Spain were labeled using black triangles, while the type strains of
five pathovars of C. flaccumfaciens were labeled using black squares.
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identified using specific PCR primers CffFOR2/CffREV4 (data not
shown). Repetitive pathogenicity tests on common bean cultivars
Derakhshan and Sadri, as well as on cowpea cultivar Mashhad with
Cmmeg20, G105, Tom827, Xeu15, Mo01, and Mo04 strains pro-
duced similar results to those observed in the first set of patho-
genicity tests. Control plants remained healthy.

Resistance to arsenic. All but five of the evaluated strainswere
resistant against arsenic compounds. The strains Cmmeg20, G105,
Tom827, Xeu15, and Mo04 were unable to grow on any con-
centration of either sodium arsenite and sodium arsenate (Table 3).
The level of resistance to arsenic compounds in the type strain of
C. flaccumfaciens pv. flaccumfaciens (ICMP2584)was statistically
different from those of other strains. It was able to grow on sodium
arsenite up to 2 mM (Table 3), with faint growth on all concen-
trations of sodium arsenate. None of the Clavibacter spp. strains
evaluated was able to grow on arsenic compounds regardless of
their pathogenicity status on tomato.

Plasmid profiling. As expected, Clavibacter michiganensis
subsp. michiganensis strains ICMP 2550 and NCPPB 382 harbored
two plasmids (pCM1 and pCM2); whose sizes were 27.5 and 72 kb,
respectively (Fig. 1, lanes A andM). No plasmids were found in any
of the C. flaccumfaciens strains tested here, regardless of their
isolation host or pathogenicity on common bean (Fig. 1, lanes B
to L).

Phylogenetic analysis. Phylogenetic analysis showed a clus-
tering pattern based on colony color of C. flaccumfaciens strains
used in this study (Fig. 2). Considering the data set of concatenated
sequences of five housekeeping genes, the phylogenetic tree was
strongly supported by a 100% bootstrap value, clear differentiation
of yellow-pigmented C. flaccumfaciens strains from red/orange-
pigmented strains (Fig. 2).
All the yellow-pigmented strains of C. flaccumfaciens clustered

as a monophyletic group containing the nonpathogenic strains
(i.e., Tom827, Cmmeg20, and Xeu15) isolated from solanaceous
vegetables in Iran, as well as a number of cosmopolitan strains
isolated from different environmental habitats (Fig. 2). The yellow-
pigmented strains 10eg, Cb222, Cb302, Cw104, Cw110, P701,
Tom803, Tom805, Tom806, and Tom930—all of which were
isolated in northwestern Iran in 2015—were clustered as one hap-
lotype (Table 1). This observation is consistent with the epidemic
emergence of the bacterial wilt disease from all the northwestern
provinces of the country in 2015. Nonpathogenic red-pigmented
strain G105 was clustered among the other red/orange-pigmented
pathogenic strains irrespective of their host of isolation. Further-
more, the strains LPPA2315, LPPA2199, and Mo01 were clus-
tered as a monophyletic group apart from the core population of
C. flaccumfaciens. Based on the results of MLSA data, none of the
strains Mo01, Mo04, LPPA2315, and LPPA2199 are true members
of C. flaccumfaciens. In all the five phylogenetic trees construc-
ted using the individual housekeeping gene sequences, yellow-
pigmented C. flaccumfaciens strains were separated from the red/
orange-pigmented strains. Interestingly, there were no differences

among all the yellow-pigmented C. flaccumfaciens strains in the
rpoB gene sequence (data not shown).
Sequence statistics of the five housekeeping genes used for the

phylogenetic analysis are summarized in Table 4. Among the 75
C. flaccumfaciens and Curtobacterium spp. strains used in this
study, the highest number of haplotypes (53 haplotypes) were
observed in gyrB gene sequences. Conversely, only 33 haplotypes
were observed in rpoB gene sequences using the same number of
strains (Table 4). Altogether, gyrB and recA genes were the most
discriminative, and rpoB was the least discriminative gene for
C. flaccumfaciens phylogeny evaluations (Table 4).
Sequence similarity matrix experiments using five housekeep-

ing gene sequences showed that four pathotypes of C. flac-
cumfaciens (i.e., C. flaccumfaciens pv. betae, C. flaccumfaciens pv.
flaccumfaciens, C. flaccumfaciens pv. oortii, and C. flaccumfaciens
pv. poinsettiae) are closely related to each other with sequence
similarity ranging between 97.31 to 99.09% (Table 5). However,
C. flaccumfaciens pv. ilicis (previously known as Arthrobacter
ilicis) (Young et al. 2004), which recently been included in
C. flaccumfaciens species, is distinct from the core population of
other C. flaccumfaciens isolates (Fig. 2). Indeed, the sequence
similarity between C. flaccumfaciens pv. ilicis and the other four
pathovars of the species is only 95.53 to 95.93% (Table 5).
Tajima’sD, and Fu andLi’sD* and F* statistics showed that there

was no significant departure from the mutation drift equilibrium
withinC. flaccumfaciens strains used in this study (data not shown).
Because the maximum likelihood phylogenies showed incompat-
ible topologies (Fig. 2; SupplementaryFig.S3), phylogenetic networks
were generated using the splits-decomposition method for the
concatenated data set (Fig. 3), as well as all the individual gene
sequences (data not shown). Considering the C. flaccumfaciens
strains, pairwise homoplasy index (PHI) test did find statistically
significant evidence suggesting the occurrence of recombination
among thegyrB (PhiTest = 0.27568;P < 0.02386) and recA (PhiTest
= 0.22906; P < 0.3122) genes but not in the atpD, ppk, and rpoB
genes. Recombination Detection Program (RDP) discovered
recombination in both the data set of Curtobacterium spp. strains,
andC. flaccumfaciens strains (Table 6). Indeed, recombination was
detected in the C. flaccumfaciens strains from all the seven tested
methods. Additionally, when the individual gene sequences were
considered using RDP, recombination was identified in gyrB (in six
out of seven methods), recA (in four out of seven methods), and
rpoB (in four out of seven methods) genes sequences.

Genetic diversity of the strains. ERIC-PCR produced 0 to 4
fragments in sizes ranging from 0.2 to 2 kb, while REP-PCR
produced 0 to 3 fragments in sizes ranging from 0.1 to 3 kb (data not
shown). Primer BOX A1R produced 4 to 12 fragments in sizes
ranging from 0.2 to 2.6 kb (Supplementary Fig. S4). Hence, BOX
A1R primer was selected to evaluate the genetic diversity of our
collection of 51 C. flaccumfaciens strains. The dendrogram based
on UPGMA cluster analysis showed all C. flaccumfaciens strains
forming a group with similarity coefficient ranged from 31 to 93%

TABLE 4. Sequence statistics of the five housekeeping genes (i.e., atpD, gyrB,
ppk, recA, and rpoB) of Curtobacterium flaccumfaciens strains used in this
study

Diversity parametersa

Sequence N H S Pi NM HD

atpD 761 47 108 0.02091 124 0.964
gyrB 746 53 203 0.05783 267 0.983
ppk 514 46 130 0.06187 173 0.963
recA 591 48 138 0.05561 184 0.970
rpoB 365 33 66 0.04405 71 0.863
Concatenated 2,977 54 645 0.04696 819 0.983

a N: number of nucleotides; H: number of haplotypes; S: total number of
segregating sites; Pi: nucleotide diversity; (p); NM: number of mutations (h);
and HD: haplotype (gene) diversity.

TABLE 5. Similarity matrix of the concatenated sequences of five house-
keeping genes (i.e., atpD, gyrB, ppk, recA, and rpoB) in five pathotype strains
of Curtobacterium flaccumfaciens

Straina
ICMP
2584

ICMP
2594

ICMP
2566

ICMP
2632

ICMP
2608

ICMP 2584 100.00
ICMP 2594 98.25 100.00
ICMP 2566 97.71 97.31 100.00
ICMP 2632 98.52 99.09 97.61 100.00
ICMP 2608 95.83 95.73 95.53 95.93 100.00

a ICMP 2584: C. flaccumfaciens pv. flaccumfaciens; ICMP 2594:
C. flaccumfaciens pv. betae; ICMP 2566: C. flaccumfaciens pv. poinsettiae;
ICMP 2632: C. flaccumfaciens pv. oortii; and ICMP 2608: C. flaccumfa-
ciens pv. ilicis.
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(Fig. 4). Cluster analysis using a cutoff level at 44% similarity
produced six clusters (named G1 to G6)—two of them were major
clusters (G1 = 25 and G2 = 16 strains) and four minor clusters (one
to four strains). Cluster G1 included both yellow-pigmented and
red/orange-pigmented strains, while clusters G2-G6 incorporated
only yellow-pigmented strains. The strains in G1 were subclustered
into three subgroups namely G1-1 to G1-3, with similarity values
between 56 to 93%. All but one strain (Cff155) in G1-1were yellow-
pigmented, while the strains in G1-2 were red/orange-pigmented,
except the strain LPPA392. The cluster G1-3 contained three
strains, all of them isolated from tomato, and two of them (G105 and
Tom827) were nonpathogenic on bean plants (Fig. 4; Table 1).
Cluster G2 had similarity coefficients ranging from 55 to 91% and
contained 15 yellow-pigmented strains in G2-1 and strain 10eg in
G2-2 subclusters (Fig. 4). Cluster G3, contained four strains, which
further divided into two subclusters in 49% cutoff value similarity.
Cluster G4 contained four strains, three of which were isolated
from in Spain (LPPA2199, LPPA2315, and LPPA987), and the type
strain of C. flaccumfaciens pv. poinsettiae. Finally, cluster G5
contained only one strain (P701) as did cluster G6 (the type strain of
C. flaccumfaciens pv. oortii) (Fig. 4).
The most prominent feature in the BOX-PCR fingerprint of

C. flaccumfaciens is a band of approximately 500 bp, which is
present in all the strains except for LPPA2199, LPPA2315, and the

type strain of C. flaccumfaciens pv. poinsettiae. This is an
interesting result because the strains LPPA2199 and LPPA2315
(G4-1)were isolated in Spain andwere clustered apart from the core
population of C. flaccumfaciens in MLSA-based phylogenetic
trees (Fig. 2). A fragment of approximately 430 to 460 bp was pro-
duced inClavibactermichiganensis but not in theC. flaccumfaciens
strains.Nodiscernibledifferenceswere foundbetweenC. flaccumfaciens
strains isolated from dry beans and those isolated from asymp-
tomatic solanaceous vegetables.

DISCUSSION

In this study, a multiphasic approach was used to decipher the
phenotypic features, genetic diversity and phylogeny ofC. flaccum-
faciens strains isolated in Iran and Spain. Although no differences
were found between the pathogenic and nonpathogenic strains in
their plasmid profile, the former were resistant against all evaluated
concentrations of arsenic compounds, while the latter were sen-
sitive to the same concentrations. MLSA results revealed that the
bacterial strains causing wilt disease on dry beans were distributed
into two phylogenetic lineages (yellow-pigmented strains and red/
orange-pigmented strains).
Most of the plant-pathogenic bacteria are reported to have

nonpathogenic lineages (Jacques et al. 2012). For instance,

Fig. 3. Splits decomposition network generated from the concatenated sequences of atpD, gyrB, ppk, recA, and rpoB genes of Curtobacterium flaccumfaciens and
Curtobacterium-like strains used in this study. All the red/orange-pigmented strains of C. flaccumfaciens pv. flaccumfaciens were clustered separately from the
yellow-pigmented strains, while the type strain of C. flaccumfaciens pv. poinsettiae (ICMP 2566) was clustered within the cosmopolitan strains. Interestingly, the
type strain of C. flaccumfaciens pv. ilicis (ICMP 2608) was clustered far from the core population of C. flaccumfaciens similar to that observed in multilocus
sequence analysis scheme (Fig. 2).
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nonpathogenic strains of Clavibacter michiganensis were reported
to be isolated frequently from tomato seeds (Yasuhara-Bell and
Alvarez 2015). Multiphasic studies, including pathogenicity tests,
MLSA, and plasmid profiling, revealed that these strains form a
separate phylogenetic group and thus could be considered as new
subspecies namelyClavibacter michiganensis subsp. californiensis
and Clavibacter michiganensis subsp. chilensis (Thapa et al.
2017; Yasuhara-Bell and Alvarez 2015). However, nonpathogenic
strains of C. flaccumfaciens did not form a separate phylogenetic

group and were scattered either within the core population of
C. flaccumfaciens pv. flaccumfaciens or within the other pathovars
of the species.
We have demonstrated that unlike the nonpathogenic strains

(i.e.,Cmmeg20,G105,Tom827,Xeu15, andMo04), theC. flaccum-
faciens pv. flaccumfaciens strains which were pathogenic on com-
mon bean were resistant to arsenic compounds. The association
between arsenic resistance and pathogenicity on common bean
remains to be elucidated, although this could be due to the ada-
ptation of C. flaccumfaciens pv. flaccumfaciens on bean plants.
Indeed, common bean is an arsenic-accumulating plant (Carbonell-
Barrachina et al. 1997; Stoeva et al. 2005). More specifically,
C. flaccumfaciens pv. flaccumfaciens strains from Iran showed a
higher resistance to arsenic compared to the type strain, which was
originally isolated in Hungary. A high arsenic content was observed
in surface and ground waters in several Iranian provinces, which
might have favored the adaptation of the pathogen to this com-
pound (Keshavarzi et al. 2011). However, no correlation was found
between arsenic resistance and the MLSA data. Further analysis is
needed to determine the effect of arsenic on the relationships of
C. flaccumfaciens pv. flaccumfaciens and its hosts, as recently
studied for the legume–rhizobia interaction (Lafuente et al. 2015).
In the original description of C. flaccumfaciens pathovars, it has

been noticed thatC. flaccumfaciens pv. betae,C. flaccumfaciens pv.
flaccumfaciens,C. flaccumfaciens pv. oortii, andC. flaccumfaciens

TABLE 6. Test of recombination among Curtobacterium flaccumfaciens and
Curtobacterium-like strains using RDP4 with a Bonferroni test at a probability
of 0.05

Curtobacterium sp. C. flaccumfaciens

Test
Unique
events

Recombination
signals

Unique
events

Recombination
signals

RDP 4 4 1 1
GENECONV 4 4 1 1
BootScan 6 6 2 2
MaxChi 8 8 1 1
Chimaera 6 8 1 1
SiScan 9 11 2 2
3Seq 4 4 3 3
Total 14 44 4 11

Fig. 4. Dendrogram generated from BOX-PCR fingerprints of Curtobacterium flaccumfaciens strains used in this study. Cluster analysis was performed using the
simple matching similarity coefficient and unweighted pair group with arithmetic averages using NTSYS-pc software version 2.02e. The scale bar indicates levels
of linkage between patterns. Cluster analysis using a cutoff level at 44% similarity produced six clusters (named G1 to G6)—two of them major (G1 = 25 and G2 =
16 strains) and four were minor (one to four strains) clusters. Red/orange-pigmented strains of C. flaccumfaciens were distinguished from the yellow-pigmented
strains.
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pv. poinsettiae are closely related to each other in terms of bio-
chemical and physiological characteristics, and differences in host
specificity and bacteriocin production are insufficient to justify
differentiation at the subspecies level (Collins and Jones 1983; Dye
and Kemp 1977). MLSA results from this study revealed that these
four pathovars belong to the same species with 97.31 to 99.09%
similarity in five housekeeping genes sequences (Table 5). How-
ever, C. flaccumfaciens pv. ilicis is distinct from the core popula-
tion ofC. flaccumfaciens pv. flaccumfaciens (Fig. 2). By contrast, it
has been shown that phylogenetic distance between the yellow-
pigmented strains of C. flaccumfaciens pv. flaccumfaciens and the
red/orange-pigmented strains is higher than that of the distances
among the type strains of C. flaccumfaciens pv. betae, C. flaccum-
faciens pv. flaccumfaciens, and C. flaccumfaciens pv. oortii
(Fig. 2; Table 5), all included in the cluster of yellow-pigmented
C. flaccumfaciens pv. flaccumfaciens strains (Fig. 2; Table 5).
Altogether, these results suggest that the taxonomy of C. flaccum-
faciens should be reexamined using a large collection of strains
from all the five pathovars of the species. Unlike to the other plant
pathogenic corynebacteria, no molecular high throughput me-
thod to date has been used to confirm the classical taxonomy of
C. flaccumfaciens proposed in late 1970s (Collins and Jones 1983;
Dye and Kemp 1977). Recently, whole genome sequence analysis
based on average nucleotide identity (ANI), digital DNA-DNA
hybridization, and MLSA of seven housekeeping genes supported
the concept of raising many Clavibacter michiganensis subspecies
to five new species/combination level (Li et al. 2017). A similar
approach has been started for the members of C. flaccumfaciens
using the complete genome sequencing of type /pathotype strains of
the species (Osdaghi et al. 2017b, 2018a).
In conclusion, the results obtained in this study provide several

new findings, including the phylogenetic relationships between the
two different lineages (i.e., yellow-pigmented strains versus red/
orange-pigmented strains) of the bean pathogen C. flaccumfaciens
pv. flaccumfaciens, as well as the remaining four pathovars of
C. flaccumfaciens. Results of MLSA and phenotypic features
(i.e., colony color) are in congruence among C. flaccumfaciens
strains, although further detailed and multiphasic evaluations are
needed to determine if the different colony variants of C. flaccum-
faciens pv. flaccumfaciens couldbe reclassifiedasdifferent subspecies/
pathovars of the species. We also found a distinctive phenotypic
feature (arsenic resistance) which is capable to discriminating path-
ogenic strains of C. flaccumfaciens from nonpathogenic strains.
However, a comprehensive multiphased study using a collection of
worldwide isolates should illustrate the phylogenetic history and
intraspecies relationships of C. flaccumfaciens strains.
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Abstract:  13 

During the last years, many evidences has been accumulating about the phytohormone indole-3-14 
acetic acid (IAA) as a multifaceted compund also in the microbial world, with IAA playing a role as 15 
a bacterial intra- and inter-cellular signaling molecule, or as an effector during pathogenic or 16 
beneficial plant-bacteria interactions. However, pretty much nothing is known on the mechanisms 17 
that bacteria use to modulate IAA homeostasis, in particular on IAA active transport systems. Here, 18 
by an approach combining in silico 3D structural modeling and docking, mutagenesis, quantitative 19 
gene expression analysis and HPLC FLD auxin quantitative detection, for the first time a bacterial 20 
Multidrug And Toxic compound Extrusion (MATE) transporter was demonstrated to be involved 21 
in the efflux of IAA, as well as of its conjugate IAA-Lysine, in the plant pathogenic hyperplastic 22 
bacterium Pseudomonas savastanoi pv. nerii strain Psn23. Furthermore, accordingly to the role proved 23 
to be played by Psn23 MATE in the development of plant disease, and to the presence of Psn23 24 
MATE homologs in all the genomospecies of the P. syringae complex, this membrane transporter 25 
could likely represent a promising target for the design of novel and selective anti-infective 26 
molecules for plant disease control. 27 

Keywords: Pseudomonas savastanoi; IAA; IAA-Lysine; Multidrug And Toxic compound Extrusion 28 
transporter; MATE; TTSS 29 

 30 

1. Introduction 31 

Auxin are plant hormones whose correct homeostasis is pivotal for proper plant growth and 32 
development, as well as for plant defense [1]. Indole-3-acetic acid (IAA) is the main and most 33 
abundant naturally occurring auxin in plants, as well as the best studied, whose de novo biosynthesis 34 
is mainly through four interlinked pathways having L-tryptophan (Trp) as a precursor. Generally, 35 
the Trp-dependent pathways are two-step reactions, named accordingly to their specific key 36 
intermediate molecule, specifically indole-3-pyruvic acid (IPyA), indole-3-acetamide (IAM), 37 
tryptamine (TAM), or indole-3-acetaldoxime (IAOX). Less information is definitely available for Trp-38 
independent IAA biosynthesis, where indole-3-glycerol phosphate or indole are considered the main 39 
precursors. The IPyA and IAM pathways are considered the most conserved and used routes for IAA 40 
biosynthesis in plants. However, many other important aspects still remain to be fully elucidated, 41 
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such as which pathways are used in the different plant species and if they are likely to play alternative 42 
roles [2, 3]. 43 

Firstly discovered in human urine and structurally similar to melatonin in animals [4], in 44 
addition to plants IAA is also produced by microalgae, archaea, bacteria, fungi, and yeasts [5]. 45 
Although the ability to synthesise IAA in bacteria and fungi is not restricted to those associated to 46 
plants, the role of microbial IAA in the interactions between plants and phytopathogenic or beneficial 47 
bacteria and fungi is the most studied [6]. 48 

Microbial IAA biosynthesis is strictly Trp-dependent, according to at least five different routes, 49 
including the IPyA and TAM pathways, as well as the tryptophan side-chain oxidase (TSO) pathway 50 
[7, 8]. In gall- and tumor-forming bacteria and fungi, IAA has been shown pivotal for the 51 
development of hyperplastic symptoms, and its biosynthesis is generally through the IAM pathway. 52 
Conversely, the IPyA pathway is mainly represented in beneficial bacteria and fungi. Interestingly, 53 
the hyperplastic plant pathogenic bacterium Pantoea agglomerans has both the IPyA and IAM 54 
pathways, that are mainly expressed during plant colonization and the pathogenetic process, 55 
respectively [9, 10].  56 

Phylogenetic analysis carried out on key genes for IAA biosynthesis in organisms and 57 
microorganisms indicate that an independent but convergent evolution was occurred [5]. This 58 
finding strongly suggests a universal role of IAA as a signal molecule, both for the producers and 59 
during their biotic interactions at different taxonomic levels (e.g. intra- and interspecies and even 60 
inter-kingdom) [11]. Plant pathogens have been demonstrated to produce IAA to hijack plant 61 
immunity, by subverting plant auxin signaling to increase host susceptibility to infection [6, 12-14]. 62 
In addition, microbial IAA is also essential as signal molecules within the producer populations, and 63 
in plant pathogenic bacteria IAA was demonstrated to affect the expression of genes of their virulence 64 
network [7, 15-17]. 65 

However, the multiple effects triggered or dynamically modulated by IAA do not exclusively 66 
depend on its de novo biosynthesis. In plants, significant and coordinated changes occur during the 67 
time for local IAA content, as well as for its bioactive forms, also as a consequence of the IAA active 68 
polar transport throughout the whole plant and of other processes, such as its catabolism, 69 
conjugation, oxidation, storage, and even its signal transduction [18]. A similar fine and dynamic 70 
control of IAA homeostasis seems to occur also in bacteria, such as clearly demonstrated for the 71 
hyperplastic plant pathogen Pseudomonas savastanoi pv. nerii. Its ability to cause ‘knots’ on its hosts 72 
relies on a functional Type Three Secretion System (TTSS) as well as on the bacterial IAA biosynthesis 73 
by the IAM pathway [19-21]. In addition, during the pathogenetic process, P. savastanoi pv. nerii 74 
regulates free IAA levels in the infected tissues by its conversion to IAA-Lys through the enzyme 75 
IAA-Lys synthase, encoded by the iaaL gene [17]. Interestingly, most of the P. syringae pathovars and 76 
strains possess the iaaL gene in their genomes, even when not hyperplastic, and this gene appears to 77 
be very well conserved and present independently from the genes for IAA biosynthesis [22, 23]. It is 78 
worth to point out that the conversion of IAA to IAA-Lys is an exclusive trait of bacteria belonging 79 
to the P. syringae complex, and plants neither produce IAA-Lys nor are able to degrade it. Overall 80 
these findings suggest for the bacterial conversion of IAA to IAA-Lys a widely conserved role in the 81 
dynamic regulation of the IAA content at and near the infection site. In this frame, it is thus not 82 
surprising that in P. savastanoi pv. nerii both the expression of the operon for IAA biosynthesis and 83 
that of iaaL gene are also under the control of TTSS, in addition to be auxin-regulated, to further stress 84 
the involvement of bacterial IAA and IAA-Lys in the plant-pathogen dialogue since the very first 85 
steps of their interaction [17].  86 

Obviously, if a similar dialogue has to take place, it is reasonable to assume that bacterial IAA, 87 
and perhaps also its IAA-Lys conjugate, needs to be transported some way out of the bacterial cell 88 
into the apoplast. In the P. savastanoi pv. nerii strain Psn23 genome, a gene coding a putative 89 
Multidrug and Toxic compound Extrusion (MATE) efflux transporter (hereafter named matE) was 90 
found upstream to the iaaL gene, and whose expression was demonstrated to be TTSS-regulated [17]. 91 
MATE transporters are widely distributed in Gram-positive and Gram-negative bacteria, where they 92 
are usually associated with the efflux of organic cations for multidrug resistance. Conversely, MATE 93 
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pumps found so far in plants have been demonstrated to be involved in the transport of a broader 94 
range of substrates than in bacteria, and having many other roles beyond detoxification, including 95 
the efflux of plant hormones and the regulation of plant disease resistance to pathogens, respectively 96 
[24, 25]. 97 

The aim of this study was to analyse the structure of putative MATE transporter in Psn23 98 
through the application of bioinformatics tools and, to evaluate the role played by Psn23 MATE in 99 
the development of plant disease and its relationship with the IAA efflux and homeostasis. 100 

 101 

2. Materials and Methods  102 

2.1. Bacterial strains and growth conditions 103 

The bacterial strains used in this study are listed in Table S1. Pseudomonas savastanoi pv. nerii 104 
strain Psn23 and its mutants were routinely grown at 26°C on King’s B (KB) [26] or hrp-inducing 105 
Minimal Medium (MM) [27], while Escherichia coli strains TOP10 and ER2925 were grown on Luria-106 
Bertani (LB) [28], as liquid or agarized cultures. Bacterial growth in liquid media was monitored by 107 
measuring optical density (OD) at 600 nm (OD600) with a spectrophotometer (Infinite® M200 PRO 108 
Multimode Reader, Tecan Group Ltd., Männedorf, Switzerland), while the concentration of viable 109 
bacteria was evaluated by plate counts and expressed as Colony Forming Units per milliliter 110 
(CFU/ml). For long term storage, bacteria were maintained at -80°C on 40% (v/v) glycerol, and P. 111 
savastanoi cultures were periodically monitored by using specific PCR-based assays to exclude any 112 
bacterial contamination [29, 30]. Antibiotics were added to growth medium if needed, and used at 113 
the following final concentrations: 20 µg/ml streptomycin, 50 µg/ml nitrofurantoin, 10 µg/ml 114 
gentamicin, and 50 µg/ml kanamycin.  115 

2.2. Molecular techniques 116 

Unless otherwise stated, routine DNA manipulations and PCR were carried out using standard 117 
procedures [31] or according to manufacturers’ instructions. The plasmids used in this study are 118 
reported in Table S1. Genomic DNA from P. savastanoi strains was extracted from single bacterial 119 
colonies using thermal lysis [29], or from bacterial cultures (OD600 = 0.8), using Puregene® Genomic 120 
DNA Purification Kit (QIAGEN, Hilden, Germany). DNA concentration was evaluated both 121 
spectrophotometrically with NanoDrop™ ND-1000 (NanoDrop Technologies Inc., DE, USA), and 122 
visually by standard agarose gel electrophoresis on 1% agarose (w/v) in TBE 1X [31]. For plasmid 123 
DNA extraction, NucleoSpin® Plasmid (Macherey-Nagel GmbH & Co. KG, Düren, Germany) was 124 
used according to the manufacturer's protocol. Amplicons were purified from agarose gel using 125 
NucleoSpin® Gel and PCR clean-up (Macherey-Nagel GmbH & Co. KG), and then double-strand 126 
sequenced at Eurofins Genomics (Ebersberg, Germany). Primers were designed using Beacon 127 
Designer 7.7 software (Premier Biosoft International, Palo Alto, CA, USA), and their sequences and 128 
features are reported in Table S2.  129 

2.3. Construction of Psn23 mutants for matE gene  130 

Five mutants were here produced from the wild type strain Psn23 for the matE gene. The primers 131 
were designed according to the matE nucleotidic sequence of Psn23 strain (GenBank Accession 132 
Number KU351686), and here used to generate and analyze the mutants listed in Table S2. The suicide 133 
vector for P. syringae sensu lato pK18-ΔhrpA [17, 32] was used to clone the mutated matE constructs 134 
into E. coli cells, and then for their transfer into electrocompetent Psn23 cells by using Gene Pulser 135 
XCell™ (Bio-Rad Laboratories Inc., Hercules, CA, USA) to replace the native matE gene by marker 136 
exchange [17]. A preliminary PCR screening of the putative matE mutants was carried out on 137 
transformed Psn23 SucR/KanS colonies, and then the marked mutations were confirmed by DNA 138 
sequencing. A stable knockout ΔmatE mutant was constructed by an in-frame deletion of matE gene 139 
from the Psn23 genome. Three alanine-substituted mutants for the putative Psn23 MATE were also 140 
generated. The matE gene from Psn23 was cloned into the PstI and EcoRI sites of pK18-ΔhrpA to 141 
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produce the pK18-matE recombinant vector (Table S1). On this plasmid, the alanine substitutions 142 
D182A, Y200A and T17035A were introduced into matE by using mutagenic PCR primers and 143 
QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies, La Jolla, CA, USA). The over-144 
expressing mutant Psn23_pT3-matE was also constructed. The recombinant plasmid pT3-matE (Table 145 
S1) was produced starting from the vector pLPVM-T3A, which contains the native promoter of hrpA 146 
gene for Psn23 [33]. The matE gene, amplified from pK18-matE using the primers 147 
pT3_matE_BamHI_For/pT3_matE_KpnI_Rev, was cloned into the KpnI and BamHI restriction sites of 148 
pLPVM-T3A and then electroporated into Psn23 cells.  149 

2.4. In planta phenotypic characterization of Psn23 matE mutants 150 

Hypersensitive Response (HR) assay was carried out on 2 months old Nicotiana tabacum plants 151 
(var. Burley White), grown at 24°C and at 75% relative humidity with a photoperiod of 16/8 h of 152 
light/dark. Bacterial cultures grown overnight in KB medium at 26°C were wash twice in sterile 153 
physiological solution (SPS, 0.85% NaCl in distilled water), and then resuspended to reach an 154 
OD600=0.5. Bacteria were then injected into the mesophyll of fully expanded leaves of Tobacco plants, 155 
using a 2 ml blunt-end syringe pressed against the abaxial surface (approximately 100 μl/spot) [34]. 156 
The appearance of macroscopic symptoms associated to the development of HR was monitored in 157 
the next 48 hours post-infiltration, taking photographic records of the results obtained. Pathogenicity 158 
trials with Psn23 and its mutants were carried out on in vitro micropropagated oleander plants (var. 159 
Hardy Red), grown on Murashige-Skoog medium (MS) [35] without addition of any phytohormone 160 
for 3 weeks, at 26°C and with a photoperiod of 16 h/light and 8 h/dark, as described previously [30, 161 
36]. Plants were periodically monitored for symptoms appearance, and the bacterial growth was 162 
estimated at 7, 14 and 21 days post inoculation (dpi). Three independent experiments were 163 
performed, and three plants for each P. savastanoi strain were used in each run. 164 

2.5. Reverse transcription-quantitative PCR (qRT-PCR) and gene expression analysis  165 

Liquid cultures of the wild-type strain Psn23 and its mutants were grown overnight at 26°C in 166 
KB, on an orbital shaker (100 rpm), then washed twice with SPS and transferred into MM medium 167 
supplemented with L-Trp (0.25mM) to reach an OD600=0.5. After 24 hours at 26°C and under shaking 168 
condition, bacterial cultures were collected and used for RNA extraction, performed with 169 
NucleoSpin® RNA Plus (Macherey-Nagel GmbH & Co. KG) and after a treatment with NucleoSpin® 170 
gDNA Removal Column (Macherey-Nagel GmbH & Co. KG) to eliminate any genomic DNA. Then, 171 
RNA Reverse transcription was carried out on about 5 μg of total RNA per sample, by using iScript™ 172 
Advanced cDNA Synthesis kit (Bio-Rad Laboratories Inc.). Diluted cDNA was analyzed with 173 
SsoFast™ EvaGreen® Supermix (Bio-Rad Laboratories Inc.), according to manufacturer’s protocols, 174 
using the CFX96 Real Time PCR Detection System and CFX Manager software v1.6 (Bio-Rad 175 
Laboratories Inc.). The specific primers pairs here designed and used are listed in Table S2. The 176 
expression of each monitored gene was quantified using the 2−ΔΔCt method and the 16S rRNA gene 177 
for normalization. For each sample, three biological replicates were processed in each of the three 178 
independent qRT-PCR experiments here carried out.  179 

2.6. Quantification of bacterial IAA synthesis 180 

The amount of IAA produced in vitro by the wild type strain Psn23 and its mutants was assessed 181 
both by the colorimetric Salkowski's method [37] and by high-performance liquid chromatography 182 
coupled with fluorescence detection (HPLC FD). Bacterial cultures were grown overnight at 26°C in 183 
KB on an orbital shaker (100 rpm), then washed twice with SPS and transferred into MM 184 
supplemented with L-Trp (0.25mM). At 24 and 48 h post-inoculation, bacterial growth was recorded 185 
as OD600. The bacterial cultures were centrifuged in a microcentrifuge at 5,000 rpm for 10 minutes. 186 
The supernatants were collected, filter sterilized on 0.2μm pore size membranes (Sarstedt, 187 
Nümbrecht, German), and then used as such for IAA determination both by Salkowski's assay and 188 
HPLC FD. The residual pellets were then resuspended into the same volume of MM of the original 189 
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cultures. The bacterial suspensions thus obtained were boiled at 100°C for ten minutes, then 190 
centrifuged and the supernatants filter sterilized as above. The supernatants obtained after bacterial 191 
cell lysis were used for IAA quantification by HPLC FD, further diluted 1:100 in 35% MeOH. 192 
Standards for IAA, L-Trp and IAM at high purity grade (98%) for analytical applications were 193 
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA), while IAA-Lysine was kindly synthesized 194 
by Department of Chemistry of the University of Padova, Italy. Standard curves were prepared by 195 
five ten-fold dilutions of each molecule, starting from 100 ppm in 35% MeOH. The HPLC analyses 196 
were performed on a HP 1100 Series chromatograph (Agilent Technologies, Waldbronn, Germany), 197 
equipped with diode array (DAD) and fluorescence (FLD) detectors. Chromatographic separations 198 
were carried out using a reverse-phase HPLC column ZORBAX ODS (4.6 mm x 250 mm; 5µm) 199 
(Agilent Technologies), whose temperature was set up at 40°C. A 50 µl injection volume and flow 200 
rate at 0.9 ml/min were selected. Analytes were separated with an isocratic elution in 35% MeOH. 201 
The detection was performed in absorbance at 273 nm and in fluorescence using λex 280 nm and λem 202 
340 nm. The HPLC-DAD/FLD system control, as well as data acquisition and analysis were 203 
performed using the ChemStation A.10.01 software (Agilent Technologies). 204 

2.7. Bioinformatic analysis 205 

Multiple sequence alignments and comparisons were performed by using the computer package 206 
Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) [38], and Basic Local Alignment Search 207 
Tool (BLAST) (http://www.ncbi.nlm.nih.gov/blast) [39]. Phylogenetic analyses were carried out using 208 
Neighbor-joining statistical method [40] and phylogenetic trees were generated in MEGA, version 209 
7.0.18 [41]. Bootstrap analysis used 500 replications, Poisson model for substitutions and pairwise 210 
deletion method for data treatments (gaps). The cut-off value for condensed tree was 90%. According 211 
to the putative MATE protein from Psn23, 3D structural models were produced by Phyre2 212 
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) [42] and RaptorX 213 
(http://raptorx.uchicago.edu/) under default settings [43]. Molecular models visualization was 214 
performed using the software USCF Chimera (https://www.cgl.ucsf.edu/chimera/) [44]. The in silico 215 
prediction of ligand-binding-sites for the interaction with target molecules was made by molecular 216 
docking, using the GEMDOCK software (BioXGEM) [45] and AutoDock Vina [46], and the molecular 217 
structure of L-Trp, IAM, IAA and IAA-lysine were assembled in digital format using MarvinSketch 218 
17.6 software (ChemAxon) (http://www.chemaxon.com). 219 

2.8. Data collection and statistical analysis 220 

The experiments reported in this study were always carried out in triplicate, and at least three 221 
independent experiments were performed. The results are reported as means values ± standard 222 
deviation (SD). PAST software version 3.11 was used [47] to perform one-way ANOVA followed by 223 
Tukey-Kramer's post-test analysis, and p values < 0.05 were considered to be statistically significant.  224 

 225 

3. Results 226 

3.1. In vitro IAA production by Psn23 depends from a functional matE gene  227 

Upstream to the gene iaaL, an ORF encoding a putative MATE efflux transporter (GenBank 228 
AOR51355) was found near the iaaM/iaaH operon in P. savastanoi pv. nerii Psn23, having a TTSS-229 
dependent expression and hypothesised to mediated IAA efflux, in addition to confer resistance to 230 
drugs such as 8 hydroxyquinoline [17]. To test this hypothesis, the in-frame deleted mutant matE 231 
was produced. As a control, the overexpressing mutant pT3-matE also was generated. Here the matE 232 
gene was under the control of an inducible promoter, that is the promoter driving the expression of 233 
hrpA in the TTSS of Psn23, hereafter named pT3. This promoter is switched on in vitro on Minimal 234 
Medium (MM), mimicking the apoplast conditions [27]. No significant differences were observed 235 
between the in vitro growth of Psn23 and its mutants matE and pT3-matE, when incubated at 26°C 236 
on MM or on KB, during the first 72 h in shaking condition (100 rpm) (data not shown). Similarly, no 237 
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differences were found in the ability the wild type strains Psn23 and the mutants matE and pT3-238 
matE to cause HR after their infiltration into the mesophyll of Tobacco leaves (Figure 1). 239 

 240 
 241 

 242 

Figure 1. Hypersensitive Response assay on N. tabacum. Tobacco leaves were infiltrated with bacterial 243 
suspensions of ΔmatE and pT3-matE mutants. For comparison the wild-type Psn23 (WT) was also 244 
tested. As negative control, sterile physiological solution was used (Neg.Ctrl). Picture was taken 48 h 245 
post-infiltration. 246 

Conversely, strongly statistically significant differences were found between Psn23 and its 247 
mutants as far as the in vitro production of IAA is concerned. After 24 and 48 h of incubation at 26°C 248 
on MM supplemented with Trp, the concentration of IAA in the bacterial free culture supernatants 249 
was evaluated by the colorimetric assay based on Salkowski’s reagent [17, 48]. As shown in Figure 2, 250 
after 24 h the amounts of IAA released into the culture medium by the mutants matE and pT3-matE 251 
were significantly lower and higher, respectively, than that of the wild type Psn23. The exceptionally 252 
increased value in IAA production obtained for the mutant pT3-matE was then confirmed as 253 
statistically significant also after 48 hours.  254 

 255 

 256 
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Figure 2. IAA in vitro production by Psn23, and its ΔmatE and pT3-matE mutants. Bacteria were grown 257 
on MM supplemented with Trp (0.25mM), at 26°C in shaking condition. Salkowski assay was carried 258 
out on bacterial supernatants collected after 24 h (blue) and 48 h (red) of growth. The data represent 259 
the average of three independent experiments, each with replicates ± standard deviation (SD). 260 
Different letters indicate significant differences among means of mutants at P < 0.05, according to 261 
Tukey’s test.  262 

3.2. Expression of matE gene influences expression of genes for IAA production and pathogenicity 263 

The expression of genes related to IAA biosynthesis (iaaM and iaaH) and metabolism (iaaL), to 264 
the activation of the master pathogenicity system TTSS (hrpRS and hrpA) as well as to the putative 265 
MATE transporter here studied (matE), was then evaluated by RealTime PCR on Psn23 and its matE 266 
mutants, grown on MM supplemented with Trp. The mutants iaaM and iaaL were also included 267 
for comparison. Coherently with the data on in vitro IAA production, the expression of iaaM and iaaH 268 
was statistically significantly reduced in the mutant matE in comparison to the wild type Psn23, 269 
while it was upregulated in the overexpressing mutants pT3-matE (Figure 3). 270 

 271 

 272 

Figure 3. In vitro gene expression analysis of the Psn23 mutants matE, pT3-matE, iaaL and iaaM. 273 
Bacteria were grown in vitro on MM for 24 h, and their gene expression was compared with that of 274 
the wild-type Psn23, for the genes hrpA (light blue), hrpRS (orange), iaaH (grey), iaaM (yellow), iaaL 275 
(blue) and matE (green). Data are averages of triplicates ± standard deviation (SD). Asterisks indicate 276 
significant differences compared with the untreated sample at p<0.05. 277 

Interestingly, in the mutant matE also the gene related to the TTSS were downregulated, and 278 
just the gene iaaL appeared to be overexpressed in comparison to the wild type Psn23. The gene 279 
expression profile of the matE mutant resulted here quite close to that of iaaM mutant, with the 280 
exception of the gene iaaL. 281 

Similarly to the pT3-matE mutant, the genes for IAA biosynthesis and matE were statistically 282 
significantly overexpressed in the iaaL mutant. Overall these findings strongly suggest the 283 
involvement of the putative Psn23 membrane protein encoded by matE also in bacterial IAA 284 
homeostasis, in particular to mediate IAA efflux. 285 

3.3. Virtual 3D modelling of Psn23 MATE and prediction of IAA and IAA-Lys as putative substrates  286 

Concerning microbial IAA, up to know just the fungal MATE transporter Mte1 of Tricholoma 287 
vaccinum has been demonstrated to have a role in IAA efflux, by an indirect approach based on the 288 
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use of the IAA transport inhibitor 2,3,5-triiodobenzoic acid (TIBA) [49]. Unfortunately, the crystal 289 
structure of Mte1 is not available yet, to perform the most appropriate structure-activity studies to 290 
unequivocally demonstrate its involvement in IAA active transport. Conversely, the crystal 291 
structures of some bacterial MATE transporters are already available, and all of them are membrane 292 
proteins characterized by the presence of twelve transmembrane helices (TM 1-12), forming an 293 
internal cavity. In this pocket, several quite specific and conserved residues provide the binding sites 294 
for the substrates and for those ions (H+ or Na+), whose gradient across the membrane serves as 295 
energy source [50]. As shown in Figure 4, also the putative Psn23 MATE transporter consists of twelve 296 
TMs arranged as two bundles (TM 1-6 and TM 7-12), one at the N- and the other at the C-terminal 297 
domain, forming the above mentioned pocket with a typical V-shaped conformation.  298 

 299 

 300 

Figure 4. Predicted membrane topology and structure of the Psn23 MATE transporter. A) Twelve 301 
putative TM domains were predicted for Psn23 MATE, on the basis of amino acid hydrophobicity; B) 302 
Ribbon 3D model of Psn23 MATE, viewed parallel to the membrane (left) and along the membrane 303 
normal from the periplasmic side (right), with the twelve TM helices numbered starting from the first 304 
N amino acid (methionine).  305 

According to this 3D model, in the TM1 and TM5 of the N lobe of Psn23 MATE two negative 306 
amino acids (E35 and D182) were found to be located, as occurring in the same TMs (D41 and D184) 307 
of the H+ driven MATE transporter from Pyrococcus furiosus (hereafter PfMATE) to give the cation-308 
binding site [51, 52]. In contrast, no negative charged amino acids were found in the TM7 and TM10 309 
of Psn23 MATE as well as of Pf MATE, as occurring in the NorM-type MATE transporters which 310 
usually use the Na+ - motive force to drive the substrate transport across the membrane [52, 53].  311 

Overall these findings support the hypothesis of Psn23 MATE transporter belonging to the DinF 312 
subfamily of the prokaryotic MATE transporters. On these bases, a virtual structure-based ligand 313 
analysis was then performed to assess if IAA and its conjugate IAA-Lys could be substrate for Psn23 314 
MATE, by using the GEMDOCK software (BioXGEM) and Pf MATE as comparative protein structure 315 
model [45]. The binding free energy calculations showed that free IAA and IAA-lysine could be 316 
realistically considered among the potential substrates transported by Psn23MATE across the 317 
bacterial membrane, and that the Y200, T170, T173 and T175 residues are important in substrate 318 
binding (Table 1).  319 

 320 
 321 
 322 
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 324 

Table 1. Energy values of interaction between selected Psn23 MATE aminoacids and several putative 325 
ligands. The value for each aminoacid residue represents the energy of the single bond (expressed as 326 
kcal/mol). H= hydrogen bonding; V= van der Waals forces. 327 

Ligand Energy H 

T175 

H 

Y200 

V 

T170 

V 

T173 

V 

T175 

V 

Y200 

L-Trp -72.1 0 0 0 0 0 -11.1 

IAM -71.2 -2.9 -1.4 0 0 -0.9 -10.6 

IAA-free -102.5 0 0 0 0 -1.5 -28.5 

IAA-lysine -95.1 -5.9 0 -2.1 -3.5 -3.9 -16.8 

 328 
While Y200 has to be considered potentially involved in the binding of both free IAA and of its 329 

conjugate with Lysine, the residues T170, T173 and T175 showed to have a stronger interaction with 330 
IAA-Lys than IAA, probably because of a specific affinity of polar uncharged amino acids for lysine, 331 
such as occurring for threonine. 332 

 333 

3.4. Site-directed mutagenesis of Psn23 MATE to confirm its involvement in pathogenicity and IAA 334 
secretion  335 

According to the data from virtual 3D modelling and docking analysis performed on Psn23 336 
MATE, site-directed mutagenesis was then carried out on those residues of its N-lobe supposed to be 337 
involved in cation-binding (i.e. D182), or in substrate recognition and interaction (i.e. T170, T173, T175 338 
and Y200). Therefore, the alanine-substituted mutants D182A and Y200A were obtained by single 339 
substitution events, while by a triple substitution the mutant T17035A was generated. As previously 340 
reported for the Psn23 mutants matE and pT3-matE, the in vitro growth of the alanine-substituted 341 
mutants D182A, Y200A and T17035A was not impaired in comparison to the wild type Psn23, when 342 
incubated at 26°C on MM or on KB in shaking condition (data not shown). 343 

Pathogenicity tests were then carried out on these mutants, as well as on the matE and pT3-344 
matE mutants, by using in vitro micropropagated oleander plants (var. Hardy Red) [17]. For 345 
comparison, the wild type Psn23 was also used. Plants were periodically monitored for symptoms 346 
appearance, and the development of the typical hyperplastic knot was firstly visible at naked eyes at 347 
about 7 dpi. The in planta bacterial growth was also periodically evaluated at 7, 14 and 21 dpi.  348 

The results obtained at 21 dpi are shown in Figure 5, where it is obvious the significant reduction 349 
in the size of the knots occurring in the matE inoculated plants, as well as on those infected by the 350 
alanine-substituted mutants D182A and Y200A.  351 

 352 
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 353 
 354 

Figure 5. Hyperplastic symptoms obtained at 21 dpi in pathogenicity tests carried out on 355 
micropropagated oleander plants with Psn23 wild type and its mutants matE, pT3-matE, D182A, 356 
Y200A and T17035A. Control: sterile physiological solution (SPS, NaCl 0,85%) inoculated plants. 357 
Complemented mutant for matE: matE(matE). 358 

Their hypovirulent phenotype is further confirmed by the data on their growth in planta, which 359 
was statistically significantly reduced in comparison to the wild type Psn23 (Figure 6). A reduction 360 
in their in planta growth ability was also observed at 21 dpi for the mutants T17035A and pT3-matE, 361 
although the hyperplastic galls they generated on infected plants were slightly bigger or comparable 362 
in size to those for the wild-type Psn23, for pT3-matE and T17035A, respectively (Figure 6). 363 

 364 

 365 

Figure 6. In planta bacterial growth of Psn23 wild type and its mutants matE, pT3-matE, D182A, 366 
Y200A and T17035A, at 7 (green), 14 (blue) and 21 (yellow) dpi. Values are the mean of 3 independent 367 
experiments, with 9 replicates for run and for each strain ± standard deviation (SD). Different letters 368 
indicate statistically significant differences among means at P < 0.05, according to Tukey’s test. 369 
Complemented mutant for matE: matE(matE). 370 
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These findings undoubtedly demonstrated that the putative transporter MATE coded in Psn23 371 
by matE gene is definitely involved in the virulence of this plant pathogen, expressed as ability to 372 
cause symptoms and to grow inside the infected plant host. Most importantly, this role appears to 373 
depend on Psn23 MATE ability to transport bacterial biosynthesised IAA using the H+ motive force, 374 
similarly to PfMATE [52]. It was therefore essential to increase the resolution of the analysis for the 375 
quantification of IAA and its conjugate IAA-Lys, as well as its intermediate IAM, synthesised in vitro 376 
by Psn23 and its MATE-mutants by using high-performance liquid chromatography coupled with a 377 
fluorescent detector (HPLC-FLD). In Figure 7, the data related to the in vitro production of IAA and 378 
IAA-Lys are evaluated by HPLC-FLD on the cell-free filtrates of Psn23 and the mutants matE and 379 
pT3-matE, after 24 and 48 h of growth on MM supplemented with Trp. For comparison, the 380 
hypovirulent iaaM and the hypervirulent iaaL mutants were also tested, thus to confirm what 381 
already known and expected, that is the iaaM inability to synthesise IAA as well as the 382 
hyperproduction of free IAA obtained by iaaL. The mutants matE and pT3-matE have been here 383 
shown to have a behaviour similar to iaaM and iaaL, respectively, for both IAA production and 384 
virulence. 385 

 386 
 387 

 388 
 389 

Figure 7. IAA in vitro production by the wild type Psn23 (WT) and its mutants matE, pT3-matE, 390 
iaaM and iaaL. After 24h (A) and 48h (B) of in vitro growth on MM supplemented with Trp, free 391 
IAA and IAA-Lys were quantified in the bacterial supernatants by HPLC-FLD. Data are averages of 392 
triplicates ± standard deviation (SD). Different letters indicate significant differences among means of 393 
mutants at P < 0.05, according to Tukey’s test. 394 

As far as the MATE alanine-substituted mutants are concerned, in Figure 8 the results obtained 395 
are reported. As expected, the hypovirulent mutants D182A and Y200A showed a reduce production 396 
of IAA and increased levels of IAA-Lys, with a behaviour coherent to that of the other hypovirulent 397 
mutant matE. Accordingly, no particular differences were found in the biosynthesis of IAA and its 398 
metabolite for the T17035 mutant in comparison to the Psn23 wild type, as occurring also for its ability 399 
to cause symptoms on the host plant. 400 

 401 
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 402 

Figure 8. IAA in vitro production by the wild type Psn23 (WT) and its MATE alanine-substituted 403 
mutants D182A, Y200A and T17035A. For comparison, the mutant matE was also used. After 24h 404 
of in vitro growth on MM supplemented with Trp, free IAA and IAA-Lys were quantified in the 405 
bacterial supernatants by HPLC-FLD. Data are averages of triplicates ± standard deviation (SD). 406 
Different letters indicate significant differences among means of mutants at P < 0.05, according to 407 
Tukey’s test. 408 

4. Discussion 409 

In plants, phytohormones are known to finely regulate plant morphogenesis and development, 410 
and their involvement in plant-microbe interactions has been demonstrated as well [1]. In this frame, 411 
a pivotal role is played by the auxin IAA, whose levels in plant can be modulated by phytopathogens 412 
to promote susceptibility in their potential hosts. Gram negative phytopathogenic bacteria belonging 413 
to the so called P. syringae complex have been shown to hijack IAA accumulation or auxin signaling 414 
by specific virulence factors, such as several TTSS effectors. In addition, most P. syringae bacteria 415 
produce IAA, even if they do not cause any hyperplastic symptom, and its role as a signaling 416 
molecule able to regulate bacterial gene expression as well as virulence has been ascertained [9, 10]. 417 
The hyperplastic activity of P. savastanoi pv. nerii strain Psn23 on Oleander was shown to depend 418 
from the balance between free IAA and its conjugate IAA-Lys in the infected tissues, and this process 419 
was demonstrated to be under the control of TTSS [17]. In this auxin-based dialogue with plants, up 420 
to now the aspect definitely less investigated has been how IAA-producing phytopathogenic bacteria 421 
secrete this phytohormone into the apoplast.  422 

Here, for the first time a bacterial MATE transporter was demonstrated to mediate IAA efflux in 423 
the plant pathogen P. savastanoi pv. nerii strain Psn23, as already known for some plant MATE 424 
membrane proteins which mediate transport of several phytohormones, including auxins [24]. The 425 
same role has been demonstrated just for a microbial MATE, that is Mte1 from T. vaccinum [49]. By 426 
targeted mutagenesis, several aminoacid residues involved in Psn23 MATE functionality have been 427 
identified. According to these data and to its putative structure, obtained by in silico 3D modeling, 428 
Psn23 MATE appears to belong to the DinF subfamily of the prokaryotic MATE transporters, such as 429 
the H+ driven MATE transporter from P. furiosus [51].  430 

Just another bacterial MATE transporter has been identified so far in plant pathogenic bacteria, 431 
particularly in Erwinia amylovora. The norM gene from E. amylovora codes for a protein higly 432 
homologous to the NorM MATE transporter of E. coli and Vibrio parahaemolyticus, and it was 433 
demonstrated to confer resistance to toxins produced by several epiphytic bacteria colonizing the 434 
same habitat in addition to the canonical resistance to some hydrophobic cationic antibiotics [54].  435 
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Here for the first time a bacterial MATE transporter was demonstrated to be involved in the 436 
molecular dialogue between a phytopathogenic bacterium and its potential host plant, by modulating 437 
IAA homeostasis in Psn23 through the MATE-mediated auxin transport. It is well established that in 438 
P. savastanoi the expression of several TTSS genes is down-regulated by IAA. Therefore, in the first 439 
step of the infection process induced by P. savastanoi it is reasonable to hypothesize that the 440 
intracellular IAA levels have to be carefully modulated by some homeostatic mechanisms, for the 441 
most part unknown but which certainly include IAA conjugation, to give less active auxin 442 
metabolites such as IAA-Lys. In the iaaL mutant, unable to conjugate IAA with Lysine, IAA secretion 443 
is strongly increased in association with a hypervirulent phenotype [17]. The same phenotype was 444 
here found for the overexpressing mutant pT3-matE. Conversely, a hypovirulent phenotype was 445 
scored for the Psn23 mutants having their MATE transporter somehow impaired, as occurring for the 446 
deleted mutant matE and for the alanine-substituted mutants D182A and Y200A. In addition, these 447 
mutants also showed a reduced in vitro IAA production in comparison to the wild type Psn23. Overall 448 
these data demonstrated that Psn23 MATE mediates IAA efflux, thus to contribute to maintain the 449 
most appropriate IAA intracellular concentrations in each step of the whole infective process, as also 450 
suggested by its TTSS-dependent expression, in order to maximise the chances of success. This 451 
regulation of IAA homeostasis is played together with IAA-Lysine synthase. The iaaL expression is 452 
also TTSS-dependent, as well as coordinated with that of matE and IAA-inducible [17]. According to 453 
the experimental data obtained by HPLC-MS on the IAA in vitro production by Psn23 and its MATE-454 
mutants, Psn23 MATE can be fairly hypothesised to transport IAA but not its conjugate IAA-Lys, for 455 
which additional secretion mechanisms have to be taken into consideration. 456 

However, in addition to the virtual structure-based ligand analysis here carried out, the crystal 457 
structure determination and analysis of Psn23 MATE is the next key step to definitely elucidate those 458 
substrates specifically recognised and trasported by this membrane protein, as well as the actual 459 
antiporter cation (H+ or Na+). A deeper understanding of mechanisms underlying the physiology and 460 
the activity of these evolutionarily conserved transport proteins also in bacterial plant pathogens is 461 
advisable. For its role in the efflux of a virulence factor such as IAA and also in the resistance to 462 
several antimicrobials [17], Psn23 MATE has indeed to be considered an important promising target 463 
for the development of innovative and ecofriendly strategies for the control of Psn23 as well as of 464 
other pathogenic bacteria, possibly by the use of natural indole-mimicking competitors. 465 

Supplementary Materials: Table S1: Bacterial strains, mutants and plasmids used in this study; Table S2: Primers 466 
used in this study.  467 
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5.1 Introduction 

 

Members of the Curtobacterium genus are Gram-positive, obligately aerobic 

chemoorganotrophs in the family Microbacteriaceae, phylum Actinobacteria (Evtushenko 

and Takeuchi, 2006). Curtobacterium flaccumfaciens is the only pathogenic species of this 

genus (Young et al., 1996). Furthermore, different pathovars of C. flaccumfaciens were 

described as economically important plant pathogens on annual crops, such as dry bean 

(Harveson et al., 2015) and sugar beet (Chen et al., 2007). 

Under field conditions, C. flaccumfaciens can survive on a wide number of nonhost 

plant species, including alfalfa, maize, eggplant, pepper, sunflower, tomato and wheat 

(Harveson et al., 2015). Recently, pathogenicity test on common bean plants (Phaseolus 

vulgaris) were conducted with epiphytic C. flaccumfaciens strains isolated from 

symptomless Solanaceous vegetables (Osdaghi et al., 2018). Only a small number of tested 

strains were no pathogenic on these plants, instead the most of them showed wilt symptoms, 

exactly such as those caused by C. flaccumfaciens pv. flaccumfaciens (Cff) (Osdaghi et al., 

2018). Cff is the causal agent of bacterial wilt of dry beans worldwide, and it is responsible 

for severe yield losses and seed quality reduction (Osdaghi et al, 2015; Chase et al., 2016). 

Studies on the genome of C. flaccumfaciens, as well as Cff, are in their infancy as well 

as poorly understood. It is known that a pair of PCR primers (CffFOR2-CffREV4) amplify 

a 306-bp DNA specific fragment using DNA Cff as template (Tegli et al., 2002). The specific 

primers were designed targeting a sequence of cloned DNA fragment of 550 bp which had 

high identity with a putative serine protease. The serine proteases are known to be involved 

in the in plant–microbe interaction in different phytopathogenic bacteria, such as Clavibacter 

spp. and Xanthomonas spp. (Eichenlaub et al., 2011, Hotson et al., 2003). Information about 

genes involved in virulence of Cff are not available, also as a results of the lack of genome 

studies on these bacteria. 

In this study, we have selected two C. flaccumfaciens strains isolated from Solanaceous 

plants, one virulent and the other not virulent on bean (P990 /ICMP 22053 and Tom827 / 

ICMP 22084, respectively). The Cff type strain ICPM 2584 was used for comparison. At 

first, it was verified through gene expression studies that the specific Cff-fragment was not 

expressed by the strain which was not virulent on bean. Then, the genome of these three 

strains was sequenced and a comprehensive comparison of their genomes was conducted, 

using DNA structural and annotation features in order to identify genes involved in 
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pathogenicity and/or virulence of the two strains virulent on bean plants, and thus belonging 

to Cff. 

 

5.2 Materials and methods 

 

Bacterial strains, media and growth condition 

The Curtobacterium sp. using in this study are listed in Table 1. The bacteria strains were 

routinely grown at 26°C as liquid or solid cultures in Luria-Bertani LB (Miller, 1972) or 

YDC (tryptone at 10 g/liter, yeast extract at 5g/liter, NaCl at 5 g/liter, pH 7.5) medium.  

 

       Table 1: list of strains used in this study.  

Strain 
Host of 

isolation 

Date of 

isolation 

International 

collection n° 
Reference 

P990 Bell pepper 2015 ICMP 22053 Osdaghi et al. 2018 

Tom827 Tomato 2015 ICMP 22084 Osdaghi et al. 2018 

Type Bean 1957 ICMP 2584T ICMP 

        T: Type strain 

 

Quantitative gene expression analysis  

Bacterial gene expression was evaluated by real-time PCR. Bacterial cells of strain Tom827 

and type strain ICPM2584 were grown overnight in LB (starting concentration OD600=0.1), 

washed twice with SPS and transferred into LB. Cells were collected after 24 h of incubation 

at 26°C on an orbital shaker (100 rpm). Total RNA was purified from bacteria using 

NucleoSpin® RNA Plus (Macherey-Nagel GmbH and Co. KG, Düren, Germany). The RNA 

quality was evaluated both spectrophotometrically, with NanoDrop™ ND-1000 (NanoDrop 

Technologies Inc., DE, USA), and visually by standard agarose gel electrophoresis [1% 

agarose (w/v) in TBE 1×] (Sambrook et al., 1989). About 1 μg of RNA for each treatment 

was reverse transcribed, using iScript™ Advanced cDNA Synthesis kit (Bio-Rad 

Laboratories Inc., Hercules, CA, USA), according to the manufacturer’s instructions. 

Diluted cDNA was analysed by real-time PCR, with SsoFast™ EvaGreen®Supermix (Bio-

Rad Laboratories Inc.) and using the CFX96 cycler–real-time PCR Detection System and 

CFX-manager software v1.6 (Bio-Rad Laboratories Inc.). To normalise the expression of 

monitored gene, the 16S rDNA expression level was used as a housekeeping gene. For each 
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sample, three replicates were analised, and three independent experiments were conducted. 

The primers used are listed in Table 2. 

 

                 Table 2: Primers designed and used in this study for real time-PCR  

                   experiments                                       
 

 

 

 

 

 

 

 

 

Genome sequencing and annotation 

Genomic DNA was extracted from bacteria liquid culture using Gentra PureGene™ 

Yeast/Bacterial Kit (QIAGEN) according to the supplier’s instructions. Genome sequencing 

was conducted using Illumina HiSeq 3000 platform (Italy). Sequence assembly was 

performed with SPAdes algorithm (Bankevich et al., 2012). Moreover, whole contigs (≥ 0 

bp) of the three strains where aligned with reference genome using MeDuSa (Bosi et al., 

2015) in order to reduce contigs number. Then, contig thus reduced were used to functional 

annotation which were performed with Prokka1.13.3 (Seemann, 2014), setting up a database 

of genomes of Curtobacterium sp. In addition, tRNA, rRNA, gene and signal peptide calling 

were performed respectively with ARAGORN, (Laslett et al., 2004) Barrnap (Lagesen et 

al., 2007), Prodigal (Chen et al., 2010) and SignalP (Nielsen, 2017) program. Assigned 

function were checked with BLAST (Altschul et al., 1990). 

 

Comparative analysis 

Comparative genomics of the three strains were carried out using Roary (Page et al., 2015). 

Finally, IslandViewer (Langille et al., 2009) was used to assess the presence of putative 

genomic islands (GIs) on the draft genomes. IslandViewer integrates two sequence 

composition GIs prediction methods, namely IslandPathDIMOB (Hsiao et al., 2005) and 

SIGI-HMM (Waack et al., 2006), and one single comparative GI prediction method, namely 

IslandPick (Langille et al., 2009) for genomic island prediction. The presence of possible 

virulence-related gene and genes theoretically expressed during bean infection in the draft 

Primer name Primer sequence (5’ → 3’) 

Cff B3 CGTTAGTGAAGGCTGACGAA 

Cff F3 TTCCCGGTGTTCAGTTGAC 

16sF_CffRT _FOR TGGCCGCATGGTCTGG 

16s_CffRT_REV GCCGTGTCTCAGTCCCA 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Bankevich%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22506599
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bankevich%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22506599
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genome of Cff strains was analysed by comparing them with the C. flaccumfaciens strain 

Tom827 which is avirulent on bean. 

 

Data analysis 

Statistically significant differences among treatments were calculated by one-way ANOVA 

with Tukey-Kramer post-test (p<0.05) with PAST software (Version 3.11, Øyvind Hammer, 

Natural History Museum, University of Oslo). 

 

5.3 Results 

 

Quantitative gene expression analysis  

Previous studies have shown that a primer pairs (CffFOR2-CffREV4), which targeted a 

sequence of cloned DNA fragment of 550 bp encoding for a putative serine protease, amplify 

a specific fragment using Cff-DNA as template (Tegli et al., 2001). Moreover, it is known 

that the C. flaccumfaciens strain Tom827 neither gives any amplicon by using these Cff 

specific primers nor is positive on pathogenicity tests on bean plants (Osdaghi et al., 2018).  

Bacterial gene expression of this putative serine protease was evaluated by real-time PCR, 

by designing and using the primer pair B3-F3 (Table 2). As shown in Figure 1 and as 

expected, no expression was observed for this gene for the C. flaccumfaciens strain Tom827 

when grown in vitro on LB, while a positive signal was found for the Cff type strain ICPM 

2584. These data confirm that the sequence targeted by the CffFOR2-CffREV4 primer pair, 

encoding a putative serine protease, is present and expressed only by Cff strains and likely 

linked to their virulence on bean plants. 

 

General features of the chromosomes 

The shotgun sequence of Cff type strain ICP2584 yielded 2,038,269 read pairs (313,770 

250pb paired-end reads and 1,724,499 180pb mate pair reads). Furthermore, the shotgun 

sequence of Cff P990 strain yielded 4,078,563 read pairs (2,474,933 250pb paired-end reads 

and 1,603,630 180pb mate pair reads). Finally, the shotgun sequence C. flaccumfaciens 

Tom827 strain yielded 4,103,038 read pairs (2,484,762 250pb pair-end reads and 1,618,275 

mate pair reads).  

Genome assembly using paired-end and mate-paired reads resulted in a 3.83 Mb for Cff type 

strain ICPM 2584), 3.94 Mb for Cff P990 and 3.81Mb for C. flaccumfaciens Tom827 strain. 

Moreover, the assembly resulting in 131 contigs 500 bp (N50 190,112) for the Cff type stain 
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(ICP2584), in 179 contigs 500bp (N50 816,167) for the C. flaccumfaciens Tom827 strain 

and 171 contigs 500bp (N50 755,151) for the Cff P990 strain. The GC % content of the 

chromosome is 70.81% for Cff type strain (PM 2584), 70.78% for Cff P990 strain, and 70.93 

for C. flaccumfaciens strain Tom827. Moreover, the number of CDSs, signal peptides and 

RNAs which have been identified are listed in Table 3.  

 

 

 

 

 

 

 

          Table 3: comparison of genome characteristics (based on Prokka server) 

Genome name Type strain P990 Tom827 

Host Bean Bean / 

Disease Bacterial wilt Bacterial wilt / 

Size (pb) 3838786 3944189 3812828 

n° contigs (>500pb) 131 179 171 

Largest contig size (pb) 902486 9375563 1360892 

GC (%) 70.81 70.78 70.93 

CDS 3723 3767 3630 

rRNA 4 5 5 

tRNA 51 52 54 

Signalp 287 368 274 
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Figure 1: Differential gene expression of pathogenic strain (ICPM 

2584) and the non-pathogenic strain (Tom827) with B3/F3 primer 

pairs. Bacteria grown in vitro on LB alone for 24h. Data are the 

averages of triplicates ± standard deviation (SD). Asterisks indicate 

significant differences compared with 
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Comparative analysis 

The analysis of the three genomes with IslandPath-DIMOB method showed that at least 8 

regions with lower GC content, distributed among different contigs, could be distinguished 

(Table 4). The putative genomic islands 1, 2, 3, 4 and 5 count have been excluded from 

further analysis because of their very low number of bases. The genomic island 6 of Cff type 

strain (ICPM 2584) counts 22.76kb and does not overlap with any genomic region of P990. 

On reverse, the genomic island 7 of Cff P990 strain does not overlap with any genomic region 

of Cff type strain ICPM 2584. Conversely, the genomic island 8 of Cff type strain ICPM 

2584 and the genomic island 9 of the Cff P990 strain have several genes in common although 

different lengths. Moreover, a comparative analysis conducted with Roary showed a region 

of 115 genes which are common to these Cff strains, but absent in the avirulent 

C.flaccumfaciens strain Tom827. This region partially overlaps the genomic island 8 and 9 

and includes several genes involve on virulence (Additional data Table S1), a high number 

of integrases (Additional data Table S2) and a considerable number of genes related to 

conjugative systems (Additional data Table S3).  

 

           Table 4: Low GC regions detected by IslandViewer. 

N° 
Size 

(bp) 

GI prediction 

program 
Strain 

1 8.229 IslandPath-DIMOB Type 

2 11.585 IslandPath-DIMOB Type 

3 5.114 IslandPath-DIMOB P990 

4 8.195 IslandPath-DIMOB Tom827 

5 9.469 IslandPath-DIMOB Tom827 

6 22.758 IslandPath-DIMOB Type 

7 24.908 IslandPath-DIMOB P990 

8 27.653 IslandPath-DIMOB Type 

9 76.382 IslandPath-DIMOB P990 

 

5.4 Discussion 

 

The starting point of the genomic studies here carried out on Cff was the 550 bp DNA 

fragment targeted by the PCR primer pair CffFOR2-CffREV4, routinely used for a specific 

Cff diagnostic test (Tegli et al., 2002). This fragment encodes for a putative serine-protease 
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(Osdaghi et al, 2018) whose gene expression was exclusive of the Cff strains as here assessed 

by real-time PCR (Figure 1) Therefore, these results raised the question of the potential role 

of this protein in the interaction between Cff and its hosts, In particular, this putative serine 

protease could be hypothesised to be involved in Cff virulence on bean, as occurring for 

these proteins in other plant pathogen bacteria (Gartemann et al., 2008). Genome sequencing 

and comparative genome analysis have been demonstrated pivotal to detect genomic 

differences among virulent and no virulent strains of the same bacterial species, according 

to an untargeted approach (Tambong et al., 2017; Zaluga et al., 2014). Therefore, we sequenced 

the genome of the three strains (Cff type strain, Cff P990 strain and C. flaccumfaciens 

Tom827 strain), and then the data obtained were used for a genomic comparative analysis to 

try to discover genes potentially related to Cff pathogenicity and virulence on bean plants. 

The analyses carried out with Roary and IslandViewer clearly showed a 115 genes region 

which was exclusive of Cff type strain and Cff P990strain. This region includes the Cff-

specific DNA fragment targeted by CffFOR2-CffREV4 primers, in addition to several other 

genes putatively involve in virulence, a high number of integrases and a considerable number 

of genes related to bacterial conjugative systems (Additional data Table S1, Table S2, Table 

S3).  

Several serine proteases are among those proteins hypothetically involved in Cff 

virulence (Table S1), as occurring in other plant pathogens (Stork et al., 2008). The proteases 

XopD of Xanthomonas campestris pv. vesicatoria affects several plant signalling pathways 

leading to stress responses or defence reactions against pathogens (Hotson et al., 2003). It is 

well known that serine proteases have a role in plant pathogen interaction for Clavibacter 

michiganensis subsp. michiganensis (Cmm) NCPPB382, as well as Clavibacter 

michiganensis subps. sepedonicus (Cms) (Nissinen et al., 2009, Stork et al., 2008).  

Still in the same region supposed to be involved in Cff pathogenicity and virulence, a gene 

encoding for a putative pectate lyase (p990_03615; type.fna_03755) is included (Table S1). 

Pectin or pectic substances have been demonstrated to play an important role in the defence 

mechanisms against plant pathogens, and their degradative action contributes to disease 

development in pepper and tomato respectively in Clavibacter michiganensis subsp. capsici 

and Clavibacter michiganensis subsp. michiganensis (Hwang et al, 2018; Thapa et al., 2017; 

Voragen et al., 2009).  

The C. flaccumfaciens Tom827 strain, avirulent on bean, completely lacks all these 

genes. In light of these results, we can strongly hypothesise these genes could have a role in 

plant-pathogen interaction for Cff, as it is already known for Clavibacter spp. and 



62 
 

Xanthomonas spp. (Hotson et al., 2003, Nissinen et al., 2009, Stork et al., 2008, Hwang et 

al, 2018; Thapa et al., 2017). According to homology studies it is reasonable to presume Cff 

acquiring these determinants from other plant pathogenic bacteria by horizontal gene transfer 

(HGT) events. Conjugation, which is one of the major mechanisms of gene transfer, requires 

cell-to-cell contact and is able to deliver the whole genome of one cell into another 

(Guglielmini et al., 2014). Probably the mating pair formation (MPF) was occurred on those 

most common host plants for Clavibacter spp. and Xanthomonas spp., which are 

Solanaceous and on which Cff has been demonstrated able to survive and multiply (Harveson 

et al., 2015).  

Moreover, integrase genes and presence of known conjugative genes are hall-marks for 

presence of Integrative Conjugative Elements (ICE), supporting the assumed horizontal gene 

transfer (Ambroset et al., 2015). The 115 genes region, occurring exclusively on Cff strains, 

counts two integrases which are essential to catalyse the integration reaction (Delavat et al., 

2017) (Table S2). In addition, the same region includes two of the major components of a 

conjugative system: a relaxosome and a type IV secretion system (T4SS) (Table S3) 

(Guglielmini et al., 2014). Conjugation relies another component, the coupling protein 

(T4CP). Annotation results did not show a specific T4CP, but only one AAA+ ATPase 

(Table S3) which could be responsible for coupling the relaxosome with the DNA transport 

apparatus during cell mating (Alvarez Martinez et al, 2009). Furthermore, lacking 

considerable genomic information about Curtobacterium spp., it is also possible that other 

not identified proteins among those placed adjacent to the relaxosome could be T4CP 

coupling proteins.  

In conclusion, genomes comparative analysis and gene expression studies had allowed 

to detect at least a genomic island in Cff, containing genes putatively involved in the 

pathogenicity and virulence of these strains. In addition, the presence of integrases and 

conjugative genes suggest its acquisition by horizontal gene transfer event, likely occurred 

with other phytopathogenic bacteria such as Clavibacter, which allowed to transfer genes 

involved in disease development and plant-pathogen interaction.  
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5.5 Additional materials 

 

 

 

CDS identifiers 

P990 strain 

CDS identifiers 

Type strain 
Annotation 

p990_03611 type.fna_03759 trypsin-like serine protease 

p990_03612 type.fna_03758 trypsin-like serine protease 

p990_03613 type.fna_03757 serine protease 

p990_03614 type.fna_03756 putative Serine/cysteine peptidase protein 

p990_03615 type.fna_03755 pectate lyase 

p990_03652 type.fna_03718 trypsin-like serine protease 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CDS identifiers 

P990 strain 

CDS identifiers 

Type strain 
Annotation 

p990_03610 type.fna_03760 transposase 

p990_03627 type.fna_03743 transposase 

p990_03648 type.fna_03722 transposase 

p990_03649 type.fna_03721 integrase 

p990_03650 type.fna_03720 integrase 

Table S1: Putative virulence genes found in the Cff type strain and Cff P900 strain 

genomes (Based on the annotation results from Prokka1.13.3) 

 

 

 

 

 

 

Table S2: Mobile genetic elements found in the Cff type 

strain and Cff P900 strain genomes (Based on the 

annotation results from Prokka1.13.3) 
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CDS identifiers 

P990 strain 

CDS identifiers 

Type strain 
Annotation 

p990_03651 type.fna_03719 conjugative relaxase 

p990_03672 type.fna_03698 AAA family ATPase 

p990_03691 type.fna_03679 putative Flp pilus-assembly protein 

p990_03692 type.fna_03678 pilus assembly protein 

p990_03693 type.fna_03677 pilus assembly protein 

p990_03695 type.fna_03675 TadC protein 

p990_03697 type.fna_03673 
type II/IV secretion system ATPase 

subunit 

p990_03703 type.fna_03667 type IV secretion system protein VirB4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S3: Putative genes involved on conjugative system found in the Cff type strain and 

Cff P900 strain genomes (Based on the annotation results from Prokka1.13.3) 
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6.1 Introduction 

 

Curtobacterium flaccumfaciens pv. flaccumfaciens (Cff) is a Gram-positive bacterium 

and is the causal agent of bacteria wilt of dry beans worldwide (Harveson et al., 2015). Cff 

is included in the A2 quarantine list of the European and Mediterranean Plant Protection 

Organization (EPPO, 2011).  

The host range of the pathogen varies among different legumes such as common bean 

(Phaseolus vulgaris) (Urrea & Harveson, 2014), cowpea (Vigna unguiculata), mungbean 

(Vigna radiata) (Wood & Easdown, 1990), soya bean (Glycine max) (Sammer & Reiher 

2012) and pea (Pisum sativum) (EPPO 2011; Silva Junior et al. 2012). 

Under field conditions, Cff can survive on a wide number of nonhost plant species, 

including alfalfa, maize, eggplant, pepper, sunflower, tomato and wheat (Harveson et al., 

2015). Recently, pathogenicity test on common bean plants (Phaseolus vulgaris) were 

conducted with epiphytic C. flaccumfaciens strains isolated from symptomless Solanaceous 

vegetables (Osdaghi et al., 2018a). Only a small number of tested strains were no pathogenic 

on these plants, instead the most of them showed wilt symptoms, exactly such as those 

caused by C. flaccumfaciens pv. flaccumfaciens (Cff) (Osdaghi et al., 2018a).  

Metals and metalloids are natural elements present in soils (Hobman & Crossman., 

2014). Bacteria require these compounds for their growth, however, they are toxic for them 

in high concentrations. (Argudìn et al., 2019). Concentrations in soils vary and as such, 

bacteria have developed very efficient and different resistance mechanisms over the age 

(Trevors et al., 1985). In many organisms, the genes controlling metal(loid) resistance are 

carried on plasmids or other mobile genetic element, which provide the bacteria with a 

competitive advantage over other organisms when metals are present (Argudìn et al. 2019; 

Trevors et al., 1985). Research on metal-Cff interactions is still in its early stages of 

development. Recent study has demonstrated that, unlike the no virulent strains, the Cff 

strains, which were virulent on common bean are resistance to arsenic compounds (Osdaghi 

et al, 2018b). The association between arsenic resistance and virulence on common bean 

remains to be elucidated. 

In this study, the chemical sensitivity to a wide number of metals and metalloids of three 

Cff strains (P990 strain, 50R strain and Cff type strain) was tested through Phenotype 

MicroArray analysis. In addition, the most significant metals/metalloids were further tested 

though traditional microbiological plate assays, including also the no pathogenic C. 

flaccumfaciens strain Tom 827 for comparison. At last, a genomic comparative analysis was 



 

70 
 

conducted in order to detect the genetic determinants of tellurite and arsenic resistance, and 

that could be putatively related to the differential virulence on bean and other hosts of strains 

Cff P990, Cff type strain, and C. flaccumfaciens strain Tom827. 

 

6.2 Materials and methods  

 

Bacterial strains, media and growth condition 

The Curtobacterium spp. used in this study are listed in Table 1. These strains were routinely 

grown at 26°C as liquid or solid cultures in Luria-Bertani LB (Miller, 1972) medium.  

 

         Table 1: List of C. flaccumfaciens strains used in this study.  

Strain 
Host of 

isolation 

Date of 

isolation 

International 

collection n° 
Reference 

P990 Bell pepper 2015 ICMP 22053 Osdaghi et al. 2018 

Tom827 Tomato 2015 ICMP 22084 Osdaghi et al. 2018 

50R Common Bean 2014 ICPM 2207 Osdaghi et al. 2016 

Cff Type Common Bean 1957 ICMP 2584T ICMP 

         T: Type strain 

 

Phenotype Microarray tests 

Cff strains were tested by Phenotype Microarray (PM) technology on panels for chemical 

sensitivity (PM09-PM20). Overall 960 different conditions were tested, among which 100 

refer to metals and metalloid compounds (i.e. 25 metal/metalloid compounds tested at 4 

different concentrations). The complete list of the compounds here assayed can be obtained 

at http://www.biolog.com/pdf/PM1-PM10.pdf. PM uses tetrazolium violet (TV) reduction 

as a reporter of metabolic activity and cell viability in aerobic cells (Bochner et al., 2033). 

At the concentrations here used, TV is a colourless salt, water-soluble, positively charged 

and thus cell permeable, which after its uptake into the cells functions as an artificial electron 

acceptor to detect dehydrogenase activities. As a consequence of TV reduction, water-

insoluble and purple coloured formazan is irreversibly produced, that can be quantified by 

using spectrophotometric methods. According to PM protocols, the formation of formazan 

is recorded every 15 min, to provide quantitative and kinetic information about the response 

of cells to the compounds assayed (Bochner et al.,2001).  

http://www.biolog.com/pdf/PM1-PM10.pdf
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Each bacterial strain was grown for 48 h 25°C on Luria Bertani (LB, composition 10 g/L 

triptone, 5 g/L yeast exctract, 10 g/L NaCl) agar medium. Colonies were picked up with a 

sterile cotton swab and suspended in 0.8% NaCl water solution. Cell density was adjusted 

to 81% transmittance (T) on a Biolog turbidimeter. The cellular suspension was diluted ten 

times in LB liquid medium and 1x dye 

G (Biolog), containing TV. PM plates were then sealed with Breath-aesy gas permeable 

membrane (Sigma- Aldrich), and incubated statically at 25°C in an Omnilog Reader for 32 

hours. Kinetic data was analyzed by the Omilog-PM software (release OM_PM_109M) 

(Biolog). Strains were defined sensitive, moderately tolerant or resistant to each toxic 

compound on the bases of the trend of their kinetic curves at four different, increasing but 

unknown concentrations. Strains showing no metabolic activity in presence of the lowest 

concentration were considered sensitive, strains showing metabolic activity which decrease 

on the four increasing concentrations were considered moderately tolerant, while strains 

showing high metabolic activity and similar at any concentration were considered resistant. 

To identify different levels of tolerance to metal and metalloids in the three Cff strains here 

examined, the differences between the areas of the kinetic curves of the three strains for each 

metal/metalloid concentration were calculated. Differences higher of 3,000 Arbitrary 

Omnilog Units (AOU) or lower than -3,000 AOU were considered relevant to identify 

respectively and higher resistance or higher sensitivity of one strain in respect to the others 

(Bochner et al., 2001).  

 

Screening for metal and metalloid resistance 

According to the PM results here obtained, then the specific responses to different metal and 

metalloid of Cff P990 strain, Cff 50R strain, Cff type strain, and of C. flaccumfaciens Tom827 

strain were further evaluated by traditional microbiological assays.  Tellurium, silicon and 

caesium compounds (i.e. potassium tellurite [K2TeO3], sodium metasilicate [Na2SiO4] and 

caesium chloride [CsCl] were selected and used at different known concentrations (Table 3). 

The bacterial strains were screening using Luria-Bertani (LB) agar plates supplemented with 

three different concentration of potassium tellurite (0.3, 0.2 and 0.1 mM), sodium 

metasilicate (8, 6.5 and 5 mM) and caesium chloride (75, 50, 25 mM). For each strain, LB 

agar plate without any metal/metalloid supplemented was used as positive control. For each 

strain, several tenfold dilutions were prepared from a starter suspension (OD600= 2.5) 

obtained from a fresh culture grown at 26°C for 12h on LB medium. For each dilution, 12 

spots of 5μl each were plated on each Petri dish, amended with the tested metals/metalloids 

http://mic.sgmjournals.org/content/155/1/95.long#ref-3
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or not. The plates were then incubated at 26°C for 24h, and after that the number of colonies 

forming units (CFU) was evaluated for each spot.  

 

Comparative metal resistance determinants analysis 

Comparative genomics of the Cff type strain, Cff P990 strain and C. flaccumfaciens strain 

Tom827 were carried out using Roary (Page et al., 2015). The presence of possible metal 

resistance genes in these three draft genomes was analysed by calling sequences for well-

known metal resistance  

determinants in other bacterial systems, and then the assigned functions were further checked 

by BLAST analysis (Altschul et al., 1990). 

 

Data analysis 

Statistically significant differences among treatments were calculated by one-way ANOVA 

with Tukey-Kramer post-test (p<0.05) with PAST software (Version 3.17, Øyvind Hammer, 

Natural History Museum, University of Oslo). 

 

6.3 Results 

 

Phenotype Microarray tests. 

PM analysis was applied to evaluate the tolerance of the three Cff strains to toxic compound, 

and in particular to metals and metalloids. Twenty-five metals/metalloid compounds 

containing 19 different metal/metalloids (Al, Cd, Co, Cr, Cs, Cu, Fe, Li, Mn, Ni, Tl, V, W, 

Zn, As, B, Sb, Si, Te) were tested at four different unknown concentrations in PM panels 

(PM11-20). The results obtained showed that all the three strains were sensitive to cadmium, 

resistant to both sodium metasilicate and cesium chloride, whereas showed a moderately 

tolerance to all the other tested compounds (Table 2). The three Cff strains showed a different 

tolerance only to three metalloids (As, Sb, and Te) in the form of the four compounds sodium 

arsenite, sodium arsenate, antimony (III) chloride and potassium tellurite (Figure 1). In 

particular Cff type strain was more sensitive to sodium arsenite, sodium arsenate, antimony 

(III) chloride than both Cff 50R strain and Cff P990 strain, whereas Cff P990 strain was more 

sensitive than Cff type strain and Cff 50R strain to sodium tellurite. 
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  Table 2: Tolerance of Cff strains as determined by Phenotype Microarray analysis. 

 

 

 

 

 

 

 

 

 

 

 

  
  Tolerance Level 

 

CHEMICAL 

ELEMENTS 

CHEMICAL 

COMPONDS 
SensitiveA TolerantB ResistantC 

M
E

T
A

L
S

 

Al Aluminium sulfate   χ   

Cd Cadmium chloride χ     

Co Cobalt chloride   χ   

Cr 

Potassium chromate   χ   

Sodium dichromate   χ   

Chromium Chloride   χ   

Cs Cesium chloride     Χ 

Cu Cupric chloride   χ   

Fe Ferric chloride   χ   

Li Lithium chloride   χ   

Mn 
Manganede (II) 

chloride 
  χ   

Ni Nickel chloride   χ   

Tl Thallium (I) acetate   χ   

V 

Sodium 

metavandanate 
  χ   

Sodium 

orthovandanate 
  χ   

W Sodium tungstate   χ   

Zn Zinc chloride   χ   

M
E

T
A

L
L

O
ID

S
 

As 
Sodium m-arsenite   χ   

Sodium arsenate   χ   

B 
Boric acid   χ   

Sodium taborate   χ   

Sb 
Antimony (III) 

chloride 
  χ   

Si Sodium metasilicate     Χ 

Te Potassium tellurite   χ    

ASENSITIVE:strains showing no metabolic activity in presence of the lowest concentration were 

considered sensitive 
BMODERATELY TOLERANT: strains showing metabolic activity which decrease on the four 

increasing concentrations were considered moderately tolerant 
CRESITANT: strains showing high metabolic activity similar on all the four concentrations was 

considered resistant 
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Figure 2:  Different tolerance of C. flaccumfaciens strains to As, Sb and Te compounds as detected 

by PM technology. Each toxic compound was tested at four different increasing concentrations. 

The blue scale represents the area of kinetic curves of the three strains detected in PM experiments. 

For each concentration of the four toxic compounds the differences between the areas of the three 

strains were calculated.  Differences higher of 3000 AOU or lower than -3000 AOU were 

considered relevant to identify respectively and higher resistance or an higher sensitivity of one 

strain in respect to the others (a: Type strain more sensitive than 50R, b:Type strain was more 

sensitive than P990, c: P990 strain more sensitive than Type strain, d: P990 strain more sensitive 

than 50R). 
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Screening for metal and metalloid resistance 

All the Cff strains were shown to be resistant to sodium metasilicate and caesium chloride 

by PM analysis. When grown on plates supplemented with 5 mM of Na2SiO4 they all grew, 

whereas the CFU values begun to decrease at 6.5 mM and 8 mM concentrations (Table 3). 

As far as caesium chloride is concerned, the bacterial growth was similar to that of controls 

when plated on 50 mM and 25 mM CsCl concentration, while it was impaired at 75mM CsCl 

(Table 3). Results differentiating the four C. flaccumfaciens strains here studied were 

obtained on plate supplemented with potassium tellurite (Table 3). At 0.1 mM and 0.2 mM 

concentrations, Cff 50R strain and Cff type strain had a regular growth, comparable to that 

of the positive control. Conversely, Cff P990 strain and C. flaccumfaciens strain Tom827 

were impaired in their growth at 0.2 mM potassium tellurite. At last, all the C. flaccumfaciens 

strains showed a growth reduced when plated on LB agar supplemented with 0.3 mM 

K2TeO3. 

 

   

 

 Resistance to 

 Caesium Chloride Sodium Metasilicate Potassium Tellurite 

  
75 mM 50 mM 25 mM 8 mM 6.5 mM 5 mM 0.3 mM 0.2 mM 0.1 mM 

ICPM 

2584 
106-107 107-108 107-108 105-106 106-107 106-107 105 106 106 

50R 106-107 107-108 107-108 105-106 106-107 106-107 105 106 106 

P990 106-107 107-108 107-108 105-106 106-107 106-107 104 105 105 

Tom827 106-107 107-108 107-108 105-106 106-107 106-107 104 105 105 

 

 

Comparative metal resistance determinants analysis 

The comparative genome analysis of C. flaccumfaciens Tom827 strain, Cff P990 strain and 

Cff type strain allowed to detect genes putatively involved in arsenic and tellurite resistance 

(Table 4). The aim was to understand if the virulence of Cff on its specific hosts is somehow 

related to its resistance to some metals which are differently accumulated by different plant 

species. One terC gene was found on the all three draft genomes analysed. Moreover, 6 genes 

involved in arsenic resistance were detected on all three C. flaccumfaciens analysed (Table 

4). In particular only one of these genes encodes for a putative arsenic transporter, whereas 

Table 3: Grow rate of Cff and C. flaccumfaciens strains on different 

concentrations of caesium chloride (CsCl), sodium metasilicate (Na2SiO4) and 

potassium tellurite (K2TeO3) 
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the others encode for putative ArsR family transcriptional regulators. In addition, one arsR 

gene occurs only on virulent Cff P990 strain and Cff type strain and was absent on no virulent 

C. flaccumfaciens Tom287 strain (Table 4). On the contrary, another arsR gene was no 

detected only on Cff type strain (Table 4). Finally, only Cff P990 strain shows a set of 

consecutive genes involved in arsenic resistance, arsB gene, arsC gene, arsR gene and 

sulfure reductase enzyme. (Table 4, Figure 2) 

 

 

 

CDS 

identifiers 

P990 strain 

CDS 

identifiers 

Tom827 

strain 

CDS 

identifiers 

Type strain 

Annotation 

p990_03232 tom827_03239 type.fna_03051 
ArsR family transcriptional 

regulator 

p990_03402 tom827_03077 type.fna_03216 
ArsR family transcriptional 

regulator 

p990_03213 tom827_03252 type.fna_03036 
ArsR family transcriptional 

regulator 

p990_02850 tom827_02826 type.fna_02700 arsenic transporter 

p990_02888 tom827_03569 type.fna_02735 
ArsR family transcriptional 

regulator 

p990_00289 tom827_00625 type.fna_01400 
ArsR family transcriptional 

regulator 

p990_03700  type.fna_03670 
ArsR family transcriptional 

regulator 

p990_02301 tom827_02082  
ArsR family transcriptional 

regulator 

p990_02305   ArsC asenate reductase 

p990_02306   ArsB arsenical efflux pump 

p990_02307   Sulfure Reductase 

p990_02308   
ArsR family transcriptional 

regulator 

p990_00865 tom827_00048  
TerC tellurite resistance 

protein  

 

 

 

Table 4: Putative virulence genes found in the Cff type strain, Cff P900 strain and C. 

flaccumfaciens Tom827 genomes (Based on the annotation results from Prokka1.13.3) 
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6.4 Discussion 

 

Phenotype MicroArray analysis (PM) was applied to value the tolerance of Cff 50R 

strain, Cff P990 strain and Cff type strain to metals and metalloids. All the strains showed 

tolerance and resistance to a high number of metals and metalloids (Table 2). These data 

could be interpreted as a result of Cff ecological flexibility, which in fact can survive in soil 

with an ability to persist on plant debris (Silva Junior et al., 2012), as well as on alternative 

hosts (Harveson et al 2015, Osdaghi et al 2018a). In addition, all the strains were sensitive 

to cadmium chloride, confirming that Gram positive bacteria are more sensitive to this 

compound than Gram negative (Babich et al, 1977). The PM analysis conducted showed 

that the Cff strains, which are all virulent on beans, are differently tolerant to arsenic, 

antimony and tellurium compounds (Figure 1). It is well known that resistance to toxic 

oxyanionic salts of arsenic and antimony depends on the same genetic determinants (Kaur 

et al.,1992). Moreover, previous study had demonstrated that virulent Cff strains are tolerant 

to arsenic and antimony compounds compared to no virulent strains, ad exception of Cff type 

strain which is moderately tolerant (Osdaghi et al., 2018b).  

Considering that the PM analysis confirmed a different tolerance level to arsenic and 

antimony compounds, resistance analyses were enhanced through the agar plating method, 

adding the no virulent C. flaccumfaciens Tom827 strain, in order to understand if the 

virulence of Cff on its specific hosts is somehow related to metal resistance. The experiments 

were carried out with all compounds that PM analysis identify as no toxic for Cff (i.e. 

caesium chloride and sodium metasilicate), and with potassium tellurite, since Cff strains are 

differently tolerant to this salt. All the strains, both virulent and no virulent, showed 

resistance to caesium chloride and sodium metasilicate, proving that none of these 

compounds are related to the virulence on beans (Table 3). 

Figure 2: Organization of the genomic region containing arsRBC operon. The 

transcriptional direction of each gene is indicated in blue, orange, yellow and green arrows 

for arsR, sulfate reductase, arsB and arsC respectively  

 

 

 

 

 

 

arsR Cff P990 arsB arsC 
Sulfate 

Reductase 
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Moreover, the Cff 50R strain and the Cff type strain, both isolated from bean, offered 

higher level tolerance to potassium tellurite than the Cff P990 strain and C. flaccumfaciens 

Tom827 strain, isolated from bell pepper and tomato respectively (Table 4). However, it is 

possible that tellurite resistance is related with Fabaceae plants, as is already known for 

Pseudomonas syringae pv. pisi, as well as for most of the P. syringae strains virulent on 

legumes (Taylor, 1999).  

The genomes comparative analysis was conducted in order to identify genetic resistance 

determinant of tellurite and arsenic compounds, which induce phenotypic difference among 

the strains as demonstrated by PM analysis combined with traditional microbiological plate 

assays. One tellurite resistance determinant (TerC) (Turkovicova et al., 2016) was detected 

in the genomes of Cff P990 strain, Cff type strain and C. flaccumfaciens strain, to suggest 

that genetic determinants not yet identified could explain the phenotypic differences here 

observed for tellurite resistance. Arsenic defence mechanisms are based on the presence of 

arsenic resistance operon (ars) which codes for a regulatory protein (ArsR), an arsenate 

ATPase (ArsA), an arsenite permease (ArsB), an enzyme involved in arsenate reduction 

(ArsC) and an arsenite metallochaperone (ArsD) (Fekih et al., 2018. Most of arsenic 

resistance determinants were found on the all C. flaccumfaciens strains here examined (Table 

4).  These genes are not closely-spaced, therefore we can exclude that constitute an operon, 

and thus their role probably is not crucial to arsenic resistance (Price et al., 2006; Fekih et 

al., 2018). On the contrary, Cff P990 strain exhibited a set of closely spaced genes involved 

in arsenic resistance (i.e. arsR, arsB and arsC), suggesting that are forming an arsRBC 

operon, as is already referred to Corynebacterium glutamicum (Figure 2) (Mateos et al., 

2006; Ordoñez et al., 2005). Moreover, the sulfur reductase enzyme detected between the 

arsR gene and arsB gene, could have a role to carry out the reduction of arsenate to arsenite, 

as is already known for the Gram-positive bacteria. (Cervantes et a., 1994). Finally, the Cff 

type strain despite of moderately tolerance to arsenic compounds, did not show a set of genes 

forming an ars operon. Thus, probably other mechanisms to uptake and efflux of arsenic 

compounds could be explain the phenotypic differences of Cff type strain, but poorly 

genomic information about Curtobacterium spp. prevent the detection of these presumed 

arsenic resistance determinants.  

In conclusions, Phenotype MicroArray analysis combined with traditional 

microbiological plate assays have showed that Cff strains are tolerant and resistant to high 

number of metals and metalloids, as results of their ecological flexibility. Moreover, 

obtained results have suggested that there is a positive correlation between tellurite 
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resistance and Fabaceae plants. Finally, experiment conducted have confirmed that the 

virulent strains are tolerant to arsenic compound, and for the first time a putative arsRBC of 

Cff P990 strain has been identified, whereas arsenic resistant mechanism of Cff type strain 

has yet to be elucidated.  
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7.1 Discussion 

 

The control of bacterial diseases of plants still mainly relies on the use of copper 

compounds (La Torre et al. 2018). According to the latest European regulations is now 

required in all European Union Member countries a drastic reduction in the use of the copper 

in plant protection against biotic diseases, both in traditional and organic agriculture, as part 

of a broader review process about pesticides and their residues, started with Directive 91/414 

/ EEC. In addition, due to the increased globalization and connectedness via world trade, the 

threat from quarantine, alien and invasive plant pathogenic bacteria is expected to increase, 

both as entry as well as establishment in those Countries where they were previously absent 

(Ormsby et al., 2017).  

Therefore, it is mandatory to develop highly effective and eco-friendly alternatives to 

copper in plant protection, against phytopathogenic bacteria both endemic and recently 

introduced. For these reasons complementary research approach has been adopted, looking 

for several potential bacterial targets among new pathogenicity and virulence determinants 

of both Gram-negative and Gram-positive phytopathogenic bacteria, that have never been 

studied before and that here will be investigated. 

Pseudomonas syringae pv. nerii is a Gram-negative phytopathogenic bacterium, and it 

is the causal agent of oleander knot disease. For the strain Psn23, some of its virulence and 

pathogenicity determinants has been detected and investigated. Against some of them, such 

as its Type Three Secretion System (TTSS), several innovative molecules have been already 

and succesfully tested (Biancalani et al., 2016). Here another possibily successful target was 

investigated. Previous studies have revealed that in Psn23 the matE/iaaL operon could be 

also crucial for simultaneous regulation of intracellular IAA concentration, as well as for its 

differential modulation during the various stages of infection (Cerboneschi et al.,2016). 

Therefore, we have considered necessary to evaluate the role played by the membrane 

protein MATE on IAA efflux and homeostasis, as well as on virulence of Psn23. To this 

purpose, in silico analysis of PsnMATE protein has been conducted, to detect those amino 

acids supposed to be involved in substrate and ions bonding. Accordingly, several mutants 

have been produced and then phenotypically characterized. The results obtained allowed the 

development for Psn23 of a new model concerning IAA biosynthesis and transport outside 

the bacterial membrane, accounting the essential role of IAA in the cross-talk between this 

bacterial pathogen and its host plant, as well as in the establishment and growth of the 

characteristic hyperplastic symptoms. Accordingly, IAA biosynthesis and efflux are 
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regulated by the paired activity of matE and IAA-related genes: the increase of IAA into the 

intercellular spaces is strictly associated to a fine tuning of levels of free IAA within the cell, 

where its concentration has to be lower than those having inhibitory activity on its TTSS. 

Conjugation and efflux are the two strategies adopted by Psn23 to modulate intracellular 

IAA concentration, in order to maintain a ready-to-use amount of this phytohormone for its 

interaction with plant hosts  High concentrations of the IAA active form into apoplast 

produces an impairment of plant defence system, thus to promote the development of the 

disease. Being the genes for IAA and MATE widely diffuse in P. syringae complex, studies 

on MATE proteins can be considered pivotal to provide information essential for the 

development of innovative control molecules and strategies against these bacteria, possibly 

based on MATE inhibitors from vegetable sources, such as indole-competitors. 

The same complementary research approach has been applied to Gram-positive plant 

pathogenic bacteria, which have been definitely less investigated until now, in spite of their 

relevant impact in recent times as emerging plant pathogens. Curtobacterium flaccumfaciens 

pv flaccumfaciens, the bacterial wilt pathogen of edible dry beans, is becoming an 

increasingly important treat globally, both from epidemiological and phytosanitary points of 

view (Osdaghi et al, 2015). Phenotypic features, genetic diversity and phylogenetic of C. 

flaccumfaciens strains have been here studied. The results revealed that the strain causing 

wilt disease on dry beans are distributed into two phylogenetic lineages, yellow-pigmented 

and red-/orange pigmented strains. However, no-pathogenic strains do not form a separate 

phylogenetic group and are scattered within in the core population of Cff or within other 

pathovar species. Despite no differences between pathogenic and non-pathogenic strains in 

their plasmid contents, the results show that those strains pathogenic on dry bean are resistant 

to arsenic compounds. The Phenotype Microarray analysis conducted on three strains (Cff 

Type strain, Cff P990 strain, and Cff 50R strain) have showed that all the Cff strains are 

tolerant to most of the tested compounds, according to their largely ubiquitous presence in 

many different environments. In addition, the most significant metals/metalloids have been 

further tested, including also the no pathogenic C. flaccumfaciens strain Tom 827 for 

comparison, in order to detect a potential relation between virulence and metal resistance. 

Obtained results combined with comparative genomes analyses on three strains (Cff Type 

strain, Cff P990 strain and C. flaccumfaciens Tom827 strain) have confirmed that virulence 

on beans are related with arsenic resistance, and for the first time a putative arsRBC of Cff 

P990 strain has been identified, whereas arsenic resistant mechanism of Cff type strain, 

which are moderately tolerant to arsenic compounds, has yet to be elucidated. Moreover, 
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comparative genomes analysis has detected a genomic island (GIs) containing several serine 

proteases and one pectate lyase, and which is completely absent on no-virulent C. 

flaccumfaciens Tom 827 strain.  It is well known that these genes have a role in virulence on 

Clavibacter spp. and Xanthomonas spp., (Hotson et al., 2003; Nissinen et al., 2009; Hwang 

et al, 2018), therefore we can strongly hypothesise these genes could have a role in plant-

pathogen interaction for Cff. Moreover, integrase genes and presence of known conjugative 

genes has suggested that Cff acquiring these determinants from other plant pathogenic 

bacteria by horizontal gene transfer (HGT) events, since Cff can occur on most common host 

plants for Clavibacter spp. and Xanthomonas spp. (Guglielmini et al., 2014; Harveson et al., 

2015). In conclusion, the study of phenotypic, phylogenetic and genetic diversity of C. 

flaccumfaciens strains has allowed to provide very interesting information, which will open 

up exciting new possibilities for the study of this plant pathogen in the future and the 

development of innovative and preventive control methods. . 
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