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Abstract 1 

 2 

Bacteria of the Pseudomonas genus have been widely studied due to their antagonistic 3 

potential against a diverse group of fungal and bacterial phytopathogens, and their 4 

competence to colonize different plant tissues. We have isolated a rhizospheric 5 

pseudomonad that produced a black pigment, which is not a widespread trait within this 6 

genus. We confirmed that the isolate belonged to the P. putida complex through a 7 

MLSA analysis. We observed that the pigment synthesis was enhanced under high 8 

C:N ratios (25:1) and it was dependent of the carbon source, being maximized when 9 

we added glucose to M9. Besides, the supplementation of M9 with tryptophan inhibited 10 

the pigment production under C:N ratios of 4:1, and the addition of kojic acid reduced 11 

notably the pigment under favorable conditions. Ps. black presented several traits 12 

associated with plant-growth promoting potential with classical in vitro assays. Through 13 

a Tn5 mutagenesis approach, we found 2 representative clones, PB1 and PB5, that 14 

were consistently unable to produce the pigment under several growth conditions and 15 

were not altered in their in vitro probiotic traits. When comparing with PB1 and PB5 16 

performances, we observed that the pigment gives Ps. black a higher tolerance to 17 

oxidative stress and UV radiation exposure. When confronting Ps. black with different 18 

bacterial phytopathogens, we demonstrated that Ps. black could inhibit the growth of 19 

Xanthomonas vesicatoria Bv5-4a, Pseudomonas syringae pv. tomato DC3000, P. 20 

syringae pv. syringae B728a, P. savastanoi pv. glycinea B076 and Clavibacter 21 

michiganensis subsp. michiganensis Cm9. Except for Psg B076, this antagonism was 22 

lost for PB1 and PB5 and when performing the test for Ps. black with tryptophan 23 

supplementation. Thus, we suggest that the pigment should be involved in the bacterial 24 

antagonisms, and that Ps black contains more than one antibacterial mechanism.  25 

 26 

Keywords 27 

Pseudomonas - bacterial pigment – antibacterial activity – plant-growth promotion - 28 
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foliar pathogenic bacteria. 29 

 30 

1. Introduction 31 

 32 

Members of the Pseudomonas genus are broadly distributed in several ecosystems 33 

and interact with most eukaryotic taxa (Silby et al., 2011), contributing to their health or 34 

their disease (Burlinson et al., 2008; Loper et al., 2012; Mercado-Blanco and Bakker, 35 

2007). From early studies on plant-growth promoting microorganisms, pseudomonads 36 

have shown to display multiple biochemical activities that contribute to plant fitness 37 

(Agaras et al., 2015; Hu et al., 2017; Lugtenberg and Kamilova, 2009). Besides, they 38 

have shown to colonize the rhizosphere (Lugtenberg, 2004; Mendes et al., 2011), the 39 

endosphere (Bauer et al., 2016; Ma et al., 2017; Ruiz et al., 2011) and the phyllosphere 40 

(Lindow and Brandl, 2003; Müller et al., 2016).  41 

The phyllosphere is a harsh environment for microbial life: epiphytes are exposed to 42 

fluctuating environmental stresses, like solar radiation, low water availability and 43 

hyperosmotic stress, and nutrients are limited by the plant metabolism (Lindow and 44 

Brandl, 2003; Vorholt, 2012). Therefore, phyllospheric microbes have developed 45 

specific epiphytic-fitness traits, including their oligotrophic metabolism, several UV-46 

protecting mechanisms (like pigmentation, high capacity of DNA repair and 47 

detoxification of reactive oxygen species), the preferential colonization of UV radiation 48 

(UVR)-protected sites of the plant, and the production of biosurfactants to move across 49 

the surfaces and of extracellular polymeric substances to protect against desiccation 50 

(Delmotte et al., 2009; Gunasekera and Sundin, 2006; Jacobs et al., 2005; Schreiber et 51 

al., 2005; Yu et al., 1999). Microbial populations in the phyllosphere can affect plant 52 

health positively or negatively. In fact, indigenous microbiota might affect the outcome 53 

of plant-pathogen interactions in the phyllosphere (Beattie and Lindow, 1995; 54 

Innerebner et al., 2011; Vorholt, 2012). Foliar bacterial pathogens cause important 55 

damages to crops, with significant economic losses and environmental impacts 56 
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(Kannan et al., 2015). Bacterial phytopathogens cause spots, blights, cankers, tissue 57 

rots, and/or hormone imbalances that lead to plant overgrowth, stunting, root 58 

branching, and leaf epinasty (Kannan et al., 2015). Foliar pathogens are difficult to 59 

control, as they can persist in seeds, plant debris, irrigation water, and weeds or non-60 

host plants (Fayette et al., 2018; Knief et al., 2010).   61 

The vast array of specialized compounds produced by Pseudomonas through their 62 

secondary metabolism (Biessy et al., 2018; Loper et al., 2012; Paterson et al., 2017) is 63 

a key aspect in the evolutionary success of this group (Silby et al., 2011). Particularly, 64 

pseudomonads have the potential to produce a wide set of antibiotics that can inhibit 65 

the growth of several plant pathogenic agents, like bacteria, fungi, insects or 66 

nematodes (Biessy et al., 2018; Garrido-Sanz et al., 2016; Haas and Défago, 2005; 67 

Haas and Keel, 2003), and they can also protect the plant indirectly by induction of 68 

systemic resistance (Bakker et al., 2007). Within the diversity of secondary metabolites 69 

produced by Pseudomonas species, there is a number of pigmented and chemically 70 

heterogeneous compounds, like melanins, pyoverdines and phenazines (Blankenfeldt 71 

and Parsons, 2014; Meyer, 2000; Plonka and Grabacka, 2006). Pigments are well-72 

known because of their electron scavenger properties, offering protection to a wide 73 

range of stress conditions involving, principally, oxidative damage and UVR exposure 74 

(Sundin and Jacobs, 1999). Eventually, these pigments can act as metal chelators 75 

(Manirethan et al., 2018). In all life domains, dark black, brown and reddish pigments 76 

are associated with different forms of melanins (McGraw et al., 2005), although indigo-77 

related compounds have also been described (Han et al., 2008). These pigments are 78 

produced by the oxidation of a hydroxylated aromatic compound from the amino acid 79 

tyrosine, leading to the accumulation of a quinone that spontaneously polymerizes 80 

under aerobic conditions. This biochemical strategy requires the presence of dedicated 81 

mono- or diphenol-oxidases, like tyrosinases or laccases (Han et al., 2008; Plonka and 82 

Grabacka, 2006). In bacteria, melanins can also be produced as a side effect in the 83 

catabolism of aromatic amino acids. Under certain conditions, like those imposed by 84 
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environmental stimuli (Pavan et al., 2020) or due to artificial constraints on the genetic 85 

background of the microorganism (Ben-David et al., 2018; Han et al., 2015; 86 

Nikodinovic-Runic et al., 2009), the accumulation of homogentisate (2,5 hydroxy-87 

phenyl acetate) can lead to the spurious production of melanins, like pyomelanin. 88 

Representatives from different bacteria genera, like Azospirillum, Ralstonia, 89 

Sinorhizobium, Bacillus and Streptomyces, have been described to produce melanins 90 

(Pavan et al., 2020). Particularly, a few Pseudomonas species (e.g., P. stutzeri, P. 91 

aeruginosa and P. putida) have been reported to produce different melanin-like 92 

compounds that fulfill several functions, in particular related to pathogenesis, motility 93 

and biofilm formation (Ganesh Kumar et al., 2013; Ketelboeter et al., 2014; Manirethan 94 

et al., 2018). Recently, some P. fluorescens isolates have been described to produce 95 

indigo-related pigments (Chierici et al., 2016), although the biological role of those 96 

pigments is until unknown. Therefore, dark-pigmented pseudomonads were not 97 

described yet to be involved in antibacterial activity. In this work, we describe the 98 

isolation and phenotypical characterization of a Pseudomonas sp. isolate from a grass 99 

rhizosphere, that produces a dark pigment under specific nutrient conditions, and we 100 

provide evidences of a functional relationship between pigment production and the 101 

inhibition of phyllospheric pathogenic bacteria. 102 

 103 

2. Materials and Methods 104 

 105 

2.1. Growth media conditions 106 

 107 

Pseudomonas sp. “black” (henceforth named as Ps. black) was isolated from black-108 

pigmented colonies developed upon plating on Gould’s S1 selective medium (Gould et 109 

al., 1985) a rhizospheric soil suspension from a natural grass patch sampled at the 110 

University campus (Agaras et al., 2012). Unless otherwise detailed for specific 111 

experiments, Ps. black was grown in minimal M9 liquid or agarized media, using 5 % 112 
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w/v glucose as the sole carbon source (M9-G5, Sambrook et al., 1989). The evaluation 113 

of the effect of different carbon sources (sucrose, citrate and glycerol; Biopack®, 114 

Argentina) and/or L-tryptophan (Trp; Biopack®, Argentina) on pigment production was 115 

performed with 1 % w/v of the corresponding carbon source and/or 2.4 mM of the 116 

amino acid. 117 

 118 

2.2. Taxonomic assignment of Ps. black 119 

 120 

Internal fragments of 16S rDNA, gyrB and oprF genes were amplified by PCR from 121 

thermal cell lysates following previously described procedures (Agaras and Valverde, 122 

2018; Agaras et al., 2012) and their sequences were determined by the Sanger method 123 

at Macrogen Inc. (Seoul, Korea). In order to approach the taxonomic position within the 124 

established Pseudomonas complexes (Gomila et al., 2015), phylogenetic analyses 125 

were carried out by Multi Locus Sequence Analysis (MLSA), as previously described 126 

(Agaras et al., 2015), with slight modifications. Briefly, we selected 510 nt within the 5’ 127 

region of the 16S rRNA gene (positions 109–618 in Pseudomonas protegens Pf-5, 128 

locus tag PFL_0119), 480 nt of the oprF gene (positions 262–741 in P. protegens Pf-5, 129 

locus tag PFL_1876), and 510 nt of the gyrB gene (positions 125–634 in Pseudomonas 130 

protegens Pf-5, locus tag PFL_0004). In all cases, the reference genome sequence for 131 

loci retrieval was NC_004129.6. The corresponding concatenated 16r DNA-oprF-gyrB 132 

sequences of 32 reference type strains were included in the analysis. Neighbor-joining 133 

trees were inferred from evolutionary distances calculated with the Kimura 2-parameter 134 

formula, using the software MEGA v7 (Kumar et al., 2016). Confidence analyses were 135 

undertaken using 1000 bootstrap replicates. All positions containing alignment gaps 136 

and missing data were eliminated only in pairwise sequence comparisons (Pairwise 137 

deletion option). The concatenated partial sequences of 16S rDNA, ompA and gyrB 138 

genes from Escherichia coli K-12 strain MG1655 (genome accession number 139 

NC_000913) were used to root the tree. 16S rDNA and oprF sequences have been 140 
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already published (Agaras et al., 2012). The partial gyrB sequence of Ps. black has 141 

been deposited into GenBank under accession number MT163171. 142 

 143 

2.3.  Tn5 mutagenesis and screening of mutant clones with reduced pigment 144 

production 145 

 146 

To obtain non-pigmented derivatives of Ps. black, we performed a Tn5 mutagenesis 147 

approach by triparental conjugation within Ps. black as the acceptor strain, Escherichia 148 

coli CC118 λpir with the pBAMD1-2 plasmid as the Tn5 donor strain and E. coli HB101 149 

with the pRK600 plasmid as the conjugation helper strain, as previously described 150 

(Agaras et al., 2018; Martínez-García et al., 2011). Briefly, 5 ml overnight cultures were 151 

grown in nutrient yeast broth (NYB, 20 g l-1 nutrient broth, 5 g l-1 yeast extract; Biokar 152 

Diagnostics, France) that were incubated at 37 °C (for E. coli strains) and 28 °C for Ps. 153 

black strain, both at 200 rpm. Equal volumes (500 µl) of the three bacterial cultures 154 

were combined and centrifuged to obtain the cellular pellet; cells were resuspended in 155 

50 μl of fresh NYB medium and transferred onto the border of an NA plate. Upon 156 

incubation at 37 °C for 5 h, cells were collected with 1 ml of fresh NYB and appropriate 157 

dilutions were plated onto M9-glucose 2 % supplemented with 100 μg ml-1 of 158 

kanamycin (Km) and 20 μg ml-1 of chloramphenicol (Cm). Clones with an altered 159 

pigmentation were conserved at -80 °C in 20% w/v glycerol. To identify the Tn5 160 

insertion site in each selected clone, we carried out an arbitrary nested PCR 161 

amplification with the methodology previously described (Martínez-García et al., 2011), 162 

followed by partial sequencing of the corresponding amplicons at Macrogen Inc. 163 

(Seoul, Korea). 164 

 165 

2.4. In vitro characterization of plant-probiotic traits 166 

 167 
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For plate assays, we used normalized bacterial suspensions (OD600 = 1.0 in saline 168 

solution; SS, NaCl 0.85 %)) from overnight NYB cultures. Twenty microliters of each 169 

normalized suspension were spotted onto triplicate plates. Exoprotease and 170 

phospholipase activities were analyzed in skimmed milk agar or in egg yolk agar, 171 

respectively, as reported previously (Sacherer et al., 1994). Siderophore production 172 

was determined in CAS agar plates (Pérez-Miranda et al., 2007) and the ability of Ps. 173 

black to solubilize inorganic phosphate was studied in plates with NBRIP medium using 174 

Ca3(PO4)2 as phosphate source (Nautiyal, 1999). The relative activity or solubilization 175 

efficiency was expressed as: (diameter of the observed halo/diameter of each bacterial 176 

spot) ✕ 100 (Agaras et al., 2015).  177 

HCN production was assayed qualitatively by the picrate-filter paper method (Egan et 178 

al., 1998). Lipopeptide production was evaluated qualitatively by the drop-collapse 179 

assay (Bodour and Miller-Maier, 1998). The secretion of quorum sensing signals of the 180 

N-acyl homoserine lactone (AHL) type was tested using the biosensor strains 181 

Chromobacterium violaceum CV026 and VIR07 (McClean et al., 1997; Morohoshi et 182 

al., 2008). For every strain, two parallel streaks of the biosensor were done along the 183 

middle of triplicate NA plates, with a separation of 1 cm from each other. At both sides 184 

of the streaks, 3 drops (10 μl) of normalized bacterial suspensions (OD600 = 1.0) were 185 

sown. Violacein production by the AHL reporter strains was recorded after 48 h of 186 

incubation at 28 °C (Agaras et al., 2015). 187 

Established PCR approaches were used to evaluate the presence of four different 188 

genes related to the production of antibiotics: phlD for DAPG (McSpadden Gardener et 189 

al., 2001), phzF for phenazines (Mavrodi et al., 2010), pltB for pyoluteorin (Mavrodi et 190 

al., 2001) and prnD for pyrrolnitrin (de Souza and Raaijmakers, 2003). Pseudomonas 191 

protegens strain CHA0 was used as positive control for phlD, pltB and prnD PCR 192 

detection (Ramette et al., 2011), whereas P. chlororaphis subsp. aurantiaca SMMP3 193 

served as positive control for phzF (Agaras et al., 2015). PCR reactions were carried 194 

out with thermal cell lysates as templates, following the cycling protocols reported for 195 
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each target gene in the aforementioned references. 196 

 197 

2.5. Motility assays 198 

 199 

Swimming and swarming capacity were evaluated by triplicate plate assays using M9-200 

G5 supplemented with different agar concentrations (3 and 5 g l-1, respectively) (Rashid 201 

and Kornberg, 2000). Bacterial progress was measured after 6 days of incubation at 28 202 

°C. 203 

 204 

2.6. Growth curve, dark pigment quantification and chemical inhibition of its 205 

production. 206 

 207 

To evaluate the growth rate in M9-G5, Ps. black and its Tn5 derivatives were grown in 208 

125 ml Erlenmeyer flasks containing 20 ml of liquid culture by triplicate, and incubated 209 

at 28 °C and 200rpm. Cultures were started by appropriate dilution of saturated 210 

overnight precultures to a cell density equivalent to an OD600 = 0.01. After an 211 

incubation period of 12 h, 20 μl aliquots were sampled every 2 h to measure the OD600 212 

of cultures, and 100 μl aliquots were centrifuged at 14000 rpm for 2 minutes, to 213 

measure the absorbance of the supernatant at λ = 400 nm (Abs400), which was 214 

indicative of the pigment production (Ahmad et al., 2016; Nikodinovic-Runic et al., 215 

2009). Under the same growth conditions, we measured the dark pigment production of 216 

Ps. black with the addition of inhibitors of the two most representative pathways for 217 

melanin biosynthesis. We used kojic acid (ARV-LAB, Argentina) at 100 and 200 µg ml-1 218 

as a tyrosinase inhibitor of the L-3,4-dihydroxyphenylalanine (L-DOPA) synthesis 219 

pathway (Drewnowska et al., 2015). The operation of the 1,8-dihydroxynaphthalene 220 

(DHN)-melanin biosynthesis pathway was evaluated by the addition of tricyclazole at 221 

125 and 250 µg ml-1  (BIM, DOW Agrosciences; Wheeler and Kuch, 1995).    222 

 223 
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2.7. UV sensitivity and oxidative stress assays  224 

 225 

To evaluate the UV sensitivity of Ps. black and its Tn5 mutants, we adapted a 226 

published protocol (Sundin and Jacobs, 1999). We grew bacterial cells up to OD600 ≈ 7 227 

on liquid M9-G5, when the wild type culture is strongly pigmented. Then, 20 μl of 228 

different dilutions (from 0 to 10-4) were spotted by triplicate onto M9-G5 plates and 229 

exposed to the radiation from an UV lamp (TUV30W G30T8, UV-C radiation) for 0.5, 1, 230 

3, 5, 7, and 10 minutes, at a distance of 75 cm from the UV source. A control plate with 231 

dilutions from 10-5 to 10-8 was kept covered with its lid under the UV lamp for 10 232 

minutes. Colonies were counted after the incubation period at 28 °C and the results 233 

were represented as the survival percentage. 234 

Oxidative stress resistance was tested with a hydrogen peroxide disc diffusion assay. A 235 

volume of 100 μl of a cell suspension from a late exponential culture (OD600 ≈ 3 - 4) 236 

was spread onto M9-G5 agar plates by triplicate. Then, 8 μl of a H2O2 solution of 237 

69mM, 138mM, 206mM, 275mM, 412mM y 550mM (Química Lomas, Argentina) were 238 

applied to sterile filter paper discs (5 mm diameter) gently deposited on the agar 239 

surface. After 24 h of incubation at 28 °C, the halo around the filter paper disk was 240 

measured for every tested H2O2 concentration. Triplicate plates were done for every 241 

strain (Nikodinovic-Runic et al., 2009).  242 

 243 

2.8. Evaluation of the in vitro antagonistic potential  244 

 245 

The bacterial phytopathogens employed in this study are listed in Table 1. We 246 

performed a confrontation of each pathogen strain with Ps. Black, by first spreading 247 

100 μl of an overnight NYB culture of the pathogen (approximately 107 CFU ml-1) on an 248 

M9-G5 agar plate; then, we spotted three 10 μl-drops of a suspension of Ps. black (wild 249 

type or its Tn5 mutants; OD600 = 2) in every plate. After an incubation of 72 h at 28 °C, 250 

we measured the diameter of the Ps. black macrocolony and the inhibition halo of the 251 
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test pathogen. The relative antagonistic activity was expressed as explained in Section 252 

2.4. 253 

 254 

2.1. Statistical analyses 255 

 256 

 257 

Experiments were repeated at least twice and done by triplicate each time. Average 258 

and standard deviation values were calculated from recorded data and used to carry 259 

out ANOVA or generalized linear models (for percentage or proportion values) with the 260 

software GraphPad Prism v. 7 (GraphPad Software, La Jolla California USA, 261 

www.graphpad.com) or Infostat v. 2018 (Di Rienzo et al., 2018), respectively. When 262 

appropriate, multiple comparison tests were done with the Tukey’s or DGC tests (Di 263 

Rienzo et al., 2018) to evaluate if the differences between average values were 264 

statistically significant. All the analyses were done at p < 0.05. 265 

 266 

3. Results 267 

 268 

Table 1. Bacterial phytopathogens used in this study 

Strains Source Reference 

Xanthomonas vesicatoria Bv5-
4a (LM159)  

Environmental isolate from INTA Bella Vista, 
Corrientes, Argentina 

(Richard et al., 2017) 

Pseudomonas syringae pv. 
tomato DC3000 

Spontaneous rifampicin-resistant strain from the 
wild-type isolate DC52 

(Cuppels, 1986) 

Pseudomonas syringae pv. 
maculicola ES4326 (Psm 
ES4326)   

Environmental isolate from radish rhizosphere; 
USA 

(Dong et al., 1991) 

Pseudomonas syringae pv. 
syringae B728a  

Environmental isolated from a snap bean leaflet in 
Wisconsin, USA 

(Loper and Lindow, 
1987) 

Pseudomonas savastanoi pv. 
glycinea B076 

Environmental isolate from a soybean leaflet near 
Champaign, Illinois, USA 

(Qi et al., 2011) 

Clavibacter michiganensis 
subsp. michiganensis Cm9 

Environmental isolate from a bacterial canker of 
tomato, Florencio Varela, Buenos Aires, Argentina 

(Romero et al., 2003) 
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3.1. Ps. black is a member of the P. putida-complex and presents plant-269 

probiotic traits 270 

 271 

Upon plating a suspension of a grass rhizosphere sample onto the Pseudomonas 272 

selective medium S1, one of the colonies draw our attention because it developed a 273 

particular diffusible black pigmentation. Thus, we decided to name it Ps. black. MLSA 274 

analysis showed that Ps. black is a member of the P. putida complex, with high 275 

similarity to strain P. putida S13.1.2 (Chong et al., 2016). To evaluate if the dark 276 

pigment  277 

 influenced its fitness, we developed a genome-wide Tn5 mutagenesis to search for 278 

colorless colonies. From nearly 600 clones screened, we obtained 6 clones with 279 

absence of pigment production by observation of the colony morphology with naked 280 

eye on M9 citrate 2% p/v plates. Among them, PB1 and PB5 clones presented non-281 

pigmentation in all the tested growth conditions (data not shown). Thus, we decided to 282 

Table 2. Plant-growth promoting traits evaluated in vitro for Ps. 
black 
Plant-growth promoting 

traits 
Relative activity or 

qualitative test result  

Phospholipases *  0  
Exoproteases * 0  

HCN -  
pltB gene +  
prnD gene -  
phlD gene -  
phzF gene -  

Siderophores * 129.0 ± 5.3  
Lipopeptides -  

QS signals 
C4-C8 AHL -  

C10-C16 AHL +  
Ca3(PO4)2 solubilization * 147.6 ± 11.6  

Motility 
Simmming (mm) 51.0 ± 19.5  
Swarming (mm) 0  

* Relative activity values ± SD are shown. 
 

Plus and minus symbols mean a positive or negative result, respectively, in the 
qualitative assay or PCR approach. 
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use Tn5 clones PB1 and PB5 as negative controls of pigment production for further 283 

analyses.  284 

 The battery of in vitro tests of plant-growth promoting traits revealed that Ps. black has 285 

the ability to solubilize Ca3(PO4)2 and to produce siderophores (Table 2), with a similar 286 

performance to previously characterized environmental isolates (Agaras et al., 2015). 287 

We used a battery of PCR to reveal the presence of biosynthetic gene involved in 288 

antibiotic production (Agaras et al., 2015). Our analyses show that Ps. black contains a 289 

putative copy of the pltB gene, which could enable this isolate to produce pyoluteorin. 290 

Ps. black was able to synthesize long chain AHLs, but not short ones. Finally, Ps. black 291 

displayed swimming, but not swarming, motility (Table 2). The same set of assays were 292 

performed for the PB1 and PB5 Tn5 derivatives, and in general, their performance did 293 

not differ from that of Ps. black (data not shown).  294 

 295 

3.2.   Ps. black produces the black pigment under high C:N ratios and without 296 

amino acid supplementation. 297 

 298 

After the observation of the production of a black pigment on S1 agar plates (Figure 299 

1a), we noticed that Ps. black did not synthesize the pigment when growing on NA 300 

plates under the same conditions (Figure 1b). As these growth media strongly differ in 301 

their carbon:nitrogen (C:N) ratio (25:1 and 4:1, respectively), we explored the effect of 302 

the C:N ratio in M9 minimal medium and we found that an increase in the C.N ratio 303 

improved the pigment synthesis  (Figure 1c). However, in contrast with the 304 

performance on NA, on M9 with glucose 1 % (also C:N ratio 4:1), the pigment 305 

production was not absent, inferring an additional factor that influence the pigment 306 

synthesis other than the C:N ratio (Figures 1b and 1c). Besides, we observed an effect 307 

of the carbon source on pigment production, which was reduced in the presence of 308 

sucrose (Figure 1d). Finally, a strong inhibition, similar to that observed on NA plates, 309 

was achieved by the addition of L-tryptophan under low C:N conditions (Figure 1e). 310 
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Overall, Ps. black seems to produce two different kinds of pigments: a brownish 311 

compound under low C:N ratio or with citrate as carbon source; or a blackish 312 

compound when glucose is available at high C:N ratios. Besides, the pigment is 313 

synthesized without any amino acid supplementation (Figure 1). We cannot rule out 314 

that the brownish pigment can be chemically and spontaneously transformed into the 315 

blackish one, depending on the amount of pigment production and/or the nutrient 316 

sources in the medium 317 

 318 

3.3. The pigment produced by Ps. black is accumulated in the culture 319 

supernatant during the stationary phase and its synthesis may be dependent of 320 

the L-DOPA biosynthesis pathways. 321 

 322 

When we compared the growth performance of the wild type isolate and of the PB1 323 

and PB5 mutants in M9-G5, we observed that the Tn5 insertion did not affect their 324 

growth rate (Figure 3). Although we observed that the culture began to turn gray during 325 

the late exponential phase (OD600~ 3-4), the pigment was not detected in the 326 

supernatant until Ps. black reached the stationary phase, being first observed after 27 327 

Figure 1. Growth of Pseudomonas sp. black on different agar media after 48 h. a) On Gould’s S1, this isolate 
produces a dark blackish pigment; b) On NA plates, the pigmentation is lost; c) when comparing minimal 
medium M9 supplemented with 1 % (4:1) or 5 % (25:1) glucose, the pigment was brown at low C:N ratio and 
black at high C.N ratio; d)  carbon sources also affected the pigment production, which was reduced when 
sucrose was the carbon source available; e) on M9-glucose, the addition of tryptophan altered the pigment 
production, which was inhibited under low C.N ratios (4:1). 
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h of growth and reaching a maximum at an OD600 > 5. For PB1 and PB5 mutants, the 328 

pigment was absent in the supernatant all along the growth period of 30 h (Figure 3). 329 

In order to get insights into the mechanism of dark pigment production in Ps. black, we 330 

employed a pharmacological approach to evaluate the changes in pigment 331 

accumulation. We used two well-known inhibitors of melanogenesis in bacteria: kojic 332 

acid, as an inhibitor of tyrosinases for the L-DOPA-dependent pathway, and the 333 

fungicide tricyclazole, which inhibits the biosynthesis of melanin using DHN as 334 

precursor (Drewnowska et al., 2015, Wheeler and Kuch, 1995). Our results showed a 335 

moderate negative effect of kojic acid on pigment accumulation, without altering the 336 

growth of Ps. black. On the other hand, tricyclazole had no effect on pigment 337 

production in M9-G (Supp. Figure 2).  338 

 339 

Figure 2. Growth curve (black) and pigment production (gray) of Pseudomonas sp. black 
wild type (circles), PB1 (squares) and PB5 (triangles). The pigment was traced in the 
supernatants by Abs400. Bars indicate the SD value at each point of triplicate cultures. 
Asterisks denote statistically significant differences in the pigment production between the 
wild type and both Tn5 mutants (Student t test, p < 0.05).   
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3.4. The black pigment contributes to the tolerance of Ps. black to oxidative and 340 

UV stresses 341 

 342 

From the disk diffusion assays, we observed that the Tn5 derivatives of Ps. black were 343 

more sensitive to H2O2, being PB5 even more susceptible than PB1 (Figure 3a). 344 

Besides, Ps. black showed a higher survival after the exposure to UV-C light for up to 1 345 

minute, when compared to PB1 and PB5 (Figure 3b).  346 

 347 

3.5. Ps. black can inhibit the growth of bacterial phytopathogens in vitro and the 348 

antagonistic activity is linked to pigment production. 349 

 350 

In confrontation assays, we found that the wild type Ps black inhibited the growth of all 351 

tested bacterial phytopathogens (Figure 4), except for Psm ES4326 (data not shown). 352 

However, the non-pigmented Tn5 mutants PB1 and PB5 lost the antagonistic activity, 353 

except for against Psg B076 (Figure 4). Coincidentally, the same results were obtained 354 

for the wild type strain when we supplemented the growth media with tryptophan 355 

(Figure 4), which suppresses pigmentation of Ps. black in M9 under low C:N ratios 356 

(Figure 1e). These results point to the operation in Ps. black of an inhibitory 357 

Figure 3. Sensitiveness to oxidative stress (a) and resistance to UV exposure (b) of Pseudomonas sp. black 
(black), PB1 (white) and PB5 (gray) Tn5 mutants. a) Different letters indicate statistically significant differences in 
the Tukey’s comparison test, after the one-way ANOVA (p < 0.05). b) As survival percentages do not follow a 
normal distribution, this experiment was analyzed with generalized linear model. Asterisks denote a statistically 
significant difference (LSD Fisher, p < 0.05). 
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mechanism for this set of bacterial phyllospheric pathogens that would be linked to 358 

pigment production. When we analyzed the results from Psg B076 in ANOVA tests, 359 

there was not any significant treatment effect (p < 0.05). The latter suggests that the 360 

antagonistic activity of Ps. black against Psg B076 relies on a second and 361 

pigmentation-independent mechanism of inhibition.  362 

 363 

4. Discussion 364 

 365 

4.1 Regulated production of pigment in strain Ps. black 366 
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  367 

From a grass rhizosphere sample, we obtained a blackish isolate on S1 growth 368 

medium plates. Its ability to grow on this selective medium (Gould et al., 1985), and the 369 

presence of the oprF gene allowed us to classify it as a member of the Pseudomonas 370 

genus (Agaras et al., 2012). An MLSA allowed us to position Ps. black within the P. 371 

putida complex (Supp. Figure 1). Although it showed the highest gene sequence 372 

Figure 4. Relative inhibition (RI) activities of Pseudomonas sp. black and its Tn5 derivatives against 
bacterial phytopathogens. We show representative images of the inhibition halos in M9-G5 (wild type, PB1 
and PB5 columns) and the images from the M9-GT (Trp column). RI values ± SD are shown below every 
image. Halos were measured after 96 h of incubation from triplicate plates, based on the formula explained 
in Section 2.4 
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similarity with P. putida S13.1.2, the black pigmentation was not a described attribute 373 

for this strain (Chong et al., 2016).  374 

The production of gray/black pigments has been described mainly within the P. 375 

fluorescens complex, for isolates involved in meal spoilage (Kröckel, 2009; 376 

Nikodinovic-Runic et al., 2009; Reichler et al., 2019; Zerrad et al., 2014; Zhao et al., 377 

2019). Another kind of pigments, as the brownish melanin-like compounds, are 378 

produced by P. aeruginosa species, and they have been suggested to increase their 379 

pathogenicity (Nosanchuk and Casadevall, 2003; Solano, 2014). We found that in Ps. 380 

black, pigment production was linked to the nutritional composition of the growth 381 

medium, as this isolate was strongly pigmented in media with high C:N ratios and with 382 

glucose as the carbon source (Figure 1). A similar behavior was reported for an 383 

Aspergillus fumigatus strain, which also showed higher levels of melanin under a C:N 384 

ratio of 20.6, and when glucose was the main carbon source (Raman et al., 2015). In 385 

the Vibrio cholerae 569B strain, melanin synthesis was induced only under stressful 386 

growth conditions (i.e., nutritional limitations, hyperosmotic shocks, extreme pH values, 387 

elevated temperatures) (Coyne and al-Harthi, 1992), and thus melanogenesis in V. 388 

cholerae strains was linked with survival in different environments and expression of 389 

virulence factors (Coyne and al-Harthi, 1992; Noorian et al., 2017; Valeru et al., 2009). 390 

Besides, for some Pseudomonas strains isolated from decomposed dairy meals, it has 391 

been demonstrated that the pigment production varied with the growth conditions, and 392 

it was higher under glucose-rich conditions, like on potato dextrose agar (Andreani et 393 

al., 2015b; Reichler et al., 2019). However, it does not seem to be a generalized 394 

behavior of pigment-producing microorganisms, as some bacterial species are not 395 

conditioned by amino acids or low C:N ratios and they can synthesize black pigments 396 

in rich culture media (Drewnowska et al., 2015; Ganesh Kumar et al., 2013). On the 397 

other hand, we observed that Ps. black was able to produce the pigment in M9 medium 398 

without supplementing any amino acid (Figures 1c, 1d). For several microorganisms, L-399 

tyrosine is necessary to induce the pigment production (Almeida-Paes et al., 2012; Hoti 400 
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and Balaraman, 1993; Kotob et al., 1995; Singh et al., 2018), and sometimes L-Trp 401 

boosts it too (Mencher and Heim, 1962). Nevertheless, we found a negative effect of L-402 

Trp on the black pigment synthesis in Ps. black (Figure 1e), like it was reported for 403 

melanin production in eukaryotic cells (Chakraborty and Chakraborty, 1993). Besides 404 

the dedicated nutritional control over pigment production, we cannot rule out the 405 

presence of another layer of regulation. As the dark-pigment accumulated during the 406 

stationary phase, and Ps. black produces long-chain AHLs (Table 1), quorum sensing 407 

could be involved in the regulation of the biosynthetic genes.   408 

The presence of the pigment in the supernatant of batch cultures in M9-G5 medium 409 

was detected in the late exponential/stationary phases of growth (Figure 2), as reported 410 

for other bacteria (Ganesh Kumar et al., 2013; Singh et al., 2018). Although it was not 411 

completely inhibited as it have been shown for other pseudomonads (Ganesh Kumar et 412 

al., 2013), the reduction in pigment production observed with the addition of kojic acid 413 

(Supp. Figure 2), let us to infer that the synthesis of the black pigment in Ps. black 414 

would involve a typical tyrosinase (or other copper-dependent oxidase) of the L - DOPA 415 

pathway (Chang, 2009; Hoti and Balaraman, 1993). On the other hand, the absence of 416 

inhibition with tricyclazole, allow us to discard the pentaketide pathway as described for 417 

fungi and some bacteria (Lee et al., 2003, McMahon et al., 2007). Regarding the 418 

impact of L-Trp on the production of black pigment, this is the first report of an inhibitory 419 

effect of tryptophan on the synthesis of a dark pigment in bacteria. We will deepen the 420 

characterization of the collection of the colorless Tn5 derivatives to elucidate the 421 

biosynthetic pathway of this pigment in Ps. black. 422 

 423 

4.2 Tolerances to oxidative stress and UV exposure of strain Ps. black. 424 

 425 

As a phyllosphere-adaptative fitness of epiphytic bacteria, pigments are linked to stress 426 

tolerance (Ahmad et al., 2016; Jacobs et al., 2005; Sundin and Jacobs, 1999). Here we 427 

showed that Ps. black is able to resist up to 138 mM of H2O2, and that this tolerance 428 
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was strongly reduced in the non-pigmented PB1 and PB5 mutants (Figure 3a). A 429 

comparable effect was observed with UV exposure, as Ps. black showed a higher 430 

survival percentage for up to 1 minute of exposure (Figure 3b).  431 

 432 

4.3 Plant-growth promoting traits and antibacterial activity of strain Ps. 433 

black. 434 

 435 

Ps. black did not show any of the typical biocontrol-related activities found in 436 

Pseudomonas, but the presence of the pltB gene for pyoluteorin synthesis (Table 2). 437 

This antibiotic was demonstrated to be involved in the growth inhibition of the 438 

oomycetes Phytophthora (Ohmori et al., 1978) and Phytium (Maurhofer et al., 1994) 439 

and of some bacterial pathogens, like Erwinia amylovora (Yan et al., 2017) and 440 

uropathogenic isolates (Mussa and Ziayt, 2018). However, Ps. black did not show 441 

antifungal activity against the pathogens Macrophomina phaseolina, Fusarium 442 

oxysporum, F. solani, F. verticilloides, F. semitectum, Colletotrichum graminicola, 443 

Sclerotinia sclerotium and Phomopsis sp. (Agaras et al., 2015) when co-cultured on 444 

potato dextrose agar plates (data not shown). Different authors have demonstrated that 445 

phenazines, tailocins and organocopper compounds were the main metabolites 446 

involved in the antagonistic activity of pseudomonads against Xanthomonas species 447 

(de Oliveira et al., 2016; Príncipe et al., 2018; Shanmugaiah et al., 2010; Xu et al., 448 

2015). The Cmm antagonism by pseudomonads was attributed to the production of the 449 

antibiotics 2,4‐diacetylphloroglucinol (DAPG) and HCN (Lanteigne et al., 2012; Paulin 450 

et al., 2017), whereas a bacteriocin has been described to be involved in the inhibition 451 

of P. savastanoi pv. savastanoi, although it was ineffective against a Psg strain 452 

(Lavermicocca et al., 1999). On the other hand, the mechanism of biological control of 453 

pseudomonads against P. syringae was primarily the activation of ISR in plants (Ji et 454 

al., 2006; Weller et al., 2012). Here, we showed with in vitro confrontation tests that Ps. 455 

black inhibits the growth of the tomato pathogens Xv Bv5-4a, Cmm Cm9 and Pst 456 
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DC3000, the soybean pathogen Psg B076, and the bean pathogen Pss B728a (Figure 457 

4). Except for Psg B076, these antagonisms were lost when the M9 media was 458 

supplemented with Trp, or when we tested the PB5 clone, which does not produce the 459 

pigment but conserves all the rest of in vitro phenotypes evaluated for the wild type 460 

(Figure 4). Besides, the antagonistic potential was also lost when the assays were 461 

performed in NA plates (data not shown). Thus, we suggest that Ps. black possess 462 

more than one mechanism involved in its antibacterial activity, and that the inhibition of 463 

Ps. black against Xv, Pss, and Pst is functionally associated with pigment production. 464 

Besides, the black-pigmented isolate Pseudomonas sp. 11K1, which lacks genes for 465 

pyoluteorin synthesis, also showed antibacterial activity against X. oryzae RS105 and it 466 

was not linked to the cyclic lipopeptides responsible for its antifungal activity (Zhao et 467 

al., 2019). Different authors have shown the antibacterial activity of melanins against 468 

several clinical pathogens, like Shigella sp., Enterobacter faecalis, Candida albicans, P. 469 

aeruginosa, E. coli, Klebsiella pneumoniae and Bacillus sp. (Arun et al., 2015; 470 

Łopusiewicz, 2018; Manivasagan et al., 2013; Zerrad et al., 2014). Nevertheless, the 471 

antibacterial activity against phytopathogens was not previously reported, except for 472 

Erwinia (Zerrad et al., 2014), neither the inhibition mechanism was explained. We are 473 

performing analyses of the pigment nature, chemical structure and properties to 474 

specifically assess its involvement in the antagonistic potential of Ps. black and to 475 

deeply understand the mechanism.    476 

The stress-tolerance benefits, together with the antagonistic potential against bacterial 477 

foliar pathogens, makes Ps. black a good candidate for testing its performance as a 478 

biological control agent against foliar plant diseases caused by Xanthomonas and P. 479 

syringae pathovars. In fact, the photoprotection based on melanins has been studied 480 

for B. thuringiensis biopesticides (Sansinenea and Ortiz, 2015). Historically, bacterial 481 

speck and spot have been controlled with copper-based bactericides (Bonn and 482 

Lesage, 1984; Jones et al., 1991). However, many copper-tolerant strains have 483 

appeared since then (Alexander et al., 1999; Marco, 1983; Martin et al., 2004), 484 
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including Xv BV5-4a (Richard et al., 2017). Thus, copper alternatives have been 485 

investigated, combining biological control with plant activators (Ji et al., 2006; Louws et 486 

al., 2001; Trueman, 2015). In planta and field assays should be performed to evaluate 487 

if the foliar application of Ps. black can reduce the impact of the diseases caused by 488 

the phytopathogens antagonized in vitro. Besides, as Ps. black has been isolated from 489 

a grass rhizosphere, it should be possible that this isolate would be able to colonize a 490 

host plant and promote its growth also by phosphate solubilization or the increase of Fe 491 

availability, or even boost the ISR and enhance the plant protection (Table 2).    492 

To the best of our knowledge, this is the first report showing a linkage between the 493 

bacterial production of an extracellular, soluble, dark pigment and the inhibition of 494 

several foliar phytopathogenic bacteria. Additional studies will be necessary to 495 

determine the chemical nature of this pigment, to understand its biological role and how 496 

it would help the bacterium to control foliar bacteria causing plant diseases.      497 

 498 

4. Conclusion 499 

 500 

A dark pigment-producer Pseudomonas isolate named Ps. black, which is member of 501 

the P. putida complex, was able to antagonize several phytopathogenic bacteria. We 502 

provide solid evidences that this ability is linked with the synthesis of the black pigment, 503 

which in turn may be dependent of L-DOPA melanin-biosynthesis pathways. Due to its 504 

ability to tolerate high UVR exposure and stressful osmotic conditions, Ps. black is a 505 

good candidate for being tested for the development of an agricultural bioinput to 506 

control phytopathogens through foliar spray application. 507 

 508 

5. Acknowledgments 509 

 510 

We thank Dr. Mario Saparrat (CIDEFI, UNLP) for kindly providing us the reagents 511 

tricyclazole. This work was supported by grants from Universidad Nacional de Quilmes 512 



22 

(PUNQ 1306/19), Agencia Nacional de Promoción Científica y Técnica (PICT 2016 N° 513 

4362) and CONICET (PIP 11220150100388CO).  514 

 515 

6. Bibliography 516 

 517 

Agaras, B., Scandiani, M., Luque, A., Fernández, L., Farina, F., Carmona, M., Gally, 518 
M., Romero, A., Wall, L.G., Valverde, C., 2015. Quantification of the potential 519 
biocontrol and direct plant growth promotion abilities based on multiple biological 520 
traits distinguish different groups of Pseudomonas spp. isolates. Biol. Control 90, 521 
173–186. https://doi.org/10.1016/j.biocontrol.2015.07.003 522 

Agaras, B., Valverde, C., 2018. A Novel Oligonucleotide Pair for Genotyping Members 523 
of the Pseudomonas Genus by Single-Round PCR Amplification of the gyrB Gene. 524 
Methods Protoc. 1, 24. https://doi.org/10.3390/mps1030024 525 

Agaras, B.C., Iriarte, A., Valverde, C.F., 2018. Genomic insights into the broad 526 
antifungal activity, plant-probiotic properties, and their regulation, in Pseudomonas 527 
donghuensis strain SVBP6. PLOS ONE 13, e0194088. 528 
https://doi.org/10.1371/journal.pone.0194088 529 

Agaras, B.C., Wall, L.G., Valverde, C., 2012. Specific enumeration and analysis of the 530 
community structure of culturable pseudomonads in agricultural soils under no-till 531 
management in Argentina. Appl. Soil Ecol. 61, 305–319. 532 
https://doi.org/10.1016/j.apsoil.2011.11.016 533 

Ahmad, S., Lee, S.Y., Kong, H.G., Jo, E.J., Choi, H.K., Khan, R., Lee, S.-W., 2016. 534 
Genetic Determinants for Pyomelanin Production and Its Protective Effect against 535 
Oxidative Stress in Ralstonia solanacearum. PLOS ONE 11, e0160845. 536 
https://doi.org/10.1371/journal.pone.0160845 537 

Alexander, S.A., Kim, S.H., Waldenmaier, C.M., 1999. First Report of Copper-Tolerant 538 
Pseudomonas syringae pv. tomato in Virginia. Plant Dis. 83, 964–964. 539 
https://doi.org/10.1094/PDIS.1999.83.10.964C 540 

Almeida-Paes, R., Frases, S., Araújo, G. de S., de Oliveira, M.M.E., Gerfen, G.J., 541 
Nosanchuk, J.D., Zancopé-Oliveira, R.M., 2012. Biosynthesis and Functions of a 542 
Melanoid Pigment Produced by Species of the Sporothrix Complex in the Presence 543 
of l-Tyrosine. Appl. Environ. Microbiol. 78, 8623–8630. 544 
https://doi.org/10.1128/AEM.02414-12 545 

Andreani, N.A., Martino, M.E., Fasolato, L., Carraro, L., Montemurro, F., Mioni, R., 546 
Bordin, P., Cardazzo, B., 2015. Reprint of ‘Tracking the blue: A MLST approach to 547 
characterise the Pseudomonas fluorescens group.’ Food Microbiology 45, 148–548 
158. https://doi.org/10.1016/j.fm.2014.11.011 549 

Arun, G., Eyini, M., Gunasekaran, P., 2015. Characterization and biological activities of 550 
extracellular melanin produced by Schizophyllum commune (Fries). Indian J. Exp. 551 
Biol. 53, 380–387. 552 

Bakker, P.A.H.M., Pieterse, C.M.J., van Loon, L.C., 2007. Induced Systemic 553 
Resistance by Fluorescent Pseudomonas spp. Phytopathology 97, 239–243. 554 
https://doi.org/10.1094/PHYTO-97-2-0239 555 

Bauer, J.S., Hauck, N., Christof, L., Mehnaz, S., Gust, B., Gross, H., 2016. The 556 
Systematic Investigation of the Quorum Sensing System of the Biocontrol Strain 557 
Pseudomonas chlororaphis subsp. aurantiaca PB-St2 Unveils aurI to Be a 558 
Biosynthetic Origin for 3-Oxo-Homoserine Lactones. PLOS ONE 11, e0167002. 559 
https://doi.org/10.1371/journal.pone.0167002 560 



23 

Beattie, G.A., Lindow, S.E., 1995. The Secret Life of Foliar Bacterial Pathogens on 561 
Leaves. Annu. Rev. Phytopathol. 33, 145–172. 562 
https://doi.org/10.1146/annurev.py.33.090195.001045 563 

Ben-David, Y., Zlotnik, E., Zander, I., Yerushalmi, G., Shoshani, S., Banin, E., 2018. 564 
SawR a new regulator controlling pyomelanin synthesis in Pseudomonas 565 
aeruginosa. Microbiol. Res. 206, 91–98. 566 
https://doi.org/10.1016/j.micres.2017.10.004 567 

Biessy, A., Novinscak, A., Blom, J., Léger, G., Thomashow, L.S., Cazorla, F.M., Josic, 568 
D., Filion, M., 2018. Diversity of phytobeneficial traits revealed by whole-genome 569 
analysis of worldwide-isolated phenazine-producing Pseudomonas spp. Environ 570 
Microbiol. https://doi.org/10.1111/1462-2920.14476 571 

Blankenfeldt, W., Parsons, J.F., 2014. The structural biology of phenazine 572 
biosynthesis. Curr. Opin. Struct. Biol. 29, 26–33. 573 
https://doi.org/10.1016/j.sbi.2014.08.013 574 

Bodour, A.A., Miller-Maier, R.M., 1998. Application of a modified drop-collapse 575 
technique for surfactant quantitation and screening of biosurfactant-producing 576 
microorganisms. Journal of Microbiological Methods 32, 273–280. 577 
https://doi.org/10.1016/S0167-7012(98)00031-1 578 

Bonn, W.G., Lesage, S., 1984. Control of bacterial speck of tomato by copper and 579 
ethylene-bis-dithiocarbamate fungicides: Their efficacy and residues on leaves. J. 580 
Environ. Sci. Health Part B 19, 29–38. https://doi.org/10.1080/03601238409372412 581 

Burlinson, P., Knaggs, J., Hodgkin, J., Pears, C., Preston, G.M., 2008. Interactions of 582 
Pseudomonads with Mushrooms and Other Eukaryotic Hosts, in: Pseudomonas 583 
syringae Pathovars and Related Pathogens – Identification, Epidemiology and 584 
Genomics. Springer Netherlands, Dordrecht, pp. 295–304. 585 
https://doi.org/10.1007/978-1-4020-6901-7_31 586 

Chakraborty, A.K., Chakraborty, D.P., 1993. The effect of tryptophan on dopa-oxidation 587 
by melanosomal tyrosinase. Int. J. Biochem. 25, 1277–1280. 588 
https://doi.org/10.1016/0020-711X(93)90079-T 589 

Chang, T.-S., 2009. An Updated Review of Tyrosinase Inhibitors. Int. J. Mol. Sci. 10, 590 
2440–2475. https://doi.org/10.3390/ijms10062440 591 

Chierici, M., Picozzi, C., La Spina, M.G., Orsi, C., Vigentini, I., Zambrini, V., Foschino, 592 
R., 2016. Strain Diversity of Pseudomonas fluorescens Group with Potential Blue 593 
Pigment Phenotype Isolated from Dairy Products. Journal of Food Protection 79, 594 
1430–1435. https://doi.org/10.4315/0362-028X.JFP-15-589 595 

Chong, T.M., Yin, W.-F.F., Chen, J.-W.W., Mondy, S., Grandclément, C., Faure, D., 596 
Dessaux, Y., Chan, K.-G., 2016. Comprehensive genomic and phenotypic metal 597 
resistance profile of Pseudomonas putida strain S13.1.2 isolated from a vineyard 598 
soil. AMB Express 6, 95. https://doi.org/10.1186/s13568-016-0269-x 599 

Coyne, V.E., al-Harthi, L., 1992. Induction of melanin biosynthesis in Vibrio cholerae. 600 
Appl. Environ. Microbiol. 58, 2861–2865. 601 

de Oliveira, A.G., Spago, F.R., Simionato, A.S., Navarro, M.O.P., da Silva, C.S., 602 
Barazetti, A.R., Cely, M.V.T., Tischer, C.A., San Martin, J.A.B., de Jesus Andrade, 603 
C.G.T., Novello, C.R., Mello, J.C.P., Andrade, G., 2016. Bioactive Organocopper 604 
Compound from Pseudomonas aeruginosa Inhibits the Growth of Xanthomonas 605 
citri subsp. citri. Front. Microbiol. 7. https://doi.org/10.3389/fmicb.2016.00113 606 

de Souza, J.T., Raaijmakers, J.M., 2003. Polymorphisms within the prnD and pltC 607 
genes from pyrrolnitrin and pyoluteorin-producing Pseudomonas and Burkholderia 608 
spp. FEMS Microbiology Ecology 43, 21–34. https://doi.org/10.1111/j.1574-609 
6941.2003.tb01042.x 610 

Delmotte, N., Knief, C., Chaffron, S., Innerebner, G., Roschitzki, B., Schlapbach, R., 611 
von Mering, C., Vorholt, J.A., 2009. Community proteogenomics reveals insights 612 
into the physiology of phyllosphere bacteria. Proceedings of the National Academy 613 
of Sciences 106, 16428–16433. https://doi.org/10.1073/pnas.0905240106 614 



24 

Di Rienzo, J.A., Casanoves, F., Balzarini, M., Gonzalez, L., Tablada, M., Robledo, 615 
C.W., 2018. InfoStat versión 2018. 616 

Drewnowska, J.M., Zambrzycka, M., Kalska-Szostko, B., Fiedoruk, K., Swiecicka, I., 617 
2015. Melanin-Like Pigment Synthesis by Soil Bacillus weihenstephanensis 618 
Isolates from Northeastern Poland. PLOS ONE 10, e0125428. 619 
https://doi.org/10.1371/journal.pone.0125428 620 

Egan, S., Yeoh, H.H., Bradbury, J.H., 1998. Simple Picrate Paper Kit for Determination 621 
of the Cyanogenic Potential of Cassava Flour. J. Sci. Food Agric. 76, 39–48. 622 
https://doi.org/10.1002/(SICI)1097-0010(199801)76:1<39::AID-JSFA947>3.0.CO;2-623 
M 624 

Fayette, J., Jones, J.B., Pernezny, K., Roberts, P.D., Raid, R., 2018. Survival of 625 
Xanthomonas campestris pv. vitians on lettuce in crop debris, irrigation water, and 626 
weeds in south Florida. Eur J Plant Pathol 151, 341–353. 627 
https://doi.org/10.1007/s10658-017-1377-4 628 

Ganesh Kumar, C., Sahu, N., Narender Reddy, G., Prasad, R.B.N., Nagesh, N., 629 
Kamal, A., 2013. Production of melanin pigment from Pseudomonas stutzeri 630 
isolated from red seaweed Hypnea musciformis. Lett. Appl. Microbiol. 57, 295–302. 631 
https://doi.org/10.1111/lam.12111 632 

Garrido-Sanz, D., Meier-Kolthoff, J.P., Göker, M., Martín, M., Rivilla, R., Redondo-633 
Nieto, M., 2016. Genomic and Genetic Diversity within the Pseudomonas 634 
fluorescens Complex. PLoS ONE 11, e0150183. 635 
https://doi.org/10.1371/journal.pone.0150183 636 

Gomila, M., PeÃ±a, A., Mulet, M., Lalucat, J., García-Valdés, E., 2015. Phylogenomics 637 
and systematics in Pseudomonas. Front. Microbiol. 6. 638 
https://doi.org/10.3389/fmicb.2015.00214 639 

Gould, W.D., Hagedorn, C., Bardinelli, T.R., Zablotowicz, R.M., 1985. New Selective 640 
Media for Enumeration and Recovery of Fluorescent Pseudomonads from Various 641 
Habitats. APPL. ENVIRON. MICROBIOL. 49, 5. 642 

Gunasekera, T.S., Sundin, G.W., 2006. Role of nucleotide excision repair and 643 
photoreactivation in the solar UVB radiation survival of Pseudomonas syringae pv. 644 
syringae B728a. J Appl Microbiol 100, 1073–1083. https://doi.org/10.1111/j.1365-645 
2672.2006.02841.x 646 

Haas, D., Défago, G., 2005. Biological control of soil-borne pathogens by fluorescent 647 
pseudomonads. Nat Rev Microbiol 3, 307–319. https://doi.org/10.1038/nrmicro1129 648 

Haas, D., Keel, C., 2003. Regulation of antibiotic production in root-colonizing 649 
Pseudomonas spp. and relevance for biological control of plant disease. Annu. 650 
Rev. Phytopathol. 41, 117–153. 651 
https://doi.org/10.1146/annurev.phyto.41.052002.095656 652 

Han, X., Wang, W., Xiao, X., 2008. Microbial Biosynthesis and Biotransformation of 653 
Indigo and Indigo-like Pigments. Chinese Journal of Biotechnology 24, 921–926. 654 
https://doi.org/10.1016/S1872-2075(08)60043-6 655 

Han, H., Iakovenko, L., Wilson, A.C., 2015. Loss of Homogentisate 1,2-Dioxygenase 656 
Activity in Bacillus anthracis. Results in Accumulation of Protective Pigment. PLoS 657 
ONE 10, e0128967. https://doi.org/10.1371/journal.pone.0128967 658 

Hoti, S.L., Balaraman, K., 1993. Formation of melanin pigment by a mutant of Bacillus 659 
thuringiensis H-14. J. Gen. Microbiol. 139, 2365–2369. 660 
https://doi.org/10.1099/00221287-139-10-2365 661 

Hu, J., Wei, Z., Weidner, S., Friman, V., Xu, Y., Shen, Q., Jousset, A., 2017. Probiotic 662 
Pseudomonas communities enhance plant growth and nutrient assimilation via 663 
diversity-mediated ecosystem functioning. Soil Biol. Biochem. 113, 122–129. 664 
https://doi.org/10.1016/j.soilbio.2017.05.029 665 

Innerebner, G., Knief, C., Vorholt, J.A., 2011. Protection of Arabidopsis thaliana against 666 
Leaf-Pathogenic Pseudomonas syringae by Sphingomonas Strains in a Controlled 667 
Model System. Appl. Environ. Microbiol. 77, 3202–3210. 668 
https://doi.org/10.1128/AEM.00133-11 669 



25 

Jacobs, J.L., Carroll, T.L., Sundin, G.W., 2005. The Role of Pigmentation, Ultraviolet 670 
Radiation Tolerance, and Leaf Colonization Strategies in the Epiphytic Survival of 671 
Phyllosphere Bacteria. Microb. Ecol. 49, 104–113. https://doi.org/10.1007/s00248-672 
003-1061-4 673 

Ji, P., Campbell, H.L., Kloepper, J.W., Jones, J.B., Suslow, T.V., Wilson, M., 2006. 674 
Integrated biological control of bacterial speck and spot of tomato under field 675 
conditions using foliar biological control agents and plant growth-promoting 676 
rhizobacteria. Biol. Control 36, 358–367. 677 
https://doi.org/10.1016/j.biocontrol.2005.09.003 678 

Johannes, C., Majcherczyk, A., 2000. Laccase activity tests and laccase inhibitors. 679 
Journal of Biotechnology 78, 193–199. https://doi.org/10.1016/S0168-680 
1656(00)00208-X 681 

Jones, J.B., Woltz, S., Jones, J., Portier, K., 1991. Population Dynamics of 682 
Xanthomonas campestris pv. vesicatoria on Tomato Leaflets Treated with Copper 683 
Bactericides. Phytopathology 81, 714. https://doi.org/10.1094/Phyto-81-714 684 

Kannan, V., Bastas, K., Devi, R., 2015. Scientific and Economic Impact of Plant 685 
Pathogenic Bacteria, in: Kannan, V, Bastas, K. (Eds.), Sustainable Approaches to 686 
Controlling Plant Pathogenic Bacteria. CRC Press, pp. 369–392. 687 
https://doi.org/10.1201/b18892-21 688 

Ketelboeter, L., Potharla, V., Bardy, S., 2014. NTBC Treatment of the Pyomelanogenic 689 
Pseudomonas aeruginosa Clinical Isolate PA1111 Inhibits Pigment Production and 690 
Increases Sensitivity to Oxidative Stress. Curr. Microbiol. 69, 343–348. 691 
https://doi.org/10.1007/s00284-014-0593-9 692 

Knief, C., Ramette, A., Frances, L., Alonso-Blanco, C., Vorholt, J.A., 2010. Site and 693 
plant species are important determinants of the Methylobacterium community 694 
composition in the plant phyllosphere. ISME J 4, 719–728. 695 
https://doi.org/10.1038/ismej.2010.9 696 

Kotob, S.I., Coon, S.L., Quintero, E.J., Weiner, R.M., 1995. Homogentisic acid is the 697 
primary precursor of melanin synthesis in Vibrio cholerae, a Hyphomonas strain, 698 
and Shewanella colwelliana. Appl. Environ. Microbiol. 61, 1620–1622. 699 

Kröckel, L., 2009. Black spots on adipose tissue of pork and beef caused by melanin 700 
producing Pseudomonas fluorescens. Fleischwirtschaft 89, 89–92. 701 

Kumar, S., Stecher, G., Tamura, K., 2016. MEGA7: Molecular Evolutionary Genetics 702 
Analysis Version 7.0 for Bigger Datasets. Mol. Biol. Evol. 33, 1870–1874. 703 
https://doi.org/10.1093/molbev/msw054 704 

Lanteigne, C., Gadkar, V.J., Wallon, T., Novinscak, A., Filion, M., 2012. Production of 705 
DAPG and HCN by Pseudomonas sp. LBUM300 Contributes to the Biological 706 
Control of Bacterial Canker of Tomato. Phytopathology 102, 967–973. 707 
https://doi.org/10.1094/PHYTO-11-11-0312 708 

Lavermicocca, P., Lonigro, S.L., Evidente, A., Andolfi, A., 1999. Bacteriocin production 709 
by Pseudomonas syringae pv. ciccaronei NCPPB2355. Isolation and partial 710 
characterization of the antimicrobial compound. Journal of Applied Microbiology 86, 711 
257–265. https://doi.org/10.1046/j.1365-2672.1999.00656.x 712 

Lee, J.-K., Jung, H.-M., Kim, S.-Y., 2003. 1,8-Dihydroxynaphthalene (DHN)-Melanin 713 
Biosynthesis Inhibitors Increase Erythritol Production in Torula corallina, and DHN-714 
Melanin Inhibits Erythrose Reductase. Appl. Environ. Microbiol. 69, 3427–3434. 715 
https://doi.org/10.1128/AEM.69.6.3427-3434.2003 716 

Lindow, S.E., Brandl, M.T., 2003. Microbiology of the phyllosphere. Appl. Environ. 717 
Microbiol. 69, 1875–1883. https://doi.org/10.1128/AEM.69.4.1875-1883.2003 718 

Loper, J.E., Hassan, K. a, Mavrodi, D. V, Davis, E.W., Lim, C.K., Shaffer, B.T., 719 
Elbourne, L.D.H., Stockwell, V.O., Hartney, S.L., Breakwell, K., Henkels, M.D., 720 
Tetu, S.G., Rangel, L.I., Kidarsa, T. a, Wilson, N.L., van de Mortel, J.E., Song, C., 721 
Blumhagen, R., Radune, D., Hostetler, J.B., Brinkac, L.M., Durkin,  a S., Kluepfel, 722 
D. a, Wechter, W.P., Anderson, A.J., Kim, Y.C., Pierson, L.S., Pierson, E. a, 723 
Lindow, S.E., Kobayashi, D.Y., Raaijmakers, J.M., Weller, D.M., Thomashow, L.S., 724 



26 

Allen, A.E., Paulsen, I.T., 2012. Comparative genomics of plant-associated 725 
Pseudomonas spp.: insights into diversity and inheritance of traits involved in 726 
multitrophic interactions. PLoS Genet. 8, e1002784. 727 
https://doi.org/10.1371/journal.pgen.1002784 728 

Łopusiewicz, Ł., 2018. Antioxidant, antibacterial properties and the light barrier 729 
assessment of raw and purified melanins isolated from Citrullus lanatus 730 
(watermelon) seeds. Herba Pol. 64, 25–36. https://doi.org/10.2478/hepo-2018-0008 731 

Louws, F.J., Wilson, M., Campbell, H.L., Cuppels, D.A., Jones, J.B., Shoemaker, P.B., 732 
Sahin, F., Miller, S.A., 2001. Field Control of Bacterial Spot and Bacterial Speck of 733 
Tomato Using a Plant Activator. Plant Dis. 85, 481–488. 734 
https://doi.org/10.1094/PDIS.2001.85.5.481 735 

Lugtenberg, B., Kamilova, F., 2009. Plant-growth-promoting rhizobacteria. Annu. Rev. 736 
Microbiol. 63, 541–56. https://doi.org/10.1146/annurev.micro.62.081307.162918 737 

Ma, Y., Rajkumar, M., Moreno, A., Zhang, C., Freitas, H., 2017. Serpentine endophytic 738 
bacterium Pseudomonas azotoformans ASS1 accelerates phytoremediation of soil 739 
metals under drought stress. Chemosphere 185, 75–85. 740 
https://doi.org/10.1016/j.chemosphere.2017.06.135 741 

Manirethan, V., Raval, K., Rajan, R., Thaira, H., Balakrishnan, R.M., 2018. Kinetic and 742 
thermodynamic studies on the adsorption of heavy metals from aqueous solution 743 
by melanin nanopigment obtained from marine source: Pseudomonas stutzeri. J. 744 
Environ. Manage. 214, 315–324. https://doi.org/10.1016/j.jenvman.2018.02.084 745 

Manivasagan, P., Venkatesan, J., Senthilkumar, K., Sivakumar, K., Kim, S.-K., 2013. 746 
Isolation and characterization of biologically active melanin from Actinoalloteichus 747 
sp. MA-32. Int. J. Biol. Macromol. 58, 263–274. 748 
https://doi.org/10.1016/j.ijbiomac.2013.04.041 749 

Marco, G.M., 1983. Control of Bacterial Spot of Pepper Initiated by Strains of 750 
Xanthomonas campestris pv. vesicatoria That Differ in Sensitivity to Copper. Plant 751 
Dis. 67, 779. https://doi.org/10.1094/PD-67-779 752 

Martin, H.L., Hamilton, V.A., Kopittke, R.A., 2004. Copper Tolerance in Australian 753 
Populations of Xanthomonas campestris pv. vesicatoria Contributes to Poor Field 754 
Control of Bacterial Spot of Pepper. Plant Dis. 88, 921–924. 755 
https://doi.org/10.1094/PDIS.2004.88.9.921 756 

Martínez-García, E., Calles, B., Arévalo-Rodríguez, M., de Lorenzo, V., 2011. pBAM1: 757 
an all-synthetic genetic tool for analysis and construction of complex bacterial 758 
phenotypes. BMC Microbiol. 11, 38. https://doi.org/10.1186/1471-2180-11-38 759 

Maurhofer, M., Keel, C., Haas, D., Défago, G., 1994. Pyoluteorin production by 760 
Pseudomonas fluorescens strain CHA0 is involved in the suppression of Pythium 761 
damping-off of cress but not of cucumber. Eur J Plant Pathol 100, 221–232. 762 
https://doi.org/10.1007/BF01876237 763 

Mavrodi, O.V., McSpadden Gardener, B.B., Mavrodi, D.V., Bonsall, R.F., Weller, D.M., 764 
Thomashow, L.S., 2001. Genetic Diversity of phlD from 2,4-Diacetylphloroglucinol-765 
Producing Fluorescent Pseudomonas spp. Phytopathology 91, 35–43. 766 
https://doi.org/10.1094/PHYTO.2001.91.1.35 767 

Mavrodi, D.V., Peever, T.L., Mavrodi, O.V., Parejko, J.A., Raaijmakers, J.M., 768 
Lemanceau, P., Mazurier, S., Heide, L., Blankenfeldt, W., Weller, D.M., 769 
Thomashow, L.S., 2010. Diversity and Evolution of the Phenazine Biosynthesis 770 
Pathway. Applied and Environmental Microbiology 76, 866–879. 771 
https://doi.org/10.1128/AEM.02009-09 772 

McClean, K.H., Chhabra, S.R., Camara, M., Daykin, M., Swift, S., Bycroft, B.W., 773 
Williams, P., 1997. Quorum sensing and Chrornobacteriurn violaceurn:exploitation 774 
of violacein production and inhibition for the detection of N-acylhomoserine 775 
lactones. Microbiology 143, 3703–3711. 776 

McGraw, K.J., Safran, R.J., Wakamatsu, K., 2005. How feather colour reflects its 777 
melanin content. Funct. Ecol. 19, 816–821. https://doi.org/10.1111/j.1365-778 
2435.2005.01032.x 779 



27 

McMahon, A.M., Doyle, E.M., Brooks, S., O’Connor, K.E., 2007. Biochemical 780 
characterisation of the coexisting tyrosinase and laccase in the soil bacterium 781 
Pseudomonas putida F6. Enzyme and Microbial Technology 40, 1435–1441. 782 
https://doi.org/10.1016/j.enzmictec.2006.10.020 783 

McSpadden Gardener, B.B., Mavrodi, D.V., Thomashow, L.S., Weller, D.M., 2001. A 784 
Rapid Polymerase Chain Reaction-Based Assay Characterizing Rhizosphere 785 
Populations of 2,4-Diacetylphloroglucinol-Producing Bacteria. Phytopathology 91, 786 
44–54. https://doi.org/10.1094/PHYTO.2001.91.1.44 787 

Mencher, J.R., Heim, A.H., 1962. Melanin Biosynthesis by Streptomyces lavendulae. 788 
Journal of General Microbiology 28, 665–670. https://doi.org/10.1099/00221287-28-789 
4-665 790 

Mercado-Blanco, J., Bakker, P., 2007. Interactions between plants and beneficial 791 
Pseudomonas spp.: exploiting bacterial traits for crop protection. Antonie Van 792 
Leeuwenhoek 92, 367–89. https://doi.org/10.1007/s10482-007-9167-1 793 

Meyer, J.M., 2000. Pyoverdines: pigments, siderophores and potential taxonomic 794 
markers of fluorescent Pseudomonas species. Arch. Microbiol. 174, 135–42. 795 

Morohoshi, T., Kato, M., Fukamachi, K., Kato, N., Ikeda, T., 2008. N-Acylhomoserine 796 
lactone regulates violacein production in Chromobacterium violaceum type strain 797 
ATCC 12472. FEMS Microbiology Letters 279, 124–130. 798 
https://doi.org/10.1111/j.1574-6968.2007.01016.x 799 

Müller, T., Behrendt, U., Ruppel, S., von der Waydbrink, G., Müller, M.E.H., 2015. 800 
Fluorescent Pseudomonads in the Phyllosphere of Wheat: Potential Antagonists 801 
Against Fungal Phytopathogens. Curr. Microbiol. 383–389. 802 
https://doi.org/10.1007/s00284-015-0966-8 803 

Mussa, A.H., Ziayt, M.R., 2018. Study the effect of Purified Pyoluteorin Produced from 804 
P. aeruginosa, Isolated from Rhizospheric Plant Wheat on some UTI Bacteria 805 
Biofilm Formation. Rese. Jour. of Pharm. and Technol. 11, 5529. 806 
https://doi.org/10.5958/0974-360X.2018.01006.5 807 

Nautiyal, C.S., 1999. An efficient microbiological growth medium for screening 808 
phosphate solubilizing microorganisms. FEMS Microbiology Letters 170, 265–270. 809 
https://doi.org/10.1111/j.1574-6968.1999.tb13383.x 810 

Nikodinovic-Runic, J., Martin, L.B., Babu, R., Blau, W., O’Connor, K.E., 2009. 811 
Characterization of melanin-overproducing transposon mutants of Pseudomonas 812 
putida F6. FEMS Microbiology Letters 298, 174–183. https://doi.org/10.1111/j.1574-813 
6968.2009.01716.x 814 

Noorian, P., Hu, J., Chen, Z., Kjelleberg, S., Wilkins, M.R., Sun, S., McDougald, D., 815 
2017. Pyomelanin produced by Vibrio cholerae confers resistance to predation by 816 
Acanthamoeba castellanii. FEMS Microbiology Ecology 93. 817 
https://doi.org/10.1093/femsec/fix147 818 

Nosanchuk, J.D., Casadevall, A., 2003. The contribution of melanin to microbial 819 
pathogenesis. Cell Microbiol 5, 203–223. https://doi.org/10.1046/j.1462-820 
5814.2003.00268.x 821 

Ohmori, T., Hagiwara, S., Ueda, A., Minoda, Y., Yamada, K., 1978. Production of 822 
Pyoluteorin and Its Derivatives from n-Paraffin by Pseudomonas aeruginosa 823 
S10B2. Agricultural and Biological Chemistry 42, 2031–2036. 824 
https://doi.org/10.1080/00021369.1978.10863304 825 

Paterson, J., Jahanshah, G., Li, Y., Wang, Q., Mehnaz, S., Gross, H., 2017. The 826 
contribution of genome mining strategies to the understanding of active principles 827 
of PGPR strains. FEMS Microbiology Ecology 93, fiw249. 828 
https://doi.org/10.1093/femsec/fiw249 829 

Paulin, M.M., Novinscak, A., Lanteigne, C., Gadkar, V.J., Filion, M., 2017. Interaction 830 
between 2,4-Diacetylphloroglucinol- and Hydrogen Cyanide-Producing 831 
Pseudomonas brassicacearum LBUM300 and Clavibacter michiganensis subsp. 832 
michiganensis in the Tomato Rhizosphere. Appl. Environ. Microbiol. 83, e00073-17, 833 
/aem/83/13/e00073-17.atom. https://doi.org/10.1128/AEM.00073-17 834 



28 

Pavan, M.E., López, N.I., Pettinari, M.J., 2020. Melanin biosynthesis in bacteria, 835 
regulation and production perspectives. Appl Microbiol Biotechnol 104. 836 
https://doi.org/10.1007/s00253-019-10245-y 837 

Pérez-Miranda, S., Cabirol, N., George-Téllez, R., Zamudio-Rivera, L.S., Fernández, 838 
F.J., 2007. O-CAS, a fast and universal method for siderophore detection. Journal 839 
of Microbiological Methods 70, 127–131. 840 
https://doi.org/10.1016/j.mimet.2007.03.023 841 

Plonka, P.M., Grabacka, M., 2006. Melanin synthesis in microorganisms--842 
biotechnological and medical aspects. Acta Biochim. Pol. 53, 429–43. 843 

Príncipe, A., Fernandez, M., Torasso, M., Godino, A., Fischer, S., 2018. Effectiveness 844 
of tailocins produced by Pseudomonas fluorescens SF4c in controlling the 845 
bacterial-spot disease in tomatoes caused by Xanthomonas vesicatoria. 846 
Microbiological Research 212–213, 94–102. 847 
https://doi.org/10.1016/j.micres.2018.05.010 848 

Raman, N.M., Shah, P.H., Mohan, M., Ramasamy, S., 2015. Improved production of 849 
melanin from Aspergillus fumigatus AFGRD105 by optimization of media factors. 850 
AMB Expr 5, 72. https://doi.org/10.1186/s13568-015-0161-0 851 

Ramette, A., Frapolli, M., Saux, M.F.-L., Gruffaz, C., Meyer, J.-M., Défago, G., Sutra, 852 
L., Moënne-Loccoz, Y., 2011. Pseudomonas protegens sp. nov., widespread plant-853 
protecting bacteria producing the biocontrol compounds 2,4-diacetylphloroglucinol 854 
and pyoluteorin. Systematic and Applied Microbiology 34, 180–188. 855 
https://doi.org/10.1016/j.syapm.2010.10.005 856 

Rashid, M.H., Kornberg, A., 2000. Inorganic polyphosphate is needed for swimming, 857 
swarming, and twitching motilities of Pseudomonas aeruginosa. Proceedings of the 858 
National Academy of Sciences 97, 4885–4890. 859 
https://doi.org/10.1073/pnas.060030097 860 

Reichler, S.J., Martin, N.H., Evanowski, R.L., Kovac, J., Wiedmann, M., Orsi, R.H., 861 
2019. A century of gray: A genomic locus found in 2 distinct Pseudomonas spp. is 862 
associated with historical and contemporary color defects in dairy products 863 
worldwide. Journal of Dairy Science 102, 5979–6000. 864 
https://doi.org/10.3168/jds.2018-16192 865 

Richard, D., Boyer, C., Lefeuvre, P., Canteros, B.I., Beni-Madhu, S., Portier, P., 866 
Pruvost, O., 2017. Complete Genome Sequences of Six Copper-Resistant 867 
Xanthomonas Strains Causing Bacterial Spot of Solaneous Plants, Belonging to X. 868 
gardneri , X. euvesicatoria , and X. vesicatoria , Using Long-Read Technology. 869 
Genome Announc. 5, e01693-16, /ga/5/8/e01693-16.atom. 870 
https://doi.org/10.1128/genomeA.01693-16 871 

Ruiz, D., Agaras, B., de Werra, P., Wall, L.G., Valverde, C., 2011. Characterization and 872 
screening of plant probiotic traits of bacteria isolated from rice seeds cultivated in 873 
Argentina. J. Microbiol. Seoul Korea 49, 902–12. https://doi.org/10.1007/s12275-874 
011-1073-6 875 

Sansinenea, E., Ortiz, A., 2015. Melanin: a photoprotection for Bacillus thuringiensis 876 
based biopesticides. Biotechnol. Lett. 37, 483–490. https://doi.org/10.1007/s10529-877 
014-1726-8 878 

Sacherer, P., DÃ©fago, G., Haas, D., 1994. Extracellular protease and phospholipase 879 
C are controlled by the global regulatory gene gacA in the biocontrol strain 880 
Pseudomonas fluorescens CHA0. FEMS Microbiology Letters 116, 155–160. 881 
https://doi.org/10.1111/j.1574-6968.1994.tb06694.x 882 

Schreiber, L., Krimm, U., Knoll, D., Sayed, M., Auling, G., Kroppenstedt, R.M., 2005. 883 
Plant-microbe interactions: identification of epiphytic bacteria and their ability to 884 
alter leaf surface permeability. New Phytologist 166, 589–594. 885 
https://doi.org/10.1111/j.1469-8137.2005.01343.x 886 

Shanmugaiah, V., Mathivanan, N., Varghese, B., 2010. Purification, crystal structure 887 
and antimicrobial activity of phenazine-1-carboxamide produced by a growth-888 



29 

promoting biocontrol bacterium, Pseudomonas aeruginosa MML2212. J. Appl. 889 
Microbiol. 108, 703–711. https://doi.org/10.1111/j.1365-2672.2009.04466.x 890 

Singh, D., Kumar, J., Kumar, A., 2018. Isolation of pyomelanin from bacteria and 891 
evidences showing its synthesis by 4-hydroxyphenylpyruvate dioxygenase enzyme 892 
encoded by hppD gene. Int. J. Biol. Macromol. 119, 864–873. 893 
https://doi.org/10.1016/j.ijbiomac.2018.08.003 894 

Solano, F., 2014. Melanins: Skin Pigments and Much More—Types, Structural Models, 895 
Biological Functions, and Formation Routes. New Journal of Science 2014, 1–28. 896 
https://doi.org/10.1155/2014/498276 897 

Solano, F., Lucas-Elío, P., López-Serrano, D., Fernández, E., Sanchez-Amat, A., 2001. 898 
Dimethoxyphenol oxidase activity of different microbial blue multicopper proteins. 899 
FEMS Microbiology Letters 204, 175–181. https://doi.org/10.1111/j.1574-900 
6968.2001.tb10882.x 901 

Sundin, G.W., Jacobs, J.L., 1999. Ultraviolet Radiation (UVR) Sensitivity Analysis and 902 
UVR Survival Strategies of a Bacterial Community from the Phyllosphere of Field-903 
Grown Peanut (Arachis hypogeae L.). Microbial Ecology 38, 27–38. 904 
https://doi.org/10.1007/s002489900152 905 

Trueman, C.L., 2015. Copper Alternatives for Management of Bacterial Spot 906 
(Xanthomonas gardneri) and Bacterial Speck (Pseudomonas syringae pv. tomato) 907 
in Processing Tomatoes. Acta Hortic. 243–249. 908 
https://doi.org/10.17660/ActaHortic.2015.1069.34 909 

Valeru, S.P., Rompikuntal, P.K., Ishikawa, T., Vaitkevicius, K., Sjoling, A., Dolganov, 910 
N., Zhu, J., Schoolnik, G., Wai, S.N., 2009. Role of Melanin Pigment in Expression 911 
of Vibrio cholerae Virulence Factors. Infection and Immunity 77, 935–942. 912 
https://doi.org/10.1128/IAI.00929-08 913 

Wheeler, M.H., Kuch, M.A., 1995. The effects of tricyclazole, pyroquilon, phthalide, and 914 
related fungicides on the production of conidial wall pigments by penicillium and 915 
aspergillus species. Pestic. Biochem. Physiol. 916 
https://doi.org/10.1006/pest.1995.1037 917 

Xie, G., Keyhani, N.O., Bonner, C.A., Jensen, R.A., 2003. Ancient Origin of the 918 
Tryptophan Operon and the Dynamics of Evolutionary Change. Microbiol. Mol. Biol. 919 
Rev. 67, 303–342. https://doi.org/10.1128/MMBR.67.3.303-342.2003 920 

Xu, S., Pan, X., Luo, J., Wu, J., Zhou, Z., Liang, X., He, Y., Zhou, M., 2015. Effects of 921 
phenazine-1-carboxylic acid on the biology of the plant-pathogenic bacterium 922 
Xanthomonas oryzae pv. oryzae. Pestic. Biochem. Physiol. 117, 39–46. 923 
https://doi.org/10.1016/j.pestbp.2014.10.006 924 

Yan, Q., Philmus, B., Chang, J.H., Loper, J.E., 2017. Novel mechanism of metabolic 925 
co-regulation coordinates the biosynthesis of secondary metabolites in 926 
Pseudomonas protegens. eLife 6, e22835. https://doi.org/10.7554/eLife.22835 927 

Yu, J., Penaloza-Vazquez, A., Chakrabarty, A.M., Bender, C.L., 1999. Involvement of 928 
the exopolysaccharide alginate in the virulence and epiphytic fitness of 929 
Pseudomonas syringae pv. syringae. Mol Microbiol 33, 712–720. 930 
https://doi.org/10.1046/j.1365-2958.1999.01516.x 931 

Zerrad, A., Anissi, J., Ghanam, J., Sendide, K., Mohammed, E., 2014. Antioxidant and 932 
antimicrobial activities of melanin produced by a Pseudomonas balearica strain. J 933 
Biotechnol Lett 5, 87–94. 934 

Zhao, H., Liu, Y.-P., Zhang, L.-Q., 2019. In silico and Genetic Analyses of Cyclic 935 
Lipopeptide Synthetic Gene Clusters in Pseudomonas sp. 11K1. Front. Microbiol. 936 
10, 544. https://doi.org/10.3389/fmicb.2019.00544 937 

 938 



A black-pigmented pseudomonad isolate with antibacterial activity against 

phyllospheric pathogens 

 

María Fernanda Sosa1, Patricio Sobrero2, Claudio Valverde1,3, Betina Agaras1,3,* 

 

1 Laboratorio de Fisiología y Genética de Bacterias Beneficiosas para Plantas, Centro 

de Bioquímica y Microbiología de Suelos, Universidad Nacional de Quilmes. 

2 Laboratorio de Bioquímica y Biología de Suelos, Centro de Bioquímica y 

Microbiología de Suelos, Universidad Nacional de Quilmes. 

3 CONICET, Argentina 

 

* Corresponding author: Laboratorio de Fisiología y Genética de Bacterias 

Beneficiosas para Plantas, Centro de Bioquímica y Microbiología del Suelo, 

Universidad Nacional de Quilmes, Roque Sáenz Peña 352, Bernal B1876BXD, Buenos 

Aires, Argentina. E-mail address: betina.agaras@unq.edu.ar 

 



Declaration of interests 

 

☒ The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper. 

 

☐The authors declare the following financial interests/personal relationships which may be considered 

as potential competing interests:  

 

 
 
 

 

 


