
Nature and origin of the violet stains on the walls of a Roman tomb 1 

 2 

Irene Dominguez-Moñino
a†

, Marta Diaz-Herraiz
a†

, Valme Jurado
a, 

Leonila Laiz
a
, Ana 3 

Z. Miller
a
, Juan Luis Santos

b
, Esteban Alonso

b
, Cesareo Saiz-Jimenez

a
* 4 

 5 

a
Instituto de Recursos Naturales y Agrobiologia, IRNAS-CSIC, Avenida Reina Mercedes 6 

10, 41012 Sevilla, Spain 7 

b
Escuela Politecnica Superior, Universidad de Sevilla, Virgen de Africa 7, 41011 Sevilla, 8 

Spain 9 

 10 

†
Both authors contributed equally 11 

 12 

*Corresponding author:  13 

Cesareo Saiz-Jimenez 14 

Instituto de Recursos Naturales y Agrobiologia, IRNAS-CSIC, Avenida Reina Mercedes 15 

10, 41012 Sevilla, Spain. E-mail: saiz@irnase.csic.es 16 

 17 

Running title: Violet stains in a Roman tomb 18 

 19 

Keywords: Streptomyces, violet stains, cyanobacteria, granaticins, Roman tomb, 20 

biodeterioration 21 

22 

Postprint of:  Science of the Total Environment (598): 889-899 (2017)



 ABSTRACT  23 

 24 

The Circular Mausoleum tomb (Roman Necropolis of Carmona, Spain) dates back from the 25 

first century AD and is characterized by a dense microbial (phototrophic) colonization on 26 

the walls and ceiling. However, some walls exhibited an important number of violet stains 27 

of unknown origin. The microbial communities of these violet stains are mainly composed 28 

of cyanobacteria, streptomycetes and fungi. A strain of Streptomyces parvus, isolated from 29 

the walls, produces a violet pigment in culture media. High performance liquid 30 

chromatography-mass spectrometry of the culture extracts obtained from this Streptomyces 31 

revealed the presence of a few granaticins, pigments with a benzoisochromanequinone 32 

structure. When metabolically active in the tomb, S. parvus synthesizes the pigments that 33 

diffuse into the mortar. During rain and/or wetting periods, the pigments are solubilized by 34 

alkaline waters and elute from the starting position to the surrounding mortar, enlarging the 35 

pigmented area and thus contributing to this exceptional biodeterioration phenomenon.  36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 



1. Introduction  45 

Many Roman necropolises are decorated with magnificent mural paintings. The 46 

conservation of these paintings is difficult, mainly derived from environmental factors and 47 

the opening of the tombs to public visits. One of the most complex phenomena observed in 48 

these sites is biodeterioration.  49 

Subsurface environments (caves, necropolises, catacombs, tombs, crypts, etc.) are 50 

characterized by their microclimatic conditions, mainly high relative humidity the year 51 

round, lower temperatures than outside and poor ventilation (Saiz-Jimenez et al., 2011; 52 

Diaz-Herraiz et al., 2014; Fernandez-Cortes et al., 2015; Cañaveras et al., 2015). These 53 

conditions promote the growth of Actinobacteria, a common phylum in tombs, with 54 

Nocardia, Pseudonocardia and Streptomyces as the most abundant genera (Diaz-Herraiz et 55 

al., 2013, 2014). Actinobacteria produce colored biofilms on mural paintings (Agarossi, 56 

1994; Ettenauer et al., 2014) and many species of this phylum are characterized by the 57 

production of pigments (Waksman and Lechevalier, 1953; Bérdy, 2005). 58 

The Circular Mausoleum is a small tomb located in the Roman Necropolis of Carmona, 59 

Spain. This tomb is actively colonized by photosynthetic microorganisms as reported by 60 

Cañaveras et al. (2015). However, these authors did no investigate the nature and origin of 61 

the abundant violet stains that can be observed on the walls (Fig. 1). The colored stains 62 

have been noticeable since the last quarter of the 20th century and increased over time. The 63 

presence of violet stains on mural paintings and walls is rare. They were only reported in 64 

two Etruscan tombs whose pigments were not identified (Agarossi, 1994).  65 

A few sampling campaigns were conducted in the Circular Mausoleum to analyze the 66 

microbial communities associated with the stains and to know the chemical structure of the 67 



violet pigment. To this aim Bacteria, Archaea and Eukaryota were investigated. In different 68 

samplings periods we isolated three strains of Streptomyces involved in the production of a 69 

diffusible violet pigment in laboratory cultures. The isolation of strains that produce violet 70 

pigments, either in nature or in the laboratory, together with the identification of the 71 

metabolites permitted to disclose the nature of this biodeterioration phenomenon.   72 

 73 

2. Methodology 74 

2.1. Sampling of violet stains and cultivation assays 75 

In December 2012, a sampling campaign was conducted in the Circular Mausoleum 76 

tomb from the Roman Necropolis of Carmona, Spain.  A few violet stains were collected 77 

from the walls (Fig. 1) using a sterilized scalpel, and placed into sterile tubes and used for 78 

different analyses. Three types of samples were selected: GB1 from green biofilm (near to 79 

violet stains), GV2 from an area where green biofilms and violet stains were in close 80 

contact, and VS3 from violet stains far from green biofilms. GV2 and VS3 samples were 81 

used for molecular analyses and VS3 for bacterial isolation. VS3 sample was processed the 82 

day of sampling, suspended in a saline solution and inoculated on Petri plates with a TSA 83 

(tryptone soy agar) medium with 0.2% glycerol. Cultures were incubated at 30°C for 84 

several weeks to allow the development of slow growing species. Samples for nucleic acid 85 

analyses were preserved in the laboratory at -80°C until being processed.  86 

Only one strain producing violet pigments (MCs36) was obtained from the 2012 87 

sampling. Previously, a few more sampling campaigns were carried out seeking for the 88 

isolation of this type of bacteria. Only in the 1997 (strain MC48) and 2005 (strain MC05) 89 

campaigns we were able to isolate two more strains producing the pigment. 90 



A few Streptomyces from culture collections were used in this study: Streptomyces 91 

parvus DSM 40348
T
, Streptomyces pluricolorescens DSM 40019

T
, Streptomyces 92 

cyaneofuscatus DSM 41423
T
, Streptomyces vietnamensis DSM 41927

T
, Streptomyces 93 

badius DSM 40139
T
, Streptomyces sindenensis DSM 40255

T
, Streptomyces globisporus 94 

DSM 40199
T
 and Streptomyces rubiginosohelvolus DSM 40176

T
. Streptomyces coelicolor 95 

A3(2) was kindly provided by Dr. Paloma Liras, Molecular Biology Department, 96 

University of Leon, Spain. 97 

2.2. Field emission scanning electron microscopy 98 

Small mortar fragments from the Circular Mausoleum tomb exhibiting green biofilms 99 

and violet stains were examined by field emission scanning electron microscopy (samples 100 

GB1, GV2 and VS3). Fresh samples were fixed with 2.5% glutaraldehyde in 0.1M 101 

cacodylate-buffer (pH 7.4) at 4ºC for 2 h and washed thrice in cacodylate-buffer. 102 

Subsequently, they were postfixed in 1% osmium tetroxide for 1 h at 4ºC and dehydrated 103 

by subsequent dilution series in ethanol and acetone finishing with 100% acetone before 104 

drying. The samples were dried in a critical point drying device (Leica EM 300) at 34.5ºC. 105 

Finally, the mortar samples were mounted on SEM stubs and sputter-coated with gold. 106 

FESEM examinations were performed in a FEI TENEO microscope, which was operated in 107 

secondary electron detection mode with an acceleration potential of 5 kV. 108 

2.3. Characterization of microbial communities by molecular analysis  109 

Total nucleic acids from violet stain samples were extracted using the method 110 

described by Griffiths et al. (2000) for the parallel analysis of DNA and RNA, which 111 



allowed the identification of total community and metabolically active microorganisms, 112 

respectively. Extracted nucleic acids were re-suspended in 80 µl of sterile ultrapure water.  113 

For RNA analysis, a 50 µl aliquot was subjected to a DNase digestion step using an 114 

RNase-Free DNase (Quiagen GmbH, Hilden, Germany), and RNA was purified using the 115 

RNeasy MinElute Cleanup kit (Quiagen GmbH, Hilden, Germany), according to the 116 

manufacturer’s instructions. Complementary DNA (cDNA) from the purified RNA was 117 

synthesized using Superscript II Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) 118 

with a specific reverse primer: 907R for bacteria (Muyzer et al., 1995), Cya781R for 119 

cyanobacteria (Nübel et al., 1997), StrepF for Streptomyces (Rintala et al., 2001), and ITS4 120 

for fungi (White et al., 1990), at a temperature of 42ºC for 50 min. 121 

The PCR reaction mixture (50 µl) consisted of 5 µl of 10x PCR buffer, 2 µl of MgCl2 122 

(50 mM), 0.5 µl of each primer (50 µM), 5 µl of dNTP (2 mM each), 5–10 ng of DNA 123 

template and 0.25 µl of Taq polymerase (5 U µl
-1

) (Bioline, GC Biotech, the Netherlands), 124 

made up to 50 μl of nuclease-free water (Sigma-Aldrich, USA). PCR amplifications were 125 

performed in BioRad iCycler thermal cycler (BioRad, CA, USA). PCR conditions for 126 

bacteria and cyanobacteria consisted of: 2 min of initial denaturing step at 94°C, followed 127 

by 35 cycles of denaturing at 94°C for 15 s, annealing at 55°C for 15 s and a 1 min 128 

extension at 72°C, with a final extension of 10 min at 72°C. The PCR amplification 129 

protocol for Streptomyces consisted of denaturing step of 5 min at 98°C, followed by 30 130 

cycles of denaturing at 95°C for 1 min, 52°C for 40 s, and 72°C for 2 min and a final 10 131 

min elongation at 72°C. PCR conditions for the amplification of ITS regions were as 132 

following: 2 min at 94°C, followed by 35 cycles at 94°C for 1 min, at 50°C for 1 min, and 133 

at 72°C for 1 min, with final extension at 72°C for 5 min. Reactions were performed in 134 

triplicate, and negative controls without DNA template were run for all PCR reactions. 135 



All PCR products were inspected on 1% (w/v) agarose gels and purified using the 136 

JetQuick PCR Purification Spin Kit (Genomed, Löhne, Germany).  137 

2.4. Construction of DNA-RNA clone libraries 138 

The purified products were ligated into plasmid vector pCR
®

4-TOPO
®

 and 139 

subsequently transformed into chemically competent Escherichia coli cells from the TOPO 140 

TA Cloning Kit (Invitrogen, Carlsbad, CA), according to manufacturer’s instructions. 141 

Clones were sequenced by MACROGEN Europe Sequencing Services (Amsterdam, The 142 

Netherlands). Sequence data were edited using the software BioEdit and checked for 143 

chimera by Bellerophon using a variety of window sizes (200-400 bp) and corrections. 144 

Putative chimeric sequences were excluded from further analysis. The selected sequences 145 

were aligned using the program MUSCLE (Edgar, 2004) and the respective distance 146 

matrices were generated by PHYLIP program. The resulting matrices were used as input 147 

for DOTUR (Schloss and Handelsman, 2005) in order to assign sequences to operational 148 

taxonomic units (OTUs) using the furthest neighbour algorithm at different evolutionary 149 

distances (0–10%) and to generate the respective rarefaction curves. For each OTU, one 150 

clone was chosen as a representative sequence. Taxonomic classification was done using 151 

the BLASTN algorithm (Altschul et al., 1990) for homology search in the NCBI and 152 

EzTaxon databases. 153 

 154 

2.5. Identification of isolates by 16S rRNA and multilocus sequence analysis  155 

Genomic DNA of the strains MCs36, MC48 and MC05 were extracted from cultures 156 

grown for 3 days on tryptone soy agar at 30°C according to Marmur (1961). The 16S rRNA 157 



genes were amplified following the method described by Laiz et al. (2009). In addition, the 158 

following five housekeeping genes were studied for multilocus sequence analysis (MLSA): 159 

atpD (ATP synthase β-subunit), gyrB (DNA gyrase β-subunit), recA (recombinase A), rpoB 160 

(RNA polymerase β-subunit) and trpB (tryptophan synthase β-subunit). The primers for 161 

amplification and sequencing of atpD, recA, rpoB and trpB, and the PCR conditions were 162 

described previously by Guo et al. (2008). The primers for gyrB were redesigned by Rong 163 

et al. (2009). PCR products were sequenced by SECUGEN Sequencing Services (Madrid, 164 

Spain). The accession numbers of the sequences of 16S rRNA, atpD, gyrB, recA, rpoB and 165 

trpB genes deposited in GenBank were displayed in Table 2 and Supplementary Table 3.   166 

The sequences of the 16S rRNA and the other five housekeeping genes of the studied 167 

strains were trimmed manually (Guo et al., 2008) and were concatenated head-to-tail in 168 

frame to generate a sequence in the order 16S rRNA-atpD-gyrB-recA-rpoB-trpB  169 

(Maciejewska et al., 2015). The 16S rRNA gene sequences were identified using the global 170 

alignment algorithm on the EzTaxon-e (Kim et al., 2012) and the sequences of the closest 171 

related Streptomyces species were retrieved. For the MLSA the closest related strains and 172 

their sequences were obtained through the BLAST algorithm (Altschul et al., 1990) in the 173 

GenBank database by the National Centre for Biotechnology Information and the 174 

Streptomyces MLST database (http//:pubmlst.org/streptomyces). Sequences of each gene 175 

and the closest related strains were multiply aligned using MUSCLE (Edgar, 2004). 176 

Phylogenetic trees based on the concatenated sequences and on the six genes were 177 

constructed using the neighbour-joining (Saitou and Nei, 1987), maximum-likelihood 178 

(Felsenstein, 1981) and maximum-parsimony methods in MEGA6 (Tamura et al., 2013). 179 

The trees robustness was evaluated using a bootstrap analysis of 1000 resamplings. 180 



2.6. DNA-DNA hybridization 181 

DNA-DNA hybridization of the strain MCs36 with respect to the strains MC05, MC48, 182 

S. parvus DSM 40348
T
, S. sindenensis DSM 40255

T
, S. pluricolorescens DSM 40019

T
, S. 183 

badius DSM 40139
T
, S. globisporus DSM 40199

T 
and S. rubiginosohelvolus DSM 40176

T
 184 

was performed according to Urdiain et al. (2008).
  

185 

 186 

2.7. Pigment analysis  187 

A liquid medium containing yeast extract, peptone, malt extract, glucose, sucrose and 188 

MgCl2 was used for pigment production as described by Hopwood et al. (1985). The 189 

pigments were extracted with ethyl acetate.  190 

HPLC analyses were performed as described by Martín et al. (2015). Briefly, 20 µL of 191 

extract sample were diluted to 100 µL using methanol and 20 µL of diluted extract were 192 

injected. Liquid chromatographic analyses were performed on an Agilent 1200 series 193 

HPLC (Agilent, USA) consisting of a vacuum degasser, a binary pump, an autosampler and 194 

a thermostated column compartment. Separation of studied compounds was achieved using 195 

a Zorbax Eclipse XDB–C18 Rapid Resolution HT (4.6x50 mm i.d.; 1.8 µm) analytical 196 

column (Agilent, USA). Elution was carried out with acetonitrile (containing formic acid 197 

0.1%, v/v) (solvent A) and aqueous 10 mM ammonium formate solution (containing formic 198 

acid 0.1%, v/v) (solvent B), at a flow rate of 0.6 mL/min with the column thermostated at 199 

25 °C. The elution programme used was: 0-7.5 min: linear gradient from 10% to 35% of 200 

solvent A, 7.5-14.5 min: isocratic 35% solvent A, 14.5-14.6 min: linear gradient from 35% 201 

to 100% of solvent A, 14.6-18.5 min: isocratic 100% solvent A. Mass spectrometry 202 

analyses were performed on a 6410 QqQ instrument equipped with an electrospray 203 



ionization source (Agilent, USA). Ionization of analytes was carried out using the following 204 

settings: MS capillary voltage: 3000 V, drying-gas flow rate: 9 L/min, drying-gas 205 

temperature: 350 ºC and nebulizer pressure: 40 psi. 206 

Each extract was measured using scan and product ion modes. Firstly, scan mode was 207 

applied to the determination of the retention time of each of the studied compounds. Scan 208 

was carried out using positive polarity and applying a voltage to the exit end of the 209 

capillary (fragmentor) of 50 V. Mass spectra were registered from m/z 80 to 950. 210 

Product ion mode was carried out, using positive polarity, for the monitorization of the 211 

ions of m/z 445, 447, and 559, corresponding to ions [M+1]+ of granaticin A, 212 

dihydrogranaticin A, and granaticin B, respectively. The applied fragmentor was 50 V and 213 

the voltage applied to the ions in the collision cell (collision energy) was 12 V. MS/MS 214 

spectra from m/z 50 to 570 were obtained using a scan time of 300 ms. Mass spectra of the 215 

granaticins were reported elsewhere (Diaz-Herraiz et al., 2016).  216 

 217 

3. Results 218 

3.1. Field emission scanning electron microscopy (FESEM)  219 

Abundant green biofilms were observed coating the interior walls of the Circular 220 

Mausoleum Tomb, while violet stains were also found in different positions, such as in 221 

close contact with the green biofilms, and also near and far from them (Fig. 1C,D). FESEM 222 

examinations of sample GB1 revealed a network of entangled cyanobacterial filaments 223 

showing true branching (Fig. 2A, branching in the left center of the figure). This type of 224 

branching is characteristic of Iphinoe spelaeobios and it is a fundamental diagnostic 225 



character in the taxonomy of stigonematalean cyanobacteria (Lamprinou et al., 2011). The 226 

cylindrical filaments have a diameter of about 2.5 – 3 µm (Fig. 2B), and their sheaths are 227 

usually calcified as observed in Figure 2C. These morphological features are consistent 228 

with the cyanobacterium I. spelaeobios, corroborating the DNA data obtained in this work 229 

(Table 1 and Supplementary Table 1). In sample GV2, bacterial filaments and cells of 230 

different sizes (< 1 µm in diameter) are associated with the cyanobacterial filaments (Fig. 231 

2D); these bacterial filaments likely correspond to actinobacteria. Figures 2E-G from 232 

sample VS3 show tangled aerial hyphae and arthrospores, characteristic of Streptomyces.  233 

3.2. Identification of microbial communities  234 

The microbial communities associated with the violet stains were identified using DNA 235 

and RNA-based molecular analyses. DNA analysis provided data on the total 236 

microorganisms present in the violet stains, while RNA discriminated the metabolically 237 

active members of the community at the sampling time. Both analyses revealed the 238 

presence of a variety of microorganisms belonging to different phyla. Clone libraries were 239 

performed using specific primers for bacteria (Table 1, sample GV2), cyanobacteria 240 

(Supplementary Table 1, sample GV2), streptomycetes (Table 2, sample VS3) and fungi 241 

(Supplementary Table 2, sample GV2). A total of 513 high-quality sequences were 242 

obtained. Among total bacteria (DNA-based analysis) the majority of clones were affiliated 243 

to Cyanobacteria (62.7%), Alphaproteobacteria (16.9%), Actinobacteria (9.6%), 244 

Betaproteobacteria (4.8%), Gammaproteobacteria (3.6%), and Firmicutes (2.4%). 245 

Metabolically active bacteria (RNA-based analysis) revealed that 98.8% of the clones 246 

corresponded to Cyanobacteria and 1.2% to Alphaproteobacteria (Table 1). The results 247 



obtained by using specific primers for Cyanobacteria confirmed those obtained by using 248 

universal primers for bacteria (Supplementary Table 1). 249 

Some of the bacterial clones obtained from the violet stains showed a similarity below 250 

97%, which avoid their affiliation to species level. Among the identifiable clones, the 251 

cyanobacterium I. spelaeobios was the most abundant either as total and metabolically 252 

active bacteria with 59.0 and 95.1% of clones, respectively. In addition, only 253 

Mesorhizobium amorphae, Afipia broomeae/Afipia felis, Hyphomicrobium sulfonivorans 254 

(Alphaproteobacteria), Methylibium petroleiphilum (Betaproteobacteria), Povalibacter 255 

uvarum and Luteimonas aquatica (Gammaproteobacteria) showed similarities ≥97% with 256 

the EzTaxon database. 257 

The complex microbial community from the violet stains contained, in addition to 258 

bacteria and cyanobacteria, fungi. Among bacteria, six different species of the genus 259 

Streptomyces were identified from the DNA-based clones (total Streptomyces population), 260 

and the most abundant (57.6%) was a member of the taxonomic group Streptomyces 261 

hygroscopicus (Table 2A). In this group it was difficult to identify the species due to the 262 

fact that four species showed similar 16S sequences: S. demainii, S. endus, S. 263 

hygroscopicus subsp. hygroscopicus and S. sporocinereus. The RNA-based clones 264 

(metabolically active bacteria) yielded seven different species of the genus Streptomyces, 265 

among them the most abundant (45.5%) was S. qinglanensis (Table 2B). However, the 266 

member of the taxonomic group S. hygroscopicus only represented 9.1% of active 267 

Streptomyces. 268 

Fungal clones in the violet stains, either as total or metabolically active populations 269 

were similar, with genera and species mostly related to roots and subsurface environments 270 

(Supplementary Table 2).  271 



Rarefaction curves derived from the clone libraries (Supplementary Fig. 1) indicated 272 

that the full extent of diversity was reached in the case of metabolically active bacteria and 273 

cyanobacteria and for total and metabolically active fungi. For the total population of 274 

bacteria the curve was near the asymptote indicating that the number of sequences cloned 275 

was sufficient to identify most of the species. No rarefaction curve is presented for 276 

Streptomyces as we used a specific primer for this single genus. 277 

 278 

3.3. Bacterial isolation  279 

Table 3 shows that 17 Streptomyces from a total of 28 bacteria were isolated from the 280 

violet stains in the 2012 campaign (sample VS3). From all Streptomyces only one strain 281 

(MCs36) produced a diffusible violet pigment under laboratory conditions. In previous 282 

campaigns we isolated two more strains producing violet pigments, strains MC48 in 1997 283 

and strain MC05 in 2005 (Supplementary Fig. 2).  284 

On the basis of the 16S rRNA gene sequences similarity, the three studied strains are 285 

most closely related to several species belonging to the taxonomic group Streptomyces 286 

griseus. Phylogenetic tree (Fig. 2A) shows that the strains MCs36, MC48 and MC05 are 287 

clustered between them and with six Streptomyces species which are grouped into this 288 

taxonomic group: S. parvus DSM 40348
T
, S. sindenensis DSM 40255

T
, S. badius DSM 289 

40139
T
, S. globisporus DSM 40199

T
, S. rubiginosohelvolus DSM 40176

T
 and S. 290 

pluricolorescens DSM 40019
T
. Previous studies reported that the utilization of 16S rRNA 291 

gene sequences is not sufficient to discriminate between closely related species of the genus 292 

Streptomyces (Guo et al., 2008; Rong et al., 2009). Therefore, it was conducted a 293 

multilocus sequence analysis (MLSA) through the study of five housekeeping genes (atpD, 294 



gyrB, recA, rpoB and trpB), in addition to the use of 16S rRNA. Concatenated trees were 295 

supported by higher bootstrap values than 16S rRNA gene trees, therefore their topological 296 

structures are more stable and they are more appropriate for determining closely related 297 

species.  298 

According to the phylogenetic tree constructed with concatenated sequences the strains 299 

MCs36, MC48, MC05 and S. parvus DSM 40348
T
 were placed in a separated branch. They 300 

formed a cluster with the species S. badius DSM 40139
T
 and S. sindenensis DSM 40255

T 
301 

(Fig. 2B and Supplementary Table 3). In addition, we relied on DNA–DNA hybridization 302 

(DDH) that is a major tool in microbial species delineation and represents the most 303 

important criterion for valid species description (Staley, 2006; Goris et al., 2007). DDH 304 

values ≤70% are considered as an indication that the tested organism belongs to a different 305 

species than the type strain used as reference (Tindall et al., 2010).   306 

Supplementary Table 4 showed DDH values well above 90 % for the strains MCs36, 307 

MC48, and MC05 indicating that these strains are members of the same species (Wayne et 308 

al., 1987). In addition, DDH value between strain MCs36 and S. parvus DSM 40348
T
 was 309 

71.9 %, which classifies strain MCs36 as a S. parvus. DDH values between the strain 310 

MCs36 and the type strains S. sindenensis DSM 40255
T
, S. badius DSM 40139

T
, S. 311 

globisporus DSM 40199
T
, S. rubiginosohelvolus DSM 40176

T
 and S. pluricolorescens 312 

DSM 40019
T
 were below 70 %, indicating that them were not related at species level. 313 

 314 

3.4. Pigment production  315 

Streptomyces parvus MCs36, a recent isolate from the tomb, produced a violet pigment 316 

in culture media. To investigate the chemical structure of the violet pigment from strain 317 



MCs36, two model Streptomyces species were also used: S. coelicolor and S. vietnamensis. 318 

Zhang et al. (2006) reported that the violet pigment of a S. coelicolor strain was a mixture 319 

of different components. Deng et al. (2011) stated that the violet pigments of S. 320 

vietnamensis were granaticin A and B, which exhibited antibacterial activity (Brimble et 321 

al., 1999).  322 

HPLC-MS of the culture extracts from Streptomyces parvus, strains MCs36 and MC05 323 

(Fig. 3), and from S. vietnamensis type strain showed the production of three main 324 

granaticin derivatives (dihydrogranaticin A, granaticin A and granaticin B). S. coelicolor 325 

extract exhibited a major peak corresponding to granaticin B. Relative amounts of the three 326 

pigments are shown in Supplementary Table 5. The chromatograms suggest that the strains 327 

also produced minor amounts of other granaticin analogues. 328 

 329 

4. Discussion 330 

Biological colonization caused by photosynthetic microorganisms was widespread on 331 

the walls and ceiling of the Circular Mausoleum, which was noticeable as green patches 332 

and/or extensive biofilms, as reported by Cañaveras et al. (2015) (Fig. 1). However, the 333 

violet stains were only located in the upper part of the walls, an appropriate niche for 334 

cyanobacteria because they were especially successful on the ceiling and adjacent walls due 335 

to a better adaptation to dryness. In fact, the ceiling reaches high temperatures in summer 336 

due to insolation. 337 

In nature, microbial communities undergo cycles (wetting-dryness, nutrients shortage, 338 

bioactive substances production, etc.). Natural growth conditions results in discontinuous 339 

and limited colony development, as suggest the different sizes of violet spots (Fig. 1), 340 



which point to the formation of unstable assemblages along the time, and depletion of 341 

nutrients or summer dryness which induces dormancy and sporulation. 342 

Of importance was the finding in the Circular Mausoleum of cyanobacteria associated 343 

with the violet stains. Two recently described cyanobacteria, I. spelaeobios, isolated from a 344 

Greek cave, and Loriellopsis cavernicola, isolated from a Spanish cave, were identified in 345 

this tomb using molecular methods (Lamprinou et al., 2011). These cyanobacteria were 346 

also identified by microscopy in the tomb of Servilia, at some 100 m from the Circular 347 

Mausoleum, a drier and ventilated environment, but without violet stains. Therefore 348 

molecular data agree with previous microscopic studies from this and other tombs at this 349 

necropolis. In fact, both cyanobacteria are components of natural populations in 350 

subterranean environments where dim light is a major stress factor. The cyanobacterium I. 351 

spelaeobios constituted nearly all the active cyanobacterial community in the violet stains, 352 

but on the contrary, the presence of other cyanobacteria was almost negligible, although 353 

they were also active (Table 1). 354 

Streptomyces parvus strain MCs36 was part of a complex microbial community 355 

dominated by the cyanobacterium I. spelaeobios to which apparently were associated a few 356 

different species of the genus Streptomyces. An association between cyanobacteria and 357 

streptomycetes was found in St. Callixtus and Domitilla catacombs (Albertano and Urzì, 358 

1999; Urzì et al., 2017). Several adaptive advantages of cyanobacteria associated with 359 

Streptomyces have been reported, such as the preservation of the cyanobacterial viability 360 

and functional activity on drying and a stimulating effect on the nitrogen-fixing ability 361 

(Zvyagintsev et al., 2010).  362 

Streptomyces were not represented among the clones sequenced in Table 1 and were 363 

only evidenced using specific primers (Table 2). The absence of Streptomyces in Table 1 is 364 



not surprising. It is well-known that universal primers cannot efficiently amplify all targets, 365 

which casts doubts on the universality of such primers. However, Streptomyces strains 366 

dominated the isolates due to the presence of spores in the samples and their growth in the 367 

culture media used (Table 3).  368 

Pigment production by S. parvus strain MCs36 was sufficient to originate the violet 369 

stains when this strain was active in the tomb, likely when nutrients were available in 370 

raining periods through soil percolation. Streptomyces parvus strain MCs36 and nearest 371 

relatives from the S. griseus taxonomic group (Fig. 2) were searched in the literature for 372 

pigment production. Shirling and Gottlieb (1968, 1972) reported that S. rubiginosohelvolus 373 

produced either a yellow or no pigment at all in several media; no pigment other than traces 374 

of yellow was found on culture media for S. parvus; and no pigment was produced by S. 375 

sindenensis and S. pluricolorescens. However, Ayukawa et al. (1969) reported that a strain 376 

of S. pluricolorescens showed a purple to brown soluble pigment in culture media. S. 377 

badius had no distinctive pigment and S globisporus produced a light yellow to greenish 378 

yellow pigment (Shirling and Gottlieb, 1972).  379 

Shirling and Gottlieb (1972) stated that the reverse side of the colony of the type 380 

species of S. parvus showed no distinctive pigments (light yellow to light greenish yellow) 381 

on yeast-malt agar, oatmeal agar, salts-starch agar, and glycerol-asparagine agar. These 382 

pigments were not pH sensitive when tested with 0.05 N NaOH or HCl, so denoting the 383 

absence of quinone functional groups.  384 

A literature search reported the production of some metabolites by strains of S. parvus 385 

such as polypeptides and lipopeptides of white to yellow color (Rao et al., 2013). The data 386 

revealed that S. parvus strains did not produce violet pigments and this was also confirmed 387 

in our laboratory with cultures of the type strains of S. parvus (Supplementary Fig. 3), and 388 



other members of the S. griseus taxonomic group, such as S. rubiginosohelvolus, S. 389 

cyaneofuscatus and S. pluricolorescens, in TSA medium or using a specific medium for 390 

pigment production (Hopwood et al., 1985). Therefore, the strain MCs36 of S. parvus, 391 

isolated from the Circular Mausoleum, is a new producer of violet granaticins. This strain is 392 

to be added to the Streptomyces species producing violet: S. coelicolor (Hopwood, 1999), 393 

S. violaceus
 
(Waksman and Lechevalier, 1953), S. violaceoruber (Brimble et al., 1999), S. 394 

vietnamensis (Zhu et al., 2007), or dark blue pigments: S. caeruleatus (Zhu et al., 2011), S. 395 

shaanxiensis (Lin et al., 2012), etc.  396 

It is well-known that different Streptomyces species can produce the same pigments 397 

and their presence or absence among strains of a single species was variable (Waksman and 398 

Lechevalier, 1953). This could explain why the type species of S. parvus cannot produce 399 

violet pigments, as opposite to our S. parvus strain MCs36.  400 

For pigment identification we used S. coelicolor A3(2) and S. vietnamensis as 401 

representative species for violet pigment production and for comparison with the strains 402 

MCs36 of S. parvus. 403 

High performance liquid chromatography-mass spectrometry (HPLC-MS) revealed that 404 

the violet pigment produced by the strain MCs36 was mainly composed of granaticin 405 

derivatives (Fig. 3). In fact, HPLC-MS confirmed the presence of three main pigments, 406 

dihydrogranaticin A, granaticin A and granaticin B, in the culture extracts from S. parvus, 407 

strain MCs36 (Fig. 3) and S. vietnamensis type strain. The production of dihydrogranaticin 408 

A by S. vietnamensis was not previously detected by Deng et al. (2011). Granaticins show 409 

antibacterial activity against Gram-positive bacteria (Brimble et al., 1999). 410 

The presence of granaticins A and B in the violet stains and its antibacterial activity 411 

against Gram-positive bacteria justify the low number of clones of Gram-positive bacteria 412 



displayed in Table 1 (Rubrobacter radiotolerans and Ornithinibacillus contaminans), and 413 

enhanced the presence of clones from Gram-negative bacteria and cyanobacteria. However, 414 

a few more Gram-positive bacteria were isolated from the violet stains, as shown in Table 415 

3. Most of these bacteria were representative of sporulating species whose spores can be 416 

transported by air and deposited (and/or entrapped) on the photosynthetic biofilm, and 417 

likely this justifies their growth and isolation in culture media. 418 

To conclude, the origin of the violet stains in the Circular Mausoleum is the presence of 419 

a strain of S. parvus, a member of a complex microbial community thriving on the tomb 420 

walls. In growing periods, the Streptomyces excretes the soluble violet granaticins, 421 

compounds with a benzoisochromanequinone structure (Snipes et al., 1979), which diffuse 422 

into the mortar.  423 

One of the major violet pigments, granaticin A, was detected in the tomb walls by 424 

using analytical pyrolysis (Diaz-Herraiz et al., 2016). Granaticin A is soluble in alkaline 425 

water but the solubility of the pigment decreased with pH value. The pH of carbonated lime 426 

mortars is near 9, which permitted the solubilization of the pigment and the diffusion into 427 

the substratum during wetting periods. In favourable periods, the pigment is solubilized by 428 

alkaline waters and elutes from the starting position to the surrounding mortar, enlarging 429 

the pigmented area as denoted by an increasing intensity on the stain edges and a lower 430 

intensity or absence in the stain centre (Fig. 1D). This is also supported by a photographic 431 

monitoring of the violet stains from the Circular Mausoleum, extending from 1997 to 2005 432 

(Rogerio Candelera et al., 2008). The utilization of image analysis based on Principal 433 

Component Analysis verified a growth pattern along this period where some stains 434 

increased its colored area up to 69%. 435 



The S. parvus strain was active for long time in the tomb, as it was isolated in different 436 

years along two decades of study, and disseminated randomly on the mortar. Dispersion of 437 

spores was also favoured by vandalic etching that transports their spores along the mortar 438 

incisions, promoting the appearance of new violet stains. 439 

In cultural heritage research we rarely have the opportunity to isolate a microorganism 440 

and reproduce in the laboratory the synthesis of pigments which cause the deterioration 441 

phenomenon, as shown here. Similar violet stains were also observed on the mural 442 

paintings from the Tomb of the Chase and Fishing and the Tomb of the Bulls, Tarquinia, 443 

Italy (Supplementary Fig. 4). These Etruscan tombs were sampled in July 2009. Nineteen 444 

Streptomyces species were isolated from the Tomb of the Chase and Fishing and six from 445 

the Tomb of the Bulls but none produced violet pigments. This could be explained by the 446 

absence of Streptomyces producing violet pigments because a cleaning and restoration 447 

process was carried out about two years before sampling. Most likely the original 448 

Streptomyces assemblages were removed in the restoration process and the isolated strains 449 

were re-colonizers.  450 

The dominance of Streptomyces, either in Roman tombs as reported here, in catacombs 451 

(Albertano and Urzì, 1999; Krakova et al., 2015) or Etruscan tombs (Agarossi, 1994) 452 

highlights the ability of species of this genus to colonize subsurface environments, a fact 453 

also observed in many caves (Groth et al., 1999; Maciejewska et al., 2016). 454 
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affiliation of the 16S rRNA gene sequences of metabolically active Streptomyces from 623 

violet stains. Circular Mausoleum, Roman Necropolis of Carmona. 624 

Table 3. Bacteria isolated from violet stains samples. Circular Mausoleum, Roman 625 

Necropolis of Carmona, Spain. 626 

 627 

Figure 1. Violet stains in the Circular Mausoleum, Roman Necropolis of Carmona, Spain. 628 

A. Entrance to the tomb. B. End of the tomb. C. Details of violet stains from A and 629 

neighbor phototrophic biofilms. D. Detail of violet stains from B. 630 

 631 

Figure 2. FESEM images of the green biofilms and violet stains from the Circular 632 

Mausoleum tomb. A. General view of the green biofilm (sample GB1). The mortar 633 

substratum is abundantly coated with microbial filaments. Branching in the left center of 634 

the figure is characteristic of Iphinoe spelaeobios. Scale bar = 30 µm. B. Detailed view of 635 

the cyanobacterial filaments with 2.5 µm diameter. Scale bar = 5 µm. C. Calcified sheath of 636 



an Iphinoe filament. Scale bar = 5 µm. D. Cyanobacterial filaments associated with 637 

actinobacteria mycelia (sample GV2). Scale bar = 5 µm. E and F. General view of the 638 

violet stain (sample VS3) depicting abundant aerial hyphae and spores. Scale bar = 10 µm. 639 

G. Streptomyces aerial mycelia and arthrospores. Scale bar = 4 µm. 640 

 641 

Figure 3. Neighbour-joining trees based on 16S rRNA gene sequences (A) and six-gene 642 

concatenated sequences (16S rRNA-atpD-gyrB-recA-rpoB-trpB) (B), showing the 643 

relationships between the three strains isolated from violet stains (MCs36, MC05 and 644 

MC48) and others Streptomyces species. Bootstrap values (>50 %) are expressed as 645 

percentages of 1000 replicates. Filled circles indicate nodes that were also recovered by the 646 

maximum-likelihood and maximum-parsimony algorithms. The strain Mycobacterium 647 

tuberculosis H37Rv was used as outgroup. The scale bars indicate 0.01 and 0.02 648 

substitutions per nucleotide position in 16S rRNA and concatenated gene sequences trees, 649 

respectively. 650 

 651 

Figure 4. High performance liquid chromatography-mass spectrometry of Streptomyces 652 

extracts. A. Streptomyces strain MCs36. B. Streptomyces strain MC05. C. Streptomyces 653 

vietnamensis. D. Streptomyces coelicolor. Major peaks are 1: Dihydrogranaticin A, 2: 654 

Granaticin A and 3: Granaticin B.  655 

656 
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 668 

Table 1A.  Phylogenetic affiliation of the 16S rRNA gene sequences of total bacteria from violet stains. Circular Mausoleum, Roman Necropolis of Carmona.   669 

Representative clone (accession no.) No. of  

clones 

Nearest published relative
1
 Similarity (%) EzTaxon affiliation (accession no.) Similarity (%) 

Bacteria      

Actinobacteria      

LN614984 8 Uncultured bacterium from a rosy-discolored mural (AM746679) 99 Rubrobacter radiotolerans DSM 46359 (X87134) 96 

Firmicutes      
LN614985 2 Uncultured bacterium from subsurface microbial community (HM185889) 90 Ornithinibacillus contaminans CCUG 53201 (FN597064) 92 

Alphaproteobacteria      

LN614986 2 Mesorhizobium amorphae SEMIA 6392 from nodules (FJ025126) 99 Mesorhizobium amorphae ACCC 19665 (AF041442) 99 
LN614987 1 Uncultured bacterium from Citrus rhizosphere (JF345365) 99 Methyloceanibacter caenitepidi Gela4 (AB794104) 96 

LN614988 1 Uncultured Hyphomicrobiaceae from unburned native tallgrass prairie (EU298518) 98 Rhodomicrobium sp.
2
  95 

LN614989 6 Uncultured bacterium from cave wall biofilms (DQ499279) 99 Dongia mobilis LM22 (FJ455532) 93 
LN614990 1 Uncultured bacterium from soil (HQ118340) 97 Afipia sp.

3
 97 

LN614991 2 Uncultured bacterium from subsurface microbial community (HM186346) 99 Hyphomicrobium sulfonivorans S1 (AF235089) 98 
LN614992 1 Uncultured bacterium from cave wall biofilms (DQ499279) 97 Dongia mobilis LM22 (FJ455532) 91 

Betaproteobacteria      

LN614993 2 Uncultured Methylibium sp. from soil (JX647782) 99 Methylibium petroleiphilum PM1 (CP000555) 99 
LN614994 1 Uncultured betaproteobacterium from cave wall biofilm (FJ535109) 98 Zhizhongheella caldifontis YIM 78140 (KF771277) 96 
LN614995 1 Uncultured bacterium from grassland soil (EF516191) 98 Cupriavidus gilardii CIP 105966 (EU024163) 90 

Gammaproteobacteria      

LN614996 1 Uncultured Pseudomonadales bacterium from agricultural soil (EU193058) 99 Povalibacter uvarum Zumi 37 (AB548216) 98 
LN614997 1 Uncultured bacterium from agricultural soil (DQ643671) 96 Povalibacter uvarum Zumi 37 (AB548216) 93 
LN614998 1 Uncultured bacterium from microbial mat from lava cave wall (JN615998) 99 Luteimonas aquatica RIB1-20 (EF626688) 98 

Cyanobacteria      
LN614999 45 Brasilonema sennae CENA114 from subaerophytic localities in Brazil (EF117246) 97 Iphinoe spelaeobios LO2-B1 (HM748317) 97 
LN615000 1 Brasilonema sennae CENA114 from subaerophytic localities in Brazil (EF117246) 95 Iphinoe spelaeobios LO2-B1 (HM748317) 94 
LN615001 1 Brasilonema sennae CENA114 from subaerophytic localities in Brazil (EF117246) 95 Iphinoe spelaeobios LO2-B1 (HM748317) 93 
LN615002 1 Brasilonema sennae CENA114 from subaerophytic localities in Brazil (EF117246) 94 Iphinoe spelaeobios LO2-B1 (HM748317) 94 
LN615003 1 Brasilonema sennae CENA114 from subaerophytic localities in Brazil (EF117246) 96 Iphinoe spelaeobios LO2-B1 (HM748317) 95 
LN615004 2 Oscillatoriales cyanobacteria from soil crust (KC463201) 98 Leptolyngbya frigida ANT.L70.1 (AY493574) 92 

LN615005 1 Loriellopsis cavernicola LF- B5 from cave (NR_117881) 94 Loriellopsis cavernicola LF-B5 (HM748318) 94 

 670 
Table 1B. Phylogenetic affiliation of the 16S rRNA gene sequences of metabolically active bacteria from violet stains. Circular Mausoleum, Roman Necropolis of Carmona.   671 

Representative clone  

(accession no.) 

No. of  

clones 

Nearest published relative
1
 Similarity (%) EzTaxon affiliation (accession no.) Similarity (%) 

Bacteria 

Alphaproteobacteria      

LN615006 1 

Uncultured bacterium clone FFCH11864 from soil (EU133370) 

93 Rhodomicrobium sp.
1
 91 

Cyanobacteria 
LN615007 75 Brasilonema sennae CENA114 from subaerophytic localities in Brazil (EF117246) 98 Iphinoe spelaeobios LO2-B1 (HM748317) 97 

LN615008 1 Brasilonema sennae CENA114 from subaerophytic localities in Brazil (EF117246) 94 Iphinoe spelaeobios LO2-B1 (HM748317) 93 

LN615009 1 Uncultured Brasilonema sp. clone NGP 11 from soil  (EU037931) 91 Iphinoe spelaeobios LO2-B1 (HM748317) 90 
LN615010 2 Oscillatoriales cyanobacteria from soil crust (KC463201) 98 Leptolyngbya frigida ANT.L70.1 (AY493574) 92 

LN615011 1 

Loriellopsis cavernicola LF-B5 from cave (NR_117881) 

93 Loriellopsis cavernicola LF-B5 (NR_117881) 93 

 672 
1 
Closest relative obtained by comparison with the NCBI database and corresponding accession number. 673 

2 
This clone shares identity with strains Rhodomicrobium udaipurense JA643 (JFZJ01000165) and Rhodomicrobium vannielii ATCC 17100 (ADFF01000062). 674 

   3
This clone shares identity with strains Afipia broomeae ATCC 49717 (KB375282) and Afipia felis ATCC 53690 (KB375270).  

 675 
 676 
Table 2A. Phylogenetic affiliation of the 16S rRNA gene sequences of Streptomyces from violet stains. Circular Mausoleum, Roman Necropolis of Carmona 677 

Representative clone  

(accession no.) 

No. of 

clones 

Nearest published relative
1
 Similarity (%) EzTaxon affiliation (accession no.) Similarity 

(%) 

LT703424 1 

Streptomyces sp. TFS59-23 from marine sediment (HM001271) 

99 Streptomyces caniferus NBRC 15389
T
 (AB184640)  97 

LT703426 50 

Streptomyces sp. TFS59-23 from marine sediment (HM001271) 

99 Streptomyces sp.
2
 98 

LT703425 7 

Streptomyces sp. TFS59-23 from marine sediment (HM001271) 

99 Streptomyces qinglanensis 172205
T
 (HQ660227) 98 

LT703427 1 

Streptomyces sp. TFS66-01 from marine sediment (HM001278) 

97 Streptomyces coerulescens NBRC 12758
T
 (AB184122) 98 

LT703428 18 

Streptomyces sp. AML883 from marine sediment (HQ873945)  

98 ‘Candidatus Streptomyces philanthi triangulum’ (DQ375802) 96 

LT703429 2 

Streptomyces sp. TFS59-23 from marine sediment (HM001271) 

99 Streptomyces rubidus 13C15
T
 (AY876941) 99 

LT703430 1 

Streptomyces sp. B-11 from rhizosphere soil (DQ303238) 

99 ‘Candidatus Streptomyces philanthi triangulum’ (DQ375802) 97 

LT703431 1 

Streptomyces sp. TFS59-23 from marine sediment (HM001271) 

98 Streptomyces rubidus 13C15
T
 (AY876941) 99 

LT703432 3 

Streptomyces sp. TFS59-23 from marine sediment (HM001271) 

99 Streptomyces sp.
2
 99 

LT703433 2 

Streptomyces sp. AML883 from marine sediment (HQ873945)     

97 ‘Candidatus Streptomyces philanthi triangulum’ (DQ375802) 97 

LT703434 4 

Streptomyces sp. AML883 from marine sediment (HQ873945)     

97 ‘Candidatus Streptomyces philanthi triangulum’ (DQ375802) 97 

LT703435 1 

Streptomyces sp. AML883 from marine sediment (HQ873945)     

98 ‘Candidatus Streptomyces philanthi triangulum’ (DQ375802) 99 

LT703436 1 

Streptomyces sp. TFS59-23 from marine sediment (HM001271) 

99 Streptomyces qinglanensis 172205
T 

(HQ660227) 97 

 678 
   

 679 
Table 2B. Phylogenetic affiliation of the 16S rRNA gene sequences of metabolically active Streptomyces from violet stains. Circular Mausoleum, Roman Necropolis of Carmona 680 

Representative clone  

(accession no.) 

No. of 

clones 

Nearest published relative
1
 Similarity (%) EzTaxon affiliation (accession no.) Similarity 

(%) 

LN615032 1 

Streptomyces sp. VTT E-062996 from house (EU430539) 

96 Streptomyces sp.
3
 96 

LN615033 1 

Streptomyces sp. TFS59-23 from marine sediment (HM001271) 

96 Streptomyces sp.
2
 96 

LN615034 1 

Streptomyces sp. TFS59-23 from marine sediment (HM001271) 

97 Streptomyces ferralitis SFOp68 (AY262826) 96 

LN615035 5 Streptomyces sp. TFS59-23 from marine sediment (HM001271) 99 Streptomyces qinglanensis 172205 (HQ660227) 98 
LN615036 1 

Streptomyces sp. V4 from sediment (KM590926) 

99 Streptomyces thinghirensis DSM 41919 (FM202482) 99 

LN615037 1 

Streptomyces sp. TFS59-23 from marine sediment (HM001271) 

92 Streptomyces cacaoi subsp. cacaoi (AB184115) 95 

LN615038 1 

Streptomyces sp. TFS59-23 from marine sediment (HM001271) 

97 Streptomyces sp.
3
 97 

 681 
   1 

Closest relative obtained by comparison with the NCBI database and corresponding accession number. 682 
2
 These clones share the same identity with four strains belonging to the taxonomic group Streptomyces hygroscopicus: Streptomyces demainii NRRL B-1478 (DQ334782), Streptomyces endus NRRL 2339 (AY999911), Streptomyces hygroscopicus subsp. hygroscopicus NRRL 2387 (AB231803) and Streptomyces sporocinereus NBRC 683 

100766 (AB249933). 684 
3
 This clone shares the same identity with three strains belonging to the taxonomic group Streptomyces angustmycinicus: Streptomyces nigrescens NBRC 12894 (AB184225), Streptomyces tubercidicus DSM 40261 (AJ621612) and Streptomyces libani subsp. libani NBRC 13452 (AB184414).  685 

686 



Table 3. Bacteria isolated from violet stains. Circular Mausoleum, Roman Necropolis of Carmona. 687 
Strain (accession no.) Nearest published relative Similarity (%) EzTaxon affiliation (accession no.) Similarity (%) 

Sampling 1997     

MC48 (LT703408)* Streptomyces parvus NEAE-95 from soil (KJ200341) 99 Streptomyces sp.
1
 100 

 

Sampling 2005     

MC05 (LT703407)* Streptomyces parvus NEAE-95 from soil (KJ200341) 99 Streptomyces sp.
1
 100 

 

Sampling 2012     

MCs36 (LT703406)* Streptomyces parvus NEAE-95 from soil (KJ200341) 99 Streptomyces sp.
1
 100 

MCs19 (LN615171) Agrococcus jejuensis SSW1-48 from dried seaweed (NR_042551) 99 Agrococcus jejuensis SSW1-48
T
 (AM396260) 100 

MCs33 (LN615172) Agrococcus jejuensis SSW1-48 from dried seaweed (NR_042551) 99 Agrococcus jejuensis SSW1-48
T
 (AM396260) 100 

MCs17 (LN615173) Cellulosimicrobium funkei XFB-AC from fresco surface (KC429587) 99 Cellulosimicrobium funkei ATCC BAA-886
T
 (AY501364) 100 

NCs33 (LN615174) Streptomyces sp. 514F from sediment (KP998451) 100 Streptomyces sp.
1
 100 

NCs6.1 (LN615175) Streptomyces sp. 514F from sediment (KP998451) 100 Streptomyces sp.
1
 100 

NCs10 (LN615176) Streptomyces sp. 514F from sediment (KP998451) 100 Streptomyces sp.
1
 100 

NCs12 (LN615179) Streptomyces sp. 514F from sediment (KP998451) 100 Streptomyces sp.
1
 100 

NCs40 (LN615180) Streptomyces sp. 514F from sediment (KP998451) 100 Streptomyces sp.
1
 100 

MCs32 (LN615181) Streptomyces thinghirensis S10 rhizospherical soil of Vitis vinifera (NR_116901) 100 Streptomyces thinghirensis DSM41919
T
 (FM202482) 100 

MCs23 (LN615182) Streptomyces thinghirensis S10 rhizospherical soil of Vitis vinifera (NR_116901) 99 Streptomyces thinghirensis DSM41919
T
 (FM202482)

 
 100 

NCs2.2 (LN615183) Streptomyces thinghirensis S10 rhizospherical soil of Vitis vinifera (NR_116901) 99 Streptomyces thinghirensis DSM41919
T
 (FM202482)

 
 100 

NCs3 (LN615184) Streptomyces thinghirensis S10 rhizospherical soil of Vitis vinifera (NR_116901) 97 Streptomyces thinghirensis DSM41919
T
 (FM202482)

 
 98 

NCs13 (LN615185) Streptomyces thinghirensis S10 rhizospherical soil of Vitis vinifera (NR_116901) 99 Streptomyces thinghirensis DSM41919
T
 (FM202482)

 
 100 

NCs8 (LN615187) Streptomyces sp. 0609ALT8H9-WH air from Altamira Cave (HF952680) 99 Streptomyces sp.
1
 100 

MCs29 (LN615186) Streptomyces sp. 19504 from mural paintings in Servilia Tomb (AJ315072) 100 Streptomyces niveus NRRL 2466
T
 (DQ442532) 98 

MCs2 (LN615188) Streptomyces sp. 514F from sediment (KP998451) 100 Streptomyces sp.
1
 100 

MVs30 (LN615189) Streptomyces sp. 514F from sediment (KP998451) 100 Streptomyces sp.
1
 100 

NCs9 (LN615190) Streptomyces sp. 514F from sediment (KP998451) 100 Streptomyces sp.
1
 100 

NCs4 (LN615191) Streptomyces sp. 514F from sediment (KP998451) 99 Streptomyces sp.
1
 100 

MCs30 (LN615193) Micrococcus luteus 4RS-9d from commercial airline cabin air (EU379288) 100 Micrococcus yunnanensis YIM 65004
T
  (FJ214355) 100 

NCs42 (LN615194) Micrococcus luteus 3L from skin (KF993675) 99 Micrococcus yunnanensis YIM 65004
T
 (FJ214355)

 
 100 

MCs10 (LN615195) Bacillus litoralis CCNWQLS68 from nodules of legumes (JX840399) 99 Bacillus litoralis SW-211
T
  (AY608605) 99 

MCs20 (LN615196) Paenibacillus harenae B519 from desert sand (NR_043220) 99 Paenibacillus harenae B519
T
 (AY839867)  99 

MCs24 (LN615197) Bosea lathyri R-46060 from root nodules of Lathyrus latifolius (NR_108515) 99 Bosea lathyri LMG26379
T
 (FR774993) 99 

MCs13 (LN615198) Ensifer sp. ATQ1 from nodules (EF531326) 99 Ensifer garamanticus ORS 1400
T
 (AY500255) 99 

MCs31 (LN615199) Ensifer sp. ATQ1 from nodules (EF531326) 99 Ensifer garamanticus ORS 1400
T
 (AY500255)

 
 99 

MCs14 (LN615200) Mesorhizobium amorphae CCNWSX667 from root nodules of Coronilla varia (JF273848) 98 Mesorhizobium amorphae ACCC 19665
T
 (AF041442) 98 

 688 
* Strains producing violet pigments 689 
1
 This strain shares the same identity with six strains belonging to the taxonomic group Streptomyces griseus: Streptomyces badius NRRL B-2567 (AY999783), Streptomyces parvus NBRC 3388 (AB184756), Streptomyces pluricolorescens NBRC 12808 (AB184162), Streptomyces rubiginosohelvolus NBRC 12912 (AB184240), Streptomyces sindenensis 690 

NBRC 3399 (AB184759) and Streptomyces globisporus NBRC 12867 (AB184203). 691 
 692 

 693 




