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A-producing Streptomyces species isolated from a moonmilk
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Abstract A novel actinobacterium, designated
MM109T, was isolated from a moonmilk deposit
collected from the cave ‘Grotte des Collemboles’
located in Comblain-au-Pont, Belgium. Based on a
polyphasic taxonomic approach comprising chemo-
taxonomic, phylogenetic, morphological, and physio-
logical characterization, the isolate has been affiliated
to the genus Streptomyces. Multilocus sequence
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analysis based on the 16S rRNA gene and five other
house-keeping genes (atpD, gyrB, rpoB, recA and
trpB) showed that the MM109" isolate is sufficiently
distinct from its closest relative, Streptomyces peuce-
tius strain AS 4.1799", as to represent a novel species.
The phylogenetic distinctiveness of the taxon repre-
sented by isolate MM109" was supported by the
isolation and identification of additional twelve moon-
milk-derived isolates, which according to multilocus
sequence analysis were clustered along with MM109".
Scanning electron microscopy observations revealed
complex and diversified structures within a MM 109"
colony, made from branching vegetative mycelia. The
spore chains of the MM 109" isolate undergo complete
septation at the late stages of the morphological
differentiation process, leading to the formation of
packs of smooth cylindrical-shaped spores. Isolate
MM109" produces several intracellular and diffusible
pigments, particularly an intracellular green-pig-
mented secondary metabolite, which was identified
through UPLC-ESI-MS analysis as ferroverdin A, an
iron-chelating molecule formerly extracted and char-
acterized from Streptomyces sp. strain WK-5344. The
isolate MM109" is thus considered to represent a
novel species of Streptomyces, for which the name
Streptomyces lunaelactis sp. nov. is proposed with the
type strain MM 109" (=DSM 42149" = BCCM/LMG
28326").

Keywords Geomicrobiology - MLSA - Moonmilk -
Polyphasic taxonomy - Ferroverdin A
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Introduction

Streptomyces species are high-GC Gram-positive
bacteria, well-known for their prolific secondary
metabolism, being a source of valuable bioactive
compounds with medical and biotechnological prop-
erties (Hopwood 2007). These soil-dwelling bacteria
are also active in soil mineralization through their
enzymatic arsenal specialized in carbohydrate utiliza-
tion (Hodgson 2000; Bertram et al. 2004). Surpris-
ingly, these active decomposers of organic matter have
also been found in oligotrophic environments such as
the deep sea (Gartner et al. 2011), deep subsurface soil
(Zlatkin et al. 1996) and cave deposits (Barton et al.
2007; Portillo et al. 2009; Porca et al. 2012). Among
the latter, a diverse and rich microbiome has been
reported for a wide range of secondary structures, also
known as speleothems, such as pool fingers, stalac-
tites, stalagmites, cave pisoliths and moonmilk (Tetu
et al. 2013; Ortiz et al. 2014). Moonmilk is a white
carbonate deposit with a morphology—powdery, dry,
pasty, wet or even liquid—that depends on its water
content (Canaveras et al. 2006). Within the moonmilk
structure, along with various calcite minerals, dense
webs of bacterial filaments have been observed
(Canaveras et al. 2006). Actinobacteria, including
Streptomyces, are considered to be the major contrib-
utors to these filaments and the moonmilk microbial
community (Canaveras et al. 2006; Barton and
Northup 2007; Cuezva et al. 2012). In order to assess
the genetic and phenotypic features of hypogene
streptomycetes in comparison to their soil counter-
parts, we selectively isolated actinomycetes from a
moonmilk speleothem collected in the cave ‘Grotte
des Collemboles’ located in Comblain-au-Pont, Bel-
gium. This work presents the first polyphasic taxo-
nomic description of a Streptomyces species isolated
from a moonmilk deposit, based on phylogenetic and
chemotaxonomic analyses combined with phenotypic
and physiological characterizations.

Materials and methods
Isolation of strains
Strain MM109" was isolated together with twelve

other isolates, which displayed green-pigmentation of
the substrate mycelium, from the moonmilk deposits
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collected in the cave ‘Grotte des Collemboles’
(Comblain-au-Pont, Belgium) in January 2012. Moon-
milk samples were freeze-dried on a VirTis Benchtop
SLC Lyophilizer (SP Scientific, Warminster, PA,
USA) and around 250 mg of the lyophilisates were
suspended in 0.25X strength Ringer’s solution sup-
plemented with 0.001 % Tween 80. Serial dilutions
were inoculated on International Streptomyces Project
(ISP) media (Shirling and Gottlieb 1966) and starch
nitrate (SN) medium (Waksman 1961) supplemented
with nalidixic acid (75 pg/ml) and nystatin (50 pg/ml)
to suppress the growth of Gram-negative bacteria and
fungi, respectively. Strains were isolated after
1 month of incubation at 17 °C and preserved on
ISP-2 slopes at 4 °C and as 20 % glycerol mycelium
stock at —20 °C.

Chemotaxonomic characterization

Chemotaxonomy analyses were carried out by the
Identification Service of DSMZ, Braunschweig, Ger-
many. Isolate MM109" was cultivated in tryptone-
yeast extract (ISP-1) broth for 3 days at 28 °C and
180 rpm. Cells were harvested by centrifugation
(10 min at 4,000 rpm), washed twice with distilled
water and freeze-dried. Fatty acid methyl esters were
extracted according to the method of Miller (1982) and
Kuykendall et al. (1988), separated on an Agilent
6890N Network Gas Chromatograph (Agilent Tech-
nologies, Santa Clara, CA, USA) and subsequently
identified and quantified using the ACTING6 method of
the Sherlock Microbial Identification System (MIS)
6.1 software (MIDI Inc, Newark, USA). Respiratory
lipoquinones and polar lipids were isolated using the
two stage method described by Tindall (Tindall 1990a,
b) and separated by thin layer chromatography (TLC).
Respiratory lipoquinones were further analyzed by
HPLC, and polar lipids by the previously described
method of Tindall et al. (2007). Analysis of the
isomeric forms of diaminopimelic acid (DAP) and
sugars in the whole-cell hydrolysates were carried out
by TLC according to Staneck and Roberts (1974).

Amplification and sequencing of house-keeping
genes

Amplification of the 16S rRNA gene was performed
using the bacterial universal primers 8F and 1541R
(Onstott et al. 2009). In addition, amplicons of five
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house-keeping genes—atpD (ATP synthase subunit
beta), gyrB (DNA gyrase subunit B), recA (recombi-
nase A), rpoB (RNA polymerase subunit B) and #rpB
(tryptophan synthase subunit B)—were generated
using primers atpDPF-atpDPR, gyrBPF-gyrBPR,
recAPF-recAPR, rpoBPF-rpoBPR, and trpBPF-
trpBPR, respectively, as described previously (Guo
et al. 2008). Isolates were cultivated for 3 days at
28 °Cin LB (Luria—Bertani) liquid medium. Genomic
DNA was extracted from the mycelium with the
GenElute Bacterial Genomic DNA Kit (Sigma-
Aldrich, St. Louis, MO, USA) according to manufac-
turer’s instructions. PCR reactions contained 1.5 ng/pl
template DNA, 1x Pfu buffer (Promega, Madison,
WI, USA), 200 uM of each dNTP, 10 % DMSO,
1 uM of each primer, 2.5 U Pfu DNA Polymerase
(Promega) and sterile water to a final volume of 50 pl.
The thermal cycling conditions comprised an initial
denaturation step at 96 °C for 2 min, followed by 35
cycles of denaturation (94 °C for 30 s), primer
annealing (62 °C for 30 s) and extension (72 °C for
2 min). A final extension step was performed at 72 °C
for 5 min. PCR products were separated by electro-
phoresis on a 1 % agarose gel and corresponding
bands were excised. Amplicons were purified using
the Gene JET Gel Extraction Kit (Thermo Scientific,
Waltham, MA, USA) and sequenced on an ABI 3730
DNA Analyzer (Applied Biosystems, Foster City, CA,
USA) using both forward and reverse primers.

Amplification and sequencing were carried out in
triplicate and the consensus sequence of each gene was
deduced from multiple sequence alignment using the
Multalin software (Corpet 1988). The sequences of the
16S rRNA, atpD, gyrB, recA, rpoB and trpB genes of
the isolate MM 109" have been deposited in GenBank
with the accession numbers KM207217, KM207218,
KM207219, KJ862806, KJ862819, and KJ862832,
respectively. The accession numbers of 16S rRNA,
recA, rpoB and trpB genes of twelve additional green-
pigmented isolates deposited in the GenBank database
are available in the Online Supplementary Table 1.

16S rRNA gene and multilocus sequence (MLSA)
phylogenetic analyses

The almost complete 16S rRNA gene sequence of
isolate MM109" was aligned along with the sequences
of the most closely related Streptromyces species
(>99 % of identity) found by the EzTaxon server
(http://www.ezbiocloud.net/eztaxon, Kim et al. 2012),
and representative Streptomyces type strains, retrieved
from GenBank, using MUSCLE (Edgar 2004). The
alignment was manually trimmed to 1,395 bp, and a
neighbour-joining (NJ) (Saitou and Nei 1987) tree
based on the Kimura two-parameter model (Kimura
1980) was constructed using the MEGA 6.0 software
(Tamura et al. 2013), with Saccharopolyspora eryth-
rea NRRL 2338" as an outgroup. The robustness of the

Table 1 Growth and phenotypic characteristics of isolate MM 109" under various culture media

Media Growth  Substrate mycelium Aerial mycelium  Diffusible pigments
Tryptone-yeast extract agar (ISP-1) +++ Yellowish grey (C/S) None Moderate
yellow (C/S)

Yeast extract-malt extract agar (ISP-2) + Greyish yellow (C/S) None None

Oatmeal agar (ISP-3) +++ Dark greenish yellow(C), Grey (C/S) None

pale yellow (S)

Inorganic salts-starch agar (ISP-4) ++ Grayish greenish yellow White/grey (C/S) None
Glycerol-asparagine agar (ISP-5) ++ Pale yellow green (C/S) None None

Peptone-yeast extract-iron agar (ISP-6) ++

Light olive gray

None Dark brown

Tyrosine agar (ISP-7) ++ Yellowish grey (C), yellowish grey, None Greyish yellow
very deep yellowish green,
strong yellow green (S)

Czapek’s agar ++ Transparent/white White (C) None

Nutrient agar +++ Yellowish grey None Deep orange yellow

++4+ good, ++ moderate, + weak. S standard media prepared according to the International Streptomyces Project (Shirling and

Gottlieb 1966). C commercial ISP media (HiMedia Laboratories)
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tree topology was evaluated by bootstrap analysis
(Felsenstein 1985) based on 1,000 resamplings. In
addition, a maximum-likelihood (ML) tree (Felsen-
stein 1981) was constructed as above in order to val-
idate the topology observed with the NI tree.

Multilocus sequence analysis (MLSA) was carried
out according to Guo et al. (2008). Briefly, the partial
sequences of the six house-keeping genes obtained for
isolate MM109" were trimmed to 496 bp (atpD),
386 bp (gyrB), 504 bp (recA), 540 bp (rpoB) and
571 bp (trpB), along with a 426 bp fragment of the
16S rRNA gene containing the Streptomyces-specific
variable y region (Guo et al. 2008). A BLAST search
was used to identify close relatives and their repre-
sentative 16S rRNA genes and other house-keeping
genes were retrieved from GenBank. Trimmed
sequences of the six house-keeping genes were
concatenated head-to-tail in-frame in the order 16S
rRNA-atpD-gyrB-recA-rpoB-trpB, generating a final
sequence of 2,828 bp. Concatenated sequences were
aligned using MUSCLE (Edgar 2004) and a poorly
aligned region corresponding to the last 95 bp of the
gyrB gene was removed to increase phylogenetic
resolution. MLSA for all thirteen green-pigmented
isolates was carried out based on the trimmed
sequences of four house-keeping genes concatenated
in the order 16S rRNA-recA-rpoB-trpB, generating a
2,040 bp final sequence. NJ and ML trees for each
MLSA were constructed as described above for the
16S rRNA gene.

Phenotypic characterization

Phenotypic properties of isolate MM109" were deter-
mined on ISP media 1 to 7 (prepared as described by
Shirling and Gottlieb (1966) or obtained from HiMe-
dia Laboratories, Mumbai, India), Czapek’s agar
(Waksman 1967) and nutrient agar (Waksman 1961)
after 2 and 3 weeks of incubation at 28 °C. Colours of
substrate mycelium and diffusible pigments were
characterized using ISCC-NBS colour charts (Kelly
1964). Carbon source utilization pattern was estab-
lished by inoculation of isolate MM 109" on minimal
media (Kieser et al. 2000) supplemented with 1 %
D-(+4)-glucose, sucrose, L-(+4)-arabinose, D-(+)-raffi-
nose, L-(+)-rhamnose, D-(—)-fructose, D-mannitol,
maltose, inositol, N-acetylglucosamine, p-(+4)-xylose,
and water as negative control. Tolerance to a range of
NaCl concentrations (1-10 %, at 1 % intervals) and
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pH (5.0-12.0, at 1.0 pH unit intervals) was quantified
after 2 weeks of cultivation on ISP-1 solid medium
(covered with cellophane discs). Growth at different
pH values was determined using the buffer system
described previously (Xu et al. 2005). The tolerance to
a range of temperatures (4, 10, 12, 14, 17, 20, 28, 30
and 37 °C) was first roughly assessed after 2 weeks of
cultivation on ISP-1 solid medium and next quantified
after 5 days of cultivation in ISP-1 liquid medium.

Scanning electron microscopy (SEM)

The morphological characteristics of vegetative and
aerial hyphae of isolate MM 109" were assessed after
2 weeks and 1 month of incubation at 28 °C on ISP-4
medium by cryo-scanning electron microscopy (JSM-
840A, JEOL, Japan), as previously described (Tenconi
et al. 2012).

UPLC-ESI-MS analysis of ferroverdin A

A green pigment was extracted from three moonmilk-
derived strains—MM28, MM37 and MM109". Iso-
lates were inoculated on different ISP media covered
with cellophane discs (GE Osmonics Labstore, Ref
KO01CP09030) and incubated for 1 week at 28 °C. The
green-pigmented metabolite was extracted from the
fresh biomass with acetone and concentrated using a
rotary evaporator (IKA RV 10 digital, VWR Interna-
tional, LLC, USA). The crude extract from the isolate
MM109" was separated on a silica membrane by TLC
(Sigma-Aldrich, St. Louis, MO, USA) for 1 h using
acetone as the mobile phase. The green band was
collected from the TLC plate and extracted with
acetone. The purified green pigment from isolate
MM109" and the crude extracts from the isolates
MM28 and MM37 were analyzed with an UPLC
(Acquity H-class, Waters s.a., Zellik, Belgium) cou-
pled to a single quadrupole mass spectrometer (Waters
SQD mass analyzer) on an ACQUITY UPLC BEH
C18 1.7 um column, as described previously (Lambert
et al. 2014). The elution of the green pigment was
carried out at 40 °C with a gradient (started 2 min after
injection) of acetonitrile (ACN) ranging from 15 to
95 % in 5 min at a constant flow rate of 0.6 ml/min
(ACN and water were acidified with 0.1 % formic
acid). Pigment was detected in electrospray nega-
tive ion mode (scan in the mass range m/z 200-1,300)
by setting SQD parameters as follows: source
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temperature 130 °C; desolvation temperature 80 °C;
and desolvation/cone nitrogen flow: 600/50 L h™"'. For
optimal detection, the cone voltage was set at —80 V.

Results and discussion
Chemotaxonomic characteristics

A green-pigmented colony designated MM109" was
selected in the course of an actinomycetes-specific
isolation procedure from a lyophilized moonmilk
sample obtained from the cave ‘Grotte des Collem-
boles’ (Comblain-au-Pont, Belgium). Observation
under a light microscope of pellet-forming filaments
in liquid culture suggested that isolate MM109" is
most likely a filamentous actinomycete (data not
shown). Since chemotaxonomy has been shown to be
appropriate for differentiation of genera within the
order Actinobacteria (Goodfellow et al. 2012), a
complex chemical characterization was carried out
for this isolate. The detection of LL-diaminopimelic
acid in the whole-organism hydrolysate indicated that
the cell-wall is of chemotype 1 (Lechevalier and
Lechevalier 1970), suggesting that the isolate
MM109" belongs to the genus Streptomyces (Leyh-
Bouille et al. 1970). Additionally, as typically
observed for streptomycetes (Manfio et al. 1995), the
predominant respiratory quinones detected were the
octa- and hexahydrogenated menaquinones with nine
isoprene units—MK-9(Hg) (63 %) and MK-9(Hg)
(21 %) respectively, followed by MK-10(H,) (6 %),
MK-9(Hy) (4 %), MK-10 (3 %) and MK-9(H,) (1 %).
The major polar lipids were identified as phosphati-
dylinositol, diphosphatidylglycerol and a phosphogly-
colipid, which are commonly observed among
actinomycetes, and phosphatidylethanolamine, char-
acteristic of the phospholipid type PII reported for
members of the genus Streptomyces (Lechevalier et al.
1977). The cellular fatty acid profile was found to be a
mixture of saturated straight-chain as well as iso- and
anteiso- branched-chain fatty acids (fatty acid type 2c)
which are also characteristic of actinomycetes (Krop-
penstedt 1985). Major components (>10 %) were
identified as anteiso-Cis.9 (31.0 %) and iso-Cig.9
(27.8 %), and minor components (<10 %) were
anteiso-Cy7.9 (6.6 %), is0-Ci4.9 (5.7 %), 1s0-Cys.9
(5.7), iso Ci6.; H (4.3 %), Ci5.9 (4.0 %), anteiso-
C17:] (32 %), C16:0 (24 %), cis 9'C16:1 (21 %) and

methyl-C¢.9 (1.8 %). The chemotaxonomic features
are thus consistent with the assignment of isolate
MM109" to the genus Streptomyces (Kampfer 2012).

Phylogenetic analysis

An EzTaxon analysis of the almost complete
(1,420 bp) 16S rRNA gene sequence of MMI109"
revealed the highest sequence similarity with Strepto-
myces rubiginosohelvolus NBRC 12912 (99.37 %
identity—1,411 nt out of 1,420 nt). A phylogenetic
analysis including ten other related Streptomyces
species (>99 % sequence identity) as well as a
selection of representative Streptomyces type strains
confirmed the affiliation of the isolate MM109" to the
genus Streptomyces (Online Supplementary Fig. 1).
The phylogenetic tree created by both tree-making
algorithms (NJ and ML) showed that MM 109" forms a
branch distinct from its closest relatives.

However, analysis of the 16S rRNA gene by itself
has been reported to be insufficient to define phyloge-
netic relationships among closely related Streptomyces
species (Guo et al. 2008; Rong et al. 2009; Rong and
Huang 2010, 2012; Labeda 2011; Han et al. 2012),
mainly due to the highly conserved nature of this gene
within the genus (Labeda 2011). Therefore, the phy-
logenetic analysis was refined by carrying out a MLSA
(Guo et al. 2008). This approach increases the phylo-
genetic resolution (Rong and Huang 2010), as it is
based on several house-keeping genes which are
conserved enough to constitute a phylogenetic marker
and possess more variable sites than the 16S rRNA
gene (Rong and Huang 2010). Therefore, in addition to
the 16S rRNA gene, partial sequences of five other
house-keeping genes, namely atpD, gyrB, recA, rpoB
and 17pB, were obtained for the isolate MM109".
BLAST analyses of these five protein-coding genes
revealed that the closest relatives of MM109" were
Streptomyces peucetius strain AS 4.1799" (97.4 %
atpD gene sequence similarity), Streptomyces sporo-
raveus strain AS 4.1926" (87.7 % gyrB gene sequence
similarity), Streptomyces yanii strain AS 4.1146"
(93.8 % recA gene sequence similarity), Streptomyces
mauvecolor strain AS 4.1997" (93.9 % rpoB gene
sequence similarity) and Streptomyces hirsutus strain
NRRL B-2713" (91.2 % trpB gene sequence similar-
ity). Affiliation of MM109" to different Streptomyces
species according to different house-keeping genes
suggested that this isolate is phylogenetically distinct
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Fig. 1 NI tree based on
MLSA analysis of the partial
sequences from six house-
keeping genes (16S rRNA,
atpD, gyrB, recA, rpoB,
trpB) of isolate MM109" (in
bold), 16 closest neighbours
and 8 selected representative
Streptomyces type strains.
Saccharopolyspora
erythraea NRRL 23387 was
used as an outgroup. Node
numbers indicate percent
bootstrap support with 1,000
resamplings. Bar 0.02

751 S. gnseinus NBRC 12869
100l S. albovinaceus NBRC 12739
1901 1s. mediolani NBRC 15427
S. rubiginosohelvolus KCTC 19970
S. griseus subsp. griseus NBRC 13350
S. praecox AS.4.1782
S. califonicus KCTC 19957

69

100]

S. pratensis ATCC 33331

EE. flavovirens AS.4.0575 clone 4
52 S. nitrosporeus CGMCC 4.1973 clone 4

S. yanii strain AS 4.1146
S. spiroverticillatus AS.4.1749

substitutions per nucleotide
position

S. spororaveus strain AS 4.1926
MM109

S. peucetius strain AS 4.1799
S. mauvecolor strain AS 4.1997
S. venezuelae ATCC 10712

S. avermitilis MA 4680
S. antibioticus KCTC 9688

S. hygroscopicus subsp. jinggangensis 5008

S. hirsutus strain NRRL B 2713
S vindiviolaceus KCTC 19976

S. coelicolor A3 2

1001 S. lividans

S. albus J1074

Saccharopolyspora erythraea NRRL 2338

0.02

from its neighbours. Phylogenetic analysis based on
the alignment of concatenated sequences showed that
the isolate MM109" is most closely related to Strep-
tomyces peucetius strain AS 4.1799" (Fig. 1). The
topology of the tree was not affected by tree-making
algorithms. Moreover, pairwise distances calculated
for MM109" and the related species using concate-
nated sequences of atpD-gyrB-recA-rpoB-trpB were
above 0.007, which corresponds to 70 % DNA-DNA
homology, considered to be the threshold for species
determination (Rong and Huang 2012; Busarakam
et al. 2014; Labeda et al. 2014). Thus, MLSA analysis
confirmed that MM 109" should be classified as a novel
species within the genus Streptomyces.

Phenotypic and physiological characterization

Isolate MM109T was able to grow in all tested media,
with good growth observed on ISP-1, ISP-3, ISP-6 and
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nutrient agar (Table 1). The colour of the vegetative
mycelium varied from yellowish grey, yellowish
green to strong yellow green, while aerial hyphae
were white to grey. The same diffusible pigments were
produced in both commercial and non-commercial
media. Melanin was produced on peptone-yeast
extract-iron agar (ISP-6). The green pigmentation of
the isolate, which was the phenotype that prompted us
to select the MM 109" colony in our original screening
for moonmilk-dwelling Actinobacteria, was also
observed when the strain was cultivated on ISP3
media.

Isolate MM109T was found to grow on L-(4)-
arabinose, sucrose, D-(+)-xylose, inositol, p-(+)-raf-
finose, maltose and N-acetylglucosamine, whereas
growth was observed to be drastically reduced when p-
(+)-glucose, p-(—)-fructose, p-mannitol, and L-(+)-
rhamnose were used as sole carbon sources. Isolate
MMI109" was observed to grow within the
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Fig. 2 Salinity, pH, and temperature tolerance of isolate
MM109". Influence of increasing concentration of NaCl (a),
medium pH (b) and the range of temperatures (¢) on biomass

temperature range of 10 to 30 °C, between pH 6 to 8§,
and in the presence of 1 to 4 % NaCl, with the highest
biomass accumulation observed at 18-28 °C, 3 %
NaCl and pH 6 (Fig. 2). The comparison of several
phenotypic and physiological properties of MM109"
with the most closely related Streptomyces type strains
found by MLSA analysis clearly highlighted differ-
ences between them, supporting the divergence of
MMI109" strain from its phylogenetic neighbours
(Table 2).

Analysis of vegetative filament morphology
and spore-forming aerial hyphae

Examination of morphological features by scanning
electron microscopy allowed visualization of the
complex architecture of the MMI09" colony
(Fig. 3a). Several types of filamentous structures were
observed depending on the region of the colony:
filaments were observed to be either well separated
(Fig. 3b) or fused together in thick root-shaped
branching structures (Fig. 3c) or networking cavities
(Fig. 3d); sporadically, round or rod-shaped small
aggregates and sphere-like structures were detected
(Fig. 3e), but they seemed to be generated from
inorganic matter rather than through differentiation of
vegetative filaments. Despite a clear whiE-associated
grey-pigmentation typical of fully maturated spore
chains (Davis and Chater 1990), examination of the
whole colony surface (Fig. 3a) revealed only occa-
sional aerial hyphae, with a higher frequency in the
region of the colony detailed in Fig. 3f. Aerial hyphae
were either linear or coiled, with regular, but incom-
plete septations every ~0.8 um (Fig. 3f—g). Fully

accumulation. Salinity and pH tolerance assays were performed
on solid ISP-1 media while assays for tolerance to temperature
were performed on liquid ISP-1 medium

maturated rod-shaped or cylindrical smooth-surfaced
spores were observed after prolonged incubation
(~30 days). Due to complete septation, mature spores
did not remain in aerial chains but collapsed into packs
of about 2040 spores (Fig. 3f—g), a phenotype that is
more similar to the premature autolysis-driven spore
separation observed for a Streptomyces coelicolor
ssgE mutant (GSE1) (Noens et al. 2005), rather than
ectopic sporulation emerging from the substrate
mycelium.

Identification of additional 12 moonmilk isolates
belonging to the same lineage as the type strain
MM109"

In order to convincingly demonstrate the novelty of
the isolate MM 109" and to assess if more represen-
tatives of this species are present in the different
moonmilk deposits from the same cave, we screened
our moonmilk actinobacterial collection for isolates
displaying a phenotype similar to MM109". Since a
particularly distinctive physiological feature of the
strain MM 109" was the production of an intracellular
green compound, the green pigmentation of the colony
was used as a selection criterion for further phyloge-
netic analysis. The phenotype of over 100 isolates,
derived from three moonmilk sampling points—
COL1, COL3, COL4 (Fig. 4a), was evaluated on
different media after 2 weeks of growth, which
resulted in the identification of an additional twelve
green-pigmented colonies: two originating from the
moonmilk sampling point COL1 (MM91, MM93),
eight from the sampling point COL3, like the
MM109" isolate (MM15, MM25, MM28, MM?29,
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Table 2 Differential MM109" Streptomyces peucetius  Streptomyces mauvecolor
characteristics between AS 4.1799T: AS 4.1997 s
isolate MM 109" and the
type strains of the closely Physiological characteristics
Z;lsctie:s Streptomyces NaCl resistance (%) 4 2.5 2.5
Temperature (°C) 18-28 28 28
Spores
Spore surface Smooth Smooth Spiny
Spore chains Full septation Full septation Spore chains
Spore morphology RA RA S
Colour of aerial mycelium
ISP-2 None Red White
ISP-3 Grey White White
ISP-4 White/grey Orange White
ISP-5 None Red White
ISP-6 None None None
ISP-7 None Red White
Colour of diffusible pigments
ISP-2 None Yellow None
ISP-3 None Yellow None
ISP-4 None None None
RA retinaculum-apertum, ISP-5 None None None
§ spira ISP-6 Dark brown None Black
* (Grein et al. 1963), ** ISP-7 Greyish yellow  Yellow Black

(Murase et al. 1961)

MM31, MM32, MM37, MM40), and two from the
sampling point COL4 (MM113, MM115). In order to
assess the phylogenetic position of the green-pig-
mented isolates and verify if the green pigmentation is
a common trait of a monophyletic cluster, MLSA,
based on the concatenated sequences of four house-
keeping loci, was carried out. This phylogenetic
analysis showed that all thirteen green-pigment pro-
ducing isolates, including the type strain MM109",
represent a monophyletic cluster, clearly separated
from their nearest neighbour, S. mauvecolor strain AS
4.1997" (Fig. 4b). Additionally, the MLSA generated
exclusively for the thirteen moonmilk isolates, dem-
onstrated that all the green-pigment producers,
although highly similar (based on the number of
nucleotide substitutions per site), when compared to
the closely related Streptomyces, still differ from each
other, being classified into eight sub-clusters (Fig. 4c).
In order to precisely establish the relationships
between those thirteen isolates sequencing of the
additional house-keeping genes or of the whole
genome would be necessary. Nevertheless, this data
strongly supports the isolation and identification of a

@ Springer

novel Streptomyces species represented by thirteen
isolates, belonging at least to eight sub-clusters, with
the type strain MM109", for which we propose the
name Streptomyces lunaelactis sp. nov., as the first
fully characterized Streptomyces species isolated from
a moonmilk speleothem.

Ferroverdin A is an intracellular green-pigmented
metabolite produced by isolates belonging
to Streptomyces lunaelactis sp. nov.

Selective isolation for moonmilk-specific Actinobac-
teria displaying green pigmentation of vegetative
mycelium led to the identification of a group of
isolates which shared this particular physiological
property and belonged to the same phylogenetic
cluster within the genus Streptomyces. In order to
identify the metabolite associated with the green
pigmentation, an acetone extract from the mycelium
of the MM109" isolate was first subjected to TLC to
separate the green pigment from the other metabolites
of the complex mixture. The TLC-purified green
compound was subjected to UPLC-ESI-MS analyses,
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Fig. 3 Cryo-scanning electron micrographs of isolate MM109T
grown on inorganic salts-starch agar (ISP-4) at 28 °C for
4 weeks (micrographs a—f) and 9 weeks (g and h). Morpholog-
ical observations revealed a structurally complex colony of
isolate  MM109" (a) developing differential vegetative
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filaments—from well separated (b) or fused branching struc-
tures (c) to networking cavities (d). Round or rod-shaped small
aggregates of unknown origin were observed sporadically (e).
Linear or coiled aerial hyphae (f) maturated into packs of
collapsed spore chains (g and h)
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Fig. 4 a Map of the cave ‘Grotte des Collemboles’ in
Comblain-au-Pont in Belgium, with the spatial distribution of
moonmilk sampling sites (COL1 to 5) indicated by black
arrows. b, ¢ MLSA analysis of all green-pigmented moonmilk
(MM) isolates based on the partial sequences of four house-
keeping genes (16S rRNA, recA, rpoB, trpB) showing their
phylogenetic position compared with the closest related species

which revealed a major peak containing one single
compound with a molecular ion species [M]~ at m/z
860 which could correspond to a coordination com-
pound known as ferroverdin A, composed of three
p-vinylphenyl-3-nitroso-4-hydroxybenzoate ligands
complexed with a ferrous ion (C4sH30N30,,Fe) for-
merly extracted and characterized from Streptomyces
sp. strain WK-5344 (Tabata et al. 1999; Tomoda et al.
1999). Two other representative isolates of S. lunae-
lactis belonging to different phylogenetic sub-clusters
—MM28, and MM37—were grown under conditions
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and representative Streptomyces type strains, as well as
displaying relatedness between moonmilk isolates within the
cluster. Sampling sites from which each moonmilk isolate
originates are indicated in brackets. Node numbers indicate
percent bootstrap support with 1,000 resamplings. Bar number
of substitutions per nucleotide position

stimulating green pigment production (Online Sup-
plementary Fig. 2) and UPLC-ESI-MS analyses of
acetone extracts of each isolate also identified a
compound with a molecular ion species [M]~ at m/z
860 corresponding to ferroverdin A. This was unam-
biguously confirmed by the presence of typical
fragment ions including those at m/z 592 and m/z
268 (see Fig. 5 for MM109" and Online Supplemen-
tary Fig. 2 for MM28 and MM37) resulting from the
loss of one ligand and two ligands coupled to ferrous
iron, respectively (Tabata et al. 1999).
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Fig. 5 Electrospray
ionization (ESI) negative
mass spectrum of
ferroverdin A identified
from the green-pigmented
isolate MM109", the
phenotype and morphology
of a single colony of which
is displayed above the
graph. The predominant
peak at m/z 860 corresponds
to ferroverdin A consisting
of three p-vinylphenyl-3-
nitroso-4-hydroxybenzoate
ligands complexed with a
ferrous ion, while fragment
ions at m/z 592 and 268 are
associated with the loss of 100 -
one ligand and two ligands

coupled to ferrous iron,

respectively. Fragment ions

at m/z 325 and 562 could not

be assigned unambiguously /

%

S. lunaelactis MM109T
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Description of Streptomyces lunaelactis sp. nov.

Streptomyces lunaelactis sp. nov. (lu.nae.lac’tis. L.
gen. n. lunae, of the moon; L. n. lac, lactis, milk; N.L.
gen. n. [unaelactis; from moonmilk, referring to the
speleothem from which the organism was first
isolated).

Gram-positive, aerobic actinobacterium. Grows on
all media tested in this study and particularly well on
ISP-1, ISP-3, ISP-6, and nutrient agar. Produces white
to grey aerial mycelium and variously pigmented
substrate mycelium. On ISP-7 medium synthesizes an
intracellular green pigment identified as ferroverdin A.
Diffusible moderate yellow, greyish yellow and deep
orange yellow pigments are produced on ISP-1, ISP-7
and nutrient agar, respectively, as well as dark
brown melanin on ISP-6. The substrate mycelium
forms various structures from loose to tightly com-
pacted filaments, while the linear to coiled aerial
hyphae differentiate into fully septated rod-shaped/

cylindrical, smooth-surfaced spores. Grows within the
temperature range 10 to 30 °C, and at slightly acidic to
weak alkaline pH (pH 6-8), with highest accumulation
of biomass at 18-28 °C and pH 6. Tolerates up to 4 %
NaCl, growing optimally at 3 % NaCl. The chemo-
taxonomic features are typical of the genus Strep-
tomyces. The whole-organism hydrolysate contains
L-diaminopimelic acid, indicating that the cell wall
is of chemotype-I. Octa- and hexahydrogenated
menaquinones with nine isoprene units [MK-9(Hg),
MK-9(Hg)] are the major menaquinones, while
branched-chain anteiso-C;s.; and iso-C;¢.o are the
predominant fatty acids. The polar lipids profile
corresponds to the type PII phospholipid pattern
being mainly composed of phosphatidylethanol-
amine, followed by phosphoglycolipid, phosphati-
dylinositol and diphosphatidylglycerol.

The type strain MMI109" (=DSM 42149 =
BCCM/LMG 28326") was isolated from a moonmilk
speleothem from the cave ‘Grotte des Collemboles’,

@ Springer
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Comblain-au-Pont, Belgium. The sequences of six
house-keeping genes—16S rRNA, atpD, gyrB, recA,
rpoB, and trpB—have been deposited in GenBank with
the respective accession numbers: KM207217,
KM207218, KM207219, KJ862806, KJ862819, and
KJ862832.
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