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of chaxalactins and chaxamycins, forms a distinct
branch in Streptomyces gene trees
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Abstract A polyphasic study was carried out to

establish the taxonomic status of an Atacama Desert

isolate, Streptomyces strain C34T, which synthesises

novel antibiotics, the chaxalactins and chaxamycins.

The organism was shown to have chemotaxonomic,

cultural and morphological properties consistent with

its classification in the genus Streptomyces. Analysis

of 16S rRNA gene sequences showed that strain C34T

formed a distinct phyletic line in the Streptomyces

gene tree that was very loosely associated with the

type strains of several Streptomyces species. Multilo-

cus sequence analysis based on five house-keeping

gene alleles underpinned the separation of strain C34T

from all of its nearest phylogenetic neighbours, apart

from Streptomyces chiangmaiensis TA-1T and Strep-

tomyces hyderabadensis OU-40T which are not cur-

rently in the MLSA database. Strain C34T was

distinguished readily from the S. chiangmaiensis and

S. hyderabadensis strains by using a combination of

cultural and phenotypic data. Consequently, strain

C34T is considered to represent a new species of the

genus Streptomyces for which the name Streptomyces

leeuwenhoekii sp. nov. is proposed. The type strain is

C34T (= DSM 42122T = NRRL B-24963T). Analysis

of the whole-genome sequence of S. leeuwenhoekii,

with 6,780 predicted open reading frames and a total

genome size of around 7.86 Mb, revealed a high

potential for natural product biosynthesis.

Keywords Streptomyces � Polyphasic

taxonomy � Atacama Desert � Natural products �
Genome sequence

Introduction

Novel actinomycetes, notably streptomycetes, from

extreme habitats are proving to be a potentially rich

source of new bioactive natural products that can be

developed as resources for healthcare. Streptomycetes

account for about 40 % of all known natural products

and their genomes typically contain over twenty

biosynthetic gene clusters that encode for known or
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predicted secondary metabolites (Goodfellow and

Fiedler 2010; Bérdy 2012). Although an underex-

plored resource, it is difficult to discover new chemical

entities from known streptomycetes as screening them

tends to lead to the costly rediscovery of known

compounds (Busti et al. 2006; Williams 2008).

Consequently, innovative strategies are needed to

selectively isolate, dereplicate and identify new

Streptomyces species for pharmaceutical screening

programmes, as exemplified by the taxonomic

approach to drug discovery recommended by Good-

fellow and Fiedler (2010). This strategy proved to be

effective in the isolation of novel streptomycetes from

deep-sea sediments, as illustrated by the discovery of

caboxamycin, a new benzoxazole antibiotic produced

by a Streptomyces strain that was isolated from

sediment collected from the Canary Basin in the

Atlantic Ocean (Hohmann et al. 2009). We have

recently applied a similar strategy to study actinomy-

cete communities in another neglected biome, the

Atacama Desert in Northern Chile (Bull and Asenjo

2013).

The Atacama Desert is the oldest and driest desert

on Earth having evolved over several million years of

aridity and hyper-aridity (Gómez-Silva et al. 2008).

Environmental conditions in the desert have been

considered too extreme to support any form of life

given the dearth of liquid water, paucity of organic

matter, presence of inorganic oxidants and high levels

of UV radiation. Despite these harsh conditions,

phylogenetically novel actinomycetes, especially

streptomycetes, have been isolated from soils col-

lected from hyper- and extreme hyper-arid regions of

the desert (Okoro et al. 2009; Bull and Asenjo 2013).

The names of three of the putatively novel strepto-

mycetes have been validly published as Streptomyces

atacamensis, Streptomyces bullii and Streptomyces

deserti (Santhanam et al. 2012a, b, 2013) and two

additional Streptomyces strains have been shown to

synthesise new antibiotics and anti-cancer com-

pounds, the atacamycins, chaxalactins and chaxam-

ycins (Nachtigall et al. 2011; Rateb et al. 2011a, b;

Bull and Asenjo 2013). Another putatively novel

Streptomyces strain from high altitude Atacama Des-

ert soil produces novel aminobenzoquinones, the

abenquines, which show inhibitory activity against

bacteria and dermatophilic fungi (Schulze et al. 2011).

The present study was designed to establish the

taxonomic status of Streptomyces strain C34T isolated

from hyper-arid Atacama Desert soil, which produces

the chaxalactins and chaxamycins. A polyphasic

taxonomic study showed that this isolate belongs to

a new species, for which we propose the name

Streptomyces leeuwenhoekii sp. nov.

Materials and methods

Selective isolation, maintenance and cultural

conditions

Strain C34T was recovered from a hyper-arid soil

sample collected from the Chaxa de Laguna, Salar de

Atacama of the Atacama Desert (23�1700S, 68�1000W),

near Tocanao (Okoro et al. 2009). The organism was

isolated on starch-casein agar supplemented with

actidione and nystatin (each at 25 lg ml-1) after

incubation at 28 �C for 21 days following inoculation

with a 10-1 soil suspension that had been heated at

55 �C for 6 min, as described by Okoro et al. (2009).

The strain was maintained on modified Bennett’s agar

(Jones 1949) slopes and as suspensions of hyphal

fragments and spores in 20 % (v/v) glycerol at -80 �C.

Biomass for the molecular systematic and most of the

chemotaxonomic studies was scraped from 14 day-old

modified Bennett’s agar plates incubated at 28 �C and

washed twice in distilled water; biomass for most of the

chemotaxonomic analyses was freeze-dried and that for

the molecular systematic work stored at -20 �C. Cells

for the fatty acid analysis were harvested from yeast

extract-malt extract broth (International Streptomyces

Project [ISP] medium 2; Shirling and Gottlieb 1966)

after 3 days at 25 �C.

Chemotaxonomy and morphology

Isolate C34T was examined for chemotaxonomic and

morphological properties considered to be typical of

the genus Streptomyces (Kämpfer 2012). The arrange-

ment of aerial hyphae and spore chains were observed

on oatmeal agar (ISP medium 3; Shirling and Gottlieb

1966) after 14 days at 28 �C, using the coverslip

technique described by Kawato and Shinobu (1959).

Spore chain morphology and spore surface ornamen-

tation were detected by examining gold-coated,

dehydrated specimens taken from the oatmeal agar

plate, by using an electron microscope (Cambridge

Stereoscan 240 instrument) and the procedure
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described by O’Donnell et al. (1993). Cultural char-

acteristics of the isolate were determined using ISP

media (Shirling and Gottlieb 1966) following incuba-

tion at 28 �C for 14 days. Standard protocols were

used to detect the isomers of diaminopimelic acid

(Hasegawa et al. 1983), menaquinones (Collins et al.

1985) and whole organism sugars (Hasegawa et al.

1983). Cellular fatty acids were extracted, methylated

and analysed by gas chromatography (Hewlett Pack-

ard, model 6890) following the recommended proce-

dure of the Sherlock Microbial Identification System

(MIDI, Sasser 1990). The resultant fatty acid methyl

esters were identified and quantified using the MIDI

ACTINO 1 database (version 6.10).

Phylogenetic analyses

Genomic DNA was extracted from isolate C34T

biomass and PCR-mediated amplification of a 16S

rRNA purified gene product was achieved, as described

by Kim and Goodfellow (2002). The resultant almost

complete 16S rRNA gene sequence (1,416 nucleotides

[nt]) was submitted to the EzTaxon-e server (http://

eztaxon-e.ezbiocloud.net/; Kim et al. 2012) and aligned

with corresponding 16S rRNA gene sequences of the

type strains of the most closely related Streptomyces

species using CLUSTAL W version 1.8 software

(Thompson et al. 1994). Phylogenetic trees were gen-

erated from the aligned sequences using the maximum-

likelihood (Felsenstein 1981), maximum-parsimony

(Fitch 1971) and neighbour-joining (Saitou and Nei

1987) algorithms drawn from the MEGA 5 and PHYML

software packages (Guindon and Gascuel 2003; Tamura

et al. 2011); an evolutionary distance matrix for the

neighbour-joining analysis was prepared using the Jukes

and Cantor (1969) model. The topology of the inferred

evolutionary trees was evaluated by bootstrap analyses

(Felsenstein 1985) based on 1,000 resamplings of the

neighbour-joining dataset using MEGA 5 software. The

root positions of unrooted trees were estimated using the

sequence of Streptomyces albus subsp. albus DSM

40313T (GenBank accession number AJ 621602).

Phenotypic tests

Isolate C34T was examined for a broad range of

biochemical, degradative and physiological properties

using media and methods described by Williams et al.

(1983) and known to be of value in the systematics of

streptomycetes (Kämpfer 2012). The enzyme profile of

the strain was determined using API ZYM strips

(BioMerieux) and its ability to use a broad range of

carbon sources determined using Biolog GEN III Micro

Plates, in each case following the manufacturer’s

instructions; a standard inoculum equivalent to 5.0 on

the McFarland scale (Murray et al. 1999) was used to

inoculate both the microplates and the API ZYM strips.

All of the tests were carried out in duplicate.

Generation of whole-genome sequence of isolate

C34T and genome analysis

The isolate was grown on tryptone soya broth

supplemented with 10 % sucrose-yeast extract-malt

extract medium (1:1, v/v) with 5 mM MgCl2 and

0.5 % glycine at 30 �C for 48 h. Cells were resus-

pended in 10 mM NaCl, 20 mM Tris–HCl (pH 8.0),

1 mM EDTA and incubated with lysozyme at 37 �C

for 1 to 30 min until they were lysed. SDS (0.5 % final

concentration) and proteinase K (40 lg) were added

and the cell extract incubated at 50 �C for 6 h when a

standard phenol/chloroform extraction was performed

on the lysate. The extract was adjusted to 0.3 M

sodium acetate (pH 5.5) and DNA was spooled with a

glass rod upon addition of 2 volumes of 96 % ethanol.

After washing and drying, the DNA was dissolved in

TE buffer. DNA quality was verified by Sall digestion

and agarose gel electrophoresis.

Illumina/Solexa sequencing on Genome Analyzer

IIx was outsourced (ServiceSX, Leiden, The Nether-

lands) and 100-nt paired-end-reads were obtained. The

quality of the short reads was verified using FastQC

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/)

and, depending on the quality, reads were trimmed at

various lengths at both ends. Processed raw reads were

then used as input for the Velvet assembly algorithm

(Zerbino and Birney 2008). The genome was annotated

using the RAST server (Aziz et al. 2008) with default

options. Predictions of gene clusters for natural products

were performed using antiSMASH (Medema et al.

2011). The genome sequence has been deposited at

DDBJ/EMBL/GenBank under the accession number

AZSD0000000.

Multilocus Sequence Analysis

Multilocus sequence analysis was based on the methods

of Guo et al. (2008), Rong et al. (2009), Labeda (2011)
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and Rong and Huang (2010, 2012). Genomic DNA was

isolated from the strains listed in Table 1 using Ultra-

Clean� microbial DNA isolation kits (MoBio Labs,

Carlsbad, CA, USA) following the instructions of the

manufacturer. Partial sequences of the house-keeping

genes atpD (ATP synthase F1, beta subunit), gyrB

(DNA gyrase B subunit) and rpoB (RNA polymerase

beta subunit) were amplified and sequenced using the

primers and protocols described previously by Guo et al.

(2008) and Rong et al. (2009) as well as modified

primers designed to optimise amplification and

sequencing of the house-keeping genes recA (recombi-

nase A) and trpB (tryptophan synthetase, beta subunit)

for a broader range of Streptomyces species (Labeda

et al. 2014). Amplified products were purified using

ExoSAP-IT (Affymetrix, Santa Clara, CA, USA) and

sequenced using BigDye 3.1 on an ABI model 3730

sequencer in the National Center for Agricultural

Utilization Research (NCAUR) core sequencing facil-

ity. Sequence data for the 5 house-keeping loci for each

strain were deposited in Genbank with the accession

numbers shown in Table 1. House-keeping gene

sequences for species of the genus Streptomyces were

organized using Bacterial Isolate Genomic Sequence

Database (BIGSdb) version 1.6.3 (Jolley and Maiden

2010) on the ARS Microbial Genomic Sequence

Database server at http://199.133.98.43. The alleles of

the house-keeping loci for strain C34T were found

within the draft genome using the genome sequence

scan function in BIGSdb. The alleles were tagged within

the genome sequence and added to the sequence data-

base. The sequences of the loci for each strain were

concatenated head to tail and exported in FASTA for-

mat, providing a dataset of 172 strains and 2,575 posi-

tions. Sequences were aligned using MUSCLE (Edgar

2004) and phylogenetic relationships constructed in

MEGA 5.2 (Tamura et al. 2011) using maximum-like-

lihood based on the General Time Reversible model

(Nei and Kumar 2000), determined to be the optimal

model for these data using jmodeltest2 (Darriba et al.

2012; Guindon and Gascuel 2003). The phylogenetic

relationships of the strains were also determined using

maximum-parsimony and neighbour-joining analyses.

MLSA evolutionary distances were determined using

MEGA 5.2 to calculate the Kimura 2-parameter dis-

tance (Kimura 1980).

Table 1 Streptomyces strains house-keeping gene sequences deposited for the present study

Species Strain atpD gyrB recA rpoB trpB

S. leeuwenhoekii NRRL B-24963T (= DSM 42122T) KJ137029 KJ137046 KJ137063 KJ137080 KJ137097

S. chryseus NRRL B-12347T KJ137020 KJ137037 KJ137054 KJ137071 KJ137088

S. daghestanicus NRRL B-5418T KJ137021 KJ137038 KJ137055 KJ137072 KJ137089

S. fimbriatus NRRL B-3175T KJ137022 KJ137039 KJ137056 KJ137073 KJ137090

S. fumanus NRRL B-3898T KJ137023 KJ137040 KJ137057 KJ137074 KJ137091

S. fumigatiscleroticus NRRL B-3856T KJ137024 KJ137041 KJ137058 KJ137075 KJ137092

S. ghanaensis NRRL B-12104T KJ137025 KJ137042 KJ137060 KJ137076 KJ137093

S. glaucus NRRL B-16368T KJ137026 KJ137043 KJ137059 KJ137077 KJ137094

S. griseomycini NRRL B-5421T KJ137027 KJ137044 KJ137061 KJ137078 KJ137095

S. hirsutus NRRL B-2713T KJ137028 KJ137045 KJ137062 KJ137079 KJ137096

S. lusitanus NRRL B-5637T KJ196366 KJ196368 KJ196370 KJ196372 KJ196374

S. mexicanus NRRL B-24196T KJ137030 KJ137047 KJ137064 KJ137081 KJ137098

S. parvulus NRRL B-1628T KJ196367 KJ196369 KJ196371 KJ196373 KJ196374

S. recifensis NRRL B-3811T KJ137031 KJ137048 KJ137065 KJ137082 KJ137099

S. seoulensis NRRL B-24310T KJ137032 KJ137049 KJ137066 KJ137083 KJ137100

S. thermocoprophilus NRRL B-24314T KJ137033 KJ137050 KJ137067 KJ137084 KJ137101

S. thermodiastaticus NRRL B-5316T KJ137034 KJ137051 KJ137068 KJ137085 KJ137102

S. thermovulgaris NRRL B-12375T KJ137035 KJ137052 KJ137069 KJ137086 KJ137103

S. thermovulgaris NRRL B-12375T KJ137036 KJ137053 KJ137070 KJ137087 KJ137104
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Results and discussion

The new bioactive ansamycin-type polyketides, the

chaxamycins, and the novel 22-membered macrolactin

polyketides, the chaxalactins, produced by Streptomyces

strain C34T were named after the Laguna Chaxa soil

sampling site in the Atacama Desert (Bull and Asenjo

2013). The chaxamycins display promising antibacterial

and antitumour activity while the chaxalactins are active

against Gram-positive bacteria. The importance of

naming such potentially significant Streptomyces strains

is often overlooked despite remarkable improvements in

the classification of the genus Streptomyces (Labeda

et al. 2012; Kämpfer 2012) aided by standard adherence

to the Rules of Nomenclature (Whitman 2011).

The organism was shown to have an extensively

branched substrate mycelium which supported aerial

hyphae that were seen to differentiate into smooth

surfaced spores carried in open spiral chains (Fig. 1).

The strain was found to grow well on all of the ISP

media on which it was shown to produce a range of

aerial spore mass, substrate mycelia and diffusible

pigments (Table 2). Whole-organism hydrolysates of

the strain were found to be rich in LL-diaminopimelic

acid and major amounts of glucose and xylose; the

predominant isoprenologues were determined to be

hexa- and octa- hydrogenated menaquinones with nine

isoprene units in a ratio of 1:4. The cellular fatty acid

profile of the strain was shown to consist of major

proportions of ([10 %) anteiso- C15:0 (29.2 %), iso-

C16:0 (12.5 %), C16:0 (19.1 %) and anteiso-C17:0

(13.8 %), lower proportions ([ 1.0 %) of iso-C14:0

(4.3 %), C14:0 (1.1 %), iso-C15:0 (5.5 %), iso-C17:1 x9c

(1.0 %), anteiso-C17:1 x9c (1.1 %), iso-C17:0 (4.4 %),

C17:0 (3.5 %), iso-C18:0 (0.9 %) and summed features

C16:1x7c/C16:1x6c (0.9 %) plus trace amounts of other

components ([0.5 %). The chemotaxonomic and

morphological properties of isolate C34T were seen

to be consistent with its classification in the genus

Streptomyces (Kämpfer 2012). The genomic G?C

content of the strain was 72.6 %, in line with that of

other streptomycete genomes.

When the almost complete 16S rRNA gene

sequence of strain C34T (GenBank accession number

KF 733382) was compared with corresponding

sequences of its most immediate phylogenetic neigh-

bours using the EzTaxon e-cloud webtool it was found

to be most closely related to the type strains of

Streptomyces mexicanus (98.21 %), Streptomyces hy-

derabadensis (98.20 %) and Streptomyces chiangmai-

ensis (97.87 %). When the 16S rRNA gene sequence

Table 2 Growth and cultural characteristics of strain C34T on standard agar media after incubation for 14 days at 28 �C

Media Growth Substrate mycelium colour Aerial spore mass colour Diffusible pigment

Glycerol-asparagine agar (ISP 5) ??? Yellowish white Olivaceous gray green None

Inorganic salts-starch agar (ISP 4) ??? Yellowish white Olivaceous gray green Yellowish

Oatmeal agar (ISP 3) ???? Yellowish white Olivaceous gray green Yellowish

Peptone-yeast extract-iron agar (ISP 6) ??? Gray yellow Olivaceous gray green Gray yellow

Tryptone-yeast extract agar (ISP 1) ??? Yellowish white Olivaceous gray green None

Tyrosine agar (ISP 7) ??? Yellowish white Olivaceous gray green Yellowish

Yeast extract-malt extract agar (ISP 2) ???? Gray yellow Gray yellowish green Pale yellow

???? abundant growth; ??? very good growth

Fig. 1 Scanning electron micrograph of isolate C34T on

oatmeal agar after 14 days at 28 �C showing open spiral chains

of smooth surface spores. Bar 1 lm
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of strain C34T was compared with the sequences of its

20 nearest neighbours it was shown to form a distinct

phyletic line, the position of which varied depending

on which of the tree-making algorithms were used

(Fig. 2). In this extended analysis strain C34T was

found to be related, albeit loosely, to several of its

nearest phylogenetic neighbours, notably to the type

strains of S. chiangmaiensis (98.77 %, 17 nt differ-

ences), S. lusitanus (98.70 %, 18 nt differences), S.

mexicanus (98.77 %, 17 nt differences) and S. parv-

ulus (98.63 %, 19 nt differences). The 16S rRNA gene

sequence similarities between strain C34T and the

remaining strains in Fig. 1 were shown to be within the

range of 98.05–98.56 %, values that corresponded to

between 27 and 20 nt differences.

The phylogenetic relationships of strain C34T to

other Streptomyces species based on analysis of a

sequence alignment resulting from concatenation of 5

house-keeping genes head to tail can be seen in Fig. 3

and in the expanded version of this tree (Fig S.1a–c).

Strain C34T is not phylogenetically near to any

Streptomyces species for which sequences of the

house-keeping loci are available, but appears to be

most closely related to Streptomyces thermocoprophi-

lus NRRL B-24314T based on the present analysis.

This relationship is not supported by significant

bootstrap values nor by the stability of the relationship

when different phylogenetic algorithms are used, such

as maximum-parsimony and neighbour-joining anal-

yses. MLSA evolutionary distances were determined

using MEGA 5.2 to calculate the Kimura 2-parameter

distance (1980) as shown in Table 3. Strain C34T

(= NRRL B-24963T) exhibited an MLSA distance

greater than 0.007 with all of the phylogenetically near

species, supporting the proposal that this strain

represents a new species since the guideline empiri-

cally determined by Rong and Huang (2012) states this

distance equates to 70 % DNA–DNA homology.

S. hyderabadensis OU-40T (FM998652)

S. parvulus NBRC 13193T (AB184326)

S. spinoverrucosus NBRC 14228T (AB184578)

S. lomondensis NBRC 15426T (AB184673)

S. coerulescens ISP 5146T (AY999720)

S. coeruleorubidus NBRC12844T (AB184849)

S. lusinatus NBRC 13464T (AB184424)

S. thermocarboxydus DSM 44293T (U94490)

S. speibonae PK-BlueT (AF452714)

S. longispororuber NBRC 13488T (AB184440)

S. viridodiastaticus NBRC 13106T (AB184317)

S. albogriseolus NRRL B-1305T (AJ494865)

S. erythrogriseus LMG 19406T (AJ781328)

S. griseoincarnatus LMG 19316T (AJ781321)

S. griseosporeus NBRC 13458T (AB184419)

S. chromofucus NBRC 12851T (AB184194)

S. glomeratus LMG 19903T (AJ781754)

S. chiangmaiensis TA4-1T (AB562507)

S. lannensis TA4-8T (AB562508)

S. leeuwenhoekii DSM 42122T (KF733382)
S. mexicanus CH-M-1035T (AF441168)

S. somaliensis DSM 40738T (AJ007403)

S. albus subsp. albus NRRL B-2365T(DQ26669)

100

99

99

58

53

57

76
50

0.005

*
*

ML

MP

*

*

ML

*

*

*

MP

Fig. 2 Neighbour-joining tree based on 16S rRNA gene

sequences (1384–1390 sites used) showing relationships

between strain C34T and the type strains of closely related

Streptomyces species. Asterisks indicate branches of the tree that

were also found using the maximum-likelihood and maximum-

parsimony tree-making algorithms. ML and MP indicate nodes

that were recovered using the maximum-likelihood and

maximum-parsimony tree-making algorithms, respectively.

Numbers at the nodes are percentage bootstrap values based

on a neighbour-joining analysis of 1,000 sampled datasets, only

values above 50 % are given. The root position of the tree was

determined using Streptomyces albus subsp. albus DSM

40313T. Bar 0.005 substitutions per nucleotide position
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DNA:DNA hybridisation (DDH) studies were not

carried out between strain C34T and its nearest

phylogenetic neighbours as the 16S rRNA gene

similarities with the latter are well below the 99.0 %

similarity level recommended to trigger the need for

DDH experiments between closely related actinomy-

cetes (Meier-Kolthoff et al. 2013). This point is

reinforced by the fact that type strains of many

Streptomyces species with higher 16S rRNA gene

similarities ([99.3 %) than those recorded between

strain C34T and its closest phylogenetic neighbours,

have DDH similarity values well below the 70 % cut

off point recommended for the delineation of bacterial

species (Wayne et al. 1987); examples include strains

recovered from several habitats, including ones

isolated from the Atacama Desert (Santhanam et al.

2012a, b, 2013). Indeed, it seems likely that the

position of strain C34T and its closest neighbours in

the Streptomyces 16S rRNA gene tree will only be

stabilised by the addition of nucleotide sequences of

more validly named species to this part of the tree, as

indicated by the assignment of strain C34T and other

Atacama Desert streptomycetes to a well defined

Streptomyces subclade (Okoro et al. 2009).

Identical results were obtained between the dupli-

cated cultures of strain C34T for all of the phenotypic

tests. The organism was shown to exhibit a broad

range of phenotypic properties as cited in the species

description and in Table 4. Some of these properties,

notably the morphological and cultural features, were

found to be of particular value in distinguishing

between Streptomyces species by Labeda et al. (2012)

in their phylogenetic study of Streptomycetaceae

species. Comparison of some of these properties with

corresponding results reported for S. chiangmaiensis

(Promnuan et al. 2013) and S. hyderabadensis (Reddy

et al. 2011) showed these strains could be distin-

guished readily (Table 4). Further, C34T, unlike the

type strains of S. chiangmaiensis and S. hyderabad-

ensis, produced diffusible pigments on inorganic salt-

starch, oatmeal and tyrosine agars (Reddy et al. 2011;

Promnuan et al. 2013). It can also be separated from

the S. hyderabadensis strain by its capacity to degrade

casein and xylan and its inability to degrade hypo-

xanthine and hydrolyse urea.

Full genome sequencing of strain C34T (GenBank

accession number AZSD0000000) using Illumina

methods led to an assembly of 658 contigs for a total

genome size of 7.86 Mb, predicted to encode 77 RNAs

and 6,780 proteins. The functions of the genes were

catalogued into different functional classes (Fig. 4).

The relative distribution of the different classes is

similar to that of the model strains S. coelicolor A3(2)

(Bentley et al. 2002) and S. lividans 66 (Cruz-Morales

Fig. 3 Subtree from the phylogenetic tree inferred from

concatenated partial sequences of the house-keeping genes

atpD, gyrB, recA, rpoB and trpB in MEGA 5.2 (Tamura et al.

2011) using the maximum likelihood method based on the

General Time Reversible model (Nei and Kumar 2000). There

were 2,575 positions and 152 strains in the final dataset. Trees

were also inferred using the Tamura and Nei evolutionary

distance method (1993) with the neighbour-joining algorithm of

Saitou and Nei (1987) neighbour-joining and maximum

parsimony models in MEGA 5.2 and conserved branches in

all methods are marked with an asterisk. Percentages at the

nodes represent levels of bootstrap support from 1,000 re-

sampled datasets (Felsenstein 1985) with values less than 60 %

not shown. The proposed new species Streptomyces lee-

uwenhoekii DSM 42122T is indicated with a bold node label.

Bar marker equals number of substitutions per site
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Table 3 MLSA distance for strains phylogenetically near to S. leeuwenhoekii NRRL B-24963T (values in bold text)

Strain MLSA (Kimura 2-parameter) distance

S. albus NRRL B-1811T –

S. thermocarboxydovorans

NRRL_B-24317T
0.141

S. thermocoprophilus NRRL

B-24314T
0.136 0.073

S. thermodiastaticus NRRL

B-5316T
0.148 0.063 0.074

S. thermogriseus NRRL

B-24322T
0.137 0.071 0.073 0.073

S. thermovulgaris NRRL

B-12375T
0.138 0.075 0.075 0.069 0.020

S. sclerotialus DSM 43032T 0.145 0.086 0.084 0.089 0.096 0.098

S. globosus CGMCC 4.0320T 0.145 0.070 0.053 0.066 0.071 0.075 0.078

S. roseodiastaticus CGMCC

4.1788T
0.140 0.069 0.063 0.065 0.076 0.069 0.088 0.037

S. alanosinicus NRRL B-3627T 0.139 0.088 0.073 0.095 0.089 0.092 0.090 0.065 0.068

S. leeuwenhoekii NRRL

B-24963T
0.146 0.062 0.054 0.073 0.076 0.082 0.071 0.061 0.069 0.070

S. chryseus NRRL B-12347T 0.141 0.066 0.078 0.032 0.077 0.072 0.086 0.076 0.070 0.095 0.076

S. daghestanicus NRRL B-5418T 0.129 0.063 0.060 0.068 0.078 0.080 0.081 0.063 0.065 0.074 0.053 0.071

S.. fimbriatus NRRL B-3175T 0.141 0.060 0.047 0.067 0.075 0.075 0.076 0.054 0.065 0.076 0.042 0.069

S. fumanus NRRL B-3898T 0.134 0.072 0.069\8 0.070 0.087 0.088 0.080 0.065 0.072 0.080 0.061 0.078

S. fumigatiscleroticus NRRL

B-3856T
0.134 0.069 0.062 0.073 0.076 0.077 0.070 0.055 0.065 0.070 0.056 0.075

S. ghanaensis NRRL B-12104T 0.143 0.063 0.065 0.073 0.080 0.080 0.077 0.059 0.070 0.075 0.060 0.078

S. glaucus NRRL B-16368T 0.138 0.062 0.060 0.066 0.076 0.070 0.082 0.064 0.054 0.083 0.055 0.067

S. griseomycini NRRL B-5421T 0.144 0.056 0.055 0.064 0.075 0.077 0.069 0.058 0.063 0.074 0.041 0.071

S. hirsutus NRRL B-2713T 0.152 0.072 0.069 0.083 0.084 0.085 0.076 0.072 0.072 0.085 0.064 0.082

S. lusitanus NRRL B-5637T 0.135 0.070 0.069 0.081 0.083 0.087 0.069 0.068 0.077 0.147 0.065 0.084

S. mexicanus NRRL B-24196T 0.147 0.065 0.068 0.042 0.077 0.074 0.083 0.059 0.055 0.086 0.066 0.060

S. parvulus NRRL B-1628T 0.134 0.079 0.075 0.083 0.085 0.088 0.077 0.083 0.085 0.083 0.072 0.085

S. recifensis NRRL B-3811T 0.146 0.078 0.066 0.073 0.083 0.087 0.085 0.058 0.066 0.087 0.073 0.080

S. seoulensis NRRL B-24310T 0.146 0.078 0.064 0.073 0.083 0.086 0.082 0.061 0.068 0.087 0.069 0.079

S. daghestanicus NRRL B-5418T –

S.. fimbriatus NRRL B-3175T 0.058

S. fumanus NRRL B-3898T 0.034 0.058

S. fumigatiscleroticus NRRL

B-3856T
0.058 0.044 0.055

S. ghanaensis NRRL B-12104T 0.052 0.040 0.052 0.053

S. glaucus NRRL B-16368T 0.060 0.047 0.064 0.061 0.060

S. griseomycini NRRL B-5421T 0.056 0.027 0.059 0.050 0.042 0.057

S. hirsutus NRRL B-2713T 0.060 0.051 0.062 0.063 0.052 0.068 0.053

S. lusitanus NRRL B-5637T 0.058 0.060 0.060 0.057 0.054 0.072 0.059 0.065

S. mexicanus NRRL B-24196T 0.067 0.058 0.070 0.064 0.066 0.064 0.061 0.076 0.071

S. parvulus NRRL B-1628T 0.054 0.066 0.061 0.070 0.064 0.066 0.066 0.063 0.060 0.079

S. recifensis NRRL B-3811T 0.069 0.067 0.070 0.066 0.075 0.073 0.069 0.070 0.066 0.071 0.070
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et al. 2013). RAST is a widely used annotation tool

that allows good initial prediction of gene functions.

However, for a more detailed prediction regarding the

specific functions of secondary metabolism-related

genes, a dedicated algorithm is required such as

antiSMASH (Medema et al. 2011). In particular, the

AHBA gene linked to chaxamycin synthesis in strain

C34T (Rateb et al. 2011a) was found by BLAST search

among several polyketide synthase (PKS) type 1 genes

in a cluster of genes with similarity to genes of the

rifamycin biosynthetic pathway (sequence 0641).

However, many more PKS gene clusters were iden-

tified by antiSMASH (Table S1), including the genes

we believe are responsible for the biosynthesis of

chaxamycin and chaxalactin.

We recently proposed a new method for the

classification of actinomycetes (Girard et al. 2013),

based on the conservation of the SsgA-like proteins

(SALPs). The SALPs are a family of cell division

regulators that only occur in morphologically complex

actinomycetes (Traag and van Wezel 2008), whereby

SsgA and SsgB together control division-site selection

(Willemse et al. 2011). All actinomycetes contain an

SsgB homologue, which shows extremely high con-

servation within members of the same genus (maxi-

mum of one amino-acid change), while high diversity

exists even between closely related genera. SsgA is

only found in members of the family Streptomyceta-

ceae, and its amino acid sequence contains signatures

that allow accurate prediction of its morphology in

submerged culture and divides the streptomycetes into

two branches: LSp (liquid culture sporulation) and

NLSp (no liquid culture sporulation). The presence of

Gly53, Cys56, Val66, Leu75, Gln84 and Asp125 in

SsgA and the Gln128 in SsgB, classifies strain C34T in

the NLSp branch (Girard et al. 2013), which indeed

Table 3 continued

Strain MLSA (Kimura 2-parameter) distance

S. seoulensis NRRL B-24310T 0.069 0.063 0.069 0.062 0.072 0.068 0.069 0.071 0.064 0.069 0.066 0.019

The distance between all strains is greater than 0.007 which was defined by Rong and Huang (2012) as equivalent to 70 % genomic

DNA similarity

Table 4 Phenotypic properties that distinguish strain C34T from the type strains of S. chiangmaiensis and S. hyderabadensis

Characteristics Strain C34T S. chiangmaiensis

JCM16578T
S. hyderabadensis

CCTCC-A 209024T

Spore chains Spiral Spiral Straight

Growth on yeast extract-malt extract agar (ISP medium2):

Aerial spore mass Gray yellow green Bamboo chamois Gray

Substrate mycelium Gray yellow None Brown

Diffusible pigment Pale yellow Yellow brown None

Growth on sole carbon

D-Fructose ? - -

D-Raffinose – ? ?

L-Rhamnose ? - -

Growth at/with

10 �C ? - -

50 �C ? - ?

pH 10.0 ? ? -

7.5 % w/v NaCl ? - -

Data for the type strains of S. chiangmaiensis and S. hyderabadensis were taken from Promnuan et al. (2013) and Reddy et al. (2011),

respectively

? positive, - negative
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correlates with the observed phenotype in submerged

culture (data not shown).

Strain C34T is only loosely associated with its

nearest phylogenetic neighbours based on compara-

tive 16S rRNA gene sequence data and its distinctness

is underpinned by corresponding MLSA data based on

concatenated sequences of the five house-keeping

alleles. It can also be separated readily from the type

strains of S. chiangmaiensis and S. hyderabadensis

using a broad range of phenotypic properties

(Table 4). These data clearly show that strain CT34T

merits species status within the genus Streptomyces.

The name proposed for this taxon is Streptomyces

leeuwenhoekii sp. nov., the type strain of which, C34T,

possesses a remarkably large number of gene clusters

involved in natural product synthesis (Table S1).

Finally, we venture to suggest that future descrip-

tions of type strains of novel prokaryotic species

should include data from whole-genome sequences.

This logical extension to the polyphasic taxonomic

concept will not only provide ‘‘grist to the taxonomic

mill’’ (Klenk and Goker 2010; Sutcliffe et al. 2012;

Sentausa and Fournier 2013), as shown in the present

study, but will also reveal invaluable insights into the

developmental biology, ecology, evolution, physiol-

ogy and biotechnological potential of prokaryotic

species (Gao and Gupta 2012; Chandra and Chater

2014; Girard et al. 2013) and will thereby help

revitalize prokaryotic systematics as a fundamental

scientific discipline. However, as such developments

take hold it is vitally important that the microbiolog-

ical community per se build upon sound taxonomic

practices, not least the nomenclatural type concept

(Goodfellow and Fiedler 2010; Jensen 2010; Whitman

2011).

Description of Streptomyces leeuwenhoekii sp.

nov.

Streptomyces leeuwenhoekii (leeu.wen.hoek’i.i. N.L.

gen. n. leeuwenhoekii, of Leeuwenhoek, named after

Antonie van Leeuwenhoek (1632–1723), the father of

microbiology).

Aerobic, Gram-positive, catalase-positive actinomy-

cete which forms an extensively branched substrate

mycelium that carries aerial hyphae which differentiate

into spiral chains of smooth surfaced spores

(0.7–0.9 9 0.8–1.0 lm) on oatmeal agar. Yellow dif-

fusible pigments are formed on inorganic salts-starch,

oatmeal, tyrosine and yeast extract-malt extract agars.

Grows from 4 to 50 �C, optimally*30 �C, from pH 6.0

to 11, optimally *7.0, and in the presence of 10 % w/v

sodium chloride. Allantoin and arbutin are hydrolysed,

but not aesculin or urea. The strain is positive for acid

and alkaline phosphatase, a-cystine arylamidase, ester-

ase (C4), esterase lipase (C8), a- and b-glucosaminid-

ases, lipase (C4), N-acetyl-b-glucosaminidase,

naphthol-AS-B1-phosphatase and valine arylamidase,

Fig. 4 Overview of Streptomyces leeuwenhoekii C34T subsystem gene functions as generated by analysis on the RAST server at

(http://rast.nmpdr.org)
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but negative for a-chymotrypsin, a-fucosidase, a and

-b-glucosidase, b-glucuronidase and a-mannosidase

(API-ZYM tests). Degrades elastin, cellulose, guanine,

starch, tributyrin, and Tween 40, but not chitin, or

Tweens 20 and 60. Assimilates (as sole carbon sources)

acetic acid, acetoacetic acid, dextrin, D-fructose-6-

phosphate, D-galacturonic acid, D-gluconic acid,

a-and b- hydroxybutyric acids, a-keto-butyric acid,

a-keto-glutaric acid, and Tween 30, but not D-arabitol,

D-cellobiose, D- and L-fucose, D-galactose, gentiobiose,

glycerol, myo-inositol, a-D-lactose, D-mannose, D-mel-

ibiose, a-methyl-D-glucoside, D-salicin, D- and L-serine,

D-sorbitol, stachyose, sodium butyrate, D-trehalose and

D-turanose. Additional phenotypic properties are cited

in the text and in Tables 2 and 4. Chemotaxonomic

properties are typical of the genus. Produces novel

bioactive secondary metabolites, the chaxalactins and

chaxamycins. The DNA G?C composition of the type

strain is 72.6 mol%.

The type strain C34T (= DSM 42122T; NRRL

B-24963T) was isolated from a hyper-arid soil col-

lected from the Chaxa de Laguna, Salar de Atacama,

near Tocanao, Chile. The species description is based

on a single strain and hence serves as a description of

the type strain. The GenBank accession number for the

16S rRNA gene sequence of strain C34T is KF 733382.
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