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Abstract

Strain Llam7T was isolated from microbial mat samples from the hypersaline lake Salar de Llamará, located in Taracapá region 
in the hyper-arid core of the Atacama Desert (Chile). Phenotypic, chemotaxonomic and genomic traits were studied. Phyloge-
netic analyses based on 16S rRNA gene sequences assigned the strain to the family Micromonosporaceae with affiliation to 
the genera Micromonospora and Salinispora. Major fatty acids were C

17 : 1
ω8c, iso-C

15 : 0
, iso-C

16 : 0
 and anteiso-C

17 : 0
. The cell walls 

contained meso-diaminopimelic acid and ll-2,6 diaminopimelic acid (ll-DAP), while major whole-cell sugars were glucose, 
mannose, xylose and ribose. The major menaquinones were MK-9(H

4
) and MK-9(H

6
). As polar lipids phosphatidylglycerol, phos-

phatidylethanolamine, diphosphatidylglycerol and several unidentified lipids, i.e. two glycolipids, one aminolipid, three phospho-
lipids, one aminoglycolipid and one phosphoglycolipid, were detected. Genome sequencing revealed a genome size of 6.894 Mb 
and a DNA G+C content of 71.4 mol%. Phylogenetic analyses with complete genome sequences positioned strain Llam7T within 
the family Micromonosporaceae forming a distinct cluster with Micromonospora (former Xiangella) phaseoli DSM 45730T. This 
cluster is related to Micromonospora pelagivivens KJ-029T, Micromonospora craterilacus NA12T, and Micromonospora craniel-
lae LHW63014T as well as to all members of the former genera Verrucosispora and Jishengella, which were re-classified as 
members of the genus Micromonospora, forming a clade distinct from the genus Salinispora. Pairwise whole genome average 
nucleotide identity (ANI) values, digital DNA–DNA hybridization (dDDH) values, the presence of the diamino acid ll-DAP, and the 
composition of whole sugars and polar lipids indicate that Llam7T represents a novel species, for which the name Micromono-
spora tarapacensis sp. nov. is proposed, with Llam7T (=DSM 109510T,=LMG 31023T) as the type strain.

The genus Micromonospora is the type genus of the fam-
ily Micromonosporaceae [1]. The genus was established by 
Ørskov [2] and since then it has undergone extensive revi-
sions based on chemotaxonomic characteristics [3], gene 
marker sequence analyses [4, 5] and recently whole-genome 
based phylogenomic analyses [6]. The genus Micromonospora 
currently consists of 106 species with validly published names 
[7]. Most of the members of the genus have xylose in their 
whole-sugar content and meso-diaminopimelic acid and/or 
3-OH-diaminopimelic acid as a diamino acid. The use of 
whole-genome sequences in microbial taxonomy improved 
the resolution of the taxa within the family compared with 
single gene analyses and has led to the emendation of genera 

such as Verrucosispora, Xiangella and Jishengella and merging 
them into the genus Micromonospora as far as genomic data 
were available [6]. Representatives of the genus Micromonos-
pora have been isolated from diverse extreme environments, 
such as Micromonospora acroterricola 5R2A7T isolated from 
a soil sample collected at high altitude in the Atacama Desert 
[8], which is the oldest and continuously driest non-polar 
temperate desert on Earth [9].

In this study, we identified the taxonomic status of strain 
Llam7T, isolated from the hypersaline lake Salar de Llamará 
in the Atacama Desert. The chemotaxonomic and genomic 
features of the strain were compared with those of type strains 
of closely related species of the genus Micromonospora.
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Isolation and ecology
Llam7T was isolated from Salar de Llamará (Fig. 1), a small 
hypersaline lake located in the Atacama Desert (Chile). 
This hypersaline lake has been characterized by moderately 
alkaline pH (around 8), temperatures around 25–30 °C, 
and high concentrations of total ions of arsenic, chlorine, 
sodium, sulphate, potassium, magnesium and calcium [10]. 
A microbial mat sample was collected from the geographic 
coordinates 21° 16.087′ S, 069° 37.094′ W. The sample was 
diluted in Ringer 1/4 buffer (0.12 g CaCl2.2H2O, 0.11 g KCl, 
0.05 g NaHCO3 and 2.25 g NaCl in 1 l deionized water) to 
10−1, 10−2 and 10−3, to select spore-forming actinobacteria the 
samples were heated in a water bath at 56 °C for 10 min. 100 µl 
of each dilution was spread on starch–yeast-extract–peptone 
(SYP) medium containing 2 g starch, 1 g yeast extract, 0.5 g 
soy peptone, supplemented with 25 µg ml−1 nalidixic acid, 
50 µg ml−1 cycloheximide, 20 g Tropic Marine Salt (Dr Biener), 
12 g gellan gum and 2 g CaCl2.2H2O in 1 l deionized water, 
and incubated at 26 °C for 21 days. Llam7T was isolated and 
maintained in SYP medium at 26 °C and cryopreserved using 
the Cryobank System (MAST DIAGNOSTIC) at −20 °C and 
−80 °C.

16S rRNA gene phylogeny
For the genomic DNA preparation, cells of Llam7T were 
grown in 100 ml SYP medium for 2 weeks at 26 °C. DNA was 
extracted using a DNeasy Blood and Tissue Kit (QIAGEN). 
The quantity and quality of the extracted DNA was evalu-
ated by agarose gel electrophoresis. First amplification of 
the 16S rRNA gene was made with DreamTaqGreen PCR 
MasterMix (Fisher Scientific) using the primers 27 f (5′-​
AGAGTTTGATCMTGGCTCAG-3′) and 1492 r (5′-​TACG​
GYTA​CCTT​GTTA​CGACTT-3′). As the obtained 16S rRNA 
gene sequence had a length of only 1320 bp, further analyses 
were carried out with the complete 16S rRNA gene sequence 
(1517 bp, MK088238) obtained from the genomic data.

The 16S rRNA gene sequence similarities between Llam7T and 
related type strains were obtained from EzTaxon e-server [11]. 

The closest relatives (approximately 50 strains) and Catel-
latospora citrea subsp. citrea IMSNU 22008T as the outgroup, 
were aligned using sina aligner (v1.2.11) [12]. Phylogenetic 
trees were reconstructed using neighbour-joining method 
[13] including bootstrap analysis with 1000 repeats using the 
mega software version 10.2.4 [14]. NJplot was used to draw 
the phylogenetic trees expressed in the Newick phylogenetic 
tree format [15].

The complete 16S rRNA gene sequence of Llam7T showed 
high similarity values with members of the family Micromon-
osporaceae in the range of 98.2–99.1 %, showing the highest 
16S rRNA gene sequence similarity values with Micromonos-
pora craniellae LHW63014T (99.10 %) [16], Micromonospora 
craterilacus NA12T (98.96 %) [17], Micromonospora zingi-
beris PLAI 1-1T (98.86 %) [18], Micromonospora phaseoli 
CGMCC 4.7038T (98.75 %) [19], Salinispora pacifica CNR-
114T (98.68 %) [20] and Salinispora goodfellowii CNY-666T 
(98.68 %) [21]. However, the neighbour-joining tree (Fig. 2) 
indicated that Llam7T formed a distinct phylogenetic line with 
low bootstrap values next to Verrucosispora endophytica A-T 
7972T (98.04 %) [22] and Micromonospora deserti 13K206T 
(98.61 %) [23]. It appears more closely related to species of 
the genus Salinispora species than to the bulk of species of the 
genus Micromonospora. Members of the genus Verrucosispora 
were affiliated to the genus Micromonospora by Nouioui et 
al. [6], but V. endophytica A-T 7972T and also 'Verrucosispora 
rhizosphaerae' 2603PH03 and Verrucosispora sonchi NEAU-
QY3T were not included in that study, because there was no 
genome data available at this time.

Genome features
Llam7T was grown aerobically on SYP modified with double 
strength agar plates (10 g starch, 4 g yeast extract, 2 g soy 
peptone, 18 g agar and 20 g Tropic Marine Salt in 1 l deionized 
water) at 30 °C for 2 weeks. Colonies of Llam7T were used for 
the DNA extraction applying the Fast DNA SPIN Kit for Soil 
with LysingMatrixE tubes (MP Biomedicals), following the 
standard protocol of the manufacturer. DNA was cleaned-up 
from the agarose gel using an Ultra Clean DNA Purifica-
tion Kit (MoBio). The extracted DNA had a concentration 
of 110 ng µl−1. The quality of the DNA was checked with 
NanoDrop (A260:A280 ratio of >1.8, A260;A230 ratio of <1.8).

The Llam7T genome was sequenced with MiSeq using Reagent 
Kit v3 (600 cycles) (Illumina), and MinION nanopore tech-
nology (Oxford Nanopore Technologies) using the MinION 
Flow-Cell (catalogue number FLO_FLG001) with the Flow 
Cell Priming Kit (catalogue number EXP-FLP002) and the 
Rapid Sequencing Kit (catalogue number SQK-RAD004), 
following the protocols of the manufacturer. The raw Illumina 
data were trimmed and filtered using Trimmomatic [24]. The 
high accuracy model of Guppy (Oxford Nanopore Technolo-
gies. Version 4.4.0+3a263d4) was used for base calling of the 
MinION reads. Initially, the MinION data were assembled 
using Flye [25], then the trimmed Illumina reads were used 
to improve this assembly using Pilon [26] in four consecutive 
runs. The annotation was prepared using Prokka and barrnap 

Fig. 1. Salar de Llamará, the isolation source of strain Llam7T.
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[27]. Putative biosynthetic gene clusters (BGC) were identi-
fied using antiSMASH 6.0.1 [28].

The size of the genome of Llam7T was 6.894 Mbs and the 
DNA G+C content of the genome was 71.4 mol%. Llam7T 
has 6524 coding sequences (CDS), 67 tRNA and 9 rRNA 
genes. Llam7T genome encodes 18 putative biosynthetic 
gene clusters (BGCs, Table S1, available in the online version 
of this article). One of the clusters encodes non-ribosomal 
peptide synthetase and type I polyketide synthase for the 
biosynthesis of the apoptosis inducer polyoxypeptin [29], 
sharing only 56 % of the total genes of this pathway. Addition-
ally, another cluster that contains multiple BGC types shared 
55 % of total genes with the biosynthetic pathway for the 
antibiotic kendomycin [30]. Llam7T has one non-ribosomal 
peptide synthetase cluster encoding enzymes responsible for 
the production of fluorine-containing metabolites [31]. A 
type III polyketide synthase exhibits 71 % similarity with the 
alkyl-O-dihydrogeranyl-methoxyhydroquinones biosynthetic 
pathway which is commonly found in all strains of species of 
the genus Micromonospora [32].

An initial phylogenomic tree was calculated using the 
Genome Taxonomy Database toolkit (GTDB-Tk) pipeline 
[33]. To improve the relationship, type strains of species 
related to Llam7T were selected from the GTDB-Tk and 
also those that revealed close relations according to the 
16S rRNA gene phylogenetic tree (Fig. 2). The type strains 
of the closest relatives according to Eztaxon services were 
also included. A phylogenomic tree was reconstructed 
with the GTDB-Tk pipeline, the type species of the genus 
Micromonospora, Micromonospora chalcea DSM 43026T and 
Catellatospora citrea DSM 44097T as the outgroup (Fig. 3). 
The tree showed that Llam7T clusters closer to type strains 
of members of the genus Micromonospora than to members 
of the genus Salinispora, specifically to M. phaseoli CGMCC 
4.7038T with a 100 % bootstrap score. This is supported by 
digital DNA–DNA hybridization (dDDH) values obtained by 
using the Genome-to-Genome Distance Calculator (GGDC) 
[34]. The dDDH value between Llam7T and M. phaseoli 
CGMCC 4.7038T (38.40 %) is higher in comparison to M. 
deserti 13K206T (27.40 %), clustering with Llam7T in the 16S 
rRNA gene sequence phylogenetic tree (Fig. 2), which is not 

Fig. 2. Neighbour-joining tree of Llam7T and related strains based on 16S rRNA gene sequences. Catellatospora citrea subsp. citrea IMSNU 
22008T was used as an outgroup. Only bootstrap values above 50 % are given at the branches (1000 replications). Bar, evolutionary 
distance of 0.005.
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supported by a bootstrap value exceeding 50 %, and to M. 
craniellae LHW63014T (31.20 %), the closest relative according 
to 16S rRNA gene sequence similarity. The range of dDDH 
values of Llam7T against type strains of species of the genus 
Salinispora (23.10–23.60 %) and of the genus Micromonospora 
(24.40–38.40 %) is below the boundary of 70 % [35], indicating 
that the isolate represents a novel species affiliated to the genus 
Micromonospora. This is also supported by average nucleotide 
identity by orthology (orthoANI) values that were calculated 
according to the method of Lee et al. [36]. The orthoANI 
values between Llam7T and the type strains e.g. M. phaseoli 
CGMCC 4.7038T (89.31 %), M. deserti 13K206T (83.43 %), and 
M. craniellae LHW63014T (85.85 %) with an overall range of 
79–89 % being lower than the suggested boundary (95–96 %) 
for species delineation [36].

The cluster comprising strain Llam7T, the type strains of 
Micromonospora (formerly Xiangella) phaseoli. Micromono-
spora pelagivivens, Micromonospora craterilacus and M. 

craniellae as well as Micromonospora (formerly Jishengella) 
zingiberis, Micromonospora (formerly Jishengella) endo-
phytica, Micromonospora (formerly Verrucosispora) anda-
manensis, Micromonospora (formerly Verrucosispora) fiedleri, 
Micromonospora (formerly Verrucosispora) gifhornensis, 
Micromonospora (formerly Verrucosispora) lutea, Micromono-
spora (formerly Verrucosispora) maris, Micromonospora 
(formerly Verrucosispora) qiuiae, Micromonospora (formerly 
Verrucosispora) sediminis, Micromonospora trujilloniae 
(formerly Verrucosispora wenchangensis), Verrucosispora 
endophytica, Verrucosispora rhizosphaerae and Verrucosis-
pora sonchi, branched from Micromonospora nigra (Fig. 2). 
Interestingly this cluster is separated from other species of 
the genus Micromonospora species together with the group 
of type strains from the genus Salinispora.

As phages are of great importance for bacteria by providing 
ecological and evolutionary benefits e.g. as agents of hori-
zontal gene transfer, as sources of genetic variation and as 

Fig. 3. Phylogenomic tree based on whole genome sequence data of Llam7T and 31 closely related strains reconstructed using the 
GTDB-Tk pipeline. Numbers at the nodes indicate bootstrap values. Percentage values to the right of the type strain names and accession 
number indicate the GGDC (dDDH) values obtained in comparison with Llam7T. Bar, 0.02 substitutions per nucleotide position.
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weapons of bacterial competition [37], the presence of phages 
in the genome of Llam7T was examined. PHAge Search Tool 
Enhanced (PHASTER) [38] and Prophage Hunter [39] 
(with similarity matching) were used to detect and annotate 
prophage sequences within the genome assembly. Identified 
intact prophage regions annotated as coding for hypothetical 
proteins were additionally classified with machine-learning 
algorithms using the ensemble predictor STEP3 [40]. 
VIRFAM [41] was used for additional homology detection of 
viral protein superfamilies, complementing the classification 
and viral proteomic tree generation for the top 200 related 
phages with VipTree [42]. One intact prophage region was 
identified. This region comprised 41.8 kb and contained two 
attachment sites and 37 protein coding sequences of which 
14 could be reliably annotated as integrase, terminase, phage 
major capsid, tail and portal proteins, as well as other unanno-
tated protein coding sequences from closely related temperate 
phage genomes infecting members of the genus Streptomyces 
(Fig. 4). Of the remaining 23 hypothetical proteins, 13 could 
be additionally assigned to other tail protein components of 
the phage machinery, albeit with low sequence similarity to 
distantly related phages. On the basis of the classification of 
head–neck–tail proteins and genomic similarity to phages 
infecting members of the genus Streptomyces, we can assume 
this is an inducible dsDNA prophage of the family Sipho-
viridae of Type 1 (Cluster 3).

Physiology and chemotaxonomy
A broad range of phenotypic properties of Llam7T was 
studied, including morphological and physiological charac-
teristics and the ability to adapt to ranges of pH, temperature 
and salinity. Cells grown in SYP liquid medium for 5 days at 
26 °C with shaking at 120 r.p.m. were used for Gram-staining 
by applying Colour Gram 2 (bioMérieux) according to the 
manufacturer's instructions. Motility was studied by light 

microscopy. The cell morphology was examined using light 
and scanning electron microscopy. For scanning electron 
microscopy Llam7T was grown for 21 days on SYP agar plates 
at 26 °C. Three colonies were cut from the agar plate, dehy-
drated with an ascending ethanol series (50, 70, 90 % and three 
times at 100 % for 10 min each) [43] and critical-point dried 
with carbon dioxide and sputter-coated with Au/Pb.

Colonies on solid SYP medium grown for 14 days at 28 °C 
were elevated, orange, hard, wrinkled and dry. Old colonies 
grown for more than 6 weeks could penetrate into the agar, 
while young ones (1–2 week) could be easily removed from 
the agar surface. The diameter of the colonies was 2–4 mm. 
Cells obtained from these colonies were Gram-staining-
positive filaments ranging from 8 to 25 µm in length and from 
0.2 to 0.3 µm in diameter. Cells cultured on SYP agar plates 
observed with SEM were long filaments from 10 to 30 µm 
in length and 0.2 to 0.3 µm in width. In addition, spherical 
spores were formed, 0.7 to 1.4 µm in diameter (Fig. 5).

Growth responses to temperature and pH variation were 
tested on SYP medium for 30 days. The temperature for 
growth ranged from 15 to35 °C with an optimum of 30–35 °C, 
no growth was observed above 35 °C. The pH range for growth 
of Llam7T was from pH 6 to pH 12 with an optimum at 7 to 
8. Salt-depended growth was investigated after incubation at 
26 °C for 30 days on SYP agar medium, supplemented with 
NaCl and Tropic Marine Salt, respectively, at concentrations 
of 0, 1, 2.5, 5, 7.5 and 10 %. Llam7T grew with a range from 
0–5 % NaCl and Tropic Marine Salt with an optimum at 1 % 
NaCl and 1–2.5% Tropic Marine Salt. Llam7T showed weak 
growth in the absence of NaCl (0 %) and Tropic Marine Salt 
during long periods of incubation (up to 30 days).

Physiological characteristics of Llam7T including enzymatic 
activities were tested using API 20E (bioMérieux), including 
the oxidase assay, and API ZYM (bioMérieux) according to 

Fig. 4. Detailed graphical representation of phage regions in the genome of Llam7T with individual loci coloured according to annotations, 
generated by PHASTER. Arrows indicate strand direction. ATT, attachment site; Int, integrase; Hyp, hyphothetical protein; Fib, fibre 
protein; Sha, tail protein, PLP, phage-like protein; Coa, head protein, Por, portal protein.
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the manufacturer’s instructions. Carbon source utilization 
tests were prepared using minimal medium supplemented 
independently with starch, trehalose, mannitol, glucose, 
and N-acetylglucosamine (1 g NaNO3, 1 g K2HPO4, 1 g KCl, 
0.5 g MgSO4.7H2O, 15 g Tropic Marine Salt, 15 g Bacto-Agar 
and 5 g carbon source in 1 l deionized water). All tests were 
made in duplicate. The metabolic characteristics of Llam7T 
showed positive activity in the tests for alkaline phos-
phatase, esterase (C 4), esterase lipase (C 8), lipase (C 14), 
leucine arylamidase, valine arylamidase, acid phosphatase, 
naphthol-AS-Bl-phosphohydrolase, Voges–Proskauer test 
(production of acetoin) and gelatinase but were negative for 
activities of α-galactosidase, β-glucoronidase, α-glucosidase, 
α-fucosidase, β-galactosidase, arginine dihydrolase, lysine 
decarboxylase, ornithine decarboxylase, citrate utilization, 
sulphide production, tryptophan deaminase and indole 
production. Llam7T grew using starch and trehalose as carbon 
sources.

The profile of the cellular fatty acids was studied using 
GC-analysis according to the Microbial Identification System 
(MIDI) [44]. The determination of the respiratory quinones 
and polar lipids followed the procedure as described by Tindall 
[45, 46] and Tindall et al. [47], respectively. The identification 
of diamino acids was performed according to the protocol 
of Rhuland et al. [48]. The whole-cell sugars were identified 
according to the method of Staneck and Roberts [49]. These 
experiments were carried out by the German Collection of 
Microorganisms and Cell Cultures (DSMZ, Braunschweig, 
Germany). Components of the fatty acid profile are shown 

in Table 1. The dominant fatty acids present in Llam7T were 
C17 : 1 ω8c (17.2 %), iso-C15 : 0 (13.6 %), iso-C16 : 0 (12.6 %), and 
anteiso-C17 : 0 (11.5 %) which amounted to approximately 
59.5 % of the total fatty acids. The major respiratory quinones 
were MK-9(H6) with 52 % and MK-9(H4) with 42 %. As 
polar lipids diphosphatidylglycerol (DPG), phosphatidyle-
thanolamine (PE), phosphatidylglycerol, together with eight 
unidentified lipids, i.e. one aminolipid, two glycolipids, one 
aminoglycolipid, one phosphoglycolipid, and three phos-
pholipids, were detected (Fig. S1). The diamino acids present 
in the peptidoglycan layer are meso-DAP and ll-DAP. The 
whole cells of Llam7T contained glucose, mannose, xylose and 
ribose as major sugars.

The chemotaxonomic features of Llam7T were compared with 
those of closely related species (Table 2). Llam7T exhibited 
characteristics different from those of other species of the 
genus Micromonospora. Most significantly, it was the only 
strain containing ll-DAP in the cell wall in addition to 

Fig. 5. Scanning electron micrograph of Llam7T after cultivation on SYP 
agar medium for 21 days plates at 26 °C. The spherical spores exhibited 
a diameter up to four times higher than that of the cells. Bar, 10 µm

Table 1. Fatty acid profile of strain Llam7T

Fatty acid Content (%)

Saturated:

 � C15 : 0 1.3

 � C16 : 0 2.2

 � C17 : 0 6.6

 � C17 : 0 10-methyl 1.1

 � C18 : 0 2.1

Branched-chain:

 � iso-C14 : 0 0.5

 � iso-C15 : 1G 1.5

 � iso-C15 : 0 13.6

 � anteiso-C15 : 0 7.8

 � iso-C16 : 1G 1.9

 � iso-C16 : 0 12.6

 � anteiso-C17 : 1A 2.5

 � iso-C17 : 0 4.6

 � anteiso-C17 : 0 11.5

Monounsaturated:

 � C17 : 1iso ω9c 2.6

 � C17 : 1ω8c 18.2

 � C18 : 1 ω9c 6.1

Others

 � Summed feature 3 2.5

*Summed features represent two or three fatty acids that cannot 
be separated by the Microbial Identification System. Summed 
feature 3 represents iso-C

15 : 1
 2-OH and/or C

16 : 1
ω7c.

http://doi.org/10.1601/nm.6519
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meso-DAP. Furthermore, Llam7T showed different whole-cell 
sugars, fatty acids and the polar lipid pattern compared with 
M. phaseoli CGMCC 4.7038T, M. craniellae LHW63014T and 
M. deserti 13K206T.

On the basis of chemotaxonomic characteristics, genomic 
data and phylogenomic analyses strain Llam7T is proposed 
to represent a novel species of the genus Micromonospora, 
for which the name Micromonospora tarapacensis sp. nov. is 
proposed.

Description of Micromonospora 
tarapacensis sp. nov.
Micromonospora tarapacensis (​ta.​ra.​pa.​cenˈsis. N.L. fem. adj. 
tarapacensis, pertaining to Tarapacá, a region in Chile where 
Salar de Llamará is located).

Cells grown in liquid medium are long filaments from 10 
to 30 µm in length and 0.2 to 0.3 µm in width. Single non-
motile spherical spores with a diameter between 0.7 to 
1.4 µm are formed. Growth optima are at 30–35 °C and at pH 
7–8. Growth range is from 15 to 35 °C and from pH 6 to pH 
12 and from 0 to 5 % of NaCl and Tropic Marine Salt with 
growth optima at 1 % and 1–2.5% respectively. Cells grow 
aerobically, using starch and trehalose, and produce trypsin, 
N-acetyl-β-glucosaminidase, α-mannosidase, alkaline phos-
phatase, esterase (C 4), esterase lipase (C 8), lipase (C 14), 
leucine arylamidase, valine arylamidase, acid phosphatase, 
naphthol-AS-Bl-phosphohydrolase, gelatinase and acetoin. 
The peptidoglycan contains meso-diaminopimelic acid and 

ll-2,6 diaminopimelic acid, while the whole-cell sugars 
present are glucose, mannose, xylose and ribose. The polar 
lipids are phosphatidylglycerol, phosphatidylethanolamine, 
diphosphatidylglycerol and unidentified lipids belonging to 
the glycolipids, aminolipids, phospholipids, aminoglycolipids 
and phosphoglycolipids. The predominant menaquinones 
are MK-9(H6) and MK-9(H4). Major cellular fatty acids are 
C17 : 1ω8c, iso-C15 : 0, iso-C16 : 0 and anteiso-C17 : 0.

The type strain Llam7T (=DSM 109510T=LMG 31023T) 
was isolated from the hypersaline Salar de Llamará, Chile. 
The DNA G+C content of the DNA of the type strain is 
71.39 mol% and the genome size is 6.9 Mb. The GenBank/
EMBL/DDBJ accession numbers for the 16S rRNA gene 
sequence and the genome sequence of Llam7T are MK088238 
and JAHCDI000000000, respectively.

Funding information
The authors received no specific grant from any funding agency.

Acknowledgements
This is part of the PhD thesis of Alvaro S. Villalobos under the scientific 
supervision of Prof. Dr Johannes F. Imhoff. He thanks the ISOS supervi-
sors Prof. Dr Ute Hentschel Humeida (GEOMAR, Kiel, Germany) and Prof. 
Dr Frank Sönnichsen (Christian-Albrecht University, Kiel, Germany) for 
fruitful discussions. He also is grateful for support by a doctoral fellow-
ship from Becas Chile (CONICYT) and the Deutscher Akademischer 
Austausch Dienst (DAAD).

Author contributions
A.S.V.: Conceptualization, formal analyses (microbiology, bioinfor-
matics), investigation, writing original draft; J.W.: Conceptualization, 
validation, reviewing and editing, E.B.: Formal analyses (genomics), 

Table 2. Differential characteristics of Llam7T and the type strains of closely related species of the genus Micromonospora

Strains: 1, Llam7T; 2, Micromonospora phaseoli CGMCC 4.7038T; 3, Micromonospora craniellae LHW63014T; 4, Micromonospora deserti 13K206T.

Characteristic 1 2 3 4

Isolation source Hypersaline lake Plant root Marine sponge Desert soil

Genome size 6.9 Mb 6.5 Mb 6.8 Mb 6.6 Mb

DNA G+C content (%) 71.39 71.33 70.91 72.44

Diamino acid(s) m-DAP, ll-DAP m-DAP m-DAP m-DAP, 3-OH-DAP

Whole-cell sugars* Glc, Man, Xyl, Rib Gal, Man, Glc Glc, Xyl, Rib, Man Ara, Gal, Glc, Man, 
Rib, Rha, Xyl

Major fatty acids C17 : 1ω8c, iso-C15 : 0, iso-C16 : 0, 
anteiso-C17 : 0

C16 : 0, C18 : 0, C17 : 1ω7c, iso-C15 : 0, C17 : 0 iso-C16 : 0, iso-C15 : 0, C17 : 1ω8c, 
C18 : 1ω9c

iso-C16 : 0

Major menanquinone(s) MK-9(H4)
MK-9(H6)

MK-9(H4)
MK-9(H6)

MK-9(H4) MK-9(H4) MK-
9(H6) MK-9(H2).

Polar lipids† PG, PE, DPG, GL,
AL, PL, GNL, PGL

PME, PE, PC,
PI, PIM

PE, DPG, PI, PL,
PIM, GL, PL, L

DPG, PE, PG, PI

Reference This study Wang et al. 2013 [19] Li et al. 2019 [16] Saygin et al. 2020 
[23]

*Glc, glucose; Man, mannose; Xyl, xylose; Rib, ribose; Gal, galactose; Ara, arabinose; Rha, rhamnose.
†PG, phosphatidylglycerol; PE, phosphatidylethanolamine; DPG, diphosphatidylglycerol; GL, glycolipid; AL, aminolipid; PL, phospholipid; GNL, 
aminoglycolipid; PGL, phosphoglycolipid; PME, phosphatidylmethylethanolamine; PC, phosphatidylcholine; PI, phosphatidylinositol; PIM, 
phosphatidylinositol mannoside; L, lipid.

http://doi.org/10.1601/nm.32800
http://doi.org/10.1601/nm.33564
http://doi.org/10.1601/nm.36057
http://doi.org/10.1601/nm.6519
http://doi.org/10.1601/nm.6519
http://doi.org/10.1601/nm.6519
http://doi.org/10.1601/nm.6519
http://doi.org/10.1601/nm.6519
http://doi.org/10.1601/nm.32800
http://doi.org/10.1601/nm.33564
http://doi.org/10.1601/nm.36057


8

Villalobos et al., Int. J. Syst. Evol. Microbiol. 2021;71:005109

validation; T.R.: Formal analysis (microbiology); B.M.S.: Formal anal-
yses (assembling, data curation), validation; L.X.S.: Formal analyses 
(genomics); S.K.: Formal analyses (sequencing); J.F.I.: Conceptualiza-
tion, supervision, revision; C.D.: Resources. All authors were involved in 
the processes of writing and reviewing.

Conflicts of interest
The authors declare that there are no conflicts of interest.

References
	1.	 Krasil’nikov N. Ray fungi and related organisms – Actinomycetales. 

Moscow Akad Nauk SSSR 1938.

	2.	 Ørskov J. Investigations into the Morphology of the Ray Fungi. Copen-
hagen, Denmark: Levin and Munksgaard; 1923.

	3.	 Kroppenstedt RM. Fatty acid and menaquinone analysis of actin-
omycetes and related organisms. Goodfellow M and Minnikin 
D (eds). In: Chemical Methods in Bacterial Systematics. London: 
Academic Press; 1985. pp. 173–199.

	4.	 Kasai H, Tamura T, Harayama S. Intrageneric relationships among 
Micromonospora species deduced from gyrB-based phylogeny and 
DNA relatedness. Int J Syst Evol Microbiol 2000;50:127–134. 

	5.	 Koch C, Kroppenstedt RM, Stackebrandt E. Intrageneric relation-
ships of the actinomycete genus Micromonospora. Int J Syst Bacte-
riol 1996;46:383–387. 

	6.	 Nouioui I, Carro L, García-López M, Meier-Kolthoff JP, Woyke T, 
et al. Genome-based taxonomic classification of the phylum Actin-
obacteria. Front Microbiol 2018;9:1–119. 

	7.	 Parte AC, Sardà Carbasse J, Meier-Kolthoff JP, Reimer LC, 
Göker M. List of Prokaryotic names with Standing in Nomen-
clature (LPSN) moves to the DSMZ. Int J Syst Evol Microbiol 
2020:0–5.

	8.	 Carro L, Golinska P, Nouioui I, Bull AT, Igual JM. Micromonos-
pora acroterricola sp. nov., a novel actinobacterium isolated from 
a high altitude Atacama Desert soil. Int J Syst Evol Microbiol 
2019;69:3426–3436. 

	9.	 Bull AT, Idris H, Sanderson R, Asenjo J, Andrews B. High alti-
tude, hyper-arid soils of the Central-Andes harbor mega-diverse 
communities of actinobacteria. Extremophiles 2018;22:47–57. 

	10.	 Rasuk MC, Contreras Leiva M, Kurth D, Farías ME. Complete char-
acterization of stratified ecosystems of the Salar de Llamara 
(Atacama Desert). Farías ME (ed.). In: Microbial Ecosystems in 
Central Andes Extreme Environments. Springer International 
Publishing; . pp. 153–164.

	11.	 Kim OS, Cho YJ, Lee K, Yoon SH, Kim M. Introducing EzTaxon-e: 
A prokaryotic 16s rRNA gene sequence database with phylo-
types that represent uncultured species. Int J Syst Evol Microbiol 
2012;62:716–721. 

	12.	 Pruesse E, Peplies J, Glöckner FO. SINA: Accurate high-throughput 
multiple sequence alignment of ribosomal RNA genes. Bioinfor-
matics 2012;28:1823–1829. 

	13.	 Saitou N, Nei M. The neighbor-joining method: a new method for 
reconstructing phylogenetic trees. Mol Biol Evol 1987;4:406–425. 

	14.	 Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: Molecular 
evolutionary genetics analysis across computing platforms. Mol 
Biol Evol 2018;35:1547–1549. 

	15.	 Perrière G, Gouy M. WWW-Query: An on-line retrieval system for 
biological sequence banks. Biochimie 1996;78:364–369. 

	16.	 Li L, Zhu HR, Xu QH, Lin HW, Li YH. Micromonospora craniellae sp. 
nov., isolated from a marine sponge, and reclassification of Jishen-
gella endophytica as Micromonospora endophytica comb. nov. Int J 
Syst Evol Microbiol 2019;69:715–720. 

	17.	 Ay H, Nouioui I, Klenk HP, Cetin D, Igual JM. Genome-based clas-
sification of Micromonospora craterilacus sp. nov., a novel actino-
bacterium isolated from Nemrut Lake. Antonie van Leeuwenhoek 
2020;113:791–801. 

	18.	 Thawai C, He YW, Tadtong S. Jishengella zingiberis sp. nov., isolated 
from root tissue of Zingiber montanum. Int J Syst Evol Microbiol 
2018;68:3345–3350. 

	19.	 Wang X, Jia F, Liu C, Zhao J, Wang L. Xiangella phaseoli gen. nov., sp. 
nov., a member of the family Micromonosporaceae. Int J Syst Evol 
Microbiol 2013;63:2138 

	20.	 Ahmed L, Jensen PR, Freel KC, Brown R, Jones AL. Salinispora 
pacifica sp. nov., an actinomycete from marine sediments. Antonie 
van Leeuwenhoek 2013;103:1069–1078. 

	21.	 Román-Ponce B, Millán-Aguiñaga N, Guillen-Matus D, Chase AB, 
Ginigini JGM, et al. Six novel species of the obligate marine actin-
obacterium Salinispora, Salinispora cortesiana sp. nov., Salinis-
pora fenicalii sp. nov., Salinispora goodfellowii sp. nov., Salinispora 
mooreana sp. nov., Salinispora oceanensis sp. nov. and Salinispora 
vitiensis sp. nov., and emended description of the genus Salinis-
pora. Int J Syst Evol Microbiol 2020;70:4668–4682. 

	22.	 Ngaemthao W, Pujchakarn T, Chunhametha S, Suriyachadkun C. 
Verrucosispora endophytica sp. nov., isolated from the root of wild 
orchid (Grosourdya appendiculata (Blume) Rchb.f.). Int J Syst Evol 
Microbiol 2017;67:5114–5119. 

	23.	 Saygin H, Ay H, Guven K, Cetin D, Sahin N. Micromonospora deserti 
sp. nov., isolated from the Karakum Desert. Int J Syst Evol Microbiol 
2020;70:282–291. 

	24.	 Bolger AM, Lohse M, Usadel B. Trimmomatic: A flexible trimmer 
for Illumina sequence data. Bioinformatics 2014;30:2114–2120. 

	25.	 Kolmogorov M, Yuan J, Lin Y, Pevzner PA. Assembly of long, error-
prone reads using repeat graphs. Nat Biotechnol 2019;37:540–546. 

	26.	 Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A. Pilon: An inte-
grated tool for comprehensive microbial variant detection and 
genome assembly improvement. PLoS One 2014;9:112963. 

	27.	 Seemann T. Prokka: Rapid prokaryotic genome annotation. Bioin-
formatics 2014;30:2068–2069. 

	28.	 Blin K, Shaw S, Kloosterman AM, Charlop-Powers Z, Van Wezel GP. 
AntiSMASH 6.0: Improving cluster detection and comparison capa-
bilities. Nucleic Acids Res 2021;49:W29–W35. 

	29.	 Du Y, Wang Y, Huang T, Tao M, Deng Z. Identification and characteri-
zation of the biosynthetic gene cluster of polyoxypeptin A, a potent 
apoptosis inducer. BMC Microbiol 2014;14:30. 

	30.	 Wenzel SC, Bode HB, Kochems I, Müller R. A type I/type III 
polyketide synthase hybrid biosynthetic pathway for the struc-
turally unique ansa compound kendomycin. Chembiochem 
2008;9:2711–2721. 

	31.	 Huang F, Haydock SF, Spiteller D, Mironenko T, Li TL. The gene 
cluster for fluorometabolite biosynthesis in Streptomyces cattleya: 
a thioesterase confers resistance to fluoroacetyl-coenzyme A. 
Chem Biol 2006;13:475–484. 

	32.	 Carro L, Nouioui I, Sangal V, Meier-Kolthoff JP, Trujillo ME, 
et  al. Genome-based classification of Micromonosporae with a 
focus on their biotechnological and ecological potential. Sci Rep 
2018;8:1–23.

	33.	 Chaumeil PA, Mussig AJ, Hugenholtz P, Parks DH. GTDB-Tk: A 
toolkit to classify genomes with the genome taxonomy database. 
Bioinformatics 2020;36:1925–1927.

	34.	 Meier-Kolthoff JP, Auch AF, Klenk HP, Göker M. Genome sequence-
based species delimitation with confidence intervals and improved 
distance functions. BMC Bioinformatics 2013;14:60. 

	35.	 Goris J, Konstantinidis KT, Klappenbach JA, Coenye T, 
Vandamme P. DNA–DNA hybridization values and their relationship 
to whole-genome sequence similarities. Int J Syst Evol Microbiol 
2007;57:81–91. 

	36.	 Lee I, Kim YO, Park SC, Chun J. OrthoANI: An improved algorithm 
and software for calculating average nucleotide identity. Int J Syst 
Evol Microbiol 2016;66:1100–1103. 

	37.	 Harrison E, Brockhurst MA. Ecological and evolutionary benefits 
of temperate phage: what does or doesn’t kill you makes you 
stronger. BioEssays 2017;39. 

	38.	 Arndt D, Grant JR, Marcu A, Sajed T, Pon A, et al. PHASTER: a better, 
faster version of the PHAST phage search tool. Nucleic Acids Res 
2016;44:W16–W21. 



9

Villalobos et al., Int. J. Syst. Evol. Microbiol. 2021;71:005109

	39.	 Song W, Sun HX, Zhang C, Cheng L, Peng Y, et al. Prophage Hunter: 
an integrative hunting tool for active prophages. Nucleic Acids Res 
2019;47:W74–W80. 

	40.	 Thung TY, White ME, Dai W, Wilksch JJ, Bamert RS, et al. Compo-
nent parts of bacteriophage virions accurately defined by a 
machine-learning approach built on evolutionary features. mSys-
tems 2021;6:e0024221. 

	41.	 Lopes A, Tavares P, Petit MA, Guérois R, Zinn-Justin S. Automated 
classification of tailed bacteriophages according to their neck 
organization. BMC Genomics 2014;15:1027. 

	42.	 Nishimura Y, Yoshida T, Kuronishi M, Uehara H, Ogata H. ViPTree: 
The viral proteomic tree server. Bioinformatics 2017;33:2379–2380. 

	43.	 Boyde A, Wood C. Preparation of animal tissues for surface‐scan-
ning electron microscopy. J Microsc 1969;90:221–249. 

	44.	 Sasser M. Identification of bacteria by gas chromatography of 
cellular fatty acids. Technical Note 2001;101:1–6.

	45.	 Tindall BJ. Lipid composition of Halobacterium lacusprofundi. FEMS 
Microbiol Lett 1990;66:199–202. 

	46.	 Tindall BJ. A comparative study of the lipid composition of Halo-
bacterium saccharovorum from various sources. Syst Appl Microbiol 
1990;13:128–130. 

	47.	 Tindall BJ, Sikorski J, Smibert RA, Krieg NR. Phenotypic character-
ization and the principles of comparative systematics. Reddy CA, 
Beveridge TJ, Breznak JA, Marzluf GA and Schmidt LRS TM (eds). 
In: Methods for General and Molecular Microbiology. ASM Press; . pp. 
330–393.

	48.	 Rhuland LE, Work E, Denmanb RF, Hoare DS. The behavior of the 
isomers of α,ε-diaminopimelic acid on paper chromatograms. J 
Am Chem Soc 1955;77:4844–4846. 

	49.	 Staneck JL, Roberts GD. Simplified approach to identification of 
aerobic actinomycetes by thin-layer chromatography. Appl Micro-
biol 1974;28:226–231. 

Five reasons to publish your next article with a Microbiology Society journal
1.   The Microbiology Society is a not-for-profit organization.
2.   We offer fast and rigorous peer review – average time to first decision is 4–6 weeks.
3.   �Our journals have a global readership with subscriptions held in research institutions around  

the world.
4.   80% of our authors rate our submission process as ‘excellent’ or ‘very good’.
5.   Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.


	﻿Micromonospora tarapacensis﻿ sp. nov., a bacterium isolated from a hypersaline lake
	Abstract
	Isolation and ecology
	16S ﻿r﻿RNA gene phylogeny
	Genome features
	Physiology and chemotaxonomy
	Description of ﻿﻿﻿Micromonospora﻿﻿ tarapacensis﻿ sp. nov.
	References


