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Abstract

A Micromonosporastrain, designated 5R2A7isolated from a high altitude Atacama Desert
soil was examined using a polyphasic approach.iddiate was found to have morphological,
chemotaxonomic and cultural characteristics typical members of the genus
MicromonosporaThe cell wall containgnese andhydroxydiaminopimelic acid, the major
whole-cell sugars are glucose, ribose and xylteeptedominant menaquinones MK-1Q(H
MK-10(He), MK-10(Hs) and MK-9(Hs), the major polar lipids diphosphatidylglycerol,
phosphatidylethanolamine, phosphatidylinositaid aan unknown glycolipid, and the
predominant cellular fatty acidso-Cie.0, iS0-C15.0 and 10-methyl .o The digital genomic
DNA G+C content is 72.3 mol%. Phylogenetic analysishe 16S rRNA gene sequence
indicated that strain 5R2A#wvas closely related telicromonospora coriariadSM 44875
(99.8%) andMicromonospora creme&R30 (99.7%), and was separated readily from the
latter, its closest phylogenetic neighbour, basedysB and multilocus sequence data, by low
average nucleotide identity (92.59%) aimdsilico DNA-DNA relatedness (51.7%) values
calculated from draft genome assemblies, and langer of chemotaxonomic and phenotypic
properties. Consequently, the strain is sm®red to represent a novel species of
Micromonosporafor which the nameMicromonospora acroterricolap. nov. is proposed.

The type strain is 5SR2AT=LMG 30755 =CECT 9656).



The actinobacterial genusMicromonospora [1,2], the type genus of the family
Micromonosporaceag3,4] of the orderMicromonosporaleg5], currently encompasses 83

validly published species (www.bacterio.net/micramgpora.htnjl including the type

species,Micromonospora chalce,7]. Members of the genus typically form non-neoti
single spores on well developed, branched substrgtelia, lack aerial hyphae, have whole-
cell hydrolysates rich imese and/orhydroxydiaminopimelic acid, arabinose and xylose;
phosphatidylethanolamine as the diagnostic phogptah the cell membrane and produce
complex mixtures of menaquinones and saturatedeartthed-chain fatty acids [7].
Comparative analyses of whole-genome sequences shbat representative
micromonosporae form a monophyletic group compaddédur well supported lineages, two
of which were recovered in their entirety in copasding phylogenetic trees based on single
gene sequences [8]. Carro and her colleagues [8idered thatMicromonosporastrains
should be given more prominence in the search éar dasses of bioactive compounds as
their genomes showed a much greater potential nthegize specialized metabolites than
previously realized. Micromonosporae are generafigociated with aquatic and terrestrial
habitats, notably soil, are being increasingly fum plant tissues, including nitrogen-fixing
root nodules [7-9] and are a rich source of nopektglized (secondary) metabolites [10,11].
Culture-dependent and culture-independent surviegw/ shat small numbers of novel,
taxonomically diverse, filamentous actinobactema&luding micromonosporae, are a feature
in Atacama Desert soils [12-14]. The presence ekhmicromonosporal propagules in the
Atacama Desert landscape provides a unique oppgrfon bioprospecting, not least because
it is now evident that genomes of micromonospo@@ain taxon/taxa specific biosynthetic
gene clusters thereby providing a way of priomigsgifted strains for genome mining and

natural product discovery [13,14]. These developgmaiso underline the merit of selecting



representatives of novel actinobacterial taxa m $barch for new specialized metabolites
[14,15].

The present study was designed to establish tloatamic status of a putatively novel
Atacama Desert isolate [13], strain 5RZAWhich had been shown to have a unique BOX-
PCR fingerprint and which formed a well supportémble in aMicromonosporal6S rRNA
gene tree together with the type strains Micromonospora coriariae[16] and
Micromonospora cremefl7]. The results of a comprehensive polyphasiot@nic study
show that strain 5R2A7represents a novel species within the geMicsomonosporafor
which we propose the nanMicromonospora acroterricolap. nov.

Isolate 5R2A7 was recovered from a surface soil sample (2 crif@ated at 5041 meters on
Cerro Chajnantor (23°009'S/67°4531'W), adjacent to the Atacama Large Millimeter Array
(ALMA) east of San Pedro de Atacama, Chile in Noleen2012 [18]. The strain was

isolated on R2A agar [19] supplemented with cyckatméde and nalidixic acid (each at h@
ml™Y), using a standard dilution plate procedure [2@] mcubation at 28 °C for 4 weeks. The
isolate was transferred to R2A agar lackengfibiotics and found to produce typical
micromonosporal-like colonies, that is, filarters, orange coloured colonies that turned
bluish-black upon spore formation. Strain 5R2AnRd the type strains 8. cremed17] and

M. coriariae[16] and were maintained on modified Bennett's 483t and as hyphal
fragments and spores in 20% v/v glycerol at — 8@GdiCprolonged preservation. Biomass for
the chemotaxonomic, 16S rRNA gene and whole-gersggaencing studies on isolate
5R2AT7 was prepared in shake flasks (180 revolutionsmrute [rpm]) of yeast extract-malt
extract broth (Internation&treptomyceBroject medium 2 [ISP2]) [24] following incubation
at 28 °C for 14 days and washed three times inlesidistilled water. Cells for the
chemotaxonomic analyses were freeze-dried and tloosie sequencing studies stored at

room temperature.



Cell morphology, Gram staining and motility weresetved on a phase-contrast
microscope (Leica; CTR MIC) using 7-day-old culsigrown on ISP 2 agar. Strain 5RZA7
was Gram-stain-positive, non-motile and showed resttely branched, non-fragmented
substrate hyphae, but lacked aerial hyphae. Simgie;motile spores (0.7- 1.2 um) were
detected after 2 weeks of incubatiding S1).

The cultural characteristics of the isolate weredeined on modified Bennett’s [22],
Gauze’s No. 1 [25] and SAL agar [26] plates, a3 asbn ISP2 and oatmeal agar (ISP3) [24]
following incubation at 28 °C for 14 days. The siravas also examined for its ability to grow
in the presence of various concentrations of sodibloride (1, 2, 5, 7 and 9% w/v) and over
a range of pH (4.0-9.0 at one unit intervals) adgerature regimes (4, 10, 20, 28 37 and 40
°C) using GYMStreptomyceagar (DSMZ medium 65) [27] as the basal mediumyphlies
were established using phosphate buffers, as thesicpreviously [16]. The temperature tests
were recorded after 7 (40 °C), 14 (20, 28 and 37at@ 21 (4, 10°C) days and the remaining
ones following growth at 28 °C for 14 days. Thelas® grew well on all media producing
characteristic colonies; aerial hyphae were noméat. Growth was observed at 20-37 °C,
optimally at 28 °C, but not at 4, 10 or 40 °C; frpid 6-9, optimally at pH 8, but not at pH 4-
5 or 10, and in the presence of maximum 1% w/visadihloride, optimally without NaCl.

Strain 5R2AT was examined for chemotaxonomic markers considerbe
characteristic of strains assigned to the géniesomonospord7]. Standard procedures were
used to detect isomers of diaminopimelic acidpfA) [28], menaquinones [29], polar lipids
[30] and whole cell sugar composition [31], usiqpopriate controls. The acyl type of the
cell-wall muramic acid was determined accordingmethod of Uchidaet al [32]. Cellular
fatty acids were extracted, methylated, deteeoh using gas chromatography (Agilent

Technologies, mod. 7890A GC System), and analyzdguthe protocol of the Sherlock



Microbial Identification (MIDI) system, version 33]; the resultant peaks were named using
the RTSBAG database.

The chemotaxonomic properties of the isolate wersistent with its assignment to the
genusMicromonospord7,8]. The peptidoglycan contains a mixtureraso-and hydroxy
Aopm, the diagnostic whole-organism sugars are ribosexgtake, the cell wall muramic
type is glycolyl, and the predominant menaquinoki#&10(H,), MK-10(Hg), MK-10(Hs)
and MK-9(H) in the ratio of 19, 26, 28, and 10%, respectivalyd the major polar lipids

diphosphatidylglycerol, phosphatidylethanolamine  iagdostic phospholipid),

phosphatidylinositol and an unknown glycolipkld. S2. The isolate contained major
proportions ofiso-Cys.0 (20% of total),iso-Cie:0 (19.3%), G7:0 (8.4%) and 10-methyl &
(10.0%), lesser proportions @0-Cy6:1 (2.2%), Gs:0(2.0%), is0-C;17:0 (4.0%),anteiseC;7:o
(7.7%), is0-C17.1 ®9C (2.9%), G7.1®8cC (4.2%), Gg.1 ©9c (2.3%), Gs0(1.7%) and trace
amounts (<1.0) as0-Ci3.0, Ci3:0, C14:0, iSO-G Ci5.1, Ci5.1 08¢, anteiseCie.0, anteiseCi7.109c,
iS0-Cig:0, Ci9:0, Ci8:1 20H and Go.109c.

Extraction of genomic DNA, PCR-mediated amplificatiof the 16S rRNA gene of the

isolate and direct sequencing of the purified PG&Jpct were performed, as described by
Golinska et al [34,35], resulting in an almost complete 16S rRN§éne sequence (1413
nucleotides [nt]) (GenBank accession number: MG18%9Corresponding sequences of the
type strains of closely relatedicromonosporaspecies were found using the EzBioCloud
server [36] then aligned using Clustal W [37]. Riggnetic trees were constructed using the
neighbour-joining [38] and maximum-likelihoo@9] algorithms drawn from the MEGA7
program [40]; the resultant trees were ewuealiain bootstrap analyses based on 1000
replicates [41]. Evolutionary distances were cated using the two-parameter model of
Kimura [42]. In addition, a multilocus sequencelgsia (MLSA) based on 16S rRNAtpD,

gyrB, recAandrpoB gene sequences was carried out using establisbeddures [43] and a



MLSA tree generated from the 10320 nucleotidesgugie neighbour-joining and maximum-
likelihood algorithms. Similarly, gyrB tree based on 1967 nucleotides was generated
following the procedure described by Garcia ef44].

It can be seen from the phylogenetic trefig.(1 and Fig. S3 that isolate 5R2A7forms a
well supported 16S rRNA clade together with coriariae DSM 44873 and M. cremea
DSM 45599: the type strains ofl. chersina[45] and M. endolithica[46] are loosely
associated with this taxon. The isolate sharesrBdA gene sequence similarities with the
M. coriariaeandM. cremeastrains of 99.8 and 99.7% respectively, values ¢bhatespond to
3 and 5 nt differences at 1407 locations; the spwading sequence similarities with tie
chersinaand M. endolithicastrains were 99.3 and 99.2%. Strain 5R2ABo shared quite
high 16S rRNA gene sequence similarities with getstrains oM. inositola[47] and M.
terminaliae[48], namely 99.0 and 99.1%, respectively; corresiog similarity scores with
the remainingVlicromonosporaype strains were below the 98.5% threshold used to
distinguish between closely related prokaryoticcggse[49].

The results of the present study provide furthedence that micromonosporal phylogenies
generated frongyrB and concatenated sequences of housekeepings gdrow greater
resolution between constituent strains than cooreding trees derived from analyses of 16S
rRNA gene sequences [13,17,43,50]. It can be seen thegyrB tree that isolate 5R2A7
forms a well supported clade together vMhcremeaDSM 45599, while the type strains of
M. chersina, M. coriariae, M. endolithicand M. inositola form distinct branches in other
parts of the treeHig. 2). Even better resolution was found between trarsrin the MLSA
tree based on the four housekeeping geR&s Q). It is evident from this tree that isolate
5R2A7 forms a well supported clade together with theetgpains oM. cremeaand M.
coriariae, appearing also related to the type strainslothokoriensig21], M. lupini [22], M.

saelicesensiR2] andM. zamorensi§l7]; all of these strains formed well delineatéabes in



the MLSA and phylogenomic trees generatedCayro et al [8]; with the exception of
Micromonospora chokoriensi®SM 45160 all of the type strains of these species were
isolated from ecto- and endo-rhizospheres. Itaarcfrom both thgyrB and MLSA trees that
isolate 5R2A7 is most closely related td. cremeaDSM 45599.

A single colony of strain 5R2AAvas used to inoculate 50 ml of GYM broth which wen
incubated in a shake flask (180 rpm) for 72 hou82°C. Genomic DNA was extracted from
spun-down biomass and sequenced at MicrobesNG MiSaq instrument (lllumina). The
various reads were assembled into contigs usinge3pa.6.2 software [51] and contigs under
500bp discarded. The draft assembly of this pulhjieevailable genome (GenBank
QGKRO00000000) is composed of 369 contigs givingtaltsize of 6510137 bp with a digital
DNA G+C content of 72.3 mol%. Digital DNA-DNA hylatization (dDDH) similarities were
determined between the genome of strain 5R2&W the genomes of the type strains of its
closest phylogenetic neighboutsid.3) using the GGDC server [52]. Similarly, the averag
nucleotide identity (ANI) between the genome of tbelate and the genomes of the type
strains of its nearest phylogenetic neighbours waleulated according to Rodriguez and
Konstantinidis [53]. The resultairt silico DNA:DNA pairing values between isolate 5SR2A7
and the type strains ®fl. cremea, M. coriariae, M. chokoriensld. lupini, M. saelicesensis
andM. zamorensisvere 51.7, 49.6, 37.8, 40.9, 43.3 and 42.1% resdgtvalues well

below the 70% cut-off point widely used for theidehtion of prokaryotic species [54]. The
corresponding ANI similarities between strain 5R2ANd the six species mentioned above
were 92.59, 92.11, 88.52, 89.53, 89.36 and 89.4&ties considerably below the 95-96%
threshold used to distinguish between closely edlapecies [49,55].

The genome of strain 5R2AWas examined for gene clusters encoding for nafucalucts
using anti-SMASH 4.0 [56] whileif genes were sought using the SEED viewer [57]

following RAST annotation of the genome [58,59]. é&gected the organism did not contain



nif genes, a result in line with previous studies omlramonosporae [8]. In contrast the
genome of strain 5R2A7contained 12 biosynthetic gene clusters (BGC's)uiting ones
associated with the production of desferrioxaminsiBxanthin, sap B, as well as ones
encoding for bacteriocins, lantipeptidespnnbosomal peptide synthetase, polyketide
synthases, siderophores and terpenes. The numltgoadiisters found in strain 5R2A7s
within the range (9-16) found in other memberstaf group IVa [8] but is well below the
average number associated wdicromonosporastrains (20). It is also interesting that all but
one of the 12 BGC'’s are associated with compouetkscted in closely related
Micromonosporastrains, the exception encodes for a product rklmtdengyacin, antifungal
lipopeptide originally described iBacillus subtilis[60]. This compound has also been
detected in three Micromonospora strains isolated from Atacama Desert soil,
Micromonospora ureilyticdB 19, Micromonospora aridd.B 32" andMicromonospora
inaquosalLB 39" [61] but not in micromonosporae isolated from othabitats [8].

Strain 5R2A7 was examined for a range of standard biochemitsgradative and
physiological tests [62] which had been used presiipto acquire data on its nearest
phylogenetic neighbours, namely aktd cremeaDSM 45599 [17] andM. coriariae DSM
44875 [16]. The enzyme properties of strain 5SR2A¥ere determined using APl ZYM kits,
according to the manufacturer’s instructions; titeel had previously been followed to
acquire corresponding data on the two strains meati above. A standard inoculum
corresponding to 5 on the McFarland scale [63] wse] to inoculate the tests carried out on
strain 5R2A7. In addition, the ability of strain 5R2A&nd the type strains of M. cremea and
M. coriariae M.to oxidise diverse carbon and nitrogen sourcestanshow resistance to
inhibitory compounds were determined using GENvli¢roplates in an Omnilog device
(BIOLOG Inc., Haywood, USA) using the opm packaged®sion 1.06 [64,65], these tests

were carried out in duplicate.



The isolate can be distinguished from the typeirstraf all its closest phylogenetic
neighbours using a combination of chemotaxonomd @ther phenotypic properties (Table
1). In particular, it can be separated fré¥n cremeaDSM 45599, its overall closest
phylogenetic relative, as unlike the latter, it ggwositive results fos- andp-galactosidase
anda-mannosidase. The corresponding BIOLOG data basetlplicated data showed that
the isolate, but not th®l. cremeastrain, grew at pH 6.0 and metabolized D-fructd3e,
galactosep-gentiobiosemyainositol, D-mannose, glycyl-L-proline, D-sucrod@strehalose,
D-turanose, bromo-succinic acid amdketoglutaric acid. In contrast, onlyl. cremeaDSM
45599 utilized N-acetyl-D-galactosamine, D-glucose, gy, D-mannitol, inosine, butyric
acid, N-acetyl-neuraminic acig;hydroxyphenylacetic acid, L-pyroglutamic acid and quinic
acid, and was not inhibited by potassium tellutiédtazolium blue or tetrazolium violet. It is
also clear from Table 1 that a broad range of ptypno features can be used to distinguish
strain 5R2A7 from the type strain dfl. cremeaandM. coriariae.

In short, strain 5R2A7 can be distinguished from all membersMitromonospora
phylogenomic group 1Va [8], based ggrB and MLSA gene sequences, low ANl and dDDH
scores. A corresponding wealth of taxonomic dafmsge strain 5SR2A7from M. cremea
DSM 45599, its closest phylogenetic neighbour. It is cleanf these datasets that strain
5R2AT7 represents a new centre of taxonomic variatiomimithe genusvlicromonospora
the name chosen for thus specieslisromonospora acroterricolap. nov. The Digital

Protologue database Taxonumber for the strain IBCDA5.

Description of Micromonospora acroterricola sp. nov.
Micromonospora acroterricolda.cro.ter.ri'‘co.la. Gr. adpkros high, at the top end; L. n.
terra, soil; L. suff.cola (from L. n. incola, dweller, inhabitant; N.L. nacroterricola an

inhabitant of high lands).
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Aerobic, Gram-stain-positive, chemoorganotrophitnabacterium which forms non-motile
single spores (0.7 — 1.2 um) on well developeckresively branched substrate hyphae
(diameter 0.5 — 1.0 um), but does not produce laeyighae. Colonies are orange on ISP2
agar eventually turning bluish-black on sporulati@rowth occurs between 20-3C,
optimally at 28°C, from pH 6 to 9, optimally around pH 8 and ing®ece up to 1% w/v
NaCl. Degrades casein, gelatin and Tween 40, bupedtn, and is catalase and oxidase
positive, produces-chymotrypsin, cystine arylamidase, esterase (€stgrase lipase (C8);
andp-galactosidasdi-gentiobiose, N-acetyi-glucosaminidasey- andp-glucosidase -
glucuronidase, leucine arylamidase, lipase (Cld)nannosidase acid and alkaline
phosphatase, naphthol-AS-Bl-phosphohydrolase, itryasd valine arylamidase, but net
fucosidase. Oxidizes L-alanine, L-arginine, L-asipaacid, L-glutamic acid and glycyl-L-
proline, but not D-aspartic acid, L-histidine, pyglutamic acid or D- and L-serine (amino
acids), and D-cellobiose, D-fructose, D- and L-f&moL-galactonic acig-lactone, D-
galactose, N-acetyl-D-glucosamirfiegnethyl-D-glucoside, D-glucuronamidegycinositol,
a-D-lactose, D-maltose, N-acetgtb-mannosamine, D-mannose, D-melibiose, D-fructdse-
phosphate, D-glucose-6-phosphate, D-raffinose,dmmose, D-salicin, D-sorbitol, sucrose,
stachyose, D-trehalose, D-turanose, but not D-mabliextrin, N-acetyl-D-galactosamine, D-
glucose, 3O-methyl-D-glucose, glycerol or D-mannitol (sugaasid acetic acid, acetoacetic
acid,y-aminoh-butyric acid,a- andp-hydroxyD,L-butyric acid, D-galacturonic acid, D-
glucuronic acid and D-gluconic acid;keto-glutaric acid, D- and L-lactic acid, D- and L
malic acid, propionic acid, methyl-pyruvate andrhoesuccinic acid, but not butyric acig
ketobutyric acid, citric acid, mucic acid, N-acetyltmaminic acid,p-hydroxyphenylacetic
acid, quinic acid and D-saccharic acid (organidgiciSensitive to fusidic acid, guanidine
hydrochloride, lincomycin, minocycline, troleandooityand vancomycin, but resistant to

aztreonam, nalidixic acid and rifamicin SV. It mhibited by lithium chloride, niaproof,
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sodium bromate, sodium formate, sodium lactate {189, potassium tellurite, tetrazolium
blue and tetrazolium violet. Additional phenotypiata are given in the text and Table 1. The
cell wall containsmese and hydroxyA,pm, the whole-cell sugars are glucose, ribose and
xylose, the major fatty acidso-Cie.o, iISO-Cy5.0 and 10-methyl &., the predominant
menaquinones MK-10(h, MK-10(Hg), MK-10(Hs) and MK9(H;) and
phosphatidylethanolamine is the diagnostic phospiiblThe dDNA G+C content of the type
strain is 72.3 mol% and its genome size aroundvibp.

The type strain, 5SR2A7(=LMG 30755, =CECT 9656) was isolated from a surface sample
of a high altitude soil collected from Cerro Chajtaa, near San Pedro de Atacama, Chile.
The GenBank accession numbers for the 16S rRNA gaeddhe whole genome sequence of
the strain 5R2A7are MG725918 and QGKR00000000, respectively.

To date, twoMicromonosporaspeciesMicromonospora aridand Micromonospora
inaquosa have been isolated from Atacama Desert soils [@ajvever, it is unlikely thaw.
acroterricolawill be the last such species as putatively noviekomonosporae isolated from
this extreme biome have been highlighted basedoomparative 16S rRNA gene sequence
data [13] and in metagenomics surveys [18]. Thesealts square with those from culture-
independent studies where small numbers of micrasjporae were found to be a feature of

several Atacama Desert habitats [12,66].

Funding information
This work was supported by BBSRC grant (BB/L0242094 Royal Society UK-Chile
International Joint Project grant (JIC CA584) aryddrant No. 2017/01/X/NZ8/00140 from

the National Science Centre (NCN) in Poland.

Acknowledgements

12



LC thanks University of Salamanca for postdoctéeibwship. LC and IN thank Newcastle
University for postdoctoral fellowships. We thankéztor Dr Massimo Tharengi for
permission to collect at the ALMA site. We are gfat to Tiago Zucchi (Agrivalle,
Agricultural Biotechnology, Salto, Brazil) and Aloar Oren (The Hebrew University of

Jerusalem) for providing and checking the spequébet of the strain, respectively.

Conflicts of interest

The authors declare that they have no conflichtarest.

Ethical statement

The authors have not carried out any studies inngliiuman participants or animals.

References

[1] Drskov J. Investigation into the Morphology of the Ray Fur@openhagen: Levin and
Munksgaard; 1923.

[2] Gao RX, Liu CX, Zhao JW, Jia FY, Yu C et al. Micromonospora jinlongensisp.
nov., isolated from muddy soil in China and emendescription of the genus
MicromonosporaAntonie van Leeuwenho@k14;105:307-315.

[3] Krasil'nikov NA. Ray Fungi and Related Organisnm&ctinomycetalesMoscow:
Akademii Nauk USSR; 1938

[4] Zhi X-Y, Li W-J, Stackebrandt E. An update of the structure and 16S rRNA gene
sequence-based definition of higher ranks of thes#ictinobacteria with the proposal
of two new suborders and four new families and atadrdescriptions of the existing

higher taxalnt J Syst Evol Microbia2009;59:589-608

13



[5]

[6]

[7]

[8]

[9]

[10]

Genilloud O. Genus IMicromonosporadrskov 1923, 158 In: Goodfellow M,
Kampfer P, Busse HJ, Trujillo ME, Suzuki Kl, Ludwiy, Whitman WB (eds)
Bergey's Manual of Systematic Bacteriology &in., vol 5The ActinobacteriaPart B.
Springer, New York, 2012. pp. 1039-1057.

Foulerton A. New species ofstreptothrixisolated from the airLancet1905;1199—
1200.

Genilloud O. Genus |Micromonosporadrskov 1923, 158 In: Goodfellow M,
Kampfer P, Busse HJ, Trujillo ME, Suzuki Kl, LudwWy, Whitman WB (eds)
Bergey's Manual of Systematic Bacteriolpgyf' edn., vol 5The Actinobacteria,Part
B. Springer, New York, 2012. pp. 1035-1038.

Carro L, Nouioui I, Sangal V, Meier-Kolthoff JP, Tr ujillo ME et al. Genome-based
classification of micromonosporae with a focus logirt biotechnological and ecological
potential.Sci Re®2018; 8:525.

Trujillo ME, Bacigalupe R, Pujic P, Igarashi Y, Benito P et al. Genome features of
the endophytic actinobacteriudticromonospora lupinstrain Lupac 08: On the process
of adaptation to an endophytic life styleRoS ONE2014;9:€108522.

Boumechira AZ, El-Enshasy HA, Hacéne H, Elsayed EAAziz R et al. Recent
progress on the development of antibiotics fromgdeusMicromonospora. Biotechnol

Bioprocess En@016; 21:199-223.

[11] Braesel J, Crnkovic CM, Kunstman KJ, Green SJ, Maiaschein-Cline M et al.

Complete genome dflicromonosporasp. strain BO06 reveals biosynthetic potential of

a Lake Michigan actinomyceté.Nat Prod2018;81:2057-2068.

[12] Bull AT, Asenjo JA, Goodfellow M, Gomez-Silva B.The Atacama Desert: technical

resources and the growing importance of novel riiataiversity.Annu Rev Microbiol

2016;70:215-234.

14



[13] Carro L, Razmilic V, Nouioui I, Richardson L, Pan C et al. Hunting for cultivable
Micromonosporastrains in soils of the Atacama Desdémtonie van Leeuwenhoek
2018; 111:375-387.

[14] Goodfellow M, Nouioui I, Sanderson R, Xie F, Bull A. Rare taxa and dark microbial
matter: novel bioactive actinobacteria abound icatma Desert soilsAntonie van
LeeuwenhoeR018;11:1315-1332.

[15] Goodfellow M, Fiedler HP. A guide to successful bioprospecting: informed by
actinobacterial systematic&ntonie van Leeuwenho2R10; 98:119-142.

[16] Trujillo ME, Kroppenstedt RM, Schumann P, Carro L, Martinez-Molina E.
Micromonospora coriariaesp. nov., isolated from root nodules @briaria myrtifolia.
Int J Syst Evol Microbio2006;56:2381-2385.

[17] Carro L, Pukall R, Sproer C, Kroppenstedt RM, Truji llo ME. Micromonospora
cremeasp. nov. andvlicromonospora zamorenssp. nov., isolated from the
rhizosphere oPisum sativumint J Syst Evol Microbia2012;62:2971-2977.

[18] Bull AT, Idris H, Sanderson R, Asenjo J, Andrews B Goodfellow M. High altitude,
hyper-arid soils of the Central- Andes harbor mega- diverse communities of
actinobacteriaExtremophile018; 22:47-57.

[19] Reasoner DJ, Blannon JC, Geldreich EERapid seven hour fecal coliform tesippl

Environ Microbiol1979;38:229-236.

[20] Goodfellow M, Hill IR, Gray TRG. Bacteria in a pine forest soil. In: Gray TRG,
Parkinson D (edsyhe Ecology of Soil Bacteridniversity Press, Liverpool; 1967. pp.
500-515.

[21] Ara |, Kudo T. Two species of the genldicromonosporaMicromonospora
Sp. hov. andvlicromonospora coxensgp. nov., isolated from sandy sdlil.

Gen Appl MicrobioR007;53:29-37.

15



[22] Trujillo ME, Kroppenstedt RM, Fernandez-Molinero C, Schumann P, Martinez-
Molina E. Micromonospora lupingp. nov.and Micromonospora saelicesensjs nov.,
isolated from root nodules aupinus angustifoliudnt J Syst Evol MicrobioR007;57:
2799-2804.

[23] Jones KL. Fresh isolates of actinomycetes in which the preseh sporogenous aerial
mycelia is a fluctuating characteristicBacteriol1949;57:141-145.

[24] Shirling EB, Gottlieb D. Methods for characterization 8treptomycespeciesint J
Syst Bacteriol 966;16:313—-340.

[25] Zakharova OS, Zenova GM, Zvyagintsey DGSome approaches to the selective
isolation of actinomycetes of the gerAitinomadurarom soil. Microbiology
2003;72:110-113.

[26] Trujillo, M.E., Fernandez-Molinero, C., Velazquez, E., Kroppenstedt, R.M.,
Schumann, Pet al. Micromonospora mirobrigensisp. nov.Int. J. Syst. Evol.
Microbiol 2005;55:877-880.

[27] Atlas RM. Handbook of Microbiological Medja&8rd edn. CRC Press, Boca Raton;

2004.
[28] Staneck JL, Roberts GD.Simplified approach to the identification of aembi

actinomycetes by thin layer chromatographgpl Microbiol1974;28:226—-231.

[29] Collins MD, Goodfellow M, Minnikin DE, Alderson G. Menaquinone compaosition of
mycolic acid-containing actinomycetes and some agimomycetes] Appl Bacteriol
1985; 58:77-86.

[30] Minnikin DE, O’Donnell AG, Goodfellow M, Alderson G, Athalye M et al. An
integrated procedure for extracting bacterial isoprd quinones and polar lipidks.

Microbiol Methods1984;2:233-241.

16



[31] Lechevalier MP, Lechevalier HA. Chemical composition as a criterion in the
classification of aerobic actinomycetést J Syst Evol Microbial970;20:435-443.

[32] Uchida K, Kudo T, Suzuki KI, Nakase T.A new rapid method of glycolate test by
diethyl ether extraction, which is applicable teraall amount of bacterial cells of less
than one milligramJ Gen Appl Microbioll999;45:49-56.

[33] Sasser MJ.Identification of bacteria by gas chromatographgelfular fatty acids. Del:
Microbial ID Inc, Newark; 1990.

[34] Golinska P, Ahmed L, Wang D, Goodfellow M.Streptacidiphilus durhamensgp.
nov., isolated from a spruce forest sgihtonie van Leeuwenho2R13;104:199-206.

[35] Golinska P, Wang D, Goodfellow MNocardia aciditoleransp. nov., isolated from a
spruce forest soiAntonie van Leeuwenho2k13;103:1079-1088.

[36] Yoon S-H, Ha S-M, Kwon S, Lim J, Kim Y et al. Introducing EzBioCloud: a
taxonomically united database of 16S rRNA and wlgdaome assembliemt J Syst
Evol Microbiol2016;67:1613-1617.

[37] Larkin MA, Blackshields G, Brown NP, Chenna R, McGdtigan PA et al. Clustal W
and Clustal X version 2.®ioinformatics2007;23:2947-2948.

[38] Saitou N, Nei M.The neighbor-joining method: a new method for retarcting

phylogenetic treesvol Biol Evol1987;4:406—425.

[39] Felsenstein JEvolutionary trees from DNA sequences: a maximukelihood
approachJ Mol Evol1981;17:368-376.

[40] Kumar S, Stecher G, Tamura K.MEGA7: Molecular Evolutionary Genetics Analysis
version 7.0 for bigger datasekgol Biol Evol2016;33:1870-1874.

[41] Felsenstein JConfidence limits on phylogenies: an approach uiegbootstrap.

Evolution1985;39:783-791.

17



[42] Kimura M. A simple method for estimating evolutionary rate bafse substitutions
through comparative studies of nucleotide sequeddé®l Evol1980;16:111-120.

[43] Carro L, Spréer C, Alonso P, Trujillo ME . Diversity of Micromonosporastrains
isolated from nitrogen fixing nodules and rhizogghef Pisum sativurmanalyzed by
multilocus sequence analys&yst Appl MicrobioR012;35:73-80.

[44] Garcia LC, Martinez-Molina E, Trujillo ME. Micromonospora pissp. nov., isolated
from root nodules oPisum sativumint J Syst Evol Microbia2010;60:331-337.

[45] Tomita K, Hoshino Y, Ohkusa N, Tsuno T, Miyaki T.Micromonospora chersinap.
nov. Actinomycetologicd 992;6:21-28.

[46] Hirsch P, Mevs U, Kroppenstedt RM, Schumann P, St&ebrandt E.
Cryptoendolithic  actinomycetes from Antarctic saonds rock samples:
Micromonospora endolithicap. nov. and two isolates relatedNticromonospora
coerulealensen 1935ystem Appl Microbid2004;27:166-174.

[47] Kawamoto |, Okachi R, Kato H, Yamamoto S, Takahashil, et al. The antibiotic
XK-41 complex. I. Production, isolation and chaeaiztation.J Antibiot1974;27:493-
501.

[48] Kaewkla O, Thamchaipinet A, Franco CMM. Micromonospora terminaliasp. nov.,
an endophytic actinobacterium isolated from théasarsterilized stem of the medicinal
plantTerminalia mucronatalnt J Syst Evol Microbia2017;67:225-230.

[49] Chun J, Rainey FA. Integrating genomics into the taxonomy and systesatf the
BacteriaandArchaea Int J Syst Evol Microbia014;64:316-324.

[50] Kasai H, Tamura T, Harayama S Intrageneric relationships amomgicromonospora
species deduced frogyrB-based phylogeny and DNA relatedness.J Syst Evol

Microbiol 2000;50:127-134.

18



[51] Nurk S, Bankevich A, Antipov D, Gurevich A, Korobeynikov A et al. Assembling
genomes and mini-metagenomes from highly chinreads. In: Deng M, Jiang R, Sun
F, Zhang X. (edsResearch in Computational Molecular BiologgECOMB 2013.
Lecture Notes in Computer Science, vol. 7821. $eninBerlin, Heidelberg; 2013. pp.
158-170.

[52] Meier-Kolthoff JP, Goker M, Sproer C, Klenk HP. When should a DDH experiment
be mandatory in microbial taxonomgPch Microbiol2013;195:413—-418.

[53] Rodriguez LM, Konstantinidis KT. The enveomics collection: a toolbox for
specialized analyses of microbial genomes and raatagesPeerJ Preprint2016;
https://doi.org/10.7287/peerj.preprints.1900v1.

[54] Wayne L G, Brenner DJ, Colwell RR, Grimont PAD, Kandler O et al. Report of the
ad hoc committee on reconciliation of approachebdcterial systematicént J Syst
Evol Microbiol 1987;37:463-464.

[55] Goris J, Konstantinidis KT, Klappenbach A, Coenye T Vandamme Pet al. DNA—
DNA hybridization values and their relationshipaitbole-genome sequence similarities.
Int J Syst Evol Microbio2007;57:81-91.

[56] Blin K, Wolf T, Chevrette MG, Lu X, Schwalen CJet al. antiSMASH 4.0 —

improvements in chemistry prediction and genetelusoundary identificationNucleic

Acids Re2017; doi: 10.1093/nar/gkx319

[57] Overbeek R, Olson R, Pusch GD, Olsen GJ, Davis & al. The SEED and the rapid
annotation of microbial genomes using subsystemtsntdogy (RAST).Nucleic Acids

Res2014;42:D206-D214.
[58] Aziz RK, Bartels D, Best AA, DeJongh M, Disz Tet al. The RAST server: rapid

annotations using subsystems technol®&WC Genomic2008;9:75.

19



[59] Brettin T, Davis JJ, Disz T, Edwards RA, Gerdes St al. RASTtk: a modular and
extensible implementation of the RAST algorithm lbotilding custom annotation

pipelines and annotating batches of genorSesRe®015;5:8365.
[60] Vanittanakom N, Loeffler W, Koch U, Jung G. Fengycin - a novel antifungal

lipopeptide antibiotic produced bRacillus subtilis F-29-3. J Antibiot(Tokyo)
1986;39:888-901.

[61] Carro L, Castro JF, Razmilic V, Nouiuoi I, Pan Cet al. Uncovering the potential of
novel micromonosporae isolated from an extreme hgpd Atacama Desert soiGci
Rep2019;9:4678.

[62] Carro L, Riesco R, Spréer C, Trujillo ME. Micromonospora ureilyticap. nov.,
Micromonospora nodulsp. nov. andMicromonospora vinaceap. nov., isolated from
Pisum sativunmodulesint J Syst Evol Microbic2016;66:3509-3514.

[63] Murray PR, Boron EJ, Pfaller MA, Tenover FC, Yolken RH. Manual of Clinical
Microbiology, 7" edn. ASM Press, Washington, DC; 1999.

[64] Vaas LAI, Sikorski J, Hofner B, Fiebig A, BuddruhsN et al. Opm: an R package for
analysing OmniLog_phenotype microarray d&@informatics2013;29:1823-1824.

[65] Vaas LAI, Sikorski J, Michael V, Goker M, Klenk H-P. Visualization and curve-
parameter estimation strategies for efficient esgilon of phenotype microarray
kinetics.PLoS ONE2012;7:34846.

[66] Idris H, Goodfellow M, Sanderson R, Arsenjo JA, Bul AT. Actinobacterial rare
biospheres and dark matter revealed in habitatiseo€hilean Atacama Dese8ci Rep

2017;7:8373.

20



Table 1. Phenotypic properties that distinguishistR2A7 from its closest phylogenetic
relatives Strains: 1, 5R2A% 2, M. coriariae DSM 44875 and 3 M. cremeaDSM 45599.

+, positive; -, negative. All data are from thiady.

Characteristic 1 2 3
Colour of substrate mycelium intense intense cream to
on ISP2 orange orange orange
Temperature range 20-37 12-37 10-37
pH range 6-9 6-9 7-8
Maximum NacCl tolerance (%, 1 8 1

wiv)

APl ZYM tests

a-Chymotrypsi + - +
a -Galactosidas + + -

B -Galactosidas + + -
a -Mannosidase + - -
Naphthol-AS-BI- + - +
phosphohydrolase

GENIII BIOLOG microplate
tests

(a) Oxidation of amino acids

Glycyl-L-proline + - -
L-Pyroglutamic aci - + +

(b) Oxidation of nucleoside
Inosine - - +

(c) Oxidation of sugars

Dextrin - + -
D-Fructos: + + -
D-Fucosi + - +
L-Fucosi + - +
D-Galactos + + -
N-acet\-B-D-Galactosamir - - +
B-Gentiobios + + -
D-Glucost - + +
Glucuronamid + - +
Glycero - + +
myc-Inositol + + -
o-D-Lactost¢ + - +
D-Mannitol - + +
N-acety-D-Mannosamin + - +
D-Mannos: + -
D-Melibiose + - +
D-fructose-6-phosphat + - +
D-Fructos+-6-Phosphat + - +
L-Rhamnos + - +
D-Sucros + + -
D-Trehalos + + -
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Turanose + + -

(c) Oxidation of organic acids

Acetoacetic acid + - +
Butyric acic
a-hydroxy-D,L-Butyric acic
B-hydroxy-D,L-Butyric acic
Citric acic -
a-ketc-Glutaric aci + -
D-Lactic acid methyl est +
N-acety-Neuraminic aci - -
p-hydroxy-Phenylacetic ac - -
Quinic acic - -
D-saccharic aci - + -
Bromo-Succinic acid + - -

+ 4+
1
+ 4+ +

+
1

+ o+ + +

Resistance of inhibitory

compounds:

Lithium chlcride -
Potassium tellurit -
Sodium bromat -
Sodium chloride (1% -
Sodium chloride (4% -
Sodium chloride (8% -
Sodium lactate (19 -
Tetrazolium blu -
Tetrazolium viole -
Rifamicin SV +

o+ o+ o+ o+ o+
+

|-'_I
L o+ +

Growth in presence of NaCl:

1% wiv -
4% wiv -
8% wiv -
Growth at pH ! +

+ + + +
1

All strains oxidize L-alanine, L-aspartic acid, lutamic acid, but not D-aspartic acid, L-
histidine or D-serine (amino acids), D-cellobiokkacetyl-D-glucosamingj-methyl-D-
glucoside, D-maltose, D-raffinose, salicin, stad®gydout not D-arabitol (sugars), acetic acid,
D-gluconic acid, malic acid, propionic acid and hydfpyruvate, but noi-keto-butyric acid,
fusidic acid or mucic acid (oranic acids). All strawere resistant to aztreonam and nalidixic
acid, but sensitive guanidine hydrochloride, ling@m, minocycline, troleandomycin or

vancomycin, and do not grow in pH 5 and presenceagfroof.
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Legends for Figures

Fig. 1.Neighbour-joining phylogenetic tree based on alngostplete 16S rRNA gene
sequences showing relationships betweeratéso5R2A7 and closely related
Micromonosporatype strains. The numbers at the nodes are bagotstrpport values
when > 50%. Asterisks indicate branches of the the¢ were also recovered in the
maximum-likelihood treeCatellatospora citredSM 44097 was used as the outgroup.
Bar, 0.005 substitutions per nucleotide position.

Fig. 2. Neighbour-joining phylogenetic tree based on alntoshpletegyrB gene sequences
showing relationships between isolate 5R2AndMicromonosporatype strains. The
numbers at the nodes are bootstrap support valbes w 50%. Asterisks indicate
branches of the tree that were also recovereceimiéximum-likelihood tree.
Catellatospora citreaDSM 44097 was used as the outgroup. Bar, 0.02 substitutions
per nucleotide position.

Fig. 3. Neighbour-joining phylogenetic tree based on mudtis sequence aligment of
16rRNA, gyrB, rpoB, atpD, andrecA gene sequences showing relationships between
isolate 5R2A7 andMicromonosporaype strains. The numbers at the nodes are
bootstrap support values when > 50%. Asteriskscatdibranches of the tree that were
also recovered in the maximum-likelihood tr€atellatospora citredDSM 44097 was
used as the outgroup. Bar, 0.005 substitutionsipeeotide position.

Fig. S1.Phase contrast image of strain 5SR24fown on M65 agar at Z& for 3 weeks
showing spores at the top of hyphae. Stained wéthytene blue. Bar 5 um.

Fig. S2.Two dimensional thin layer chromatograph of polpids of strain 5R2A7 stained
with molybdenum blue (Sigma). Chloroform:methanalter (32.5:12.5:2.0 v/v) was

used in the first direction and chloroform:gla@aktic acid:methanol:water (40:7.5:6:2
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vlv) in the second direction. DPG, diphosphatidydglrol; GL, glycolipid; PE,
phosphatidylethanolamine; PI, phosphatidylinositol.

Fig. S3. Maximume-likelihood phylogenetic tree based on 1&NA gene sequence
comparisons showing the position of strain 5SR2Aative to the type strains of

Micromonosporaspecies. The numbers at the nodes indicate bgoteaiaes > 50%.

Bar, 0.005 substitutions per nucleotide position.
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