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ABSTRACT Micromonospora strains proved to be a model organism for drug discovery
and plant growth promotion (PGP). Strain DSM 115977 T was subjected to polyphasic
taxonomic analysis and genome mining for biosynthetic gene clusters and PGP-associ-
ated genes in order to determine its taxonomic rank and assess its biosynthetic potential.
The strain was found to form a novel species within the evolutionary radiation of the
genus Micromonospora. The strain contained glucose, mannose, xylose, and ribose as
whole-cell sugars and the isomer DL-diaminopimelic acid in its peptidoglycan. Strain
DSM 115977" had iso-Cys5.q, is0-Cqg.0, C17:1¢is 9, Cq7:0, is0-C17.0, and 10-methyl-Cq7.9 as
fatty acid profile (>5%) and MK10-H4 and MK10-Hg as the predominant menaquinones
(>10%). The polar lipid profile consisted of diphosphatidylglycerol, phosphatidylethanol-
amine, phosphatidylinositol, glycophosphatidylinositol, glycophospholipids, phosphoa-
minolipid, unidentified lipids, and phospholipids. The genome of the strain had a size
of 7.0 Mbp with a DNA G + C content of 73.4%. It formed a well-supported sub-clade
with its close phylogenomic neighbor, Micromonospora echinofusca DSM 43913 (98.7%).
Digital DNA-DNA hybridization and average nucleotide identity derived from sequence
comparisons between the strain and its close phylogenomic neighbors were below the
thresholds of 70 and 95-96% for prokaryotic species demarcation, respectively. Based
on these findings, strain DSM 1159777 (Asg4’ = KCTC 59188") merits to be considered
as the type strain of a new species for which the name Micromonospora reichwaldensis
sp. nov. is proposed. Genome mining for biosynthetic gene clusters encoding special-
ized secondary metabolites highlighted its ability to produce potentially novel therapeu-
tic compounds. The strain is rich in plant growth-promoting genes whose predicted
products directly and indirectly affect the development and immune system of the plant.

IMPORTANCE In view of the significant pharmaceutical, biotechnological, and
ecological potentials of micromonosporae, it is particularly interesting to enhance the
genetic diversity of this genus by focusing on the isolation of novel strain from underex-
plored habitats, with the promise that novel bacteria will lead to new chemical entities.
In this report, modern polyphasic taxonomic study confirmed the assignment of strain
DSM 115977" to a novel species for which the name Micromonospora reichwaldensis sp.
nov. is proposed. The strain harbors in its genomic sequence several biosynthetic gene
clusters for secondary metabolites and genes associated with plant growth-promoting Address correspondence to Imen Nouioui,
features. The results of this study provide a very useful basis for launching more in-depth IETENTEHGe e
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chalcea (6) as the type species. Micromonosporae are characterized by the presence of
a branched substrate mycelium with non-motile spores and usually the absence of
aerial mycelium, which is short and sterile when it occurs in some strains (7). These
microorganisms are chemoorganotrophic, aerobic to microaerophilic with meso-dia-
minopimelic acid, and/or 3-OH-diaminopimelic acid in their cell wall peptidoglycan.
Whole-cell hydrolysates are rich in xylose and arabinose, which are diagnostic sugars,
whereby galactose, glucose, mannose, rhamnose, and ribose may also be present (7,
8). The polar lipid profile includes phosphatidylethanolamine (PE), phosphatidylinositol
(PI), and phosphatidylinositolmannosides, with PE as the diagnostic phospholipid. The
pattern of fatty acids and menaquinones is complex (3, 8, 9). This taxon has a genome
size ranging between 6 and 8 Mbp with a G + C content of 65-75 mol% (3, 8, 9).
Micromonosporae strains form a monophyletic genus structured into four well-suppor-
ted clusters that can be differentiated based on biochemical, enzymatic, and chemotaxo-
nomic features (7, 10). This group of microorganisms has been isolated from different
environmental samples, such as soil, rhizosphere (11, 12), nitrogen-fixing root nodules (8,
13), and plants (14, 15), as well as from extreme hyper-arid habitats, such as the Atacama
Desert (9).

The integration of genome-scale methods into polyphasic taxonomy has led to
significant improvements in the systematics of prokaryotes and a better understand-
ing of the evolutionary process and biotechnological potential (16-18). Comparative
genomic approaches based on bioinformatics tools, such as average nucleotide identity
(ANI), average amino acid identity (95-96% cut-off values), and digital DNA-DNA
hybridization (dDDH) (70% cut-off value) (19-21), have resolved the taxonomic status of
several complex and heterogeneous actinobacterial taxa. Modern prokaryotic system-
atics has clarified the relationships within and between taxa, including the genus
Micromonospora (3, 8, 22).

Micromonosporae strains have genomes rich in biosynthetic gene clusters (BGCs)
associated with specialized metabolites with antibiotic, anti-cancer, or anti-viral activities,
some of which are genus-specific substances (8). This is in line with the vision of this
actinobacterial genus as a model organism for drug discovery (23). Several compounds
from different antibiotic families, for example, aminoglycosides, were extracted from
micromonosporae, such as gentamicin, sisomicin, verdamicin, antibiotics G-52, G-418,
JI-20, and 460, fortimicins, neomycin, and sagamicin (24). Furthermore, micromono-
sporae strains from different habitats have multiple genes associated with plant growth
promotion (PGP); features that have been confirmed in vitro for several Micromonospora
species, such as Micromonospora lupini and Micromonospora saelicesensis (8, 25, 26).

Given the significant pharmaceutical, biotechnological, and ecological potentials of
micromonosporaeg, it is particularly interesting to enhance the genetic diversity of this
genus, focusing on underexplored habitats, with the promise that novel bacterial strain
will lead to novel chemical entities (27).

In the present study, strain DSM 1159777 derived from brown coal ash in Germany
was subjected to polyphasic taxonomic analysis and genome mining for biosynthetic
gene clusters and PGP-associated genes to determine its taxonomic rank and assess its
biosynthetic potential. Phenotypic and genomic data confirmed the assignment of the
strain to a novel species for which the name Micromonospora reichwaldensis sp. nov. is
proposed.

MATERIALS AND METHODS
Origin, isolation, and maintenance of strain DSM 1159777

Strain DSM 115977" was isolated from ash of a brown coal mine in Reichwalde, Germany.
The isolation of the strain was carried out as follows: 0.5 g of ash was sprinkled directly
onto a DSMZ 65 agar medium containing cycloheximide and nalidixic acid (each at
25 pg/mL) and incubated at 28°C for 14 days (28). A colony of the strain was streaked
on DSMZ 65 agar plate and incubated at 28°C for 14 days. The purity of the culture
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was checked using a light microscope and then deposited at the DSMZ open culture
collection and Korean collection for type culture (KCTC) under accession numbers DSM
1159777 and KCTC 59188, respectively. The closest phylogenomic neighbor of the
strain, Micromonospora echinofusca DSM 439137, was obtained from the DSMZ culture
collection and is available in the online catalogue (https://www.dsmz.de/collection/cata-
logue), where all information related to the history, origin, and growth properties of
the strain are listed. Phenotypic tests and molecular identification, as well as genome
sequencing, were carried out on wet biomass, while chemotaxonomic analyses, except
for fatty acids, were performed on freeze-dried cells.

Molecular identification and genome sequencing of strain DSM 1159777

Biomass from a culture grown on ISP2 (DSMZ 987) liquid medium shaken at 150 rpm
and incubated at 28°C for 14 days was subjected to DNA extraction, as described
in Carro et al. (8). PCR-mediated amplification of the 16S rRNA gene was performed
according to Weisburg et al. (29). The 16S rRNA gene PCR product was sequenced using
the Sanger method (30). A nearly complete 16S rRNA gene was obtained (>1400 bp),
aligned, and compared with all sequences of Micromonospora species available at
the EzBioCloud database and validly named using the EzBioCloud sever tool (https://
www.ezbiocloud.net/).

DNA extraction for whole-genome sequencing was conducted on wet biomass
prepared under the growth conditions described above. Extraction, quantitative and
qualitative evaluation of DNA, and genomic DNA libraries were undertaken by the
MicrobesNG service (Birmingham, UK; https://microbesng.com/). Sequencing was carried
out using the lllumina HiSeq instrument and the 250 bp paired-end protocol of the
MicrobesNG service. A quantitative assessment of the genome sequence of strain DSM
115977" was estimated using Benchmarking Universal Single-copy Orthologs and based
on the Actinobacteria phylum database (31). The RAST-SEED webserver with default
options was used for genome sequence annotation (32). The genome sequence of
strain DSM 115977" was deposited at DDBJ/ENA/GenBank under accession number
JAVRFLO00000000.1.

Phylogenetic and comparative genomic studies

The 165 rRNA gene sequence of strain DSM 115977" was compared with those of
validly named species available in the EzBioCloud database (33). The reference strains
included in this present study were, therefore, retrieved from the EzBioCloud webserver.
Pairwise 16S rRNA gene sequence similarity between strain DSM 115977" and its closest
phylogenetic relative was determined after the recommended settings proposed by
Meier-Kolthoff et al. (34) using the Single-Gene trees online tool available via the
Genome to Genome Distance Calculator (GGDC) server (35). Maximum likelihood (ML)
and maximum parsimony (MP) phylogenies based on the 16S rRNA gene sequences
were inferred using the DSMZ phylogenomic pipeline adapted to single genes, which
is available at the GGDC platform (https://ggdc.dsmz.de/home.php) (35-37). MUSCLE
program was used for a multiple sequence alignment (38). RAXML (39) and TNT (40)
were used for ML and MP trees, respectively. Fast bootstrapping, in combination with the
autoMRE bootstopping criterion (41), and a post-search for the best tree were used for
ML, while 1,000 bootstrapping, in conjunction with branch permutation by tree bisection
and reconnection, and 10 replicates of random sequence additions were used for the MP
tree. The X? test implied in PAUP* was applied to check the sequences for compositional
bias (42).

Genome-based taxonomy was inferred via a high-throughput online platform, Type
(Strain) Genome Server (TYGS), available at https://tygs.dsmz.de/ (35). The genome
sequence of Asanoa ferruginea DSM 44099 was used as an outgroup.

Pairwise dDDH hybridization values between the genomic sequence of the isolate
and its closest phylogenomic relatives were estimated using TYGS. dDDH values were
based on the recommended formula dy4, which reflects the proportion of sequence
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identity in homologous parts of the underlying genomes and is independent of the
genome length (36). The ANI between the genomic sequence of the isolate DSM
115977" and its nearest phylogenomic neighbors was calculated using the ANI calculator
software available in the EzbioCloud server (https://www.ezbiocloud.net/tools/ani) (43).

Chemotaxonomic characterization of strain DSM 1159777

Freeze-dried cells of strain DSM 115977 were obtained from a culture prepared on an
ISP2 (DSMZ 987) liquid medium shaken at 150 rpm and incubated at 28°C for 14 days.
The harvested biomass was washed three times with a sterile saline solution (0.8% NaCl)
and then lyophilized. Standard chromatographic procedures were applied to analyze
whole-cell sugars (44), diaminopimelic acid isomers of the peptidoglycan (45), and polar
lipids (46). The isoprenoid quinone profile was determined using HPLC coupled to a
diode array detection and high-resolution spectrometer (47). Wet biomass from the
3-day old culture on medium DSMZ 553SCH of strains DSM 115977 and DSM 43913 was
subjected to cellular fatty acid extraction using standard microbial identification system
protocols (MIDI Inc.; version 6.1) (48). The identity of the fatty acid peaks was confirmed
by gas chromatography-mass spectrometry, as described previously (49).

Growth properties and biochemical and enzymatic features of strain DSM
1159777

The growth properties of the strain were evaluated after assessing its ability to grow
on different media and over a wide range of temperatures and pH. Homogeneous
bacterial suspension in a 0.5 McFarland interval was used to inoculate ISP1 (International
Streptomyces Project; DSMZ 1764), ISP2 (DSMZ 987), ISP3 (DSMZ 84), ISP4 (DSMZ 252),
ISP5 (DSMZ 993, ISP6 (DSMZ 1269), ISP7 (DSMZ 1619), GYM (DSMZ 65), N-Z-amine
agar (DSMZ 554), Nutrient (DSMZ 1), and Czapek’s (DSMZ 83) agar media, followed
by incubation at 28°C for 14 days. The growth of the strain was also evaluated in the
presence of a wide range of pH (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0), temperatures (4,
10, 16, 20, 25, 28, 35, 37, 42, 45°C), and different concentrations of NaCl (0, 2.5, 5, 7.5,
10% w/v) on DSMZ 65 agar plates. The following buffer systems were used to adjust: pH
< 6, 0.1 M citric acid/0.1 M sodium citrate; pH = 8, 0.1 M KH,P0O,4/0.1 M NaOH; and pH
=9, 0.1 M NaHCO3/0.1 M NayCOs. The color of the substrate mycelium of the strain was
recorded according to RAL color charts (50). The biochemical and enzymatic profiles of
the strain and their closest phylogenomic neighbor, M. echinofusca DSM 43913, were
identified using APl 20NE and APl ZYM strips (bioMérieux) following the manufacturer’s
instructions.

In vitro and in silico screening for specialized secondary metabolites
Genome mining for secondary metabolite BGCs

The genome sequences of DSM 115977" and its close phylogenomic relative, M.
echinofusca DSM 439137, were screened for secondary metabolite BGCs using the
antiSMASH webtool version 7.0 with default parameters (https://antismash.secondary-
metabolites.org) (51).

Antimicrobial bioassay

The crude extract of the strain was prepared from a 10-day-old culture (50 mL) grown
on NL800 and R5 liquid media and shaken at 180 rpm at 28°C. Extraction was performed
using ethyl acetate, as described by Nouioui et al. (52). The reference strains used in
this study were the multiple antibiotic-resistant strain Staphylococcus aureus DSM 18827
and Enterococcus faecium DSM 20477 as the Gram-positive bacteria, Escherichia coli
AtolC JW5503-1 and Proteus vulgaris DSM 2140 as the Gram-negative bacteria, and
Candida albicans DSM 1386 as the pathogenic yeast representative. Details on the
growth conditions, origin, and history of these strains are publicly available in the DSMZ
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online catalogue (https://www.dsmz.de/collection/catalogue). E. coli AtolC JW5503-1
was obtained from the E. coli Genetic Stock Center, Yale (collection number: 11430).
Antimicrobial bioassays were performed using a volume of 30 pL methanolic crude
extract, as described in Nouioui et al. (52).

Bioinformatic analysis for the detection of plant growth-promoting features

The genome of the strains DSM 115977" and DSM 43913" was screened for genes
known to directly or indirectly promote plant growth using the PGPT-Pred tool, which
is available in a comprehensive platform, called PLaBAse (https://plabase.cs.uni-tuebin-
gen.de/pb/plabase.php) (53-55). Blast and blastp + hmmer approach against the PGPT
ontology were used. The results presented in this study were restricted to krona strict
mode blastp + hmmer.

RESULTS AND DISCUSSION
Taxonomic novelty and distinctive genomic features of strain DSM 1159777

The 16S rRNA gene is known as the gold standard molecular marker for phylogenetic
studies (56). The 16S rRNA gene sequence similarity values between strain DSM 1159777
and the 37 top-hit type strains of Micromonospora species validly named ranged from
98.7 to 99.7%, with Micromonospora phytophila SG15" as the closest reference strain
(Table S1). These results were based on 1,508 characters, 60 of which were variable,
and 48 of which were parsimony-informative. In the maximum-likelihood 16S rRNA
gene-based tree (Fig. S1), strain DSM 115977" and M. phytophila SG15" together formed
a poorly supported sub-group loosely associated with a cluster comprising several type
strains, including M. echinofusca (98.7%). The low bootstrap value of the phylogenetic
tree clearly showed that the resolution of the 16S rRNA gene is insufficient to separate
closely related species. Therefore, a whole genome-based phylogeny was established to
determine the phylogenetic position of the strain within the evolutionary radiation of
the genus Micromonospora. Comparative genomic analysis was performed between the
strain and its close phylogenomic Micromonospora species validly named using dDDH
and ANI approaches.

The authenticity of strain DSM 115977 was confirmed by a comparison of the 16S
rRNA gene sequence obtained from the PCR reaction with that extracted from the
whole-genome sequence. The phylogenomic tree revealed that strain DSM 1159777
constituted a well-supported sub-clade, with M. echinofusca DSM 43913" within the
cluster harboring Micromonospora peucetia DSM 433637, Micromonospora citrae DSM
43903", M. phytophila DSM 105363", Micromonospora deserti 13K206', and Micromono-
spora echinaurantiaca DSM 43904 (Fig. 1). The genomic sequence of strain DSM 1159777
and those of its close phylogenomic neighbors showed dDDH and ANI between 26.4
and 50.2% and 92.8 and 82.8%, values well below the threshold of 70 and 95-96% for
prokaryotic species demarcation (19-21, 57) (Table 1), respectively. Consequently, strain
DSM 115977" merits to be considered as the type strain of a novel species, for which the
name Micromonospora reichwaldensis sp. nov. is proposed.

In order to investigate the genetic similarity and identify the functional differences
between the strain and its close relative, M. echinofusca, the two genome sequences
were analyzed in detail. The draft genome sequence of strain DSM 115977 was obtained
by lllumina sequencing and found to have 99.3% completeness. Strain DSM 115977" and
its close neighbor, M. echinofusca DSM 43913, have a genome size of 7.05 and 7.00 Mbp,
G + C contents of 73.4 and 73.3%, total RNA numbers of 56 and 66, and 6444 and 6314
coding sequences, respectively (Table 2). The genomic features of strains DSM 1159777
and DSM 43913" were within the known range for the genus Micromonospora (genome
size 6-8 Mbp, average 7 + 0.4, and G + C content of 71.1-73.8 mol [8]). Strains DSM
115977" and DSM 43913" exhibited 295 and 289 subsystems, respectively, based on the
RAST annotation and divided into ~23-24 categories, as detailed in Table 3. Both strains
seemed to have acquired some resistance to heavy metal, such as cobalt-zinc—cadmium
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FIG1 Genome-based phylogeny of strain DSM 115977" and its close phylogenomic relatives inferred by the TYGS web server. The tree was inferred with FastME

from the GBDP distances calculated from genome sequences. The branch lengths are scaled in terms of the GBDP distance formula ds.

and copper, as well as against antibiotics, such as B-lactamase and fluoroquinolones, due
to the occurrence of respective resistance genes. In addition, the strains possessed gene
potentially conferring the enzymatic ability to reduce mercury.

Growth and biochemical, enzymatic, and chemotaxonomic properties of
strain DSM 1159777

Since the phylogenomic and genetic data confirmed the assignment of strain DSM
115977 to a novel species within the genus Micromonospora, it is important to provide
the growth properties of the proposed type strain and its phenotypic features in
comparison with its nearest phylogenomic neighbour.

Strain DSM 115977" showed morphological and phenotypic traits consistent with the
genus Micromonospora (8). The strain formed an extensively branched orange substrate
mycelia on ISP1 (DSMZ 1764), ISP2 (DSMZ 987), ISP6 (DSMZ 1269), ISP7 (DSMZ 1619),
GYM (DSMZ 65), N-Z-amine (DSMZ 554), TSA (trypticase soy agar; DSMZ 535), and
nutrient agar (DSMZ 1), where a good growth was recorded. Poor to moderate growth
of the strain was observed at 17, 20, and 25°C, while good growth was detected at 28,
35, and 37°C on the DSMZ 65 medium after 14 days of incubation. The strain was able to
grow well at 42°C, but the optimal temperature for growth was at 28 and 37°C. The strain
was able to grow in the presence of up to 2.5% NaCl.

Strain DSM 1159777 could be distinguished from its close phylogenetic neighbor,
M. echinofusca DSM 43913, by its ability to produce a- and B-galactosidase, 3-glucuro-
nidase, a- and B-glucosidase, and N-acetyl-3-glucosaminidase and by its capability to
metabolize potassium nitrate, D-mannitol, and malic acid (Table 4).

Whole-cell hydrolysates of strain DSM 1159777 were rich in meso-diaminopimelic acid,
glucose, mannose, ribose, and xylose, which were in concordance with the diagnostic
sugars glucose and xylose of the close phylogenomic neighbor, M. echinofusca (58). The
major polar lipids of strains DSM 1159777 were DPG, PE, and PI. These data were in line
with those of M. echinofusca (Fig. S2) (58). The predominant menaquinones (>10%) of
strain DSM 115977 were MK10-H (63.1%) and MK10-Hg (30.6%), while the type strain of
M. echinofusca had MK9-H4 as the main menaquinone (58). The fatty acid profile (>5%)

April 2025 Volume 13  Issue 4

10.1128/spectrum.02129-24 6


https://doi.org/10.1128/spectrum.02129-24

Research Article

TABLE 1 dDDH and ANI between the genome sequence of strain DSM 1159777 and its close phylogenomic relatives

Microbiology Spectrum

Subject strain Genome accession dDDH (%) ANI G + C content difference (%)
Micromonospora echinofusca DSM 43913" GCA_900091445 50.2 92.8 0.1
Micromonospora peucetia DSM 43363 T GCA_900091625 45.8 91.7 1.1
Micromonospora citrea DSM 43903 T GCA_900090315 39.0 89.5 0.3
Micromonospora phytophila DSM 105363 T GCA_023656545 35.2 87.8 1.3
Micromonospora deserti 13K206 T GCA_003236335 327 86.8 1.0
Micromonospora echinaurantiaca DSM 43904 T GCA_900090235 31.3 86.1 0.2
Micromonospora brunnea DSM 438147 GCF_013410185 28.1 84.7 0.4
Micromonospora palomenae DSM 1021317 GCA_007829925 28.0 84.6 0.4
Micromonospora purpureochromogenes DSM 438217 GCA_900091515 27.8 84.7 0.4
Micromonospora coxensis DSM 45161 i GCA_900090295 277 84.3 0.1
Micromonospora halophytica DSM 43171 " GCA_900090245 274 84.1 0.5
Micromonospora chersina DSM 441 517 GCA_900091475 27.2 83.7 0.1
Micromonospora harpali NEAU JC6" GCA_040429615 27.2 83.5 0.4
Micromonospora okii TP-A0468" GCA_020884795 27.2 84.0 0.4
Micromonospora haikouensis DSM 45626 GCA_900091595 27.2 83.7 0.3
Micromonospora chalcea DSM 43026 GCA_002926165 27.0 83.3 0.6
Micromonospora arida LB32' GCA_003857035 26.9 83.5 24
Micromonospora noduli GUI43" GCA_003264365 26.9 83.3 2.3
Micromonospora vinacea DSM 101695 T GCF_015751785 26.8 83.4 2.3
Micromonospora salmantinae PSHO3 T GCA_022230905 26.7 83.3 24
Micromonospora alfalfae MEDO1 T GCA_022230925 26.6 83.1 2.6
Micromonospora profundi DSM 459817 GCA_011927785 26.4 82.9 2.6
‘Micromonospora zhangzhouensis' HM1 347 GCA_007833915 26.3 83.1 0.5
Micromonospora matsumotoense DSM 441 00" GCA_900091525 26.3 829 1.1
Micromonospora rifamycinica AM1 05" GCA_001542325 26.3 829 0.4
Micromonospora wenchangensis CCTCC AA 201 2002" GCA_002210435 26.2 83.0 0.4
Micromonospora humidisoli MMS20-R2-29" GCA_016900955 26.0 82.8 0.5
Micromonospora rifamycinica DSM 449837 GCA_900090265 26.0 82.8 0.4
Micromonospora antibiotica MMS20-R2-23" GCA_017599305 26.0 82.6 0.9
Micromonospora humida MMS20-R1-14" GCF_016901255 259 82.9 0.5
Asanoa ferruginea DSM 44099" GCA_003387075 21.5 a- 2.6

-, not applicable.

for strain DSM 115977 consisted of iso-Cys.q, is0-C16.0, C17:1 Cis 9, C17:0, is0-Cq7.0, and
10-methyl-Cq7.q in line with those of M. echinofusca DSM 43913 (Table 4).

Based on phenotypic, genetic, and genomic data, strain DSM 115977" merits to be
considered as a type strain for a novel species for which the name Micromonospora
reichwaldensis sp. nov. is proposed.

TABLE 2 Genomic features of strain DSM 115977" and its close phylogenomic neighbor, M. echinofusca
DSM 439137

Genomic features Strain DSM 1159777 Micromonospora echinofusca DSM

43,9137
Genome Size (Mb) 7.0 7.0
Contigs 153 1
N50 (bp) 159436 1
GC (%) 73.4 733
Number of RNAs 56 66
Number of coding sequences 6444 6314
Genome completeness (%) 99 ‘-

Contamination (%) 1 -

GenBank accession numbers JAVRFL000000000.1 NZ_LT607733.1

-, not applicable.
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TABLE 3 The subsystem categories of strain DSM 115977 T and its close phylogenomic relative, DSM
439137, ranked in descending order of the numbers of CDS

DSM 115977" DSM 43,9137

Amino acid and derivatives 305 277
Carbohydrates 281 241
Protein metabolism 210 215
Cofactors, vitamins, prosthetic groups, and pigments 169 157
Fatty acids, lipids, and isoprenoids 126 110
DNA metabolism 106 103
Respiration 92 98
Nucleosides and nucleotides 77 77
Metabolism of aromatic compounds 52 43
Membrane transport 54 46
RNA metabolism 51 49
Stress response 51 38
Cell wall and capsule 40 48

« Virulence, disease, and defense 40 37

+ Antibiotic and toxic compounds 28 25
invasion and intracellular resistance 12 12
Iron acquisition and metabolism 27 21
Phosphorus metabolism 22 23
Regulation and cell signaling 22 19
Nitrogen metabolism 21 21
Sulfur metabolism 1 9
Dormancy and sporulation 8 8
Potassium metabolism 5
Secondary metabolism 2

Antibiotic activity of the studied strains and their secondary metabolite BGCs

Several compounds from different antibiotic families were isolated from Micromonospora
strains. Gentamicin was first isolated in 1963 from Micromonospora echinospora NRRL
2953, M. echinospora NRRL 2985, M. echinospora subsp. ferruginea NRRL 2995, and M.
echinospora subsp. pallida NRRL 2996. Sisomicin, verdamicin, fortimicin, neomycin, G-52,
G-418, and JI-20 were derived from Micromonospora inyoensis NRRL 3292, Micromono-
spora grisea NRRL 3800, Micromonospora olivoasterospora (ATCC 21819, ATCC 31010,
and ATCC 31009), Micromonospora sp. 69-683, Micromonospora zionensis NRRL 5466,
M. echinospora NRRL 5326, and Micromonospora purpurea JI-20, respectively. Sagami-
cin was initially extracted from Micromonospora sagamiensis ATCC 21803 and Micromo-
nospora sp. ATCC 21826. As macrolide antibiotics, megalomicins were first recovered
from uncharacterized Micromonospora strains, while rosaramicin, juvenimicin, erythro-
mycin B, and the antibiotic, M-4365 complex, were first derived from Micromonospora
rosaria NRRL 3178, Micromonospora chalcea ATCC 21561, Micromonospora sp. 1225,
and Micromonospora capillata, respectively. Moreover, Micromonospora halophytica NRRL
2998 and M. halophytica NRRL 3097 were a source of the ansamycin family of antibiotics,
namely, halomicins, while Micromonospora ellipsospora 71372 was the first source of
rifamycins SV (24). The citreamicins were initially extracted from Micromonospora citrea
(59, 60). Given the genetic capacity of Micromonospora strains to produce bioactive
compounds, strain DSM 115977" was subjected to an in vitro and in silico assessment of
its biosynthetic potential. To evaluate the antimicrobial activity of the culture extracts of
strain DSM 1159777, antibacterial bioassays were carried against a panel of Gram-positive
and -negative test bacteria, as well as yeast. Strain DSM 115977" showed antibacterial
activities against E. coli AtolC JW5503-1, Proteus vulgaris DSM 2140, and the methicillin-
resistant Staphylococcus aureus DSM 18827 strain, while no inhibition zone was observed
against Candida albicans DSM 1386 (Table S2). To match the bioactivity with the genetic
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TABLE 4 Biochemical and enzymatic features that distinguish strain DSM 1159777 from its close
phylogenomic neighbor, M. echinofusca DSM 43913™

Phenotypic traits” DSM 115977" DSM 439137
a-Galactosidase + -
B-Galactosidase + -
-Glucuronidase + -
a-Glucosidase + -
B-Glucosidase + -
N-Acetyl-B-glucosaminidase + -
Biochemical traits

Potassium nitrate + +

D-Glucose

D-Mannitol + -

D-Maltose - +

Adipic acid - +

Malic acid + -
Chemotaxonomic features

Diaminopimelic acid DL-DAP DL-DAP’

Whole-cell sugar Glu, Man, Xyl, Rib Glu, Xyl°

Polar lipid profile DPG, PE, PI, GPI, GPLg; PAL, PLy_s5, Ls PE®

Quinone profile MK10-Hg (63.1%), MK10-Hg (30.6%)  MK9-H,’

Fatty acid profile (>5%)  is0-Cq5.0 (23.9%), is0-Cq6:0 (18.5%), C17:1 is0-Cqg:0 (22.2%), is0-Cq 5.0
cis 9(11.7%), Cq7.0 (7.8%), 10-methyl-  (22.1%), C171 cis 9 (11.8%),
C1 7:0 (6.8%), iSO-C1 7:0 (6.8%) C1 7:0 (7.3%)/I'SO-C‘| 7:0 (5.4%)

9Glu, glucose; man, mannose; xyl, xylose; rib, ribose. DPG, diphosphatidylglycerol; PI, phosphatidylinositol;
PE, phosphatidylethanolamine; PLj4, phospholipids; GPI, glycophosphatidylinositol; GPL, glycophospholipid;
PAL, phosphoaminolipid; PGL1., phosphoglycolipids. Both strains had positive reactions for alkaline phospha-
tase, esterase (C4), esterase lipase (C8), lipase (C14), leucine arylamidase, valine arylamidase, cystine arylami-
dase, trypsin, a-chymotrypsin, acid phosphatase, naphthol-as-bi-phosphohydrolase, esculin, ferric citrate, gelatin
(bovine origin), 4-nitrophenyl-B-D-galactopyranoside, L-arabinose, and potassium gluconate. Both strains had
negative reactions for a-mannosidase, a-fucosidase, L-tryptophan, L-arginine, urea, D-mannose, N-acetylglucosa-
mine, capric acid, trisodium citrate, and phenylacetic acid; Positive result; Negative result.

®Data taken from Kroppenstedst et al. (58).

¢ (-) negative result; (+) positive result.

biosynthetic potential of the strain, the genome sequence of strain DSM 115977" was
analyzed with antiSMASH for the identification of secondary metabolite BGCs. Genome
mining of DSM 1159777 revealed the presence of 29 BGCs encoding different types
of antibiotic classes (e.g. ribosomally synthesized and post-translationally modified
peptides, non-ribosomal peptides, thiopeptides, polyketides, or terpenes) (Table S3). All
BGCs showed cluster similarity values below 50%, except for three BGCs, which showed
similarity to a chitinimide BGC (region 3.1, 58%), a loseolamycin BGC (region 11.1, 60%),
and a BGC potentially encoding the morphogenetic peptide SapB (region 19.1, 100%).
The phylogenetically closely related strain DSM 43913" has 26 BGCs encoding
for tetrachlorizine, lymphostin, chitinimide, sporolide, SapB, quinolidomicin, hygrocin,
ectoine, azicemicin, phosphonoglycan, and loseolamycin. However, here it should be
noted that the antiSMAH compound designation has no significance with regard to the
substance actually encoded by the BGCs, as the gene cluster similarities are very low.
These data should rather give an idea of how similar the biosynthetic performance of
the two strains is. From the genome sequences of all Micromonospora strains available
in the antiSMASH database (n = 70 genomes) (51), three BGCs, namely, loseolamycin,
phosphonoglycan, and tetrachlorizine, were found to be present in 70, 66, and 63 strains,
respectively. However, here it should be noted that there is certainly a specific gene
synteny that is abundant in all of these Micromonospora strains, but the set of genes
most likely does not encode the biosynthesis of those substances since BGC similarity
values are rather low. Highest similarity values were found for the loseolamycin BGCs
(>60%), which indeed may encode for a compound similar to loseolamycin, a type I
polyketide synthase-derived bioactive alkylresorcinol, which has been identified after
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heterologous expression from M. endolithica (61). However, for the detected phosphono-
glycan and tetrachlorizine BGCs, only two and three genes each showed similarity to
the respective known BGCs, thereby not allowing any statement about the biosynthesis.
Another BGC was also found to be very abundant in Micromonospora strains, which was
an isorenieratene BGC present in 51 (73%) of the 70 strains. This BGC was also identified
in the closely related neighbor, M. echinofusca DSM 41913,

Plant growth-promoting features of strain DSM 1159777 and its closest
phylogenetic neighbor, strain DSM 439137

The ecological potential of Micromonospora strains linked to plant growth promotion
(PGP) has already been reported in several studies (12). Genome screening of strains
DSM 115977" and its close phylogenomic neighbor, DSM 43913, revealed the presence
of genes whose products have direct and indirect effects on promoting and protecting
plant growth. Both strains possessed PGP genes associated with phytohormone and
plant signal production (9%), bioremediation (9%), biofertilization (11%), competitive
exclusion (bacterial species entering into competition with other bacterial species for
available nutrients and mucosal adhesion sites) (20%), stress control (22%), and plant
system colonization (27%). This study provides an insight into the ecological potential of
the strains.

Iron (Fe) is one of the crucial micronutrients for most of organisms, including bacteria
and plants, and its availability in the soil in insoluble oxidized form (Fe** oxy-hydroxide)
adversely affects photosynthesis and the productivity of plants, especially in those where
growth is highly dependent on Fe content, such as quince (Cydonia oblonga) (62, 63). Fe**
oxy-hydroxide must be reduced to Fe** before it can be assimilated by plants, which have
(i) the reduction mechanism and (ii) the chelation process in the roots (64, 65). How-
ever, these strategies proved insufficient for Fe uptake by plants under iron deficiency
conditions (66, 67), which justifies the widespread use of synthetic iron chelating agents
in agriculture (68). These fertilizers are able to bind heavy metals, which explains their
poor degradation in the soil (69). The saprophytic and symbiotic bacteria that colonize
the rhizosphere, along with the endophytic bacteria that thrive inside the plant, have
been found to promote the growth and health of the plants. These microorganisms are
referred as PGP rhizobacteria (PGPR). The latter exhibit various iron acquisition systems
and play an important role in regulating iron uptake in case of soil deficiency (63), in
addition to their role in nutrient uptake and reduction of biotic and abiotic stresses
(70, 71). Among the known PGPR organisms are Micrococcus, Pseudomonas, Agrobacte-
rium, and Bacillus (3, 70). Several Micromonospora strains have been shown to promote
plant growth, such as Micromonospora lupini Lupac 08 and Micromonospora saelicesensis
GARO5 and PSN13 (8, 25-27).

The genomes of the studied strains comprised gene clusters linked to iron acquisi-
tion mechanisms, including hemophores-heme, hemophores-siroheme, iron homeosta-
sis-Fmn|Dmk|Ppl|Ndh|Eet, FoXxABCD, and other cytochrome-related protein systems. The
genomes of the strains also comprised genes associated with (i) iron uptake regulation
(furB, troR etc) and (ii) lipoic acid chelators, as well as gene clusters for the iron transport
system (feuABC and iron Ill transport) (Table S4). More details on the gene associated with
iron metabolism are provided in Table S4.

Phosphorus (P) and potassium (K) are involved in many biological and metabolic
processes that are essential for plant growth. Several bacteria have been proven capable
of solubilizing inorganic phosphate and potassium and rendering them available to the
plant (72). The generation of the assimilable form of P by PGP bacteria is achieved via an
enzymatic process or through the production of other molecules, such as siderophores,
hydroxyl ions, CO, and organic acids (73-75).

Potassium deficiency is more associated with saline soils, where sodium concentra-
tion is high, and, consequently, plants suffer from an imbalance in the cytosolic K*/Na*
ratio, which is crucial for plant growth (76-78). Only 2% of K is present in the soil
in an available form for the plant, while 98% occurs in fixed form (79). Potassium is
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a macronutrient that is as important as nitrogen (N) for several cereal crops (80, 81).
This cation helps plants to take up N and P efficiently, assimilate CO, more effectively,
and regulate osmotic balance in the presence of abiotic and biotic stresses (82, 83). It
has been shown that K deficiency causes severe deterioration of the plants at various
growth stages, leading to a significant reduction in yield quality and quantity (72,
81). PGPR have been demonstrated to produce a number of metabolites that reduce
the detrimental impact of abiotic stress on plants by adjusting the ionic transport of
potassium and sodium, leading to a balanced Na*/K" ratio (84, 85). PGPR synthesize
enzymes and exopolysaccharides to support biofilm formation around the root, which
limits sodium infiltration (86). Among the microorganisms capable of solubilizing K and
P are Rhizobium, Micrococcus, and Aspergillus (87). Micromonospora strains have also
been shown to be useful for enhancing plant growth and phytoremediation (12). In this
context, the genome sequence of the studied strains was found to harbor a multitude
of genes associated with phosphate and potassium solubilization and whose products
are involved in several organic acids’ biosynthesis, such as acetic, aconitic, butyric,
citric, formic, fumaric, keto-gluconate, ketoglutaric, lactic, malic, malonic acid, oxalacetic,
propionic, pyruvic, and succinic acids (Table S4). These latter dissolve insoluble phos-
phate and potassium and make them available to plants.

Environmental contamination by heavy metals is constantly increasing as a result of
natural and anthropogenic activities related to mining, the use of chemical pesticides
and fertilizers, and industrial waste (88). However, some metals, such as copper, iron,
manganese, nickel and zinc, are essential in low concentration for the biological and
physiological mechanisms of living organisms, while other metals like arsenic, cadmium,
chromium, and mercury are toxic compounds (89). The use of bacteria for bioremedia-
tion is an economic and ecological alternative, as they are apt to remediate a conta-
minated site by absorption or bioaccumulation (90, 91). Apart from PGPR, numerous
endophytic bacteria have been found very useful in phytoremediation, as they supply
their host with the metabolic energy needed to reduce the phytotoxic effect of heavy
metals and/or degrade the heavy metal absorbed by the host plant (92-94). Among
these endophytic bacteria, Micromonospora metallophores was found to be resistant
to toxic compounds and to produce metallophores against various heavy metals (95).
Genome analysis indicated that strains DSM 1159777 and DSM 43913" have the genetic
machinery for metal acquisition and detoxification of heavy metals, such as antimony,
arsenic, cadmium, bismuth, chromate, cobalt, copper, nickel, manganese, selenium,
tellurium, zinc, etc. (Table S4). Moreover, the strains comprised genes, of which the
potential products are involved in the xenobiotic’s biodegradation pathways for several
toxic compounds, such as dioxin, atrazine, benzoate, caprolactam, dichloroethane, etc.
(Table S4).

PGPR can directly stimulate plant growth by synthesizing phytohormones (96, 97)
and metabolizing growth-inhibiting compounds (98). The plant hormonal system can
change following microbial interaction (99, 100), which leads to increased biotic and
abiotic resistance and regulate the osmotic and antioxidant systems of the plants
(101). Among the most well-known phytohormones are auxin (indole-3-acetic acid,
IAA), abscisic acid (ABA), gibberellin, and cytokinins, which are known for their crucial
role in plant growth. Auxin regulates plant cell elongation and growth, enhances plant
immunity, and confers resistance to biotic and abiotic stresses, though it is mainly known
for its ability to stimulate root development (100-102). ABA protects the plant against
abiotic stress, such as drought and salt, by closing the stomata to reduce water loss and
enhance the root elongation when it is in a high concentration (103, 104). Cytokinins
induce stomatal opening to boost the photosynthesis and plant growth (103, 105) and
confer on the plant certain resistance to abiotic stress, such as drought (106). Gibberellin
is involved in regulating different growth stages of the plant from seed germination,
stem elongation, flowering, to the development of fruits and seeds (107). It provides
the plant with some resistance to both salt and biotic stresses by acting as inter-phy-
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tohormonal crosstalk and supporting the symbiotic interaction of plant and bacteria,
respectively.

These phytohormones have been recorded in several actinobacterial strains, such as
Frankia, Streptomyces, and Micromonospora, in addition to the well-studied PGPR bacteria
(e.g., Rhizobium, etc.) (8, 108). Genome mining for PGP genes showed that strains DSM
115977" and DSM 43913 have genes of which the potential products are involved
in the metabolisms of IAA, ABA, y-aminobutyric acid (GABA), cytokinin, xanthine, and
gibberellins (Table S4). GABA plays a main role in controlling environmental stress
responses (109). The genome sequences of the strains harbor genes potentially encoding
the biosynthesis of the plant vitamins B12, B1, B2, B5, B6, B9, and C, which are involved
in the biosynthesis of cobalamin, thiamine, riboflavin, pantothenic acid, pyridoxine/pyri-
doxal/pyridoxamine, folate, and ascorbic acid, respectively. Genes related to synthesis of
the plant vitamins E, K, and lipoic acid were also detected in the strains.

These findings are in line with the genetic ability of strains DSM 115977" and DSM
439137 to colonize plants, though they were isolated from the ash of brown coal and
chukar excrement, respectively (58). A series of genes linked to plant host invasion
factors, surface adhesion and attachment mechanisms, and root colonization were found
in the genomes of the strains. As other micromonosporae, several genes involved in
the metabolism of trehalose were present in the studied strains, with some of them
encoding the trehalase enzyme that regulates plant nodule formation (12, 110, 111).

Furthermore, the genetic makeup of the strains contains genes involved in neutraliz-
ing osmotic (e.g.,, ROS scavenging), salinity (e.g., via proline metabolism), acidic (e.g.,
spermidine), and herbicidal (e.g., organophosphate degradation) stresses. Genes related
to heat shock proteins, high and low temperature regulation, and cold-affected biofilm
were present in both studied strains. The latter had acidic stress encoding genes related
to metabolism of putrescine and oxalate, which induce acid tolerance. Genes associated
with induction of systemic resistance to boost the plant immune system were also found
in the strains (Table S4).

It is evident from fitness-associated genes that the strains are capable of adapt-
ing their metabolism and surviving in a poor and/or competitive environment. This
conclusion was drawn after detection of a number of genes connected to the CRISPR-
CAS system, adaptative mutation, mobile elements, multidrug resistance, phage defense
system, resistance to antimicrobial and toxic compounds (e.g. B-lactam, lanthibiotic,
macrolide, etc.), toxin and antitoxin systems, etc. (Table S4). Further details on the
bacteria fitness genes are provided in Table S4. Altogether, this discloses the potential
plant growth-promoting properties of strain DSM 115977".

Conclusion

Modern polyphasic taxonomic study confirms the affiliation of strain DSM 115977 to
a novel species for which the name Micromonospora reichwaldensis sp. nov. is pro-
posed. The strain harbors in its genomic sequence several biosynthetic gene clusters
for secondary metabolites and genes associated with plant growth-promoting features
which is coherent with the biotechnological and ecological potentials of this taxon (12).
The results of this study provide a very useful basis for launching more in-depth research
into agriculture and/or drug discovery and call for applying a modern polyphasic
taxonomic approach for description of any strains with a potential application (e.g.,
pharmacy, bioremediation, etc.) and/or with clinical relevance in accordance with the
Rules of the Prokaryotic Code of the International Code of Nomenclature of Prokaryotes
in order to ensure continuity of research studies by the scientific community.

Description of Micromonospora reichwaldensis sp. nov

Micromonospora reichwaldensis (reich.wald.en’sis. N.L. fem. adj. Reichwaldensis, referring to
the Reichwalde village in Germany, from where the brown coal ash was collected)
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Gram-stain positive, aerobic actinobacterium with extensively branched substrate
mycelium with orange color on ISP1 (DSMZ 1764), ISP2 (DSMZ 987), ISP6 (DSMZ 1269),
ISP7 (DSMZ 1619), N-Z-amine (DSMZ 554), and TSA (trypticase soy agar; DSMZ 535) agar
media. The strain grows well from 25 to 42°C, optimally at 28 and 37°C and from pH 5.5 to
8.0, optimally at pH 7.0. Optimal growth is observed on ISP1, ISP 6, ISP 7, and N-Z Amine
at 28°C.

The strain is oxidase-negative and catalase-positive. Whole-cell sugars consist of
glucose, mannose, xylose, and ribose. The peptidoglycan contains DL-DAP. The fatty
acid profile (>5%) comprises iso-Cqs.q, i50-Cy6:0, C17:1 €is 9, C17:0, is0-Cq7.9, and 10-methyl-
Cq7:0- Polar lipid pattern consists of diphosphatidylglycerol, phosphatidylethanolamine,
phosphatidylinositol, glycophosphatidylinositol, glycophospholipids, phosphoaminoli-
pid, unidentified lipids, and phospholipids. The predominant menaquinones (>10%) are
MK-10 H4 and MK-10 Hg.

The type strain, DSM 1159777 (= Asg4" =KCTC 59188"), was isolated from brown coal
ash collected in Germany. The genome size of strain DSM 1159777 is 7.0 Mb, with a DNA
G + C content of 73.4%. The GenBank accession number of the assembled draft genome
is JAVRFLO00000000.1.

ACKNOWLEDGMENTS

The authors are indebted to Dr. Sabine Gronow, Dr. Riidiger Pukall, Dr. Christi-
ane Baschien, and Dr. Andrey Yurkov (Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures, Germany) for providing the reference strains for the
bioassays. They are grateful to Birgit Griin, Gesa Martens, and Anika Wasner (Leibniz
Institute DSMZ-German Collection of Microorganisms and Cell Cultures, Germany) for
the excellent technical assistance. Genome sequencing was carried out and provided by
MicrobesNG (http://www.microbesng.com). They further thank Heike Freese for her help
in naming the proposed type strain.

The authors gratefully acknowledge the funding received from the Leibniz Associa-
tion (K445/2022).

I.N. conceived and designed the study. A.Z, M.J., and G.P. performed phenotypic
and antimicrobial bioassay analyses. I.N., A.Z,, JPG.E.,, and Y.M. performed phylogenetic
and in-silico analyses related to the biotechnological, pharmaceutical, and ecological
potentials of the strain. M.N.-S. carried out the chemotaxonomic analyses. All authors
analyzed the data and contributed in the draft manuscript. All authors read and
approved the final version of the manuscript.

AUTHOR AFFILIATIONS

Leibniz-Institute DSMZ-German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany

Braunschweig Integrated Centre of Systems Biology (BRICS), Braunschweig, Germany
*Technische Universitdt Braunschweig, Institut fiir Mikrobiologie, Braunschweig, Germany

AUTHOR ORCIDs

Imen Nouioui 2 http://orcid.org/0000-0002-7973-7640
Yvonne Mast & https://orcid.org/0000-0003-3099-5777

AUTHOR CONTRIBUTIONS

Imen Nouioui, Conceptualization, Data curation, Formal analysis, Funding acquisition,
Investigation, Methodology, Project administration, Resources, Software, Supervision,
Validation, Visualization, Writing — original draft, Writing — review and editing | Alina
Zimmermann, Data curation, Formal analysis, Methodology, Software, Validation, Writing
- review and editing | Juan Pablo Gomez Escribano, Data curation, Formal analysis,
Methodology, Software, Validation, Writing — review and editing | Marlen Jando,

April 2025 Volume 13  Issue 4

Microbiology Spectrum

10.1128/spectrum.02129-24 13


https://www.ncbi.nlm.nih.gov/nuccore/JAVRFL000000000.1
http://www.microbesng.com
http://orcid.org/0000-0002-7973-7640
https://orcid.org/0000-0003-3099-5777
https://doi.org/10.1128/spectrum.02129-24

Research Article

Methodology, Software, Validation, Writing - review and editing | Gabriele Pétter, Formal
analysis, Methodology, Validation, Writing — review and editing | Meina Neumann-Schaal,
Formal analysis, Methodology, Software, Supervision, Validation, Writing — review and
editing | Yvonne Mast, Data curation, Methodology, Resources, Supervision, Validation,
Writing — original draft, Writing - review and editing

DATA AVAILABILITY

All data generated or analyzed during this study are included in this published article.
The accession number of genome data set of strain DSM 1159777 used during the current
study is available in GenBank under accession number JAVRFLO00000000.1.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (Spectrum02129-24-s0001.docx). Fig. S1 and S2; Tables S1 to
S3.

Table S4 (Spectrum02129-24-s0002.xIsx). Genes associated with plant growth
promotion of strain DSM 115977" and its closest phylogenomic neighbor strain, DSM
43913T.

Microbiology Spectrum

REFERENCES

1.

@rskov J. 1923. Investigations into the morphology of the ray fungi.
Levin & Munksgaard, Copenhagen, Denmark.

Gao R, Liu C, Zhao J, Jia F, Yu C, Yang L, Wang X, Xiang W. 2014.
Micromonospora jinlongensis sp. nov., isolated from muddy soil in China
and emended description of the genus Micromonospora. Antonie Van
Leeuwenhoek 105:307-315. https://doi.org/10.1007/510482-013-0074-
3

Nouioui |, Carro L, Garcia-Lépez M, Meier-Kolthoff JP, Woyke T, Kyrpides
NC, Pukall R, Klenk HP, Goodfellow M, Goker M. 2018. Genome-based
taxonomic classification of the phylum Actinobacteria. Front Microbiol
9:2007. https://doi.org/10.3389/fmicb.2018.02007

Krassilnikov NA. 1938. Ray fungi and related organisms - Actinomyce-
tales. Akademii Nauk SSSR, Moscow.

Genilloud O, Order XI. 2012. Micromonosporales ord. nov. In Goodfellow
M, Kédmpfer P, Busse HJ, Trujillo ME, Suzuki B, Ludwig W, Whitman WB
(ed), Bergey’s manual of systematic bacteriology, 2nd ed, Vol. 5.
Springer, New York.

Foulerton A. 1905. New species of Streptothrix isolated from the air.
Lancet 1:1199-1200.

GenilloudO. 1923. Micromonospora @rskov, p 1939-1057. In Goodfel-
low M, Kdmpfer P, Busse HJ, Trujillo ME, Suzuki K, Ludwig W, Whitman
WB (ed), Bergey’s manual of systematic bacteriology, 2nd ed, Vol. 5.
Springer, New York.

Carro L, Nouioui I, Sangal V, Meier-Kolthoff JP, Trujillo ME, Montero-
Calasanz MDC, Sahin N, Smith DL, Kim KE, Peluso P, Deshpande S,
Woyke T, Shapiro N, Kyrpides NC, Klenk H-P, Goker M, Goodfellow M.
2018. Genome-based classification of micromonosporae with a focus
on their biotechnological and ecological potential. Sci Rep 8:525. https:
//doi.org/10.1038/541598-017-17392-0

Razmilic V, Nouioui |, Karlyshev A, Jawad R, Trujillo ME, Igual JM,
Andrews BA, Asenjo JA, Carro L. 2023. Micromonospora parastrephiae
sp. nov. and Micromonospora tarensis sp. nov., isolated from the
rhizosphere of a Parastrephia quadrangularis plant growing in the Salar
de Tara region of the Central Andes in Chile. Int J Syst Evol Microbiol
73:2006189. https://doi.org/10.1099/ijsem.0.006189

Carro L, Castro JF, Razmilic V, Nouioui I, Pan C, Igual JM, Jaspars M,
Goodfellow M, Bull AT, Asenjo JA, Klenk HP. 2019. Uncovering the
potential of novel micromonosporae isolated from an extreme hyper-
arid Atacama Desert soil. Sci Rep 9:4678. https://doi.org/10.1038/54159
8-019-38789-z

Carro L, Pukall R, Sproer C, Kroppenstedt RM, Trujillo ME. 2013.
Micromonospora halotolerans sp. nov., isolated from the rhizosphere of

April 2025 Volume 13  Issue 4

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

a Pisum sativum plant. Antonie Van Leeuwenhoek 103:1245-1254. https
://doi.org/10.1007/510482-013-9903-7

Carro L, Razmilic V, Nouioui |, Richardson L, Pan C, Golinska P, Asenjo JA,
Bull AT, Klenk HP, Goodfellow M. 2018. Hunting for cultivable
Micromonospora strains in soils of the Atacama Desert. Antonie Van
Leeuwenhoek 111:1375-1387. https://doi.org/10.1007/s10482-018-104
9-1

Riesco R, Ortizar M, Roman-Ponce B, Sanchez-Juanes F, Igual JM,
Trujillo ME. 2022. Six novel Micromonospora species associated with the
phyllosphere and roots of leguminous plants: Micromonospora alfalfae
sp. nov., Micromonospora cabrerizensis sp. nov. Micromonospora
foliorum sp. nov., Micromonospora hortensis sp. nov., Micromonospora
salmantinae sp. nov., and Micromonospora trifolii sp. nov. Int J Syst Evol
Microbiol 72:e005680. https://doi.org/10.1099/ijsem.0.005680

Kaewkla O, Thamchaipinet A, Franco CMM. 2017. Micromonospora
terminaliae sp. nov., an endophytic actinobacterium isolated from the
surface-sterilized stem of the medicinal plant Terminalia mucronata. Int
J Syst Evol Microbiol 67:225-230. https://doi.org/10.1099/ijsem.0.00160
0

Kuncharoen N, Pittayakhajonwut P, Tanasupawat S. 2018. Micromono-
spora globbae sp. nov., an endophytic actinomycete isolated from roots
of Globba winitii C. H. Wright. Int J Syst Evol Microbiol 68:1073-1077. htt
ps://doi.org/10.1099/ijsem.0.002625

Girard G, Traag BA, Sangal V, Mascini N, Hoskisson PA, Goodfellow M,
van Wezel GP. 2013. A novel taxonomic marker that discriminates
between morphologically complex actinomycetes. Open Biol 3:130073.
https://doi.org/10.1098/rsob.130073

Chandra G, Chater KF. 2014. Developmental biology of Streptomyces
from the perspective of 100 actinobacterial genome sequences. FEMS
Microbiol Rev 38:345-379. https://doi.org/10.1111/1574-6976.12047
Kamneva OK, Ward NL. 2014. Reconciliation approaches to determining
HGT, duplications, and losses in gene trees, p 183-199. In Methods in
microbiology. Vol. 41. Academic Press.

Richter M, Rossell6-Méra R. 2009. Shifting the genomic gold standard
for the prokaryotic species definition. Proc Natl Acad Sci U S A
106:19126-19131. https://doi.org/10.1073/pnas.0906412106

Goris J, Konstantinidis KT, Klappenbach JA, Coenye T, Vandamme P,
Tiedje JM. 2007. DNA-DNA hybridization values and their relationship
to whole-genome sequence similarities. Int J Syst Evol Microbiol 57:81-
91. https://doi.org/10.1099/ijs.0.64483-0

Moore WEC, Stackebrandt E, Kandler O, Colwell RR, Krichevsky MI,
Truper HG, Murray RGE, Wayne LG, Grimont PAD, Brenner DJ, Starr MP,

10.1128/spectrum.02129-24 14


https://www.ncbi.nlm.nih.gov/nuccore/JAVRFL000000000.1
https://doi.org/10.1128/spectrum.02129-24
https://doi.org/10.1007/s10482-013-0074-3
https://doi.org/10.3389/fmicb.2018.02007
https://doi.org/10.1038/s41598-017-17392-0
https://doi.org/10.1099/ijsem.0.006189
https://doi.org/10.1038/s41598-019-38789-z
https://doi.org/10.1007/s10482-013-9903-7
https://doi.org/10.1007/s10482-018-1049-1
https://doi.org/10.1099/ijsem.0.005680
https://doi.org/10.1099/ijsem.0.001600
https://doi.org/10.1099/ijsem.0.002625
https://doi.org/10.1098/rsob.130073
https://doi.org/10.1111/1574-6976.12047
https://doi.org/10.1073/pnas.0906412106
https://doi.org/10.1099/ijs.0.64483-0
https://doi.org/10.1128/spectrum.02129-24

Research Article

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

April 2025 Volume 13

Moore LH. 1987. Report of the ad hoc committee on reconciliation of
approaches to bacterial systematics. Int J Syst Evol Microbiol 37:463—
464. https://doi.org/10.1099/00207713-37-4-463

Hahnke RL, Meier-Kolthoff JP, Garcia-Lopez M, Mukherjee S, Hunte-
mann M, Ivanova NN, Woyke T, Kyrpides NC, Klenk HP, Goker M. 2016.
Genome-based taxonomic classification of Bacteroidetes. Front
Microbiol 7:2003. https://doi.org/10.3389/fmicb.2016.02003

Hifnawy MS, Fouda MM, Sayed AM, Mohammed R, Hassan HM,
AbouZid SF, Rateb ME, Keller A, Adamek M, Ziemert N, Abdelmohsen
UR. 2020. The genus Micromonospora as a model microorganism for
bioactive natural product discovery. RSC Adv 10:20939-20959. https://
doi.org/10.1039/d0ra04025h

Wagman GH, Weinstein MJ. 1980. Antibiotics from Micromonospora.
Annu Rev Microbiol 34:537-557. https://doi.org/10.1146/annurev.mi.34
.100180.002541

Trujillo ME, Bacigalupe R, Pujic P, Igarashi Y, Benito P, Riesco R, Médigue
C, Normand P. 2014. Genome features of the endophytic actinobacte-
rium Micromonospora lupini strain Lupac 08: on the process of
adaptation to an endophytic life style? PLoS One 9:e108522. https://doi.
org/10.1371/journal.pone.0108522

Benito P, Alonso-Vega P, Aguado C, Lujan R, Anzai Y, Hirsch AM, Trujillo
ME. 2017. Monitoring the colonization and infection of legume nodules
by Micromonospora in co-inoculation experiments with rhizobia. Sci
Rep 7:11051. https://doi.org/10.1038/541598-017-11428-1

Goodfellow M, Nouioui |, Sanderson R, Xie F, Bull AT. 2018. Rare taxa
and dark microbial matter: novel bioactive actinobacteria abound in
Atacama Desert soils. Antonie Van Leeuwenhoek 111:1315-1332. https:
//doi.org/10.1007/510482-018-1088-7

Idris HB. 2016. Actinobacterial diversity in Atacama Desert habitats as a
road map to biodiscovery PhD Thesis, Newcastle University, UK
Weisburg WG, Barns SM, Pelletier DA, Lane DJ. 1991. 16S ribosomal
DNA amplification for phylogenetic study. J Bacteriol 173:697-703. http
s://doi.org/10.1128/jb.173.2.697-703.1991

Sanger F, Coulson AR. 1975. A rapid method for determining sequences
in DNA by primed synthesis with DNA polymerase. J Mol Biol 94:441-
448. https://doi.org/10.1016/0022-2836(75)90213-2

Siméo FA, Waterhouse RM, loannidis P, Kriventseva EV, Zdobnov EM.
2015. BUSCO: assessing genome assembly and annotation complete-
ness with single-copy orthologs. Bioinformatics 31:3210-3212. https://
doi.org/10.1093/bioinformatics/btv351

Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA, Formsma K,
Gerdes S, Glass EM, Kubal M, et al. 2008. The RAST Server: rapid
annotations using subsystems technology. BMC Genomics 9:1-5. https:
//doi.org/10.1186/1471-2164-9-75

Chalita M, Kim YO, Park S, Oh H-S, Cho JH, Moon J, Baek N, Moon C, Lee
K, Yang J, Nam GG, Jung Y, Na S-I, Bailey MJ, Chun J. 2024. EzBioCloud: a
genome-driven database and platform for microbiome identification
and discovery. Int J Syst Evol Microbiol 74:e006421. https://doi.org/10.1
099/ijsem.0.006421

Meier-Kolthoff JP, Auch AF, Klenk HP, Goker M. 2013. Genome
sequence-based species delimitation with confidence intervals and
improved distance functions. BMC Bioinformatics 14:60. https://doi.org
/10.1186/1471-2105-14-60

Meier-Kolthoff JP, Carbasse JS, Peinado-Olarte RL, Goker M. 2022. TYGS
and LPSN: a database tandem for fast and reliable genome-based
classification and nomenclature of prokaryotes. Nucleic Acids Res
50:D801-D807. https://doi.org/10.1093/nar/gkab902

Meier-Kolthoff JP, Goker M, Sproer C, Klenk HP. 2013. When should a
DDH experiment be mandatory in microbial taxonomy? Arch Microbiol
195:413-418. https://doi.org/10.1007/s00203-013-0888-4
Meier-Kolthoff JP, Hahnke RL, Petersen J, Scheuner C, Michael V, Fiebig
A, Rohde C, Rohde M, Fartmann B, Goodwin LA, Chertkov O, Reddy T,
Pati A, lvanova NN, Markowitz V, Kyrpides NC, Woyke T, Goker M, Klenk
H-P. 2014. Complete genome sequence of DSM 30083, the type strain
(U5/417) of Escherichia coli, and a proposal for delineating subspecies in
microbial taxonomy. Stand Genomic Sci 9:2. https://doi.org/10.1186/19
44-3277-9-2

Edgar RC. 2004. MUSCLE: multiple sequence alignment with high
accuracy and high throughput. Nucleic Acids Res 32:1792-1797. https:/
/doi.org/10.1093/nar/gkh340

Stamatakis A. 2014. RAXML version 8: a tool for phylogenetic analysis
and post-analysis of large phylogenies. Bioinformatics 30:1312-1313. ht
tps://doi.org/10.1093/bioinformatics/btu033

Issue 4

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Microbiology Spectrum

Goloboff PA, Farris JS, Nixon KC. 2008. TNT, a free program for
phylogenetic analysis. Cladistics 24:774-786. https://doi.org/10.1111/j.1
096-0031.2008.00217.x

Pattengale ND, Alipour M, Bininda-Emonds ORP, Moret BME,
Stamatakis A. 2010. How many bootstrap replicates are necessary? J
Comput Biol 17:337-354. https://doi.org/10.1089/cmb.2009.0179
Swofford DL. 2002. Phylogenetic analysis using parsimony (* and other
methods). Version. 4:b10. Vol. 4. Sunderland Sinauer Associates

Yoon SH, Ha SM, Lim J, Kwon S, Chun J. 2017. A large-scale evaluation of
algorithms to calculate average nucleotide identity. Antonie Van
Leeuwenhoek 110:1281-1286. https://doi.org/10.1007/s10482-017-084
4-4

Lechevalier MP, Lechevalier H. 1970. Chemical composition as a
criterion in the classification of aerobic actinomycetes. Int J Syst
Bacteriol 20:435-443. https://doi.org/10.1099/00207713-20-4-435
Staneck JL, Roberts GD. 1974. Simplified approach to identification of
aerobic actinomycetes by thin-layer chromatography. Appl Microbiol
28:226-231. https://doi.org/10.1128/am.28.2.226-231.1974

Minnikin DE, O'Donnell AG, Goodfellow M, Alderson G, Athalye M,
Schaal A, Parlett JH. 1984. An integrated procedure for the extraction of
bacterial isoprenoid quinones and polar lipids. J Microbiol Methods
2:233-241. https://doi.org/10.1016/0167-7012(84)90018-6

Schumann P, Kalensee F, Cao J, Criscuolo A, Clermont D, Kohler JM,
Meier-Kolthoff JP, Neumann-Schaal M, Tindall BJ, Pukall R. 2021.
Reclassification of Haloactinobacterium glacieicola as Occultella
glacieicola gen. nov., comb. nov., of Haloactinobacterium album as
Ruania alba comb. nov, with an emended description of the genus
Ruania, recognition that the genus names Haloactinobacterium and
Ruania are heterotypic synonyms and description of Occultella aeris sp.
nov., a halotolerant isolate from surface soil sampled at an ancient
copper smelter. Int J Syst Evol Microbiol 71:e004769. https://doi.org/10.
1099/ijsem.0.004769

Sasser M. 1990. Identification of bacteria by gas chromatography of
cellular fatty acids. Technical note 101. DE: MIDI

Vieira S, Huber KJ, Neumann-Schaal M, Geppert A, Luckner M, Wanner
G, Overmann J. 2021. Usitatibacter rugosus gen. nov., sp. nov. and
Usitatibacter palustris sp. nov., novel members of Usitatibacteraceae
fam. nov. within the order Nitrosomonadales isolated from soil. Int J Syst
Evol Microbiol 71:004631. https://doi.org/10.1099/ijsem.0.004631

Kelly KL. 1964. Color-name charts illustrated with centroid colors. Inter-
Society Color Council-National Bureau of Standards, Chicago.

Blin K, Shaw S, Augustijn HE, Reitz ZL, Biermann F, Alanjary M, Fetter A,
Terlouw BR, Metcalf WW, Helfrich EJN, van Wezel GP, Medema MH,
Weber T. 2023. antiSMASH 7.0: new and improved predictions for
detection, regulation, chemical structures and visualisation. Nucleic
Acids Res 51:W46-W50. https://doi.org/10.1093/nar/gkad344

Nouioui |, Zimmermann A, Hennrich O, Xia S, Rossler O, Makitrynskyy R,
Pablo Gomez-Escribano J, Potter G, Jando M, Déppner M, Wolf J,
Neumann-Schaal M, Hughes C, Mast Y. 2024. Challenging old
microbiological treasures for natural compound biosynthesis capacity.
Front Bioeng Biotechnol 12:1255151. https://doi.org/10.3389/fbioe.202
4.1255151

Patz S, Rauh M, Gautam A, Huson DH. 2024. mgPGPT: metagenomic
analysis of plant growth-promoting traits. bioRxiv. https://doi.org/10.11
01/2024.02.17.580828

Patz S, Gautam A, Becker M, Ruppel S, Rodriguez-Palenzuela P, Huson
DH. 2021. PLaBAse: a comprehensive web resource for analyzing the
plant growth-promoting potential of plant-associated bacteria. bioRxiv.
https://doi.org/10.1101/2021.12.13.472471

Ashrafi S, Kuzmanovi¢ N, Patz S, Lohwasser U, Bunk B, Sproer C, Lorenz
M, Elhady A, Frihling A, Neumann-Schaal M, Verbarg S, Becker M,
Thinen T. 2022. Two new Rhizobiales species isolated from root
nodules of common sainfoin (Onobrychis viciifolia) show different plant
colonization strategies. Microbiol Spectr 10:e0109922. https://doi.org/1
0.1128/spectrum.01099-22

Chalmers JD, Aliberti S, Polverino E, Vendrell M, Crichton M, Loebinger
M, Dimakou K, Clifton I, van der Eerden M, Rohde G, et al. 2016. The
EMBARC European Bronchiectasis Registry: protocol for an interna-
tional observational study. ERJ Open Res 2:00081-2015. https://doi.org/
10.1183/23120541.00081-2015

Chun J, Rainey FA. 2014. Integrating genomics into the taxonomy and
systematics of the Bacteria and Archaea. Int J Syst Evol Microbiol
64:316-324. https://doi.org/10.1099/ijs.0.054171-0

10.1128/spectrum.02129-24 15


https://doi.org/10.1099/00207713-37-4-463
https://doi.org/10.3389/fmicb.2016.02003
https://doi.org/10.1039/d0ra04025h
https://doi.org/10.1146/annurev.mi.34.100180.002541
https://doi.org/10.1371/journal.pone.0108522
https://doi.org/10.1038/s41598-017-11428-1
https://doi.org/10.1007/s10482-018-1088-7
https://doi.org/10.1128/jb.173.2.697-703.1991
https://doi.org/10.1016/0022-2836(75)90213-2
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1099/ijsem.0.006421
https://doi.org/10.1186/1471-2105-14-60
https://doi.org/10.1093/nar/gkab902
https://doi.org/10.1007/s00203-013-0888-4
https://doi.org/10.1186/1944-3277-9-2
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1111/j.1096-0031.2008.00217.x
https://doi.org/10.1089/cmb.2009.0179
https://doi.org/10.1007/s10482-017-0844-4
https://doi.org/10.1099/00207713-20-4-435
https://doi.org/10.1128/am.28.2.226-231.1974
https://doi.org/10.1016/0167-7012(84)90018-6
https://doi.org/10.1099/ijsem.0.004769
https://doi.org/10.1099/ijsem.0.004631
https://doi.org/10.1093/nar/gkad344
https://doi.org/10.3389/fbioe.2024.1255151
https://doi.org/10.1101/2024.02.17.580828
https://doi.org/10.1101/2021.12.13.472471
https://doi.org/10.1128/spectrum.01099-22
https://doi.org/10.1183/23120541.00081-2015
https://doi.org/10.1099/ijs.0.054171-0
https://doi.org/10.1128/spectrum.02129-24

Research Article

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

April 2025 Volume 13

Kroppenstedt RM, Mayilraj S, Wink JM, Kallow W, Schumann P,
Secondini C, Stackebrandt E. 2005. Eight new species of the genus
Micromonospora, Micromonospora citrea sp. nov., Micromonospora
echinaurantiaca sp. nov., Micromonospora echinofusca sp. nov.
Micromonospora fulviviridis sp. nov., Micromonospora inyonensis sp.
nov., Micromonospora peucetia sp. nov., Micromonospora sagamiensis
sp. nov., and Micromonospora viridifaciens sp. nov. Syst Appl Microbiol
28:328-339. https://doi.org/10.1016/j.syapm.2004.12.011

Carter GT, Nietsche JA, Williams DR, Borders DB. 1990. Citreamicins,
novel antibiotics from Micromonospora citrea: isolation, characteriza-
tion, and structure determination. J Antibiot 43:504-512. https://doi.or
g/10.7164/antibiotics.43.504

Maiese WM, Lechevalier MP, Lechevalier HA, Korshalla J, Goodman J,
Wildey MJ, Kuck N, Greenstein M. 1989. LL-E190850, a novel antibiotic
from Micromonospora citrea: taxonomy, fermentation and biological
activity. J Antibiot 42:846-851. https://doi.org/10.7164/antibiotics.42.84
6

Lasch C, Gummerlich N, Myronovskyi M, Palusczak A, Zapp J,
Luzhetskyy A. 2020. Loseolamycins: a group of new bioactive
alkylresorcinols produced after heterologous expression of a type llI
PKS from Micromonospora endolithica. Molecules 25:4594. https://doi.or
9/10.3390/molecules25204594

Wandersman C, Delepelaire P. 2004. Bacterial iron sources: from
siderophores to hemophores. Annu Rev Microbiol 58:611-647. https://
doi.org/10.1146/annurev.micro.58.030603.123811

Rahimi S, Talebi M, Baninasab B, Gholami M, Zarei M, Shariatmadari H.
2020. The role of plant growth-promoting rhizobacteria (PGPR) in
improving iron acquisition by altering physiological and molecular
responses in quince seedlings. Plant Physiol Biochem 155:406-415. http
s://doi.org/10.1016/j.plaphy.2020.07.045

Santi S, Schmidt W. 2009. Dissecting iron deficiency-induced proton
extrusion in Arabidopsis roots. New Phytol 183:1072-1084. https://doi.
org/10.1111/j.1469-8137.2009.02908.x

Kobayashi T, Nishizawa NK. 2012. Iron uptake, translocation, and
regulation in higher plants. Annu Rev Plant Biol 63:131-152. https://doi.
org/10.1146/annurev-arplant-042811-105522

Zuo Y, Zhang F. 2011. Soil and crop management strategies to prevent
iron deficiency in crops. Plant Soil 339:83-95. https://doi.org/10.1007/s
11104-010-0566-0

ipek M, Aras S, Arikan S, Esitken A, Pirlak L, Dénmez MF, Turan M. 2017.
Root plant growth promoting rhizobacteria inoculations increase ferric
chelate reductase (FC-R) activity and Fe nutrition in pear under
calcareous soil conditions. Sci Hortic 219:144-151. https://doi.org/10.10
16/j.scienta.2017.02.043

Orera |, Abadia J, Abadia A, Alvarez-Fernandez A. 2009. Analytical
technologies to study the biological and environmental implications of
iron-fertilisation using synthetic ferric chelates: the case of Fe(lll)-
EDDHA - a review. J Hort Sci Biotechnol 84:7-12. https://doi.org/10.108
0/14620316.2009.11512471

Kaparullina EN, Doronina NV, Trotsenko YA. 2011. Aerobic degradation
of ethylenediaminetetraacetate (review). Appl Biochem Microbiol
47:460-473. https://doi.org/10.1134/50003683811050061
Bhattacharyya PN, Jha DK. 2012. Plant growth-promoting rhizobacteria
(PGPR): emergence in agriculture. World J Microbiol Biotechnol
28:1327-1350. https://doi.org/10.1007/s11274-011-0979-9

Meena KK, Sorty AM, Bitla UM, Choudhary K, Gupta P, Pareek A, Singh
DP, Prabha R, Sahu PK, Gupta VK, Singh HB, Krishanani KK, Minhas PS.
2017. Abiotic stress responses and microbe-mediated mitigation in
plants: the omics strategies. Front Plant Sci 8:172. https://doi.org/10.338
9/fpls.2017.00172

Zhu B, Xu Q, Zou Y, Ma S, Zhang X, Xie X, Wang L. 2020. Effect of
potassium deficiency on growth, antioxidants, ionome and metabolism
in rapeseed under drought stress. Plant Growth Regul 90:455-466. http
s://doi.org/10.1007/510725-019-00545-8

Rossolini GM, Schippa S, Riccio ML, Berlutti F, Macaskie LE, Thaller MC.
1998. Bacterial nonspecific acid phosphohydrolases: physiology,
evolution and use as tools in microbial biotechnology. Cell Mol Life Sci
54:833-850. https://doi.org/10.1007/s000180050212

Rodriguez H, Fraga R. 1999. Phosphate solubilizing bacteria and their
role in plant growth promotion. Biotechnol Adv 17:319-339. https://doi
.org/10.1016/5s0734-9750(99)00014-2

Sharma SB, Sayyed RZ, Trivedi MH, Gobi TA. 2013. Phosphate
solubilizing microbes: sustainable approach for managing phosphorus

Issue 4

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Microbiology Spectrum

deficiency in agricultural soils. Springerplus 2:587. https://doi.org/10.11
86/2193-1801-2-587

Wang M, Zheng Q, Shen Q, Guo S. 2013. The critical role of potassium in
plant stress response. Int J Mol Sci 14:7370-7390. https://doi.org/10.339
0/ijms14047370

Kumar P, Kumar T, Singh S, Tuteja N, Prasad R, Singh J. 2020. Potassium:
a key modulator for cell homeostasis. J Biotechnol 324:198-210. https://
doi.org/10.1016/j.jbiotec.2020.10.018

Wakeel A, Ishfag M. 2022. Potash research in Pakistan, p 67-86. In
Potash use and dynamics in agriculture

Jalali M, Antoniadis V, Najafi S. 2021. Assessment of trace element
pollution in northern and western Iranian agricultural soils: a review.
Environ Monit Assess 193:1-30. https://doi.org/10.1007/510661-021-09
498-w

Ahanger MA, Agarwal RM, Tomar NS, Shrivastava M. 2015. Potassium
induces positive changes in nitrogen metabolism and antioxidant
system of oat (Avena sativa L cultivar Kent). J Plant Interact 10:211-223.
https://doi.org/10.1080/17429145.2015.1056260

Li J, Hu W, Lu Z, Meng F, Cong R, Li X, Ren T, Lu J. 2022. Imbalance
between nitrogen and potassium fertilization influences potassium
deficiency symptoms in winter oilseed rape (Brassica napus L.) leaves.
The Crop J 10:565-576. https://doi.org/10.1016/j.cj.2021.06.001

Dahuja A, Kumar RR, Sakhare A, Watts A, Singh B, Goswami S, Sachdev
A, Praveen S. 2021. Role of ATP-binding cassette transporters in
maintaining plant homeostasis under abiotic and biotic stresses.
Physiol Plant 171:785-801. https://doi.org/10.1111/ppl.13302

Nawaz A, Qamar ZU, Marghoob MU, Imtiaz M, Imran A, Mubeen F. 2023.
Contribution of potassium solubilizing bacteria in improved potassium
assimilation and cytosolic K*/Na* ratio in rice (Oryza sativa L.) under
saline-sodic conditions. Front Microbiol 14:1196024. https://doi.org/10.
3389/fmich.2023.1196024

Egamberdieva D, Wirth S, Bellingrath-Kimura SD, Mishra J, Arora NK.
2019. Salt-tolerant plant growth promoting rhizobacteria for enhancing
crop productivity of saline soils. Front Microbiol 10:2791. https://doi.org
/10.3389/fmicb.2019.02791

Chen Y, Ye J, Kong Q. 2020. Potassium-solubilizing activity of Bacillus
aryabhattai SK1-7 and its growth-promoting effect on Populus alba L.
Fores 11:1348. https://doi.org/10.3390/f11121348

Bhise KK, Dandge PB. 2019. Mitigation of salinity stress in plants using
plant growth promoting bacteria. Symbiosis 79:191-204. https://doi.or
9/10.1007/513199-019-00638-y

Whitelaw MA. 1999. Growth promotion of plants inoculated with
phosphate-solubilizing fungi. Adv Agron 69:99-151. https://doi.org/10.
1016/50065-2113(08)60948-7

Wuana RA, Okieimen FE. 2011. Heavy metals in contaminated soils: a
review of sources, chemistry, risks and best available strategies for
remediation. ISRN Ecol 2011:1-20. https://doi.org/10.5402/2011/40264
7

Cobbett C. 2003. Heavy metals and plants - model systems and
hyperaccumulators. New Phytol 159:289-293. https://doi.org/10.1046/j.
1469-8137.2003.00832.x

Ma Y, Rajkumar M, Zhang C, Freitas H. 2016. Beneficial role of bacterial
endophytes in heavy metal phytoremediation. J Environ Manage
174:14-25. https://doi.org/10.1016/j,jenvman.2016.02.047

Diep P, Mahadevan R, Yakunin AF. 2018. Heavy metal removal by
bioaccumulation using genetically engineered microorganisms. Front
Bioeng Biotechnol 6:157. https://doi.org/10.3389/fbioe.2018.00157
Ryan RP, Germaine K, Franks A, Ryan DJ, Dowling DN. 2008. Bacterial
endophytes: recent developments and applications. FEMS Microbiol
Lett 278:1-9. https://doi.org/10.1111/j.1574-6968.2007.00918.x

Feng F, Ge J, Li Y, Cheng J, Zhong J, Yu X. 2017. Isolation, colonization,
and chlorpyrifos degradation mediation of the endophytic bacterium
Sphingomonas strain HJY in Chinese Chives (Allium tuberosum). J Agric
Food Chem 65:1131-1138. https://doi.org/10.1021/acs.jafc.6b05283
Sessitsch A, Kuffner M, Kidd P, Vangronsveld J, Wenzel WW, Fallmann K,
Puschenreiter M. 2013. The role of plant-associated bacteria in the
mobilization and phytoextraction of trace elements in contaminated
soils. Soil Biol Biochem 60:182-194. https://doi.org/10.1016/j.s0ilbio.20
13.01.012

Ortuzar M, Trujillo ME, Romén-Ponce B, Carro L. 2020. Micromonospora
metallophores: a plant growth promotion trait useful for bacterial-
assisted phytoremediation? Sci Total Environ 739:139850. https://doi.or
g/10.1016/j.scitotenv.2020.139850

10.1128/spectrum.02129-24 16


https://doi.org/10.1016/j.syapm.2004.12.011
https://doi.org/10.7164/antibiotics.43.504
https://doi.org/10.7164/antibiotics.42.846
https://doi.org/10.3390/molecules25204594
https://doi.org/10.1146/annurev.micro.58.030603.123811
https://doi.org/10.1016/j.plaphy.2020.07.045
https://doi.org/10.1111/j.1469-8137.2009.02908.x
https://doi.org/10.1146/annurev-arplant-042811-105522
https://doi.org/10.1007/s11104-010-0566-0
https://doi.org/10.1016/j.scienta.2017.02.043
https://doi.org/10.1080/14620316.2009.11512471
https://doi.org/10.1134/S0003683811050061
https://doi.org/10.1007/s11274-011-0979-9
https://doi.org/10.3389/fpls.2017.00172
https://doi.org/10.1007/s10725-019-00545-8
https://doi.org/10.1007/s000180050212
https://doi.org/10.1016/s0734-9750(99)00014-2
https://doi.org/10.1186/2193-1801-2-587
https://doi.org/10.3390/ijms14047370
https://doi.org/10.1016/j.jbiotec.2020.10.018
https://doi.org/10.1007/s10661-021-09498-w
https://doi.org/10.1080/17429145.2015.1056260
https://doi.org/10.1016/j.cj.2021.06.001
https://doi.org/10.1111/ppl.13302
https://doi.org/10.3389/fmicb.2023.1196024
https://doi.org/10.3389/fmicb.2019.02791
https://doi.org/10.3390/f11121348
https://doi.org/10.1007/s13199-019-00638-y
https://doi.org/10.1016/S0065-2113(08)60948-7
https://doi.org/10.5402/2011/402647
https://doi.org/10.1046/j.1469-8137.2003.00832.x
https://doi.org/10.1016/j.jenvman.2016.02.047
https://doi.org/10.3389/fbioe.2018.00157
https://doi.org/10.1111/j.1574-6968.2007.00918.x
https://doi.org/10.1021/acs.jafc.6b05283
https://doi.org/10.1016/j.soilbio.2013.01.012
https://doi.org/10.1016/j.scitotenv.2020.139850
https://doi.org/10.1128/spectrum.02129-24

Research Article

96.

97.

98.

99.

100.

101.

102.

103.

104.

April 2025 Volume 13

Spaepen S, Vanderleyden J. 2011. Auxin and plant-microbe interac-
tions. Cold Spring Harb Perspect Biol 3:a001438. https://doi.org/10.110
1/cshperspect.a001438

Kudoyarova GR, Arkhipova TN, Melent'ev Al. 2015. Role of bacterial
phytohormones in plant growth regulation and their development.
Bact Metab in Sustain Agroecosys:69-86. https://doi.org/10.1007/978-3
-319-24654-3_4

Glick BR. 2014. Bacteria with ACC deaminase can promote plant growth
and help to feed the world. Microbiol Res 169:30-39. https://doi.org/10.
1016/j.micres.2013.09.009

Zhang H, Kim MS, Krishnamachari V, Payton P, Sun Y, Grimson M, Farag
MA, Ryu CM, Allen R, Melo IS, Paré PW. 2007. Rhizobacterial volatile
emissions regulate auxin homeostasis and cell expansion in Arabidop-
sis. Planta 226:839-851. https://doi.org/10.1007/500425-007-0530-2
Dodd IC, Zinovkina NY, Safronova VI, Belimov AA. 2010. Rhizobacterial
mediation of plant hormone status. Ann Appl Biol 157:361-379. https://
doi.org/10.1111/j.1744-7348.2010.00439.x

Kudoyarova G, Arkhipova T, Korshunova T, Bakaeva M, Loginov O, Dodd
IC. 2019. Phytohormone mediation of interactions between plants and
non-symbiotic growth promoting bacteria under edaphic stresses.
Front Plant Sci 10:1368. https://doi.org/10.3389/fpls.2019.01368

Kohli A, Sreenivasulu N, Lakshmanan P, Kumar PP. 2013. The phytohor-
mone crosstalk paradigm takes center stage in understanding how
plants respond to abiotic stresses. Plant Cell Rep 32:945-957. https://do
i.org/10.1007/s00299-013-1461-y

Farooq M, Hussain M, Siddique KHM. 2014. Drought stress in wheat
during flowering and grain-filling periods. Crit Rev Plant Sci 33:331-
349. https://doi.org/10.1080/07352689.2014.875291

Sharp RE, Poroyko V, Hejlek LG, Spollen WG, Springer GK, Bohnert HJ,
Nguyen HT. 2004. Root growth maintenance during water deficits:

Issue 4

105.

106.

107.

108.

109.

110.

Microbiology Spectrum

physiology to functional genomics. J Exp Bot 55:2343-2351. https://doi.
org/10.1093/jxb/erh276

Chaves MM, Maroco JP, Pereira JS. 2003. Understanding plant
responses to drought — from genes to the whole plant. Funct Plant
Biol 30:239. https://doi.org/10.1071/FP02076

Rivero RM, Kojima M, Gepstein A, Sakakibara H, Mittler R, Gepstein S,
Blumwald E. 2007. Delayed leaf senescence induces extreme drought
tolerance in a flowering plant. Proc Natl Acad Sci U S A 104:19631-
19636. https://doi.org/10.1073/pnas.0709453104

Castro-Camba R, Sanchez C, Vidal N, Vielba JM. 2022. Plant develop-
ment and crop yield: the role of gibberellins. Plants (Basel) 11:2650. http
s://doi.org/10.3390/plants11192650

Nouioui I, Cortés-Albayay C, Carro L, Castro JF, Gtari M, Ghodhbane-
Gtari F, Klenk HP, Tisa LS, Sangal V, Goodfellow M. 2019. Genomic
insights into plant-growth-promoting potentialities of the genus
Frankia. Front Microbiol 10:1457. https://doi.org/10.3389/fmicb.2019.01
457

Podlesakova K, Ugena L, Spichal L, Dolezal K, De Diego N. 2019.
Phytohormones and polyamines regulate plant stress responses by
altering GABA pathway. Nat Biotechnol 48:53-65. https://doi.org/10.10
16/j.nbt.2018.07.003

Barraza A, Estrada-Navarrete G, Rodriguez-Alegria ME, Lopez-Munguia
A, Merino E, Quinto C, Sanchez F. 2013. Down-regulation of PVTRET
enhances nodule biomass and bacteroid number in the common bean.
New Phytol 197:194-206. https://doi.org/10.1111/nph.12002
Aeschbacher RA, Miller J, Boller T, Wiemken A. 1999. Purification of the
trehalase GMTRE1 from soybean nodules and cloning of its cDNA.
GMTRET is expressed at a low level in multiple tissues. Plant Physiol
119:489-496. https://doi.org/10.1104/pp.119.2.489

10.1128/spectrum.02129-2417


https://doi.org/10.1101/cshperspect.a001438
https://doi.org/10.1007/978-3-319-24654-3_4
https://doi.org/10.1016/j.micres.2013.09.009
https://doi.org/10.1007/s00425-007-0530-2
https://doi.org/10.1111/j.1744-7348.2010.00439.x
https://doi.org/10.3389/fpls.2019.01368
https://doi.org/10.1007/s00299-013-1461-y
https://doi.org/10.1080/07352689.2014.875291
https://doi.org/10.1093/jxb/erh276
https://doi.org/10.1071/FP02076
https://doi.org/10.1073/pnas.0709453104
https://doi.org/10.3390/plants11192650
https://doi.org/10.3389/fmicb.2019.01457
https://doi.org/10.1016/j.nbt.2018.07.003
https://doi.org/10.1111/nph.12002
https://doi.org/10.1104/pp.119.2.489
https://doi.org/10.1128/spectrum.02129-24

	Taxonomic description of Micromonospora reichwaldensis sp. nov. and its biosynthetic and plant growth-promoting potential
	MATERIALS AND METHODS
	Origin, isolation, and maintenance of strain DSM 115977T
	Molecular identification and genome sequencing of strain DSM 115977T
	Phylogenetic and comparative genomic studies
	Chemotaxonomic characterization of strain DSM 115977T
	Growth properties and biochemical and enzymatic features of strain DSM 115977T
	In vitro and in silico screening for specialized secondary metabolites

	RESULTS AND DISCUSSION
	Taxonomic novelty and distinctive genomic features of strain DSM 115977T
	Growth and biochemical, enzymatic, and chemotaxonomic properties of strain DSM 115977T
	Antibiotic activity of the studied strains and their secondary metabolite BGCs
	Plant growth-promoting features of strain DSM 115977T and its closest phylogenetic neighbor, strain DSM 43913T
	Conclusion
	Description of Micromonospora reichwaldensis sp. nov



