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Abstract

Background: Distribution and evolutionary history of resistance genes in environmental actinobacteria provide
information on intensity of antibiosis and evolution of specific secondary metabolic pathways at a given site.
To this day, actinobacteria producing biologically active compounds were isolated mostly from soil but only a
limited range of soil environments were commonly sampled. Consequently, soil remains an unexplored
environment in search for novel producers and related evolutionary questions.

Results: Ninety actinobacteria strains isolated at contrasting soil sites were characterized phylogenetically by
16S rRNA gene, for presence of erm and ABC transporter resistance genes and antibiotic production. An
analogous analysis was performed in silico with 246 and 31 strains from Integrated Microbial Genomes
(JGI_IMG) database selected by the presence of ABC transporter genes and erm genes, respectively. In the
isolates, distances of erm gene sequences were significantly correlated to phylogenetic distances based on 16S
rRNA genes, while ABC transporter gene distances were not. The phylogenetic distance of isolates was
significantly correlated to soil pH and organic matter content of isolation sites. In the analysis of JGI_IMG
datasets the correlation between phylogeny of resistance genes and the strain phylogeny based on 16S rRNA
genes or five housekeeping genes was observed for both the erm genes and ABC transporter genes in both
actinobacteria and streptomycetes. However, in the analysis of sequences from genomes where both resistance
genes occurred together the correlation was observed for both ABC transporter and erm genes in
actinobacteria but in streptomycetes only in the erm gene.

Conclusions: The type of erm resistance gene sequences was influenced by linkage to 16S rRNA gene
sequences and site characteristics. The phylogeny of ABC transporter gene was correlated to 165 rRNA genes
mainly above the genus level. The results support the concept of new specific secondary metabolite scaffolds
occurring more likely in taxonomically distant producers but suggest that the antibiotic selection of gene pools
is also influenced by site conditions.
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Background

The lack of understanding the evolution and function of
secondary metabolites in natural habitats constrains our
abilities to develop strategies for antibiotic exploration, to
manage indigenous soil microbial communities for en-
hanced inhibitory phenotypes or minimize accumulation of
antibiotic resistance in both natural and human environ-
ments [1]. Yet, it has been recently demonstrated that indi-
vidual types of secondary metabolites were correlated to
the site of isolation [2,3] and to the producer’s phylogenetic
origin [4]. For example, selection of a specific site led to a
recent description of Streptomyces sp. NTK 937, producer
of caboxamycin discovered in deep ocean [5] and with help
of selective cultivation to Streptomyces platensis, producer
of platensimycin, discovered in South African soil [6].
Those findings also indicated that even the most frequently
isolated genus Streptomyces may still provide novel metabo-
lites if less explored natural habitats are selected. The local
specificity of Streptomyces was explained by horizontal
acquisition of genes and selection of local phylogenetic
lineages by local ecological context, thus creating a
niche-specific gene pool [7].

The coexistence of production and resistance in individ-
ual organisms has been confirmed in both antibiotic
biosynthetic gene clusters and examinations of the gen-
ome sequences from producing strains. With the excep-
tion of nonspecific efflux systems, the potential antibiotic
resistance determinants found in antibiotic-producing
strains were generally associated with antibiotic structural
types or modes of action [8]. Indeed, selection for the spe-
cific producer-type resistance to enrich for producers of
selected compounds and biosynthetic genes phylogeny to
select for novel scaffolds was successfully applied to iden-
tify new producers of glycopeptide and ansamycin antibi-
otics [9]. Also, the selection of isolates based on the
antibiotic mode of action was suggested as a preferred
strategy compare to the original empirical screening
for any detectable bioactivity [10].

The goal of this study was to characterize and com-
pare actinobacterial strains isolated at natural soil sites
in terms of their phylogenetic relationship, antibiotic
production and possession of two selected resistance
genes, erm and ABC transporter resistance genes. Those
characteristics were also correlated to the environmental
conditions of the isolation sites. Finally, it was suggested
how to use this information in exploring the possibilities
of novel antibiotic discovery.

The erm resistance genes code for 23S rRNA mono-
and dimethyltransferases, and the ABC transporter genes
code for ATPase subunit of type II-ABC transporters. The
erm resistance represents a well characterized protein with
known phylogeny [11] with a specific mode of action for
an antibiotic targeting 23S rRNA. On the contrary, ABC
transporters represent a more general efflux mechanism,
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in which the protein sequence corresponds rather with
the structure of the transported antibiotic specified by its
binding site. The two resistance types are of different
phylogenetic and functional origin, and provide different
information on the type of the corresponding antibiotic.
However, they may occur in one biosynthetic cluster, as
described for example in the production of lincomycin
[12,13], tylosin [14,15] and spiramycin [16].

Isolation sites were selected by contrasting soil pH,
organic matter content, bedrock and vegetation as the
most important source of distinct carbon substrates
[17]. Character of organic matter input was considered
because streptomycetes change their antibiotic activ-
ities with respect to different carbon content and qual-
ity [18]. In particular, cellulose and lignin inputs
increased population densities and number of anti-
biotic producer phenotypes suggesting enrichment of
antibiotic-producing Streptomyces in nutrient-enriched
habitats in soil [18]. Similar approach has been already
described in several studies for characterization of
less-explored or unexplored microorganisms with po-
tentially useful biological activities [19]. The sites also
differed in actinobacteria community composition,
types and diversity of erm gene sequences [17] and
percentage of bioactive isolates [20]. So, the selection
of sampling sites complied with a suggestion that isola-
tion of antibiotic producers should be based on under-
standing their ecological context to target the relevant
microbial space [7].

In this work we evaluated the hypothesis that phylogen-
etic relationships of two different resistance genes will be
linked with their different phylogenetic origin in actino-
bacteria and selection pressures of local conditions. The
work aimed at exploring this hypothesis at three different
levels including a random selection of strains isolated from
soil sites covering a range of environmental factors, a set
of characterized resistance genes known as parts of bio-
synthetic gene clusters, and more comprehensive, but
functionally uncertain, set of homologous genes available
from the sequenced genomes of actinobacteria.

Methods

Isolation of actinobacteria

Soil samples collected from 9 contrasting sites were used
for isolation of actinomycetes. Sites and their characteris-
tics are listed in Table 1. One gram of soil extracted with
10 ml of SET buffer, vortexed 2 min at 2500 rpm. Aliquots
of 100 pl of each sample were plated on MPA medium
(peptone, 5 g/, beef extract, 3 g/l, agar, 15 g/, pH 7.0) and
R2A medium (yeast extract, 0.5 g/l, proteose peptone,
0.5 g/l, casamino acids, 0.5 g/, glucose, 0.5 g/l, soluble
starch, 0.5 g/l, Na-pyruvate, 0.3 g/l, KHPO,, 0.3 g/l
MgSO, - 7H,0, 0.05 g/l, agar, 15 g/l, pH adjusted to the
original soil pH). Both media were also used ten times
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Table 1 Site characteristics and numbers of isolated strains
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Site Soil pH Soil organic Bedrock Vegetation Number of strains
matter [%] Type Dominant species Total Tested for resistance genes

Devin DE 79 12 limestone grassland Poaceae 45 42
Merkenstein ME 8.1 16.5 dolomite pine forest Pinus nigra, forbs 135 114
Nechranice NE 6.1 116 phonolite deciduous forest  Acer pseudoplatanus, Tilia cordata 21 12
Oblik OB 79 215 basalt grassland Brassicaceae, Fabaceae, Asteraceae 13 7
Srbsko SR 77 82 limestone deciduous forest  Quercus robur, Carpinus betulus 223 52
Stampftal ST 79 14.8 dolomite pine forest Pinus nigra, Poaceae 81 62
Trebon TR 40 9.1 granodiorite deciduous forest  Populus tremula 171 73
Zakopana ZA 37 3.1 sandstone  pine forest Pinus silvestris 11 9

diluted and supplemented with soil extract (2x soil ex-
tract: 200 g of soil were boiled for 20 min in 250 ml of
distilled H,O, filtered with a filter paper, cooled and
adjusted to original soil pH). All agar plates contained
cycloheximide (300 pg/ml) to prevent fungal growth.
Plates were incubated for 12-24 days at 28°C. Strains
forming colonies with aerial mycelium and/or sub-
merged to the agar medium were considered putative
actinobacteria, collected and purified by sequential
streaking on two plates of the medium used for isola-
tion with and without cycloheximide. 719 strains were
collected. All isolates from the same site similar in
morphology and bioactivity against Escherichia coli
and Kocuria rhizophila were eliminated from this set
of strains. The remaining 386 strains were tested for
the presence of erm and ABC transporter genes with
positive results in 1.8% (n=7) and 4.7% (n = 18) of the
tested strains, respectively. Ninety strains, which in-
cluded all strains positive for either of the resistance
genes and 67 other randomly selected strains were
classified by 16S rRNA gene sequences and subjected
to further analysis.

Antibiotic activity test

Strains were inoculated on agar plates with sporulation
GYM medium (glucose 4 g/l, yeast extract 4 g/l, malt ex-
tract 10 g/l, CaCOs 2 g/l, pH 7.2, agar 15 g/I) and incubated
for 10 days at 28°C. Agar plugs of 5 mm in diameter of each
isolated strain were placed on Bl agar plates (beef extract
10 g/1, peptone 10 g/1, NaCl 5 g/, agar 20 g/, pH 7.2) with
sensitive strains of Kocuria rhizophila CCM 552 (Czech
Collection of Microorganisms, Czech Republic; equivalent
to ATCC 9341) and Escherichia coli CCM 3988 (ATCC
10536). Plates were incubated overnight at 37°C and occur-
rence and size of inhibition zones were recorded.

Cultivation and thin layer chromatography (TLC) analysis
Strains were inoculated from GYM plates to GYM liquid
broth and grown on a rotary shaker for 24-48 h at 28°C,

250 rpm. Fresh GYM broth was inoculated with 5% of
these cultures and cultivation continued for next 10 days
at 28°C, 250 rpm. Cells were separated by centrifugation
for 10 min at 10 000 x g, 4°C, and cultivation broth was
used for TLC analyses. Thirty pl of cultivation broth
were applied on silica plates (Merck, Germany) by
Hamilton micro syringe and the plates were placed in a
chromatographic chamber pre-saturated for minimum 1 h
with a mobile phase consisting of chloroform : methanol :
ammonia (28%), 12:3:0.1. Detection of low-molecular
weight substances was performed using a UV lamp at 254
and 366 nm, and by staining with coloring reagent. For this
purpose developed plates were dried for 30 min at room
temperature prior to spraying by orcinol reagent (orcinol
250 mg, ethanol 44 ml and sulphuric acid 6 ml). The plates
were subsequently heated at 110°C for 2 min and spot
appearance, position, and color were determined. Retention
factor (Rf) values were determined by dividing distance
moved by compound by distance moved by solvent.

Primers
Degenerate primers rBlf, 5-ARCWCGGYCAGAAYT-
TYCT-3', and rBlr, 5'-CGSGCSACYTCCCAYTG-3' [20]
were used for amplification of erm gene. The primers
designed to cover mainly the genes from GC rich Gram
positive bacteria were validated in previous studies for
amplification from complex environmental DNA sam-
ples [17,20]. In silico analysis of their coverage using
OligoCheck software included in Bioinformatic toolkit
[21] with the database of actinobacteria genomic se-
quences produced by the US Department of Energy Joint
Genome Institute (http://www.jgi.doe.gov/), available at
Integrated Microbial Genomes server (http://img.jgi.doe.
gov/, further referenced as JGI_IMG database) con-
firmed their selectivity (Additional file 1: Figure Sla).
The degenerate primers rC4f, 5'-CTSGACGARCCS
ACYAA-3, and rC4r, 5-GKYSGTSGGCTCGTC-3'
(this work) for amplification of partial sequences of
genes coding for ABC transporter ATPase subunit
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were designed using Primrose software included in
Bioinformatic toolkit [21] based on known resistance
determinants from biosynthetic clusters. The primers
were validated by amplification from genomic DNA of
selected collection strains and from complex environ-
mental DNA samples (not shown). In silico analysis
showed a broad coverage of actinobacteria ABC trans-
porter resistance genes (Additional file 1: Figure S1b).

Primers for amplification of partial 16S rDNA were:
16Seu27f (5'AGAGTTTGATCMTGGCKCAG) [20] and
16Seu783r, an equimolar mix of 5'-CTACCAGGGTATC-
TAATCCTG-3, 5'-CTACCGGGGTATCTAATCCCG-3'
and 5'-CTACCCGGGTATCTAATCCGG-3' [22].

PCR

All PCR reactions were performed with a TGRADIENT
Thermocycler (Whatman Biometra, Germany). Modified
protocol for colony PCR amplification was used [23]
with mycelium from GYM medium as a template. Reac-
tion mixture contained in a total volume of 50 pl: 1x
polymerase buffer, 1.5 mM MgCl,, 400nM of each pri-
mer, 0.2 mM of each ANTP, 0.6 mg/ml BSA, 5% DMSO,
1% Nonidet P40 (Sigma-Aldrich, MO, USA), 2.5U LA
polymerase (TopBio, Czech Republic). PCR program
consisted of an initial denaturation at 94°C for 5 min,
followed by 35 cycles of 94°C for 1 min, 56°C for 45 s,
68°C for 1.5 min and final extension for 5 min at 68°C.
The PCR products were purified and sequenced by
Macrogen (Korea).

Datasets

Sequences of erm and ABC transporter genes included
in the analysis were selected based on (i) published data
on the erm [13-16,24-32] and ABC transporter [33]
genes sequenced either as parts of antibiotic biosynthetic
gene clusters or as independent resistance determinants
and deposited in GenBank, or (ii) BLAST search in the
database of 306 complete or draft genomes of actinobac-
teria from the JGI_IMG database. The homologous pro-
teins were searched for using blastp algorithm and
Streptomyces lincolnensis erm-class 23S rRNA methyl-
transferase LmrB [GenBank: ABX00620] and ATPase
subunit of type II-ABC transporter LmrC [GenBank:
ABX00624] as the query sequences.

The search for Erm protein homologs retrieved puta-
tive Erm proteins with the highest degree of homology
(35% identities or higher), closely related KsgA proteins
(up to 30% identities) and several groups of unspecified
methyltransferases, which were excluded based on low
similarity. The KsgA proteins could be precisely identified
and excluded by comparison of the genomic context of
the encoding genes, which was highly conserved through-
out actinobacteria, with neighboring genes coding for 4-
diphosphocytidyl-2-C-methyl-D-erythritol kinase, putative

Page 4 of 13

deoxyribonuclease related to TatD family hydrolases,
and methionyl-tRNA synthetase. The selection yielded
a set 31 defined or putative Erm proteins from actino-
bacterial strains with available 16S rRNA gene se-
quence (Figure 1, Additional file 1: Figure S2). In those
genomes, ABC transporter gene fulfilling the selection
conditions was always present, so the dataset 31 is a
subset of the dataset 246.

The search for ABC transporter type II ATPase subunits
related to LmrC retrieved several matching gene products
with high homology in most of the genomes. For the ana-
lysis, only the closest LmrC homolog with at least the
threshold score of 40% positives was selected from each
strain, resulting in a set of 246 ABC transporter ATPase
subunit proteins from actinobacterial strains with available
16S rRNA gene sequence (Additional file 1: Figure S3).

Data analysis

Alignments of partial 16S rRNA, erm, ABC transporter,
and housekeeping genes sequences were performed
using Muscle 3.6 [34]. For large sequence datasets, phyl-
ogeny was inferred by neighbor-joining method based
on Jukes-Cantor (for nucleotide sequences) or Jones-
Taylor-Thornton (for amino-acid sequences) distance
matrices calculated for 1000 bootstrap resamplings in
Phylip 3.69 package [35]. For precise analysis of phylo-
genetic relationships of resistance genes sequenced from
the isolates, the best-fit models of protein sequence evo-
lution were selected using ProtTest v.3.2 [36]. Based on
the selection, models WAG [37] with a proportion of in-
variable sites (+I), gamma distribution with four rate cat-
egories (+G), and observed amino acid frequencies (+F)
and LG + G + F [38] were employed in analysis of Erm
and ABC transporter amino-acid sequences, respectively.
In that case, phylogenies were inferred by Bayesian ana-
lysis using PhyloBayes-MPI, v.1.4e [39] and maximum-
likelihood analysis in PhyML v.3.0 [40].

All the statistical computations were conducted within
the R statistical computing environment (http://www.r-
project.org). Distance matrices of resistance genes, 16S
rRNA genes, and housekeeping genes sequences were cal-
culated with Phylip 3.69 software [35]. Correlation analysis
was based on generalized distance covariance test [41]
based on the method developed by Szekely et al. [42]. As
the aim of the study is explanatory, no correction of p-
values for multiple testing was used. It is, therefore,
necessary to bear in mind that the p-values below or
equal to 0.001 provide strong evidence, while the p-
values between 0.001 and 0.05 need to be confirmed
by an independent study.

Data deposition
The sequences obtained in this study were deposited in
GenBank under accession numbers KF960851 - KF960940
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) ) Resistance Inhibitory Closest match to cultivated strain sequence in GenBank
Soil properties Isolate °
Acc. No gene activity database

pH___OM[%] St No erm _ ABC__ K.thiz. E.coliSpecies Acc. No. % Identity
8.1 ME 838 KF960868 Streptomyces sp GU189543 99
8.1 ME 841 KF960871 e w 99
8 ST 934 KF960869 [ ] e e 99
o 8 ST 937  KF960870 - w 99
8 ST 940 KF960867 Streptomyces sp. JIN8E6716 99
8.1 vme 1 krosos72 [ Streptomyces flavofungini JN999904 99
o 7.9 OB 148 KF960874 e w 99
8.1 ME 80 KF960875 Streptomyces lomondensis IN999905 99
8.1 ME 118 KF960873 Streptomyces flavofungini IN999904 99
8.1 ME 803 KF960858 ce 99
8.1 ME 815 KF960859 Streptomyces coeruleofuscus Q659879 99
8.1 ME 916  KF960861 Streptomyces coeruleofuscus Q659879 99
8.1 ME 840  KF960860 e e 100
B 8 ST 930 KF960863 Streptomyces sp. IX171076 99
8 ST 928 KF960862 e e 99
I 8 ST 864 KF960876 Streptomyces durmitorensis Jaaz2179 100
8.1 ME 918  KF960877 e ce 100
= 8 ST 892 KF960879 Streptomyces sp. JQ838080 100
8 ST 890 KF960878 100
7.9 OB 149 KF960880 e ce 99
—— &1 ME 119 KFe60917 Streptomyces ederensis EU593602 99
L 8.1 ME 905 KF960919 Streptomyces sp. JIN866659 99
9% 8.1 ME 22 KF960918 Streptomyces sp. JF521453 100
7.7 8.2 SR 280 KF960920 Streptomyces phacochromogenes  EU594468 99
77 82 SR 290 KF960922 [ ] . T 99
7.9 12 DE 528 KF960921 - 99
8 |48 ST 870 KF960923 [ ] T T 99
7.7 8.2 SR 154 KF960924 Streptomyces phacochromogenes  JQ422177 100
8.1 ME 823 KF960928 Streptomyces sp. AB498679 99
[ 8.1 ME  32b KF960925 [ ] Streptomyces sp. GU367164 100
7.9 OB 40  KF960885 Streptomyces sp. EF491612 100
8.1 ME 832  KF960926 Streptomyces rubiginosohelvolus HQ263111 100
N 8.1 ME 818 KF960927 [ ] Streptomyces sp. JQB70767 99
8.1 ME 7 KF960905 T e 99
8.1 ME 11 KF960904 Streptomyces callfornicus EU570722 99
7.9 12 DE 503 KF960893 Streptomyces flaveus UX293177 99
7.9 12 DE 518 KF960895 e c 100
8.1 ME 2 KFe60897 Streptomyces virginiae UN201850 100
8.1 ME 830 KF960900 [ ] T T 100
8 ST 37  KF960889 - w 99
| 8.1 ME 8  KF960899 e e 100
7.9 12 DE 532 KF960898 Streptomyces virginiae UN201950 100
92 8 [4BN| st 98  KF960901 Streptomyces sp. UX312314 100
7.9 12 DE 160 KF960894 Streptomyces spororaveus FJ532420 9
8 ST 99  KF960896 - we 99
8.1 ME 3 KF960891 Streptomyces goshikiensis EU841663 99
8 ST 871 KF960892 Streptomyces cirratus JQ422170 100
r 8.1 ME 83  KF960890 [ ] Streptomyces sp. JF833101 100
7.9 12 DE 527 KF960886 Streptomyces sp. GU479441 9
9.1 TR 233 KF960888 Streptomyces atratus JNE62838 100
7.7 8.2 SR 61 KF960903 Streptomyces sp. UX312316 100
8 ST 105 KF960902 Streptomyces sp. UX312316 100
8.1 ME 17  KF960906 e e 99
I _"E 8.1 ME 820 KF960908 e w 99
8 ST 931 KF960907 Streptomyces sp. HM579816 99
: 920 KF960911 Streptomyces sp. EF612298 100
y 843  KF960910 [ ] Streptomyces sp. EF612298 100
191 KF960909 Streptomyces lateritius Q753068 99
316 KF960913 [ ] Streptomyces exfoliatus FJ486375 100
220 KF960912 e e 99
87  KF960916 e w 99
116 KFe60914 Streptomyces sp. GU831903 100
49 KF960915 e e 100
490  KF960883 - w 100
493 KF960884 [ ] Streptomyces sp JIN819615 100
497  KF960882 e w 100
494  KF960881 Streptomyces sp. GUS50582 100
404 KF960866 Streptomyces sp. FJ872524 100
121b  KF960865 e we 99
939 KF960864 e w 99
142 KF960887 Streptomyces nitrosporeus HQ268543 100
496 KF960930 Streptomyces paucisporeus JF723500 99
495  KF960929 e w 99
192 KF960936 Streptomyces sp. HQ92718 100
515  KF960937 Streptomyces sp. AB688983 100
190 KF960935 Streptomyces sp. HQ992718 100
239 KF960934 Streptomyces libani IN180219 99
150  KF960933 [ ] Streptomyces sp. HE617227 99
143 KF960932 e e 100
442 KF960931 Streptomyces sp. EU873280 99
20 KF960854 . we 99
271 KF960853 [ ] Kribbella sp. JQo72873 99
24 KF960852 Kribbella sp. JF742955 99
450  KF960855 Kribbella sp. Hasee1s2 99
449 KF960856 Kribbella alba NR_042732 99
16 KF960939 Micromonospora sp. UX020766 99
941 KF960940 Micromonospora saelicesensis IN545843 99
492 KF960851 Nocardia pseudobrasiliensis AB080196 99
232 KF960938 I streptosporangium sp. EU499345 100
844 KF960857 Promicromonospora sp. Gu574140 99

Figure 1 (See legend on next page.)
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Figure 1 Isolated strains with their phylogeny, origin, occurrence of the resistance genes and inhibitory activity against K. rhizophilla
and E. coli. The isolation sites are depicted by abbreviations as in Table 1. The phylogram was constructed by neighbor-joining method based
on Jukes-Cantor distance matrix calculated from alignment of 16S rRNA gene sequences. Branch lengths correspond to the evolutionary distances.
Branch labels indicate the supporting bootstrap values based on analysis of 1000 replicates. The inhibitory activity is marked by shades of grey,
from light to dark: inhibitory zones below 10 mm, 10-15 mm, and above 15 mm in diameter.

for 16S rRNA genes, KF960941 - KF960947 for erm genes,
and KF960948 - KF960964 for ABC transporter genes.

The data of the phylogenetic analyses are available
from the Dryad Digital Repository: http://dx.doi.org/
10.5061/dryad.td742.

Results

Isolates

Out of the 90 selected isolates, 16S rRNA gene se-
quences of 37 strains showed 100% similarity, and 53
strains 99% similarity to the closest isolated strain match
in the GenBank database (Figure 2). The strains were
assigned to the genus Streptomyces (79 isolates) and to the
genera Kribella, Hongia, Micromonospora, Nocardioides,
Nocardia, Promicromonospora and Streptosporangium.
The phylogenetic relatedness of the isolates correlated
with soil properties at the sampling sites (Figure 2),
namely with soil pH (p=0.004) and organic matter
content (p = 0.001).

Erm and ABC transporter genes

Sequences of erm and ABC transporter genes found in the
isolates clustered together with previously described genes
of the known function (Figures 3, 4). Phylogenetic dis-
tances of erm genes from streptomycete species were
significantly related to phylogenetic distances based
on the 16S rRNA gene sequences from the same
strains (p = 0.005), while for ABC transporter genes, a
similar correlation was not observed (Table 2). The
two genes occurred more often together than separ-
ately (p =0.049). The erm sequences formed two sep-
arate clusters. Three sequences of the first cluster
came from ME site; while the second cluster was
formed by one sequence from ME site, two from SR
site, and one from NE site. Six out of seven strains
positive for erm genes and all 17 strains positive for
ABC transporter genes were isolated at sites with high
pH limestone-dolomite bedrock soil (Figure 2).

Database analysis

All sequences in our datasets selected from the JGI_IMG
database clustered together with resistance genes se-
quences with proved function in phylogenetic analysis
(Additional file 1: Figures S2, S3). A significant correlation
was found between ABC transporter genes and respective
16S rRNA genes in both actinobacteria (p <0.001) and
streptomycetes (p =0.001) in genomes of JGI_IMG (246).

In a subset of 31 JGI_IMG genomes, in which erm and
ABC transporter genes occur together, ABC transporter
genes were significantly correlated with the respective 16S
rRNA gene sequences only for actinobacteria (p <0.001)
but not for streptomycetes, while erm genes were corre-
lated with 16S rRNA for both actinobacteria (p < 0.001)
and streptomycetes (p =0.007). Sequences of both erm
and ABC transporter genes were correlated to each
other for actinobacteria (p<0.001) and streptomycetes
(p=0.016). In contrast, in the dataset constructed of
GenBank sequences from proved antibiotic biosynthetic
pathways ABC transporter or erm genes were not
correlated with the respective 16S rRNA genes for either
actinobacteria or streptomycetes (Table 2, Figure 1).

From the 246 genomes of JGI_IMG, a subset of 238
genomes with available sequences of the genes rpoB,
recA, atpD, dnaA, and ftsZ was selected. The amino-
acid sequences of the five genes were used to calculate
multi-locus sequence (MLS) phylogenetic distances.
The resistance genes distances were compared to the
MLS distances using a similar scheme as for the 16S
rRNA gene (Table 3). A significant correlation was
found for ABC transporter genes in both actinobac-
teria (p <0.001) and streptomycetes (p = 0.006) in the
entire set of 238 genomes. In a subset of 31 JGI_IMG
genomes, in which erm and ABC transporter genes
occur together, a significant correlation was observed
for ABC transporter genes were in actinobacteria (p <
0.001) but not in streptomycetes, while erm genes were
correlated for both actinobacteria (p<0.001) and
streptomycetes (p = 0.008) (Table 3).

Antibiotic production

Out of the 90 selected isolates, 44 produced compounds
with activity against K. rhizophila, 3 against E. coli, 10
against both microorganisms and 33 were non-
producing strains (Figure 2). The percentage of produ-
cing strains differed between sites; alkaline sites had
higher proportion of bioactive isolates than acidic sites
(Additional file 1: Figure S4). Thin layer chromatography
analysis of cultivation media showed a significantly
higher number of detected low-molecular-weight com-
pounds in isolates coming from acidic compare to alka-
line soils (p = 0.007, Additional file 1: Figure S5). Fisher's
exact test showed that production of antibiotics active
against E. coli was negatively associated to the presence
of ABC transporter genes (p = 0.034).


http://www.dx.doi.org/10.5061/dryad.td742
http://www.dx.doi.org/10.5061/dryad.td742
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Actinoplanes missouriensis ncbilYP 005464644

NysG Streptomyces noursei ncbilAAF71763

Type 111
NysH Streptomyces noursei ncbi AAF71764

ABC transporters
NovA Streptomyces caeruleus ncbi| AAF67494

Actinoplanes missouriensis ncbiYP 005464607

FrnD Streptomyces roseofulvus ncbil AAC18099
Streptomyces rapamycinicus ncbi|CAA60452
VarM Streptomyces virginiae ncbi BAA96297
ME-32b ncbi|KF960949

LmrC Streptomyces lincolnensis ncbi|ABX00624
ME-829 ncbi|KF960952
—— ME-83 ncbi|KF960964

r OB-150 ncbi|KF960956
ST-931 ncbi|KF960957

ME-118 ncbilKF960955
ST-934 ncbi|KF960954
99/100/99 83/85/51 ST-928 ncbi|KF960953
ST-930 nchiKF960960
ST-870 ncbiKF960962 Typell

-870 nebi| ABC transporters
ME-905 ncbiKF960963

ME-22 ncbilKF960961
SR-87 ncbi|KF960959
SR-49 ncbi|KF960958

OleB Streptomyces antibioticus ncbil AAA50325

TagH Micromonospora rosaria ncbi BAM35929
Orfl Micromonospora carbonacea ncbilAX697979
ME-818 ncbi|KF960948

TIrC Streptomyces fradiae ncbilP25256
90/82/86 SrmB Streptomyces ambofaciens ncbi CAM96590
CarA Streptomyces thermotolerans ncbiAAC32027
ME-815 ncbilKF960951
ME-803 ncbi|KF960950

Ard1 Saccharothrix mutabilis subsp. capreolus ncbilCAA59109

DrrA Streptomyces peucetius ncbilP32010 I
OleC Streptomyces antibioticus ncbi| AAA26793

Saccharopolyspora spinosa ncbilWP 010312975
polyspora sp \ Type I

Streptomyces kasugaensis ncbi|BAF79692 ABC transporters

MtrA Streptomyces argillaceus ncbilCAK50797
100/100/99

—

TrnB2 Streptomyces longisporoflavus ncbi|CAA52012
0.5

Saccharopolyspora spinosa ncbilWP 010312952

Figure 2 Phylogenetic analysis of 17 putative ABC transporters from the isolated strains with 23 reference sequences of ABC
transporters described in actinobacteria. The phylogeny was inferred by Bayesian analysis of amino-acid sequence alignment. Branch lengths
correspond to mean posterior estimates of evolutionary distances (scale bar, 0.5). Branch labels indicate the Bayesian posterior probability and

supporting bootstrap values from maximum-likelihood and neighbor-joining analyses for branches with significant support and relevance for
clustering of the analyzed sequences.
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Conexibacter woesei img|646501003

Saccharopolyspora spinosa ncbi|ZP 8882028

PikR1 Streptomyces venezuelae ncbi AAC69328

100/100/100 ME-116 ncbilKF960944
— NE-229 ncbi|KF960946
SR-87 ncbi|KF960947
SR-49 ncbi|KF960945
Cerl Streptomyces caelestis ncbi| ADB92556

TIrD Streptomyces fradiae ncbi|CAA66307
4|:|j MdmA Streptomyces mycarofaciens ncbiBD420675
SrmD Streptomyces ambofaciens ncbilCAM96571
— Nocardia farcinica img|637575274
—: Nocardia cyriacigeorgica ncbi|YP 5264586

ErmE Saccharopolyspora erythraea img|640171478
100/91/99 [ ErmE Saccharopolyspora erythraea img|647015626
ErmA Aeromicrobium erythreum ncbiP09891
Stackebrandtia nassauensis img|646677090
Thermomonospora curvata img|646418207
Nocardiopsis dassonvillei subsp. dassonvillei img|646838346
CarB Streptomyces thermotolerans ncbi|P13079
Actinoplanes missouriensis ncbi|YP 5464619
Thermobispora bispora img|646812074

_|——Strepwsporangium roseum img|646455993

Streptomyces violaceusniger img|648754811
Streptomyces bingchenggensis img|646972133
TIrA Streptomyces fradiae ncbi|P45439
Streptomyces zinciresistens ncbi|ZP 8807313
Streptomyces sviceus img|648874430
Streptomyces ghanaensis img|645203214
Streptomyces chartreusis ncbi|ZP 9951411
Streptomyces lividans img|645401750
Streptomyces coelicolor img|637270367

SrmA Streptomyces ambofaciens ncbilCAA11706

Salinispora tropica img|640475925
_I_— Salinispora arenicola img|641273471
Micromonospora lupini ncbi|ZP 10093176

Tsukamurella paurometabola img|646803359
% Gordonia bronchialis img|646394872
Corynebacterium ammoniagenes img|647490966

Corynebacterium jeikeium img|647127931
Corynebacterium jeikeium img|637665248
Corynebacterium glucuronalyticum img|644342943
96/63/- Corynebacterium urealyticum img|641674352
Corynebacterium glucuronalyticum img|644132029
Mycobacterium smegmatis img|639740176
Moycobacterium fortuitum ncbi| AAR92235
Microlunatus phosphovorus img|650913767
ME-118 ncbi|KF960941
ME-80 ncbi|KF960942
ME-1 ncbilKF960943
PikR2 Streptomyces venezuelae ncbi AAC69327
Orf19 Micromonospora carbonacea var. aurantiaca ncbilAX698015
Pseudonocardia sp. img|650090439
LmrB Streptomyces lincolnensis ncbi| ABX00620
Catenulispora acidiphila img|644959226
Kytococcus sedentarius img|644992046
Actinomyces sp. img|651536054

100/95/99

100/64/59

0.5

Figure 3 Phylogenetic analysis of 7 putative erm genes from the isolated strains obtained in this study with 50 actinobacterial
described or putative erm genes. The phylogeny was inferred by Bayesian analysis of amino-acid sequence alignment. Branch lengths
correspond to mean posterior estimates of evolutionary distances (scale bar, 0.5). Branch labels indicate the Bayesian posterior probability and
supporting bootstrap values from maximum-likelihood and neighbor-joining analyses for branches with significant support and relevance for
clustering of the analyzed sequences. The phylograms were outgrouped using KsgA sequence [Genbank: WP_003915138].
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erm gene

erm gene

secondary

Species Strain in cluster Acc. No. metabolite Reference
Thermomonospora curvata DSM 43183 646418207 US DOE, JGI
Nocard;z%ggl gg:zgzm’g; DSM 43111 646838346 T
Streptosporangium roseum DSM 43021 646455993 o
Thermobispora bispora DSM 43833 646812074 o
Stackebrandtia nassauensis DSM 44728 646677090 B
57 Salinispora arenicola CNS-205 641273471 T
Salinispora tropica CNB-440 640475925 T
Micromonospora lupini Lupac 08 ZP_10093176
B 100 Micromonospora carbonacea NRRL 2997 orf19 AX698015 rosaramicin [24]
var. aurantiaca
Actinoplanes missouriensis NBRC 102363 YP_005464619
Actinomyces sp. F0386 651536054 US DOE, JGI
—] 100 Saccharopolyspora spinosa NRRL 18395 ZP_08882028 spinosyn [25]
Saccharopolyspora erythraea NRRL 2338 white ermE 640171478 erythromycin ~ US DOE, JGI
Saccharopolyspora erythraea NRRL 2338 ermE 647015626 erythromycin "
Pseudonocardia sp. P1 650090439 T
74] Corynebacterium glucuronalyticum ATCC 51866 644342943 o
—|: Corynebacterium glucuronalyticum ATCC 51867 644132029 o
Ll L— Corynebacterium ammoniagenes DSM 20306 647490966 T
Corynebacterium jeikeium K411 637665248 T
—|: Corynebacterium jeikeium ATCC 43734 647127931 T
L— Corynebacterium urealyticum DSM 7109 641674352 B
78| — Tsukamurella paurometabola DSM 20162 646803359 B
Mycobacterium smegmatis MC2 155 639740176 T
—|: Mycobacterium fortuitum DSM 46621 AAR92235 [26]
86 Nocardia cyriacigeorgica GUH-2 YP_005264586 127
52 —|: Nocardlia farcinica IFM 10152 637575274 US DOE, JGI
L— Gordonia bronchialis DSM 43247 646394872 B
Aeromicrobium erythreum NRRL B-3381 ermA P09891 erythromycin [28]
—|: Microlunatus phosphovorus NM-1 650913767 US DOE, JGI
L— Kytococcus sedentarius DSM 20547 644992046 o
Catenulispora acidiphila DSM 44928 644959226 B
Streptomyces chartreusis NRRL 12338 ZP_09951411 tunicamycin [29]
| Streptomyces thermotolerans ATCC 11416 carB P13079 carbomycin [30]
Streptomyces lividans TK24 645401750 US DOE, JGI
Streptomyces coelicolor A3(2) 637270367 B
73 Streptomyces ambofaciens ATCC 23877 srmA, srmD gﬁl\A/I19167507§ spiramycin [16]
Streptomyces caelestis ATCC 1584 cert ADB92556 celesticetin
Streptomyces zinciresistens K42 ZP_08807313
& Streptomyces ghanaensis ATCC 14672 645203214 moenomycin  US DOE, JGI
- Streptomyces fradiae T59235 tIrA, tirD Eﬁg&m tylosin [14, 15]
100 o8 Streptomyces bingchenggensis BCW-1 646972133 US DOE, JGI
Streptomyces violaceusniger Tu 4113 648754811 T
Streptomyces mycarofaciens ATCC 21454 mdmA BD420675 midecamycin [31]
Streptomyces venezuelae ATCC 15439 pikR1, pikR2  ‘acoo328, pikromycin 132]
98 Streptomyces lincolnensis ATCC 25466 ImrB ABX00620 lincomycin [13]
Streptomyces sviceus ATCC 29083 648874430 US DOE, JGI
Conexibacter woesei DSM 14684 646501003 B

Figure 4 (See legend on next page.)
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Figure 4 Phylogenetic relationships of 47 collection strains harboring erm resistance genes. Strains used in the analysis were selected
from GenBank and JGI_IMG databases based on availability of both erm and 165 rRNA gene sequences. The phylogram was constructed by
neighbor-joining method based on Jukes-Cantor distance matrix calculated from alignment of 165 rRNA gene sequences. Branch labels
indicate the supporting bootstrap values based on analysis of 1000 replicates.

Discussion

Several different mechanisms contributed to the rela-
tionships between the phylogenies of two selected resist-
ance genes and 16S rRNA genes in actinobacteria. In
defined biosynthetic clusters (common for both genes),
no correlation between both resistance gene sequences
and sequences of 16S rRNA genes was found. This find-
ing conforms to the mechanism of horizontal transfer
expected in secondary metabolite pathways [43,44].

In our isolates and the dataset, where the two genes
occurred together in one genome, erm genes but not
ABC transporter genes were related to the respective
16S rRNA genes and the difference in phylogeny of the
two genes occurred only in streptomycetes not actino-
bacteria. So, the two resistance genes showed different
phylogenetic relationships, erm gene being more related
to the phylogenetic origin of the respective strain. The
difference in ABC transporter gene phylogeny observed
in streptomycetes may be explained by increased hori-
zontal transfer proposed within Streptomyces genus [45].
That agrees with the previously proposed model, in
which recombination is acting as a cohesive force, which
diminishes with increasing sequence divergence [46].

For erm gene, the observed relationship suggests that
individual forms of the resistance genes evolved in separ-
ate lineages. This phenomenon was documented for
streptomycin and viomycin producing streptomycetes
where the occurrence of production and resistance
correlated with phylogenetic relatedness based on

multilocus sequence analysis [4]. Another explanation
might be that the horizontal gene exchange is rapid in
ecologically cohesive populations and maintains close re-
lationship between community members [7,47,48]. Fur-
ther to that, in our isolates 16S rRNA gene sequences
were significantly correlated to soil pH and organic mat-
ter. That corresponded to our previous finding by mo-
lecular approaches at four of the isolation sites, where
T-RELP of 16S rRNA was strongly correlated to soil pH
and organic matter and also to T-RFLP of erm genes
[17]. This leads to a model of ecological speciation via
genetic isolation triggered by habitat selection of nascent
populations proposed by Polz et al. [7].

These findings may be influenced by some methodo-
logical limitations. Firstly, high degree of 16S rRNA gene
homology may cause that the distances between 16S
rRNA genes cannot correctly describe the phylogenetic
relationships within lower taxa. However, the impact of
this constrain did not seem relevant for the present
study as the correlation of phylogenetic distances of re-
sistance genes to the concatenation of five housekeeping
genes gave the same results as the that to the 16S rRNA
gene in JGI_IMG dataset. Secondly, the precision of se-
quence selection to the JGI_IMG datasets differed be-
tween the two resistance genes. The erm genes were
selected by their similarity to /mrB gene and by genomic
context, i.e. the conserved neighboring genes were used
to exclude the closely related ksgA genes. A similar ap-
proach could not be applied to ABC transporter genes

Table 2 Correlations between distance matrices of resistance gene and 16S rRNA gene sequences

Dataset Correlated sequences Taxonomic groups Number of strains R P
isolates ABC transporter x 165 rRNA streptomycetes 17 0.61 0.072
erm x 16S rRNA streptomycetes 7 1.00 0.005
JGL_IMG ABC transporter x 16S rRNA actinobacteria 246 0.66 < 0.001
streptomycetes 16 0.79 0.001
JGI_IMG erm x 16S rRNA actinobacteria 31 0.82 < 0.001
streptomycetes 6 0.96 0.007
JGI_IMG ABC transporter x 165 rRNA actinobacteria 31 0.76 < 0.001
(subset with erm) streptomycetes 6 0.82 0.094
GB (in cluster) ABC transporter x 165 rRNA actinobacteria 6 0.76 0333
erm x 16S rRNA actinobacteria 11 0.82 0.111
streptomycetes 7 0.83 0.800
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Table 3 Correlations between distance matrices of resistance gene and concatenated sequences of five housekeeping

genes (MLS) in the JGI_IMG dataset

Dataset Correlated sequences Taxonomic groups Number of strains R P
JGI_IMG ABC transporter X MLS actinobacteria 238 0.65 < 0.001
streptomycetes 13 0.81 0.006
JGILIMG erm X MLS actinobacteria 31 0.81 < 0.001
streptomycetes 6 0.97 0.008
JGI_IMG ABC transporter x MLS actinobacteria 31 0.76 < 0.001
(subset with erm) streptomycetes 6 0.76 0.320

because several homologous genes of unknown function
were present in the majority of genomes and they oc-
curred in varying genomic contexts. Consequently, the
ABC transporter genes were selected based on homology
to ImrC gene sequence, and only one gene of the highest
similarity in each genome was selected for the analysis.
This was done to approach the true antibiotic resistance
genes, i.e. those often shared horizontally.

All sequences of our datasets, which were selected from
the JGI_IMG database clustered together with resistance
genes sequences with proved function (Additional file 1:
Figures S2, S3). Since no evidence for transfer of antibiotic
resistance genes from the antibiotic producing strains to
pathogenic or commensal bacteria was found [11] we as-
sumed that the majority of resistance genes selected for
our datasets originated in antibiotic producers. This en-
ables a partial linking between our results based on ge-
notypes and phenotypes. Phenotypes of our isolates
were similarly dependent on environmental factors be-
cause higher proportion of bioactive strains was deter-
mined in alkaline soils similarly as in other studies [49].
However, higher number of detected compounds was
found in acidic soils and even though this result is based
only on a small dataset, we think that acidic soils may
harbor novel actinobacterial diversity. That result is
supported by our previous description of high erm gene
variability and of a new suborder of actinobacteria dom-
inating actinobacterial communities at both of the stud-
ied acidic sites (Trebon - [20,50]; Zakopana - [17]).

In our study it was shown that site selection is closely
related to phylogenetic relationships of both 16S rRNA
and resistance genes even within streptomycetes. Since
our isolates belonged mostly to the Streptomyces genus
their characterization parallels the debate on taxonomic
diversity as a surrogate for chemical diversity [51].

Conclusions

In conclusion, most of the industrially used strains
have been isolated by classical cultivation methods
from neutral or slightly alkaline soils and strains of
acidophilic actinomycetes were rarely described [52].

In our isolates, the phylogenetic origin of strains
strongly depended on soil properties such as pH and
organic matter content suggesting that isolation from
specific sites may yield taxonomically distinguished
strains even at sub-genus level. Considering our results
of resistance genes correlation with actinobacteria tax-
onomy and site characteristics together with previously
reported relationships between secondary metabolic
gene pool and both strain phylogeny [4] and site speci-
ficity [47,17,20], isolates from specific, particularly
acidic soil sites may still represent a reservoir of un-
known antibiotics and other secondary metabolites.

Additional file

Additional file 1: Figure S1. In silico analysis of primer coverage with
sequence sets retrieved from 306 genomes of Actinobacteria in JGI_IMG
database. Figure S2. Phylogenetic analysis of actinobacterial
methyltransferase sequences related to Erm. Figure S3. Phylogenetic
analysis of actinobacterial ABC transporter sequences. Figure S4. The
proportion of strains expressing antibiotic activity. Figure S5. Low
molecular weight compounds detected by TLC analysis.
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