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RESISTANCE TO TETRACYCLINE AND OLEANDOMYCIN
OF A NUMBER OF STREPTOMYCETES — PRODUCERS
OF POLYKETIDE ANTIBIOTICS

Recently, antibiotic resistance of pathogenic and opportunistic microorganisms is one of the primary problems of medi-
cine. Scientists pay considerable attention to the study of genes for resistance of strains of streptomycetes as sources of
such genes for microorganisms. The aim of this study was to determine the sensitivity of 9 strains of streptomycetes
producing polyketide antibiotics to tetracycline and oleandomycin and to identify possible correlations in resistant and
sensitive strains between the level of their resistance and the presence of resistance genes in chromosomes. Materials.
9 strains of producers of polyketide antibiotics were studied: Streptomyces cyanogenus S136, S. fradiae Tu2717, S. glauce-
scens Tu49, S. olivaceus Tu2353, S. antibioticus 35, S. globisporus 1912, S. aureofaciens 019, S. coelicolor A3(2), S. livi-
dans TK24. Methods. Appropriate microbiological (method of serial dilution in agar) and biotechnological (method
of computerized analysis of sequences) methods were used. Results. According to the sensitivity to oleandomycin and
tetracycline, the studied strains of streptomycetes can be divided into 3 groups. The first group includes strains resistant to
both antibiotics — S. coelicolor A3(2) and S. lividans TK24, the second group includes strains resistant to only one of the
antibiotics: more resistant to oleandomycin — S. globisporus 1912, S. glaucescens Tu49, S antibiotic 35-1; more resistant
to tetracycline — S. olivaceus Tu2353, S. fradiae Tu2717, S. aureofaciens 019. Strain S. cyanogenus S136 is sensitive to
both antibiotics. Conclusions. A correlation was found between the level of tetracycline resistance and the presence (the
number and similarity of structures) in the genomes of strains S. lividans TK24, S. globisporus 1912, and S. cyanogenus
S136 sequences, which are similar to the sequences of tetracycline resistance genes of strain S. coelicolor A3(2).
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Antibiotics synthesized by members of the Strep- | used as antibacterial, antitumor, and anthelmin-
tomyces family are widely used in medicine and | tic drugs as well as immunomodulators [1, 2].

veterinary medicine. A special place among them It is known that the productivity of a pro-
is occupied by polyketide compounds, which are | ducer strain depends on the functioning of all its
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necessary genes of the biosynthetic cluster and
largely depends on the genes of resistance to its
own antibiotic. Clusters of antibiotic biosynthe-
sis genes typically include genes for resistance to
the synthesized product. However, there may be
individual resistance genes in the chromosomes
of producers [3—5]. Non-producing cultures
can also have resistance genes [6].

It was found, on the one hand, the increase
in the level of resistance to its own antibiotic
promotes increasing its productivity. On the
other hand, there has been reported that an in-
crease in resistance to the third-party antibiot-
ics of industrial strains also increases their pro-
ductivity.. For example, increase by two times
in the level of landomycin E syntheses of vari-
ant 3-1 of strain Streptomyces globisporus 1912
after increasing its resistance to streptomycin
from 2.5 pug/mL to 500.0 ug/mL medium was
reported in [7].

It is known that there are several protection
mechanisms of streptomycetes from antibiotics,
both own and third-party: modification of the
“targets” of biocides; enzymatic inactivation of
antibiotics; active transport of metabolites from
cells. The microorganism cell can simultaneous-
ly have several mechanisms of protection against
the action of the same antibiotic. On the other
hand, streptomycetes are known as carriers of
the so-called multiple resistance, which simulta-
neously provide resistance to metabolites of dif-
ferent chemical nature, carried out by the same
enzyme or transport complex [8].

The TransportBD database includes almost
800 transmembrane pumps in the strain S. co-
elicolor A3 (2) of different structures and mecha-
nisms of action (for example, ABC family — The
ATP-binding Cassette Superfamily and MFS
family — The Major Facilitator Superfamily),
which provide resistance to one specific antibi-
otic or a number of third-party and own anti-
biotics  (http://www.membranetransport.org/
transporter2.php?oOID=scoel). Multiple mech-
anisms provide resistance to many antibiotics,
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including macrolides, streptogramins, fosmido-
mycin, and chloramphenicol [9, 10].

This paper presents the results of a study of
sensitivity to tetracycline and oleandomycin of
9 streptomycetes strains producing polyketide
antibiotics. Earlier, the results of studies of the
resistance of these streptomycetes to landomy-
cin A and E were published [11—13]. The au-
thors hypothesized the existence of genetic de-
terminants of multiple resistance in several of
them (for example, in S. globisporus 1912) and
showed a correlation between the level of their
resistance to antibiotics and their synthesis of
antibiotics [13].

Antibiotics used in the work (tetracycline and
oleandomycin) inhibit protein biosynthesis by
joining the components of ribosomes. Tetracy-
cline molecules interact with the 30S subunit of
ribosomes, blocking the binding of tRNA to the
mRNA-ribosome complex, as well as disrupt-
ing the incorporation of new aminoacids into a
polypeptide. Oleandomycin binds to the cata-
Iytic peptidyltransferase center of 50S subunits
of ribosomes that inhibited protein synthesis.
Self-protection of tetracycline and oleandomy-
cin-producing streptomycetes from antibiotics
is carried out both by enzymatic modification of
the antibiotic (e.g. glycosylation of oleandomy-
cin) and ribosomes (rRNA methylation) and by
removal of biocides from the cell by transmem-
brane pumps [14]. Interestingly, the ribosomes
of the oleandomycin producer S. antibioticus re-
main sensitive to their own antibiotic even in the
super producer [15].

The aim of the study was to determine the sen-
sitivity of 9 strains of streptomycetes producing
polyketide antibiotics to tetracycline and olean-
domycin and to identify possible correlations in
resistant and sensitive strains between the level
of their resistance and the presence of resistance
genes in chromosomes.

Materials and methods. 9 streptomycetes
strains producing polyketide antibiotics (Table 1)
were tested in the work. The strains were obtained
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from the museum of the Department of genetics
of microorganisms of the Zabolotny Institute of
Microbiology and Virology, NAS of Ukraine.

Streptomycetes were grown and stored on
agar soy medium. Antibiotic susceptibility was
determined on the Okanishi medium [13].

Method of sequential dilution of cells in liquid
medium. Streptomycetes were grown in a liquid
version of Okanishi medium at 28 °C with stir-
ring. Two-day-old mycelium was separated from
the culture fluid by centrifugation at 1.500 rpm,
washed with sterile saline, ground in a glass Pot-
ter homogenizer, and filtered through a cotton
gauze filter. The filtrates were diluted with saline
to form a suspension with a titer of 107 CFU/mL.

Method of serial dilutions of antibiotics. The
suspensions in appropriate dilutions were mixed
with molten and cooled to 45 °C agar Okanishi
medium, to which antibiotics with the required
concentrations were added. 20 ml of such mixes
were poured into each Petri dish. Commercial
preparations of antibiotics oleandomycin and
tetracycline (Borshchahivskyi Chemical Plant)
were used in the work. After incubation of cul-
tures at a temperature of 28 °C for 5—7 days, the
number of colonies was counted.

Table 1. List of used strains of streptomycetes — pro-
ducers of polyketides

. The main component Sources
Strains of .

of synthesized complex of

streptomycetes e . :

of antibiotics information

S. cyanogenus S136 |landomycin A [16]
S. fradiae Tu2717 | urdamycin A [16]
S. glaucescens Tu49 |tetracenomycin [17]
S. olivaceus Tu2353 | eloramycin [18]
S. antibioticus 35-1 |oleandomycin [13]
S. globisporus 1912 |landomycin E [16]
S. aureofaciens 019 | chlortetracycline [19]
S. coelicolor A3(2) |actinorodine [20]
S. lividans TK24. actinorodine* [20]

Note: * — trace quantities.
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Computerized analysis of sequences of strep-
tomycetes genomes was carried out by means of
the BLASTN programs [www.ncbi.nlm.nih.gov/
blast]. Tetracycline resistance genes SCO6805,
SCO3898, SCO0900, SCO2046, SCO1892,
SCO6427, SCO2264, SCO0783, SCO0252,
SCO7705, SCO7659. SCO7625, and SCO0484
of strain S. coelicolor A3(2) were used in our
BLAST-analyzes as reference sequences. Infor-
mation on the genome primary structures of
strains S. lividans TK24 (NZ_CP009124.1), S. cy-
anogenus S136 (NZ_CP071839.1), S. globispo-
rus 1912 (QWFA00000000.1), and S. coelicolor
A3(2) (NC_003888.3) were taken from NCBI
databases [www.ncbi.nlm.nih.gov/nucleotide/]

Results. The resistance of 9 strains of strep-
tomycetes to tetracycline and oleandomycin has
been studied (Table 1, Fig. 1).

Three of them (strains of S. fradiae Tu2717,
S. cyanogenus S136, and S. globisporus 1912) are
producers of anthracycline antibiotics (urdamy-
cin, landomycins A and E, respectively), 3 strains
(S. aureofaciens 019, S. glaucescens Tu49, S. oliva-
ceus Tu2353) synthesize tetracycline compounds
(tetracycline, tetracenomycin, and eloramycin,
respectively), S. antibioticus 35-1 strain produces
the macrolide antibiotic oleandomycin. The an-
tibiotic actinorodin is produced by S. coelicolor
A3(2) and S. lividans TK24.

Resistance of streptomycetes to tetracycline and
oleandomycin is provided by all known mecha-
nisms, in particular via active removal of the anti-
biotic from the cell; inactivation of antibiotics and
modification of the target by specific enzymes.
Tetracycline and oleandomycin resistance genes
exist not only in producer strains but also are
widespread among microorganisms (including
streptomycetes). Interestingly, the oleandomycin
producer strain S. antibioticus lacks a mechanism
to protect ribosomes from its own antibiotic and
its ribosomes, even in the superproducer, are sen-
sitive to the synthesized antibiotic.

Resistance to antibiotics was investigated by
the method of serial dilutions of antibiotics.
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Figs. 2. Dependence of streptomycete survival on the tetracycline concentration: 1 — S. aureofaciens 019, 2 — S. fra-
diae Tu2717, 3 — S. coelicolor A3(2), 4 — S. lividans TK24, 5 — S. olivaceus Tu2353, 6 — S. cyanogenus S136, 7 —
S. antibioticus 35-1, 8 — S. glaucescens Tu49, 9 — S. globisporus 1912
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Figs. 3. Dependence of streptomycete survival on the oleandomycin concentration: 1 — S. aureofaciens 019, 2 —
S. fradiae Tu2717, 3 — S. coelicolor A3(2), 4 — S. lividans TK24, 5 — S. olivaceus Tu2353, 6 — S. cyanogenus S136,
7 — S. antibioticus 35-1, 8 — S. glaucescens Tu49, 9 — S. globisporus 1912

The maximum concentration of oleandomycin
was 475 pug/mL of the Okanishi medium, and
the maximum concentration of tetracycline was
150 pg/mL of medium (Fig. 2, b; 3, a). However,
some of the strains were not able to grow on the
medium with antibiotics at their concentrations
(both and oleandomycin) above 10.0 pg/mL
(Figs. 2, a; 3, b).

Figs. 2 and 3 show the dependence curves of
cell survival of tetracycline 9 strains of strepto-
mycetes, producers of polyketide antibiotics, on
the concentration of tetracycline and oleando-
mycin in the Okanishi medium.

The studied strains of streptomycetes accord-
ing to their sensitivity to antibiotics can be di-
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vided into 3 groups. The first group includes 2
strains, namely S. coelicolor A3(2), S. lividans
TK24, which are most resistant to both anti-
biotics; the second group includes strains that
are resistant to only one of the two antibiotics,
namely the resistant to oleandomycin and sensi-
tive to tetracycline strains S. globisporus 1912, S
glaucescens Tu49, and S. antibioticus 35-1, as well
as more resistant to tetracycline and sensitive
to oleandomycin S. olivaceus Tu2353. S. fradiae
Tu2717, and S. aureofaciens 019; the third group
includes one strain only, namely strain S. cyano-
genus S136, which is sensitive to both antibiotics.

In general, the studied strains of streptomyce-
tes are more resistant to oleandomycin than to
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tetracycline, although the structures of the mol-
ecules of their own antibiotics are more similar
to those of tetracycline molecule (Fig. 1).

Significant sensitivity of S. aureofaciens 019
chlortetracycline producer to oleandomycin (0.5
pg/mL medium) has also been shown. It was
previously reported that this strain is sensitive to
landomycin E, as well as the producer of olean-
domycin (8. antibioticus 35-1) [13].

As shown by our studies, strains of S. lividans
TK24 and S. coelicolor A3(2) are more resistant
than 7 strains to both antibiotics used. Both
strains are the most studied streptomycetes.
Strains of S. lividans TK24 and S. coelicolor A3(2)
were found to be closely related streptomyce-
tes [20]. It is known that the strain S. coelicolor
A3(2) produces several antibiotics — actinorho-
din, methyleneomycin, prodegiozin, coelimycin,

Table 2. Similarity of gene sequences of S. coelicolor A3(2) (Query sequence)
and S. lividans TK24, S. cyanogenus S136, S. globisporus 1912 (Subject sequence)

Indicators of similarity of sequences* of analogous genes of streptomycetes

S. cyanogenus S136

S. globisporus 1912

S. coelicolor A3(2) S. lividans TK24
SCO6805 SLIV_RS04570
Qc=100%, 1=99.62%
SCO3898 SLIV_RS18790
Qc=100%, 1=99.53%
SCO1892 SLIV_RS28255
Qc=100%, 1=99.52%
SCO0900 SLIV_RS33385
Qc=100%, 1=99.61%
SC0O0252 SLIV_RS36610
Qc=100%, 1=99.36%
SCO0783 SLIV_RS33980
Qc=100%, 1=98.70%
SC02046 SLIV_RS27480
Qc=100%, 1=99.65%
SCO0484 SLIV_RS35470
Qc=100%, 1=99.91%
SCO7705 SLIV_RS00820
Qc=100%, 1=99.50%
SCO7659 SLIV_RS01070
Qc=100%, 1=99.55%
SCO7625 SLIV_RS01235
Qc=100%, 1=99.82%
SCO6427 SLIV_RS06350
Qc=100%, 1=99.46%
SCO2264 SLIV_RS26395
Qc=100%, 1=99.61%

S1361_RS33455
Qc=92%, 1=92,77%

S1361_RS20035
Qc=98%, [=78.86%
S1361_RS10360
Qc=91%, I=75.02%

S1361_RS35780
Qc=93%, 1=75.85%

N

D3105_02060
Qc=93%, [=74.98%

D3105_13870
Qc=85%, 1=69.28%

N

N N
N N
N D3105_22805

S1361_RS37060
Qc =82%, [=63.77%

Qc=95%, 1=72.61%
N

S1361_RS34970 N
Qc=88%, [=75.26%
S1361_RS00810 N
Qc=99%, 1=85.93%
S1361_RS34970 N

Qc=88%, 1=63.67%
N

N

D3105_16665
Qc=94%, 1=79.74%

D3105_16665
Qc=95%, 1=75.04%

Note: * — indicators of similarity of primary structures of similar genes: Qc (Query cover) — coverage, I (Identity) —
identity, N — sequences not detected.
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and calcium-dependent antibiotics. Trace syn-
thesis of actinorodine by S. lividans TK24 has
been reported. It was found that both strains
contain genes for resistance to many foreign an-
tibiotics [6,20].

The TransporterDB 2 database provides infor-
mation on proteins that form transmembrane
pumps of 2788 organisms of different taxonomic
groups of the bacterial kingdom, including 19
strains of streptomycetes (of course and S. coeli-
color A3(2)). The database presents information
about 795 proteins of efflux of S. coelicolor A3(2).
These pumps transport various substrates from
and into the cell: carbohydrates, lipids, salts,
peptides, antibiotics, and many others. By struc-
ture, effluxes that transport antibiotics from the
cell belong to the ABC and MFS families of the
class of ATP-dependent transporters.

The GenBank database contains informa-
tion about the primary structures of 13 genes
of S. coelicolor A3(2), which provide resistance
of the strain to tetracycline: genes SCO6805,
SCO3898, SCO0900, SCO2046, SCO1892,
SCO6427, and SCO2264 determine proteins of
transmembrane efflux of M-families; products of
genes SCO0783, SCO0252, SCO7705, SCO7659.
SCO7625, SCO0484 determine the modification
of tetracycline and 30S ribosomal subunit.

Information on the primary structure of genomic
DNA of strains S. lividans TK24 (NZ_CP009124.1),
S. cyanogenus S136 (NZ_CP071839.1), S. globispo-
rus 1912 (QWFA00000000.1), and mnS. coelicolor
A3(2) (NC_003888.3) were in GenBank database.
BLAST-analysis revealed in the genomic sequenc-
es of strains S. lividans TK24, S. cyanogenus S136
and S. globisporus 1912 structures similar to the
sequences of tetracycline resistance genes of strain
S. coelicolor A3(2) (Table 2). As reported above,
strains of S. coelicolor A3(2) and S. lividans TK24
are the most resistant to the antibiotic, and strains
of S. cyanogenus S136 and S. globisporus 1912 are
the most sensitive to tetracycline.

While in the genome of strain S. lividans TK24,
sequences with a significant degree of identity
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(over 98.7%) to the sequences of all reference
genes of S. coelicolor A3(2) were revealed, in the
genomes of sensitive strains (S. cyanogenus S136
and S. globisporus 1912) only 5 — 8 desired frag-
ments with much smaller similarity of their se-
quences to the sequences of reference genes of S.
coelicolor A3(2) were found. There is a definite
correlation between, on the one hand, the resis-
tance of strains to tetracycline and, on the other
hand, the number of resistance genes present in
the genomes and the similarity of the structures
of these genes to the sequences of reference genes
S. coelicolor A3(2). Interestingly, in the genome of
strain S. globisporus 1912, there are no sequences
similar to the sequences of the reference genes of
S. coelicolor A3(2), which determine tetracycline
resistance by enzymatic modification.

Discussion. In the experiments presented, the
resistance of wild type strain of S. globisporus
1912 has been determined. It was found that the
original culture is sensitive to tetracycline even
in small doses (1.5 pg/mL). There is a sharp de-
crease in culture survival at a concentration of
15.0 ug/mL oleandomycin in the environment.

As previously reported, morphological vari-
ants of the strain S. globisporus 1912 differ in
their resistance to tetracycline and oleandomy-
cin [11]. For example, the “bald” mutant 3-1 of
the strain S. globisporus 1912 (superproducer of
landomycin E) has significant resistance to both
of these antibiotics [12].

Our previous studies found that the resis-
tance to landomycin E and A strain of S. oli-
vaceus Tu2353 (producer of elaramicin) is not
inferior to the producer of landomycin E and is
superior to the producers of landomycin A and
urdamycin [14]. At the same time, the strain is
sensitive to low concentrations of oleandomycin
and tetracycline (Fig. 2B, 3A). Interestingly, the
strain of S. lividans TK24, which is resistant to
oleandomycin and tetracycline (Figs. 2A, 3B), is
one of the most resistant to landomycin A and
at the same time sensitive to landomycin E [13].
Although close genetic affinities of S. lividans
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TK24 and S. coelicolor A3(2) strains have been
reported, there is a significant difference in their
resistance to landomycins A and E [13]. At the
same time, these strains are equally resistant to
oleandomycin and tetracycline (Figs. 2A, 3B).

It was previously found that there is an asso-
ciation between increased levels of landomycin E
synthesis and increased resistance to other foreign
antibiotics. It was found that increasing the resis-
tance to streptomycin (from 12.0 ug/mL to 500.0
pg/mL) of mutant 3-1 of the strain S. globisporus
1912 leads to doubling of the level of synthesis of
landomycin E [11]. Streptomycin, an antibiotic
from the group of glycosides, also inhibits protein
synthesis by joining the 30S subunit of ribosomes.
Mechanisms of resistance to streptomycin are
enzymatic inactivation by phosphorylases, de-
creased permeability of the cell wall, modification
of the target (30S subunit of bacterial ribosomes),
and active excretion of the antibiotic from cells.

The Transporter database contains informa-
tion on 109 efflux proteins from the MFS family
of the strain S. coelicolor A3(2), of which 71 pro-
teins are considered as components of multiple
resistance pumps. According to information
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IncturyT Mikpo6iosorii i Bipyconorii im. JI.K. 3a6onornoro HAH VYkpainu,
By AkazieMika 3ab6omorHoro, 154, Kuis, 03143, Ykpaina

PE3VICTEHTHICTD 1O TETPALIMKJIIHY TA OJIEAHIOMIIIMHY
PANY CTPEITTOMILIETIB — ITPOAYLIEHTIB ITOJIIKETUAHVX AHTUBIOTUKIB

OcTaHHIM YacOM Pe3MCTeHTHICTb /IO aHTMOIOTUKIB MATOTeHHMX Ta YMOBHOIIATOT€HHNUX MIiKpOOpraHisMiB € of-
Hi€I0 3 MepIIOPSHMX MIPpoOIeM MefUINMHI. 3HAYHY YBary HayKOBLi MPUAIISIOTh BUBYEHHIO TeHiB CTIIKOCTI miTa-
MiB CTPENTOMILIeTIB 5K [pKepea TaKMX IeHiB /i1 MiKkpoopraHismiB. MeToxw po60oTi 6y/0 BUSHAYNUTY Yy TIUBICTH
9 mraMiB CTpenTOMIilleTiB — IPOAYLIEHTIB NOMIKeTUIHNX aHTUOIOTHKIB IO TETPALMKIIHY Ta OJIeaHOMILMHY Ta
BUABUTY MOXX/IMBY KOPEJALII0 Y CTIIKMX Ta YyTIMBUX IITaMiB PiBHA IX CTIMIKOCTi Ta IPUCYTHOCTI I'eHiB pe3uc-
TEHTHOCTI B Xpomocomax. Marepiamu. JlocmipkyBamy 9 mTamMiB — MPOAYIEHTIB MOMIKETUAHUX aHTUOIOTHKIB:
S. cyanogenus S136, S. fradiae Tu2717, S. glaucescens Tu49, S. olivaceus Tu2353, S. antibioticus 35, S. globisporus
1912, S. aureofaciens 019, S. coelicolor A3(2), S. lividans TK24. Metomgu. B po6oTi BukopucTOByBaIu BifmoBiz-
Hi Mikpob6ionoriuni (MeTOx cepiifHOro po3BefieHH: B arapi) Ta 610TeXHOIOriYHMIT (METOR KOMIT IOTePHOTO aHaIi3y
nocigoBHOCTelt) MeTopu. PesynmpraTn. 3a 4y T/IMBICTIO KO 0/I€aHAOMILMHY 1 TETPALMKIIHY JOCIIHKYBaH] MITaMI
CTpenToMilLleTiB MOX/IMBO PO3IOAIINTY Ha 3 rpyni. B mepuny BifHeceHi mramu, cTiiiki 50 060X aHTU610THKIB — S.
coelicolor A3(2), S. lividans TK24, y npyry BifHeceHi mramm, 1o CTifiki TIIBKY O OXHOTO 3 aHTMOIOTUKIB: pesuc-
TeHTHilI 0 oneangominuuy — ne S. globisporus 1912, S. glaucescens Tu49, S. antibioticus 35-1; cTiiikimi go Terpa-
nuxniny — S. olivaceus Tu2353. S. fradiae Tu2717, S. aureofaciens 019. llltam S. cyanogenus S136 € 4y TIMBUM 1O
060x aHTH6iOTNKIB. BiCHOBKM. BusiBiieHa Kopesslis MK piBHeM CTIIKOCTI 0 TeTPALMKIIIHY Ta IPUCYTHICTIO B
reHoMax wramiB S. lividans TK24, S. globisporus 1912 ta S. cyanogenus S136 mocnifoBHOCTet, AKi IOfIi0HI CMKBeH-
caM TeHiB Pe3UCTEeHTHOCTI 10 TeTpanukiiny mramy S. coelicolor A3(2).

Kniouosi cnosa: anmubiomux, pesucmeHmHicmo, CHpenmominem, 2eH.
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