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Abstract—The Streptomyces albus J1074 strain remains one of the most popular platforms for the discovery of
new natural compounds due to the expression of biosynthetic gene clusters (BGCs) from the microorganisms
of the Actinobacteria class. Different methods were tested to provide a maximal expression of heterologous
BGCs in this strain. However, there is still no description of the properties of spontaneous J1074 mutants in
the rpsL gene encoding a ribosomal protein S12. The interest in such mutations in actinobacteria is due to the
fact that they provide a considerable increase in the antibiotic activity. In this work, we describe the isolation
and characterization of the S. albus KO-1297 strain, which contains a spontaneous missense mutation in the
rpsL gene leading to a Lys88Glu substitution in the protein S12. As compared with the initial strain, this
mutant exhibits an increased resistance to streptomycin and higher antibiotic productivity. The KO-1297
strain and genetically engineered rpsLK88E mutant K88E are not identical in their ability to produce antibiotics.
KO-1297 also exhibits a certain level of instability of rpsL mutation. The genomes of KO-1297 and its rpsLWT

revertant contain the mutations that can cause phenotypic differences between these strains (as well as
between them and SAM2 and K88E strains).
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INTRODUCTION

The continuous spread of bacterial and viral infec-
tions has acquired extraordinary acuteness in the
modern world, especially in the light of the pandemic
caused by SARS-CoV2 (Editorial 2020), once again
reminding mankind about the need to search for new
efficient antibacterial and antiviral drugs. The almost
inexhaustible potential of gram-positive bacteria of
the Actinobacteria class for the production of bioactive
substances can be used for the discovery of new antibi-
otics. Among actinobacteria, the genus Streptomyces is
the most studied and commercially successful genus
(Pye et al., 2017). To date, the expression of individual
genes and genomic libraries of streptomycetes in spe-
cial platform strains (among which the Streptomyces
albus J1074 strain is the most popular) is methodolog-
ically the most efficient approach to the discovery of
new bioactive substances. A rapid, dispersed growth
and the simplicity of genetic manipulation contributed
to the fact that the S. albus J1074 became the “first
choice” strain for the expression of heterologous clus-
ters of genes of secondary metabolite biosynthesis in
actinobacteria (Bilyk and Luzhetskyy, 2017).

The improvement of biotechnological potential of
S. albus J1074 was an important direction of studies, in

the course of which new derivatives of this strain, plas-
mids for the expression of global regulators of the sec-
ondary metabolism were constructed, and different
cultivation techniques providing a maximal productiv-
ity of this platform were worked out (Lopatniuk et al.,
2017; Gummerlich et al., 2021; Kuhl et al., 2021). The
selection of highly productive variants among strepto-
mycin-resistant (StrR) Streptomyces mutants is one of
the historically first approaches to obtaining overpro-
ducers of antibiotics; most frequently, such mutations
occur in the rpsL gene encoding the ribosomal protein
S12 (Shima et al., 1996). Previously, we described a
genomic engineering approach to the construction of
point rpsL mutations in J1074, which allowed for the
identification of several promising strains (Lopatniuk
et al., 2019). This for the first time provided a unique
opportunity to objectively compare the peculiarities
and advantages of two approaches (a search for spon-
taneous rpsL mutants and the construction of such
mutants using genomic engineering methods. The
important question is whether only the rpsL mutation
(without additional mutations) causes an increase in
antibiotic productivity in spontaneous mutants.
Moreover, although some consequences of rpsL muta-
tions are known (for example, a higher level of protein
synthesis in a stationary phase) (Okamoto-Hosoya
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et al., 2003), a complete mechanism of the influence
of these mutations on the secondary metabolism of
Streptomyces remains unclear. Genomic engineering
theoretically allows one to obtain certain changes in
the genome in a “pure” form, that is, without accom-
panying mutations. The comparison of isogenic rpsL
mutants of different origin is one of the ways to find
answers to the above questions. Correspondingly, we
describe the isolation and initial characterization of
the spontaneous S. albus KO-1297 rpsL mutant in this
work. The obtained results indicate that biotechnolog-
ically valuable properties (for example, the ability to
produce antibiotics) of genetically engineered and
spontaneous mutants, isogenic only for the rpsL allele,
can differ. This is probably caused by the presence of
additional mutants in the genomes of spontaneous
mutants. We provide the results from analyzing the
KO-1297 strain genome that serve as evidence of the
above statement.

MATERIALS AND METHODS

Streptomyces albus SAM2 (also known as Δpse),
S. albus J1074 derivative with a deletion of pseudo-
attBϕC31 site (Bilyk and Luzhetskyy, 2014), was used in
all experiments as the original strain. The S. albus
K88E mutant contains the rpsLK88E allele obtained by
the methods of genomic engineering (Lopatniuk et al.,
2019). The KO-1297 strain was selected among the
spontaneous SAM2 StrR mutants as described below.
In this work, the KO-1297L strain was obtained as a
spontaneous streptomycin-sensitive (StrS) KO-1297
derivative. Streptomycetes were cultivated on TSA,
GYM, SG2, TSB, and SFM media (Tanaka et al.,
2009; Koshla et al., 2017; Koshla et al., 2019) at 30°C.
The strains Bacillus cereus ATCC19637, Staphylococ-
cus aureus 209P, and Debaryomyces hansenii VKM9
were used as test culture for determining the antibiotic
activity of rpsL mutants. The cosmid pOJara with
aranciamycin biosynthesis gene cluster was described
by Koshla et al. (2017). The agar block method for
determining antibiotic activity of S. albus strains,
extraction, and spectrophotometry of aranciamycins
were also described in Koshla et al. (2017). All compo-
nents of culture media were purchased in Conda Lab-
oratories. Streptomycin sulphate was purchased in
Roth. Other reagents from the ChemLaborReactive
Company were of the level of purity not less than
chemically pure.

The resistance of S. albus clones to streptomycin
was determined by the method of colony replicas on
agar SFM medium with antibiotic. To determine a
minimum inhibitory concentration (MIC) of streptomy-
cin, spore suspensions of the studied strains (105 cfu)
were seeded in the wells of an immunological plate
from 120 μL of TSB medium containing different con-
centrations of antibiotic (from 0.6 to 200 μm). The
plates were incubated on a shaker and growth was
determined after 48 h of cultivation.

Primers used for screening and identification of
mutations in the rpsL gene and the conditions for PCR
screening of such mutations were described in (Shima
et al., 1996). Genomic DNA of KO-1297 and KO-
1297L strains was isolated by a salting method accord-
ing to the procedure no. 4 described in (Kieser et al.,
2000) from 24-h cultures grown in tryptic soy broth
(TSB) medium. The concentration and quality of iso-
lated DNA were determined on a Trinean Xpose
microchannel analyzer (Gentbrugge, Belgium). The
quality control DNA was used to construct a library
for sequencing by the Illumina method (TruSeq DNA
PCR-Free Kit). The library was sequenced on an Illu-
mina HiSeq instrument.

The initial data of sequenced S. albus genomes, ref-
erence sequence of the J1074 genome are located in a
database maintained by the group of Lviv University:
https://biotools.online/media/. At the stage of data
quality control, all original genome reads were tested
for the quality level and for the presence of sequencing
adapters using the FastQC program (http://www.bio-
informatics.babraham.ac.uk/projects/fastqc). Poor
quality sequences were extracted using the Trimmo-
matic v. 0.36 program. The genome reads were aligned
against the reference sequence of J1074 genome
(accession number CP004370) using a Bowtie2 v. 2.2.5.
Polymorphisms (SNP) and indels (DIP) were detected
using a ReadXplorer (Hilker et al., 2014). The cover-
age level of sequenced genome was 55:165-fold level
(see the list on the above mentioned database web-
page: Supplementary_data_(avg_coverage).xlsx?, cover-
age level and data quality see also xlsx files in the SNP
folder of the above mentioned online folder).

RESULTS

Isolation KO-1297 and KO-1297L strains. In this
study, we focused on generation a spontaneous
S. albus mutant containing a point substitution in the
rpsL gene, which leads at the level of the amino acid
sequence of the protein S12 to the substitution of a
lysine residue at position 88 by a glutamate residue
(rpsLK88E allele). This is one of the most studied
mutant alleles of the rpsL gene, which causes a signif-
icant increase in the production of antibiotics in strep-
tomycetes (Shima et al., 1996; Okamoto-Hosoya
et al., 2003; Ochi, 2017). A search for such a mutant
was performed by inoculation of spore suspensions
(approximately 108 colony-forming units, cfu) of the
initial SAM2 strain on the agar medium GYM con-
taining 100 μg/mL streptomycin and PCR screening
of colonies that grew on these plates for 7 days. In
total, we identified seven StrR clones that did not lost
their resistance up to 100 μg/mL streptomycin after
three passages under nonselective conditions. The fre-
quency of their occurrence was 1.4 × 10–8. One of the
CYTOLOGY AND GENETICS  Vol. 56  No. 1  2022
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Table 1. Antibiotic activity1 of S. albus strains

S. albus strains B. cereus Staph. aureus D. hansenii

SAM2 +2 + +
K88E ++ ++ +
KO-1297 + ++ ++
KO-1297L + + +
clones designated as KO-1297 contained the substitu-
tion of adenine residue with guanine at position 262 of
the rpsL gene (xnr_3720), which leads to the desired
substitution K88aE at the level of amino acid
sequence.

We decided to study in more detail the stability of
streptomycin resistance phenotype of KO-1297. For
this purpose, we performed 13 passages of the culture
of this mutant in a liquid TSB medium in the absence
of selective pressure, and the suspension of mycelial
cells after the last passage was seeded in dilutions on
mannitol soya f lour (SFM) agar. Among approxi-
mately 10000 colonies grown on SFM, a single colony
not growing on SFM with 100 μg/mL streptomycin
was found by the replica method. The obtained clone
was designated as KO-1297L. We determined minimum
inhibitory concentrations (MIC) of streptomycin for the
strains SAM2, K88E, KO-1297, and KO-1297L. The
following MIC were established: 1.6 μg/mL for SAM
and 6.25 μg/mL for KO-1297L. A growth of K88E and
KO-1297 was observed by the highest studied strepto-
mycin concentration (200 μg/mL). Consequently,
although KO-1297L lost the ability to grow due to high
concentrations of streptomycin, it differs from SAM2
in streptomycin resistance phenotype and, obviously,
is not a revertant to the wild type by this trait.

Antibiotic activity of rpsL mutants. We grew the
studied mutants on GYM and SG2 media and used 5-
day agar blocks of these cultures to estimate the antibi-
otic activity of these strains against a number of test
cultures. The results of these experiments are summa-
rized in Table 1 and Fig. 1a. It is noteworthy that
mutants (both spontaneous and genetically engi-
neered K88E) mostly demonstrate the highest antibi-
otic activity against used bacterial cultures and D. han-
senii yeasts, while the revertant rather resembles the
original SAM2 strain. However, there are also differ-
ences between the spontaneous and genetically engi-
neered mutants that carry the rpsLK88E allele. Thus,
the former is less active against B. cereus but is more
active with regard to D. hansenii. Differences between
the studied rpsLK88E mutants are also traced with het-
erologous expression of aranciamycin biosynthesis
gene cluster in these strains. Thus, the spontaneous
rpsLK88E mutant KO-1297 demonstrated much higher
ability to produce the above-mentioned antibiotic as
compared with genetically engineered K88E strain on
agar SFM medium (Fig. 1b) and in liquid SG2
CYTOLOGY AND GENETICS  Vol. 56  No. 1  2022
medium. As for the last case, KO-1297 produced
almost one and a half and three times more arancia-
mycin (0.485 cu, data on spectrophotometry of
extracts) as compared with the K88E strain (0.339 cu)
and SAM (0.159 cu), respectively.

Analysis of genomes of KO-1297 and KO-1297L.
The above-described results induced us to sequence
the genomes of parental SAM2 strain and KO-1297
and KO-1297L mutants in order to understand the
genetic basis of differences in antibiotic resistance and
antibiotic activity identified in them. As a result of
mapping sequencing data in relation to the reference
genome J1074, the mutations containing KO-1297
and KO-1297L as compared with SAM2 were found.
The list of differences is given in Table 2. The original
data are available in the database at the link provided
in the Materials and Methods section. A deletion in
the phosphodiesterase gene (xnr_1338), which can be
involved in metabolism of c-di-GMP secondary mes-
senger controlling secondary metabolism and mor-
phogenesis of streptomycetes, became an interesting
finding in the KO-1297 genome. The loss of rpsLK88E

mutation in KO-1297L genome was confirmed. At
the same time, four new mutations were detected in
KO-1297L, out of which the mutation in the tran-
scription factor gene xnr_4701 is, in our opinion, the
most interesting for the reasons described below in the
Discussion section. The protein Xnr_4701 from the
IclR family consists of 262 amino acid residues. Using
the https://smart.embl.de/ service, it was found that
the Lys136aGlu substitution, caused by a mutation in
the xnr_4701, is located outside the DNA-binding
domain, which covers a protein segment from 2 to 89
amino acid residues and, consequently, should not
violate its ability to interact with DNA.

DISCUSSION
The S. albus J1074 strain is becoming an increas-

ingly important platform for the discovery of biologi-
cally active substances (Olano et al., 2014; Kallifidas
et al., 2018), which causes a significant interest in
studying all aspects of its biology (Ahmed et al., 2017;
Myronovskyi et al., 2018; Koshla et al., 2019a). Spon-
taneous (or mutagen-induced) streptomycin-resistant
mutants, arising as a result of point substitutions in the
rpsL gene of ribosomal protein S12, frequently exhibit
an increased ability to produce antibiotics. The exact
mechanism of the effect of rpsL on the production of
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Fig. 1. Antibiotic activity of S. albus rpsL mutants. (a) Suppression of D. hansenii growth by agar blocks of S. albus strains;
(b) heterologous production of aranciamycin (red color) by S. albus strains. For location of strains, see graphic legends under the
photos. The photos demonstrate a typical result of at least five repetitions.
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secondary metabolites remains unknown (see Intro-
duction). To date, there are no works in which they
would try to study the whole genome of the sponta-
neous rpsL mutant and to detect other mutations that
can be carried by such a mutant. The involvement of
namely rpsL mutations in the overproduction of anti-
biotics is also indicated by the study of rpsL mutants of
S. albus that were obtained by genomic engineering
methods (Lopatniuk et al., 2019), where the probabil-
ity of side mutation events is lower. However, the
advantage of obtaining and using namely genetically
engineered mutants in biotechnology remains unclear.
Table 2. List of new mutations in KO-1297 and KO-1297L g

1 Type and localization of missense mutation in the gene are given in th

Mutation Locus1 Functio

Δ1595677 xnr_1338 Phosphodiesterase
Trp → Cys xnr_2696 Phage integrase
Ala → Ser xnr_2758 Asp dehydrogenase
Gln → Arg xnr_3600 Hypothetical protein
Lys → Glu xnr_3720 Ribosomal protein S
Lys → Glu xnr_4071 Transcription factor 
Theoretically, a positive effect of rpsL mutations on
the secondary metabolism of streptomycetes can be
maximally manifested with the occurrence of other
mutations that can be selected during screening the
spontaneous mutants. The results of studying the
spontaneous KO-1297 rpsLK88E mutant in this work pro-
vide the first evidence in favor of such a scenario. As
compared with genetically engineered K88E rpsLK88E

strain, KO-1297 produces more endogenous antifun-
gal compounds and is able to accumulate more aran-
ciamycin with heterologous expression of the genes of
its biosynthesis. It is interesting that KO-1297 contains
CYTOLOGY AND GENETICS  Vol. 56  No. 1  2022

enomes as compared with parental SAM2 genome

e supplementary materials; see hyperlink in Materials and Methods.

n
Presence of mutation in:

KO-1297 KO-1297L

+ –
– +
+ –
– +

12 + –
of IclR family – +
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the additional mutation as compared with SAM2 (in
the phosphodiesterase gene xnr_1338). The involve-
ment of homologues of this gene in the secondary
metabolism of streptomycetes is well known
(Makitrynskyy et al., 2020). A possible involvement of
this gene in the secondary metabolism of S. albus and
sequencing of the genome of genetically engineered
K88E mutant are the subject of our current studies. It
is possible that this mutant contains additional muta-
tions and not only those introduced by genomic engi-
neering methods that can affect its phenotype.

A quite simple (in terms of frequency of appear-
ance) detection of KO-1297L revertant was another
interesting result of our study. In the scientific litera-
ture, there are no data on the frequency of reversion of
rpsL mutants of streptomycetes. In our case, this fre-
quency is rather high, which obviously indicates a high
biological cost of rpsL mutation. It is known that the
rpsLK88E mutation increases the accuracy of protein
synthesis and thus slows down the growth of strepto-
mycete cultures (Shima et al., 1996; Okamoto-Hosoya
et al., 2003; Tanaka et al., 2009). This can cause a
selective advantage of reversion. However, a rapid
occurrence of the KO-1297L strain can be namely
caused by the KO-1297 genotype and not reflect a
general trend for all rpsL mutants. For example, the
presence of a mutation in the phage integrase gene in
KO-1297 can cause genomic rearrangements promot-
ing reversions. The value of the metabolic burden that
rpsLK88E mutation imposes on the strain is determined
by a complex of all mutations in the strain (rpsLK88E

and accompanying mutations), a cumulative effect of
which is impossible to predict only on the basis of bio-
informatic analysis (Westhoff et al., 2017).

Despite the loss of the rpsLK88E mutation, KO-1297L
is more resistant to streptomycin than the parental
SAM2 strain. We assume that this is caused by a mis-
sense mutation in the transcription factor gene of the
IclR family (xnr_4701). IclR-like proteins were
described, particularly, NdgR regulator (a regulator of
growth dependent on nitrogen and antibiotic produc-
tion), which has a global effect on the synthesis of
amino acids, morphogenesis, and production of anti-
biotics in Streptomyces coelicolor (Yung-Hun et al.,
2009). NdgR homologues were found in other Strepto-
myces species as well as in mycobacteria and coryne-
bacteria, which indicates its role as a global regulator.
It is possible that the mutation in xnr_4701 leads to the
formation of the protein that functions constitutively
or recognizes new gene promoters that way provide
resistance to streptomycin in a certain. Verification of
this assumption is the subject of our current experi-
ments that can lead to the identification of new mech-
anisms of streptomycin resistance.
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