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Abstract: The development of novel antibacterial drugs needs urgent action due to the global
emergence of antibiotic resistance. In this challenge, actinobacterial strains from arid ecosystems
are proving to be promising sources of new bioactive metabolites. The identified Streptomyces rochei
strain CMB47, isolated from coal mine Saharan soil, provided an ethyl acetate extract which tested
against a series of pathogens. It displayed a minimum inhibitory concentration of <0.439 pg/mL
against MRSA. A statistical experimental design using a response surface methodology (RSM) based
on the second-order rotatable central composite design (RCCD) was planned to develop an efficient
fermentation process able to improve the bioactive metabolite production. The optimal conditions
were determined for starch and NaNOj3 concentrations, incubation time and the initial pH value,
reaching the inhibition zone diameter of 20 mm, close to the experimental value, after validation of
the model. A bioassay-guided fractionation of the crude extract provided the most active fractions,
which were analyzed by HPLC equipped with a photodiode array detector and coupled online
with an electrospray mass spectrometer (HPLC-DAD/ESI-MS), obtaining preliminary indications on
the molecular structures of the metabolites. These results support the potential interest in further
investigations into the purification and full characterization of the metabolites responsible for the
biological activity observed so far.

Keywords: antimicrobials; central composite rotatable design; methicillin-resistant S. aureus; statistical
optimization; LC-ESIMS analysis; Streptomyces rochei

1. Introduction

Over several decades, the bacteria that are commonly involved in human pathologies
have developed resistance mechanisms to any new antibiotics, including carbapenems
and third-generation cephalosporins, the best available antibiotics for treating multidrug-
resistant bacteria [1]. As recently reported [2], in 2019, S. aureus was involved in 40 million
infections and caused more than one million deaths. Methicillin-resistant Staphylococcus
aureus (MRSA) belongs to the priority list of antibiotic-resistant pathogens published by
the World Health Organization (WHO). The list, including the 12 families of bacteria
most threatening to human health, was established in order to guide and promote the
research and development of new antibiotics. The worldwide emergence of MRSA strains
poses a serious public health problem because they are responsible for a wide variety of
infections [3]. Moreover, there are limited therapeutic options still available [4-6] due to
the small number of antibiotics that have been added to the clinician’s arsenal in the last
few decades.
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Secondary metabolites produced by microorganisms, specifically Actinobacteria, are
regarded one of the major sources of antibacterial agents. Actinobacteria investigated so
far include several genera, from the most common, such as Streptomyces and Nocardiopsis,
to the rarest, such as Saccharothrix, Streptosporangium or Actinomadura. However, depending
on their abundance in the soil, 99% of the actinobacteria species still remains unexplored [7].
These microorganisms are a source of wide structural and biological diversity, associated
to a similarly wide chemodiversity, which is of interest for biotechnological, agricultural
and medicinal applications. Moreover, the mechanisms of adaptation of actinobacteria to
extreme environments allow them to synthesize novel and unusual metabolites.

Actinobacteria belonging to the genus Streptomyces are the major producers of antibi-
otics [8], and this genus has been regarded as containing the most prolific producers of
therapeutic compounds [9].

Streptomyces rochei species are well known producers of metabolites that are active
against a wide variety of bacterial and fungal pathogens and against tumor cell lines. Sig-
nificant examples are the polyketide antibiotics lankacidin and lankamycin from S. rochei
7434AN4 [10,11], the new metabolites from the coculture of the marine-derived actinobac-
terium Streptomyces rochei MB037 and the fungus Rinocladiella similis 35 [12]. Furthermore,
it was reported that the marine-derived S. rochei MHM13 and S. rochei MS-37 have the
ability to synthesize silver nanoparticles, exhibiting a wide range of inhibition against both
Gram-positive and -negative bacteria [13,14]. Additionally, enzymes with biotechnological
interest [15,16] are produced by a new soil-derived Streptomyces rochei subsp. chromatogenes
NEAE-K [17].

One of the potential approaches to the antibiotic resistance is the search for novel
molecules derived from unexplored sources, including peculiar niche habitats [18]. This
is confirmed by recent studies on the isolation and characterization of new actinobacteria
strains from particular environments. The Algerian Saharan soil constitutes an ecosys-
tem abundant in Actinobacteria, especially belonging to rare species, which have proven
to be good producers of new and known antimicrobial molecules against a range of
pathogens [19].

A challenge in the screening of Actinobacteria lies in the search for growth conditions
favorable to the production of novel secondary metabolites and to the dereplication of
known molecules [20]. The optimized conditions applied to the fermentation process
(involving media composition and parameters such as pH, temperature, inoculum size
and aeration) can affect not only the growth, but also the enhance the production and
the nature of secondary metabolites [21,22]. By evaluating the interactions between the
different variables, experimental designs are successfully applied in bioprocessing, finding
advantages in reduced time, efforts and resources if compared with the conventional
approach. By using this optimization approach, we have recently explored coil mining
soil actinobacteria with the aim of finding preliminary new metabolites as potential drug
candidates. This work allowed the selection and identification of the Streptomyces klenkii
CMB51 strain, which exhibits antagonistic activity against the multiresistant uropathogenic
germ E. coli ST31 [23].

Our continuous investigation for new active metabolites produced by actinobacteria
derived from the extremobiosphere has allowed us to report here on the isolation of the CMB47
strain, identified as S. rochei, which shows broad inhibitions against S. aureus and MRSA. The
modeling and optimization approach applied to the culture process enabled us to select the
crucial parameters for the maximum production of anti-MRSA metabolites. Additionally, LC-
ESI-MS/MS analysis on the most bioactive fractions from the crude extract gave preliminary
indications for identifying the metabolites responsible for anti-MRSA activity.

2. Materials and Methods
2.1. Actinobacterial Strain

The CMB47 strain belongs to the collection of the Laboratoire de Microbiologie Ap-
pliquée (LMA), University of Bejaia, Algeria. It was isolated in 2019 from the soil of an
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abandoned coal mine in the Bechar region in southwest Algeria (latitude 31°35'0.02” N,
longitude 2°13/54.68" O). This site is a particular ecosystem, consisting of charcoal-rich soil
and devoid of vegetation. The isolation of the actinobacteria was performed by a serial
dilution on SCA medium [23,24]. The strain was selected based on its strong inhibition
against MRSA ATCC 43300 and S. aureus ATCC 29213.

2.2. Characterization and Identification of the Actinobacteria Strain

The cultural features of the selected strain were studied according to the recommen-
dations by Shirling et al. [25] based on macro- and micromorphological properties and
physiological, biochemical and 16S rRNA gene sequence analyses. The cultural features
include intensity of growth, color of aerial and substrate mycelia, growth pattern and
production of soluble pigments on International Streptomyces Project (ISP) media. More-
over, various physiological and biochemical tests were performed, as reported by Williams
et al. [26] and in Bergey’s manual [27], recording the results after 7 days of incubation at
28 °C. In addition, the strain was evaluated for its tolerance to a range of NaCl concen-
trations (0%, 0.2%, 0.4%, 1%, 2%, 4%, 6% and 8%) on glucose—yeast extract agar (GYEA)
medium. The use of glucidic compounds (1% w/v) on ISP9 medium, resistance or sen-
sitivity to some physical agents such as growth at different initial pH values (5,7, 9 and
11) and temperatures (4 °C, 37 °C, 40 °C and 50 °C) were also achieved. Furthermore, the
studied strain was tested for its resistance to heavy metals using five different metal ions:
iron (Fe(NOs)3), chromium (K;Cr,Oy), copper (CuSO;), cadmium (Cd(NOs3);) and zinc
(ZnSOy), as well as their mixture (used at 50 mg/L concentration) in the agar nutrient (AN)
medium [28]. Analytical profiling index (API) strip tests were carried out for the identifica-
tion of the genus the strain belongs to. The API NE strips (bioMérieux, SA, Marcy-1'Etoile,
France) were used to investigate the physiological and biochemical characteristics of the
CMB47 strain, following the manufacturer’s instructions. The results were analyzed using
APILAB Plus software (bioMérieux).

2.3. Genomic DNA Extraction, Amplification, Sequencing of the 16S rRNA Gene and
Phylogenetic Analysis

Genomic DNA extraction of the CMB47 isolate was performed according to standard
procedure [29]. In detail, the amplification of 165 rRNA was carried out in a prime thermal
cycler (Techne) using two universal primers (27F: 5'-AGAGTTTGATCCTGGCTCAG-3" and
1525R: 5'-AAGGAGGTGATCCAAGCC-3') [30].

The genomic DNA was purified using the Wizard® Genomic DNA purification kit
(Promega, Madison, WI, USA) and then used as a template for PCR. DNA electrophoresis,
DNA purification, restriction, ligation and transformation were all performed according to
the methods previously described [29].

The nucleotide sequence of the cloned 16S rRNA gene was determined using BigDye
Terminator Cycle Sequencing Ready Reaction kits and the automated DNA sequencer ABI
PRISM® 3100-Avant Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). The
obtained sequence was compared with the ones available in the sequence databases and
with the EzTaxon-e server [31], a web-based tool for the identification of prokaryotes based
on 16S rRNA gene sequences from type strains. Phylogenetic and molecular evolutionary
genetic analyses were performed using MEGA software (version 4.1). Distances and
clustering were calculated using the neighbor-joining method. The tree topology of the
neighbor-joining data was evaluated by bootstrap analysis with 100 resamplings. Multiple-
nucleotide sequence alignment was performed using the BioEdit version 7.0.2 software
program and the Clustal W2 program, available at the European Bioinformatics Institute
server [32]. The nucleotide sequence data of the 165 rRNA (1501 bp) genes reported in this
paper have been submitted to the GenBank database under accession number MW131348.
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2.4. Extracellular Enzyme Production Potential Evaluation

In order to detect the amylase activity, the CMB47 strain was seeded on the Gauss
medium and incubated at 28 °C for 7 days [33]. The amylolytic potential was detected
by submerging the agar plates with Gram’s iodine solution (2.0%). The change in color
to clear zones around the growing colonies to dark blue was considered positive. To
observe cellulase production of CMB47, it was grown in agar plates, supplemented with
carboxymethyl cellulose (CMC) (0.5%) as the only carbon substrate and incubated at 28 °C
for 7 days. The experiment was carried out in triplicate. The plates were then flooded
with Congo red and NaCl. The clear zones around colonies indicated positive cellulase
activity [34]. Lipase production was carried out on Sierra medium in which Tween 20
and Tween 80 (0.5%) were supplemented. Agar plates were inoculated and incubated at
28 °C for 7 days. The production of lipases is reflected by the formation of opaque zones
around colonies—evidence of Tween 20 and 80 hydrolysis [35]. Tyrosinase activity was
assessed in medium containing L-tyrosine [36]. The appearance of black or brown color
around the colonies and diffused into the medium, after incubation at 28 °C for 7 days,
indicated tyrosinase activity. Protease production was detected for the CMB47 strain on a
milk agar plate, containing basal medium amended with 5% of skimmed milk [37]. After
7 days of incubation at 28 °C, zones of casein hydrolysis (clear zones) indicated positive
results. Analytical profiling index (API) strip tests were also carried out. The API NE
strips (bioMérieux, SA, Marcy-1'Etoile, France) were used to investigate the physiological
and biochemical characteristics of CMB47, following the manufacturer’s instructions. The
results were analyzed with APILAB Plus software (bioMérieux).

2.5. Screening the Culture Medium and Kinetics Study for the Anti-MRSA Metabolite Production

In order to obtain high bioactivity from the designated performing strain, it is essential
to select an appropriate production medium for an efficient fermentation process.

The following media were used: SCA (starch, 10 g; casein, 0.3 g; NaCl, 2 g; K;HPOy,
2 g; KNOs3, 2 g; MgS04-7H,0, 0.05 g; CaCOg, 0.02 g; FeSO4-7H,0, 0.01 g; agar, 18 g; pH 7.2;
1 L distilled water), Czapeck (starch, 10 g; NaNOs, 3 g; KoHPOy, 1 g; MgSO4-7H,0, 0.5 g;
KCl, 0.5 g; FeSO4-7H;0, 0.01 g; agar, 18 g; pH 7.0; 1 L distilled water), Gauss (starch, 20 g;
KoHPOy, 0.5 g; KNO;3, 1 g; MgSO4-7H,0, 0.5 g; agar, 18 g; pH 7.2; 1 L distilled water),
ISP2 (glucose, 4 g; yeast extract, 4 g; malt extract, 10 g; agar, 20 g; pH 7.2; 1 L distilled
water). The pure strain was inoculated at 107 spores/mL, in Petri plates containing the
synthetic production media and incubated at 28 °C for 7 days. The antimicrobial activity
was evaluated against MRSA using the agar cylinders method. The medium giving the
greatest inhibition, expressed in diameters of the inhibition zones, was selected as the basic
production medium for the study of the kinetics and production optimization.

The kinetics of the active metabolite production of the CMB47 strain was carried out
for 10 days on the previously selected medium. The evaluation of the anti-MRSA activity
was determined after two days of incubation by estimating the diameter of the inhibition
zones around the plug according to the agar cylinders method.

2.6. Strain Cultivation and Secondary Metabolite Extraction
2.6.1. Spore Suspension and Strain Cultivation

The pure CMB47 strain was cultured on the Czapeck medium at 28 °C for 7 days. The
spore suspension was prepared in 10 mL of distilled water and the inoculum adjusted to
107 spores/mL by measuring the optical density (OD) at 600 nm for OD =1 [38].

2.6.2. Crude Extract

Active metabolites were extracted twice by an overnight maceration of culture medium
together with mycelial mass using a sufficient volume of ethyl acetate. After combination of
the filtrates, the organic phase was evaporated to dryness using a rotavapor, giving 427.3 mg
of crude extract, which was suspended in 5 mL of methanol before the biological screening.
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2.7. Anti-MRSA Susceptibility Test of the Crude Extract
2.7.1. Well Diffusion Assay

Antimicrobial susceptibility assay was carried out using the well diffusion method
against MRSA (ATCC 43400). Wells of 6 mm in diameter are formed on Mueller-Hinton,
previously inoculated with 107 UFC/mL of MRSA, and volumes of 100 uL of extract were
then introduced. Methanol and vancomycin were used as negative and positive controls.
The plates were placed at 4 °C for 2 h to allow the diffusion of the active substances
and then incubated at 37 °C for 24 h. The clear zones of inhibition observed around the
wells suggested antagonistic activity, and diameters of inhibition zones were subsequently
measured. The experiment was performed in triplicate.

2.7.2. Determination of Minimal Inhibitory Concentration (MIC) Values

The lowest concentration of crude extract that completely inhibited the bacterial
growth was considered to be the MIC value. It was determined using the microbroth
dilution method, as defined in the Clinical and Laboratory Standards Institute (CLSI)
guidelines [39]. The serially diluted fraction of crude extract (450 ng/mL) with sterile
Mueller-Hinton broth was added to precoated microbial cultures in 96-well microtiter
plates to give a final concentration of 0.225-4.29 ug/L. A sample control (CMB47 extract
alone) and a blank (media only) were included in each assay. Vancomycin (30 pg/disc) was
used as positive control. The titer plate was incubated for 24 h at 37 °C. Each experiment
was carried out in triplicate.

2.8. Experimental Design and Optimization of Anti-MRSA Activity

In order to improve the production of active metabolites by the CMB47 strain cultured
on the selected medium, optimization trials were carried out with response surface method-
ology (RSM) using the rotatable central composite design (RCCD). The influence of four
parameters were evaluated: starch and NaNOj3 concentrations, incubation time and initial
pH at extreme values, as reported in Table 1.

Table 1. Coded and actual values of the variables for central composite experimental design.

Levels
Factors
—a(—2) -1 0 +1 +a (+2)
Starch (g/L) 2 6 8 14 18
NaNOs (g/L) 1 2 3 5
Incubation Time (days) 3 5 7 9 11
pH 3 5 7 9 11

Opverall, thirty experiments were carried out and the design was composed of 24 facto-
rial designs (1-16 trials). Six replicates (17-22 trials) in the center domain condition and
at star points (23-30 trials) were added to estimate the model curvature and allow the
evaluation of the experimental error (Table S1).

Excel software was used in this study to construct the experimental design and statis-
tically analyze the experimental data. In detail, the regression analysis was performed to
estimate the response function as a second-order polynomial equation, as presented below.

k k k
J=bo+ Y bxj+ Y byxax;+ ) by g
j=1 u, j=1 =
u#j

where fj represents the predicted anti-MRSA activity, expressed as diameter of inhibition
Zones; X; and x, represent the independent factors (medium component) in the form of
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coded values; by is the intercept term; and b]-, bu]- and b]-]- are the linear, interaction and
quadratic terms, respectively [40—42]. The coefficients of the fitted equation were obtained
from Equation (2), as follows [40-42]:

B = [XTX} XY )

where B is the column matrix of estimated coefficients; X X] ! the dispersion matrix; [X] T
the transpose matrix of experiments matrix [X]; and Y is the column matrix of observations.

In order to determine the validity of the mathematical model equation so developed,
experiments were performed in triplicate under the optimal conditions, as predicted by the
model. The average values of the experimental data were compared with the predicted
values to determine the accuracy and suitability of this model.

2.9. Fractionation of the Bioactive Crude Extract and Its Metabolite Profile by HPLC-DAD and
LC-ESIMS Analyses

Ethyl acetate crude extract of strain CMB47 (124.6 mg) was investigated for the study of
its metabolites. The extract was analyzed through TLC (silica gel 60 F254, Merck, Darmstadt,
Germany), using dichloromethane-methanol (9:1, v/v) as mobile phase, and then subjected
to fractionation on a chromatographic silica gel column, using dichloromethane-methanol
at gradient elution, collecting 12 fractions (25 mL each). The bioactivity-guided evaluation
conducted for the 12 fractions was performed against MRSA based on the well diffusion
method, testing 100 uL each. Fraction 11 eluted with 100% methanol showed relevant
bioactivity. It was subjected to a flash chromatography, using a reversed-phase RP-18
column and a gradient of methanol-water as mobile phase, to yield 6 fractions (A-F). The
purity of the fractions was verified through analytical reversed-phase C18 HPLC-DAD
analysis at 254 nm, using isocratic condition of methanol-water (8:2, v/v). The presence
of three compounds was detected in the chromatograms of both fractions 11B (6.1 mg,
4.89%; tr1= 6.9 min, tg, = 8.2 min, tg3 = 10.4 min) and 11D (5.4 mg, 4.33%; tg7 = 8.2 min,
tr2 = 9.6 min, tg3 = 10.7 min), after confirming their anti-MRSA activity.

LC-ESI-MS analysis of ethyl acetate extract was carried out on a Hewlett-Packard
HP1100 HPLC-UV diode array detector (DAD), coupled online with an Esquire-Bruker—
Daltonics mass spectrometer.

3. Results and Discussion
3.1. Isolation and Screening of Active Actinobacteria Strains

In this study, from the coal mine soil from the Bechar region in southwest Algeria, we
targeted the isolation of different genera of actinobacteria, looking for new natural products.

Several actinobacteria-like colonies with similar and different morphologies were
obtained. The development of isolates was monitored through regular counts after 3, 7,
14, 21 and 30 days of incubation at 28 °C, giving 271 isolates. They were screened for
their activity against Gram-positive and -negative bacteria, as well as a pathogenic yeast.
Of 119 tested strains, 82 showed the ability to inhibit the growth of at least one target
germ. It was noticed that the antagonism varied according to the tested and the target
strains, showing significant antagonistic effect and bacteriostatic activities. Altogether, 54
and 50 strains inhibited the growth of S. aureus and MRSA, respectively. The growth of
E. coli ST131 and C. albicans was inhibited by 42 and 22 strains, respectively. Only five
isolates exhibited broad-spectrum antimicrobial activity against all of the tested germs [23].
The potential of the isolates against Gram-positive bacteria was observed more often than
that against Gram-negative bacteria. This frequency of soil actinobacteria was similar to
those reported by numerous authors [43]. In order to obtain a better representation of the
different isolates and to define the strain classification categories, statistical analyses of
hierarchical ascending classification (CAH) and PCA were carried out [23].

In this screening, strains CMB47 and CMB51 displayed significant inhibitory effects
worthy of further investigation. CMB47 has shown a spectrum of activity exclusively
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directed against Gram-positive bacteria S. aureus and MRSA, with inhibition diameters
recorded at 20 and 18 mm, respectively. Based on this evidence, strain CMB47 was selected
and subjected to subsequent studies regarding its metabolism potential.

3.2. Polyphasic and Molecular Characterization of the Selected Active CMB47 Strain

The CMB47 isolate was characterized using the methods recommended by the ISP.
Cultural properties on different ISP culture media (ISP2, ISP3, ISP4, ISP5 and ISP6), as well
as on SCA, Czapeck and Gauss media, were examined after 21 days of incubation at 28 °C.
The colonies of the strain revealed diverse morphological appearances, with varied spore
color, aerial and substrate mycelium and colony morphology. The growth of the isolate on
different media is given in Table S2.

CMB47 grew abundantly on ISP2, ISP3, ISP4, ISP5, Gauss, SCA and Czapeck media,
whereas good-to-moderate growth was observed when grown on ISP6. Weak growth was
observed on the ISP1 medium. The strain produced a purple substrate mycelium on all
tested media, while the aerial mycelium varied according to culture medium, from white
to gray and from pink to purple. Diffusible yellow-to-purple-brown pigments were also
observed in all tested media. Prominent differences in the extent of growth, structure and
pigmentation of the colonies on different media were in line with the earlier reports [44,45].

A detailed view of the morphology was obtained through the study of single colonies
(Figure 1a). The microscopic observations showed a branched flexuous mycelium and the
arrangement of spores in a chain inside the mycelium, as shown in Figure 1b.

Figure 1. (a) Morphological characterization of CMB47 colony observations made on different ISP and
some culture media. (b) Microscopic observation of the mycelial network of branched hyphae of CMB47.

According to the methods described in Bergey’s Manual of Systematic Bacteriol-
ogy [27], the morphological, biochemical and physiological characteristics showed that
the CMB47 isolate appeared to be endospore-forming, catalase and oxidase positive. The
optimal culture conditions for the growth of the isolate were investigated. It was found
that the strain grew in the temperature range from 28 to 40 °C, with a pH from 3 to 11 and
a NaCl tolerance from 0% to 1% (with moderate growth in 4% NaCl). CMB47 cultivated
on ISP9 for carbohydrate utilization showed excellent growth in the presence of galactose,
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mannose, mannitol, cellulose, sucrose, starch and glucose; moderate development was
observed with fructose and xylose. The outcome from the API ZYM tests revealed that,
while the activities exhibited by CMB47 for alkaline phosphatase, esterase lipase (C8),
leucine arylamidase and valine arylamidase were positive, those exhibited for lipase (C14),
trypsin, x-chymotrypsin, N-acetyl-3-lucosamidase, 3-glucuronidase, x-mannosidase and
a-fucosidase were negative. Moreover, the isolate tolerated the presence of Fe, Cr and Cu
metal ions with a moderate growth; no development was observed with Zn, Cd and mixture
metal ions. The physiological and biochemical properties of the strain are given in Table S3.
Combining all the obtained morphological, microscopic, physiological and biochemical
properties, they clearly confirmed that the CMB47 strain belongs to the Streptomyces genus.

Amplification of the 16S rRNA gene from the genome of CMB47 produced a sequence
of 1501 nucleotides. The 16S rRNA gene sequence from strain CMB47 was 99% similar
to those of the Streptomyces rochei strain. A phylogenetic tree based on the 165 rRNA
gene (Figure 2) showed that the novel CMB47 isolate clustered with members of the
genus Streptomyces, the nearest neighbor being the Streptomyces rochei strain A-1T (GenBank
accession no. GQ392058), which had a sequence similarity of 99.47. The nearest Streptomyces
strains identified by BLAST were imported into the ARB software package and aligned.
The phylogenetic tree was then constructed using neighbor-joining methods and Jukes-
Cantor distance matrices. Based on the results obtained in the course of the present study;,
we suggest the assignment of the CMB47 isolate (GenBank accession no. MW131348) as
Streptomyces rochei CMB47.

Streptomyces rochei strain NBRC 129087 (AB184237)

100 | Streptomyces rochei strain AL18" (KF712389)
Streptomyces rochei strain A-17 (GQ392058)

train CMB47 (MW131348)

Streptomyces sahachiroi strain NBRC 139287 (AB184548)
Streptomyces albidoflavus strain ATCC 254227 (AJ002090)
Streptomyces chromofuscus strain NBRC 128517 (AB184194)
Streptomyces alboflavus strain NBRC 34387 (AB184775)

49

&3 Streptomyces castelarensis strain DSM 40830 (AY508511)
Q?E Streptomyces iranensis strain HM 357 (FJ472862)
99 L Streptomyces yogyakartensis strain NBRC 1007797 (AB249942)
Streptomyces gibsonii strain NBRC 154157 (AB184663)
Streptomyces sed) strain YIM 651887 (EU925562)

Streptomyces hainanensis strain YIM 47672 (AM398645)

= Streptomyces specialis strain GW41-15647 (AM934703)

56 | I—Gr!epmmynes klenkii strain CMB51 (MW138097)
1000 Streptomyces kienki strain S27047 (KFG656772)

Escherichia coli strain ATCC 11775 (X80725)

0.02

Figure 2. Phylogenetic tree based on 165 rRNA gene sequences, showing the position of strain CMB47
(GenBank accession no. MW131348) within the radiation of the genus Streptomyces. The sequence
of E. coli strain ATCC 117757 (accession no. X80725) was chosen as an outgroup. Numbers at the
nodes indicate the level of bootstrap support (%); only values > 50% are shown. GenBank accession
numbers are given in parentheses. Bar, 0.02 nt substitutions per base.

3.3. Kinetic Study on the Production of Anti-MRSA Metabolites by Strain CMB47

This analysis was carried out after determining the best production medium. Numer-
ous studies indicate that the nature of the carbon, nitrogen and mineral sources entering
into the culture media composition greatly influences the production capacity of antibiotics
in actinobacteria [21,46]. For this reason, the antimicrobial activity of the isolate was evalu-
ated on four culture media: SCA, Czapeck, Gauss and ISP2, using the agar plugs method
after 7 days of incubation at 28 °C. The medium on which the strain exhibited the most
significant antimicrobial activity was selected.
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From the obtained results depicted in Figure 3a, it is evident that CMB47 presents close
and significant activities against MRSA on all of the tested culture media. The diameters
of the inhibition zones ranged between 16.5 and 20.16 mm. The most important activity
was recorded using the Czapeck medium (20.16 mm) compared to the Gauss and ISP2
media. Thus, the Czapeck agar medium was selected for further studies. According to the
kinetics profile reported in Figure 3b, the anti-MRSA activity of CMB47 was detected from
the second day of incubation, and the production increased to reach its optimum after the
third day. It was clearly noticed that the antagonistic effect is persistent, and the anti-MRSA
activity is practically constant throughout the whole incubation period.
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Figure 3. Anti-MRSA activity variation (a). Kinetics of anti-MRSA compounds production (b).
3.4. Anti-MRSA Activity Evaluation of Crude Extracts

Extraction of the bioactive secondary metabolites produced by the CMB47 isolate was
carried out by maceration, obtaining 1 mg/mL of crude extract recovered in methanol and
0.45 mg/mL recovered in ethyl acetate.

The antagonistic activity against MRSA demonstrated by the wells technique allowed
us to highlight the potency of both crude extracts, which displayed significant inhibitory
effects, estimated at 38 and 34 mm of diameter for the methanol and ethyl acetate extracts,
respectively. The MIC evaluation of the two extracts was carried out using the microdilution
method. After 24 h of incubation, the results were assessed by a visual evaluation of the
turbidity in the various wells, and the MIC corresponded to the concentration of the first
well from which no visible culture was observed. The investigated extracts exhibited potent
anti-MRSA activity with the minimum concentration of extract, which allows the inhibition
of the MRSA growth, estimated at 1.95 pg/mL for methanol extract and 0.439 pg/mL for
ethyl acetate extract. The date obtained, proving in line with the wells method data, can be
considered as significant since it performed better than the standard drug vancomycin (0.5
to 2 pg/mL) for MRSA strains [47]. In summary, these results for the anti-MRSA activity
of the CMB47 metabolites strengthen the role of Saharan actinobacterial species as being
promising sources of molecules that act against a range of pathogenic bacteria and fungi,
particularly MRSA [19].

3.5. Central Composite Experimental Design Analysis

In this study, the rotatable central composite experimental design, with four factors at
fivelevels (=2, —1, 0, +1 and +2), was employed to investigate and optimize the influence of
the process variables on the anti-MRSA activity of CMB47 isolate. The RCCD was selected
for modeling and optimizing the effects of influencing factors on the response, in order to
predict the linear and quadratic interaction effects of the parameters.

The medium composition and the operating parameters are important factors affecting
the antibacterial activity in microorganisms [48]. The concentration of carbon and nitrogen
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sources, starch and NalNO3, as well as the initial pH value and incubation period, are the
most important cultural parameters influencing the response.

The results are listed in Table S1. The model coefficients (Equation (2)) are estimated using
the standard least-square regression technique using “EXCEL” software. From a statistical
point of view, three tests are required to evaluate the adequacy of the model: Student’s -test,
which is about the significance of factors, the R-square test and Fisher’s test [40—42].

The estimated ¢ values for particular process parameters can be calculated as follows:

b |coef ficient of process parameter|  |bj|
O'bj O'bj
with
no )
) , X Zl(yio — o)
— C.: = @
0y = Cjj-Orep and 07, = p— =0.242

) .. . . . -1 .
where O'sz is the coefficient variance; C]-]- is the diagonal term of the [X T.X] matrix; O'rzep

the replication variance; y; is the observed value of the anti-MRSA activity for ith central
point; g is the average value of the strain activity at a center trial; and n is the repetition
number of experiments at the center domain condition (in this design, ng = 6).

The tabulated t value [40-42] for a 5% level of significance and five degrees of freedom
(f=6 — 1=5)1is tyg5 (5) = 2.57. It was found that the coefficients b1, by, b1, b13, b3, bog, b11
and by4 are not significant; therefore, they are excluded from the regression equation.

The test of regression significance has been carried out via Fisher’s variance ratio test,
known as the F-test. The F-ratio is given by the following form:

is

N o
o2 Y@i—y)/t-1

_ Yreg =1
F= 0k N 2 )
(yi—9i)°/N—¢

1=

—_

where Urzeg and 02, are the regression and residual variances, respectively; N is the total

number of observations (N = 30); ¢ is the number of significant coefficients (¢ = 7); y; is the
experimental value of anti-MRSA activity for ith observation; and §; is the predicted value
of the response for ith observation.

Table 2 reports the values of ‘Trzeg/ 075 and F that were calculated for the regression
equation. The test of significance of regression confirms that the established predicting
equation gives an excellent fitting to the observed data (estimated F value > tabulated
F value). Finally, the R? value, which shows the fit between the experimental and the
predicted data, was found to be 85%. All these results indicate that the model equation can

adequately represent the data.

2

Table 2. Fisher’s test results for regression significance.

Regression variance Urzeg 4.17
Residual variance 02, 1.33
Estimated F value 3.13
Tabulated F value 2.53

The obtained model for anti-MRSA activity, after discarding the insignificant coeffi-
cients, is as follows:

7 =17.92 — 041X, + 0.27 X3 — 0.49 X1 Xy + 0.34 X3X4 — 0.47X3 — 0.49 X3
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According to the regression model and ANOVA results, it is clearly observed that the
most significant factors are NaNOj; concentration (X;) and incubation time (X3), while starch
(X1) and pH (X4) affect the response in interaction with other factors ((X;X4) and (X3X4)).

Additionally, the NaNOj3 concentration had the highest impact on the anti-MRSA ac-
tivity, considering the highest linear coefficient (0.41), followed by the incubation time (0.27).
Otherwise, the NaNOj3 concentration had a significant negative effect, indicating that the
anti-MRSA activity decreased as the level of this parameter increased. The positive coefficient
for incubation time showed that the antibacterial activity increased with this parameter.

The contour plots and their corresponding response surface plots of the quadratic
model, obtained using MATLAB 7.0 software, are shown in Figure 4. The figures are drawn
in a starch (X1)-pH (X4) plan for various levels of NaNOj (X3) and incubation times (X3)
(=1, 0 and +1).

(a)

Figure 4. Contour plots and response surface plots for different conditions. (a) X; =0, X3 = 0;
(b) X2 =+1, X3 =+1; (C) X2 =-1, X3 =—1.

Analyzing the results, it is evident that the anti-MRSA activity ranged from 19.5 mm to
20 mm for different operating parameter conditions (Figure 4). The optimum antibacterial
activity of 20 mm was selected due to the most economical and favorable conditions for the
strain, which are 2 g/L of starch concentration (X; = —2), 3 g/L of NaNOj3 concentration
(X7 =0), 7 days of incubation time (X3 = 0) and a media pH of 11 (X4 = +2).

In order to determine the model adequacy, the optimized predicted levels of starch and
NaNOs; concentrations, incubation time and pH value were considered for experimental
anti-MRSA activity to be compared with the predictive data. The experiment was run in
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triplicate. The measured anti-MRSA activity of 18.5 mm, close to the predicted 20 mm
value, proves a high degree of accuracy of the developed model.

3.6. Secondary Metabolite Profiling by DAD-HPLC/ESI-MS Analysis

HPLC-DAD/ESI-MS analysis of CMB47 ethyl acetate crude extract was undertaken to
evaluate the chemical profile, including the bioactive metabolite.

Interestingly, the analysis was later carried out on the active fractions 11B and 11D,
showing the highest activity against MRSA, with inhibitory zones of 35 mm and 15 mm,
respectively, in comparison to the 19 mm zone of vancomycin (30 pg/disc).

The HPLC-MS analysis showed three signals at the retention times of 6.9, 8.2 and
10.4 min, associated with the MS signals recorded in the positive ion mode at m/z 207,
221 and 235. They could be assigned to the corresponding [M + H]J* ions, supported by
the experiment acquired in the negative ion mode, giving signals at m/z 205, 219 and
233, which correspond to the [M-H]~ ions matching the same chromatographic peaks
(Figure S1). The respective compounds displayed the same UV chromatogram, and the
chromatogram recorded at 296 nm showed the prevailing abundance of the components at
8.2 min, which are associated with [M + H]* at m/z 221 (Figure S2).

These data indicate that the bioactivity observed for fraction 11B is related to the
presence of three metabolites with molecular mass values of 206, 220 and 234 Da, which
differ by 14 units, attributable tentatively to homologous series (different in the number of
CH; unit), or in the presence of one/two OMe replacing OH groups or NMe replacing NH
units. The same analysis of the fraction 11D displayed a more complex, but similar, pattern
as fraction 11B. No correlations were found in the comparison of the molecular masses of
the three metabolites produced by S. rochei CMB47 with all the known antibiotics produced
by S. rochei, supporting the potential novelty of their molecular structures.

4. Conclusions

The present study was successful in determining the biological relevance of actinobac-
terial isolates from a coal mining soil in the Bechar region of southwestern Algeria. A novel
strain, Streptomyces rochei CMB47, showed significant activity against MRSA.

The study on the variation of the nutrient conditions in the culture medium was
provided by applying the central composite design and RSM modeling targeting, with
the aim of enhancing the anti-MRSA activity. Thus, the statistical trial using RSM for
maximizing the bioactivity of S. rochei CMB47 was validated as a potent and useful tool.

The relevant anti-MRSA activity of the ethyl acetate crude extract prompted us to
analyze the metabolic profile. After a bioassay-guided fractionation, the DAD-HPLC/ESI-
MS analysis of the two most bioactive fractions provided preliminary structural indications
of the compounds responsible for MRSA inhibition.

These results warrant further investigation into the structural elucidation of the bioac-
tive metabolites, the molecular mass values of which, to the best of our knowledge, have
not found any correspondence with those of antibiotic metabolites isolated so far from
S. rochei. Additionally, the physiological and enzymatic potential of the isolate provides
interesting prospects for possible indications in the biotechnological field through future
targeted survey.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/fermentation9040381/s1, Table S1: Composite design matrix and
results of anti-MRSA compound production; Table S2: Cultural characteristics of the isolate CMB47
on international Streptomyces project (ISP) and some media; Table S3: Physiological properties of strain
CMB47. Figure S1: HPLC-DAD/ESI-MS analysis of the bioactive fraction 11B from ethyl acetate crude
extract of S. rochei CMB47 strain. Figure S2: HPLC-DAD/ESI-MS analysis of the bioactive fraction 11B
from ethyl acetate crude extract of S. rochei CMB47 strain.
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