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1. Introduction

Antibacterial resistance is a major-human problem [1,2,3,4].
Additionally, the pathogenic bacteria such as Methicillin-
Resistant Staphylococcus aureus (MRSA), Escherichia coli, and Pseu-
domonas aeruginosa resistant to several antibiotics lead to serious
health threats [5,6]. As a result, several approaches have been
explored to control the pathogenesis of these microorganisms, in
addition to the recent great interest in the use of the natural antibi-
otic sources, owing to their potential therapeutic efficiency [3]. In
this regard, the pharmaceutical industries in the world are inter-
ested in producing antibiotics from actinomycetes due to their
ability to synthesize the bioactive secondary metabolites [7,8].
These molecules are diverse chemical organic compounds that
indirectly contribute to the ordinary growth, development, or
reproduction of the producing organisms. Also, they can be synthe-
sized under optimal growth conditions in the stationary phase or
at the end of the exponential growth phase [9], and are considered
antifungal, antiviral, anticancer, antiparasitic, and immunosup-
pressant agents whose enzymes are commonly used in the chem-
ical pharmaceutical industries [9,10,11].  Furthermore,
Streptomyces is a major producer of a wide range of secondary
metabolites and is the ideal source of several antibiotics, anti-
cancer compounds, enzymes and enzyme inhibitors, etc.
[3,12,13,14]. Noteworthy, the antibiotics are primarily produced
on a large scale by the fermentation process, by which the increas-
ing production yields require improvement of the producing
strains and their culture conditions, and consequently, the bacte-
rial metabolism can be effectively regulated. Thus it seems to be
valuable to provide the stimulators for increasing the growth and
production of secondary metabolites that being used against
pathogenic microorganisms [15]. Here in, the use of medicinal
plant extracts in culture media is a worthy tool for the design
and the development of fermentation processes. As far as known,
the specific medium of International Streptomyces Project-2
(ISP2) actinobacteria supplemented with a medicinal plant extract
to increase the bacterial potential growth and production of
bioactive secondary metabolites has not been investigated. In this
study, Peganum harmala L., of the family Zygophyllaceae, widely
found in the arid and semi-arid regions of Algeria, was selected
as an effective medicinal plant commonly used in traditional
Algerian medicine for its various virtues [16,17]. P. harmala is
an alkaloid-rich plant, and thus a hallucinogenic plant with psy-
chotropic effects, and various biological properties such as anal-
gesics, diuretics, antiproliferative, antihelmintics, abortifacients,
and antimicrobials [18]. Moreover, Streptomyces ayarius strain
S115 is a new strain belonging to the actinobacteria and was iso-
lated from the sediments of Lake Oubeira (north-eastern Algeria)
and registered at GenBank under the accession number JQ965757.
A series of approaches used to enhance the production of the
bioactive compounds were adopted as the application of culture
media using associations with medicinal plants and classical
methods. Based on the Algerian natural sources of antimicrobial
metabolites, this work is a representative example of the possibil-
ity of closely performing a chemical-biological study of the natu-
ral products.
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2. Materials and methods
2.1. Strain isolation

The S. ayarius strain S115 strain used throughout this study was
kindly provided by Dr. Adel Ayari, from the Culture Collection of
the Active Biomolecules Valorization Team of the Aquatic and Ter-
restrial Ecosystems Laboratory of Mohamed Cherif Messaadia
University of Souk Ahras, Algeria [19]. The strain S. ayarius strain
S115 was isolated from a sediment sample collected in Oubeira’s
lake of the El-Kala region (east-north of Algeria), on casein-starch
medium (starch, 10 g; casein, 0.3 g; K;HPOy,, 2 g; KNO3, 2 g; CaCOs,
0.02 g; FeSO4 7H,0, 0.01 g; MgS0O, 7H,0, 0.05 g; agar, 20 g; H,0,
1000 ml, pH 7.2) as recommended by Shirling and Gottlieb [20],
by the dilution method. The strain was stored on International
Streptomyces Project-2 (ISP2) agar slant medium at 4°C.

2.2. Plant material

The seeds of P. harmala were collected in July 2019 during the
flowering period from the region of Sidi Fredj (South-East of Souk
Ahras, Algeria) in the geographic coordinates: 36°0'58.94” N;
8°13'54.03" E; 544 m (Latitude/longitude/altitude). The seeds were
air-dried in the shade and ground into a fine powder using an elec-
tric blinder.

2.3. Preparation of modified ISP2 medium

The plant powder of Peganum harmala was suspended in sterile
distilled water, filtered through Whatman No. 1 paper, and then ster-
ilized. The filtrate was afterward added to the medium containing
the International Streptomyces Project-2 agar (yeast extract, 4 g; malt
extract, 10 g; glucose, 4 g; agar, 20 g; H,0, 1000 ml, pH 7.2).

2.4. Cultivation and extraction of Streptomyces ayarius strain S115 in
ISP2 and modified ISP2 medium

The Streptomyces ayarius strain S115 strain was simultaneously
inoculated by tight streaks on two media (ISP2 agar and modified
ISP2 agar) and incubated at 28°C for 14 d. Then, small blocks of
matured S. ayarius strain S115 agar were added to 100 ml of ISP2
broth and modified ISP2 broth medium in baffled Erlenmeyer
flasks. The broths were incubated for 7 d at 28°C in a shaker incu-
bator (Edmund Biihler, Germany), and the bacterial strain media
were centrifuged to remove biomass. An equal volume of organic
solvent was used to extract the cell-free supernatant, since the bac-
terial effectiveness was tested in four extraction solvents, including
n-hexane, ethyl acetate, acetic acid, and n-butanol. The solvent
phases containing a crude extract of secondary metabolites were
dried using a rotary evaporator (Buchi, Switzerland) and were
afterward recovered in 1 ml of methanol [19,21].

2.5. Assay of antibacterial activity in ISP2 and modified ISP2 medium

The antibacterial activity of Streptomyces ayarius strain S115
was tested by using the agar well diffusion method [8]. The tested
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microorganisms, namely Escherichia coli ATCC 25922, Klebsiella
pneumoniae ATCC 43816, Pseudomonas aeruginosa ATCC 27853,
Serratia sp. ATCC 39006 and Methicillin-Resistant Staphylococcus
aureus (MRSA) ATCC 43300 were obtained from the culture collec-
tion of the Active Biomolecules Valorization Team of the aquatic
and Terrestrial Ecosystems Laboratory of Mohamed Cherif Messaa-
dia, University of Souk Ahras, Algeria. These strains were inocu-
lated on Muller Hinton agar medium, and the agar wells were
made using a sterile well driller. A volume of 150 pl of the
methanolic extract was deposited on the wells and incubated at
37°C for 24 h. After incubation, the clear inhibition zones were
measured using a caliper.

2.6. Determination of biomass in ISP2 and modified ISP2 medium

The evolution of the biomass during the fermentation process in
two media was estimated according to the method of Pfefferle
et al. [22]. In brief, 2 ml of the bacterial samples were centrifuged
at 5000 rpm for 15 min, the resulting supernatants were discarded,
and the cell pellet was washed twice with distilled water and dried
at room temperature. The dry weight was measured and recorded
as previously reported [23].

Fig. 1. Morphological characteristics of Streptomyces ayarius strain S115 in ISP2
Agar (a) and modified ISP2 Agar medium (b).
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2.7. Growth kinetics and secondary metabolites production in ISP2 and
modified ISP2 medium

The growth Kinetics and secondary metabolites production in
the two culture media, as well as the evolution of the antibacterial
activity against the pathogenic bacteria, were monitored daily for
7 d.

2.8. Effect of carbon sources

Different carbon sources were used to replace the carbon
sources in ISP2 and modified ISP2 media, and all other components
were held constant. Carbon sources including maltose, sucrose, and
glycerol were sterilized separately and added just before inocula-
tion, as well as the strain biomass and production of secondary
metabolites, were respectively recorded.

3. Results and discussion
3.1. Description of Streptomyces ayarius strain S115

Streptomyces ayarius strain S115 is an aerobic Gram-positive
strain, non-motile and filamentous actinobacteria. The fragments
of the mycelia aerial have a rod-shaped morphology. The well-
developed substrate mycelium varies from sulfur yellow to brown,
since the color of aerial mycelium is usually grey on ISP2 agar
(yeast extract, 4 g; malt extract, 10 g; glucose, 4 g; agar, 20 g;
H,0, 1000 ml, pH 7.2), ISP3 agar (meals, 20 g; MnCl, 4H,0, 0.1 g;
FeSO, 7H,0, 0.1 g; ZnSO,4 7H,0, 0.1 g; Agar, 18 g, H,0, 1000 ml,
pH 7.2), ISP4 Agar (starch soluble, 10g; K;HPO4, 1g; MgSO,
7H,0, 1 g; NaCl, 1g; (NH4),SO4, 2 g; CaCOs, 2 g; agar, 20 g; H,0,
1000 ml, pH 7.2), and peptone yeast extract iron agar (ISP6) [20].

The optimum growth temperature is between 28 and 30°C,
while pH varies between 7 and 9. The bacterial strain can metabo-
lize starch, glucose, fructose, sucrose, arabinose, galactose, inositol,
lactose, maltose, mannitol, sorbitol, and weakly metabolize rham-
nose, but is unable to use cellulose and xylose. Also, it exhibits
activity of B-glucosidase, lysine and ornithine decarboxylases,
and arginine dihydrolase. The GenBank accession number for the
16S rRNA gene sequence is JQ965757.

3.2. Cultivation of Streptomyces ayarius strain S115 in ISP2 and
modified ISP2 medium

After an incubation period of 14 d in ISP2 agar and modified
ISP2 agar medium, colonies of Streptomyces ayarius strain S115
grew well in both media and appeared with a leathery texture,
slow growth inside agar, and production of hyphae, spores, and dif-
fusible pigment. Interestingly, the aerial mycelium exhibits gray

Table 1
Antibacterial activities of Streptomyces ayarius strain S115 in ISP2 Agar and modified ISP2 Agar medium.
Strain extract Escherichia coli Methicillin-Resistant Pseudomonas Klebsiella Serratia
ATCC 25922 Staphylococcus aeruginosa pneumoniae sp. ATCC
aureus ATCC 27853 ATCC 43816 39006
ATCC 43300
Diameter of the inhibition zone (mm)
SA-Hx. 47 34 28 29 37.5
SA-But. 17.5 16.5 16.5 17 16
SA-AA. 28 215 20 30.5 18
SA-E-A. 135 16 155 14.5 15
SA*-Hx. 44.5 30 36 26 34.5
SA*-But. 51.5 375 19.5 26 36
SA*-A.A. 48 29 39 47 40
SA*-E.A. 46 42 43 42 60.5

Hx.: Hexane; But.: Butanol; A.A.: Acetic Acid; E.A.: Ethyl acetate; SA: Streptomyces ayarius strain S115 in ISP2 Agar medium; SA*: Streptomyces ayarius strain S115 in modified

ISP2 Agar medium.
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color (Fig. 1A), while the color of the modified ISP2 agar medium
changes to white color (Fig. 1B). In this study, the IPS2 medium
promoting the sporulation of actinomycetes [20] was selected to
evaluate the effect of the plant powder on strain growth. This med-
ium is composed of a carbon source, glucose, nitrogen source, malt,
and yeast extracts. The supplementation of plant powder retains
the ability of this medium to promote bacterial sporulation and
changes the aerial mycelium color from gray to white. This color

ISP2 Agar medium

SA-Hx

Modified ISP2 Agar medium

Electronic Journal of Biotechnology 64 (2023) 34-41

change is likely related to the flavonoids and phenolic-rich plant
powder.

3.3. Assay of antibacterial activity in ISP2 and modified ISP2 medium

The results of the agar well diffusion assay showed high
antibacterial activity of the supernatant of fermented modified
broth ISP2 of S. ayarius strain S115 against all the Gram positive

Test strains

Esherichia coli
ATCC 25922

MRSA
ATCC 43300

Pseudomonas
aeruginosa ATCC
27853

Klebsiella
pneumoniae ATCC
43816

Serratia sp. ATCC
39006

SA"-E.A.

Fig. 2. Best solvents in antibacterial activities of Streptomyces ayarius strain S115 in ISP2 and modified ISP2 medium: Hx.: Hexane; But: Butanol; A.A.: Acetic Acid; E.A.: Ethyl
acetate; SA: Streptomyces ayarius strain S115 in ISP2 Agar medium; SA*: Streptomyces ayarius strain S115 in modified ISP2 Agar medium.
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and negative target species: Escherichia coli ATCC 25922,
Methicillin-Resistant Staphylococcus aureus (MRSA) ATCC 43300,
Pseudomonas aeruginosa ATCC 27853, Klebsiella pneumoniae ATCC
43816 and Serratia sp. ATCC 39006 compared with that of the fer-
mented broth ISP2 (Table 1 and Fig. 2). The diameter of the inhibi-
tion zone of antibacterial activity against Gram-negative bacteria
was significantly higher than that of Gram-positive bacteria show-
ing values varying from 13.5 mm to 60.5 mm. As reported, the acti-
nomycetes are bacteria rich in secondary metabolites, extracellular
enzymes, and enzyme inhibitors. Hence, this study has proved the
ability of the tested actinomycetes to assimilate plant polyphenol
compounds from the modified ISP2 medium to synthesize bioac-
tive molecules of high antibacterial activity. Regarding the extrac-
tion solvent optimization, ethyl acetate was found to be the best
solvent to extract all antibacterial agents from the modified ISP2
fermentation broth against MRSA ATCC 43300, P. aeruginosa ATCC
27853, and Serratia sp. ATCC 39006. Meanwhile, butanol and acetic
acid are respectively, the best extraction solvent for E. coli ATCC
25922 and K. pneumoniae ATCC 4381. In the ISP2 broth devoid of
the plant powder, the hexane solvent was the adequate solvent
for efficient extraction of bioactive molecules against E. coli ATCC
25922, MRSA ATCC 43300, P. aeruginosa ATCC 27853, and Serratia
sp, however, acetic acid has proven to be an effective solvent for
extracting antibacterial agents against K. pneumoniae ATCC 43816.

A previous study using different solvents, including ethyl acet-
ate, methanol, and chloroform to extract the bioactive compounds
and to compare the inhibition zones of the solvent extracts
provedethyl acetateas the best among the tested solvents [24,25],
and this coincides with these findings. It was reported that the
antibacterial potential of the culture filtrate might be related to
the high production of secondary antibacterial compounds as
antibiotics in many Streptomyces species [19,21,26]. These results
suggest that the inhibition of bacterial growth by the culture fil-
trates is likely referred to the production of extracellular hydrolytic
enzymes and secondary antibacterial compounds that were acti-
vated by the plant polyphenols supplemented ISP2 medium. Most
of the Streptomyces bioactive secondary metabolites are antimicro-
bial, anticancer, and immunosuppressive agents [27]. In addition,
these bacteria contribute to producing nearly of the two-third
commercial antibiotics [19]. Of note, some of the used antibiotics
in therapy, such as streptomycin, kanamycin, tetracycline, chlo-
ramphenicol, and neomycin are derived from S. griseus, S.
kanamyceticus, S. venezuelae, and S. fradiae [28,29].

3.4. Biomass determination in ISP2 and modified ISP2 medium

The amount of biomass was twice as higher as that found in
International Streptomyces Project-2 (ISP2) (Fig. 3). The maximum
biomass value was noticed on the 5th day in the two media, where
it reached 0.0271 in the ISP2 medium, and 0.06001 in the modified
ISP2 medium. As the medium composition can influence biomass
production, the production of secondary metabolites is believed
to occur when growth is limited by one of the medium substrates
[30]. The three main factors causing this limitation are namely the
sources of carbon, nitrogen, and phosphate. Overall, when one of
these elements becomes limiting, growth slows down and conse-
quently, the production of secondary metabolites such as antibi-
otics takes place during the idiophase. Under certain
experimental conditions, high biomass production can occur dur-
ing the growth phase without nutritional limitations but with
slowly metabolizable substrates, and this is alike to the case of
plant compounds. Accordingly, Voelker and Altaba [31], have
reported production of pristinamycins during the growth phase
in the culture medium of Streptomyces pristinaespiralis containing
sodium nitrate as the sole source of nitrogen.
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Fig. 3. Kinetics of biomass of Streptomyces ayarius strain S115 in ISP2 and modified
ISP2 medium.

3.5. Kinetics and optimization of growth and secondary metabolites
production in ISP2 and modified ISP2 medium

ISP2 medium was found as the best culture medium among
those tested in several previous studies, showing optimal produc-
tion of antimicrobial agents. ISP2 supplemented with plant powder
showed higher biomass than that found in ISP2 alone. In ISP2 med-
ium containing different carbon sources, including glycerol, mal-
tose, and sucrose instead of glucose as a carbon source showed
that the glycerol was the optimal carbon source in ISP2 (Fig. 4)
since glucose was the optimal carbon source in ISP2 modified med-
ium in 3™ d of culture.
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Fig. 4. Kinetics and optimization of growth (effect of carbon sources) of Strepto-
myces ayarius strain S115 in ISP2 (a) and modified ISP2 medium (b).
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On top of that, the glycerol was identified as the optimal carbon
source among the tested carbon sources used to replace glucose in
ISP2 medium, exhibiting the largest inhibition zone against Escher-
ichia coli ATCC 25922, Methicillin-Resistant Staphylococcus aureus
(MRSA) ATCC 43300, Pseudomonas aeruginosa ATCC 27853 and Ser-
ratia sp. ATCC 39006 on the 4™ day of culture (Table 2). A previous
study has reported that the maximum production of some antibi-
otics was achieved using glucose and lactose as carbon sources
[25,32].

The S. ayarius strain S115 strain cultured in International Strep-
tomyces Project-2 (ISP2) medium showed good production of sec-
ondary metabolites, and efficient bacterial growth starting with
an exponential growth phase lasting 1 d (0-1 d), followed by a sec-
ond exponential phase between the 2" and 4™ d for ISP2 and 2™
and 3" d for modified ISP2 medium. This suggests the presence of a
diauxic phenomenon. Additionally, a decline phase begins on the
4™ d for ISP2 and the 3™ d for the modified ISP2 medium. The pro-
duction of antibiotics begins on the 37 d in ISP2 and on the 2"¢ d in

Table 2

Electronic Journal of Biotechnology 64 (2023) 34-41

ISP2 modified medium during the exponential phase, meanwhile,
the maximum production was observed on the 4™ d for all the
tested pathogenic bacteria in the two media, i.e. during the decline
phase. The antibiotics produced by the bacterial strain cultured in
the modified ISP2 medium were unlike and greater than that of the
ISP2 medium until the last day of the culture, showing regular and
continuous production of antibiotics. Furthermore, the kinetics of
growth and production of secondary metabolites were studied
under liquid conditions and agitation using the two media (ISP2
and modified ISP2). This choice was made based on the results
from the previously conducted studies, reporting that the ISP2
medium composed of malt extract (10 g/l), yeast extract (4 g/l),
and glucose (4 g/1) is one of the most favorable media for the pro-
duction of antibiotics in actinomycetes [23]. The difference
between the two used media is related to the addition of a quantity
of the plant powder. For the growth kinetics, certain points in com-
mon between the two media were noted, including the absence of
a latency phase where the pre-cultures can be performed under the

Optimization of secondary metabolites production (effect of carbon sources) of Streptomyces ayarius strain S115 in ISP2 and modified ISP2 medium.

Strain days Escherichia coli ATCC 25922

GY M S GL
1 0 0* 0 0 0" 0 0"
2 0 17" 0 15.5" 0 13.5" 0 16.8"
3 19 24.8" 16 17* 12 15.8" 17 23*
4 28 30" 22 24" 22 21 23 28"
5 24 27" 20.5 22" 20 20" 21 26.2°
6 23 25.5% 19 20.2° 18 18.2° 20.5 24*
7 21 23* 19 19" 16 17* 19 20"
Strain days Methicillin-Resistant Staphylococcus aureus ATCC 43300

GY M S GL
1 0 0* 0 0 0" 0 0"
2 21 22 0 17* 0 14* 18 20"
3 24 26* 18 20" 14 18" 19 22.5*
4 27.5 30* 20 24" 15.5 22 235 26°
5 24.5 28* 19 20.5* 13.5 16.5" 22 25*
6 22 25* 18 18.5" 12 14.5" 20 21.5*
7 20 21* 17 17" 11 13.5" 19 19*
Strain days Pseudomonas aeruginosa ATCC 27853

GY M S GL
1 0 0* 0 0 0" 0 0*
2 18 19.5" 15.5 16" 13 14.5" 17.2 18.5"
3 215 22 17 18.5" 14 16" 19 21"
4 24 25.5% 19 20.5" 15.5 18" 22 24*
5 23 23* 18.5 19.5" 13.5 17* 21 22.5*
6 20 21.5" 17 18" 13 14.5" 18 19.5"
7 19 19° 16 17* 12 13* 17 18"
Strain days Klebsiella pneumoniae ATCC 43816

GY M S GL
1 0 0* 0 0 0" 0 0"
2 19 20.5" 15.5 17" 14 15.5" 17.5 19.8"
3 19.8 22 17.8 18" 16.5 17.8" 19 21
4 23 25* 20 21 18.5 19.4" 22 24"
5 22.5 21° 18 19" 17 18" 21.2 20"
6 20.9 19" 16 17.5" 15.2 16.2" 19 19*
7 18.5 18" 15.5 16" 14.5 15.5" 18 17"
Strain days Serratia sp. ATCC 39006

GY M S GL
1 0 0* 0 0 0" 0 0"
2 18 19.2* 13 15" 13 17* 17 18"
3 19.5 20.5" 16 17.5" 17 18.5" 19.5 20"
4 23 24.8" 18.5 20.5* 20 21.2° 22 22.5%
5 22,5 23* 16.8 17* 18 19" 19 21°
6 22 222" 15 14" 16 17* 17.5 19.8"
7 20 19" 13 13* 13.8 15.8" 15.5 17"

GY: Glycerol; M: Maltose; S: Sucrose; GL: Glucose.
+ : Peganum harmala powder supplemented ISP2 medium (modified medium).
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same conditions as the cultures and be taken in the growth expo-
nential phase. The other common point is that of the production of
antibiotics during the exponential phase. In contrast, the produc-
tion of secondary metabolites by microorganisms generally can
be occurred during the slowing and stationary phase (idiophase),
while the production period is variable, and can take place in the
exponential phase in actinomycetes [23].

4. Conclusions

Up to the authors’ knowledge, this study is the first to investi-
gate the effect of a specific culture medium of actinomycetes Inter-
national Streptomyces Project-2 (ISP2) supplemented with
Peganum harmala L. extract on the growth and the production of
secondary metabolites of Streptomyces. As a result, the phytochem-
ical compounds of the medicinal plant provided effective condi-
tions promoting the actinomycetes growth and the production of
secondary metabolites. The diversity and the associations between
various actinobacterial activities and the relationship with the
modified ISP2 medium (culture medium supplemented with sub-
strates (e.g. plant powder extract)) can provide a new understand-
ing of the synthesis of active biomolecules and offer opportunities
to isolate novel therapeutic agents. Beyond the medium composi-
tion, fermentation conditions such as temperature and pH effec-
tively promote antibacterial production. The influence of cellular
growth, in particular, the pellet morphology of streptomycetes
must be taken into consideration for optimal metabolite
production.
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