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Abstract

The need for novel and active antibiotics specially from actinomycetes is essential due to new and drug-resistant pathogens.
In this study, 87 actinomycetes were isolated, and 18 strains among them characterized as thermophilic actinomycetes.
Further fractionation and preliminary antibacterial activities indicated that one strain, coded as MI-S.24-3, showed good
antibacterial activity. Based on the phenotypic, genomic, phylogenetic, and biochemical analyses, MI-S.24-3 was identified as
Streptomyces werraensis. Results demonstrated that the ethyl acetate active fraction showed maximum antibacterial activity
against Staphylococcus aureus and Escherichia coli with MIC (12.7+0.1 and 18.3 +0.2 mg/mL), and MBC (96.5+ 1.4 and
91.5+0.7 mg/mL), respectively, with determination of time kill kinetics assay. The active fraction showed moderate-to-weak
cytotoxic effects against human lung carcinoma (A549 cells), breast cancer cell line (MCF-7), and human cervical carcinoma
(HELA cells) with a IC5, of (23.8+1.2, 54 + 1.8, 96.4 +3.2 pg/mL, respectively). Active components were characterised by
different chemically volatile, ester, and lactone compounds, determined by GC-MS coupled with daughter ions of (GC-MS/
MS). Notably, erucic acid and reynosin identified compounds are rare metabolites produced by Streptomyces werraensis.
Our findings demonstrated that the MI-S.24-3 strain could be a potential source for active compounds of biomedical and
pharmaceutical interest.
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Introduction

The broad range of actinomycetes play important roles
in soil structure and composting and are widely distrib-
uted as saprophytes, free-living, as well as spore-forming
and colonising on plant material (George et al. 2010). The
soil environment is the source of a large number of Strep-
tomyces spp., which has led to the successful synthesis
of multiple antibiotics (Afifi et al. 2012). Based on the
refined phylogeny of the 16S rRNA gene sequences, until
now 425 genera of the phylum actinomycetes divided into
6 classes, 46 orders and 79 families, including 16 new
orders and 10 new families (Salam et al. 2020). One of
the major groups colonising in the soil is actinomycetes,
which can be different in different soil types, and some
researchers have estimated that it constitute 10-33% of
soil microbes (George et al. 2010; Uddin et al. 2013). Out
of 23,000 bioactive microbial metabolites, 10,000 are
solely produced by actinomycetes, and many actinomy-
cetes provide valuable sources of active metabolites with
antibacterial, antifungal, antiparasitic, anticancer (Berdy
2005) and immunosuppressive (Olano et al. 2009) capabil-
ity, and multiple volatile compounds including herbicides
and pesticides (Wilkins 1996). Of the 10,000 bioactive
compounds produced by actinomycetes, 76% (7600) are
produced by the genus: Streptomyces (Jackson et al. 2018).
Active compounds isolated from members of Streptomy-
ces are capable of a diverse range of antimicrobial, anti-
cancer and antiviral activities, most of which have medical
importance (Shah et al. 2016; Moaz et al. 2019). Various
Streptomyces spp. produce secondary metabolites such as
daptomycin, lincomycin, streptomycin and vancomycin,
commonly used against microbial pathogens (Dubourg
et al. 2017). They also produce the antiviral benzastatin C,
a 3-chloro-tetrahydroquinolone alkaloid and methylelaio-
phylin used against herpes simplex types and Newcastle
disease virus (Lee et al. 2011).

Actinomycetes exist in extreme environments such as
glaciers, high-temperature deserts (Shah et al. 2017), and
areas with high salinity or alkalinity (Goodfellow and
Williams 1983; Barka et al. 2016). Actinomycetes from
such environments are known to be a source of novel mol-
ecules. Earlier study has targeted actinomycetes that can
survive in extreme temperatures (Jiang et al. 2012), and
these thermophilic actinomycetes are well documented
to produce novel antibiotics and other valuable bioac-
tive metabolites (Xu et al. 1998), gaining the attention
of microbiologists. The diverse and natural metabolites,
especially antimicrobial agents from these strains, can be
safely applied to synthetic antibiotics as there are fewer
chances of adverse side effects (Trenozhnikova and Azizan
2018). Egyptian ecosystems are a promising source for
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actinomycetes with diverse biological activities, presup-
posing that it may be necessary to characterise such bac-
teria for novel and active antibiotics from archaeological
sites (Reda et al. 2016). Drug-resistant pathogens con-
sidered a global threat of growing concern to human, ani-
mal, and environment health, so there is a crucial demand
for new and active metabolites (Butler et al. 2017).
Therefore, the main objective of the current work was the
isolation and identification of Streptomyces sp. among
all thermophilic actinomycetes isolated from various
archaeological areas of Egypt. The strain was extracted
and partially purified, and its antibacterial and cytotoxic
activity assessed. The chemical constituents of the active
extract were determined using (GC-MS) gas chromatog-
raphy—mass spectrometry.

Materials and methods
Sampling locations and description

Soil samples were collected 2016-2018 from a sandy desert
(Sahra Al-Gharbiya) at five localities in Upper Egypt (39°
30" to 30° 00 N, 29° 00 to 29° 30 E), in Egypt’s western
desert region (Supplementary S1). The area is characterised
by very dry hot summers (4248 °C) and cold winters (4-5
°C) with an average humidity of 76% and rare rainfall, and
annually prone to sandstorms caused by the khamsin wind.
Soil samples each weighing ~200 g were collected by insert-
ing a spatula (sterilised with alcohol before sampling at
each location) into the sediments. The soil was collected
at a depth of 10-25 cm. Samples were placed into sterile
poly bags, sealed tightly, and transported immediately to the
laboratory. After air-drying for 4-5 h at 45 °C, the samples
were crushed and sieved before use for bacterial isolation.

Pre-treatment and isolation of actinomycetes

Before the isolation processes, soil samples were pre-
treated to increase the concentration and proportion of
actinomycetes. All samples were sieved to remove con-
taminating materials. Soil samples were pre-treated by
heating at 70 °C for 20 min, then they were thoroughly
air-dried for 7 days at ambient temperature and mixed with
CaCO; (1 g/100 g soil) for 24 h (Sengupta et al. 2015).
Serial dilution was performed for the isolation and culti-
vation of actinomycetes. From each pre-treated soil sam-
ples, 1 g of dried soil was suspended in 10 mL sterile
saline solution (0.85% NaCl) and serially diluted up to
107, the samples mixed by vortexing after each dilution
to ensure a homogenised suspension. Of each dilution,
0.1 mL was spread over the surface of actinomycete spe-
cific agar media such as International Strepromyces Project
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2 (ISP-2) medium (4 g/L yeast extract, 10 g/ malt extract,
4 g/L dextrose and 20 g/L agar in 1000 mL distilled H,O,
pH 7.2 +0.2) supplemented with cycloheximide (25 pg/
mL). All plates were incubated at 30 °C for 7-14 days.
Based on the morphological properties of colonies, pure
actinomycetes were selected and sub-cultured on ISP-2
medium and stored at 4 °C on slants of starch casein agar
(SCA, 10 g/L starch, 2 g/L K,HPO,, 2 g/LL KNO;, 0.3 g/L
casein, 0.05 g/L MgSO,-7H,0, 0.02 g/L CaCO;, 0.01 g/L
FeSO,-7H,0 and 20 g/L agar in 1000 mL distilled H,O,
pH 7.0+0.2) for further investigation.

Screening for thermophilic actinomycetes and their
antibacterial activity

After isolation procedures, 87 purified isolates were sub-
cultured on starch nitrate agar medium (20.0 g/L soluble
starch, 2.0 g/L NaNO;, 1.0 g/L K,HPO,, 0.5 g/L KCL,
0.5 g/L MgSO,-7H,0, 2.0 g/L CaCO; and 20 g/L agar in
1000 mL distilled H,O, pH 7.0 +0.2), and incubated for
5-10 days at different temperatures, including 40, 45, 50,
55, 60 and 65 °C. Eighteen thermophilic actinomycetes
were screened for qualitative antibacterial determination
against multiple pathogenic clinical strains by the cross-
streak method previously described (Madigan et al. 2008).
Briefly, SCA plates were inoculated with all purified iso-
lated thermophilic strains in the centre of the plate and
incubated at 30 °C for 7-10 days, then inoculated with a
single streak of the selected test organisms at a 90° angle
to the actinomycetes isolate. The plates were observed for
antagonism against tested bacteria after overnight incuba-
tion at 37 °C; the most promising strain (demonstrating the
highest activity) was kept for further analyses.

Bacteria for antibacterial activity assay

Clinical bacterial strains used in this study were obtained
from the Hospital of Assiut University and their Micro-
biological Laboratories (AUHL), including were Gram-
positive (Bacillus cereus AUH 23, Staphylococcus aureus
ATCC 6538P and S. epidermidis AUH 217) and Gram-
negative bacteria (Pseudomonas aeruginosa ATCC 9027,
Enterobacter aerogenes AUH 310, Salmonella typhi AUH
71, Klebsiella pneumoniae ATCC 43816, Serratia marc-
escens AUH 98 and Escherichia coli ATCC 8739). Bacte-
ria were grown in Mueller—Hinton broth medium (2.0 g/L
beef infusion solids, 1.5 g/L starch and 17.5 g/L casein
hydrolysate in 1000 mL distilled water, pH 7.4 +0.2)
under aerobic conditions with shaking at 200 rpm and
overnight incubation at 37 °C.

Morphological and biochemical observations
of the most active strain

The selected strain Streptomyces werraensis MI-S.24-3
was characterised according to ISP directions and con-
firmed using procedures provided by the Bergey’s Man-
ual of Systematic Bacteriology (Whitman et al. 2012).
Cultural features of isolated MI-S.24-3 in various media
(ISP 1-7) were recorded after incubation at 30 °C for 7,
14 and 21 days. The morphology of spores with hyphae
and spore chains was determined with a light microscope
(x400) using the cover-slip technique in ISP medium. The
following characteristics were assessed using previously
published methods (Balachandran et al. 2012) cell shape,
colour, Gram stain results, response to varying tempera-
tures, pH levels and NaCl concentrations, enzyme activ-
ity, presence of pigment, and acid or gas production. Also
tested were the utilisation of different carbon and nitrogen
sources, tolerance to growth inhibitors, and sensitivity to
antibiotics.

Molecular identification of S. werraensis strain
MI-S.24-3

A genomic DNA extraction kit (Axygen, Biosciences Co.,
USA) was used for the isolation of the genomic DNA of S.
werraensis MI-S.24-3. PCR was then used to amplify the
16S rRNA gene following a previously reported protocol
(Abol Fotouh et al. 2016). Two universal primers, FC27 (5'-
AGAGTTTGATCCTGGCTCAG-3') and RC1492 (5'-TAC
GGCTACCTTGTTACGACTT-3"), were used. The PCR
cycle protocol was (35 cycles) initial denaturation at 94 °C
for 5 min, 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 90 s
and a final extension at 72 °C for 10 min. The PCR products
after amplification were visualised via a gel documentation
system (Syngene, USA) and confirmed by 1% agarose gel
electrophoresis. The PCR product was purified from the aga-
rose gel utilising QIAquick DNA gel extraction kit (Qiagen,
USA) according to the manufacturer’s instructions. Auto-
mated sequencing was performed by an automated DNA
sequencer (3130X, Applied Biosystems, USA) using the
enzymatic chain terminator technique following a previously
published procedure (Sanger 1997). The 16S rRNA gene
sequence of strain MI-S.24-3 was compared with the refer-
ence sequences available on the National Center for Biotech-
nology Information GenBank database using the Basic Local
Alignment Search Tool (BLAST). The sequence alignment
was performed by the ClustalW program (version 1.83). The
phylogenetic tree was analysed and generated based on the
UPGMA statistical method using MEGA software (version
5.0) through the neighbour-joining tree method with a boot-
strapping value of 500 (Tamura et al. 2011).
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Scanning electron microscopy of MI-S.24-3

Starch nitrate agar medium was inoculated with MI-S.24-3
spores and incubated for a week at 40 °C. For electron
microscopy, the culture was fixed in glutaraldehyde (2.5%,
v/v). After fixation, the culture was washed with water and
treated for 1 h in osmium tetroxide (1%, w/v). The sample
was washed twice with water and dehydrated in ascending
ethanol concentrations (30, 50, 70, 90, and 100%). Finally,
it was coated with gold using a sputter coater (JFC-1100
E, JEOL, Japan) ion sputtering device and observed at
15-20 kV (JSM 5400 LV, JEOL) at the Electron Microscopy
(EM) unit at Assiut University, Egypt.

Cultivation and extraction of MI-S.24-3 crude
extract

Fresh MI-S.24-3 culture was scraped from SCA medium,
inoculated into 100 mL of inoculation medium in a 500 mL
conical flask and incubated in a rotary shaker at 120 rpm for
2 days at 30 °C. Then, a 1 L flask containing 250 mL of pro-
duction medium was inoculated with the culture (10%, v/v)
and incubated for 7 days at 30 °C with shaking at 120 rpm.
After fermentation, mycelium and supernatant were filtered
using a Whatman filter (0.45 pm), and finally, centrifuged
at 10,000 rpm for 30 min at 4 °C. The culture supernatant
containing extracellular compounds was extracted by liq-
uid-liquid extraction using an equal amount of ethyl acetate
in a separatory funnel. The ethyl acetate layer was concen-
trated by evaporating to dryness at 40 °C and the residue
obtained was dissolved in HPLC grade methanol to (1.2 g)
yellow crude extract.

Separation and identification of active compounds
of MI-S.24-3

The separation of the active compounds from ethyl acetate
extract (1.2 g), was carried out using silica gel column
chromatography (CC). Methanol was applied as the eluting
solvent. Silica gel (60-120 mesh size, Fisher) was packed
within the column. For separation, the sample was loaded
onto the prepared column and eluted with the solvent at a
flow rate of 10 drops per min; numbered test tubes were
used to assemble the eluted fractions. All collected frac-
tions were analysed by thin-layer chromatography (TLC),
with silica gel (G-60 F25, Merck, Kenilworth, NJ, USA).
The TLC chamber with the solvent system (hexane: ethyl
acetate: methanol 6:3:1) was initially incubated for 20 min
until equilibration. The samples were spotted and concen-
trated on the silica gel sheets by a capillary tube followed
by air-drying. Whole bands on TLC were detected under the
UV lamp chamber at 254 and 366 nm, followed by spraying
the TLC plates with vanillin/H,SO, reagent and subsequent
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heating on the hot plate at 110 °C. Fractions having a similar
number of spots on the TLC with the same Rf values were
pooled. There were five fractions (F1-F5). The antibacterial
activity was determined, and most promising active fractions
were used for further bio-analysis.

Determination of biological activity
In vitro antibacterial assay

Antibacterial activity of the five fractions was determined
using the standard Kirby—Bauer disc diffusion method
(Bauer et al. 1966). Briefly, Petri plates were prepared
with approximately 25 mL of sterile Mueller—Hinton agar
(MHA, 17.5 g/L acid hydrolysate of casein, 1.5 g/L starch,
2.0 g/L beef extract and 18.0 g/L agar in 1000 mL H,O,
pH 7.3 +0.2). Overnight nutrient broth cultures of tested
bacteria were streaked on the top of the solid media and
allowed to dry completely for 15-20 min. A stock fraction
solution (100 mg/mL) was prepared by dissolving the extract
in pure DMSO and diluting it two times. Each stock solution
was sterilised and filtered using a syringe filter. Sterile blank
discs (Whatman No. 1, diameter 6 mm), were impregnated
in the working solution (10 mg/mL). Discs were stored at
4 °C before use. Fraction-impregnated discs (20 pL) were
placed on agar plates and incubated at 37 °C for 24 h. Pure
10% DMSO (20 pL) was used as a negative control, while
tetracycline discs (50 ug/mL) were used as a positive con-
trol. Then, the diameter of the inhibition zone was calculated
in (mm). The experiments were performed in triplicate.

Determination of the minimum inhibitory
concentration (MIC) and minimum bactericidal
concentration (MBC)

A broth microdilution susceptibility assay was used for the
determination of (MIC) as recommended by the National
Committee for Clinical Laboratory Standards (NCCLS
2003). The stock solution of the respective active fraction
was prepared as mentioned above, and the serial two-flow
dilution was carried out. The bacterial suspension contain-
ing approximately 6 10> colony-forming units/mL was
prepared from a 24 h culture plate, then 100 pL was inocu-
lated into each well. A sterility control well and a growth
control well were also studied for each strain. All microtiter
plates were incubated for 24 h at 37 °C. After incubation
period, 50 pL of a 0.5 mg/mL solution of INT was added
to each well as an indicator of bacterial growth. The plates
were incubated at 37 °C for 30 min and the MIC values
visually determined. The lowest concentration of the active
fraction that did not show visible growth was defined MIC.
The determination of MBC was performed using the method
of Ozturk and Ercisli (2006), and the MBC was defined as
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the lowest active concentration killing approximately 99.9%
of the bacterial inocula after 24 h incubation at 37 °C. The
experiments were conducted in triplicate, whereas tetracy-
cline and 10% DMSO solution were used as a positive and
negative control, respectively. The results also were repre-
sented as mean + SD.

WST-1 cytotoxicity activity
Cell culture

The cytotoxicities on three human cancer cell lines, human
lung carcinoma (A549 cells), breast cancer cell line (MCF-
7), and human cervical carcinoma (HELA cells) were
assayed. Cancer cell lines were obtained from Nawah Sci-
entific Inc. (Mokatam, Cairo, Egypt). Tested cells were
maintained in DMEM media supplemented with 100 mg/
mL streptomycin, 100 units/mL penicillin, and 10% heat-
inactivated foetal bovine serum in a humidified, 5% (v/v)
CO, atmosphere at 37 °C. The percentage of cell viability
was calculated using the following equation:

OD of treated cells

OD control X 100%.

Percentage of cell viability =

Cytotoxicity assay

For evaluation of cytotoxicity, cell viability was assessed
by WST-1 assay using Abcam® kit ab155902 WST-1 cell
proliferation reagent (Alaufi et al. 2017). Aliquots of 50 pLL
cell suspension (3 X 103 cells) were seeded in 96-well micro-
plates and incubated in complete media for 24 h. Then, cells
were treated for 48 h with another aliquot of 50 pL media
containing the extract of MI-S.24-3 at different concentra-
tions (10, 25, 50 and 100 pg/mL). Finally, 10 pL WST-1
reagent was added to each well for a period of 1 h, and the
absorbance was measured at 450 nm (BMG LABTECH®-
FLUOstar Omega plate reader, Allmendgriin, Ortenberg).

Gas chromatography-mass spectrometry (GC-MS) analysis

The obtained active fraction was dissolved in metha-
nol and dehydrated with anhydrous sodium sulphate,
then filtered through a syringe filter (0.45 pm pore size)
before injection. A mass spectrometer (Trace GC Ultra-
ISQ, Thermo Scientific, Austin, TX, USA), was used for
the chromatographic analysis, and the compounds were
separated on 30 m X 0.25 mm X 0.25 pm film thickness
TG-5MS capillary column. The column temperature was
initially 70 °C and then increased by 5 °C/min to 280 °C
withhold 2 min then increased to 300 °C at 10 °C/min.
The injector and MS transfer line temperatures were kept
at 300 °C. The carrier gas was used helium with a stable

flow rate of 1 mL/min. The solvent delay was 3 min, and a
diluted sample of 1 uL. was injected automatically using an
autosampler AS3000 coupled with GC in the split mode.
EI mass spectra were generated at an ionisation voltage
of 70 eV with a mass scan of 40-650 amu. The extract
components were determined and identified with the mass
spectra and retention time database of the Wiley 09 and
NIST 11 library.

Time kill kinetics

Time kill assay was analyzed using the MIC values by the
most sensitive tested bacteria, the selected strain(s) sus-
pension were adjusted a bacterial serial ten-fold dilutions
(1073 and 107 from 1.5x 107 cfu/mL) and tested antimi-
crobial activity with concentration of MIC values of 1 MIC,
2 MIC, 3 MIC and 4 MIC of EtOAc active fraction. Tetra-
cycline at concentration of 40 mg/mL was used as a posi-
tive control. The 80 uL of each treatment was put into each
well containing 100 uL MHB supplemented with 20 pL of
bacterial suspension and incubated at 37 °C for 24 h. All
samples were collected at 3, 6, 9, 18 and 24 h. Then, 100 uL.
of collected samples were sub-cultured on MHA and incu-
bated at 37 °C for 24 h. A number of viable bacterial cell
was determined.

Statistical analysis

All the experiments were performed in triplicate. Data were
presented as mean + S.D. GraphPad Prism 6.0 (GraphPad
Software, San Diego, CA, USA, http://www.graphpad.
com) was used to calculate one-way analysis of the vari-
ance (ANOVA) with multiple comparison tests (Tukey’s) to
evaluate the effect of different fractions. Statistical signifi-
cance was assigned at P>0.05.

Results
Isolation of actinomycetes

A total of 87 actinomycetes were isolated at different archae-
ological locations in Egypt (Supplementary S1). There were
18 thermophilic actinomycetes, and among them, 1 ther-
mophilic strain (MI-S.24-3) isolated from the Luxor gov-
ernorate showed good antibacterial activity in preliminary
screening. This strain was then selected for further studies
because of its capability to produce a wide spectrum of anti-
bacterial activities against both Gram-positive and Gram-
negative bacteria (Supplementary S2 and S3).
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Identification of actinomycetes (Fig. 1), the phenotypic and genomic data indicated that

the MI-S.24-3 strain represented a strain of the genus
Morphological, biochemical and chemotaxonomical Streptomyces, which was referred to as S. werraensis
analyses strain MI-S.24-3. The identified actinomycetes MI-S.24-3,

was deposited in the culture collection at Assiut Univer-
Light microscopy (400x) investigation showed that the  sity Mycological Center (AUMC) as Streptomyces wer-
bacterium morphology was a long-chain spiral of spore-  raensis strain MI-S.24-3 with an institutional number
shaped mycelium. SEM of MI-S.24-3 revealed a chain of ~ AUMC-B-335.
smooth, non-branched, individual spores arranged in spiral
hyphae (Supplementary S4). The physiological properties
of MI-S.24-3 showed that no melamine pigments were pro-  Fractionation of the extract and their biological
duced on ISP1, ISP6, and ISP7. Regarding the carbon and ~ activity
nitrogen sources utilisation, all tested carbon and nitrogen
sources were positive, except ribose and fructose. The tested ~ Antibacterial activity
isolate also showed excellent growth up to 8% NaCl, at 6-12
pH and 25-55 °C. Other biochemical, morphological, and  Initially, the cross-streak method was used for all 18 ther-
physiological characteristics were also performed as shown  mophilic isolated actinomycetes for the preliminary anti-
in Supplementary S6. Further chemotaxonomic analysis of ~ bacterial activity (Supplementary S2). Among these, the
MI-S.24-3 were confirmed by DAP isomers and whole-cell ~ MI-S.24-3 strain was selected and grown on a medium-
sugar pattern. Based on the cultural and chemotaxonomic  scale (10 L), and the ethyl acetate extract (1.2 g) of their
characteristics of MI-S.24-3 strain, it was found that the cells ~ fermented broth was subjected to column chromatography,
hydrolysate of MI-S.24-3 contains major amounts of LL-  followed by purification via TLC plates that resulted in
diaminopimelic acid (LL-DAP), and no characteristic sugars  five different potential fractions. Antibacterial activities of
in whole-cell hydrolysates was detected. Thus, this strain, these fractions were tested against three species of Gram-
have the same composition of symbolic cellular components positive and six species of Gram-negative bacteria and

as the genus Streptomyces. compared to the activity of the reference standard, tetra-
cycline (Fig. 2). All the fractions were found to inhibit the
16S rDNA sequencing and phylogenetic analysis tested microbes with the zones of inhibition ranging from

7 to 21 mm. Different fractions showed different degrees
The partial 16S rRNA gene sequence of MI-S.24-3 dem-  of inhibition, and a significant difference was observed

onstrated an excellent congruence between morphology,  among different fractions. Fraction 3 was found to be more
chemotaxonomic and 16S rRNA sequence data. BLAST  potent and showed significantly higher activity against
analysis indicated that the strain belonged to Streptomy- ~ Gram-positive (S. aureus, S. epidermidis) and Gram-neg-

ces species, and the sequence was deposited in the NCBI  ative (S. typhi, S. marcescens, E. coli, and P. aeruginosa)
database with the accession number MZ298702. The  bacteria as compared to other fractions. The sensitivity
strain MI-S.24-3 showed the highest 16S rRNA gene  of fraction 3 against Gram-negative bacterial strains was
sequence similarities (100%) with S. werraensis JCM  found almost similar, while as sensitivity of E. coli was
4860, ITPR:KR05:01, ATCC 14424, SOT15 and S. wer- found significantly more than standard tetracycline.
raensis (WS1). Based on the neighbour-joining method

Fig. 1 The neighbour-joining — NR 112390 Streptomyces werraensis strain NBRC 13404
(NJ) phylogenetic tree based on

16S rRNA gene sequences of MT760630 Streptomyces werraensis strain JCM 4860
MI-S.24-3, with closely related

strains accessed from the Gen- MZ298702 Streptomyces werraensis strain MI-S.24-3***
Bank using BLASTN (http://

www.ncbi.nlm.nih.gov/blast/). MK825539 Streptomyces werraensis strain IIPR:KR05:01
These sequences were aligned . .

using Clustal W. Bootstrap MG266051 Streptomyces werraensis strain WS

values included 500 replicates . .

for the NJ method using MEGA | MG547941 Streptomyces werraensis strain SOT15
software (version 5.0). *** . .

indicate tested strain 0.01 AB122711 Streptomyces werraensis strain ATCC 14424

NR 043846 Streptomyces werraensis strain NRRL B-5317
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Fig.2 Antibacterial activity by disc diffusion method of the frac-
tions (F1-F5) from the tested strain against Gram-positive bacteria,
and Gram-negative bacteria. Tet* (Tetracycline as positive control).

Table1 The MIC and MBC of ethyl acetate extract of MI-S.24-3
strain against selected pathogenic bacteria

Pathogenic bacteria Concentration (mg/mL)

MIC MBC
Staphylococcus aureus 12.7+0.1 96.5+1.4
Staphylococcus epidermidis 68.8+2.3 455+3.1
Bacillus cereus 123+1.3 610+4.3
Salmonella typhi 42.1+0.5 336+5.6
Serratia marcescens 26.4+0.22 185+0.8
Escherichia coli 18.3+0.2 91.5+0.7
Klebsiella pneumoniae 56.7+1.4 190+1.8
Pseudomonas aeruginosa 63.1+2.12 340+2.3
Enterobacter aerogenes 160.7 +3.25 730+5.1

P. aeruginosa

E. aerogenes

Error bars represent standard deviations (n=3), and asterisks indi-
cate significant differences: *P<0.05; **P<0.01; ***P<0.001;
wHsk P <(0,0001

Bacteriostatic and bactericidal effect

The active fraction of MI-S.24-3 was subjected to deter-
mine the MIC and MBC against all pathogens. Based on
the results obtained from the in vitro antimicrobial assays,
a lower MIC is observed in Table 1. The MIC test indicated
that the active fraction of MI-S.24-3 exhibited minimal val-
ues of MIC ranged from 12 to 160 mg/mL against tested
clinical strains. With a minimal bactericidal concentration,
MBC at the concentration range of 96-730 mg/mL was
determined.

WST-1 cytotoxicity activity

After isolation and partial purification of active fraction, the
antitumor activities of compound-based active fraction were
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also evaluated using WST-1 assay. The cytotoxicity assay
showed that the MI-S.24-3 active fraction at a concentra-
tion of 100 pg/mL had moderate-to-weak cytotoxic activity
against human lung carcinoma (A549 cells), breast cancer
cell line (MCF-7), and human cervical carcinoma (HELA
cells). The ICs, values of MI-S.24-3 active fraction were
23.8+1.2,54+1.8,96.4+3.2 pg/mL, respectively.

Identification of potentially bioactive compounds by GC-
MS

The GC-MS analysis profile of the active fraction 3 and its
constituents from the selected strain MI-S.24-3 are shown
in Fig. 3 and Table 2. A total of 12 major compounds were
detected and comparing those with entries in the NIST
database, the nearest compound resembling those peaks
were identified, as well as their molecular weight, reten-
tion time, and other characteristics. It was observed that the

AT: 000 - 4533 SM: T8

Ftlatha Abaundance

520 7r  dn3D s

fraction contained various types of chemical compounds
including estragole; phthalic acid 4-hydroxy-2-methoxy-
6-methyl-, methyl ester; hexadecanoic acid, methyl ester;
phthalic acid, butyl tetradecyl ester; 9-octadecenoic acid,
methyl ester; phthalic acid, butyl hex-3-yl ester; reynosin;
benzoic acid; 11-eicosenoic acid, methyl ester; erucic acid;
di-n-2-propylpentylphthalate; 1,2-benzenedicarboxylic acid,
1,2-dinonyl ester; and didecyl phthalate. All the obtained
compounds are known, and the peak area of each compound
is directly proportional to its quantity in the extract.

Time killing kinetics assay

The time kill assay is generally used to examine the ability
of an antimicrobial molecule-based extract against differ-
ent pathogens. These assay was subjected over 24 h with S.
aureus and E. coli being revealed to MIC (12.5 and 18.3 mg/
mL), 2 MIC (24 and 36.6 mg/mL), 3 MIC (37 and 55 mg/

4282

4 3932 413

Tima {men)

Fig.3 GC-MS chromatogram of ethyl acetate extract of S. werraensis (MI-S.24-3)

Table2 GC-MS analysis of crude ethyl acetate extract of MI-S.24-3 strain

No. Compounds Chemical formula Molecular RT (min) Match factor Area (%)
weight
1 Estragole C,oH;,0 148 13.33 734 0.98
2 Benzoic acid, 4-hydroxy-2-methoxy- CioH,0, 196 18.71 795 0.40
6-methyl-, methyl ester
3 Hexadecanoic acid, methyl ester C,7H3,0, 270 21.50 891 2.62
4 Phthalic acid, butyl tetradecyl ester C,sHy0, 418 22.97 849 0.34
5 9-Octadecenoic acid, methyl ester CoH360, 296 24.15 907 3.90
6 Phthalic acid, butyl hex-3-yl ester CsHy0, 306 24.53 927 0.94
7 Reynosin C,5H,,0; 248 26.29 731 0.24
8 11-Eicosenoic acid, methyl ester C,HyO, 324 26.60 779 0.66
9 Erucic acid C,,H,,0, 338 28.88 757 0.40
10 Di-n-2-propylpentylphthalate Cy,H;350, 390 30.72 924 6.75
11 1,2-Benzenedicarboxylic CysHy0,4 418 32.97 866 10.39
acid, 1,2-dinonyl ester
12 Didecyl phthalate CysH,60, 446 34.55 915 0.10
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Fig.4 The time kill kinetics of ethyl acetate active fraction of S. werraensis (MI-S.24-3) against a S. aureus and b E. coli. Red control indicates
cells without treatment while positive control indicates treated cells with 40 mg/mL of tetracycline

mL) and 4 MIC (50 and 73 mg/mL, respectively) of ethyl
acetate active fraction of S. werraensis MI-S.24-3. As shown
in Fig. 4, the results were plotted between the logarithmic
number of CFU/mL and incubation periods. At 4 MIC con-
centration, the active fraction of isolate MI-S.24-3 greatly
exhibited. aureus and E. coli at 3 h and gradually arise to
the 24 h if compared with the MIC, 2 MIC, 3 MIC and the
control, respectively (Fig. 4).

Discussion

Exploring the diversity of thermophilic actinomycetes is
important for detecting new isolates that could be a prom-
ising source of novel antibiotics (Miiller and Wink 2013).
Therefore, we researched thermophilic actinomycetes from
unexplored ancient and archaeological sites in Egypt. The
chemical and physical properties of Egyptian soil and, con-
sequently, the soil populations varied based on environment
and location (Abdel-Haliem et al. 2013). In this study, the
most promising strain was MI-S.24-3. The morphological
and biochemical properties of strain MI-S.24-3 were con-
sistent with those of the genus Streptomyces (Williams et al.
1989). Similarly, Boudemagh et al (2005) reported the isola-
tion and molecular identification of actinomycetes micro-
flora from some Saharan soils of southeast Algeria and tested
them for antimicrobial activities. The results were similar to
those previously reported by many authors for Moroccan and
Jordanian Streptomyces isolates (Saadoun and Gharaibeh
2002) and Bangladesh Streptomyces isolates (Rahman et al.
2011). Furthermore, the cultural characteristics of the strains

in the above locations were close to those of the strain we
obtained from Egyptian soil. The morphological description
by SEM played a major role in distinguishing the MI-S.24-3
spore surface, and these results were consistent with those
of a previously published study (Latha et al. 2015). Our
results demonstrated that the MI-S.24-3 strain belonged to
the genus Streptomyces, and it was showing 100% similarity
with S. werraensis, on the basis of molecular, morphologi-
cal, physiological, biochemical, and cultural parameters. In
a previous study by Gopikrishnan et al. (2019), strain Strep-
tomyces PM33 was reported to show similar nutritional and
environmental requirements; besides, strain MI-S.24-3 also
had LL-diaminopimelic acid and glycine residues in whole-
cell hydrolysates, like other streptomycetes. The physiologi-
cal and biochemical properties of a thermophilic Strepto-
myces strain Al-Dhabi-1 revealed that this strain is similar
to the current strain and can grow at temperatures between
37 and 55 °C, and pH between 6 and 11 (Naif et al. 2016).
Strain MI-S.24-3 resembles the type strain of S. werraen-
sis ATCC 14424 in the appearance of aerial and substrate
mycelia, development of spiral spore chains, and dark grey
colonies on SCA. These results confirmed that the stain
MI-S.24-3 belongs to Streptomyces werraensis which was
further confirmed by DNA sequence analyses.

MI-S.24-3 showed promising activity against a panel
of pathogens. These antibacterial results were comparable
to a previous study in which actinomycetes were isolated
from different soil samples and screened against Gram-
positive and Gram-negative bacteria (Zhao et al. 2011).
The antibacterial results of MI-S.24-3 revealed that Gram-
negative bacterial pathogens were more sensitive than
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Gram-positive strains, that was similar as reported by Sutyak
et al. (2008). Among the most significant findings is that
MI-S.24-3 has moderate-to-weak cytotoxic effects against
A549 cells, MCF-7, and HELA cell lines. The strain was
subjected to GC analysis to determine the chemical con-
stituents responsible for its activity (Claeson and Sunesson
2005). The GC-MS analysis profile of the active fraction
revealed 12 major compounds including estragole; phthalic
acid 4-hydroxy-2-methoxy-6-methyl-, methyl ester; hexa-
decanoic acid, methyl ester; phthalic acid, butyl tetrade-
cyl ester; 9-octadecenoic acid, methyl ester; phthalic acid,
butyl hex-3-yl ester; reynosin; benzoic acid; 11-eicosenoic
acid, methyl ester; erucic acid; di-n-2-propylpentylphtha-
late; 1,2-benzenedicarboxylic acid, 1,2-dinonyl ester; and
didecyl phthalate. Some of these known compounds, such
as phthalate and phthalate derivatives, also demonstrated
antimicrobial activity after isolation from Streptomyces
bangladeshiensis (Chairman et al. 2012). 9-Octadecenoic
acid methyl ester is well known for cancer-preventive, anti-
inflammatory, and antimicrobial activity (Yunfeng et al.
2007). Studies investigating reynosin bioactivity discovered
that this compound demonstrated mycobactericidal effects
and cytotoxicity against MCF-10A, the myeloid leukaemia
HL-60 and U937 cell lines (Eliana et al. 2014; Coronado-
Aceves et al. 2016). Another study has identified erucic acid
as an antibacterial agent with broad-spectrum antiviral activ-
ity (Alam et al. 2007). Finally, by GC-MS analysis, ben-
zoic acid was identified and then investigated for anticancer
activity. It was discovered to be a potent agent in inducing
cancer cell death (Anantharaju et al. 2017). The results of
the current research confirmed that the antimicrobial and
cytotoxic activity of the active fraction might be due to the
presence of these compounds.

Conclusions

A thermophilic Streptomyces werraensis (MI-S.24-3) was
isolated, screened, and identified from the soil samples of
ancient archaeological sites, Luxor governorate, Egypt. The
isolated strain demonstrated significant antibacterial activi-
ties and moderate cytotoxicity. GC—-MS analysis of the bio-
activity guided active fraction of the ethyl acetate led to the
identification of 12 chemical compounds with antibacterial
properties. Therefore, isolation and identification of eco-
nomically important active metabolites from Streptomyces
in Egyptian soil and characterisation of the isolated strain
may assist in the exploration of antibacterial and cytotoxic
compounds from natural sources. The results of our study
can assist in future drug development and their application.

Supplementary Information The online version contains supplemen-
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