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ABSTRACT

Fungi colonizing fruits in the field and post-harvest constitute a major threat to the global food sector.
This study focuses on the biocontrol of Aspergillus flavus (aflatoxin-producing mold considered carcino-
genic by IARC) and Fusarium oxysporum f. sp. albedinis (FOA) (phytopathogenic agent, causal of El
Bayoud in the Algerian and Moroccan Sahara). These molds have a significant economic impact and pose
a serious human health problem. The aim of this work is to study the antifungal activity of two rare acti-
nomycetes strains; Saccharothrix sp. COL22 and Actinomadura sp. COLO8 strains against toxinogenic A. fla-
vus and F. oxysporum f. sp. albedinis. The strains are isolated from Citrullus colocynthis rhizosphere on
different media: ISP2, GLM, TSA, Starch-casein-agar and WYE and with different treatments of the sam-
ples (physical, chemical treatment and enrichment). The antifungal tests against the pathogenic microor-
ganisms were performed on ISP2, GLM and TSA medium by means of the agar cylinders method. The
kinetics of antibiotic production were performed on ISP medium over 16 days. The characterization of
the antimicrobial compounds by LC-ESI/MS-MS showed that the bacterial extracts contain Antibiotic
SF 2738C, Tetrodecamycin and Aplysillamide B. The phenotypic and molecular studies showed that
Saccharothrix sp. COL22 is closely related to the Saccharothrix longispora strain type and that
Actinomadura sp. COLOS is closely related to the Actinomadura hibisca strain type. The two strains are rare
and showed an interesting activity against toxinogenic A. flavus and F. oxysporum f. sp. albedinis.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

liver and kidneys. Aflatoxins are mutagenic, genotoxic, and have
the ability to cause birth defects. They also have an immunosup-

Preventing the risk of contamination of food products by toxi-
genic molds is a major issue for all operators in the agri-food sec-
tor. Cases of poisoning have always hit the headlines; these molds
can also have very serious economic consequences.

Aflatoxins, primarily produced by Aspergillus flavus are poten-
tially carcinogenic and can affect many organs, in particular the
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pressive effect, so they can reduce resistance to infectious agents.

Aflatoxins also pose a significant economic burden, causing the
destruction of 25% or more of the world food crops every year
(Frisvad et al., 2019; Camiletti et al., 2017).

Pheeniciculture in Saharan agriculture constitutes the main
resource for the inhabitants of the Saharan regions of Algeria. For
more than 100 years, Bayoud, a vascular disease of the date palm,
caused by oxysporum f. sp. albedinis (FOA) which is a soil fungus, is
the most damaging disease of date palm in Algeria, without effec-
tive solution until now (Mezouari et al., 2019; Sedra and Zhar,
2010). This disease has devastated the palm groves of Morocco
and Algeria (western and central Algerian Sahara, a region known
as “Saoura”). F. oxysporum f. sp. albedinis particularly affects the
best date-producing varieties such as Deglet Nour. However, its
impact goes beyond the simple economic aspect linked to the loss
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of date production, because the date palm is of paramount impor-
tance in the oasis ecosystem (Sedra et al., 2011).

Biocontrol is one of the most feasible solutions to replace syn-
thetic fungicides. The characteristics of an ideal biocontrol agent
were defined by Wilson and Wisniewski (1989), and relate to bio-
safety, activity in various environments and pathogens, as well as
ease of management and use (Arasu, 2021).

In view of the limited range of molecules used in fungal therapy
and with the emergence of multidrug resistance, the pharmaceuti-
cal industry and researchers have initiated search for new antifun-
gals that are more effective and less aggressive toward human
health. The vast majority of natural antifungals are of microbial
origin, and nearly half are synthesized by actinomycetes.

Actinomycetes are filamentous, septate, branched and Gram-
positive bacteria with a Chargaff coefficient (GC%) of between 60
and 70%. Most of them are still immobile; their growth is slow with
a generation time of 2-3 h. They are abundantly distributed in nat-
ure. Actinomycetes are important mainly because of their role in
soil fertilization, synthesis of complex compounds such as
enzymes, antimicrobial, antiviral, antitumor, antiparasitic, neuro-
protective, antioxidant and immunosuppressive compounds
(Djebbaha et al., 2022; Djebbah et al., 2021; Al-Dhabi et al.,
2020).The species belonging to the genus Streptomyces constitute
50% of the total population of actinomycetes, the most prevalent
genus in the environment. In addition, the so-called rare actino-
mycetal bacteria constitute a potentially important and as yet little
explored source of new secondary metabolites with excellent
antibacterial and antifungal activity. Their selective isolation from
various unexplored ecosystems, led to the discovery of new inter-
esting substances; among the genera we can cite: Actinomadura,
Saccharothrix (Al-Dhabi et al., 2020).

In recent years, studies of actinomycetes in the rhizospheric soil
of plants have shown that plant-associated actinomycetes are
promising biocontrol agents in agriculture (stimulating effects of
plant development and protective effects against phytopathogens).
Most of these microorganisms have, however, been isolated from
vegetable and fruit tree rhizospheric soils. Actinomycetes associ-
ated with medicinal plants could, on the one hand, constitute
important sources of bioactive natural substances and, on the other
hand, present biological activities and produce bioactive natural
substances similar to those of the plant. Thus, Citrullus colocynthis
is a plant recognized for its therapeutic virtues, especially its
antimicrobial and antitumor activity. On the basis of this working
hypothesis, this present work focuses on the isolation of actino-
mycetes strains from the Citrullus colocynthis rizosphere and study-
ing their antifungal activity as well as identifying their
antimicrobial molecules (Al-Dhabi et al., 2020).

2. Materials and methods
2.1. Sample collection and processing

Four soil samples from the rhizosphere of the colocynth (Citrul-
lus colocynthis) were taken from a region 100 km south of Bechar
(gateway to the Algerian Sahara: Longitude 30°49'46.2”N; Latitude,
2°44'33.4"W) according to the technique of Pochon and Tardieux
1962 (Chater et al., 2010).The isolation of the actinomycetes from
their ecosystems constitutes a problem. That is why pretreatment
samples (chemical and physical) is inevitable and essential for a
better isolation of actinomycetes having a much lower growth rate
compared to non-filamentous bacteria and fungi. To this end, each
sample is divided into 4 lots. The first batch is heated at 110 °C for
10 min (physical pretreatment). The second batch consisting of 1 g
of soil with 0.1 g of CaCO3 (chemical pretreatment)to decrease the
number of vegetative bacterial cells, while allowing spores of acti-
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nomycetes to grow) and incubated at 28 °C for 7 days in an atmo-
sphere saturated with humidity. The third batch undergoes
enrichment by rehydration and centrifugation to release the
spores. To do so, 50 mL of sterile 10 mM phosphate buffer contain-
ing 10% of soil extract is placed in an Erlenmeyer flask supple-
mented with 0.5g of dry soil. The whole is incubated at 30 °C for
90 min. At the same time, 8 mL of this solution is transferred to
a conical tube and then centrifuged at 1500g for 20 min. The last
batch does not undergo any treatment (Zitouni et al., 2005;
Jorgensen et al., 2015).

2.2. Isolation of actinomycetal strains

Isolation was performed by suspension-dilutions: decimal dilu-
tions in 9 mL of physiological water (NaCl 9 g/L) have been real-
ized. 1 mL of each dilution (10-1 at 10-3) is seeded on the
surface; three plates are seeded by dilution. The culture media
used are:

- ISP2 medium (International Streptomyces Project 2: Yeast
extract 4 g, Malt extract 10 g, glucose 4 g, agar 15 g).It is used
for the characterization of Streptomyces species. Nitrogen,
amino acids and vitamins are provided by yeast extract and
malt extract, and dextrose is the carbon source.

- TSA medium (Trypto-casein soybean) is a universal nutrient
medium suitable for a wide range of uses. In this medium, the
growth of actinomycetes could be optimal because of the tryp-
tone and papaic digestion provided by the soybean meal due to
the soybean carbohydrates and the casein proteins. Sodium
chloride maintains the osmotic balance.

- GLM medium (yeast extract 3 g, malt extract 3 g, glucose 10 g,
peptone 5 g, agar 15 g), peptone supplies nitrogen, carbon, and
amino acid. Malt extract is a source of nutrients essential for the
growth of Actinomycetes. Dextrose is a source of carbon energy
and yeast extract provides vitamins.

- Starch-casein-agar medium (Starch 10 g, casein 1 g, K2ZHPO4
0.5 g, Agar 15 g) is used for the isolation of actinomycetes.
Starch is used as carbohydrate source and casein supplies nitro-
gen. The existence of the starch, casein and the nitrate in the
isolation medium leads to a selective isolation of the actino-
mycetes, whereas the non-filamentous bacteria and fungi grow
slowly.

- WYE (water-yeast extract-agar, modified by Reddi and Rao:
oxide yeast extract, 0.25 g; oxide agar, 18 g).

The media are supplemented with 50 pg / mL amphotericin B as
an antifungal agent. The dishes are incubated at 28 °C for 3 weeks
or more (Barbut and Neyme, 2006; Goodfellow, 2010; Elbendary
et al., 2018).The colonies having the morphological characteristics
of actinomycetes are purified on ISP2, and then frozen at —20 °C
(The culture medium used for the cryoconservation is nutrient
broth supplemented with 15% glycerol as a cryoprotectant which
reduces freezing damage by increasing viscosity. Instead of inter-
cellular and extracellular water crystallizing, the syrupy solution
becomes an amorphous ice by vitrifying). The cultural and micro-
morphological characteristics are noted after 14 days of incubation
at 28 °C on ISP2 medium. These characteristics are also observed
under an optical microscope at magnifications 100x and 400x
(Elbendary et al., 2018).

2.3. Characteristics of the target microorganisms

A. flavus NRLL62477, aflatoxin B1 producer strain, was provided
by the Laboratory of Biology of Microbial Systems (LBSM) of the
higher school of Kouba Algiers. The toxicity test was verified on a
YES medium (Yeast extract-sucrose: glucose 40 g, Yeast extract
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20 g) and detection of fluorescence was at 365 nm by means of the
thin-layer chromatography method (TLC) (Arifuzzaman et al.,
2010; Dehnad et al., 2010).

F. oxysporum f. sp. albedinis was were isolated from different
areas in southwest Algeria and molecularly identified at the
LABIRIS Research Institute, Belgium.

2.4. Antifungal activity - preliminary screening

Several culture media were tested to find the best medium that
promotes the production of antifungal biomolecules from the two
isolates, namely ISP2, GLM and TSA all at 0.8% agar for better dis-
semination of biomolecules (Kumar and Jadeja, 2016; Degola
et al,, 2012). To study the antifungal activity, the following Agar
cylinders method was performed: It is often used to demon-
stratean antagonistic interactionbetween microorganisms, and
the technique is similar to the disk-diffusion method. It involves
making an agar culture of the strain of interest (actinomycetes)
on the three media by tight streaks on the plate surface, and incu-
bated at 28 °C for 8-10 days. During their growth, the microbial
cells excrete metabolites which diffuse in the medium. After the
incubation period, a cylinder is cut aseptically and deposited on
the surface of the agar(potato dextrose agar “PDA”: Potato infusion
200 gm, Dextrose 20 gm, Agar 8 g) of another plate previously inoc-
ulated by the target microorganism at a rate of 10° cfu/mL (colony
forming units/mL). The dishes are left at 4 °C for 2 to 4 h for good
diffusion of any antifungal metabolites, and then incubated at 28
°C. The substances diffuse from the cylinders to the medium. The
negative control consists of depositing a cylinder of medium agar
which contains no strain, on a medium inoculated with pathogens.
Then, the antimicrobial activity is demonstrated by the appearance
of an inhibition zone around the agar cylinder. Inhibition diame-
ters were measured after 72 h using a decimal rule (Kumar and
Jadeja, 2016; Tao et al., 2018; AbdullahAl-Dhabi, 2020).

2.5. Kinetics of antifungal activity

The kinetics of the antifungal activity of the isolates was con-
ducted in a liquid ISP2 medium. A preculture was prepared on this
same medium as follows: a bone filled with spores of the isolates,
aged 10 days and growing on a ISP2 medium was inoculated in a
250 mL Erlenmeyer containing 100 mL of liquid ISP2 as medium.
Cultures were incubated at 28 °C with shaking at 250 rpm for
16 days (Djinni et al., 2019; Wang et al., 2020). The development
of the antifungal activity was determined daily during these
16 days using the well diffusion method (100 pl of culture filtrate
per well of 5 mm in diameter) (Kumar and Jadeja, 2016).

2.6. Extraction of antimicrobial metabolites - secondary screening

The culture conditions are the same as those which were
described during the study of the kinetics of production of antibi-
otics. The extraction of antibiotics from the culture filtrate is car-
ried out using 4 organic solvents immiscible with water and of
increasing polarity (dichloromethane, ethyl acetate, n-hexane,
and n-butanol). The culture is centrifuged and then filtered.
100 mL are mixed with an equal volume of each solvent. The
organic and aqueous phases are collected separately then concen-
trated and tested using the disc diffusion method (Al-Dhabi et al.,
2020). The organic extracts obtained from the culture filtrates and
as well as the aqueous phases are tested against A. flavus and F.
oxysporum. Disks of 6 mm in diameter are impregnated with
120 pl of extracts to be tested. They are dried at 37 °C. for
45 min, then sterilized under UV at 254 nm for 30 min. The discs
are then deposited on the surface of the semi-solid ISP2 medium
(8 g /| L of agar), previously seeded with the target fungi and placed
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at 4 °C for 2 to 4 h to allow a good diffusion of the metabolites
before the growth of the fungi, then they are incubated at 25 °C
for 5 days. The results are read by measuring the diameter of the
inhibition zone around the disc to know the best extraction solvent
(Kumar and Jadeja, 2016).

2.7. Identification of the antimicrobial molecules by liquid
chromatography (LC) coupled to tandem mass spectrometry (MS-MS)

Organic extracts showing the best antimicrobial activity were
de-replicated by LC/MS-MS. The HPLC apparatus used is Shimadzu
LabSolutions. The column used is the C18 (reverse phase). Mobile
phase: acetonitrile and Deionized water with 1% formic acid. The
pump is in Binary gradient mode, brand LC-20ADXR at a flow rate
of 0.2000 mL/min. The injected volume is 1 pl. the sample is auto-
matically injected into the column by an Autosampler Model SIL-
20ACXR (Wang et al., 2020).

The HPLC is coupled to an Electrospray/tandem mass spectrom-
etry “LC-ESI/Ms-Ms” with collision induced dissociation (CID)
which is based on the fragmentation of mass selected primary ions
in a reaction cell through collisions with an inert gas. Electrospray
has the advantage of implementing a soft ionization method which
makes it possible to obtain information on the complexes in solu-
tion and to study their stability in the gas phase. The primary ions
are produced by Corona discharges of 4.50 kV. Mass analyzer
scanned m/z range is from 150 to 2000 amu. Tandem mass spec-
trometry allows partial fragmentation of a previously selected
ion (in the first quadruple) by collision on neutral gas molecules
located in the collision chamber (second quadruple). This mode
thus makes it possible to obtain information as to the structure
and the stability in the gaseous phase of the selected ion. The ions
resulting from the fragmentation are analyzed by the third quadru-
pole. The mass spectrum thus obtained shows the parent ion and
the fragment ions whose intensities vary according to the collision
energy (voltage applied between the first and the second quadru-
pole). MS data were acquired in positive ion mode (Djinni et al.,
2019; Wang et al., 2020).

Identification was made by comparing our data (mass of each
component and their retention time) with database of the Chap-
man & Hall Dictionary of Natural Products (Jakubieckrzesniak
et al., 2018).

2.8. Molecular characteristics and phylogenetic analyzes

2.8.1. DNA extraction
The DNA of each actinomycetal strain was extracted using two
methods:

a. The Boiling method: Based on heat shock causing cell lysis
and release of cell constituents. The suspensions of young
cultures (7 days of culture with agitation on ISP2 broth, at
28 °C) are centrifuged at 12,000 rpm for 15 min. The pellet
was resuspended in molecular biology grade water and cen-
trifuged at 12,000 rpm for 10 min. After removing the super-
natant, the pellet was resuspended in 40 pl of molecular
biology grade water and boiled at 100 °C in a water bath
for 10 min, cooled immediately after on ice and centrifuged
at 12,000 rpm. / min for 10 s before being stored at —20 °C.
(Jakubieckrzesniak et al., 2018).

b. The use of phenol chloroform, according to the following
protocol: from a young culture, the bacterial colonies are
suspended in 550 pl of TE (Tris + EDTA: Tris HCI 10 mL pH
7.4, EDTA 1 mL pH 8). Then, 17 pl of lysozyme (35 mg |/
mL) are added and the mixture is incubated at 37° for
30 min. Protein hydrolysis is provided by 6 pl of proteinase
K (10 mg [ mL). After that, 30 pl of 10% SDS (Sodium dodecyl
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sulfate) are added and the mixture is rigorously mixed and
then incubated at 37 °C for 30 min. Subsequently, 100 pl
of 5 M NaCl and 80 pl of CTAB (Cetyl Trim ethyl Ammonium
Bromide: CTAB 100 g/L, NaCl 41 g/L) are added for the solu-
bilization of the lipid membranes and the denaturation of
the proteins. After incubation for 10 min at 65 °C, the pro-
teins are separated from the aqueous phase by precipitation
with 800 pl of CIA (Chloroform Isoamyl Alcohol, 24:1, v/v),
followed by centrifugation at 12,000 rpm for 20 min. The
aqueous phase containing the DNA is transferred to another
Eppendorf tube and 800 p of PCIA (Phenol Chloroform Iso-
amyl Alcohol, 25:24:1, v/v/v) are added. After centrifugation
at 12000 rpm for 20 min, the aqueous phase is poured into a
new tube.

DNA precipitation is ensured by adding 0.6 vol of isopropanol,
and incubated at —20 °C for 2 h. After centrifugation for 5 min at
13,000 rpm, the pellet containing the DNA is recovered before
being washed with 200 pl of 70° alcohol that will in turn be
removed by centrifugation for 5 min at 13,000 rpm. The DNA
obtained is dried, recovered in 100 pl of TER (TE + 1 plRnase
20 mg/mL) and stored at —20 °C. The concentration of genomic
DNA is assessed by electrophoresis on 0.8% of agarose gel and by
spectrophotometry (NanoDrop) (Cao et al., 2020; Liu et al., 2019).

2.8.2. PCR amplification of the ITS 16S-23S transcribed intergenic
spaces

Amplification of the intergenic regions was carried out using
the universal primers: S-D-Bact-1494-a-S-20 and S-D-Bact-0035-
a-A-15 to obtain the following sequences respectively:

5'GTCGTAACAAGGTAGCCGTA 3’ and 5'GCCAAGGCATCCACC 3'.

The PCR-ITS reaction mixture contains, in a final volume of
25 pl, the following concentration and volume reagents: 1X PCR
buffer (2.5 pl), 2 mM MgCl2 (2 ul), 0.2 mMdNTP (0.2 ul), 0.1 uM
primer F (0.1 pl), 0.1 uM primer R (0.1 pl), 0.5 U / R Taq polymerase
(0.1 ), and 1 pl of genomic DNA. Each reaction begins with a cycle
of initial DNA denaturation at 95 °C for 4 min. It is followed by 30
cycles each of which iscomposed of (i) a denaturation step at 94 °C
for 45 sec; (ii) a hybridizationstepof the pair of primers on the
denatured template DNA at 55 °C for 30 sec, and finally; (iii) an
elongation step at 72 °C for 45 sec. The amplification reaction is
completed by a final extension cycle at 72 °C for 7 min (Cao
et al., 2020).

2.8.3. Amplification of the 16S rDNA fragment

Amplification was carried out by a polymerase chain reaction
(PCR). Two renowned universal primers were used in this study,
and the concentration of each one is 25ptMmol |/ pLL molecular biol-
ogy grade water.

27f (5 AGAGTTTGATCCTGGCTCAG 3').

1492r (5’ AAGGAGGTGATCCAGCCGCA 3').

One microliter of the extracted DNA supernatant is diluted to
1/10,1/20 and 1/50 and added to 24 pl of the reaction mixture con-
taining, 25 mM MgCl2, 25 uM of each deoxynucleotide triphos-
phate, 5 Units of Hi-Taqg DNA polymerase.

Amplification is performed in a thermal cycler (TC-Pro, Boeco,
GERMANY); it begins with an initial denaturation cycle at 95 °C
for 4 min then 30 cycles comprising 45 s of denaturation at
94 °C, 30 s of hybridization at 55 °C, 45 s of elongation at 72 °C,
and 7 min followed by elongation at 72 °C (Cao et al., 2020;
Buckingham, 2013).

2.8.4. Electrophoresis

After amplification, the samples are analyzed by horizontal
electrophoresis for 45 min at 100 V in a 1.5% agarose gel in 0.5%
TBE buffer in the presence of a size marker of 1 KB. After migration,
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the gel is treated with BET for 30 min then examined under ultra-
violet (UV) light in a GelDoc to identify the amplified bands of size
1500 bp using the software IMAGE Lab 5.2.1. (Cao et al., 2020;
Mahjoubi et al., 2013).

2.8.5. Sequencing

The sequencing is carried out according to the automated San-
ger technique using the same pair of primers as for PCR. The deter-
mined sequence of the gene encoding 16S RNA is compared with
the homologous sequences of reference microbial species listed
in genomic banks, using “BLAST NCBI” (Cao et al, 2020;
Rajivgandhi et al., 2019).The phylogenetic analysis is performed
using MEGA software, version 10.1.8. (Saket and Ravishankar Rai,
2019). The sequence of the gene encoding the 16S RNA of the iso-
lates are aligned using the Muscle algorithm with the homologous
sequences closest to the strains of actinomycetes found in the
genomic bank. The calculation of the evolution distance matrices
is carried out by the Jukes and Cantor method (Khadayat et al.,
2020).

The construction of the phylogenetic tree is done by means of
the “neighbor-joining” algorithm (Boudjella et al., 2007). The sta-
tistical validation of the phylogenetic links established is carried
out through the Bootstrap test, the values of which are based on
the result of 1000 analyzes (Kumar et al., 2004).

2.8.6. Statistical analysis

The statistical analysis concerning the diameters of the antifun-
gal activity is done by the Student test. The statistical analysis of
the kinetics of the evolution of antifungal activities is done by
the test of the ANOVA variance followed by a multiple comparison
of Tukey-Kramer. The software package used for statistical analysis
is Excel 2013. All results are the means of three independent
replicates.

3. Results
3.1. Isolation of actinomycetal strains

ISP2 medium showed better growth and a higher number of
actinomycetes compared to other media. The isolates COL22 and
COLO08 were isolated in ISP2. Purification of each colony is done
on the same isolation medium and stored at 4 °C and —20 °C.

3.2. Antimicrobial activity

The antifungal activity of the isolates against the target fungi is
given in Table 1 and Fig. 1. The COL22 isolate showed interesting
activity on all the media used with a slight preference for ISP2
medium, against A. flavus and F. oxysporum f. sp. albedinis. Isolate
COLO08 showed antifungal activity only against A. flavus.

The statistical analysis of the results reported in Table 1 by the
Student test reveals that:

The antifungal activity of the COL22 and COLOS isolates against
A. flavus: t_Student = 2,43 > t_critical value. We notice the presence
of a significant difference between the antifungal activity of COL22

Table 1
Mean and standard deviation of antifungal activity of COL22 and COLO8 on ISP2
medium with agar cylinders method.

COL22 Isolate

22.66 + 0.57 mm (a)
23.83 + 0.28 mm (c)

COLOS Isolate

15 £ 0.5 mm (b)
00 mm (d)

A. flavus
F. oxysporum f. sp. albedinis

* The statistical analysis used is the Student test.
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Fig. 1. Antifungal interactions vis-a-vis A. flavus and F. oxysporum f. sp. Albedinis using Agar cylinders on ISP2 medium. a: COL22 against A. flavus. b: COL22 against F.
oxysporum f. sp. albedinis. c: COLO8 against A. flavus. The cylinder in the center of each petri dish represents the negative control. The other three cylinders represent other

isolated actinomycetes which showed no antifungal activity.

and COLO8 against A. flavus was observed. t = 2,4364;P = 0,0209;
dt = 30.

The antifungal activity of the COL22 and COLOS isolates against
F. oxysporum:t_Student = 8 > t_critical value. We noticethe pres-
ence of a significant difference between the antifungal activity of
COL22 and COLO8 against F. oxysporum. t = 8,005; P = 6,18023 E-
09; dt = 30.

3.3. Kinetics of antifungal activities

The kinetics of the antifungal activities, carried out on the ISP2
medium, are represented in Fig. 2. The activities begin on the third
day. The activities peak on day 9-10 for isolate COL22 against both
target molds, and on day 8 for isolate COLO8 against A. flavus.

The statistical analysis of the results reported in Fig. 2 by
ANOVA reveals p value = 0.055 greater than 0.05. Therefore, one
can notice that there is not a significant difference between the
three groups (COL22 against F. oxysporum, COL22 against A. flavus
and COLO08 against A. flavus). Fig. 3 shows multiple comparisons by
the post-hoc Tukey-Kramer analysis between the three groups.

3.4. Extraction of antimicrobial metabolits

The COL22 strain showed antifungal activities in the organic
phases of the dichloromethane, ethyl acetate and n-butanol
extracts, but no activity was detected in the n-hexane extract.
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Fig. 3. Multiple comparison using the Tukey-Kramer method between the three
groups (COL22 against F. oxysporum, COL22 against A. flavus and COLO8 against A.
flavus).

Dichloromethane will be maintained as the best extraction solvent,
because it is the solvent that has shown better antimicrobial activ-
ity. The COLO8 strain showed antifungal activities only in the n-
butanol extract. Dichloromethane is known to be the solvent
which extracts the fewest impurities thus making the final HPLC
purification relatively easier, especially compared to n-butanol
which extracts a lot of impurities which make the purifications
more difficult (Jukes and Cantor, 1969).
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Fig. 2. Kinetics of the evolution of antifungal activities on ISP2 medium. COL22 against A.flavus (square), COL22 against F. oxysporum f. sp. albedinis (diamonds), COLO8
against A. flavus (triangle). The activity is monitored by the method of agar cylinders, the diameter of thewell (5 mm) is included in the measurements.
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3.5. Identification of the antimicrobial molecules by liquid
chromatography (LC) coupled to tandem mass spectrometry (MS-MS)

3.5.1. Antimicrobial compounds produced by Saccharothrix longispora

The mass spectrum of Saccharothrix longispora extract, obtained
in positive mode, presents 2 pseudo-molecular ions [M+H] + with
an m/z ratio equal to 263.3 amu (atomic mass unit) and 337.4 amu
(see Fig. 4 and Table 2) suggesting a molecular weight of 262.3 and
336.4 respectively. The mass spectrum of these ions also shows
ionized fragments of the molecule with different mass losses (see
Fig. 4). The identification is summarized in Table 2.

3.5.2. Antimicrobial compounds produced by Actinomadura hibisca

The mass spectrum of the Actinomadura hibisca extract,
obtained in positive mode, presents a pseudo-molecular ion [M
+H] + with an m/z ratio equal to 299.4 amu (atomic mass unit)
(see Fig. 5 and Table 2) suggesting a molecular weight of 298.4.
The mass spectrum of these ions also shows ionized fragments of
the molecule with different mass losses (see Fig. 5). The identifica-
tion is summarized in Table 2.

3.6. Identification of COL22 and COLO08 isolates

The COL22 isolate grows very well on all media used. As shown
in Fig. 6 (a), the colonies are yellow-orange in color on ISP2 med-
ium and can form a crumpled bacterial mat. Micromorphologically
at magnifications (400x) (as shown in Fig. 6 (b)), the COL22 isolate
is characterized by the presence of abundant aerial filaments, long
chains of non-motile rod spores resulting from anarchic fragmen-
tation of aerial filaments.

The COLO8 isolate grows very quickly on all media used. As
shown in Fig. 6 (c), the colonies are reddish. Diffusible red pig-
ments are secreted on the media and are particularly abundant
on ISP2. Micromorphologically at magnifications (400x) and as
shown in Fig. 6 (d), isolate COLO8 is characterized by the presence
of an unfragmented substrate filaments surmounted by a very
sparsely produced aerial filaments.

The classic phenol-chloroform is one of the oldest DNA extrac-
tion protocols. As clarified earlier, this protocol benefits from the
use of sodium dodecyl sulfate (SDS) for lysis of the cell wall, and
proteinase K and RNase for digestion of protein and RNA, respec-
tively. This method mostly gives high yields of good-quality DNA.
As an alternative to the phenol-chloroform extraction procedure,

MS Spectrum

ed 21.483-21.517(1290-1292) Base Peak:263(2826699)
ent | - Event |
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the boiling method has the advantage of not using toxic chemicals
like phenol and chloroform, but extraction gives poor quality DNA.

The partial sequence of the gene encoding16S RNA of the COL22
and COLO8 isolates are determined and deposited at GenBank
under the accession number of MWO007750 and MW226995
respectively. Sequence analysis made it possible to relate the iso-
late COL22 and COLOS to the species Saccharothrix longispora and
Actinomadura hibisca with a similar rate of 99.01% and 99.51%
respectively. The phylogenetic position of these isolates relative
to the closest species of the same genus is shown in Figs. 7 and 8.

4. Discussion

Fungal infections have increased in recent years due to the
development of resistance to antifungals. There is therefore a need
for research of new antifungal molecules with minimal side effects.
The potential antifungal activity of Streptomyces strains from dif-
ferent ecosystems is well known. Nevertheless, limited studies
on other genera of actinomycetes are available and global surveys
have recognized that Saharan ecosystems are rich in microbial
diversity. The genera Saccharothrix and Actinomadura are known
for the production of several antibiotics of great structural diver-
sity and an interesting spectrum of action.

These antibiotics belong to the families and groups of aminogly-
cosides and benzoquinones, glycopeptides, carboxylic nucleosides,
heptadecaglycosides, dithiolopyrrolones, anthracyclines, macro-
lides, angucyclines, and benzene aromatics (Jukes and Cantor,
1969; Saitou and Nei, 1987; Felsenstein, 1985; Boudjella et al.,
2007; Zitouni et al., 2004; Lamari et al., 2002; Labeda and
Kroppenstedt, 2000; Zhuang et al., 2020).

The activity of molecules produced by Saccharothrix strains is
directed mostly against Gram-positive bacteria, but not often
against fungi and even more rarely against Gram-negative bacteria
(Al-Dhabi et al., 2020; Liu et al., 2019; Zhuang et al., 2020).

The low percentage of antifungal activity was also noted by
other authors (Abagana et al., 2016; Takahashi et al., 1986). Anti-
fungal activity is found to be more interesting inthelSP2 medium.
Similar findings were reported by (Al-Dhabi et al, 2020;
Rajivgandhi et al., 2019; Jukes and Cantor, 1969) who obtained
good results with the media used, yet with a slight preference for
thelSP2 medium in general. The importance of culture media, cer-
tain components of which play an important role as precursors of
antibiotics, should therefore not be overlooked. Indeed, the anti-
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Fig. 4. LC-ESI/MS-MS positive ion mode spectra of Antibiotic SF 2738C and Tetrodecamycin produced by Saccharothrix longispora.
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Table 2

Summary of the most interesting antimicrobial molecules obtained by LC-ESI/MS-MS positive ion mode of organic extracts of Saccharothrix longispora and Actinomadura hibisca.
Compounds identified in the Chapman & Hall database (Jakubieckrzesniak et al., 2018).

Saudi Journal of Biological Sciences 29 (2022) 103288

Producing Retention Formula Ion Mass Identification Molecular Biological activies
strains time formula
(min)
Saccharothrix 21.513 N N=R [M+H]* 262.3 Antibiotic SF 2738C4-Methoxy- C13H14N70,S  Antimicrobial activity against
longispora Q }—(\}s&k 5-(methylthio)-[2,2' - Gram-positive, Gram-
OMe bipyridine]-6-methanol. 6- negative bacteria and fungi,
R = CH.OH Hydroxymethyl-4-methoxy-5- and exhibited cytotoxic
i (methylthio) activity
-2,2' -bipyridine
26.095 [M+H]* 336.4 Tetrodecamycin C18H2206 Antiviral, antimicrobial and
antitumor.
Actinomadura  24.728 [M+H]* 298.4 Aplysillamide B Cy6H34N40 Antimicrobial activity against
hibisca Hy A ~ /\/ A some fungi and bacteria. Not
NN
T(\/\ cytotoxic.
Line#4 R, Time:-—(Scant:—)
MassPeaks:9
Spectrum Mode:Averaged 24.700-24.733(1483-1485) Base Peak:299(8002617)
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Fig. 5. LC-ESI/MS-MS positive ion mode spectra of Aplysillamide B produced by Actinomadura hibisca.

Fig. 6. a, b: Microscopic(magnifications (400x)) and macroscopic observation of COL22 isolate on TSA medium. ¢, d: Microscopic (magnifications (400x)) and macroscopic

observation of COLO8 isolate on TSA medium.

fungal activity is better on ISP2 (abundantin malt extract) than on
TSA and GLM medium. It is therefore obvious that the components
of the malt extract played an important role in the increase of this
activity on thelSP2 medium. It could also be that the glucose pre-
sent in large quantities especially in the GLM medium (10 g / L
against 4 g [ L for ISP2) has played a damaging role. According to
several authors (Rajivgandhi et al., 2019; Jukes and Cantor, 1969;
Saitou and Nei, 1987; Felsenstein, 1985), for most of the microor-
ganisms producing antibiotics, glucose, a rapidly assimilable car-
bon source, exerts at a certain concentration a catabolic
repression on the production of antibiotics such as actinomycin,
bacitracin, cephalosporin C, chloramphenicol, kanamycin, peni-
cillin, etc. For a concentration of 10 g / L of glucose, (Felsenstein,
1985) showed a repressive effect of this sugar on the production
of nucleoside antibiotics, but not on the macrolides synthesized
by Saccharothrix sp. SA103 isolated from Saharan soil. Given the
complexity of the media tested, it is difficult to attribute a rational

explanation to the differences observed in production when mov-
ing from one medium to another. For these reasons, it is imperative
to test the antibiotic activity of strains isolated on several media
before deciding which is the most suitable.

The study of antifungal activity in general is of utmost impor-
tance in the hope of finding molecules among non-polyenics.
Indeed, the original antifungal agents currently available and com-
monly used (clinically known as amphotericin B and nystatin) are
polyene in nature. These molecules have very dangerous side
effects; amphotericin B, for example, causes severe kidney infec-
tion. Oriented screening using a strain resistant to polyenes as
the target germ is very useful, as it makes it possible to direct
the investigations towards non-polyene molecules that have
remained very poorly known to this day.

In our study, three antimicrobial molecules were identified in
the organic extracts. In the literature, little work is done on these
molecules. Antibiotic SF 2738C was first extracted by S. Gomi
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— NR 026344.1:94-700 Actinomadura kijaniata strain DSM 43764 16S ribosomal RNA partial sequence

100 — NR 118831.1:70-675 Actinomadura kijaniata strain IFO 14229 16S ribosomal RNA partial sequence

KX168128.1:109-716 Actinomadura namibiensis strain SBSK-520 16S ribosomal RNA gene partial sequence

COL08 (MW226995)
95 NR 042031.1:119-725 Actinomadura hibisca strain IMSNU 22185 16S ribosomal RNA partial sequence
NR 042028.1:93-699 Actinomadura fibrosa strain IMSNU 22177 16S ribosomal RNA partial sequence
o MH261247.1:88-695 Actinomadura maheshkhaliensis strain MGA404 16S ribosomal RNA gene partial sequence
7 LC514450.1:54-660 Actinomadura barringtoniae SL3-2-R-48 gene for 16S ribosomal RNA partial sequence
%8 MH432681.1:129-735 Actinomadura nitritigenes strain XY232 16S ribosomal RNA gene partial sequence
—

0.0050

Fig. 7. Phylogenetic tree based on theanalysis of the sequences of the gene encoding 16S rRNA, showing the relationship between the COLO8 isolate (MW226995) and the
closest species of the genera Actinomadura. The Bootstrap values (greater than 70%) provided over 1000 analyzes are described at the level of the tree nodes.

90 | MK176308.1 Saccharothrix carnea strain RAMS8 16S ribosomal RNA gene partial sequence

56 EU570355.1 Saccharothrix texasensis strain 173789 16S ribosomal RNA gene partial sequence

83

NR 108320.1 Saccharothrix saharensis strain SA152 16S ribosomal RNA partial sequence
EU593595.1 Saccharothrix xinjiangensis strain 173800 16S ribosomal RNA gene partial sequence
NR 134802.1 Saccharothrix tamanrassetensis strain SA198 16S ribosomal RNA partial sequence
94 NR 025658.1 Saccharothrix algeriensis strain SA 233 16S ribosomal RNA partial sequence
60— NR 117283.1 Saccharothrix yanglingensis strain Hhs.015 16S ribosomal RNA partial sequence

NR 109103.1 Saccharothrix hoggarensis strain SA181 16S ribosomal RNA partial sequence

85 MT760446.1 Saccharothrix longispora strain JCM 3314 16S ribosomal RNA gene partial sequence

38

— NR 041738.1 Saccharothrix longispora strain NRRL B-16116 16S ribosomal RNA partial sequence

46 COL22 (MWO007750)

—

0.0050

Fig. 8. Phylogenetic tree based on sequence analysis of the gene encoding 16S rRNA, showing the relationship between the COL22 isolate (MW007750) and the closest
species of the genus Saccharothrix. Bootstrap values (greater than 40%) based on 1000 scans are shown at tree nodes.

et al from the culture broth of Streptomyces sp. The antibiotic
showed an excellent antimimicrobial and anti-tumours abilities.
It exhibited cytotoxic activity against P388 murine leukemia cells
with IC50 values of 0.08, 0.25 and 7.5 Apg/ml, respectively.
Tetrodecamycins are secondary metabolites, known for their
antibacterial activity against S.aureus and Photobacteriumdamse-
lae ssp. Piscicida (A bacterium that causes pseudotuberculosis in
some fish). In the literature, this molecule was produced by Strep-
tomyces nashvillensis M]J885-mF8 isolated from a soil sample
taken from Suginami-ku, Tokyo, Japan, but never previously from
Sacharrothrix. The tetrodecamycins are known for their antibacte-
rial, antifungal, antiviral and antitumor activities. At present, its
molecular target and mechanism of action are very little studied

and there is still a lot to do with this molecule. Knowing the mech-
anism of action of this molecule will lead to the knowledge of new
molecular targets for the development of antibiotics. Aplysillamide
B, antimicrobial guanidine alkaloids which, according to the bibli-
ography ever produced by the actinomycetes in general (Takeuchi
et al.,, 1992; Hacene et al., 1994; Hilali et al., 2002; Gomi et al.,
1994; Honma et al., 1995).

The genus Saccharothrix comprises 12 species while the genus
Actinomadura has up to37 (Jukes and Cantor, 1969). Broad spec-
trum (antibacterial and antifungal) Saccharothrix and Actinomadura
isolates are often described in the literature, and in Algeria several
strains of Sacharrothrix and Actinomadura have been isolated from
soils, water and bark of trees (Saitou and Nei, 1987; Felsenstein,
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1985; Boudjella et al., 2007; Zitouni et al., 2004; Lamari et al.,
2002) but, to the best of our knowledge, never from the rhizo-
sphere of C. colocynthis. It should also be noted that for S. longispora
and A.hibisca no information concerning their antagonism vis-a-vis
A. flavus and F. oxysporumf. sp. albedinis is mentioned in the avail-
able literature.

5. Conclusion

Several research strategies have been developed in order to
bring new antibiotics to the market. There have been attempts to
find out strains belonging to rare or infrequent genera of actino-
mycetes (other than the genus Streptomyces) and originating from
extreme and particular ecosystems. It is in this context that the
objective of our research workfalls. It aims to identify rare actino-
mycetes of Saharan origin and to study the antibiotics they pro-
duce. The isolates under study in the present work are rare
actinomycetes: Sacharrothrix longispora and Actinomadura hibisca.
They show great promise in terms of antifungal biomolecules
(Gverzdys et al., 2016). At present, it is important to search for
new strains that produce antimicrobial metabolites, because pre-
existing antibiotics have failed due to the development of patho-
gen resistance to antibiotics. The present study is also a contribu-
tion to remedy this problem. Isolates which have shown activity
against the fungi tested may be considered very good candidates
for the search for potential antimicrobial compounds. The charac-
terization of our antimicrobial compounds by LC-ESI/MS-MS
showed that the bacterial extracts contain Antibiotic SF 2738C,
Tetrodecamycin and Aplysillamide B. These antimicrobial mole-
cules are rarely discussed in the bibliography. In conclusion, this
is a pioneering study of antimicrobial activities of actinomycetes
isolated from Citrullus colocynthis rizosphere against toxinogenic
fungi to the best of our knowledge.
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