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A B S T R A C T

Actinomycete DARP-7 was isolated from the coastal foliose lichen Dirinaria aegilita (Afzel.ex Ach.) B.J.Moore
and identiﬁed as Streptomyces sp. using 16S rRNA sequencing. Among the eight culture media used for antimicrobial metabolite production, the peptone yeast extract iron medium (ISP-6) showed higher production
with the maximum zone of inhibition (12 mm) against Staphylococcus aureus. Further, the ISP-6 medium
components were optimized through the Plackett-Burman design (PBD) followed by Response Surface Methodology (RSM). Yeast extract, sodium thiosulphate, and ferric ammonium citrate would play a signiﬁcant role
in antibiotic production. Further, the signiﬁcant variables from PBD were optimized through Central Composite Design (CCD) of RSM for enhanced antibiotic production. The optimal medium components were found to
be peptone - 15 (g/L), protease peptone - 5 (g/L), yeast extract - 2.915 (g/L), ferric ammonium citrate - 0.651
(g/L), K2HPO4  1 (g/L) and Na2S2O3 0.155 (g/L), respectively. The optimized result was validated and the
antibacterial activity against S. aureus increased upto 19.9 mm (66.7%). The resazurin dye based quantiﬁcation of minimum inhibitory concentration of the DARP-7 crude extract was found to be 41.34 mg and 46.44
mg against S. aureus and E.coli, respectively. Further, the compound proﬁling was done using UV-VIS, FTIR,
EEM and GC-MS conﬁrming the presence of polyene conjugates. Thus, the study delivers coastal lichen could
be promising source for isolating bioactive metabolites producing rare actinobacteria. Furthermore, the use
of a statistical optimization tool to improve bioactive metabolite yield is discussed.
© 2022 SAAB. Published by Elsevier B.V. All rights reserved.

1. Introduction
The development of multidrug resistant pathogenic organisms
has become a major threat for humans worldwide. The leading public
health agencies and the World Health Organization also enlighten
the need for natural and potential drugs against such resistant pathogens (Korichi et al., 2021). The unique and novel drug discovery is
highly associated with the type of sources screened for clinically relevant agents. Actinomycetes are gram positive, ﬁlamentous, spore
producing bacteria, well known for their promising metabolite production (Jose et al., 2021). Rare actinomycetes are continuously
screened and isolated from special habitats such as marine sponges,
termite gut, ﬁsh gut, insects, mangroves and medicinal plants. Such
isolates are promising in a unique type of metabolite production with
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several biological properties such as anticancer, antihelminthic, antiinﬂammatory, antioxidant and antimicrobial (Mangamuri et al.,
2016). Similarly, coastal lichens are an underutilised and little understood niche that provides a large home for numerous bacteriomes.
Recently, a few novel actinomycete taxa isolated from lichens, as well
as several speciﬁc metabolites of lichen-associated actinomycetes,
have proven that lichens could be a promising source for novel actinomycete isolation (Liu et al., 2017, Motohashi et al., 2010).
Lichens are the products of the symbiotic association between a
single mycobiont (fungi) and one or more photobiont (Algae or Cyanobacteria). Lichens are also reported to be huge producers of unique
secondary metabolites with several biological activities. At the same
time, lichens harbour a rich diversity for prokaryotes in their thallus
tissues (Kumar et al., 2010; Vishnu Raja et al., 2022). A very few studies witnessed the presence of lichen associated actinomycetes living
inside the lichen thalli as endophytes. The ﬁrst attempt was made by
lez et al. (2005) to evaluate the diversity and spatial distribuGonza
tion of actinomycetes in lichens collected from the tropical areas of
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Alaska by using the molecular DNA ﬁngerprinting approach. An average of 1-45 actinomycetes strains was isolated from six lichens with
the most abundant genera being Micromonospora (40%) and Streptomyces (36%). Two novel Streptomyces species (strains RI104-LiC106
and RI104-LiB101) collected from the Risiri Island, Japan were found
to be producing antimicrobial compounds such as 1,1-dichlorocyclopropane containing angucycline and butanolide (Motohashi et al.,
2010). Delphine Parrot et al. (2015) studied the endolichenic actinobacterial diversity in 3 different littoral lichens (Lichina Conﬁnis, L
Pygmaea &Roccella Fuciformis). The rich diversiﬁed actinobacterial
families isolated are Micrococcaceae, Brevibacteriaceae, Nocardiodaceae and Streptomycetacea were screened genetically for the production of bioactive metabolites. Recently Bacillus gibsonii, a hyperactive
pigment-producing bacterial strain identiﬁed from the lichen D.
aegialita (Dawoud et al., 2020). The novel actinobacterial isolation
from various lichens have established that the unexplored coastal
lichens could be a potential source for the isolation of rare actinomycetes (Parrot et al., 2015). Recently, the statistical optimization tool
namely, Response Surface Methodology (RSM) has become an attractive approach for enhancing the bacterial metabolite production. The
metabolite production in Streptomyces is transient and hence, the fermentation conditions and media composition plays an important
role in the stimulation of bioactive metabolite production (Sathiyanarayanan et al., 2014, Poornima et al., 2021). Minor change in media
components can affect the quality and quantity of antimicrobial
metabolite production. Therefore, designing a suitable medium composition with a favourable condition for each strain is necessary for
improving the antimicrobial compound yield by limiting the excess
media components usage (Souagui et al., 2015). The implementation
of RSM for the enhancement of antimicrobial metabolite production
in Streptomyces is a routine process that conﬁrms the inﬂuence of
RSM in improving the metabolite yield, signiﬁcantly. In this study, a
new strain Streptomyces sp. DARP-7 was isolated from the coastal
lichen Dirinaria aegilita. The strain identiﬁed as belonging to the
Streptomyces genus and were found to be in close proximity to S.harbinensis. However, constitute a distinct clade from other neighbouring species. Additional DNA-DNA hybridization for genome
comparison could reveal species novlity. Then the strain was used for
antimicrobial metabolite production. To enhance the antimicrobial
metabolite production, the RSM was implemented. The antimicrobial
metabolite was characterized by UV-Vis spectrophotometer, FTIR,
EEM and GC-MS. To the best of our knowledge, this is the ﬁrst report
on endolichenicactinomycetes from coastal lichens, have been published in India.

rinsed with sterile distilled water (dH2O). The sample was homogenized with sterile dH2O and serially diluted up to ten folds, from
which, 100 mL from 102-104 of each dilution was inoculated onto
the duplicate plates of starch casein media fortiﬁed with nalidixic
acid (20 mg/L) and cycloheximide (80 mg/L) to prevent the growth of
gram negative bacteria and fungi. The plates were incubated at 37 C
for 4 weeks and periodically observed for the presence of powdery
dried colony.
2.3. Preliminary screening for antimicrobial activity
The microbicidal action of the isolated endophytic actinomycetes
was screened by the perpendicular cross streak method (Gandhimathi et al., 2008). Modiﬁed nutrient agar plates (g/L: Yeast extract 2.5,
beef extract 2.0, peptone 5, glucose 4.0, NaCl 5.0, pH 7.0) were prepared and inoculated with the isolated actinomycetes by a single
streak of the inoculum in the centre of the petri dish and incubated at
30°C for a week. Afterwards, the incubated plates were seeded with
ﬁve pathogenic cultures perpendicular to the actinomycetes and
incubated at 37°C for 24 h. The clinical isolates used for antibacterial
studies were E. coli, S. aureus, P. aeruginosa, K.pneumoniae and S. epidermidis. The antagonistic activity of the actinomycetes was measured based on the zones of inhibition and the potential
actinomycetes were taken for further studies.
2.4. Characterization of actinomycetes
2.4.1. Morphological characterization
The morphological and cultural characterization studies were carried out and observed using light and phase contrast microscopy
techniques. The potential actinomycetes, DARP-7, was inoculated in
various ISP series media as described by the International Streptomyces Project (ISP) standard procedure for the observation of cultural
characteristics. The gram staining, appearance, pigmentation and
growth pattern of DARP-7 were examined during and after incubation at 28§2°C and 250 rpm for 7 days. Further, to study the micromorphology of the strain, coverslip culture was prepared using a
sterile coverslip inserted in the solid medium at an angle of 45 over
the streaked plate. The actinobacterial ﬁlaments grown over the surface of the coverslip were taken for examination such as spore
arrangement in the mycelia and the hyphae structures using a phase
contrast microscope and Scanning Electron Microscope (SEM).
2.4.2. BiologMicrostation with GEN III microplate system
The phenotypic characterization of the potential actinomycetes,
DARP-7 was done by using the instrument Microstation 2 Reader and
the software version Microlog 3/5.2.01 35. The Biolog system analyses 94 phenotypic characteristic tests for the microorganisms that
include 23 chemical sensitivity assays and 71 carbon source utilization assays. This test panel delivers a phenotypic ﬁngerprint proﬁle
of the tested microorganism that can be used for organism’s identiﬁcation. The actinomycetes cultures were grown on tryptic soybean
agar medium and incubated at 26-37°C for 48 h. After the incubation
period, the cell suspension having 62-68% transmittance was taken
for analysis. 100 mL of suspension was poured onto the microtitre
plate, Biolog GEN III Micro Plates (Catalog No.1030). The plate was
incubated in the Omni Log incubator/reader for 3-36 h at 33°C
(Mackie et al., 2014) .Afterwards, the phenotypic ﬁngerprint of each
well was compared to the Biolog’s large species library by using
Omni LogÒ Data Collection software.

2. Materials and methods
2.1. Collection and identiﬁcation of lichens
The lichen samples were collected in and around Ramar Patham.
(N 10 19ꞌ 37.83ꞌꞌE 79 50ꞌ 46.64ꞌꞌ), Kodiyakarai region,
Thiruvarur district of Tamil Nadu, India. The collected lichens were of
corticolous forms and found at the average altitude of 7 meters from
the sea level. The samples were immediately transferred to sterile
paper bags and taken to the laboratory for further processing. The
well dried lichen samples were identiﬁed through microscopical
observations and biochemical analysis.
2.2. Lichen associated endophytic actinomycete isolation
Endophytic actinomycetes are isolated from the lichen D.aegilita
using a modiﬁed version of Waheeda and Shyam (2017) method. The
lichen thallus was superﬁcially washed with sterile water for few
minutes, followed by treatment with 3.15% calcium hypochlorite for
10 min, 10% sodium hydrogen carbonate for 15 min and 1% sodium
azide for 2 min, respectively. After every wash, the lichen sample was

2.4.3. Molecular taxonomical characterization
The screened potential actinomycetes, DARP-7 was inoculated
into a 250 mL conical ﬂask containing starch casein broth and cultured at 30°C for 7 days under static conditions with frequent shaking. Genomic DNA was extracted from the biomass was carried out as
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selected for further optimization based on the variables showing
lower p-values (<0.05) and higher conﬁdence levels (>95%).

described by K. Wilson (Wilson, 2001). The 16S rRNA gene sequencing was performed using the speciﬁc primers 27F (50 -AGAGTTTGATCCTGGCTCAG-30 ) and 1492R50 -TACGGYTACCTTGTTACGACTT-30 )
in polymerase chain reaction (PCR; Thermocycler Applied Biosystem)
by following the standard procedure (Tamura et al., 2013). The puriﬁed PCR product was further sequenced using Genetic Analyzer automated DNA sequencer (model 3730; Applied Biosystems) with an
BigDye Terminator Sequencing Kit (Applied Biosystems). The
obtained gene sequence was comparatively analysed along with the
previously published 16S rRNA gene sequences of bacterial type
strains using the EzBiocloud server. The sequence with the highest
similarity percentage was retrieved in FASTA format and aligned
using the CLUSTAL-X program. The phylogenetic analysis using the
neighbour-joining method to construct the evolutionary relationship
tree through MEGA 6.0 software.

2.6.2. Optimization of the best conditions using Response Surface
Methodology (RSM)
The signiﬁcant variables determined from the PBD were further
statistically optimized using response surface methodology (RSM). In
RSM, each variable effect, interaction effect and quadratic effect,
exerted on bioactive metabolite production can be estimated and
optimized by central composite design (CCD). This study consist of 20
experimental runs with the chosen independent variables were analyzed at the levels of low, middle and high concentrations and these
were denoted as -1, 0 and +1 (coded values), correspondingly (Moorthy and Baskar, 2013). The combination of the other media components was ﬁxed at their middle levels (Table 3).
Eq. (1) stated below is used to calculate the coding of factors for
the statistical calculation:

2.5. Standardization of growth and production medium

xi ¼

The strain DARP-7 was cultured on Starch Casein Agar (SCA) plate
at 30°C for 7 days. After the incubation period, the spores were harvested. The homogenous spore suspension was made using 0.05%
Tween 20. 1 mL of this spore suspension was inoculated in various
media such as starch casein broth (SCB), inorganic salt agar (ISP-1),
yeast extract-malt extract broth (ISP- 2), oatmeal broth (ISP-3), inorganic salt broth (ISP-4), glycerol - asparagine broth (ISP-5), peptone
yeast extract iron broth (ISP-6) and tyrosine broth (ISP-7) to study the
inﬂuence of medium composition on antibacterial metabolite production. The above mentioned broths were inoculated with 1 mL of spore
suspension and incubated for a week at 28§2°C. Then, the culture
broths were ﬁltered using Whatmann No.1 ﬁlter paper and the ﬁltrate
were spun at 10,000 rpm in a centrifuge for 10 min. The cell free culture supernatant was taken a step further for antibacterial research.

ðXi  Xo Þ
dXi

ð1Þ

where, xi was the coded value of an independent factor, Xi and X0 represents the actual value of independent factor and its centre point
value. Whereas, the step change value denoted as DXi. All the experiments performed in duplicates and the average of antimicrobial activity was taken as the dependent response (Y). The predicted activity
was calculated using the following second-order polynomial equation:
Y ¼ bo þ

n
X
i¼1

b i Xi þ

n1 X
n
X
i¼1 j¼iþ1

bij Xi Xj þ

n
X

bii Xi2

ð2Þ

i¼1

Where, Y was the predicted response, Xo was the intercept term,
Xi was the linear coefﬁcient, Xij was the interaction coefﬁcient, Xii
was the quadratic coefﬁcient, and Xi and Xj were representing the
independent variables.
The RSM methodology performed using Design expert 10.0 (StatEase, Inc.) software. The experimental design was set and the regression analysis of the input data was obtained. The statistical signiﬁcance of the experiment was evaluated and validated using Analysis
of variance (ANOVA). The overall signiﬁcance of the independent factors was evaluated through Fisher’s F test and its associated probability p-value. The experimental data were ﬁtted to the polynomial
equation and signiﬁcance of the model was validated statistically by
the coefﬁcient of determination (R2). The polynomial ﬁtting was
expressed in 3-dimensional surface, to understand the relationship
between the independent variable at its optimized levels for the
maximum response.

2.5.1. Antibacterial activity
The antibacterial activities of the supernatants were determined
using the well diffusion method (Sathiyanarayanan et al., 2014). The
nutrient agar plates were swabbed with the respective pathogenic
cultures (E. coli, S. aureus, P. aeruginosa, K.pneumoniae, S. epidermidis)
and the wells of 6 mm diameter and 4 mm depth were made on the
agar plates. 75 mL of each sample was inoculated onto the wells and
incubated at 37°C for 24 h. After incubation, the zones of inhibition
were measured in mm.
2.6. Optimization of antimicrobial production through statistical
methodologies
2.6.1. Screening of the signiﬁcant variables
The Plackett-Burman design (PBD) was used to screen the major
inﬂuencing variables in the ISP 6 medium, which would play a signiﬁcant role in the antibacterial activity of DARP-7 (Plackett and Burman,
1946). The variables and the levels are provided in Table 2. The factors considered in this design were peptone (10-15), protease peptone (1-5), yeast extract (0.5-1), sodium thiosulphate (0.04-0.08),
K2HPO4 (0.5-1), ferric ammonium citrate (0.5-1) (g/L) and inoculum
size (1-5% v/v). The ISP 6 medium was prepared according to the PB
design table with an initial pH of 7 and kept in an orbital incubator
shaker at 28§2°C for 7 days. All the individual factors were analyzed
at the two levels, low (-) and high (+), involving 12 experiments in
PBD to determine the effects on antibiotic production. The experiments were performed in triplicates and the average value was taken
to examine the antibacterial activity against S. aureus (response). The
reason for choosing S. aureus as the test organism was based on the
preliminary screening of the production medium (ISP-6), showing
the maximum zone of inhibition against S. aureus. The experimental
setup was developed using the software MINITAB 16. According to
the PBD, the major inﬂuencing variables in the ISP-6 medium were

2.6.3. Liquid-Liquid extraction
Streptomyces DARP-7 was cultivated in the optimized ISP-6 broth
for 10 days at 28°C for 7-8 days. After incubation, the cell free ﬁltrate
was obtained by ﬁltering through Whatman ﬁlter paper. An equal
volume of ethyl acetate and the ﬁltrate was taken in a 1 L separating
funnel and allowed to stand for 2 h after vigorous shaking. The
organic layer was collected and the solvent was evaporated to dryness using a vacuum rotary evaporator at 45 °C to obtain the crude
metabolite and the dry weight was noted (Abdelfattah et al., 2018).
2.6.4. Resazurinmicrotitreplate method
The minimum inhibitory concentration (MIC) of the DARP-7
extract against the test pathogens was determined by the resazurin
microtiter plate method with slight modiﬁcations (Acimovic et al.,
2022). Varying concentrations of DARP-7 extract ranging from 1-50
mg/mL, standard antibiotic chloramphenicol (1mg/mL in MeOH) and
the standardized test pathogen suspension of S. aureus were diluted
in nutrient broth. 50 mL of the adjusted OD600 of the test pathogens
(»5£105 CFU ml1) was added to the wells containing the test
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Fig. 1. (a) Stereo zoom microscopic view of coastal Lichen Dirinaria aegilita. (b) Isolated Streptomyces DARP-7). (c) Antagonistic activity of the Streptomyces DARP-7 on various
pathogens through perpendicular streaking 1) E.coli 2) S. aureus, 3) P. aeruginosa, 4) K.pneumoniae, 5) S. epidermidis. (d) Scanning Electron Microscopic image of DARP-7.

3D scan measurement was recorded from 220-700 nm at 5 nm
increment.

compound and the control wells. The autoclaved test pathogens
(sterilized) along with the dye served as negative control. After 24 h
of incubation, the resazurin dye (0.015%) was ﬁlter sterilized and
added to the wells (50 mL per well) and incubated for 2-4 h. The
growth was observed from the color change i.e purple to pink, which
was measured by taking the absorbance at 570 nm in order to calculate the MIC concentration of the DARP-7 extract.

2.6.6. Gas chromatography-mass spectrometry (GC-MS)
The bioactive compounds present in the ethyl acetate extract of
the strain DARP-7 were determined by GC-MS (Agilent Technologies). The instrument equipped with CP-8 capillary column consisting
of 30 m in length, 0.25 mm inside diameter and the ﬁlm thickness is
0.25 mm. The temperature of the column was sequentially increased
from 40 °C (for 1 min) to 280 °C (kept for 10 min with the variation of
10 °C/min. Helium was used as a carrier gas at the ﬂow rate of 1mL/
min. The total injection volume of the samples was 3 mL with a ﬂow
rate of 36 cm/s at a maximum temperature of 280°C (Al-Dhabi et al.,
2019). The compound identiﬁed based on the percentage of peak
area, molecular weight and its respective molecular formula. Thus
the obtained mass spectra were comparatively analyzed using NIST
library database for the compound identiﬁcation.

2.6.5. Spectroscopy analysis of DARP-7 crude extract
The metabolite constituents and the chemical entities of the
crude extract were quantitatively assessed by various spectroscopic
methods including UVVisible absorption (UV-1700 Shimadzu),
Fourier Transform InfraRed (FTIR-Model 8700) and Excitation Emission Matrix (EEM) ﬂuorescence. The UVVisible absorption spectra
of the DARP-7 solvent extracts were measured in the range of
200700 nm to determine the absorbance maximum of the band.
Fourier Transform InfraRed (FTIR-Model 8700) spectrum of the
ethyl acetate extract of DARP-7 was analyzed using attenuated total
reﬂection (ATR) to identify the presence of the predominant functional groups. The crude extract was ﬁlter sterilized and placed onto
the ATR crystal; on which, the Infrared (IR) beam was targeted
through an internal reﬂection element (IRE) having a higher refractive index. The spectral wavelength ranging from 4000 cm1 to 660
cm1 was scanned. The EEMs of the crude extract were measured
using F-2700 FL spectrophotometer using A 3 mL capacity quartz
cuvette with both emission and excitation slit widths of 10 nm. The

3. Results
3.1. Lichen associated endophytic actinomycete isolation and its
antagonistic activity
Most of the lichens obtained were of corticolous (i.e. lichen
growth on tree barks) forms. The lichen chosen to screen endophyticactinomyceteswas Dirinaria aegilita of foliose type (Fig. 1a). A total
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Table 1
Culture characteristics and antibacterial activity of Streptomyces DARP on various media.
Medium

Growth

Sporulation

Diffusible pigment

Colony color

Zone of Inhibition
on E. coli(mm)

Zone of Inhibition
on S. aureus (mm)

Inorganic salt Agar (ISP-1)
Yeast extract malt extract agar (ISP-2)
Oatmeal agar (ISP-3)
Inorganic salt agar (ISP-4)
Glycerol - asparagine agar (ISP-5)
Peptone Yeast Extract Iron Agar (ISP-6)
Tyrosine agar (ISP-7)
SCA (Starch Casein Agar)

Good
Moderate
Poor
Good
Moderate
Good
Moderate
Good

Moderate
Poor
Poor
Moderate
Moderate
Good
Poor
Moderate

Deep brown
No
No
Brown
Light brown
Deep brown
No
Deep brown

Light brown
White
White
Light brown
Brown with black heads
White
White
Grey with black heads

9
0
0
0
0
10
0
8

10
0
0
0
0
12
0
6

Note: ISP 2, ISP 3, ISP 4, ISP 5, ISP 7 have no activity after 7 days of incubation at 28§2°C

grew well and produced pigment on peptone yeast extract agar (ISP
-6), starch casein agar (SCA), and inorganic salt agar (ISP-4) at 28§2°
C. However, oatmeal agar showed an inadequate growth of the strain
DARP-7 (Table 1). Peptone yeast extract iron agar (ISP-6) was concluded to be the suitable medium for growing Streptomyces DARP-7.
The BIOLOG GEN III system based biochemical characterization was
done at the National Centre for Microbial Research (NCMR) Pune,
India. The strain DARP-7 was able to grow effectively at pH 6 and the
NaCl tolerance level ranged from 1%, 4% and 8%. The metabolite analysis of DARP-7 showed its ability to utilize Dextrin, D-fructose, D-Gluconic acid, D-Cellobiose, D-Glucuronic acid, Gentiobiose,
Glucuronamide, D-Fructose-6-PO4, Propionic acid, L-Rhamnose, LMalic acid and Acetic acid for luxurious growth (Table S1).

of 12 actinomycetes cultures was identiﬁed and puriﬁed on starch
casein agar (SCA) plates. Actinomycetes species were identiﬁed based
on their colony morphology, dry and powdery appearance, sometimes, tough leathery substrate mycelium and other microscopic
observations i.e. branching ﬁlaments and gram stain. All the isolates
were preliminarily screened for antibacterial metabolite production.
Among the strains tested, DARP-7 showed a broad spectrum antibacterial activity against both gram negative and gram positive test
pathogens (Fig. 1c) and the zone of inhibition values are given in
Table 1. Thus, DARP-7 strain was identiﬁed and characterized by a
polyphasic approach.
3.2. Morphological, cultural and biochemical analyses
The morphological observation exposed that DARP-7 was a Gram
positive and ﬁlamentous bacterium. The colony was unique grey colored surrounded by a white boundary with black rounded dots on
the bulged center and brownish black color on the reverse side (Fig.
1b). The SEM analysis of DARP-7 revealed that the strain was ﬁlamentous having spores chain arranged linearly with smooth surfaces and
absence of sporangia conﬁrming that the organism would belong to
the genus Streptomyces (Fig. 1d). Similarly, the Streptomyces DARP-7

3.3. Molecular taxonomical characterization by 16S rRNA sequencing
The full length 16S rRNA fragment of DARP-7 was sequenced and
deposited in GenBank library with an accession number
(MN045401). The sequence obtained was subjected to BLAST similarity search in the NCBI database. The phylogenetic tree of the 16S
rRNA gene sequence was obtained using neighbor-joining method
with 1000 bootstrap (Fig. 2). The closest phylogenetic neighbours

Fig. 2. Neighbor-joining tree showing the phylogenetic relationships based on 16S rDNA gene sequences of the isolate Streptomyces DARP to the member of genus Streptomyces and
related taxa.
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Fig. 3. (a) Pareto-chart of the standardized effects, (b) Normal plot illustrates the order of signiﬁcance of the variables affecting the bioactive metabolites production.

the culture grown on peptone yeast extract agar (ISP-6) produced a
higher amount of antimicrobial metabolites than when grown in
other media (Fig. 1e, f and Table 1). The PB design was used to evaluate the key factors inﬂuencing the antibacterial metabolite production was shown in Fig. 3. The statistical signiﬁcance of the model was
determined by the t and p values of each variable. The statistical analysis of the PBD was performed and the design matrix of variables is
shown in Table 2. The design consisted of 12 runs in order to study
the effect of each factor on antibacterial metabolite production (Table
3). The linear regression equation obtained for the design was:

Table 2
Variables representing medium components and their Low (-) and high (+) levels used in Plackett - Burman Design experiment of Streptomyces DARP-7.
Variables

Medium Components

X1
X2
X3
X4
X5
X6
X7

Peptone
Protease Peptone
Yeast Extract
K2HPO4
Sodium thiosulphate
Ferric ammonium citrate
Inoculum Size

Variable Levels
-1 (Low Level)

+1 (High Level)

1
1
0.5
0.5
0.04
0.1
1%

5
5
1
1
0.08
0.5
5%

Y ¼ 7:625  0:4333X1  0:2500X2 þ 3:867X3 þ 4:083X4
þ 72:50X6  0:2333X7

ð3Þ

The R2 value obtained from the regression equation was 0.9886
indicating 98.86% of variability in response. Fig. 4a shows the normal
probability plot, which indicates that all the data points were near
the reference line and hence, there was no unexpected error
observed (Fig. 3a, b). Likewise, Fig. 4b shows the predicted vs actual
plot, which indicated that the predicted value of the zone of inhibition, was close enough to the actual value of the zone of inhibition.
Fig. 4b revealed that the predicted model was found to be ﬁt.

searched using ezbiocloud.net were S. Harbinensis (99.71%), S. Alboﬂavus (96.50%) and, S. atrovirens (96.42%) based on the similarity index
obtained.
3.4. Plackett-Burman design
The culture grown in eight media was veriﬁed for the maximum
antibacterial activity as illustrated in Table 1. According to the results,

Fig. 4. (a) The ﬁgure illustrates the diagnostics plots of externally studentized residual versus normal % probability, (b) Predicted and actual yield of antimicrobial response.
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Table 3
PlackettBurman design used for the evaluation of seven independent variables with coded values along with the observed bioactive metabolites activity.
Run

1
2
3
4
5
6
7
8
9
10
11
12

Peptone
(g/L)

Protease peptone
(g/L)

YeastExtract
(g/L)

Ferric citrate
(g/L)

K2HPO4
(g/L)

Sodiumthio-sulphate
(g/L)

Inoculumsize
(%)

Zone of inhibition (mm)
Actual

Predicted

10)
15
10
15
15
10
10
10
15
10
15
15

5
5
1
1
5
5
5
1
1
1
5
1

1
0.5
0.5
0.5
0.5
0.5
1
0.5
1
1
1
1

0.5
0.5
0.1
0.1
0.5
0.1
0.1
0.5
0.1
0.5
0.1
0.5

0.5
1
0.5
1
0.5
0.5
1
1
0.5
1
1
0.5

0.08
0.04
0.04
0.08
0.04
0.08
0.04
0.08
0.04
0.04
0.08
0.08

5
5
1
5
1
5
1
1
5
5
1
1

13
6.5
8.5
8.1
6.5
9.2
9.4
13.5
7.5
11
10.5
12.5

12.8833
6.1833
8.3500
8.4500
6.8167
9.3167
9.5833
13.1833
7.1833
11.2833
10.3167
12.6500

Fig. 5. Three dimensional Response surface plot for antimicrobial activity of Streptomyces sp. DARP-7. (a) Effects of Sodium thiosulphate and ferric ammonium citrate on antibiotic
activity. (b) Effects of Sodium thiosulphate and yeast extract on antibiotic activity, (c) Effects of Ferric ammonium citrate and yeast extract on antibiotic activity.

Y ¼ 0:58295 þ 0:33864X1 þ 45:22818X2 þ 749261X3 þ 2:2500X1 X2 þ
5:31250X1 X3  5:000X2 X3  0:464773X12  39:34545X22  286:93182X32

Therefore, the model showed no unexpected error and was found to
be accurate. Hence, the variables, sodium thiosulphate, ferric ammonium citrate and yeast extract showed more signiﬁcance with positive effects on response and were taken for further optimization.

ð4Þ
where, Y was the response value of antibacterial activity (zone of
inhibition) against Staphylococcus aureus and X1, X2 and X3 were
yeast extract, sodium thiosulphate, and ferric ammonium citrate,
respectively. The statistical signiﬁcance of the experimental model
was assessed by the analysis of variance (Table 6). The adjusted R2
obtained from the actual equation was 0.9997, whereas the predicted
R2 value was 0.9993. The coefﬁcient of variation was 0.2951%, which
reﬂected the reliability of the experimental model for prediction and
analyzing the antagonistic activity of Streptomyces DARP-7.

3.5. Optimization through RSM
The variables found signiﬁcant from the PBD were used to study
the best fermentation conditions and their interactions through CCD
and the results are tabulated (Table 5). The antibacterial activity was
determined as a response and the obtained data were ﬁtted onto the
polynomial equation as follows:
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Fig. 6. Resazurin dye based quantitative analysis of antibacterial activity of Streptomyces DARP-7 extract against the clinical pathogens.

Fig. 7. (a) FTIR spectrum, (b) Contour plot of an EEMs of Streptomyces sp. DARP-7 crude extract.

3.6. Response surface plots

3.7. Resazurin dye based microtiter assay

The 3D response surface plots and contour lines shown in Fig. 5
and it was observed that all the individuals, interactions and squared
terms were found to be signiﬁcant (p < 0.05).
The 3D response plots demonstrate the maximum zone of inhibition obtained from the medium level of yeast extract, sodium thiosulphate and ferric ammonium citrate. By statistical analysis, the
predicted optimal values for the maximum antibacterial metabolite
production of the media containing : peptone - 15 (g/L), protease
peptone-5 (g/L), Yeast extract- 2.915 (g/L), ferric ammonium citrate 0.651 (g/L), dipotassium hydrogen phosphate- 1 (g/L), sodium thiosulphate  0.155 (g/L). From which the maximum 20.109 mm zone
of inhibition can be possibly achieved. The three-dimensional
response surface plot for antimicrobial activity was shown in Fig. 5
Furthermore, the predicted parameter obtained from the RSM was
experimentally evaluated (Supplementary Fig 1). The antibacterial
activity obtained against S.aureus was measured as 20 mm of the
inhibitory zone.

The antibacterial potential of the Streptomyces DARP-7 extract
was quantitatively determined by the resazurin plate method. Resazurin dye is used as an indicator of bacterial cell growth, which is a
convenient assay for the determination of MIC concentration of the
extract. The most potent antibacterial activity of DARP-7 extract was
observed with the MIC values of 41.34 mg and 46.44 mg against S.
aureus and E. coli, respectively (Fig. 6).
3.8. Spectroscopy analysis of the crude extract
The bioactive component in DARP-7 extract has the highest absorbance values at 321 nm and 370 nm. FTIR analysis of the crude
extract isolated from the Streptomyces sp. DARP-7 is shown in Fig. 7A.
It was observed that the absorbance peak at 3000 cm1 corresponded
to the NH group stretching. The peak at 1700 cm1 referred the
amide group of the a helical structure. Other absorption bands
observed are 1483cm1, 1300 cm1, 1076 cm1, 667 cm1 and 597
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Fig. 8. Chromatogram of GC- MS of compound isolated from Streptomyces sp. DARP-7.

cm1. Likewise, the EEMs analysis revealed two major ﬂuorescence
compounds; compound 1 had two peaks with the excitation maxima
at 250 and 370 nm and the emission maximum at 420 nm. Equally,
compound 2 had two peaks with the excitation maxima at 310 and
290 nm and an emission maximum at 620 nm (Fig. 7b).

extreme environment still gives some hope for mining unique potential microbial metabolites (Sharma et al., 2014). With this perspective, the coastal lichen Dirinariaaegilita collected from the Thiruvarur
district of Tamil Nadu, India was processed for the isolation of endophytic actinomycetes
Similar studies have reported the isolation of rare and potential
actinomycetes from lichens; few such were the discovery of uncialamycin, an enediyne isolated from Streptomyces uncialis associated
with the lichen Cladonia uncialis (Srivastava et al., 2019). Previously,
reported endophytic Nocardiopsis from Zingiber ofﬁcinale has shown
both antiphytopathogenic and antibioﬁlm activities against the clinical pathogens (Parrot et al., 2016). Thus, this report has suggested
that Streptomyces identiﬁed from underexploited lichens are capable
of producing unique secondary metabolites.
The 16S rRNA sequence with 1200 bp was manually veriﬁed and
aligned along with the sequences retrieved. The phylogenetic tree of
16S rRNA gene sequence was obtained using neighbor joining
method with 1000 bootstrap (Fig. 2). The phylogenetic tree constructed was separated into two clades in which DARP-7 stood separately with an overall mean distance (d) of 0.22 and the standard
error (SE) was 0.01. The strain DARP-7 showed 99.71% gene sequence
similarity to S. harbinensis NEAU-Da, 96.04% similarity to S. oricini
strain NRRL-ISP-5530, 96.50% to S. alboﬂavus strain NRRL-B-2373 and
99.02% similarity to S. cheonanensis strain VC-A46, respectively. Based
on the phylogenetic analysis, the strain DARP-7 might be a new species related to S. harbinensis and S. cheonanensis.

3.9. GC-MS analysis of crude extract
The chemical entities of the crude extract were determined by
GC-MS analysis and the details of the 15 bioactive compounds are
summarized (Table S2). The bioactive compounds namely, 1,2benzenedicarboxylic acid and bis-(2-ethylhexyl) phthalate were
identiﬁed as major chemical constituents with a peak area of
37.62% (Fig. 8). Similarly, other important constituents identiﬁed
in the crude extract were tetracosane (5.07%), heneicosane (6.82%),
pentadecane, 8-hexyl (5.07%), heptadecane (7.76 %), heptadecane,
9- hexyl (7.76), hexadecane, 2,6,10,14-tetramethyl (7.76%) and
octacosane (6.29%).
4. Discussion
Streptomyces is the largest actinobacterial genus and a renowned
source for producing unique chemical entities with a wide range of
biological functions (Manivasagan et al., 2014). Streptomyces are
abundantly distributed in throughout the ecological niche.However,
the isolation of novel and rare Streptomyces from the unexplored and
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thiosulphate serves as a sulfur donor that may incorporate into the
cysteine residue by a reduction process and ﬁnally gets reﬂected in
lactam products (Souagui et al., 2019).Similarly, ferric ammonium citrate was optimized for the green synthesis of melanin pigment in
higher concentrations using Streptomyces cyaneus which possess
antimicrobial activity was described by El-Batal et al. (2017), Starr et
al. (2013). Likewise, the effect of media composition on the growth of
Botryococcus braunii was investigated using RSM, and it was observed
that ferric ammonium citrate and potassium nitrate have exhibited
positive effects on biomass production ). Thus, in the present study,
the media with the optimized concentrations of yeast extract, sodium
thiosulphate and ferric ammonium citrate have facilitated the antimicrobial metabolite production by StreptomycesDARP-7.
The variables found signiﬁcant from the PBD were further studied
for the best fermentation conditions and their interactions through
CCD and the results are tabulated (Table 5). The 3D response surface
plots and contour lines are shown in Fig. 5 and it was observed that
all the individuals, interactions and squared terms were found to be
signiﬁcant (p < 0.05). It has also been shown in the ANOVA table
(Table 6) that the p-value for all the individual interactions and quadratic terms were found to be less than 0.05 at the conﬁdence level.
The high R2 value (0.9998) indicated that there was 99.98% variation
in the data, which could be explained by the predicted model. The
low value of the coefﬁcient of variation indicated that the model was
found to be adequate. Finally, the reliability of the model was experimentally validated using the test results. The antibacterial activity of
the strain DARP-7 obtained was 20 mm, which was 66.7 % higher
than the antibacterial activity observed before optimization i.e. 12
mM and the validated result was found near to the predicted value
(20.109 mM). The statistical signiﬁcance of the developed model was
examined by the coefﬁcient of determination (R2) value, which was
found to be 0.9998. This clearly indicated that the model could
explain 99.8% of the total variations and only 0.2% of the variation
could not be explained. The R2 value for the regression model being
greater than 0.9 was considered to have a higher correlation. Hence,
the model developed was reliable for enhanced antimicrobial metabolite production.
Resazurin dye is used as an indicator of bacterial cell growth,
which is a convenient assay for the determination of MIC concentration of the extract. Similar study by Wu et al. (2013), Dayananda et al.

Table 4
Analysis of variance (ANOVA) of PlackettBurman design depicting the
signiﬁcance of variable affecting bioactive metabolites’ production.
Variables

Medium Constituents

Effect

t- value

p- value

X1
X2
X3
X4
X5
X6
X7

Peptone
Protease Peptone
Yeast Extract
K2HPO4
Sodium thiosulphate
Ferric citrate
Inoculum Size

-2.167
-1.000
1.933
0.300
2.900
1.633
-0.933

-8.71
-4.02
7.77
1.21
11.65
6.56
-3.75

0.001
0.016
0.001
0.294
0.000
0.003
0.020

Microbial fermentation, in particular Streptomyces culture, is a difﬁcult process due to its slow growth rate. However, the metabolites
produced by Streptomyces species are mostly extracellular with a
wide range of biological activities including antimicrobial property
(Sabu et al., 2017). The production of secondary metabolites is highly
inﬂuenced by the microelements and media composition. The optimized conditions and parameters of the fermentation media may
inﬂuence the production of higher antimicrobial compounds. Several
studies have demonstrated the importance of media composition
and its optimized conditions for better microbial growth and bioactive metabolite production (Sathiyanarayanan et al., 2014, Dharumadurai et al., 2014). The statistical signiﬁcance of the PB design was
determined by the t and p values of each variable. The higher the
magnitude of t-value and the lesser the p-value, the effect of the
given variable was signiﬁcant (Moorthy and Baskar, 2013).
Factors having low p-values (<0.05), i.e. yeast extract (X3), sodium
thiosulphate (X5) and ferric ammonium citrate (X6) were considered
as causing positive effects on antimicrobial activity (Table 4). Similarly, the Pareto chart and the half normal plot illustrated the order of
signiﬁcant variables affecting the metabolite production as follows:
yeast Extract (X3), sodium thiosulphate (X5) and ferric ammonium
citrate (X6). The importance of yeast extract in the fermented media
for rapid Streptomyces growth by raising the mycelial biosynthesis,
was discussed elsewhere (Kumar et al., 2013). Similar studies recommending the yeast extract as a preferred nitrogen source for Streptomyces growth (Suutari et al., 2002, Souagui et al., 2019). Likewise,
Sodium thiosulphate’s essential for the bacterial enzymes to produce
cephamycin like beta lactam antibiotics. In addition, sodium

Table 5
Central composite design for three experimental factors and its range of the variables.

Std

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Factor 1
X1-YeastExtract (g/L)

1
5
1
5
1
5
1
5
1
5
3
3
3
3
3
3
3
3
3
3

Factor 2
X2-Ferric Ammonium
Citrate (g/L)

Factor 3
X3-Sodium thiosulphate
(g/L)

0.5
0.5
1
1
0.5
0.5
1
1
0.75
0.75
0.5
1
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75

0.08
0.08
0.08
0.08
0.16
0.16
0.16
0.16
0.12
0.12
0.12
0.12
0.08
0.16
0.12
0.12
0.12
0.12
0.12
0.12
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Response 1
Zone of Inhibition
Actual mm

Predicted mm

18.80
18.30
19.50
12.50
17.60
14.70
16.40
19.50
19.40
14.00
19.40
17.80
12.10
19.70
17.30
18.20
15.10
19.40
19.40
11.60

18.87
18.29
19.42
12.51
17.58
14.72
16.39
19.42
19.42
13.98
19.42
17.81
12.12
19.69
17.31
18.23
15.05
19.42
19.42
11.61
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Table 6
Statistical analysis of central composite design showing coefﬁcients, t-test and p-values for each variable affecting bioactive metabolites production and analysis of variance (ANOVA).
Source

Sum of Squares

Model
141.92
A-Yeast Extract
0.63
B-Ferric Citrate
36.48
C-Sodium thiosulphate
5.33
AB
10.13
AC
1.44
BC
0.020
2
A
9.50
B2
16.63
C2
0.58
Residual
0.0253
Lack of ﬁt
0.0119
Pure Error
0.0133
Cor Total
141.95
Coefﬁcient of determination R2 = 0.9998

Degrees of Freedom

Mean square

9
15.77
1
0.63
1
36.48
1
5.33
1
10.13
1
1.44
1
0.020
1
9.50
1
16.63
1
0.58
10
0.0025
5
0.0024
5
0.0027
19
Adjusted coefﬁcient of determination R2 = 0.9997

F Value

p-valueprob>F

6239.50
247.30
14434.93
2108.60
4006.29
571.76
7.91
3760.81
6580.06
229.34

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.0184
<0.0001
<0.0001
<0.0001

0.8955

0.5467

Mean =17.03

Coefﬁcient of variance (CV)=0.2951%

Note: P > 0.05, insigniﬁcant difference; P < 0.05, signiﬁcant difference; P < 0.01 signiﬁcant difference

compounds viz., heptadecane and 9- hexyl act as antifungal agents
against the plant and human pathogenic fungi (Ozdemir et al., 2004).
The compound (Hexadecane, 2,6,10,14-tetramethyl) with the peak
area of 7.76% would act as antioxidant and antibacterial agents (Abubacker and Devi, 2015). Likewise, Octacosane at the Rt 25.1 min with
a peak area of 6.29% has been reported to have larvicidal effect
(Wang et al., 2011).

(2005) reported a new antimicrobial compound isolated from the
marine Streptomyces sp. SCSIO10428 with the MIC value ranging
from 0.25 to 32 mg/mL against the Staphylococcus and Bacillus strains.
Moreover, Jiang et al. (2015) reported 28 culturable actinomycetes
isolated from 3 different lichens collected from Yunnan, China.
Among those, Streptomyces genus was largely distributed with the
majority members possessing antimicrobial property.
The absorbance maxima of the compound obtained in the present
study were comparable with the absorption peaks of various polyene
nature metabolites (Jiang et al., 2015). FTIR analysis and the absorbance peak at 3000 cm1 corresponded to the NH group stretching
and 1700 cm1 referred the amide group of the a helical structure
(Abubacker and Devi, 2015). Similarly, the spectrum of 1483 cm1
and 1300 cm1 indicated the presence of C=O and speciﬁc bacterial
metabolite characteristics (Saito, 2017). However, the absorption
bands such as 1483cm1, 1300 cm1 and 1700 cm1 are consistently
being reported for various microbial metabolites (Saito, 2017). Similarly, EEMs of the ﬂuorescence compound strongly suggested the
presence of polyene like derivatives in the solvent extract (Kwon
et al., 2009). The polyene and its derivatives show signiﬁcant ﬂuorescence at the ﬁrst excitation stage is i.e benzene, which emits ﬂuores~ e-Bailon et al.,
cence only above the wavelength of 260 nm (London
2019).
GC-MS analysis explored the chemical entities that may responsible for the biological activity. Few such compounds are reported that
1,2-benzenedicarboxylic acid is a plasticizer compound, which would
show antimicrobial and antifouling activities (Hug et al., 2005). The
bis-(2-ethylhexyl) phthalate isolated from Streptomyces bangladeshensis sp. showed signiﬁcant antibacterial activity against gram positive and gram negative bacteria (Kalaivani et al., 2012). The
tetracosane compound that appeared at Rt 22 mins with a peak area
of 5.07%, was also reported to be a bactericidal agent and was found
to be effective against Escherichia coli, Klebsiella pneumoniae and
Staphylococcus aureus (Al-Bari et al., 2005). showed that tetracosane
isolated from Acrostichumaureum had signiﬁcant cytotoxicity (IC50
128.7 mM) against HT-29 colon cancer cells (Umaru et al., 2019). The
peak at the retention time of 22.8 corresponded to the compound
heneicosanewith the peak area of 6.82% and the compound showed
antimicrobial activity against B. subtilis with the inhibition zones of
21.7-18.9 mM in diameter, S. epidermidis (17.3-17.7 mM), S. aureus
(18.4-16.8 mM) and E. coli (15.9-16.0 mM) (Uddin et al., 2012). Pentadecane, 8-hexyl (5.07%) at the Rt of 22.041 were reported to have
antibacterial activity against the multi drug resistant human pathogen, Acinetobacter baumannii (Valiei et al., 2011). Likewise, the ethyl
acetate extract of Spirulina platensis consisted of heptadecane (7.76
%) at the Rt of 23.6 min and exhibited broad-spectrum antibacterial
and antifungal activities (Yuvaraj et al., 2011). The bioactive

5. Conclusion
With the current outbreak of the corona virus in India and other
countries, novel bioactive compounds for the treatment of infectious
diseases are receiving a lot of attention. Lichens have long been used
in folk medicine and have been reported to produce large amounts of
secondary metabolites that are commercially valuable. Endophytic
actinobacteria associated with lichens have been shown in several
studies to be a potential source for mining novel bioactive compounds. Streptomyces DARP-7 strain isolated from the coastal lichen
Dirinaria aegilita was found to have a broad-spectrum antibacterial
activity against various test pathogens. To improve antibacterial
metabolite production, the statistical optimization tools PBD and
RSM were used to optimise the fermentation conditions. Antibacterial activity against S. aureus was used to assess the model’s response.
The antimicrobial metabolite production of Streptomyces DARP-7 was
signiﬁcantly inﬂuenced by sodium thiosulphate, ferric ammonium
citrate and yeast extract. Thus, the optimization study resulted in the
maximum antibacterial activity of 19.9 mm, which was 66.7 % higher
than the antibacterial activity observed before optimization (i.e 12
mM). Gas chromatography-mass spectrometry was used to examine
the various volatile constituents in Streptomyces DARP-7, and FTIR
was used to determine their function groups, conﬁrming the abundance of polyene conjugates. To conclude, Streptomyces DARP-7
extracts with high bioactivity and volatile metabolite production
could be a potential source for future pharmaceutical applications.
Furthermore, Streptomyces DARP-7 has been identiﬁed as a potential
candidate for downstream processing and puriﬁcation of active individual compounds.
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