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Abstract

Aims: Different endophytic fungi were isolated and screened for their digoxin-

producing ability. Strain improvement and different culture conditions were

studied for more effective production of digoxin.

Methods and Results: Among the isolated fungi, an isolate produced digoxin

in a concentration of 2�07 mg l�1. The digoxin-producing fungal isolate was

identified as Epicoccum nigrum Link according to the morphological features

and phylogenetic analyses. The potentiality of the fungal strain for production

enhancement of digoxin was performed by gamma radiation mutagenesis.

Gamma irradiation dose of 1000 Gy intensified the digoxin yield by five-fold.

Using this dose, a stable mutant strain with improved digoxin productivity was

isolated and the stability for digoxin production was followed up across four

successive generations. In the effort to increase digoxin magnitude, selection of

the proper cultivation medium, addition of some elicitors to the most proper

medium and several physical fermentation conditions were tested.

Fermentation process carried out in malt extract autolysate medium (pH 6�5)
supplemented by methyl jasmonate and inoculated with 2 ml of 6-day-old

culture and incubated at 25°C for 10 days stimulated the highest production of

digoxin to attain 50�14 mg l�1. Moreover, cytotoxicity of digoxin separated

from the fungal culture was tested against five different cancer cell lines. Based

on the MTT assay, digoxin inhibited the proliferation of the five different

cancer cell lines and the recorded 50% inhibitory concentration ranged from

10�76 to 35�14 lg ml�1.

Conclusions: This is the first report on the production and enhancement of

digoxin using fungal fermentation as a new and alternate source with high

productivity.

Significance and Impact of the Study: These findings offer new and alternate

sources with excellent biotechnological potential for digoxin production by

fungal fermentation. Moreover, digoxin proved to be a promising anticancer

agent whose anticancer potential should be assessed in prospective cancer

therapy.

Introduction

Cardiac glycosides are a group of steroidal compounds

that contain a lactone ring of five or six members

(L�opez-L�azaro 2007). Digoxin, among the cardiac glyco-

sides, is the best recognized medicine for regulating the

heart rhythm and strengthening heart diffusion (El-Seedi

et al. 2019). The drug is still considered the only safe oral
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treatment for improving the haemodynamics in patients

with a compromised heart function (P�erez-Alonso et al.

2012). Digoxin inhibits the sodium–potassium ATPase

activity that increases the concentration of sodium inside

the cells and facilitates the creation of positive inotropic

effect by increasing the intracellular concentration of cal-

cium (Wu et al. 2012). Besides the potent cardiac activity,

recent reports showed the promising anticancer potential

of digoxin (L�opez-L�azaro 2007; Wu et al. 2012; El-Seedi

et al. 2019). The drug was effective against different

forms of human cancer cell lines, which will increase its

medical uses as an anticancer agent (Wu et al. 2012).

Therefore, interest in digoxin research will continue to

rise. Up to date, the pharmaceutical industries are still

using natural sources of the plant Digitalis purpurea for

the production of digoxin (Sharma and Purkait 2012).

Unfortunately, the yield of digoxin is very low and the

whole plant contains toxic substances (Budavari et al.

1989). Chemical synthesis as an alternative source of

digoxin is available; nevertheless, the complex chemical

nature and low yield limit its practicality (P�erez-

Berm�udez et al. 2010). The structural complexity restricts

the practicality of the chemical synthesis for industrial

production of digoxin (El-Seedi et al. 2019). Plant tissue

culture was successfully developed for the production of

digoxin, although, the very low yield and long incubation

periods make it economically infeasible for the industrial

production (Patil et al. 2013). So, there is a pressing need

to search for other sources of digoxin including endo-

phytic fungi.

Generally, the term endophytes refer to a group mutu-

alistic micro-organisms (commonly bacteria and fungi)

that are harboured in every plant tissue and provide their

host plants with a variety of benefits (Wang et al. 2016).

Among the microbial endophytes, fungi are being recog-

nized by the agricultural and pharmaceutical sectors

because they are able to produce a wide range of plant-

associated secondary metabolites with promising biologi-

cal applications (Dreyfuss and Chapela 1994). In litera-

ture, there is only one report regarding the fungal

production of digoxin (Kaul et al. 2013). The authors

isolated the endophytic fungi of the Digitalis lanata Ehrh

plant and found five strains able to produce digoxin. So,

the search for more fungal isolates from different natural

niches may provide alternative sustainable sources for the

drug in the future (El-Seedi et al. 2019). Furthermore,

the improvement in microbial strains can reduce the cost

of the production processes by improving the yield of the

drug (Parekh et al. 2000). Improvement in microbial

strains could be performed by exposure to chemical or

physical mutagens. Among the physical mutagens,

gamma irradiation is the most energetic ionizing radia-

tion and recommended as the mutagen of first choice

(Chopra 2005). Exposure of cells to gamma radiation

induces mutations by structural changes or deletions in

the genomic DNA as double or single strand breakage of

the DNA, oxidized bases and basic sites and DNA–pro-
tein cross links (Cadet et al. 1999). In this paper, we

screened 40 endophytic fungi isolated from different

plant species for their production ability of the cardiac

glycoside digoxin. Epicoccum nigrum TER1985 was found

as the only isolate that has the ability for the production

of digoxin. Gamma irradiation mutagenesis as an

enhancement tool for the production of digoxin by the

fungal strain was applied. The most favourable fermenta-

tion conditions for the production of digoxin were also

demonstrated. Furthermore, the cytotoxic activity of the

fungal dioxin was evaluated against five different cancer

cell lines.

Materials and methods

Plant materials

Different plant materials were collected from healthy

parts including bark, mature leaves and twigs of some

trees and shrubs in various localities in Egypt. Plant spe-

cies used in the isolation were Cupressus sempervirens,

Cupressus macrocarpa, Hibiscus rosa-sinensis, Terminalia

arjuna and Taxodium distichum (Table 1). Plant samples

were carefully cut from healthy plant parts using a sterile

sharp blade. The collected samples were immediately kept

in sterile plastic bags in an icebox with ice packs, and

transported to the laboratory.

Isolation of endophytic fungi

Fungal endophytes were isolated from plant samples car-

ried out according to a reported method (Ismaiel et al.

2017). Plant samples were fragmented by a sterile sharp

blade to smaller parts (approximately 5 9 5 mm). The

surface of these small parts was sterilized to reduce the

contamination of epiphytic micro-organisms by dipping

in 70% ethanol for 1 min followed by 0�1% HgCl2 for

1 min then washed twice with sterile distilled water. After

drying, these parts were further fragmented into smaller

pieces. Finally, small fragments were placed on the sur-

face of Petri dishes containing potato dextrose agar med-

ium supplemented with tetracycline (3 lg ml�1) and

streptomycin (10 lg ml�1). Petri dishes were incubated

in darkness at 25°C and checked daily. The emerged

hyphal tips from the plant samples were carefully picked

up and further subcultured on potato-dextrose agar. Cul-

tures of the pure fungal endophytes were stored as a sus-

pension of mycelium and spores in 15% (v/v) glycerol at

–4°C (Ismaiel et al. 2017).
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Digoxin-producing fungal strain

Fungal endophytes were isolated on potato dextrose agar

plates and screened for the production of digoxin (as

described later). Among the isolated fungi, E. nigrum

TER1985, isolated from the bark of Terminalia arjuna,

was able to produce digoxin. The digoxin-producing

strain was deposited under number AUMC 14099 in the

Culture Collection of Assiut University Mycological Cen-

ter (http://www.aun.edu.eg/aumc/aumc.htm).

Cultural and morphological characterization of digoxin-

producing strain

Colony morphology and cultural characteristics of the

digoxin-producing fungal strain (TER1985) were carefully

studied on different media as described by Favaro et al.

(2011) and Moubasher (1993). These media were malt

extract agar (malt extract 20 g, glucose 20 g, peptone

1�0 g, agar 20 g, distilled water 1 l), Czapek-Dox’s agar

(sucrose 30 g, KH2PO4 0�5 g, NaNO3 3�0 g,

MgSO4.7H2O 0�5 g, KCl 0�5 g, FeSO4.7H2O 0�01 g, dis-

tilled water 1 l) and yeast-sucrose agar (sucrose 50 g,

yeast extract 20 g, agar 20 g, distilled water 1 l).

Molecular characterization of digoxin-producing strain

Molecular characterization was applied to confirm the

identification of the digoxin-producing strain (TER1985)

using the sequence of PCR-amplified ITS1-5.8S-ITS2

rRNA-gene. rRNA gene sequencing was performed by Sol-

gent Co. (Daejeon, South Korea). Genomic DNA was

extracted and isolated using Solgent purification beads as

follows: the fungus was grown on potato-dextrose agar for

7 days at 28°C. The fungal growth was scraped and sus-

pended in 100 µl sterile distilled water then boiled for

15 min at 100°C. Amplification of the rRNA gene was

carried out using PCR technique in which the reaction

mixture included two universal fungal primers composed

of Fw ITS1 (5’-TCCGTAGGTGAACCT GCG G-3’) and

ITS4 (5’-TCCTCCGCTTATTGATAT GC-3’). The

obtained amplicons of the PCR products were checked by

electrophoreses on 1% agarose gel using a size nucleotide

marker (100 base pairs). The obtained bands were eluted

and then sequenced by dideoxynucleotides (dd NTPs).

Sequencing was performed in the sense direction by the

ITS1 primer and the antisense direction by the ITS4 pri-

mer (White et al. 1990). Finally, the obtained sequences

were identified in both the GenBank database using BLAST

programs and the National Center for Biotechnology

Information (NCBI) according to Altschul et al. (1997).

The sequences sizes of E. nigrum TER1985 (AUMC

14099) were deposited under accession number

MK530410 in the GenBank. Nucleotide sequences were

aligned using CLUSTAL W software and the phylogenetic tree

of the obtained sequences was generated by PhyML soft-

ware. Statistical tests for branch support were performed

by approximate likelihood-ratio test using molbiol-tools/

Phylogeny (Phylogeny.fr) (Dereeper et al. 2008).

Inoculum preparation and fermentation conditions

Fungal spores of the TER1985 strain from 5-day-old cul-

tures were harvested by adding sterile distilled water con-

taining 0�1% Tween 20 to the slants and the spores were

gently scrapped off with a sterile glass rod. Then, using a

haemocytometer, the concentration of spores was

adjusted to 106 spores per ml.

Under the control culture conditions, spore suspension

(1 ml) was aseptically transferred into a 250 ml Erlen-

meyer flask containing 50 ml potato dextrose broth (pH

6�0). The inoculated flasks were incubated statically at

25°C for 14 days. Culture flasks were filtered through

Whatman no.1 filter paper at the end of the incubation

Table 1 Endophytic fungal genera isolated from different Egyptian plant species

Fungal genera

Plant species

Terminalia arjuna Taxodium distichum

Cupressus semper-

virens

Cupressus macro-

carpa

Hibiscus

rosa-sinensis

TotalBark Leaf Twig Bark Leaf Twig Bark Leaf Twig Bark Leaf Twig Leaf Twig

Aspergillus – 1 1 1 – – – 1 – 1 1 – – 1 7

Alternaria 1 1 – 1 1 – 1 1 1 1 1 1 1 1 12

Trichoderma 1 1 – 1 1 – – 1 1 – – 1 1 – 8

Mucor – – – 1 – – 1 – – – – – 1 – 3

Fusarium 1 – – 1 – – – 1 – – – – – 1 4

Epicoccum 1* – – 1 – – – 1 – – – – – – 3

Phoma – 1 – – 1 – – – – – – – – 1 3

*Indicates digoxin producer. Isolation was carried out on potato-dextrose agar plates incubated at 25°C for 7 days.
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period and the filtrate was used for the extraction and

quantification of digoxin.

Gamma irradiation mutagenesis

The process of developing mutant strains from the

digoxin-producing fungus was performed in two steps.

First, several gamma radiation doses were screened to

study their effect on the production of digoxin. Then, the

optimum dose that supported the highest digoxin pro-

duction by the fungal strain was selected to induce

mutants with improved digoxin productivity.

Effect of gamma irradiation on digoxin production

Spores of the TER1985 strain maintained on potato-dex-

trose agar were collected by the addition of phosphate

buffer pH 7�0 twice to the sporulated mycelia and cen-

trifuged for 20 min at 3500 rev min�1. The collected

spores were suspended in sterile distilled water to a con-

centration of 106 spores per ml. Spore suspensions were

placed in sterile vials sealed with paraffin and immedi-

ately irradiated at the following doses 250, 500, 1000,

2000 and 2000 Gy. The irradiated suspensions were dark

incubated overnight to avoid photoreactivation. Irradia-

tion process was carried out at the Nuclear Research Cen-

ter, Atomic Energy Authority of Egypt, Cairo, Egypt

using 60Co Gamma chamber (MC20, Russia) with an

average dose rate of 605�726 Gy h�1.

The survival rate of the irradiated spores was deter-

mined as follows: the irradiated suspension (100 ll) was

spread on the surface of potato dextrose agar plates and

then incubated at 25°C for 7 days. The number of colo-

nies recorded at the control treatment (non-irradiated

culture) was considered to be 100% survival. Regarding

the production of digoxin, 1 ml of the irradiated suspen-

sion was transferred into a 250 ml Erlenmeyer flask con-

taining 50 ml potato-dextrose broth medium (pH 6�0).
The inoculated flasks were then incubated statically at

25°C for 14 days.

Mutant isolation and stability

Since gamma radiation dose of 1000 Gy supported the

maximum digoxin production, the irradiated spore sus-

pension was diluted by a serial dilution technique to dif-

ferent concentrations and then 100 ll of the diluted

spore suspensions were separately placed on Petri dishes

containing potato dextrose agar and spread using a sterile

spreader and incubated for 5 days at 25�C. After which,

the survivors were collected and subcultured on potato

dextrose agar slants. The collected survivors were tested

for their improved production of digoxin under the

conditions described earlier. Of these mutants, the highest

two digoxin-producing mutants (TER1985-M1 and

TER1985-M2) were followed up along four successive

generations for their production stability of digoxin

under the same conditions.

Effect of different fermentation conditions on digoxin

production

In order to select the most proper fermentation broth for

the production of digoxin, five different types of media

(Table 4) were tested. The effect of the addition of some

elicitors to the best fermentation broth was also tested.

These elicitors were sodium benzoate, sodium acetate,

methyl jasmonate and salicylic acid. All elicitors were

added at a concentration of 50 mg l�1. Moreover, the

influence of cultivation conditions on digoxin production

was tested subsequently. These conditions were different

incubation temperatures (20, 25, 30, 35 and 40°C), incu-
bation periods (from 2 to 20 days), initial pH values

(2�0, 3�0, 4�0, 5�0, 6�0, 6�5, 7�0 and 8�0), medium volumes

(25, 50, 75 and 100 ml per 250-ml flask), inoculum ages

(4, 5, 6, 7 and 8 days) and inoculum sizes (0�5, 1�0, 2�0,
4�0 and 8�0 ml per 50 ml).

Analytical methods

Determination of dry biomass

To estimate the biomass yield of the TER1985 culture,

culture flasks were filtered at the end of the incubation

period through pre-weighted Whatman no.1 filter papers.

The collected fresh biomass was dried in a hot air oven

at 70°C to constant weight before estimating the dry bio-

mass.

Extraction of digoxin

Digoxin was extracted from the culture filtrate according

to a reported method with slight modifications (Kaul

et al. 2013). Culture filtrate was extracted twice with

chloroform in an equal volume basis. The chloroform

layer was collected by a separating funnel and filtered

over anhydrous sodium sulphate. Chloroform was then

removed by evaporation at 40°C under reduced pressure

using rotary evaporator (IKA, RV10, Germany). The

obtained dry film was dissolved in methanol and used for

the chromatographic analyses.

Qualitative and quantitative analyses of digoxin

Separation by thin-layer chromatography and

quantification by UV absorbance

Thin-layer chromatography (TLC) technique was used

for the separation and purification of digoxin from the
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fungal extract together with the authentic standard of

digoxin (Sigma, St Louis, MO). TLC plates (0�25 mm,

GF-254; Loba Chemie Pvt. Ltd, Mumbai, India) were

developed using the solvent system composed of ethyl

acetate : methanol : water (81 : 11 : 8, v/v/v). After

developing the solvent system, the plates were air-dried,

sprayed with 4% sulphuric acid and left for 10 min at

110°C. Therefore, digoxin appears as specific dark spots

(Kaul et al. 2013). The bands corresponding to the stan-

dard digoxin were collected by carefully scrapping off the

layer of silica gel, and eluted with 100% methanol and

used for the estimation of digoxin concentration. Quan-

tification of digoxin was carried out by ultraviolet (UV)

spectroscopic analyses using a JENWAY-305 spectropho-

tometer (JENWAY, UK). The concentration of digoxin

was estimated after recording the absorption at 255 nm

against a standard curve of authentic digoxin (Sharma

and Purkait 2012).

Ultraviolet spectroscopic analysis

The digoxin samples separated from the fungal culture

on TLC plates were dissolved in high-performance liquid

chromatography (HPLC)-grade methanol and the UV-ab-

sorption spectrum was recorded over a 200–800 nm

using UV4 Unicam UV/Vis Spectrometer (ATIUnicam,

Cambridge, UK) and compared with that of the standard

digoxin.

High-performance liquid chromatography analysis

High-performance liquid chromatography analysis was

applied to check the purity of the TLC-separated samples

of digoxin from the TER1985 culture. HPLC analysis was

performed by an EZChrom Elite Client/Server (Agilent,

CA, USA) using column specifications of 2�5 lm,

4�5 9 250 nm of Hypersil BDS-C18 at 24°C. The mobile

phase composed of acetonitrile : water (80 : 20, v : v) was

used at a flow rate of 1�0 ml min�1. An injection volume

of 100 ll was applied and the UV detector was set at a

wavelength of 210 nm (Kaul et al. 2013).

Anticancer activity of fungal digoxin

Preparation of digoxin working solution and propagation of

cell culture

Digoxin samples separated from the TLC plates were col-

lected and then dissolved in DMSO (0�1% in water) in a

concentration range of 0�39–50�0 µg ml�1. Cytotoxicity

of the fungal digoxin was evaluated against five different

cancer cell lines. These cell lines were human larynx can-

cer (HEp-2), human liver cancer (HepG-2), human lung

cancer (A-549), human breast cancer (MCF-7) and ham-

ster ovary cancer (CHO-K1). Dulbecco’s modified Eagle’s

medium supplemented with L-glutamine (1%), HEPES

buffer, heat-inactivated foetal bovine serum (10%) and

gentamycin (50 µg ml�1) was used for the propagation

of the cancer cells. The cells were maintained in a humid-

ified atmosphere with 5% CO2 at 37°C and subcultured

two times every week.

Cytotoxicity evaluation by MTT assay

The MTT-based assay was used for cytotoxicity evalua-

tion of the fungal digoxin against the cancer cell lines

according to the method described by van de Loosdrecht

et al. (1994). Cancer cells (104 cells per well) in serum-

free media were transferred using a multichannel pipette

into a flat-bottom 96-well microplate (Falcon, NJ). The

cells were treated separately with 20 ll of the digoxin

concentrations in a 5% CO2 humidified atmosphere at

37°C for 24 h. Digoxin-treated wells were performed in

triplicates and the control wells-containing cells were

treated with 0�1% DMSO (without digoxin). At the end

of incubation, wells were treated by 10 ll of the MTT

solution (5 mg ml�1) and further incubated for 4 h. For-

mazone crystals with purple colour were dissolved in

100 ll of DMSO per well. The plates were shaken for 5 s

and the absorbance was recorded at 570 nm using a

microplate reader (SunRise; Tecan, Inc, Mannedorf,

Switzerland). The following equation was used to esti-

mate the relative viability of cells:

Cell viability % ¼
ðAbsorbance of treated cells at 570 nm

=Absorbance of control cells at 570 nmÞ
� 100

Dose–response graphic plots of each concentration

were processed by GraphPad Prism software (San Diego,

CA) to calculate the IC50 (50% inhibitory concentration).

Statistical analyses

Experimental results were given as the mean � standard

deviation (SD). Statistical significance was estimated

using SPSS software ver. 22, IBM Corp., NY by the analy-

ses of variance test and the least significant difference test

at 0�05 level. The experimental data on the proportion

viability for the dose–response bioassay was analysed in a

generalized linear model.

Results

Isolation and screening of endophytic fungi for digoxin

production

Data presented in Table 1 showed that 40 fungal endo-

phytes were isolated from the collected plant samples on
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potato-dextrose agar plates. Preliminary morphological

examination showed that the isolated endophytic fungi

belong to seven genera. These genera were Epicoccum,

Alternaria, Fusarium, Trichoderma, Aspergillus, Phoma

and Mucor. Potato-dextrose broth (pH 6�0) as a cultiva-

tion medium was used for screening the fungal isolates

for the production of digoxin. Fungal cultures were

extracted by chloroform, and then further purified using

prep-TLC. Final extracts from TLC purification were

analysed by UV spectroscopic and HPLC analyses. Data

of the TLC analyses and screening profile of the fungal

cultures revealed that the TER1985 strain isolated from

the bark of T. arjuna has the ability for the production of

digoxin. The fungal strain produced digoxin in an

amount up to 2�07 mg l�1 culture filtrate. UV spectro-

scopic and HPLC analyses confirmed the presence of

digoxin in the crude extract of the TER1985 strain. The

UV absorption spectra of both digoxin samples separated

from TER1985 and the authentic standard were identical

and showed maximum absorption at 255 nm (Fig. 1a,b).

The identity of digoxin was confirmed by HPLC analyses.

Under the same HPLC analyses conditions, digoxin sepa-

rated from the TER1985 strain and the authentic digoxin

were identical showing a specific peak with retention time

4�00 min (Fig. 1c,d).

Morphological characterization of E. nigrum TER1985

Figure 2 showed the morphology of the colony of the

TER1985 strain maintained on the malt extract agar,

yeast-sucrose agar and Czapek-Dox’s agar. The TER1985

strain showed a broad growth in 7 days at 30�C on malt
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Figure 1 Ultraviolet (UV)-spectroscopic and high-performance liquid chromatography (HPLC) analyses of digoxin separated from the fungal cul-

ture. (a) UV spectrum of standard from Sigma. (b) UV spectrum of digoxin from TER1985 strain. The samples separated from TLC were dissolved

in HPLC-grade methanol and the maximum absorption was recorded at 255 nm. (c) HPLC of standard. (d) HPLC of digoxin from TER1985 strain.

The samples were dissolved in 1 ml of HPLC-grade methanol and a 20 ll portion was injected into the HPLC under the conditions described in

Materials and Methods. A peak with a retention time of 4�00 min was detected in fungal samples and standard.
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extract agar and yeast-sucrose agar with irregular colony

margins and vigorous mycelial growth. Moreover, an

orange colour was observed in the top view and orange-

to-deep red colour was observed in the reverse view

(Fig. 2a,b). Meanwhile, the colony morphology observed

on Czapek-Dox’s agar was visibly changed showing uni-

form margins with white to pale yellow colour and an

immersed mycelial growth in the agar surface (Fig. 2c).

Molecular characterization revealed TER1985 as

E. nigrum

Molecular identification of the TER1985 strain was con-

firmed by the sequence analyses of the ITS1-5.8S-ITS2

region. The genomic DNA of the fungal strain was

extracted and rRNA was amplified then the amplicons

were sequenced. The retrieved sequence of the TER1985

strain was deposited in the GenBank under the accession

number of MK530410. The sequence was compared

against sequences retrieved from the GenBank database

using BLAST programs and alignments of the ITS1-5.8S-

ITS2 region was used for the construction of the phyloge-

netic tree (Fig. 3). The phylogenetic tree showed that the

TER1985 strain had high identity with E. nigrum

LC171331, KU987901 and EU821486. The identified fun-

gal strain was deposited in Assiut University Mycological

Center (AUMC) with accession number AUMC 14099.

Gamma irradiation mutagenesis

Data presented in Table 2 indicated that lower doses of

gamma irradiation (250 and 500 Gy) showed survival

rates of 98�71 and 75�28% respectively. Viability of spores

at 1000 Gy was also significantly reduced to 55�91 %.

Moreover, it was less than 20% at a gamma radiation

dose of 1500 Gy. At the highest dose (2000 Gy), no fun-

gal growth was observed. The obtained data indicated the

dose-related manner of the influence of gamma irradia-

tion on the fungal growth. At higher doses of gamma

radiation (1500 and 2000 Gy), the maximum reduction

in the dry biomass was recorded. The obtained dry bio-

mass at these doses was reduced by 82�67 and 100%

respectively. Regarding the effect of gamma irradiation

on the production of digoxin, 1000 Gy was found to be

the most effective dose that promoted the maximum pro-

duction of digoxin by the fungal strain. At this dose of

(a) (b) (c)

Figure 2 Morphological characteristics of the TER1985 strain. Colonial growth was observed on malt extract agar (a), yeast-sucrose agar (b) and

Czapek-Dox’s agar (c). The plate cultures in the top shows a front view of the growth and the plate cultures in the bottom shows a reverse view

of the growth after incubation for 7 days at 30°C. [Colour figure can be viewed at wileyonlinelibrary.com]
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irradiation, the recorded digoxin concentration was sig-

nificantly intensified to 10�65 � 0�33 mg l�1 which was

approximately fivefold as compared by the non-irradiated

control culture. On increasing the irradiation dose in the

range of 1500–2000 Gy, a significant reduction in the

production of digoxin was then gradually observed

(Table 2).

Since 1000 Gy supported the maximum digoxin pro-

duction, this dose was selected to induce mutants with

improved productivity. Several mutant strains were iso-

lated and screened for their improved production of

digoxin (data not shown). Of these strains, two mutants

were selected to follow up their production across four

successive generations. The production of digoxin by

these mutants was approximately fivefold as compared by

the parent strain. The obtained results presented in

Table 3 clearly indicated that the TER1985-M1 was found

to be a stable mutant for the digoxin production across

the four successive generations where no significant

differences (P ≤ 0�05) in the recorded concentrations

were observed. However, the production of digoxin by

the TER1985-M2 strain was found to decrease from the

first generation to the third generation then stated to

increase again indicating the unstable production. So, the

TER1985-M1 strain was selected to complete the subse-

quent experimental series.

Selection of the proper fermentation medium and

elicitor for digoxin production

Five different broth media were compared to select the

most suitable medium for the maximum production of

digoxin by the fungal strain (Table 4). The highest

digoxin production (15�79 � 0�11 mg l�1) was obtained

on using malt extract autolysate medium. Moreover,

Sabouraud’s-glucose followed by Czapek-Dox’s proved to

be good media for the production digoxin. Digoxin pro-

duction using the five media by the TER1985-M1 strain
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Figure 3 Phylogenetic tree of the TER1985

(MK530410) strain and other closely related

strains of Epicoccum nigrum based on the

ITS1-5.8S rRNA- ITS2 rDNA sequences. All

sequences data were retrieved from the NCBI

and GenBank database. PhyML software was

used to generate the phylogenetic tree.

Statistical tests for branch support were

performed by approximate likelihood-ratio

test (aLRT) using molbiol-tools/Phylogeny

(Phylogeny.fr). [Colour figure can be viewed

at wileyonlinelibrary.com]
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can be arranged in the following descending order: malt

extract autolysate ˃ Sabouraud’s-glucose ˃ Czapek-

Dox’s ˃ potato-dextrose ˃ yeast sucrose.

In the effort to increase the digoxin magnitude, five

different elicitors were added separately to the malt

extract autolysate broth (Table 5). The obtained results

revealed that methyl jasmonate was found the best elici-

tor that supported the highest production of digoxin

(20�62 � 0�78 mg l�1). The obtained results further

showed that salicylic acid followed by sodium acetate fur-

ther increased the production of digoxin but in at

amounts lower than methyl jasmonate. However, the

addition of sodium benzoate to the cultivation medium

significantly decreased the production of digoxin

(07�69 � 0�51 mg l�1) as compared by the control treat-

ment.

Effect of incubation temperature and fermentation

period

Data presented in Fig. 4a indicated that the production

process of digoxin by E. nigrum TER1985-M1 was greatly

affected by the temperature of incubation. The obtained

data further showed that 25°C was the optimum temper-

ature for the maximum production of digoxin where the

significant difference (P ≤ 0�05) in the recorded concen-

trations were observed. At this temperature, digoxin pro-

duction reached 20�62 � 0�33 mg l�1. However, higher

incubation temperatures (35 and 40°C) and lower incu-

bation temperature (20°C) achieved lower production

levels of digoxin. Figure 4a also showed that 25°C was

the optimum temperature for fungal growth. The time

course profile of production of digoxin by E. nigrum

TER1985-M1 (Fig. 4b) indicated that the process of

digoxin production started after 4 days of incubation.

Moreover, the recorded digoxin concentration increased

Table 2 Effect of 60Co gamma irradiation at various doses on sur-

vival rate (%), growth (g l�1 culture filtrate) and digoxin production

(mg l�1 culture filtrate) by Epicoccum nigrum TER1985

Gamma irradia-

tion dose (Gy)

Survival rate

(%)

Dry biomass

(g l�1)

Digoxin conc.

(mg l�1)

0�00 (Control) 100 � 0�00a 10�31 � 0�27a 02�07 � 0�11d
250 98�71 � 12�06a 10�28 � 0�43a 03�17 � 0�31c
500 75�28 � 7�54b 08�98 � 0�17b 06�52 � 0�24b
1000 55�91 � 3�21c 06�88 � 0�21c 10�65 � 0�33a
1500 17�33 � 1�38d 0�97 � 0�08d 0�68 � 0�05e
2000 0�00e 0�00e 0�00f

Cultures were carried out at 25°C for 14 days using an inoculum size

of 1 ml per 50 ml medium. Potato dextrose broth (pH 6�0) was used

for cultivation. Calculated mean is for triplicate measurements from

two independent experiments � SD, a–fmeans with different super-

scripts in the same column are considered statistically different (LSD

test, P ≤ 0�05).

Table 3 Dry biomass (g l�1 culture filtrate) and digoxin production (mg l�1 culture filtrate) of Epicoccum nigrum TER1985 mutant strains grown

for four successive generations

Generation

TER1985-M1 TER1985-M2

Dry biomass (g l�1) Digoxin conc. (mg l�1) Dry biomass (g l�1) Digoxin conc. (mg l�1)

First 6�79 � 0�32a 10�68 � 0�43a 8�62 � 0�23a 10�32 � 0�62a
Second 6�72 � 0�41a 10�65 � 0�32a 8�69 � 0�71a 9�03 � 0�31b
Third 6�81 � 0�58a 10�67 � 0�62a 8�57 � 0�47a 7�31 � 0�81d
Fourth 6�74 � 0�61a 10�68 � 0�39a 8�74 � 0�61a 8�59 � 0�51c

Cultures were carried out at 25°C for 14 days using an inoculum size of 1 ml per 50 ml medium. Potato-dextrose broth (pH 6�0) was used for

cultivation. Calculated mean is for triplicate measurements from two independent experiments � SD, a–dmeans with different superscripts in the

same column are considered statistically different (LSD test, P ≤ 0�05).

Table 4 Effect of different fermentation media on growth (g l�1 cul-

ture filtrate) and digoxin production (mg l�1 culture filtrate) by Epic-

occum nigrum TER1985-M1

Broth medium

Dry biomass

(g l�1)

Digoxin conc.

(mg l�1)

Potato dextrose

(control)

06�79 � 0�32e 10�62 � 0�43d

Czapek-Dox’s 07�63 � 0�56d 11�19 � 0�62c
Sabouraud’s-glucose 10�19 � 0�62b 12�85 � 0�92b
Yeast-sucrose 13�51 � 0�81a 09�57 � 0�93e
Malt extract autolysate 08�54 � 0�31c 15�79 � 0�11a

Potato dextrose (g l�1): potato infusion 200, D-glucose 20; Czapek-

Dox’s (g l�1): sucrose 30, NaNO3 3, KH2PO4 0�5, KCl 0�5,
MgSO4.7H2O 0�5, FeSO4.7H2O 0�013; Sabouraud’s-glucose (g l�1):

bactopeptone 10, glucose 20, MgSO4.7H2O 1�0, KH2PO4 1�0; yeast-
sucrose (g l�1): sucrose 50, yeast extract 20, MgSO4.7H2O 0�05,
CuSO4.7H2O 0�005, ZnSO4.7H2O 0�01; Malt extract autolysate (g l�1):

malt extract (Difco) 30�0, bacteriological peptone 1�00, glucose 2�00,
CuSO4.5H2O 0�005, ZnSO4.7H2O 0�01.
Initial pH of all tried media was adjusted to 6�0 using 1N NaOH and

HCl, static cultures were carried out for 14 days at 25°C using an

inoculum size of 1 ml per 50 ml medium, calculated mean is for trip-

licate measurements from two independent experiments � SD, a–

emeans with different superscripts in the same column are considered

statistically different (LSD test, P ≤ 0�05).
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with the increase in the incubation period till attaining

the maximum concentration at 10 days

(28�46 � 0�98 mg l�1). Figure 4b further showed that the

fungal growth was evident at 2 days of incubation and

the obtained dry biomass gradually increased until maxi-

mum value at 16 days of fermentation

(8�77 � 0�17 g l�1).

Effect of initial pH and medium volume

Data presented in Fig. 4c indicated that the production

process of digoxin by E. nigrum TER1985-M1 was greatly

affected by the initial pH value of the malt extract broth.

Fungal growth and digoxin concentration increased grad-

ually with the increase of the initial-pH, reaching the

highest levels at pH 6�5; thereafter, upon increasing the

pH value, a decrease was observed in both fungal growth

and the production rate.

Figure 4d presented the impact of different medium

volumes of the malt extract broth in a 250-ml Erlenmeyer

flask on growth and digoxin production. On using a

medium volume of 50 ml, maximum digoxin production

by E. nigrum TER1985-M1 (35�65 � 0�54 mg l�1) was

observed. However, 25 ml of medium volume supported

the maximum fungal growth (9�43 � 0�50 g l�1).

Effect of inoculum nature

Data presented in Fig. 4e showed the influence of differ-

ent inoculum ages (1 ml per 50 ml medium) on fungal

growth and digoxin production by E. nigrum TER1985-

M1. The maximum concentration of digoxin

(43�57 � 0�56 mg l�1) was attained using 6 days old cul-

ture. Moreover, comparable concentrations of digoxin

were also achieved on using 5 and 7 days old cultures

(35�65 � 0�87 and 38�92 � 031 mg l�1 respectively). The

obtained data further showed that the highest fungal

growth (12�65 � 0�42 g l�1) was attained using 7 days

old culture.

Figure 4f presented the influence of different inoculum

sizes of 0�5, 1, 2, 4 and 8�0 ml per 50 ml medium (6-

day-old culture) E. nigrum TER1985-M1 on growth and

production of digoxin. Fungal growth and digoxin pro-

duction increased by increasing the inoculum size, and

the maximum values of the fungal growth

(12�67 � 0�69 g l�1) and digoxin concentration

(50�14 � 0�81 mg l�1) were achieved when using 2 ml

inoculum size. However, the lowest values of both fungal

growth (05�47 � 0�85 g l�1) and digoxin concentration

(18�98 � 0�76 mg l�1) were observed when using 0�5 ml

inoculum size.

Cytotoxicity of fungal digoxin

Data presented in Table 6 showed that the digoxin sepa-

rated from the fungal culture was active against all the

five cell lines as it inhibited the proliferation of the cancer

cells. The relationship between digoxin concentrations

and the recorded viability for the all cell lines were statis-

tically significant (P ≤ 0�05). Data further showed that

the least inhibitory concentration of digoxin varies from

cell line type to another. The recorded least inhibitory

activity of digoxin was observed using a concentration of

0�39 lg ml�1 against HepG-2, MCF-7 and A-549 cells.

However, it was 0�78 lg ml�1 against CHO-K1 and

HEp-2 cells. On increasing the concentration of digoxin,

a significant decrease in the cell proliferation of the tested

cell lines was observed. The obtained results also showed

that the recorded IC50 values of digoxin were found

12�99, 10�76, 33�42, 35�14 and 34�66 lg ml�1 against

HEp-2, A-549, HepG-2, CHO-K1 and MCF-7 cancer cell

lines respectively.

Discussion

Digoxin is the only safe drug for the regulation of heart

rhythm and strengthening heart diffusion (El-Seedi et al.

2019). The present study aimed to develop a cost-effec-

tive source by finding new fungal endophytes able to pro-

duce digoxin. So, a total of 40 endophytic fungal strains

were locally isolated from leaves, bark and twigs of some

plants species in Egypt. Of these strains, one strain iso-

lated from the T. arjuna bark was found to produce

digoxin. The digoxin titer of this strain was 2�07 mg l�1,

using potato-dextrose broth (pH 6�0) as a cultivation

medium and TLC technique. Data regarding the micro-

bial production of digoxin in the literature are very

scarce. There is only one report concerning the produc-

tion of digoxin from endophytic fungi. Kaul et al. (2013)

Table 5 Effect of different elicitors on growth (g l�1 culture filtrate)

and digoxin production (mg l�1 culture filtrate) by Epicoccum nigrum

TER1985-M1

Elicitor Dry biomass (g l�1) Digoxin conc. (mg l�1)

Without (control) 08�76 � 0�51c 15�81 � 0�67d
Sodium benzoate 08�42 � 0�11c 07�69 � 0�51e
Sodium acetate 11�86 � 0�62a 17�85 � 0�61c
Methyl jasmonate 08�57 � 0�74c 20�62 � 0�78a
Salicylic acid 10�41 � 0�72b 18�82 � 0�83b

All elicitors were added at a concentration of 50 mg l�1. Malt extract

autolysate broth (pH 6�0) was used for cultivation. Cultures were car-

ried out for 14 days at 25°C using an inoculum size of 1 ml per

50 ml medium. Calculated mean is for triplicate measurements from

two independent experiments � SD, a–emeans with different super-

scripts in the same column are considered statistically different (LSD

test, P ≤ 0�05).
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Figure 4 Dry biomass and digoxin production by Epicoccum nigrum TER1985-M1 grown under different fermentation conditions. (a) Effect of

incubation temperatures on E. nigrum TER1985-M1 grown in 50 ml malt extract autolysate medium (pH 6�0) inoculated with 1 ml inoculum size

of 5-day-old culture and incubated at for 14 days ( dry biomass; digoxin). (b) Effect of fermentation times on E. nigrum TER1985-M1

grown in 50 ml malt extract autolysate medium (pH 6�0) inoculated with 1 ml inoculum size of 5-day-old culture and incubated at 25°C ( dry

biomass; digoxin). (c) Effect of initial pH values adjusted by 1 N of both HCl and NaOH on E. nigrum TER1985-M1 grown in 50 ml malt

extract autolysate medium inoculated with 1 ml inoculum size of 5-day-old culture and incubated at 25°C for 10 days ( dry biomass;

digoxin; final pH). (d) Effect of medium volumes on E. nigrum TER1985-M1 grown in 50 ml malt extract autolysate inoculated with 1 ml

inoculum size of 5-day-old culture and incubated at 25°C for 10 days ( dry biomass; digoxin). (e) Effect of inoculum ages on E. nigrum

TER1985-M1 grown in 50 ml malt extract autolysate medium (pH 6�5) inoculated with 1 ml inoculum size and incubated at 25°C for 10 days

( dry biomass; digoxin). (f) Effect of inoculum sizes of the 6-day-old culture on E. nigrum TER1985-M1 grown in 50 ml malt extract auto-

lysate medium (pH 6�5) incubated at 25°C for 10 days ( dry biomass; digoxin). All data are shown as the mean � SD of triplicate mea-

surements from two independent experiments.
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used potato-dextrose broth as a cultivation medium for

isolation of the endophytic fungi of the D. lanata Ehrh

plant and found five strains able to produce digoxin.

However, the recorded titers of the isolated fungal species

were not estimated. Recently, endophytic fungi proved to

be promising and attractive sources of several novel natu-

ral phytochemicals with a wide range of biological poten-

tials including cytotoxin, antimicrobial, antioxidant,

antiparasitic, neuroprotectant, insulin mimetic, immuno-

suppressant and enzyme inhibitor (El-Seedi et al. 2019).

However, recent reports questioned about the existence

of an independent host plant biosynthetic ability of their

endophytes because of the observed conflict in the pro-

duction of their secondary metabolites (Karuppusamy

2009; Venugopalan and Srivastava 2015). Interestingly,

our results show strong evidence that the fungal endo-

phytes have independent secondary metabolite biosyn-

thetic ability from their host plants.

Morphological characteristics of the TER1985 strain

maintained on the malt extract agar, yeast-sucrose agar

and Czapek-Dox’s agar for 7 days at 30°C were identical

with those reviewed by Favaro et al. (2011) and Mou-

basher (1993) concerning the identification of E. nigrum

Link. Moreover, based on the ITS1–5.8S–ITS2 homology,

molecular identification of the fungal strain was con-

firmed. BLAST analyses data of the sequence homology fur-

ther showed that the TER1985 strain showed conformity

with closely related strains of E. nigrum.

In the current study, strain improvement program was

applied on the fungal strain via exposure to gamma radi-

ation. The obtained data indicated the dose-related man-

ner of the influence of gamma irradiation on the fungal

growth. At higher doses of gamma radiation (1500 and

2000 Gy), the maximum reduction in the dry biomass

was recorded (82�67 and 100% respectively). In this

regard, a complete killing of spores of two paclitaxel-pro-

ducing fungal strains of Aspergillus fumigatus and Alter-

naria tenuissima were observed at the same gamma

radiation dose (El-Sayed et al. 2019b). However, exposure

of Aspergillus sp. to the same gamma irradiation dose

(2000 Gy) is not sufficient for the complete killing of

spores (Ribeiro et al. 2011). Regarding the effect of

gamma irradiation on the production of digoxin,

1000 Gy was found to be the most effective dose that

promoted the maximum production digoxin by the fun-

gal strain. At this dose of irradiation, the recorded

digoxin concentration was significantly intensified to

10�65 � 0�33 mg l�1 which was approximately fivefold as

compared by non-irradiated control culture. In partial

accordance with these results, production of the anti-

cancer drug paclitaxel by A. fumigatus and A. tenuissima

irradiated at 750 Gy was twice as compared by the non-

irradiated controls (El-Sayed et al. 2019b, 2019c, 2019b,

2019c). Moreover, irradiation of two Penicillium roque-

forti strains at the same dose (750 Gy) significantly

enhanced the production of the immunosuppressant of

mycophenolic acid (Ismaiel et al. 2014, 2015; El-Sayed

et al. 2019a).

Results of the strain improvement program showed

that the TER1985-M1 strain was found to be a stable

mutant for the digoxin production across the four suc-

cessive generations where no significant differences in the

recorded digoxin titers were observed. In literature,

gamma radiation proved to be a promising mutagen in

the induction of mutant derivatives for the production of

antibiotics and enzymes (Limon et al. 1999; Awan et al.

2011). Lower doses of gamma radiation in the range 5–
250 Gy were stimulatory to the production of total sol-

uble sugars and total proteins of Stemphylium botryosum

and Alternaria tenuissima (Geweely and Nawar 2006).

Table 6 Anticancer activity of fungal digoxin against various cancer cell lines

Digoxin concentration (µg ml�1)

Cell viability (%)

CHO-K1 (ovary) A-549 (lung) MCF-7 (breast) HepG-2 (liver) HEp-2 (larynx)

0�00 (C) 100�00 � 0�00 100�00 � 0�00 100�00 � 0�00 100�00 � 0�00 100�00 � 0�00
0�39 100�00 � 0�00 98�17 � 0�43 100�00 � 0�00 99�52 � 0�34 100�00 � 0�00
0�78 99�14 � 0�89 94�27 � 1�71 98�55 � 0�06 97�64 � 0�51 99�05 � 0�43
1�56 97�78 � 1�51 86�44 � 3�64 94�51 � 2�71 93�29 � 2�06 91�82 � 2�51
3�125 91�06 � 3�45 79�27 � 7�21 88�63 � 1�59 89�77 � 3�81 84�44 � 3�63
6�25 86�52 � 5�49 68�18 � 2�88 81�78 � 5�83 80�92 � 5�61 71�72 � 4�21
12�50 79�21 � 5�43 40�76 � 1�82 77�59 � 6�33 76�81 � 2�92 45�15 � 1�39
25�00 67�85 � 3�52 25�51 � 2�71 64�77 � 4�82 63�64 � 2�71 33�84 � 4�25
50�00 21�08 � 1�07 15�94 � 1�52 22�38 � 1�51 22�52 � 1�35 16�04 � 1�04
Significance 0�035 0�021 0�043 0�005 0�038
IC50 (µg ml�1) 35�14 10�76 34�66 33�42 12�99

MTT-based assay was used for measuring the cytotoxic activities of fungal digoxin at 570 nm using MTT solution under the conditions described

in Materials and Methods. Statistical significance (P ≤ 0�05) was analysed in a generalized linear model.
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However, Pokluda et al. (2008) used gamma radiation at

1500 Gy in an improvement to the Penicillium CCM8364

strain to produce high concentrations of the immunosup-

pressant mycophenolic acid. Generally, the improvement

on microbial strains by gamma radiation can greatly

lower the cost of the process by induction of overproduc-

ing strains (Parekh et al. 2000). Gamma rays are among

the ionizing radiation with high energy that causes muta-

tions at specific doses through the DNA repair mecha-

nism of genes in cells (Thacker 1999).

In this study, five types of cultivation media were

screened for their efficiency to support digoxin produc-

tion. Maximum digoxin production was obtained on

using malt extract autolysate medium. In literature, the

potato-dextrose broth was used as a cultivation medium

for screening the production of digoxin by endophytic

fungal strains isolated from the D. lanata Ehrh plant

(Kaul et al. 2013). The superiority of the malt extract

autolysate could be attributed to the presence of malt

extract and peptone as well as the trace minerals which

promotes the production of digoxin. Results of the effect

of the addition of elicitors to the malt extract autolysate

broth revealed that methyl jasmonate was found the best

elicitor that supported the highest production of digoxin.

In accordance with these results, methyl jasmonate was

successfully applied in the production enhancement of

paclitaxel in a variety of plant species (Yukimune et al.

1996; Cusid�o et al. 2002). Generally, jasmonates were

found to be excellent key signal transducers that stimulate

the overproduction of secondary metabolites (Cusid�o

et al. 2002). The obtained results further showed that sal-

icylic acid also increased the digoxin production but in

amounts lower than methyl jasmonate. The enhancement

effect of salicylic acid is mainly due to its physiological

effect on the fungal culture. It increases the level of lipid

peroxidation, the hydrogen peroxide content, activity of

phenylalanine ammonia-lyase, and decreases viability and

cell growth (Rezaei et al. 2011).

In order to increase the digoxin concentration pro-

duced by the mutant strain, several fermentation condi-

tions were studied. The obtained results showed the most

favourable conditions for maximum production of

digoxin were 25°C as an incubation temperature, 10 days

as an incubation period, medium adjusted to pH 6�5 and

2 ml per 50 ml medium of the 6-day-old inoculum.

Under these conditions, the concentration recovered from

the fungal culture of the TER1985-M1 strain was intensi-

fied to 50�14 mg l�1. In literature, data regarding produc-

tion of digoxin by fungal fermentation are very scarce.

Kaul et al. (2013) used 150 ml of potato dextrose broth

in a 250 ml conical flask as a production medium. The

authors further showed that the production of digoxin

was carried out at 25°C as an incubation temperature

after 12 days of incubation; however, the digoxin yield

was not reported.

The present results demonstrated that digoxin sepa-

rated from the fungal culture was active against all the

five cell lines as it inhibited the proliferation of the cancer

cells. The recorded least inhibitory activity of digoxin was

0�39 lg ml�1 against HepG-2, MCF-7 and A-549 cells

and was 0�78 lg ml�1 against CHO-K1 and HEp-2 cells.

In agreement with these results, low concentrations of

digoxin inhibited cell proliferation and its efficacy was

dependent on the type of the cell line employed

(Calder�on-Monta~no et al. 2014). Interestingly, several

reports concluded that digoxin can inhibit the prolifera-

tion of cancer cells and induce the apoptosis at very low

concentrations commonly present in the plasma of heart

patients treated with digoxin (Haux 1999; Stenkvist 2001;

Haux et al. 2001; L�opez-L�azaro et al. 2003; L�opez-L�azaro

2007; Sharma and Purkait 2012; Wu et al. 2012). Several

mechanisms were purposed for the anticancer activity of

digoxin; however, until now it is unknown why cancer

cells are more susceptible to digoxin than normal cells

(Haux et al. 2001; L�opez-L�azaro et al. 2003; L�opez-L�azaro

2007). Our results also showed that the recorded IC50

values of digoxin were found to be 12�99, 10�76, 33�42,
35�14 and 34�66 lg ml�1 against HEp-2, A-549, HepG-2,

CHO-K1 and MCF-7 cancer cell lines respectively. How-

ever, the recorded IC50 values were found to be 0�00625
and 0�0257 lg ml�1 against A-549 and MCF-7 cell lines

respectively (Calder�on-Monta~no et al. 2014). The differ-

ence in IC50 values could be attributed to the rate of cell

death that might differ due to various factors including

incubation time, digoxin concentration and cell specificity

(Calder�on-Monta~no et al. 2014). These findings strongly

recommend digoxin as a promising anticancer agent

whose anticancer potential should be assessed in prospec-

tive cancer therapy.

In summary, among 40 endophytic fungal isolates, E.

nigrum TER1985 isolated from the bark of a medicinal

plant, Terminalia arjuna, showed digoxin-producing abil-

ity. The fungal strain was identified as E. nigrum Link

(MK530410) based on the morphological and molecular

characterization. In order to maximize the digoxin yield

in the fungal culture, fungal spores were subjected to var-

ious doses of gamma irradiation. The digoxin-producing

ability was more intensified to fivefold using gamma irra-

diation dose of 1000 Gy, as compared by their respective

controls (non-irradiated cultures). Furthermore, a mutant

strain (designated TER1985-M1) with improved digoxin

productivity was isolated and the stability for digoxin

production was followed up across four successive gener-

ations. Under the favourable fermentation conditions, the

highest digoxin production was intensified to

50�14 mg l�1. Moreover, digoxin separated from the
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fungal culture by TLC showed cytotoxic activity against

five different cancer cells. Consequently, E. nigrum

TER1985 appears to be a promising and attractive source

for the production of the most important cardiac gly-

coside digoxin. Current research work is in progress to

scale up the production of digoxin by optimization of

nutritional conditions and medium requirements.

Acknowledgements

We thank Dr. Fatma B. Rashidi, Lecturer of Biochem-

istry, Chemistry Department, Faculty of Science, Cairo

University for her help in the molecular characterization.

We also thank Dr. Amira G. Zaki, Lecturer of Microbiol-

ogy, Plant Research Department, Nuclear Research Cen-

ter, Atomic Energy Authority of Egypt for her help in

the morphological characterization.

Conflict of interest

The authors declare that they have no conflict of interest.

Ethical approval

This article does not contain any studies with human

participants or animals performed by the authors.

References

Altschul, S.F., Madden, T.L., Sch€affer, A.A., Zhang, J., Zhang,

Z., Miller, W. and Lipman, D.J. (1997) Gapped BLAST

and PSI-BLAST: a new generation of protein database

search programs. Nucleic Acids Res 25, 3389–3402.
https://doi.org/10.1093/nar/25.17.3389.

Awan, M.S., Tabbasam, N., Ayub, N., Babar, M.E., Rahman,

M., Rana, S.M. and Rajoka, M.I. (2011) Gamma radiation

induced mutagenesis in Aspergillus niger to enhance its

microbial fermentation activity for industrial enzyme

production. Mol Biol Rep 38, 1367–1374. https://doi.org/
10.1007/s11033-010-0239-3.

Budavari, S., O’Neill, M.J., Smith, A. and Heckelman, P.E.

(1989) The Merck Index. In An Encyclopedia of Chemicals,

Drugs and Biologicals, 11th ed. Whitehoue Station, NJ,

USA: Merck Co Inc. https://doi.org/10.1002/ddr.21085.

Cadet, J., Delatour, T., Douki, T., Gasparutto, D., Pouget, J.P.,

Ravanat, J.L. and Sauvaigo, S. (1999) Hydroxyl radicals

and DNA base damage. Mutat Res 424, 9–21. https://doi.
org/10.1016/S0027-5107(99)00004-4.

Calder�on-Monta~no, J.M., Burgos-Mor�on, E. and L�opez-L�azaro,

M. (2014) The in vivo antitumor activity of cardiac

glycosides in mice xenografted with human cancer cells is

probably an experimental artifact. Oncogene 33, 2947–
2948. https://doi.org/10.1016/10.1038/onc.2013.229.

Chopra, V.L. (2005) Mutagenesis: investigating the process

and processing the outcome for crop improvement. Curr

Sci 89, 353–359.
Cusid�o, R.M., Palaz�on, J., Bonfill, M., Navia-Osorio, A.,

Morales, C. and Pi~nol, M.T. (2002) Improved paclitaxel

and baccatin III production in suspension cultures of

Taxus media. Biotechnol Progr 18, 418–423. https://doi.org/
10.1021/bp0101583.

Dereeper, A., Guignon, V., Blanc, G., Audic, S., Buffet, S.,

Chevenet, F., Dufayard, J.F., Guindon, S. et al. (2008)

Phylogeny.fr: robust phylogenetic analysis for the non-

specialist. Nucl Acids Res 36(Web Server), W465–W469.

https://doi.org/10.1093/nar/gkn180.

Dreyfuss, M.M. and Chapela, I.H. (1994) Potential of fungi in

the discovery of novel, low-molecular weight

pharmaceuticals. In The Discovery of Natural Products with

Therapeutic Potential ed. Gullo, V.P. pp. 49–80. London,
UK: Butterworth-Heinemann. https://doi.org/10.1016/

B978-0-7506-9003-4.50009-5.

El-Sayed, E.R., Ahmed, A.S. and Ismaiel, A.A. (2019a) Agro-

industrial byproducts for production of the

immunosuppressant mycophenolic acid by Penicillium

roqueforti under solid-state fermentation: enhanced

production by ultraviolet and gamma irradiation. Biocatal

Agric Biotechnol 18, 101015. https://doi.org/10.1016/j.bcab.

2019.01.053.

El-Sayed, E.R., Ismaiel, A.A., Ahmed, A.S., Hassan, I.A. and

Karam El-Dinm, A.A. (2019b) Bioprocess optimization

using response surface methodology for production of the

anticancer drug paclitaxel by Aspergillus fumigatus and

Alternaria tenuissima: Enhanced production by ultraviolet

and gamma irradiation. Biocatal Agric Biotechnol 18,

100966. https://doi.org/10.1016/j.bcab.2019.01.034.

El-Sayed, E.R., Ahmed, A.S., Hassan, I.A., Ismaiel, A.A. and

Karam El-Dinm, A.A. (2019c) Strain improvement and

immobilization technique for enhanced production of the

anticancer drug paclitaxel by Aspergillus fumigatus and

Alternaria tenuissima. Appl Microbiol Biotechnol https://doi.

org/10.1007/s00253-019-10129-1.

El-Seedi, H.R., Khalifa, S.A.M., Taher, E.A., Farag, M.A.,

Saeed, A., Gamal, M., Hegazy, M.F., Youssef, D. et al.

(2019) Cardenolides: insights from chemical structure and

pharmacological utility. Pharmacol Res 141, 123–175.
https://doi.org/10.1016/j.phrs.2018.12.015.

Favaro, L.C.dL., de Melo, F.L., Aguilar-Vildoso, C.I. and

Araujo, W.L. (2011) Polyphasic analyses of intraspecific

diversity in Epicoccum nigrum warrants reclassification

into separate species. PLoS ONE 6, e14828. https://doi.org/

10.1371/journal.pone.0014828.

Geweely, N.S.I. and Nawar, L.S. (2006) Sensitivity to gamma

irradiation of post-harvest pathogens of pear. Int J Agric

Biol 8, 710–716.
Haux, J. (1999) Digitoxin is a potential anticancer agent for

several types of cancer. Med Hypotheses 53, 543–548.
https://doi.org/10.1054/mehy.1999.0985.

Journal of Applied Microbiology 128, 747--762 © 2019 The Society for Applied Microbiology760

Fungal production of digoxin E.R. El-Sayed et al.

https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1007/s11033-010-0239-3
https://doi.org/10.1007/s11033-010-0239-3
https://doi.org/10.1002/ddr.21085
https://doi.org/10.1016/S0027-5107(99)00004-4
https://doi.org/10.1016/S0027-5107(99)00004-4
https://doi.org/10.1016/10.1038/onc.2013.229
https://doi.org/10.1021/bp0101583
https://doi.org/10.1021/bp0101583
https://doi.org/10.1093/nar/gkn180
https://doi.org/10.1016/B978-0-7506-9003-4.50009-5
https://doi.org/10.1016/B978-0-7506-9003-4.50009-5
https://doi.org/10.1016/j.bcab.2019.01.053
https://doi.org/10.1016/j.bcab.2019.01.053
https://doi.org/10.1016/j.bcab.2019.01.034
https://doi.org/10.1007/s00253-019-10129-1
https://doi.org/10.1007/s00253-019-10129-1
https://doi.org/10.1016/j.phrs.2018.12.015
https://doi.org/10.1371/journal.pone.0014828
https://doi.org/10.1371/journal.pone.0014828
https://doi.org/10.1054/mehy.1999.0985


Haux, J., Klepp, O., Spigset, O. and Tretli, S. (2001) Digitoxin

medication and cancer; case control and internal dose-

response studies. BMC Cancer 1, 11. https://doi.org/10.

1186/1471-2407-1-11.

Ismaiel, A.A., Ahmed, A.S. and El-Sayed, E.R. (2014)

Optimization of submerged fermentation conditions for

immunosuppressant mycophenolic acid production by

Penicillium roqueforti isolated from blue-molded cheeses:

enhanced production by ultraviolet and gamma

irradiation. World J Microbiol Biotechnol 30, 2625–2638.
https://doi.org/10.1007/s11274-014-1685-1.

Ismaiel, A.A., Ahmed, A.S. and El-Sayed, E.R. (2015)

Immobilization technique for enhanced production of the

immunosuppressant mycophenolic acid by ultraviolet and

gamma irradiated Penicillium roqueforti. J Appl Microbiol

119, 112–126. https://doi.org/10.1111/jam.12828.

Ismaiel, A.A., Ahmed, A.S., Hassan, I.A., El-Sayed, E.R. and

Karam El-Din, A.A. (2017) Production of paclitaxel with

anticancer activity by two local fungal endophytes,

Aspergillus fumigatus and Alternaria tenuissima. Appl

Microbiol Biotechnol 101, 5831–5846. https://doi.org/10.
1007/s00253-017-8354-x.

Karuppusamy, S. (2009) A review on trends in production of

secondary metabolites from higher plants by in vitro

tissue, organ and cell cultures. J Med Plants Res 3, 1222–
1239.

Kaul, S., Ahmed, M., Zargar, K., Sharma, P. and Dhar, M.K.

(2013) Prospecting endophytic fungal assemblage of

Digitalis lanata Ehrh. (foxglove) as a novel source of

digoxin: a cardiac glycoside. 3 Biotech 3, 335–340.
https://doi.org/10.1007/s13205-012-0106-0.

Limon, M.C., Pintor-Toro, J.A. and Benitez, T. (1999)

Increased antifungal activity of Trichoderma harzianum

transformants that overexpress a 33-KDa chitinase.

Phytopathology 89, 254–261. https://doi.org/10.1094/
PHYTO.1999.89.3.254.

van de Loosdrecht, A.A., Beelen, R.H.J., Ossenkoppele, G.J.,

Broekhoven, M.G. and Langenhuijsen, M.M.A.C. (1994) A

tetrazolium-based colorimetric MTT assay to quantitate

human monocyte mediated cytotoxicity against leukemic

cells from cell lines and patients with acute myeloid

leukemia. J Immunol Methods 174, 311–320. https://doi.
org/10.1016/0022-1759(94)90034-5.

L�opez-L�azaro, M. (2007) Digitoxin as an anticancer agent with

selectivity for cancer cells: possible mechanisms involved.

Exp Opin Ther Targets 11, 1043–1053. https://doi.org/10.
1517/14728222.11.8.1043.

L�opez-L�azaro, M., Palma De La Pe~na, N., Pastor, N., Mart�ın-

Cordero, C., Navarro, E., Cort�es, F. and Ayuso, M.J.

(2003) Anti-tumour activity of Digitalis purpurea L. subsp.

heywoodii. Planta Med 69, 701–704. https://doi.org/10.
1055/s-2003-42789.

Moubasher, A.H. (1993) Soil Fungi in Qatar and Other Arab

Countries. Doha, Qatar: The Centre for Scientific and

Applied Research.

Parekh, S., Vinci, V.A. and Strobel, R.J. (2000) Improvement

of microbial strains and fermentation processes. Appl

Microbiol Biotechnol 54, 287–301. https://doi.org/10.1007/
s002530000403.

Patil, J.G., Ahire, M.L., Nitnaware, K.M., Panda, S., Bhatt,

V.P., Kishor, P.B.K. and Nikam, T.D. (2013) In vitro

propagation and production of cardiotonic glycosides in

shoot cultures of Digitalis purpurea L. by elicitation and

precursor feeding. Appl Microbiol Biotechnol 97, 2379–
2393. https://doi.org/10.1007/s00253-012-4489-y.

P�erez-Alonso, N., Capote, A., Gerth, A. and Jim�enez, E. (2012)

Increased cardenolides production by elicitation of

Digitalis lanata shoots cultured in temporary immersion

systems. Plant Cell Tiss Org Cult 110, 153–162. https://doi.
org/10.1007/s11240-012-0139-4.

P�erez-Berm�udez, P., Garc�ıa, A.A.M., Tu~n�on, I. and Gavidia, I.

(2010) Digitalis purpurea P5bR2, encoding steroid 5b-

reductase, is a novel defense-related gene involved in

cardenolide biosynthesis. New Phytol 185, 687–700.
https://doi.org/10.1111/j.1469-8137.2009.03080.x.

Pokluda, Z., Satke, J., Vala, V. and Valik, J. (2008) Regulation

of acid metabolite production. US Patent 0009050A1.

Rezaei, F., Ghanati, A., Behmanesh, M. and Mokhtari-Dizaji, M.

(2011) Ultrasound-potentiated salicylic acid–induced
physiological effects and production of taxol in hazelnut

(Corylus avellana) cell culture. Ultrasound Med Biol 37, 1938–
1947. https://doi.org/10.1016/j.ultrasmedbio.2011.06.013.

Ribeiro, J., Cavaglieri, L., Vital, H., Cristofolini, A., Merkis, C.,

Astoreca, A., Orlando, J., Caru, M. et al. (2011) Effect of

gamma radiation on Aspergillus flavus and Aspergillus

ochraceus ultrastructure and mycotoxin production. Radiat

Phys Chem 80, 658–663. https://doi.org/10.1016/j.radphysc
hem.2010.12.017.

Sharma, A. and Purkait, B. (2012) Identification of medicinally

active ingredient in ultra diluted Digitalis purpurea:

fluorescence spectroscopic and cyclic-voltammetric study.

J Anal Methods Chem 109058, https://doi.org/10.1155/

2012/109058.

Stenkvist, B. (2001) Cardenolides and cancer. Anticancer Drugs

12, 635–636.
Thacker, J. (1999) Repair of ionizing radiation damage in

mammalian cells. Alternative pathways and their fidelity.

CR Acad Sci III 322, 103–108. https://doi.org/10.1016/
S0764-4469(99)80030-4.

Venugopalan, A. and Srivastava, S. (2015) Endophytes as

in vitro production platforms of high value plant

secondary metabolites. Biotechnol Adv 33, 873–887.
https://doi.org/10.1016/j.biotechadv.2015.07.004.

Wang, W., Kusari, S. and Spiteller, M. (2016) Unraveling the

chemical interactions of fungal endophytes for

exploitation as microbial factories. In Fungal Applications

in Sustainable Environmental Biotechnology, Fungal Biology

ed. Purchase, D. pp. 353–370. Switzerland: Springer
International Publishing. doi: https://doi.org/10.1007/978-

3-319-42852-9_14.

Journal of Applied Microbiology 128, 747--762 © 2019 The Society for Applied Microbiology 761

E.R. El-Sayed et al. Fungal production of digoxin

https://doi.org/10.1186/1471-2407-1-11
https://doi.org/10.1186/1471-2407-1-11
https://doi.org/10.1007/s11274-014-1685-1
https://doi.org/10.1111/jam.12828
https://doi.org/10.1007/s00253-017-8354-x
https://doi.org/10.1007/s00253-017-8354-x
https://doi.org/10.1007/s13205-012-0106-0
https://doi.org/10.1094/PHYTO.1999.89.3.254
https://doi.org/10.1094/PHYTO.1999.89.3.254
https://doi.org/10.1016/0022-1759(94)90034-5
https://doi.org/10.1016/0022-1759(94)90034-5
https://doi.org/10.1517/14728222.11.8.1043
https://doi.org/10.1517/14728222.11.8.1043
https://doi.org/10.1055/s-2003-42789
https://doi.org/10.1055/s-2003-42789
https://doi.org/10.1007/s002530000403
https://doi.org/10.1007/s002530000403
https://doi.org/10.1007/s00253-012-4489-y
https://doi.org/10.1007/s11240-012-0139-4
https://doi.org/10.1007/s11240-012-0139-4
https://doi.org/10.1111/j.1469-8137.2009.03080.x
https://doi.org/10.1016/j.ultrasmedbio.2011.06.013
https://doi.org/10.1016/j.radphyschem.2010.12.017
https://doi.org/10.1016/j.radphyschem.2010.12.017
https://doi.org/10.1155/2012/109058
https://doi.org/10.1155/2012/109058
https://doi.org/10.1016/S0764-4469(99)80030-4
https://doi.org/10.1016/S0764-4469(99)80030-4
https://doi.org/10.1016/j.biotechadv.2015.07.004
https://doi.org/10.1007/978-3-319-42852-9_14
https://doi.org/10.1007/978-3-319-42852-9_14


White, T.J., Bruns, T., Lee, S. and Taylor, J. (1990)

Amplification and direct sequencing of fungal ribosomal

RNA genes for phylogenetics. In PCR Protocols: A Guide to

Methods and Applications ed. Innis, M.A., Gelfand, D.H.,

Sninsky, J.J. and White, T.J. pp. 315–322. San Diego, CA:

Academic Press. doi: https://doi.org/10.1016/B978-0-12-

372180-8.50042-1.

Wu, B., Li, Y., Yan, H., Ma, Y., Luo, H., Yuan, L., Chen, S.

and Lu, S. (2012) Comprehensive transcriptome analyses

reveals novel genes involved in cardiac glycoside

biosynthesis and mlncRNAs associated with secondary

metabolism and stress response in Digitalis purpurea. BMC

Genom 13, 15. https://doi.org/10.1186/1471-2164-13-15.

Yukimune, Y., Tabata, H., Higashi, Y. and Hara, Y. (1996)

Methyl jasmonate-induced overproduction of paclitaxel

and baccatin III in Taxus cell suspension cultures. Nat

Biotechnol 14, 1129–1132. https://doi.org/10.1038/nbt0996-
1129.

Journal of Applied Microbiology 128, 747--762 © 2019 The Society for Applied Microbiology762

Fungal production of digoxin E.R. El-Sayed et al.

https://doi.org/10.1016/B978-0-12-372180-8.50042-1
https://doi.org/10.1016/B978-0-12-372180-8.50042-1
https://doi.org/10.1186/1471-2164-13-15
https://doi.org/10.1038/nbt0996-1129
https://doi.org/10.1038/nbt0996-1129

