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Abstract

Ten monoclonal microalgal cultures were obtained 
from several Tunisian inland water bodies, and their 
dichloromethane and methanolic extracts were screened 
for antibacterial, antileishmanial, and antioxidant 
properties, as well as phycobiliprotein production capacity. 
Cylindrospermopsis raciborskii has been shown to synthesize 
high levels of phycocyanin and may be an effective alternative 
source to other sources used for commercial production 
of phycocyanin. Chroococcus sp. and Leptolyngbya sp1. 
exhibited the strongest radical scavenging activity against 
DPPH (IC50 = 212.15 and 263.91 μg ml−1, respectively), 
indicating their promising potential for use as new effective 
and non-toxic antioxidants. Furthermore, Dunaliella sp. 
showed an interesting antileishmanial activity against the 
pathogens Leishmania infantum and Leishmania major (IC50 
= 151 and 284 µg ml−1, respectively), thus representing 
a good candidate for use against cutaneous and visceral 
leishmaniasis in Tunisia, a country endemic to these diseases 
where thousands of new cases are registered every year. 
These results suggest that the strains of microalgae featured 
in this work have the potential to serve as natural alternative, 
safe and sustainable sources of high value-added products 
that could be used to improve the final biomass value.
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1. Introduction

Despite tremendous advances in medicine around 
the world, infectious diseases caused by bacteria, 
fungi, and different types of protozoa continue to 
pose a major threat to public health. Their impact is 
particularly significant in developing countries due 
to the lack of access to medicines and the emergence 
and spread of antibiotic resistance, which has increased 
dramatically over the past decade (Kang et al. 2015). 
Several antimicrobial chemical agents have been 
synthesized for certain parasitic and bacterial diseases, 
however, they are still very limited in number and 
their use is restricted due to their toxicity, high cost, 
microbial resistance and low efficacy (Sanchez et 
al. 2010). According to the Eastern Mediterranean 
Regional office of the World Health Organization, 
cutaneous leishmaniasis (CL) caused by the protozoan 
Leishmania major continues to be a major public 
health problem in Tunisia, considered an endemic 
country for this disease. It occurs mainly in central and 
southwestern Tunisia (semi-arid and arid areas) and 
causes thousands of new cases each year. In some 
villages, infection rates can reach up to 60% of the 
population (WHO 2017).

On the other hand, oxidative damage caused by 
reactive oxygen species (ROS) on lipids, proteins, and 
nucleic acids can trigger various chronic diseases, 
such as coronary heart disease, atherosclerosis, cancer, 
and aging (Ngo et al. 2011). Over the past decades, 
the food, cosmetics, and nutraceutical industries 
have been putting enormous efforts into finding 
natural alternatives to replace synthetic antioxidants, 
in particular BHT (butylated hydroxytoluene) and 
BHA (butylated hydroxyanisole), which several 
epidemiological studies have shown to be toxic in 
the medium and long term (Agyei et al. 2015). Such 
alarming situation has highlighted the urgency of 
finding new safe alternatives of natural origin, easily 
accessible, and capable of being produced in a 
sustainable manner.

In recent years, the use of photosynthetic 
microorganisms such as microalgae in life sciences 
has received increasing attention due to their diverse 
phytometabolic content with varied chemical 
structures and biological properties. The group of 
phycobiliproteins (phycocyanin, allophycocyanin and 
phycoerythrin) are among the most valuable accessory 
pigments that can be extracted from microalgae due 
to their extremely beneficial effects on health. They are 
widely recognized as powerful functional ingredients 
with very interesting applications in various fields such 
as agri-food, aquaculture, biotechnology, medicine, 
and pharmacy (Lamers et al. 2010; Jalal et al. 2013).

Currently, the growing demand for functional 
foods and nutraceuticals has sparked an increasing 
interest in the use of microalgae as natural sources 
of high value products, especially phycobiliproteins, 
which has automatically resulted in their surge in 
demand in the global market of human health, 
nutrition, and aquaculture (Jalal et al. 2013; Yang et 
al. 2013). However, their wide industrial application 
still requires studies to isolate and characterize more 
candidate strains from various terrestrial and marine 
environments in order to select those with interesting 
levels of accumulation of these valuable molecules.

Therefore, the present work aimed to study the 
production of phycobiliproteins and the accumulation 
potential of some local microalgal strains isolated 
in several Tunisian inland water bodies, as well as to 
determine their phytochemical composition and to 
evaluate antioxidant, antibacterial, and antileishmanial 
properties of their extracts. 

2. Materials and methods

2.1. Study area and sample collection

The microalgae strains investigated in this work 
were collected in eight Tunisian inland water bodies 
(river, lagoon, dam reservoir, spring) located in the 
north, center, and south of the country (Table 1). 

2.2. Strain isolation and culture medium

All samples were taken to the laboratory where 
each strain was subjected to capillary isolation in 
liquid medium, using an inverted microscope (Leica 
microsystems, Wetzlar, Germany). A single individual 
was isolated (a single cell, colony, or filament) in 300 
µl of the appropriate culture medium, and growth 
of each isolate was achieved by gradually increasing 
the culture volume from the initial isolation to the 
final batch. All strains were cultivated in 2 l laboratory 
flasks, using a monospecific batch culture system 
under sterile conditions. Growing was carried out at 
25 ± 1°C temperature in a thermostatically controlled 
room, and using BG11 (Rippka et al. 1979) or CONWAY 
(Blancheton 1985) media, depending on the origin of 
each strain (Table 1). Culture media were sterilized by 
autoclaving at 120°C for 20 min before use. Growth 
was conducted in a 16:8 h light:dark regime under 
illumination of cool white fluorescent tubes with 
a light intensity of approximately 25 µmol m−2 s−1. 
Cells were harvested only in the exponential growth 
phase by centrifugation (3000 rpm; Thermo IEC 
CL31R Multispeed centrifuge; Massachusetts – USA), 
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then lyophilized using a Christ Alpha 2-4 LD Plus 
freeze-dryer (Harz, Germany) after a cultivation period 
between 18 and 25 days. Samples were then stored at 
−20°C until analysis. 

For screening of the investigated biological 
activity, the lyophilized biomass of each strain was 
ground using a mortar and pestle for a few minutes 
and extracted adding 1:10 w/v of solvent mixture 
(dichloromethane–methanol, 1:1, v/v) with the 
assistance of an ultrasonic bath (Branson 2800, Branson 
Ultrasonics Corporation, Danbury, USA) (110 w; 40 kHz) 
for 15 min at room temperature, and then filtered. The 
filtrate was subsequently collected and the remaining 
microalgal material was ground in a mortar, mixed 
with the same extraction buffer and filtered again until 
the completion of three successive extraction cycles 
for maximum extraction yield. The solvents were 
then evaporated using a Rotavapor (KNF, Freiburg, 
Germany) and the obtained extracts were stored at 
–80°C between each analysis.

2.3. Morphological and molecular identification

2.3.1. Morphological identification

Morphology and size of the microalgae strains were 
observed through a Leica DM LS2 microscope (Leica 
microsystems, Wetzlar, Germany) with magnification: 
400x and 1000x, using a specialized digital camera 
(HDCE - 50B, Olympus Corporation, Tokyo, Japan) 
monitored by AxioVision software, version 4.8. 
Taxonomic identification was based on Geitler (1932), 
Bourrelly (1966) and Komárek and Anagnostidis (1999, 
2005).

2.3.2. Molecular identification 

Total genomic DNA was extracted using a 
DNeasy® Plant Mini Kit (QIAGEN GmbH, Hilden, 
Germany) following the protocol provided by the 
manufacturer and stored frozen at −20°C until use. 

Table 1
Microalgal strains isolated from Tunisian inland water bodies (river, lagoon, dam reservoir, spring) with location and 
culture mediums

Strain Class/Order Sampling site Culture medium

Dunaliella sp. Duna-GV Chlorophyceae/ Chlamydomonadales
El Grine Sabkha

33°38′55′′N; 10°32′33′′E
S: 56 PSU

CONWAY

Chroococcus sp. Chroo-CH Cyanobacteria /Chroococcales
Chanchou River

33°54′3′′N; 9°43′22′′E
S: 4.2 PSU

BG11

Arthrospira platensis Arthro-KB

Cyanobacteria /Oscillatoriales

Korba lagoon
36°36′43′′N; 10°53′13′′E

S: 16 PSU
BG11

Leptolyngbya sp1. Osci-NB-01
Nabhena reservoir

36°03′57′′N; 9°51′54′′E
S: 0.5 PSU

BG11

Leptolyngbya sp2. Lepto-CH
Chanchou River

33°54′3′′N; 9°43′22′′E
S: 4.2 PSU

BG11

Limnotrix sp. Osci-BM-01
Bir Mcherga reservoir

36°30′32′′N; 10°00′36′′E
S: 1.6 PSU

BG11

Planktothrix agardhii Plank-SS-01
Sidi Saad reservoir

35°22′51′′N; 9°41′20′′E
S: 1.9 PSU

BG11

Spirulina sp. Spir-ML
Maltine River

34°24′56′′N; 10°19′45′′E
S: 45 PSU

CONWAY

Anabaenopsis circularis         Pseud-01

Cyanobacteria /Nostocales

Siliana spring
35°54′39′′N; 9°20′06′′E

S: 0.2 PSU
BG11

Cylindrospermopsis raciborskii          Cyl-NB-05
Nabhena reservoir

36°03′57′′N; 9°51′54′′E
S: 0.5 PSU

BG11

S – salinity; PSU – practical salinity unit
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The DNA extracts were checked by electrophoresis 
in 1% agarose gel and then quantified with a Thermo 
Fisher spectrophotometer (Heaios Y, Thermo Scientific; 
Massachusetts, USA), followed by dilution to 200 
ng/µl solutions. Polymerase chain reaction (PCR) 
amplifications were performed with a DNA Thermal 
Cycler, model 2720 (Applied Biosystems/ California, 
USA), using 100 µl of the PCR reaction mixture. For 
prokaryotic strains, nuclear-encoded 16S rRNA gene 
segments were amplified with PCR primers 27 Fw and 
1494 Rev under the conditions described in Fathalli et 
al. (2011). For Dunaliella sp., MA1 and MA2 primers were 
used for PCR amplification of 18S rDNA gene segments 
under the conditions described in Olmos et al. (2000).

All PCR amplifications were performed in 20 µl 
aliquots, containing 10 pmol of each forward and 
reverse primers (Invitrogen, Carlsbad, California), 1 × 
Reaction Buffer (Invitrogen, Carlsbad, California), 250 
µM of each deoxynucleoside triphosphate (OMEGA 
biotec TQAC136), 2.5 mM MgCl2 (Invitrogen, Carlsbad, 
California), 0.5 U of Taq DNA polymerase (Invitrogen, 
Carlsbad, California), and 5 to 10 ng of genomic 
DNA template. All PCR amplicons were analyzed 
by electrophoresis in 1% agarose gel (Invitrogen, 
Carlsbad, California), run in 1 × TBE buffer, stained 
with ethidium bromide, and photographed under UV 
trans-illumination. 

A total of 100 µl of PCR of each amplified product 
was purified using a PureLink® PCR Purification 
Kit (Invitrogen, Carlsbad, California), following 
the protocol provided by the manufacturer, and 
subsequently sent for direct sequencing. Nucleotide 
sequences were obtained and submitted to the BLAST 
(Basic Local Alignment Search Tool) database (http://
www.ncbi.nlm.nih.gov/BLAST) for identification.

All sequences were then submitted to the GenBank 
database (accession numbers are given in Table 2).

2.4. Phytochemical content 

2.4.1. Phycobiliproteins

The content of phycobiliproteins (phycocyanin 
– PC, allophycocyanin – APC, and phycoerythrin – 
PE) was determined during the exponential growth 
phase of cyanobacterial strains according to Bennett & 
Bogorod (1973). For each strain, 10 ml of fresh culture, 
taken in a culture concentration range of 100 μg of 
fresh weight per ml, was centrifuged at 3000 rpm for 
5 min. The collected cell mass was then washed with 
buffer solution 1 M Tris HCl (pH 8.1), and one volume of 
cell mass was subsequently resuspended in five times 
the volume of the same buffer. In order to extract 
the pigments, it was necessary to perform cell wall 
splitting for cyanobacterial strains. For this, continuous 
freezing at −20°C, thawing at +4°C, and sonication  
(10 min with cycles of 30 s) were applied to all samples, 
which allowed destruction of cell walls. The cell 
fragments were then separated by centrifugation at 12 
000 rpm for 10 min, and the supernatant was taken for 
spectrophotometric determination of phycobiliprotein 
content by measuring the absorbance at wavelengths 
of 620, 652 and 562 nm. Absorbance measurements 
were performed on a UV/Vis spectrophotometer 
(Heaios Y, Thermo Scientific; Massachusetts, USA), 
and the amount of PC, APC, and PE in a sample was 
calculated using the following formula (Bennett & 
Bogorad 1973; Horvath et al. 2013):

PC [mg ml−1] = (A620 − 0.474 × A652) / 5.34

(1)APC [mg ml−1] = (A652 − 0.208 × A620) / 5.09

PE [mg ml−1] = (A562 − 2.41 × PC − 0.849 × APC) / 9.62

Table 2
Molecular identification of microalgal strains isolated from different Tunisian inland water bodies with % of similarity 
according to the BLAST database and accession numbers

Strain Taxon according to BLAST database % of similarity
Accession numbers

16S rRNA rpoC1

Osci-NB-01 Leptolyngbya sp. 99 MG762090 -

Osci-BM-01 Limnotrix sp. 100 MG762091 -

Plank-SS-01 Planktothrix agardhii 100 MG762092 -

Cyl-NB-05 Cylindrospermopsis raciborskii 96 - HQ389355

Pseud-01 Anabaenopsis circularis 99 MG098078 -

Arthro-KB Arthrospira platensis 100 MG098079 -

Lepto-CH Leptolyngbya sp. 99 MG098077 -

Spir-ML Spirulina sp. 99 MG518486 -
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where A is the absorbance at a specified wavelength.

Each sample was analyzed in triplicate and the 
buffer was used as a blank.

2.4.2. Total polyphenols

The total content of polyphenols (TPP) of each 
extract was assessed according to a colorimetric 
method adapted from Dewanto et al. (2002) using 
the Folin–Ciocalteu reagent. A volume of 0.125 ml of 
ethanol extracts was added to 0.5 ml of distilled water 
and 0.125 ml of Folin–Ciocalteu reagent. After 6 min 
incubation in the dark, the mixture was added to 1.25 
ml of 7% (w/v) sodium carbonate, and the solution 
was made up to 3 ml with distilled water. The mixture 
was then incubated for 90 min in the dark and then 
taken for absorbance measurement at 760 nm, using 
a UV/Vis spectrophotometer (Optizen 2120 UV plus, 
Mecasys, Korea). TPP was calculated from the linear 
equation of a standard curve prepared with gallic acid 
(concentration range of 50–200 μg ml−1). Results were 
expressed in mg of gallic acid equivalents per gram of 
dry weight (mg GAE/g DW).

2.4.3. Total flavonoids

Total flavonoid (TF) content was determined 
colorimetrically according to Heimler et al. (2006). 
Briefly, 0.075 ml of 7% NaNO2 (w/v) was mixed with 
0.25 ml of each extract and 0.15 ml of 10% (w/v) 
AlCl3. After 5 min incubation at room temperature, 
0.5 ml of (1 M) NaOH was added to the mixture and 
adjusted to 3 ml with distilled water. Absorbance was 
determined at 510 nm after 15 min incubation at room 
temperature. The TF content was estimated based 
on a standard calibration curve (concentration range 
of 100–750 μg ml−1). Results were expressed in mg 
catechin equivalent per gram of dry weight (mg CE/g 
DW).

2.5. Antioxidant activity

Antioxidant activity of microalgal extracts was 
assessed using 1,1 Diphenyl 2- Picryl Hydrazyl (DPPH) 
assay for free radical scavenging activity according 
to Cheel et al. (2007). Samples of microalgae extracts 
were prepared in methanol at a final concentration 
ranging from 62.5 µg ml−1 to 2 mg ml−1. They were 
subsequently mixed with 2 ml of (60 μM) DPPH 
solution prepared in methanol, then incubated in the 
dark for 30 min at room temperature. Absorbance 
measurements were taken against a blank at 517 nm 
using a UV/Vis spectrophotometer and butylated 

hydroxytoluene (BHT) as a standard. Free radical 
scavenging activity was determined according to the 
following equation: 

where AB = absorbance of blank (containing all 
reagents except the sample) and AS = absorbance of a 
sample. 

IC50 was expressed as the concentration of extract 
inhibiting 50% of the DPPH free radical scavenging 
activity.

2.6. Antibacterial  activity

2.6.1. Bacterial strains

Antimicrobial activity of microalgal extracts was 
tested against reference microorganisms, including 
Gram-positive bacteria (Enterococcus faecalis ATCC 
29212, Staphylococcus aureus ATCC 25923, methicillin-
resistant Staphylococcus aureus MRSA and Bacillus 
cereus ATCC 14579), and Gram-negative bacteria 
(Escherichia coli ATCC 35218, Pseudomonas aeruginosa 
ATCC 27853). All bacterial strains were kindly provided 
by the “Laboratory of Bioactive Substances”, Borj 
Cedria Biotechnology Center, Tunisia.

2.6.2. Antibacterial assay

Antibacterial activity tests were carried out using 
the agar disc diffusion method according to Celiktas 
et al. (2007). Bacterial suspensions (108 cells ml−1) were 
inoculated evenly in Mueller-Hinton (MH) agar plates 
using a cotton swab. Whatman filter paper discs 
(diameter = 5 mm, porosity = 6 μm) were impregnated 
with double serial dilutions of the extract, ranging 
from 31.25 µg ml−1 to 1 mg ml−1, then allowed to 
dry under a flow hood for 3 h before application to 
the agar surface. Plates were incubated at 37°C for 
24 h, and the size of inhibitory zones (including the 
diameter of the disc) was measured. Clear zones of 
inhibition around the discs indicate antibacterial 
activity. The minimum inhibitory concentration (MIC) 
was determined for extracts with a zone diameter 
over 10 mm. The MIC was determined on 96-well 
plates and defined as the lowest concentration of the 
extract that inhibits the growth of microorganisms. 
The tetracycline (30 µg/disk) was used as a reference 
antibiotic. 

100B S

B

A A
%inhibition

A
− = × 

 
(2)
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2.7. Antileishmanial activity

Antileishmanial activity was evaluated in 96-well 
plates on promastigotes of Leishmania major (gLC94) 
and Leishmania infantum (LVMon). In their stationary 
growth phase, promastigotes were maintained on 
RPMI-1640 medium (Gibco), containing 100 µg of 
streptomycin ml−1 and 100 U penicillin ml−1 (Gibco), 
supplemented with 10% of fetal bovine serum 
FBS (Gibco) and incubated at 27°C in a humidified 
atmosphere with 5% CO2. Promastigote culture (2 × 105 
parasites ml−1) was added to each well. Two-fold serial 
dilutions of microalgae extracts were added to a final 
concentration, ranging from 7.81 µg ml−1 to 1 mg ml−1, 
and plates were incubated at 27°C for 72 h (Essid et al. 
2015). The parasite viability was assessed after addition 
of 10 µl of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl 
tetrazolium bromide (MTT) (Sigma, St. Louis, MO, USA) 
to 10 mg ml−1. After 4 h of incubation in the dark and 
in the presence of MTT, the medium was removed 
and formazan crystals were solubilized by adding 100 
µl of pure DMSO. The relative amount of formazan 
blue produced by viable parasites was determined 
spectrophotometrically using an ELISA plate reader 
(Synergy HT, Bio-TEK) at 560 nm. Amphotericin B 
(98% purity, from Sigma-Aldrich, USA) was used 
as a positive control for all tests. Antipromastigote 
activity was expressed as the IC50 value, defined as the 
concentration of a compound that inhibits the growth 
of promastigotes by 50%. Three replicates were 
performed, and the average was calculated from IC50 
values obtained for each separate experiment (Essid et 
al. 2015).

All solvents and reagents used for the extraction 
procedures, antioxidant activity, and antileishmanial 
assay were purchased from Sigma-Aldrich (GmbH, 
Steinheim, Germany). Amphotericin B was purchased 
from Sigma (98% purity, Sigma–Aldrich, USA).

2.8. Statistical analysis

Assays were conducted in triplicate and data were 
expressed as the mean ± standard error of three 
independent measurements. To assess the significance 
of linear correlations between the antioxidant activity 
and total phenolic and flavonoid amounts in each 
microalgal extract, Pearson’s correlation analysis 
was carried out using r-Project software. Differences 
were considered significant at p < 0.05. The inhibitory 
concentration was calculated from the GraphPad 
Prism dose– response curve (statistical programmer) 
obtained by plotting the percent inhibition against 
concentrations.

3. Results 

3.1. Phytochemical content

3.1.1. Phycobiliproteins

Quantitative evaluation of PC, APC, and PE content 
was carried out on the cyanobacterial strains studied 
as shown in Fig. 1. 

Nostocales cyanobacterium Cyl-NB-05 contained 
the maximum total phycobiliprotein content (3150 
µg ml−1 of fresh culture), while the minimal amount 
was found in Chroo-CH and Pseud-01 (44 µg ml−1 
each), within the same culture concentration range  
(~100 μg ml−1). For the top phycobiliprotein producer 
strain (Cylindrospermopsis raciborskii), the level of PC 
is more than ten times higher than the two other 
constituents (2873 µg ml−1 for PC against 277 µg ml−1 
for APC and PE, combined). The other strains tested 
had smaller amounts of PC, ranging from 11 (Pseud-01) 
to 671 μg ml−1 (Plank-SS-01).

In terms of APC production, the maximum yield 
was found in Osci-NB-01 (362 µg ml-1), which was also 
the only isolate where the amount of APC largely 
exceeded its PC level (twice as much). It was closely 
followed by another Oscillatoriales cyanobacterium, 
Plank-SS-01 (326 µg ml−1).

In all the strains studied, PE was present in lower 
amounts compared to the two other constituents, with 
the exception of Chroo-CH and Pseud-01, where it was 
the major phycobiliprotein produced.

3.1.2. Total polyphenols and flavonoids

The amounts of total polyphenols and flavonoids 
(TPP and TF, respectively) contained in the crude 
extracts of the investigated isolates are shown in 
Table 3. TPP levels varied between undetectable 
(Cylindrospermopsis raciborskii and Spirulina sp.) and 9 
mg GAE/g DW for Chroococcus sp., while TF amounts 
ranged between 1.5 (Cylindrospermopsis raciborskii) 
and 74 mg CE/g DW (Arthrospira platensis).

3.2. Antioxidant activity

The antioxidant activity of microalgal extracts 
against DPPH free radicals are shown in Table 3. 
The higher the DPPH radical scavenging activity 
of a compound, the lower its IC50 value (inversely 
proportional), since the IC50 represents the amount of 
antioxidants needed to reduce the concentration of a 
free radical by 50%. 

The lowest IC50 values were found in Chroococcus 
sp. and Leptolyngbya sp1. (212 and 263 μg ml−1, 
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respectively), thus indicating their better ability to 
reduce DPPH radical scavenging activity compared to 
the other strains investigated. The other strains tested 
showed higher inhibitory concentrations, ranging from 
680 μg ml−1 (Dunaliella sp.) to 1 mg ml−1 (Arthrospira 
platensis). The results also indicated that certain strains 
exhibited no detectable antioxidant activity at the 
maximum extract concentration (Planktothrix agardhii, 
Limnotrix sp., Spirulina sp., and Cylindrospermopsis 
raciborskii).

3.3. Antimicrobial activity 

The antibacterial activity of microalgae extracts 
was studied against human pathogenic bacteria 
(Table 4). Most strains of microalgae showed no 
detectable antibacterial activity against all species of 
bacteria tested, except for Dunaliella sp. (Duna-GV), 
which showed moderate inhibitory activity against 
methicillin-resistant Staphylococcus aureus (MRSA). This 
antibacterial capacity was materialized by an inhibition 

Figure 1
Phycobiliprotein concentration of cyanobacterial strains isolated from diff erent aquatic habitats expressed in µg per 
ml of fresh culture. Bars indicate the standard deviation of three replicates (PC = Phycocyanin; APC = Allophycocyanin; 
PE = Phycoerythrin)

Table 3
Phenolics, fl avonoids and antioxidant activity of microalgal extracts

Strain Code TPP 
(mg EqGA/g DW)

TF 
(mg EqC/g DW)

Anti oxidant acti vity against DPPH 
(IC50, μg ml−1)

Chroococcus sp. Chroo-CH 8.90 ± 0.25 67.94 ± 1.36 212.15 ± 2.07

Leptolyngbya sp1. Osci-NB-01 1.81 ± 0.39 58.46 ± 0.73 263.91 ± 14.93

Arthrospira platensis Arthro-KB 2.85 ± 0.06 74.09 ± 5.28 953.94 ± 28.14

Leptolyngbya sp2. Lepto-CH 7.75 ± 0.77 68.17 ± 3.96 782.87 ± 4.2

Planktothrix agardhii Plank-SS-01 4.86 ± 0.3 38.32 ± 5.37 NA

Anabaenopsis circularis Pseud-01 5.63 ± 0.15 38.05 ± 4.43 912.21 ± 2.21

Cylindrospermopsis raciborskii Cyl-NB-05 ND 1.48 ± 0.03 NA

Limnotrix sp. Osci-BM-01 1.77 ± 0.13 36.31 ± 3.12 NA

Spirulina sp. Spir-ML ND 5.03 ± 1 NA

Dunaliella sp. Duna-GV 3.07 ± 0.32 37.94 ± 3.11 681 ± 20,07

BHT - - - 17.34 ± 0.23‎
TPP – total polyphenols; TF – total fl avonoids; DW – dry weight; GA – gallic acid ; C – catechin ; BHT – butylated hydroxytoluene ; NA – not active at maximum concentration; ND – not detectable. 

Results represent means of three replicates with standard deviation (Means ± SD, n = 3)
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zone of 16 mm, corresponding to a minimum 
inhibitory concentration (MIC) of 375 µg ml−1. 

3.4. Antileishmanial activity

The antileishmanial capacity of microalgae extracts 
was tested against the promastigotes L. major (gLC94) 
and L. infantum (LVMon) (Table 5). The unicellular 
green algae Dunaliella sp. (Duna-GV) exhibited the 
best antileishmanial activity against both leishmaniasis 
pathogens. The crude extract of Duna-GV reduced 
the viability of L. infantum and, to a lesser extent, that 
of L. major (IC50 = 151 and 284 µg ml−1, respectively). It 
was followed by the Oscillatoriales cyanobacterium 
Limnothrix sp. that showed interesting IC50 values 
against the two pathogens (188 and 377 μg ml−1 for  
L. infantum and L. major, respectively). 

4. Discussion 

4.1. Phycobiliproteins

According to the results obtained, the 
Cylindrospermopsis strain Cylind-NB occupies 
an exceptional position among all the strains 
studied, being by far the most productive of total 
phycobiliproteins, with a total amount exceeding 
3000 µg ml−1. More interestingly, the PC level in 
this Nostocales cyanobacterium is more than ten 
times higher than the two other constituents of 
phycobiliprotein combined (2873 µg ml−1 of PC 
against 277 µg ml−1 for APC and PE, combined). 
Compared to the results obtained by other authors, 
the Cylindrospermopsis strain tested in the present 
study appears to be a very rich source of PC. For 
example, Horvath et al. (2013) reported a PC amount 
of 5 µg ml−1 in a Cylindrospermopsis raciborskii strain 
isolated from surface water samples collected from 
Lake Balaton (Hungary), using the same extraction 
method (repeated cycles of freezing and thawing 
combined with sonication). Aside from the strain 
effect, which is the main factor explaining the huge 
difference observed between the two isolates, other 
factors may also have intervened, notably the high 
light intensity applied by Horvath et al. (2013), i.e. 40 
μmol m−2 s−1, compared to the present work (25 μmol 
m−2 s−1). In fact, the negative effect of light intensities 
above 25 μmol m−2 s−1 on the cellular amount of PC in 
cyanobacterial strains has been reported in several 
studies such as Takano et al. (1995) and De Oliveira et 
al. (2014). These studies demonstrated that the level 
of incident light is one of the factors that most affects 
the cyanobacteria metabolism, and that lower light 
intensities were more advantageous in terms of total 

Table 4
Antibacterial activity of microalgal extracts

Strain

Inhibition zone diameter (mm)
[MIC (μg ml−1)]

B. cereus
ATCC 14579

E. faecalis
ATCC 29212

S. aureus
ATCC 25923 MRSA E. coli

ATCC 35218
P. aeruginosa
ATCC 27853

Chroo-CH NA NA NA NA NA NA
Osci-NB-01 NA NA NA NA NA NA
Arthro-KB NA NA NA NA NA NA
Lepto-CH NA NA NA NA NA NA

Plank-SS-01 NA NA NA NA NA NA
Pseud-01 NA NA NA NA NA NA
Cyl-NB-05 NA NA NA NA NA NA

Osci-BM-01 NA NA NA NA NA NA
Spir-ML NA NA NA NA NA NA

Duna-GV NA NA NA 16 ± 0.1 [375] NA NA
NA – not active at maximum concentration

Table 5
Antileishmanial activity of microalgal extracts

Strain

IC50 ± SD  
(µg ml−1)

L. infantum
(LVMon)

L. major
(gLC94)

Chroo-CH 713.4 ± 0.24 1000 ± 1.96
Osci-NB-01 448.7 ± 0.24 728.5 ± 1.21
Arthro-KB > 1000 > 1000
Lepto-CH 212.7 ± 1.46 401.9 ± 1.22
Plank-SS-01 1000 ± 1.98 > 1000
Pseud-01 1000 ± 2.38 > 1000
Cyl-NB-05 246.4 ± 1.66 473.8 ± 0.53
Osci-BM-01 188.7 ± 1.35 377.5 ± 0.09
Spir-ML 1000 ± 2.44 > 1000
Duna-GV 151.2 ± 0.37 284.87 ± 1.46
Amphotericin B 0.64 ± 0.24 0.97 ± 0.08

IC50 = Inhibitory Concentration 50 (μg ml−1); Amphotericin B = positive control.

SD – standard deviation; each value was represented as mean ± SD (n = 3)
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yields of phycobiliproteins produced by cyanobacteria 
isolates of the genera Nostoc and Synechococcus. It has 
been suggested that this phenomenon is probably due 
to a strategy of preventing photo-oxidative damage 
caused by the production of free radicals in cells. Apart 
from the Cylindrospermopsis genius, lower amounts 
of PC (ranging from 15 to 264 µg ml−1) have also been 
reported by Basheva et al. (2018) in 18 cyanobacterial 
strains belonging mainly to the genera Microcoleus, 
Nostoc, Phormidesmis, and Leptolyngbya. These values 
were obtained under optimal culture conditions, in 
particular the culture mode (extensive culture), culture 
medium (liquid Z-medium), pH (8.5), and temperature 
(24 ± 1°C). On the other hand, a high PC level, quite 
close to our result, was obtained by Bachchhav et al. 
(2016) in an Indian strain of Arthrospira platensis under 
a mixotrophic regime and yellow LED illumination. 
The authors recorded a PC amount of 2500 µg ml−1 
produced by A. platensis, thus proving its significant 
potential for use in the biotechnological production of 
this pigment. 

To the best of our knowledge, this work is the 
first to highlight the capacity of the cyanobacterium 
Cylindrospermopsis raciborskii to produce huge PC 
amounts, making it an effective alternative natural 
source for the biological production of one of the 
most valuable microalgal accessory pigments. In fact, 
many potent bioactivities, with extremely beneficial 
effects on human health, have been attributed to PC, 
such as the positive influence on the immune system, 
especially the defense mechanisms against infectious 
diseases. For instance, Kawamura et al. (2004) found 
that cyanobacterial PC enhances the biological 
defense activity against infectious diseases through 
sustaining functions of the mucosal immune system, 
and reduces allergic inflammation by suppressing 
antigen-specific IgE antibodies. It was concluded that 
the PC-rich cyanobacterial biomass or its processed 
products are not only useful dietary supplements, 
but they also strengthen the defense mechanisms 
against infectious diseases, food allergies, and other 
inflammatory diseases.

In addition to the previously described beneficial 
effects, some epidemiological studies have 
demonstrated the efficacy of PC as an inhibitor 
of cancer cell proliferation in vivo and in vitro. 
For example, Liu et al. (2000) reported that PC of 
cyanobacterial origin significantly inhibited the growth 
of chronic myeloid leukemia/chronic human blast crisis 
K562 cells in a dose-dependent manner. Tumor cells 
were arrested in the G1 phase and blocked to progress 
through the S phase, suggesting that the inhibitory 
effect of PC against the growth of K562 cells may have 
occurred through pathways other than apoptosis, 

and that the altered expression pattern of the c-myc 
protein may be involved in such inhibition. 

Moreover, the neuroprotective role of PC against 
global cerebral ischemia/reperfusion damage in 
gerbils has been reported (Penton-Rol et al. 2011). 
PC was found to exhibit a potent protective effect 
against neuronal cell death in the hippocampus, and 
significantly improve locomotor behavior and survival 
in gerbils after just one week of reperfusion. In another 
study, Rimbau et al. (2001) found strong evidence for 
a remarkable protective role of PC against cell death 
caused by 24 h withdrawal of potassium and serum 
(K/S) in rat granular cerebellar cell cultures. These 
findings highlight some promising perspectives on 
the use of our Cylindrospermopsis raciborskii strain 
as a reliable source of potent and non-toxic natural 
drugs for the treatment of neuronal damage induced 
by oxidative stress in neurodegenerative disorders, 
ischemic strokes, Alzheimer’s disease and Parkinson’s 
disease.

4.2. Antioxidant activity

When comparing our results with previous studies, 
it can be observed that, in general, the levels of 
antioxidant activity against DPPH radicals obtained in 
the present work remain relatively less pronounced. 
IC50 values ranging from 67.5 to 119.6 μg ml−1 and 
from 30.72 to 102.47 μg ml−1 were reported by Ijaz & 
Hasnain (2016) and Babic et al. (2016), respectively, 
for the antioxidant activity of crud extracts of several 
cyanobacterial strains against DPPH radicals. Similarly, 
Safafar et al. (2015) recorded 10-fold higher inhibitory 
activity for Anabaenopsis and for Arthrospira (IC50 = 90 
and 100 μg ml−1, respectively) than that recorded for 
the same strains in our study. On the other hand, the 
most active isolate against DPPH radicals characterized 
in the present work (Chroococcus sp.) showed much 
higher antioxidant activity (6 times higher) than that 
found by Singh et al. (2017) for the same species (IC50 = 
1260 Vs 212 μg ml−1). 

The particularly interesting antioxidant activity 
recorded in Chroococcus sp. and, to a lesser extent, 
Leptolyngbya sp1. may suggest that they are good 
candidates to be considered as new natural sources of 
effective and non-toxic antioxidants, with a number 
of extremely beneficial health effects. In fact, many 
authors have reported the importance of antioxidant 
and radical scavenging activity of cyanobacterial 
origin among the most interesting therapeutic and 
nutritional functions that are particularly sought after 
by the food and pharmaceutical industry in recent 
decades (Hossain et al. 2016). Nevertheless, extracts 
of these cyanobacterial strains remain remarkably less 
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active compared to the synthetic standard BHT used as 
a positive control in the present work (IC50 = 17.34 μg 
ml−1). 

This finding appears to be consistent with previous 
studies, e.g. Blagojevic et al. (2018), where an extremely 
low IC50 value was reported for BHT (about 10 μg ml−1), 
reflecting much stronger DPPH scavenging efficiency 
compared to 10 microalgal isolates essayed in their 
study. 

Nevertheless, it should be noted that such 
extraordinary antioxidant efficiency of BHT 
among other synthetic commercial antioxidants, 
especially butylated hydroxyanisole (BHA), tertbutyl 
hydroquinone (TBHQ), or propyl gallate (PG), is not 
without a significant cost. In fact, the use of BHT and 
BHA as food additives to neutralize or delay lipid 
peroxidation in the food industry has been shown to 
be associated with several serious health risks. Some 
epidemiological studies focusing on the medium 
and long-term health effects of BHT and BHA on 
animal models have proved that these products are 
characterized by high toxicity and carcinogenic or 
mutagenic effects (Lanigan & Yamarik 2002; Agyei et al. 
2015). 

These adverse health effects attributed to BHT 
and BHA and other commonly used synthetic 
antioxidants have put more pressure on nutraceutical, 
pharmaceutical, and food industries, and have 
made the need to identify new sources of natural 
antioxidants as safe alternatives even more appealing 
and urgent.

Regarding total polyphenols, very few studies 
have measured the polyphenol content in microalgae 
compared to other cellular constituents (Goiris et al. 
2012). Our results showed TPP levels varying between 
undetectable values and a maximum of 8.9 mg EqGA/g 
DW (Chroococcus sp.). These levels are within the range 
reported by Safafar et al. (2015), who assessed the 
TPP content in different microalgal species belonging 
to several taxonomic classes (between 4 and 8 mg 
EqGA/g DW). However, Goiris et al. (2012) and Hossain 
et al. (2016) reported lower levels, not exceeding 
4 mg EqGA/g DW, in extracts from more than 35 
industrial microalgal strains. The observed differences 
can be explained by extrinsic factors such as culture 
conditions (photoperiod and nutrient concentration) 
and culture method (autotrophic or mixotrophic) as 
well as genetic and physiological factors, especially 
strain intrinsic characteristics, its origin, and even the 
stage of development at harvest time. 

Statistical analysis revealed that there was no 
significant correlation between antioxidant activity 
and polyphenol content in the crude extracts, either 
in terms of PPT (r = 0.142; p = 0.782), or FT (r = 0.214;  

p = 0.661). The highest DPPH scavenging activity was 
observed in Leptolyngbya sp1., the extract of which 
contained the lowest concentration of PPT. On the 
other hand, Arthrospira platensis was the richest strain 
in FT and yet exhibited the lowest DPPH scavenging 
activity among all the investigated strains. This 
indicates that probably other compounds contribute 
strongly to the antioxidant effects observed for the 
strains tested in the present study. This could be 
attributed, for instance, to phenolic compounds that 
cannot be detected by the method adopted here or to 
other non-phenolic compounds. The later hypothesis 
seems to be the most consistent with a previous 
study (Cepoi et al. 2009) where the high antioxidant 
activity recorded in the biomass of Arthrospira 
platensis and Nostoc linckia was suggested to be 
related to considerable amounts of carotenoids and 
tocopherols, which were better extracted at higher 
concentrations of ethanol (55 and 70%). In general, 
these microorganisms are known for their ability to 
synthesize various phytochemical compounds such 
as tannins, terpenoids, UV screening compounds, 
steroids, and polyunsaturated fatty acids, thus 
forming a complex mixture of compounds in which 
antioxidants can act synergistically in a manner that is 
only partly understood. 

4.3. Antimicrobial activity

The antibacterial activity assessment against 
several human pathogenic bacteria revealed a 
moderate antibacterial potential of the unicellular 
green alga Dunaliella sp. (Duna-GV) only against 
methicillin-resistant Staphylococcus aureus (MRSA), 
with a MIC value of 375 µg ml−1, corresponding 
to an inhibition diameter of 16 mm. This growth 
inhibitory capacity of such a pathogen, considered 
the most virulent of the genus Staphylococcus, 
can be qualified as moderate on the basis of the 
classification criteria provided by Askun et al. (2013). 
Indeed, the antibacterial activity of plant extracts is 
considered to be high for MICs below 100 µg ml−1, 
moderate between 100 and 625 µg ml−1, and inactive 
for MICs above 800 µg ml−1. The result is consistent 
with the previous study by Maadane et al. (2017) on 
several microalgal species, including Dunaliella sp. 
and Dunaliella salina, collected along the Moroccan 
coast, who concluded that the ethanolic extracts 
of Dunaliella strains exhibited moderate inhibitory 
activity, targeting in particular the pathogens  
P. aeruginosa and Escherichia coli.

According to previous research published by 
Maadane et al. (2015), ethanolic extracts of Dunaliella 
sp. contained significant amounts of carotenoids, 
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up to 10.8 mg g−1 DW, suggesting a possible role of 
these compounds in the total antimicrobial potential 
observed in this strain. The last hypothesis seems to 
be in agreement with Bhagavathy et al. (2011), where 
different carotenoids extracted from Chlorococcum 
humicola exhibited important antimicrobial activity, 
affecting both Gram positive and Gram negative 
bacteria.

4.4. Antileishmanial activity

The antileishmanial activity of microalgal extracts 
was evaluated against promastigote forms of the 
parasites L. infantum (LVMon) and L. major (gLC94). 
The results showed that the unicellular green algae 
Dunaliella sp. (Duna-GV) exhibited the highest 
inhibition against the two Leishmania pathogens, 
with IC50 values of 151.2 μg ml−1 and 284.8 µg ml−1 for  
L. infantum and L. major, respectively. 

At present, marine organisms are increasingly 
recognized by scientists as an interesting natural 
source of new bioactive products and a promising 
alternative in the therapy and control of leishmaniasis. 
However, very few reports have been published on the 
antileishmanial capacity of microalgal extracts (Pereira 
et al. 2015). 

To the best of our knowledge, this is the first study 
to demonstrate the antileishmanial effect of the genus 
Dunaliella. It strongly suggests that this eukaryotic 
unicellular green microalga may represent a good 
candidate to be used in the treatment of cutaneous 
and visceral leishmaniasis caused by the pathogens  
L. major and L. infantum. This appears to be of 
particular interest for Tunisia, a country endemic to CL 
and VL, where CL caused by L. major continues to pose 
a major health threat and causes thousands of new 
cases annually, with alarming infection rates reaching 
up to 60% of the population of certain villages (WHO 
2017).

In addition, the results revealed that most of 
the isolates tested exhibited a particularly targeted 
antileishmanial activity against L. infantum more than 
L. major parasites. This could also be of particular 
importance in the wider context of the Mediterranean 
region, where L. infantum is the sole causative agent of 
canine leishmaniasis as well as cutaneous and visceral 
forms of human leishmaniasis. They are described as 
endemic in 22 countries of the Mediterranean zone, 
where they are strongly considered as a serious public 
and veterinary health problem (Campino et al. 2006). 
Furthermore, in the Iberian Peninsula in Southwestern 
Europe, infections with L. infantum in humans are 
mainly associated with immunosuppressive diseases, 
in particular with co-infection with the AIDS virus, 

HIV. According to Campino & Maia (2010), no effective 
human or canine vaccine against this pathogen has 
been developed, and chemotherapy is the only way to 
control cases of infection.

5. Conclusion 

The present study provides important, clear 
and reliable information on 10 microalgal strains 
that colonize several Tunisian inland water bodies 
with respect to their potential for production of 
phycobiliproteins, and the evaluation of their 
antioxidant, antibacterial, and antileishmanial 
effects. The cyanobacterium Cylindrospermopsis 
raciborskii occupied a unique position among all the 
investigated isolates, considering its higher production 
and accumulation capacity of phycocyanin. This 
is a characteristic that certainly gives this strain a 
significant potential for use in the biotechnological 
production of this extremely valuable pigment. The 
genera Chroococcus and Leptolyngbya exhibited 
promising antioxidant activity, making them potential 
candidates as new natural sources of effective 
and non-toxic antioxidants. Eukaryotic unicellular 
green microalgae Dunaliella sp. showed the best 
antileishmanial properties. This result is of particular 
importance, especially in the context of Tunisia, where 
cutaneous leishmaniasis caused by L. major continues 
to cause thousands of new cases of infection each year 
and is a major health problem for the local population. 

In view of the results obtained in the present work, 
we believe that the optimization of culture conditions, 
especially light and temperature, targeting the most 
potential strains will have an impact on increasing their 
potentiality. In addition, the use of genetic engineering 
as a measure to control the expression level of the 
genes encoding this activity would be of great benefit.
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