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ABSTRACT

This study focused on the isolation, purification, morphology, and molecular characterization
of local microalgae species and studied their growth in culture media at different salinity
levels. In addition, qualitative and quantitative analyses of their polyphenolic compounds with
some biological activities (antioxidants and antimicrobials) were performed. The isolated
microalgae species and yeast were used as feed for Artemia (Artemia franciscana) and
Daphnia magna to study their effect on their growth.

Three species, Chlorella sp. CHL11, Chlorella sp. CHL15, and Limnospira fusiformis TLO3,
have been isolated, purified, identified, and deposited in the NCBI, with accession numbers of
MZ970329, ON799438.1, and ON799439.1, respectively.

The results of the growth evolution, chlorophyll a, chlorophyll b, and carotenoid contents of
the three species at different salinity levels showed their tolerance to different salinity
concentrations, and their growth was inversely proportional to the increase in salinity.

The polyphenol and flavonoid contents of the hydromethanolic extracts showed that the three
algal extracts were rich in polyphenols and flavonoids, with higher amounts of total phenolic
content (18.41+£0.32 mg GEA/g) recorded in L fusiformis TLO3 and higher total flavonoid
content (3.59+0.06 mg QE/g DW) in Chlorella sp. CHL11.

High-performance liquid chromatography (HPLC) analysis of the hydromethanolic extracts
revealed the presence of different classes of phenolic compounds (phenolic acid, flavanols,
flavanones, hydroxy-flavones, flavonols, and flavones).

Regarding the biological activity part, the results of antioxidant activities evaluated by DPPH
radical scavenging activity and beta-carotene bleaching activity showed that the highest
percentages of DPPH inhibition (86.19 + 1.61%) and beta-carotene bleaching (60.35 +
1.10%) were recorded in L. fusiformis TLO3.

The results of the antibacterial activity of the crude hydromethanolic extract against six strains
of pathogenic bacteria (Bacillus subtilis, Staphylococcus aureus, Listeria monocytogenes,
Escherichia coli, Pseudomonas aeruginosa, and Klebseilla pneumoniae) showed that all the
extracts had strong activity against B subtilis and S. aureus, with different effects recorded
against other bacteria.

The results of Artemia feeding during 12 days ,showed that, the highest values for body
length(5030.13 + 189.82 um) and survival rate(78.33 £0.88% ) were registred in Artemia fed
on L. fusiformis TLO3. For the Daphnia magna feeding trial lasting two weeks, the highest
body length values (2997.63 + 60.04 um) were recorded in those fed on Chlorella sp. CHL15,
and the highest survival rate (67 + 1.15%) was recorded in Chlorella sp. CHL11.

Keys words: Microalgae, Isolation, Identification, Total phenolic and flavonoid, HPLC,
biological activity, feed.



RESUME

Cette étude a porté sur l'isolement, la purification, la morphologie et la caractérisation
moleculaire des espéces de microalgues locales et a étudié leur croissance dans des milieux de
culture a différents niveaux de salinité. De plus, des analyses qualitatives et quantitatives de
leurs composés polyphénoliques présentant certaines activités biologiques (antioxydants et
antimicrobiens) ont été réalisées. Les espeéces isolées de microalgues et la levure ont été
utilisées comme nourriture pour Artemia (Artemia franciscana) et Daphnia magna afin
d'étudier leur effet sur leur croissance.

Trois espéces, Chlorella sp. CHL11, Chlorella sp. CHLI15 et Limnospira fusiformis TLO3, ont
été isolées, purifiées, identifiées et déposées au NCBI, sous les numéros d'acces MZ970329,
ON799438.1 et ON799439.1, respectivement. Les résultats de I'évolution de la croissance, des
teneurs en chlorophylle a, chlorophylle b et caroténoides des trois espéces a différents niveaux
de salinité ont montré leur tolérance a différentes concentrations de salinité, et leur croissance
était inversement proportionnelle a I'augmentation de la salinité.

Les teneurs en polyphénols et en flavonoides des extraits hydrométhanoliques ont montré que
les trois extraits d'algues étaient riches en polyphénols et en flavonoides, avec des teneurs en
phénols totaux plus élevées (18,41 £ 0,32 mg GEA/g) enregistrées chez L. fusiformis TLO3 et
des teneurs en flavonoides totaux plus ¢levées (3,59 + 0,06 mg QE/g DW) chez Chlorella sp.
CHLI11.

L'analyse par chromatographie liquide haute performance (CLHP) des extraits
hydrométhanoliques a révélé la présence de différentes classes de composés phénoliques
(acide phénolique, flavanols, flavanones, hydroxyflavones, flavonols et flavones). Concernant
la partie activité biologique, les résultats des activités antioxydantes évaluées par l'activité de
piégeage des radicaux DPPH et I'activité de blanchiment du béta-caroténe ont montré que les
pourcentages les plus élevés d'inhibition du DPPH (86,19 + 1,61 %) et de blanchiment du
béta-caroténe (60,35 = 1,10 %) ont été enregistrés chez L. fusiformis TLO3.

Les résultats de l'activité antibactérienne de l'extrait hydrométhanolique brut contre six
souches de bactéries pathogeénes (Bacillus subtilis, Staphylococcus aureus, Listeria
monocytogenes, Escherichia coli, Pseudomonas aeruginosa et Klebseilla pneumoniae) ont
montré que tous les extraits avaient une forte activité contre B. subtilis et S. aureus, avec des
effets différents enregistrés contre d'autres bactéries.

Les résultats de l'alimentation des Artémias pendant 12 jours ont montré que les valeurs les
plus élevées de longueur corporelle (5030,13 = 189,82 um) et de taux de survie (78,33 + 0,88
%) ont été enregistrées chez les Artémias nourries avec L. fusiformis TLO3. Pour l'essai
d'alimentation avec Daphnia magna d'une durée de deux semaines, les valeurs de longueur
corporelle les plus élevées (2997,63 £ 60,04 um) ont été enregistrées chez celles nourries avec
Chlorella sp. CHLI1S, et le taux de survie le plus élevé (67 £ 1,15 %) a été enregistré chez
Chlorella sp. CHLI11.

Mots clés : Microalgues, Isolement, Identification, Composés phénoliques et flavonoides
totaux, HPLC, activité biologique, Alimentation.
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General Introduction

Microalgae are microorganisms, unicellular or multicellular, filamentous or siphonous,
photosynthetic, which include eukaryotes and prokaryotes (Pereira et al., 2020). They have
been found in a broad spectrum of habitats, encompassing saline, estuarine and freshwater
environments; deserts and ice sheets; soil and rock surfaces; and tree bark (Aburai et al.,
2013; Hopes & Mock., 2015; Borowitzka, 2018; Jacob-Lopes et al., 2020; Cook et al., 2020;
Williamson et al., 2020; Senousy et al., 2020; Winkel et al., 2022; Arsad et al., 2022; Wu et
al., 2022; Mahmudi et al., 2023; Borics et al., 2023, Roque al., 2023; Yan et al., 2024; Li et
al., 2024).

Some microalgae are extremophiles or tolerant microalgae that prefer or are able to live in
extreme conditions such as acidic or alkaline pH, high temperature, light, CO2 level and metal
concentration (Varshney et al., 2015). Microalgae are characterized by a wide variety of
colors and live in different forms of cell organization, individually (single cells), in chains or
colonies (aggregate in colonies), and in filamentous forms (Hachicha et al., 2022; Stoyneva-
Girtner et al., 2024), depending on the species .

Microalgae are a diverse group of photosynthetic microorganisms, comprising both
prokaryotic and eukaryotic species (Brasil et al., 2017). It is estimated that there are around
800,000 species of microalgae, but only 40,000-50,000 have been described (Hachicha et al.,
2022).

The large diversity of microalgae and their biochemical compounds have expanded their uses
in various biotechnological applications. Microalgae are used in wastewater treatment, clean
and renewable energy production, biofertilizers, bioplastics, and some cosmetic and
pharmaceutical products production. In addition, microalgae are used in human food as
dietary supplements and as feed for aquatic animals such as rotifers, daphnia, brine shrimp,

shrimp larvae, mussels, oysters, and larvae of some fish produced in hatcheries.

Algeria has diverse aquatic ecosystems freshwater, brackish water, and hyper saline water.
These diverse aquatic environments can be a valuable source of microalgae, which have
multiple biotechnological applications and thus provide economic benefits.

Isolating and cultivating local microalgae that are adapted to the local aquatic environment,
tolerate brackish and saline water (especially water that is unsuitable for drinking or
agricultural use) and have economic value contributes to the development of algae production

and economic diversification without the use of fresh water.
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In Algeria, limited research has been carried out on the isolation and valorization of local
algae. This study therefore addresses this topic through various chapters. This work is divided
into two parts: the first is Literature Review part and the second is Experimental part.

The present work aims to isolate, purify, and characterize three local microalgae strains —
Limnospira fusiformis TLO3, Chlorella sp.CHLI11, Chlorella sp.CHL15 from Telamine and
Gharabas Lake, and to evaluate their potential for biological activities and aquacultural
applications. The experimental part of this study divided in six chapters

In Chapter 1, the sampling, isolation, purification, and preservation of the three local
microalgae strains in both solid and liquid BG11 media is focused on. This critical initial
phase establishes pure cultures, which are essential for subsequent morphological and
molecular characterisation. Morphological identification is based on microscopic features,
whereas molecular identification through DNA analysis provides taxonomic confirmation and
evolutionary insights.

The effect of different salinity concentrations on the growth performance and pigment content
(chlorophyll a, chlorophyll b, and carotenoids) of each microalgae strain is examined in
Chapter 2. The Salinity is a key environmental parameter that influences photosynthetic
efficiency and metabolite synthesis. Studying growth and pigment variation under stress
salinity shows adaptive responses and indicates the potential nutritional and functional
benefits of these microalgae for animal feed, particularly in the zooplankton feeding, such as
Rotifere Artemia and Daphnia.

Chapter 3 involved assessing the total phenolic and flavonoid content, as well as qualitatively
analyzing polyphenolic compoundso of the hydromethanolic extract of the three microalgae
using HPLC. The antioxidant capacity is evaluated using DPPH and -carotene assays, which
provide insight into the extracts' free radical scavenging activity. The antioxidant activity of
microalgae is strongly related to their ability to increase the antibacterial resistance of their
consumers, such as zooplankton, against pathogenic microbes.

Continuous to the biological activities of the isolated microalgae, Chapter 4 examined the
antibacterial properties of microalgal extracts against pathogenic bacterial strains.

Finally, Chapter 5 and 6 focused on the use of three isolated microalgae as feed for Artemia

and Daphnia magna and investigated their effect on their growth and survival rate.
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1. Introduction

Phycologists regard all organisms with chlorophyll a, without roots, stem, and leaves; can be
classified as alga (Lee 1989). The latter term is divided into macroalgae and microalgae
(Visuddho et a/., 2024), which differ in size and organelle content.

Macroalgae or seaweeds, are macroscopic, visible to the naked eye; they can reach tens of
meters in length, while microalgae are microscopic, ranging in size from a few micrometers to
a few hundred micrometers (Zuccaro et al., 2020; Khaligh & Asoodeh, 2022).

Microalgae are characterized by a wide variety of colors and live in different forms of cell
organization, individually (single cells), in chains or colonies (aggregate in colonies), and in
filamentous forms (Coélho et al., 2019; Hachicha et al., 2022; Stoyneva-Gértner et al., 2024),

depending on the species.

2. Evolution of algal classification
Harvey is one of the first algologists to describe the first classification of algae, followed by
other classifications that have been based on a number of characters, such as morphological,
physiological, biochemical, and, more recently, molecular characters (Harvey 1836; Baweja
& Sahoo, 2015), on the basis of the color of the thallus, have been classified algae into four
groups: Chlorospermae (green), Melanospermae (brown), Rhodospermae (red), and

Diatomacea (diatoms).

Eichler (1883) classified algae into five groups: Chlorophyceae (green algae), Phacophyceae
(brown algae), Rhodophyceae (red algae), Cyanophyceae (blue green algae), and Diatomeae
(diatoms).

Pascher (1931) presented another classification based on phylogeny and relationships within
groups. He divided algae into eight divisions, which were subdivided into different classes.
Fritzsch (1935) classified algae based on various criteria such as pigmentation, the chemical
nature of the reserve food material, the arrangement of the flagella, the presence or absence of
an organized nucleus in a cell, and the mode of reproduction. He divided algae into 11 classes,
each one of them subdivided into various orders.

Chapman (1973), Parker (1982), and Lee (2008), they classified algae into prokaryotes and
eukaryotes, which were divided into divisions and classes.

Person (2011), and Levasseur et al. (2020) reported that the classification of microalgae is

very complex and mysterious. It based on several different criteria, such as organizing

3
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photosynthesis membranes, chemical nature of storage products, and their pigments and other
morphological features (Vieira et al., 2020).

Hachicha et al. (2022), have been summarized the classification of microalgae and
cynobacteria (Tab. 1) in 11 phyla in which he based on the classification of Metting in 1996
and Fritsch in 1922. The classification is based on several criteria such as pigments, reserve,

flagellation, reproduction and cell envelope
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Table 1: Classification of microalgae and cynobacteria (Hachicha et a/., 2022).

PHYLUM CLASS PIGMENTS RESERVE FLAGELLATION REPRODUCTION CELL ENVELOPE
Cyanobacteria Cyanophyceae ~ Chla,f3 carotene Starch (granule) Unflagellated Simple division, Lack of cellulose
flavacene, and glycogen non-motile
Echinenone isozea-, endospore,
zea-, myxo-, vegetative
oscillaxanthin APC, fragmentation  No
C-PC, C-PE sexual reproduction
Chlorophyta Chlorophyceae Chla.b. aa Starch Oil From two to four Isogamy, C.ellulose-lrmannans+xylans
Trebouxiophyceae > . . Sistosterol. Sometimes
. flagella (mobile), anisogamy, oogamy lcified
Ulvophyceae B—cqro ene, Isokont Motile zoospore, calcriie
lutein, zea-, viola-, loro- .
. non-motile spore
Ulvophyceae and neoxanthin
Euglenophyta Euglenophyceae Some colorless Chl a, b, Paramylon One or two flagella, Longitudinal No cell membrane Flexible
diadinoxanthin Ergosterol one of which  division . .
R periplastor pellicle
contains cilia and the
second being
reduced
Heterokontophyt | Xanthophycea Chl a and c, Oil Leucosin Two heterokont Zoospore, Rich in pectic compounds
a/ Ochrophyta E B-carotene, Ergosterol flagella and aplanospores, Silicification during the rest
Eustigmatophyceae  heteroxanthin, sometimes a single statospores period
diadinoxanthin flagellum Isogamy, oogamy
++) (Vaucheria
Miozoa Dinophyceae Chl a, c, PB-carotene, StarchLipids Lateral biflagella Zoospore With or without cellulose
d}adlnoxar.lthln, Longitudinal
dinoxanthin, oblique division
Peridinins Aniso or isogamy
Euglenophyta Euglenophyceac S.om.e colorlf?ss Chl a, b, Paramylon One or two ﬂage!la, Lpr}gitudinal No cell membrane Flexible
diadinoxanthin Ergosterol one of which division
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Heterokontophyt
a/Ochrophyta

Haptophyta

Bacillariophyta
(Diatoms)

Cryptophyta

Heterokontophyt
a/
Ochrophyta

Rhodophyta

Chrysophycea

Coccolithophyceae
Pavlovophyceae
Rappephyceae

Bacillariophyceae

Cryptophyceae

Phaeophyceae

Porphyridiophycea
e

Bangiophyceae
Florideophyceae

Chl a, c, B-carot, Fuco-,
Diato-, diadinoxanthin

Chl a, ¢, B-carot, Fuco-,
Diato-diadinoxanthin

Chl a, c, B-carot, Fuco-,
Diato-, diadinoxanthin

Chl a, c, Biliproteins,
o-carot, Allo-, Croco-,
Monado-xanthi

Chl a, ¢,
violaxanthin
Fucoxanthin (++)

B-carot,

APC, C-PC,R-PC, B-PE,
R-PE ,phytochrome,o and
Bcarot, Chl a and d,
zeaxanthin, lutein

Chrysolaminarin
Fucosterol
Porifasterol

Chrysolaminarin
Fucosterol
Porifasterol

Chrysolaminarin
0Oil

Starch (granule)
Oil
Carbohydrates

Mannitol
Laminarin
Lipids

Starch,
floridoside,
mannoglycerate,
sulfated
polysaccharides

contains cilia and the

second being
reduced

Two heterokont
flagella

Two isokont
flagella +
haptonema

Without

flagellum except
for male gamete

Two unequal
flagella except
for Bjornbergiella
and

Tetragonidium

Two heterokont
flagella

No flagella

Zoospore,
statospore

Zoospore,
statospore

Cell division ogamie
(centered  diatoms)
Amoeboid isogamy
(pinnate diatoms)
Zoospores

Monospores,
tetraspores,
non-motile
aplanospores

From isogamy to
oogamy

Oogamy complex

periplastor pellicle

Less cellulose with
silicification or calcification
ofthe membrane

Less cellulose with
silicification
or calcification of the

membrane
Silica + pectic compounds

Proteinaceous periplast

Cellulose + alginic acid +
fucoidin

Carbohydrates
cellulose, galactane)

(xylose,
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3. Studied microalgal species

3.1. Limnospira

Spirulina is the ancient commercial name for edible filamentous cyanobacteria, which was first attributed
to the genera Spirulina and Arthrospira

Turpin (1827) has identified and described the multicellular spiral Cyanobacterium as Spirulina
ocellarioides. To distinguish Spirulina from Arthrospira Castenholz (1989) proposed the use of the
following criteria: the degree of inclination of the pitch of the trichome helix (from the transverse axis);
the visibility of the cross-walls between the cells in the filament; the distribution of the junction pores in

the cell wall.

3.1.1. Morphologic description
The name Spirulina was first given by Wittrock and Nordstedt (1884) to a blue-green microalgae in the
form of spiral filaments divided by septa, which was discovered in a stagnant pond near Montevideo,
where the microalgae was named “Spirulina”.
Based on the research conducted by Komarek & Anagnostidis, (2005) and Komarek &d Hauer (
2011)[Tab 2], Sili et al., (2012) reported that Spirulina and Arthrospira belong to two different genera and
also Sinetova et al. (2024) summarized the different taxonomic morphological criteria of them as follows:
Spirulina genus, characterized by its trichome helix, usually nearly closed and permanently motile by
rotation; cell cross walls, usually invisible under microscope; cell width range, 2—4 um. whereas in the
Arthrospira genus the trichome helix is usually open; cross walls visible under light microscope; gas
vesicles usually present; cell width range 6-12 um.
Limnospira is a recently established genus with three validated species that were reclassified from
Arthrospira based on morphological, molecular, and ecological differences (Nowicka-Krawczyk et al.,
2019). Arthrospira fusiformis, Arthrospira maxima, and Arthrospira indica were reclassified to
Limnospira fusiformis, Limnospira maxima, and Limnospira indica respectively (Nowicka-Krawczyk et
al., 2019).
Spirulina (4rthrospira or Limnospira) is a blue-green microalgae (Spinola et al., 2024; Sharma & Rana,
2024) that belongs to the phylum Cyanobacteria (Sinetova et al., 2024), which is one of the most ancient
living organisms on Earth (AlFadhly et al., 2022).
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Table 2. Morphology of Arthrospira species based on Komarek and Anagnostidis ( 2005) , Komarek &d Hauer ( 2011 )

SPECIES Trichome width Cell length coils width coils helix shape gas morphology
(nM) (nm) (nm) height vacuoles of trichome
(nm) end
Types Without Gas-Vacuoles (Forming Mats) |
A. balkrishnanii 3.5-4 (5) 0.8-1.2 6-7 12-15 - - Rounded. no
calyptra
A. desikacharyensis 0.85-1.7 51-6.8 10.2— Regularly loosely - Rounded
11.5 spiral coils
A. gigantean (2.5)34 (8) 11-16 7-12 Regularly coiled - +/— conical
(15)
A. gomontiana 2.5-3 +/— 6-6.5 15-19 -
isodiametric
A. jenneri (3.7)4-6 (8) (74) 8-15 (9.2) 12— Regularly screw- — Rounded, no
(17) 25 (31 like coils calyptra
A. massartii 5-6 - - - Loosely screw-like - Rounded
conical
A. pellucidis - - - - - -
A. platensis 4)6-7 (9) Nearly (20)26-36 (24) 30— +/— regularly - Rounded or
isodiametric 57 loosely spiral coils flat calyptra
A. santannae 2.8-3.8 +/— 12.5-18.5 2040 +/— densely or - Rounded, no
isodiametric  (loose) (dense) loosely coil calyptra
8.8-10.8 5.5-5.8
(dense) (loose)
A. skujae (2.7)3.1-4.3 3.1-9.3 7.4-11.8 7-13 Regularly  screw- - Rounded,
like coil
A. tenuis About 2 2-3 20-35 -
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A. argentina

A. fusiformis

A. indica

A. ghannae

A. joshii

A.maxima

Types With Gas Vacuoles (Planktonic, Solitary Trichomes)

9-10.5

(3.4)5-9(11) 2-3
shorter
than wide

89 1/3-1/2
long
as wide

3-5.2

4.2-5.1 2.7-3.4

(6.5)7-9 (10)5-7 5-7

X

as

33-49

15-50

16-39

20-22

6.8-7.6

40-60

63-75

0-80

1666

20-35

17-19.2

70-80

Regularly  screw-
like coiled
intensely narrowed
or

widened  towards
ends

Spirally coiled and
distinctly
narrowed towards
ends

Regularly loosely
screw-like coils

Regularly  screw-
like coils,

not attenuated
towards ends
Regularly loosely
screw-like

coiled, gradually
slightly

attenuated at ends

Rounded

Conical
calyptra

Slightly
attenuated end
and capitates
Rounded, no
calyptra

Rounded with
thickend
outer cell wall
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3.1.2. Geographical distribution:

The species of Arthrospira have been isolated mostly from alkaline, brackish, and saline waters

in tropical and semitropical regions (Castenholz, 2001; Komarek & Anagnostidis, 2005). The

first discovered of 4. platensis in Algeria was by Fox (1996) in Tamanrasset Pond, located in

the southern region of Algeria.

The main populations Arthrospira have been reported in 30 countries worldwide (Table 3),

eleven in Africa, nine in Asia, five in America, and five in Europe (Sili et al., 2012).

Table 3: Geographical distribution of the main populations of Arthrospira (Castenholz 2001;
Komarek & Anagnostidis, 2005).

Country location Taxon
Africa
Chad Natron lakes (Bodou, Mombolo, A. platensis, A. platensis f. minor
Rombou, Yoan) and pools (Latir,
Iseirom, Latir, Liva), Kanem region
Lake Kailala, Lake Kossorom A. fusiformis
Kenya Natron lakes A. platensis
(Bogoria, Crater, Elmenteita, Nakuru)
Rift Valley A. fusiformis
Lake Bogoria A. platensis, A. platensis f. minor
A. fusiformis
Lake Simbi A. platensis
A. platensis = A. fusiformis
A. fusiformis
Lake Sonachi A. fusiformis
Lake Oloidien A. fusiformis
Ethiopia Lake aranguadi A. platensis
Lake Chiltu, Green lake A. platensis = A. fusiformis
Egypt Lake maryut A. platensis
Sudan Lake dariba, jebel marra A. geitleri
Algeria Pond tamanrasset A. platensis
Congo Laka mougounga Arthrospira sp.
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Zambia
Tunisia
Mozanbique
South africa
Asia

India

Myanmar
Pakistan
Sri lanka

China

Thailand
Russia
Azerbaijan
America
Mexico
Brazil

California

Peru

Uruguay
Europe
Spain
France
Hungary
Romania

Serbia

Lake Kivu
Lake bangweolou
Lake korba
Wastewater ponds

Lake tswaing

Ponds

Lonar Lake; ponds; tank
(Madurai, MCRC isolate)
Crater lake

Fish pond, lahore

Lake beria

Fish ponds, nanking

Lake Bayannur

Tapioca factory ef fl uent lakes, bangkok

Tunatan lake, siberian steppe

Water basin, khumbasha

Lake Texcoco solar evaporator
Mangueira Lagoon

Pond, Oakland

Coastal lagoon, Del Mar

Lake Huachachina

Montevideo

Lake Santa Olalla

Tiny lake, Camargue
Adasztevel-Oroshaz

Alkaline pond near Cluj-Napoca

Salty puddles near river Tamis

Arthrospira sp

Arthrospira sp.
Arthrospira sp.

A. fusiformis
A. fusiformis

A. maxima

A. indica

Arthrospira sp.
Arthrospira sp.
Arthrospira sp.

A. platensis
A. platensis
Arthrospira sp
A. fusiformis

Arthrospira sp.

A. maxima

Arthrospira sp.

A. maxima
A. platensis
A. platensis
A. maxima

A. platensis

Arthrospira sp.
Arthrospira sp.

Arthrospira sp
A. fusiformis
A. fusiformis
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3.2. Chlorella

Chlorella is a genus of microalgae that belongs to the family Chlorellaceae, order Chlorococcale,
class Chlorophyceae, division Chlorophyta(Long et al.,2024). The National Center for
Biological Research (NCBI) classification lists 42 genera in the Chlorellaceae family. Among
these genera is the genus Chlorella, which is divided into 25 species (Mdcsai et al., 2024). This
genus was discovered by Beijerinck (1890) when he described the species Chlorella vulgaris.

The genera have been the subject of a number of systematic revision studies over the time (Bock
et al., 2011; Champenois et al., 2015). These revisions have been based principally on their

morphological and reproduction studies (Fott, 1969; Nozaki et al., 1995).

Over that period, more than a hundred of chlorella species have been identified from different
environments (Krienitz et al., 2004) and have been classified within the genus Chlorella based

on morphological features similarities.

3.2.1 Morphologic description
The Chlorella genus is characterized by its spherical, sub-spherical or ellipsoidal cells, they live
in solitary or in colonies form up to 64 cells, with or without mucilage. It reproduces by
autospores (Bock et al., 2011).
The term Chlorella has been used for a group of small green eukaryotic cells with hardly any
obvious visual characteristics to differentiate their species and even genera (Bock et al., 2011;
Leliaert et al., 2014; Krienitz et al., 2015; Zou et al., 2016; Fawley & Fawley, 2020).
The present challenge in the study of this genus is the difficulty of distinguishing between the
many species that resemble Chlorella with the limited number of morphological characters and
the small sizes of the vegetative cells that hinder identification and distinction between species
(Ettl & Girtner, 1995; Neustupa et a/., 2009).
Bock et al. (2011) modified the general description of Chlorella through a polyphasic approach

that included morpholological and phylogenetic characteristics.
3.2.2 Geographical distribution

The genus Chlorella (Trebouxiophyceae) is widespread in almost all regions of the world

(Aigner et al., 2020), living in freshwater brackish water, seawater, and soil terrestrial habitats,
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and some species are also symbionts of lichens, protozoa and invertebrates (Luo et al., 2010;

Bock et al., 2011; Darienko et al., 2015).
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1. Introduction

The production of microalgal biomass involves several steps, the most important of which are
cultivation, harvesting and drying. The cultivation phase represents the largest cost due to the
high cost of the culture medium and the energy required to maintain optimal culture
conditions (temperature, pH, aeration and light) (Norsker, 2011; Cabrera-Capitillo et al.,
2023).

The growth and physiological functions of microalgae are entirely dependent on the presence
of essential nutrients in their culture media; macronutrients such as carbon (C), nitrogen (N),
phosphorus (P), and for certain species, silicon (Si), in addition to micronutrients such as iron,
magnesium, and trace elements like zinc and copper serve as cofactors in enzymatic reactions

and are essential for photosynthetic efficiency (Satriaji et al., 2016).

2. Nutritional mode of microalgae
The micro-algae can be used three different trophic mode their nutrition, namely autotrophic
(photoautotrophic), heterotrophic and mixotrophic mode (Dragone 2022). Each influencing
their growth, metabolism, and potential applications (Dolganyuk et al., 2020) [Tab. 4].
2.1.Autotrophic mode :
In this mode, microalgae use light as an energy source and inorganic carbon (CO:) to produce
organic compounds essential for growth through photosynthesis. It is the most common mode
of microalgal production. It is carried out in both photobioreactors and open ponds.
2.2.Heterotrophic mode
This method consists of using the external organic carbon in the absence of light (in the dark)
to produce microalgal biomass.
2.3.Mixotrophic mode :
In this mode, microalgae can use light energy as well as external inorganic carbon to supply
required CO; for photosynthesis and also take up external organic carbon to supply energy for

growth (Cheng et al., 2023).
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Table.4. Characteristics of possible methods for microalgae production (Dolganyuk et al.,

2020).
Cultivation Energy Carbon Biomass Rate Reactor Price Features
Method Source Source  production Type
Phototrophic | Light Inorgani  Low Photobioreactor/ Low The cell density
c open waters of the culture is
low; water
evaporation
Heterotrophic | Organic Organic  High Bioreactor Medium The high price
matter of the nutrient
medium
components;
possibility  of
microbial
contamination
Mixotrophic Light,  Organic  Medium Closed High The high price
organic and photobioreactor of the nutrient
matter  inorganic medium
components;

3. Microalgae production system

possibility  of
microbial

contamination

Microalgae production is carried out in open culture systems such as basins , circular

ponds, racwey ponds or in closed- culture systems called photobioreactors(PBRs) in various

designs (Mata et al., 2010; Karthikeyan et al.,2016; Acién et al., 2017; Zohir et al., 2023)

3.1. Open culture systems

Open-pond culture systems are one of the oldest, simplest, and easiest methods for microalgae

production on a large scale (Tan et al., 2020). This production system is widely used due to its

advantages in industry such as inexpensive construction, maintenance, operation costs

(Novoveska et al., 2023) and low energy demand (Costa & de Morais, 2014). On the other

hand, this culture system has disadvantages such as water evaporation, limited control of
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external contamination (other microalgae, bacteria, and fungi), and change in environmental
conditions (Naseema Rasheed et al., 2023)

Open culture systems are subdivided into natural water bodies such as lakes and lagoons (Fig
1) and artificial ones such as raceway pond (Fig 1. B and C), circular ponds (Fig 1.D
(Borowitzka & Moheimani, 2012). Few species are widely produced in open ponds due to
their ability to grow in a selective environment such as high salinity (Dunaliella), high
alkalinity (Spirulina, Arthrospira, Limnospira), and high nutrient levels (Chlorella,
Scenedesmus, Phaeodactylum) [Borowitzka & Moheimani, 2012] in which these harsh

conditions help reduce contamination by other microorganisms.

+

-y
]
IR P’

Figure 1. Different culture types of open system for microalgae production (A) Kanembu
women harvesting Spirulina from Lake Boudou Andja, in Chad. (Hamed 2016), (B)
Production of Haematococcus in raceway pond (Zhang al., 2009), (C) Production of
microalgae in raceway pond, (D) Microalgae mass production in circular pond (Shen et al.,

2009).
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3.2. Closed photobioreactors:

Closed PBRs can be operated indoors, using natural or artificial lighting, or Outdoor
applications will require less energy for lighting; however, depending on the location, this
benefit may be eliminated by the need to cool the PBRs to avoid overheating (Wang et al.,
2012; Sukacova et al., 2021); The term closed systems refers to photobioreactors that have no
direct exchange of gases and contaminants between the cultivation systems and the outside
environment (El-Baz & Abd El Baky, 2018).

Photobioreactors (PBRs) are made of transparent or semi transparent materials (glass,
plexiglas, polycarbonate, plastic) that allow natural and artificial light energy to be used by
the microorganisms (Amaral et al., 2020). There are various categories of PBRs (Fig.2),
including horizontal , vertical tubular reactors, flat panel reactors, vertical column reactors,
bubble column reactors, air lift reactors, and immobilized reactors (Devi et al., 2013; Ptaczek

etal., 2017; Jerney & Spilling, 2018; Pereira et al., 2018; Razzak et al., 2024).

Figure 2. Different culture types of closed system; (A) Horizontal tubular reactors (Pereira et
al., 2018). (B) Vertical tubular reactors (Devi et al., 2013), (C) vertical column reactors, (D)
Flat panel reactors (Jerney & Spilling, 2018).
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4. Microalgae production mode:
Batch cultures, semi-continuous, and continuous methods are the three ways for microalgae
production (Novoveska et al., 2023) in which there are differs in the way and timing of

nutrient supply.

4.1.Batch or Discontinuous culture
This is a closed system in which the microalgae are inoculated once at the start of the culture
into a nutrient medium containing all the nutrients required for growth. Thereafter, neither
algae nor nutrient medium are added to the culture. In the stationary phase, the entire culture
is collected, the container are cleaned and a new culture is started.
The growth evolution of microalgae cultured in batch cultures generally involves five
successive phases (Fig.3): lag phase, exponential phase, declining relative growth, stationary
phase, and death phase.
1. Lag phase: Initial period of slow growth as cells adapt to new environmental culture
conditions;
2. Exponential phase: Rapid growth and cell division;
3. Declining Relative Growth phase: Occurs when the growth requirements for cell division
are limited;
4. Stationary phase: Cell division slows down due to a lack of resources needed for growth;

5. Death cell phase/ lysis cell phase: Cells begin to die due to a lack of nutrients.

Cell Concentration
(" ]

Culture Age

Figure 3. Growth phases in microalgae batch culture; (1) lag phase; (2) exponential phase; (3)
(4) stationary phase; and (5) death phase (Price & Farag, 2013)
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4.2. Semi-continuous culture
Semi-continuous culture is a culture method between batch and continuous culture, which is
diluted periodically by fresh medium to provide sufficient nutrients to maintain an
exponential growth state for a long time (Chen & Gao, 2021). In this method, a portion of the
culture is periodically harvested, and the same volume of fresh medium is added. It keeps the
culture in the exponential growth phase, resulting in higher productivity and longer cultivation

time.

4.3. continuous culture :
Continuous culture maintains a constant culture volume by continuously removing a portion

of the culture and adding the same volume of fresh medium at the same time.

5. Harvesting techniques

. The harvesting method intensely depends on the physiognomies of the micro algae chosen,
density and size of the microalgal cell, specifications of the final product and on allow ability
for reuse of the culture medium (Uduman et al., 2010; Amaro et al., 2011; Rawat et al.,
2011).

Microalgae harvesting is considered one of the most important steps in industrial production
to obtain value-added products. Dewatering microalgae accounts for 20-30% of the total costs
associated with microalgae production and processing (Molina Grima et al., 2003; Zitelli et
al., 2006; Al Hattab et al., 2015; Barros, 2015; Sahoo et al., 2017) . There are several methods
of concentration and harvesting of microalgae, including: sedimentation, centrifugation,
flocculation, flotation, and filtration (Wang et a/., 2012). Each methods has both advantages
and disadvantages (Table 5). As a strategy to reduce costs and energy consumption,
microalgae harvesting is usually done through a combination of two or more methods to

increase biomass concentration. (Barros et al., 2015)
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Table 5. Advantages and disadvantages of different harvesting methods applied to microalgal

biomass (Barros et al., 2015, Kucmanova & Gerulova, 2019)

Harvesting Advantages Disadvantages
method
Chemical - Simple and fast method - Chemical flocculants may be expensive
coagulation/ - No energy requirements - No ecofriendly (toxic to microalgal
flocculation biomass
- Recycling of culture medium is limited
- Need supplemental treatments process to
remove the toxicity which add to the
production cost
Auto and | - Intensive method - Changes in cellular composition
bioflocculation | - Less cost -Ossibility of microbiological contamination
(cheap)
- Low energy
- Allows culture medium
recycling
- Non-toxic to microalgal
biomass
Gravity - Simple and inexpensive - Time-consuming
sedimentation | method - Low concentration of the algal cake
- Possibility of biomass deterioration
Flotation - Feasible for large scale -Generally requires the use of chemical
applications flocculants
- Short operation times - Unfeasible for marine microalgae
- Low space requirement  harvesting
-Low cost method
Electrical - Applicable to a large - Not largely disseminated

based processes

variety

species

- Eco-friendly (do not
require the addition of

chemical flocculants)

of microalgal

- High energetic and equipment costs
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Filtration - High recovery - The possibility of fouling/clogging
efficiencies (70-90%) increases operational costs
- Allows the separation - Membrane replacement and pumping

of shear sensitive species represent the major associated costs

- Wide variety of filter - Membranes should be regularly cleaned
and membrane types

available, reliable, can

handle delicate cells

Centrifugation | - Fast method - Expensive method, energy intensive

- High cell recovery - Possibility of cell damage due to high
efficiencies (over 90%) shear forces

- Suitable for almost all - Suitable only for the recovery of high-

microalgal species valued product

6. Drying:

Drying of microalgal biomass is the most common method for marketing microalgae, as it
increases product stability and durability, and facilitates storage and transportation (De Farias
et al., 2019). There are several types of drying techniques, such as solar drying, convective
drying, spray drying, and freeze-drying (De Farias et al/.,, 2019) are usually required,
depending on the requirements of the final products (Oliveira et a/., 2009; Brennan et al.,

2010; Dissa et al., 2010).

6.1.Solar drying:
This technique considered as the cheapest method because it based on the use of solar energy,
but it requires long drying times and a large drying surface ( Brennan et a/., 2010). Moreover,
it is difficult to maintain the quality of the end product with traditional open solar drying
methods, and the slow drying rate due to a low temperature can cause biomass degradation
and thus a rise in the bacterial count ( Prakash et al., 1997)

6.2.Connective drying:

This method is one of the popular technique for removing water from microalgae, convective
drying, is usually accomplished by distributing the microalgae biomass into thin layers in an
oven, tray, or tunnel-type dryer and applying convective hot air , leading to microalgae
dehydration (Kim & Kim, 2022).
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6.3.Spray drying
Spray drying involves atomizing a liquid microalgae solution into small droplets, followed by

a rapid drying process utilizing hot air or gas in a drying chamber (O’Sullivan et a/., 2019).

6.4.Freeze drying:
Freeze-drying, also known as lyophilization, is an advanced and widely used technology for
drying microalgal biomass ( De Farias et al., 2019; Schmid et al., 2022). The microalgae is
cryopreserved by subjecting them to low temperatures, and the frozen biomass is then placed
in a vacuum environment. The ice sublimates from a solid to a vapor state without passing

through the liquid (Foo et al., 2023).

Table 6. Common drying methods applied in microalgae processing (Show et al., 2015;

Ljubic, 2020)

Drying Advantages Disadvantages

techniques

Solar drying Cost-effective  process, No Slow process, Difficult to control,
capital investment Risk of microbial contamination

Spray drying Rapid drying process High capital and operational costs,

High drying efficiency Possible deterioration of heat
Produces homogenous powder  sensitive compounds
Freeze drying | Gentle process, Preserved High operating costs

quality of high-value

metabolites
Convective Relatively low capital Low drying efficiency
drying investment Possible  deterioration of heat

sensitive compounds due to the long

drying time
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1. Introduction
Microalgae are attracting a lot of interest due to its numerous uses in a variety of fields that
contribute to both economic growth and environmental sustainability. Microalgae are
considered the first link in the food chain in aquatic ecosystems and are used in several fields,
such as animal aquaculture, human and animal nutrition (Kamani et a/., 2019; Deviram et al.,
2020), pharmaceutical and cosmetical application, bioenergy production (Anand et al., 2023;

Su et al, 2023.) and wastewater treatment (Peter et al., 2021; Abuhasheesh et al,, 2025).

2. Human Food and Nutrition

Microalgae are an important renewable reservoir of bioactive compounds with wide use in
human nutrition (Silva et al, 2025). The large diversity of microalgae provides different
biochemical compositions, including proteins, polyunsaturated fatty acids (PUFAs), pigments,
polysaccharides, vitamins, and antioxidants, making them valuable for functional foods and
nutraceuticals (Kaur et al., 2025). The incorporation of microalgae into food products has
been shown to enhance nutritional profiles and confer health benefits (Mehwish et al., 2023).
Microalgae for human nutrition are commercialized in various forms: powders, tablets,
capsules and liquids (Torky et al., 2023) or are used to enrich various food products, such as
biscuits, juices, breads, pasta (Hernandez et al., 2022), couscous, (Boukhari et al, 2018),
spaghetti (Fradique et al., 2010), and yogurt (Albuquerque et al, 2024), enhancing their
nutritional value and functional properties (Hernandez et al., 2022).

In the last years, the most biotechnological and nutraceutical applications of microalgae have
been carried out on different species of microalgae, mainly Spirulina (Arthrospira or
Limnospira), Chlorella, Dunaliella salina, and Haematococcus pluvialis (Hemantkumar &
Rahimbhai, 2019).

The Spirulina and Chlorella microalgae are the most used in nutraceutical application due to
their high nutritional value (Abreu et al., 2023; Ang et al., 2024). They possess a high amount
of protein, ranging from 52—72 % for spirulina and 42—-65.5 % for Chlorella of the dry weight
of the two species , with nine essential amino acids as well as saturated and polyunsaturated
fatty acids (omega-3 and omega-6)[ Otles & Pire, 2001; Grosshagauer et al., 2020; Ru et al.,
2020], phenolic compounds, vitamins, pigments (such as phycocyanin, carotenoids, and
astaxanthin), minerals, and other bioactive compounds (Cabarkapa et al., 2022; Abreu et al.,

2023).
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More than 90% of the global microalgae biomass consists of two species, Spirulina sp. and
Chlorella sp. (Benemann et al., 2018). With regard to market value, the Spirulina market is
projected to reach USD 1.1 billion by 2030, exhibiting a compound annual growth rate
(CAGR) 0f 9.4% from 2023 to 2030. The market for Chlorella sp. is predicted to increase at a
compound annual growth rate (CAGR) of 6.3% from 2021 to 2028, to reach USD 412.3
million by 2028 (Abreu et al., 2023). Some price of microalgae and coproducts were

illustrated in the table 7.

Table 7. Market value of some high-value microalgae extract compared to whole microalgae.

Product Price range (USD kg—1) References
Phycocyanin 500 for food-grade, to 100,000 Rybner, 2016

for analytical grade
Astaxanthin 6000 to 7150 Saikia et al., 2023
p-carotene 350-7500 Goswami et al., 2022
Astaxanthin 2500-7000 Debowski et al., 2020
p-carotene 300-1500 Borowitzka, 2013
Omega-3 fatty acids 80-160 Borowitzka, 2013
Chlorella biomass 44 Barkia et al., 2019
Arthrospira biomass 42 * Barkia et al., 2019

3. Microalgae application as animal feed
3.1. Microalgae as feed in aquaculture

Microalgae play a crucial role in aquaculture, they are considered as the first link in the food
chain in aquatic ecosystems, they are used directly to feed a wide range of aquaculture
animals, especially fish in early growth stages, molluscs, shrimps, sea cucumbers and crab
larvae in hatcheries (Zmora et al., 2013), daphnia, artemia, rotifers and other zooplankton (Ma
& Hu, 2023) or indirectly through their incorporation in the feed of aquatic animals, pets and
farmed animals.

The richness of microalgae in fatty acid, proteins, amino acids and pigments makes them
essential for the early growth phases of several aquatic animals, especially in hatcheries. For
example, Isochrysis sp. contains high levels of docosahexaenoic acid (DHA), which is

essential for feeding Artemia and other zooplankton, and Nanochlopsis is widely used for its
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high levels of ecosapentaenoic acid (EPA), which is necessary for the growth and survival of

fish larvae and rotifers [Paulo et al., 2020].

Schizochytrium sp. has been successfully used to substitute fish oil in aquafeeds, improving

the growth performance of shrimp and tilapia (Kim et a/., 2022). Additionally, Tetraselmis sp.

and Chlorella vulgaris have shown promise in enhancing the immune responses and growth

rates of a variety of aquaculture species (Vijayaram et al., 2024). Incorporating these

microalgae into aquafeeds guarantees the supply of superior nutrition necessary for the best

possible development of aquatic organisms while also encouraging sustainable aquaculture

practices (Kim et al., 2022). The Table 8 summarized the most species of microalgae used in

aquaculture.

Table 8. Commonly Used Microalgae in Aquaculture Applications

Aquacluture Commonly Used References
Microalgae

Fish Leptolyngbya valderiana, L. Vijayaram et al.,

Nile Tilapia (Oreochromis Niloticus), | tenuis, Arthrospira 2024

Rainbow Trout (Oncorhynchus Mykiss), | maxima, Navicula

European Seabass (Dicentrarchus | minima, Nostoc

Labrax), ellipsosporum, Cytoseira,

Golden Gourami (Trichopodus | Ulva, Paviova, Chaetoceros

Trichopterus), , Porphyridium, Chlorella,

Cichlid (Cichlidae) Fish, Wag Swordtail | Palmaria, Gracilaria,

(Xiphophorus Hellerii), and Isochrysis

Orange Molly Pink Zebra, Tetras

(Paracheirodon Axelrodi), And Prawns

(Dendrobranchiata)

Shrimps Larvae Diatoms (e.g., Skeletonema Ma & Hu, 2023

Artemia

Copepods

costatum, P. tricornutum,
Conticribra weissflogii, and

Chaetoceros gracilis),

chlorophytes (e.g.,

Chlorella sp. and

Tetraselmis  chuii), and

chrysophytes (e.g.,

Isochrysis sp

Tetraselmis, Dunaliella, Leetal., 2019

Cryptomonas, Chaetoceros,
Isochrysis, and Rhodomona
Isochrysis,

Rhodomonas, Jones

& Flynn,
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Bivalves

Rotifers

Tetraselmis, Cyclotella, and
Heterocapsa
Chaetoceros calcitrans,
Thalassiosira pseudonana,
Isochrysis galbana, Pavlova

lutheri, and Phaeodactylum

2005

Cheng et al,
2020.

tricornutum
example,
Nannochloropsis,

3.2. Microalgae as feed for pets and farm animals

Chlorella, Conceigdo et al.,

2010

Tetraselmis, and 1. galbana

Several recent studies have reported the use of microalgae in the diets of several animal

species: cats, dogs, horses, goats, poultry, sheep, and cattle (Spolaore et al., 2006; Souza et

al., 2019; Saadaoui et al., 2021).The table 9, summarized some application of microalgae as

animals feed.

Table 9. Summary of some applications of microalgae as animal feed

Microalgae

Application

References

Chlorella vulgaris

Spirulina And Chlorella

Schizochytrium Sp.

Supplementation with
Chlorella vulgaris has been
shown to improve
reproductive performance
and milk quality in goats.
Meat quality, immunological
responses, and growth rates
have all increased as a result
of poultry diets enhanced
with microalgae

The use of Schizochytrium

sp. in dairy cow diets led to
omega-3 fatty acid content

increasing in milk.

4. Microalgae and their potential health benefits

Silva et al.,2023
Kholif et al., 2016

Ross & Dominy, 1990;
Toyomizu et al., 2001

Jiang et al., 2020

Microalgae have recently been identified as a potential source of bioactive compounds with a

wide range of pharmaceutical applications, such as antioxidant, antibacterial, antifungal,

antiviral, anti-inflammatory and metabolic regulatory properties(Tab 10).
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Table 10. Some application of microalgal biomass and its product in pharmaceutical
application
Bioactive Compounds Microalgae Use References
Carotenoids B-carotene Dunaliella salina Fujitani, et al,
Antioxidant, pro- 2001
vitamin A,anti- Borowitzka,
allergic, anti- 1995
inflammatory
Lipid-lowering El-Baz et al,
2023
Astaxanthin ~ Haematococcus pluvialis, Antioxidant, anti- Ciccone et al.,
C. zofingiensis inflammatory 2013
Haematococcus pluvialis  protecting against Fakhri et al,
neurodegenerative  2019; Kang et
diseases like al., 2023
Alzheimer's
Lutein Scenedesmus spp., Antioxidant, anti- Del Campo et
Muriellopsis sp.,C. inflammatory al., 2001
sorokiniana Sanchez et
al.,2008
Cordero, 2011
PUFAs Arachidonic  Porphyridium Improves normal Suetal,2016
acid(AA) purpureum, P. growth, visualand Solovchenko et
cruentum, Parietochloris functional al.,2008
incisa developmentin Giménez et
infants al.,1998
Eicosapentac  Nannochloropsis sp., Cardiovascular Asgharpour, et
noic Phaeodactylumtricornutu  benefits, al., 2015
acid(EPA) m, Porphyridium mentaldevelopmen Molina Grima,
cruentum t and support,anti- et al., 1999
inflammatory, Sukenik,. 1999
protectionagainst
atherosclerosis
Docosahexae Crypthecodinium cohnii, Cardiovascular Chu, 2012;
noic Schizochytriumspp., benefits, improves Horrocks &
acid(DHA) Ulkenia spp nervous  system Yeo, 1999
development and
function of the
brain
Other Peptides Chlorella antioxidant, anti- Wang &
metabolites pyrenoidosa, Nannochloro inflammatory,antic Zhang, 2013;
psis oculata, rthrospira ancer, Samarakoon,et
maxima, Tetraselmis antihypertensive al., 2013.
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Phenolics

Phycocyanin

Phycobilipro
teins

Sulfatedpoly
saccharide

Water-
soluble
extract”

Methanolic
extracts
Phenols,
Fatty acids

Fucoidan

Fucoidan,
Sulfated
galactan

5. Microalgae application in Environment:

Phycocyanin,

suecica,
Botryococcus
braunii, Isochrysis
Chlorella

vulgaris, Nannochloropsis
sp

sp.,

Arthrospira platensis
Spirulina platensis

C.  pyrenoidosa, C.
stigmatophora, Porphyridi
um sp.,
Phaeodactylumtricornutu
m

hlorella  stigmatophora,
Phaeodactylumtricornutu
m, Graesiella sp

Chlorella

brown algae

Red algae

Antioxidant

Antioxidant, anti-
inflammatory

protection against

oxidative liver
damage
antidiabetic
antioxidant, anti-

inflammatory,anti
viral,
immunomodulator
y
nti-inflammatory,
analgesic,antioxid
ant,

antiproliferative
antibacterial
effects against
both Gram-
positive and
Gram-negative
bacteria

antiviral activities
by inhibiting viral
replication and
preventing  virus-
host cell
interactions

Antifungal

Goiris et al.,
2012;

Cha, 2011 ; El-
Baky et
al.,2009

Romay et al,
2003.
Liu et al., 2020

Lietal., 2020
Guzman et al.,
2003; Huheihel
et al.,2002;
Tannin-Spitz,
et al., 2005
Guzman et al.,
2003;

Shaima et al,
2022

Ahmadi et al,
2023

El Gamal, 2010

Microalgae production utilizing wastewater provides the greatest atmospheric carbon

sequestration rate (1.83 kg CO2/kg of biomass) and best biomass productivity (40—-50% more

than that of land crops), and the pollutant removal varies from 80—100% (Shahid et al., 2020).
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Microalgae can be used in the treatment of agricultural, aquacultural, industrial, and

pharmaceutical wastewater (Tab 11).

Table 11. Applications of microalgae in environment-protecting technologies (Dgbowski et

al., 2020)
Sector Use References.
Wastewater Nitrogen and phosphorus removal from Gomez Villa et al., 2005
treatment municipal wastewater
Biodegradation of sparingly degradable Chojnacka et al, 2005 ;
pollutants Munoz et al., 2006
Treatment of organic wastewater Munoz et al., 2009
Treatment  of timber and paper Tarlan etal, 2002
hard-to-manage industry Yewalkar et al.,2007;
wastewater Textile industry Acuner & Dilek,, 2004
produced by phenol industry Lima et al., 2004; Essam et
al., 2007
Ethanol and citric acid production Valderramaa, et al., 2002
Removal of heavy metals (copper, Tien, 2002
nickel, lead) from wastewater Chojnacka et al., 2005,
Gas treatment Reducing emissions of carbon dioxide Jacob-Lopes et al., 2010.

and other pollutants (nitrogen and sulfur

oxides) from waste and exhaust gases

Waste management | Use of waste glycerol as a carbon source Lam et al., 2012

in heterotrophic cultivation

Microalgae Bread crumbs Thyagarajan, et al., 2014
cultivation brewer’s spent yeast ~ Ryu, et al., 2012
using Coconut water Unagul et al., 2007

industrial waste Empty palm fruit Hongetal., 2013
or low-value bunche

feedstocks, such

as
Leachate Biodegradation of landfill leachates .Linetal, 2007
treatment Neutralization of degraded effluent from Jedynak et al., 2018
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anaerobic fermentation of sewage sludge

Biogas Biological sequestration of CO2 with Yan & Zheng, 2013
upgrading photosynthetic microalgae
(photosynthesis allows producing biogas

with 94% methane content)

6. Microalgae application in Cosmetics and Skin Care

Microalgae are a valuable resource in cosmetic biotechnology, containing a range of bioactive
compounds beneficial for skin and hair care and sun protection. Species such as Spirulina,
Chlorella, Dunaliella, and Haematococcus are among the most well-known algae in these
applications due to their richness in antioxidants, pigments, and other bioactive compounds
(Borowitzka, 2013).

There are numerous cosmetic products made from microalgae, the most important of which
are anti-aging creams, refreshing and regenerating care products, emollients and anti-irritants
in peelers, sunscreens, and hair products skincare, hair care, and sun protection face masks,
body lotions, face and hand creams (Tab 12).

Table 12. Major microalgae used in cosmetically industry and their applications (Kholssi et

al., 2021).

Species Applications References

Spirulina spp. Improves moisture balance of skin, Chakdar et al., 2012
strengthens skin’s immunity, Improves

skin complexion and reduces wrinkles,

Cosmetics (eye shadow)

Spirulina sp. Moisturizing, anti-aging, anti-acne, skin D’Angelo Costa &
pigmentation treatment, wound healing, Maia Campos, 2024
sunscreen

Chlorella vulgaris Stimulate collagen synthesis in the skin, Yarkent et al., 2020

give support to skin tissue and increase
rebirth of the new-tissue

Chlorella vulgaris Antioxidant, skin regeneration, collagen Ganeson, et al.,2024
synthesis, UV protection

Arthrospira maxima Strengthens skin’s natural protection Yarkent et al., 2020
and regeneration

Dunaliella salina Photoprotection, anti-aging, antioxidant da Silva et al., 2021
properties Sousa et al.,2024

Haematococcus Rich in astaxanthin; offers potent Ruiz-Dominguez et ,
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pluvialis antioxidant  properties and UV 2019
protection.
Anacystis nidulans Protects the skin against sun damage Santos etal., 2019
and strengthens skin’s immunity
Halymenia durvillei Improves radiance and skin luminosity =~ Ryu et al., 2015
Nannochloropsis Excellent skintightening properties Ariede et al., 2017
oculata (short- and long-term effects)

Dunaliella salina Stimulates cell proliferation and Yarkent et al., 2020
turnover and positively influences the

energy metabolism of skin

Spirulina platensis Help combat early skin aging, exerting Yarkent et al., 2020
a tightening effect and preventing

wrinkle formation

Anacystis nidulans Strengthens skin’s immunity Yarkent et al., 2020

Porphyridium spp. Improves the characteristics of dry or Majee et al., 2017
aged facial skin and may prolong the

effect of moisturizer

C. vulgaris Stimulate collagen synthesis in skin Ryuetal, 2015
supporting tissue regeneration and

wrinkle reduction

Porphyra spp., Cosmetics (face powder cake, eye Ariedeetal, 2017

Porphyridium spp shadow)

7. Microalgae application in Agriculture
Microalgae have garnered considerable attention in sustainable agriculture due to their
numerous advantages, including serving as biofertilizers, biostimulants, sources of
phytohormones, agents for soil improvement, tools for biological treatment, enhancers of
plant disease resistance, and mitigators of abiotic stress.
Current global agricultural activities highly depend on synthetic fertilizers and pesticides,
with environmental and health impacts (Tripathi et al/., 2020). To reduce the impact of
chemical fertilizers on the environment, the use of biofertilizers has emerged as an eco-
friendly alternative. Interest in the use of microalgae in the agricultural industry has increased
in recent years due to their high potential for biostimulant and biofertilizer properties
(Shaaban, 2001; Khan, et al. 2009; Shaaban, et al. 2010; Garcia-Gonzalez & Sommerfeld,
2016; Ronga, et al., 2019). In addition to their using in different applications, such as
amendment, foliar application (Suchithra, et al., 2022), and seed priming (Elhafiz et al., 2015;

31



Chapter 3: Microalgae biotechnology application Literature Review

Ronga, et al., 2019), enhanced root development, which facilitates beter water and nutrient
absorption (Barone, et al., 2018).

Numerous studies have reported the presence of phytohormones such as auxins, cytokinins,
abscisic acid, ethylene, and gibberellins in microalgae extracts, which influence plant growth
and development (Karthikeyan, et al. 2007; Stirk & Orddg et al., 2013a; Stirket al., 2013b). In
addition, these substances have the ability to influence metabolic activities such as
photosynthesis, respiration, nucleic acid synthesis, and nutrient absorption (Tarraf et al.,
2015).

Microalgae extracts can be used to protect plants from abiotic stresses (Abd El-Baky et al.,
2010; Kapoore et al., 2021), reduce salinity stress such as in the bell pepper seed during the
germination process (Guzman-Murillo et al., 2013), improve wheat tolerance to salinity (Abd

El-Baky et al., 2010).

8. Microalgae application in Bioenergy production

Microalgae are used as a versatile, renewable and sustainable feedstock for bioenergy
production (Demirbas & Demirbas, 2011), offering multiple conversion pathways and
environmental advantages. Microalgae have recently been used to produce a variety of
bioenergy products, including biodiesel, bioethanol, biogas, biohydrogen, and bioelectricity
(Bora, et al., 2024). Biodiesel production from microalgae involves lipid extraction followed
by transesterification; the favorite microalgae species for diesel production are those with
high lipid content (Choudhary et al, 2022). The use of microalgal carbohydrates for
bioethanol production involves three main stages: pre-treatment, saccharification, and
fermentation (Velazquez-Lucio et al., 2018; Maity & Mallick, 2022). Biogas production from
microalgae is involves via Anaerobic digestion , which is a biochemical process, in which
specialized anaerobic bacteria decompose organic matter and produce biogas containing
methane and carbon dioxide (Harun et a/.,2010).

Biohydrogen production from microalgae is achieved through several methods, including
direct photobiolysis, indirect photobiolysis, photofermentation, and dark fermentation (Li et
al., 2022). Bioelectricity may be produced using bioelectrochemical systems, in particular

photosynthetic microalgae microbial fuel cell systems (Qin et al., 2024).
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1. Introduction

Microalgae are a diverse group of photosynthetic microorganisms inhabiting various aquatic
environments, from freshwater to hyper saline ecosystems. Local microalgae are often well-
adapted to the regional climate and environment, making them ideal candidates for local
production (Lee et al., 2014).

Morphological characterisation of purified microalgae using light and electron microscopy
reveals cell structure, size and arrangement, which is helpful for species identification.
However, environmental conditions can influence morphological features, necessitating
molecular approaches for correct classification. Molecular studies, such as 16S rRNA gene
sequencing of prokaryotes and 18S rRNA gene sequencing of eukaryotes, are essential in
determining the evolutionary relationships among microalgae.

The isolation, purification and identification of local microalgal strains, as well as their
preservation, facilitates the establishment of a local microalgal culture collection. This ensures
the conservation of endemic species, encourages the exploration of other species, and
provides interested researchers and investors with local species for various biotechnological
applications.

This study aimed to isolate native microalgal species from two Lakes located in northwest
Algeria , and then identify, and preserve three local microalgal strains(Limnospira fusiformis
TLO3, Chlorella sp. CHL11, Chlorella sp. CHL15) for short and medium term as a first step

to establish a culture collection (bank of microalgae) of local microalgae.

2. Materials and methods

2.1. Sampling site description
Water sampling was conducted in April 2018 from two lakes, Telamine (Fig. 4 A-C ) and
Gharabas Lake (Fig. 4 D-F), located in northwestern Algeria. Samples were collected from
less than one metre below the surface of the water bodies using a phytoplankton net with a
pore size of 50 um.

a) Telamine lake
Telamine brackish water Lake is located in northwest Algeria, approximately 20 km East of
Oran city and exactly northwest of the Arzew salt flats. It is approximately 8.5 km long and
0.5 to 1.5 km wide (Fig. 4A, Table 13). The Telamine Lake has a surface area of 2.399 ha and
a perimeter of 20 km. The majority of its water is alkaline, with a pH range of 7.43 to 8.95
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(Hadjadj, 2018) and a salinity was 15 mg/I. Telamine Lake is a protected wetland (Ramsar list
on 12/12/2004) due to its high animal and plant biodiversity.

b) Gharabas Lake
Lake Gharabas is located in north-western Algeria, about 27 kilometres south-east of Oran

(Fig. 4D-F, Table 13). The pH range of 7.31 to 8.54 and salinity 3 mg/l

Ay [r—

+ |l *

Telamine lake -

o U

diterranean Sea

Figure 4. Sampling sites location (A-B) Site geographic location of Telamine Lake. (C)
Phytoplankton bloom in Telamine Lake , (D-E) Site geographic location of Gharabas Lake .
(F) Phytoplankton bloom in Gharabas Lake (Original, April, 2018).

Table 13. Geographic coordinates of the sampling points

Lake name Wilaya Geographical coordinates of the sampling
points
Telamine Lake Oran pl (35°43°53.9 “N 0°23°17.7” W)

p2 (35°42°12.9 “N 0°23°38.2” W)
Gharabas Lake 35°36°10.8 “N 0°26°12.0” W
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2.2.Sampling :
Water samples were collected from approximately 30 cm below the surface using a
phytoplankton mesh nets with a mesh size of 50 pm. The geographical coordinates of the
sampling points are shown in the Table 13.
The samples were immediately transported to the microbiology laboratory (National Centre
for Research and Development of Fisheries and Aquaculture: CNRDPA) for their treatment

2.3. Microalgae isolation:
The samples collected were subjected to physical treatments such as filtration, centrifugation
and streak plating on solid BG11 medium (Allen & Stanier, 1968) [see Appendix 1], as well
as chemical treatments such as the application of antibiotics, in order to isolate and purify the
microalgae.

2.3.1. Limnospira fusiformis TLO03 isolation
As a first treatment step, the sample taken from Telamine Lake was centrifuged at 1,000 rpm
for 2 minutes to remove unwanted microorganisms and solid residues from the bottom of the
sample. The supernatant was collected and washed with sterile BG11 medium using a
phytoplankton tissue with a 50 pm mesh pore size to allow passage of smaller
microorganisms while retaining those larger than the pore size. The filtrate retained in the
mesh was added to 20 ml of sterile liquid BG11 medium.
One hundred microliters of the sample were aseptically spread on the surface of Petri dishes
containing BG11 sterile solid media with different NaCl concentrations (0, 5, 15, and 25 g/1),
and the pH was adjusted to 9.5. The plates were incubated at room temperature and
illuminated 24 hours a day with 1 Klux light emitting diodes (LEDs, ABALIGHT 18 W,
220V, 50 HZ).
Individual colonies formed on the surface of the agar medium were picked up and streaked in
fresh, similar solid medium under aseptic conditions. Individual colonies were separately
transferred to 50 ml Erlenmeyer flasks containing 20 ml of BGI11 culture medium and
incubated under the same conditions as above

¢ Cycloheximide treatment
In order to eliminate eukaryotic microalgae from the mixed algal culture, chemical treatment
was performed by adding the cycloheximide to the liquid culture medium (100 mg/1) for one
week (Prasad et al., 2013).

e Streak plating
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An aliquot of 100uL of the diluted Limnospira sample was spread with a needle on BG11
solid medium (containing 1.5% agar) and incubated at room temperature with continuous
illumination at 1 Klux for 4 weeks. Individual colonies were inoculated into Erlenmeyer
flasks containing 20 ml of sterile BG11 at pH 9.5.
e pH treatment
pH treatment ; After two weeks under the same incubation conditions as above, a further step
was performed to remove Microcystis from the culture using the pH treatment technique
(Sena et al., 2011).
The cultures were subjected to a pH treatment in which their pH was adjusted to 12.5 by using
a 10 M NaOH solution and then incubated for 72 hours. Samples were then taken for
microscopic examination to confirm that the cyanobacterium of interest had been isolated.
2.3.2. Chlorella (Chlorella sp. CHL11 and Chlorella sp. CHL15) isolation
Physical and chemical treatments were carried out on the samples taken from Gharabas Lake
to isolate Chlorella sp. CHL11 and from Telamine Lake to isolate Chlorella sp. CHL15
Volume of 100 ml from each sample was filtered with phytoplankton tissue with a 50 um
mesh pore size to remove unwanted microorganisms and large particles of solid debris, and
then centrifuged at 1000 rpm for 2 minutes. The upper floating layer was discarded and the
lower suspension was washed twice with sterilized BG11 liquid medium by centrifugation at
the same speed and time as above.
As a second step; one hundred microliters from each sample was streaked onto the surface of
Petri dishes containing BG11 solid media with pH adjusted previously to 8. The plates were
incubated for one week at room temperature under continuous illumination with intensity of 1
Klux. When the colonies formed were streaked separately into fresh solid medium .These
process were repeated three times in order to isolate targeted species
When the colonies formed were transferred separately to 50 ml Erlenmeyer flasks containing

20 ml of BG11 culture medium and incubated under the same conditions as above.

2.4. Microalgae purification:

2.4.1. Limnospira fusiformis TLO03
To eliminate bacteria present in the culture, antibiotic treatment was performed for 48 h by
adding a cocktail of antibiotics to warm BG11 solid medium at the following concentrations:
112.5 pg/ml for ampicillin, cefoxitin and penicillin G and 37.5 pg/ml for meropenem (Sena et

al., 2011).
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2.4.2. Chlorella sp. CHL11 and Chlorella sp. CHL15.

The antibiotics cocktail fromed from ampicillin, cefotaxime and carbendazim were added to
warm BGI1 solid medium at concentrations of 700 pg/ml, 200 pg/ml and 0.1 pg/ml
respectively (Mustapa et al., 2016) before being poured into Petri dishes. After the medium
solidified, 100 pl of the diluted culture was streaked on the surface in a zigzag pattern to
separate individual algal cells and then incubated for 1 week at room temperature with
continuous illumination at 1 Klux.

Macroscopic and microscopic observation of the culture was performed after each treatment

to verify culture purity.

2.5. Microalgae identification :
Microalgae identification was based on the both morphological and molecular characteristics
to identify the isolated strains.

2.5.1. Description and morphological measurements of the isolated strains

2.5.1.1. Limnospira fusiformis TL03
Using a Zeiss microscope connected to a camera (CMEX1, DC 1300C), the isolates were
observed and examined directly to try to detect the Limnospira strain morphologically similar
to the TLO3-like isolate, as described in the literature (Komarek & Anagnostidis, 2005; Sili et
al., 2012; Nowicka-Krawczyk et al., 2019). The morphological properties of 610 filaments

(trichomes) were measured using the method depicted in Figure 5.

Coil diameter Pitch Cell diameter Cell height

Filament (Trichome) length

Figure 5. Schematic diagram for cell and filament morphological measurements of
Arthrospira (Kaggwa et al., 2013).
The diameter and the length of the cell were measured at 1000 X magnification, the coil

diameter and pitch at 400 x magnification, and the filament length at 100 X.
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2.5.1.2. Morphological identification of Chlorella sp. CHL11 and Chlorella sp. CHL15
Suspended cultures of the two studied species of chlorella sp. were examined at a
magnification of x1,000 using a Zeiss microscope connected to a camera (CMX1, DC 1300C)
for morphological identification.
2.5.2. Molecular identification
The DNA extraction, PCR purification, and sequencing were conducted by Roscoff

Culture Collections (Sorbonne University).

2.5.2.1. DNA extraction
Two mL of pure microalgae culture were mixed with 2 pl. of Poloxamer
(https://www.sigmaaldrich.com/catalog/product/sial/p2164009?1ang=fr&region=FR).  After
10 min of centrifugation at 11,000 g, the supernatant was removed, and the DNA was
extracted according to the kit’s instructions: http://www.mn-
net.com/media/pdf/5b/d0/d9/Instruction-NucleoSpin-Tissue.pdf.

2.5.2.2.PCR amplification and sequencing

v' Limnospira fusiformis TL03
The PCR amplification (polymerase chain reaction) for 16S rRNA gene fragments was
carried out using the universal bacterial primers 27F (5'- AGA-GTT-TGA-TCC-TGG-CTC-
AG -3") and 1492R (5'- GGT-TAC-CTT-GTT-ACG-ACT-T -3') (Lane, 1991). The PCR
reaction mixture contained 15 pl of Phusion, 0.9 pl DMSO, 0.75 ul of each primer, 11.6 uL of
deionized water, and 1 pl of DNA genome for a total volume of 30 pl of the reaction mixture.
The PCR conditions were as follows: 1 cycle at 98 °C for 30 s, followed by 35 cycles of 98
°C for 30 s, 58 °C for 30 s, 72 °C for 1 min, and a final extension at 72 °C for 10 min. PCR
was used to amplify the 16STRNA gene sequence from isolated genomic DNA using the
Applied Biosystems GeneAmp PCR 9700 Thermal Cycler. PCR products were examined on
0.8% agarose gel stained with ethidium bromide, and the migration was performed in an
electrophoresis chamber. The lecture was done on an ImageQuant Las 4000 (GE HealthCare).
The PCR products were purified wusing Exosap-it PCR product clean-up
(https://www.thermofisher.com/fr/fr/home/life-science/sequencing/sanger-sequencing/sanger-
sequencing-kits-reagents/exosap-it-pcr-product-cleanup.html) and reamplified using primers
specific to cyanobacteria: forward primer 359F (GGG GAA TYT TCC GCA ATG GG) and
reverse primer 781R(GAC-TAC-WGG-GGT-ATC-TAA-TCC-CWT-T) (Nubel et al., 1997;
Lau et al., 2005).
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Exosap mixture for 1 primer contains 2 pl of the PCR gene product, 1 ul ExoSap-IT, and 2 pl
Eau millliQ, incubated at 37 °C for 4 min and 80 °C for 1 min and directly sequenced in both
directions with primers 27F, 359F, 1492R, 781R. The sequencing was performed by
Macrogen (https://dna.macrogen-europe.com/eng/). The sequences were assembled in the
software Geneious.

V' Chlorella sp. CHL11 and Chlorella sp. CHL15
The PCR amplification (polymerase chain reaction) for 18S rRNA genes fragments was
carried out using forward SA (5" AAC-CTG-GTT-GAT-CCT-GCC-AGT 3’) and reverse SB
(5" TGA-TCC-TTC-TGC-AGG-TTC-ACC-TAC 3') primers (Lane, 1991). The PCR reaction
mixture consisted of 15 ul of Phusion taq polymerase, 0.9 pl DMSO, 0.75 ul of each primer,
11.6 pL of ddH,0 and 1 pl of genomic DNA for a total volume of 30 pl. The PCR program
was set as follow: a precyclying heat activation at 98 °C for 30 s followed by 35 cycles of
98°C for 10 s, 56°C for 30 s, 72 °C for 1 min; and a final extension at 72°C for 10 min. PCR
products were examined on 0.8 % agarose gel.
The PCR products were purified wusing Exosap-it PCR product clean-up
(https://www.thermofisher.com/fr/fr/home/lifescience/sequencing/sanger.sequencing/sanger-
sequencing-kits-reagents/exosap-it-pcr-product-cleanup.html) and re-amplified using the
following cyanobacteria-specific primers : forward 359F (5 GGG-GAA-TYT-TCC-GCA-
ATG-GG 3’) and reverse 781R (5 GAC-TAC-WGG-GGT-ATC-TAA-TCC-CWT-T 3’)
(Nubel et al., 1997; Lau et al.,2005). The Exosap mixture for 1 primer contained 2 pl of PCR
gene product, 1 pl ExoSap-IT and 2 pl millliQ water, incubated at 37 °C for 4 min then 80
°C for 1 min before being directly sequenced in both directions. The sequencing was
performed by Macrogen (https://dna.macrogen-europe.com/eng/). The sequences were
assembled using Geneious ver. 8.0 (http://www.geneious.com).

2.5.2.3. Phylogenetic analysis

V' Limnospira fusiformis TL03:
Using the Basic Local Alignment Search Tool (BLAST), the 16S rRNA gene sequences were
aligned with reference sequences obtained from the National Center for Biotechnology
Information database (NCBI database, http://www.ncbi.nlm.nih.gov/). The alignments were
manually checked and edited in the BioEdit sequence alignment editor (version 7.2.6.1).
The neighbor-joining (NJ) algorithm and bootstrap resampling (1000 replicates) were used for

phylogenetic analysis and tree construction. Next to the branches is the percentage of replicate
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trees (numbers at nodes) in which the associated taxa clustered together in the bootstrap test
(Felsenstein, 1985). The MEGA package database was used to build the phylogenetic tree,
and the ClustalW algorithm with the MEGA version was used (Kumar et al., 2018). The
evolutionary distances were calculated using the Maximum Composite Likelihood method
(Tamura et al., 2004) and are in base substitutions per site (Bar, 0.01 nucleotide substitution
per nucleotide position). The tree was established using Planktothrix agardhii NIES-204" as
an outgroup. The 16S rRNA gene sequences were entered into the GenBank database..

v Chlorella sp. CHL11 and Chlorella sp. CHL15
The 18S rRNA gene sequences of the selected strains were used for the molecular
identification and evolutionary relationships investigation. Each sequence was blasted using
MegaBLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) against the NCBI 18S rRNA using
type material database. The closest (non-redundant) hits and an outgroup (Ostreococcus tauri
OTH95) were used for the phylogenetic analysis, using MEGA11 (Tamura et a/.,2021). 18S
rRNA gene sequences were aligned using the Muscle algorithm (Edgar RC, 2004). The
multisequence alignment bloc was trimmed by removing flag sequences, prior to phylogenetic
analysis. The evolutionary history was inferred by the Maximum Likelihood method based on
the Kimura 2-parameter model with a discrete Gamma distribution (+G), assuming that a
certain fraction of sites are evolutionarily invariable (+1) (Kimura, 1980).
The tree with the highest log likelihood (-2596.96/-5643.14) was shown. The branch-support
values were evaluated based on bootstrapping using 100 re-sampling. Initial tree(s) for the
heuristic search were obtained by applying BioNJ and Neighbor-Join algorithms to a matrix
of pairwise distances estimated using the Maximum Composite Likelihood (MCL) method,
and then selecting the topology with superior log likelihood value. A discrete Gamma
distribution was used to model evolutionary rate differences among sites (5 categories (+G,
parameter = 0.1234/0.1445)). The rate variation model allowed for some sites to be
evolutionarily invariable ([+I], 42.35% / 40.79% sites). The analysis involved 25/30
nucleotide sequences. All positions containing gaps and missing data were eliminated. There
were a total of 863/1575 positions in the final dataset. The final tree arranged using iToL
(Letunic & Bork, 2019).
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2.6. Preservation :

There are various preservation techniques used for the storage of microalgae (prokaryotic and
eukaryotic), such as periodic transfer, freeze drying, and cryopreservation (Arguelles et al.
2020).

In this study, the periodic transfer technique was used to preserve L. fusiformis TLO3,
Chlorella sp. CHL11 and Chlorella sp. CHL15.

After checking the purity of the colonies, a single colony was transferred to a 50 ml
Erlenmeyer flask containing 20 ml of fresh BG11 medium and incubated for 2 weeks at 25°C
under continuous light (2.5 Klux). When the suspension looked green, it was subcultured into
fresh solid and liquid media for preservation.

2.6.1. Preservation in solid medium:

Two methods were used, the first being preservation in Petri dishes containing BG11 and the
second using glass test tubes containing the same solid medium. The pH of the culture media
was previously adjusted to 9.5 for L. fusiformis TLO3 and 8 for Chlorella sp. CHL11 and
Chlorella sp. CHL15

v Preservation in glass test tubes:

A 10 ml volume of warm sterilized BG11 solid medium was poured into sterile glass test
tubes and placed in an inclined position until solidified. A 100 ul aliquot of pure microalgal
culture in the exponential growth phase was taken and then spread on the agar surface with a
Pasteur pipette under aseptic conditions. The tubes were sealed and incubated for two weeks
at 25°C with continuous illumination (2.5 Klux). When the colonies were formed, the culture
tubes were stored in the dark at 4°C.

v Preservation in petri dishes: The same process was applied for the preservation in

Petri dishes, such as glass test tubes, under the same conditions.

2.6.2. Periodic transfer from liquid to liquid medium (serial subculture)
Conventional serial subculture was performed by transferring a sample of a pure culture in the
exponential growth phase to fresh sterilized culture medium (1volume of culture was added to
4 volume of fresh medium) at a subculture rate of one every two weeks. Incubation was
carried out under the same incubation conditions as for the microalgae cultured in glass test

tubes.
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3. Results

3.1. Isolation, purification and microalgae morphology

3.1.1. Limnospira fusiformis TL03

3.1.1.1. Isolation
In order to determine the steps to be followed to isolate and purify Limnospira, a preliminary
macroscopic and microscopic examination of the collected samples was carried out to know
their content of microorganisms. The investigation revealed the presence of various
suspended organic matter, Artemia, bacteria, and other microorganisms.
Most of the suspended solids and microorganisms were separated from Limnospira and other
microalgae by low speed centrifugation (1000 rpm), where the bottom layer was discarded
while the top layer containing filamentous cyanobacteria, other microalgae species and
bacteria was re-centrifuged several times with distilled water. The number of microorganisms
smaller than the mesh pore diameter was reduced by washing the upper layer of the sample
with sterilized culture medium and its filteration through the net.
Under a photonic microscop we observed a mixture of phytoplankton that included
Cyanobacteria (Arthrospira sp., Phormidium sp., and Microcystis sp.), Diatoms (Navicula
sp.), Chlorophytes (Chlorella sp.) and, others microalgae.
After ten days of incubation of the sample, it was observed with the naked eye that colonies of
different colors and shapes were formed on the surface of the solid culture medium. (Fig.6 A),
Their examination under the light microscope revealed the presence of a mixture of green,

brown microalgae and, filamentous species (Fig. 6 B).

T =
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Figure 6. A-B Visual observation of mixed colonies (Al: brown colonies, A2: green
colonies) formed on the surface of BG11 solid medium after 10 days of incubation and
microscopic observation showed several species (B1) filamentous species, (B2) brown
species, and (B3) green species (400 x magnifications).

Microscopic examination showed that many species were eliminated after treating the
microalgae culture mixture with cycloheximide; however, two species of algae, Limnospira sp
and Microcystis sp, in addition to bacteria were observed (Fig. 7A).

Based on these results, a further treatment step was carried out by raising the pH to 12.5,
which proved to be very effective in eliminating the brown microalgae (Microcystis sp.) and

reducing the presence of bacteria (Fig. 7B2).in the treated microalgae culture(Fig. 7B).

Figure 7. A-B microscopic observation of treated culture after cycloheximide and pH
treatment respectively .(Al) Microcystis sp, (A2) Limnospira sp,(A3) Bacteria,(B1)
Limnospira sp., (B2) Bacteria(400X)

3.1.1.2. Purification
To obtain a pure culture of L. fusiformis TL03, antibiotic treatment was used. Microscopic
examination results of culture after treatment with a combination of four antibiotics showed

the purity of L. fusiformis TLO3 culture (Fig 8 A-B).
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Figure 8. A-B, Pure culture of L. fusiformis TLO3 after antibiotic treatments (400X)

3.1.1.3. Morphological characteristics of the isolated strain

Based on the microscopic examination of the strain isolated from the current study, we
recorded several characteristics and morphological features, among which a blue-green color,
filamentous form, and unbranched and free-floating trichomes. The filaments are motile,
gliding along their axis. The filaments are divided by the cross-wall of the cell into multiple
cylindrical cells arranged in trichomes in an open helix with a regular helical coil, gradually
narrowing slightly towards the ends (Fig. 9 A). Morphological modification from loosely
coiled trichomes to tightly reversed coils was observed. The isolated strain showed various
degrees of coiling, from loosey coiled S-type (Fig. 9 A) to intermediate C-type (Fig. 9 B-C) to
highly coiled H-type (Fig. 9 D). Cell cross-walls (Fig. 9 E1), calyptras at the end of the
trichome (Fig. 9E2), and gas vacuoles (Fig. 9F1) were visible under a light microscope.

The results of the measurements of 610 filament morphology indicate that the length,
diameter, and pitch of the trichome range from 210 to 2027 pm (Fig. 9 G-H), 20 to 60 pm
(Fig. 911-J1), and 30 to 137 pm (Fig. 9 12-J2), respectively The diameters and lengths of the
trichome’s cells range from 7 to 9 pm (Fig.9 K1-L1) and 4 to 6 pm (Fig. 9 MI1-N1),

respectively.
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Figure 9. A-N Microscopic view of various morphological features of the isolated
Limnospira fusiformis TLO3 strain. (A.1) Trichome type C with attenuation at the end (100
X). (B-C) Tightly coiled trichome (400 X). (D) Tightly coils H shape (100X). (E.1) Cell cross
wall. (E2 2) Caliptra at trichome end (1000 X). (F1) Gas vacuole (1000 X). (G-H) Smallest
and tallest trichome with loose coils (100 X). (I1) Small coil diameter (400 X). (I2). Small
pitch (400 X). (J1) Large coil diameter (400 X). (J2). Large pitch (400 X). (K1-L1). Cell
diameter. (M1. N1) (1000 X) Cell length (1000 X).

3.1.2. Chlorella sp. CHL11 and Chlorella sp. CHL15

3.1.2.1. Isolation.

Microscopic examination of a samples collected from the two lakes (Telamine and Gharabas
Lake) revealed the presence of a numerous microorganisms, including several green
microalgae, diatoms and filamentous microalgae. Some filamentous microalgae and particles
larger than 50 um were removed with a net, and some floating microalgae were removed from

the upper layer after centrifuging the two samples at low speed.
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After a week of incubation of the streaked solid culture medium, variously shaped and
coloured colonies were seen on its surface. These included small, circular, brown ones, as
well as green ones with white fungal spots and filamentous algae . Individual green colonies
were transferred into fresh BG11 solid culture medium twice in succession for the purpose of
algal isolation.

During the third streaking of the plate, after 5-10 days of incubation, small green colonies
formed along the streak lines. These colonies exhibited the characteristic morphology of
Chlorella: small, round and raised with a light green colour for the CHI15 strain and a dark
green colour for the CHL11 strain. Through examination, it was confirmed that two species of
Chlorella were successfully isolated from the two samples taken from Lakes Telamen and

Garbas, where a monoalgal culture was obtained in each culture medium.
3.1.2.2.Purification:

Macroscopic and microscopic examination of colonies treated with an antibiotic cocktail
showed the absence of the bacterial or fungal contamination in the culture media of CHL11

and CHL15 strains (Fig. 10).

Figure 10. Macroscopic observation (A1-A2) Chlorella sp. CHL11 colonies, (B1-B2)
Chlorella sp. CHL15 colonies and microscopic observation of (A3) Chlorella sp. CHL11 and
(B3) Chlorella sp. CHL15 (1000X).

46



Chapter 1: Sampling, isolation and identification Experimental part

3.1.2.3. Morphological characteristics of the isolated strain

The microscopy observation of Chlorella sp. CHL11 and Chlorella sp. CHL1S5 culture shows
an unialgal culture, Cell are green, spherical to oval cell shape( Figl0. 3A, Figl0. 3B),
solitary life— form or in aggregates ( Figl1. A, Figl1. B).

The cell size of Chlorella sp. CHL11 varies from 2 to 6 um (Fig 10. 3A), while Chlorella sp.
CHL15 ranges from 4 to 12 um (Figl0. 3B).

Figure 11. Microscopic observation of Chlorella sp. CHL11 (Fig. 3A) and Chlorella sp.
CHLIS culture (1000 X)

3.2. Molecular characteristics of the isolated strain

3.2.1. Limnospira fusiformis TL03
The molecular studies based on the 16S rRNA gene allowed us to identify the newly isolated
strain as Limnospira fusiformis TLO3 with the accession number MZ970329. The partial
sequence (1,411 bp length) of the Limnospira fusiformis TLO3 16S ribosomal RNA gene was
compared to all partial sequences presented in NCBI. MegaBlast searches revealed that the
isolated strain matched with 100% similarity to Limnospira fusiformis SAG 85.79 (Figure
12).
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Limnospira fusiformis TLO3 (MZ970329.1)
73
Limnospira fusiformis SAG 8579 (KMO19965.1)
52
Limnospira indica PCCB005T {X70769.2)

57
Limnospira maxima UTEX 27207 (AF260509.2)

100
- Arthrospira platensis PCC 73457 (JN831265.1)

Phormidium terebriformis AB2002/07T (AY575933)

—— Lyngbya hieronymusii CN4-3T (AB045906)

100 Lyngbya aestuarii PCC 74197 (AJ0O00T14)

Flanktothrix agardhii NIES-2047 (AB045954)

—

0.010
Figure 12. Phylogenetic tree based on 16S rRNA gene sequences showing the relationship
between strain TLO3 and related type-strains. The evolutionary distances were computed
using the Maximum Composite Likelihood method and are in the units of the number of base
substitutions per site (Bar, 0.01 nt substitution per nt position). The evolutionary history was
inferred using the Neighbor-Joining method. The optimal tree is shown. The percentage of
replicate trees (numbers at the nodes) in which the associated taxa clustered together in the
bootstrap test (1000 replicates) is shown next to the branches. This analysis involved nine
nucleotide sequences.

3.2.2. Molecular characteristics Chlorella sp. CHL11 and Chlorella sp. CHL15

The two selected strains Chlorella sp. CHL11 and Chlorella sp. CHL15 showed a close
evolutionary relationship with the Chlorella genus species (Fig. 13), based on their 18S
rRNA sequences, with identity % values of 99.26% (CHL1 1with Chlorella sorokiniana strain
SAG 211-8k) and 99.46% (CHL15 with Chlorella vulgaris strain SAG 211-11b)
The two strains of Chlorella were identified as Chlorella sp. CLHI11 and Chlorella sp.
CHL15, and were submitted to the NCBI under the accession numbers ON799438.1 and
ON799439.1, respectively.
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Figure 13. Molecular phylogenetic analysis of the selected strains Chlorella sp. CHL11 and
Chlorella sp. CHL15 and their closest type strains by Maximum Likelihood method based on
the 18S rRNA gene sequences
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3.3. Preservation of isolate strains

3.3.1. Medium preservation of L. fusiformis TL03, Chlorella sp. CHL11 and
Chlorella sp. CHL15 in BG11 solid medium

The preservation of the three pure isolated strains L. fusiformis TLO3, Chlorella sp. CHLI11
and Chlorella sp. CHL15 preserved in Petri dishes and glass test tubes containing solid BG11
medium under dark and low temperature conditions (4°C) showed their ability to survive,
maintain their morphology and subculturing capacity for more than 3 months in Petri dishes
and more than 1 year in glass test tubes. The macroscopic and microscopic examination of
these preserved cultures using both macroscopic and microscopic techniques showed that they
were free from bacterial, fungal or other contamination.

3.3.2. Short preservation of L. fusiformis TL03, Chlorella sp. CHL11 and
Chlorella sp. CHL15 in BG11 (Periodic transfer from liquid to liquid
medium or serial subculture)

Microscopic examination of isolated microalgae under serial subculture conditions revealed
that the cells maintained their shape and pigmentation throughout the subculture period.

L. fusiformis TLO3, Chlorella sp. CHL11 and Chlorella sp. CHL15 preserved in Petri dishes
and glass tubes containing solid BG11 medium demonstrated their ability to survive and
reculture in fresh liquid BG11 medium. The gradual color change to green of the L. fusiformis
TLO3 culture medium was observed over a period of 4-7 days, while the gradual color change
to green of the culture media of two species Chlorella sp. CHL11 and Chlorella sp. CHL15
occurred after only 3-5 days of incubation under optimal light conditions, demonstrating
successful preservation for these species. The examination of these culture showed there are

no bacterial or fungi contamination.

4. Discussion
Microscopic examination of the sample taken from Telamine Lake revealed the presence of
many cyanobacteria and microalgae, dominated by the strain L. fusiformis TLO3, which may
be a result of the alkalinity and salinity of this lake. This finding is consistent with the
findings of Krienitz et al. (2005); Sili ef al. (2012); Cellamare et al. (2018), who found that in
alkaline saline lakes in tropical and subtropical regions, the alkaliphilic filamentous
cyanobacterium Arthrospira is frequently the dominant taxon and is responsible for

permanent or seasonal blooms.
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To reduce the contamination of the sample by removing microorganisms and solid residues in
order to isolate L. fusiformis TLO3, physical techniques were applied in the first stage, such as
filtration, centrifugation, and dilution, which are consistent with the techniques applied by
many authors, such as filtration (Sena et al., 2011; Lee et al., 2013; Schagerl et al., 2025),
centrifugation and dilution (Guillard, 2005; Prasad et al., 2013; Schagerl et al., 2025)

In the same context, Prasad et al. (2013) stated that repeated centrifugation at 1000 rpm
reduced the percentage of suspended solids and unicellular microorganisms to 90%, with
Spirulina and other species of blue-green and green algae floating on the surface

The pH treatment of the samples confirmed that L. fusiformis TLO3 has a tolerance to high
alkalinity (pH = 12.5); in contrast, Microcystis sp. was absent from the sample due to its
inability to tolerate this condition. In agreement with our results, Sena et a/. (2011) reported
that treating the sample at pH 12 for 72 h was the most effective, as no protozoa or
Microcystis sp. were observed in the treated culture, whereas they have been registered the
presence of Arthrospira sp. On the other hand, the treatment at a lower pH (10 or 11) applied
for less than 72 hours did not kill the protozoan, Microcystis sp. and Chroococcus sp., and
when the pH was increased to 13, Arthrospira sp was eliminated In another study, Ciferri
(1983) also reported that Arthrospira spp. can live in very alkaline environments up to pH 12.

In this study, we used the traditional method based on morphological and molecular
characteristics to identify the genus of the isolated strain. The arrangement of its multicellular
cylindrical trichomes in an open helix, usually of relatively large diameter, sometimes
attenuated at the ends, is the main taxonomic criteria for the differentiation of both genus
Arthrospira and Limnospira species (Sili et al., 2012).

A morphological study of the isolated strain revealed that there are several morphotypes that
most likely belong to the same species. During successive cultures in liquid media, this
isolated strain maintained a spiral shape with varying degrees of helicity. The results obtained
by measuring trichome length, coil diameter, and pitch, as well as cell diameter and length,
differ slightly from those reported by Jung et al. (2021). Cell diameters of Arthrospira
platensis grown in a flat-type bioreactor ranged from 5.25 + 1.26 to 7.5 £ 2.9 um, and coil
diameters ranged from 20 to 60 pm.

Many studies have been conducted to describe the morphological characteristics of A.
Sfusiformis and A. maxima. The diameter and length of the cells of the latter species range from
7 t0 9 um and 5 to 7 pum, respectively (Sili et al., 2012). They form open regular spirals with

coil diameters ranging from 40 to 60 um and pitches ranging from 70 to 80 pm. Coils have
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regular screw-like shapes at the ends that are slightly attenuated (Gardner, 1917; Fott &
Karim, 1973; Komarek & Anagnostidis, 2005; Sili et al., 2012). Rout et al. (2015) isolated
the Arthrospira strain NPS-011, which has the same cell trichome length and diameter as
previously studied strains. This species has a variable helix pitch ranging from 80 to 150 um
and a helix diameter ranging from 30 to 70 um. The results for filament length, coil diameter,
pitch, cell diameter, and length for our isolate show that they are almost in agreement with
those reported in several previous studies (Sanchez et al., 2003; Komarek & Anagnostidis,
2005; Rout et al., 2015; Cellamare et al., 2018; Roussell et al., 2023).

Sili et al. (2012) noted that the Arthrospira helix architecture (pitch and diameter) is highly
dependent on growth and environmental conditions under laboratory and mass cultivation
conditions. Dhiab et al. (2007) found that increasing the concentration of sodium chloride in
the culture medium caused Arthrospira platensis to change its trichome shape from spiral to
straight, as well as its physiological behavior. The salinity and anion content of the culture
medium, according to Kebede (1997), influence the helicity degree of Arthrospira fusiformis.
The authors observed that higher salinity culture media had the longest pitches, with very lax
helices in media containing high concentrations of SO4* compared to those containing the
same concentrations of HCO3™ and CI".

In this study, two strains of Chlorella (Chlorella sp. CLHI1 and Chlorella sp. CHL15) were
successfully isolated and purified using a combination of physical and antibiotic treatments.
There was concordance between the results of the examination of the macroscopic and
microscopic morphology of Chlorella sp. CLHI1 and Chlorella sp. CHL15 and the results
reported by Bock et al. (2011). In agreement with our results, also, van Vuuren et al., (2006)
reported that Chlorella consists of spherical or oval small, non-motile, single cells (rarely
clustered in small groups). Its reproduction method is asexually by 4 or 8 (rarely 16 or more)
autospore formed internally by cell division. The autospores are released by rupture of the
parent cell wall.

There are various preservation techniques used for the storage of microalgae (prokaryotic and
eukaryotic), such as periodic transfer, freeze drying, and cryopreservation (Arguelles et al.,
2020). The most widely used method for preserving isolated microalgal strains is the
preservation of microalgae using solid culture media at low temperatures (4°C) and in the
dark, because it is easy to apply. In this study, the period of microalgae preservation in Petri

dishes containing solid culture medium is consistent with that reported by Prasad et al.
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(2013). They reported that the preservation period for Spirulina is up to two months in liquid
and solid (2% bacteriological agar) media at 10°C and 4°C.

Pozzobon et al. (2024) reported that regrowth tests of Chlorella vulgaris that were maintained
at 4 °C for six months showed slightly improved performance compared to those that were

subjected to repeated subculture every two weeks.

5. Conclusion

This study reported the identification and isolation of a novel strain of cyanobacteria, L.
Sfusiformis TLO3, from Telamine Lake in northwest Algeria. Through the examination of
morphological characteristics and comparing the 16S rRNA gene sequence of the isolated
strain with other Arthrospira or Spirulina strains, we verified that the strain in question is
indeed a member of the Limnospira genus. The strain was designated as Limnospira
fusiformis TLO3 and was submitted to the GenBank database with the accession number
MZ215991.1.

In result, the high 18S rRNA sequence similarity of Chlorella sp. CLHII and CHL15 with
recognized strains of C. sorokiniana and C. vulgaris, respectively, validates their taxonomic
position in the Chlorella genus. Strains CHL11 and CHL15 were assigned to the genus
Chlorella, pending a concise polyphasic taxonomic classification based on additional gene
loci (e.g., ITS1 and 5.8S rRNA, and ITS2 and 28S rRNA). The two strains of Chlorella were
designated Chlorella sp. CLH11 and Chlorella sp. CHL15, and submitted to the NCBI with
the accession numbers ON799438.1 and ON799439.1, respectively. In addition to
contributing to the molecular taxonomy of Chlorella, these results will provide a basis for the

practical use of these strains in sustainable biotechnology applications.

The results of the preservation of three microalgal strains, L. fusiformis TLO3, Chlorella sp.
CLHI11 and CHLI1S, indicate that solid BG11 medium combined with dark refrigeration at
4°C is suitable for medium-term preservation, with storage periods of up to 3 months in Petri
dishes and over a year in glass test tubes. This contributes to the possibility of medium-term
laboratory preservation of various microalgae in small laboratories where advanced

preservation tools are not available.
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1. Introduction
Countries with semi-arid and arid environments face major challenges related to the shortage
of fresh water for drinking and other uses in domestic, industrial, agricultural applications.
Algeria is one of the countries that suffer from a shortage of water resources despite its great
efforts to provide water by applying different strategies to respond to national water demand
by constructing several dams and setting up seawater desalination stations along the Algerian
coast. On the other hand, Algeria has several unexploited water resources (Lake, Sebkha,
Saline groundwater) due to their salinity.
In order to valorize the saline water, it has become necessary to search for agricultural plant or
microalgae species that adapt and tolerate different levels of salinity and that can be cultivated
using brackishwater, seawater, hypersaline water.
Limnospira (Spirulina or Arthrospira) is one of the most important microalgae produced in
the world (Sativa et al., 2024), as it can live in a range of water bodies and is characterized by
its high ability to tolerate different levels of salinity (Kebede, 1997; Zeng & Vonshak, 1998;
Sudhir & Murthy, 2004; Thajuddin & Subramanian, 2005; Dadheech et al., 2010; Asulabh et
al., 2012; Benavente-Valdés et al., 2016; Costa et al., 2016; Cellamare et al., 2018).
In terms of value, the Spirulina market is in first place, followed by Chlorella. (Abreu, A.P.,
et al., 2023). Chlorella is found in seawater and brackish water, and it is also found in fresh
water and has the ability to tolerate varying degrees of salinity (Figler et al., 2019).
The aim of this work is to study the effect of salinity on the growth, chlorophyll a, chlorophyll
b and carotenoids of three local microalgae species, L. fusiformis TLO3, Chlorella sp. CHL11,
Chlorella sp. CHL15.

2. Methods

2.1. Subculture

Several culture media of liquid fresh blue-green medium (BG11) [Allen & Stanier, 1968]
were prepared for the culture of the three isolated strains: L. fusiformis TLO3, Chlorella sp.
CHLI11 and Chlorella sp. CHL15. Volumes of 250 ml of a liquid blue-green medium
containing different concentrations of sodium chloride were introduced into 500 ml
Erlenmeyer flasks. The sodium chloride concentrations of the culture media for L. fusiformis
TLO3 and Chlorella sp. CHL15 were 0, 5, 15, 25, 35, 45 and 60 g/1, while for Chlorella sp.
CHLI11 they were 0, 5 and 10 g/I. The pH of the culture medium was adjusted to 9.5 for TL0O3
and 8 for CHL11 and CHLI1S5 strains. The media were autoclaved at 121°C for 20 min.
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All culture media were uniformly inoculated by adding 25 mL of homogenized cell culture
(stock culture). The initial absorbance at 750 nm of the culture concentration for TL03, CHL
11 and CHL15 were 0.220 + 0.002, 0.452 + 0.002 and 0.152 + 0.0002, respectively.
Each treatment was carried out in four replicates. The microalgae incubation was maintained
under the above conditions with aeration added using an aeration pump to avoid microalgae
settling. The cultures were incubated in a culture chamber at a temperature of 27 + 2 °C, with
continuous illumination provided by light-emitting diodes (LEDs) with an intensity of (2.7 £
0.2 Klux). A Mini Light Meter UT383 was used to measure the intensity of the light. The
culture was continuously agitated with an air pump to keep cells suspended and prevent
biomass cell agglomeration. Four replicates were used in the experiments. The cultures were
incubated under these conditions for 20 days for TL0O3 and 12 days for CHL11, CHL15.

2.2. Growth and pigment measurements
Every four days for L. fusiformis TLO3 and three days for Chlorella sp. CHL 11 and Chlorella
sp. CHLI15, a sample of the homogeneous suspensions culture was taken from each
Erlenmeyer flask and analyzed for growth, chlorophyll a, chlorophyll b, and total carotenoids.
Absorbance at 750 nm was used to calculate cell growth during the incubation period. Other
than that, chlorophyll (a, b) and carotenoids were measured in accordance with Wellburn
(1994). Volumes of 3 ml of each culture medium’s homogenized cell suspension were
centrifuged at 3800 rcf for 10 min (Centurion Scientific Ltd, C2 series Benchtop Centrifuges).
After centrifugation at the same speed, the pellets were washed twice with 3 ml of distilled
water. The supernatant was removed, and the cells were suspended in 3 mL of pure methanol
(99.9%) in the dark at 4 °C for 24 h (until colorless pellets). After centrifugation, the aliquots
were read at three different wavelengths (470, 653, and 666 nm) using a Jasco V-630
Spectrophotometer.
[Wellburn (1994)] equation

Chlorophyll a (ng/ml) = 15.66x (A666) - 7.34x (A653)

Chlorophyll b (pg/ml) =27.05 x (A653) — 11.21 x (A666)

Total carotenoids (pg/ml) = 1000 x (A470 —2.86 x Chl a— 129.2 x Chl b)/221

2.3. Statistical analyses
The data from this study were statistically analyzed using IBM SPSS software (version 25)
(Corp 2013). To verify if there were statistically significant differences in the growth of
different concentrations of sodium chloride, the data of each parameter were subjected to
One-Way ANOVA and Tukey’s HSD (Honest Significant Difference) tests using SPSS with a

95% confidence interval.
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3. Results
3.1. Effects of different NaCl concentrations on the growth of the isolated L.
fusiformis TL03

Figure 14 depicts the growth of L. fusiformis TLO3 from the start to the end of the experiment
for all treatments. The L. fusiformis TLO3 strain demonstrated a high level of salt tolerance.
The general trend of the curve shows that the highest optical density values for all treatments
occurred on the 20™ day, whereas the concentration of NaCl had a significant effect on cell
growth across all treatment groups (P < 0.05). The maximum absorbance (1.580 + 0.014 and
1.560 £+ 0.003) was obtained in both cultures containing 15 g/l and 5 g/l NaCl, respectively,
seven times greater than the initial absorbance. In contrast, the lowest absorbance (1.314 +
0.006 and 1.197 + 0.003) were recorded in cultures containing 45 and 60 g/l NaCl,
respectively.
These results show that when the concentration of sodium chloride increases, the growth of L.
fusiformis TLO3 slows down. We also remarked that _TLO3 continued to grow even under

NacCl starvation conditions.

——0 g/l Nacl

—a—5g/ Nacl

——15 g/l Nacl

25 g/l NaCl

Absorbance at 750 nm

——35 g/I NaCl

45 g/l Nacl

——60 g/l NaCl

Incubation time (Days)

Figure 14. Effect of different NaCl concentrations on the growth of L. fusiformis TLO3. Data
represent mean values + SEM (n = 4).

The results of chlorophyll a content in the L. fusiformis TLO3 strain subjected to salt stress for
20 days showed a gradual increase among all NaCl concentrations tested (Fig. 15). By

comparing the trend of the curves of the effect of salinity on growth and the concentration of
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chlorophyll, it becomes clear that they follow a similar trend. Growth and chlorophylls (a, b)
were negatively affected at the highest salt concentrations. Nevertheless, the TL0O3 strain was
still able to grow until the 20" day, which was the end of the experiment. The highest
concentrations of chlorophyll a (Fig. 15) and chlorophyll b (Fig. 16) in all tested cultures were
observed at the end of the experiment (20th day). The maximum concentrations of chlorophyll
a (19.42 £ 0.25 pg/ml) and chlorophyll b (3.52 + 0.16 pg/ml) were obtained in BGI11
containing 15 g/l NaCl. The lowest amounts of Chl a (12 £ 0.08 pg/ml) and Chl b (2.22 +
0.01 pg/ml) were registered in BG11, which contained a high NaCl concentration (60 g/1).

25

20

W 0g/1 NaCl
€15 W 5 g/l NaCl
B m 15 g/l NaCl
E M 25 g/l NaCl
o 10

m 35 g/l NaCl
m 45 g/l MaCl
m 60 g/l NaCl

o] 4 B8 12 16 20
Incubation days

Figure 15. Chlorophyll a amount of L. fusiformis TLO3 exposed to different NaCl
concentrations. Different letters indicate a significant difference (P< 0.5). Error bar represents

standard error (n = 4).
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Figure 16. Chlorophyll b amount of L. fusiformis TLO3 strain exposed to different NaCl

concentrations. Data are mean = SEM (n = 4).
The variation of total carotenoids in the L. fusiformis TLO3 strain under different NaCl
concentrations demonstrated a continuing increase in all treatment groups, reaching a
maximum on the 20" day of the experiment, with a significant difference for all treatment
media (P < 0.05) (Fig. 17). The medium without NaCl yielded the highest number of
carotenoids, a 23-fold increase over the initial value. At the same time, carotenoid
concentration ranged from the highest value of 1.88 + 0.02 pg/ml in BG11 without NaCl to
the lowest value of 1.10 £ 0.01 pg/ml under high salt stress (60 g/l). The total carotenoid
concentration was lower in the TLO3 strain cultured at 15 g/l NaCl (control) compared to
those cultured at 25 and 35 g/l and was higher compared to those cultured in higher salinity
culture media (45 and 60 g/l). On the fourth day of the experiment, the maximum
concentrations of carotenoids (0.71 + 0.02 and 0.71 + 0.08 pg/ml) were observed in BG11

and BG11 containing 5 g/l of NaCl, respectively.
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Figure 17. Total carotenoids amount of L. fusiformis TLO3 strain exposed to different NaCl

concentrations. Data are mean = SEM (n = 4).

3.2.Effects of different NaCl concentrations on the growth of the isolated Chlorella
sp. CH11

In order to determine the optimal salinity for the growth of two studied chlorella (Chlorella
sp. CHL11 and Chlorella sp. CHL15), they were cultivated in BG-11 culture medium with
different concentrations of sodium chloride.
The assessment of growth, chlorophyll, and carotenoids content of Chlorella. sp CHL11
cultured in BG11 containing different NaCl concentrations showed different growth patterns,
although all cultures started with equal initial concentration inoculums.
Figure. 18 show the effect of NaCl concentration on the growth of Chlorella sp. CHL11 in
BG11 medium containing different NaCl concentrations. The growth curves show an
increasing trend in the optical density value of the microalgae suspension in all the tested
media, with the highest values recorded during all the experiments for the algae grown in the
culture medium without NaCl addition. After 12 days of incubation, the maximum absorbance
(2.737+0.01) was recorded in BGI1 without NaCl addition, while the lowest value
(1.77£0.001) was found in BG11 with 10 g/l NaCl.
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Figure 18. Effect of different NaCl concentration on Chlorella sp. CHL11 growth. Data are
mean + SEM (n = 4).
The histogram trends of chlorophyll a, chlorophyll b and carotenoid content in Chlorella sp.
CHLI11 are shown in the figure 19, 20 and 21.
The chlorophyll a and chlorophyll b levels showed significant differences between all
treatments throughout the experiment (p<0.05), where the highest values were recorded on
day 12. The maximum concentrations of chlorophyll a (25.579+0.08 pg/ml) and chlorophyll
b(16.321+£0.057) were found in Chlorella sp CHLI11 cultured in BG11, and the lowest
concentrations of chlorophyll a (17.286+0.047 ng/ml) and chlorophyll b(8.146+0.105 pg/ml)
were recorded in that grown in BG11 containing 10 g/l of NaCl.
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Figure 19. Effect of different NaCl concentration on chlorophyll a content in Chlorella sp.
CHL11. Data are mean + SEM (n = 4).
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Figure 20. Effect of different NaCl concentration on chlorophyll b content in Chlorella sp.
CHL11. Data are mean + SEM (n = 4).
Figure 21. shows that the concentration of carotenoids produced was proportional to the
biomass productivity of Chlorella sp. CHL11, with trends tending to increase with increasing
biomass. The highest concentration of carotenoids (3.395+0.030 pg/ml) was found in
Chlorella sp. CHL11 cultivated in BG11, while the lowest (2.635+0.051 pg/ml) was found in
those cultivated in BG11 containing 10 g/l NaCL
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Figure 21. Effect of different NaCl concentration on carotenoids content in Chlorella sp.
CHLI11. Data are mean = SEM (n = 4).
3.3. Effects of different NaCl concentrations on the growth of the isolated Chlorella
sp. CHL15

Figure 22. Shows that the growth of Chlorella sp. CHL1S5 increased throughout the
experimental period in all treatments.
The growth of Chlorella sp. CHL15 was directly proportional to culture time at all NaCl
concentrations, with continuous and increasing growth throughout the culture time, while
growth was inversely proportional to NaCl concentrations in the culture media, with faster
growth in BG11 media containing less sodium chloride.
The growth curve (Fig. 22) showed a rapid adaptation of Chlorella sp. CHL15 to different
sodium chloride concentrations in the culture media. There are no lag phase was observed in
the treatments, except for the one grown in media culture containing high salinity (60 g
NaCl/L), where a lag phase was recorded during the first three days after inoculation,
followed by an exponential growth phase, reaching a maximum absorbance of 0.747 + 0.033
on the 12th day of the experiment.
The results presented in Figure 22 show that on day 12 of the experiment, the BG11 medium
had the highest growth of Chlorella sp. CHL15 with an absorbance of 1.884+0.036, while the

lowest absorbance was recorded in BG11 containing 60 g NaCl/L.
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Figure 22. Effect of different NaCl concentration on Chlorella sp. CHL15 growth. Data are
mean = SEM (n = 4).
The tendency towards an increase in the amount of chlorophyll a, b, and carotenoids in

Chlorella sp. CHL15 was maintained in all the treatments during all the experiments.

The highest chlorophyll a values were obtained on days 3, 6, 9 and 12 for Chlorella sp.
CHLI15 grown in BG11 without NaCl, followed by those grown in BG11 containing 5 g L-1,
15gL-1,30gL-1,45 gL-1 and 60 g L-1 NaCl, respectively.

Figure 23 and 24 show that, on the 12th day of the experiment, significant differences were
observed in the chlorophyll a and chlorophyll b contents of Chlorella sp. CHL15 between all
treatments, as the maximum concentration of chlorophyll a (16.158+=0.021 pg/ml) and
chlorophyll b (3.225+0.013 pg/ml) was recorded in the one cultivated in BG11 without
sodium chloride, whereas the lowest levels of chlorophyll a (6.4024+0.036 pg/ml) and
chlorophyll b (1.268+0.059 pg/ml) were found in the one cultivated in BG11 containing 60
g/l NaCl.
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Figure 23. Effect of different NaCl concentrations on chlorophyll a content in Chlorella sp.
CHLI15. Data are mean + SEM (n = 4).
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Figure 24. Effect of different NaCl concentration on chlorophyll b content in Chlorella sp.
CHLI15. Data are mean + SEM (n = 4).

During the experiment, a gradual increase in the concentration of carotenoids was observed in

all treatments (Fig.25). On the 9th and 12th day, a significant difference was observed

between all treatments (p<0.05).

On the 12th day, the maximum level of carotenoids (3.216+0.064 pg/ml) was observed in
Chlorella sp. CHL15 cultivated in BG11 without NaCl, followed by those cultivated in 5g/1
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NaCl (2.921+0.016 pg/ml), 15 g L-1(2.583%0.064 pg/ml), 30 g L-1(2.408+0.062 pg/ml), 45 g
L-1(1.390+0.075 pg/ml) and the last in BG11 containing 60 g L-1 NaCl with a concentration
of (1.244+0.032 pg/ml).
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Figure 25. Effect of different NaCl concentrations on the carotenoid content of Chlorella sp.

CHL15. Data are mean + SEM (n = 4).

4. Discussion

Telamine Lake is characterized by high alkalinity and middle to high salinity, depending on
season. This lake contains high plant biodiversity and phytoplankton. From the end of March
to the end of April 2018, phytoplankton blooms were observed.

Despite the high salinity of the culture medium (60 g/1), the L. fusiformis TLO3 strain showed
tolerance and continued growth in culture media with varying salinity rates. These findings
are consistent with those reported by Reed & Stewart (1985), Kebede (1997), and Moisander
et al. (2002), who found that 4. platensis did not stop growing even at 88 g/l salinity.
According to Dadheech et al. (2010), Arthrospira lives in alkaline waters with pH ranging
from 8 to 11 and salinity ranging from 1.1 to 300 g/I.

When compared to other media, the L. fusiformis TLO3 isolates grew the best in both media
containing 5 and 15 g/l NaCl. The salinity of the BG11, which contains 15 g/l NaCl, is
thought to be similar to that of our strain’s original habitat (Telamine Lake). BG11 with 5 g/l

NaCl has the same salinity concentration as when the strain was grown and adapted before
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being used in this experiment. In terms of absorbance, chlorophylls (a, b) levels increased
slowly in BG11 containing up to 15 g/l NaCl (control) during incubation compared to a lower
salinity medium. These findings differ from those of several previous studies. According to
Ayachi et al. (2007), Spirulina platensis (A. platensis) grew the fastest at a NaCl
concentration of 1 g/l. Meanwhile, at 60 g/l NaCl, the first five days are latent, followed by a
decreasing growth phase until the end of the experiment.

Phang (2002), on the other hand, described an immediate cessation of A. platensis growth
when exposed to high NaCl concentrations. Slower growth usually follows this stage. Sudhir
et al. (2005) discovered that a 47 g/l NaCl concentration significantly reduced A. platensis’s
photosystem II (PS II)-mediated oxygen evolution activity. Sharma et al. (2014) reported that
increasing the NaCl concentration reduced growth and completely inhibited 4. platensis
chlorophyll a biosynthesis. The total carotenoid content of L. fusiformis TLO3 grown in a low-
salinity medium was significantly higher than in the control medium but lower in higher-
salinity media (45 and 60 g/1). This fact could be explained as follows: exposing L. fusiformis
TLO3 to hypersalinity and a slightly higher salinity compared to the Arthrospira origin
environment induced carotenoids biosynthesis, but the biosynthesis was lower at a higher
salinity rate.

The growth pattern of Chlorella sp. CHL11 and Chlorella sp. CHL15 cultured in different
NaCl concentrations was evaluated during the 12 days of the experiment using the optical
density at D750 nm. The Chlorella sp. CHL11 strain grown in BG11 (0 g/L NaCl) showed a
high level of growth, with absorbance values increasing sharply from day 3 to day 12,
reaching approximately 2.73, with a multiplication of 3.43 times compared to that of the third
day of the experiment.

At 5 g/L NaCl, Chlorella sp. CHL11 showed slower growth than those grown in BG11, and
growth was further reduced at 10 g/L, indicating a clear response to salt stress. These results
are in line with those of Kumar et al. (2010), who found that freshwater microalgae exhibit
decreased cell division and photosynthesis when exposed to high salinity.

Our results showed that the two Chlorella species studied tolerated different levels of salinity
while maintaining their continuous growth throughout the 12 days of the experiment.
However, the growth rate was inversely proportional to the increase in salinity concentration
in the culture media. These results are in agreement with those reported by El-Adl et al.
(2024), who showed that the growth of Chlorella sorokiniana decreased progressively with

increasing salinity of the culture medium.
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According to Talebi et al. (2013), increased salt concentrations negatively affected the growth
of some freshwater microalgae species such as Chlorella vulgaris, Chlorella salina, and
Chlorella emersonii. On contrast, Farkas et al. (2023) stated that Chlorella sp. showed the
highest tolerance to increased salinity, and its growth was not affected up to a concentration
of 0.6 M NaCl.

Consistent with our findings, several studies have reported that many species of chlorella
possess the halotolerance (NaCl) capacity (Wang et al., 2016; Li et al., 2018; Sahle-Demessie
etal., 2019).

Several algal species are adaptable to variations in salinity through biochemical responses
such as the production and accumulation of osmolytes or use of efficient Na+/K+ pump
system (Brown, 1982; Kirst, 1989; Von Alvensleben et al., 2013; Talebi, et al., 2013; Slama,
etal., 2015)

Slower algal growth and reduced photosynthetic pigments (chlorophyll a, chlorophyll b, and
carotenoids) under salt stress may be due to increased uptake of Na+ and Cl-, causing ionic
imbalance, cell dehydration, and excessive production of reactive oxygen species (ROS),
which is leading to induction of oxidative stress, enzyme deactivation, and inhibition of
photosynthetic activity (Erdmann & Hagemann, 2001; Sudhir & Murthy, 2004; Mahajan &
Tuteja, 2005)

5. Conclusion

L. fusiformis TLO3 has the ability to adapt and grow in a wide range of environmental salinity
variation (from 0 to 60 g/l of NaCl) with maximum growth and chlorophyll a at 15g/l of
salinity, making it a strong candidate to occupy an important position in algae cultivation
investment projects in Algeria. Both NaCl concentration and exposure time had a significant
effect on the growth of L. fusiformis TLO3 and the amounts of chlorophyll (a, b) and
carotenoids. This study is very important to contribute to the development of the cultivation of
this local strain in different regions of Algeria using unexploited salt groundwater, as well as
the use of brackish and saline water to reduce the cost of microalgae cultivation and provide
and conserve potable water. The results of L. fusiformis TLO3 grown in the laboratory under
controlled conditions and different salt concentrations allow us to produce it outdoors on a
large scale, especially since it is a local strain adapted to local climatic conditions.

It was concluded that these two strains (Chlorella sp. CHL11, Chlorella sp. CHL15) grow

rapidly in BG11 culture media; however, their growth decreases with increasing salinity, and
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they have the ability to tolerate high concentrations of salinity, especially Chlorella sp.
CHL15, which tolerates up to 60 g/L of sodium chloride.

These halotolerant chlorella strains can be used for mass production in production in
unexploited brackish and saline waters and in wastewater. These criteria could make this

green algae strain a key element in future bio-desalination strategies.
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1. Introduction

The treatment of oxidative stress through the long-term use of synthetic antioxidants may
cause some health problems, such as skin allergies, digestive problems, and, in some cases, an
increased risk of cancer (Botterweck et al, 2000; Jeong et al., 2005; Randhawa& Bahna,
2009; Engin et al, 2011). In light of this, the search for effective natural antioxidants
represents an important area of research in the present. Microalgae have recently attracted
considerable attention worldwide due to their wide range of biotechnological applications
such as biopharmaceutical, nutraceutical and cosmetic industries (Khan et al, 2018; Abdel-
Karim et al., 2019; Rani et al., 2021; Shaima et al., 2022).

Microalgae are considered to be a promising source of natural antioxidant compounds
(Goodarzi et al., 2014; Khan et al.,, 2018; Saide et al., 2021; Silva et al., 2022; Yang et al.,
2023; Pereira et al., 2024). They contain a variety of bioactive molecules, such as alkaloids,
polysaccharides, vitamins , lipids, pigments, carotenoids, phycocyanin, phenolics,
phycocyanin, terpenes and aromatic organic acids (Shannon and Abu-Ghannam, 2016;
Marrez et al., 2019 ; Sansone & Brunet, 2019; Vikneshan et al., 2020; Pereira et al., 2024).
Antioxidants were defined as any substance which, when existing at low concentrations
compared with the concentrations of an oxidizable substrate, significantly retards or inhibits
the oxidation of that substrate (Halliwell & Gutteridge, 1995).

The present study aimed to determine the total phenolic and flavonoid content and
characterize the phenolic compounds in the hydromethanolic extract of three isolated local
microalgae (L. fusiformis TL-3, Chlorella sp. CHI11, Chlorella sp. CHI15). In addition to
evaluating the antioxidant activity of the extracts using DPPH free radical scavenging activity

and beta-carotene bleaching methods.

2. Materials and methods

2.1.Material
The used materials are presented in Annex 2

2.2.Methods

2.2.1. Extract preparation:
A crude hydromethanolic extract of freez dried biomass of L. fusiformis TLO3 and two
chlorella (Chlorella sp. CHL11, Chlorella sp. CHL15) was prepared separately by macerating
2 g of freeze-dried algae in 100 mL of methanol/water (7 v: 3 v). The mixture was kept at
room temperature in the dark for 48 hours and then filtered through Wathman No. 1 paper.
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These procedures were repeated three times to extract the maximum amount of compounds.
The three filtrates of each strain were collected in an opaque glass vial and then dried at 40 °C
using a rotary vacuum evaporator (Buchi R-210). The dried extracts were stored at 4°C in the
dark until use.

The extraction yield was calculated according to the following formula (Bouslamti, M et al.,

2022):

Y (%) = (EW/WP) x 100|

Y: yield of extract in %; EW: extract weight obtained; WP: weight of the powder.

2.2.2. Total phenolic assay
The total phenolic content of the extract was assessed using spectrophotometric methods
based on the Folin-Ciocalteu reagent (Singleton & Rossi, 1965). 3.9 ml of distilled water was
combined with 0.1 ml of diluted hydromethanolic crude extracts (10 mg/mL), and the mixture
was thoroughly mixed with 0.25 mL of Folin-Ciocalteu reagent for 3 min. Then, 0.75 mL of
20% (w/v) sodium carbonate (Na2CO3) was added to the mixture. After thorough mixing,
samples were incubated in a water bath at 40 °C for 40 min. The absorbance was measured at
765 nm against a blank sample consisting of distilled water instead of the diluted sample. The
total phenolic content of the extracts was determined and expressed as mg of Gallic acid
equivalents (GAE) per gram of sample in dry weight (mg GEA/g) using the regression
equation of the calibration curve. The analysis was conducted three times.

2.2.3. Total flavonoid content
The total content of flavonoids in the crude extract was determined by the Aluminum chloride
colorimetric method (Lamaison & Carnat, 1990).
Briefly, 0.75 mL of hydromethanolic crude extracts (10 mg/mL) was made up to 1.5 mL with
2% AICI3 solution methanol. The mixture was well mixed before incubation at room
temperature in the dark for 10 min. The absorbance of the mixture was measured at 440 nm
against the standard containing a diluted solution of AICI3.
A calibration curve for quercetin was used to determine the total flavonoid concentration and
the result was expressed as milligram equivalents of quercetin per gram of dry microalgae
(mg QE/g). The analysis was also repeated three times

2.2.4. Polyphenol analysis HPLC
The HPLC analysis of crude hydromethanolic extracts was performed using a Young Lin YL
9100 HPLC chromatograph with a UV-Vis detector (YL9120). The separation was achieved
by a reversed-phase Agilent XDB Eclipse C8 column (250 mm/4.6 mm/5 m). The mobile

phase was bi-distilled water enriched with 0.1 % acetic acid (Eluent A) and gradient methanol
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(Eluent B). The flow rate was adjusted at 1 mL/min, the temperature was regulated at 30 °C,
and the injection volume was 20 pL. The HPLC gradient elution were as follows: 0—50 min,
95% elution A and 5% elution B; 50-60 min, 5% A and 95% elution B. The chromatograms
were recorded at 254 and 280 nm.
Each compound of phenolic acids and flavonoids contained in hydromethanolic extract was
identified by comparing its retention time (Rt) and the UV spectra to those of 35 standards
(Galic acid, Rutin, Vanillic acid, Ascorbic acid, Galangin, Cafeic acid, Tannic acid,
Protocatechuic acid, Robinin ,Myricetin, Morin, Apegin, Diosmin, Catechin, Tangeretin, 5-
Hydroxy-flavon, Chrysin, 3-Hydro-flavon, Acacetin, Hesperetin, Quercetin, Xanthotoxine,
Luteotin, Kaempferol, Luteolin 7,3'-diglucoside, Apigenin 7-glucoside, isorhamnetin-3-
glucoside, Hesperidin, Rhamnetin, penta-hydroxyflavone, Naringenin-7-glucoside,
Naringenin, Isorhamnetin-3-rutinoside, Kaempferide)[ appendix 2]

2.2.5. Antioxidant Activity

2.2.5.1.DPPH radical scavenging activity:
The DPPH assay was performed according to Tep et al. (2006), the Crude hydromethanolic
extracts (10 mg/ml) were prepared in a series of dilutions (0.125, 0.250, 0.5, 1, 2, 3, 4, and 5
mg/ml) by adding methanol.
An equal volume of DPPH solution dissolved in methanol (0.004%) was added to 1.5 ml of
each diluted test extract (0.125 to 5 mg/ml). After vigorous mixing for 10 seconds, the
solution was incubated at room temperature in the dark for 30 minutes. The absorbance was
read at a wavelength of 517 nm. Reference standards of BHT, Ascorbic acid, Trolox, Vitamin
E were used as benchmarks. All samples were performed in triplicate.
The following formula was used to determine the percentage of free radical DPPH inhibition

1 %) = [(Ac - As)/ (Ac)] x 100|

Where As is the sample absorbance and Ac represents the absorbance of the control reaction,
which uses all the reagents except the test substance.

The IC50 value was used to determine the antiradical activity of the samples; this value is the
concentration of the sample required for 50% inhibition of DPPH radicals.

2.2.5.2.Beta-carotene determination

Two mg of beta-carotene was dissolved in 10 ml of chloroform, and 2 ml of this solution was
added to a vial previously containing 40 mg of linoleic acid and 400 mg of Tween 80. The
mixture was agitated, and then the chloroform was completely evaporated using a rotary
vacuum evaporator. Afterward, 100 ml of distilled water was added to the residue. After

thoroughly mixing, a volume of 4.8 mL of the obtained emulsion was transferred to test tubes,
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each one containing 0.2 mL of the extract (10 mg/mL) or the same volume of control
antioxidants (BHT).

The tubes were placed in a water bath at 50 °C and the absorbance was measured at 470 nm at
intervals of 30, 60, 90 and 120 minutes. Samples were performed in triplicate

The bleaching rate of beta-carotene (R) is calculated according to Al-Shaikhan et al. ( 1995)

as follows:

Rt = In (Abst0/Abst)/]

Rt: the bleaching rate of beta-carotene at times (30, 60, 90, and 120 minutes);

In: natural logarithm; Abst0 corresponds to the initial absorbance of the emulsion
immediately after sample preparation (t = 0 minutes); Abst: the absorbance of the emulsion at
times (30, 60, 90, and 120 minutes). The percentage of antioxidant activity is calculated using

the following equation:

|Anti0xidant activity %= [(R control - R sample)/R control] x100|.

R control and R sample are the average rates of control and sample (extract) bleaching,

respectively.

3. Results

3.1.Extraction Yields for Microalgae and Cyanobacteria:
Methanol is the most suitable solvent for the extraction of bioactive metabolites due to its
higher polarity and cell disintegrating ability (Safafar et al., 2015, Fardous et al. 2023).
The results of the extraction yields showed that the highest percentage was recorded for by
Chlorella sp CH11 (38.89%) followed Chlorella sp CH15 (35.16%), and L. fusiformis TLO3
(32.22%).

3.2.Total phenolic contents
Using a spectral assay, we calculated the polyphenol concentrations in our study. The results
were expressed in milligrams equal to the standard used per gram of dry extract, derived from
the linear regression equation of a calibration curve created with gallic acid.

Equation: [y = 0.0795X - 0.1033]

The total phenolic content of the hydromethanolic extract of the three locale studied
microalgae ranged from 13.46+£0.56 to 18.41+0.32 mg/g GAE, with statistically significant
differences between the species (Table 15). The highest value was obtained in Limnospira
fusiformis TLO3.

3.3.Total contents of flavonoids
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The total flavonoid content (TFC) was performed using the Aluminium chloride method
(AICI3), quercetin was used as a standard and the flavonoid contents corresponding are
reported in milligrams equivalent of the standard used per gram of dry extract. The results are

presented in Table 15.

Equation: [Y = 0.5658X - 0.1155|

The results of the total flavonoid content in the hydromethanolic extract of three microalgae
species showed a significant difference between Chlorella sp. CHL11 (3.59+0.06 mg QE/g
DW) and the three(two)studied microalgae species (p<0.05). No significant difference was
found between Limnospira fusiformis TLO3, Chlorella sp. CHL15 (Table 14).

Table 14. Total phenolic and flavonoid content in the hydromethanolic extract of Limnospira

fusiformis TLO3, Chlorella sp. CHL11 and, Chlorella sp. CHL15.

Hydromethanolic Limnospira Chlorella sp. Chlorella sp. CHL15
extracts fusiformis TLO3 CHLI1

Total Phenolic | 18.41+ 0.32(a) 15.57+0.42(b) 13.56+ 0.500
Contents(mg GEA/g)

Total Flavonoid | 2.11+ 0.12(a) 3.59+0.06(b) 1.99+ 0.06(a)
Content(mg QE/g DW).

3.4. Phenolic Compounds (HPLC)

Phenolic compounds are secondary metabolites essential used for plant physiological
processes, stress responses, and survival under harsh conditions (Cichonski& Chrzanowski,
2022). Phenolic compounds such as phenolic acids, flavonoids, coumarins, lignans, and
tannins are the major group of secondary metabolites in plants (Nezafatian et al., 2024).

The results obtained from the HPLC analysis of the crude hydromethanolic extract of the
microalgae studied were 55 peaks for L. fusiformis TLO3, 69 peaks for Chlorella sp. CHL11
and 47 peaks for Chlorella sp. CHL15(Fig.26, 27, 28). A number of phenolic compounds
were identified by comparing the retention times and UV spectra of the obtained peaks with
standards and algal extracts in which, five compounds (Ascorbic acid, Gallic acid, Luteolin,
Quercetin, Kaempferol)were identified in L. fusiformis TLO3, seven compounds (tannic acid,
robinin, luteolin 7,3'-diglucoside, vannilic acid, apigenin 7-glucoside, quercetin, and galangin)
in Chlorella sp. CHL11 and four compounds(protocatechuic acid, isorhamnetin-3-glucoside,

hesperidin, quercetin) in Chlorella sp. CHL15 ( Table 15).
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HPLC-DAD analysis of the polyphenolic compounds of the hydromethanolic extract of two
studied species of Chlorella revealed the presence of seven compounds (tannic acid, robinin,
luteolin 7,3'-diglucoside, vannilic acid, apigenin 7-glucoside, quercetin, and galangin) in
Chlorella sp. CHLI11, four compounds (protocatechuic acid, isorhamnetin-3-glucoside,

hesperidin, quercetin) in Chlorella sp. CHL15.

Table 15. Phenolic compounds identified in hydromethanolic extracts of three studied

microalgae species: L. fusiformis TLO3, Chlorella sp. CHL11, and, Chlorella sp. CHL15.

Species Peak Compound Area Retention Compounds
number time class
L. fusiformis | 1 Ascorbic acid 0.5 3.66 Vitamine C
TLO3 2 Gallic acid 1 10.34 phenolic acid.
3 Luteolin 1.6 33.53 Flavone
4 Quercetin 1 35.703 Flavonol
5 Kaempferol 0.1 49.303 Flavonol
Chlorella sp. | 1 Tannic acid 0.5 6.62 Phenolic acid
CHLI11 2 Robinin 0.1 17.3 Flavanol
3 Luteolin 7,3'-diglucoside 0.01  24.253 Flavone
4 Vanillic acid 0.01 24.710 Phenolic acid
5 Apigenin 7-glucoside 0.1 29.207 Flavone
6 Quercetin 0.1 35.703 Flavonol
7 Galangin 0.3 47.293 Flavonol
Chlorella sp. | 1 Protocatechuic acid 09  8.547 Phenolic acid
CHLI5 2 isorhamnetin-3-glucoside 0.1 28.120 Hydroxy-
flavone
3 Hesperidin 0.01 28.284 flavanone
4 Quercetin 0.01 35.703 Flavonol
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Figure 26. Chromatogram of the hydromethanolic extract of L. fusiformis TLO3. Phenolic
compounds identified: (1): Ascorbic acid, (2): Gallic acid, (3): Luteotin, (4): Quercetine, (5):

Kaempferol.

[mAL]

100+

Absorbance (mAU)

w
?

T T T T T
o 10 20 30 a0 50 60
100

Figure 27. Chromatogram of the hydromethanolic extract of Chlorella sp. CHL11. Phenolic
compounds identified: (1): Tannic acid, (2): Robinin, (3): Luteolin 7,3'-diglucoside, (4):
Vanillic acid, (5): Apigenin 7-glucoside, (6): Quercetin, (7): Galangin.
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Figure 28. Chromatogram of the hydromethanolic extract of Chlorella sp. CHL15. Phenolic
compounds identified: (1): Protocatechuic acid, (2): isorhamnetin-3-glucoside, (3):

Hesperidin, (4): Quercetin.

3.5.Antioxidant activity

3.5.1. DPPH radical scavenging activity:
The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay is a simple, inexpensive, and fast method
widely used to evaluate antioxidant capacity; handling the DPPH radical is much more stable
and easier than oxygen free radicals. The anti-radical activity profile against the DPPH radical
of different extracts as well as those of standard antioxidants (ascorbic acid, a-tocopherol and

BHT) are represented in the Figure 29.
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Figure. 29 DPPH radical scavenging activity of hydromethanolic extract of L.fusiformis

TLO3, Chlorella sp. CHL11, Chlorella sp. CHL15 and

Trolox, and Vitamine E).

standards (BHT ,Ascorbic acid,

The results of the percentage inhibition of the DPPH radical scavenging activity of the extract

of three microalgae have shown that there is a high significant difference between L.

fusiformis TLO3 and the two Chlorella species; Chlorella sp. CHL15 and Chlorella sp.

CHL11.(Table 16).

Table 16. Antioxidant activity (DPPH assay) and IC5() value in hydromethanolic extract of

L.fusiformis TLO3, Chlorella sp. CHL11, Chlorella sp. CHLI15.

Species

Hydromethanolic L. fusiformis TLO3

extracts

standards

Chlorella sp. CHLI11
Chlorella sp. CHL15
BHT

Ascorbic acid
Trolox

vitamine E

IC50 (pg ml ™)

DPPH
470

994

745

72,16 0,1
4+0,1

6,86 + 0,05
9,55+ 0,07

% inhibition of
DPPH
86.19 £ 1.61 (a)
71.69+1.44(b)
72.30+ 3.35(b)
82,36 £ 0,94 (a)
98,54 £ 0,250
98,03 = 0,090
94,08 +0,1©
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The perentage inhibition of the DPPH of microalgae extract varied from 71.69+1.44 to 86.19
+ 1.61%. L.fusiformis TLO3 provided the highest antioxidant activity, followed by Chlorella
sp. CHL15 (72.30+ 3.35%), and Chlorella sp. CHL11(71.69+1.44 %).
On the other hand, the comparison of the percentage inhibition of the DPPH radical
scavenging activity of the three microalgae extracts with the standards showed that the DPPH
of the standards (ascorbic acid, torolox, and vitamin E) was significantly higher than that of
the three microalgae extracts(p<0.05), whereas there was no significant difference between
BHT and the extracts of L. fusiformis TLO3.
The inhibition concentration (IC50) is widely used to determine the antioxidant activity of test
samples. It is defined as the concentration of antioxidant required to reduce the initial
concentration of DPPH by 50%. Therefore, the lowest IC50 value would correspond to the
strongest antioxidant activity of the substance.
The extracts of L. fusiformis TLO3 showed the highest antioxidant activity (IC50 = 470
ug/mL), followed by Chlorella sp. CHL15 (IC50 = 745 pg/mL), and the lowest value (IC50 =
994 ng/mL) was found in the extract of Chlorella sp. CHL11.
The IC50 values of the extracts of three microalgae were significantly lower than those of the
references (BHT, ascorbic acid, Trolox, and vitamin E).

3.5.2. Beta-carotene determination
Natural carotenoids (lutein, f-carotene, and lycopene) have beneficial effects on both human
and animal health (Von Lintig et al., 2005; Amengual, 2011). B-carotene remains their
essential source of vitamin A, which is necessary for the functions of the retina.
The beta-carotene bleaching test is based on the preservation of the yellow color of the beta-
carotenoid acid system when the tested material contains antioxidants (Velioglu et al. 1998;
Demirel. et al., 2009).
The bleaching kinetics of B-carotene in the absence and presence of L. fusiformis TLO3,
Chlorella sp. CHL11 and, Chlorella sp. CHL15 extracts and antioxidants are shown in the
Figure 30.
After 120 minutes of bleaching kinetics of -carotene, the absorbance of the control and
Chlorella sp. CHLI11 at 470 nm decreased towards a lower value, while this decrease
remained slower in the extracts of two microalgae species L. fusiformis TL03, Chlorella sp.

CHLI15 and in the tested standard (BHT).
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Figure.30. Bleaching kinektics of [-carotene at 470 nm of the three microalgal
hydromethanolic extract (L.fusiformis TLO3, Chlorella sp. CHL11, Chlorella sp. CHL15) and
standard antioxidant (BHT).

The results percentage of beta-carotene bleaching revealed a significant difference among the
hydromethanolic extracts of three studied microalgae and BHT (P<0.05). The highest
percentage of beta-carotene bleaching was found in L. fusiformis TLO3 (60.35+1.10) followed
by that of BHT (52.5+£0.7%), Chlorella sp. CHL15 (48.3+0.70%), and the Chlorella sp.
CHL11 (32.05+0.27%), respectively.

Table 17. % Antibleaching of Beta carotene of hydromethanolic extract of L.fusiformis
TLO3, Chlorella sp. CHL11, Chlorella sp. CHL15BHT, time 120 min.

Species TL0O3 Chlll Chll5 BHT
% | 60.35£1.10(a) 32.05+£0.27(b)  48.3£0.70(c) 52.5+0.7( d)

4. Discussion
Methanol is recommended and frequently used for the extraction of natural compounds
(Falleh et al., 2008). 70% aqueous methanol is twice as effective as pure methanol (Vuorela,
2005).
In same context Jerez-Martel et al. (2017) reported that the extract of Arthrospira platensis

using methanol solvent yielded 28.1%, which is consistent with the data obtained for L.
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fusiformis TLO3. In another study, Ferdous et al. (2023) found that the yield of crude extract
of Chlorella sp. using different solvents (methanol, ethanol, ethyl acetate, DCM, acetone,
chloroform, and hexane) ranged from 12 to 41%, with the highest yield recorded when
methanol was used for extraction.

The total phenol content in the hydromethanolic extract of L. fusiformis TLO3 agrees well
with the results of other previously reported spirulina species. Zainoddin et al. (2018)
reported that the value of TPC in A. platensis was 19.64 £ 0.52 mg GAE/g.

Comparing the results of the total flavonoid content in L. fusiformis TLO3 (2.11 = 0.12 QE
mg/g DW) with those reported by several authors on the same species, we noticed that the
level of flavonoids was higher than that recorded in other studies. Bellahcen et al. (2020)
found the total contents of flavonoids in ethanolic and aqueous extracts (0.21 = 0.01 and 0.15
+ 0.01 mg quercetin/g dw, respectively) of Moroccan Spirulina. (Thangaraj et al., 2022)
reported that the total flavonoids in the methanolic extract of Arthospira platensis (spirulina)
were 1.42 + 0.05 mg/g dry weight.

On the other hand, some studies have reported higher levels of total flavonoids in spirulina
compared to L. fusiformis TLO3. Zainoddin et al. (2018) reported that the total flavonoid
content in spirulina was 11.19 = 0.07 mg QE/g DW. Seghiri et al. (2019) found the content in
the methanolic extract of Moroccan spirulina to be 15.60 +2.74 mg RE/g dw.

Other studies reported that the amount of flavonoids present in a spirulina extract was 142.23
mg quercetin/kg extract (A El-Chaghaby et al., 2019) and 176.3 £ 7.65 mg QE/100 g in the
aqueous extract of spirulina powder (Elbaz et al., 2022). Papalia et al. (2019),found that the
TFC in A. platensis varied from 11.91 + 0.28 to 22.65 + 0.46 (mg g D.W.—1 ); Elbaz et al.
(2022) reported that, the TPCcontent in spirulina platensis ranged from 321.3 + 18.4 to 1580
+ 63.2 (mg GAE/100 g), while being highest than those documented in several research
papers (Bellahcen et al.,, 2020; Martelli et al., 2020; Seghiri et al, 2019; Thangaraj et al.,
2022; A El-Chaghaby et al., 2019; Salamatullah, 2014; Kumar et al., 2022).

The results of the total flavonoid content (TFC) in the extracts of Chlorella sp. CHL11 and
Chlorella sp. CHLI1S5, were similar to those reported for C. vulgaris (Dinev et al., 2021) but
lower than those found in the methanolic extract of marine Chlorella sp. (Ferdous et al.,
2023) and the ethanolic extract of Chlorella sp. (Fristiohady et al., 2024) and Chlorella
vulgaris (Tiong et al., 2020).

The values of total phenolic compounds in the two species of the genus Chlorella (Chlorella
sp. CHL11, Chlorella sp. CHL15) were similar to those reported for Chlorella sp. (Fardous,
et al, 2023), Chlorella saccharophila (RNY), Chlorella vulgaris (LNY), and Chlorella
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sorokiniana (21-21) [Le6n-Vaz et al., 2023], while they were higher than those of Chlorella
vulgaris (13-1) [Ledn-Vaz et al., 2023] and Chlorella vulgaris (Fihri et al., 2024), Chlorella
sorokinia (Safafar et al., 2015),( Chlorella UMACC 051 , Chlorella UMACC 038, Chlorella
UMACC 250 and Chlorella UMACC 234)[ Wong et al., 2023], C. vulgaris (Dinev et al.,
2021) . On the other hand, Choochote, W et al. (2014).reported that the content of TCP in
Chlorella sp. ES3 and Chlorella sp.ED53 were higher compared to those of the investigated
strains of this study.

Fihri et al. (2024) reported that the content of phenolic compounds in the extract of Chlorella
vulgaris obtained using hydroethanol, methanol, and water ranged from 3,800 to 6,020 mg
EAG/g DM.

In agreement with the result of polyphenolic compounds identified by HPLC in L. fusiformis
TLO3, several authors confirmed the presence of these compounds in Arthrospira and
Spirulina (El-Baky et al., 2009; Sahin, 2018; Seghiri et al., 2019; Papalia et al., 2019;
Akbarizareh et al., 2019; Guldas et al., 2020; Bellahcen et al., 2020; Farg et al., 2021).

Few research papers have been published on the identification of phenolic compounds in
Chlorella species. Katircioglu et al. (2020) reported the presence of wvanillic acid,
protocatechuic acid and other phenolic compounds in Chlorella wvulgaris C1. Other
studies,;confirmed the presence of protocatechuic acid in Chlorella pyrenoidosa(Yadavalli et
al., 2018), vanillic acid in Chlorella vulgaris (Gracio et al., 2024). tannic acid in the extract of
Anabeanae oryzae as well as in Nostoc sp(ljaz & Hasnain, 2016, Rashad et al, 2020),
Hesperidin in 23 species of seawoods (Yoshie-Stark et al., 2003). The isorhamnetin 3-O-
glucoside has been detected in the aquatic plant Cymodocea nodosa (Grignon-Dubois &
Rezzonico, 2013), Ruppia cirrhosa, and in Ruppia maritima (Enerstvedt, 2018.).

Microalgae are considered to be a promising source of natural antioxidant compounds
(Goodarzi et al., 2014, Khan et al, 2018; Saide et al., 2021; Silva et al 2022; Yang et al.,
2023; Pereira et al., 2024). They contain a variety of bioactive molecules, such as alkaloids,
polysaccharides, vitamins , lipids, pigments, carotenoids, phycocyanin, phenolics,
phycocyanin, terpenes and aromatic organic acids (Shannon and Abu-Ghannam, 2016;

Marrez et al., 2019 ; Sansone & Brunet, 2019; Vikneshan et al., 2020; Pereira et al., 2024).

These results of percentage inhibition of DPPH were higher than those reported by Wong et
al. (2023) in two tropical Chlorella strains (Chlorella UMACC 051 and Chlorella UMACC
038) and two polar Chlorella strains (Chlorella UMACC 250 and Chlorella UMACC 234),
ranging from 15.42 + 0.30 to 30.15 + 3.22 %, and also higher than that of Chlorella vulgaris
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(Abdel-Karim et al., 2020), anticancer, antiviral, and antibacterial properties (Gloria et al.,
2014).

Carotenoids are important groups of pigments (red, orange, or yellow colors) that are present
in plants, fungi, bacteria, and algae and cyanobacteria (Hermanns et al., 2020; Bhatt & Patel,
2020). They are also key metabolites for human nutrition and health (Sharma et al., 2024).
The foundation of the beta-carotene bleaching test is the retention of the beta-carotenoid acid
system's yellow color when the item being evaluated includes antioxidants. (Velioglu et al.,

1998; Demirel et al., 2009).

Numerous studies have documented the pharmacological and biological properties related to
nearly all secondary metabolites synthesized by microalgale(Herndndez-Urcera et al., 2024).
Those properties encompass a range of activities, such as anti-cholesterol (Ibrahim et al.,
2021),antitumor(Silva et al/ 2022; Eze et al, 2023; Sruthy & Baiju 2024), anti-
inflammatory(Wan Afifudeen et al., 2022; Sruthy & Baiju, 2024; Siddhnath et al., 2024),
anticoagulant (Siddhnath et al, 2024), antifungal, antiviral and antibacterial, activities
(Ribeiro et al, 2022., Sruthy & Baiju, 2024; Ahirwar et al,, 2022; Eze et al., 2023), and
antioxidant activity(Siddhnath et al., 2024; Eze et al., 2023).

5. Conclusion

In conclusion, the results of this study showed that the hydromethanolic extract of the three
microalgae species tested in this study contained different amounts of phenolic acid, with the
highest amount found in Limnospira fusiformis TL03, compared to the two Chlorella species,

in which the highest flavonoid content was found in the Chlorella sp. CHL11 extract.

HPLC analysis of the microalgae extracts revealed a large number of phenolic compounds,
some of which were identified; five compounds (Ascorbic acid, Gallic acid, Luteolin,
Quercetin, Kaempferol)were identified in L. fusiformis TLO3, seven compounds (tannic acid,
robinin, luteolin 7,3'-diglucoside, vannilic acid, apigenin 7-glucoside, quercetin, and galangin)
in Chlorella sp. CHL11 and four compounds(protocatechuic acid, isorhamnetin-3-glucoside,

hesperidin, quercetin) in Chlorella sp. CHL15.

The results of antioxidant activity tests using the DPPH and beta-carotene methods showed
that, all extracts possessed antioxidant activities, with the highest percentage inhibition of

DPPH and percentage of beta-carotene bleaching in Limnospira fusiformis TLO3.
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This large variety of phenolic compounds possesses strong antioxidant activity. Therefore,
further research is needed to identify, isolate and characterise the molecules responsible for
these activities, which could be used as alternatives to antibiotics and other traditional
chemical drugs for the treatment of various diseases. Further studies are useful to investigate

their benefits in various pharmaceutical and food industry applications.
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1. Introduction

The use of antibiotics has saved millions of lives from bacterial infections (Salam et al.,
2023). They are not only used to treat humans but are also used for a variety of agriculture
activities such as aquaculture and animal husbandry and animal production as preventive
measures in many countries (Williams-Nguyen et al., 2016; Salam et al.,, 2023). On the other
hand, the misuse of antibiotics has led to an increase in drug-resistant micro-organisms.
700,000 people die every year from antibiotic-resistant bacteria, and the death rate is expected
to reach 10 million by 2050 (O'Neill, 2016; Mc Gee et al., 2020).

Cyanobacteria and microalgae have been reported as a rich source of antimicrobial secondary
metabolites in several studies (Cannell et al., 1988; Ordég et al., 2004; Soltani et al., 2005;
Mudimu et al, 2014; Mc Gee et al., 2020; Bhuyar et a/., 2020; Shaima et al., 2022; Ilieva et
al., 2024;).

Microalgae have potential antimicrobial activity due to their bioactive compounds, such as
proteins (Nur Fadillah et al., 2023), lipids and fatty acids(Wang et al., 2021), polysaccharides
(Wan et al., 2021; Laroche, 2022; Mansour et al., 2024),phycobiliprotein (Ismail et al., 2023),
phenolic compounds(De Morais et al., 2015; Pratita et al., 2019; Abidizadegan et al., 2024).
The aims of this study are to explore the antibacteria/ activity of three hydromethanol extracts
from the lyophilized biomass of local microalgae: L. fusiformis TL-3, Chlorella sp. CHL11,
and Chlorella sp. CHL15 against six pathogenic bacterial strains.

2. Materials and methods

2.1.Bacterial strains
The tested bacteria were provided by the Microbial Systems Biology Laboratory, Kouba
Higher Normal School of Kouba, Algeria. Hydromethanolic extracts were tested for

antibacterial activity against six pathogenic strains (Table 18).
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Table 18 : Tested bacterial strains

Bacteria Strains Origin
Bacteria gram Bacillus subtilis (B. subtilis) ATCC 6633
positive Staphylococcus aureus (S. aureus) CIP 7625

Listeria monocytogenes (L. monocytogenes) CIP 82110

Bacteria gram Escherichia coli (E. coli) ATCC 10536
negative Pseudomonas aeruginosa(P. aeruginosa) CIP A22
Klebseilla pneumoniae (K. pneumoniae) CIP 82.91

2.2.Antibacterial activity test
The antibacterial activity of crude hydromethanolic extracts of local microalgae, L. fusiformis
TLO3, Chlorella sp. CHI11, and Chlorella sp. CHI15, was assessed in this work using the disc
diffusion and the agar dilution methods.
The test of the antibacterial activity was carried out in the Microbial Systems Biology Laboratory,

Kouba Higher Normal School of Kouba, Algeria.

2.2.1 Disc diffusion method

The disc diffusion technique was used to evaluate the antibacterial activity of the
hydromethanolic extract. Sterile Whatman No. 1 discs (5.5 mm diameter) were impregnated
with 10 pL of the hydromethanolic extracts (50 mg/mL), and other discs were impregnated
with the same volume of ampicillin (1 mg/mL) and used as a control.

The tested bacterial strains were plated individually on nutrient agar. After 18 hours of
incubation at 35°C, the colonies were transferred to saline (0.9% NaCl) to obtain a suspension
turbidity equivalent to 1.5 x 10 CFU/mL (Alagawany et al., 2021).

One hundred microliters of bacterial aliquots were spread on the surface of Mueller-Hinton
agar (MHA) Petri dishes and then, three sterilized dried paper discs containing crude
hydromethanolic extract or control (ampicillin) were placed equidistantly on the surface of
agar Petri dishes (90 mm diameter) for each bacterial strain tested. Prior to incubation, the
Petri dishes were placed in the dark at 4°C for 1 hour to allow the hydromethanolic extract
and the ampicillin to spread. Then the plates were incubated at 37 °C for 24 h. The transparent

ruler measured the inhibition zones diameters (mm) around the discs.
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2.2.2 Agar dilution method (Minimum inhibition concentration: MIC).
From the initial concentration of crude hydromethanolic extract (50 mg/ml), a series of double
dilutions (25, 12.5, 6.25, 3.125, 1.56, 0.78 mg/ml) were prepared by addition to Mueller-
Hinton broth. The control was prepared using the same method as described above with
double dilution of ampicillin (0.5, 0.25, 0.125, 0.0625, 0.032, and 0.016 mg/mL).
One hundred pL. of each tested bacterial cell suspension (1.5 108 CFU/ml) was placed
separately on the Petri agar surface. All plates were incubated at 37 °C for 24 hours.
The MIC values were defined as the lowest concentration of antibacterial agents that inhibited
the growth of bacteria (Ashour et al., 2020).

2.3.Statistical analysis
The statistical analysis was conducted using IBM SPSS 25.0 software. The data were
presented as means + standard error (S.D.). The differences between groups were analyzed

using a one-way analysis of variance (ANOVA) test, followed by the Tukey test.

3. Results
3.1. Antibacterial activities of L. fusiformis TL03 extract

The antibacterial activities of crude hydromethanolic extract of L. fusiformis TLO3 were
evaluated against six strains of bacteria by measuring the diameter of the inhibition zones, and
the results were registered in Table 19 and Figure 31.

The tested bacterial strains revealed different results, in which the diameters of the inhibition
zone (ZID) ranged from 16.33+0.58 to 33.334+1.53 mm at a concentration of 50 mg/ml. The
highest mean of zone inhibition diameter was registered against the Gram-positive bacterium
S. aureus (33.33+£1.53 mm), followed by B. subtilis (16.67+0.58 mm) and L. monocytogenes
(16.33+0.58 mm). For Gram-negative bacteria, the highest value of zone inhibition diameter
(16.33+1.15mm) against K. pneumoniae was followed by P. aeruginosa (14.67+0.58 mm)
and the lowest E. coli (11+1mm).

The results showed that the MICs (minimum inhibitory concentrations) of the
hydromethanolic extract of L. fusiformis TLO3 (Table 19) ranged from 0.78 mg/ml to 12.5
mg/ml. The lowest MIC value (0.78 mg/ml) was registered against K. pneumoniae, followed
by P. aeruginosa (1.56 mg/ml. whereas the highest value (12.5 mg/ml ) was against E. coli.
However, the MIC of this extract was 6.25 mg/ml against three bacteria gram+, B. subtilis , S.
aureus and L. monocytogenes. The MIC of ampicillin ranged from 0.5 mg/ml to less than
0.016 mg/ml, where the highest value was registered against S. aureus and L. monocytogenes,
followed by 0.25 mg/ml against K. pneumoniae, while the lowest value (less than >0.016

mg/ml) was obtained against B. subtilis, P. aeruginosa, and E. coli.
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Table 19: Antibacterial activity of crude hydromethanolic extract of L. fusiformis TL0O3

Bacterial strains L. fusiformis TLO3 extract ~ Ampicillin

ZID(mm) MIC(mg/ml) ZID(mm) MIC(mg/ml)
Bacteria | B. subtilis 16.67+0.58(a) 6.25 19.67£ 0.58(d) <0.016
gram | S. aureus 33.33%£1.53(b) 6.25 40+00(e) 0.5
positive | L. 16.33+0.58(a) 6.25 35+00(b) 0.5
monocytogenes
Bacteria | E. coli 11£1(c) 12.5 24.33+1.15(f) <0.016
gram | P. aeruginosa 14.67+0.58(a) 1.56 9.67£0.58(c) <0.016
negative | K. pneumoniae  16.33+1.15(a) 0.78 40.33+0.58(e) 0.25

3.2.Antibacterial activities of Chlorella sp. CHL11 extract

The hydromethanolic extract of Chlorella sp. CHL11 (Table 20, Figure31) at a concentration
of 50 mg/ml showed antibacterial activity against all studied bacteria. The zone inhibition
diameters were ranged from 11.67 mm - 24.33+1.15 mm. The antibacterial activity of the
extract against S. aureus was significantly higher compared to its effect against other tested
bacteria, whereas the lowest activity was obtained against L. monocytogenes. The minimum
inhibitory concentration (MIC) of the hydromethanolic extract of Chlorella sp. CHL11 (Table
20) ranged from 1.56 to 12.5 mg/ml. The lowest concentration of the extract was recorded
against P. aeruginosa while the highest were against E. coli.

Table 20: Antibacterial activity of crude hydromethanolic extract of Chlorella sp. CHL11

Bacterial strains Chlorella sp. CHL11 extract Ampicillin

ZID(mm) MIC(mg/ml) ZID(mm) MIC(mg/ml)
Bacteria | B. subtilis 19.67+0.58 (a)  6.25 19.67£0.58(a) <0.016
gram | S. aureus 24.33+1.15(b)  3.125 40+00(g) 0.5
positive | L. 11.67+0.58(d)  3.125 35+00(f) 0.5
monocytogenes
Bacteria | E. coli 13.67+0.58 (¢ ) 12.5 24.33+1.15(b) <0.016
gram | P. aeruginosa  14.67+£0.58 (c) 1.56 9.67£0.58(e) <0.016
negative | K. pneumoniae 14.33+£0.58 (¢)  6.25 40.33+0.58(g) 0.25
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3.3.Antibacterial activities of Chlorella sp. CHL15 extract
The results obtained for the antibacterial effect of the hydromethanol extract of the microalga
Chlorella sp. CHL15 (Table 21; Figure 31) against the tested bacteria showed that S. aureus
was more sensitive to the extract with the zone inhibition diameter (211 mm), followed by B.
subtilis (17.33£0.58 mm), L. monocytogenes (15.67£0.58 mm), P. aeruginosa (15.67+1.15),
and K. pneumoniae (15.33+£0.33 mm), and the less activity was against E. coli (10.67+£0.58
mm).
The minimum inhibitory concentrations (MIC) of the hydromethanolic extract of Chlorella sp.
CHL15 against 6 tested bacteria were varied from 1.56 to 6.25 mg/ml. The lowest MIC
concentrations were registered against P. aeruginosa and K. pneumoniae, whereas the highest
values were registered against L. monocytogenes and E. coli.
Table 21: Antibacterial activity of crude hydromethanolic extract of Chlorella sp. CHL15

Bacterial strains Chlorella sp.CHL15 extract  Ampicillin

ZID(mm) MIC(mg/ml) ZID(mm) MIC(mg/
ml)
Bacteria @ B. subtilis 17.33+0.58 3.125 19.67+ 0.58(c) <0.016
gram (b)
positive | S. aureus 21«1 (c) 3.125 40+00(f) 0.5
L. 15.67+0.58 6.25 35+00(e) 0.5
monocytogenes  (ab)
Bacteria | E. coli 10.67+0.58 6.25 24.33+1.15(d) <0.016
gram (h)
negative | P. aeruginosa 15.67+1.15 1.56 9.67+0.58(h) <0.016
(ab)
K. pneumoniae  15.33+0.33 1.56 40.33+£0.58(f) 0.25
(a)
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Figure 31 .Zone inhibition diameters (ZID) of the crude hydromethanolic extract of L. fusiformis TL0O3 (A) , Chlorella sp. CHL11(B), and

Chlorella sp. CHL15(C) and the antibiotic Ampicillin (D) against six bacterial strains. 1: B. subtilis; 2: S. aureus; 3: L. monocytogenes; 4: E.

coli; 5: P. aeruginosa; 6: K. pneumoniae
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4. Discussion

In line with the results of this investigation, several previous studies have confirmed the
antibacterial activity of Limnospira extracts against the bacteria tested such as .B. subtilis
(Neelam Arun et al., 2012 ; El-Sheekh et al, 2014) and S. aureus (Kaushik & Chauhan,
2008 ; Sarada et al., 2011; Santoyo et al., 2011; Al-ghanayem, 2017; Martelli et al., 2020;
Karray et al., 2021; Alshuniaber et al. 2021; Sankarapandian et al., 2022; Al.ghamdi et al.,
2024 ), L. monocytogenes, E. coli (Mendiola et al., 2007; Kaushik & Chauhan, 2008 ; Sarada
et al, 2011; Martelli et al, 2020; Karray et al, 2021; Alshuniaber et al, 2021;
Sankarapandian et al., 2022), P. aeruginosa (Kaushik & Chauhan, 2008 ; Sarada et a/., 2011;
El-Sheekh et al, 2014 ; Sankarapandian et al, 2022) and K. pneumoniae (Kaushik &
Chauhan, 2008 ; Sarada et al., 2011; Sankarapandian et al., 2022).

Our findings (Table 19) showed that L. fusiformis TLO3 extracts had strong antibacterial
activity against S. aureus, B. cereus, K. pneumoniae, P. aeruginosa, and L. monocytogenes,
whereas they had less activity against E. coli. These results are also in agreement with
previous studies (Kaushik & Chauhan, 2008; Usharani et al., 2015; Gheda & Ismail, 2020),
which confirmed that the methanol extract of Limnospira platensis showed high activity
against several positive and negative gram-positive bacteria (Staphylococcus aureus, Bacillus
cereus, Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumoniae, Streptococcus
pyvogenes, Streptococcus epidermidis, Proteus mirabilis, Salmonella typhi, and Shigella
flexneri). According to Abdel-Moneim et al. (2022), The methanolic extract of Spirulina
platensis exhibited greater total phenolic content, antioxidant activity, and antibacterial
activity in comparison to other extracts (hexane and acetone extracts). Furthermore, it has
been noted that the methanolic extract of Spirulina platensis has potent antimicrobial and
antifungal activities against some pathogenic microbial strains (Hetta et al., 2022).’

Martelli et al., 2020, demonstrated similar results as our findings, where the hydroethanolic
extracts of A. platensis showed the highest antimicrobial activity (ZID = 15 mm) against
gram-positive bacteria (L. monocytogenes, S. aureus, and B. cereus) and interesting inhibition
results for gram-negative bacteria (E. coli, Salmonella spp.).

Kaushik & Chauhan (2008), reported that the ZID of methanolic extract of Limmnospira
platensis against three bacteria (S. typhi, P. aeruginosa, E. coli, S. aureus) ranged from
11.52+.18 to 15.21+.1mm but no activity was observed against K. pneumoniae.
Abdel-Moneim et al. (2022) stated Reported that the strong antimicrobial activity of the

methanolic extract may be due to its high phenolic content.
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According to some published papers (Bartolomeu et al., 2022; Afzal et al, 2023), the
antimicrobial activities of algae against a variety of bacteria and fungus are linked to
polyphenols, terpenes, flavonoids, alkaloids, pigments,amino acids, polysaccharides (such as
depolymerized fucoidans), lipids, and other lipid-soluble substances.

Spirulina bioactive compounds can damage bacterial cell integrity by increasing membrane
permeability, which leads to loss of cytoplasmic content and then cell death (Abdel-Moneim
et al., 2022). On the other hand, De Mule et a/. (1996) reported that the antibacterial activity
of the methanolic extract of S. platensis is caused by the presence of a significant amount of
linolenic acid.

The minimum inhibitory concentration (MIC) of hydromethanolic extract of L fusiformis
TLO3 (Table 19) ranging from 0.78 to 12.56 mg/ ml. These results agree in part with previous
studies by Abdel-Moneim et al. (2022), which recorded that the MIC values of Spirulina
extracts (methanol, hexane, and acetone) against tested bacteria ranged from 1.2 to 10 mg/ml,
with the lowest level MIC in methanol extracts (1.2 to 2 mg/ml).

These data are also in agreement with the previous study by Usharani et al. (2015)., who
reported that the MIC value of methanolic extract of Spirulina platensis against eleven
bacterial strains (Staphylococcus aureus, Streptococcus epidermidis, Streptococcus pyogenes,
Bacillus cereus, Proteus mirabilis, Escherichia coli, Pseudomonas aeruginosa, Vibrio
cholerae, Salmonella typhi, Klebsiella pneumoniae, and Shigella flexneri) ranged from 1.25
mg/ml to 5 mg/ml.

Kaushik& Chauhan (2008) reported that .The MIC of methanol extract of Spirulina platensis
against S. aureus and E. coli were 128 pg /ml and 256 pg /ml, respectively.

Numerous research papers have reported that extracts of unicellular green algae have
remarkable antibacterial activity against a wide range of opportunistic and pathogenic bacteria
(Sukhikh et al.,, 2022; Vornoli et al., 2023).

Consistent with the result of the antibacterial activity of the extract of two species of Chlorella
(Chlorella sp. CHL11, and Chlorella sp. CHL15) against the tested bacteria, it has been
published in several scientific papers that extracts of different Chlorella spp. have
antibacterial activity against both gram-negative (E. coli) and gram-positive (S. aureus)
bacteria [Zielinski et al., 2020; Sukhikh et al., 2022]. In the same context, other studies have
reported that chlorelin (a mixture of fatty acids) from Chlorella sp. (Pratt et al., 1944) and
Chlorella vulgaris (Ru et al., 2020) has antibacterial activity against Gram-positive (B.
subtilis, S. aureus and S. epidermidis) and Gram-negative (E. coli and P. aeruginosa)

bacteria.
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Microalgae contain many bioactive compounds with antibacterial properties. One of the most
potent antibacterial compounds found in microalgae is fatty acids, particularly
polyunsaturated fatty acids (PUFAs), which have been shown to have antimicrobial
therapeutic potential(Alsenani et al., 2020; Firoozabad & Nasr, 2022).

Bhagavathy et al. (2011) found that purified carotenoids and chlorophyll extracted from the
green microalga Chlorococcum humicola, obtained using different organic solvents, inhibited
the growth of B. subtilis, S. aureus, P. aeruginosa, Klebsiella pneumoniae, E. coli, S.
typhimurium, and Vibrio cholera.

Makarewicz et al. (2021) reported that, the polyphenol antimicrobial activity mechanisms
against bacteria can differ and are also related to the type of phenolic compounds and the
bacterial species.

The phenolics compounds can denature proteins in bacterial. cell walls and membranes by
forming hydrogen bonds, thus causing their lysis (De Morais et al., 2015; Li et al.,, 2016;
Pratita et al, 2019; Abidizadegan et al, 2024). Additionally, the phenolic compounds
extracted from microalgae could cause the bacterial lysis by altering the permeability and

integrity of the phospholipid layer in the membrane (Daglia, 2012).

5. Conclusion

The antimicrobial activities of L. fusiformis TLO3, Chlorella sp. CHL11 and Chlorella sp.
CHL15 have demonstrated their potential as natural antibacterial agents against several
pathogenic bacteria.

The inhibition zone diameters and minimum inhibitory concentrations (MICs) highlight the
bioactive potential of these local microalgae, likely due to their richness in secondary
metabolites such as polyphenols, fatty acids, pigments, and polysaccharides. Among the
extracts, L. fusiformis TLO3 demonstrated the most potent antibacterial activity, notably
against S. aureus and K. pneumoniae, suggesting a synergistic effect of its bioactive
compounds.

Based on the preliminary results obtained, further advanced research is needed to identify,
isolate and characterize the molecules responsible for these activities, which could be used as
alternatives to antibiotics and other traditional chemical drugs for the treatment of various
diseases. Further studies are warranted to verify their benefits in various pharmaceutical and

food industry applications.
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1. Introduction

In recent years, the world has seen a significant increase in the production of aquaculture
products (Madkour et al., 2022) such as fish, crustaceans, mollusks, and algae (FAO, 2020).
Feeding the larvae with good quality of food and in sufficient quantities plays an important
role in increasing growth, reducing mortality and producing healthy larvae, which is
considered one of the most important steps for successful production in the hatchery
(Hashemi et al., 2023). Most fish and crustaceans feed on microalgae and zooplankton in their
early stages, which are the main food sources, especially for larvae feeding on live food.
Microalgae are the primary food source for all aquatic trophic chains, providing energy for all
subsequent trophic levels in the aquatic ecosystem. Microalgae are used directly as live feed
in aquaculture for all growth stages of bivalve molluscs (e.g., oysters, clams, and mussels), for
the larval stages (Pratiwy et al, 2021) of some marine molluscs (abalone, oysters),
crustaceans, and some fish species, sea cucumber and crab hatcheries (Zmora et al., 2013) and
indirectly, in which the energy are transferred from microalgae to higher trophic levels via
intermediate zooplankton (Rotifers, Daphnia, and Artemia).

Artemia is an essential link in the production of modern aquaculture hatcheries as it is the
primary feed source for some freshwater fish larvae (largemouth bass, pike perch), seawater
(sea bass and sea bream), and for shrimp. Using Artemia nauplii to feed fish larvae improved
fish growth and development and reduced mortality (Laczynska et al., 2016; Prusinska et al.,
2020).

In Algeria, many "private" aquaculture farms have been set up to produce marine and
freshwater fish and molluscs (mussels and oysters). In addition, several experimental stations
have been set up throughout the country, including the Experimental Station for Marine Fish
Farming, the Experimental Station for Continental Fish Farming, the Experimental Station for
Shrimp Production, and a centre for the production of molluscs such as oysters and mussels.
However, the provision of artificial and live feed such as Artemia and microalgae is
considered one of the main challenges for the development of aquaculture in Algeria

In view of the significant growth of aquaculture activities in Algeria, it has become necessary
to carry out studies on the suitability of isolated local microalgae for feeding Artemia. In this
context, this study was conducted to feed Artemia franciscana with three local microalgae
strains in addition to yeast. The present study aimed to investigate the effect of three local
microalgae species and yeast on the growth and survival rate of Artemia franciscana and to

determine the most suitable algae for its growth.
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2. Materials and Methods

2.1.Preparation of concentrated solutions stock

Three algal species (L.fusiformis T103, Chlorella sp. CHL11and Chlorella sp. CHL15) and
Yeast (Saccharomyces cerevisiae) were tested as feed to study their effect on growth and
survival rate of Artemia franciscana
During the exponential growth phase of the three microalgae (2 weeks), biomass was
collected and lyophilized.

2.1.1. L. fusiformis T103 solution
One gram of freeze-dried biomass was crushed with a mortar and pestle to obtain small
filaments. It was then lightly crushed and filtered through a 50 um mesh with the gradual
addition of fresh water to obtain a final concentrate of 1 g/l

2.1.2. Chlorella solution
A microalgae solution of both Chlorella sp. CHL11 and Chlorella sp. CHL15 was prepared
by adding 1 g of freeze-dried microalgae from each strain to 1 liter of fresh water

2.1.3. Yeast solution
One gram of baker's yeast (Saccharomyces cerevisiae) was added to 1 liter of freshwater
Stock solutions were stored in a refrigerator at 4°C immediately after their preparation.

2.2.Incubation of Artemia cysts
A quantity of one gram of Artemia franciscana cyst was added to bottles containing one liter
of filtered, sterile seawater at 37%o salinity. These bottles were placed in a glass tank
containing 20 liters of water. The cysts were incubated for 24 hours under a constant
temperature of 28 °C using a thermostat and continuous white light of 2500 lux. The cysts
were kept in suspension (Sorgeloos et al., 1996) by using an air pump.
The newly hatched nauplii were starved for 24 hours to allow the yolk reserve to be depleted
before starting exogenous feeding.

2.3. Feeding experiment
Two hundred starved nauplii for 24h were introduced in a conical flasks containing 500
milliliter of filtered seawater (salinity 37%o, pH was previously adjusted to 8+0.2) with a 1 ml
of stocks microalgal solution (L.fusiformis T103, Chlorella sp. CHL11 and Chlorella sp.
CHLI15) and Yeast with a concentration of 5ug/individual of Artemia (Seixas et a/.,2009).
The quantity of feed (L. fusiformis T103, Chlorella sp. CHL11, and Chlorella sp. CHL15 and

Yeast) was gradually increased as the Artemia individuals body length grew, when the culture
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media were observed transparent, so that almost all of the provided feed was eaten (Sorgeloos
etal., 1986).
The flasks were placed in an aquarium of 10 liter of water. The flasks were supplied with
dissolved oxygen (5 + 0.2 mg/L) using an air pump. The incubation was carried out at 28 +2
°C with continuous lighting at 2.5 Klux. The experiment was performed in four replicates.
The water of the Artemia culture was completely changed every 2 days to remove the faeces
of the Artemia and any old microalgae cells that might have remained in the water.

2.4.Body length measurement
The initial body length was measured on ten individuals after 24 hours of cyst hatching which
corresponds to the yolk reserve depletion. The same number of Artemia nauplii were
randomly sampled every two days from each treatments to measure their body length over the
12 days of the experimental period.
Measurements of the body length of Artemia larvae were taken using an Optika dissecting
microscope equipped with a calibrated ocular micrometer (Optika, Ponteranica, Italy) and
photographed to measure the length between the eye and the end of the tail (Fig 32).
The body length was identified as the distance from the eye and the end of the tail.
[Ekonomou et al., 2019].

Figure 32. Body length measurement of Artemia franciscana X 40 (Original)

2.5. Survival rate
Artemia survival rate was determined by dividing the final number by the initial number of
Artemia in each treatment every two days during the experiment. The survival rate has been
calculated according to the following formula (Amin et al., 2022):

ISR = Nt/NO x 100]

Where SR represents survival rate, Nt represents final nauplius numbers, and NO represents

initial nauplius numbers.

3. Results
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The microscopic observation under the lens showed that the colour of 00Artemia fed on
Yeast, L.fusiformis TLO3, Chlorella sp. CHL11 and Chlorella sp. CHL15 was yellow to green
during all the experiment, (Fig.33 A, B, C and D).

Figure 33. Observation of Artemia franciscana under an Optika dissecting microscope. A, B,
C, D Artemia fed on Yeast, L.fusiformis TLO3, Chlorella sp. CHL11 and Chlorella sp.
CHLI15 respectively on day 12(X 40)

3.1.Body length measurement
The initial body length of the nauplii was 422 + 12.62 pm. After 12 days of rearing, their
body lengths ranged from 2666.4 + 46.22 to 5030.13 + 189.82 um depending on the feed used
(Table 22). At the end of the experiment, the highest body length was recorded in Artemia fed
on L. fusiformis T103 (5030.13 + 189.82 pm), followed by those fed on yeast (4457.63 +
241.09 um), Chlorella sp. CHL11 (4396.23 + 78.17 um), and Chlorella sp. CHL15 (2666.4 +
46.22 pm).
As shown in Figure 34, Artemia fed on Chlorella sp. CHL11 and Chlorella sp. CHL15
showed similar slow growth patterns during the first six days of the experiment, while those
fed on yeast, L. fusiformis T103, showed fast growth patterns throughout the first eight days of
the experiment.
During the last six days of rearing, Artemia fed with Chlorella sp. CHL11 showed
significantly higher growth compared to those fed with Chlorella sp. CHL15.
A comparaison of the mean length of the larvae at the beginning of the experiment with that at

the end, it was found that the body length of Artemia fed on L. fusiformis T103 increased
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11.92 folds, followed by those fed on yeast (10.56 folds), on Chlorella sp. CHL11 (10.42
folds), and the lowest for those fed on Chlorella sp. CHL15 (6.32 folds).

The comparison of Artemia body length results on day 12 showed a significant difference
(P<0.05) between the three different treatments, whereas no difference was registered among

those fed yeast and Chlorella sp. CHL11.

Table.22: Growth expressed as mean total body length of Artemia franciscana fed on

L.fusiformis T103, Chlorella sp. CHL11, and Chlorella sp. CHL15, Yeast.

Days L. fusiformis TLO3  Chlorella sp. CHL11  Chlorella sp. CHI15  Yeast

0| 422 £ 12.62(a) 422 £ 12.62(a) 422 £ 12.62(a) 422 £12.62(a)

2| 768.93 +35.46(a)  798.13+25.85(a) 807.47+ 46.69 (a) 821.67 +24.28(a)

4 1637.80 = 80.65(a) 1052.67+48.49 (b)  1029.67+50.95(b)  1592.8 +92.57(a)

6 | 2340.23 £102.62(a) 1184 +60.77(b) 1247. 3 £65.02(b) 2396.47+109.78(a)

8 | 2978.80 +305.65(a) 1893 +252.05(b) 1439.97 +132.47(c)  2958.47+452.73(a)
10 | 4467.93 +328.79(a) 2801.47+135.39(c)  2411.2 +80.06(d) 4071.17417.58(b)
12 | 5030.13 £189.82(a) 439623 +78.17(b)  2666.4 £46.22(c) 4457.63+241.09(b)
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Figure 34. Mean total body length of Artemia franciscana ted with L.fusiformis T103,
Chlorella sp. CHL11, and Chlorella sp. CHL15, and Yeast.

3.2.Survival rate
Figure 35 and Table 23 show the survival rate of Artemia fed on different species of
microalgae.
The initial density of Artemia nauplii in the experimental containers was 200 nauplii per 0.5
liters of seawater. Counting of the Artemia every two days during the experiment revealed
that the survival rate decreased in all treatment groups. At the end of the experiment, the
highest survival rate was recorded in Artemia fed with L. fusiformis T103 (78.33 £+ 0.88%),
followed by those fed with Chlorella sp. CHL11 (75.33 = 0.88%), yeast (74.33 + 2.91%), and
the lowest was found in those fed with Chlorella sp. CHLI15 (36.66 £ 0.88%).. The survival
rate of Artemia in the last treatment was significantly lower (p<0.05) than in the other
treatments (Yeast, L. fusiformis T103, and Chlorella sp. CHL11), whereas there was no

significant difference between the three different treatment groups (Fig. 35).
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Table.23: Survival rate of Artemia franciscana fed on L.fusiformis TI03, Chlorella sp.

CHLI11, Chlorella sp. CHL15 and Yeast.
Days L fusiformis TI03  Chlorella sp. CHL11

Chlorella sp. CHI15 Yeast

100 100

o N NN O

98 + 0.58 (a) 95.67+ 0.88 (ab)
96.33+0.88 (a)  90.33+0.88 (ab)
95.3340.88 (a) 87 +0.58 (ab)
91.6740.88 (a)  85+1.15 (ab)

10 | 87.67+1.45 (a) 82.33 +0.88 (a)
12 7833+0.88(a)  75.33+0.88 (a)

100 100
92+ 1.15 (b) 95.33 £1.45 (ab)
82+ 0.58 (b) 92.33+1.67 (ab)
76.33 £1.20 (b) 90 +1.53 (ab)

71 +1.15 (b) 88.33 +£0.33 (ab)
55+1.15 (b) 85.33 +0.88 (a)

36.66 +0.88 (b) 7433 +2.91 (a)
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Figure.35: Survival rate of Artemia fransciscana fed on L.fusiformis T103, Chlorella sp.

CHLI11, Chlorella sp. CHL15 and Yeast.

4. Discussion

Growth and survival rates are the most important parameters for assessing the success of

Artemia biomass production. These parameters are highly dependent on the quality and

quantity of the food provided the quality of the water, and the culture conditions such as water

salinity, temperature, light intensity, and oxygen concentration.
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The pigmentation of the naupllii may be due to the pigments stored in the microalgae cell.
The coloration of Artemia nauplii in green to yellow may be due to the carotenoids content in
microalgae; however, the green color is due to the chlorophyll content in Chlorella sp.
CHLI11 and Chlorella sp. CHL15. According to Gui et al. (2022), the carotenoids initially
stored in the algal cells can be delivered to Artemia through the feeding. In addition, Nelis et
al. (1984) and Maan & Sefc (2013) reported that the Artemia feeding may influence body
color and the appearance of specific carotenoid pigments may be related to reproduction

and/or embryonic development.

At the end of the experiment, the mean body lengths of A. franciscana fed on yeast, L.
fusiformis TLO3, and Chlorella sp. CHL11 were approximately equal to those reported by
Amin et al. (2022), who found that the mean body lengths of A. franciscana fed on C.
calcitrans for the same period (12 days) were 4.7 mm. and also consistent with those fed on
Schizochytrium sp., Rhabdonema sp., and the mixed algae (Navicula sp. + Schizochytrium sp.)
[Pacheco Vega et al, 2015]. These results were in agreement with those obtained with three
local strains of Artemia (Bethioua, El Melah, Timimoun) fed on Tetraselmis suecica (Chabet

dis et al., 2023).

The mean total body length of Artemia fed on Chlorella sp. CHL15 was similar to that of
Artemia fed on monoalgal culture (Nitzschia sp., Chaetoceros muelleri., Navicula sp., and
Grammatophora sp.) during a period of 12 days, in which their body length ranged from 2.69
to 3.43 mm (Pacheco Vega et al., 2015). Turcihan et a/. (2021) have studied the effect of five
microalgae (Amphora viridis, Chlamydomonas reinhardtii, Chlorella vulgaris, and Dunaliella
salina, and a combination of four microalgae) on the total body length of Artemia
franciscana. Their results showed that the total length after 15 days of the experiment was
lower than that of Artemia fed on yeast ,L. fusiformis TLO3, and Chlorella sp. after 12 days of
feeding.

A number of studies have shown that feeding Artemia on Spirulina has the best growth
performance of Artemia compared to some feeds. Sulistiyarto and Bakrie (2024) found that,
on day 21 of the experiment, the body length of Artemia fed on Spirulina powder was slightly
longer than that fed on soybean flower powder. In a study conducted by Qaranjiki &
Kirkagag (2022), Artemia parthenogenetica were fed on four different types of powdered and

ground dried feed (Spirulina, yeast, rice bran, and oats) as well as their combinations of these
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feeds, in ten experimental groups for 20 days. Their results showed that the Artemia fed on
spirulina had the highest average length and weight.

In contrast to our findings, Arumugam et al. (2013) reported in their study that the body
length of Artemia salina fed with Spirulina powder for 20 days was smaller (1.1 + 0.6 cm)
than that obtained in our experiments.

The best growth of Artemia fed on L. fusiformis T103 can be explained by the fact that this
alga was crushed to small cells in addition it has contains a wide range of nutrients and has a
higher nutritional value compared to yeast and two Chlorella species (Chlorella sp. CHL11
and Chlorella sp. CHL15). There are several factors related to the nature of microalgae that
influence the growth of Artemia, such as cell size, shape, digestibility, and nutritional value.
According to Bernards et al. (2018) and Dan et al. (2022), juvenile stages of Artemia sp. are
often unable to ingest some microalgae due to their size, chemical composition, and cell wall
rigidity, which affect growth and survival. Makridis & Vadstein (1999) reported that the
Artemia franciscana prefers particles with a diameter of 4-8 micrometers in the three growth

stages of the metanauplii.

The results of the survival rate (Fig 36) showed a significant difference (p<0.05) between
Artemia fed with Chlorella sp. CHL15 and those fed with Yeast, L.fusiformis TI03, and
Chlorella sp. CHL11. The lowest survival rate was recorded in Chlorella sp. CHL15. The
lowest survival rate was recorded in those fed on Chlorella sp. CHL15 during the
experimental period. The results of the survival rate of A. franciscana fed on yeast, L.
Sfusiformis T103, and Chlorella sp. CHL11 were similar to those reported by Pacheco Vega et
al. (2015), where they found that the survival rate of Artemia franciscana fed on different
microalgae species (Grammatophora sp., Navicula sp., Rhabdonema sp., Schizochytrium sp.,
Navicula sp. + Schizochytrium sp., and Chaetoceros muelleri) for 12 days ranged from 71.2 to

78.9%.

Qaranjiki & Kirkagac. (2022) , found that Artemia parthenogenetica was fed on Spirulina
powder for 20 days had the highest survival rate (90.64 0.06 %) compared to those fed on
different types of ground dried and combined feeds (Spirulina, yeast, rice bran, and oat)
during the same experimental period, where their survival rate ranged from 78.22 + 1.78 to

89.25+0.14 %

In another study, Gui et al. (2022) reported that the survival rate of Artemia fed with different

microalgae (Haematococcus pluvialis, Spirulina sp., Myrmecia incica, Isochrysis galbana,
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and Dunaliella salina) ranged from 57.8 £ 1.9 to 87.8 £ 1.9% on the 5th day of the

experiments, with the survival rate of those fed with Spirulina being 67.8 £ 1.9%.
5. Conclusion

The crushed L. fusiformis T103, Chlorella sp. CHL11 and yeast were found to be the best live
feeds for the Artemia franciscana in this experiment, with high growth and survival rates,
whereas those fed on Chlorella sp. CHL15 had low survival rate and growth rates during the

experiment.

Based on the preliminary results of this study, it was concluded that local ground L. fusiformis
T103 and Chlorella sp. CHL11 could be used as feed for the production of A. franciscana in
Algeria. However, this research should be extended to other aspects, such as testing a others
local microalgal strains, analyzing the quality of algae and Artemia, as well as the eggs
produced, with a technical and economic study of the production of this species or local

species of Artemia using local microalgae.

The results of this study could be useful in developing effective strategies for culturing this
species of Artemia in controlled aquatic systems and could serve as an incentive to study the
quality and valorization of local Artemia and the possibility of establishing productive farms
of local Artemia fed on local microalgae, thus contributing to the achievement of sustainable

aquaculture in Algeria.
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1. Introduction

Daphnia magna (water flea) is used as live prey for freshwater and marine aquatic species
(Zeybek et al., 2023). May also be utilised as alternative fish feed in a different form, such as
fresh, freeze-dried, or dried Daphnia meal in microdiets for several fish species,
barramundi(Chiu et a/., 2015). It has a high nutritional value, containing 45-72% protein
(Sangeetha et al.,2024)and 11-27% fat (Jorge et al., 2016) and it small size make it an
excellent live feed that enhances the growth and survival rates of larvae fish.

Successful mass-produced Daphnia magna requires sustainable, high-quality feed.
Microalgae are an essential source of nutrition for Daphnia due to their high nutritional value.
The selection and supply of a suitable microalgae helps to master the production of Daphnia
to satisfy the nutritional needs of various aquatic animals, particullary in hatcheries at the
larval stage of some fish species such as in case of sander and largemouth bass fish.

With the expansion of aquaculture in Algeria, it is important to search and to identify
microalgae strains, particularly indigenous ones that are suitable for Daphnia growth and
reproduction.

This study investigated the growth and survival rates of Daphnia magna fed with three
different strains of local microalgae (L.fusiformis T103, Chlorella sp. CHL11 and Chlorella

sp. CHL15) and yeast (Saccharomyces cerevisiae).

2. Materials and Methods
2.1.Feed experiment:
Freeze dried biomass of three algal species (L.fusiformis T103, Chlorella sp. CHL11and
Chlorella sp. CHL15) and Yeast (Saccharomyces cerevisiae) were tested as feed to study
their effect on growth and survival rate of Daphnia magna.
2.2.Preparation of concentrated microalgae and yeast solutions:
The same feeding protocol for Artemia was used to prepare concentrated solutions for feeding
D. magna
2.3. Daphnia Sampling:
Samples of D. magna. were collected from basins at the National Centre for the
Development and Research of Fisheries and Aquaculture (CNRDPA). Sampling was
carried out using a landing net with a mesh of 1 mm. Two grams of collected biomass
were placed in a container containing 20 liters of freshwater, then transferred immediately

to the laboratory for treatment.
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Two thousand adult Daphnia magna were separated from the other zooplankton, particulate
matter and insects. The adult Daphnia were introduced in a small aquarium containing 5 1 of
filtred freshwater and incubated for 48 hours at 25°C and continuous lighting (2.7 Klux), the
aquarium was supplied with air pumps for water oxygenation (5-6 mg/l). Then the Daphnia
were filtered using a 600 um mesh sieve to separate the neonates (less than 600 pm) from the
larger individuals.

Two hundred newly hatched D. magna, which had been starved for 24 hours, were placed in
one liter Erlenmeyer flasks containing 500 ml of fresh, filtered freshwater (pH 7.5-8). In
order to investigate the effect of four diets, one millilitre from each diet concentrated solution
(L. fusiformis T103, Chlorella sp. CHL15, Chlorella sp. CHL11 and yeast solution) was added
to the Erlenmeyer flasks containing the starved neonates. The feed rate for L. fusiformis T103,
CHLI15, CHLI11 and yeast was gradually increased over time as the D. magna individuals
grew. Once the feed was completely consumed (clear culture medium), 1 ml of concentrated
diet solution was added to the Daphnia culture. The conditions for the incubation were the
same as those described above. The water of the Daphnia magna culture was completely
changed after each measurement. All treatment was conducted in four replicates. In this
experimental part, the mean total body length was measured and the survival rate of each
treatment group of Daphnia was calculated.

2.4. Body length measurement

The mean total body length of Daphnia magna larvae was measured every three days by
taking 10 individuals from each bottle using an Optika dissecting microscope (Optika,
Ponteranica, Italy) linked with a camera. The total body length was measured from the eye to

the end of the tail and then photographed. (Figure. 36).

Figure 36. Total body length measurement of Daphnia magna X40 (Original).
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2.5.Survival rate
The survival rate has been calculated every three days according to the following formula

(Amin et al., 2022):

SR = Nt/NO x 100%|

2.6.Statistics Analysis
The data of this study were analyzed statistically using IBM SPSS software (version 25)
(Corp 2013). The data of each parameter were subjected to One-way ANOVA and Tukey’s
HSD (Honest Significant Difference) test using SPSS a 95% confidence interval to verify the
statistically significant differences in the growth of Daphnia magna fed on different diets
L.fusiformis T103, Chlorella sp. CHL11and Chlorella sp. CHL15 and Yeast(Saccharomyces

cerevisiae). Statistical values of P < 0.05 were considered significant.

3. Results

3.1.Total body length measurement

The total body length of the Daphnia magna was used to assess growth performance. Figure
37 and Table 24 show a gradual increase in the body length of Daphnia magna during the
experiment in all of the studied groups.

The initial body length of D. magna was 512.6+18.53 um at the beginning of the experiment.
During the first three days of the experiments, Daphnia magna total body length showed
exponential growth in all treatment groups with the highest total body length was recorded in
those fed on yeast (2070.7+71.66 um) followed by L. fusiformis TL03 (1962.03+66.71 um),
Chlorella sp. CHL11 (1848.6+£85.56 pm) and the lowest in those fed on Chlorella sp. CHL15
(1772.6£71.85um).

Comparing the initial body length  with that after three days of the experiment, it was
recorded that it doubled with a greater value in the one fed with yeast (4.04 folds), followed
by L. fusiformis TLO3 (3.83), then Chlorella sp. CHL11 (3.61), and the latter was Chlorella
sp. CHL15 (3.46-folds)

The first six days of the Daphnia culture indicated highest total body length for those fed on
yeast (2330.3+£93.59 um) and L. fusiformis TLO3 (2324+54.04 um), while significantly lower
total length result (p<0.005) were recorded for those fed on Chlorella sp. CHLI1
(2044.3496.01 pm) and Chlorella sp. CHL15 (2003.2+104.73 um). During the last three days
of the experiment (12-15 days), rapid growth was observed in Daphnia fed on Chlorella sp.
CHLI15, which on day 15 slightly exceeded that of Daphnia fed on yeast and L. fusiformis
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TLO3, with no significant difference, while slower growth was observed in Daphnia fed on

Chlorella sp. CHLI11.

Table 24. Growth of Daphnia magna (um) fed with L.fusiformis T103, Chlorella sp. CHLI11,
Chlorella sp. CHL15 and, yeast.

Days L. fusiformis TL03 Chlorella sp. CHL11 Chlorella sp. CHL1S Yeast

0 512.6+18.53 512.6+18.53 512.6+18.53 512.6£18.53
3 1962.03+66.71 1848.6+85.56 1772.6+71.85 2070.7£71.66
6 2324454.04 2044.3£96.01 2003.2+104.73 2330.34£93.59
9 2480.07+106.36 2382.26+80.77 2406.57+62 2575.53+98
12 2898.8+89.05 2504.87+105.50 2542.63+104 2898.8+137.78
15 2932.43+51.41 2793.53+60.91 2997.63+60.04 2919.97+79.55
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Figure 37. Mean total body length of Daphnia magna fed with L. fusiformis T103, Chlorella
sp. CHL11, and Chlorella sp. CHL15, yeast.

3.2. Survival rate
On the 15th day of the experiment, the survival rate of the Daphnia showed that the survival
values for the different applied diets ranged from 25+1.15% to 67+1.15% (see Figure 38 and
Table 25). Figure 38 shows that there was a significant difference (p < 0.05) between all
treatment groups from day 6 to day 15 of the experiment. The highest survival rate at the end

of the experiment was recorded in Daphnia magna fed with Chlorella sp. CHL11, followed
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by those fed with L. fusiformis TLO3 and Chlorella sp. CHL15, while the lowest in those fed
with baker's yeast.

Table 25 shows that on the 15th day of the experiment, Daphnia fed with Chlorella sp.
CHLI11 showed a significantly higher survival rate (67£1.15%) compared to the other
treatments, followed by those fed with L. fusiformis TLO3 (51+£0.57%), Chlorella sp. CHL15
(42.33+1.20%), and the lowest was observed in those fed with yeast (25+£1.15%).

Table 25. Survival of Daphnia magna (%) fed with yeast, L.fusiformis T103, Chlorella sp.
CHLI11, and Chlorella sp. CHL15

Days Yeast L. fusiformis TL03 Chlorella sp. CHL11 Chlorella sp. CHL15

0 100+00 10000 100+00 100+00
3 90+1.15 94+0.58 99+0.58 80+2.87
6 59+0.58 89.33+1.33 96+0.58 68.33+1.2
9 54+0.58 75+2.52 95+0.58 63.67+1.2
12 41+£0.58 69+0.57 85+1.15 58.67+0.88
15 25+1.15 51+0.57 67+1.15 42.33+1.20
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Figure.38: Survival rate (%) of Daphnia magna fed on Yeast, L.fusiformis T103, Chlorella sp.
CHLI11, and Chlorella sp. CHLI5.
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3.3. Reproduction

Four days after the start of the experiment, microscopic examination of various Daphnia
culture media revealed that those fed on Chlorella sp. CHL11 possessed a clutch of eggs in
the brood chamber located dorsal to the females (Fig. 39A). The number of eggs in each
female ranged from 4-14 and the eggs diameter ranged from 250 to 350 um (Fig. 39 B)

During the experiment, the neonates of Daphnia were observed in different treatments. The
first neonates (Fig. 39C) were seen after five days of the experiment in the group fed on
Chlorella sp. CHL11, followed by those fed on Chlorella sp. CHL15 and L. fusiformis after

seven days and in those fed with yeast after 10 days of the experiment.

A

%
Figure 39. Different steps of Daphnia magna reproduction (A) Adult female of Daphnia

magna with a clutch of eggs in its brood chamber , (B) Eggs, C( neonate of Daphnia
magna)(40X).

4. Discussion

The success of Daphnia production has been linked to environmental factors such as
temperature, food quality and availability (Giebelhausen & Lampert, 2001).

The growth and survival of Daphnia magna are largely related on their diet. The ideal foods
for growing Daphnia are algae, yeast and bacteria, or a combination (Driesen, K. 2015)

The results of this study showed that growth trajectories varied over time depending on the
type of feed used. Daphnia magna fed Chlorella sp.CHLI15 exhibited significant growth in
the second week of the experiment, whereas those fed yeast demonstrated relatively smaller

growth compared to those fed L. fusiformis TLO3 and Chlorella sp. CHLI11.
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In same context, Castro Mejia et al. (2016) investigated the laboratory production of D.
magna by examining the effects of different diets, including Chlorella sp., Haematococcus sp.
Sphaerocystis sp. and a combination of previous microalgae. They revealed that the highest
growth rate, and population density was found in Chlorella sp.

Mezgebua et al. (2025) reported that, although Spirulina (Limnospira) is rich in protein, it
lacks essential sterols and long-chain polyunsaturated fatty acids (PUFAs), both of which are
essential for the growth and reproduction of D.magna. It was also confirmed that
supplementing Spirulina with cholesterol and eicosapentaenoic acid (EPA) improved survival
and reproduction of Daphnia magna. Furthermore, Gulati and Demuth (1997) reported that,
while baker's yeast is a poor food source for zooplankton on its own, it can increase their
survival rate when mixed with other food sources, such as microalgae. The diet of Daphnia
plays a key role in its maturation, egg production and egg quality (Turcihan et al., 2022;
Karakas et al., 2023).

5. Conclusion

After two weeks of the experiment, it was concluded that all the diets tested had a positive
effect on growth, with greater growth recorded in those fed Chlorella sp. CHL15 and lower
growth in those fed baker's yeast. These results are preliminary and should be followed by
further studies to search the ideal microalgae essential for improving Daphnia production.

In conclusion, the high demand and prices of imported Artemia bags, as well as the time and
potential investment required for pending studies on the geographic distribution, biomass and
quality of local Artemia, make the development of Daphnia production a key element in the
future of sustainable aquaculture. This is particularly true in terms of providing food for
larvae and juvenile fish, either directly or as micro-feed additives. This is particularly
pertinent given the affordable production costs, rapid growth, and high reproductive rate. This
study paves the way for further research into selecting microalgae and other feeding patterns

to enhance the quality, growth and reproduction of D. magna.
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Microalgae are of great interest due to their many applications in various fields, which
contribute to economic growth and environmental sustainability. They are used in wastewater
treatment, energy production, pharmaceuticals, cosmetics, biotechnology, human and animal
nutrition, and aquaculture. In aquatic ecosystems, microalgae are considered the first link in
the food chain.

In this study three strains of microalgae were isolated cyanobacteria, L. fusiformis TLO3,
Chlorella sp. CHL15 from Telamine Lake and Chlorella sp. CHL11 from Gharabas Lake
locatd in northwest Algeria. Three strains of microalgae were successfully isolated, purified,
identified, and preserved for a short to medium period by transferring them from a culture
medium to another.

The study of the effect of the salinity on three strains (L. fusiformis TLO3, Chlorella sp.
CHLI11, and Chlorella sp. CHL15) revealed that all these strains grew rapidly in BG11
culture media; however, their growth decreases with increasing salinity, with a tolerance up to
60 g/L of sodium chloride for L. fusiformis TLO3 and Chlorella sp. CHL1S5.

The three microalgae contain a remarkable amount of phenolic compounds, with the highest
value of total phenolic content registered in Limnospira fusiformis TLO3, whereas the highest
amount of total flavonoid content is found in Chlorella sp. CHL11.

HPLC analysis of the crude hydromethanolic extracts of the studied microalgae revealed 55
peaks for L. fusiformis TLO3, 69 peaks for Chlorella sp. CHL11 and 47 peaks for Chlorella
sp. CHL15. However, only five compounds were identified in L. fusiformis TLO3 and seven
Chlorella sp. CHL11, and four in Chlorella sp. CHLIS.

The resultat of the antioxidant activity by using two methods DPPH radical scavenging
activity and the beta-carotene bleaching test revealed that the highest activity was registred in
L. fusiformis TLO3.

The antimicrobial properties of L. fusiformis and the two Chlorella species (CHLI11 and
CHLI15) indicate their potential as natural antibacterial agents against several pathogenic
bacteria(S. aureus , B. subtilis, L. monocytogenes, P. aeruginosa, and K. pneumoniae).
Whereas the E.coli revealed its relative resistance against the thee microalgae extract.

In this experiment, the crushed L. fusiformis T103, Chlorella sp. CHL11 and yeast were found
to be the most effective live feeds for the Artemia, resulting in high growth and survival rates.

In the same context, after two weeks of feeding Daphnia magna different diets, it was
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concluded that all the diets tested had a positive effect on growth with the best growth was
recorded in those fed Chlorella sp. CHL15.

The results of this study showed that these microalgae are a valuable source of active natural
compounds that can be used in the pharmaceutical and food industries, in addition to the
possibility of using them as food for zooplankton such as Artemia, Daphnia, and fish larvae.
This work is recommended to be complemented by further studies

Perspective:

Mastering the isolation, purification, identification and preservation of microalgae opens up
the prospect of establishing a cultural collection (microalgae bank) of locally sourced species
with economic value.

The studied microalgae have proven their ability to tolerate varying concentrations of salinity,
making them candidates for production using waters that are underutilized in Algeria due to
salinity and can be used in various biotechnological applications .

These microalgae contain a wide range of phenolic compounds, only a few of which have
been identified. Therefore, further research is needed to identify, isolate, and characterize the
molecules responsible for these activities, which could be used as alternatives to antibiotics
and other traditional chemical drugs for treating various diseases. Further studies are also
useful to verify their benefits in various pharmaceutical and food industry applications.

The results of the study on the diets of Artemia and Daphnia magna ranged from good to
acceptable. Therefore, it is recommended that the study be expanded to include the isolation
and testing of other local microalgae, in order to select the most suitable diets for Artemia and

Daphnia growth, survival and reproduction.
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Appendix



Appendix 1: Culture Medium (BG11)

BG11 medium (containing the following nutrients in g/l: NaNOs, 1.5; KoHPOy, 0.04;
MgS04.7H,0, 0.075; CaCl,.2H,0, 0.036; citric acid, 0.006; ferric ammonium citrate, 0.006;
Na,EDTA, 0.001; Na,COs3, 0.02; and 1 ml of trace element mix was added (containing in g/1:
H;BO3, 2.86; MnCl,.4H,0, 1.81; ZnS0O4.7H,0, 0.222; NaMo00,4.2H,0, 0.39; CuSO,4.5H,0,
0.079; Co(NO3),.6H,0, 0.0494), NaCl, NaOH, Agar Agar.

Appendix 2: Table polyphenol standards used for HPLC analysis

Standards numbers Classe Retention time

1  Ascorbic acid Phenolic acid 3.660
2 Tannic acid Phenolic acid 6.62

3  Protocatechuic acid Phenolic acid 8.547
4  Galic acid Phenolic acid 10.343
5 Robinin Flavanol 17.3

6  Catechin Flavanol 17.887
7  Rutin Flavonol 17.970
8 Lutéolin3’-7 diglucoside  Flavone 24.253
9  Vanillic acid Phenolic acid 24.710
10 Cafeic acid Phenolic acid 24.832
11 Naringenin-7-glucoside Flavanone 24.972
12 Apegin Flavones 25.243
13 Luteolin 7,3'-diglucoside  Flavone 26.116
14 Isorhamnetin-3- Hydroxy-flavone 28.052

rutinoside

15 isorhamnetin-3-glucoside Hydroxy-flavone 28.120
16 Hesperidin Flavanone 28.284
17 Apigenin 7-glucoside Flavone 29.207
18 Xanthotoxin Furocoumarine 31.72
19 Hespertine Flavanone 30.047
20 Naringenin Flavanone 32.461
21 Luteolin Flavone 33.53
22 Myricetin Flavonol 33.853
23 Quercetin Flavonol 35.703
24 penta-hydroxyflavone Flavone 36.203
25 Morin Flavonol 36.5
26 Rhamnetin Flavonol 36.818
27 Galangin Flavonol 47.293
28 Acacetin Flavone 49.153
29 Chrysin Flavone 49.253
30 Kaempferol Flavonol 49.303
31 Kaempferide Flavone 49.3
32 Diosmin Flavone 49.770
33 Tangeretin Flavone 51.703
34 3-Hydro-flavon Flavone 52.220

35 5-Hydroxy-flavon Flavone 54.243
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This study was conducted to evaluate the total phenolic, flavonoid content, antioxidant,
and antibacterial activity of hydomethanolic Limnospira fusiformis TLO3 .

The total phenolics and flavonoids were determined by using the Folin-Ciocalteu and
aluminum chloride methods, respectively. The YL 9100 HPLC was used to identify the phenolic
compounds.

2, 2-diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging activity and beta-carotene-
linoleic acid tests were used to evaluate antioxidant activity in vitro. The antimicrobial
activities were tested against six bacteria using the disc diffusion method and the agar dilution
method.

The total phenolic and flavonoids contained in the hydromethanolic extract were 18.41
+0.18 mg GAE/g DW and 2.11 +£0.12 mg quercetin/g DW, respectively. The result of polyphenol
analysis showed the presence of: Ascorbic acid, Gallic acid, Luteolin , Quercetine, Kaempferol.

This extract shows strong DPPH radical scavenging and p-carotene bleaching activities
with a percentage of 86.19+1.61% and 85.87+1.65%, respectively, in addition to activity
antibacterial, in which the zone inhibition diameters (ZID) range from 33.33+1.53 to 11+1 mm,
with the higher value antibacterial activity (33.33+1.53 mm) registered against S. aureus and
the lower minimum inhibitory concentrations (MIC) observed against K pneumonia (0.78
mg/ml). In conclusion, it was revealed that the hydromethanolic extract of L. fusiformis TLO3.
has significant antioxidant and antibacterial properties

Keyswords: Limnospira fusiformis TLO3, Total phenolic and flavonoid, HPLC, DPPH, Beta

carotene, Antibacterial activity

INTRODUCTION

There is growing interest in the global
health community about oxidative stress and
the spread of infectious diseases. The oxidative
stress, caused by a variety of stressors and free
radical inducers, may be responsible, to varying
degrees, for the onset and/or development of
many diseases, including cancer, diabetes,
metabolic  disorders, atherosclerosis, and
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cardiovascular disease . The treatment of
oxidative stress through the long-term use of
synthetic antioxidants may cause some health
problems, such as skin allergies, digestive
problems, and, in some cases, an increased risk
of cancer?®, The global outbreak of infectious
bacterial diseases with the widespread
prevalence of antibiotic-resistant bacteria poses
another threat to human and animal health.
Plants are a sustainable source of
bioactive substances that have been used as
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folk medicines by humans since ancient times
780 treat various diseases, and also their
diversity of chemical compounds has been used
in the production of various drugs. Microalgae
and Cyanobacteria are also valuable sources of
bioactive compounds, with a tenfold greater
diversity of bioactive substances compared to
land plants®.

In the recent years, there has been an
increased  interest in  microalgae and
cyanobacteria research due to their wide
biotechnological applications including,
wastewater treatment, carbon dioxide fixation,
production of biodiesel and methane!®6, In
addition in agriculture as biofertilizers'” 8 and
biostimulants®®.

Cyanobacterium (Limnospira and / or
Arthrospira),  commercially  known  as
Spirulina?®?, is one of the most produced
microalgae and cyanobacteria worldwide®*
about 30% of the world global algal biomass
production  comes from the  genus
Arthrospira®®*. The global production was
89,000 tons in 2016 (FAO, 2018)%. Spirulina
has been consumed by humans since ancient
civilizations such as the Aztecs, who were the
first to realize the nutritional value of these
organisms® 27 and is still traditionally
consumed in Africa, near Lake Chad %,

Spirulina have high nutritional value®; it
contains a high amount of proteins with all
essential amino acids®3>and essential fatty
acids, minerals, pigments, vitamins, and
phenolic compounds. It was proven to be used
as a food supplement, animal feed, cosmetics,
and natural coloring ; food colors 3%42
Furthermore, the biological and therapeutic
study of spirulina has also received a lot of
attention due to the fact that it contains many
bioactive ~ compounds  with  therapeutic
properties?’4% 43 45-51 “including weight control,
intestinal  flora, anticancer and immune
modulating  activities,  Anti-inflammatory,
antioxidant, antiviral, and antibacterial#**% %3,

In this paper, the first study on the
biological activity of Limnospira fusiformis
TLO3, recently isolated from Telamine Lake in
the northwest of Algeria. Therefore, the current
study was carried out to assess the antioxidant
activities of Limnospira fusiformis TLO3
hydromethanolic  extract and  the
characterization of its polyphenolic compounds
in addition to  evaluate its antimicrobial
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activity using agar well-diffusion assay and
minimum inhibition concentration (MIC)
against selected Gram positive and Gram
negative bacteria.

MATERIAL AND METHODS

Chemicals Carrageenan, linoleic acid,
ascorbic acid, butylated hydroxytoluene,
Tween 40, potassium ferricyanide, DPPH,
Ferric chloride, p-carotene, Methanol, Galic
acid, Rutin, Vanillic acid, Flavone, Galangin,
Caffeine, Stearic acid, Tannic acid, Myricetin,
Alpha-tocopherol, Morin, Apigenin, Diosmin,
Catechin,  Tangeretin,  5-Hydroxy-flavon,
Chrysin, Kaemferide, Robinin, 3-Hydroxy-
flavon, Acacetin, Hesperetin, Quercetin,
6.methoxyflavone, Aspirin, Acetic acid used in
the experiment were procured from Sigma
(Sigma-Aldrich, Germany).

Biological material

Cyanobacterium strain: The
cyanobacterium Limnospira. fusiformis TLO3
(accession number MZ215991.1) was isolated
from Telamine Lake in northwest Algeria.

L. fusiformis TLO3 Culture conditions

L. fusiformis TLO3 was cultured in Bleu
Green medium BG11** where the pH was
adjusted to 9.5 and the medium was autoclaved
at 121 °C for 20 min.

The incubation was performed under
controlled conditions: a temperature of 30 + 2
°C and continuous light of 2.7 Klux provided
by white fluorescent tubes. The mixing of the
cells was carried out by aeration pump in order
to keep the cells in suspension and to avoid
their agglomeration. After incubating for 20
days, the cells were harvested, washed with
distilled water, and dried using a lyophilizer.
(ALPHA 1- 2 LD plus).

Bacterial strains

The tested bacteria were provided by the
Microbial Systems Biology Laboratory, Kouba
Higher Normal School of Kouba, Algeria. The
antibacterial activity of hydromethanolic
extracts of L. fusiformis TLO3 was tested
against six strains of pathogenic bacteria
(Table 1).



Table 1 : Tested bacterial strains.

Bacteria Origin
) Bacillus subtilis (B. subtilis) ATCC 6633
Ej;i?\rlg gram Staphylococcus aureus (S. aureus) CIP 7625
Listeria monocytogenes (L. monocytogenes) CIP 82110
) Escherichia coli (E. coli) ATCC 10536
rl?:g(]::teir\llz gram Pseudomonas aeruginosa(P. aeruginosa) CIP A22
Klepseilla pneumonia (K. pneumonia) CIP 82.91

ATCC : American Type Culture Collection, CIP : Collection de I'Institut Pasteur (Institut Pasteur

Collection).

Extract preparation

A crude hydromethanolic extract of L.
fusiformis TLO3 was prepared by macerating 2
g of freeze-dried algae in 100 mL of
methanol/water (7 v: 3 v). The mixture was
kept at room temperature in the dark for 24
hours and then filtered through Wathman No. 1
paper. These procedures were repeated three
times to extract the maximum amount of
compounds. The three filtrates were collected
in an opague glass vial and then dried at 40 °C
using a rotary vacuum evaporator (Buchi R-
210). The dried extracts were stored at 4°C in
the dark until use.

Total phenolic assay

The total phenolic content of the extract
was assessed using  spectrophotometric
methods® based on the Folin-Ciocalteu
reagent. 3.9 ml of distilled water was combined
with 0.1 ml of diluted hydromethanolic crude
extract (10 mg/mL), and the mixture was
thoroughly mixed with 0.25 mL of Folin-
Ciocalteu reagent for 3 min. Then, 0.75 mL of
20% (w/v) sodium carbonate (Na,COs) was
added to the mixture. After thorough mixing,
samples were incubated in a water bath at 40
°C for 40 min. The absorbance was measured
at 765 nm against a blank sample consisting of
distilled water instead of the diluted sample.
The total phenolic content of the extracts was
determined and expressed as mg of Gallic acid
equivalents (GAE) per gram of sample in dry
weight (mg GEA/g) using the regression
equation of the calibration curve. The analysis
was conducted three times.

Equation: y = 0.0795X - 0.1033

Total flavonoid content

The total content of flavonoids in the
crude extract was determined by the aluminum
chloride colorimetric method °¢ Briefly, 0.75
mL of hydromethanolic crude extract (10
mg/mL) was made up to 1.5 mL with 2% AICI;
solution methanol. The mixture was well mixed
before incubation at room temperature in the
dark for 10 minutes. The mixture absorbance
was measured at 440 nm against the standard
containing a diluted solution of AICls.

A calibration curve for quercetin was used
to determine the total flavonoid concentration
and the result was expressed as milligram
equivalents of quercetin per gram of dry
microalgae (mg QE/g). Equation: Y = 0.5658X
—-0.1155

Polyphenol analysis

The HPLC analysis of  crude
hydromethanolic extract of L. fusiformis TLO3
was performed using a Young Lin YL 9100
HPLC chromatograph with a UV-Vis detector
(YL9120). The separation was achieved by a
reversed-phase Agilent XDB Eclipse C8
column (250 mm/4.6 mm/5 m). The mobile
phase was bi-distilled water enriched with 0.1
% acetic acid (Eluent A) and gradient methanol
(Eluent B). The flow rate was adjusted at 1
mL/min, the temperature was regulated at 30
°C, and the injection volume was 20 pL. The
HPLC gradient elutiens were as follows: 0-50
min, 95% elution A and 5% elution B; 50-60
min, 5% A and 95% elution B. The
chromatograms were recorded at 254 and 280
nm.
Each compound of phenolic acids and
flavonoids contained in  hydromethanolic
extract was identified by comparing its
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retention time (Rt) and the UV spectra to those
of the following standards (Galic acid, Rutin,
Vanillic acid, Ascorbic acid, Flavone, Galangin
Caffeine, Stearic acid, Tannic acid, Myricetin,
Alpha-tocopherol, Morin, Apigenin, Diosmin,
Catechin,  Tangeretin,  5-Hydroxy-flavon,
Chrysin, Kaemferide, Robinin, 3-Hydro-flavon,
Acacetin,  Hesperetin,  Quercetin, and
6.methoxy-flavon,  Xanthotoxine, Luteolin,
Kaempferol)

Antioxidant Activity
DPPH radical scavenging activity

The DPPH assay was performed according
to Tep > the Crude hydromethanolic extracts
(10 mg/ml) were prepared in a series of
dilutions (0.125, 0.250, 0.5, 1, 2, 3, 4, and 5
mg/ml) by adding methanol.

An equal volume of DPPH solution
dissolved in methanol (0.004%) was added to
1.5 ml of each diluted test extract (0.125 to 5
mg/ml). After vigorous mixing for 10 seconds,
the solution was incubated at room temperature
in the dark for 30 minutes. The absorbance was
read at a wavelength of 517 nm. Reference
standards of BHT, Ascorbic acid, Trolox,
Vitamin E were used as benchmarks.

All samples were performed in triplicate.

The following formula was used to
determine the percentage of free radical DPPH
inhibition

(1%) = [(Ac - As)/ (Ac)] x 100 [Tep]®”

Where As is the sample absorbance and
Ac represents the absorbance of the control
reaction, which uses all the reagents except the
test substance.

The IC50 value was used to determine the
antiradical activity of the samples; this value is
the concentration of the sample required for
50% inhibition of DPPH radicals

Beta-carotene determination

Two mg of beta-carotene was dissolved in
10 ml of chloroform, and 2 ml of this solution
was added to a vial previously containing 40
mg of linoleic acid and 400 mg of Tween 80.
The mixture was agitated, and then the
chloroform was completely evaporated using a
rotary vacuum evaporator. Afterward, 100 ml
of distilled water was added to the residue.
After thoroughly mixing, a volume of 4.8 mL
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of the obtained emulsion was transferred to test
tubes, each one containing 0.2 mL of the
extract (10 mg/mL) or the same volume of
control antioxidants (BHT).

The tubes were placed in a water bath at
50 °C and the absorbance was measured at 470
nm at intervals of 30, 60, 90 and 120 minutes.
Samples were performed in triplicate

The bleaching rate of beta-carotene (R) is
calculated according to Al-Shaikhan®® as
follows:

Rt = In (Abst0/Abst)/t

Rt: the bleaching rate of beta-carotene at
times (30, 60, 90, and 120 minutes); In: natural
logarithm; AbstO corresponds to the initial
absorbance of the emulsion immediately after
sample preparation (t = 0 minutes); Abst: the
absorbance of the emulsion at times (30, 60,
90, and 120 minutes). The percentage of
antioxidant activity is calculated using the
following equation:

Antioxidant activity % = [(R control - R
sample)/R control] x100.

R control and R sample are the average
rates of control and sample (extract) bleaching,
respectively.

Antibacterial activity test

Two methods were used to evaluate the
antimicrobial activity of crude
hydromethanolic extract of L. fusiformis TLO3:
disc diffusion and agar dilution method

Disc diffusion method
Disc diffusion preparation

The disc diffusion technique was used to
assess the antibacterial activity of the
hydromethanolic extract of L fusiformus TLO3.
Sterile Whatman No. 1 discs (5.5 mm in
diameter) were impregnated with 10 ul of
hydromethanolic extracts (50 mg/ml).
Ampicillin (1 mg/mL) was used as a control

The tested bacterial strains were plated
individually on nutrient agar. After 18 hours of
incubation at 35°C, the colonies were
transferred to saline (0.9% NacCl) to obtain a
suspension turbidity equivalent to 1.5 x 108
CFU/mL [Alagawany] *°

One hundred microliters of bacterial
aliquots were spread on the surface of Mueller-



Hinton agar (MHA) Petri dishes and then, three
sterilized dried paper discs containing crude
hydromethanolic extract or control (ampicillin)
were placed equidistantly on the surface of
agar Petri dishes (90 mm diameter) for each
bacterial strain tested. Prior to incubation, the
Petri dishes were placed in the dark at 4°C for
1 hour to allow the hydromethanolic extract
and the ampicillin to spread. Then the plates
were incubated at 37 °C for 24 h, and the
inhibition zones diameters (mm) around the
discs were measured by the transparent ruler.

Agar dilution method:Minimum inhibition
concentration (MIC)

From the initial concentration of crude
hydromethanolic extract (50 mg/ml), a series of
double dilutions (25, 12.5, 6.25, 3.125, 1.56,
0.78 mg/ml) were prepared by addition to
Mueller-Hinton broth. The control was
prepared using the same method as described
above with double dilution of ampicillin (0.5,
0.25, 0.125, 0.0625, 0.032, and 0.016 mg/mL.).

One hundred pL of each tested bacterial
cell suspension (1.5 108 CFU/mI) was placed
separately on the Petri agar surface. All plates
were incubated at 37 °C for 24 hours.

The MIC values were defined as the
lowest concentration of antibacterial agents
that inhibited the growth of bacteria [Ashour] ®°

Statistical analysis

The statistical analysis was conducted
using IBM SPSS 25.0 software. The data were
presented as means + standard error (S.D.). The
differences between groups were analyzed

Ly

using a one-way analysis of variance
(ANOVA) test, followed by the Tukey test.

RESULTS AND DISCUSSION

Results
Quantification of TPC and TFC

This study showed that the hydromethanol
extract of L fusiformis TLO3 contained a high
total phenolic  and flavonoid. The total
phenolic and flavonoid compounds were
18.41+0.18 GAE mg/g and 2.11+0.12 QE mg/g
DW, respectively.

Polyphenol analysis

The phenolic compounds of the
hydromethanolic extract of L. fusiformis TLO3
were investigated by HPLC chromatography.

The phenolic compounds contained in the
extract were identified by comparing the
retention time and UV spectra of the peaks
obtained from the extract with those of the
standards.

The results of HPLC analysis of the crude
extract showed the presence of seven
compounds including: Ascorbic acid, Gallic
acid, Luteolin, Quercetin, Kaempferol. (Fig. 1,
Table 2).

Antioxidants activities

In this study, two assays (DPPH and beta-
carotene/linoleic acid test) were used for the
evaluation of the antioxidant activity of the
hydromethanolic extract of L. fusiformis TLO3
and the results are shown in Table (3).
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Fig.1: HPLC chromatogram of L. fusiformis TLO3 hydromethanolic extracts. Phenolic compounds
identified: (1): Ascorbic acid, (2): Gallic acid, (3): Luteolin, (4): Quercetine, (5):

Kaempferol.
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Table 2: The phenolic compounds identified by HPLC-DAD in hydromethanolic extract of L.

fusiformis TLO3.

Belkacem.Guenachi, et al.

NO Compound Area Retention time Nature of compound
1 | Ascorbic acid 0.5 3.66 Vitamine C

2 | Gallic acid 1 10.34 phenolic acid.

3 | Luteolin 1.6 33.53 Flavon

4 | Quercetine 1 35.703 Flavonol

5 | Kaempferol 0.1 49.303 Flavonol

Table 3: Antioxidant activity (DPPH assay) and ICgq value in hydromethanolic extract of L.fusiformis

TLO3.

Extracts /standars IC50 (pug ml ** )DPPH % inhibition of DPPH
Hydromethanolic extract 470 86.19 £ 1.61 (a)

BHT 72,16 +0,1 82,36 + 0,94 (b)

Ascorbic acid 4+0,1 98,54 + 0,25©

Trolox 6,86 + 0,05 98,03 + 0,090

vitamine E 9,55 + 0,07 94,08 + 0,1(d)

DPPH + 1.33 % ) (p< 0.05) than that of BHT (52.5

The crude hydromethanolic extract of L
fusiformis TLO3 show strong antioxidant
activity with percentage inhibition of DPPH
radical reached to 86.19+1.61 %.

Comparing this result with the standards
(antioxidant references), the percentage of free
radical inhibition of the extract was higher than
that of BHT (82.36 £ 0.94%), while it was
lower than that of other standards such as
Ascorbic acid (98.54 £+ 0.25%), Trolox (98.03
+ 0.09%), and Vitamin E (94.08 £ 0.1%).

The IC50 value for TLO3 hydromethanolic
extracts was 470 pg/ml. While their values
were 72.16 £ 0.1, 4 £ 0.1, 6.86 + 0.05 and 9.55
+ 0.07 pg.ml-1 for -BHT, ascorbic acid, Trolox
and vitamin E, respectively.

Beta carotene

The results of the percentages of
antibleaching activities showed that the
hydromethanolic ~ extract of  Limnospira
fusiformis was significantly more effective in
inhibiting the oxidation of linoleic acid (60. 35

904

+0.82 %):

Antibacterial activities

The antibacterial activities of crude
hydromethanolic extract of L. fusiformus TLO3
were evaluated against six strains of bacteria
by measuring the diameter of the inhibition
zones, and the results were registered in Table
4.and Fig. 2.

The tested bacterial strains revealed
different results, in which the diameters of the
inhibition zone (ZID) ranged from 16.33+0.58
to 33.33x1.53 mm at a concentration of 50
mg/ml. The highest mean of zone inhibition
diameter was registered against the Gram-
positive bacterium S. aureus (33.33+1.53
mm), followed by B. subtilis (16.67+0.58 mm)
and L. monocytogenes (16.33+0.58 mm).

For Gram-negative bacteria, the highest
value of  zone inhibition  diameter
(16.33£1.15mm) against K. pneumonia
was followed by P. aeruginosa (14.67+0.58
mm) and the lowest E. coli (11+1mm)
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Table 4: Antibacterial activity of crude hydromethanolic extract of L. fusiformus TL03 tested by

disc diffusion and Agar dilution method.

L. fusiformis TLO3 extract Ampicilline
Bacterial strains
ZID(mm) MIC(mg/ml) ZID(mm) MIC(mg/ml)
Bacteria | B. subtilis 16.67+0.58(a) 6.25 19.67+0.58(d) | <0.016
gram
positive S. aureus 33.33x1.53(b) | 6.25 40+00(e) 0.5
L. monocytogenes | 16.33+0.58(a) 6.25 35+00(b) 0.5
Bacteria | E. coli 11+1(c) 125 24.33+1.15(f) <0.016
gram
negative | P.aeruginosa 14.67+0.58(a) 1.56 9.67+0.58(c) <0.016
K. pneumonia 16.33+1.15(a) | 0.78 40.33£0.58(e) | 0.25

MIC: Minimum inhibitory concentration, ZID: zone inhibition diameter.
Different letters indicate significant difference (P< 0.5) . Error bar represents standard error (n = 4).

Fig. 2: Zone inhibition diameters (ZID) of the hydromethanolic extract of L. fusiformis TLO3 (A) and
the antibiotic Ampicilline (B) against six bacterial strains. 1: B. subtilis; 2: S. aureus; 3: L.
monocytogenes; 4: E. coli; 5: P. aeruginosa; 6: K. pneumonia.

Diffusion method

The minimum inhibitory concentrations
(MIC) of L. fusiformus TLO3 extracts are
shown in Table 4 and Fig. 3

The results showed that the MICs
(minimum inhibitory concentrations) of the
methanolic extract(Table 5) ranged from 0.78
mg/ml to 12.5 mg/ml. The lowest MIC value
(0.78 mg/ml) was registered against K.
pneumonia, followed by P. aeruginosa (1.56
mg/ml. whereas the highest value (12.5 mg/ml )
was against E. coli. However, the MIC of this

extract was 6.25 mg/ml against three bacteria
gram+, B. subtilis , S. aureus and L.
monocytogenes. The MIC of ampicillin ranged
from 0.5 mg/ml to less than 0.016 mg/ml,
where the highest value was registered against
S. aureus and L. monocytogenes, followed by
0.25 mg/ml against K. pneumonia, while the
lowest value (less than >0.016 mg/ml) was
obtained against B. subtilis, P. aeruginosa, and
E. coli.
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Fig. 3: Minimum inhibition concentration of the hydromethanolic extract of L. fusiformis TLO3 (A-D)
and the antibiotic Ampicilline (E-F) against six bacterial strains. 1: B. subtilis; 2: S. aureus;
3: L. monocytogenes; 4: E. coli; 5: P. aeruginosa; 6: K. pneumonia.

A:125mg/ml, B:6.25mg/ml, C: 1.56 mg/ml, D: 12.5 mg /ml, E: 0.5 mg/ml, F: 0.016 mg /ml.

Table 5: Antibacterial activity of crude hydromethanolic extract of L. fusiformus TLO3 tested by

disc diffusion and Agar dilution method.

Bacterial strains L. fusiformis TLO3 extract Ampicilline
ZID(mm) MIC(mg/ml) ZID(mm) MIC(mg/ml)
Bacteria | B. subtilis 16.67+0.58(a) | 6.25 19.67+ 0.58(d) | <0.016
gram S. aureus 33.33+1.53(b) | 6.25 40+00(e) 0.5
positive 7~ 16.33x0.58(a) | 6.25 35+00(b) 05
monocytogenes

Bacteria | E. coli 11+1(c) 12.5 24.33+1.15(f) | <0.016
gram P. aeruginosa | 14.67+0.58(a) | 1.56 9.67+0.58(c) | <0.016
negative M neumonia | 16.33+1.15(a) | 0.78 40.33+0.58(¢) | 0.25

MIC: Minimum inhibitory concentration, ZID: zone inhibition diameter.
Different letters indicate significant difference (P< 0.5) .Error bar represents standard error (n = 4).

Discussion

Phenolic compounds are secondary
metabolites essential for plant physiological
processes, stress responses, and survival under
harsh conditions ® The phenolic content of S.
platensis is also influenced by a number of
parameters, such as algal species, origin,
culture conditions, stress factors, time of
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biomass collection, and age, as well as the
methods of their extraction and solvents
utilized®®.  They are classified as simple
phenols, phenolic acids, flavonoids, xanthones,
stilbenes, and lignans®®. Flavonoids and
phenolic acids are the main classes of phenolic
compounds reported in Spirulina®,


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/bacillus

The total phenol content in the
hydromethanolic extract of L. fusiformis TLO3
agrees well with the results of other previously
reported spirulina species®® © ¢ while being
higher than those documented in several
research®”73,

Total contents of flavonoids

By comparing our findings of total
flavonoids in this study (2.11 + 0.12 QE mg/g
DW) with those reported by several authors,
we noticed that the level of flavonoids in the
hydromethanolic extract of the examined algae
was higher than that found in other studies.

[Bellahcen]®” found that the total contents
of flavonoids in ethanolic and aqueous extracts
(0.21 £ 0.01 and 0.15 £ 0.01 mg quercetin/g
dw, respectively) of Moroccan Spirulina.
[Thangaraj]™ reported that the total flavonoids
in the methanolic extract of Arthospira
platensis (spirulina) were 1.42 + 0.05 mg/g dry
weight.

Other studies reported that the amount of
flavonoids present in a spirulina extract was
determined to be 142.23 mg quercetin/kg of
extract’ and 176.3 + 7.65 mg QE/100 g in the
aqueous extract of spirulina powder®.

On the other hand, some studies indicated
a high amount of total flavonoids compared to
our findings. [Zainoddin]® declared that the
total flavonoid content in spirulina was 11.19 +
0.07 mg QE/g DW. [Seghiri]® found the
content in the methanolic extract of Moroccan
Spirulina to be 15.60 + 2.74 mg RE/g dw.

Hplc Analysis

The polyphenol chromatographic analysis
of the crude hydromethanolic extract of L.
fusiformis TLO3 revealed the presence of
various compounds, of which five were
identified (Fig 1 and Table

2). These results are similar to those of
previous studies in which the authors
mentioned the presence of ascorbic acid, gallic
acid, luteotin, quercetin, kaempferol, and other
phenolic compounds in different species of
Spl rulina67-69, 74-76, 78, 80_

Antioxydant Activities
DPPH

The DPPH assay results of this study
(Table 3) showed that the hydromethanolic
extracts of the TLO3 strain possessed strong

radical scavenging activity. The result of this
study is similar in part to other study on the
effective scavenging activity of DPPH radicals
in Spirulina platensis extract®!, where the
inhibition values of extracts prepared from
50%, 70%, and 96% methanol/water were
91.81%, 78.94%, and 58.61%, respectively®.
In agreement, other study recorded the high
percentage inhibition of DPPH radicals (97.37,
89.47, and 77.66%) in methanolic extract of S.
obliquus, B. eriensis, followed by P.
pyrenoidosa, respectively ™.

While the DPPH assay finding is greater
than that of a methanolic extract of Arthrospira
platensis reported by GHEDA 8 and those
reported for green microalgae including
Chlorella sp.E53 , Chlorella sp.ED53 and
Chlorococcum sp.C53%.

The potent antiradical activity may be due
to the presence of phycobilin pigments (C-
phycocyanin, allophycocyanin, and C-
phycoerytherin) as well as phenolic and
flavonoid compounds in the methanolic extract
of Arthrospira®.

The obtained results of IC 50 are higher
compared to those mentioned by Abd El-
Baky’’, who reported that the IC 50 of extracts
derived from S. maxima cultured in Zarrouk
media containing 2.5, 1.875, 1.25, 0.625, and 0
NaNO3 g/L revealed an 1C50 value of 30.0,
28.0, 26.0, 23.0, and 22.0 pg /ml, respectively.
Furthermore, the inhibition percentage of this
study was higher than those (ranging from
60.33 = 1.12 to 81.14 + 1.25%) reported in
different media of the same study.

Beta carotene

Carotenoids are important groups of
pigments (red, orange, or yellow colors) that
are present in plants, fungi, bacteria, and algae
and cyanobacteria®®, They are also key
metabolites for human nutrition and health®’.

Natural carotenoids (lutein, [-carotene,
and lycopene) have beneficial effects on both
human and animal health®8, B-carotene
remains their essential source of vitamin A,
which is necessary for the functions of the
retina. In addition, it possesses anticancer, and
antiviral and antibacterial properties®.

The effectinesse of hydromethanolic extract

to inhibit g-carotene bleaching was 85.87 +
1.65% at 10mg/mL (Table 4). The result of
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this study of beta-carotene bleaching (Table 4)
was consistent with that reported in Spirulina
extract produced from various solvents (ethyl
acetate, hexane, and chloroform extracts), in
which  g-carotene bleaching rates were
93.64+0.25%, 73.36+0.35%, and76.77+0.12%,
respectively®.

Antibacterial Activities

Several studies have investigated the
antimicrobial activity of Spirulina extracts
against the bacterial strains tested in this study,
in addition to other pathogenic bacterial strains.
B. cereus®% and S. aureus®®%% L.
monocytogenes, E. coli® 9395 97 9. 100 p
aeruginosa® % ¢ and K. pneumonia® % 7. %,
Those authors reported that there are different
levels of effectiveness depending on the algae
species, culture condition, process, and
solvents used for the extraction.

Our findings (Table 5) showed that L
fusiformis  TLO3  extracts had strong
antibacterial activity against S. aureus, B.
cereus, K. pneumonia, P. aeruginosa, and L.
monocytogenes, whereas they had less activity
against E. coli.

These results are also in agreement with
previous studies®®% 1%2 which confirmed that
the methanol extract of Spirulina platensis
showed high activity against several positive
and negative gram-positive bacteria
(Staphylococcus aureus, Bacillus cereus,
Escherichia  coli, = Pseudomonaeruginosa,
Klebsiella pneumoniae, Streptococcus
pyogenes, Streptococcus epidermidis, Proteus
mirabilis, Salmonella typhi, and Shigella
flexnerti).

According to Abdel-Moneim!'®, The
methanolic extract of Spirulina platensis
exhibited greater total phenolic content,
antioxidant activity, and antibacterial activity
in comparison to other extracts (hexane and
acetone extracts). Furthermore, it has been
noted that the methanolic extract of Spirulina
platensis has potent antimicrobial and
antifungal activities against some pathogenic
microbial strains®,

Martelli®® demonstrated similar results as
our findings, where the hydroethanolic extracts
of A. platensis showed the highest
antimicrobial activity (ZID = 15 mm) against
gram-positive bacteria (L. monocytogenes, S.
aureus, and B. cereus) and interesting
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inhibition results for gram-negative bacteria (E.
coli, Salmonella spp.).

Kaushik®® reported that the ZID of
methanolic extract of Spirulina platensis
against three bacteria (S. typhi, P. aeruginosa,
E. coli, S. aureus) ranged from 11.52+.18 to
15.21+.1mm but no activity was observed
against K. pneumonia.

Abdel-Moneim!® stated Reported that the
strong antimicrobial activity of the methanolic
extract may be due to its high phenolic content.

According to some published papers!%1%,
the antimicrobial activities of algae against a
variety of bacteria and fungus are linked to
polyphenols, terpenes, flavonoids, alkaloids,
pigments,amino acids, polysaccharides (such as
depolymerized fucoidans), lipids, and other
lipid-soluble substances.

Spirulina  bioactive compounds can
damage bacterial cell integrity by increasing
membrane permeability, which leads to loss of
cytoplasmic content and then cell death'®. On
the other hand, Demule'®” reported that the
antibacterial activity of the methanolic extract
of S. platensis is caused by the presence of a
significant amount of linolenic acid.

The minimum inhibitory concentration
(MIC) of hydromethanolic extract of L
fusiformis TLO3 (Table 5) ranging from 0.78
to 12.56 mg/ml. These results agree in part
with previous studies by Abdel-Moneim?%,
which recorded that the MIC values of
Spirulina extracts (methanol, hexane, and
acetone) against tested bacteria ranged from 1.2
to 10 mg/ml, with the lowest level MIC in
methanol extracts (1.2 to 2 mg/ml).

These data are also in agreement with the
previous study by Usharani'®?, who reported
that the MIC value of methanolic extract of
Spirulina platensis against eleven bacterial
strains (Staphylococcus aureus, Streptococcus
epidermidis, Streptococcus pyogenes, Bacillus
cereus, Proteus mirabilis, Escherichia coli,
Pseudomonas aeruginosa, Vibrio cholerae,
Salmonella typhi, Klebsiella pneumoniae, and
Shigella flexneri) ranged from 1.25 mg/ml to 5
mg/ml.

Kaushik reported that .The MIC of
methanol extract of Spirulina platensis against
S. aureus and E. coli were 128 pg /ml and 256
ug /ml, respectively.



Conclusion

In conclusion, the results of this work
showed that the methanolic extract of L.
fusiformis TLO3 contains a variety of bioactive
compounds and has potent antioxidant and
antibacterial ~ properties  against  several
pathogenic bacteria. Consequently, further
research should be conducted to identify,
isolate and characterize the molecules
responsible for these activities, which may be
used as alternatives to antibiotics and other
conventional chemical drugs to treat various
diseases. It is useful to conduct further studies
to investigate its benefits in various
pharmaceutical and food industry applications.
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ABSTRACT

This study examines a new strain, Limnospira fusiformis TLO3, isolated from Lake Telamine in northwest Algeria. The
strain was morphologically identified using a light microscope and molecularly characterized using its 16S rRNA gene
sequence. The effect of salinity on growth and photosynthetic pigments was studied using a spectrophotometric method;
different sodium chloride concentrations (0, 5, 15, 30, 45, and 60 g/) in blue-green medium (BG11) cultured uniformly
as homogenized cell suspension were tested. A morphological examination confirmed that the isolated strain belonged
to the Limnospira genus. It has trichome lengths ranging from 210-2027 pm, as well as pitch and coil diameters ranging
from 30-137 um and 20-60 pm, respectively. The data from the 16S rRNA gene sequence analysis confirmed that the
isolated strain was Limnospira fusiformis TLO3 with 100% sequence similarity to Limnospira fusiformis SAG 85.79. The
results also indicate that this strain can grow at various salt concentrations, with the highest optical density values (1.58
+0.014 and 1.56 + 0.003) obtained in cultures containing 15 g/L and 5 g/L NaCl, respectively.
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Introduction

The demand for cyanobacteria and microalgae
has increased rapidly in recent years due to their
numerous potential applications in fields such as
nutrition, biopharmacy, and renewable energy.
Extremophile cyanobacteria and microalgae are
gaining popularity due to their ability to grow
in harsh environments, allowing for outdoor
cultivation with minimal contamination risks
(Hirooka et al., 2014; Varshney et al., 2015;
D’Alessandro & Antoniosi Filho, 2016; Sydney
etal., 2019).

Among the phytoplankton microorganisms, the
phylum Cyanobacteria is the most ancient, being
one of the most versatile and ecologically successful
groups, living in a variety of environments (Abed et
al., 2009), including oceans, freshwater, soil, bare
rocks, ice shelves, hot springs, and hypersaline to
alkaline lakes. They can also grow in environments
with high metal concentrations and low water
availability, such as desert regions, by forming
endolithic communities (Sanchez-Baracaldo et al.,
2005; Thajuddin & Subramanian, 2005; Rastogi &
Sinha, 2009). Among the numerous cyanobacteria
species, we highlight Limnospira (= Arthrospira),
also known commercially as Spirulina.

Limnospira is a newly established genus with
three validated species that were reclassified from
Arthrospira based on morphological, molecular,
and ecological differences (Nowicka-Krawczyk
et al., 2019). Arthrospira fusiformis, Arthrospira
maxima, and Arthrospira indica were reclassified
to Limnospira fusiformis, Limnospira maxima, and
Limnospira indica respectively (Nowicka-Krawczyk
et al., 2019). Limnospira and Arthrospira are
cyanobacteria (blue-green algae), multicellular,
photosynthetic prokaryotes, and filamentous.
They have a high protein content that ranges from
55 to 70% of dry weight and contains all essential
amino acids (Babadzhanov et al., 2004; Volkmann
etal., 2008; Sotiroudis & Sotiroudis, 2013; Da Silva
etal., 2019; Jung et al., 2019). They also contain
all the B vitamins, as well as vitamins C, E, D,
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and provitamin A (Mukhopadhyay, 2015; Jung
etal.,2019). Among the numerous cyanobacteria
species, we highlight Limnospira (= Arthrospira),
also known commercially as Spirulina.
Limnospira and Arthrospira have numerous
advantages and can be used in a variety of
applications, including human food, animal feed,
aquaculture, bioenergy, wastewater treatment,
cosmetics, bioplastics, and agriculture. Limnospira
and Arthrospira have anti-inflammatory properties
(Wu et al., 2016; Aladaileh et al., 2020), as
well as antibacterial and antifungal properties
(Borowitzka, 1995; Furmaniak et al., 2017; Falaise,
2019; Jungetal., 2019). The extract of A. maxima
cultured in deep sea water effectively suppressed
the expression of the Bcl-2 gene in A549 human
lung adenocarcinoma cells, as well as inhibited
various human cancer cells (Choi et al., 2013),
stimulating the immune system and lowering
hyperlipidemia and obesity (Jiménez et al., 2003;
Costa et al., 2004; Ghaeni & Roomiani, 2016).
Arthrospira extracts and compounds may
be useful in preventing cardiovascular disease
(Memije-Lazaro et al., 2018). They reduce both
blood pressure and plasma lipid concentration
(Furmaniak et al., 2017). Several international
organizations, including the World Health
Organization (WHO), Food and Agriculture
Organization (FAO), and United Nations Children’s
Fund (UNICEF), have recognized Limnospira and
Arthrospira as dietary supplements (FAO Fisheries
and Aquaculture Circular. No. 1034, Joint FAO/
WHO Expert Committee on Food Additives -
JECFA, 86 meeting 2018) (Cho et al., 2020).
Arthrospira spp. was recommended by the WHO
for inclusion in the diet of National Aeronautics
and Space Administration (NASA) astronauts in
space because it is an ideal and compact food for
space travel (Koyandea et al., 2019). Spirulina
was declared the best food for the future by the
United Nations World Food Conference, and
it is gaining popularity today (Pulz & Gross,
2004). In comparison to other cyanobacteria and
microalgae, Arthrospira production is the most
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widespread in the world (Villar6 et al., 2022). The
efficiency of dry mass production reached 90,000
tons in 2010 and remained there until the last
FAO report in 2016 (Furmaniak et al., 2017). The
main populations of Limnospira and Arthrospira
have been reported in 30 countries worldwide: 11
in Africa, nine in Asia, five in America, and five
in Europe (Sili et al., 2012).

Numerous studies of Limnospira fusiformis
habitat have revealed that it is more commonly
found in alkaline environments and can survive
in a wide range of salinities (Kebede, 1997; Sudhir
& Murthy, 2004; Thajuddin & Subramanian,
2005; Dadheech etal., 2010; Asulabh et al., 2012;
Benavente-Valdés et al., 2016; Costa et al., 2016;
Cellamare et al., 2018). Arthrospira was observed
for the first time in Algeria in 1996 at Tamanrasset
Pond in the Southern region of this country (Fox,
1996), and it was also found in Telamine Lake in
Northwest Algeria, where the latter genus will
be studied for the first time in this publication.

Telamine Lake is characterized by high
alkalinity and, depending on the season, middle
to high salinity. This lake has a high biodiversity
of plants and phytoplankton (Hadjadj, 2018).
The purpose of this study was to isolate a strain
of Limnospira fusiformis TLO3 from Telamine Lake
and investigate its morphological and molecular
characteristics, as well as the effect of sodium
chloride concentration on its growth, chlorophyll,
and carotenoid content.

Materials and Methods

Sampling site description and Limnospira fusiformis
TLO3 isolation

Telamine brackish water Lake is located in
northwest Algeria, approximately 20 km East of
Oran city and exactly northwest of the Arzew salt
flats. Itislocated at 35° 42’ 32” North and 00° 22’
30” West, and it is approximately 8.5 km long and
0.5 to 1.5 km wide (Fig. 1A). The Telamine Lake
has a surface area of 2.399 ha and a perimeter

©

of 20 km. The majority of its water is alkaline,
with a pH range of 7.43 to 8.95 (Hadjadj, 2018).
Telamine Lake is a protected wetland (Ramsar
list on 12/12/2004) due to its high animal and
plant biodiversity.

A phytoplankton bloom (Fig. 1B) of
cyanobacteria (Arthrospira sp., Phormidium sp.,
and Microcystis sp.), diatoms (Navicula sp.), and
chlorophyte (Chlorella sp.) were also observed.
Water samples were collected from Telamine
Lake about 30 cm below the surface using a
phytoplankton net with a mesh size of 50 pm.
Samples were collected at two locations: pl
(35°43’53.9“N 0°23’17.7” W) and p2 (35°42°12.9
“N 0°23’38.2” W). The samplings were completed
at the end of April 2018. The samples were
immediately transported to the laboratory for
analysis. The microbiology laboratory at the
National Center for Research and Development
of Fisheries and Aquaculture (CNRDPA), Bou
Ismail, Algeria, handled the samples and isolated
the cyanobacteria. We performed centrifugation
at 1000 rpm for 2 min as a first treatment step
to remove unwanted microorganisms and solid
residues from a sample, then one hundred
microliters of the sample were spread aseptically
on the surface of Petri dishes containing BG11
(Allen & Stanier, 1968) sterile solid media with
different NaCl concentrations (0, 5, 15, and
25 g/1), and the pH was adjusted to 9.5. The
plates were incubated at room temperature and
illuminated 24 hours a day with 1 Klux light-
emitting diodes (LEDs, ABALIGHT 18 W, 220V,
50 Hz). Individual cyanobacteria colonies formed
on the surface of the agar medium were picked up
and streaked in new, similar solid medium under
aseptic conditions. This procedure was repeated
several times until pure isolates were obtained.

Description and morphological measurements of the
isolated strain

Using a Zeiss microscope connected to a
camera (CMEX1, DC 1300C), the isolates were
observed and examined directly to try to detect
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the Limnospira strains morphologically similar
to the TLO3-like isolate, as described in the
literature (Komarek & Anagnostidis, 2005; Sili
et al., 2012; Nowicka-Krawczyk et al., 2019).
The morphological properties of 610 filaments
(trichomes) were measured using the method
depicted in Fig. (2). The diameter and the length
of the cell (Kaggwa et al., 2013) were measured
at 1000 x magnification, the coil diameter and
pitch at 400 x magnification, and the filament
length at 100 x.

Molecular identification

DNA extraction

Two mL of cyanobacterium culture were
mixed with 2 pL of Poloxamer (https://www.
sigmaaldrich.com/catalog/product/sial/

p2164009?lang=fr&region=FR). After 10 min of
centrifugation at 11,000 g, the supernatant was
removed, and the DNA was extracted according to
the kit’s instructions: http://www.mn-net.com/
media/pdf/5b/d0/d9/Instruction-NucleoSpin-
Tissue.pdf.

PCR amplification and sequencing

The PCR amplification (polymerase chain
reaction) for 16S rRNA gene fragments was carried
out using the universal bacterial primers 27F
(5’- AGA-GTT-TGA-TCC-TGG-CTC-AG -3’) and
1492R (5’- GGT-TAC-CTT-GTT-ACG-ACT-T -3’)
(Lane, 1991). The PCR reaction mixture contained
15 pl of Phusion, 0.9 ul DMSO, 0.75 pl of each
primer, 11.6 pL of deionized water, and 1 pl of
DNA genome for a total volume of 30 ul of the
reaction mixture. The PCR conditions were as

Figure 1. (A) Site description and geographic location of Telamine Lake. (B) Phytoplankton bloom in Telamine Lake (April 2018).
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Figure 2. Schematic diagram for cell and filament morphological measurements of Arthrospira (Kaggwa et al., 2013).

follows: 1 cycle at 98 °C for 30 s, followed by 35
cycles of 98 °C for 30's, 58 °Cfor 30's, 72 °Cfor 1
min, and a final extension at 72 °C for 10 min. PCR
was used to amplify the 16S5rRNA gene sequence
from isolated genomic DNA using the Applied
Biosystems GeneAmp PCR 9700 Thermal Cycler.
PCR products were examined on 0.8% agarose gel
stained with ethidium bromide, and the migration
was performed in an electrophoresis chamber.
The lecture was done on an ImageQuant Las 4000
(GE HealthCare).

The PCR products were purified using Exosap-it
PCR product clean-up (https://www.thermofisher.
com/fr/fr/home/life-science/sequencing/sanger-
sequencing/sanger-sequencing-kits-reagents/
exosap-it-pcr-product-cleanup.html) and
reamplified using primers specific to cyanobacteria:
forward primer 359F (GGG GAA TYT TCC GCA
ATG GG) and reverse primer 781R(GAC-TAC-
WGG-GGT-ATC-TAA-TCC-CWT-T) (Nubel et al.,
1997; Lau et al., 2005).

Exosap mixture for 1 primer contains 2 pl of
the PCR gene product, 1 pl ExoSap-IT, and 2 ul Eau
millliQ, incubated at 37 °C for 4 min and 80 °C for
1 min and directly sequenced in both directions
with primers 27F, 359F, 1492R, 781R. The
sequencing was performed by Macrogen (https://
dna.macrogen-europe.com/eng/). The sequences
were assembled in the software Geneious.

®
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Phylogenetic analysis

Using the Basic Local Alignment Search Tool
(BLAST), the 16S rRNA gene sequences were
aligned with reference sequences obtained from
the National Center for Biotechnology Information
database (NCBI database, http://www.ncbi.nlm.
nih.gov/). The alignments were manually checked
and edited in the BioEdit sequence alignment
editor (version 7.2.6.1). The neighbor-joining
(NJ) algorithm and bootstrap resampling (1000
replicates) were used for phylogenetic analysis
and tree construction. Next to the branches is the
percentage of replicate trees (numbers at nodes)
in which the associated taxa clustered together
in the bootstrap test (Felsenstein, 1985). The
MEGA package database was used to build the
phylogenetic tree, and the ClustalW algorithm
with the MEGA version was used (Kumar et al.,
2018). The evolutionary distances were calculated
using the Maximum Composite Likelihood method
(Tamuraetal., 2004) and are in base substitutions
per site (Bar, 0.01 nucleotide substitution per
nucleotide position). The tree was established
using Planktothrix agardhii NIES-204" as an
outgroup. The 16S rRNA gene sequences were
entered into the GenBank database.

GenBank accession numbers and taxonomic
data for all species included in the 16S rRNA gene
sequence alignments in the present study are
listed in Table 1.
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Table 1. strain, taxonomy ID, and NCBI GenBank accession number of taxa in 16S rRNA gene sequence alignments in this study.

Species strain Taxonomy ID Accession number
Limnospira fusiformis TLO3 NCBI:txid2873793 MZ970329
Limnospira fusiformis SAG 85.79 NCBI:txid1521533 KM0119968
Limnospira indica PCC 8005 NCBI:txid376219 X70769
Limnospira maxima UTEX2720 NCBI:txid2596819 AF260509
Arthrospira platensis PCC 7345 NCBI:txid129975 JN831265
Phormidium terebriforme AB2002/07 NCBI:txid284926 AB2002/07 (AY575933)
Lyngbya hieronymusii CN-3 NCBI:txid443941 AB045906
Lyngbya aestuarii PCC 7419 NCBI:txid65095 AJ000714
Planktothrix agardhii NIES-204 NCBI:txid282423 AB045954

Culturing conditions

The isolated strain was maintained and
cultured in BG11 medium (Allen & Stanier,
1968), containing the following nutrients in g/1:
NaNO,, 1.5; K,HPO,, 0.04; MgS0,.7H,0, 0.075;
CaCl,.2H,0, 0.036; citric acid, 0.006; ferric
ammonium citrate, 0.006; Na,EDTA, 0.001;
Na,CO,, 0.02; and 1 ml of trace element mix was
added (containing in g/1: H;BOs, 2.86; MnCl,.4H,0,
1.81; ZnS0O,.7H,0, 0.222; NaMo0,.2H,0, 0.39;
CuS0,.5H,0, 0.079; Co(NO,),.6H,0, 0.0494).
The pH was adjusted to 9.5. The media were
autoclaved at 121° C for 20 min. The isolated
strain was maintained in a liquid BG11 medium
containing 5 g/l of NaCl and subcultured in the
same fresh medium every month. The experiment
on the effect of salinity on L. fusiformis TLO3
was done in 500-ml Erlenmeyer flasks with 250
ml of fresh BG11 medium and different NaCl
concentrations (0, 5, 15, 25, 35, 45, and 60 g/1).
Before sterilizing at 121 °C for 20 min, the pH of
all media was adjusted to 9.5. All culture media
were uniformly inoculated by adding 25 mL of
homogenized cell culture (stock culture) with an
initial optical density of 0.220 + 0.002 at 750 nm.

This experiment uses BG11 with 15 g/1
NaCl, the same salinity as its natural habitat,
as a control. The cultures were incubated in a
culture chamber at a temperature of 27 + 2 °C,
with continuous illumination provided by light-
emitting diodes (LEDs) with an intensity of (2.7
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+ 0.2 Klux). A Mini Light Meter UT383 was used
to measure the intensity of the light. The culture
was continuously agitated with an air pump to
keep cells suspended and prevent biomass cell
agglomeration. Four replicates were used in the
experiments. The cultures were kept under these
conditions for 20 days.

Growth and pigment measurements

Every four days, a sample of the homogeneous
suspensions of cyanobacterial culture was taken
from each Erlenmeyer flask and analyzed for
growth, chlorophyll a, chlorophyll b, and total
carotenoids. Optical density at 750 nm was used
to calculate cell growth every four days during the
incubation period. Other than that, chlorophyll (a,
b) and carotenoids were measured in accordance
with Wellburn (1994). Volumes of 3 ml of each
culture medium’s homogenized cell suspension
were centrifuged at 3800 rcf for 10 min (Centurion
Scientific Ltd, C2 series Benchtop Centrifuges).
After centrifugation at the same speed, the pellets
were washed twice with 3 ml of distilled water.
The supernatant was removed, and the cells were
suspended in 3 mL of pure methanol (99.9%) in
the dark at 4 °C for 24 h (until colorless pellets).
After centrifugation, the aliquots were read at
three different wavelengths (447, 653, and 666
nm) using a Jasco V-630 Spectrophotometer.
Wellburn (1994) provided the equation for
calculating chlorophylls and carotenoids.
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Chlorophyll a (ug/ml) = 15.66 x (A666) - 7.34 x (A653)

Chlorophyll b (ug/ml) =27.05 x (A653) — 11.21 x (A666)

Total carotenoids (pug/ml) = 1000 x (A470 — 2.86 x Chla - 129.2 x Chl b)/221

Statistical analyses

The data from this study were statistically
analyzed using IBM SPSS software (version 25)
(SPPS12013). To verify if there were statistically
significant differences in the growth of L.
fusiformis TLO3 under different concentrations
of sodium chloride, the data of each parameter
were subjected to One-Way ANOVA and Tukey’s
HSD (Honest Significant Difference) tests using
SPSS with a 95% confidence interval.

Results

Morphological characteristics of the isolated strain

Based on the microscopic examination of the
strain isolated from the current study, we recorded
several characteristics and morphological features,
among which a blue-green color, filamentous form,
and unbranched and free-floating trichomes. The
filaments are motile, gliding along their axis.
The filaments are divided by the cross-wall of
the cell into multiple cylindrical cells arranged in
trichomes in an open helix with a regular helical
coil, gradually narrowing slightly towards the
ends (Fig. 3A). Morphological modification from
loosely coiled trichomes to tightly reversed coils
was observed. The isolated strain showed various
degrees of coiling, from loosey coiled S-type (Fig.
3A) to intermediate C-type (Fig. 3B-C) to highly
coiled H-type (Fig. 3D)

Cell cross-walls (Fig. 3E1), calyptras at the end
of the trichome (Fig. 3E2), and gas vacuoles (Fig.
3F1) were visible under a light microscope.

The results of the measurements of 610
filament morphology are recorded in Table 1 and
accompanied by photographs of the morphological
features of this cyanobacterium (Fig. 3). The
results indicate that the length, diameter, and
pitch of the trichome range from 210 to 2027 pm

®
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(Fig. 3G-H), 20 to 60 pm (Fig. 311-J1), and 30 to
137 um (Fig. 312-J2), respectively The diameters
and lengths of the trichome’s cells range from 7 to
9 pm (Fig.3K1-L1) and 4 to 6 pm (Fig. 3M1-N1),
respectively.

Molecular characteristics of the isolated strain

The molecular studies based on the 16S rRNA
gene allowed us to identify the newly isolated strain
as Limnospira fusiformis TLO3 with the accession
number MZ970329. The partial sequence (1,411
bp length) of the Limnospira fusiformis TLO3 16S
ribosomal RNA gene was compared to all partial
sequences presented in NCBI. MegaBlast searches
revealed that the isolated strain matched with
100% similarity to Limnospira fusiformis SAG 85.79
(accession number: KM019968.1) (Figure 4).

Effects of different NaCl concentrations on the growth
of the isolated L. fusiformis TLO3

Figure 5 depicts the growth of L. fusiformis
TLO3 from the start to the end of the experiment
for all treatments. The L. fusiformis TLO3 strain
demonstrated a high level of salt tolerance. The
general trend of the curve shows that the highest
optical density values for all treatments occurred
on the 20" day, whereas the concentration of NaCl
had a significant effect on cell growth across all
treatment groups (P < 0.05). The maximum optical
densities (1.580 + 0.014 and 1.560 + 0.003) were
obtained in both cultures containing 15 g/1 and
5 g/I NaCl, respectively, seven times greater than
the initial optical density. In contrast, the lowest
optical densities (1.314 + 0.006 and 1.197 + 0.003)
were recorded in cultures containing 45 and 60
g/1 NaCl, respectively.

These results show that when the concentration
of sodium chloride increases, the growth of L.
fusiformis TLO3 slows down. We also remarked
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Figure 3. A-N Microscopic view of various morphological features of the isolated Limnospira fusiformis TLO3 strain. (A.1) Trichome
type C with attenuation at the end (100 X). (B-C) Tightly coiled trichome (400 X). (D) Tightly coils H shape (100X). (E.1) Cell cross
wall. (E2 2) Caliptra at trichome end (1000 X). (F1) Gas vacuole (1000 X). (G-H) Smallest and tallest trichome with loose coils (100
X). (I1) Small coil diameter (400 X). (12). Small pitch (400 X). (J1) Large coil diameter (400 X). (J2). Large pitch (400 X). (K1-L1). Cell

diameter. (M1. N1) (1000 X) Cell length (1000 X).

that L. fusiformis TLO3 continued to grow even
under NaCl starvation conditions. The results of
chlorophyll a content in the L. fusiformis TLO3
strain subjected to salt stress for 20 days showed
a gradual increase among all NaCl concentrations
tested (Fig. 6). By comparing the trend of the
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curves of the effect of salinity on growth and
the concentration of chlorophyll, it becomes
clear that they follow a similar trend. Growth
and chlorophylls (a, b) were negatively affected
at the highest salt concentrations. Nevertheless,
the TLO3 strain was still able to grow until the 20*
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Limnospira fusiformis TLO3 (MZ970329.1)
& Limnospira fusiformis SAG 95.79 (KMO19968.1)
A Limnospira indica PCCB005T (XT0769.2)
af Limnospira maxima UTEX 27207 (AF260509.2)
— e Arthrospira platensis PCC 73457 (JN831265.1)
— Phommidium terebriformis AB2002/07T (AY575933)
— Lyngbya hieronymusii CN4-3T (AB045906)
100 "—— | yngbya aestuarii PCC 74197 (AJ00OT14)

Planktothnx agardhi NIES-2047 (AB045854)

—
0.010

Figure 4. Phylogenetic tree based on 16S rRNA gene sequences showing the relationship between strain TLO3 and related type-strains.
The evolutionary distances were computed using the Maximum Composite Likelihood method and are in the units of the number of
base substitutions per site (Bar, 0.01 nt substitution per nt position). The evolutionary history was inferred using the Neighbor-Joining
method. The optimal tree is shown. The percentage of replicate trees (numbers at the nodes) in which the associated taxa clustered
together in the bootstrap test (1000 replicates) are shown next to the branches. This analysis involved nine nucleotide sequences.

Figure 5. Effect of different NaCl concentrations on the growth of L. fusiformis TLO3. Data represent mean values + SEM (n = 4).

(©MION Acta Botanica Brasilica, 2025, 39: e20230137 | 9


https://creativecommons.org/licenses/by/4.0/deed.en

Guenachi et al.

day, which was the end of the experiment. The
highest concentrations of chlorophyll a (Fig. 6)
and chlorophyll b (Fig. 7) in all tested cultures
were observed at the end of the experiment (20
day). The maximum concentrations of chlorophyll
a(19.42 £ 0.25 pg/ml) and chlorophyll b (3.52 +
0.16 pg/ml) were obtained in BG11 containing
15 g/1 NaCl. The lowest amounts of Chl a (12 +
0.08 pg/ml) and Chl b (2.22 + 0.01 pg/ml) were
registered in BG11, which contained a high NaCl
concentration (60 g/1).

The variation of total carotenoids in the L.
fusiformis TLO3 strain under different NaCl
concentrations demonstrated a continuing
increase in all treatment groups, reaching a
maximum on the 20" day of the experiment,
with a significant difference for all treatment

media (P < 0.05) (Fig. 8). The medium without
NaClyielded the highest number of carotenoids,
a 23-fold increase over the initial value. At the
same time, carotenoid concentration ranged from
the highest value of 1.88 + 0.02 pg/ml in BG11
without NaCl to the lowest value of 1.10 + 0.01
pg/ml under high salt stress (60 g/1). The total
carotenoid concentration was lower in the TLO3
strain cultured at 15 g/1 NaCl (control) compared
to those cultured at 25 and 35 g/l and was higher
compared to those cultured in higher salinity
culture media (45 and 60 g/1). On the fourth day
of the experiment, the maximum concentrations
of carotenoids (0.71 + 0.02 and 0.71 + 0.08 pg/
ml) were observed in BG11 and BG11 containing
5 g/1 of NaCl, respectively.

Figure 6. Chlorophyll a amount of L. fusiformis TLO3 exposed to different NaCl concentrations. Different letters indicate a significant

difference (P< 0.5). Error bar represents standard error (n = 4).
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Figure 7. Chlorophyll b amount of L. fusiformis TLO3 strain exposed to different NaCl concentrations. Different letters indicate a
significant difference (P< 0.5). Error bar represents standard error (n = 4).

Figure 8. Total carotenoids amount of L. fusiformis TLO3 strain exposed to different NaCl concentrations. Different letters indicate
a significant difference (P< 0.5). Error bar represents standard error (n = 4).
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Discussion

The presence of numerous cyanobacteria and
microalgae, dominated by the L. fusiformis TLO3
strain, was revealed by microscopic examination
of the sample. This finding is consistent with
the findings of Krienitz et al. (2005) and Sili
et al. (2012), who found that in alkaline saline
lakes in tropical and subtropical regions,
the alkaliphilic filamentous cyanobacterium
Arthrospira is frequently the dominant taxon
and is responsible for permanent or seasonal
blooms. In this study, we used the traditional
method based on morphological and molecular
characteristics to identify the genus of the isolated
strain. The arrangement of its multicellular
cylindrical trichomes in an open helix, usually
of relatively large diameter, sometimes attenuated
at the ends, is the main taxonomic criteria for
the differentiation of both genus Arthrospira and
Limnospira species (Sili et al., 2012).

A morphological study of the isolated strain
revealed that there are several morphotypes that
most likely belong to the same species. During
successive cultures in liquid media, this isolated
strain maintained a spiral shape with varying
degrees of helicity. The results obtained by
measuring trichome length, coil diameter, and
pitch, as well as cell diameter and length (Table 2),
differ slightly from those reported by Jung et al.
(2021). Cell diameters of Arthrospira platensis
grown in a flat-type bioreactor ranged from 5.25
+1.26to 7.5 + 2.9 pm, and coil diameters ranged
from 20 to 60 um.

Many studies have been conducted to describe
the morphological characteristics of A. fusiformis
and A. maxima. The diameter and length of the

cells of the latter species range from 7 to 9 um
and 5 to 7 um, respectively (Sili et al., 2012). They
form open regular spirals with coil diameters
ranging from 40 to 60 pum and pitches ranging
from 70 to 80 pm. Coils have regular screw-like
shapes at the ends that are slightly attenuated
(Gardner, 1917; Fott & Karim, 1973; Komarek
& Anagnostidis, 2005; Sili et al., 2012). Rout et
al. (2015) isolated the Arthrospira strain NPS-
011, which has the same cell trichome length and
diameter as previously studied strains. This species
has a variable helix pitch ranging from 80 to 150
pum and a helix diameter ranging from 30 to 70
pm. The results for filament length, coil diameter,
pitch, cell diameter, and length for our isolate
(Table 2) show that they are almost in agreement
with those reported in several previous studies
(Sanchez et al., 2003; Komarek & Anagnostidis,
2005; Rout et al., 2015; Cellamare et al., 2018;
Roussel et al., 2023).

Sili et al. (2012) noted that the Arthrospira
helix architecture (pitch and diameter) is highly
dependent on growth and environmental
conditions under laboratory and mass cultivation
conditions. Dhiab et al. (2007) found that
increasing the concentration of sodium chloride
in the culture medium caused Arthrospira platensis
to change its trichome shape from spiral to
straight, as well as its physiological behavior. The
salinity and anion content of the culture medium,
according to Kebede (1997), influence the helicity
degree of Arthrospira fusiformis. The authors
observed that higher salinity culture media had
the longest pitches, with very lax helices in media
containing high concentrations of SO,* compared
to those containing the same concentrations of
HCO; and CI'.

Table 2. Range of dimensional variation of different measurements of morphology features of Limnospira fusiformis TLO3

Dimension (um)

Morphology features The number of measurements conducted

Minimum Maximum
Trichome length 610 210 2027
Coil diameter 3000 20 60
Pitch 3000 30 137
Cell diameter 3000 7 9
Cell height 3000 4 6
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The phylogenetic trees matched the
classifications based on the morphological
characteristics of the isolates in this study very
well. The data from the 16S rRNA gene sequence
analysis confirmed that the isolated strain T103
(MZ215991) belongs to Limnospira fusiformis,
with a 100% similarity to L. fusiformis SAG 85.79
(KM019968.1). Despite the high salinity of the
culture medium (60 g/1), the L. fusiformis TLO3
strain showed tolerance and continued growth in
culture media with varying salinity rates. These
findings are consistent with those reported by Reed
& Stewart (1985), Kebede (1997), and Moisander
et al. (2002), who found that A. platensis did not
stop growing even at 88 g/l salinity. According to
Dadheech et al. (2010), Arthrospira lives in alkaline
waters with pH ranging from 8 to 11 and salinity
ranging from 1.1 to 300 g/1.

When compared to other media, the L.
fusiformis TLO3 isolates grew the best in both
media containing 5 and 15 g/l NaCl. The salinity of
the BG11, which contains 15 g/l NaCl, is thought
to be similar to that of our strain’s original habitat
(Telamine Lake). BG11 with 5 g/l NaCl has the
same salinity concentration as when the strain
was grown and adapted before being used in
this experiment. In terms of optical density,
chlorophylls (a, b) levels increased slowly in BG11
containing up to 15 g/l NaCl (control) during
incubation compared to a lower salinity medium.
These findings differ from those of several previous
studies. According to Ayachi et al. (2007), Spirulina
platensis (A. platensis) grew the fastest at a NaCl
concentration of 1 g/l. Meanwhile, at 60 g/l
NaCl, the first five days are latent, followed by
a decreasing growth phase until the end of the
experiment.

Phang (2002), on the other hand, described
an immediate cessation of A. platensis growth
when exposed to high NaCl concentrations. Slower
growth usually follows this stage. Sudhir et al.
(2005) discovered that a 47 g/1 NaCl concentration
significantly reduced A. platensis’s photosystem II
(PSII)-mediated oxygen evolution activity. Sharma
et al. (2014) reported that increasing the NaCl
concentration reduced growth and completely
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inhibited A. platensis chlorophyll a biosynthesis.
The total carotenoid content of L. fusiformis TLO3
grown in a low-salinity medium was significantly
higher than in the control medium but lower
in higher-salinity media (45 and 60 g/1). This
fact could be explained as follows: exposing L.
fusiformis TLO3 to hypersalinity and a slightly
higher salinity compared to the Arthrospira origin
environment induced carotenoids biosynthesis,
but the biosynthesis was lower at a higher salinity
rate.

This study reported the identification and
isolation of a novel strain of cyanobacteria,
L. fusiformis TLO3, from Telamine Lake in
northwest Algeria. This strain was first discovered
by Fox (1996) in Tamanrasset Pond, located in
the southern region of Algeria. Through the
examination of morphological characteristics
and comparing the 16S rRNA gene sequence of the
isolated strain with other Arthrospira or Spirulina
strains, we verified that the strain in question is
indeed a member of the Limnospira genus. The
strain was designated as Limnospira fusiformis
TLO3 and was submitted to the GenBank database
with the accession number MZ215991.1.

The strain exhibited the ability to acclimate
to varying levels of salinity, ranging from 0 to 60
g/I NaCl. This adaptability enables its cultivation
using seawater, brackish water from lakes, and
untapped subterranean saline water sources in
Algeria. Additionally, it thrives in alkaline aquatic
environments, such as alkaline lakes, where its
exposure to contamination from microalgae and
other microorganisms is minimized in outdoor
cultivation systems such as ponds, basins, tanks,
circular ponds, and raceway ponds. This strain
exhibits elongated trichomes measuring up
to 2027 um in length, featuring spiral shapes
that facilitate efficient harvesting through the
filtration method. This method is particularly
advantageous for commercial production due
to its cost-effectiveness compared to alternative
harvesting techniques. Due to its adaptation to
the local climatic conditions, this strain can be
cultivated in outdoor ponds.
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