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AN ABSTRACT OF THE THESIS OF

Dina Mahmoud Saleh  for Master of Science
Major: Plant Pathology

Title: Evaluating the potential of local microalgae species for use as energy sources,
nutritional supplements and biological control of plant pathogens

Microalgae are prokaryotic or eukaryotic photosynthetic microorganisms that
have received lots of attention since the Second World War for their use potential as
nutritional and renewable bioenergy sources. Their identification relied mainly on
microscopy and chemical analysis. Recently, molecular identification is gaining
importance and several primary and secondary barcode markers are being developed. In
this study, 11 local isolates were isolated and successfully grown in culture media.
Using primer pairs targeting the LSU and ITS of the ribosomal DNA, tuf Agene and
mitochondrial cytochrome c oxidase 1 gene, the following genera were identified:
Amphidinium cartera, Amphora sp., Chlorella vulgaris, Chloroidium saccharophilum,
Leptolyngbya sp., Micractinium reisseri and Tetraselmis marina. Four selected isolates
were studied for their lipid, pigments and protein contents. Micractinium sp, green algae
contained the highest levels of all compounds tested. Its oil content varied between 14
and 16.5% DW, 4.2% DW omega FAs, with a chlorophyll content of 8ug/ml and a
protein content ranging between 18.26 and 19.31%. Among the isolates tested,
Tetraselmis marina and the Jbd isolate Micractinium sp had the highest lipid content,
saturated and monounsaturated fatty acids and thus seem most promising for a good
quality biodiesel production. The antimycotic activity of four different microalgal strains
were tested in-vitro using four different extracts against four different plant pathogenic
fungi. None of the isolates showed promising antimycotic activity; however, better
sporulation and growth was recorded in the non-methanolic and crude water extracts.
Extracts of the Jbd microalgal isolate were also tested for their ability to induce
resistance in cucumber seedlings against powdery mildew fungus, Sphaerotheca
fuliginea. At the concentrations used, the extracts did not result in any significant control
of powdery mildew fungus nor in growth improvement of cucumber plants. Further
studies are recommended to isolate a larger number of local strains, to determine their
composition and to focus on evaluation of the agricultural and medicinal properties of
their bioactive substances as well as their suitability for biodiesel production.

Vi



CONTENTS

ACKNOWLEDGMENTS ...ttt %

ILLUSTRATIONS. ..ottt bbbttt bbbt Xii

TABLES ... oo a e ae e XVi

ABBREVIATIONS . . Xix
Chapter

L INTRODUCTION . ..ot e e eaas 1

[ LITERATURE REVIEW. ... e 3

A. The microalgal Cell ... 3

1. Meaning of microalgae.............ccooevviiiiiiiiiiiie e e, 3

2. Microalgal structure and organization..................cc.cveeee veennnns 3

3. Nutritional value of microalgae.................ooiiiiiiiiii e, 3

B. Microalgal classification and taxonomy................ccoooiiiiiiiiiiee e 4

1. Microscopic and physiological characters................ccooovviiiiiii o ons 4

A Prokaryotes. ... ..oououuiii i 4

D, EUKArYOTES. ...t 5

1. Rhodophyta. ..., 6

ii. Chlorophyta.........ccooii 7

i DINOPNYLA. ... 7

IV. Cryptophyta. ... .. ..o e 9

v. Bacillariophyta. ... 9

2. Molecular Identification..............cooiiiiiiiiii e 10

C. Physical and chemical factors affecting microalgal growth....................... 11

Lo NUEFTBNTS . e st 11

2 LIGNT o 12

B PH s 12



A SAHNTLY oottt ae s 12

5. TEMPEIATUIE ...eeieiiiie ettt nrnee e 13

D. Basic isolation and culturing teChniqueS .. ..........oevviiiiiiii i, 13
1. Isolation of MICroalgae..........cccveveiieie i 13

2. Enrichment of culture media...........ccooervreiiieiinineeee e 13

3. GrOWEN KINBTICS ... e e 14

a. Lag orinduction phase............ccooivriiiiiiii e 14

b. Exponential phase.............oooiiiiiiiiiiiiii 15

c. Phase of declining relative growth....................ooiiin, 15

d. Stationary phase............oooeviiiiiiiii 15

€. Death phase.......c.ooiii 15

E. Cultivation systems and modes of culture...................coooiiiiii 16
1. OPEN PON SYSLEMS ...ttt .16

2 .ClOSEA SYSIEMS ...ttt ettt e A7
a.Batchcultures. ..., 18

b. Continuous CUltUIES. ......oieieit e e 18

F. Microalgal cCompoSItion...........c.ooiuiiiiiii e 19
L LIPIAS e 19

N o 0] TSR 21

3. CarbONYArates ........ccveivieieieee et 22
1o 11 1S) 1L P 23

5. ASK ettt 25

G. Potential uses of microalgae Diomass ..........ccooerviiiiniiiiieee s 25
1. Commercial microalgae production............ccocevvriiinenieiene e 25

2. Commercial products derived from microalgae.............cccoeveviveeieevnnnnn, 26

a. Foodand feed...... ..o 26

b. Pharmaceuticals. ............cooiii i 26

C. Pestmanagement. ........oouiiiiii i 26

1L Antigungal activity........oooviiiiiii i, 27

11. Antibacterial activity...........ooiviiiiiiiii i 27

1il. Antiviral aCtiVity........ooeiiiiiii i 28

iv.Nematicidial activity..............coooviiiiiiiiiiiii 28

viii



BLBIOTUBL.....e s 30

a. Worldwide fuel market...........ccoovviiiiiiee e 30
b.Environmental and economical aspects of biofuel production....... 31

4. Wastewater treatMeNnt..........oooviiiiiieiii e 32

[1I. MATERIALS AND METHODS. ... 35
A. Isolation and culturing of local microalgae.................ccoovviiiiiiiin... 35
1. Water SAMPIING....c.oooviiiieie e 35

2 .Microalgae ISolation ..........ccociiiiiicic e 36

3. Water STEriliZation .........ccevveiiiiiiiieeee e 36

4. Up-scaling and growth KinetiCs...........ccccoveiirinininiiieee e 36

5. Microalgae StOCK CUIUIES ..........ccveiveiiiiicieece e 37

6. MicroscopiC ODSErVatioNS...........ccccveiiiieieese e 38

B. Molecular DIagnoSiS ........c.ccvieiiiieiiesiecie e 38
I B 1N TN g1 = Tox 1 o] RS S 38

2. PCR ettt be s 39

C. Chemical and biochemical profiling..........ccccooeiieviiiiiiiccecccece e 41
1.Determination of the total lipid content............c.ccceviiiiii i 41

2. Fatty acid profiling........ccccoieiiiiiiiiieee 42

3. PIGMENT ANAIYSIS ... 43

4 Protein @nalySiS ........ooiiiiiiiiiiiiieee e 45

a. Kjeldahl method..............coo 45

b. Digesdahl method...............ooooiiii 46

D. AntimyCotiC aCtiVIty. ... ..ot 47
1. IN-VItro eXPerimentS. .. ..oovie it 47

a. Plant pathogens. ..., 47

b. Tested microalgae...........coovvviiiiiiiiiiiii e 48

Co EXIFACES .. s 48

I. MethanoliC eXIract..........cccevviieiieiiee e, 49
ii.Non-methanolic water soluble extract...........cccocevvrvrnnnnnn. 49

1. Crude Water eXIraCt.........ccoeevererininiseee e 50



IV. CUIUIE FIIEIratesS ..o 50

2 IN=VIVO @SSAYS...uveivreirieieeriesieesteeeesieesteesaesteesteaeesraesteeseesseesseeneesreesreenee e 50
a. Crop MaiNteNANCE .........ooiiiiiiieieiee e o1
D. Plant PatNOgENS.........ooviiiiiiiieeeee s 51
C. Microalgal EXIIaCES ........cccoveiiiiiiieiec s 52
I. Methanolic eXtraCt..........ocoveriieniiiniseee e 52
ii. Non-methanolic exXtract............ccocovvvviiiininieiene e 52
E. Statistical ANAlYSIS......cceciuiiieiicc e s 53
IV RESULTS .ottt bbb 54
AL ISOLALIONS ... 54
B. Molecular identifiCations ...........cccvvieiieiieiie e 60
1. Molecular DetECTION.......cueiieiieieceee e 60
2. SeqUENCE ANAIYSIS .....eeviiiicieee et 64
C. Growth KINELICS. .. ..eeni e 66
D. Lipid and fatty acids CONteNnt............c.ooiiriiiiiiii e, 71
E. Pigment CONCeNtrationS. ........c.ouiniiiie e e 75
F. Protein CONteNt. .. .. e 76
G. Antimycotic or antifungal activity................cocooiiiiiiiii i 77
1. IN- VItro @XPEriMENT ..cveiieiice e 77
Q. JDA EXITACT ... 77
O o = 1 o P 78
(@0 I 1 -1 SR 79
KNG EXIACTE ... 80
2. IN-VIVO EXPEIMENT......oiiiiiii it 82
a. Effect of microalgal extracts on cucumber length.............c............ 82

b. Effect of microalgal extracts on cucumber infection of cucumber
plants by the powdery mildew fungus .........ccccocevieiiiiiieiiecins 83
V. DISCUSSION ...ttt et bbbttt bbb 85



A. Isolation and molecular identifiCation ..............eeeeeeeeieeee e 85

B. GrOWLEN KINELICS ......ciiiiiciieieiee e 86
(O o] o I T 12 OSSP 87
D. PIgment ANAIYSIS ......cciiiieiieie et ns 89
E. Protein @nalySiS .......ccviieiieiieie et 911
F. ANtIMYCOTIC ACTIVITY ....veiuiiiiiiiieicie e 92
G. INAUCEA RESISTANCE .....couviviiiiieiee st 93
VI. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS ......c.cccoviiiiiienn. 95
Appendix
I. FORMULATION FOR MARINE GROWTH MEDIA ..., 99
1. FUNGAL GROWTH, IN-VITRO ..ottt 103
HLLIPID ANALYSIS. ..ottt e 107
BIBLIOGRAPHY ...ttt ne e 119

Xi



ILLUSTRATIONS

Figure Page
1. Cyanophyta : A: Merismopedia sp.; B: Gomphosphaeria sp.;C : Eucapsis sp.; D:
Gloeotrichia sp; E: Nostoc sp; F: SPIrulina SP. .....cccvevveeiieie e 5

2. Rhodophyta: A: Asterocystis sp (Chroodactylon); B: Lemanea sp; C: Porphyridium
(o =] 001 (0 O PP T TSP OUPRTPPPP 6

3. Chlorophyta: A: Stichococcus bacillaris; B: Tetraselmis sp.; C: Zygogonium sp......... 7

4. Dinophyta: A: Gambierdiscus toxicus; B: Protoperidinium conicum; C: Ceratium sp.

............................................................................................................................................ 8
5. Schematization of characteristics of organisms from dynophyta. ...........c.cccccoevvennnne. 8
6. Cryptophyta. A: Mesodinium FubrUM.........cccoooiiiiiicecee e 9
7. Bacillariophyta. A: Amphipleura sp. B: Tabellaria sp. .......cccccccvvvieveeviiicveece e, 10
8. Five growth phases of microalgal CUultures. ............ccccoveviiiiiicic e, 16
9. Microscopic view of isolate Aqd magnified 1000x (Not identified, 4.9-7.8um)........ 55

10. Microscopic view of Dad isolate magnified 400x (Chlorella variabilis, 2-2.4um)..55

11. Microscopic view of Had isolate magnified 1000x (Tetraselmis marina, 8.3um)....56

12. Microscopic observation of Had2 mixed bloom magnified 1000x showing diatom
(Amphidinium carterae ,10x5um) and two filamentous cyanobacteria (Spirulina sp., 1.2

Xii



14. Microscopic observation of Jid isolate magnified 1000x (Amphora coffeaeformis,
) S =T U 121 OSSR 57

15. Microscopic observation of Jod isolate magnified 1000x (Micractinium reisseri,

18. Microscopic observation of Ozd green isolate magnified 1000x (Chloroidium
SaCCharophilum,8.35M) ......cciiiieiicie et re e sae e nne s 59

19. Microscopic observation of Ozd Red mixed bloom showing a diatom (Amphora
coffeaeformis,13x3.5um) and a filamentous cyanobacterium (Leptolyngbya sp.,1.2 um).

20. UV visualization in 0.7% agarose gel following electrophoresis of PCR amplified
products using the universal primers T16N and T24U to amplify nuclear D2/D3 region
of the large ribosomal subunit (LSU D2/D3). L: 1 Kbp molecular ladder, AQU to DAM:

21. UV visualization in 0.7% agarose gel following electrophoresis of PCR amplified
products using the taxon specific primers tufGF4 and tufAR to amplify gene tufA that
encodes the elongation factor Tu. L: 1 Kbp molecular ladder, KP to OR: different

a1 ToTgoT: L [o T LTSRS 62

22. UV visualization in 0.7% agarose gel following electrophoresis of PCR amplified
products using the taxon specific primers ITS1 and ITS4 to amplify internal transcribed
spacer of the ribosomal cistron. M: 1 Kbp molecular ladder, Ouz10 to KhP: different..63

23. UV visualization in 1% agarose gel following electrophoresis of PCR amplified
products using the taxon specific primers GWSRx and GWSFn for the mitochondrial
cytochrome c oxidase 1 gene. L: 1 Kbp molecular ladder, OR and HAM2: different
MICIOAIGAL ISOIALES. ... .eeieieieiie ettt re e e e e re e 63

Xiii



24. Growth kinetics of Jbd isolate as measured by optical density readings (Assonm). The
number of cells/ml is provided at specific dates and O.D. values. ..........c.cccceeveveieenenn, 67

25. Daily exponential specific growth rate (pmax d™) of Jbd isolate. .......ccccoevvvveerennnane. 67

26. Growth kinetics of Had isolate as measured by optical density readings (Asgonm). The
number of cells/ml is provided at specific dates and O.D. values. ..........c.cccceeveveiiennenn, 68

27. Daily exponential specific growth rate (max d™') of Had isolate. ............ccooevvererrrennas 68

28. Growth kinetics of Jod isolate as measured by optical density readings (Assonm). The
number of cells/ml is provided at specific dates and O.D. values. ..........c..ccccecvevverieenenn, 69

29. Daily exponential specific growth rate (pmax d™) of Jod isolate. ...........cccccvevrevrrennce. 69

30. Growth kinetics of Ozd isolate as measured by optical density readings (Asonm). The
number of cells/ml is provided at specific dates and O.D. values. ..........c..cccceevevveieenenn, 70

31. Daily exponential specific growth rate (pmax d™) of Ozd isolate. ..........cccccvevreeeeenne. 70

32. Total lipid content of microalgal isolates in both exponential and stationary phases.

33. Biodiesel production of four local microalgal isolates measured at the stationary
] £: 10 [PPSR 74

34. Effect of Khd extracts on growth and sporulation of Alternaria sp. grown in vitro.81

35. Effect of microalgal methanolic extract (of the Jbd isolate) on the average length of
cucumMbBEr SEEAIINGS (CIM). w.ovvieiie it rae e sbe e s e e re e 82

36. Effect of microalgal non-methanolic extract (of the Jbd isolate) on the average length
of cucumber SEEAINGS (CM). ..eiviiiie et 83

37. Chromatogram of lipid components of Jbd isolate in the exponential phase. ......... 107

Xiv



38. Chromatogram of lipid components of Jbd isolate in the stationary phase. ............ 107

39. Chromatogram of lipid components of Had isolate in the exponential phase. ........ 110
40. Chromatogram of lipid components of Had isolate in the stationary phase............ 110
41. Chromatogram of lipid components of Ozd isolate in the exponential phase. ........ 113
42. Chromatogram of lipid components of Ozd isolate in the stationary phase. ........... 113
43. Chromatogram of lipid components of Jod isolate in the exponential phase. ......... 116
44. Chromatogram of lipid components of Jod isolate in the stationary phase. ............ 116

XV



TABLES

Table Page
1. Pigment distribution according to taxonomical groups. ...........cceceeeererenenenenennnnns 24
2. Sites, dates and isolate acronym of collected water samples. .........ccccceeerenininnnnnn 35

3. List of primer pairs used in PCR assays for amplification and sequencing of

MICTOBIGAE GENES. ...eveeeeite ettt b bbbttt bt enes 40
4. Plant pathogenic fungi used in this StUY. ........cccceiiiiiinii e 48
5. Microalgae species used in this StUAY. ........ccceeviiiieiicie i 48

6. Genera of microalgae identified in this study, their maximum scores and their highest
sequence identities with related isolates, using three barcode markers. ..............cc.c....... 64

7. Taxonomic groups of microalgae isolates identified in this study. ............c.ccocerenene. 65

8. Dry weights of four microalgal isolates at corresponding optical densities during
exponential and stationary growth phases. ... 71

9. Total lipid content (%) and percentage saturated and unsaturated FA in four local
microalgal isolates measured at two growth Stages. .........ccoceveririniiinienese s 72

10. Content of omega FA in four local microalgal isolates observed during two growth

stages (% Of total [IPIAS). ...ceiiiieeee e 74
11. Chlorophyll and carotenoid content in four microalgal isolates (ug / ml)................ 75
12. Content of chlorophylls a, b, ¢ in four local microalgal isolates (mg /m°). .............. 76

13. Crude protein content (%DW) for four microalgal isolates using Kjeldahl and
Digesdanl MEthOUS. ..........cviiieice e 76

XVi



14. Effect of various extracts of Jbd isolate on the in-vitro growth of four fungal species:
Mean diameter of fungal colony (CM). ....coveiiiiiiicc e 77

15. Effect of various extracts of Jid isolate on the in-vitro growth of four fungal species:
Mean diameter of fungal colony (CM). ...c.ccveiieiii e 78

16. Effect of various extracts of Ozd isolate on the in-vitro growth of four fungal
species: Mean diameter of fungal colony (CM).......cccooveiveie i 79

17. Effect of various extracts of Khd isolate on the in-vitro growth of four fungal
species: Mean diameter of fungal colony (CM).......cccovviieii i 80

18. Effect of microalgal extracts sprays on cucumber infection by powdery mildew, ten
and twenty days post inoculation, expressed as % leaf area infected.18a and 18b are two

repetitions of the same experiment at one month interval. ...........ccccceevviiiieie i 84
19. Composition of Walne mineral medium (L1000X). .......ccoovvereiiieieeieiie e 99
20. Composition of the trace metal solution specific for Walne medium. ................... 100
21. Composition of the vitamin solution specific for Walne medium.......................... 100
22. Composition of f/2 mineral Medium.............cccoviiiiiiii e 101
23. Composition of /2 trace metal SOIULION............c.ocoveiieiiiic e 101
24. Composition of /2 vitamin SOIULION ..o 102

25. Effect of various extracts of Jbd isolate on the percentage growth change (+ or-) of
fungi relative to the CONtrol............c.oooiiii i 103

26. Effect of various extracts of Jid isolate on the percentage growth change (+ or-) of
fungi relative to the CONtrol............c.oooiiii i 104

XVii



27. Effect of various extracts of Ozd isolate on the percentage growth change (+ or-) of
fungi relative to the CONLIOL. ..........coveiie e 105

28. Effect of various extracts of Khd isolate on the percentage growth change (+ or-) of
fungi relative t0 the CONLIOL. ..........coveiie e 106

29. Chemical components of Jod FAMEs with their corresponding retention time and
percentage peak area in both exponential and stationary phases. ...........ccccocevverieennene 108

30. Chemical components of Had FAMESs with their corresponding retention time and
percentage peak area in both exponential and stationary phases. ...........ccccoccevvevieennene. 111

31. Chemical components of Ozd FAMEs with their corresponding retention time and
percentage peak area in both exponential and stationary phases. ...........ccccocevvevieennene. 114

32. Chemical components of Jod FAMEs with their corresponding retention time and
percentage peak area in both exponential and stationary phases........................... 117

Xviii



ABBREVIATIONS

+  Plus or minus

°C Degrees Celsius

ug Micrograms

ul - Microliter

um Micrometer

bp Base pair

DNA Deoxyribonucleic acid

RNA Ribonucleic acid

SAR Systemic acquired resistance

FA Fatty Acids

g gram
hr  hour
min Minutes

PCR Polymerase chain reaction

DW Dry weight

FAO Food and Agriculture Organization

DCM Dichloromethane

Xix



CHAPTER |

INTRODUCTION

Microalgae, more appropriately called phytoplankton, are photosynthetic free
floating organisms, mainly unicellular algae and cyanobacteria. They are recognized
as one of the eldest life forms on earth. They are divided into prokaryotes and
eukaryotes. Eukaryotes are categorized into a variety of classes (Chlorophyta,
Bacillariophyta and others), mainly characterized by their pigmentation, life cycle and
cellular structure; while prokaryotes, restricted to cyanobacteria, are more similar to
bacteria than algae. Microalgae cover unicellular and simple multi-cellular
microorganisms, they are autotrophic and produce a large biomass since they have the
capacity to produce all year long, leading to continuous supply of lipids, proteins,
carbohydrates, vitamins and antioxidants [49]. Microalgae have been elected by the
United Nations Advisory Committee on International Action as an alternative
potential for food and feed products due to the sharp shortage in food commaodities,
particularly protein, toward the end of the Second World War [60]. Species of
microalgae occur virtually in every type of habitat, including the most extremes, such
as walls of urban buildings, biotic crusts in hot desert, soils, saline, brackish, fresh and

sea water [58].

Under natural growth conditions phototrophic algae absorb sunlight, and
assimilate carbon dioxide from the air and nutrients from the aquatic habitats. Based
on microalgal characteristics, biodiesel production came into investigation when a

shortage of petroleum reserves was expected in the foreseeable future; but it has not



been given much attention due to the uneconomical high cost of production. Biodiesel
from algae has been considered as a promising solution to solve air pollution

problems, reduce CO, and SO, gas emissions, and therefore ensure environmental and
possibly economical sustainability [61]. It is non-toxic, biodegradable and considered

as a CO; neutral energy source [62].

Cyanobacteria and algae produce a large number of antibacterial and
antifungal products too. Many can be grown in mass cultures without being a threat to

the environment [50].

Our research covered the objectives listed below:

1. Isolation and purification of local strains of microalgae from sea water sources.

2. Identification of the local strains using microscopic techniques, chlorophyll

analysis and molecular tools.

3. Studying the chemical profile including fatty acids.

4. Determination of the growth kinetics of selected microalgae.

5. Evaluation of the antifungal activity of microalgal extracts, in-vitro against four
plant pathogenic fungi and in-vivo for the management of powdery mildew

fungus.



CHAPTER II

LITERATURE REVIEW

A. The microalgal cell

1. Meaning of microalgae

According to phycologist definitions, microalgae belong to the thallophytes
which are a group of organisms known for being plants lacking roots, stems and
leaves, possessing the primary photosynthetic pigment chlorophyll a, and also

including cyanobacteria which are oxygenic photosynthetic bacteria [23].

2. Microalgal structure and organization

Microalgal cells have many different types of cellular organizations. They can
be unicellular, colonial and filamentous. Some are motile due to the presence of
flagella, others are not. They might be prokaryotic or eukaryotic, uninucleate or

multinucleate.

3. Nutritional value of microalgae

The nutritional value of microalgae varies according to the algal species,
composition of the medium and growth conditions. Protein is considered to be the
major constituent of microalgae followed by lipids and then carbohydrates. Data
published by FAO show that proteins represent 12-35%, lipids 7.2-23% and
carbohydrates 4.6-23% of microalgal dry weights. Microalgae are also considered to

be a rich source of ascorbic acid [35] vitamins such as pro-vitamin A, vitamin B12,



B6, biotin and carotenoids [48]. The composition of microalgae may vary depend on
the composition of the medium. A commercial medium Algal-1, mentioned in FAO
report showed the best results for T. suecica, D. tertiolecta, 1. galbana, and P.
tricornutum in terms of cellular density and proximate composition when compared to

other known media such as Walne and /2 (APPENDIX ).

B. Microalgal classification and taxonomy

Microalgal cells are divided into two basic types: prokaryotic and eukaryotic.
They can be identified by their microscopic and physiological characters or by

molecular techniques.

1. Microscopic and physiological characters

a._Prokaryotes

Organisms whose cell types are known for lacking a true nucleus and other
membrane bound organelles such as plastids and mitochondria. Cyanobacteria
belonging to the taxonomic group cyanophyta are grouped within prokaryotic

microalgae (Figure 1).

According to Singh et al. (2005) [3], cyanobacteria are prokaryotic
photosynthetic microorganisms known as blue green algae that have no nuclear
membranes, internal organelles and histone proteins associated with chromosomes.
They are surrounded by a gelatinous sheath, some are unicellular others live in
colonies or filaments. Cyanobacteria are diazotrophs having the enzyme nitrogenase,

able to fix atmospheric nitrogen into ammonium using ATP as a source of energy.



Some cyanobacteria produce toxins known as cyanotoxins, which are basically of two
types: neurotoxins and hepatotoxins. The neurotoxins are compounds that interfere
with transmission of the signal from neuron to neuron in animals and men. While
hepatotoxins are inhibitors of protein phosphatases which affect the animal by causing
bleeding of the liver. Furthermore, some cyanobacteria are utilized as human food or
animal feed, that's why their production was developed by the industry and at present
are produced at a large scale and sold as pills, capsules as well as powders for

pasteries and chocolate blocks [44].

Figure 1. Cyanophyta : A: Merismopedia sp.; B: Gomphosphaeria sp.;C : Eucapsis
sp.; D: Gloeotrichia sp; E: Nostoc sp; F: Spirulina sp.

b. Eukaryotes

Eukaryotes are single celled or multicellular organisms whose cells contain a
distinct membrane bound nucleus; they include plants, animals, fungi and protists.

The review below focuses on major taxa within microalgae.



i. Rhodophyta

Rhodophyta division represents the red algae and comprises only one class
known as rhodophyceae (Figure 2). They are probably one of the eldest groups in
eukaryotic algae. They lack flagellated cells, have chlorophyll a, phycobiliproteins,
floridean starch as a storage product and thylakoids occurring singly in the
chloroplast. Red algal mucilages have been commercially utilized. Agar and
carrageenan are two important polysaccharides derived from the Rhodophyceae. Agar
is composed of two polysaccharides agarose and agaropectin, it is only soluble in hot
water, forms a gel and can be used in food preparation and technology as well as in
the pharmaceutical industry. On the other hand, carrageenan is similar to agar but
with a higher ash content and requires higher concentrations to form a gel. That's why
it is currently used for similar purposes as agar but also for stabilization of emulsions

in paints, cosmetics and some pharmaceutical preparations [44].

Figure 2. Rhodophyta: A: Asterocystis sp (Chroodactylon); B: Lemanea sp; C:
Porphyridium crenutum



They are the green algae (Figure 3) that have chlorophylls a and b capable of
forming starch within the chloroplast. They differ from the rest of the eukaryotic algae
by forming the storage product in the chloroplast instead of in the cytoplasm. Their
cell walls have usually cellulose as the main structural polysaccharide although xylans
and mannans might replace cellulose in certain cases. Accumulation of carotenoids

occurs under conditions of nitrogen deficiency, high irradiance or high salinity [45].

Figure 3. Chlorophyta: A: Stichococcus bacillaris; B: Tetraselmis sp.; C: Zygogonium
sp

iii. Dinophyta

These organisms are important members of the plankton in both fresh and
marine waters although a much greater variety of forms is present in marine
environment. The cells can be photosynthetic or colorless and heterotrophic.
Chlorophylls a and c; are present in the chloroplast with peridinin and neoperidinin
being the main carotenoids. The storage product is starch as observed in higher plants
and is found in the cytoplasm. A typical dinoflagellate consists of an epicone and

hypocone seperated from each other by the transverse girdle or cingulum which is



perpendicular to the longitudinal sulcus (Figure 4, Figure 5%). Some dinophyceae have
the ability to produce toxins which cause the death of fish and shellfish during
dinoflagellate blooms and might be translocated to humans if shellfish are consumed
[44][45]. Many dinophyceae exhibit rhythmic processes and produce light via

bioluminescence by forming its own dinoflagellate-specific luciferin and luciferase.

Figure 4. Dinophyta: A: Gambierdiscus toxicus; B: Protoperidinium conicum; C:

Ceratium sp.
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Figure 5. Schematization of characteristics of organisms from dynophyta.
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iv. Cryptophyta

This group is primarily composed of flagellates (Figure 6) that occur both in
marine and fresh waters. The cells contain chlorophylls a and ¢, and phycobiliproteins
that occur inside the thylakoids of the chloroplast. The cell body is asymmetric with a
clearly defined dorso-ventral/ right-left sides which results in peculiar swaying motion

during swimming [45].

This is the division of the diatoms. The diatoms are unicellular, sometimes
colonial algae found in every aquatic habitat as free-living photosynthetic autotrophs,
colorless heterotrophs, or photosynthetic symbiotes (Figure 7). The cells are
surrounded by shell made of silica, called the frustule. The chloroplasts contain
chlorophylls a, ¢; and ¢, with the major carotenoid fucoxanthin. Diatoms are preferred
food for invertebrates such as copepods. Their cells contain large quantities of highly

unsaturated fatty acids such as eicosanoid acid [47].



Figure 7. Bacillariophyta. A: Amphipleura sp. B: Tabellaria sp.

2. Molecular Identification

Many algal species cannot be identified based on their anatomy using light or
electron microscopy. Several studies have been undertaken lately to identify
microalgae using molecular tools. Several sets of primers have been widely employed
targeting both short subunit (SSU) and large subunit (LSU) genes. The D2/D3 region
of the LSU normally used as an eukaryote wide barcode marker [44] is known to be
variable at the species level. It has been used to identify new species in various
taxonomic groups including animals, plants and algae [63] which made of it a
reasonable universal primer that can be used as a primary barcode marker. But LSU
has limited sequence data available outside D2/D3 region which directed the design of
a new primer combination T16N and T24U [44]. Moreover, LSU primer was
successful in identifying a variety of diatoms. Cytochrome Oxidase subunit 1 5’
Region (COI-5P) barcode marker was also developed mainly targeting brown and red
algae. Likewise, it may be used to identify diatoms [64].Other primers as elongation
factor Tu (tuf A) and ribulose-bisphosphate carboxylase gene (rbcL) are also
advocated as primary barcode markers for eukaryotic identifications. According to
Saunders at al. (2001), tuf A has the highest universality (about 94%) and lowest

levels of contamination (1%). The tuf AR and tuf GF4 primers were designed and
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proved efficient when tested. The rbcL -3P primers were used successfully for

identification of diatoms.

C. Physical and chemical factors affecting microalgal growth

This reflects everything related to quality and quantity of nutrients, light, pH,

salinity and temperature.

1. Nutrients

Microalgae need a variety of macro and micro nutrients, each required at
certain concentrations depending on the genus and species. In general, the mostly
needed nutrients are nitrogen and phosphorus. Trace elements and vitamins such as
B1, B12, as well as biotin are also needed by many microalgal cells; diatoms for
example have silicates as a special requirement for the formation of their external
siliceous shell [35]. All the macro and micronutrients can be found in commercial
solutions like f/2 or Walne media (APPENDIX ). The presence or absence of any of
them will certainly make a difference in the algal growth system. For example,
deficiencies in nitrogen, phosphorus and some metal elements were proven to affect
the lipid content. The deprivation of Chlorella vulgaris from nitrogen increased its
lipid content from 20% to 40% [19]. In addition, the form in which those nutrients are
available is of critical importance. Zheng et al. (2013) reported that ammonium was
the most preferred nitrogen source for algae due to the fact that its uptake requires less

energy while nitrate consumption consumed more energy [4].
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2 .Light

Light is a very important factor for growth since microalgae and cyanobacteria
have the capacity to catch light and transform it to energy. This is done through the
process of photosynthesis that converts the inorganic substances into simple sugars
[1]. Light intensity requirements vary according to the culture type. For example,
erlenmeyer flasks might not need more than 1,000 luxes, but 5,000 to 10,000 luxes
might be needed for larger volumes. Low light conditions reduce photosynthesis and

high light conditions enhance photo-inhibition [35].

3.pH

Microalgae have the capacity to grow under a pH range from 7 to 9 but the
majority has an optimum range between 8.2 and 8.7. However, many algae are acid
tolerant such as the green alga Chlamydomonas that can survive at pH 2.5 while other
blue-green algae resist alkaline environment up to a pH of 11 [6]. Gehl and Colman
(1990) proved that the internal pH of microalgae is affected by the external pH of the
surrounding environment. This work has been proven on Chlorella whose internal pH
was maintained at 7.3 while the external pH ranged from 5 to 7.5. Once the external
pH dropped below 5 a significant decrease was also observed internally with a pH

reaching 6.3 [20].

4. Salinity
Marine microalgae are used to grow in a saline environment. Studies have
shown that it would be better for isolated microalgae to grow in slightly lower saline

conditions than the ones they lived in. The optimum algal growth reported by FAO
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ranged between 20-24 g of salt /L. But some isolated microalgae have the capacity to
overcome the salinity range and survive in a very saline environment such as

Dunaliella salina capable of living at 310 g of salt/L [65].

5. Temperature

Phytoplankton cultures require a temperature range from 20 to 24°C.However;
some microalgae can survive beyond that range. For example, Ogbonda (2006)
reported that Spirulina platensis gave the highest production at a temperature of 30°C,
while researchers have reported that the optimum growth temperature of Spirulina

ranges from 35 to 37°C [21].

D. Basic isolation and culturing techniques

1. Isolation of microalgae

Isolating microalgae is not a simple procedure to be performed since they
normally live with other epiphytic species. Techniques of dilution, single cell
isolation by micropipettes, and agar streaking can be performed to get a pure
microalgal culture. Also, bacteria can be eliminated by the use of antibiotics [46] if

the culture grown does not contain cyanobacteria in the medium.

2. Enrichment of culture media
To ensure the appropriate growth of microalgae, their culture medium should

be enriched in a way that enhances their growth and inhibits or decreases nontarget
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organisms. Microalgal growth requires the presence of three main macronutrients:

nitrogen, phosphorus and silicate especially in the case of diatoms.

Numerous studies have shown that lipids accumulate in algae when they are
deprived from nitrogen [46]. But on the other side, it has been noticed that some
microalgal species increased their carbohydrate content under nitrogen deficiency
[31]. This means that nitrogen absence or presence in the culture medium will
definitely affect the growth of microalgae. In addition, phosphorus has proved its
importance in cellular processes related to energy transfer and nucleic acid synthesis
of microalgae. Also, microalgae are affected by phosphorus presence or absence. It
has been found that phosphorus supply induces the activity of alkaline phosphatase in

microalgae [76].

3. Growth kinetics

Microalgal culturing is characterized by five different phases (Figure 8).

a. Lag or induction phase

This is the first step of growth and could be considered as the acclimatization
phase during which the microorganism adapts its physiological metabolism to the new
growth conditions it is placed in. The length of this phase varies depending on the
initial inoculum state. If cultures inoculated are in the exponential phase, lag phases
would be short but if algal culture is transferred from plates to liquid, the process

would take longer time.
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b. Exponential phase

That is the period of time when cell numbers increase at a fast rate following a
logarithmic function. Growth rate is dependent upon many variables such as the algal

species, light intensity medium composition and temperature.

c. Phase of declining relative growth

After an unlimited growth has occurred in the exponential phase, cell density
reaches a point of inflection where the culture becomes limited in nutrients, light, pH,
carbon dioxide and other physical and chemical factors. Then, most cells stop division

and this is shown as a rapid deceleration of the population growth.

d. Stationary phase

Cell density becomes stable due to limiting factors such as the depletion of
essential nutrients or the formation of inhibitory products, or due to growth vs. death

rates that become balanced.

e. Death phase

After a prolonged growth, cells start dying and the culture crashes since water
quality deteriorates and nutrients become depleted to a level that growth becomes
impossible. Furthermore, many factors might cause that cell death such as oxygen

deficiency, overheating, pH disturbance or contamination [35].
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Figure 8. Five growth phases of microalgal cultures.

E. Cultivation systems and modes of culture

There are several factors to consider when growing microalgae as to which
culture system to use. Considerations should focus on the biology of the microalgae,
the cost of land and labor, the climate and the end product planning to obtain. The
success of a commercial project will depend on many factors including the selection
of an adapted species and the selection of an economical and reliable cultivation
system. Mass production of microalgae is normally conducted either in open or

closed systems using either batch or continuous production.

1. Open pond systems

Most of the microalgal work on a large commercial scale is performed in open
systems. However, a small number of microalgal species can succeed in such
conditions. For example, commercial production of Dunaliella sp and Chlorella sp in
raceway ponds is currently performed with minimum risk of contamination [22]. The
most common strains used for the open pond systems are Anabaena sp., Chlorella sp.,
Dunaliella sp., Haematococcus sp. and Nostoc sp [25]. There are different designs of

open-air system ponds such as shallow big ponds like lakes and natural ponds, tanks,
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circular ponds (not highly appreciated since they require concrete construction and
high energy) .[23] Raceway ponds equipped with paddle wheels, are the most

commonly used in commercial plants [24].

Open ponds are easy to construct, operate and clean, require low energy input,
and have the potential to produce net energy [24] but at the same time they have
many drawbacks. Light utilization by cells might be poor, evaporation is high which
necessitates large amounts of water, and might lead to low productivity or even
inconsistencies in production and most importantly are subject to contamination by

fungi, bacteria or other microalgae [1].

2 .Closed systems

Choosing closed systems for microalgal mass production is a way to overcome
limitations of open systems. This is because light is produced evenly, pollution and
contamination risks are highly minimized, with a real chance of producing single-
species of microalgae [1]. However, production costs are still higher compared to
open systems. Closed systems include flat, tubular and column photobioreactors. Flat
bioreactors have received attention due to their capacity to catch light irradiance [23]
accumulate low amounts of dissolved oxygen and perform high photosynthesis as
compared to the tubular system [24]. The latter has limitations related to the length of
the tubes, to their form which might affect respiration and gas concentrations.
However, they are often recommended for large scale operation as in Hawaii plants.
Vertical or column reactors are simple systems whose agitation is achieved by the

injection of compressed air.
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A variety of microalgal culture modes have been reported; however all of

them are variations of two basic systems: batch and continuous cultures.

a. Batch culture

This is considered to be the most common culture system followed worldwide.
Microalgal growth occurs in a culture vessel or a bioreactor by inoculating a small
inoculum of the microalgae to a large culture medium. The process might take time
depending on the microorganisms' population, their physiological and metabolic rates;
then cultures are harvested before reaching to the stationary phase. Fed batch cultures
on the other hand are used to reach a higher cell density as compared to the batch
culture. This is because the system allows the constant addition of nutrients to
compensate for any loss which is not considered in the batch culture. Despite the
limitations of batch culturing, this method is considered reliable, inexpensive, and

simple to maintain [19].

b.Continuous culture

In that system, fertilized sea water is continuously added to the culture so that
algal cells stay close to the maximum growth rate. Two categories of continuous

culture can be distinguished:

- The turbidostat culture in which the microalgal concentration is kept at a
preset level by constantly diluting the culture with fresh medium by means of
an automatic system.

- The chemostat culture in which fresh medium is constantly added at a
predetermined rate. In this system, nutrients are added at a fixed rate leading

to a constant growth rate of the culture.
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Both categories have the capacity to produce a good quality of microalgae, require
technological control which reduces labor interference, but at the same time, both
share the same drawbacks since they are relatively costly, require constant

illumination and temperature [19], [35].

F. Microalgal composition

1. Lipids

The interest in microalgae for oil production is due to its high lipid content.
Lipids are normally divided based on their chemical structures into two main groups:
polar and neutral. Polar lipids include the phospholipids and the glycolipids, while
non-polars govern tri-, di-, and monoglycerides, waxes and isoprenoid type lipids.
Various lipids are produced in microalgae depending on their species [29]. Each lipid
type is present in microalgae in a certain position inside the cell. For example,
glycerolipids are mainly present in the chloroplasts while, phosphoglycerides are

found in the plasma membrane and endoplasmic membrane systems.

Microalgae are also able to synthesize various fatty acids including medium
chain (C10- C14), long-chain (C16-18) and very-long-chain (C20) which are either
saturated or unsaturated [31]. However, lipid compositions of microalgae change
under environmental conditions. Furthermore, hydrocarbons are accumulated in

microalgae making less than 5% of their dry weight.

Many studies stressed on the importance of the effect of nutrient deficiencies
on the lipid accumulation in microalgae. This is because media deficient in nitrogen,

silicon, phosphorus and sulfur were found to favor the accumulation of lipids [26].
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Reports have shown an increase of 138% of lipids under nitrogen deficiency and of
168% under silicon deficiency when compared to nutrient sufficient medium. Also,
microalgal fatty acid composition varied according to the level of nutrient feeding. A
study conducted by Piorreck et al. (1984) showed that microalgae have the tendency
to synthesize neutral lipids and fatty acids with low degrees of unsaturation at low
nitrogen levels, while high levels favour the synthesis of polar lipids [32]. Besides
nutrient availability, other factors affected lipid composition of microalgae such as
temperature and irradiance [27]. According to Rodolfi et al. (2008), triglycerides
accumulation has been stimulated by high irradiances while under low irradiances,
phospholipid and glycolipid contents were higher [27]. Temperature decrease,
increased fatty acids unsaturation while its increase led to an increase in saturated
lipids [31]. PUFA content of the marine diatom Phaeodactylum tricornutum has been
shown to be higher at lower temperatures within the range of 10-25°C. The highest
yields of PUFA and EPA (omega-3) per unit dry mass were 4.9 and 2.6%,
respectively, when temperature was shifted from 25 to 10°C for 12 h, with both being
raised by 120% compared to the control [47]. A good microalgal processing is based
on a good microalgal choice. This was observed by Pulz and Gross (2004) who said
that “successful algal biotechnology mainly depends on choosing the right alga with

relevant properties for specific culture conditions and products” [26].

Various methods for effective lipid extraction have been tried so far.
Extraction of lipids from microalgal cells have been performed chemically through
the use of solvent mixtures or physically, or by the combination of both. Chemically,
many methods have been recommended such as Bligh and Dyer (1959), Soxhlet
method and Folch methods [70]. Physical techniques, include microwaving algal

cells, sonication and bead-beating [69]. Also, supercritical carbon dioxide (SCCO5,)
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extraction is a promising green technology that can potentially displace the use of

traditional methods [70], however, a final method has not been settled yet.

Microalgae have been selected for biodiesel production. Four primary
methods can be used for biodiesel production: blending, microemulsion, pyrolysis and
transesterification [71]. [71] The most commonly used method is transesterification of
microalgal triglycerides with an alcohol in the presence of a catalyst to produce mono
esters termed as biodiesel (fatty acid methyl or ethyl ester FAME) in a reaction known
as transesterification. Transesterification is catalyzed by acids, alkalis and lipase
enzymes. Alkali- based transesterification is considered the best, 4000 times faster
than acid based catalysis commonly used at 1% of the weight of oil [28]. Strong bases
such as sodium hydroxide (NaOH), potassium hydroxide (KOH) or methoxide
(MeOH) are commonly used as catalysts in large scale production of biodiesel.
During the transesterification reaction, fatty acids should be derivatised into their
methyl ester fatty acids (FAMESs), followed by a GC-MS analysis for an efficient
separation, quantification and identification of the profile of fatty acid methyl ester

present in the biomass.

2. Proteins

Proteins make up a large fraction of microalgal biomass. Although they have
been so undervalued when compared to fatty acid production and omega 3 synthesis,
it is currently more plausible to focus on microalgal protein production for animal
feed due to the economics of production as compared to biofuel production.
Currently, the main species used in animal feed are Spirulina, Chlorella and

Scenesdesmus [1]. According to FAQ, protein content in microalgae often occupies
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the highest percentages of their dry weights ranging from 12 to 35% [35]. Some
microalgae are known to have higher concentrations of protein. This is the case of
most blue green algae containing 18 to 54% as compared to green algae 8-34% [32].
For instance Spirulina is known to be useful as a food rich in proteins comprising all
essential amino acids needed. Heterocystous cyanobacteria have that privilege over
others since they possess a thick cell wall that protects their nitrogenase from the
inhibitory effect of oxygen and at the same time have a heterocyst system capable of
producing ammonia and oxygen from their surrounding environment [36]. In order to
obtain high concentrations of protein, algae must be grown in high nitrogen

concentrations.

Protein content of microalgal biomass can be quantified using two common
procedures: by colorimetry [75] or by methods that measure the concentration of
elemental nitrogen such as in Kjeldahl method. The colorimetric method is based on
the measurement of color change caused by oxidation of amino acid residues by the
Folin reagent while measurements of nitrogen using Kjeldahl’s method and Hach
techniques [86] [75] require acid digestion accomplished by exposing the sample
material to a combination of mineral acids or acid and hydrogen peroxide at an
elevated temperature. Once the substance under analysis has been dissolved, chemical

methods can be applied to measure the concentration of each element.

3. Carbohydrates
They represent the smallest proportions in microalgal compositions
constituting only 4.6-23% of their dry weights [35]. They are mainly constituted from

cellulose in the cell wall, and starch in the plastids [70].Their levels increase with
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culture aging. For example, carbohydrate levels reached 53.10% and 48.35% in the
last stages of growth of P. lutheri microalgae [43]. Despite their relatively small
concentrations, their effectiveness in bio-ethanol and methane gas productions by

fermentation was proven [1].

4. Pigments

Microalgae have organic pigments capable of harvesting energy. Pigments are
divided into three major classes: chlorophylls (green pigments), carotenoids (yellow
or orange pigments) and phycobilins. While the first two pigments are lipophilic, the

latter is hydrophilic.

Chlorophyll molecules consist of a tetrapyrrol ring containing a central
magnesium atom and a long chain terpenoid alcohol. In microalgae we can find
different types of chlorophylls which differ from each other in their side-group
substituent. Chlorophylls have two major absorption bands: blue or blue-green (450-

475 nm) and red (630-675nm).

Carotenoids have an absorption range between 400 and 550nm. They are made
from two hexacarbon rings joined by an 18 carbon conjugated double chain. They are

either hydrocarbons or oxygenated hydrocarbons.

Phycobilins are water soluble linear terapyrroles, not associated with a

magnesium atom. They absorb blue- green, yellow, or orange light.

Some pigments on the other hand do not transfer excitation energy. They are

considered a secondary group of carotenoids like xanthophylls, astaxanthin and

23



canthaxanthin, and those are overproduced in algal cells if under unfavourable

conditions [23].

Identification and quantification of pigments may be preferred using methanol,
ethanol or acetone extraction, followed either by spectrophotometric analysis or by

high liquid performance chromatography (HPLC).

Pigments have been used as a tool for microalgal identification. Literature

reports specific pigmentation for each microalgal group (Table 1).

Table 1. Pigment distribution according to taxonomical groups.

Taxonomic Group Chlorophyll Carotenoids
[3-carotene
Bacillariophyta (diatoms) a, C
+ -carotene rarely fucoxanthin,.
[-carotene,
* -carotene
Chlorophycophyta a, b rarely carotene
(green algae) 1 and lycopene
lutein.
Chrysophycophyta ac [3-carotene,
(golden algae) ' fucoxanthin
Cyanobacteria ac [3-carotene,
(blue green algae) ’ phycobilins
-carotene,
Phaecophycophyta a,c l?ucoxanthin
(brown algae) | violaxanthin’
[-carotene,
. peridinin,
_Dmophyta a,c neoperididnin
(dinoflagellates) dinoxanthin
neodinoxanthin.
Rhodophycophyta [-carotene, zeaxanthin
(red algae ) a rarely d + [ carotene
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5. Ash
The ash content of filamentous blue-green algae ranged from 3-11 % but
those of filamentous green algae were generally much higher, ranging from just under

12 % to over 44 % in one sample of Cladophora sp [82].

G. Potential uses of microalgae biomass

1. Commercial microalgae production
Several microalgae have been produced commercially including Chlorella,

Spirulina and Dunaliella sp.

Chlorella has been used successfully on an industrial scale for the production
of human nutritional supplements. A diversity of production systems are used
including circular ponds, paddle wheel mixed raceway ponds and tubular

photobioreactors.

Spirulina, traditional food for Chad society, has also been produced on a large
scale in many countries. It has been considered more promising than Chlorella due to
its capacity to grow in a high bicarbonate medium and to its filamentous structure that

makes it's harvesting easier.

Dunaliella salina is also produced for its high carotenoids value, beta-carotene
and astaxanthin. It is capable of living in very harsh conditions, in a medium three
times more saline than sea water which reduces the chances of contamination and

makes it a strong candidate for commercial production [12].
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2. Commercial products derived from microalgae
Microalgae are attractive as natural sources of bioactive molecules due to their
potential to produce a variety of compounds difficult to produce by chemical

synthesis [48][48].

a. Food and feed

The production of high value food, animal feed products, such as lutein for
chicken feeds, beta carotene from Dunaliella, or fish meal replacement are considered

promising features of microalgae [12].

b. Pharmaceuticals

Several uses of microalgae for medicinal purposes have been studied for many
years. This is because marine photoautotrophic microorganisms are able to produce a
wide range of secondary metabolites with allelopathic properties capable of inhibiting
the growth of competitors or predators [8]. Various important biomolecules have been
isolated such as antioxidants [1] found heavily in cyanobacteria as reported by Patel et
al. (2006). The latter studied the antioxidant activity of phycocyanin isolated from
three cyanobacterial species Lyngbya, Phormidium and Spirulina sp. and reported the
importance of antioxidants to prevent or inhibit cancer in humans and animals as in

the case of Arthrospira platensis [49].

c. Pest management

Currently, plant pests and pathogens are suppressed using chemical pesticides
which lead to several health and environmental problems. Therefore, the search for
safer alternative methods of plant pest control became a must. Biological control

organisms are generally considered safe for the environment, and represent one of the

26



important potential strategic methods to be investigated. An environmentally sound
approach to induce systemic resistance of plants against plant pathogens or other pests
would be to use some microorganisms or safe natural compounds. Microalgae have
shown antifungal, antibacterial [11], [14], [50] antiviral and nematicidial properties.
This wide range of control is the result of the chemical composition of a large number
of cyanobacteria in which researchers found polyketides, amides, alkaloids, lactones,

peptides and lipopeptides [16], [51].

Microalgal extracts have shown activity against a variety of plant pathogens.
The crude methanolic extract of the cyanobacterium N. commune gave a significant
inhibition of F. oxysporum f. sp. lycopersici in tomato seeds similar to the commercial
fungicide mancozeb [13]. Extracts of cyanobacterial isolates exhibited antifungal
activity against several fungi including: Aspergillus oryzae, Candida albicans,
Penicillium sp. and Saccharomyces cerevisiae [50]. Those fungal inhibitory properties
were not specific to cyanobacteria. Green algae as well as others showed similar
activities. Chlorella salina, Tetraselmis chuii and Nannochloropsis oculata exudates

reduced the growth of Fusarium solani [8].

Growth of cyanobacterial blooms lead to the decrease of the gram negative
bacteria like Escherichia coli found in water lakes [51]. This activity found in
cyanobacteria was also highlighted in green algae. Chlorella vulgaris was considered
to exhibit an antibiotic activity since it produces a mixture of fats and hydrocarbons
called chlorellin [8]. Fatty acids detected in Chlorella were also detected in

cyanobacteria and found to be efficient since they affected the permeability of the cell
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membrane, interacted with proteins and lipids of the cell membrane and inhibited
special enzymes [51]. Kellam et al. (1989) reported in-vitro antibacterial activity in
the organic solvent extracts of Tetraselmis sp., Prasinophyceae and Bacillariophyceae
microalgal classes which were mainly effective against Staphylococcus aureus

bacteria.

Several studies claimed the importance of marine algae as antiviral
compounds. Ceramum rubrum algal extracts were able to suppress the influenza
viruses in vitro and in vivo. Also, sulfated polysaccharides of the red microalgae
Porphyridium sp. were shown to be effective against Herpes simplex viruses types 1
and 2 (HSV 1, 2) and Varicella zoster virus (VZV). Furthermore, algal polysaccharide
known as carrageenan inhibited the viral infection inside host cells. This occurs at a
very early stage in the viral infection cycle during adsorption of the viral particle. This
is explained by Huleihel (2000) as due the interaction between the negatively charged

polysaccharides and the positively charged viral particles [17].

In addition to their wide range activity as antifungal, antiviral and antibacterial
organisms, microalgae showed an important potential as a nematicidial biological
control. Cyanobacteria may produce neurotoxins that induce a change in nematode
activity and even in their life cycle by interfering with their mobility, hatching
processes and by causing mortality of second stage juveniles [15].This was also
proved by other studies where culture filtrates of the blue green algae M. vaginatus
killed the juveniles of Meloidogyne incognita nematode [55]. Furthermore, scientists

tested the effect of cyanobacterial endospores on nematodes and found that
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endospores were able to penetrate the nematode's body within 10 days which affected

their feeding activity and made them sluggish in their appearance [51].

v. Induced Resistance

Plants have the ability to develop resistance to diseases. This is done through
two different processes known as local resistance or systemic resistance. Local
acquired resistance takes place normally two to three days post infection; however,
systemic acquired resistance (SAR) necessitates one week to be activated. These types
of defense reactions followed by plants are induced through various types of elicitors
secreted by microorganisms or derived from cell walls of fungi, bacteria or host
plants. Laminarin derived from brown algae Laminaria digitata is a "potent elicitor of
defense reactions in grapevine cells" since it showed a significant protection against
Botrytis cinerea and Plasmopara viticola [7]. This is because it has the capacity to
induce the expression of defense genes associated with different pathways. H,O,
concentrations associated with local induced resistance, changed after laminarin
application. As concentrations of laminarin increased, production of H,O increased
and became saturated between 0.5 and 1g/liter. Laminarin also induced a rapid
calcium uptake in cultured grapevine cells followed by SAR through a higher
expression of defense genes, the accumulation of phytoalexins as well as an increase

in the activities of chitinases and f-1, 3-glucanases [7].

The extracts of the brown alga Ascophyllum nodosum induced jasmonic acid
dependent systemic resistance in Arabidopsis thaliana against different pathogens [9].
A. nodosum, the most widely used seaweed in agriculture and horticulture production,
has also been used due to its laminaran content which elicits both plant growth and

defense responses by the induction of antimicrobial phytoalexins [9].
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But induced resistance is not limited to brown algae. Green algae were also
found to induce natural defense in tomato seedlings. This was accompanied by
salicylic acid systemic acquired resistance as well as bioelicitors such as ulvans and
oligoulvans [52]. The treatment of tomato seedlings by Ulva Lactuca polysaccharides
and oligosaccharides lead to the suppression of Fusarium oxysporum f. sp. lycopersici
by 44 and 54% compared to the control plants [16]. Ulvan of U.lactuca was even
considered to be more effective than other polysaccharides of marine algae such as
laminarin, carragenan and alginate. This high efficiency of elicitors is due to a sulfate

group involved in many biological activities and physiological processes.

3. Biofuel

a. Worldwide fuel market and biofuel candidates

Based on the current statistics, fuels make up 70% of the global energy market
[19]. Fuel energy demands were increasing since decades and nowadays debates are
taking place on alternative feedstocks for fuel production. Higher plants like
sugarcane, soybean, oil palm as well as microalgae are currently studied for biofuel
production. Although energy crops have been commercially used as feedstocks for
biofuel production, they are still not favored for long term fuel energy production
since they compete with food and feed production [19]. In addition they do not have
the capacities to replace petroleum oil in the foreseeable future. Jatropha crop capable
of growing in non agricultural lands has also been proposed for fuel production. But,
its oil is high in unsaturated fatty acids constituting more than 75% [72][72] and its
yield varies according to environmental conditions which are hard to control. On the

other hand, microalgae can provide several different types of renewable biofuels
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including biodiesel, methane and biohydrogen [2]. It has been stated that microalgae
are the highest yielding feedstock for biodiesel since they can produce 250 times more
oil when compared to soybean, and 7 to 31 times more when compared to palm oil
[2]. Statistics have shown that converting 1 to 3% of the US area for microalgal

production would be enough to satisfy 50% of the country's fuel transport needs [27].

Microalgae and cyanobacteria have gained the privilege of producing biofuel

for various reasons:

1) Do not need productive arable land based sources, they can be grown in marginal
areas such as arid lands and therefore reduce competition with food crops and fresh

water [1], [5], [26].

2) Can be produced in a variety of water sources such as fresh, brackish, sea water

and waste water [1], [5].

3) Perform efficient photosynthesis and thus they are efficient converters of sun

energy into chemical energy [1], [5].

4) Grow in high densities leading to a high production if mass cultivation is well

performed [1], [5].

5) Their cultivation does not require herbicides or pesticides; and their residuals after
oil extraction can be used as feed or fertilizers [50], and/or fermented to produce

ethanol or methane [27].

b. Environmental and economical aspects of biofuel production

Economics have always been the main driver in fuel processing and studies.

Indeed, the upcoming rise of biofuel topic is mainly related to economic reasons. The
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last decade has known rises in fuel prices unexpectedly. The price of a fuel barrel
reached $140 in 2008 while it used to be $20 in the 1990s. This has made the search
for new fuel candidates (with high biomass, lipid content, easy extraction and
harvesting, and low cost) a must [29]. Microalgae having the characteristics
mentioned above have been studied for fuel production. It is a renewable resource that
can be sustainably supplied with no limited reserves, thus will not be subjected to

fluctuations in prices.

Environmentally speaking, pollution problem will be reduced [1].Microalgae
capture and use CO, during photosynthesis compensating for the CO, released during
biodiesel burning [2]. Microalgal biodiesel contains no sulfur and performs as well as
petroleum diesel, while reducing emissions of particulate matter, CO, hydrocarbons,
and SOy [37][37] which decreases 90% of air toxicity and 95% of cancers compared
to common diesel source. In addition, microalgae having the capacity to convert 3-8%
of solar energy to biomass which is an asset when compared to terrestrial plants that
are capable of 0.5% conversion only ]4]. Nevertheless, despite the promising future
that microalgae is offering towards biodiesel production, the cost is still considered
high [82][84]. Reports indicate the necessity of reducing the cost of microalgal oil

from $2.80/L to $0.48/ L in order to eliminate our dependence on petroleum oil [27].

4. Wastewater treatment

Nowadays, industrialization and many human activities have made pollution
issue a hot subject. Dumping large quantities of organic and inorganic substances into
soil, water and the environment due to various agricultural, domestic and industrial

practices aggravated the pollution problem [18]. Agricultural nitrates and animal
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wastes are polluting surface and ground water. To resolve that problem, microalgae
have been highlighted as a possible promising solution.

Microalgal interference in wastewater treatment comes in the secondary phase
where sewage water is mixed with heterotrophic bacteria and microalgae to reduce the
biochemical oxygen demand (BOD). Biochemical and chemical oxygen demand
were found to be reduced by 68.4% and 67.2% respectively after algal treatment for
domestic wastewater. Designing a system for wastewater treatment using microalgae
requires the presence of either waste stabilization ponds or high rate algal ponds [53].
Microalgae use organic substances present in the sewage system for energy and
growth production. Organic ions such as ammonium, nitrate and phosphate are
removed [18].

A list of microalgae that tolerate organic pollutants includes 240 genera, 725
species and 125 varieties and forms. The most tolerant genera include eight green
microalgae, five blue-greens, six flagellates and six diatoms. Removing nitrate,
ammonia and phosphate by incorporating microalgae is an elegant solution especially
that these minerals are essential for their lifecycle and also available in their inorganic
forms. Chlorella vulgaris has shown a high efficiency in removal of 86% of inorganic
N and 78% of inorganic P [54]. Furthermore, microalgae were efficient in removal of
99% of heavy metals, toxic organic compounds, and in reduction of coliform bacteria,
and both the chemical and the biochemical oxygen demand. For example, marine
cyanobacterium Lyngbya tailorii adsorbed Cd, Ni, Pb, and Zn [23] and Dunaliella
bioculata was reported to degrade the pyrethroid insecticide Deltamethrin.

In the present work we isolated nine pure nine local microalgal strains ,

identified them using molecular tools, determined their protein, lipid and pigment
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content, assessed their potential use for biodiesel production and evaluated their

activity as antimicrobial compounds for the management of plant pathogenic fungi.
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CHAPTER 111

MATERIALS AND METHODS

A. Isolation and culturing of local microalgae

1. Water Sampling
Water samples for microalgae isolations were collected from stagnant water
systems in 13 sites along the Lebanese coast (Table 2). Samples were directly filtered

using a 100 um filter to discard macroalgae and zooplanktons. The sea water samples

were enriched with nutrients using Guilliard f/2 medium (APPENDIX I).

Table 2 . Sites, dates and isolate acronym of collected water samples.

Site Date Isolate Acronyms
Jbeil 15/3/2013 Jbd
Jounieh 15/3/2013 Jod
Jiyeh 21/6/2013 Jid
Hammam EIl Askari 20/6/2013 Had
Saida 21/6/2013 Sad
Khaldeh 21/6/2013 Khd
Damour 21/6/2013 Dad
Tyre 25/8/2013 Tyd
Bourghoulyeh 25/8/2013 Bod
Aguamarina 15/3/2013 Aqd
Rmaileh 21/6/2013 Rmd
Ouzaii 21/6/2013 Ozd
Sarafand 21/6/2013 Sard

Once in the lab, samples were transferred to clean, previously acid washed
(10% HCI) erlenmeyer flasks and were stoppered with hydrophobic cotton and cheese
cloth. Flasks were left for acclimatization near window (low light intensity) until
observing the beginning of bloom formation. Next, they were transferred to a growth

chamber where 250 lux light from fluorescent lamps was supplied for 16hours / day.
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2 .Microalgae Isolation

a. Flagellates

A ten-fold serial dilution of water samples was used to isolate each microalga

in "pure™ cultures.

b. Non-flagellates

Subcultures were made by inoculating 50-60pul of the algal bloom suspension
onto Guilliards /2 agar plates. After microalgal growth, the colonies were further
purified by plate streaking techniques, using a microbial loop aseptically. Colonies
were checked for purity under the microscope. Once a unialgal strain was successfully

isolated, it was transferred into 5 ml of enriched liquid medium.

3. Water Sterilization

Water was filtered using a 0.22um filter or autoclaved at 121°C at 15 psi for
15 min or longer depending on the volume. After autoclaving, the sea water was
directly cooled in the refrigerator to avoid the formation of precipitates and was next
left for 24 hrs to equilibrate. For larger volumes especially those for photobioreactors,
water was chlorinated using 5ml of Clorox per 20L of sea water and then de-

chlorinated using sodium thiosulfate at a ratio of 0.2g per 20L of water.

4. Up-scaling and growth kinetics
After isolating a pure culture, it was transferred to 5ml sterilized medium. This
small volume was increased to 20 ml, then to 100 ml, 500 ml, then 2L flasks, 10L

gallons.
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20m—»100mkH—500m|—> 2—> 10 L—> 20L

7- 14 days—» 3-7 days — 3- 4 days —»3-4 days— 2-3 days —»2-3days.

All containers were appropriately sanitized with 10% HCI for 24 hrs and were
stoppered with hydrophobic cotton. They were then placed in a growth chamber and
were supplied with artificial light using daylight fluorescent lamps to ensure growth

of the cultures.

Growth Kinetics

When cultures reached exponential phase, they were transferred to a 20L
photobioreactor, where all factors like light intensity (450 luxes) and duration (16
hours light/ 8 hours dark), salinity (28g/L), pH (8-8.3) and average temperature
(21°C) were controlled. Microalgal growth was estimated by measuring optical
density of the culture suspension on a daily basis at 560nm until reaching the
stationary phase. Data on cell number and dry matter content were recorded at

different periods of time.

5. Microalgae stock cultures

To maintain microalgae stocks, under "aseptic conditions", an inoculum of 1
ml of microalgal suspension was transferred into 12ml sterile tubes containing 9 ml
culture media. Tubes were stored in an environmentally controlled refrigerator at low
light intensity (50 lux) and a temperature of 15-17°C. Sub-culturing was performed

twice every month.
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6. Microscopic Observations
The isolated microalgal cells were observed under a microscope (Carl Zeiss
AxioLab Al) at 400x or 1000x magnification. The average diameter of the microalgal

cells was recorded based on the average of 10 cells.

B. Molecular Diagnosis

1. DNA Extraction

An aliquot (7-10ml) of microalgal suspension was harvested at mid to late
exponential phase (10-14 days) by centrifugation at 5000 rpm for 5 min at 4°C and
the pellet was retained. 800 pl extraction buffer (Tris—HCI buffer, 2 % acetyl
trimethylammonium bromide (CTAB), 20 mM ethylenediaminetetraacetic acid
(EDTA), 1.4 M NaCl, 1 % polyvinylpyrrolidone (PVP), 2 % B-mercaptoethanol) were
added to the precipitate thoroughly mixed by vortexing and the entire suspension was
incubated at 60°C for 20-30 min. The debris and impurities were separated using
600ul iso-amylalcohol: chloroform (24:1) and moderate vortexing followed by low
speed centrifugation were performed. The supernatant was then transferred to a clean
microfuge tube, precipitated with an equal volume of isopropanol and stored at -20°C
for 1hr. The suspension was then centrifuged at 14,000 rpm for 8minutes. The
obtained pellet was then rinsed with 75 % ethanol and eluted in 50 pl of molecular
grade water (Sigma-Aldrich, MO, USA). Extracted DNA was analyzed by
electrophoresis in 0.7 % agarose gel and NanoDrop 2000c spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). DNA samples were stored at

-20°C until use.
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2. PCR

The DNA extracts were amplified by PCR using several primers (Table 3). A
20 pl PCR reaction mixture was prepared using 10 pl of ReadyMixTM PCR Reaction
Mix with MgCI2 (Sigma-Aldrich, St. Louis, MO, USA) 0.5ul of each primer (10uM)
and 2pl nucleic acid template. The thermal cycling parameters were performed as
described in the literature for each primer pair. A normal PCR consists of initial
denaturation at 95°C for 3 min, followed by 35 cycles of 30 sec at 94°C, annealing
temperature varied with the primer pair (Table 3Table 3 ), the extension step was at
72°C for 30-60 sec with a final extension step at 72°C for 7 min. The PCR products
were analyzed by electrophoresis in 1% agarose gels prepared with 0.5x TAE buffer.
Amplicons were visualized under UV light. The PCR products were purified using the
illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare, UK).
Sequencing of the purified amplicons in both forward and reverse directions was
performed at the University of Washington High-Throughput Sequencing facility 2
The nucleotide sequence data were assembled by employing the Contig Assembling
program of the sequence analysis software BIOEDIT, version 7.0.3> BLASTN
analysis was performed to determine the homology to the most closely related

sequences.

2 http://www.htseq.org
3 (http://www.mbio.ncsu.edu/Bioedit/bioedit.html).
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Table 3 . List of primer pairs used in PCR assays for amplification and sequencing of microalgae genes.

1 gene

Annealing
Primer Expected
Sequence Target Gene Temperature | Reference
Pairs size (bp)
(C)
T16N 5'AMAAGTACCRYGAGGGAAAG3' | Nuclear D2/D3 region Harper and
of the large ribosomal 567 50 Saunders
T24U 5'SCWCTAATCATTCGCTTTACC3'
subunit (LSU D2/D3) 2001
tufGF4 5'GGNGCNCAAATGGAYGG3 Gene tufA (encodes
Fama et al.
the elongation factor Chlorophyta 807 45
tufAR 5'CCTTCNCGAATMGCRAAWCGC3 2002
Tu)
ITS1 5AGGAGAAGTCGTAACAAGGT3 Internal transcribed White et al.,
spacer of the Chlorophyta NR* 52 1990
ITS4 5TCCTCCGCTTATTGATATGC3'
ribosomal cistron (modified)
GWSRx | 5'ACTTCTGGRTGICCRAARAAYCAZ3 Mitochondrial Harper and
Rhodophyta
cytochrome c oxidase NR* 46.5 Saunders
GWSFn | 5TCAACAAAYCAYAAAGATATYGG3 Phaeophyceae
2001

*NR: Not reported.
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C. Chemical and biochemical profiling

1. Determination of Total Lipid Content

Microalgae were harvested at two stages, during the exponential phase and the
beginning of the stationary phase by centrifugation (4000 rpm for 12 min). The harvested
cells were re-suspended in distilled water to remove any residual salt. The homogenate
was recentrifuged two successive times for 10 minutes at 4000rpm. After decanting
water, microalgal cells were placed at -20°C to freeze and then were incubated in a freeze

drier overnight (LABCONCO lyophilizer).

Total lipid content was determined gravimetrically using the Folch method [73].
A solvent mixture of dichloromethane:methanol (2:1) was added to a known mass of
freeze dried algae. The mixture was then homogenized to a volume 20 times the volume
of tissue sample (1 g in 20 ml of solvent mixture). Tubes were placed in the ultrasonic
bath for an hour and a half (at 40°C) then vortexed well. Homogenates were then filtered
into new screw capped tubes and 0.4 volumes of water were added (8 ml of water for 20
ml of solvent mixture). After vortexing for few seconds, mixtures were centrifuged for 10
minutes at 4000 rpm to allow phases separation. Upper phases were discarded while the
lower phases representing the DCM containing lipids were left. To the lower phase, were
added 5g of sodium sulfate for moisture absorption. The mixture was then decanted in a
new tube and the solvent allowed to evaporate under vacuum in a rotary evaporator. Dry
weights of lipids were measured and lipid contents (%in biomass) were determined by

the following formula,

Lipid content = (weight of lipid in g/ dry weight of sample in g) x 100.
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After the extraction processes, the resulting algal oil product was converted into

biodiesel through a process called transesterification.

2. Fatty acid profiling
Fatty acids were transformed into their methyl ester fatty acids (FAMES) by

transesterification reaction and were subjected to GC analysis.

Lipids previously extracted were dissolved in dichloromethane. To the mixture
was added methanol (6:1) in which was dissolved CH3ONa catalyst making 1% of the
solution volume. Sample tubes were left in a shaker incubator (Kem lab ®) reactor for 2
hours at 60°C with continuous shaking and were next kept for cooling. After cooling,
dichloromethane and a saturated solution of NaCl (2:1) were added and mixtures were
vortexed. This allowed the separation of the medium into two layers, the lower layer
being the dichloromethane part containing the fatty acid methyl ester obtained during
reaction. The upper layer was discarded while the lower was washed for three times by
distilled water enriched with NaCl (2:1) to remove any remaining byproduct obtained
during the reaction. After washing, MgSO, was added to the organic dichloromethane
layer in order to remove moisture. After filtering the solution with Whatmann n°1 filter,
dichloromethane layer was then moved into a newly pre-weighed vial and was subjected
to evaporation under vacuum in a rotary evaporator. GC-MS was used for an efficient
separation, identification and quantification of the particular fatty acid methyl ester

present in the sample.
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The injector of the GC was set at a temperature of 260°C. 1uL sample volume
was injected into the split injector with a dilution split ratio of 100:1. Helium was used as
a carrier and was injected in the DB 23 column at a rate of 30cm / sec (0.54 ml/ min).
Initial column temperature was set at 50°C for 2 minutes, then temperature was increased
to 220°C at a rate of 4°C / min. Temperatures of the transfer line as well as of the MS

were set at 260°C.

3. Pigment analysis

To 20 mg of dried algae, 5ml of distilled water were added followed by vortexing.
The mixture was then subjected to disruption by freezing and defreezing for three times
using liquid nitrogen. To ensure a complete disruption, cultures were incubated in the
ultrasonic bath for an hour at 40°C and then freeze dried overnight. Ten milliliters of 90%
acetone or 100% methanol were added to the culture tubes and then vortexed to ensure
pigment extraction. Extracts were then filtered over a 0.2 um cellulose acetate filter and
3ml of the extracted pigments were used to measure the absorbance at fixed wavelengths

specific for each solvent [38,39].

Quantification of pigment concentration was determined based on
spectrophotometric readings of methanol or acetone algal extracts at 3 or 4 specific
wavelengths depending on solvent used and pigment to be quantified. Then empirical
correlations, reported in the literature, were used to calculate the concentration of
chlorophylls and carotenoids: Porra and Lichtenthaler,1989; Jeffrey and Humphrey,

1975; Strickland and Parsons, 1968 [39].
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Calculations of pigment concentrations were obtained based on the following formulas

[39].

For extractions based on acetone as a solvent, two correlations for chlorophyll

concentrations were followed.
Jeffrey and Humphrey (1975)

G chiorophyll! MI medium = (11.85Ag64-1.54A647-0.08Ag30) V/ (IV)*
Strickland and Parsons (1968)

1g chiorophyt! M megium = (11.66A665-1.31A645-0.14A630) V/ (IV)°

For methanol based solvents, two correlations were followed to get concentrations

for both chlorophylls and carotenoids.

Porra et al. (1989)

1g chiorophytt! M1 megium = (16.29A¢65-8.54A¢52) v/ (IV)°

Lichtenthaler (1989)

MY Total carotenoids/ MI medium = (1000A470 - 44-76A666)/221*

In order to obtain the chlorophyll composition following acetone extraction,

formulas of Parsons and Strickland (1968) were followed [74],

For chlorophyll a, b and c,

438 A js the absorbance (nm). v means the volume of solvent used (mL), | is the spectrophotometric cell
length (1cm) and V is the sample volume (mL).
*A: Absorbance (nm)
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mg chl &/ m®= 11.6 Aggs-1.31 Agss — 0.14Ag30
mg chl b/ m3: 20.7 Agas- 4.34A665 —4. 42A530 *

mg chl ¢/ m3: 55 Agzo- 4.64A665 —16.3A645 *

4 Protein analysis
Protein content was determined based on two methods: The classic Kjeldahl and
Digestdahl. For conversion of % nitrogen into % protein, a conversion factor of 5.95 was

used instead of 6.25 normally used for plant proteins [77].

a. Kjeldahl method

0.3 g of dried microalgae were weighed on a nitrogen free filter paper and placed
in digestion flask to which 50ml of concentrated sulfuric acid and catalyst’ were added.
The content of the digestion tube was boiled for about 60 minutes until observing a green
color. Tubes were left to cool for 5 minutes and then 50ml of distilled water were gently
added. This is known as the digestion step. In the second step known as distillation,
about 60 ml of NaOH (0.122N) were added to the digested sample to allow the separation
of nitrogen from the mixture and obtain ammonia which was trapped in 50ml boric acid.
To quantify the amount of ammonia trapped, titration was performed. The solution was
back titrated with 0.001 N sulfuric acid until a color change was recorded. The volume

of acid titrated was placed in a formula to measure the crude protein content.

" K315-1000 Fisher Tab TT-35 Kjeldahl Tablets: 94 % K,SO,, 2% TiO,, N<0.005%, the rest is filler.
*A: Absorbance (hm)
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9% Protein

[(ml standard acid — ml blank)x NH2504 x 14 x correction factor x 100]
Dry weight of the sample x 1000

b. Digestdahl method

The sample (0.1 g) was weighed and transferred to a flat — bottom volumetric
flask to which 4 ml of concentrated sulfuric acid were added. The sample was then heated
for 5 to 6 minutes at 440°C using the Digestdahl apparatus. Next, 10ml of 50% hydrogen
peroxide were added and the sample was heated for one more minute after all hydrogen
peroxide has entered the digestion flask. Digestion flask was removed from the apparatus
and the content diluted to 100ml using double distilled water, then mixed gently. 500uL
were then transferred to 25ml cylinders to which was added 1 drop of TKN? indicator ,
few drops of 1 N KOH, 3 drops of mineral stabilizer®, 3 drops of polyvinyl alcohol
dispersing agent'®. Mixing was performed after each addition. Cylinders were filled till
25ml with double distilled water and 1ml of Nessler reagent'* was added, and solution
mixed. The reaction was allowed to rest for 2 minutes and O.D. readings were taken
spectrophotometrically (at a wavelength of 460nm) using HACH spectrophotometer

using the 399 Nitrogen TKN program.

® Indicator solution for pH adjustment in Total Kjeldahl Nitrogen determination by the Nessler Method.

% For determination of Ammonia and Total Kjeldahl Nitrogen by the Nessler Method. 50 mL Self-Contained
Dropping Bottle.

1% For determination of Ammonia and Total Kjeldahl Nitrogen by the Nessler Method. 50 mL Self-Contained
Dropping Bottle.

' For ammonia nitrogen determination by the Nessler method (Hach method 8038). EPA accepted for
wastewater analysis (distillation required). Range: 0.02-2.50 mg/L NH3-N. 500 mL bottle.
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Calculation for the nitrogen content of microalgae was obtained following the equation

below [77, 86]

AX75
BXC

= mg/L TKN*.

The TKN figure obtained was adjusted by multiplying by a correction factor of
1.0739 obtained from calibration of Digesdahl apparatus using glycine as a standard
reference. For calculation of the protein content, a conversion factor of 5.95 was used as

reported for microalgal proteins [77].

D. Antimycotic activity

In in-vitro experiment, four microalgae were tested on four fungi, each one having
four treatments and three replicates per treatment. For in-vivo experiments, there were
four treatments, five replicates each. The experiment was repeated three times at monthly

intervals under controlled conditions and results of two trials were reported.
1. In- vitro experiments

a. Plant pathogens

The four plant pathogenic fungi used in this study were isolated at the American

University of Beirut from infected crops (Table 4).

2Method 8075, Where A = mg/L reading from instrument, B = g sample amount from table, C = mL analysis
volume from table.
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Table 4. Plant pathogenic fungi used in this study.

Plant pathogen Source
Alternaria solani Tomato
Botrytis cinerea Tomato

Fusarium oxysporum | Eucalyptus

Rhizoctonia solani Potato

b. Tested microalgae

All microalgae used in this study were isolated from the Lebanese coastal region

(Table 5).

Table 5. Microalgae species used in this study.

Isolate Isolate Acronym
Tetraselmis marina Khd
Chloroidium saccharophilum Ozd
Amphora sp. Jid
Micractinium sp Jbd

c. Extracts

Erlenmeyer flasks (2L) were half filled with sterile enriched sea water and

inoculated with 100 ml of microalgae. In the mid to late exponential phase (almost 10-14
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days) the microalgae were extracted in three different methods. Four types of extracts

were obtained.

i. Methanolic extract

A sample of 60 mg of freeze dried algae was extracted twice with 6 ml of
methanol for 24 hrs at room temperature. The extract was separated from the cell residues
by filtration through Whatman filter paper no.1.The filtrate was then evaporated to
dryness in a rotary evaporator (Buchi rotavapor r-114). The dried extract was then re-
suspended in 2ml of 99.9% ethanol. Water agar was prepared at 1.5% (w/v) and poured
into 70 mm petri dishes at 10ml/plate. Shortly after solidification; a 20ul volume of the
methanolic extract was applied and spread uniformly at the center of the petri dish. The

plates were inoculated at their centers with 100ul of 10° spore suspension.

Un-amended water agar plates and plates amended with 99.9% ethanol,
inoculated with 10%spore suspensions served as controls. All plates were incubated at 28+

0.5°C.

ii. Non methanolic water soluble extract

Microalgal cells that were not dissolved in methanol were collected and dissolved
in previously autoclaved and cooled distilled water (2ml volume was used). The filtrate
was added directly to the center of water agar 1.5% (w/v) and then spread on its surface
by a clean loop. Later, all plates were inoculated at their centers with a volume of 20ul of

10°%spore suspensions and were incubated at 28+ 0.5°C.
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iii. Crude water extract

250 ml of the cultures were centrifuged at 5000 rpm for 7 minutes. Algal cells that
rested at the bottom of tubes were collected and dissolved in 250 ml of distilled water to
which water soluble agar 1.5% (w/v) was added. The mixture was autoclaved for 5
minutes at 121°C and then poured in petri dishes at 10ml/plate. Corresponding pathogens
were inoculated at the middle of each petri-dish at a rate of 10° spores and incubated at

28+ 0.5°C.

iv. Culture filtrates

Water collected from the centrifuged cultures was heated to 40°C and then added
to autoclaved agar (1:1, v/v) and poured in petri-dishes (10ml/plate). Corresponding
pathogens were inoculated at the middle of each petri-dish at a rate of 10° spores and
incubated at 28+ 0.5°C. Four and eight days post inoculation (dpi),the antimycotic
activity of each of the four microalgal extracts was recorded, based on the diameter

expansion of each fungus tested.

2 .In-vivo assays
The aim of this experiment was to test the capacity of microalgal extracts to
induce resistance of cucumber seedlings against infection by the powdery mildew fungus

attacking plants.
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a. Crop maintenance

Beit Alpha cucumber seeds were chosen because of their susceptibility to
powdery mildew infection. They were first planted in trays and then transplanted to 30
cm diameter pots. When seedlings reached 3-4 leaf stage, 20-20-20 fertilizers were

applied once weekly at 5g per 20L of water.

At the 4- 5 leaf stage, seedlings were sprayed with microalgal extracts. A week
later, they were inoculated with powdery mildew. Plants were periodically observed for
development of symptoms. Readings regarding the percentage of leaf area infected with
powdery mildew were taken at seven to ten days post inoculation (dpi). A second
microalgal spray took place 20 days after the first spray. A week after the second spray,

% leaf area infected was recorded.

b. Plant pathogen

The powdery mildew fungus Sphaerotheca fuliginea was obtained from local
infected areas and maintained on cucumber plants by periodic transfer to new plants. The
transfer of the fungus occurred by tapping an infected leaf showing adequate fungal
sporulation over leaves of the seedling to be inoculated. Newly inoculated plants were
placed in humid conditions for 24 hours. The greenhouse compartment where cucumber
seedlings were placed was environmentally controlled at a temperature range between
16-30°C (+2) to allow multiplication of the fungus. Once powdery mildew inoculum was
high, new cucumber seedlings dedicated for spray with microalgal extracts were
inoculated by tapping. Source leaves were shaken 24 hours before harvest of the conidia

to dislodge old conidia and ensure high viability of the inoculum. The conidia were
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inoculated onto the adaxial surfaces of the leaves seven days after spraying the seedlings
with the corresponding microalgal extract. The inoculated plants were then incubated in
the greenhouse. When symptoms of powdery mildew became visible, the percentage leaf

area covered by the fungus was measured using APS Assess Software.

c. Microalgal Extracts

The following four treatments were evaluated: methanolic extract, non methanolic

extract and two controls, distilled water and 10% ethanol.

Each treatment had 5 replicates. In the first spray, each replicate was sprayed with
5ml of one of the extracts on both the adaxial and abaxial leaf surfaces. While in the

second spray, 10ml volume was sprayed on each crop.

i. Methanolic extract

A sample of 1g of freeze dried algae was extracted twice in 30 ml of methanol for
24 hrs at room temperature. The extract was separated from the cell residue by filtration
through Whatman filter paper no.1.The filtrate was then dried in a rotary evaporator. The
dried extract was re-suspended in 10ml of 99.9% ethanol. Distilled water was added to
the volumetric flask containing the extract until reaching the 100 ml mark line. This

makes a 10% ethanol soluble extract.

ii. Non methanol water soluble extract

Microalgal cells captured on the filter were collected and mixed in 100ml
autoclaved distilled water. The extract was used to spray the seedlings at five to ten ml

volume depending on the crop leaf stage.
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E. Statistical Analysis

Statistical analyses were conducted using SPSS 21 Software. One way ANOVA
was performed to analyze data from in-vivo and in-vitro. Variation among means was

investigated using the Tukey’s HSD test (P< 0.05).
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CHAPTER IV

RESULTS

A. Isolations

Several sea water samples were collected along the Lebanese coast. Blooms took
some time to appear this varied between samples and ranged between few days to more
than two months. Once clear blooms were observed, isolations on petri dishes allowed
the growth of several algal colonies. Further purification of cultures from bacterial and
fungal colonies occurred by re- streaking on new agar plates or by serial dilution. The
whole process of microalgal colony purification required about two to three months.
Later on, clean and pure colonies were transferred to 5 ml nutrient enriched sea water

placed in 10ml plastic tubes from which scaling up began.

Nine isolates and two mixed cultures were successfully purified and observed
microscopically under magnification 400x and 1000x. Below are their morphological

appearances under the microscope.

54



Figure 9. Microscopic view of isolate Aqd magnified 1000x (Not identified, 4.9-7.8um)

Figure 10. Microscopic view of Dad isolate magnified 400x (Chlorella variabilis, 2-
2.4um)
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Figure 11. Microscopic view of Had isolate magnified 1000x (Tetraselmis marina,
8.3um)

Figure 12. Microscopic observation of Had2 mixed bloom magnified 1000x showing
diatom (Amphidinium carterae ,10x5um) and two filamentous cyanobacteria (Spirulina
sp., 1.2 um).
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Figure 13. Microscopic observation of Jbd isolate magnified 1000x (Micractinium sp,
3.5um)

Figure 14. Microscopic observation of Jid isolate magnified 1000x (Amphora
coffeaeformis, 13x3.5um)
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Figure 15. Microscopic observation of Jod isolate magnified 1000x (Micractinium
reisseri, 3um)

Figure 16. Microscopic view of Khd tube isolate magnified 1000x (Tetraselmis marina,
5x3.5um)
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Figure 17. Microscopic observation of Khd plate isolate magnified 1000x (Tetraselmis
marina, 5x3.5um)

Figure 18. Microscopic observation of Ozd green isolate magnified 1000x (Chloroidium
saccharophilum,8.35um)
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Figure 19. Microscopic observation of Ozd Red mixed bloom showing a diatom
(Amphora coffeaeformis,13x3.5um) and a filamentous cyanobacterium (Leptolyngbya
sp.,1.2 um).

B. Molecular identifications

1. Molecular Detection
The microalgal isolates were identified using primary (taxon specific) and
secondary (universal) barcode markers. One universal primer was used while the three

remaining were taxon specific.

The universal primer pair T16N/ T24U was used in PCR to amplify a partial
region of The LSU from the eleven isolates collected. The size of the observed amplicons
was different from the expected size of 567 bp. Instead, our amplicons ranged between
700bp and 750bp with an additional nonspecific amplicon (1000bp) from Ozd isolate

(Figure 20).
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Figure 20. UV visualization in 0.7% agarose gel following electrophoresis of PCR
amplified products using the universal primers T16N and T24U to amplify nuclear
D2/D3 region of the large ribosomal subunit (LSU D2/D3). L: 1 Kbp molecular ladder,
AQU to DAM: differ

The taxon specific primers tufGF4 and tufAR were used in PCR to amplify a
807bp sequence from the tuf A gene from DNA extracts of the 11microalgal isolates
(Figure 21). Positive results were obtained in all isolates tested with an amplicon size of

750bp close to the expected size (807bp).
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KP OG DAM JOU HRM6 AQU HA2 KT JB OR

Figure 21. UV visualization in 0.7% agarose gel following electrophoresis of PCR
amplified products using the taxon specific primers tufGF4 and tufAR to amplify gene
tufA that encodes the elongation factor Tu. L: 1 Kbp molecular ladder, KP to OR:
different microalgae

All DNA extracts of the isolates were also tested with the chlorophyta taxon
specific primers ITS1 and ITS4 amplifying the internal transcribed spacer of their
ribosomal cistron. Considerable variation in amplicon sizes were observed depending on

the isolates tested. They ranged between 600bp and 1000bp (Figure 22).

62



1000

750
500

250

Figure 22. UV visualization in 0.7% agarose gel following electrophoresis of PCR
amplified products using the taxon specific primers ITS1 and ITS4 to amplify internal
transcribed spacer of the ribosomal cistron. M: 1 Kbp molecular ladder, Ouz10 to KhP:

different.

The taxon specific primers for red and brown microalgae GWSRx and GWSFn
which amplify the mitochondrial cytochrome ¢ oxidase 1 (COI-5P) gene gave amplicons

of about 500bp with the two isolates tested (Figure 23).

750
500
250

Figure 23. UV visualization in 1% agarose gel following electrophoresis of PCR
amplified products using the taxon specific primers GWSRx and GWSFn for the
mitochondrial cytochrome ¢ oxidase 1 gene. L: 1 Kbp molecular ladder, OR and HAMZ2:

different microalgal isolates.
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2. Sequence Analysis

Sequencing success rates from the PCR purified amplicons were high in the case
of the LSU marker with a pairwise identity ranging between 93 and 99% in all isolates
(Table 6). However, the success rate with the two other genomic markers was moderate
to low. Among the eleven locally purified microalgal isolates, seven were sequenced with
one barcode marker, two with two barcode markers and two with three barcode markers

(Table 7)

Table 6. Genera of microalgae identified in this study, their maximum scores and their
highest sequence identities with related isolates, using three barcode markers.

Marker
. LSU ITS Tuf A
Acronym Microalgae Pairwise Pairwise Pairwise
name Max. ; Max. ; Max. .
score Identity score Identity score Identity
(%0) (%) (%)
Chlorella
Dad variabilis 966 9 ] i ; i
Amphidinium
Had 2 carterae 1075 99 809 100 - -
Tetraselmis
Had marina 1033 99 593 87 1070 99
Micractinium
Jbd sp??? 592 - - - - -
Micractinium
Jod reisseri 911 95 - - - -
Khdt Tetraselmis 1000 97 614 84
marina
Khdp Tetraselmis 1059 97 628 85 1100 99
marina
Chloroidium
Ozd green saccharophilum 907 % i i i i
Ozd Red | Leptolyngbya sp. - - - - 881 86
Amphora
Ozd Red coffeaeformis 745 94 - - - -
Jid Amphora. 677 03 - - - -
coffeaeformis
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Table 7. Taxonomic groups of microalgae isolates identified in this study.

Geno

Acr. | Kingdom Phylum Class Order Family Genus Species mic

region

Had . . . - - - LSU-

5 Chromista | Dinophyta Dinophyceae Gymnodiniales Gymnodiniaceae | Amphidinium carterae TS

Chlorophyt | Chlorodendrophyc LSU-

Had Plantea 3 eae Chlorodendrales | Chlorodendraceae Tetraselmis marina ITS-

tuf A

Dad Plantea Chlo;ophyt Trebouxiophyceae Chlorellales Chlorellaceae Chlorella variabilis LSU

Jhd Plantea Chlo;ophyt Trebouxiophyceae Chlorellales Chlorellaceae Micractinium reisseri LSuU

Jod Plantea Chlo;ophyt Trebouxiophyceae Chlorellales Chlorellaceae Micractinium reisseri LSU
Ozd Chlorophyt

gree Plantea 3 Pny Trebouxiophyceae Chlorellales Oocystaceae Chloroidium | saccharophilum LSU

n

?:O? Eubacteria Cyanr(i)atl)acte Cyanophyceae Oscillatoriales Osmllatg;:aophyc:ld Leptolyngbya sp Tuf A

Cr):(? Chromista | Ochrophyta | Bacillariophyceae | Thalassiophysales Catenulaceae Amphora coffeaeformis LSU

Jid | Chromista | Ochrophyta | Bacillariophyceae | Thalassiophysales Catenulaceae Amphora coffeaeformis LSU

LSU-

Khd Plantea Chloraophyt Chlorod:;edrophyc Chlorodendrales | Chlorodendraceae Tetraselmis marina ITS-

tuf A
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http://www.algaebase.org/browse/taxonomy/?id=86704
http://www.algaebase.org/browse/taxonomy/?id=86704
http://www.algaebase.org/browse/taxonomy/?id=117388
http://www.algaebase.org/browse/taxonomy/?id=117388
http://www.algaebase.org/browse/taxonomy/?id=4346
http://www.algaebase.org/browse/taxonomy/?id=4346
http://www.algaebase.org/browse/taxonomy/?id=4500
http://www.algaebase.org/browse/taxonomy/?id=4500
http://www.algaebase.org/browse/taxonomy/?id=4915
http://www.algaebase.org/browse/taxonomy/?id=4915
http://www.algaebase.org/browse/taxonomy/?id=4356
http://www.algaebase.org/browse/taxonomy/?id=4356
http://www.algaebase.org/browse/taxonomy/?id=4356
http://www.algaebase.org/browse/taxonomy/?id=4356
http://www.algaebase.org/browse/taxonomy/?id=4515
http://www.algaebase.org/browse/taxonomy/?id=4515
http://www.algaebase.org/browse/taxonomy/?id=4962
http://www.algaebase.org/browse/taxonomy/?id=4962
http://www.algaebase.org/browse/taxonomy/?id=6010
http://www.algaebase.org/browse/taxonomy/?id=6010
http://www.algaebase.org/browse/taxonomy/?id=4293
http://www.algaebase.org/browse/taxonomy/?id=4293
http://www.algaebase.org/browse/taxonomy/?id=4305
http://www.algaebase.org/browse/taxonomy/?id=4305
http://www.algaebase.org/browse/taxonomy/?id=4351
http://www.algaebase.org/browse/taxonomy/?id=4351
http://www.algaebase.org/browse/taxonomy/?id=4538
http://www.algaebase.org/browse/taxonomy/?id=4538
http://www.algaebase.org/browse/taxonomy/?id=87028
http://www.algaebase.org/browse/taxonomy/?id=87028
http://www.algaebase.org/browse/taxonomy/?id=86704
http://www.algaebase.org/browse/taxonomy/?id=86704
http://www.algaebase.org/browse/taxonomy/?id=99581
http://www.algaebase.org/browse/taxonomy/?id=99581
http://www.algaebase.org/browse/taxonomy/?id=4337
http://www.algaebase.org/browse/taxonomy/?id=4337
http://www.algaebase.org/browse/taxonomy/?id=77843
http://www.algaebase.org/browse/taxonomy/?id=77843
http://www.algaebase.org/browse/taxonomy/?id=77930
http://www.algaebase.org/browse/taxonomy/?id=77930
http://www.algaebase.org/browse/taxonomy/?id=86704
http://www.algaebase.org/browse/taxonomy/?id=86704
http://www.algaebase.org/browse/taxonomy/?id=99581
http://www.algaebase.org/browse/taxonomy/?id=99581
http://www.algaebase.org/browse/taxonomy/?id=4337
http://www.algaebase.org/browse/taxonomy/?id=4337
http://www.algaebase.org/browse/taxonomy/?id=77843
http://www.algaebase.org/browse/taxonomy/?id=77843
http://www.algaebase.org/browse/taxonomy/?id=77930
http://www.algaebase.org/browse/taxonomy/?id=77930

C. Growth kinetics

Experiments on growth Kinetics were conducted for four isolates: Jbd (Figure 24),
Had (Figure 26), Jod (Figure 28), and Ozd (Figure30 ). Below are graphs representing
readings of optical density taken at 560nm for a period of time. From previous
experience, the lag phase may be reduced if a more concentrated initial inoculum is used

to reach an Asgonm reading between 0.05 and 0.1.

After an initial lag phase of about two days, exponential growth started and lasted
for a period of two to four days in three out of four isolates (Figures 24, 26, 30). On the
other hand, Jod isolate had a very short exponential phase of one day (Figure 28). The
relatively high initial growth rate of Had, Jod, and Jbd was reflected by their specific
exponential growth rate (U max/d) 1.58, 1.50, 1.46, respectively (Figures 27, 29 and 25) as
compared to i max of 0.885 for Ozd (Figure 31). The highest optical density readings
were obtained with the Had isolate with Asgonm Value of 0.8 corresponding to about 4x
10%cells and a dry matter of 406 mg/ml in the stationary phase (Table 8) while the lowest
reading was recorded with Jbd isolate which reached an Asgo 0f 0.2 with 0.8x10° cells/ml
and a dry matter of 445mg /ml in the stationary phase however, since growth stopped at

this O.D., the number of cells declined to 0.45x10° cells/ml after few days.

At an O.D. of Asgonm reading close to 0.4, the number of cells reached close to
3x10° cells/ml in the Ozd and Had isolates. In the Jod isolate, the cell number recorded at
the same absobance was about 5x10°cells/ml and reached later 2.5x106 cells/ml at an

O.D. of 0.55.
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Figure 24. Growth kinetics of Jbd isolate as measured by optical density readings
(Assonm). The number of cells/ml is provided at specific dates and O.D. values.
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Figure 25. Daily exponential specific growth rate (pmax d™) of Jbd isolate.
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Figure 26. Growth kinetics of Had isolate as measured by optical density readings
(Assonm). The number of cells/ml is provided at specific dates and O.D. values.

pmax/d

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

-0.2
-0.4

Had

10

12

14

Days

Figure 27. Daily exponential specific growth rate (Umax d™*) of Had isolate.

68




Jod

0.6 3,000,000
0.5 4 Y 2,500,000
0.4 \— 2,000,000 £

=
g c
20.3 1,500,000 3
< / S
©
0.2 1,000,000 &

0.1 * 500,000

O 1 1 1 1 1 O

Days

=0—0.D. 560nm
¢ Cell Count

Figure 28. Growth kinetics of Jod isolate as measured by optical density readings
(Asgonm). The number of cells/ml is provided at specific dates and O.D. values.
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Figure 29. Daily exponential specific growth rate (pmax d™*) of Jod isolate.
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Figure30 . Growth kinetics of Ozd isolate as measured by optical density readings

(Assonm)- The number of cells/ml is provided at specific dates and O.D. values.
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Figure 31. Daily exponential specific growth rate (pma d™*) of Ozd isolate.
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Table 8. Dry weights of four microalgal isolates at corresponding optical densities during
exponential and stationary growth phases.

Exponential phase Stationary phase
Isolate | A560 | (mg/L) [ A560 | (mg/L)
Jbd 0.191 42.8 0.244 445
Jod 0.392 62 0.404 443
Had 0.481 129.8 0.664 406
Ozd 0.247 104.4 0.336 495

D. Lipid and fatty acids content

The gravimetric determination method was used to determine the percent lipid
content based on dry weight for different microalgal species. Saturated and unsaturated
fatty acids were also determined for each isolate (Table 9). The highest total lipid content
was recorded during the stationary phase. It reached about 16% in Jbd and Had isolates
and about 14.5% in Jod and Ozd isolates. In the exponential phase, the lipid content was
1-2% lower than as compared to the stationary phase (Table 9, Figure 32,Figure 33). The
proportions of saturated and monounsaturated FAS were greater in the stationary phase of
the growth period as whilst polyunsaturated FA were considerably more in microalgae

during the exponential phase of growth.
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Table 9. Total lipid content (%) and percentage saturated and unsaturated FA in four
local microalgal isolates measured at two growth stages.

Total %Unsaturated fatty acid
. O%6Sat-
0O.D./ no. Lipid
Phase Isolate urated
of days | Content EA
(%DW) Total | Mono | Di Poly
Jbd 0.191/3 14* 2798 | 70.61 | 36.28 | 7.95 | 26.38
Jod 0.398/3 12.17* 33.14 | 66.85| 35.87 | 6.67 | 24.31
Exponential Hag | 0-661/4 15% 3124 | 6749  37.68 481 | 25
Ozd 0.247/5 13.33* 30.71 | 68.19 | 29.68 | 14.39 | 24.12
Jbd 0.244/9 16.5* 348 |65.19 | 48.25 | 6.59 | 10.35
Jod 0. 404/8 14.63* 31.92 | 68.07 | 38.32 | 8.87 | 20.88
Stationary Hag | 0-710/10 | 16.03* | 3625 6284 4525 572 1187
Ozd 0.336/11 14.53* 35.890 | 64.13 | 47.16 | 7.5 | 9.47

* Average of three replicates.

In all four microalgal isolates, two types of omega FA were detected: omega 3

and 6. In the exponential phase, the content of omega 3 was greater than that of omega 6

with proportions of total lipid content ranging between 22.51 and 24.1% for omega 3 as

compared to 3-14% for omega 6 (Table 10).

In the stationary phase, levels of omega 3 dropped and ranged between 8 and 17%

while the concentration of omega 6 varied between 6.88 and 9.68% of total lipids. The

highest content of omega FA (both 3 and 6) was detected in the Ozd isolate during the

exponential growth and reach 38.5% of total lipids. While during the stationary phase the

Jod isolate showed the highest total content of FA (Table 10).
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Among the four tested isolates, Jbd, Jod and Had had a biodiesel production of
49.84, 42.8 and 48.72 mg/liter of media culture respectively while Ozd had a biodiesel

production of 52.6mg/liter of media culture (Figure 33).
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Figure 32. Total lipid content of microalgal isolates in both exponential and stationary
phases.
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Figure 33. Biodiesel production of four local microalgal isolates measured at the
stationary stage *.

Table 10. Content of omega FA in four local microalgal isolates observed during two
growth stages (% of total lipids).

% omega FA in total lipids
Isolates
Phase Omega type
Jbd Jod Had Ozd
Omega 6 3.03 7.62 5.38 14.39
Exponential Omega 3 23.8 23.36 22.51 24.12
Total 26.83 | 30.98 27.89 38.51
Omega 6 7.87 9.68 6.88 8.58
Total 1589 | 26.81 17.12 16.97

13 Capsulata is a reference obtained from a previous study.
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E. Pigment concentrations

The chlorophyll content ranged between 2.166 and 8.2 pug / ml of microalgal
culture media using the acetone extraction protocol [39]. The Jbd had the greatest content
while the Ozd had the least content. The methanol extraction method for chlorophyll
quantification gave similar figures to those of the acetone extraction in two samples but
lower figures in the remaining two samples. The Ozd isolate had the least content of
carotenoids (3.3 pg/ ml) while the other three isolates had a greater content ranging

between 9 and 11 pg/ ml (Table 11).

Table 11. Chlorophyll and carotenoid content in four microalgal isolates (pg / ml).

Solvents Jbd Had Jod Ozd
Isolates

pgChlorophyll/ ml
medium 8.17 4.83 3.28 2.166

(Jeffrey & Humphrey) **

Acetone
pgChlorophyll/ml

medium 7.981 4.658 3.0027 | 1.99
(Strickland & Parsons) **

pg Chlorophyll/ ml
medium 4.19 5.06 3.46 1.17

(Porraet al) *
pg Carotenoids/ml

Methanol
medium 0.149 11.12 8.939 3.337

(Lichtenthaler) **

1 138][39]

75



The four isolates showed considerable variations in their chlorophyll content with
Jbd isolate containing Chl a, b and ¢, Had and Jod having only Chl a and b and Ozd
probably having mainly Chl a with a low concentration of chlorophyll b. The Jbd isolate

had the highest content of chlorophyll (Table 12 ).

Table 12. Content of chlorophylls a, b, ¢ in four local microalgal isolates (mg /m®).

Chlorophyll
Chla | Chlb | Chlc
Jbd 17.83 | 16.63 | 30.88
Had 11.39 5.20 -0.50
Jod 6.89 3.23 -2.11
Ozd 4.00 0.74 -5.84

Isolates

F. Protein Content

In general the two methods for quantification of proteins gave more or less similar
results except for the Jod isolate for which the Digesdahl procedure gave a lower value as
compared to Kjeldahl procedure. Using a N to protein conversion factor of 5.95, the Jbd
isolate had the highest protein content (18-19%) while the other isolates contained

between 7 to 9% based on Kjeldahl method (Table 13).

Table 13. Crude protein content (%DW) for four microalgal isolates using Kjeldahl and
Digesdahl methods.

% proteins using
Samples
Kjeldahl method Digesdahl method
Jbd 19.31 18.26
Jod 8.71 4.03
Had 7.42 6.84
Ozd 8.9 7.58
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G. Antimycotic or antifungal activity

1. In- vitro experiment

a. Jbd extracts

All in the Jbd extracts did not show any significant inhibition of Alternaria and
Fusarium growth. However, the crude water extract resulted in a significant inhibition of
Rhizoctonia growth, observed at four and eight days post inoculation. This extract also

resulted in a delayed growth of Botrytis (Table 14).

Table 14. Effect of various extracts of Jbd isolate on the in-vitro growth of four fungal
species: Mean diameter of fungal colony (cm).

Alternaria Rhizoctonia Fusarium Botrytis
T1 T2 T1 T2 T1 T2 T1 T2
Control 3.10*" | 4.85** | 450*' | 5.20*" | 4.15%" | 5,00*' | 2.30*" | 3.00*!

Methanolic extract | 3.43*! | 5.20%2 | 3.73%' | 5.03%2 | 453%! | 5.202! | 3.63"! | 4.67°

Non methanolic
water soluble 3.17% | 4.47%% | 3.93% | 4.90%! | 4.17% | 4.80% | 2.53%1 | 340"

extract

Crude water extract | 3.30*! | 5.03*? | 0.77° | 1.53% | 4.00%! | 5.07** | 0.97% | 2.40%2

Culture filtrate

420%' 5202 | 4.47%' | 5.20%! | 4.10% | 5.20%' | 2.50%! | 4,331
water Extract

¢ Means in a column followed by different alphabetical superscripts are significantly
different (P<0.05)

or
#Means in a column followed by the same alphabetical superscript are not significantly
different (P>0.05)

or

! Means in a row followed by different numerical superscripts are significantly different
(P<0.05)

or

2 Means in a row followed by the same numerical superscript are not significantly
different (P>0.05)
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b. Jid extracts

None of the Jid extracts showed a significant inhibition effect on any of the four
fungi tested except for the culture filtrate which resulted in a significant delay in

Rhizoctinia growth at four days post inoculation (Table 15).

Table 15. Effect of various extracts of Jid isolate on the in-vitro growth of four fungal
species: Mean diameter of fungal colony (cm).

Alternaria Rhizoctonia Fusarium Botrytis

T1 T2 T1 T2 T1 T2 T1 T2
Control 4.43%* | 520*' | 3.10*' | 3.60%* | 4.87% | 5.20*! | 2.97%! | 35721
Methanolic |/ 17a1 | 5g0at | 4502t | 5,005 | 450°! | 4.97%! | 4.17%! | 4.17%
extract

Non methanolic
water soluble | 4.40%' | 4.80%* | 3.83*' | 460! | 4.80%! | 4.80* | 4.07% | 450%!
extract

Crude water

5.00% | 5202 | 3.27** | 3.63*! | 5.00*! | 5.20*' | 3.50%* | 4.60%!
extract

Culture filtrate

5.00%! | 5.20%! | 0.77°* | 2.17* | 5.00* | 5.20%! | 3.00%! | 3.33%!
water Extract

¢ Means in a column followed by different alphabetical superscripts are significantly
different (P<0.05)

or

#Means in a column followed by the same alphabetical superscript are not significantly
different (P>0.05)

or

! Means in a row followed by different numerical superscripts are significantly different
(P<0.05)

or

12 Means in a row followed by the same numerical superscript are not significantly
different (P>0.05)
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c. Ozd extracts

Although observations showed that the non methanolic extracts of Ozd isolates

retarded the growth of the four fungi evaluated; the difference was not statistically

significant. Only culture filtrates resulted in significant inhibition of Rhizoctonia growth

(Table 16).

Table 16. Effect of various extracts of Ozd isolate on the in-vitro growth of four fungal
species: Mean diameter of fungal colony (cm).

Alternaria Rhizoctonia Fusarium Botrytis
T1 T2 T1 T2 T1 T2 T1 T2
Control 3.83%! | 5,00%' | 4573 | 5.00% | 4.23%! | 5.00%! | 2.87%! | 4.50%!
Methanolic extract | 3.33%! | 5.00%! | 4.60% | 4.83%! | 4.07%! | 5.00%! | 3.43%! | 4.40%!
Non methanolic
water soluble 2.07%' | 2502 | 3.07% | 3.33% | 3.33%! | 4573 | 1.40%! | 2.17%¢
extract
Crude water extract | 450! | 5.20%! | 4.33%! | 5.20%! | 4.73%! | 5.20% | 2.072! | 3.90%1
C\/\‘/’;:g:‘;‘;‘g;itte 3.83%1 | 5.00%! | 0.872! | 1.90%! | 3.73% | 5.00%! | 1.73%! | 3.672¢

¢ Means in a column followed by different alphabetical superscripts are significantly

different (P<0.05)

or

#Means in a column followed by the same alphabetical superscript are not significantly

different (P>0.05)
or

! Means in a row followed by different numerical superscripts are significantly different

(P<0.05)
or

2 Means in a row followed by the same numerical superscript are not significantly

different (P>0.05)
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d. Khd extracts

Most extracts of the Khd isolate did not show any significant effect on the growth

of the four species of fungi tested, except for the culture filtrates which resulted in a

significant delay of Botrytis growth and a nonsignificant delay in Rhizoctonia growth

(Table 17).

Table 17. Effect of various extracts of Khd isolate on the in-vitro growth of four fungal
species: Mean diameter of fungal colony (cm).

Alternaria Rhizoctonia Fusarium Botrytis
T1 T2 T1 T2 T1 T2 T1 T2
Control 3.00%! | 5.20*2 | 3.25%"1 | 5202 | 3.23°! | 5.20%? | 3.33*! | 5.20*?
Methanolic extract | 4.50%! | 5.20* | 3.83%' | 5.20*' | 4.33*! | 520%! | 4.33%! | 5.20%!
Non methanolic
water soluble 3.66%! | 5.20*! | 2.50*"! | 520 | 3.66%>! | 5.20* | 3.66*! | 5.20*!
extract
Crude water extract | 4.43*' | 5.20* | 3.66> | 5.20*! | 4.86%%! | 5.20*! | 4.33%! | 5.20**
Culture filtrate |/ 521 | 5 o0at | 51601 | 3766722 | 3.50%1 | 5.00°2 | 0.80° | 2.66°2
water Extract

#¢ Means in a column followed by different alphabetical superscripts are significantly

different (P<0.05)

or

#Means in a column followed by the same alphabetical superscript are not significantly

different (P>0.05)
or

! Means in a row followed by different numerical superscripts are significantly different

(P<0.05)
or

2 Means in a row followed by the same numerical superscript are not significantly

different (P>0.05)
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Alternaria grew in all extracts of Khd isolate (Figure 34). However, sporulation
varied from extract to extract. Crude and non methanolic extracts favored sporulation as
compared to other extracts types. By observations, levels of sporulation of the methanolic
extracts were very close to those present in the control whereas culture filtrates were

more effective in suppressing fungal sporulation.

Culture filtrate extract Methanobc Extract

Non methanobic water soluble extract

Figure 34. Effect of Khd extracts on growth and sporulation of Alternaria sp. grown in
vitro.
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2. In-vivo experiment

a. Effect of microalgal extracts on cucumber length

Sprays with the Jbd methanolic and non-methanolic water soluble extracts did not
show a significant effect on the growth of cucumber seedlings (Figure 35 and 36).

as measured at 6, 10, 12 and 20 days post spraying respectively.
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Figure 35. Effect of microalgal methanolic extract (of the Jbd isolate) on the average
length of cucumber seedlings (cm).
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Figure 36. Effect of microalgal non-methanolic extract (of the Jbd isolate) on the average
length of cucumber seedlings (cm).

b. Effect of microalgal extracts on cucumber infection of cucumber plants by the

powdery mildew fungus

Spraying cucumber seedlings with methanolic or non methanolic water soluble
extracts of the Jbd isolate resulted in a slight decrease in symptoms severity, but
statistical analysis did not show a significant difference between treatments (Table 18).
Therefore, no significant protection against infection and spread of powdery mildew

fungus could be inferred.
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Table 18. Effect of microalgal extracts sprays on cucumber infection by powdery
mildew, ten and twenty days post inoculation, expressed as % leaf area infected.18a and

18b are two repetitions of the same experiment at one month interval.

18a
% leaf area infection at days post
inoculation
Treatment Mean+SD Mean+SD
10 20
Methanolic extract 24.705+31.182 83.8+26.01°
Nongte:;'ftno“c 25.78+36.58° 86.07+27.83°
Contrxgg 'rSt'"Ed 42.82429.477° | 98.17+6.14°
Control-10%ethanol 27.4424.3069 2 88.21+26.722
18 b
% leaf area infection at days post
inoculation
Treatment Mean+SD Mean+SD
10 20
Methanolic extract 81.09+20.14% 100402
Nongfrt;‘;”o“c 89.9+18.13° 98.76 +5.093°
Contrvc\’lgt[; ft"'ed 73.05+26.84 95.4+10.17°
Control-10%ethanol 79.72+29.462 91.95+17.628%

#Means in a column followed by the same alphabetical superscript are not significantly
different (P>0.05)
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CHAPTER V

DISCUSSION

A. Isolation and molecular identification

The isolation procedure followed in this study may have resulted in the
predominance of some species of microalgae, belonging mainly to the green microalage
and to the diatoms. It would be recommended to use two or more isolation media
including a specific medium that favors the growth of cyanobacteria, due to the

importance of these organisms in the production of bioactive substances.

Microalgae are mostly unicellular organisms; making identification based on
morphological characteristics tedious and often not possible. Accordingly, molecular
tools based on gene sequencing are gaining acceptance as identification tools accurate to
the species level [83]. However, molecular characterization of microalgae still needs
refinement and identification to species level may require sequencing of two or more

genes.

In preliminary evaluations, many of the primers pairs reported in the literature
failed to give amplification products from our isolates or gave amplification products
whose sequences were non- specific and did not allow identification to the species level
(data not reported). In the present thesis, we tried several primer pairs targeting the LSU
and ITS of the ribosomal DNA, as well as tuf Agene and mitochondrial cytochrome ¢

oxidase 1 gene. Among the primer pairs tested, the one that targets the LSU D2/ D3
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region was the most important in identifying many microalgae to the genus level. Four
local isolates were identified based on at least two genomic regions. Had and Khd as
Tetraselmis marina (LSU, ITS, Tuf A), Had 2 as Amphidium carterae (LSU, ITS, Tuf A),
Ozd red isolate contained the cyanobacterium Leptolyngbya sp. (Tuf A) and Amphora
coffeaeformis (LSU). The remaining isolates were identified based on one genomic
region. Jid was identified as Amphora sp. (LSU), Dad as Chlorella vulgaris (LSU), Jod
as a Micractinium reisseri and Ozd green a Chloroidium saccharophilum (Tuf A), noting
that this Chloroidium species was also known as Chlorella saccharophyla, phylum
chlorophyta [80]. It is worth mentioning that the obtained sequence for Jbd Isolate was
not considered good enough for proper identification. However , careful analysis of
molecular data in combination with the pigment analysis which showed that this culture
contained chlorophylls a, b and c, suggests that the Jbd isolate is a mixture of
Micractinium reisseri and another microalga genus belonging to a different phylum. It is
recommended to further purify this isolate and repeat the sequencing. With reference to
the previous study conducted in Lebanon [83], this study has identified the following new
genera or species: Amphidinium carterae, Chlorella variabilis , Micractinium reisseri,

Chloroidium saccharophilum, Leptolyngbya sp and Amphora sp.

B. Growth Kinetics

The growth rate of microalgae depends on several parameters including
microalgae isolate and several environmental factors including temperature, light

duration and intensity, CO,, salinity, pH, and nutrient availability. Under our
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experimental conditions, the growth rate of the four isolates was highest directly after the
lag phase and lasted for two to four days only. Later on, the growth rate dropped sharply.
Since the CO; supply was adequate and the pH was stable, the major limitation may be
due to nutrient availability or due to accumulation of toxic or inhibitory products.
Therefore, it would be recommended to try different growth media or to supplement
nutrients two to three days after the initiation of the exponential growth rate. Other
limiting factors that may be taken into consideration are the light intensity and the
temperature, which may improve the growth rate especially in the case of Ozd isolate. On
the other hand, the early growth rate may be considered acceptable, fast and good in the
remaining three isolates. It reached a p max around 1.5 considered high since it reflects the

doubling of microalgal cells each 11 hours [79].

C. Lipid analysis

Total lipid content varied from 12 to 16% of the microalgal dry weight (Table 9).
Tetraselmis marina i.e. Had isolate, recorded 15% of its content as lipids which was also
reported in the literature where Tetraselmis sp. had 14.7% lipids in its biomass. While the
remaining green microalgal isolates tested reported in the literature had wider ranges
from 19 to 21% [81]. Significant differences in total lipids and the FA profiles were
observed depending on the growth phase. The closer to the stationary phase the higher
was their total lipid content however the highest content of PUFA and omega FAs were

observed during the exponential phase.
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The lipid content of microalgae and the composition of their saturated and
unsaturated fatty acids may be affected by several factors including the light conditions,
nutrient composition of the medium, pH, salinity etc. Our data shows that the proportion
of unsaturated fatty acids was greater than that of saturated FAs in both exponential and
stationary phases (Table 9).

The relative percentage of saturated fatty acids increased in the stationary phase
of three isolates out of four, as compared to their content during the exponential phase.
On the other hand, the relative percentage of unsaturated FA and omega FA was higher in
the exponential phase. This was also reported in the literature, where microalgae P.
tricornutum and P. cruentum had higher percentages of omega FAs in the exponential
phase [87]. This change in the percentage of unsaturated FA of the stationary phase might
be due to the effect of nutrient starvation reached since continuous nutrient supply during
culturing was not performed [28][29]. Furthermore, it has been noticed that saturated and
monounsaturated fatty acids predominated all microalgae tested (Table 9). The higher the
percentage of saturated and monounsaturated FA, the better they are suitable for biodiesel
production. Proportions of the omega group of fatty acids varied from 25 to 57% of the
unsaturated fatty acids (Table 10). The proportions of unsaturated FA are dependent on
variations in temperatures as highlighted before with an increase in their content as
temperature increases. On the other hand, there have been studies pointing the
importance of lighting conditions since low light intensities favored the formation of
membrane specific polyunsaturated fatty acids, while high light intensities favored

neutral lipids [31].
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The four isolates were also evaluated for their biodiesel potential and showed a
biodiesel productivity around 50mg/l of culture media in three isolates (Figure 33).
According to the literature, a biodiesel production less than 80mg/I of microalgal media
culture is considered non- competitive and therefore non-economical as compared to
current diesel produced for a mixed algal culture, R. hieroglyphicum and C. vulgaris.

Ahmad et al (2013) reported a biodiesel productivity of 91, 92 and 94% respectively [85].

D. Pigment Analysis

Several methods can be found in the literature, most of them are related to
spectrophotometric analysis for chlorophyll and carotenoids evaluations. Several factors
were tested including the extraction solvent to be used, the cell wall disruption technique

as well as several empirical correlations.

According to our results, acetone extraction proved the best for quantification of
chlorophyll content. Using this method Jbd isolate recorded the highest quantities of
chlorophyll about of 8.17 or 7.981 pg/ ml medium based on Jeffrey and Humphrey

(1975), Strickland and Parsons (1968) correlations respectively [39] (Table 11).

Our results are in disagreement with those of Henriques et al (2007) [5][6] who
reported methanol as the best extraction solvent to quantify chlorophyll a. In the Jbd
isolate, the chlorophyll content obtained with acetone extraction was twice more
compared to methanol extraction. Therefore, according to the above referred data, the
best method for the evaluation of chlorophyll content in microalgal cells make use of

acetone as extraction solvent with Jeffrey and Humphrey (1975) correlation.
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Schumann et al (1998) considered that acetone is a suitable solvent for extraction
of several algal components, because the extractability is related to the chemical and
mechanical properties of microalgae [40]. Leeuwe et al (2005) proved that pigment
extracts were unstable in methanol with recorded losses of chlorophyll a ranging from 10
to 60% per day; while those extracted with acetone lost less than 1% of their content.
Other reports suggest that methanol activates chlorophyllase causing the loss of
chlorophyll a [38, 42]. In addition to a good choice of solvent with suitable properties, a
good method for mechanical cell disruption is needed. Probe sonication proved efficient
in extraction of chlorophyll a [40] so did the freezing / defreezing technique. This was
confirmed with our results due to the effect of combining both techniques of cell
disruption as well as using the proper solvent for extraction. Joining acetone and freeze
drying for pigment extraction would be a suitable combination since freeze drying
technique will break the protein matrix of microalgal cells making solvent accessibility

easier [38].

The Jbd isolate contained significant higher chlorophyll concentrations than the
Had, Jod and Ozd isolates. All isolates contained chlorophylls a and b while chlorophyll ¢
was present only in Jbd isolate at higher levels than chlorophyll a and b. Our results are in
agreement with the characteristics of green algae that generally have photosynthetic
pigments including chlorophylls a and b and zeaxanthin [41] which confirms our
molecular identification in three out of four isolates belonging to the chlorophyta algae
(Table 1). Only Jbd isolate had chlorophylls a, b and ¢, showing that the Jbd isolate is
probably a mixture of two microalgae belonging to two different taxonomic groups,

Chlorophyta and another undetermined phylum. This may explain the difficulty we got in
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sequencing the amplicons obtained from the Jbd isolate (Table 6). Cloning of the
amplicons prior to sequencing may help in proper identification of the two microalgae

genera present in this culture.

On the other hand, to extract more polar pigments, such as carotenoids, methanol
solvent was used. The empirical formula of Lichtenthaler specific for carotenoid
concentrations was followed and large concentrations of the pigment were obtained.

According to our results, the isolate Had had the highest carotenoid content.
Several studies have been undergone on the possible beneficial health effects of
carotenoids isolated from microalgae. A study conducted on the green algae C. humicola,

showed an activity of carotenoids against environmental genotoxic agents [39].

E. Protein analysis

Several methods have been reported for protein analysis including colorimetric
and elemental analysis. Microalgal biomass usually contains a proportion of nitrogen not
associated with proteins but with compounds like DNA and chlorophyll a, thus the
commonly used Kjeldahl multiplier (6.25) for estimating plant proteins overestimates the
protein content of microalgae. Therefore, a suitable conversion factor would be 5.95 [33].
This has been also stressed by Barbarino et al. (2005) who gave a cofactor range for 12
different microalgae [34].

In our experiments, protein content has been determined by the classic Kjeldahl
method and by a modification of the latter known as Digestdahl method. In 3 out of 4

isolates, both methods showed similar results with a protein content ranging from 5.9 to
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18.6% of the microalgal dry weight (Table 14). Jbd isolate had high protein double or
triple the amount in the other isolates. Based on the Kjeldahl method, it has about 18% of
its dry weight as protein. According to FAO reports the protein content in microalgae
usually ranges from 12 t035% [35]. However, the protein content of our isolates had low
concentrations as compared to other green algae. According to Becker (1994), green
algae have protein content ranging between 8-58% of the % dry matter basis as for
Scenedesmus, Chlorella and Tetraselmis sp [80].

We conclude that Jbd isolate might be promising to be further studied in order to

increase its protein content and therefore use it as a feedstock for animals.

F. Antimycotic activity

Marine microalgae are rich sources of vitamins, minerals, proteins,
polysaccharides, lipids and fibers. Many substances obtained from microalgae are
currently tested due to their promising content. Several reports suggested their potential
as antibacterial, antifungal and antiviral agents. Four extracts of our microalgal isolates
were extracted and tested in vitro against plant pathogenic fungi: Alternaria solani,
Fusarium oxysporum, Botrytis cinerea, and Rhizoctonia solani. In general, the extracts of
the microalgae tested did not show a promising antimycotic activity. There was no
significant difference between the extracts tested and their controls. Culture filtrates of
Jid (Table 15), Ozd (Table 16) and Khd (Table 17) were able to suppress the growth of
Rhizoctonia, and Botrytis. But still the effect of the latter extract is questionable since it
contains a high salt concentration that might have affected the growth of the fungus. In
the future, an appropriate control should be included in such tests. Our results disagree
with Omar et al. (2012) who recorded efficiency of crude microalgal extracts against
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fungi [56] as well as other articles claiming the suppression of Fusarium solani after
being subjected to three algal exudates [8]. On the other hand, researchers have reported
the anti-sporulation effect of cyanobacteria Nostoc muscorum against Fusarium
verticilloids [10, 13]. However, our microalgae did not show any inhibitory effect on
sporulation of fungi (Figure 34). On the contrary, sporulation increased in crude water

extract as well as in the non-methanolic water soluble extract.

G. Induced Resistance

Induced resistance is a secondary response of some plants that arises after being
attacked by a pathogen or a non-virulent organism, or if the plants are subjected to
chemical or physical treatment. It can be either local appearing two to three days after
infection or systemic requiring a longer time by triggering the activation of different
signals inside the plant. For example, the green algae Ulva sp with a relatively high
content of a sulfated polysaccharide known as Ulvan, was shown to be effective in
activating plant immunity through the jasmonic acid signaling pathway [66]. Also
carrageenans, mainly A- carrageenan, high in sulfate content proved efficient in inducing

signaling and defense gene expression in tobacco leaves [68].

The two tested extracts of the microalgae Micractinium sp. failed to induce
systemic resistance to powdery mildew. For future experiments, it is recommended to
conduct preliminary screening tests with a large number of isolates and at a minimum of

two host pathogen systems. Microalgal isolates may help in selection of isolates with
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high laminarin, of xyloglucans content which may have a higher probability to induce

resistance.
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CHAPTER VI

SUMMARY, CONCLUSIONS AND

RECOMMENDATIONS

Microalgae are efficient photosynthetic organisms grow rapidly producing large
biomass containing lipids, proteins, carotenoids and other important secondary
metabolites. The main objectives of this thesis were to isolate local strains of microalgae,
to identify them using molecular techniques, and to determine their lipid content, fatty
acid profile, including saturated and unsaturated FA with a special attention to their
omega FA content and their protein content as a preliminary evaluation for their potential
use for biodiesel production, for food or feed supplements or for the control of plant
pathogenic fungi. A total of 11 microalgal isolates were purified. Since microalgal
identification based on anatomy is often difficult and sometimes impossible, their
identification based on molecular techniques was attempted. Amplification and
sequencing of the genomic regions LSU, ITS and partial Tuf A gene proved very useful.
The following genera and species were identified: Amphora coffeaeformis, Amphidinium
carterae, Chlorella variabilis, Chloroidium saccharophilum, Micractinium reisseri,
Tetraselmis marina, and the cyanobacterium Leptolyngbya sp. The growth kinetics and
the chemical composition of the selected isolates were analyzed. In general, the total lipid
content was higher during the stationary phase while PUFA and omega fatty acids were

higher during the exponential growth phase. The four tested isolates had total lipid
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content ranging between 14.5 and 16.5% DW, the crude protein content ranged between

9 and 19%.

The Had isolate, Tetraselmis marina contained chlorophylls a and b, a low
protein content (7.4% DW), 2.5% of omega FA and a total lipid content of 16% (DW)

with 81% polyunsaturated and monounsaturated FAS.

The Jbd isolate, most probably a mixture of Micractinium sp. and another
microalgae genus, contained the highest levels of chlorophylls a, b and c, a total lipid
content of 16.5% DW with 82% polyunsaturated and monounsaturated FA, about 2.5%
omega FA, and the highest level of protein (19.3% DW). This makes this isolate
promising for use as feed supplement, for biodiesel production as well as for chlorophyll
production.

The Jod isolate, Micractinium sp. contained chlorophylls a and b, 14.6% total
lipids, the highest level of PUFA and the highest level of omega FA about 3.9% DW
during the stationary phase, a lower percentage of unsaturated and monosaturated FA
(70%) and 8.7% DW protein. Therefore, this isolate would be the best source for omega 3
FA among the isolates tested.

The Ozd isolate, Chloroidium saccharophilum contained chlorophyll a and b,
14.5% total lipids of which 82% are unsaturated and monounsaturated, and had the
highest level of omega 3 and 6 FAs during the exponential growth phase. Its protein

content is about 9%.
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None of the four isolates mentioned above showed promising in- vitro activity
against the four fungi tested even though the non-methanolic extracts of Ozd isolate
retarded the development of three of the four fungi tested.

Under the conditions of the tests, none of the studied four isolates looks very
promising for biodiesel production unless culturing conditions may be modified to
increase the lipid content. However, their content of bioactive substances with interesting
biological properties deserves further investigations. It would be interesting to study more
local isolates trying to identify those with high growth rates coupled with over 30% total
lipids for biodiesel production or with high protein or omega FAs content for their
nutritional value.

The in-vivo antimycotic activity of only one isolate was evaluated. Sprays of
Micractinium sp. extracts on cucumber leaves did not lead to improvement in plant

growth nor did they give a significant protection against the powdery mildew fungus.

Recommendations:

Microalgae innovation is a hot and flourishing topic that requires a lot of studies
to be undertaken. This requires adequate facilities as well as a multidisciplinary research
project in order to reach success. The following recommendations may be suggested:

I.  To identify more Lebanese isolates to the species level, based on at least
three genetic markers.
ii.  To analyze the chemical composition profile of the Lebanese isolates in

order to assess their potential uses.
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To evaluate the efficacy of microalgae bioactive substances for their
medicinal properties including antioxidant, antimicrobial, and anticancer
activities as well as their nutritional value for use as human food
supplements or animal feed.

To screen the microalgal extracts for their potential use in agriculture for
the management of plant pests as well as for use as organic fertilizers.

To acquire appropriate facilities and equipments to conduct growth kinetic
studies under controlled conditions in order to determine their optimum

growth.
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APPENDIX |

FORMULATION FOR MARINE GROWTH MEDIA

A.Walne medium (Walne 1970)

This enriched seawater medium was designed for mass culture of marine

phytoplankton used as feed for shellfish.

Sodium metasilicate (40 mg - L-1) should be added for the growth of diatoms.
The vitamins solution is extremely dilute and lacks biotin. To prepare, pasteurize 1 liter
of filtered natural seawater; after cooling, aseptically add 1 mL of the nutrient solution

and 100 mL of the vitamins solution.

1. Nutrient Solution
Into 900 mL of high quality dH,0, dissolve the components. Bring final volume

to 1 liter with high-quality dH20O, filter sterilize, and store at 4°C.

Table 19. Composition of Walne mineral medium (1000x).

Component Stock Solution titv Used Concelg.traltlon n
(g - L' dH,0) Quantity Use Medi:Jnrﬁ o
NaNO; - 100.0 g 1.18 X 10°®
H3BO; - 33.6 g 5.43 X10™
Na2 EDTA 4
(anhydrous) - 4509 1.54 X 10
NaH,PO, - H,O - 20.0g 1.28X 10™
FeCl; - 6H,0 - 1.39 4.81X10°
MnCl; - 4H,0 - 0.36 g 1.82X 10°
Trace metals (See following 1
. . mL -
solution recipe)
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2. Trace Metals Solution

Into 900 mL of high quality dH,0, dissolve the components. This solution is

normally cloudy. Acidify with a few drops of concentrated HCI to give a clear solution.

Bring final volume to 1 liter with high-quality dH,O, filter sterilize, and store at 4°C.

Table 20. Composition of the trace metal solution specific for Walne medium.

. Concentration in
Component %to_ctf%ﬁtg;] Quantity Used Final
g 2 Medium (M)
ZnCl, - 21.0¢g 1.54X 10”7
CoCl, - 6H,0 - 20.0 g 8.41 X10®
(NH4)sM07024 - 4H,0 - 9.0g 7.28 X10°
CuS0;, - 5H,0 - 20.0 g 8.01 X 10-8

3. Vitamins Solution

Into 950 mL of dH,O, dissolve the thiamine - HCI and cyanocobalamin. Bring

final volume to 1 liter, filter sterilize, and freeze.

Table 21. Composition of the vitamin solution specific for Walne medium

. Concentration in
Component %to_ctfgllﬂtg? Quantity Used Final
g 2 Medium (M)
Thiamine -B|—1|§:I (vitamin i 104 2 96X 10710
Cyanocobalamin
({,itamin B12) ; 50 mg 3.69 X10-12

B. f/2 medium

This is a common and widely used general enriched seawater medium designed
for growing coastal marine algae, especially diatoms. The concentration of the original

formulation, termed “f Medium” (Guillard and Ryther 1962), has been reduced by half
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(Guillard 1975). Into 950 mL of filtered natural seawater, add the following components.

Bring the final volume to 1 liter with filtered natural seawater. Autoclave.

Table 22. Composition of f/2 mineral medium.

) Concentration in
Component ?to.ct_f.%lgtg;l Quantity Used Final
g 2 Medium (M)
NaNO; 75 1mL 8.82X 10
NaH,PO, - H,0 5 1mL 3.62 X10°
Na,SiO; - 9H,0 30 1mL 1.06 X 10
Trace metals solution (See fo_IIowmg 1mL -
recipe)
Vitamins solution (See fo_llowmg 0.5mL -
recipe)

1. f/2 Trace Metals Solution

Into 950 mL of dH,O, dissolve the EDTA and other components. Bring the final volume

to 1 liter with dH,0.

Table 23. Composition of f/2 trace metal solution

Stock Solution . Concen.tration in
Component (@ - L™ dH,0) Quantity Used F_lnal
Medium (M)
FeCl; - 6H,0 - 3.15¢g 1.17 X 10”
Na,EDTA - 2H,0 - 4.36 g 1.17 X 10”
MnCl, - 4H,0 180.0 1 mL 9.10 X 107
ZnSO, - 7TH,0 22.0 1 mL 7.65 X 10°®
CoCl, - 6H,0 10.0 1 mL 4.20 X 10°
CuS0;, - 5H,0 9.8 1mL 3.93 X10°
Na;MoQ, - 2H,0 6.3 1mL 2.60 X 10°°

2. f/2 Vitamins Solution

Into 950 mL of dH,0, dissolve the thiamine - HCI, and add 1 mL of the primary stocks.

Bring final volume to 1 liter with dH,O. Filter-sterilize and store frozen.
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Table 24. Composition of f/2 vitamin solution

Component

Stock Solution

Concentration in

(g - L' dH,0) Quantity Used MedFiLnrﬁl(M)
Thiamine 'B'Igz' (vitamin . 200 mg 2.96 X 107
Biotin (vitamin H) 1.0 1 mL 2.05X 10
Cyanocobalamin 1.0 1mL 3.69 X10°?

(vitamin B12)

102




APPENDIX 11

FUNGAL GROWTH, IN-VITRO

Tables below represent the statistical analysis of experiments done in vitro using

four microalgal extracts against four plant pathogenic fungi. Measures were undertaken

considering the percentage increase of the fungus as compared to the control.

Table 25. Effect of various extracts of Jbd isolate on the percentage growth change

(+ or-) of fungi relative to the control.

Alternaria Rhizoctonia Fusarium Botrytis
T1 T2 T1 T2 T1 T2 T1 T2
Control | 0.00** | 0.00*! | 0.00*' | 0.00*! | 0.00*! | 0.00*! | 0.00*' | 0.00%*
Methanoli 7.22 - 9.24 | 400 | 57.97 | 55.56
g)t(tf;(ilc 10.75%* al 17,0431 -3.20*! al al bl al
Non
methanol
water 5 1551 -12.122 '13,'159 6.49°L oéﬁo 4£o 105,114 13;:133
soluble
extract
Crude
3.77 - - 361 | 1.33 - -20.00
e")‘(’f‘rtaegt 645 | Wil gogght 70510t A | Al | gpgyed|
Culture
filrate | 35.48%1 | ;3% | 07421 o002t | L20 400 | ggga1 | 4445
extract

(15)2¢ Means in a column followed by different alphabetical superscripts are significantly

different (P<0.05)

or

#Means in a column followed by the same alphabetical superscript are not significantly

different (P>0.05)
or

! Means in a row followed by different numerical superscripts are significantly different

(P<0.05)
or

2 Means in a row followed by the same numerical superscript are not significantly

different (P>0.05)
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Table 26. Effect of various extracts of Jid isolate on the percentage growth change (+ or-)

of fungi relative to the control.

Alternaria Rhizoctonia Fusarium Botrytis
T1 T2 T1 T2 T1 T2 T1 T2
Control 0.00*9 1 0.00** | 0.00*' | 0.00*' | 0.00*' | 0.00*' | 0.00*' | 0.00*!
Mggt'f::tl'c 5941 | 0.00%' | 45.16%' | 38.89%! | -7.41% | 4492 | 40772 | 17.04%
Non
methanol
water -0.68* | -7.69%' | 23.65%% | 27.77%1 | -1.23%1 | -7.731 | 37.39% | 26.40%1
soluble
extract
Crszn‘:gter 12.87%' | 0.00%' | 538% | 0.92*' | 2.88*'  000* | 18.24%! | 29.21%!
-75.27 | -39.82
%‘ft':;{: 1287% | 000% | 2 3982 1 o821 | 000% | 1.35% | -6.36%
extract

(10)2¢ Means in a column followed by different alphabetical superscripts are significantly

different (P<0.05)

or

#Means in a column followed by the same alphabetical superscript are not significantly
different (P>0.05)

or

! Means in a row followed by different numerical superscripts are significantly different

(P<0.05)
or

2 Means in a row followed by the same numerical superscript are not significantly
different (P>0.05)
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Table 27. Effect of various extracts of Ozd isolate on the percentage growth change

(+ or-) of fungi relative to the control.

Alternaria Rhizoctonia Fusarium Botrytis
T1 T2 T1 T2 T1 T2 T1 T2
Control 0.00*7" 1 0.00** | 0.00** | 0.00** | 0.00*' | 0.00** @ 0.00**  0.00%
Methanolic | 15 9621 | 0002t | 0.87% | -3.33%'  -3.86%' | 0.00%! | -9.09% | -2.22%1
extract
, -8.66
Polysacch -50.00 | -32.01 | -33.33 | -21.20 51.04 | -56.66
0 yes)?f:acinde -46.04%1 b,1 al ab.1 al al al al
Crudewater | ;7 4901 | 40021 | 49721  400%  11.90%' 4002t @ 2[4 1338
extract
-80.99 | -62.00 | -11.74 4988 | -1851
Sgit"r":;fr 008* | 000% 8 2 L% go0et | Y 8,

@7)2¢ Means in a column followed by different alphabetical superscripts are significantly

different (P<0.05)

or

#Means in a column followed by the same alphabetical superscript are not significantly

different (P>0.05)
or

! Means in a row followed by different numerical superscripts are significantly different

(P<0.05)
or

2 Means in a row followed by the same numerical superscript are not significantly

different (P>0.05)
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Table 28. Effect of various extracts of Khd isolate on the percentage growth change (+

or-) of fungi relative to the control.

Alternaria Rhizoctonia Fusarium Botrytis
T1 T2 T1 T2 T1 T2 T1 T2
a,1
Control O'gg 0.00 " 000 | 000 | 000 | 000 | 0.00% 000
Methanolic | g gga1 ' 000 1 g3gar | 000%! | 9.80% | -256°  6.82°! | 0.00%
extract
- : 1
Polysaccharide | - ;. ax 0{30 1&-183 0.00%L | 9gp2t | 0.00% | 181821 | 0.002L
extract
1
Crlejgfr;\clzetlter 1685 1 000 153421 oot | 223531 | 0.00* | 1g1g2t | (0%t
000 | -50.54 & -60.95 -65.15 | -48.72
Sgit\y:(ffr 7.12% | Yol b,1 b,1 2.84% | -3.85% b1 b1

18)2¢ Means in a column followed by different alphabetical superscripts are significantly

different (P<0.05)

or

#Means in a column followed by the same alphabetical superscript are not significantly

different (P>0.05)
or

! Means in a row followed by different numerical superscripts are significantly different

(P<0.05)
or

2 Means in a row followed by the same numerical superscript are not significantly

different (P>0.05)
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APPENDIX I

LIPID ANALYSIS

Separation, identification and quantification of lipid compounds in microalgal

isolates were performed using GC-MS.

For Jbd isolate (Micractinium sp.),
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Figure 37. Chromatogram of lipid components of Jbd isolate in the exponential phase.
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Figure 38. Chromatogram of lipid components of Jbd isolate in the stationary phase.
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Table 29. Chemical components of Jod FAMEs with their corresponding retention time and percentage peak area in both exponential

and stationary phases.

Exponential phase Stationary phase
RT | Area% | RSI Chemical Peak Area | RT | Area% | RSI Chemical Peak Area
compound compound
Methyl
21 1 911 | From chlorophyll 513794618 24 1 919 305029256
tetradecanoate
24 1 923 Methyl 243810403 28 32 g37 | Hexadecanoic | ggnaa5393
tetradecanoate acid, methyl ester
Hexadecanoic 9-Hexadecenoic
28 27 946 . 9970147561 29 5 935 acid, methyl 2887334005
acid, methyl ester
ester, (2)-
9-Hexadecenoic 7,10-
29 4 945 acid, methyl 1626358735 30 1 921 | Hexadecadienoic 559664422
ester, (2)- acid, methyl ester
7,10- 4,7,10-
30 1 924 | Hexadecadienoic 461388777 31 1 917 | Hexadecatrienoic 438597879
acid, methyl ester acid, methyl ester
4,7,10- Octadecanoic
31 1 914 | Hexadecatrienoic 412289292 32 2 927 ; 947230748
- acid, methyl ester
acid, methyl ester
7,10,13- 9-Octadecenoic
32 2 908 | Hexadecatrienoic 651383655 33 42 944 acid, methyl 25369217146
acid, methyl ester ester, (E)-
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9.12-
32 30 go7 | 8Octadecenoic | 11010416003 | 34 gpy | Octadecadienoic | 450, 0704,
acid, methyl ester acid (Z,2)-,
methyl ester
912-
34 7 919 Océi‘ijj‘éd'ze)r_‘o'c 2444077252 35 808 | Tetratetracontane | 422602677
methyl ester
912.15- 912.15-
35 16 gge | Octadecatrienoic | poq/ ) cagg 35 gge | Octadecatrienoic | 400, 6nog
acid, methyl acid, methyl
ester, (Z,Z,2)- ester, (Z,Z,2)-
11-Eicosenoic 11-Eicosenoic
36 2 942 ; 575582399 36 943 , 616132967
acid, methyl ester acid, methyl ester
Methyl eicosa-
36 2 855 | 5811.14.17- 762982556 36 737 Z2,2,2-4,6,9- 631265569
Nonadecatriene
pentaenoate
4.7.10,13,16,19-
37 1 g1g | Docosahexaenoic | ,5,,5493, 37 886 | Tetratetracontane | 295725688
acid, methyl
ester, (all-2)-
5811,14- 5811,14-
38 1 ggy | EICOSAtelraenoic | ,qr/s0s5, 38 ggs | EICOsAtetraenoic | goq,05109
acid, methyl acid, methyl
ester, (all-2)- ester, (all-2)-
Methyl eicosa- Methyl eicosa-
40 4 939 | 58111417- | 1309656522 40 940 | 58111417- | 1248978494
pentaenoate pentaenoate
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For Had isolate (Tetraselmis marina)
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Figure 39. Chromatogram of lipid components of Had isolate in the exponential phase.
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Figure 40. Chromatogram of lipid components of Had isolate in the stationary phase.
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Table 30. Chemical components of Had FAMEs with their corresponding retention time and percentage peak area in both exponential

and stationary phases.

Exponential phase Stationary phase
RT Area % RSI Chemical Peak Area RT Area % RSI Chemical Peak Area
Compound Compound
21 1 oo | Decomposed | 5565097 21 1 g2z | Decomposed | 5610503
from chrolophyll from chlorophyll
Hexadecanoic Hexadecanoic
28 31 932 acid, methyl 6280591652 28 34 931 acid, methyl 6027395612
ester ester
9-Hexadecenoic 9-Hexadecenoic
29 2 913 acid, methyl 402664377 29 3 033 acid, methyl 551034906
ester, (2)- ester, (2)-
7,10- 7,10-
30 1 913 | Hexadecadienoic | ) 0919599 | 39 1 926 | Hexadecadienoic | 0, /000,
acid, methyl acid, methyl
ester ester
4,7,10- 4,7,10-
31 1 grg | Hexadecatrienoic |y, 153100 | g5 1 g1g | Hexadecatrienoic | hqe0,6
acid, methyl acid, methyl
ester ester
Hex;digé%g(;noic Octadecanoic
32 2 832 . 386333091 32 2 932 acid, methyl 266279902
acid, methyl
ester
ester
8-Octadecenoic 8-Octadecenoic
32 34 846 acid, methyl 6752256320 32 40 916 acid, methyl 7082976641
ester ester
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9,12- 9,12-
Octadecadienoic Octadecadienoic
34 4 917 acid (Z.2)-, 787740986 34 915 acid (Z.2)-. 802350220
methyl ester methy! ester
9,12,15- 9,12,15-
35 12 ggp | Octadecatrienoic | /6161008 | 35 ggs | Octadecatrienoic | necaneqy
acid, methyl acid, methyl
ester, (Z,2,2)- ester, (Z,Z,2)-
11-Eicosenoic 11-Eicosenoic
36 2 934 acid, methyl 422597739 36 933 acid, methyl 318351884
ester ester
Methyl eicosa- Methyl eicosa-
36 3 850 5,8,11,14,17- 614982271 36 859 5,8,11,14,17- 216684087
pentaenoate pentaenoate
4,7,10,13,16,19- 5,8,11,14-
37 1 g16 | Docosahexaenoic | 4 1505,y | 3g gop | EiCOSAelraenoic | gqqq050,
acid, methyl acid, methyl
ester, (all-Z2)- ester, (all-Z2)-
4,7,10,13,16,19- 8,11,14-
38 1 g5g | DOCOSANEXANOIC | oc/g70) 39 7g7 | Eicosatriencic |4 0000,
acid, methyl acid, methyl
ester, (all-Z2)- ester, (Z,2,2)-
Methyl (Z)- Methyl eicosa-
39 1 903 511,14,17- 192730769 40 942 5,8,11,14,17- 526651628
eicosatetraenoate pentaenoate
Methyl eicosa- Tetracosanoic
40 4 935 5,8,11,14,17- 882056957 41 789 acid, methyl 79847927
pentaenoate ester
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For Ozd isolate (Chloroidium saccharophilum)
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Figure 41. Chromatogram of lipid components of Ozd isolate in the exponential phase.
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Figure 42. Chromatogram of lipid components of Ozd isolate in the stationary phase.
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Table 31. Chemical components of Ozd FAMEs with their corresponding retention time and percentage peak area in both exponential

and stationary phases.

Exponential phase

Stationary phase

RT | Area% | RSI Chemical Peak Area RT | Area% | RSI Chemical Peak Area
compound compound
21 1 924 Decomposed 238523109 8 0 653 | Canthaxanthin | 114615105
from chlorophyll
. Methyl
22 0 614 Canthaxanthin 74326415 24 0 884 115247231
tetradecanoate
Methvl Hexadecanoic
24 1 889 y 138822009 28 33 932 acid, methyl 7669169038
tetradecanoate
ester
Hexadecanoic 9-Hexadecenoic
28 29 927 acid, methyl 6152934010 29 3 936 acid, methyl 805184459
ester ester, (2)-
9-Hexadecenoic Hexadlz’clzg)(;ienoic
29 4 944 acid, methyl 962339149 30 1 929 . 312872825
acid, methyl
ester, (2)-
ester
7,10- 4.7.10-
30 2 934 | Hexadecadienoic | o0, 5769 31 1 g1g | Hexadecatrienoic | qan) 0, p
acid, methyl acid, methyl
ester ester
Octadecanoic
31 1 660 Canthaxanthin 151979071 32 2 941 acid, methyl 494910654

ester
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7,10,13- .
Hexadecatrienoic 9-Octadecenoic
32 6 903 . 1323803893 32 43 935 acid, methyl 10130539000
acid, methyl
ester, (E)-
ester
8-Octadecenoic Octad?=,1cla%1ienoic
32 24 874 acid, methyl 5234566257 34 6 923 acid (Z.2)- 1455215972
ester N
methy! ester
9,12- 9,12,15-
34 12 gg4 | Octadecadienoic | g 954866 | 35 6 ggg | Octadecatrienoic | 4 q/ /90910
acid (Z,2)-, acid, methyl
methyl ester ester, (Z,Z,2)-
9,12,15- . .
Octadecatrienoic 11-Eicosenoic
35 16 888 acid, methyl 3363454269 36 1 928 acid, methyl 193651367
ester, (Z,2,2)- ester
11-Eicosenoic Methyl eicosa-
36 1 918 acid, methyl 180044330 36 1 851 5,8,11,14,17- 126981951
ester pentaenoate
Methyl eicosa- Eic?)’s?a’tle%r’;gnoic
36 1 857 5,8,11,14,17- 159233978 38 0 850 acid, methyl 92897667
pentaenoate ester. (all-2)-
Methyl eicosa-
38 0 670 Canthaxanthin 78567365 40 2 935 5,8,11,14,17- 368015003
pentaenoate
Methyl eicosa- Pentacosanoic
40 2 931 5,8,11,14,17- 337431733 41 0 737 acid, methyl 72876209
pentaenoate ester
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For Jod isolate (Micractinium reisseri)

RT: 0.00 - 67.02 SM: 7G
32.45 NL:
100 1.23E9
. 28.18 TICF: MS
| 140211_Jn
80— ebl 01
60—
7 35.18
40
20 39.64
. 8.39 21.18 W 4652 5374 59.79
0 B L L L L L L L L L
0 10 20 30 40 50 60
Time (min)

Figure 43. Chromatogram of lipid components of Jod isolate in the exponential phase.
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Figure 44. Chromatogram of lipid components of Jod isolate in the stationary phase.
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Table 32. Chemical components of Jod FAMEs with their corresponding retention time and percentage peak area in both exponential

and stationary phases.

Exponential phase Stationary phase
RT Area% | RSI Chemical Peak Area RT Area % RSI Chemical Peak Area
compound compound
Hexadecanoic Hexadecanoic
28.16 28.92 934 acid, methyl 9021852617 28 28.92 934 acid, methyl 9021852617
ester ester
9-Hexadecenoic 9-Hexadecenoic
28.88 2.64 934 acid, methyl 825150711 29 2.64 934 acid, methyl 825150711
ester, (2)- ester, (2)-
7,10- 7,10-
30.19 163 | gp4 |Hexadecadienoic | phoq)50,, 30 1.63 gp4 | Hexadecadienoic | o550,
acid, methyl acid, methyl
ester ester
4.7.10- 4.7,10-
30.82 0.81 | o1 | Hexadecatrienoic | .o\ ooq), 31 0.81 g1p | Hexadecatrienoic | .o paq, s
acid, methyl acid, methyl
ester ester
8,11,14- 8,11,14-
31.72 294 | gog | FEicosatrienoic | g,q45597 32 2.04 gog | Elcosatrienoic 918103517
acid, methyl acid, methyl
ester ester
8-Octadecenoic 8-Octadecenoic
32.45 34.34 851 acid, methyl 10714776519 32 34.34 851 acid, methyl 10714776519
ester ester
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32.95 0.58 861 | Tetratetracontane 181364623 33 0.58 861 | Tetratetracontane 181364623
9,12- 9,12-
Octadecadienoic Octadecadienoic
33.69 7.24 926 acid (Z.2)-, 2259809152 34 7.24 926 acid (Z.2)-, 2259809152
methy| ester methy! ester
34,51 0.99 802 | Tetratetracontane 308589901 35 0.99 802 Tetratetracontane 308589901
9,12,15- 9,12,15-
3518 | 1241 | gog | Octadecatrienoic | go0190e01 | 35 1241 | gog | Octadecatrienoic | 4g0 95001
acid, methyl acid, methyl
ester, (Z,2,2)- ester, (Z,2,2)-
11-Eicosenoic 11-Eicosenoic
35.6 1.34 944 acid, methyl 416842401 36 1.34 944 acid, methyl 416842401
ester ester
Methyl eicosa- Methyl eicosa-
36.03 2.05 805 5,8,11,14,17- 640470347 36 2.05 805 5,8,11,14,17- 640470347
pentaenoate pentaenoate
37.48 0.67 882 | Tetratetracontane 209819412 37 0.67 882 | Tetratetracontane 209819412
38.89 0.76 869 | Tetratetracontane 235675523 39 0.76 869 Tetratetracontane 235675523
Methyl eicosa- Methyl eicosa-
39.64 2.67 935 5,8,11,14,17- 833459522 40 2.67 935 5,8,11,14,17- 833459522
pentaenoate pentaenoate
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