
Establishment of methods for
bioprospecting of marine algae for

antimicrobial agents

Sanja Bogdanovic

Thesis for the Master’ degree in Pharmacy

45 study points

Department of Pharmaceutical Biosciences
School of Pharmacy

Faculty of Mathematics and Natural Sciences

UNIVERSITY OF OSLO

March/2018



II



III

Establishment of methods for
bioprospecting of marine algae for
antimicrobial agents



IV

© Author

2018

Establishment of methods for bioprospecting of marine algae for antimicrobial agents

Sanja Bogdanovic

http://www.duo.uio.no/

Print Cente, University in Oslo



V

Acknowledgments
The work in the present thesis was carried out at the Department of Pharmaceutical

Biosciences and the Department of Bioscience- Section for Aquatic Biology and Toxicology,

University of Oslo (UiO), for the Master’s degree in Pharmacy at the University of Oslo.

First and foremost, I would like to thank my supervisors Hanne Cecilie Winther-Larsen and

Bente Edvardsen. Thanks to Hanne for welcome me to her group, although I had finished my

previous studies in Serbia long ago and needed extra help to start working in lab again. I

appreciate your support and guidance throughout the thesis, and constructive comments

during writing process. Thanks to Bente for introducing me to the beautiful world of

microalgae. Your ideas and advices helped me tremendously.

I would also like to thank everyone in Hanne Winther-Larsen group. I am very grateful to

Ewa Jaroszewicz and Beata Urbanczyk Mohebi, who helped me enormously in the lab.

I would also like to give thanks to the other people at ZEB who were always kind and helpful.

I am also very thankful to Rita Amundsen, Sissel Brubak and Per-Johan Færøvig from

Department of Bioscience- Section for Aquatic Biology and Toxicology, UiO.

Special thanks to Helle Wangensteen and Margey Tadesse from Department of

Pharmaceutical Chemistry, who helped me with extraction of microalgae.

Finally, I would like to thank to my brother Goran, for his great patience and help with all

technical details during writing process. Thanks to my wonderful parents who supported me

all those years of my education and work, to my aunt who helped with drawings, to my uncle

who has always encouraged me to give my best.

Sanja Bogdanovic, Oslo-March 2018.



VI

Abstract
Antibiotic resistance is becoming one of the greatest concerns of the modern world, and

microbial infections are serious clinical threat. Mankind needs new agents to combat

pathogens. Natural products are still one of the major sources of new antibiotics. Therefore,

methods for antimicrobial susceptibility testing and discovering novel antimicrobials need to

be constantly developed. Microalgae could be important source of the “new antibiotics”.

Microalgae metabolism reacts to changes in the external environment with changes in its

intracellular environment. The manipulation of the culture conditions, or presence or absence

of certain nutrients, stimulates the biosynthesis of specific compounds. In recent years, a great

attention has been paid to antimicrobial screening and evaluating methods of microalgae as

well as isolating of antimicrobial compounds from microalgae extracts.

For the present master thesis, two microalgae strains Isochrysis galbana and Prymnesium

polylepis were cultured and harvested using centrifugation.  After extraction that was carried

out with the ASE 350 instrument, which uses a combination of elevated temperature (40 °C)

and pressure with organic solvents, DCM and ethanol extracts were obtained. Those extracts

were tested against four different bacterial strains, namely the two Gram-positive species S.

aureus, B.  subtilis, as well as the two Gram-negative strains E. coli and P.  aeruginosa.

Unfortunately, antimicrobial effect of those extracts has not been detected.

As a part of this master thesis, extracts obtained and used as a part of a Master thesis from

2015 “Bioprospecting Norwegian Microalgae” by marine biology student Shane Walker,

were tested. He had made extracts from several microalgae cultures which were tested for the

cytotoxic effect on eukaryotic cell lines. Those extracts were tested against S. aureus and

some of   them were tested against both S. aureus and E. coli. Unfortunately, none of those

extracts have shown antibacterial effect.

In the third part of the present thesis, two microalgae cultures I. galbana and Dunaliella

tertiolecta were  tested for their ability to inhibit the growth of marine bacteria Vibrio

alginolyticus . Microalgae cultures were incubated with Vibrio liquid culture and the number

of V. alginolyticus cells was counted by enumeration on TCBS agar plates every 24 hours in

the microalgae co-cultures, as well as in control. Results of the present thesis indicated that

both microalgae cultures prevented successfully the proliferation of this Vibrio strain in co-
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culture. D. tertiolecta co-cultures have shown rapid decrease of bacterial count, while I.

galbana co-cultures have shown slower but constant decrease of bacterial counts.
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Sammendrag
Antibiotikaresistens kommer til å bli en av de største bekymringene i den moderne verden.

Mikrobielle infeksjoner kan bli alvorlig klinisk trussel. Menneskeheten trenger nye agenter

for å bekjempe patogener. Naturprodukter er fortsatt en av de viktigste kildene til nye

antibiotika. Derfor må metoder for antimikrobiell sensitivitetstesting samt oppdagelse av nye

antimikrobielle midler utvikles kontinuerlig. Mikroalger kan være viktig kilde for "nye

antibiotika". Manipuleringen av kulturelle betingelser, eller tilstedeværelse eller fravær av

visse næringsstoffene, stimulerer biosyntesen av spesifikke forbindelser. I de siste årene har

det blitt lagt stor vekt på antimikrobiell screening og evalueringsmetoder for mikroalger samt

isolering av antimikrobielle forbindelser fra mikroalgenekstrakter.

For nåværende masteroppgave ble to marine mikroalger Isochrysis galbana og Prymnesium

polylepis dyrket og høstet ved bruk av sentrifugering. Etter ekstraksjon som ble utført med

ASE 350-instrumentet, som bruker en kombinasjon av forhøyet temperatur (40 ° C) og trykk

med organiske løsningsmidler, ble det oppnådd DCM og etanolekstrakter. Disse ekstraktene

ble testet mot fire forskjellige bakteriestammer, nemlig de to Gram-positive bakterier S.

aureus, B. subtilis, samt de to Gram-negative bakterier E. coli og P. aeruginosa. Dessverre

har ikke antimikrobiell effekt av disse ekstraktene blitt påvist.

Som en del av denne masteroppgaven ble ekstraktene,  som var brukt i masteroppgaven fra

2015 "Bioprospecting Norwegian Microalgae" av marin biologi student Shane Walker testet.

Han hadde laget ekstrakter fra flere mikroalger som ble testet for den cytotoksiske effekten på

eukaryotiske cellelinjer. Disse ekstraktene ble testet mot S. aureus og noen av dem ble testet

mot både S. aureus og E. coli. Dessverre har ingen av disse ekstraktene vist antibakteriell

effekt.

I den tredje delen av den nåværende masteroppgaven ble to mikroalger I. galbana og

Dunaliella tertiolecta testet for deres evne til å hemme veksten av marine bakteria Vibrio

alginolyticus. Mikroalger ble inkubert med Vibrio flytende kultur, og antall V. alginolyticus-

celler ble telt på TCBS agarplater hver 24. time i mikroalgen-samkulturer, så vel som i

kontroll. Resultatene fra den nevnte oppgaven viste at begge mikroalger forhindret spredning

av denne Vibrio-stammen i samkultur. D. Tertiolecta- samkulturer har vist en rask reduksjon
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av bakterieantallet, mens I. galbana-samkulturer har vist langsommere men konstant

reduksjon av bakterieantallet.
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1 Introduction

1.1 Antibiotics

1.1.1 Discovery

Alexander Fleming, Professor of Bacteriology at St. Mary's Hospital in London, returning

from holiday on September 3, 1928, began to sort through petri dishes containing colonies of

Staphylococcus. He noticed something unusual on one dish. It was dotted with colonies, save

for one area where a blob of mold was growing. The zone immediately around the mold—

later identified as a rare strain of Penicillium notatum—was clear, as if the mold had secreted

something that inhibited bacterial growth. Fleming found that his "mold juice" was capable of

killing a wide range of harmful bacteria, such as streptococcus, meningococcus and the

diphtheria bacillus. Fleming published his findings in the British Journal of Experimental

Pathology in June 1929, with only a passing reference to penicillin's potential therapeutic

benefits. It was Howard Florey, Ernst Chain and their colleagues at the Sir William Dunn

School of Pathology at Oxford University who turned penicillin from a laboratory curiosity

into a life-saving drug. In 1940, they published a paper describing the purification of

penicillin quantities sufficient for clinical testing (Aminov 2010). Their protocol eventually

led to penicillin mass production and distribution in 1945. Fleming's screening method using

inhibition zones in lawns of pathogenic bacteria on the surface of agar-medium plates

required much less resources than any testing in animal disease models and thus became

widely used in mass screenings for antibiotic-producing microorganisms by many researchers

in academia and industry. Fleming was also among the first who cautioned about the potential

resistance to penicillin if misused (Aminov 2010).

1.1.2 Importance of antimicrobial compounds

The nonspecific and specific defenses of the body are remarkably effective, but they are not

perfect. Not only have bacterial pathogens develop ways of circumventing them, they also

have means of taking advantage of instances where there is reduction of the defenses, such as

during surgery or cancer chemotherapy, when the body is more prone to infection (Wilson,

Salyers et al. 2011). Medical disruptions have great benefits if the risk of subsequent infection
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can be minimized. One of the greatest advances in human health during the past century was

the discovery that our natural defenses could be augmented with externally provided chemical

defenses: disinfectants (applied to nonliving objects or surfaces), antiseptics (applied to living

tissues or skin), and antibiotics (administered outside and inside the body) (Wilson, Salyers et

al. 2011).

1.1.3 Mechanisms of antibiotic action

Antibiotics are used to treat infections caused by bacteria, fungi and protozoa. Antibiotics

which are used clinically exert a highly selective toxic action on their target microbial cells

but have little or no toxicity towards mammalian cells. They can be administered at

concentrations sufficient to kill or inhibit the growth of infecting organisms without damaging

mammalian cells. They must exploit the differences that exist between microbial and

mammalian cells in order to kill one and leave other unharmed (Hanlon and Hodges 2012).

This can be achieved in different ways, but the two most common are:

1) interfere with the synthesis or function of a vital chemicals or structures that exist in

the microbial, but not the human cell

2) have higher affinity for the microbial version of an enzyme or cellular structure (for

example, ribosome) than for the human form (because slight structural differences

between corresponding enzymes from different species) (Hanlon and Hodges 2012).

The ideal antibiotic should act on microbial target that either is not present in eukaryotic cells

or is different enough from the same molecule or process in eukaryotic cells that there is little

or no cross-activity. Although there are a number of targets that potentially satisfy this

criterion, the currently used antibiotics tend to focus on a very limited set of targets. The most

clinically relevant targets to date have been cell wall biosynthesis, protein synthesis, DNA

synthesis and folic acid synthesis.

1.1.3.1 Antibiotics interfering with the bacterial cell wall and membrane
synthesis

Peptidoglycan is a vital component of the bacterial cell. It is a macromolecule composed of

sugar (glycan) chains cross-linked by short peptide chains. The glycan chains contain

alternating units of N-acetylmuramic acid and N-acetylglucosamine. Each N-acetylmuramic
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acid contains a short peptide substituent made up of usually four amino acids. A key feature

of peptidoglycan is the occurrence of the D-isomers of some amino acids in the stem peptides

(particularly D-alanine and D-glutamic acid) and unusual amino acids such as meso-

diaminopimelic acid which are not found in proteins (Lambert 2007).

Peptidoglycan plays a vital role in the bacterial cell. It is responsible for maintaining shape

and mechanical strength. If it is damaged, or if its synthesis is inhibited, the cell becomes

distorted, swells and will burst as a result to the high internal osmotic pressure. Mammalian

cells do not possess a cell wall and contain no other macromolecules resembling the

peptidoglycan (Hanlon and Hodges 2012). Consequently, antibiotics which interfere with the

synthesis of the peptidoglycan show excellent selective toxicity.

The glycopeptides antibiotics vancomycin and teicoplanin act at the stage where the

peptidoglycan precursors are inserted into the cell wall by transglycosylase enzyme on the

outer surface of the cell membrane. This enzyme assembles linear glycan chains that are not

initially cross-linked to the existing peptidoglycan in the cell wall. Glycopeptides block this

process by binding, not to the enzyme itself, but to the disaccharide peptidoglycan precursor,

specifically to the D-alanyl-D-alanine portion on the stem peptide (Lambert 2007).

Vancomycin does not penetrate the cell membrane of bacteria but binds to the disaccharide-

pentapeptides on the outer face of cytoplasmic membrane. Two vancomycin molecules form a

back-to-back dimer which bridges between pentapeptides on separate glycan chains,

preventing further peptidoglycan assembly (Lambert 2007).

Glycopeptides must cross the cell wall to reach the outer surface of the cell membrane where

transglycosylation takes place. They are too large to penetrate the outer membrane of most

Gram-negative bacteria and are used for treatment of serious Gram-positive infections

(Lambert 2007).

The final stage of peptidoglycan assembly is cross-linking of the linear glycan strands

assembled by transglycosylation to the existing peptidoglycan in the cell wall. This reaction is

catalysed by transpeptidase enzymes, which are also located on the outer surface of the cell

membrane. The β-lactam antibiotics inhibit the transpeptidases by acting as alternative

substrates. They mimic D-alanyl-D-alanine residues and react covalently with the

transpeptidases. The β-lactam bond is broken but the remaining portion of the antibiotic is not



4

released immediately (Lambert 2007). The half-life for the transpeptidase-antibiotic complex

is of the order of 10 minutes, during this time the enzyme cannot participate in further rounds

of peptidoglycan assembly by reaction with its true substrate. The vital cross-linking of the

peptidoglycan is blocked, while other aspects of cell-growth continue. The cell becomes

deformed in shape and eventually burst through the combined action of weakened cell wall,

the high internal osmotic pressure and the uncontrolled activity of autolytic enzymes in the

cell wall. Antibiotics such as penicillins, cephalosporins, carbapenems and monobactams all

inhibit peptidoglycan cross-linking through interaction of the common β-lactam ring with the

transpeptidase enzyme (Lambert 2007).

The cell membrane is a much more difficult structure to target by antibiotics because it is

chemically similar in all types of cells so there are few differences to exploit. As a

consequence, there is only a single group of antibacterial antibiotics, the polymyxins, which

act by interfering with membrane function (Hanlon and Hodges 2012). Colistin is the only

systemically-used antibiotic in the polymyxin group, though others, like polymyxin B, are

used topically. These antibiotics interact with phosphatidylethanolamine, a lipid present in

much higher concentrations in Gram-negative cell membranes than in those of mammals or

Gram-positive bacteria. Polymyxin B destabilizes the membrane and cause fatal leakage of

vital intracellular components (Hanlon and Hodges 2012).

1.1.3.2 Antibiotics interfering with folic acid synthesis and metabolism

Folic acid is an important cofactor in all living cells. In the reduced form, tetrahydrofolate

(THF) is used in the synthesis of adenine, guanine, thyamine and methionine. Bacteria

synthesize folic acid from its 3 component molecules, pteridine, para-aminobenzoic acid-

PABA and glutamic acid, while mammalians must obtain it from diet (Hanlon and Hodges

2012). This difference is the basis for selective toxicity of the sulphonamides. This large

group of antibiotics has a common structural feature which resembles PABA, that bacteria use

to synthesize folic acid and so they inhibit the enzyme concerned (Hanlon and Hodges 2012).

Folic acid is inactive and it needs to be reduced first to dihydrofolate and then to

tetrahydrofolate, which is the biologically active form, and these reactions occur in all types

of cell. Trimetoprim, pyrimethamine (antimalarial), interfere with dihydrofolate reductase and

are selective to bacterial cells (trimetoprim) and malarial parasites (pyrimethamine), but not to

human cells (Wilson, Salyers et al. 2011).
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1.1.3.3 Antibiotics interfering with nucleic acids

The microbial chromosome is wound into a compact, supercoiled form inside the cell. During

replication the circular double helix must be unwound to allow the DNA polymerase enzymes

to synthesize new complementary strands. Enzymes that alter the shape and unwind the

helical structure of DNA occur in all cells and are called topoisomerases. The supercoiling of

DNA that is required by bacteria is, however, achieved by the action of a specific

topoisomerase-which is termed DNA gyrase. This enzyme is unique to bacteria and is the

target for fluoroquinolone antibiotics (Hanlon and Hodges 2012).

Antibiotics such as metronidazole and nitrofurantoin are inactive but become activated after

reduction inside microbial cells to produce free radicals and metabolites that cause DNA

strand breakage and destabilization of the DNA helix (Hanlon and Hodges 2012).

Rifampin also interferes with nucleic acid synthesis. It affect RNA production by binding to

bacterial DNA-dependent RNA polymerase, the enzyme that transcribes the genetic code

from DNA to RNA (Hanlon and Hodges 2012).

1.1.3.4 Antibiotics interfering with protein synthesis

Most translation inhibitors are large, natural products with side groups that can form multiple

hydrogen bonds and salt bridges. It turns out that these antibiotics inhibit translation by

forming spatially specific hydrogen bonds to the bases and phosphate backbones of the 16S

and 23S rRNAs in the ribosome functional sites. In addition, ribosome structures have

revealed differences between prokaryotic and eukaryotic ribosomes that impart differential

selectivity. Bacterial ribosomes are smaller than mammalian ribosomes. They consists of one

30S and of one 50S (forming 70S ribosome), while mammalian ribosomes are 40S and 60S

(forming an 80S ribosome) (Hanlon and Hodges 2012). The 30S subunit comprises a single

strand of 16S rRNA and over 20 different proteins that are bound to it. The 50S subunit

contains to single strands of rRNA (23S and 5S) together with 30 different proteins (Wilson,

Salyers et al. 2011).

1.1.4 Antibiotics resistance

"The time may come when penicillin can be bought by anyone in the shops. Then there is the

danger that the ignorant man may easily underdose himself and by exposing his microbes to



6

non-lethal quantities of the drug, make them resistant," said Alexander Fleming, speaking in

his Nobel Prize acceptance speech in 1945.

1.1.4.1. Mechanisms of resistance

Mechanisms of antibiotic resistance can be grouped in four main categories (Figure 1). One is

restricted access of the antibiotic to its target. For example, the outer membrane of Gram-

negative bacteria can serve as an effective barrier against certain antibiotics, and this

resistance can be enhanced by changes in the outer membrane properties that allow the

bacteria to avoid taking up antibiotics. The reason vancomycin, which is very effective

against Gram-positive bacteria, is not effective against most Gram-negative bacteria is that it

is too bulky to diffuse through the outer membrane porin proteins. Porin proteins form beta-

barrel structures in the outer membrane that allow the selective diffusion of small molecules

into the periplasm. The genomes of Gram-negative bacteria encode many different porins

with a variety of permeability limits, and changing stress conditions regulate the expresssion

of porin genes. For example, Pseudomonas aeruginosa, has a large genome that includes over

5500 genes, over 70 of which encode porin proteins from three different structural families.

Clearly P. aeruginosa has considerable capacity to modulate the uptake of molecules by its

outer membrane (Wilson, Salyers et al. 2011).

Bacteria can accumulate mutations that further restrict the diffusion of antibiotics through the

outer membrane and increase resistance, and since some types of porins are relatively

nonselective, a single porin mutation can confer resistance to more than one type of antibiotic.

Another way to restrict access is to prevent the antibiotic from accumulating to high

inhibitory concentration in the cell by increasing active efflux (pumping out) of the drug

from the bacteria. Efflux pumps are ubiquitous in Gram-positive and Gram-negative bacteria.

They are membrane proteins that use energy to pump small molecules out of the bacterial

cytoplasm. If this small molecule is an antibiotic, resistance results, because the antibiotic is

prevented from reaching a high enough concentration in the cytoplasm to be effective.

Bacteria contain multiple efflux pumps, many of which can contribute to reducing

cytoplasmic concentrations of antibiotic (Wilson, Salyers et al. 2011). For example, the

genomes of E. coli and P. aeruginosa each encode over 30 different efflux pumps. These

pumps normally play roles in maintaining homeostasis by pumping metabolites and toxic

substances out of bacterial cell. While some efflux pumps excrete only one drug or class of
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drugs, a multidrug efflux pump can excrete a wide range of compounds where there is often

little or no chemical similarity between the substrates. One common characteristic may be

agents with a significant hydrophobic domain. For this reason, hydrophilic compounds such

as aminoglycosides are not exported by these systems. Traditionally, quinolone resistance

mechanisms have been mainly due to target modifications and efflux pumps. Resistance due

to target modifications is determined by topoisomerase mutations (gyrA mutations in Gram-

negative bacteria, and parC in Gram-positive bacteria), whereas resistance due to efflux

pumps involves different families of efflux pumps. Both mechanisms are chromosomally

mediated and are increasingly recognized in clinical isolates (Canton 2009).

Efflux pumps for every class of antibiotic have now been discovered, and they cause serious

clinical problems by imparting resistance to β-lactams, macrolides, fluoroquinolones, and

streptogramin, as well as tetracyclines, especially in Staphylococcus species (Wilson, Salyers

et al. 2011).

Figure 1: ANTIBIOTIC-RESISTANT BACTERIA owe

their drug insensitivity to resistance genes. For example,

such genes might code for “efflux” pumps that eject

antibiotics from cells (a) the genes might give rise to

enzymes that degrade the antibiotics (b) or that

chemically alter—and inactivate—the drugs (c).

Resistance genes can reside on the bacterial

chromosome or, more typically, on small rings of DNA

called plasmids. Some of the genes are inherited, some

emerge through random mutations in bacterial DNA,

and some are imported from other bacteria(Levy and

Marshall 2004).

A second category of resistance mechanisms is enzymes that inactivate or chemically

modify the antibiotic, either by hydrolyzing it or by adding chemical groups to some

important part of the antibiotic that interferes with binding of the drug to its target. One of the

examples of drug inactivation is the resistance to β-lactam antibiotics caused by β-lactamases.

A number of different β-lactamases have been described but all share the feature of catalyzing
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the ring-opening of β-lactam moiety. Thus the structural homology with the terminal D-

Alanyl-D-Alanine of maturing peptidoglycan, shared by all β-lactam antibiotics is lost. An

example is S. aureus which has two primary resistance mechanisms with respect to the β-

lactam antibiotics. One is the expression of β-lactamase enzyme, the PC1 β-lactamase. β-

lactamases destroy β-lactams by hydrolysis and are expressed by activation of the blaZ gene.

The other mechanism results from acquisition of mecA gene, which encodes the penicillin

binding protein 2a (PBP 2a) (Fuda, Fisher et al. 2005).

The main mechanism of aminoglycoside resistance is inactivation of the antibiotic, by adding

groups (phosphoryl, adenylyl, or acetyl groups) to the –OH and –NH2 groups of these

antibiotics. These modifications interfere with the hydrogen-bonding network that the

antibiotics use to bind tightly to the 16S rRNA and to inhibit translation (Wilson, Salyers et

al. 2011).

A common mechanism of resistance to chloramphenicol is acquisition of an enzyme that adds

an acetyl group to the chloramphenicol. The enzyme is called chloramphenicol

acetyltransferase. This acetylation prevents tight binding of chloramphenicol to the 23S rRNA

peptidyltransferase site (Wilson, Salyers et al. 2011).

A third category is modification of the antibiotic target. In this type of resistance, the

bacteria accumulate mutations in a gene encoding a target protein or rRNA or acquire proteins

that modify the target so that the target protein still works but no longer binds the antibiotic

strongly enough to cause inhibition (Wilson, Salyers et al. 2011). β-lactam antibiotics act by

inhibiting the carboxyl transpeptidase or penicillin binding proteins (PBPs) involved in the

late stages of peptidoglycan biosynthesis (Lambert 2008). Altered PBPs are responsible for

reduced sensitivity to β-lactam agents by S. pneumonie and Haemophilus influenzae, but by

far the most clinically significant example is MRSA (Methicillin-resistant S. aureus). Higher

level β-lactam resistance MRSA results from the acquisition of the mecA gene, which encodes

the penicillin-binding protein 2a (PBP2a) (Fuda, Fisher et al. 2005). Strains of S. aureus

exhibiting either β-lactamase or PBP 2a-directed resistance (or both) have spread widely. β-

lactamase-dependent resistance is found currently in ≥ 95% of staphylococcal isolates, while

MRSA constitutes 25-50% of clinical isolates in North America, Europe and Asia (Fuda,

Fisher et al. 2005).

Besides drug efflux, another clinically important type of resistance to tetracyclines, called
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ribosome protection, is conferred by a cytoplasmic protein, called TetM, TetO, or TetQ in

different bacteria, that protects ribosomes from tetracycline inhibition. When the protein is

present in the bacterial cytoplasm, tetracycline no longer binds to the ribosome (Wilson,

Salyers et al. 2011).

RNA methylases, called ErmA, ErmB, ErmF, or ErmG in different bacteria, impart

simultaneous resistance to several antibiotics that bind to 23S rRNA, such as macrolides,

streptogramins and lincosamides. These RNA methylases add one or two methyl groups to the

A2058 adenine in 23S rRNA (Wilson, Salyers et al. 2011).

Resistance to quinolones commonly involves amino acid changes that alter the way these

antibiotics interact with the A or B subunit of DNA gyrase. DNA gyrase is essential enzyme,

but mutations that impart resistance allow sufficient function of the gyrase for nearly normal

growth (Wilson, Salyers et al. 2011).

Resistance to rifampin is caused by mutations that result in amino acid changes in the β-

subunit of RNA polymerase. These amino acid changes reduce the affinity of the antibiotic

for the RNA exit channel in RNA polymerase (Wilson, Salyers et al. 2011).

In the fourth category, failure to activate the antibiotic, mutations that decrease the

expression of an enzyme that activates the antibiotic can occur. If the bacteria do not activate

the antibiotic, it is harmless (Wilson, Salyers et al. 2011). Isoniazid is one of the mainstays of

antituberculosis- therapy. It must be activated by a catalase (KatG) of mycobacteria. The

activated form of isoniazid then covalently attaches to an NADH molecule at the active site of

an acyl carrier protein reductase called InhA. InhA acts on long-chain fatty acids and

catalyzes a step in the biosynthesis of mycolic acid, which is part of mycobacterial cell wall.

Inhibition of InhA blocks cell wall byosynthesis. One known mechanism of resistance to

isoniazid is a mutation that inactivates KatG (Wilson, Salyers et al. 2011).

Other resistance mechanism worth mentioning is antibiotic tolerance. A resistant bacterium

continues to grow in the presence of antibiotic. Tolerance differs from resistance, because a

tolerant bacterium just stops growing when the antibiotic is present, it is not killed, and can be

recovered when levels of antibiotic fall (Wilson, Salyers et al. 2011). Antibiotic tolerance can

occur in niches where concentration of antibiotic is low (e.g. antibiotic cannot reach the site

of infection easily, for example hip bone). Antibiotic tolerance can also occur in dormancy
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states (many bacteria can survive adverse conditions such as temperature, desiccastion and

antibiotics by endosporese, cysts, conidia or states of reduced metabolic activity lacking

specialized cellular structures). Tolerance is important also in the case of microbial biofilms.

A biofilm is a population of cells growing on a surface and enclosed in an exopolysaccharide

matrix. Biofilms are notoriously difficult to eradicate and are a source of many recalcitrant

infections. Factors considered to be responsible for biofilm resistance include restricted

penetration of antimicrobials into a biofilm, decreased growth rate, and expression of possible

resistance genes (Costerton, Stewart et al. 1999).

1.1.4.2 Tackling antimicrobial resistance globally

New resistance strains are emerging and spreading globally, threatening our ability to treat

common infectious diseases, resulting in prolonged illness, disability, and death. According to

WHO, 480 000 people, globally develop multi-drug resistant tuberculosis each year, and drug

resistance is starting to complicate the fight against HIV and malaria, as well (O’Neill 2014).

Without effective antimicrobials for prevention and treatment of infections, medical

procedures such as organ transplantation, cancer chemotherapy, diabetes management and

major surgery (for example, caesarean sections or hip replacements) become very high risk

(O’Neill 2014).

Antimicrobial resistance increases the cost of health care with lengthier stays in hospitals and

more intensive care required. The cost of health care for patients with resistant infections is

higher than care for patients with non-resistant infections due to longer duration of illness,

additional tests and use of more expensive drugs (O’Neill 2014).

Jim O’Neill in his “The review on Antimicrobial Resistance (AMR)”, defined AMR as one of

the biggest health threats that mankind faces now and in the coming decades. As it was

suggested in his review, without policies to stop the worrying spread of AMR, today’s already

large 700.000 deaths every year would become an extremely disturbing 10 million every year,

by 2050 (O’Neill 2014).
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Figure 2: Suggestions of multiple ways to tackling the problems of AMR proposed by Jim O’Neill (image taken

from “The review on Antimicrobial Resistance (AMR)”, Jim O’Neill)

This review gives recommendations how to tackle AMR infections globally (Figure 2).

Because microbes travel freely, some of the steps will need to be taken in a coordinated way

internationally. Tackling AMR is core to the long-term economic development of countries
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and our well-being. Fundamental change is required in the way that antibiotics are consumed

and proscribed, to preserve the usefulness of existing products for longer and to reduce the

urgency of discovering new ones. The specific steps to reduce AMR are:

1) A massive global public awareness campaign

2) Improve hygiene and prevent the spread of infection which is specially problem in

developing world. The focus need to be on access to clean water and sanitation. For

other countries, the focus will be to reduce infections in hospitals and care settings and

limit superbug in hospitals.

3) Reduce unnecessary use of antibiotic in agriculture. Much of the global use of

antibiotics in agriculture is not for treating sick animals, but to prevent infections or to

promote growth. To improve situation, it is necessary to reduce use of antibiotics in

agriculture and to restrict use of last-line drugs for humans. Consumers have to be better

informed about antibiotics used to raise the meat they eat.

4) Improve global surveillance and drug resistance and antimicrobial consumption in

humans and animals

5) Promote new, rapid diagnostics to cut unnecessary use of antibiotics. In many

countries, it is possible to buy antibiotics without proscription, over the counter and that

is one of the most important cause of their unnecessary use. In many case, even doctors

proscribe antibiotics, using so-called “empirical” diagnosis, they use their expertise,

intuition and professional treatment to “guess” whether the infection is present and what

is likely to be causing it. If doctor waits for test, which is basically unchanged in

decades, patient will not be treated at least next 36 hours, which is too long in many

cases. That is the reason that doctors decide that patient should start with some of the

broad-spectrum antibiotics, before test results are available. Rapid diagnostic would be

able to reduce use of antimicrobials by letting doctor know is infection is viral or

bacterial and what medicine is the most appropriate.

6) Promote development and use of vaccines and alternatives-vaccines can prevent

infections and therefore lower the demand for antimicrobials. Since the earliest

immunization programs were launched in the 19thcentury, vaccination saved countless

lives and shifted patterns of disease transmission. However, costs and poor health

infrastructure in low and middle-income countries can make rolling out vaccines
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difficult and more expensive. Gavi, the Vaccine Alliance, has helped avert an estimated

four million deaths over five-year period from 2010 to 2015. Both UNICEF and WHO

have made impressive efforts to include newer vaccine, such as those against

Streptococcus pneumonie. In the report Vaccines and Alternative approaches: Reducing

our dependence on Antimicrobials, three recommendations were made:

 Use existing vaccines more widely in humans and animals

 Sustain a viable market for vaccines

 Renew impetus for early research in vaccines useful for AMR

The WHO estimated that 14,5 million episodes of serious pneumococcal infections occur

each year in children aged less than five years, resulting in over 800.000 deaths. A 2011 US

study found that the use of such vaccines led to a 64 percent reduction in antibiotic- resistant

pneumococcal infections among children and a 45 percent decrease among adults over 65

years of age.

7) Improve the numbers, pay and recognition of people working in infectious disease

8) Establish a Global Innovation Fund for early stage and non-commercial research

9) Better incentives to promote investment for new drugs and improving existing ones-

pharmaceutical companies do not invest in new antibiotics, despite the very high

medical needs. The reason is that antimicrobials are not so profitable as other groups

medicines. Governments must find ways to support better rewards for innovation while

helping to avoid over-use of new innovative antibiotics. Harmonized regulations and

clinical trials can play an important role to lower the cost of the new drugs.

10) Build a global coalition for real action-via the G20 and the UN- In global world,

where people, animals and food travel, and microbes travel with them. Global action is

essential to make long-term progress.

1.2 Algae

1.2.1 Definition and characteristics

The algae are a heterogeneous group of organisms that exert profound effects on today's

world and have been doing so for billion years. For example, as a result of photosynthetic
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activities, algae generate a large fraction of the oxygen present in Earth's atmosphere and

produce an enormous quantity of organic carbon (Graham, Graham et al. 2009). Much of this

organic carbon serves other organisms as food, and the expensive oil that helps power modern

life largely originates from the organic components of algae that lived hundreds of millions of

years ago.

Figure 3: Phylogenetic tree highlighting the diversity and distribution of algae (boxed groups; colours indicate

the diversity of pigmentation) across the domains of life (adapted from www.keweenawalgae.mtu.edu/). For

comparison animals and land plants are encircled in red and green, respectively.

The algae are heterogeneous group of organisms that range in size from tiny single cells to

giant seaweeds (Figure 3) and because of that, the algae are largely defined by ecological

traits (Graham, Graham et al. 2009). Most of the algae species produce oxygen and live in

aquatic habitats and they lack the body and reproductive features of the land plants which

adapted to terrestrial life. This concept of the algae includes both photosynthetic protists,

which are eukaryotes, and the prokaryotic cyanobacteria, also known as blue-green algae

(Graham, Graham et al. 2009).

Though we can generally define algae as photosynthetic, there are many exceptions. A
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number of non-photosynthetic protists are included among the algae because they are closely

related to photosynthetic species.

Other algal species are exceptional because they occur in non-aquatic habitats, such as soil,

rocks, and other relatively dry terrestrial habitats (Graham, Graham et al. 2009). Such species

are able to tolerate dry or cold conditions in metabolically dormant state (Graham, Graham et

al. 2009). Even so, sufficient moisture must be present before terrestrial algae can become

metabolically active, reflecting the fundamental dependence of algae upon a watery habitat.

Algal bodies vary greatly in size, can be so small that a microscope is needed to observe

them, and organisms having such small bodies, 3-10 µm are known as microalgae. Algal

bodies that are large enough to be seen with the unaided eye and can grow up to 70 m, are

referred to as macroalgae (Graham, Graham et al. 2009).

1.2.2 Macroalgae

Algae having so called coenocytic, parenchymatous, or pseudoparenchymatous bodies are

often macroscopic, that is, they can be seen with the unaided eye (Graham, Graham et al.

2009). Seaweeds commonly have these body types and thus may be conspicuous in their

marine habitats. Even though most coenocytic, parenchymatous, and pseudoparenchymatous

algae can be seen without the use of microscopic methods are typically used to observe fine

details of their structure and reproductive features .

1.2.3 Microalgae

Many microalgae species occur as solitary cells, known as unicells. Unicells occur in variety

of shapes, but coccoid algae that take the form of small round balls may have the most

common body type found among the algae. The coccoid body type has evolved independently

in diverse lineages of algae (Graham, Graham et al. 2009). Example of coccoid body type is

shown in Figure 4.

Other algae species occur as several to many cells arranged loosely or in a highly organized

way to form colonies. In some cases, colonies feature a genetically defined number and

pattern of cells and are known as coenobia (Graham, Graham et al. 2009).

Some unicellular and colonial algae are propelled by flagella, in which case they may be
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referred to as flagellates. However, it is important to note that not all flagellates are algae,

there are many species of non-photosynthetic flagellates that are not closely related to

photosynthesizers. Example includes choanoflagellates, the modern protists that are most

closely related to the animal kingdom (metazoans) (Graham, Graham et al. 2009).

Another common type of algal body is the filament, a linear array of cells joined end-to-end,

often sharing a common cell wall (Graham, Graham et al. 2009). Branched filamentous algae

often occur attached to rocks or other substrates in shallow waters, and they are common

components of communities known as the periphyton (Graham, Graham et al. 2009). While

microalgae may also occur in the attached periphyton, many swim or float in the open water

and are collectively known as the phytoplankton. When present in relatively low population

numbers, the phytoplankton are often so inconspicuous in their habitats that plankton nets or

other types of concentration methods are commonly used to collect them. On the other hand,

when phytoplankton populations become very large, forming what are known as algal

blooms, they become more conspicuous (Graham, Graham et al. 2009).

Figure 4: A scanning electron micrograph of a single Emiliania huxleyi algae cell (image taken from Wikipedia)

The algae, as we have defined them on the basis of ecological characteristics, can be classified

into a dozen or so lineages, many of which are named as phyla (divisions) (Graham, Graham

et al. 2009).Particular photosynthetic pigments, food storage materials, and type of cell
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covering characterize each lineage. In literature, algae are often defined in ten lineages:

cyanobacteria (cyanophyta, blue-green algae), glaucophytes, chlorarachmophytes, euglenoids,

cryptomonads, haptophytes, dinoflagellates, photosynthetic stramenopiles, red algae

(Rhodophytes), green algae (Chlorophytes) (Graham, Graham et al. 2009). The proportion of

algae and protozoa taxonomic groups is shown in Figure 5.

Figure 5: The proportion of taxonomic groups of preserved strains

The proportions of 10 phyla of algae and protozoa are indicated in the pie chart. For the phyla containing

multiple classes, the class names are indicated under the phylum names. (image taken from BioResource

Newsletter Vol.3 No.10)
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1.3 Microalgae as source of alternative
antimicrobial agents
Microalgae are present in almost all ecosystems around the world. They evolved in extreme

competitive environments, are largely grazed by highly diverse consumers and exposed to

microbial pathogens such as bacteria, viruses and fungi. In order to survive, they had to

develop defense strategies. The variety of these mechanisms resulted in a high diversity of

compounds synthesized from a diverse set of metabolic pathways. It appears that many of

these metabolites  present  very specific chemical structure that are not encountered among

terrestrial organisms, and sometimes with a structural complexity that makes often too

difficult to reproduce them by hemi-synthesis or complete synthesis (Borowitzka 1995).

In recent decades, there has been a great trend for research and industrial applications of

marine compounds and biotechnology. Among the large spectrum of marine organisms,

microalgae represent a promising resource for blue technologies, due to their rapid growth

and usually simple nutriment requirements. They are able to grow in saline water or

wastewater, which is important, considering that freshwater resources are limited (Falaise,

François et al. 2016). They use solar energy and carbon dioxide and have a high growth rate

which can produce higher yields compared to higher plants. In addition, they can be grown in

areas and climates that are unsuitable for agriculture, therefore, microalgae do not compete

with arable food production land (de Morais, Vaz et al. 2015).

Many valuable compounds can be extracted from microalgae, such as pigments, lipids,

proteins, polysaccharides, vitamins and minerals (Encarnação, Pais et al. 2015). Some of them

have shown potent biological activities, such as antioxidants, anticoagulants, as well as anti-

inflammatory, antimicrobial or antitumoral capacities (Raposo, de Morais et al. 2013, de Jesus

Raposo, de Morais et al. 2015). Microalgae are also valuable for their production of pigments

such as chlorophyll, phycobiliproteins or carotenoids that can be used as dyes for food

industry or cosmetics and many of them synthesise vitamins such as pro-vitamin A (β-

carotene), vitamin B12, B6, biotin, etc. The green halophilic alga Dunaliella salina is the best

natural source of β-carotene and is grown commercially as a source of β-carotene for use as a

dietary supplement and a natural food coloring in Australia, USA and Israel. Carotenoids such

as β-carotene and fucoxanthin also have anti-tumor preventative activity (Borowitzka 1995).

Short chain fatty acids from Haematococcus pluvalis and long chain fatty acids from



19

Scenedesmus obliquus present antibacterial activity against E. coli and S. aureus (Rodríguez-

Meizoso, Jaime et al. 2010). The polyunsaturated fatty acids from Chlorococcum strain HS-

101 and Dunaliella primolecta demonstrated antibacterial activity against the methicillin-

resistant S. aureus (MRSA), (Ohta, Shiomi et al. 1995).The Desbois et al. 2009 also found

fatty acids from the diatom Phaeodactylum tricornutum with a very potent antibacterial

activity against the MRSA. They have characterized three different unsaturated fatty acids

involved in the antibacterial activity: the polyunsaturated fatty acid eicosapentaenoic acid

(EPA), the monounsaturated fatty acid palmitoleic acid (PA) and the relatively unusual

polyunsaturated fatty acid hexadecatrienoic acid (HTA) (Desbois, Lebl et al. 2008, Desbois,

Mearns-Spragg et al. 2009). EPA inhibits the growth of Gram-positive and Gram-negative

species, and is active against S. aureus at micromolar concentrations. EPA is marine-derived

fatty acid produced de novo by certain bacteria or microalgae, with diatoms being one of the

richest primary sources. Encouragingly, EPA was found to be active against two clinical

isolates of MRSA, and free fatty acids may hold promise as new topical or systemic treatment

for MRSA infections. As yet bacterial resistance to free fatty acids has not been encountered

and it has not been possible to induce a resistant phenotype (Desbois, Mearns-Spragg et al.

2009).

The red microalga Porphyridium cruentum could be a significant source of EPA, because its

EPA content approaches 44,1% of the total fatty acids (Cohen and Cohen 1991).  According

to US FDA (Food and Drug Administration), EPA is “generally recognized as safe” as food

ingredient.

In natural environments, fatty acids are released when the microalgae cell loses its integrity

and they seem to be involved in an “activated” defense mechanism to protect an algal

population against grazing predators (Jüttner 2001) and when pathogenic bacteria are around

the algae (Smith, Desbois et al. 2010).

The production of antibacterial compounds such as lipids or fatty acids varies according to

the taxonomic group, the growth conditions, the available nutrients and their concentration in

the medium, the light intensity, the temperature or the pH (Borowitzka 1995). The

development stage of the algal culture is also highly significant as it is assumed that various

secondary metabolites are produced and released in the medium at different growth phases

(Borowitzka 1995). Almost all of biologically active compounds are secondary metabolites

and are more abundant in stationary phase or in slow-growing culture. For example, the β-
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carotene content in D. salina is greatest under conditions of high salinity, high light and

nutrient limitation. Careful manipulation and optimization of growth conditions can result in

the reliable high productivities of β-carotene, and make this alga a valuable commercial

source of β-carotene (Borowitzka 1995).

The antibiotic substance is produced by those strains of Dunaliella sp. which were isolated

from waters of high pollution, but not from those of low pollution. The active strains flourish

in waters rich in numerous bacteria and other microorganisms. The release of antibiotic or

allelopathic compounds into water will give an adaptive advantage to microalgae strains to

survive in stressed environment (Lustigman 1988). Several studies have shown that the

production of the active compounds depended on the growth phase and/or culture conditions

and that means that culture conditions, such as N and P limitation, content of iron in medium,

content of silicon in medium, light, temperature, must be optimized (Falaise, François et al.

2016). The marine eustigmatophyte Nannochloropsis sp. contains a relatively large quantity

of EPA and the cellular content of EPA can be regulated by growth conditions. High

irradiance levels that support maximal photosynthesis rate, nutrient replete conditions and

optimal temperature for growth resulted in high biomass and EPA productivity (Sukenik

1991). The biomass and EPA productivity from P. tricornutum can be maximized by

optimizing cell density and irradiance, as well as by addition of CO2. Cell density and

irradiance have only a slight effect on the chemical composition of P. tricornutum. However,

the addition of 5% CO2 leads to lower EPA content at high cell densities (Chrismadha and

Borowitzka 1994).

Beside the microalgae species, the present of antibacterial compounds in the microalgae

extracts is also highly dependent on the solvent during extraction. As the biological activity is

rarely found in aqueous extracts, it seems that antimicrobial compounds are mostly

hydrophobic and can be more readily extracted with organic solvents. Some authors found

that it is best to use methanol, while other recommend using acetone, benzene and ethyl

acetate, petroleum ether and hexane.

In the aim to avoid use of large quantities of organic solvents and to find more environment

friendly techniques, other methods were tested. For example, supercritical CO2 method

allowed to obtain lipid fractions from Chaetoceros muellerin with antibacterial activity

against S. aureus and E. coli, while classic extraction with hexane, dichloromethane and

methanol did not demonstrate any activity against E. coli (Mendiola, Torres et al. 2007).
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Other techniques which are used are pressurized liquid extraction (PLE) and subcritical water

extraction (SWE) (Herrero, Jaime et al. 2006, Santoyo, Rodríguez-Meizoso et al. 2009,

Rodríguez-Meizoso, Jaime et al. 2010).

1.3.1 Antibacterial activity from Microalgae

The increasing resistance of pathogenic bacteria against a significant number of antibiotics

has forced efforts to find new antibiotic substances. Since the pioneer work of Pratt in 1944.,

which demonstrated the activity of green alga Chlorella against several Gram-positive and

Gram-negative bacteria (Pratt, Daniels et al. 1944), large screening programs have been

conducted to assess the potential antibacterial activity of  hundreds of different microalgae

(Kellam, Cannell et al. 1988, Ördög, Stirk et al. 2004).

Numerous microalgae species from distinct taxonomical groups originating from various

areas, mainly from marine environment, but also from freshwater environment, or even from

the soil were shown to have potent antibacterial activity against both Gram-positive and Gram

–negative bacteria. The bacterial growth inhibition is generally lower when microalgae are

tested against Gram-negative bacteria, and in some cases the tested extracts do not present any

bactericidal effect. This is due to their more complex multilayered cell wall structure with

additional lipopolysaccharides on the outer cell surface, which makes it more difficult for the

active compound (extracted from microalgae) to penetrate. As examples, the

phycobiliproteins and exopolysaccharides from the red microalgae Porphyridium

aerugineum and Rhodella reticulata respectively, were active against the Gram-positive

bacteria S. aureus and Streptoccocus pyogenes but presented no effect against the Gram-

negative bacteria E. coli and Pseudomonas aeruginosa (Najdenski, Gigova et al. 2013). The

diatom P. tricornutum did not demonstrate antibacterial effect against these two Gram-

negative bacteria either, whereas a good antibacterial activity against the Gram-positive

MRSA was observed (Desbois, Mearns-Spragg et al. 2009). The potent activity of microalgae

compounds, especially free fatty acids, against various bacteria straightens further

development in the search for drugs and food preservatives from microalgae. Furthermore, as

consumers tend to avoid synthetic additives, microalgae could be good candidates as natural

sources against food-borne pathogens (Falaise, François et al. 2016)
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1.3.2 Use of Microalgae against Pathogenic Bacteria in Aquaculture

Aquaculture comprising all forms of culture of aquatic animals and plants in fresh, brackish

and marine environments is the fastest growing food-producing industry (Bostock,

McAndrew et al. 2010). Disease outbreaks is serious threat to aquacultures and caused

billions $ loss. Pathogens can reach high density in the aquatic environment and animals can

easily ingest them. Culturing several species of aquatic animals, especially in larval stages, in

many cases suffers unpredictable survival rate, because of bacterial disease (Defoirdt,

Sorgeloos et al. 2011). Antibiotic has been largely used in aquaculture, but due to its rising

resistance, it is necessary to restrict their application. A few antibiotics are now licensed due

to the establishment of strict regulations by the European Conformity (EC) and FDA. The use

of antibiotic will depend on the local regulations which vary between countries. In some

countries (especially in Europe, North America and Japan) regulation are strict and only few

antibiotics are licensed. Many countries with large aquaculture productions, have no or few

regulations. That is the reason for enforcing Maximum Residue Levels for aquaculture

products, starting in countries with strict regulations. Aquatic products meant for export need

to satisfy Maximum Residue Levels for the presence of antibiotics residues. That will

probably force all countries to use antibiotic more carefully and to try alternative strategies to

combat bacterial infections (Defoirdt, Sorgeloos et al. 2011).

Figure 6 shows strategies that have been proposed to control pathogenic bacteria in

aquacultures, with aim to sustain balance between host, pathogen and environment. Good

health and strong defense system of the host is extremely important in preventing infections.

Good feed quality, stress prevention, immunostimulation, vaccination and selective breeding

for disease resistance are recommended. Pathogen could be eliminated using phage therapy

and inhibited by short-chain fatty acids, polyhydroxy-alkanoates and quorum-sensing

disruption. Good hygiene and optimal water quality are key factors in the prophylaxis of

infectious diseases.
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Figure 6: Disease is the result of a disturbance in the delicate balance between host, pathogen and environment.

(Defoirdt, Sorgeloos et al. 2011).

Vaccination plays an important role in large-scale commercial fish farming and has been a

key reason for the success of salmon cultivation. In addition to salmon and trout, commercial

vaccines are available for the other high-value fresh water and marine species. Vaccines based

on inactivated bacterial pathogens have proven to be very efficacious in fish. A few

recombinant subunit vaccines are also available. Fewer commercially available viral vaccines

and no parasite vaccines exist (Sommerset, Krossøy et al. 2005).

“Green water technique” is one of the strategies recommended to control pathogenic bacteria

in aquaculture. It is  based on the addition of microalgae in closed water systems in the most

critical times, when larvae are fragile, sensitive to environmental changes and easily stressed

(Papandroulakis, Divanach et al. 2001).

Use of cultured microalgae is common in the rearing of larvae of marine fish, crustaceans and

bivalves. Addition of microalgae has shown inhibition of opportunistic bacteria in larval

rearing systems (Salvesen, Skjermo et al. 1999). The microalgae used in the aquaculture

industry are non axenic cultures, so their effect on the bacterial communities of rearing

system could be caused by: a) the microbiota associated with microalgae cultures, b)

compounds produced by microalgae cells, c) oxygen radicals produced during photosynthetic

process (Kokou, Makridis et al. 2012).
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1.3.3 Anti-fungal activity from Microalgae

The growing use of antifungal agents in recent years has led to the development of drug

resistance. Increase of fungal infections was mainly as a consequence of intensive

chemotherapy treatments, the organ transplant programs and spread of AIDS epidemic. There

are fewer screening studies of microalgae fungicides than bactericides, and most of them

focus on both activities. As for antibacterial activity, antifungal activity also depends on

microalgae species, type of the solvent used for extraction and the tested microorganism.

Pesando et al. noticed a significant activity of the genus Chaetocros (Pesando, Gnassia-Barelli

et al. 1979) and Kellam et al. (Kellam, Cannell et al. 1988) also indicated that marine

microalgae showed more potential in the search for new antifungal agents than freshwater

species. Polysaccharides with high molecular weight were identified in the diatom C. lauderi.

They presented a large spectrum of activity against dermatophytes, moulds and phyto-fungi,

but no activity was detected against the yeasts tested (Pesando, Gnassia-Barelli et al. 1979).

Other compounds such as pigments like beta-carotene, chlorophyll-a and chlorophyll-b from

Chlorococcum humicola (Bhagavathy and Sumathi), or phycobiliproteins from Porphyridium

aerugineum have also demonstrated antifungal activities (Najdenski, Gigova et al. 2013).

1.3.4 Antiviral activity against Microalgae

A number of cyanobacteria and very few other microalgae, have been screened for antiviral

activity so far, but the limited results available are promising have found that over 5% of the

extracts of cultured more than 5% had activity against respiratory, syncytial virus. Extracts for

more than 900 strains of cyanobacteria have been screened for inhibition of reverse

transcriptases of avian myeloblastaosis virus and human immunodeficiency virus type 1, and

they found that over 2% of these algae showed activities. These active compounds have not

been identified yet, except of an anti-AIDS sulfolipid (Borowitzka 1995).
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2 The Aim of the study
The oceans cover more than 70% of the Earth's surface, and the biological evolution began

several million years earlier than on land. Still, the oceans and the marine organisms have not

been adequately explored. The targeted and systematic search for components, bioactive

compounds or genes within marine organisms for the purpose to be used as products is called

marine bioprospecting.

In the present Master's the main aim was to initiate the bioprospecting of microalgae species

from the Norwegian coast, for expression of compounds with antimicrobial effect.

1) Initially, two microalgae species, namely Prymnesium polylepis and Isochrysis

galbana was used as test algae for compound extractions methodology

2) It was also of interest to explore an set of already available algae extracts for possible

antimicrobial activity

3) During the research process, the aim of the thesis developed to establishing a more

optimal methods for determining antimicrobial effect of microalgae extracts.
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3 Materials and Methods

3.1 The Description of Microalgae used in this work
Three different species of microalgae were used in this work: Isochrysis galbana and

Prymnesium polylepis (Haptophyta division) and Dunaliella tertiolecta (Chlorophyta

division).

Isochrysis galbana:

Phylum: Haptophyta

Class: Coccolthophycea

Subclass: Prymnesiophycidae

Order: Isochrysidaceae

Family: Isochrysidaceae

Genus: Isochrysis

Prymnesium polylepis:

Phylum: Haptophyta

Class: Coccolthophycea

Subclass: Prymnesiophycidae

Order: Prymnesiales

Family: Prymnesiaceae

Genus: Prymnesium

Figure 7: Microscopy of microalgae I.  galbana (A) Light microscopy of a live cell (LM) x 3,580, (B) Body

scale details  by Transmission electron microscopy (TEM) x 46.000, (C) Haptonema scale (arrow) and body

scale (TEM) x 80.000  and (D) Flagella and haptonema, the latter covered with scales (TEM) x 20.000

Image taken by professor Wenche Eikrem, Department of Bioscience, UiO

Characteristics of I.  galbana, from Parke 1949.

Cell: elongate to subspherical 5,6 x 2,4 µm, covered by scales (plate scales)



27

Flagella: c. 7 µm

Haptonema: rudimentary, covered by scales

Nordic microalgae and aquatic protozoa (http://nordicmicroalgae.org)

Figure 8: Microscopy of microalgae P. polylepis (A) Live cell (LM), x 2900 ( B-D) Scalesdetails (TEM) x 6600

Authentic stage of P. polyepis (Manton &Parke 1962) Edvardsen, Eikrem & Prober

Image taken by professor Wenche Eikrem, Department of Bioscience, UiO

Characteristics of P. Polylepis from (Manton&Parke 1962) Edvardsen, Eikrem&Prober

Generally ovoid. The shape may vary significantly: 6-12x5-9 µm; 12-36 µm; 6-18 µm. Plate

and spine scales. Four types; Large and small oval/round scales. Basionym:

Chrysochromulina polylepis

Nordic microalgae and aquatic protozoa (http://nordicmicroalgae.org)

Dunaliella tertiolecta:

Phylum: Chlorophyta

Class: Chlorophycea

Order: Chlamydomonadales

Family: Dunaliellaceae

Genus: Dunaliella
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Characteristics of Dunaliella tertiolecta from Butcher 1959

Cells permanently green, radially symmetrical, ellipsoidal, oval or rarely ovate or pyriform.

Cells 5-18 µm in length , 4.5-14 µm wide. Flagella: 2-2.5 times the cell length. Chloroplast is

cup-shaped. The anterior of the cell is free of the chloroplast and colourless.

Algabase (http://algaebase.org/)

3.2 Culturing Algae
P. polylepis UIO 040 and I. galbana UIO 140, both of Haptophyta division, originated from

Norwegian waters. 20 mL of each strain was inoculated in cell culture flask 250 mL in

IMR1/2 medium, modified version by E. Paasche of that described in Eppley et al. 1967,

protocol in Appendix A. The algae were grown at the Department of Biosciences.

After 3 days, 50 mL of inoculum was added to 750 mL culture, each amount to each of 3

replicates for each strain (3 replicates of P. polylepis UIO 040 and 3 replicates of I. galbana

UIO 140). Cultures were then placed in a culture room of ideal temperature at 11,8 °C and

light 30-50 µmol photons m-2: s-1.

On the same day, 5 ml of each replicate culture were pipetted into Falcon Tissue Culture

Plates, 96 Well, Flat Bottom with Low Evaporation Lid, (300 µL per well) and in vivo

fluorescence was measured at 460-680 nm in a Biotek Synergy MX plate reader.  Subsequent

readings were then taken at the same time of day every 48 hours (but not on weekends).

Fluorescence was used as an estimate of cell density. After three days the cultures which

contained I. galbana UIO 140 grew slowly. The cultures were, therefore, first moved to a

culture room with a temperature of 16 °C and the day after that to a culture room at 19 °C, as

faster growth was expected at higher temperatures. From the same reason, cultures which

contained P. polylepis were moved to a culture room with a temperature of 16 °C, after 9 days

of very slow growth. The cultures were harvested when they reached stationary phase. I.

galbana was harvested after 11 days of culturing. In vivo fluorescence was measured before

harvest to ensure that the growth had reached stationary growth phase. Due to slower growth

P. polyepis cultures were harvested after 19 days of culturing.

Cultures were harvested by vacuum filtration using 55 mm Whatman GF/F glass fiber filters.

Filters (microalgaepellet) and filtrates (each for every replica) were frozen at -20 °C after
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harvesting and transported to the School of Pharmacy, Department of Pharmaceutical

chemistry, UiO for chemical extraction.

Before harvest 10 mL subsamples of each culture were fixed with Acidic Lugol’s solution

(1% final concentration) and final cell density was determined using a microscope and Fuchs-

Rosenthal counting chamber.

3.2.1 Counting of algal cells

Algal cells were counted by the use of Fuchs-Rosenthal counting chamber (Figure 9). The

counting chambers serve to determine the number of particles per volume unit of a liquid. The

particles are visually counted under a microscope. The microscope-slide-sized base plate is

made of special optical glass. Chamber depth of Fuchs-Rosenthal counting chamber is 0,2

mm. When a cover glass is placed on top, there is a gap of 0,2 mm between the glass and

central ridge. The lateral boundaries of the volume to be counted are formed by the imaginary

planes projected vertically onto the boundary lines of the ruling.

Figure 9: Image of a Fuchs-Rosenthal counting chamber (image taken by the author)

Fuchs-Rosenthal counting chamber’s ruling has large area of 16 mm2. The ruling shows 16

large squares of 1 mm2. Each large square is subdivided into 16 mini squares with 0,25 mm

sides and an area of  0,0625 mm2. The chamber’s volume is in total 3,2 mL (Figure 10).
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Figure 10: Drawing of a Fuchs- Rosenthal counting chamber ruling. The large area of 16 mm2 which is

subdivided in 16 squares of 1 mm2, which again are subdivided in 16 mini squares of 0,0625 mm2. (Image

adapted from the http://www.celeromics.com/en/index.php)

It is generally recommended to count 16 one square millimeter areas. Calculating formula if

16 one square millimeter areas were counted is presented below.

3.3 Chemical extraction of filters with frozen
microalgae material
A Dionex ASE 350 Accelereated Solvent Extraction machine (Thermo Fisher Scientific,

USA) was used for extractions. The ASE 350 uses a combination of elevated temperature (40

°C and pressure with common solvents to increase the efficiency of the extraction process.

The result is faster run times and a significant reduction in solvent use. During a run, the cell

is filled with solvent and then heated and pressurized to maintain the solvent in a liquid state.

After the run, the extract is rinsed from the cell into a collection vessel (a bottle or vial).

Stainless steel cell (66 mL) was used to place samples and glass bottles as a collection vessel.

GF/F filters with harvested material were cut into small pieces and mixed with diatomaceous
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earth in the porcelain dish. In the bottom of the stainless steel cell, 30 mm ASE extraction

filter paper was placed first, than two spoons of diatomaceous earth were added, followed by

blend of harvested material and diatomaceous earth and again on the top two spoons of

diatomaceous earth. The stainless steel cell is than loaded in the ASE 350 instrument.

The ASE 350 instrument was programmed to re-extract three times with each solvent

(Dichloromethane and ethanol), so 3 bottles of Dichloromethane (DCM) extracts and 3 bottles

of ethanol extracts were collected. DCM was used for extraction of lipophilic compounds and

ethanol for extraction of hydrophilic compounds.

A Rotary Evaporator with HB10 bath-IKARV10 (IKA, Germany) was used for solvent

evaporation. DCM/ethanol extracts from 3 bottles were united in two round bottom glass

flasks (one for DCM extract and the other for ethanol extract). Round bottom flasks with

extract were cabled to the Rotary evaporator until the greatest part of solvent evaporated. The

remains were transferred to two glass vial, one for DCM, and the other for ethanol extract,

and left to dry by evaporation in a fume hood. The extraction lay out is shown in Figure 11.

Figure 11: Flow chart for ASE chemical extraction and fractionation of algal material



32

3.4 Chemical extractions of supernatants from
microalgae culture filtration
Supernatants (3x700 mL) were joined together and mixed with 5 g Diaion-HP20 on a rotation

table overnight. The mixture is filtered, through the sieve with 80-100 µm mesh size plankton

net, to separate the Diaion HP20 complexed with lipophilic compounds and the filtrate.

Diaion HP20 complex is then mixed with 40 mL methanol to extract lipophilic compounds

from complex with Diaion HP20.The methanol is filtrated from Diaion HP20. The procedure

is repeated three times.

Methanol is evaporated in Rotary Evaporator- IKA RV10 (IKA, Germany) concentrator

giving the supernatant lipophilic fraction (SLF).

3.5 Bacterial strains and growth conditions
The test bacteria Staphylococcus aureus 6538, Bacillus subtilis ATCC 6633, Pseudomonas

aeruginosa ATCC 9029, Escherichia coli (urin isolate) were obtained from Department of

Pharmaceutical Biosciences, School of Pharmacy, UiO. All bacterial strains were stored at –

80 °C in liquid medium Tryptic Soy Broth supplemented with 30% of glycerol. For MIC

assays, bacterial strains were grown at 37 °C on nutrient agar Oxoid Tryptone Soya Agar

CMO 131 (Tryptic Soy Agar) and maintained at 4 °C. Preparation of Tryptic Soy Agar dishes

is in Appendix H.

3.6 Extracts obtained from Shane Walker’s thesis
As a part of this master thesis, extracts obtained and used as a part of a Master thesis

“Bioprospecting Norwegian Microalgae“,  by marine biology student Shane Walker, were

tested. P. polylepis extracts were dissolved in DMSO and stored frozen at -20 °C, extracts of

the other microlgae strains were stored in powder form at -4 °C. Summary of the strains

included in this study is presented in Table1.
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Table 1: Summary of the microalgae strains, obtained from Shane Walker used in the present study.
Strain code is as registered in the UiO algal culture collection of University of Oslo. Temperature was
measured in degrees Celsius and salinity in practical salinity units (PSU).

Strain
code

Species Division Origin Salinity Temperature

UIO 004 Micromonas pusilla Prasinophyta Skagerrak 25 16
UIO 007 Pseudoscourfieldia marina Prasinophyta Oslofjorden 25 19
UIO 040 Prymnesium polylepis Haptophyta Risor 30 19
UIO 254 Karlodinium micrum Dinophyta Oslofjorden 30 19
UIO 305 Becheleria cincta Dinophyta Flekkefjord 30 19

3.7 MIC assay
Minimum inhibitory concentration (MIC) is defined as the lowest concentration of an

antimicrobial compound that will inhibit the visible growth of microorganism after

incubation. A variety of laboratory methods can be used to evaluate or screen the in vitro

antimicrobial activity of an extract or a pure compound. Three of these are methods are the

disc-diffusion, agar well diffusion method and MIC assay in a liquid microtiter format.

3.7.1 Disc-diffusion method

The disc-diffusion method is simple and practical and has been well-standardized. The test is

performed by applying a bacterial inoculum of approximately 2 x108 CFU/mL to the surface

of the large (150 mm) petri dish (Mueller Hinton Agar dishes). Preparation of Mueller Hinton

Agar (Sigma-Aldrich 97580-500G-F) dishes is described in Appendix B. After incubation, the

presence of bacterial colonies on the dishes indicates growth of the organism.

Petri dishes (3 replicas) were inoculated with a standardized inoculum of the test

microorganism. Petri dishes should be properly marked (with e.g. name, date, organism and

orientation) before continuing with the procedure. A sterile glass tube was filled with 2 mL of

sterile saline solution (9 mg/mL). Fresh bacterial colonies were transferred to this glass tube

using a sterile loop and mixed well by using vortex mixer. When turbidity is assessed visually

by comparing the test tube and McFarland 2 Standard, 60 µL for Gram-negative bacteria or

120 µL for Gram-positive bacteria inoculum is transferred to glass bottle which contains 25
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mL of sterile saline solution. 5 mL of the freshly made inoculate is transferred to each agar

plate using a sterile pipette. The inoculate should cover the surface of plates completely. The

liquid remains are sucked off using a Pasteur pipette and the plates are left in a laminar flow

hood until the dishes are completely dry. Completely dry plates should be placed, according

to their orientation, over a predrawn pattern of disc placement (map premade). This is

exemplified in Figure 12 below.

Figure 12: Example of predrawn pattern of disc placement: A-antibiotic used as a positive control, E1-

microalgal extract 1 and S1- solvent used to dissolve the microalgae extract.

Then, filter paper discs of 6 mm in diameter, containing the test compound (microalgae

extracts) at a desired concentration (10 mg/mL or greater), are placed on the dish surface,

according to the map. Filter paper discs which contained solvent (DMSO, chloroform,

methanol) and commercially available discs containing known concentration of antibiotic

were used as control.

Commercially available discs containing known concentration of antibiotic used as a control,

are presented in Table 2 below.

Table 2: A list of bacterial strains and commercially available discs containing antibiotics used in the present

thesis

Bacterial strain Commercially available disc containing:

S. aureus 6538 Chloramphenicol 30 µg

B. subtillis ATCC 6633 Tetracyclin 30 µg, ciprofloxacin 5 µg

E. coli (urin isolate) Tetracyclin 30 µg, ciprofloxacin 5 µg

P. aeruginosa ATCC 9029 Gentamicin 30 µg, ciprofloxacin 5 µg
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Filter disc impregnated with 10 µL of solvent (DMSO, chloroform, methanol) were used as a

control of potential antimicrobial effect of solvents. This control is necessary to distinguish if

antimicrobial effect comes from solvent or microalgae extract.

The petri dishes should remain exactly 30 min on the bench, before they are transferred to the

incubator with bottoms up (37 °C, over night). The density of bacteria inoculated should

produce confluent growth on the petri dish after incubation. Any zone of inhibition occurring

around the discs is measured, and after comparison with known standards, the bacteria tested

is considered as susceptible, intermediate or resistant to particular antimicrobial agent. The

diameters of inhibition growth zones are then read using a calliper at both vertical and

horizontal direction and the average size from the two read-outs is calculated. The

experiments are repeated three times and the average values are estimated. The results are also

documented by taking a picture using a GelDoc system (Synoptics LTD, Great Britain).

3.7.2 Agar well diffusion method

Agar well diffusion method is widely used to evaluate the antimicrobial activity of plants or

microbial extracts. Similarly to the procedure used in disc-diffusion method, the petri dish

(MHA) surface is inoculated by spreading 5 mL of the microbial inoculate over the entire dish

surface.  Then a hole with a diameter of 10 mm is punched aseptically with a sterile cork

borer, and a volume (50-100 µL) of the antimicrobial agent or extract solution at desired

concentration is introduced into the well. Then, the agar plates are incubated under suitable

conditions (at 37 °C overnight). The antimicrobial agent diffuses in the agar medium and

inhibits the growth of the microbial strain tested. The inhibition growth zones are measured as

described for Disc diffusion assay above.

3.7.3 MIC assay in liquid medium using a microtiter format

MIC assay in liquid medium using microtiter format (broth dilution method), uses liquid

growth medium containing geometrically increasing concentrations (typically two-fold

dilution series) of the antimicrobial agent, which is inoculated with a defined number of

bacterial cells. Recommended final concentration (after inoculation), of bacterial cells in

microtiter wells is 5x105 CFU/mL (range 2-8x105 CFU/mL). After incubation, the presence of

turbidity or a sediment indicates growth of the organisms. MIC is defined as the lowest

concentration (mg/mL) of the antimicrobial agent that prevents visible growth of a
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microorganism under defined conditions.

Mueller Hinton (MH) broth is preferred used as medium, recommended by Clinical and

Laboratory Standards Institute (CLSI) and European Committee for Antimicrobial

Susceptibility Testing (EUCAST). MH broth (70192 Sigma Aldrich) is prepared according to

the manufacture’s instructions (described in Appendix C). 5 mL of MH Broth was transferred

to sterile glass tube. One single bacterial colony (freshly cultured from the day before) is

suspended in 5 mL of MH broth and incubated over night (37 °C).

Then the CFU is counted using the Miles and Misra method (described in Appendix C). A 96-

well microtiter plate was labeled according to decided scheme (Figure 13). The bacterial

suspension (CFU-2,5x107) was mixed by vortexing and then diluted 1:100 before being

applied to the microtiter plate.

Figure 13: Example of a MIC assay in microtiter plate format: GC-growth control (broth with bacterial

inoculums, no antibiotic), AB- antibiotic suspension in MH broth inoculated with bacterial suspension, Sx-Sx8 –

serial dilutions of solvent inoculated with bacterial suspension, Ex1- Ex8 – serial dilutions of extract solution

inoculated with bacterial suspension, SC- sterility control (broth only).

- First column wells of the microtiter plate are usually considered as growth control wells

and they contained 100 µL MH broth, inoculated with 100 µL of bacterial suspension.

-Second column wells which contained 100 µL appropriate control antibiotic solution,

inoculated with 100 µL of bacterial suspension. Concentration of control antibiotic solution is

recommended by CLSI and EUCAST.  As the antibiotic solution is later inoculated with an
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equal volume of inoculum, the dilutions are prepared at a concentration twice the desired final

concentration. For example, if the desired final concentration is 30 µg/mL, the concentration

of antibiotic solution should be 60 µg/mL.

- In columns 3-11 contained in rows A-C, 100 µL of  different dilutions of  organic solvent

(Sx-Sx8) and in rows D-F serial dilutions of microalgae extract (Ex-Ex8) dissolved in organic

solvent (Sx). All wells were inoculated with 100 µL of bacterial suspension. Testing both

solvent and extract solution is necessary to distinguish if inhibitory effect of bacterial growth

is caused by solvent or extract self. The last column wells were considered as sterility control

wells and contained only 200 µL MH broth. To prevent drying, it is recommended to seal

each plate in a plastic bag with plastic tape. Finally, the microtiter plate is incubated at 37 °C,

over night in an incubator shaker (New Brunswick Scientific Innova 4230, agitation-150

rpm).

In order for the test to be valid, definite turbidity or sediments (button size in microtiter plates

≥  2 mm) need to occur in the growth control well while sterility control wells should stay

clear. The MIC is defined as the lowest concentration of an antimicrobial agent that inhibits

visible growth of microorganism after incubation. The lower the MIC, the more potent the

compound is as an inhibitor. If tested compound is bacteriostatic, the bacteria in wells can be

recovered, because their growth has only been inhibited. At low concentrations, even

bactericidal compounds may inhibit growth without completely killing the bacteria, but at

higher concentrations, all of the bacteria will be killed, and this concentration is referred to as

minimal bactericidal concentration (MBC).

3.8 Inhibition of pathogenic Vibrio by microalgae
Isochrysis galbana and Dunaliella tertiolecta
Vibrio cultures

V. alginolyticus was cultured on LB plate and incubated at 37 °C over night. One fresh colony

was used to inoculate 5 mL IMR ½ medium in sterile plastic tube and incubated at 20 °C in an

incubator shaker over night (New Brunswick Scientific Innova 4230, agitation-150 rpm). This

liquid culture was adjusted to an optical density of 0,05 at 600 nm, which corresponds to a

concentration of 106 cells/ mL.  OD was measured using spectrophotometer (Mettler Toledo

Gmbh Switzerland). Vibrio cells were counted on Thiosulfate-citrate-bile salts-sucrose
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(TCBS) medium with ten-fold serial dilutions from the culture, incubated at 37 °C over night

and express as CFU/mL. TCBS agar (Himedia M189-500G) is widely recommended isolation

medium for Vibrio species. The composition, preparation and principles of TCBS is described

in Appendix F (West, Russek et al. 1982).

I. galbana cultures

100 mL IMR ½ medium (Apendix A) was added to each of two 250 mL Erlenmayer flasks.

Those flasks were inoculated with 7 mL of I. galbana inoculum. After 5 days under light (30-

50 µmol photons m-2 s-1) and temperature 18,5 °C, the cell density was measured. The content

of each flask is distributed into two culture tissue flasks of 50 mL. The two culture tissue

flasks were than inoculated with 50 µL V.  alginolyticus liquid culture, and the other two were

considered as a control. Before inoculation, microalgae cultures were tested for the presence

of Vibrio's, by spreading 10 µL of each culture on TCBS plates. Two culture tissue flasks

which contained 50 mL IMR ½ medium were inoculated with 50 µL V.  alginolyticus liquid

culture, and the they were considered as a control of V.  alginolyticus growth. The experiment

lay-out is shown in Figure 14.

D. tertiolecta cultures

The D. tertiolecta cultures were growth under same conditions as I. galbana cultures and then

inoculated with the same V. alginolyticus liquid culture. In was decided to observe potential

inhibitory effect on bacterial growth of two microalgae strains from different divisions: I.

galbana (Haptophyta) and D. tertiolecta (Chlorophyta).

Vibrio inhibition assay

The V. alginolyticus strain was used to inoculate microalgae cultures in liquid medium at 106

Vibrio /mL. Immediately, after inoculation, the initial bacterial concentration was determined

by enumeration on TCBS medium. Vibrio cells were counted on TCBS medium with ten-fold

serial dilutions from the culture, incubated at 37 °C over night and expresses as CFU /mL.

This count corresponded to the initial concentration of Vibrio species and the initial time and

was defined as T0.

Once, the culture tissue flasks were inoculated with V. alginolyticus, the microalgae-bacteria

cultures were incubated under same conditions as flasks with the microalgae cultures and
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control bacteria cultures (a photoperiod of 12:12 hours, under 18,5 °C The experimental lay-

out is shown in Figure 14. V. alginolyticus concentration were counted after 12, 24 hours, and

then every 24 hours for the next two weeks. All manipulations were carried out under a

laminar flow hood. Every second day, the cell density of the microalgae cultures was

measured using Fuchs-Rosenthal hemocytometer.

Figure 14: Inoculation of microalgae culture with V. alginolyticus liquid culture Flask1 and Flask2 contain

I. galbana culture (100 mL) and is split into flask I1 and I2, which serve as control flasks (contain only 50 mL

microalgae culture). I. galbana is further split into flask IV1 and IV2 in which they are co-cultured with 50 µL V.

alginolyticus liquid culture. Flask V1 and V2 contain 50 mL IMR ½ medium inoculated with 50 µL V.

alginolyticus liquid culture.
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4 Results

4.1 Determination of growth rate and enumeration of
P. polylepis and I. galbana
Growth curves for the alga P. polylepis (Fig 15a) and I. galbana (Fig15b) were done in the

aim to determine the end of the exponential phase so harvesting could be conducted at the

most optimal moment.

P. polylepis and I. galbana were grown as it was described in the chapter 3.2. P. polylepis

reached stationary phase after 18 days and was harvested after 20 days of growth. I. galbana

was harvested after 11 days, at nearly stationary phase, however, stationary phase was not

determined.

Figure 15a Figure 15b
Figure 15: Growth curves of 3 replicas of P. polylepis (15a) and I. galbana (15b) cultivated in IMR1/2 medium.

Growth curves were made by plotting time (in days: d) against fluorescence (relative units) as measured in a

Biotek Synergy MX plate reader.

Enumeration of the alga cell concentration at harvesting was determined using the Fuchs-
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Rosenthal counting chamber as described in the chapter 3.2.1. By using the equation the

number of cells of I. galbana and P. polylepis were calculated respectively. On the harvesting

day, the I. galbana cell density was 1,3 x 105 cells/mL, whereas the P. polylepis cell density

was 5, 3 x 104 cells/mL.

4.2 Extraction yield of the frozen microalgae
material
After harvesting the alga cultures, extractions were made as described in the chapter 3.3. The

quantities of dry extracts were measured on a sensitive precision laboratory analytical

electronic weighing scale. The Table 3 shows weights of dry extracts which were obtained

using two different solvents: DCM and ethanol.

Table 3: The dry extracts weights of P. polylepis and I. galbana in mg

After extraction of supernatant of I. galbana culture, as described in the chapter 3.4, 349,1 mg

of supernatant lipophilic fraction (SLF) was obtained. As no bioactive compounds were found

in supernatant by Shane Walker, when he analyzed P. polylepis (Bioprospecting Norwegian

Microalgae, 2015), it was decided not to analyze P. polylepis supernatant for the present

master thesis.

4.3 NMR spectra of I. galbana and P. polylepis
extracts
The extracts obtained from P. polylepis and I. galbana were analyzed with NMR. Spectra

showed that extracts contained mainly fatty compounds. Two examples are shown in Figure

16 and Figure 17, one for each alga, respectively. The other can be seen in Appendix D.

Microalgae culture Dry DCM extract weight
(mg)

Dry ethanolic extract weight
(mg)

P. polylepis 5,7 123,2

I. galbana 123,5 356,7
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Figure 16: The figure shows the 1H NMR spectrum of the DCM extract of I. galbana in deuterated chloroform.

Figure 17: The figure shows the 1H NMR spectrum of the DCM extract of P. polylepis in deuterated
chloroform.
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4.4 Determination of microalgae extract
antimicrobial activity by disc-diffusion method

4.4.1 I. galbana

During chemical extraction of frozen microalgae material from I. galbana, DCM and ethanol

extracts were obtained. Those extracts were tested against four different bacterial strains,

namely the two Gram-positive species S. aureus, B.  subtilis, as well as the two Gram-

negative strains E. coli and P. aeruginosa.

The highest possible concentration of extract was needed in the aim to determine potential

antimicrobial effect. Using the fact that chloroform evaporates very quickly, 10 µL of DCM

extract was pipetted on the filter paper disc, waiting for a few seconds until the filter disc

became dry, and then the procedure was repeated five times. 10 µL DMSO applied at filter

disc did not evaporate even in few weeks, so it was concluded that only 10 µL of ethanol

extract could be pipetted on the filter paper disc. After the overnight incubation at 37 °C, no

inhibition zones around filter discs containing I. galbana DCM and ethanol extracts were

observed. Both extracts were tested against each of four bacterial strains and they did not

caused inhibition of bacterial growth. Organic solvents have not shown antimicrobial activity

in this method. Inhibition zones around antibiotic control discs were observed. Results are

presented in Table 4.

An example of Disc- diffusion test, I. galbana extracts against B. subtilis is shown in Figure

18. The other examples can be seen in Appendix E.
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Figure 18: Disc-diffusion method: Activity of I. galbana DCM and ethanolic extracts against B. subtilis, no

inhibition zones around filter disc which contained DCM extract (5), ethanol extract(3), DMSO (2), chloroform

(4), inhibition zone only around filter disc contained  30 µg tetracycline (1)
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Table 4: The anticrobial effect of I. galbana extracts. The extracts, their concentrations, solvents which were

used, volumes which were applied at filter discs and their antimicrobial activity on the bacterial strains are listed.

I. galbana

extract

Solvent Volum of

extract

applied at

filter disc in

µL

Conc  of

extract on

disc in  mg

/mL

Bacterial strain Antimicrobial

activity as measured

by inhibitions zone

DCM Chloroform 50 15 S. aureus 6538 negative

Ethanol DMSO 10 10 S. aureus 6538 negative

DCM Chloroform 50 20 B. subtilis ATCC

6633

negative

Ethanol Methanol 10 20 B. subtilis ATCC

6633

negative

DCM Chloroform 50 10 E. coli

(urin isolate)

negative

Ethanol DMSO 10 10 E .coli

(urin isolate)

negative

DCM Chloroform 50 10 P. aeruginosa

ATCC 9029

negative

Ethanol DMSO 10 10 P.  aeruginosa

ATCC 9029

negative

4.4.2 P. polylepis

Similarly to I. galbana above, chemical extracts obtained after extraction of frozen algal
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material from P. polylepis were tested for their potential antimicrobial activity. For P.

polylepis only 5,7 mg of  DCM extract was available, which was not enough to be solved in

chloroform. DMSO was used as a solvent to both extracts. Similarly to I. galbana extracts, P.

polylepis extracts, both DCM and ethanol did not inhibit bacterial growth. The results are

presented in the Table 5.

Table 5: The anticrobial effect of P. polylepis extracts. The extracts, their concentrations, solvents which were

used, volumes which were applied at filter discs and their antimicrobial activity on the bacterial strains are listed.

P. polylepis

extract

Solvent Volum of

extract

applied at

filter disc

in µL

Conc of

extract on

disc in

mg/mL

Bacterial strain Antimicrobial

activity as

measured by

inhibitions zone

DCM DMSO 10 10 S. aureus 6538 negative

Ethanol DMSO 10 10 S. aureus 6538 negative

DCM DMSO 10 10 B. subtilis ATCC

6633

negative

Ethanol DMSO 10 10 B. subtilis ATCC

6633

negative

DCM DMSO 10 10 E. coli

(urin isolate)

negative

Ethanol DMSO 10 10 E. coli

(urin isolate)

negative

DCM DMSO 10 10 P. aeruginosa

ATCC 9029

negative

Ethanol DMSO 10 10 P. aeruginosa

ATCC 9029

negative
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4.4.3 Extracts from Shane Walker’s Master’s thesis

As a part of this master thesis, extracts obtained and used as a part of a Master thesis from

2015 by marine biology student Shane Walker, were tested. He had made extracts from

several microalgae cultures which were tested for the cytotoxic effect on eukaryotic cell lines.

Four different hexan extracts and four different etylacetat extracts of each cell type were

tested against both the Gram-positive S. aureus and Gram-negative E. coli. DMSO was used

as solvent in all tests. Results from the 037 P. polylepis (alternate cell type) and 040 P.

polylepis (authentic cell type) diffusion assays are presented in Table 6 and Table 7. (Extracts

1&2 were obtained from microalgae material harvested in exponential phase of growth and

extracts 3&4 were obtained from material harvested in stationary phase.)

Table 6: Antimicrobial activity of P. polylepis 037 extracts against E. coli and S. aureus using the Disc

diffusion assay

P. polylepis 037 extract activity against E. coli
(urin isolate)

activity against S. aureus

6538

Hexan 1&2 negativ negativ

Hexan 3&4 negativ negativ

Etyl acetat 1&2 negativ negativ

Etyl acetat 3&4 negativ negativ

Table 7: Antimiceobial activity of P. polylepis 040 extracts extracts against E. coli and S. aureus using the Disc
diffusion assay

P. polylepis 040 extract activity against E. coli
(urin isolate)

activity against S. aureus

6538

Hexan 1&2 negativ negativ

Hexan 3&4 negativ negativ

Etyl acetat 1&2 negativ negativ

Etyl acetat 3&4 negativ negativ

As can be seen from the results presented in Table 6 and Table 7 no activity was found for

037 P. polylepis and 040 P. polylepis, so other available microalgae extract from the work of
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Shane Walker thesis were tested. Those extracts were obtained by extraction of four

microalgae cultures: Becheleria cincta, Karlodinium micrum, Pseudoscourfieldia marina and

Micromonas pusila . The different extracts had been obtained from ethanol, ethyl acetat and

supernatant hydrophilic fraction (SHF) which were all dissolved in DMSO. The quantity was

insufficient to test their effects on all four bacteria: S. aureus, B. subtilis, E. coli and P.

aeruginosa. Hence, the test is performed against S. aureus only since it is considered the most

susceptible to potential anti-bacterial effects of algae (Duff, Bruce et al. 1966, Kellam and

Walker 1989, Ördög, Stirk et al. 2004). Unfortunately, none of those extracts have shown

antibacterial effect as presented in Table 8.

Table 8: Antibacterial activity of microalgae extracts. The extracts were obtained from Shane Walkers master
thesis and tested against S. aureus

Strain

code

Species Division Extract Solvent Antimicrobial

effect against

S. aureus

UIO 305 Becheleria cincta Dinophyta SHF DMSO negative

UIO 305 Becheleria cincta Dinophyta Ethanol DMSO negative

UIO 254 Karlodinium

micrum

Dinophyta Etylacetat DMSO negative

UIO 254 Karlodinium

micrum

Dinophyta Ethanol DMSO negative

UIO 007 Pseudoscourfieldia

marina

Prasinophyta SHF DMSO negative

UIO 007 Pseudoscourfieldia

marina

Prasinophyta Ethanol DMSO negative

UIO 004 Micromonas

pusilla

Prasinophyta SHF DMSO negative
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4.5 Agar well diffusion method
As measurement of potential antimicrobial activity by the disc diffusion could only contain a

limited volume of algae it was of interest to test higher volumes and thereby higher

concentration by use of the agar well diffusion assay. In this assay up to 200 µL of extract

volume can be loaded compared to 10-50 µL in disc-diffusion model. The main disadvantage

of this method is that larger amounts of extracts are needed. Figure 19 shows activity of

microalgae extracts against S. aureus. Holes were filled with 90 µL of 10 mg/mL extracts and

90 µL DMSO as control. The central hole was filled with 90 µL Chloramphenicol 30 mg/mL.

Inhibitory effect is visible only around the hole with Chloramphenicol.

Figure 19: Agar well diffusion method: Activity of algal extracts from (063) B. submarina, (007) P. marina,

(254) K. micrum, (305) B. cincta and (D) DMSO against S. aureus. Holes were filled with 90 µL of 10 mg/mL

extracts. The hole in center was filled with 90 µL Chloramphenicol 30 µg/mL.

4.6 MIC assay liquid medium and microtiter format
MIC assay in microtiter format could be a useful tool in determining antimicrobial effect of

novel compounds. Several dilutions of compound in questions and read out in a

spectrophotometer, can easily be made. In this master thesis, however organic solvents, such

as DMSO, hexan, chloroform, ethanol and acetone, are needed to solve microalgae extracts.

These solvents are predicted to have antimicrobial effect in themselves, and can thereby
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making it difficult to detect if antimicrobial effect comes from microalgae extract or the

organic solvent.

To test this, MIC assay in microtiter format, testing DMSO and chloroform was done as

described in the chapter 3.7.3.  Nine serial dilutions of DMSO were tested and six most

concentrated of them visibly inhibited growth of S. aureus suspension. At these

concentrations DMSO has apparently antimicrobial effect in itself. With these dilutions the

algae extract will be dissolved and obviously will inhibit bacterial growth in microtiter well. It

is difficult to determine if inhibitory effect comes from both extract and solvent or just solvent

itself. It can be concluded that algae extract dissolved in DMSO cannot be tested in this type

of MIC assay.

Chloroform and extracts dissolved in chloroform corroded Microtiter plate, which is made of

plastic and it was impossible to obtain a read out of the inhibitory effect of these extracts.

Unfortunately, all microalgae extracts used in the present thesis, could only be dissolved in

organic solvents. As all of these solvents have antimicrobial effect in themselves, the MIC

assay in microtiter format is not the prefer method in detecting potential antimicrobial effect

of these microalgae extracts.

4.7 Inhibition of pathogenic Vibrio by microalgae
Isochrysis galbana and Dunaliella tertiolecta
As three antimicrobial activity assay described in the chapters above did not give any results

it was of interest to test other possible assays of antimicrobial activity from algae. A

cohabitation assays of algae with marine Vibrios have been reported before (Kokou, Makridis

et al. 2012, Molina-Cárdenas, del Pilar Sánchez-Saavedra et al. 2014). In this assay 50 mL

cultures of I. galbana (IV1, IV2), or D. tertiolecta cultures (DV1, DV2) were inoculated with

50 µL V. alginolyticus liquid culture and left for growth in room temperature for 12/12

light/dark cycle. In this experiment D. tertiolecta was chosen instead of P. polylepis because

it belongs to the Chlorophyta division, while both I. galbana and P. polylepis belong to

Haptophyta division. The aim was to compare inhibitory effect of microalgae strains of two

different divisions. Control cultures with only algae (I1, I2, D1, D2) or bacteria (V1, V2) were

also set up. The experiment was repeated two times and the bacterial concentration of

inoculum was 1,5x106 in the first experiment and 3x106 in the second experiment.
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Concentration of V. alginolyticus was measured by enumeration on TCBS plates, which are

selective for Vibrio sp. CFU of V. alginolyticus was measured at the moment of inoculation,

after 12, 24 hours and then every 24 hours for the next two weeks. The results are

summerized in the Table 1, Appendix G.

During the first experiment, after 12 hours, the highest V. alginolyticus CFU values were

detected in D. tertiolecta flasks, while I. galbana and Vibrio control flasks had slightly lower

CFU than D. tertiolecta co-cultures.

However, concentration of Vibrio cells declined rapidly after 24 hours and become

undetectable after 48 hours in D. tertiolecta co-culture (Figure 20). Meanwhile, I. galbana co-

cultures showed slower but constant inhibition of Vibrio growth and bacterial concentration

was ten times lower than in control flasks after 48 hours and even 100 times lower after 216

hours. Vibrio cells become undetectable after 384 hours (Figure 20). During the second

experiment Vibrio cells in D. tertiolecta co-cultures have become undetectable after 120

hours. I. galbana co-culture has shown similar inhibition of Vibrio growth in the second

experiment and Vibrio cells have become undetectable after 312 hours (Figure 21). Table 1

(Appendix G) shows results of V. alginolyticus CFU measurements during 2 weeks. CFU was

detected in co-cultures of both microalgae strains, as well as in control flask consisting of V.

alginolyticus only.

Figure 20: Number of V. alginolyticus cells (CFU mL-1) (±SE) in the first experiment after co-culture with I.

galbana (IV), and D. tertiolecta (DV), as well as in control culture (V)
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Figure 21: Number of V. alginolyticus (CFU mL-1) ( ±SE) in the second experiment after co-culture with I.

galbana (IV), and D. tertiolecta (DV), as well as in the control culture (V)

During the experiment also the cell density of the microalgae cultures was measured using

Fuchs-Rosenthal hemocytometer. The values are shown at Table 2, Appendix G. Initially,

cultures used in the first experiment were denser, but after five days the values become very

similar.
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5 Discussion
Antibiotic resistance is becoming one of the greatest concerns of the modern world, and

microbial infections are serious clinical threat. Mankind needs new agents in the war against

pathogens. Natural products are still one of the major sources of new antibiotics. They are

derived from prokaryotic bacteria, eukaryotic microorganisms, plants and various animals

(Berdy 2005). Therefore, methods for antimicrobial susceptibility testing and discovering

novel antimicrobials need to be constantly developed.

5.1 Microalgae as potential source of antimicrobial
agents
Marine world is not fully explored yet, and maybe marine flora with microalgae could be

important source of “new antibiotics”. Microalgae metabolism reacts to changes in the

external environment with changes in its intracellular environment. The manipulation of the

culture conditions, or presence or absence of certain nutrients, stimulates the biosynthesis of

specific compounds (da Silva Vaz, Moreira et al. 2016).

Several studies were conducted to investigate bioactive compounds of microalgae origin

(Duff, Bruce et al. 1966, Bruce, Duff et al. 1967, Cannell, Owsianka et al. 1988, Kellam,

Cannell et al. 1988, Kellam and Walker 1989, Ohta, Shiomi et al. 1995, Ördög, Stirk et al.

2004, Najdenski, Gigova et al. 2013, Mudimu, Rybalka et al. 2014, Pane, Cacciola et al.

2015). It was necessary to screen many algal strains against microbes in the aim to select

strains with antimicrobial compounds. In addition the microalgae growth conditions,

harvesting, extraction methods, the test strains and test methods will also influence the

outcome of the screening.

5.1.1 Culturing conditions

The results of several studies have shown that the quality and quantity of bioactive

compounds, isolated from microalgae strains depend on culturing conditions such as light,

temperature, certain nutrients and medium composition. Almost all of the biologically active

compounds of interest are secondary metabolites and thus are usually more abundant in

stationary phase or in slow growing cultures. For example, the β-carotene content in
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Dunaliella salina is greatest under conditions of high salinity, high light and nutrient

limitation (Borowitzka 1995). The antibiotic cyanobacterin LU1 from Nostoc linckia is

synthesised throughout the growth cycle, but it is favoured by low temperatures (Gromov,

Vepritskiy et al. 1991). Microalgae strains used in the present thesis were cultured in IMR1/2

medium which provides them with sufficient amount of minerals, and which resembles

marine environment. Further during the experiment it was found that the optimal temperature

for microalgae growth was 19 °C. Although this optimized the rate of algae growth it is not

necessarily the optimal temperature conditions for production of antimicrobial metabolites.

5.1.2 Harvesting

To obtain maximal yield and samples “richest” in bioactive compounds, it is important to

choose   the most optimal method and the best moment of culture growth for harvesting.

Several studies concluded that late exponential phase and early stationary phase of growth is

best moment for harvesting (Kellam, Cannell et al. 1988, Ördög, Stirk et al. 2004).

5.1.3 Extraction

Extraction is one of the crucial steps in determining the potential antimicrobial effect of

microalgae strains. Bioactivity is rarely found in aqueous extracts (Cannell, Owsianka et al.

1988, Naviner, Bergé et al. 1999, Herrero, Ibanez et al. 2006), due to the hydrophobic nature

of microalgae compounds. Some authors found best activity in methanolic extracts (Cannell,

Owsianka et al. 1988, Mudimu, Rybalka et al. 2014), while other reported that acetone

extracts were most active against microbial strains (Bruce, Duff et al. 1967, Walter and

Mahesh 2000) or hexane extracts (Herrero, Jaime et al. 2006).

In the present thesis, extraction was carried out with the ASE 350, which uses a combination

of elevated temperature (40 °C) and pressure, with DCM and ethanol to increase the

efficiency of the extraction process. The result is faster run times and a significant reduction

in solvent use, which is also a great advantage for environment. The premise of this thesis was

that ethanol extracts hydrophilic and DCM extracts lipophilic compounds. The obtained

extracts were then analyzed with NMR. The NMR spectra showed that the extracts contained

fatty compounds. The nature of those compounds could not be determined without further

purification and chromatography and full structure elucidation with NMR.
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Herrero, Ibanez et al. 2006 have tested the antimicrobial activity of different pressurized

liquid extracts obtained from D. salina, microalga from Chlorophyta division, against several

microorganisms. Different solvents (hexane, petroleum, ether, water) and extraction

conditions (40, 100 and 160 °C) were tested. Results showed that the best antimicrobial effect

was observed for each solvent at the highest extraction temperature 160 °C). The extraction

yield increased with higher temperature and was at maximum when ethanol was used as

solvent. Water extracts had the lowest extraction yield and they showed little antimicrobial

activity. Conclusion was that compounds which are responsible for antimicrobial activity was

related to the polarity of the used solvent. The organic solvents with low polarity were more

effective in extracting the antimicrobial compounds from microalgae, although ethanol with a

higher polarity also showed good extraction of those compounds. Antimicrobial activity of

Chlorophyta  comes from fatty acids (Borowitzka 1999) and hexane and petroleum are best

choice for extraction of this compounds (Herrero, Ibanez et al. 2006).

Extraction of microalgae cultures, for the present thesis, was carried out similarly as

extraction that was described by Herrero, Ibanez et al. 2006. The extraction yield was highest

when ethanol was used. Obtained extracts from Herrrero, Ibanez study and present thesis

were tested against S. aureus and E. coli. Although, both studies used similar extraction

methods, the main difference and most possible reason for the lack of activity of I. galbana

extracts is that D. salina contains compounds which are possibly more active against tested

bacterial strains, but also could be caused by different extraction temperature, and organic

solvent, (DCM vs hexane /petroleum). The results of large screening studies also reported that

microalgae from Chlorophyta division have shown significant antibacterial effect (Cannell,

Owsianka et al. 1988, Ördög, Stirk et al. 2004).

5.1.4 Screening

Standard test methods to determine the activity of antimicrobial agents or the sensitivity of

microorganisms to those agents are agar-well diffusion test, disc-diffusion test as well as MIC

assay in microtiter format. For those types of assays recommendations have been outlined by

European Pharmacopoeia, 2005.

Agar-well diffusion method is widely used for screening of numerous microalgae strains in

preliminary testing in aim to select strains with antimicrobial activity (Cannell, Owsianka et

al. 1988, Kellam, Cannell et al. 1988, Ördög, Stirk et al. 2004). It is cheap and simple but it is
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necessary to use 50-100 µL of extract, while only 10 µL of extract is needed for disc-diffusion

test.

Advantages of disc-diffusion tests are that they are simple and relatively cheap. The main

disadvantage is the difficulty to determine minimum inhibiting concentrations (MIC) on the

basis of inhibition zone diameters. The so-called Etests (marketed by the Swedish company

AB BIODISK) which comprises a predefined gradient of antibiotic concentrations on a plastic

strip represented an improvement in the determination of MIC values in agar diffusion tests.

However, the diameter of inhibition zones is not only affected by the bioactivity but also by

the diffusion and migration behavior of test compounds in the hydrophilic agar which again

depends on the compounds’ water solubility. The comparability of the antimicrobial activities

of test compounds which differ in their hydrophilic/lipophilic properties is therefore restricted

in this assay (Volk 2008). As it was mentioned above, the most of compounds isolated from

microalgae are lipophilic and hydrophobic and that makes it difficult for them to diffuse in

agar and eventually to inhibit growth of microorganism.

Extracts obtained from both microalgae cultures I. galbana and P. polylepis were tested

against four different bacterial strains, but no inhibitory effect was observed. The extracts,

both DCM and ethanol were solved in different solvents, and applied on filter discs in highest

possible concentrations, but expected antimicrobial effect was missing. The antibacterial

effect was primarily expected from I. galbana extracts, because studies previously carried out,

detected antibacterial effect against several bacterial strains (Duff, Bruce et al. 1966, Bruce,

Duff et al. 1967).  First study revealed that acetone extracts of I. galbana inhibit growth of S.

aureus, S. pyogenes and S. fecalis. However the fatty acids, which are reported to be

responsible for I. galbana antibacterial effect, vary between strains due to genetic variation,

culture conditions (Tzovenis, De Pauw et al. 1997) and geographic adaptation (Wikfors and

Patterson 1994). The reason that DCM and ethanolic extracts, obtained from I. galbana

culture for the present thesis lack antibacterial effect, could be due to different extraction

techniques, different extraction solvent, or difference in strains which were used and culture

conditions.

In the second study conducted by Bruce and Duff (Bruce, Duff et al. 1967), two pigment

products were isolated, by paper-chromatography and bioautography from acetone extracts.

Those pigments were identified as chlorophyll a derivates, probably pheophytin a and

atypical chlorophyllide a and they showed similar inhibitory effect as crude acetone extract.
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The main advantage of MIC assay in microtiter format is the possibility to quantify MIC

values or minimum toxic concentrations of substances very easily. It is carried out in micro

well plates, so it is a substance saving method. The main disadvantage of suspension test

methods is the limited possibility to test lipophilic compounds: for a complete dissolving of

such compounds the addition of an organic dissolver is normally required and higher

concentrations of such dissolvers are mostly incompatible with the test organisms (Volk

2008). Several tests were done for this thesis in aim to check antimicrobial effect of organic

solvents such as DMSO, methanol, ethanol, chloroform. The results have shown that DMSO,

ethanol and methanol inhibit microbial growth self and it is very difficult to distinguish if

inhibiting effect comes from solvent or microalgae extract. Chlorophorm corrodes plastic

microtiter plates and it is not possible to read results unless it is possible to change microtiter

plate material.

Some authors obtained aqueous extracts, dissolved them in distilled water, and then used

them in MIC assay in microtiter format (Ördög, Stirk et al. 2004, Najdenski, Gigova et al.

2013). The results of those studies have shown that aqueous extracts should not be excluded

from testing, because also here antimicrobial activity was confirmed.

5.1.5 In vivo testing

Unfortunately, most of the studies have only used in vitro assays and, in analogy with

macroalgae, it is likely that most of these compounds will have little or no application in

medicine as they are either too toxic or inactive in vivo (Reichelt and Borowitzka 1984).

However, they can find application in agriculture or in production of soaps, lotions,

shampoos, creams, applied to the unbroken skin as general body cleansing agents. They could

be also used as antiseptics, preservatives, inhibiting agents. Positive aspects of those

compounds are that they are very cheap to produce. Compared to antibiotics and topical in

human use they are more readily biodegradable and therefore more acceptable. Novel

antimicrobial compounds from microalgae may lead to design of antiseptics for use in human

medicine but also in industry.
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5.2 Use of Microalgae against Pathogenic Bacteria
in Aquaculture
Promising results were reported about potential inhibition of Vibrio growth by using different

microalgae, for example Chlorella minutissima, Tetraselmis chui, Nannochloropsis sp.,

Artrospira platensis and I. galbana (Kokou, Makridis et al. 2012), I. galbana (Molina-

Cárdenas, del Pilar Sánchez-Saavedra et al. 2014), Dunaliella tertiolecta (Marques, Thanh et

al. 2006), Chlorella (Tendencia and dela Peña 2003), Sceletonema costatum (Kogure, Simidu

et al. 1979, Naviner, Bergé et al. 1999), Tetraselmis suecica (Austin and Day 1990, Austin,

Baudet et al. 1992). Inspired by these previous studies, it was decided to test inhibition of

Vibrio alginolyticus growth by two microalgae: Haptophyta I. galbana and Chlorophyta D.

tertiolecta.

In the previously mentioned studies, beside V. alginolyticus, a few other Vibrio strains were

tested, such as V. campbellii, V. harveyi, V. parahaemolyticus, V. anguillarum, V. splendidus,

V. scophthalmi, V. lentus, V. anguillarum and V. proteolyticus. V. alginolyticus and V.

anguillarum have shown a higher resistance to the antibacterial activity of the microalgae in

a study conducted by Kokou, 2012, whereas Molina-Cardenas et al. 2013 found that of all

tested Vibrio strains, V. alginolyticus was the most sensitive to inhibition caused by I.

galbana.

In this thesis both, I. galbana and D. tertiolecta cultures were inoculated with V. alginolyticus

liquid culture and their ability to inhibit bacterial growth were tested by counting of Vibrio

colonies on TCBS agar medium. Results of the present study indicated that both microalgae

prevented successfully the proliferation of this bacterial strain in co-culture. D. tertiolecta co-

cultures have shown rapid decrease of bacterial count, while I. galbana co-cultures have

shown slower but constant decrease of bacterial counts, in both series of experiments. It is

probably due to two main reasons:

1) microalgae produce secondary metabolites which are accumulated in the growth

medium at the end of exponential and the stationary phase of growth. Vibrio could be

more susceptible to secondary metabolites produced by D. tertiolecta

2) Cell density of D. tertiolecta was much higher than I. galbana, from the first day of

microalgae culturing, until the end of the experiment. Denser culture release more
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secondary metabolites and higher inhibition of bacterial growth and bactericidal effect

is expected.

Two series of experiments were conducted, using the same method and the same growing

conditions. Differences between the first and second experiment were that in the first

experiment microalgae cultures were slightly denser, and Vibrio liquid culture used for

inoculation was less concentrated. Slightly more concentrated inoculum in the second series

was deliberately chosen to test the ability of microalgae to inhibit bacterial growth when

initial bacterial concentration is higher. Similar results were obtained by Kokou 2012. They

concluded that when less concentrated Vibrio inoculum is used, the lower resistance to

antibacterial activity of microalgae is expected.

In the present thesis, these differences lead to slightly different results as well. Denser

microalgae culture (the first experiment) were inoculated with lower concentrated inoculum,

and therefore showed stronger inhibition of Vibrio growth. After only 24 hours, inhibition of

Vibrio growth in D. tertiolecta co-culture was significant, and after 48 hours Vibrio cells were

undetectable in both replicas of D. tertiolecta co-cultures. Also co-cultures with I. galbana

were able to inhibit Vibrio growth, but the bactericidal effect was more gradual. Significant

inhibition was observed after eleven days in the first experiment and Vibrio cells become

undetectable after 384 hours. In the second experiment, Vibrio cells were undetectable in both

replicas of D. tertiolecta co-cultures after 120 hours, and in I. galbana co-culture after 312

hours.

In conclusion, both microalgae species tested have shown antibacterial activity against V.

alginolyticus. Although, the other Vibrio strains were not tested for the present thesis, it is

reported that their growth can be inhibited by microalgae (Kogure, Simidu et al. 1979, Austin

and Day 1990, Naviner, Bergé et al. 1999, Tendencia and dela Peña 2003, Marques, Thanh et

al. 2006, Kokou, Makridis et al. 2012, Molina-Cárdenas, del Pilar Sánchez-Saavedra et al.

2014). Microalgae could have an important role in control of aquaculture disease, caused by

Vibrio sp. The mechanism of inhibition is still unknown.
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6 Future perspectives
Future investigations of microalgae have a few important challenges:

1) Finding most optimal methods for culturing, harvesting and extraction

2) Further isolation of microalgae compounds responsible for antimicrobial effect

3) In vivo testing of those compounds

4) Further testing of “green water techniques”

In vivo testing was neglected in the most of the previously conducted studies, so focus has to

be oriented in finding antimicrobial compounds which have no toxic effect on mammalian

cells and do not bind to serum proteins.
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Appendix A
IMR ½-algal medium

(Epply et al.1967, modified by E. Paasche, University of Oslo). Without silicate and with
selenite

Stock solutions (made with distilled water or MiliQ-water):

Nitrate:         5 g KNO3 to 100 mL

Phosphate:   0,68 g KH2 PO4 to 100 mL

Trace metal solutions: 6 g Na2 EDTA to 1 litre,

1 g FeCl3 x 6H2O

620 mg MnSO4 x H2O

250 mg ZnSO4 x 7H2O

130 mg Na2 MoO4 x2H2O

4 mg CoCl2 x 6H2O

4 mg Cu2 SO4 x 5H2O

To avoid precipitation (due to H4EDTA) adjust this solution to pH 8 with concentrated
NaOH.

Vitamin solutions: 10 mg thiamine (B1)

0,1 mg cyanocobolamine (B12)

0,1 mg biotine

To 100 ml MiliQ water

The two latter is added from a more concentrated stock solution due to the small amounts.

This solution should be kept in plastic bottle, preferably at –20 °C

Selenite solution:    2,63 mg Na2 SeO3 x 5H2O
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Content in 1L medium of 24salinity (up to 90% seawater is fine):

Seawater  (34 PSU) 700 mL

Distilled water                                        300 mL

Nitrate stock solution 0,5 mL   (final concentration 250 µM)

Phosphate stock solution                         0,5 mL   (final concentration 25 µM)

Trace metal-EDTA stock solution          0,5 mL

Vitamin stock solution                            0,5 mL

Selenite stock solution                             1 mL      (final concentration 10 nM)

All stock solutions are as described by Eppley et al. 1967, J.Exp. Mar. Biol. Ecol.1:

191-208. The stock solutions are prepared with Milli-Q water, they are not autoclaved,

and kept in the fridge. The vitamin solution can be prepared from stronger stocks that are kept

in the freezer on plastic flasks. We use half of the amounts of stock solutions compared to

Eppley et al. (o,5 mL per liter instead of 1mL per litre medium) and call the medium IMR1/2.

For flagellates we drop Si (and HCl) and add Se.

The seawater is filtrated (Whatman GF/C) and the medium is autoclaved for 15 min at 120 °C

(110 °C is probably sufficient and can be used if you get precipitation at 120 °C).

If distilled water is exchanged with Milli-Q-water make sure that the filter is old and rinsed

from the formalin in the new filter.
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Appendix B
Preparation of Mueller Hinton Agar (Sigma-Aldrich 97580-500G-F) dishes

Of the many media available, the subcommittee of CLSI considers MHA the best for routine
susceptibility testing of nonfastidious bacteria for the following reasons:

• It shows acceptable batch-to-batch reproducibility for susceptibility testing.

• It is low in inhibitors that affect sulfonamide, trimethoprim, and tetracycline
susceptibility test results.

• It supports satisfactory growth of most pathogens.

• Large bodies of data and experience have been collected about susceptibility tests
performed with this medium.

Composition:

Beef heart infusion            2 g/L

Acid Casein Hydrolysate  17,5 g/L

Starch, soluble                    1,5 g/L

Agar                                   17,0 g/L

1. Suspend 38 g of the medium in one liter of distilled water.

2. Heat with frequent agitation and boil for one minute to completely dissolve the

medium.

3. Autoclave at 121 °C for 15 minutes.

4. Immediately after autoclaving, allow the agar to cool to 45 to 50 °C in a water bath

before  pouring the plates

5. Pour cooled into sterile petri dishes (60 mL per dish) using dish filling machine

6. Store the plates at 2-8 ºC.
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Appendix C

Preparation of Mueller Hinton Broth (70192 Sigma-Aldrich)

-Suspend 11 g of the medium in 0.5 L of distilled water

-Mix well and dissolve by heating with frequent agitation, until complete dissolution

-Divide suspension in 4 bottles (250 mL) and sterilize in autoclave at 121 °C for 15
minutes.

-Prepared medium should be stored at 2-8 °C

Inokulation of liquid medium

-5 mL of Mueller Hinton Broth transfer to sterile tube using sterile pipette

- take one single colony of bacterial fresh culture and suspend it in 5 mL of medium and
incubate at 37 °C over night

CFU counting (Miles and Misra method)

-make a serial ten-fold dilutions of inoculum:

-transfer 1mL of inoculum to 1.sterile tube with sterile pipette, 100 µL from 1. tube add
to 900 µL of PBS in 2.tube, 100 µl of 2. tube liquid  add to 900 µL of PBS in 3.tube
…100 µL from 8.tube add to 900 µL of PBS in  9.tube

-Use sex petri dishes and divide each of them in 6 sectors (one sector is needed for each
dilution series, for statistical reasons an average of at least 3 counts are needed)

-The surface of the dishes need to be sufficiently dry to allow a 10 μL drop to be
absorbed in 15–20 minutes.

- Divided plates into equal sectors. The sectors are labelled with the dilutions.

-In each sector, 1 x 10 μL of the appropriate dilution is dropped onto the surface of the
agar and the drop allowed to spread naturally. It is important to avoid touching the
surface of the agar with the pipette.

-The plates are left upright on the bench to dry before inversion and incubation at 37 °C
over night
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-Each sector is observed for growth.  Colonies are counted in the sector where the
highest number of full-size discrete colonies can be seen (usually sectors containing
between 2-20 colonies are counted).

-The following equation is used to calculate the number of colony forming units (CFU)
per mL from the original aliquot / sample:

CFU per mL= Average number of colonies per mL plated/total dilution factor
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Appendix D
NMR spectra of I. galbana and P. polylepis extracts

Figure 1: The figure shows the APT spectrum of the DCM extract of I. galbana in deuterated chloroform.

Figure 2: The figure shows the 1H NMR spectrum of the ethanol extract of I. galbana in deuterated methanol.
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Figure 3: The figure shows the 1H NMR spectrum of the ethanol extract of P. polylepis in deuterated methanol.

Figure 4: The figure shows the 1H NMR spectrum of the SLF sample of I. galbana in deuterated methanol
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Appendix E
Disc-diffusion method: agar plates images

Figure 5: Disc-diffusion test: B. cincta SHF extracts solved in DMSO tested against S. aureus 6538, Ch-
Commercially available disc contains 30 µg chloramphenicol: filter discs impregnated with 10 µL of: DMSO-
DMSO, BL- empty disc, 10-extract 10mg/mL, 100- extract 100mg/mL . Inhibition zone around
chloramphenicol, extracts did not demonstrated activity

Figure 6: Disc-diffusion test: I. galbana extracts tested against S. aureus 6538, 1- Commercially available disc
contains 30 µg chloramphenicol; discs impregnated with 10 µL of: 2-DMSO, 3- DCM extract solved in
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chloroform (10 mg/mL), 4-ethanolic extract solved in DMSO (10mg/mL), 5- chloroform. Inhibition zone around
chloramphenicol, extracts did not demonstrated activity.

Figure 7: Disc-diffusion test: I. galbana DCM extract tested against S. aureus 6538, 1- Commercially
available disc contains 30 µg chloramphenicol; filter discs impregnated with 10 µL: 2-chloroform, 3- extract
solved in chloroform (10 mg/mL). Inhibition zone around chloramphenicol, extract did not demonstrated activity

Figure 8: Disc-diffusion test: I. galbana extract tested against E. coli urin isolat, 1- Commercially available
disc contains 30 µg tetracyclin, filter discs impregnated with 10 µL:2-DCM extract solved in chloroform
(10mg/mL), 2- DCM extract solved in DMSO (10 mg/mL), 3-chloroform, 4-DMSO, 5-ethanolic extract solved
in DMSO. Inhibition zone around chloramphenicol, extracts did not demonstrated activity.
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Figure 9: Disc-diffusion test: P. polylepis extract tested against S. aureus 6538, C- Commercially available
disc contains 30 µg chloramphenicol; filter discs impregnated with 10 µL: D-DMSO, 1- DCM extract solved in
DMSO (10 mg/mL), 2-ethanolic extract solved in DMSO. Inhibition zone around chloramphenicol, extracts did
not demonstrated activity.

Figure 10: Disc-diffusion test: P. polylepis extract tested against E. coli urin isolat, C- Commercially available
disc contains 30 µg tetracyclin, filter discs impregnated with 10 µL: D-DMSO, 1- DCM extract solved in DMSO
(10 mg/mL), 2-ethanolic extract solved in DMSO. Inhibition zone around chloramphenicol, extracts did not
demonstrated activity.
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Figure 11: Disc-diffusion test: P. polylepis extract tested against B. subtillis ATCC 6633, C- Commercially
available disc contains 5 µg ciprofloxacin; filter discs impregnated with 10 µL: D-DMSO, 1- DCM extract
solved in DMSO (10 mg/mL), 2-ethanolic extract solved in DMSO (10mg/mL), 3-water. Inhibition zone around
ciprofloxacin, extracts did not demonstrated activity.

Figure 12: Disc-diffusion test: I. galbana extracts tested against P. aeruginosa ATCC9029, 1- Commercially
available disc contains 30 µg  gentamicin; filter discs impregnated with 10 µL: 2-DCM extract solved in
chloroform (10 mg/mL), 3-chloroform, 4-DMSO, 5- ethanolic extract solved in DMSO (10 mg/mL). Inhibition
zone around gentamicin, no inhibition observed from extracts.
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Figure 13: Disc-diffusion test: I. galbana extract tested against S. aureus 6538, Ch- Commercially available
disc contains 30 µg chloramphenicol, filter discs impregnated with 10 µL: 1-DMSO, 2- SLF extract solved in
DMSO (50 mg/mL). Inhibition zone around chloramphenicol, no inhibition observed from extract.
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Appendix F

TCBS agar (Himedia M189-500G)

Thiosulfate-citrate-bile salts-sucrose (TCBS) agar was originally developed for isolation of
Vibrio spp. pathogenic for humans. The medium is recommended by the WHO for diagnosis
of cholera when isolation of V. cholera from fecal materials is the clinical procedure
employed. Pathogenic Vibrio species, including V. cholere, are naturally occurring organisms
in the aquatic environment (West, Russek et al. 1982).  All pathogenic Vibrio spp.,
except Vibrio hollisae, will grow on TCBS Agar. The original formula developed by
Nakanishi was subsequently modified by Kobayashy et al. for the selective isolation of
pathogenic Vibrio species.

Composition of TCBS Agar

Ingredients per liter of deionized water:*

Sucrose 20.0 g

Dipeptone 10.0 g

Sodium Citrate 10.0 g

Sodium Thiosulfate 10.0 g

Sodium Chloride 10.0 g

Yeast Extract 5.0 g

Oxbile (Oxgall) 5.0 g

Sodium Cholate 3.0 g

Ferric Citrate 1.0 g

Bromothymol Blue 0.04 g

Thymol Blue 0.04 g

Agar 15.0 g
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Preparation of TCBS Agar

1. Suspend 88.1 g of dehydrated medium in 1 liter of distilled or deionized water.

2. Slowly bring to boiling, stirring with constant agitation until complete dissolution.

3. Do not autoclave.

4. Cool to 50 °C and pour into sterile petri dishes.
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Appendix G
Table 1: Enumeration of V. alginolyticus in CFU after co-cultures with I. galbana and D. tertiolecta. Results

from two series of experiments are shown: I. galbana and V. alginolyticus co-cultures (IV1, IV2), D. tertiolecta

and V. alginolyticus co-cultures (DV1, DV2), and V. alginolyticus control (V1, V2). CFU values are estimated as

mean values of two measurements

Experiment I Experiment  II
V1 IV 1 DV1 V2 IV2 DV2

T 0 4,5 x103 6,2x103 6,5x103 3,5 x103 3 x103 5,5x103

T12 1 x103 1 x103 6,5x103 2,5 x103 3 x 103 3,5x103

T24 1x103 2,5x103 50 1 x104 8,5x103 4 x102

T48 5,2x104 5,7x103 0 1x104 7,5x103 50
T72 7,5x104 2,2x103 0 1 x105 1,4 x103 50
T96 7x 104 2,5x103 0 1,2x 105 8,5x102 50
T120 7,5 x104 2,5x103 0 1,2 x105 5,5x102 0
T144 7x104 2x103 0 1,2x105 3,5x102 0
T168 6x104 1 x103 0 5x104 4 x102 0
T192 5x104 8x102 0 3x104 1x102 0
T216 5,5x 104 6,5x 102 0 5x104 2,5x102 0
T240 7 x 104 5,5x 102 0 5x104 150 0
T264 7 x 104 3 x 102 0 6 x104 200 0
T 288 7 x 104 2 x 102 0 8,5x104 100 0
T312 7 x 104 2 x 102 0 7x104 0 0
T336 7 x 104 2,5 x 102 0 7x 104 0 0
T360 1,2x105 50 0 8,5x104 0 0
T384 1,1 x105 0 0 9,5x104 0 0

Table 2: Cell density of microalgae control cultures (I- I. galbana, D- D. tertiolecta) and co-culture with V.

alginolyticus (IV, DV) for two series of experiments, first experiment (I1, IV1, D, DV1), second experiment (I2,

IV2, D2, DV2)

Cell

density

Cells/mL

I1 IV1 D1 DV1 I2 IV2 D2 DV2

T0 2,8x104 2,8x104 1,2x105 1,2x105 2,3x104 2,3x104 8,3x104 8,3x104

T48 2,5x104 1,9 x104 1,3x105 1 x104 2,6x104 2,8x104 1x105 1 x105

T96 2,2 x 104 1,9 x104 1,3x 105 1,1 x 105 2,6x104 2,9x104 1 x104 1x105

T144 2,2 x 104 2,1 x 104 1,5 x 105 1,4 x 105 1,7 x 104 1,7 x 104 1 x 105 1,1  x 105

T192 2,1 x 104 2,1 x 104 1,4 x 105 1,3 x 105 1,6 x 104 1,5 x 104 8,7 x 104 9,9 x 104

T240 2,3 x 104 2,3 x 104 1,6 x 105 1,6 x 105 1,8x104 1,8x104 9,2x104 6,2x104

T288 2,4 x 104 2,3 x 104 1,6 x 105 1 x 105 1,8x104 1,8x104 9 x104 6,3x104

T336 2,3 x 104 2,4 x 104 1,6 x 105 1  x 105 1,7x104 1,7x104 9 x104 6,3x104

T384 2,1 x 104 2,2 x 104 1,5 x 105 1 x 105 1,6x104 1,65x104 8 x104 6,5x104
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Appendix H
Formula of Oxoid Tryptone Soya Agar CMO 131 (Tryptic Soy Agar (TSA)):

Pancreatic digest of casein           15 g

Enzymatic digest of soya bean       5 g

Sodium chloride                             5 g

Agar                                               15 g per 1 L of distilled water

Preparation of TSA Agar dishes:

1. Suspend 40 g of the medium in one liter of distilled water.

2. Heat with frequent agitation and boil for one minute to completely dissolve the

medium.

3. Autoclave at 121 °C for 15 minutes.

4. Immediately after autoclaving, allow the agar to cool to 45 to 50 °C in a water bath

before  pouring the plates

5. Pour cooled into sterile petri dishes using dish filling machine

6. Store the plates at 2-8 ºC.


