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(MALIK ASIT KONSANTRASYONUNUN EKSTREMOFILIK KIRMIZI MIKROALG
GALDERIA SULPHURARIA DA ARASTIRILMASI)

Neslihan DEMIRCI", Cigdem DEMIRKAYA?, Zeliha DEMIREL’, Esra
IMAMOGLU*, Meltem CONK DALAY?

ABSTRACT

Malic acid is a dicarboxylic acid which is made by living organisms and the salts of malic acid are known
as malates. Malates are used in pruvate/malate cycle that merges carbohydrate, fat and protein metabolism.
Based on this cycle, the prediction was that malic acid could change carbohydrates ratio in G.sulphuraria.
In this study, the effects of malic acid concentrations were investigated on growth (maximum specific
growth rate and doubling time) of extremophilic, red alga Galdieria sulphuraria (SAG 108.79). By
increasing malic acid concentration, specific growth rate and biomass concentration were also increased,
however the highest concentration of protein (153.81+0.673 mg/L) was obtained in 5 mM. The total
amount of carbohydrates was increased about 8.35%.
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Malik asit yasayan organizmalarin iirettigi ve malatlar gibi malik asit tuzlari oldugu bilinen bir
dikarboksilik asittir. Karbohidrat, yag ve protein metabolizmasint birlestiren piirivat/malat dongiistinii
icinde malatlar kullanmilir. Bu dongii temelinde, malik asit Galderia sulphuraria nin karbonhidrat oranin
degistirebildigini tahmin ediyoruz. Ayrica bu konudaki benzer ¢aliymalara rastlanamanigtir. Bu
calismada, malik asit konsantrasyonlarmmin ekstremofilik kirmizi alg G. Sulphuraria (SAG 108.79)
biiytimesi (maksimum spesifik biiyiime orani ve ikileneme siiresi) iizerine etkisi incelenmistir. Artan malik
asit  konsantrasyonunda spesifik biiyiime orani ve biykiitle konsantrasyonu artarken, 5 mM
konsantrasyonda proteinin en yiiksek konsantrasyonu (153,81 £+ 0,673 mg / L) belirlenmistir. Sonuglarimiz
karbonhidrat miktarinda yaklasik % 8,35 artis oldugunu gostermektedir.

Anahtar Kelimeler: Malik asit, Yag, Protein, Karbonhidrat, Galderia sulphuraria, Mikroalg
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1. INTRODUCTION

Microalgae are microscopic algae, typically found in freshwater and marine systems living
in both the water column and sediment. Extremophilic microalgae grow under acidic or
alkaline pH, high temperature, light, CO, level and metal concentration [1]. Extremophile
organisms have adapted to extreme environments, especially prokaryotes come to mind first.
However, the unicellular red microalga Galdieria sulphuraria (Cyanidiales) is a eukaryote
that naturally inhabits volcanic environments and hot sulfur springs with pH values of 0—4
and temperatures of up to 56 °C [2, 3].

Over 30,000 diverse microalgal species in the world have been described [4], but the most
commercially important belong to the diatoms and the green algae genus Chlorella,
Dunaliella, and Haematococcus [5]. Microalgal species are currently produced on a large
scale in a sustainable economic process is limited [6]. Seasonal and diurnal fluctuations in
light and temperature and contamination by other organisms affect growth and productivity in
outdoor algal ponds [7]. Microalgal strains have reached a stage of a commercially traded
product, Dunaliella and Spirulina are extremophiles. For example, Dunaliella which is a
green unicellular microalga isolated from high salinity water bodies and Spirulina a
filamentous cyanobacterium that blooms in alkaline lakes with high pH in the range of 9-10
[1]. G. sulphuraria is an extremophilic, spherical, spore-forming, eukaryotic red alga.

Endogenous organic acids are the source of both carbon skeleton and energy for cells, and
are used in the respiratory cycle and other biochemical pathways. Malic acid is metabolized in
plant mitochondria by reaction of malic enzyme [8]. Malate is an intermediate of the
mitochondrion-based TCA cycle formed via reversible dehydration of oxaloacetate and
hydration of fumarate [9].

In this study the effects of malic acid concentrations, changes in protein, lipid and glucose
in Galdieria sulphuraria were analyzed.

2. MATERIALS AND METHODS
2.1. Organism

Galdieria sulphuraria strain was obtained from the culture collection of algae at the
University of Gottingen, Germany (SAG 108.79) and grown aseptically in Cyanidium
medium [10].

2.2. Culture Conditions

250 ml cultures were prepared with the same cell concentration (Figure 1). Malic acid
concentrations were 0, 2, 5 and 10 mM and culture conditions were under 24°C at the
agitation rate of 100 rpm under continuous light intensity of 20 pmol photons m™2s™ for 15
days. The culture growth was monitored by using spectrophotometer (Ultrospec 1100 pro,
Amersham Biosciences) at 750 nm and cell growth (cells mL™") was estimated daily using a
Neubauer counting chamber under an inverted microscope (Olympus CH40, Japan).

The specific growth rate (p) of the cells was calculated from the exponential (straight line)
phase, as u = (In N, — In N)/d (t>-t1) , where N is the final cell concentration, N is the initial
cell concentration and dt is the time required for the increase in concentration from Nj to N.
Doubling time (DT) was also calculated as DT = In 2/p, according to Wood et al. 2005 [11].
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The biomass was harvested after the culture reaches stationary phase by centrifugation
(Pro-Research by Centrurion Scientific Ltd) at 5000 rpm for 5 min and washed twice with
distilled water. The pellets were then lyophilized Christ (Alpha 1-2 LD plus, Germany) and
stored at -20°C until use.
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Figure 1. Galdieria sulphuraria cells and cultures

2.3. Protein Assay

Malic acid concentrations of G. sulphuraria total proteins were estimated by the method
of Lowry Protein Assay [12]. Bovine serum albumin standards ranging in concentration from
35-175 ug/ml were run simultaneously with the test samples.

2.4. Lipid Content

Lipid was extracted from lyophilized microalgae biomass using the Blight & Dryer
method, described by Demirel et al. 2015 [13].

2.5. Total Sugar Content

Total sugar content was estimated based on the phenol-sulphuric acid method of sugars
[14]. D-glucose standards ranging in concentration between 0 and 100 pg/ml, were also run.

3. RESULTS AND DISCUSSION

The effect of autotrophic growth conditions in optimal medium and different malic acid
concentrations were compared. The obtained growth curves are reported in Figure 2.
Regarding maximum specific growth rates, control and concentrations of malic acid have
shown the effects of cell growth on day 14 (Table 1).The highest growth rate of 0.0746 day™
was found in 10mM malic acid concentration. The highest malic acid concentration was
reported to be most effective in production of biomass. Also, doubling time was decreased by
adding 10 mM malic acid when comparing with control.

G. sulphuraria grown in heterotrophic and mixotrophic batch cultures, the maximum
specific growth rate on glucose, fructose or glycerol as carbon substrates was similar (fmax =
1.240.1 day ). Cell growth ceased only when virtually all of the sugar and glycerol had been
consumed. But, in phototrophic batch cultures grown at 42 "C and 103 mol photonsm™>s ',
the specific growth rate was 0.10+0.01 day ' [15].

Genomic analyses of carbon metabolism have suggested that Cyanidioschyzon merolae, as
G. sulphuraria, harbors metabolic pathways for floridoside, trehalose, storage glucans, and
matrix polysaccharides [16]. C. merolae is predicted to contain a minimal set of metabolic
transporters but no aquaporin-type glycerol permease for uptake of glycerol from the
environment, or plastidic dicarboxylate translocators, which are required for nitrogen
assimilation and for photorespiration and which are conserved in green plants and algae [17].
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Figure 2. Growth curves for 2, 5, 10 mM malic acid concentrations in optimal medium

Table 1. Doubling time, specific growth rate and biomass of G. sulphuraria cultured at different malic acid
concentrations

CMaI'C AC|pI Doubling Time | Growth Rate Biomass
oncentration (Day) () (mg)
(mM) y Mmax g
Control 1.0817 0.0267 53.5
2 0.6505 0.0444 86.5
5 0.4569 0.0632 135.9
10 0.3871 0.0746 155.9

Biochemical studies in oleaginous fungi suggested that malic enzyme is a critical step in
supplying the necessary amount of NADPH for fatty acid synthesis occurring under
conditions of nitrogen starvation, which induces lipid accumulation [18, 19]. This research is
necessary to acquire a complete picture of the interrelationships and dependence of lipid
biosynthesis on the overall redox state of algae. Whereas, the highest concentration of protein
(76.9047 + 0.337 %) was obtained in 5 mM malic acid, the highest concentration of lipid
(22.108 %) was found in 2 mM concentration.

G. sulphuraria, an algal extremophile, can grow at pH 0.5-4 and temperatures up to 56
°C, conditions that many competitors, predators, viruses, and pathogens will not tolerate [20].
Large-scale microalgal cultures are presently used in human, animal foods and production of
fine chemicals, whereas the production of biodiesel from microalgae is in its starting [21].

Table 2. Percentage of protein, sugar and lipid in control, 2 mM, 5 mM and 10 mM malic acid concentrations

Malic Acid
Concentration Protein % Sugar % Lipid %
(mM)
Control 75.8335+9.933 11.2647 +0.790 28.522
2 63.6905 £+ 6.902 16.5000 + 0.624 22.108
5 76.9047 + 0.337 16.3529 + 1.539 14.919
10 70.0000 + 7.071 19.6176 £ 0.125 19.614
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4. CONCLUSIONS

In this study the red microalga G.sulphuraria was used to investigate the effect of malic
acid in its extreme habitat. Considering the pruvate/malate cycle increasing amount of sugar
was an expected result while increasing malic acid concentration. The decrease in the quantity
of oil was predicted as a reason of increasing sugar concentration. The percentage of protein
in the cells started to decrease in the presence of more than 5 mM malic acid concentration.

REFERENCES

[1] Varshney P, Mikulic P, Vonshak A, Beardall J, Wangikar PP. Extremophilic Micro-Algae
and their Potential Contribution in Biotechnology, Bioresource Technology, Vol. 184,
2015, pp.363-372.

[2] Weber APM, Qesterhelt C, Gross W, Brautigam A, Imboden LA, Krassovskaya I, Linka
N, Truchina J, Schneidereit J, Voll H, Voll LM, Zimmermann M, Jamai A, Riekhof WR,
Yu B, Garavito R M, Benning C. EST-Analysis of the Thermo-Acidophilic Red Microalga
Galdieria Sulphuraria Reveals Potential for Lipid A Biosynthesis and Unveils the Pathway
of Carbon Export from Rhodoplasts, Plant Molecular Biology, Vol. 55, 2004, pp.17-32.

[3] Schonknecht G, Chen WH, Ternes CM, Barbier GG, Shrestha RP, Stanke M, Brautigam
A, Baker BJ, Banfield JF, Garavito MR, Carr K, Wilkerson C, Rensing SA, Gagneul D,
Dickenson NE, Oesterhelt C, Lercher MJ, Weber APM. Gene Transfer from Bacteria and
Archaea Facilitated Evolution of an Extremophilic Eukaryote, Science, Vol. 339, 2013,
pp.1207-1209.

[4] Gonzalez-Delgado AD, Kafarov V. Microalgae based Biorefinery: Issues to Consider,
Ciencia Tecnologia Y Futuro, Vol. 4, 2011, pp.5-21.

[5] Singh J, Cu S. Commercialization Potential of Microalgae for biofuels Production,
Renewable & Sustainable Energy Reviews, Vol. 14 , 2010, pp.2596-610.

[6] Richmond A. Handbook of Microalgal Culture: Biotechnology and Applied Phycology,
UK: Blackwell Science, 2004.

[7] Vonshak A, Richmond A. Mass Production of the Blue-Green Spirulina: An Overview,
Biomass, 1988, Vol. 15, pp.233-247.

[8] Talebi M, Hadavi E, Jaafari N. Foliar Sprays of Citric Acid and Malic Acid Modify
Growth, Flowering, and Root to Shoot Ratio of Gazania (Gazania rigens L.): A
Comparative Analysis by ANOVA and Structural Equations Modeling, Hindawi
Publishing Corporation Advances in Agriculture, 2014, pp.1-6.

[9] Mondala AH. Direct Fungal Fermentation of Lignocellulosic Biomass into Itaconic,
Fumaric, and Malic Acids: Current and Future Prospects, J Ind Microbiol Biotechnol, Vol.
42, 2015, pp.487-506.

[10] Andersen RA. Algal Culturing Techniques, Burlington: Elsevier Academic Press, 2005.

[11] Wood AM, Everroad RC, Wingard LM. Measuring Growth Rates in Microalgal
Cultures, In: (Ed.) RA. Andersen, USA: Elsevier Academic Press, 2005, pp.269-85.

[12] Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein Measurement with the Folin
Phenol Reagent, J. Biol. Chem., Vol. 193, 1951, pp.265-275.

[13] Demirel Z, Imamoglu E, Conk Dalay M. Fatty Acid Profile and Lipid Content of
Cylindrotheca Closterium Cultivated in Air-Lift Photobioreactor, J. Chem. Technol.
Biotechnol., Vol. 90, No. 12, 2015, pp.2290-2296.

[14] Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F. Colorimetric Method for
Determination of Sugars and Related Substances, Anal. Chem., Vol. 28, 1956, pp.350-356.



Sayfa No: 106 N. DEMIRCI vd.

[15] Sloth JK, Wiebe MG, Eriksen NT. Accumulation of Phycocyanin in Heterotrophic and
Mixotrophic Cultures of the Acidophilic Red Alga Galdieria Sulphuraria, Enzyme and
Microbial Technology, Vol. 38, 2006, pp.168-175.

[16] Barbier G, Oesterhelt C, Larson MD, Halgren RG, Wilkerson C, Garavito RM, Benning
C, Weber AP. Comparative Genomics of Two Closely Related Unicellular Thermo-
Acidophilic Red Algae, Galdieria Sulphuraria and Cyanidioschyzon Merolae, Reveals the
Molecular Basis of the Metabolic Flexibility of Galdieria Sulphuraria and Significant
Differences in Carbohydrate Metabolism of Both Algae, Plant Physiol, Vol. 137, 2005,
pp.460—474.

[17] Moriyama T, Mori N, Sato N. Activation of Oxidative Carbon Metabolism by Nutritional
Enrichment by Photosynthesis and Exogenous Organic Compounds in the Red Alga
Cyanidioschyzon Merolae: Evidence for Heterotrophic Growth, SpringerPlus, Vol. 4, No.
559, 2015, pp.1-22.

[18] Ratledge C, Wynn JP. The Biochemistry and Molecular Biology of Lipid Accumulation
in Oleaginous Microorganisms, Adv Appl Microbiol, Vol. 51, 2002, pp.1-51.

[19] Ratledge C. Fatty Acid Biosynthesis in Microorganisms Being Used for Single Cell Oil
production, Biochimie, Vol. 86, 2004, pp.807-815.

[20] Selvaratnam T, Pegallapati AK , Montelya F, Rodriguez G, Nirmalakhandan N, VVoorhies
W Van, Lammers PJ. Evaluation of a Thermo-Tolerant Acidophilic Alga, Galdieria
Sulphuraria, for Nutrient Removal from Urban Wastewaters, Bioresource Technology,
Vol. 156, 2014, pp.395-399.

[21] Graziani G, Schiavo S, Nicolai MA, Buono S, Fogliano V, Pintoac G, Pollioa A.
Microalgae as Human Food: Chemical and Nutritional Characteristics of the Thermo-
Acidophilic Microalga Galdieria Sulphuraria, Food & Function, Vol. 4, 2013, pp.144-152.

OZGECMIS/CV

Neslihan DEMIRCI; Master Student (Yiiksek Lisans Ogrencisi)

Neslihan Demirci was graduated from Chemical Engineering in Ankara University (2014). She still studies as a
master student at Biotechnology Department at Ege University. She is working as a scholarship student in a
project named “Determination and Optimization of Appropriate Cryopreservation Methods of Microalgae and
Cyanobacteria” supported by TUBITAK.

Ankara Universitesi Kimya Miihendisligini 2014 yilinda bitirdi. Halen Ege Universitesi Biyoteknoloji
Boliimii'nde  yiiksek lisansina devam etmektedir. TUBITAK destekli “Mikroalg ve Siyanobakterilerin
Dondurularak Saklanmasinda Uygun Yéntem Belirlenmesi ve Optimizasyonu” adli projede bursiyer olarak
gérev almaktadur.

Cigdem DEMIRKAYA; PhD Student (Doktora Ogrencisi)

She got her Bachelor’s degree in Bioengineering Department at Ege University, Izmir/Turkey in 2012. She got
MSc degree in Bioengineering Department at Ege University in 2014. She started PhD degree in Bioengineering
Department at Ege University in 2014. She was scholarship at EU FP7 MAREX and TUBITAK 1001 project
(no: 1137202). She has been Prometheus-Department MTM —(KU Leuven/Belgium) as an ERASMUS
scholarship. Her major areas of interest are: bioengineering, microalgal polymers and tissue engineering
applications of microalgae.

Lisans derecesini 2012 yilinda Ege Universitesi Biyomiihendislik Boliimii nden aldi. Yiiksek Lisans derecesini
2014 yihnda Ege Universitesi Biyomiihendislik Bolimii'nden aldi. 2014 yihinda Ege Universitesi
Biyomiihendislik Béliimii'nde doktora egitimine baslamistir. EU FP7 MAREX ve TUBITAK 1137202 no’lu
projelerde bursiyer olarak gorev almistir. 2013 yilimda ERASMUS bursiyeri olarak Prometheus — Malzeme ve
Metalurji Béliimii’'nde (KU Leuven/Belcika) bulunmugstur. Temel ilgi alanlar:t biyomiihendislik, mikroalgal
polimerler ve mikroalglerin doku miihendisligi uygulamalaridir.



Fen ve Miihendislik Dergisi Cilt:18 No:1 Say1:52 Sayfa No: 107

Zeliha DEMIREL; Post. Dr. (Doktora sonrasi1 Arastirmaci)

| studied Biology at the University of Ege. She earned a Ph.D. from the Graduate School of Natural and Applied
Sciences of Department of Biology (2010) and a Master's degree from the Graduate School of Natural and
Applied Sciences of Department of Bioengineering (2006), both at Ege University. She was an effective
postdoctoral research fellowship at Ege University on the MAREX-Exploring Marine Resources for Bioactive
Compounds: From Discovery to Sustainable Production and Industrial Applications (FP7-KBBE-2009-3-
245137) project (2010-2014). She presently works of postdoctoral researcher at the University of Ege.

Ege Universitesi Biyoloji Boliimiinii bitirdi. Ege Universitesi Fen bilimleri Enstitiisiiniin Biyomiihendislik
Béliimiinde 2006 yilinda yiiksek lisansini ve Biyoloji Béliimiinde 2010 yilinda doktorasini tamamlamistir. 2010-
2014 yillart arasinda Ege Universitesinde doktora sonrasi arastirmact olarak Avrupa Biriligi 7. Cerceve
Programindaki Avrupa Birligi Projesinde Denizel Kaynakli Bioaktif Bilesiklerin Arastiriimasi: Bulustan
Siirdiiriilebilir Uretime ve Endiistrivel Uygulamalara-MAREX (FP7-KBBE-2009-3-245137) gorev almustir.
Halen Ege Universitesinde Doktora sonrast arastirmact olarak ¢alismaktadr.

Esra IMAMOGLU; Assistant Professor (Yrd. Dog. Dr.)

She got the PhD degree in Bioengineering at Ege University in 2011. She is still an academic member of
Bioengineering Department at Ege University. Her research interests include microalgal biotechnology, biofuels,
bioprocess engineering. She has been involved in EU activities (EU FP6-FP7 and COST projects) as a
researcher.

Doktora derecesini 2011 yilinda Ege Universitesi Biyomiihendislik Béliimiinden aldi. Hala Ege Universitesi
Biyomiihendislik Boliimii'nde ogretim iiyesi olarak gorev yapmaktadwr. Arastirma Alanlari: Mikroalgal
biyoteknoloji, biyoyakitlar, biyoproses miihendisligi. Arastirmaci olarak Avrupa Birligi FP6, FP7 ve Cost
Aksiyonlarinda gorev almaktadir.

Meltem CONK DALAY:; Professor (Prof. Dr.)

She got PhD degree in Faculty of Aquatic at Ege University in 1997. She is a professor of Algal Biotechnology
at Ege University, Engineering Faculty, Bioengineering Department, Izmir, Turkey. Her major research interest
areas are: photobioreactors, commercially important microalgae production, valuable chemical ingredients of
algae, especially the effects of culture conditions on growth and biochemical composition of algal biomass. She
has been involved in European Union activities (EU FP7 and COST projects) as a researcher.

Doktora derecesini 1997 yilinda Ege Universitesi Su Uriinleri Fakiiltesinden aldi. Su anda Ege Universitesi
Biyomiihendislik Béliimii'nde Profesér olarak gérev almaktadir. Temel ¢alisma alanlari: Fotobiyoreaktorler,
ticari onemi olan mikroalglerin tiretimi, alglerin degerli kimyasal madde igerikleri, ozellikle biiyiimenin tizerine
kiiltiir kosullarimin etsisi ve algal biyokiitlenin biyokimyasal kompozisyonu. Arastirmaci olarak Avrupa Birligi
FP7 ve COST Aksiyonlarinda gérev almaktadir.



