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Resumo

No presente trabalho procedeu-se ao cultivo da microalga marinha Crypthecodinium cohnii
ATCC 30772 utilizando um subproduto da industria do biodiesel — glicerol bruto - de modo a estabelecer-
se um protocolo para a obtengao de culturas de elevada densidade celular, em regime descontinuo e
semi-descontinuo, com o objetivo de produzir, em simultaneo, acido docosahexaendsico (ADH) e outros

lipidos com potencial aplicagdo como biodiesel.

Realizaram-se trés ensaios (I, Il e 1ll) num biorreator de bancada de 7 L. O ensaio | foi realizado
em modo descontinuo e os restantes em semi-continuo (fed-batch). O propésito do ensaio | foi estudar
as fases de crescimento da microalga (laténcia, exponencial e estacionaria). No ensaio Il usou-se um
meio de nutrientes concentrado para prolongar a fase de crescimento exponencial da microalga.
Contudo, neste ensaio, o crescimento da microalga cessou possivelmente por inibigao por substrato e,
por outro lado, as particulas do meio interferiram na quantificagdo da concentragdo biomassa. Por fim,
no ensaio lll, diminuiu-se a concentracdo do meio de alimentagdo para metade e realizou-se a
monitorizagao do crescimento celular por citometria de fluxo (n° de células/mL), para além do controlo
por densidade o6tica, tendo sido estabelecidas correlagdes entre essas leituras e a concentragéo de

biomassa algal por peso seco.

A concentracao de biomassa mais elevada foi obtida no Ensaio Il, com o valor de 20,82 g/L. A

maior produtividade obtida foi também neste ensaio, 1,2 g/(L.h).

No ensaio lll, ndo foi possivel obter o teor em lipidos por razdes técnicas. No entanto, na
experiéncia Il foi possivel obter o valor mais alto de lipidos deste estudo, 26,75% p/p biomassa seca.
O teor maximo de DHA foi 53,06% p/p acidos gordos totais, e produtividade maxima em DHA de
0.086 g/(L.h).

Foram ainda estimados parametros fisicos de uma fragado de biodiesel do ensaio Il, e todos se
enquadraram nos limites definidos pela Norma Europeia EN 14214, de modo a ser usado como

combustivel.

A citometria de fluxo serviu ndo s6 para quantificar o crescimento celular, mas também para

analisar a viabilidade das células de C. cohnii ao longo dos ensaios.

Palavras-chave: Crypthecodinium cohnii; acido docosahexaendico (ADH), glicerol bruto;

regime semi-descontinuo; biodiesel; citometria de fluxo



Abstract

In the present work the marine microalga Crypthecodinium cohnii ATCC 30772 was cultivated
using a by-product from the biodiesel industry - crude glycerol - to establish a protocol to obtain cultures
of high cell density, in batch and fed-batch regime, with the objective to produce, simultaneously,

docosahexaenoic acid (DHA) and other lipids with potential application as biodiesel.

Three experiments (I, 1l and 1ll) were performed in a 7 L bench bioreactor. Experiment | was
performed in batch mode and the others in fed-batch. The purpose of experiment | was to study the
growth phases of the microalgae (latent, exponential, and stationary). In experiment Il, a concentrated
nutrient medium was used to extend the exponential growth phase of the microalgae. However, in this
assay, the microalgae growth ceased possibly due to substrate inhibition and, on the other hand, the
particles in the medium interfered with the quantification of the biomass concentration. Finally, in
experiment Ill, the concentration of the feeding medium was half reduced, and cell growth was monitored
by flow cytometry (cells number/mL), in addition to optical density control, and correlations were

established between these readings and algal biomass concentration.

The highest biomass concentration was obtained in experiment Il, with the value of 20.82 g/L.
The highest productivity was also obtained in this assay, 1.2 g/(L.h).

In the experiment Ill, it was not possible to obtain lipid content for technical reasons. However,
in experiment |l it was possible to obtain the highest value of lipids in this study, 26.75% w/w dry
biomass. The maximum DHA content was 53.06% wi/w total fatty acids, and maximum DHA productivity
of 0.086 g/(L.h).

Physical parameters of a biodiesel fraction from experiment Il were also estimated, and all met
the limits defined by the European Standard EN 14214, to be used as fuel.

Flow cytometry not only served to quantify cell growth, but also to analyze the viability of C.

cohnii cells throughout the assays.

Keywords: Crypthecodinium cohnii; docosahexaenoic acid (DHA); crude glycerol; fed-batch

regime; biodiesel; flow cytometry
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1. Introduction

1.1. Microalgae Biorefinery Concept

Currently, the energy demand worldwide is strongly dependent on fossil fuels and their
derivatives consumption, which contributes for the greenhouse effect (GHE) increase, and the
fossil reserves exhaustion, in a near future [1]. As a result of the global energy requirements
imbalance, a massive pressure is being applied on the purchase prices levels, coupled with
environmental problems and political concerns [2]. An attempt to meet the increasing energy
demand in a sustainable way consists of using renewable bio-based resources to produce

materials and energy [3]

Similar to common petroleum refinery where fossil fuels are the input to produce energy,
biorefineries are green energy systems that use as an input biomass to produce several products,
including biofuels, using a combination of technology and processes [1]. The sources of biomass
are diverse, from agriculture, forestry and aquaculture, including industry and households wastes
such as wood, forest residues, organic residues, both animal and plant derived, agricultural crops,

and aquatic biomass (algae and seaweeds) [3].

Kamm and Kamm [4] described three types of biorefineries: the 'whole crop biorefinery' that
used as an input raw materials such as maize and wheat; the 'green biorefinery', using natural
wet feedstocks such as grass, green crops or immature cereal (essentially untreated products);
and the 'lignocellulose feedstock biorefinery' using dry biomass or waste containing cellulose, that
is later broken down in hemicellulose, cellulose, and lignin. The Status Report Biorefinery 2007,
by Ree and Annevelink [5] attributes, among the biorefineries types described above, biorefinery
classification focused on the technologies involved: the thermochemical, conventional and two-
platform concept biorefineries that combines the sugar platform (biochemical conversion) and

with the syngas platform (thermochemical conversion).

The International Energy Agency (IEA) was created in 1978, to increase information
exchange and cooperation between countries that have national projects regarding bioenergy
research, development, and implementation [6]. In 2008, IEA Bioenergy Task 42 developed an
appropriate biorefinery classification from biomass to end-products chains focusing on the large-
volume production of biofuels for the transportation sector, according four key elements:
feedstocks, processes, platforms, and products (Figure 1.1) [3]. The development of biorefinery
complexes is the combination of these four features and some guidelines must be achieved to
produce at least one high value product, oriented in the continuous feedstocks refining; and the
production of at least one biofuel (liquid, solid or gaseous) is desirable, a part of heat and

electricity [2].
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Figure 1.1 - Schematic representation of a biorefinery generic system. On the left is described
a conversion pathway from feedstock to products, via processes and platforms (intermediates
from which final products are derived). On the right, an example of a biorefinery plant
representation, from oilseed crops pressing, oil is used to produce glycerine and biodiesel via
an esterification reaction [3].

The potential of marine biomass has been progressively investigated, due to its enormous
resource dimension. Nearly three to four quarters of planet earth's surface is water and the world
population benefit from these aquatic resources, that include a substantial biodiversity covering

both fresh and marine environments where 80% of existing living beings are found [7].

So far, terrestrial biomass-based biorefineries have been the focus of administrations for
energy crop cultivations, slightly considering marine crops, i.e. macroalgae (green, brown and
red), also known as seaweeds, and microalgae (green, golden, blue algae and diatoms) [5][7].
However, life cycle of terrestrial biomass final products are exacerbating climate change, as GHE
is increasing, high carbon debt is induced, water is highly consumed and there is also a
competition with food industry [8] and land usage [7]. Moreover, macro- and microalgae are an
alternative to lignocellulosic feedstocks for the production of biofuels, since they lack or have a

low amount of lignin in their chemical structure [9].

The type of algae chosen and growth parameters, determine the bio-based products that
these organisms can produce such as starch, oils, vitamins, and carbohydrates. In Figure 1.2, a
marine biorefinery is schematically represented, including major paths for products obtention,
some of them above mentioned and, in terms of energy efficiency, combined heat and power
(CHP) can also be obtained. Lastly, from an environmental point of view, autotrophic microalgae
by converting solar energy into biomass and oils contribute for GHE mitigation, given their

capacity to consume carbon dioxide (COy).
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Figure 1.2 - Marine biorefinery from the Status Report Biorefinery 2007 [5].

Although the economic and environmental distinction of macroalgae, enhanced by the
endeavours investigation, there are still many gaps since macroalgae are particularly exceptional
from terrestrial biomass as they have unique carbohydrates which implies new technologies apart
from the ones used in terrestrial biomass-based biorefineries [8]. This is even more expressed in
European nations that have less knowhow compared to Asia ones, and it has been imperative to
thoroughly review studies regarding the integrated processes of marine macroalgae-based

biorefinery [9].

Biotransformations and biorefineries built on microbial biomass are an alternative to produce
biofuels diminishing the environmental impacts already mentioned. However, the main bottleneck
of its commercialization is the high production cost. Therefore, to overcome this challenge,
strategies are being implemented to increase the monetary value of the whole process, by taking
advantage of the various coproduced products and microbial biomass components that are
economically competitive, also using low-cost feedstocks such as industrial by-products or

effluents, as an integrated process that aims at waste reduction [10].

In this way, several studies have shown the potentially sustainable growth media for
microalgae and bacteria dual systems for wastewater treatment. J. Olguin [11] designed a
municipal wastewater treatment plant with oleaginous microalgae recovery, combined with

Arthrospira (Spirulina) that was cultivated in seawater supplemented with piggery waste for
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anaerobic digestion that led to the production of biogas, hydrogen, biodiesel and other valuable
compounds. Albeit the fairly minor scale applications of microalgae in wastewater treatment,
many species have the major requirement which is the ability to use abundant inorganic nitrogen
(N), phosphorous (P) and organic carbon in the effluents content, making them even more

attractive [12].

So far, other microbial producers may also contribute to the biorefinery concept since they
also intracellularly produce compounds that are marketable. Marcelino et al. [13] proposed an
alternative to lignocellulosic biorefinery using 27 types of yeasts to produce biosurfactants, having
antimicrobial and antitumor properties, alongside with the advantage of high biodegradability and
low toxicity, on the basis use of sugarcane bagasse hemicellulosic hydrolysate as carbon source.
Regarding bacteria, genetic engineering by optimizing genetic and regulatory processes that

change metabolic pathways, oil and chemical accumulation can be improved [10].

Microalgae are one of the earliest forms of life and have some peculiarities that make them
the most studied microorganisms for microbial biorefineries. The ecological habitats where
microalgae can be found are diverse, which make them able to thrive in numerous extreme
environments in terms of pH and temperature [14]. Furthermore, many microalgae are single-cell
organisms, and they can grow fast in raceways as continuous culture systems, or in bioreactors.
In addition, the process productivity can be improved by changing the growth and harvesting
conditions [14]. There are many autotrophic microalgae based biorefineries reported in literature
[15][16][17]. However, autotrophic microalgae cultivation systems present a few bottlenecks: (i)
the microalgae growth is light-dependent, requiring expensive and specific equipment design; (ii)
for an efficient conversion, the culture media are usually treated in large volumes, in
photobioreactors, in which light penetration into the dense cultures is hindered due to the self-
shading effect; (iii) as a result, the microalgae cell concentration in the culture is usually low, due
to the inefficient light penetration, aggravated by the light shading effect. In addition, microalgae
grown under autotrophic conditions usually produce low amounts of intracellular products, such
as lipids and pigments, due to the low biomass concentrations and productivities. Moreover,
autotrophic microalgae growth is affected by temperature and light availability; hence, this
technology is not suitable in areas of high latitude, where most seasons have low temperature

and fewer daylight hours, as the European Northern countries [18].

On contrary, heterotrophic microalgae use organic compounds as carbon and energy
sources to grow and do not use light as an energy source. Indeed, these microorganisms show
several benefits over the autotrophic microalgae such as: (a) they can grow in cheaper
conventional bioreactors, requiring less sophisticated equipment, and are, therefore, easily
scaled-up; (b) they do not require light to grow, which reduces the equipment requirements and
costs; (c) the cultures attain higher, denser cell concentrations and intracellular product
productivities than autotrophic cultures; (d) the algal biomass composition can be tailored by

changing the type of organic substrate in the medium; (e) heterotrophic microalgae can remove



organic carbonaceous, nitrogen, and phosphorus compounds from the wastes more efficiently

than autotrophic growth [18].

At a commercial scale, there are no reports on the biorefinery concept applied to
heterotrophic microalgal biomass, despite its potential to obtain lipids for biodiesel or bioenergy
production, and w-3 fatty acids, which have several applications for pharmaceutical, nutraceutical

and food purposes.

1.2. The microalgae Crypthecodinium cohnii

1.2.1. Morphology and fatty acid biosynthesis

Crypthecodinium cohnii (C. cohnii) (Figure 1.3) is a marine dinoflagellate, heterotrophic and
unicellular microalgae that is part of a species complex, with numerous isolated species siblings
morphologically very analogous, that can be found worldwide in temperate and tropical waters
[19]. Some strains of C. cohnii grow axenically in an organic medium, however, in nature they are
often phagotrophic strains present among macrophytes, predominantly Fucus spp., or other

decaying seaweeds, having a typical myzocytosis food uptake mechanism [20].

The reported phenotypic characteristics of the cells separate them in two forms, non-motile
cysts, and swimming cells. The motile swimming cells have two flagella, one is flattened and gives
the cell spinning and propulsive force; and other flagellum that acts like a rudder for steering is
directed posteriorly along a longitudinal groove [21]. The cysts, with an ovoid shape, can be

vegetative and divide into 2, 4 or 8 daughter cells, or stay in a dormant stage [21].

C. cohniiis an oleaginous organism, and it is known by the ability to produce and accumulate
lipids with a high fraction of docosahexaenoic acid (DHA), a polyunsaturated fatty acid (PUFA),
part of w-3 group (22:6). The peculiarity of this microalgae is related with the fact that no other
PUFAs are produced in significant amount, which facilitates the downstream DHA purification

step, and makes attractive the industrial production [21].
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Figure 1.3 - (A) Representation of C. cohnii (ventral and dorsal view) from Mendes et al. [22].
(B) Photograph of C. cohnii taken in this study (4 days of growth in the bioreactor) under Olympus
Corporation microscope at 100x magnification. Larger cells are motionless cysts and motile cells
(smaller) are in the surroundings.

The total lipid content accumulated can exceed more than 20% of biomass dry cell weight
(DCW), depending on the growth conditions [23], [24]. Fatty acids (FAs) biosynthesis culminates
in the formation of C16 or C18 saturated FAs in a first phase, subsequently they are converted to
monounsaturated FAs and 22:6 w-3 (de novo synthesis) through a series of desaturases and
elongases resulting in an extended range of PUFAs. While 70% are neutral lipids and
characterized as triacylglycerols (TAGs) rich in DHA (over 30% of total fatty acid content), the
