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CHAPTER 1

(GENERAL INTRODUCTION

1.1. Lipids and their role in living organisms

Lipids are a group of organic compounds that are insoluble in water, but
soluble in organic solvents. Although there is not a structural definition,
many lipids, namely those saponifiable, contain fatty acids, hydrocarbon
chains with a carboxylic group at one end and a terminal methyl group at the
other (n or w carbon). The acyl chain may be saturated or unsaturated. The
fatty acids commonly found in biological tissues possess an even-numbered
carbon chain of between 12 and 24 atoms and 0 to 6 methylene-interrupted
double bonds or unsaturations.

Being a heterogeneous and wide group of compounds, different classifi-
cations of lipids are currently used. For instance, according to their degree
of polarity, they are known as polar or neutral lipids. The latter include
fatty acids and their derivative glycerolipids, sterols, waxes and tocopherols,
among others. Polar lipids include glycerophospholipids (currently named as
phospholipids), glycoglycerolipids, sphingomyelin and glycosphingolipids.

Polyunsaturated fatty acids (PUFA) are fatty acids containing 18 to 24
carbon atoms with two or more unsaturations. The PUFA most frequently
found in nature are: docosahexaenoic acid (DHA; 22:6 n-3) (Figure 1.1),
docosapentaenoic acid (DPA; 22:5 n-3 or n-6), eicosapentaenoic acid (EPA;
20:5 n-3), arachidonic acid (ARA; 20:4 n-6), ~-linolenic acid (GLA; 18:3 n-
6), a-linolenic acid (LNA; 18:3 n-3) and linoleic acid (LA; 18:2 n-6). Highly
unsaturated fatty acids (HUFA), such as DHA, DPA, EPA and ARA, are
those PUFA of 20 and 22 carbon atoms in their aliphatic chain with 3 or
more unsaturations.

Fatty acids, as cell membrane constituents, are present in all life forms.
Since cell membranes are responsible for receiving information and antici-
pating a response to any stress that perturbs the intracellular organization,
changes in their fatty acid composition will directly affect cell function. Thus,
the role of a fatty acid is not just structural or energetic, but also functional.
Fatty acids are involved in several processes such as the control of mem-
brane permeability, membrane plasticity, cell division, hormone formation
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Figure 1.1: Schematic representation of A4, A7, A10, Al13, Al6, Al9-
docosahexaenoic acid (DHA; 22:6 n-3). The w or n carbon is represented
on the top and A carbon below the molecule.

and immune response.

Membrane fluidity is strongly determined by both environmental condi-
tions and internal composition. Environment may change membrane fluidity,
which acts as a sensitive receptor initiating cellular regulation (Beney and
Gervais, 2001). Membrane fluidity is also affected by the content of unsat-
urated fatty acids in constituent phospholipids, which, due to their three-
dimensional structure and lower hydrogen-hydrogen interactions, increase
protein insertion. For example, the unsaturation index of membrane phos-
pholipids of Escherichia coli decreased in response to low temperatures in
order to maintain optimal viscosity (Nakayama et al., 1980). In fact, PUFA
improve stress tolerance and survival from heat and ethanol (Peyou-Ndi et
al., 2000), saline osmotic adaptation (Khaware et al., 1995) or freezing (Gi-
raud et al., 2000). In particular, DHA possesses a very resistant structure
to temperature and pressure changes in the membrane (Rabinovich and Ri-
patti, 1991) and modulates acyl chain structure and fluidity, phase behavior,
elastic compressibility, permeability, flip-flop and protein activity (Stillwell
and Wassall, 2003). In higher organisms, membrane DHA facilitates the fast
conformational changes in membrane proteins associated with the visual and
neuromuscular processes (Brown, 1994).

In addition to the role of membrane phospholipids in providing an envi-
ronment for receptors, ion channels and enzymes, they are also a reservoir for
lipid messengers. PUFA operate as precursors of potent bioactive mediators
involved in cellular behavior and cell-to-cell communication (Kingsella et al.,
1990). These signaling molecules have great impact on the regulation of im-
mune response (Calder et al., 2002), blood clotting, inflammatory responses
and homeostasis of the cell (Calder, 2002) and also in synaptic transmission
and plasticity, neuroprotection and sleep/wake regulation (Chen and Bazan,
2005). The dihomogammalinolenic acid (DGLA; 20:3 n-6), ARA and EPA
are liberated from membrane phospholipids by the action of phospholipase

2
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A2 (Kingsella et al., 1990). As free fatty acids, they compete for the same
active site in both cyclo-oxygenase and lipoxygenase enzymes to produce
the eicosanoid hormones, which includes prostaglandins, thromboxanes and
leukotrienes, among other biologically active products. In the same way,
DHA competes for these enzymes for the production of resolvins and pro-
tectines that are also involved in inflammatory control (Hong et al., 2003;
Serhan et al., 2002). As a result, the fatty acid profile of the membrane
phospholipids modulates the type of metabolic response of the organism.
Dietary fatty acid deficiency or an imbalance in n-3/n-6 fatty acid ratio may
produce pathological states connected with the immune suppression or in-
flammation such as: autoimmune disorders, rheumatoid arthritis, Crohn’s
disease, cancers of the breast, colon, and prostate, coronary heart disease
and stroke, retinal and brain underdevelopment in infancy (Connor, 2000),
as well as neurological disorders like epilepsy and Alzheimer’s disease (Chen
and Bazan, 2005).

Also, neutral lipids are the most efficient biological storage form of carbon
and energy. They are hydrophobic molecules that enable the formation of
aggregates in water providing a compact form of stored energy, readily used
by the cell during starvation. Hence, in many organisms such as plant seeds,
oleaginous microorganisms or certain fish, among others, glycerolipids are
stored as an energy source before reproduction or adverse environmental
conditions. Saturated and unsaturated fatty acids present in glycerolipids,
containing up to 20-carbon chain are readily (-oxidized at the mitochondria
to produce metabolic energy. In contrast, DHA is a poor mitochondrial
substrate and requires peroxisomal -oxidation (Madsen et al., 1999).

1.2. Lipid biochemistry

“De novo” fatty acid synthesis is anabolised by the fatty acid synthetase
(FAS) enzyme-complex, responsible for acyl chain elongation. This process is
initiated with the ATP-dependent condensation between malonate and acetyl
co-A by 3-ketoacyl synthase, which is the rate limiting step. The enzyme 3-
ketoacyl reductase together with NADPH introduces the hydroxyl radical at
Cs position. The dehydration between C; and C3 by 3-hydroxyacyl dehy-
dratase will produce the enoyl substrate used for the subsequent reduction
by an enoyl reductase. As a result, the initial acyl chain is elongated by two
carbon atoms. Thus, palmitic acid is the sequence product of seven elonga-
tion cycles that uses acetyl-CoA as a building block. This is a compulsory
step in the formation of all the fatty acids in most eukaryotic organisms.
Further synthesis of PUFA requires a cascade of reactions catalyzed by an
alternating series of desaturase and elongase enzymes (Figure 5.1(a)). This is

3
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the “longe-stablished” pathway for the synthesis of PUFA. Linoleic acid (LA;
18:2 n-6), a-linolenic acid (ALA; 18:3 n-3) and oleic acid (18:1 n-9) are the
original precursors of, respectively, n-6, n-3 and n-9 series of PUFA. They all
compete as substrates for A®-desaturase , the first enzyme of the pathway.
This is called a “front-end” desaturase because it introduces the unsaturation
next to the carboxylic end (A% indicates a distance of six C-atoms from the a
or carboxylic carbon). The following elongases and desaturases also operate
next to the carboxylic end of the acyl chain, and, as a result, the position of
the first double bound on the side of methyl terminus is conserved through
the major series of fatty acids (n-3, n-6 and n-9). Generally, desaturases
have a higher affinity for the correspondent n-6 substrate followed by n-3
and, finally, n-9 fatty acids. Thus, LA could interfere with further conver-
sion of ALA and therefore the dietary n-3/n-6 ratio should be maintained at
appropriate levels. Fatty acid desaturases are Os-dependent enzymes, most
of them membrane associated (Klein and Volkmann, 1975; Meyer and Bolch,
1963). Accordingly, this pathway is known as the “aerobic pathway” or “de-
saturase/elongase system”, which is responsible for the production of the
most common fatty acids present in nature.

As suggested above, the logic of elongase/desaturase chain of reactions
indicates that DHA is the product finally derived from A%- desaturase (Qiu
et al., 2001). However, unexpectedly, this enzyme has not yet been isolated
from mammals. Alternatively, evidence indicates that DHA is synthesized
through an extension of the traditional pathway called “Sprecher pathway”
that avoids A*-desaturation (Sprecher, 2002; Voss et al., 1991). Two subse-
quent elongations of EPA followed by the action of AS-desaturase produce
24:6 n-3. Eventually, 24:6 n-3 will complete one cycle of peroxisomal (-
oxidation in order to produce DHA, 22:6 n-3. Thus, the pathway requires
the migration of 24:6 n-3 from its usual location in the endoplasmic reticu-
lum, into the peroxisome. Correspondingly, the n-6 pathway extension will
produce DPA 22:5 n-6 from 22:4 n-6, again, without the involvement of A*-
desaturase.

As a novelty to the above mentioned, an alternative pathway for the syn-
thesis of DHA that may be present in some marine bacteria (Shewanella spp.
and Moritella marina), and at least one eukaryote (Schizochytrium sp.), has
recently been proposed (Metz et al., 2001). The genetic configuration of
the fatty acid biosynthetic apparatus in those organisms suggests that DHA
is synthesized by a novel bacteria-like polyketide synthase complex (PKS).
The main difference with the pathway described above is that PKS does
not require O, for desaturation (Figure 5.1(b)). This pathway is, to a cer-
tain extent, similar to the conventional FAS system, however, the elongating
acyl-chain is not reduced after dehydration and, consequently, unsaturations

4
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are conserved. Instead, a trans-cis isomerization is performed by an iso-
merase enzyme. The “conventional” pathway requires an energetic surplus
of two NADPH for the reduction of the naturally occurring double bond and
posterior desaturation by fatty acid desaturase. Thus, PKS introduces the
unsaturation in the acyl chain with a higher energetic efficiency than the
conventional pathway (Ratledge, 2004).

From an ecological point of view, de novo synthesis of PUFA, is confined
to certain ecological niches, mainly aquatic environments. Terrestrial veg-
etables are good sources of 18-carbon essential fatty acids, but vertebrates,
including most marine fishes possess a limited capacity to convert these fatty
acids to longer HUFA (Brenna, 2002). With few exceptions, the primary
producers that are able to synthesize de novo HUFA are restricted to the
aquatic environment. Due to the biological importance of these fatty acids,
the trophic interactions are closely related to their presence (Masuda, 2003).
For instance, mayor evolutionary episodes of Homo sapiens have been con-
nected to the aquatic environments through dietary lipids, apparently, due to
the vital role of HUFA in neural development (Broadhurst and Wang, 2002;
Crawford et al., 1999). Moreover, HUFA predict the carbon transfer between
primary producers and consumers in freshwater ecosystems (Miiller-Navarra
et al., 2004, 2000). In nature, the food chain will ultimately provide fish
with the majority of essential HUFA through diet (Ackman et al., 1964). In
particular, marine fish and crustacean used in aquaculture do not synthe-
sise most of HUFA and consequently they rely upon dietary lipids coming
from fish processing industry (wild catch). Indeed, it is not yet possible to
harvest the ocean for the primary producers, ultimately responsible for the
production of this nutrient, thus the ecological impact of aquaculture feed
requirements is mainly upon fisheries.

1.3. Importance of HUFA for marine finfish

The first attempts to culture marine fishes with rotifers reported high
larval mortalities when HUFA were absent from the diet (Watanabe et al.,
1983). In fish larvae, essential fatty acid requirements are more evident
because during fast-growing stages, the body cannot synthesise all the nec-
essary components at the required rate. Thus, as soon as the larva depletes
the nutrients from the yolk sack, HUFA deficiencies are quickly manifested in
terms of high mortality, poor growth and reduced activity (Izquierdo, 1996,
2005). It is generally understood that eggs contribute with all the necessary
components for the embryo and larval development before external feeding
begins. In view of the resistance to dietary modification of the egg lipid-
composition relative to other tissues, it was inferred that this may reflect

6
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the requirements for the following life stages of the species. In fact, the
eggs of marine fishes (Sargent et al., 2003), including seabream (Mourente
and Odriozola, 1990), contain high quantities of HUFA and phospholipids.
Moreover, seabream hatchlings under starvation tend to conserve the valu-
able n-3 HUFA of membrane phospholipids preferentially to other fatty acids
of the body (Koven et al., 1989). The first successful attempts to culture ma-
rine fish larvae utilised n-3 HUFA from marine oils (emulsified with lecithin)
as enrichment for live prey (Watanabe et al., 1983).

DHA, EPA and ARA are essential fatty acids for the normal growth,
development (Watanabe, 1982) and reproduction (Izquierdo et al., 2001) of
marine fish. Unlike freshwater fish, the marine fish so far studied possess
a limited, almost negligible, capacity to synthesise LNA to EPA and LA to
ARA (Owen et al., 1975; Tocher et al., 2003). In seabream, the conversion
rate is mainly limited due to the low activity of AS-desaturase (Tocher and
Ghioni, 1999). Thus, HUFA are obtained by fish through the diet and incor-
porated selectively in the body tissues. However, not only optimum levels of
HUFA must be provided, but also the different fatty acids at the required
ratios, which are species-specific, as well as, dependent on the life stage and
metabolic conditions (i.e. smoltification) (Sargent and Tacon, 1999).

Marine fish larvae appear to possess higher specific requirements for DHA
than juveniles and pre-adults. This fatty acid is incorporated in the develop-
ing visual and neural tissues (Mourente, 2003), which, at this stage, account
for a higher proportion of body weight relatively to other fully-developed
fish. DHA deficiency in the diet is related to impaired ability of herring lar-
vae to capture prey at natural light intensities (Bell et al., 1995), retarded
development of normal behaviour of yellowtail (Masuda et al., 1998) and gilt-
head seabream (Benitez-Santana et al., 2006), increasing incidence of skeletal
deformities (Cahu et al., 2003), immunosuppression (Montero et al., 2004),
malpigmentation and impaired eye migration in flatfish (Bell et al., 2003;
Mc Evoy et al., 1998). DHA and EPA are competitively incorporated into
cell membranes; however, the former is superior as an essential fatty acid
for growth performance and stress resistance in red sea bream among other
species (Watanabe et al., 1989; Watanabe and Kiron, 1994). HUFA require-
ments of seabream larvae are as low as 1.5 % of dry weight (Rodriguez et al.,
1998), but it increases four times this value with an increasing preponder-
ance of EPA over DHA (Rodriguez et al., 1994b). The optimum DHA:EPA
ratio is about 10:5 (Rodriguez et al., 1994a, 1997) and it decreases to less
than 10:10 in seabream juveniles (Ibeas et al., 1997). Because ARA is less
abundant in fish tissues than the other essential fatty acids it has received
less attention. However, ARA is recognised as one of the primary eicosanoid
precursors together with EPA (Ganga et al., 2006). Dietary implementation

7
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with ARA contributes to improve the stress response and better survival of
seabream larvae (Bessonart et al., 1999; Van Anholt et al., 2004), but any
improvements in growth by ARA appears to be masked by the influence of
dietary DHA:EPA ratio (Ibeas et al., 1997; Robin and Peron, 2004).

These three essential fatty acids have complex interactions that should be
considered before defining the dietary requirements. The first level of com-
petitive interactions between HUFA might occur at the digestive system. The
bile salt-activated lipase (BAL) from red seabream (Pargus major) possesses
higher affinity for EPA and ARA than for DHA when esterified to dietary
neutral lipids (Iijima et al., 1998) and might contribute to differential assim-
ilation. Afterwards, during lipid absorption and transport, the addition of
polar lipids in microdiets increases the incorporation of n-3 HUFA, preferen-
tially DHA, in the polar lipids of seabream larvae (Salhi et al., 1995). In fact,
the acylases and transacylases that esterify fatty acids into the different phos-
pholipids possess specific enzymatic affinities that eventually might interfere
with the transport and incorporation to the different tissues. For instance,
ARA is almost exclusively found attached to the second position of the glyc-
erol from phosphatidylinositol (PI), while DHA is mainly attached to the
second position of phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) (Sargent et al., 2003). Dietary DHA competes with EPA for the second
position of PE, hence a high dietary DHA /EPA ratio increases DHA esteri-
fication to PE and improves growth in seabream (Izquierdo et al., 2000). In
addition to the selectivity of fatty acid assimilation, there is an incidence of
fatty acid turnover on the final composition of tissues due to the metabolism
of synthesis and catalysis of HUFA. The enzymes performing desaturation
and elongation are activated by the presence of their substrate and inhibited
by their product. As mentioned previously, the conversion rate of n-3 and n-6
PUFA to longer HUFA is poor due to the low activity of certain enzymes of
the pathway, either A’-desaturase or Cig to Cy fatty acid elongase (Tocher
et al., 2003). Thus the balance of n-6 and n-3 precursors, LA and ALA, will
not initially alter the proportion of biological active forms of essential fatty
acids (EFA). However, regarding the theory of the so-called “Sprecher shunt”,
that has been demonstrated at least in rainbow trout (Buzzi et al., 1997), not
only 18:2 n-6, 18:3 n-3 but also 24:4 n-6 and 24:5 n-3 are substrates for A°-
desaturation. It has not been demonstrated whether the same AS-desaturase
enzyme is performing in Cig and Cyy fatty acids, but it suggests that a more
complex competition occurs between the different substrates. On the other
hand, fatty acid catabolism tends to preferentially conserve HUFA to other
saturated fatty acids, as functional and structural components in membrane
phospholipids. However, HUFA are also susceptible to selective (-oxidation
that modifies the fatty acid profile of the body from the initial dietary profile.
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Tuna lipids contain a high DHA to EPA ratio that might be a consequence
of selective catabolism of dietary EPA relative to DHA (which is oxidized in
the peroxisome) (Sargent et al., 2003). Finally, another competition between
HUFA occurs for the synthesis of eicosanoids. ARA and EPA are substrates
of lipoxygenases for the production of different leukotrienes and of cyclooxy-
genases for the production of prostaglandins (Kingsella et al., 1990). These
signaling molecules, derived from both fatty acids, compete for the same cell
receptors and might have antagonistic physiological activities against each
other (Whelan, 1996). Although ARA is usually present in a lower propor-
tion than EPA| it possesses a higher affinity for cyclooxygenase. In turn,
EPA possesses higher affinity for lipoxygenase. The resulting physiological
activity will be determined by the relative levels of both fatty acids in PI.
Due to the complex interactions between HUFA and the possibility of com-
petitive interference, the proportion in which the three essential fatty acids
are present in diet must be defined in terms of ratio all together, as well as
in absolute amounts (Izquierdo, 1996; Sargent and Tacon, 1999; Izquierdo et
al., 2000).

1.4. Importance of HUFA for human health

Linoleic (LA, 18:2 n-6) and a-linolenic acid (ALA, 18:3 n-3) are considered
to be EFA in most terrestrial vertebrates. These fatty acids are precursors
of a variety of very important HUFA, but cannot be synthesized de novo in
humans. Their deficiency is very rare in the diets from industrialized coun-
tries because these fatty acids are present in most higher plants. However,
HUFA synthesis through the series of elongation and desaturation in the tis-
sues seems to occur at an insufficient rate at certain stages of life (Burdge
and Wootton, 2002; Emken et al., 1994; Gerster, 1998; James et al., 2003;
Nakamura and Nara, 2003). HUFA syntheses depend upon age, sex, dietary
intake, disease presence and challenging metabolic processes. Therefore, di-
etary LA and ALA do not completely solve HUFA deficiency in diet and the
lack of HUFA in the diet could cause a broad variety of long-term health
problems (Bistrian, 2003). In contrast, dietary HUFA that can be partly
retro-converted to lower chain fatty acids, will reverse the symptoms of LA
and ALA deficiency (Hansen et al., 1986; Sprecher et al., 1995). Based on
these findings, DHA, EPA and ARA are also considered essential fatty acids
for maintaining healthy body functions (Cunnane, 2000).

Many diverse health benefits have been found to be related to n-3 PUFA
intake (Simopoulos, 1999). There is considerable evidence indicating the
positive effects of dietary n-3 PUFA in the prevention of cardiovascular dis-
eases (Lichtenstein, 2003), atherosclerosis (Ristic and Ristic, 2003), hormone-
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dependent cancers (Terry et al., 2003), diabetes (Brenner, 2003) and autoim-
mune diseases, such as, rheumatoid arthritis (Cleland et al., 2003; Simopou-
los, 2002). In particular, DHA is involved in the protection of neurologi-
cal tissues from oxidative stress (Yavin et al., 2002), development of brain
(Wainwright, 2002) and retina (Jeffrey et al., 2001), prevention of mental
bipolar disorder (Rapoport and Bosetti, 2002), attention-deficit hyperactiv-
ity (Burgess et al., 2000), schizophrenia (Kemperman et al., 2006), depression
(Sontrop and Campbell, 2006) and Alzheimer’s disease (Cole et al., 2005).

Although dietary HUFA levels depend on the dietary habits of the dif-
ferent social groups and countries, the minimum recommended ingestion in-
cludes at least two oil-rich fish-based meals per week and, particularly, the
inclusion of DHA and ARA in all infant formulas regardless of the intake of
LA and ALA (FAO/WHO, 1994). The Dietary intake of n-6 LA from veg-
etable oils in western countries is far more abundant than n-3 ALA intake,
which mainly comes from green leaf vegetables (Kris-Etherton et al., 2000;
Nettleton, 1991; Sanders, 2000). In the absence of a HUFA dietary source,
the body’s n-3/n-6 imbalance is conserved, if not enhanced, through desatu-
ration and elongation to longer HUFA. Since both n-families are precursors
of eicosanoids, their proportion (n-3/n-6) should be balanced through diet
to ensure adequate functioning of metabolism. Given that n-6 intake is cur-
rently high in western societies, dietary n-3/n-6 balance must be corrected
by the dietary intake of DHA and EPA of around 0.5 g d~! for infants, 1
g d~! for adults and 2-4 g d~! for patients with hyperglycemia or under high
cardiovascular diseases risk (Kris-Etherton et al., 2002). At present, fish,
including those produced by aquaculture, constitute the main source of n-3
HUFA in diet.

1.5. Fish oil as a source of HUFA

Nowadays, vegetable oils, which are rich in n-6 fatty acids, account for
the majority of the natural edible oils in the world market (O’Mara, 1998).
Animal lipids, such as lard, are cheaper but they are not considered as healthy
as vegetable oils due to the lack of PUFA and their high content of saturated
fats. Fish is the main source of n-3 HUFA, in particular DHA and EPA
(Nettleton, 1991). The traditional sources of HUFA for feedstock are fish oil
and fishmeal derived mainly from small oily fishes such as anchovy, capelin
and blue whiting that are bony and less suitable for human consumption.

Fish oil contains a complex and variable fatty acid profile, its quality
depending on the fish species, season, fishing location and processing. The
most important fatty acids in fish oil include DHA and EPA in a ratio of
about 10:20. Soybean oil is probably the main alternative to fish oil in the
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Figure 1.3: Fish oil and soybean oil price (Josupeit, 2006).

market, but, with other vegetable sources, it lacks HUFA. Hence, although
soybean oil was 40 % cheaper than fish oil in 2006 (Josupeit, 2006) it is less
desirable, from a nutritional point of view, than fish oil.

Peru is the main world producer of fish oil, followed by Scandinavian
countries and Chile. Unfortunately, the fisheries of anchovy from the Pe-
ruvian coast are strongly influenced by climatic events. In fact, the world
price of fish oil and fishmeal in 1998 increased to US $ 750 ton™! due to
a strong “El Nino” phenomenon influencing the fish captures (Figure 1.3).
Otherwise, in common a climatic condition, the annual world production of
fish oil remained stable (1.0-1.7 million ton) in the last two decades, but the
price tends to gradually increase due to increasing demand. At the begin-
ning of 2006 the fish oil price attained US $ 750 ton~!. Thus, the historical
maximum attained in 1998 due to “El Nino” was surpassed due to increasing
demand for the product. Although the International Fishmeal and Fish Oil
Organization (IFFO) is against a background of changing use due to market
forces (Shepherd et al., 2005), the fact is that whatever the demand is for
fish oil and fishmeal, fishing quota are applied to most of the fisheries; thus
catches are not expected to grow with demand.

Aquaculture, pork, poultry and ruminants are the main sectors demand-
ing the global production of fish oil and fishmeal. Particularly, aquaculture
is at present the fastest growing food sector, accounting for one third of the
total fish consumed by men. Global aquaculture production is expected to
increase at an annual rate of 4.5 % over the period 2010-2030 (Brugere and
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Ridler, 2004). Hence, it is the main factor responsible for the increasing de-
mand of fish oil and fishmeal (Naylor et al., 2000; Tacon, 2004). So far, this
demand, has been overcome through a shift from using the fish oil in livestock
and margarine fabrication into using it for marine fish and crustacean feeds.
Certainly, the key element inducing this reorganization of fish oil usage is the
nutritional value of n-3 fatty acids. Nevertheless, in view of the mentioned
predictions, it is clear that demand for fish oil from aquaculture will exceed
supply in the very near future.

Much research has been done toward increasing growth of aquaculture
in a sustainable way (Naylor et al., 2000). Several approaches to prevent
fish oil shortage are possible in order to protect aquaculture growth (Sargent
et al., 1999). In the first place, as mentioned above, the reorganization of
fish oil usage, currently in process, is based on the requirements of omega-
3 fatty acids. Hence, its use in terrestrial animals is being diverted to the
aquaculture of marine species and particularly to starter diets since the fast-
growing early stages possess higher requirements for HUFA. Secondly, as
HUFA are the key nutrient in fish oil, raw material processing should be
improved in order to optimize the yield in terms of HUFA. Thirdly, a step
forward would be to include partial replacement of the dietary lipids sources
with vegetable oil sources. The degree of substitution in aquafeeds that
maintains fish growth, welfare and product quality to the consumer has been
defined in some carnivorous fishes (Izquierdo et al., 2003, 2005; Bell et al.,
2005; Ganga et al., 2005). These implementations will help to lessen the
shortage of fish oil through the enhancement of the conversion efficiency from
pelagics to farmed fish and by improving the sustainability of aquaculture
production. Nevertheless, in spite of all these actions directed to prevent a
fish oil shortage, the definite solution to this problem relies on the production
of alternative sources of HUFA.

1.6. Single cell oils as source of HUFA

Single cell oils (SCO), also known as microbial oils, are commercially
extracted from unicellular organisms (Ratledge, 1992). Microbial oil, a rel-
atively new concept in the biotechnology industry, is now gaining interest
due to its capacity to produce HUFA at large scale. Although currently, the
bulk source of HUFA, in terms of high quantity-low price is fish oil, there
is big interest in SCO as a potential substitute, as it possesses several ad-
vantages over the traditional source. Fish oil refers to a complex blend of
more than 40 different fatty acids the proportion of which varies with species
and season, whereas microbial sources could provide, throughout the year,
more concentrated sources of a particular fatty acid (Table 1.1). This fatty
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Table 1.1: Major fatty acids of various oleaginous organisms considered for
fatty acid production and their volumetric productivities (rga).

Organisms 14:0 16:0 16:1 18:0 18:1 18:2 183 20:4 20:5 22:5 22:6 rFA
n-6 n6 n3 n6 n3 (mgFAIT'h)

Schizochytrium 13 29 12 1 1 1 - - - 12 36 145°

SR21*

Schizochytrium - - - - - - - - - - 2540 ~417

ATCC20888¢

Thraustochytrium 3 8 - - 16 2 - 3 - - 52 3

aureum?

Ulkenia sp.* 3 30 - 1 - 1 - - - 11 46 -

Crypthecodinium 20 18 2 - 15 04 - - - - 39 53¢

cohnii®

Nitzchia laevis! 23 33 - - 33 2 1 1 4 - - 10.4

Mortierella 0.2 6 - 2 4 4 2 70 - - - 549

alpina 154*

Mucor  circinel- 22 - 1 6 40 11 18 - - - - 4.8

loides"

2003), f (Barclay et al., 1994; Kyle and Gladue, 1993), 9(Higashiyama et al., 1998), *(Ratledge and Wynn,
2002), {(Kennedy et al., 1993)

@ (Ratledge, 2004), ®(Yaguchi et al., 1997), ¢(Barclay et al., 2003), ¢(Singh et al., 1996), ¢(de Swaaf et al.,

acid could be easily purified because it usually does not interfere with other
PUFA. Certain fish oils, such as tuna oil, present predominant quantities
of a particular fatty acid, DHA (Saito et al., 1997), but this oil is scarce
and expensive. Moreover, there is a risk with fish oils being vehicles of ma-
rine pollutants that might eventually accumulate in aquacultured organisms
(Hites et al., 2004). In contrast, oleaginous microbes are cultured under
controlled conditions (bioreactors) providing an organic-food-grade product,
free of contaminants. Finally, fish oil implementation in functional foods and
nutraceuticals is constrained due to stability problems and the characteristic
fishy taste and odor, whereas SCO might possess a higher oxidative stability
due to the natural antioxidants synthesized within the cell (Sargent et al.,
1997) and lack that unpleasant taste and odor.

SCO are produced by oleaginous microorganisms, those able to produce
lipid in quantities that justify a commercial consideration. Usually, this value
is determined by definition to be higher than 20 % of cell dry weight (CDW)
(Ratledge and Wynn, 2002), which will necessarily include a proportion of
non-essential storage lipids. Those storage lipids are generally accumulated
within the oleaginous cell as triacylglycerides, in lipid-droplets that are easily
extracted as SCO. Only a few microorganisms (yeast, fungi and algae) are
able to accumulate lipids between 20-70 % CDW (depending on microbial
species and environmental conditions). The lipid accumulation process has
been described for heterotrophic organisms, which are so far the only suc-
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cessful commercial realities in the HUFA specific, SCO industry (Ratledge,
2002a).

Lipogenesis is usually associated with some nutrient limiting conditions
other than the carbon source, particularly the nitrogen source (Gill et al.,
1977; Granger et al., 1993; Ratledge and Wynn, 2002). Thus, lipid accumu-
lation can be induced by manipulating the carbon-to-nitrogen ratio of the
culture medium. In batch culture, this is usually a bi-phasic process. The
first phase is characterized by rapid cell growth and is followed by the stressed
phase, where the remaining carbon is allocated to the production of lipids.
The biochemical events leading to lipid accumulation were extensively stud-
ied and recently reviewed by Ratledge and Wynn (2002); Ratledge (2004).
Following nitrogen exhaustion in the culture medium, the little ammonia
contained in the intracellular pool of AMP is scavenged through the action
of AMP deaminase. As a result, isocitrate dehydrogenase (ICDH), which is
AMP dependent (only in oleaginous microorganisms), is down-regulated re-
sulting in citrate accumulating into mitochondria and being liberated to the
cytosol (Figure 1.4). From a biochemical point of view, lipid accumulation
requires the presence of ATP: citrate lyase (ACL) which is responsible for the
cleavage of citrate in the cytosol and provides acetyl-coA as a building block
for fatty acid synthesis (Ratledge and Wynn, 2002). This enzyme is crucial
in most oleaginous organisms but is not the sole enzyme responsible for the
lipid accumulation process. The malic enzyme is also essential to the process,
converting malate to pyruvate and providing an internal pool of NADPH for
lipid synthesis. Each building block introduced in the fatty acyl chain re-
quires acetyl-coA and two NADPH to be reduced. Thus, both ATP:citrate
lyase and malic enzyme are crucial in providing the key components for lipid
synthesis.

1.7. DHA-producing microorganisms

Marine microorganisms, including bacteria, algae and fungi, appear to
be the main producers of HUFA in the marine food chain. Considering the
high microbial biodiversity of the oceans (Sogin et al., 2006) and the large
percentages of undescribed species within the group of marine microorgan-
isms (Colwell, 1997), they constitute good screening sources for potential
SCO producers. DHA is a high added-value product with potential for ex-
ploitation through biotechnology as it can not be more cheaply produced by
terrestrial plants. Bacteria are probably not suitable for DHA production,
firstly because they do not accumulate large amount of triacylglycerides,
and secondly because they may contain unusual lipids that are not typically
present in feeds and foods (Ratledge, 2002a). Fungi of the genus Mortierella
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Figure 1.4: Biochemistry of lipid accumulation in oleaginous microorganisms
(Ratledge (2004)). The citrate/malate cycle and the cytosolic 'transhydro-
genase’ cycle provide sufficient precursors of acetyl-CoA and NADPH for
lipogenesis. Enzymes: 1-pyruvate decarboxylase, 2-malate dehydrogenase,
3-malic enzyme, 4-pyruvate dehydrogenase, 5-citrate synthase, 6-ATP:citrate
lyase

are grown for the production of ARA, however, fungal based technologies
may not be appropriate for DHA production due to the high fermentation
times and consequent low productivities of the selected organisms (Barclay et
al., 1994). Marine algae, broadly used in aquaculture as DHA sources, have
proved to be far more productive when they can be grown in heterotrophic
rather than in phototrophic conditions (Apt and Behrens, 1999; Zaslavskaia
et al., 2001). The light-shading effect of the growing cells in phototrophic
cultures limits the maximum cell densities attainable in those systems. By
means of increasing the surface-to-volume ratio of the culture broth, light
utilization and cell densities can be slightly increased, but in return that
complicates the scaling-up feasibility. As a result, the overall cost of microal-
gae biomass produced in open ponds such as raceways (US $ 15-20 kg™1)
or closed systems such as photobioreactors (> US $ 50 kg~!) (Borowitzka,
1997), is not competitive with the biomass cultivated in fermenters (< US $
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5 kg™') (Gladue and Maxey, 1994).

Heterotrophic microorganisms obtain the required metabolic energy from
the oxidation of an organic substrate. They are grown in fermenters under
sterile conditions (see Figure 1.5), in the dark if necessary, under a highly-
controlled environment (temperature, dissolve Os, airflow, stirring speed, pH
control). The stability of culture conditions sustains rapid growth and lipid
accumulation of the organism in a reproducible way. Under optimal growth
conditions, provided with an adequate air supply, large-scale fermenters can
produce over 100 g CDW [~!. High cell densities greatly decrease the volume
of broth that must be processed during the harvesting step which, otherwise,
can contribute with one third of the production costs (Barclay et al., 1987).
The main factors influencing the cost of fermentative DHA production are
cultivation scale of and overall DHA productivity of the system (mg DHA
[71 h7Y) (Sijtsma et al., 1998). Overall DHA productivity depends on growth
rate, as well as lipid and DHA content of the cell. Environmental and nu-
tritional aspects can be implemented in order to tailor the lipid content and
the fatty acid profile. For example, utilization of C, substrates, like acetate
or ethanol, seems to improve lipid formation by means of supplying the cell
with more direct precursors of acetyl-CoA (Sijtsma and de Swaaf, 2004).
Low dissolved O, tension of the culture may decrease the degree unsatu-
ration of some organisms due to the down regulation of the O,-dependent
desaturases. O, transfer related environmental factors, namely aeration and
stirring speed, have been employed in order to tailor cocoa butter equivalents
from Mucor circinelloides (Roux et al., 1995). Currently, three commercial
processes exist for the production of microbial DHA based in species belong-
ing to thraustochytrids and dinoflagellates (Ratledge, 2004).

(a) 11 Braun Biolab Fermenter. (b) 10 1 New Brunswick BioFlo 2000.

Figure 1.5: Fermentation facilities for single cell oil production.

Thraustochytrids are marine, obligate heterotrophs that develop ecto-
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plasmic nets in a similar way as fungi. They were originally classified as
phycomycetes (algae-like fungi) due to their similarities with fungi, but later
they have been assigned to the kingdom Chromista (Cavalier-Smith et al.,
1994). According to their molecular characteristics, which are closely re-
lated to algae, they are assigned, together with labyrinthulids, to a new
phylum of heterokont algae. Schizochytrium sp. (see Figure 1.6(a)-1.6(d))
is a thraustochytrid which can contain up to 78.6 % of CDW as fatty acids,
with 33.3 % being DHA (Yaguchi et al., 1997). The overall DHA volu-
metric productivity could be 150 mg [=* h~!, while other processes based
on Schizochytrium-related organisms claim DHA productivities as high as
417 mg 1= h=* (Barclay et al., 2003). In addition to DHA, Schizochytrium
sp. produces around 10 % TFA of docosapentaenoic acid (22:5 n-6; DPA),
as well as odd-chain fatty acids, such as 15:0 and 17:0. OmegaTech Inc.,
Boulder, CO, now owned by Martek Biosciences Corp., is commercially pro-
ducing this organism, although the process details remain proprietary at
present. SCO from Ulkenia sp., another thraustochytrid, possesses a similar
fatty acid profile to Schizochytrium sp. and is commercially produced by
Nutrinova GmbH, Frankfurt, Germany. Very little information is available
about this microorganism.

Crypthecodinium cohnii, formerly known as Gyrodinium cohnit, is a chloro-
plastless marine organism that belongs to the order Dinophyceae which can
be isolated from rotting seaweed (see Figure 1.6(e)—1.6(f)). This organism
can produce up to 50 % of its dry weight as lipids with 32 % DHA in to-
tal fatty acids (TFA) (de Swaaf et al., 2003). The highest overall DHA
productivity so far reported for this organism is 53 mg (' h='. This or-
ganism possesses the unique advantage of producing DHA with other PUFA
present at less than 1 % of TFA. Therefore, SCO from C. cohnii clinical
trials obtained the GRAS (generally recognized as safe) status for human
consumption, while Schizochytrium sp. only possess the GRAS status for
animal nutrition (Ward and Singh, 2005). Martek Biosciences Corp. exclu-
sively produced C. cohnii to be implemented as pre-term and full-term infant
formulae additives.

Microbial oils are gaining importance as nutraceutical ingredients and
pharmacy-grade products. Microbial lipids are included as functional foods in
daily consumed products such as milk (Franklin et al., 1999) and eggs (Lewis
et al., 2000). In 2004, Nutrinova and Martek Biosciences absorbed 19 % of
the omega-3 nutraceutical market using microbial oils as additives to infant
formulae (FPD, 2006). In aquaculture, microbial sources could be effectively
used in the culture of fish larvae to cover the high nutritional demand during
these early stages. For instance, microbial biomass is implemented as live
prey enrichment materials, mainly by two production companies: Aquafauna
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Figure 1.6: Microphotographs of DHA producing microorganisms.
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Bio-Marine, Inc. and Advanced BioNutrition, Inc.

1.8. HUFA producing microorganisms in aquacul-
ture

Single cell heterotrophs provide sources of HUFA that can be easily com-
bined to obtain the required dietary fatty acid profile either in live preys (as
enrichment material) or be directly implemented into microparticulate diets.
So far, most single cell heterotrophs are used for marine fish larviculture
rather than as fish oil substitute in the bulk adult aquafeeds. Larval feeds
require higher HUFA contents, which allow and justifies the inclusion of a
more expensive but better controlled HUFA source. The DHA: EPA ratio
of most commercially available fish oils is circa 10: 20 while the require-
ments of marine fish larvae are predominantly for DHA. During enrichment,
the optimal DHA: EPA ratio is further compromised. Enrichment protocols
are performed in highly aerated conditions for 12-24 h, where the fish oil
emulsions are susceptible to peroxidation (Mc Evoy et al., 1995). Besides,
Artemia, which contains some EPA but no DHA (Navarro et al., 1993), is
able to retro-convert the DHA of the enrichment emulsion to EPA (Izquierdo,
1988; Evjemo et al., 2001). As a consequence, the initial DHA:EPA ratio
of the enrichment should be very high in order to maintain the nutritional
quality of the prey throughout the enrichment and following starvation. This
ratio is not provided by common fish oil. Alternatively, the marine micro-
heterotrophs Schizochytrium sp. and C. cohnii are good sources of DHA.
Dried-whole-cell preparations of these organisms may be directly adminis-
tered to live prey, providing a naturally protected lipid source that includes
antioxidants, a quantity of polar lipids as well as proteins and micronutrients.
Since EPA is below 2 % TFA in those microorganisms, they could provide
and maintain the required DHA:EPA ratio over the enrichment period. In
addition, Mortierella spp. fungi are good sources of ARA.

Biomass derived from microheterotrophs has been successfully imple-
mented as live prey enrichment for Atlantic cod (Gadus morhua) (Cutts
et al., 2006; Park et al., 2006), haddock (Melanogrammus aeglefinus) (Blair
et al., 2003), cobia (Rachycentron canadum) (Faulk and Holt, 2005), striped
trumpeter (Latris lineata) (Battaglene et al., 2006), yellowtail flounder (Li-
manda ferruginea) (Copeman et al., 2002), Atlantic halibut (Hippoglossus
hippoglossus) (Shields and Irwin, 1998), striped bass (Morone sazatilis), Eu-
ropean sea bass (Dicentrarchus labraxz) and gilthead seabream (Harel et al.,
2002; Koven et al., 2001). Schizochytrium sp. or C. cohnii enrichment of
Artemia (Ritar et al., 2004) and rotifers (Brachionus plicatilis) (Park et al.,
2006) increased DHA content to the required DHA:EPA ratio. Live prey,
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especially Artemia, retro-converts DHA to EPA, hence, a priori, there is no
need to implement other microbial EPA enrichments. Fish larvae generally
obtain better growth with the enrichment based on microbial DHA sources
due to the high DHA:EPA ratios attained in live prey in comparison with
other commercial enrichments (Battaglene et al., 2006; Cutts et al., 2006;
Harel et al., 2002). In addition, Schizochytrium-based enrichment provides
n-6 DPA, which is partially retro-converted to ARA by rotifer and by Artemia
(Barclay and Zeller, 1996). This is usually reflected in the ARA content of
larvae and is associated with better survival (Koven et al., 2001; Park et al.,
2006). Algamac® (Schizochytrium-containing commercial product), due to
the increased bacterial load over the fish oil emulsions and live algae enrich-
ments, induced a higher mortality in Artemia, but this did not transcend to
the larvae performance (Ritar et al., 2004).

The inclusion of SCO directly in microparticulate diets should avoid the
partial loss of material during live prey enrichment. Although industrial
hatcheries still rely on live prey feeds, microdiets will ideally provide feeds
containing better controlled nutritional quality, thus leading to more pre-
dictable fry productions. Algamac® produced from Schizochytrium sp. was
implemented during seabream first-feeding microdiets (Robin and Peron,
2004) enhancing DHA incorporation by larvae. In addition, dietary fish oil
was substituted with 2 and 4 % dry weight of C. cohnii biomass in seabream
fingerlings showing a better growth and survival (Atalah et al., in press).
Schizochytrim oil has been used as fish oil replacement in Atlantic salmon
parr diets (Miller et al., in press). The biomass of Thraustochytrid ACEM
6063, a Schizochytrium related organism, was implemented in rapeseed oil-
based diets for Atlantic salmon juveniles (Carter et al., 2003). The complete
substitution of fish oil did not alter acceptance, growth or immune function,
but it increased the cumulative mortality following transfer to seawater and
challenge to Vibrio anguillarum pathogen. Defatted biomass of Mortierella
alpina was introduced in striped bass (Morone sazatilis) broodstock diets
improving egg hatching (Harel et al., 2002).

1.9. Gilthead seabream as a model to study the ef-
fect of heterotrophic organisms as a source of HUFA

Seabream is a marine teleost (family Sparidae) that traditionally has been
cultured extensively in saltwater coastal lagoons of the Mediterranean basin
(e.g. Cadiz Bay). However, it was not until the early eighties that this finfish
has been cultured intensively. Since then, world production has increased to
91100 tons in 2005 according to the Federation of European Aquaculture
Producers (FEAP) (Figure 1.7). Currently, seabream production constitutes
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Figure 1.7: Global production of gilthead seabream. Based on FAO (2004)
statistics.

the third most cultivated species by volume in Europe after salmon and
trout. This consolidated industry produced 92 % of marketed seabream in
2003, the remaining 8 % being captured from the wild. Main producing
countries in 2005 are Greece (55 %), Spain (17 %), Turkey (17 %) and Italy
(9 %) (Apromar, 2006).

Gilthead seabream cultivation techniques are well developed and their
nutritional requirements are used as a model to developed feeds for other
less developed species such as the European sea bass (Dicentrarchus labrax)
or the red porgy (Pagrus pagrus). Particularly the lipid metabolism is well
studied and their requirements are detailed for each of its life stages. Because
the larval stage is nutritionally the most delicate, it requires an accurate
dietary fatty acid profile. For these reasons, gilthead seabream are ideal
finfish to evaluate the performance of microbial sources as fish oil substitutes
in aquafeeds.

1.10. Objectives

In view of the importance of HUFA, particularly DHA, for marine fish
larvae and the constraints in fish oil supply as a source of these fatty acids,
the purpose of this thesis was to test the viability of microbial heterotrophic
organisms as alternative sources of essential fatty acids for the development
of sustainable aquaculture of finfish. To achieve that goal two heterotrophic
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microalgae, Schizochytrium sp. and Crypthecodinium cohnii, were selected
(due to the advantages mentioned above) as alternative sources of DHA for
gilthead seabream larvae. In order to develop an integrated process several
specific objectives were addressed:

1. To study the physiology and biochemistry of lipid accumulation in
Schizochytrium sp. and C. cohnii under different medium, culture and
aerating conditions.

2. To optimize the fermentation of both microorganisms, implementing
the culture parameters and techniques that modulate lipid biochemistry
and ultimately DHA accumulation.

3. To evaluate the potential of fermentation technology in aquaculture
and facilitate the implementation of this facilities.

4. To determine the effect fish oil replacement by Schizochytrium sp. and
C. cohnii biomass in microdiets for gilthead seabream, examining di-
etary intake and larval growth and survival.

5. To test the effect of both microalgae in larval health, including stress
and disease resistance.

6. To analyze the effect of providing both species of microalgae on larval
lipid metabolism, studying the changes in larval fatty acid profiles.
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CHAPTER 2

(GENERAL MATERIALS AND METHODS

The following dissertation is structured in two major experimental sub-
jects regarding microbial fermentation and fish larvae nutrition. The fermen-
tation work was carried out at the Lipid Research Centre, at the Department
of Biological Science of the University of Hull (England). The experiments on
gilthead seabream Sparus aurata larval nutrition were conducted at the Ma-
rine Cultures facilities of the Grupo de Investigacién en Acuicultura (ULPGC
& ICCM) facilities (Spain). The following chapter explains in detail the gen-
eral methodology used in these experiments. Particular experimental condi-
tions are specified in each chapter.

2.1. Microbial cultures

Strain maintenance and medium specifications

Schizochytrium sp. strain G13/2S, derived from G13 (Graham Bremer,
University of Portsmouth) and deposited at Banco Nacional de Algas (BNA
40-004) (Taliarte, Spain), was preserved (2-3 months) in screw-capped tubes
(10 ml capacity) at 10 °C before inoculating (10 % v/v) the starting cultures.
The initial medium contained (g [7!): sea salts (27), glucose (40), proteose
peptone (8) and yeast extract (5); pH adjusted to 7 £0.3 with KOH (1 M).

Further cultures were grown in a defined medium modified from Ash-
ford et al. (2000) containing (g I™"): glucose (40), NaCl (12.5), glutamic acid
monosodium salt (4), MgSO, 7TH,0 (2.5), KC1(0,5), CaCl, (0.1), KHoPOy4 (0.5),
unless stated otherwise. This medium also contained trace-element solution
(5 ml I"") and vitamin solution (1 ml [™'). The trace element solution con-
tained (g [~'): EDTA di-sodium salt (6.0), FeCls 6H,0O (0.29), H,BO3 (6.84),
MnCl, 4H,0 (0.86), ZnCl, (0.06), CoCl, 6H,0 (0.026), NiSO4 6H,0 (0.052),
CuSO4 5H20 (0.002), NagMoO, 2H,0O (0.005). The vitamin solution con-
tained (mg [™'): thiamine (100), biotin (0.5) and cyanocobalamin (0.5).

Crypthecodinium cohnii strain ATCC 50060 was maintained in screw-
capped tubes, as described before, in the ATCC 460 A2E6 medium that
contained (g I™'): NaCl (23.48), MgCl, 6H,0 (10.63), glucose (4.5), NaSO,
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(3.93), Tris buffer (3), glutamic acid monosodium salt (1.5), CaCly (1.11),
KCl (066), NaHC03 (019), KCr (015), 03H7N3206P 5HQO (015), (NH4)QSO4
(0.05), SrCly, 6H20 (0.04), H,BO3 (0.03), FeCly 6H,0O (0.01), K3POy4 (0.01).
This medium also contained trace-element solution (3 ml (™) and vitamin
solutions (1 ml I™'). The trace element solution contained (g [~"): EDTA di-
sodium salt (100), HQBO4 (10), MDC].Q 4H20 (].5), COCIQ 6HQO (05), F6013
6H,O (0.5) and ZnCl, (0.1). The vitamin solution contained (g {™'): thi-
amine (1) and biotin (0.003). Further cultures were grown in a medium
containing (g I7'): sea salts (25), glucose (27) and yeast extract (2); pH
adjusted to 6.5 £0.3 with NaOH (1 M).

All medium components were autoclaved (121°C, 15 min) maintaining
glucose in a separate container in order to avoid the “browning” of the
medium. The vitamin solution was filter sterilised (pore size, 0.2 um). Both
the vitamin mixture and the glucose were added in sterile conditions after
sterilisation.

Inoculum development

Sub-culturing of Schizochytrium G13/2S and Crypthecodinium cohnii was
made in static Erlenmeyer flasks of 50 mi (containing 10 ml medium) followed
by 250 ml flasks (containing 50 ml). Each stage of the flask cultivation of
Schizochytrium G13/2S and Crypthecodinium cohnii was maintained for 37
and 5-7 days , respectively. The static-flask cultures were used to inoculate
shake-flasks 250 ml cultures (120 rpm) containing 50 ml of defined medium.
Either static or orbital shaking incubators were always maintained at 27 °C.
The inoculum, obtained from a healthy growing culture, was always 10 % v /v
because this size improved the viability of the inoculations. The inoculum
development was made in flask cultures with the complex medium previ-
ously described for each organism. Shake-flask cultures (24 h) were used to
inoculate the fermenters (10 % v/v). The culture purity was checked during
sampling and inoculation, 2-3 ml of culture was aseptically removed from
the fermentation broth and examined under the optical microscope (X 400
and X 100).

Fermentation set-up

The fermenters were autoclaved (121°C, 30 min), maintaining glucose
separated in the inoculation bottle. Before autoclaving, the pH and O4 probe
were calibrated. The pH calibration was made using standard pH 7.0 and
pH 4.0 solutions. The O, calibration was made by bubbling a distilled water
with Ny until saturation. Once the dissolved O, reading was stabilised, the
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reading was calibrated to zero and then air was bubbled through the air inlet.
Again, when the reading was stabilised, it was calibrated to 100 %. Prior to
calibration procedure, the temperature of the media was adjusted to 27 °C.

Three different type of fermenters with 0.8, 2 and 10 [ capacity were used.
They were all made of glass and stainless still, cylindrical, flat-bottomed and
equipped with bladed turbines. The temperature was maintained at 27 °C us-
ing a heater or a water bath through a cooling coil in response to the reading
of the thermometer inserted in the temperature-port. The pH was controlled
through the pumping in the fermenter of an acid and an alkaline solution
in response to the pH prove reading. Acid and alkaline solutions were not
autoclaved, they were added after the fermenter was allowed to cool. Before
the fermenter was inoculated, a sample of the autoclaved media was taken
aseptically to determine the pH of the medium through an external reading.
The pH reading on the fermenter console was changed accordingly. Before
inoculation, a few droops of antifoam (polypropylene glycol-2000) were man-
ually added using pump and during fermentation, according to an insulated
conductivity probe, the same pump operated automatically if necessary. The
aeration was previously passed through to filters in line (2 ym). The inocu-
lum was introduced aseptically to the fermenter through the inoculation port.
Along fermentation, 20-100 ml of culture was removed aseptically through
the sampling port at the required data-points. The residual culture broth
trapped in the tubing of the sampling port (from the previous sampling)
was systematically discharged. At the end of the culture the volume of the
remaining culture was measured in a cylinder (100 ml).

Chemostat fermentation

A fermenter of 2.5 [, containing 2 [ working volume, was used for both
batch and continuous cultivation of Schizochytrium (see Chapter 3). The
fermenter (in-house manufactured) was equipped with a vaned-disk impeller.
In order to obtain dissolved Oy concentration above 50 % throughout the
whole fermentation, vortex mixing was provided a stirring speed of 1000 rpm
while aeration was set to 0.5 vol. air (vol. medium)~! min~!. Foaming was
controlled in batch cultures by manual addition of polypropylene glycol-2000
when necessary. Addition of antifoam was not needed during continuous
culture. The temperature was set to 27°C and the pH was maintained at 7
with automatic addition of HySO4 (2 M) or KOH (2 M).

During continuous culture, the volume in the vessel was maintained us-
ing an overflow weir. The exact working volume used during continuous
culture was previously calculated for the stirring speed applied. Medium
was supplied (24 h after inoculation) with a flow inducer at a constant dilu-
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tion rate (D) calculated according to the working volume of the fermenter.
The flow was checked every 4 h. Other parameters such as dissolved Os,
pH, temperature were monitored continuously. Steady-state conditions were
maintained for more than five complete volume changes before sampling (<
100 ml), while dissolved Oy output was used to detect that any perturbation
(> 3 % saturation) happened along the period. Different dilution rates were
applied starting from low and going to higher values in order to permit the
cells adaptation.

Air limitation

Shake flask culture experiments were always performed in triplicates. Air
availability was tested in two different ways in order to exclude the effect of
the hydrodynamics in the flask: (1) under different culture medium surface
to volume ratio using 50, 150 and 250 ml of medium; (2) with 50 ml of
medium either normally aerated or sealed with craft paper in a previously
Ny-gassed atmosphere.

Anaerobic fermenter cultures were performed in a laboratory bioreactor
(Braun Biolab) with a working capacity of 1 [. The foam was controlled by
addition of polypropylene glycol-2000 when necessary and pH 7 was main-
tained by the automatic addition of 2 M KOH or HySO,4. Rushton blade
stirrer was set to 500 rpm. Two fermentations were performed simultane-
ously using both anaerobic and aerobic conditions. The anaerobic fermenter
was leak tested under 5 psi of positive pressure before inoculation and af-
ter cultivation. In order to ensure anaerobic atmosphere, every two days,
the culture was sparged with high-purity-filter-sterilised (99.99 %) Ny (En-
gineering and Welding, Hull, UK) for ten minutes and all the silicon-rubber
tubing were clipped. The aerobic bioreactor was maintained within the same
conditions but with 0.5 vol. air vol. medium=' min~! air income.

Ammonium/pH-auxostat fermentation

Schizochytrium G13/2S was cultivated in a 1 [ working capacity bioreac-
tor (Braun Biolab) in which the pH was controlled by the automatic addi-
tion of 10 % NH,4OH (10 % w/v). The defined medium described above was
modified in order to include 1.64 g (NH4)»,SO, [7'. All culture components
were autoclaved (121°C, 30 min), maintaining glucose and MgSO, 7H20
separately from other medium components to avoid magnesium-ammonium-
phosphate precipitation. Dissolved O, was maintained over 30 % by manual
increase of the stirring speed (rushton blade impellers) from 300 to a maxi-
mum of 700 rpm. The aeration rate was always 0.5 vol. air (vol. medium)~*

42



General materials and methods

min~?!, previously filtered through a 0.2 um sieve. Addition of antifoam was
not necessary during fermentation.

Ethanol fed-batch fermentation

Fermentation was carried in a 10 [ bioreactor (Bioflo 3000, New Brunswick).
The initial medium contained (g [7!): yeast extract (10), sea salts (25) and
ethanol (5.5). During fermentation, 10 ml of polypropylene glycol-2000 an-
tifoam agent was added to the culture. The pH was maintained at 6.5 £0.5
by automatic addition of NaOH (2 M) or HoSO,4 (2 M) while the temperature
was set to 27 £0.5°C. Stirring speed was programmed to automatically in-
crease (but not decrease) from 200 up to a maximum of 1000 rpm, in response
to dissolved O levels below 30 %. The fermenter contained two six-blade
turbine impellers and four straight baffles, each of them having a width of
1/10 of the vessel diameter. Once the maximum stirring speed was attained,
either the initial airflow was manually increased from 5 to 10 [ min~! or the
airflow was programmed to maintain dissolved O, levels above 30 % through
the automatic substitution of the air by high purity O, (Engineering and
Welding, Hull, England).

Dissolved Oy output (or alternatively the degree of air substitution) was
used to evaluate the ethanol demand by the culture. Initially, when the resid-
ual ethanol was consumed (dissolved Oq increasing above 35 % saturation),
an initial feeding rate of 0.9 ml ethanol [=! h~! was set with a flow inducer.
The feeding rate was increased every time that an extra pulse of ethanol was
automatically consumed by the culture (dissolved O, decreasing below 30
%). The maximum feeding rate attained was maintained until the end of
the fermentation. Whenever the dissolved O, rose above 35 %, the ethanol
feeding was stopped temporally in order to avoid growth inhibition.

Analyses in fermentation

Determination of cell dry weight Samples of 20 ml where harvested
by centrifugation (3,000 g) for 5 min at 10°C. Biomass was washed twice
by resuspension in demineralised water (10°C) and centrifuged as before.
The pellet fraction was freeze-dried and dry biomass was measured in a
microbalance. The pellet fraction of the second centrifugation was freeze-
dried to constant weight and dry biomass contained in a pre-weighted flask
was measured in a microbalance.

Fatty acid analysis Fatty acid (FA) analysis of C. cohnii freeze-dried
biomass (25-30 mg) was made using heptadecanoic acid (2.5 mg per sam-
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ple), previously dissolved in methanol: chloroform 3:1, as internal standard.
Schizochytrium G13/2S biomass (10-15 mg) was analysed using nonade-
caenoic acid (1.25 mg per sample) as internal standard previously dissolved in
hexane. Fatty acid methylation was conducted by the method of Rodriguez-
Ruiz et al. (1998). Transesterification reagent (methanol: acetyl chloride 20:1
(v/v)) was prepared freshly on ice. Lyophilised biomass, hexane (500 ul),
transesterification reagent and the internal standard were added into a tight
screwed test tube and then heated at 100°C during 10 min. After cooling
the tubes at room temperature, reaction was stopped adding 1 ml of distilled
water. Two phases were established rapidly, upper one (hexanic) contained
the fatty acid methyl esters (FAMESs) and was stored in vials. FAMEs were
then analyzed by GC using He as a carrier gas with a BPX70 25 m x 0.22 mm
i.d. column (SGE). The temperature of the column was raised from 160 °C to
225°C at 5°C min~! and then maintained at 225 °C for further 5 min. Peak
detection was performed by a flame ionisation detector. The temperatures
of the injection and detection ports were 250 °C. Peaks were identified by
comparison with well characterised standards (Sigma, 189.19).

Determination of nitrogen content The supernatant and cell biomass
of each sample were freeze-dried and 10 mg was then analyzed by a quan-
titative dynamic flash combustion method for elementary C, H, N and S
detection. Instantaneous oxidation was attained in a 1020°C combustion
reactor supplied with O,. Excess of Oy was then reduced through a Cu
reduction catalyst layer. The elements were separated in a 2 m chromato-
graphic column packed with Porapak QS of 80/50 mesh size and ran at 60 °C
using He as carrier gas. Detection was achieved by thermal conductivity.

Glucose determination The residual glucose concentrations were anal-
ysed using the GOD-PERID method (Boehringer Mannheim). The reagent
was prepared every two weeks using horseradish peroxidase (0.8 units ml_l),
ABTS (1 mg mi™"') and glucose oxidase (10 units mi ") diluted in a 100 mM
phosphate buffer (pH 7). The reactive was always compared with the internal
standard provided with the test kit and the blank containing only distilled
water. The reagent was allowed to warm at room temperature before utiliza-
tion and the samples were diluted to concentrations of 50-100 pug mi~t. The
reaction was carried out in half-scale cuvettes mixing thoughtfully 0.1 ml of
sample dilution with 2.5 ml of reagent. The absorption was measured after
25-50 min in a spectrophotometer at 660 nm.
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Ammonia determination The residual ammonia concentrations were anal-
ysed using an indophenol-based method (Chaney and Marbatch, 1962). Two
reagent were prepared every two months in distilled water: Reagent 1 con-
tained 10 g phenol I~! and 50 mg of Nay[Fe(CN)sNO] 2H,0 [~! and Reagent
2 contained 5 g NaOH [~! and 0.42 ¢ NaClO [~!. Different standard solu-
tions of (NH4)2SO, were prepared in order to construct the calibration curve.
The samples were diluted to 1-5 pug mi~'. The reaction was carried out at
room temperature by mixing 1 ml sample, 5 ml of Reagent 1 and 5 ml of
Reagent 2 in a vortex mixer. The absorption was measured after 30 min in
a spectrophotometer at 625 nm.

2.2. Rotifers

Rotifers, Brachionus plicatilis, were cultivated in 800 [ cylindrical con-
tainers of 1.5 m height. The container was provided with a central aeration
system through a porous stone that was maintained at 20 ¢m from the bot-
tom. The cultures contained a combination of natural seawater (80 %) and
freshwater (20 %). Rotifers, strain S-1, of 150-250 pm of length, were inocu-
lated at initial densities of 100 ind. ml~!. They were fed with 1.2 ¢ fresh yeast
extract 10% ind. ~! d~!, ration divided in two doses. Every four days the ro-
tifers were carefully filtered (64 wm mesh), rinsed in water, the container was
washed and the culture was resuspended in clean water at optimum culture
densities of 100-250 ind. ml~!.

The rotifers were used to fed Sparus aurata larvae during green water
cultures and also during the first 10 d of microdiet trialing. The rotifers
supplemented along the green water cultures were previously enriched (24
h), at densities of 300 rotifers mi~!, with emulsified Selco (Artemia System,
Ghent, Belgium) (0.125 g selco [! ration in two doses). During the microdiet
testing yeast-fed rotifers were directly supplemented in a co-feeding regime
to the larval tank, providing no source of HUFA.

2.3. Experimental microdiets
Ingredients

» Lyophilized squid meal (Rieber & Son, Bergen, Norway) was selected as
a high quality protein source for seabream. Fishmeal has a lower pro-
tein digestibility (Fernandez-Palacios et al., 1997) and usually contains
impurities such as scales and bones, which account to a considerable
content of ash (11.4 % dry weight) (Robaina et al., 1995). In turn,
squid meal contained around: 13 % lipids, 80 % protein and 6 % ash.
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In order to replace all dietary lipids in Trial 2, the squid meal lipids
were extracted with chloroform. Squid meal was suspended in three
volumes of solvent and agitated for a few minutes. The particules of
the mixture were filtered under a vacuum pump and defatted meal was
separated from the chloroform fraction. The extraction was repeated
three times until the squid meal contained almost no lipids. The chloro-
form fraction was introduced in a rotary evaporator to obtain the lipid
fraction free of chloroform. The squid meal, almost free of lipids, was
spread in a laboratory tray and the remaining solvent was evaporated
during 12 h at 38°C.

Sardine oil (Agramar S.A., Lanzarote, Spain) was selected as a source
of n-3 HUFA for control diet.

Single cell heterotroph biomass from Schizochytrium sp. and C. cohnii
containing over 11 % cell dry weight (CDW) as docosahexaenoic acid
(DHA; 22:6 n-3) were implemented as alternative source to fisheries
derived oils. Schizochytrium G13/2S was produced according to the
ammonium/pH-auxostat method (see Chapter 6) and C. cohnii ATCC
50060 biomass was produced according to the ethanol fed-batch method
(see Chapter 7), both in a 10 [ working capacity fermenter (Bioflo 3000,
New Brunswick). The algae biomasses were harvested at the stationary
phase of the culture by centrifugation (3000 g, 5 min, 10°C). The
biomass was washed twice in demineralised water in order to eliminate
the residual medium and decrease the ash content to 1.3-5.3 % CDW.
The carotenoid content of the biomass was less than 35.5 g carotenoids
g~! CDW. A fraction of the biomass paste was homogenised through
a single pass in a French press (40-50 ml capacity, -20°C) at 10 kpsi
of pressure. Either homogenized or whole-cell biomass was freeze in
liquid nitrogen, lyophilized and stores at -20 °C until utilization.

Pure olive oil (Carbonel S.A., Cérdoba, Spain) was used to increase
the lipid content of the diets containing single cell heterotrophs to the
levels of the control diets.

Soybean lecithin (Acofarma, Tarrasa, Barcelona, Spain) containing
around 50 % polar lipid was used as a source of phospholipids.

The attractant mixture (3 g 100 g diet™) as described by Kanazawa
et al. (1989) contained (g 100 g diet™'): betaine (0.66), inosine-5-
monophosphate (0.5), DL-alanine (0.5), L-sodium aspartate (0.33),
phenylalanine (0.25), L-valine (0.25), L-serine (0.17), L-tirosine (0.17)
and glicine (0.17).

46



General materials and methods

» The vitamin mixture (6 g 100 g diet™!) contained (mg 100 g diet™!):
choline chloride (2965.8), inositol (1450.9), nicotinic acid (290.16), ascor-
byl polyphosphate (180), a-tocopherol (150), p-aminobenzoic acid (145),
calcium panthotenate (101.59), riboflavin (72.53), thiamin HCI (21.77),
piridoxyne HCI (17.28), menadione (17.28), astaxanthin (5) cholecal-
ciferol (3.65), retinol acetate (0.18), cyanocobalamin (0.03).

» The mineral mixture (4.5 g 100 g diet™') as described by Teshima
et al. (1982) contained (mg 100 g diet™'): C3H;031/2Ca (1617,210),
KoHPO, (758,949), MgSO, TH,O (677,545), Ca(HoPO,4) 2H,0 (671,610),
NaHQPO4 HQO (381,453), NaCl (215,133), FeC6H507 (146,884), ZI]SO4
7HQO (14,837), COSO4 7H20 (10,706), MHSO4 HQO (2,998), CUSO4
5H,0 (1,247), KI (0,742) and Aly(SO4)3 6H,O (0,693).

» Taurine (Sigma) was introduced as a nutritional additive.

= Fish gelatin was used at 3 g 100 ¢~ 1 diet as a agglutinant of the mixture.

Preparation

All ingredients were pulverized and mixed in a mortar. The less abundant-
dry components were added first and broken in small particles in order to
ensure their homogeneous distribution. The minerals, hydrosoluble vitamins
and attractants mixtures were prepared in advance and stored in separate
plastic bags. The big crystals present in the attractants and minerals mix-
tures were pulverized in a Cyclotec 1093 sample mill (Rose Scientific Ltd.,
Stockholm, Sweden) and sieved (1 mm). Minerals were added to the mortar
after the hydrosoluble vitamins, the attractants and an equal quantity of
squid meal in order to avoid the formation of chemical complex. The liposol-
uble vitamins were previously dissolved in a small quantity of chloroform,
mixed with the oils and added gradually to the mortar mixture. The choline
chloride, which is very hygroscopic, was added after the oils. All components
were mixed for 15 min and then the gelatin (36 ml g~ diet) was added,
previously dissolved in distilled water at 80 °C. The paste was distributed in
34 mm diameter spaghettis on a tray and dried in an oven at 40 °C for 24 h.
The dried pellets were grounded in the Ciclotec and sieved (mod. 211, CISA,
Barcelona, Spain) to obtain particle size below 200 pm. The microdiets were
conserved in hermetic plastic bags at -80 °C under a nitrogen atmosphere.
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2.4. Gilthead seabream larviculture

Green water pre-cultures

Fish cultures were developed in filtered (50 wm) natural seawater 36 +1
ppm at 20-22°C. Gilthead seabream (Sparus aurata) larvae were obtained
from a natural spawning of the broodstock maintained at the ICCM facil-
ities. The eggs were collected into a submerged mesh during 12-24 h by
overflow from the broodstock tank containing both male: and females (2:1
proportion). The viable eggs were selected by the precipitation of the non-
fecundated eggs and then incubated (24 h) in a well-aerated 2000 [ tank.
After hatchling, larvae (100 ind. ') were maintained in the tank under a
circulating water system (7 water renovations d—!) during the first three days.
The fort day, larvae began to open their mouth, the water circuit was closed
and larvae were cultured in green water. Every day 20 [ of Nannochlorop-
sis sp. (30 107% cells mi™') were added and the enriched rotifer density
maintained at 15 ind. mi~!. For this purpose, freshly enriched rotifers were
supplied twice a day. The non-ingested rotifers were removed from the tank
by filtration, thus avoiding the presence of starved low nutritional quality ro-
tifers in the tank. Larvae were cultured under natural photoperiod (around
10 h) for 16 (Trial 1) or 19 (Trial 2) days until the beginning of the microdiet
experiment in which the larvae attained 5.13 £0.06 mm standard length
(£ZSEM), 0.1 £0.002 mg dry body weight and 6.03 +0.09 mm, 0.15 +0.003
mg respectively.

Experimental tank cultures

Larvae were carefully counted and transferred into 15 fibreglass cylindrical
tanks (1900 larvae tank™!') containing 170 [ working volume. UV-sterilized
water at 20-22°C was provided at 250-300 m! min~! into the tank and the
overflow was filtered through a 300 mm mesh to remove only the non-ingested
food. Airflow was maintained constant at 250 ml min~! with a bubbles size
that avoided excessive turbulence, as well as the small bubble ingestion by
larvae. During the 12 h photoperiod (1500 luz) microdiet was manually
spread into the surface every 45 min (2 g day™!) and during the first 10 d of
the experiment yeast-fed rotifers (1.5 ind. mi~!) were also supplied twice, at
noon and mid afternoon, in a co-feeding regime. Larvae were fed during 15
(Trial 1) and 21 (Trial 2) days. The tank components and the water surface
was siphoned and cleaned with a plastic spatula daily. Every day the water
and airflow was regulated and the temperature and pH was measured. All
treatments were performed in randomly distributed triplicates.
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Health challenge

After 7 d of treatment the larvae from Trial 1 were challenged by the para-
site Amylodinium ocellatum, a protist (Dinoflagellida) that affects seabream
hatcheries producing white opaque protuberances in skin and gills, which
eventually causes larval mortality. The parasite was inoculated from previ-
ously contaminated nets by locating them in the water reservoir that flows
equally into the tanks. Parasite affectation was determined by counting the
number of lateral protuberances present in 20 larvae tank .

Analyses in larviculture

Dietary acceptance was calculated from the micrographs (25 X) of 20
larvae per tank taken at the end of each experiment. The gut area, as well as
the area occupied by the diet was calculated through the transparent larvae
with the Image-Pro Plus 6.0 software.

Survival was determined by manually counting live larvae at the beginning
and at the end of the experiment.

Larval resistance to stress was determined at the end of each experiment
through an air-exposure stress test of 20 larvae maintained for 1 min on a
scoop net. Following the stress larvae were moved to a 2 [ aerated container
in which survival was manually calculated 24 h later.

Larval growth was determined by measuring at the beginning, middle
and at the end of the trial the standard length of 20 larvae per tank with a
profile projector (Nikon V-12, Nikon co., Tokio, Japan). These larvae were
then washed in distilled water and stored in an oven (110°C) until constant
weight in order to measure the mean larval dry weight.

Proximate analysis A sample of initial and all surviving larvae at the
end of the trials, as well as of yeast-fed rotifers, were washed in distilled
water, drained in absorbent paper, deposited in hermetic plastic bags and
stored at -80 °C until proximal composition analysis was performed. Larvae
were starved for 24 h in order to avoid any contribution of the feed to the
biochemical body composition.

Dietary and larval moisture, ash and protein content were determined
in triplicates according to the Association of Official Analytical Chemists
(AOAC) described methods. Moisture was evaporated in an oven at 110°C
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until constant weight and the difference from the initial weight was then cal-
culated as moisture. The ash content was obtained by incineration at 600 °C
and calculated as before. The protein content was calculated from the N con-
tent according to the Kjeldhal method. The samples were digested at 420°C
in pure HySO4 catalyzed with Me. The sample was distilled with NaOH
at 40 % in a Kjeltek System 1003 distiller (Tecator, Hoganés, Switzerland).
Finally, the sample was validated with HCI (1 N) to measure N content and
protein content was calculated utilizing a nitrogen conversion factor of 6.75.

Lipid analysis The lipids were extracted according to the method of Folch
et al. (1956). The fresh sample (150-200 mg) was homogenised in 10 ml
chloroform: methanol (2: 1) during 5 min. Lipid fraction was separated by
centrifugation and the total lipid content was calculated by gravimetry once
the solvent in the lipid fraction (chloroform) is completely evaporated. The
lipids were dissolved in toluene and fatty acid methyl esters were obtained
by transesterification with 1 % HySO, in methanol (Christie, 2003). The
reaction was carried out in dark at 50°C along 16 h in a N, atmosphere.
The methylic esters were extracted with hexane: diethyl ether (1: 1, v/v)
that was washed with a solution of KHCOj3 (2 % w/v) and purified in a NH,
Set-pak column (Waters, Mildford, Massachusetts, USA) with 4 ml hexane.
Fatty acid methyl esters were separated by gas chromatography (GC) using
He as a carrier gas with a fused silica, carbowax 20M, 30 m x 0.32 mm i.d.
(df = 0.27 m) column (Supelco, Bellefonte, USA). The initial temperature
of the column was set to 170°C for 10 min, then it was raised to 220°C at
2.5°C min~! and finally maintained at 215 °C for a further 5 min. Detection
was performed by a flame ionisation detector and the peaks were identified
with well characterized internal standards (Sigma).

Statistical analysis Results were compared in Sigmastat 3.5 software.
One-way ANOVA and Tukey test for multiple mean comparisons was ap-
plied after passing normality and equal variance test. When the test failed,
Kruskal-Wallis one-way ANOVA was applied on ranks. Significance was ac-
cepted at probabilities of 0.05 or less.
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CHAPTER 3

LIPID ACCUMULATION IN Schizochytrium G13/2S
PRODUCED IN CONTINUOUS CULTURE

This work was made at the University of Hull (England) and published
in: Ganuza, E. and Izquierdo, M.S. (2007) Appl Microbiol Biotech, 270(1-
4):178-185.

Abstract

Lipid and docosahexaenoic acid (DHA) accumulation in Schizochytrium
G13/2S was studied under batch and continuous culture. Different
glucose and glutamate concentrations were supplemented in a de-
fined medium. During batch cultivation, lipid accumulation, 35 %
total fatty acids (TFA), occurred at the arithmetic growth phase,
but ceased when cell growth stopped. When continuous culture was
performed under different glutamate concentrations, nitrogen-growth-
limiting conditions induced the accumulation of 28-30 % TFA in
Schizochytrium. As the dilution rate decreased from 0.08 to 0.02 h™!,
both cell dry weight and TFA content of the cell increased. Under
a constant dilution rate of 0.04 h~!, carbon-limiting conditions de-
creased the TFA to 22 %. Fatty acid profile was not affected by the
different nutrient concentrations provided during continuous culture.
Consequently, lipid accumulation can be induced through the carbon
and nitrogen source concentration in the medium in order to maximize
the TFA and subsequently DHA productivity by this microorganism.

Introduction

Schizochytrium sp. is a marine thraustochytrid that synthesises polyun-
saturated fatty acids in which the valuable dietary docosahexaenoic acid
(DHA, 22:6 n-3) represents 30-40 % of the total fatty acids (TFA) (Yokochi
et al., 1998). DHA is an essential polyunsaturated fatty acid for most verte-
brates, which in humans is involved in the prevention of several diseases (Hor-
rocks and Yeo, 1999) including cardiovascular (Kris-Etherton et al., 2002)
and neurological (Cole et al., 2005) related diseases. For this reason, this
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organism is receiving much attention as a source of enrichment in the feeds
for aquaculture, laying hens and dairy cows (Barclay et al., 2005).

The optimization of the oil production process requires the study of the
lipid accumulation biochemistry and the definition of the environmental and
nutritional factors affecting lipid quantity and quality. The capacity to ac-
cumulate lipids in oleaginous microorganisms is usually associated to some
nutrient limiting conditions such as nitrogen (Gill et al., 1977; Granger et
al., 1993; Ratledge, 2002). At present, Schizochytrium sp. is produced in
batch cultures where TFA is at least 45 % cell dry weight (CDW) (Yaguchi
et al., 1997), however the studies on lipid accumulation processes and factors
to enhance DHA production are scarce. Actually, during a batch cultiva-
tion, the nutrient concentration of the medium and the growth rate of the
cultured organism vary during fermentation, which makes difficult to com-
prehend the process. In contrast, in continuous culture, under chemostat
conditions, all these parameters remain constant and it is possible to iso-
late a single parameter and to study its effect on lipid accumulation while
maintaining other physical and chemical parameters constant. Nevertheless,
there are no publications on the continuous culture of this organism.

Lipid accumulation in fungi has been well studied under continuous cul-
ture. For instance, the oleaginous fungus Candida 107 attains a maximum oil
content in nitrogen-limited chemostat cultures with dilution rates of about
one-third of the maximum specific growth rate (fima.) (Gill et al., 1977),
whereas carbon-limitation and high dilution rates are usually detrimental for
lipid accumulation in this organism (Hall and Ratledge, 1977). Therefore,
the oil content and fatty acid profile in fungi could be modified by factors
such as dilution rate and growth-limiting nutrients among others. The objec-
tive of the present study was to determine the lipid accumulation processes
in Schizochytrium G13/2S cultured in batch and continuous systems, under
different carbon or nitrogen restrictions and at different dilution rates.

Materials and methods

Chemicals Glutamic acid monosodium salt was obtained from BDH (Poole,
England); Thiamine, biotin, cyanocobalamin and nonadecanoic acid were ob-
tained from Sigma; Proteose peptone and yeast extract were supplied by Ox-
oid; Polypropylene glycol-2000, was obtained from Fisher Scientific (Lough-
borough, England).

Organism and culture conditions Schizochytrium sp. strain G13/2S,
derived from G13 (Graham Bremer, University of Portsmouth) and deposited
at Banco Nacional de Algas (BNA 40-004) (Taliarte, Spain), was preserved
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(2-3 months) in screw-capped tubes (10 ml) at 10°C before inoculating
(10 % v/v) the starting cultures. Sub-culturing of the strain was made in
static flask of 50 ml (containing 10 ml medium) followed by 250 ml flask (50
ml). The initial medium contained (g [71): sea salts (27), glucose (40), pro-
teose peptone (8), yeast extract (5) and MOPS (21). Further cultures were
grown in a defined medium modified from Ashford et al. (2000) contain-
ing (g 17"): glucose (40), NaCl (12.5), glutamic acid monosodium salt (4),
MgSO, 7H,0 (2.5), KC1 (0,5), CaCl, (0.1), KHoPOy4 (0.5), unless stated oth-
erwise. This medium also contained trace-element solution (5 ml [~') and
vitamin solution (1 ml [~"). The trace element solution contained (g I™'):
EDTA di-sodium salt (6.0), FeCly 6H,O (0.29), HoBO3 (6.84), MnCl,; 4H,O
(0.86), ZnCl, (0.06), CoCly 6H,0 (0.026), NiSO, 6H,0 (0.052), CuSO4 5H,0
(0.002), NayMoO,4 2H,0 (0.005). The vitamin solution contained (mg I™'):
thiamine (100), biotin (0.5) and cyanocobalamin (0.5). Glucose was auto-
claved separately. The feeding medium for continuous culture was filter-
sterilized (pore size, 0.2 um).

Static-flask cultures (3—-7 d, 27°C) were used to inoculate (10 % v/v)
shake-flask cultures (250 ml, 120 rpm, 27°C) containing 50 ml of defined
medium. The medium used in flask cultures was buffered with 1 M MOPS
and pH was adjusted to 7 by addition of KOH before autoclaving (121°C, 15
min). Shake-flask cultures (24 h) were used to inoculate the fermenters
(10 % v/v).

Batch and continuous cultures were performed in in-house manufactured
(stainless steel and glass) fermenter with a total volume of 2.5 1, equipped
with a vaned disk impeller, containing 2 | medium. In order to obtain dis-
solved Oy concentration above 50 % throughout the whole fermentation,
vortex mixing was provided with a vaned-disk impeller stirred at 1000 rpm
while aeration was set to 0.5 vol. air (vol. medium)~! min~'. Foaming was
controlled in batch culture by manual addition of polypropylene glycol-2000
when necessary. Addition of antifoam was not needed during continuous
culture. In fermenter cultures, the temperature was set to 27°C and pH
maintained at 7 with automatic addition of HySO4 (2 M) or KOH (2 M).
During continuous culture, the volume in the vessel was maintained using
an overflow weir. Medium was supplied (24 h after inoculation) with a flow
inducer at a constant dilution rate (D). Steady-state conditions were main-
tained for more than five complete volume changes before sampling (< 100
ml), while dissolved O output was used to detect any perturbation (> 3 %
saturation). Different dilution rates were applied starting from low and going
to higher values in order to permit the cells adaptation. Under these experi-
mental conditions, a single replicate (n=1) of the following fermentations was
performed: batch cultivation of Schizochytrium G13/2S with 40 g glucose I 7!,
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continuous culture at different glutamic acid monosodium concentrations (6
to 4 g I71), batch cultivation in the absence of glucose, continuous culture at
different glucose concentrations (7 to 40 g [=1) and finally continuous culture
with different medium dilution rates (0.08 to 0.02 h™1).

Determination of cell dry weight The culture samples (20-100 ml)
where harvested by centrifugation (3000 g, 5 min, 10°C) and biomass was
washed twice in demineralised water. The pellet fraction was freeze-dried
and dry biomass was then measured.

Lipid analysis Fatty acid methyl esters (FAMEs) were prepared by the
method described by Rodriguez-Ruiz et al. (1998) with nonadecanoic acid as
internal standard. Fatty acid methyl esters were separated by GC with He as
a carrier gas using a BPX70 25 m x 0.22 mm i.d. column (SGE). The tem-
perature of the column was raised from 160 °C to 225°C at 5°C min~! and
then maintained at 225 °C for further 5 min. Peak detection was performed
by a flame ionisation detector. The temperature of the injection port and
flame-ionisation port was 250 °C. Fatty acids were identified by comparison
to well characterised external standards (Sigma).

Determination of nitrogen content The supernatant and cell biomass
were freeze-dried in each sample and 10 mg was then analyzed by a quan-
titative dynamic flash combustion method for elementary C, H, N and S
detection. Instantaneous oxidation was attained in a 1020°C combustion
reactor supplied with O,. Excess of Oy was then reduced through a Cu
reduction catalyst layer. The elements were separated in a 2 m chromato-
graphic column packed with Porapak QS of 80/50 mesh size and ran at 60 °C
using He as carrier gas. Detection was achieved by thermal conductivity.

Glucose determination The residual glucose concentrations were anal-
ysed using the GOD-PERID method (Boehringer Mannheim). The reagent
was prepared every two weeks using horseradish peroxidase (0.8 units mi '),
ABTS (1 mg mi™") and glucose oxidase (10 units mi ") diluted in a 100 mM
phosphate buffer (pH 7). The reactive was always compared with the internal
standard provided with the test kit.

Results

Lipid accumulation in batch culture In batch cultivation of Schizo-
chytrium G13/2S with glucose (40 g [™') and glutamate (4 g [™"), lipid pro-
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Figure 3.1: Growth, total fatty acid (% of CDW) and residual glucose of
Schizochytrium G13/2S batch-cultured in a medium containing 40 g [~ glu-
cose and 4 ¢ 7! glutamic acid monosodium. The curve represents typical
values of multiple fermentations carried out under similar conditions.

duction, expressed in terms of TFA, markedly increased during the late arith-
metic growth phase, reaching about 35 % of CDW, and being kept constant
for the rest of the culture, until residual glucose was completely depleted (Fig-
ure 3.1). At the stationary phase, the proportions of the main fatty acids (%
of TFA) were: myristic acid (14:0) (5-7 %), palmitic acid (16:0) (32-33 %),
stearic acid (18:0) (2 %), docosapentaenoic acid (22:5 n-6) (10-12 %) and
DHA (22:6 n-3) (43-47 %).

Effect of nitrogen source concentration in continuous culture The
biomass of the fermenter increased with an elevation of glutamic acid mono-
sodium concentration up to 4-6 ¢ [, whereas TFA accumulation was high-
est (28-30 %) at the lowest glutamate concentrations (2-4 g I~') (Table 3.1).
Further increase of glutamate to 6 g ' markedly decreased TFA produc-
tion, indicating a higher lipid accumulation in the cell when nitrogen source
is limiting growth. Regardless of the initial glutamate concentration, all
residual nitrogen was absorbed by the cell as indicated by the elementary
analysis of the residual medium. Excess nitrogen concentration was used
for biomass production (4 g glutamate [~!) but also stored into the cell (6
gglutamatel™), doubling the nitrogen content in CDW. Glucose consump-
tion correlated with the amount of biomass produced. Fatty acids profiles
were not affected by the glutamate concentration and DHA represented a
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Table 3.1: Effect of glutamic acid concentration on growth and lipid accu-
mulation of Schizochytrium G13/2S at a constant dilution rate of 0.04 A~

Glutamic acid monosodium salt (g [~1)®

2 4 6
Initial glucose (g [1) 40 40 40
Residual glucose (g [71) 22 20 20
Initial nitrogen (% w/w)° 04 05 08
Residual nitrogen (% w/w)? 0 0 0
Cell dry weight (CDW) (g I71) 62 8 78
Nitrogen in CDW (% w/w)? 1.9 25 4.6

Total fatty acids (% w/w of CDW) 28 30 19
Fatty acyl residues (% w/w of TFA)®

14:0 4 4 3
16:0 39 37 39
18:0 3 3 3
22:5 16 10 10 9
22:6 n-3 41 41 41
Minor fatty acids 3 ) )

@ The experiment was performed once while each sam-
ple was analyzed in triplicates. The values were
quoted in order to include the analytical error.

b Nitrogen was detected by elementary analysis, de-
tection limit was 0.01 %. Nitrogen values are rep-
resented as % w/w of C, H, N, S present in the
freeze-dried and supernatant respectively.

¢ In all samples small amounts of 17:0, 15:0, < 2 %
total fatty acids (TFA), were detected.

constant percentage (41 % of TFA).

Carbon source limitation in batch culture When glucose was not pro-
vided in the media cell growth was limited and the storage lipids, the residual
glucose from inoculum and the glutamate provided (4 ¢ CDW [~!) were only
sufficient to produce growth of 2.5 ¢ CDW [~! in the first 20 h of culture
(Figure 3.2). Hence, during this period lipids were consumed and the TFA
content of the cell decreased down to 10 % of CDW. When growth ceased,
the proportions of the main fatty acids were (% of TFA): palmitic acid (16:0)
(24), docosapentaenoic acid (22:5 n-6) (13) and DHA (22:6 n-3) (54), indi-
cating that polyunsaturated fatty acids were preferentially conserved by the
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Figure 3.2: Growth, total fatty acid (% of CDW) and residual glucose of
Schizochytrium G13/2S batch-cultured in a carbon source-limited medium.
The cells were fed on glutamic acid monosodium (4 g I™!) and the residual
substrate remaining from the inoculum (1 g [™!) as sole carbon sources. The
curve represents typical values of multiple fermentations carried out under
similar conditions.

cell.

Effect of carbon source concentration in continuous culture Both
CDW and TFA production were increased by the elevation of glucose concen-
tration in the medium up to 14 ¢ [=!, whereas further elevation of glucose did
not improved lipid accumulation and only slightly CDW (Table 3.2). Never-
theless, TFA production was still high even at the lowest glucose concentra-
tion (22 % of CDW). In fact, lipid bodies were observed at phase-contrast
microscopy (400 X) inside the cells. Proportions of the different fatty acids
were not altered by glucose concentration, except for a small fluctuations.
Thus, DHA and palmitic acid were the main fatty acids and their produc-
tion remained approximately constant regardless of the glucose concentration
assayed.

Effect of dilution rate in continuous culture Chemostat culture of
Schizochytrium G13/2S was conducted using a nitrogen limited medium (2 g
glutamate 7' and 40 g glucose [7!) under dilution rates ranging from 0.08
to 0.02 h~t. CDW and TFA increased linearly with the decreasing dilution
rate (Figure 3.3). Highest biomass (7.7-6.2 ¢ CDW [7!) and lipid accumula-
tion (31-28 % TFA) was obtained at the lowest dilution rates assayed (0.02
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Table 3.2: Effect of glucose concentration on growth and lipid accumulation
of Schizochytrium G13/2S at a constant dilution rate of 0.04 h™!.
Glucose (g [71)®

7 15 40
Initial glucose (g [71)° 6 14 41
Residual glucose (g [71) 0 0 19
Cell dry weight (g I7!) 1.8 51 5.5

Total fatty acids (% w/w of CDW) 22 28 28
Fatty acyl residues (% w/w of TFA)

14:0 4 4 3
16:0 39 37 39
18:0 3 3 3
22:5 116 8 12 9
22:6 n—3 41 39 40
Minor fatty acids 5 5 6

¢ Medium contained (NH;)»SOy (0.706 g I”') instead
of glutamic acid with the aim of providing glucose
as the only carbon source. Analyses carried out as
given in Table 3.1.

 The small deviation (< 10 %) observed between
the projected glucose concentrations and the glucose
analysed were derived from the handling of large
volumes during medium preparation.
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Figure 3.3: Dilution rate on the cell dry weight, total fatty acid (% of CDW)
and residual glucose of Schyzochytrium G13/2S grown in a medium contain-
ing 40 g glucose [~! and 2 g glutamic acid monosodium salt [~1.

and 0.04 h~! respectively). Accordingly, in both carbon and nitrogen source
experiments, a 0.04 A~ dilution rate was used in order to generate the max-
imum DHA productivity (rpga), which was 39 mg DHA (=1 A1

Discussion

Nutrient limitation, usually nitrogen, is the key-factor inducing lipid ac-
cumulation in oleaginous microorganisms (Gill et al., 1977; Ratledge and
Wynn, 2002). When non-lipidic growth ceases in a batch culture, lipids are
accumulated during the subsequent lipogenic phase. However, in the present
experiment lipids were synthesised by Schizochytrium G13/2S during growth
phase, as it could be observed when the organism was batch-cultured with
glucose, suggesting that the pattern of lipid accumulation differs from that
studied in other oleaginous organisms (Ratledge, 2002). This particular pat-
tern was also observed in Cryptococcus terricolus (Boulton and Ratledge,
1984) and Mortierella alpina LPM301 (Eroshin et al., 2002). As demon-
strated under continuous culture conditions, Schizochytrium G13/2S assim-
ilates and also accumulates the nitrogen sources, such as glutamate, from
the medium. This capacity to store intracellular nutrient supplies would al-
low cell proliferation once the limited nutrient is depleted from the medium,
permitting simultaneous growth and lipid synthesis. Beside this particu-
lar pattern of lipid formation, nitrogen source still plays an important role
in inducing lipid accumulation in Schizochytrium. Under continuous cul-
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ture, this growth-limiting nutrient was targeted and allowed for the growth
rate to be isolated from other variables. Cell growth in the chemostat con-
tinuous culture was clearly related to nitrogen source concentration in the
feeding medium and denoted that a concentration of (2 g glutamate [~1)
was growth-limiting. The increase in cell fatty acid content, with a constant
DHA proportion, under nitrogen-growth limiting conditions showed that ni-
trogen source limitation is a key parameter inducing lipid accumulation also
in Schizochytrium G13/2S. Thus, DHA production could be modulated by
controlling the nitrogen source concentration.

In the absence of a carbon source, oleaginous microorganisms use their
storage lipids for growth or cell maintenance. For instance, Candida 106
maximum lipid content under carbon-limited chemostat culture was 14 % of
CDW (Gill et al., 1977). Under a batch culture, Schizochytrium G13/2S was
able to consume the storage lipids and grew even when TFA was only 10 %
of CDW, suggesting that this is the constitutive minimum amount required
for growth. However, under carbon limited chemostat culture, TFA turn
out to be 22 %. This percentage must does not represent only structural
lipids, given that oil droplets were visible at the microscope. Hence, lipid
accumulation in Schizochytrium G13/2S grown in carbon-limited chemostat
culture seems to be a peculiarity of this microorganism, which has not been
described in other oleaginous species.

The degree of unsaturation and fatty acid profile in oleaginous microor-
ganisms could be manipulated during continuous culture by several factors
such as the amount of carbon and nitrogen sources (Gill et al., 1977), different
carbon sources and dilution rates (Evans and Ratledge, 1983), dissolved O,
(Roux et al., 1995) or temperature (Kendrick and Ratledge, 1992). However,
the fatty acid profile of Schizochytrium G13/2S shows a strong dominance of
palmitic acid, DPA and DHA under all the conditions studied (Tables 3.1—
3.2), which indicates that physiological-tailoring of the fatty acids profile in
order to increase DHA proportion might be more complicated than in other
microorganisms. Nevertheless, it has also been demonstrated that nitrogen
and carbon sources concentrations in the medium can be adjusted in order
to induce lipid synthesis during the growth phase of Schizochytrium G13/2S,
permitting an optimum DHA accumulation.
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Table 3.3: Comparison of growth, biomass productivity (rcpw), DHA pro-
ductivity (rpga), specific rate of DHA formation (pupp4), biomass yields and
total fatty acid (TFA) accumulation of Schizochytrium G13/2S under batch
and continuous cultivation.

Culture configuration® Batch Continuous
Time (h) 44 56  Steady state
Cell dry weight (CDW) (¢ I”') 15  15.7 8
repw (g 170 1) 0.33 0.27 0.32
rpra (mg DHA I71 h™1) 50 46 40
pupma (mg DHA g CDW—Lh~1) 3.4 2.9 4.9
Yield (¢ CDW g~! glucose) 0.39 0.39
TFA (% w/w of CDW) 35 35 30
Fatty acyl residues (% w/w of TFA)

14:0 7 ) 4

16:0 33 32 37
18:0 2 2 3

22:5 n—6 12 10 10
22:6 n—3 43 47 41
Minor fatty acids 3 4 5

@ Media for batch and continuous culture contained glucose
(40 g I7') and glutamic acid monosodium salt (2 g [71).
Batch culture inoculum was 10 % v/v and continuous cul-
ture dilution rate was 0.04 A~!. Analyses carried out as
given in Table 3.1.
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Production of lipids and other secondary metabolites is usually a bi-phasic
process and batch cultures are preferred for industrial production. How-
ever, within growth-associated lipid accumulating microorganisms, single-
stage continuous cultures may prove suitable for lipid and DHA production.
Under the range of dilution rates tested, 0.04 h~! gave the best rpga. De-
tailed comparison between batch and continuous culture (D=0.04 A=) grown
in the same medium highlights interesting information (Table 11.2). Despite
batch rpga (50-46 mg DHA [=! h™!) seeming superior to continuously cul-
tured Schizochytrium G13/2S tpga (39 mg DHA [=! h™1), recalculation in
batch cultures, considering a “turn around” time of 24 h necessary to set up
the new batch fermentation, gives a final value of 32 mg DHA [=! h=! com-
pared to the 39 mg DHA [~! h~! attained in continuous cultures. Moreover,
the harvesting method in continuous culture (e.g, continuous centrifugation)
is far more efficient than the single large volume that needs to be harvested
under batch cultivation. Since biomass yields in glucose were similar dur-
ing both culture configuration and glucose could be adjusted in the feeding
medium to the organisms requirements, the rpgy4 improvement will suppose
an economic advantage to the fermentation process, thus highlighting the po-
tential of continuous culture in Schizochytrium fermentation under optimum
dilution rates.
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CHAPTER 4

THE INFLUENCE OF AIR SUPPLY ON FATTY ACID
PRODUCTION BY Schizochytrium G13/2S AND
Crypthecodinium cohnii

This work, which remains un-published, was carried out at the fermenta-
tion laboratories of the University of Hull (England).

Abstract

Total fatty acid (TFA) and docosahexaenoic acid (DHA; 22:6 n-3)
synthesis in the marine microheterotrop Schizochytrium G13/2S and
Crypthecodinium cohnii were studied under different aerating condi-
tions. Growth and TFA accumulation in shake-flask cultures gradually
declined with decreasing air supply in both organisms. In contrast,
the polyunsaturated fatty acid proportion, in particular DHA (around
40 % TFA), remained constant. Only oleic acid in Crypthecodinium
cohnii declined from 12 to 7 % TFA with decreasing air supply. In
addition, Schizochytrium G13/2S was batch-cultured in an Oy-free fer-
menter, purged with No every two days. At the end of fermentation
(37 d), 0.61 g cell dry weight [~! containing 33 and 6.3 mg [~! of newly
synthesised DHA and docosapentaenoic acid (22:5 n-6; DPA) respec-
tively were produced. The stability of DHA in the fatty acid profile
during air supply limitation in both organisms suggests that DHA
desaturation might not be Os-dependent as traditionally assumed.

Introduction

Docosahexaenoic acid (DHA; 22:6 n-3) is a polyunsaturated fatty acid
present in human brain (Yavin et al., 2002), retina (Jeffrey et al., 2001)
and heart tissue (Grynberg, 2003). De novo synthesis of this fatty acid
is limited to a small number of organisms such as marine phytoplankton.
Dietary terrestrial vegetables only produce DHA precursors like a-linolenic
acid (ALA; 18:3 n-3) whose conversion to highly unsaturated fatty acids
could be insufficient in humans (Gerster, 1998). Consequently, DHA must
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be provided in diet as it plays a vital role in many aspects of human health
(Wang et al., 2003; Muskiet et al., 2004).

The marine microalgae Schizochytrium sp. (Thraustochytrid) and Crypthe-
codinium cohnii (Dinoflagellate) are commercially cultivated to produce the
valuable dietary DHA, which is included as a nutraceutical ingredient in diet
(Cohen and Ratledge, 2005). Due to their heterotrophic growth, these algae
can be cultivated in 100 m? fermenters where they can accumulate lipids to
over 40 % of the cell dry weight (CDW) containing DHA around 35 % of total
fatty acids (TFA). Since large-volume industrial scale fermentation is usually
restricted by O, availability in the culture, it is particularly interesting to
investigate whether the deficient aeration could affect the DHA content of
these organisms and compromise their productivities.

The fatty acid response to air supply might also provide information
about the biochemical pathway leading to the synthesis of polyunsaturated
fatty acids. In Schizochytrium, a novel pathway based on the non-O, de-
pendent polyketide synthase (PKS) enzymatic complex has been proposed
(Metz et al., 2001). This pathway does not employ Os-dependent desaturases
like those of the traditional pathways and should not, therefore, compromise
DHA production under the low O, levels often attained in large-scale fer-
mentation. C. cohnii, as well as Schizochytrium sp., possess no intermediate
fatty acid products from this traditional elongase-desaturase series in their
fatty acid profile. Attempts to detect desaturase activity in C. cohnii, incu-
bating with their inhibitors and radiolabelled fatty acyl precursors, as well
as to identify active desaturases have failed so far (de Swaaf et al., 2003; Ra-
tledge, 2004). Consequently, the pathway for DHA synthesis is still unclear
in these organisms. Studying the effect of aeration on DHA production may
contribute to clarify the DHA synthesis route.

The aim of the present study was to determine whether Schizochytrium
G13/2S and C. cohnii synthesise DHA through a pathway that requires O,
and how this might interfere with the commercial bioprocess design.

Materials and Methods

Chemicals Proteose peptone and yeast extract were obtained from Oxoid.
Sea salts and heptadecanoic acid and nonadecanoic acid were supplied by
Sigma; Polypropylene glycol-2000 grade was obtained from Fisher Scientific
(Loughborough, England).

Organism and culture conditions Schizochytrium sp. strain G13/2S
derived from G13 (Graham Bremer, University of Portsmouth) was grown in
a medium containing (g {™'): sea salts (27), glucose (40-80), proteose peptone
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(8), yeast extract (5) and MOPS (21); pH was adjusted to 7 £0.3 with
KOH (1 M). Crypthecodinium cohnii ATCC 50060 was grown in a medium
containing (g I™'): sea salts (25), glucose (27) and yeast extract (2); pH was
adjusted to 6.5 £0.3 with NaOH (1 M). Both organisms were grown in shake
flasks (120 rpm, 250 ml) at 27°C. Air availability was tested in two different
ways in order to exclude the effect of hydrodynamics in the flask: (1) under
different culture medium surface to medium volume ratio using 50, 150 and
250 ml of medium; (2) with 50 ml of medium either normally aerated or
sealed with craft paper in a previously Ny-gassed atmosphere.

Fermenter cultures were grwon in a laboratory bioreactor (Braun Biolab)
with a working capacity of 1 [. Foam production was controlled by addition
of polypropylene glycol-2000 when necessary and pH 7 was maintained by
automatic addition of 2 M KOH or H,SO, as required. A stirred with Rush-
ton blades was used and set to 500 rpm. Two fermentations were performed
simultaneously using both anaerobic and aerobic fermenters. The anaerobic
fermenter was leak tested under 5 psi of positive pressure before inoculation
and after cultivation. In order to ensure anaerobic atmosphere, the culture
was sparged with high-purity-filter-sterilised (99.99 %) N, (Engineering and
Welding, Hull, UK) for ten minutes every two days and all the silicon-rubber
tubing were clipped. The aerobic bioreactor was maintained within the same
conditions, but with 0.5 vol. air income per vol. medium~! per min~!.

All cultures were inoculated at 10 % v/v with 50 ml shake-flask cultures
of 1 d for Schizochitrium G13/2S and 3 d for C. cohnii. All components were
autoclaved (120 °C) for 15 min maintaining glucose in separate containers.

Determination of cell dry weight Medium samples (20-100 ml) where
harvested by centrifugation (3000 g, 5 min, 10°C) and biomass was washed
twice in demineralised water. The pellet fraction was freeze-dried and dry
biomass was then measured.

Fatty acid analysis Fatty acid (FA) analysis of C. cohnii freeze-dried
biomass (25-30 mg) was conducted using heptadecanoic acid (2.5 mg per
sample), previously dissolved in methanol: chloroform 3:1, as an internal
standard. Schizochytrium G13/2S biomass (10-15 mg) was analysed using
nonadecaenoic acid (1.25 mg per sample), previously dissolved in hexane, as
internal standard. Fatty acid methylation was conducted by the method of
Rodriguez-Ruiz et al. (1998). Fatty acid methyl esters were then analyzed
by GC using He as a carrier gas with a BPX70 25 m x 0.22 mm i.d. column
(SGE). The temperature of the column was raised from 160 °C to 225°C at
5°C min~! and then maintained at 225°C for further 5 min. The tempera-
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tures of the injection and detection ports were 250 °C. Peaks were identified
by comparison with well characterised standards.

Glucose determination The residual glucose concentrations were anal-
ysed using the GOD-PERID method (Boehringer, Mannhein). The reagent
was prepared every two weeks using horseradish peroxidase (0.8 units mi™1),
ABTS (1 mg mi™') and glucose oxidase (10 units ml~') diluted in a 100 mM
phosphate buffer (pH 7). The reactive was always compared with the internal
standard provided on the test kit.

Results

The effect of air supply in shake-flask cultures was observed in both type
of trials, performed either with different medium-surface to volume ratio or
with a constant working volume maintained with air or Ns-gassed atmo-
sphere. Glucose utilization, CDW and TFA accumulation was poor when
air supply was low in Schizochytrium G13/2S (Tables 4.1 and 4.2) and C.
cohnii (Tables 4.3 and 4.4). CDW limitation by the air supply was higher
in Schizochytrium G13/2S than in C. cohnii in accordance with the higher
growth rate of this organisms. Both organisms presented a very stable fatty
acid profile; DHA proportion in fatty acyl residues, around 40 % of TFA,
was steady for all treatments. Only oleic acid (18:1 n-9, OA) in C. cohnii
increased with the enhanced air supply from 7 to 12 % of TFA. Other fatty
acids were not affected, or showed only small variations with by air supply.

Schizochytrium G13/2S was cultured for 37 d in an anaerobic fermenter.
Zoospores were present in the No-sparged fermenter during the first 12 d.
Dividing cells were present all along the fermentation period suggesting that
culture was well adapted to anoxia. The first three days of culture cell
biomass decreased but then it began to grow, showing a subsequent ten-fold
increase (Figure 4.1). Overall glucose consumption was 17 g ~!. The step
increase in CDW and residual glucose, as well as the low evaporation (< 5
%) obtained at the end of anaerobic fermentation denoted an evident growth.
Any O, that might permeate through the silicon tubing or the addition of
acid or alkali was not reflected on the Oy probe indicating that the scarce
O4 available in the fermenter was quickly consumed by the organisms, which
further supported anaerobic conditions. Biomass final concentration was 0.8
g CDW [~! while the TFA of the cells remained below 20 % of CDW. New
DHA (32.9 mg) was synthesised as well as other unsaturated fatty acids. As
expected, the control aerobic bioreactor showed better growth attaining 21.4
g I71 after 78 h of culture. No contamination was observed in any of the
samples after detailed analysis at the microscope. At the end of the culture,
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Table 4.1: Effect of air supply in Schizochytrium G13/2S shake-flask cultures
under different medium-surface to volume ratio.

Time (h) 0 48

Working volume 50 50 150 250
Residual glucose (g [1) 39 2 17 23
Cell dry weight (g [71) 05 86 49 1.6

Total fatty acid (% of CDW) 28 33 25 17
Fatty acyl residues (% w/w of TFA)

14:0 4 4 4 2
15:0 6 3 10 7
16:0 42 38 31 33
17:0 2 1 3 3
18:0 2 2 1 1
22:5 n-6 8 10 10 11
22:6 n-3 35 41 40 42
Other FA 1 1 1 1

®Time 0 h sample was taken just after inoculation.
Total fatty acids (TFA). The values represent the
average of three different replicates cultured in 250
ml Erlenmeyer flask. All figures have been quoted in
order to include the error of the replicates.

no leaks were observed under 5 psi at the anaerobic fermenter.

Discussion

During microbial cultures, O, limitation will constrain the recycling of
metabolic intermediates (i.e. NADPH) in the electron-transport-coupled
phosphorylation (Tsai et al., 1995). The consequent metabolic down-regulation
results in the culture attaining low growth, as observed in Schizochytrium
G13/2S and C. cohnii experiments. The low biomass attained under O
limitation will decrease the nutrient utilization, thus preventing nitrogen-
limiting conditions, which induces the accumulation of lipids within the cell
(Ratledge, 2004; Ganuza and Izquierdo, 2007). Accordingly, the lipid con-
tent under O-limitation was always below 20 % TFA. Therefore, the little
NADPH available in the cell appears to be preferentially consumed for the
synthesis of protein, diverting NADPH utilisation, which is also required for
lipid synthesis (Ratledge, 2004). The results obtained in the present study
were in agreement with the decrease in Candida 107 lipid (Hall and Ratledge,
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Table 4.2: Effect of air supply in Schizochytrium G13/2S shake-flask cultures

under a modified Ny atmosphere.

Time (b) 0 74
Treatment - Aerobic  Anaerobic
Residual glucose (g [71) 58 0 39
Cell dry weight (g I7') 0.4 139 4.1
Total fatty acid (% of CDW) 26 29 15
Fatty acyl residues (% w/w of TFA)

14:0 4 ) 2
15:0 6 ) 22
16:0 42 30 15
17:0 2 2 8
18:0 2 2 2
22:5 n-6 8 13 9
22:6 n-3 35 42 41
Other FA 1 1 1

¢ Experiment was performed as described in Table 4.1. Ster-
ile Ny was purged in the anaerobic flasks which were then
covered with a cotton bung, parafilm and craft paper.

DHA (mg I'1) & Glucose (g I'Y)

a 0.8 hf\.\.;
= ——
£ 0,6 1
o
‘©
2
> 0.4
©
T
@) 0.2 :\A
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0 T T
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Time (h)
&Cell dry weight #®Glucose —“+DHA

Figure 4.1: Biomass and DHA production, residual glucose consumption

in Schizochytrium G13/2S, batch cultured in a fermenter

under anaerobic

conditions. The aerobic fermenter (not represented) was used as control and

confirmed the viability of the shared inoculum.
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Table 4.3: Effect of air supply in Crypthecodinium cohnii shake-flask cultures
under different medium-surface to volume ratio.

Time (h) 0 48

Working volume 50 50 150 250
Residual glucose (g [71) 26 0 13 16
Cell dry weight (g [71) 09 99 75 49

Total fatty acid (% of CDW) 15 19 11 10
Fatty acyl residues (% w/w of TFA)

14:0 18 18 18 20
16:0 31 28 28 26
18:1 12 12 9 7
22:6 n-3 38 38 39 41
Other FA 1 4 § 6

¢ Experiment was performed as described in Table 4.1.

1977) and Phaffia rhodozyma astaxanthin content under low Oy conditions
(Yamane et al., 1997). Although lipid accumulation in C. cohnii, strain GC,
was inversely related to air supply (Beach and Holz, 1973), this was probably
due to a two-day sampling difference applied between control and O, limited
treatment employed in that experiment.

The synthesis of unsaturated fatty acids has been traditionally associated
to the activity of fatty acid desaturases, which are O, dependent enzymes
(Klein and Volkmann, 1975; Moreton, 1988). This condition is reflected on
various yeasts that under poor Oy conditions, decreases the unsaturation in-
dex of their fatty acids (Roux et al., 1995; Valero et al., 2001). In the present
experiment polyunsaturated fatty acids were steady regardless of the differ-
ent aerating conditions, suggesting that desaturase activity was not affected
by Os-limitation. The fatty acid desaturases are known to posses a very
high affinity for Oy (Meyer and Bolch, 1963; Klein and Volkmann, 1975) and
might not be affected by O, growth-limiting conditions. However, the low Oq
conditions applied in C. cohnii were sufficient to decrease the production of
OA, which appears to be related to the inhibition of A%desaturase activity.
Accordingly, Lopes da Silva et al. (2006) found that, when O, transfer in
C. cohnii CCMP316 fermentation was enhanced with n-dodecane, the rela-
tion between OA and DHA increased. Therefore, DHA and OA syntheses
in C. cohnit appears to be differently affected by the air supply. Sonnen-
born and Kunau (1982) observed that the fatty acid synthetase complex
isolated in vitro from the cytosol of C. cohnii produced only saturated fatty
acids, indicating that further desaturation to OA was probably made by a
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Table 4.4: Effect of air supply in Crypthecodinium cohnii shake-flask cultures
under a modified Ny-atmosphere.

Time (h) 0 72
Treatment - Aerobic  Anaerobic
Residual glucose (g [71) 26 0 5
Cell dry weight (g I71) 0.6 9.8 8.4
Total fatty acid (% of CDW) 15 20 8
Fatty acyl residues (% w/w of TFA)

14:0 18 18 20
16:0 31 28 29
18:1 12 12 8
22:6 n-3 38 38 37
Other FA 1 4 6

¢ Experiment was performed as described in Table 4.2.

membrane-bound desaturation. Besides, as it has been shown in radiolabeled
experiments, the monounsaturated fatty acid is not a precursor of DHA, as
the later is synthesised de novo by two-carbon-unit molecules rather than
from fatty acids taken up from the medium (Beach et al., 1974; Henderson
and Mackinlay, 1991). Therefore, biosynthesis of DHA is compartmental-
ized from OA and, hence, it is possible that both fatty acids are differently
affected by air supply in C. cohnii.

In the present experiment there was no variation in the proportion of DHA
in either organisms in relation to the air supply. Moreover, Schizochytrium
G13/2S appears to be capable of synthesising DHA and DPA in fermenter
under the presence of very little, if any, Os. The results from anaerobic fer-
mentation were in good agreement with the new Os-independent pathway
(PKS) that apparently is used by Schizochytrium and requires less NADPH
(Metz et al., 2001). The operation of a bacterial-like PKS system, also in
C. cohnii, would help to explain why no intermediate chain-length fatty acyl
groups to DHA in their lipids were found and why it synthesises the un-
common octacosaoctaenoic acid (28:8n3). This uncommon fatty acids is also
present in some thraustochytrids (Van Pelt et al., 1999), only when the tem-
perature program of the GC is further extended. In agreement with the
action of PKS in C. cohnii, it was found that DHA proportions in fatty
acyl residues were not altered by A% AS (de Swaaf et al., 2003) and A
desaturase inhibitors (Henderson et al., 1990). We could now add to these
evidences that desaturation of DHA was not affected by the O5 supply, thus
supporting the PKS pathway in both Schizochytrium sp. and C. cohnii.
From a fermentation point of view, this finding ensures that the DHA pro-
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portion in fatty acids is not directly endangered by the low O, attainable at
some point of the large-scale fermentation.
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CHAPTER 5

RESTRICTION IN PROPIONIC ACID PRECURSORS
INHIBITS ODD-CHAIN FATTY ACID SYNTHESIS IN
Schizochytrium G13/2S

This work, which remains un-published, was carried out at the fermenta-
tion laboratories of the University of Hull (England).

Abstract

The valuable polyunsaturated fatty acids present in Schizochytrium
G13/2S increased from 47 to 52 % total fatty acids (TFA) in response
to the concomitant decrease in the production of odd-chain fatty acids
(OCFA). The production of OCFA was studied by providing different
nitrogen sources in a glucose-mineral salts medium. Schizochytrium
G13/2S produced both pentadecaenoic acid (15:0) and heptadecaenic
acid (17:0) in quantities that depended on the nitrogen source em-
ployed. When grown in shake flask culture with a complex nitrogen
source, consisting of a mixture of proteose peptone and yeast extract,
the proportion of OCFAs was, depending on the initial concentration
of the nitrogen sources, 6 and 11 % TFA. When propionyl-CoA pre-
cursors were ommitted in the medium by using glutamate or ammonia
as the sole nitrogen source, OCFA were less than 2 % TFA, showing a
concomitant increase in the proportion of other fatty acids, including
the valuable docosahexaenoic acid (22:6n-3; DHA), which proportion
decreased from 39 to 45 % TFA.

Introduction

Docosahexaenoic acid (DHA; 22:6 n-3) is a valuable polyunsaturated fatty
acid (PUFA) usually found in marine organisms. This fatty acid plays an es-
sential role in many aspects of human health and is necessary to attenuate the
negative effects of fatty acid imbalance in Western countries diets (Muskiet
et al., 2004). Single cell oil obtained from the fermentation of Schizochytrium
sp., a marine thraustochytrid, is being used as a nutraceutical ingredient to
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enhance the DHA content in human diet (Barclay et al., 2005). Under opti-
mal culture conditions, this organism is capable of accumulating 50 % of its
biomass as lipids with over 30 % DHA in total fatty acids (TFA) (Yokochi
et al., 1998).

This organism produces, along with DHA, variable amounts of pentade-
caenoic (15:0) and heptadecaenoic (17:0) acids. Certain strains of Schizo-
chytrium, grown in a glucose, yeast extract medium, could accumulate 15:0
up to about 39 % of TFA (Fan et al., 2001), which subtracts from the valu-
able DHA accumulation. Moreover, the consumption of odd-chain fatty acids
is contraindicated for patients with propionic acidemia (Feliz et al., 2001).
Odd-chain fatty acids (OCFA) are synthesised by the incorporation of pro-
pionate into the carbon chain, either as a primary building block or as an
elongation unit (previous carboxylation to methylmalonyl). Cellular propi-
onic acid is primarily generated from certain amino acids (valine, isoleucine,
threonine, methionine) that are usually present in complex nitrogen sources
(i.e. proteose peptone). Other culture conditions such as the carbon source
employed (Tahoun et al., 1988), temperature (Nichols and Russell, 1996),
growth phase (Mannisto and Puhakka, 2001) or dilution rate (Jostensen and
Landfald, 1996) could also affect OCFA content of the cell. In addition,
medium supplementation with 0.05 g cyanocobalamin {~! down-regulated
odd-chain fatty acid formation in a variety of thraustochytrids including
Schizochytrium spp. grown in yeast extract (Shirasaka et al., 2005).

In order to reduce the OCFA and eventually enhance DHA content we
studied the effect of different nitrogen sources on fatty acid profile of Schizo-
chytrium G13/2S supplemented in a glucose-mineral medium.

Materials and Methods

Chemicals Monosodium glutamate was obtained by BDH (Poole, Eng-
land); Thiamine, biotin, cyanocobalamin and nonadecanoic acid by Sigma;
Proteose peptone and yeast extract from Oxoid.

Organism and culture conditions Schizochytrium sp. G13/2S, de-
rived from G13 (Graham Bremer, University of Portsmouth, UK), was cul-
tured in a completely defined medium (Ashford et al., 2000) to which the
nitrogen sources provided were modified. The medium was composed of
(g 1) glucose (80), NaCl (12.5), MgSO,4 TH,0 (2.5), KC1 (0,5), CaCl, (0.1),
KH,PO, (0.5). This medium also contained trace-element solution (5 mil [')
and vitamin solution (1 ml I~'). The trace element solution contained (g [*):
EDTA di-sodium salt (60), FeC13 GHQO (029), HQBOg (684), MHC]Q 4HQO
(0.86), ZnCl, (0.06), CoCly 6H20 (0.026), NiSO4 6H20 (0.052), CuSO,4 5H,0O
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(0.002), NayMoO,4 2H,0 (0.005). The vitamin solution contained (mg I™'):
thiamine (100), biotin (0.5) and cyanocobalamin (0.5). Nitrogen sources
tested were (g [7'): Glutamic acid mono-sodium salt (2.5), ammonium sul-
phate (1.65), ammonium tartrate (2), proteose peptone and yeast extract (as
specified in each experiment).

Cultures were grown in shake flask (250 ml, 180 rpm) containing 50 ml
medium at 27°C. Medium was buffered with 1 M MOPS and pH was ad-
justed to 7 by addition of KOH. All culture components were autoclaved (15
min) prior to inoculation (10 % v/v). Three replicates by treatment were
harvested 48 h after inoculation.

Determination of cell dry weight Samples of 20 ml where harvested
by centrifugation (3,000 g) for 5 min at 10°C. Biomass was washed twice
by resuspension in demineralised water (10°C) and centrifuged as before.
The pellet fraction was freeze-dried and dry biomass was measured in a
microbalance.

Fatty acid analysis Fatty acid methyl esters were obtained by the method
described by Rodriguez-Ruiz et al. (1998) using nonadecanoic acid (19:0),
previously dissolved in hexane, as internal standard. Fatty acid methyl esters
were separated by GC with He as a carrier gas using a BPX70 25 m x 0.22 mm
i.d. column (SGE). The temperature of the column was raised from 160 °C to
225°C at 5°C min~! and then maintained at 225 °C for a further 5 min. Peak
detection was performed by a flame ionisation detector. The temperature of
the injection and detection ports was 250 °C. Fatty acids were identified by
comparison to well-characterised external standards (Sigma).

Results

Schizochytrium G13/2S produced 15:0 and 17:0 when cultivated with
the complex nitrogen source (see Figure 5.1A). The proportion of OCFA in-
creased two-fold when 8 g proteose peptone [~! and 5 g yeast extract [~! were
provided instead of 2 g proteose peptone ! and 1.25 g yeast extract [~! in
Schizochytrium G13/2S shake-flask cultures (Table 5.1). The low yeast ex-
tract and proteose peptone treatment provided a similar amount of nitrogen,
but induced a higher production of OCFA than the treatments containing
glutamate, ammonium tartrate or ammonium sulphate, indicating that pro-
pionate precursors were present in the complex nitrogen sources. Depending
on the OCFA production, even-chain fatty acid percentage, polyunsaturated
fatty acid and DHA proportion changed between 42-47, 47-55 and 39-45 %
total fatty acids (TFA), respectively. OCFA were still synthesised (2 % TFA)
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when providing a carbon-free nitrogen source such as ammonium sulphate,
indicating that some propionate might be derived from cell anabolism.

Table 5.1: Effect of nitrogen source in fatty acid classes of Schizochytrium
G13/2S flask cultures.

FA classes Nitrogen sources
(g17h)
(% TFA) PP & YE PP & YE ammonium ammonium monosodium
sulphate tartrate glutamate

() & (5) (2) & (1.2) (2) (1.65) (2.5)
14:0 3 4 4 4 3
15:0 9 5 2 2 2
16:0 38 38 41 39 39
17:0 2 1 0 1 0
18:0 1 1 2 1 2
22:5 n—6 8 9 9 9 9
22:6 n-3 39 42 42 44 45
Polyunsaturated FA 47 51 51 53 54
Even-chain FA 42 43 47 45 44
Odd-chain FA 11 6 2 2 2

Medium contained 80 g glucose [7!. Percentage values of the fatty acid classes in total
fatty acids have been expressed on a weight-by-weight basis. Cells, harvested 48 h
after inoculation, contained 20-30 % TFA in dry weight in all treatments. The figures
have been quoted in order to include the error shown by three replicates (n=3). Abrv:
PP=proteose peptone YE=yeast extract FA=Fatty acids.

Discussion

Prokariotic organisms are the main microbial sources of OCFA. Dairy
products, due to the bacterial activity in the rumen of the cow, contain
OCFA around 2 % TFA (Chouinard et al., 1998; Vlaeminck et al., 2006).
Thraustochytrids, including Schizochytrium G13/2S, are also able to produce
OCFA (15:0 and 17:0), certain strains are capable of accumulating up to 38
% TFA (Wang et al., 2000; Fan et al., 2001). OCFA accumulate in both
neutral and polar lipid classes, particularly in phosphatidylcholine (Abe et
al., in press). The physiological implications of OCFA nutrition for humans
are relatively unknown. However, the present experiment showed that the
OCFA levels in Schizochytrium sp. can be decreased to those found in diary
products. Therefore, the OCFA in this algae should not compromise their
nutritional value. In addition, the decrease in OCFA production corresponds
to increased DHA from 39 to 44 % TFA, which is the main production interest
in this single cell oil. Thus, the present results confirm that 15:0 and 17:0
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Figure 5.1: Gas chromatography (GC) chromatograms of fatty acid methyl
esters obtained from Schizochytrium G13/2S grown in a glucose-medium
containing different nitrogen sources. 14:0, tetradecanoic acid; 15:0, pen-
tadecaenoic acid; 16:0, palmitic acid; 17:0, heptadecanoic acid; 18:0, stearic
acid; 22:5 n-6, docosapentaenoic acid (DPA); 22:6 n-3 docosahexaenoic acid
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accumulation can decrease the percentage of other fatty acids including the
valuable DHA.

When peptone and yeast extract were present in Thraustochytrium sp.
cultures, the cellular OCFA % TFA of increased. It has been suggested
that their production was regulated by the yeast/peptone ratio (Wang et al.,
2000). Nevertheless, growing Schizochytrium sp. in a medium using yeast
extract as the sole nitrogen source resulted in the accumulation of OCFA as
high as 40 % (Fan et al., 2001). The present study shows that the percent-
age of OCFA in Schizochytrium G13/2S lipids increases with the amount of
complex nitrogen sources employed. The effect of yeast extract and proteose
peptone concentrations in OCFA % of Schizochytrium sp. suggests that some
propionate, or propionate precursors, that are actively being consumed as a
carbon source, are present in these components. This C3 molecule will be
ultimately incorporated in the fatty acid synthesising machinery providing
uneven carbon chains (Ingram et al., 1977). Accordingly, we observe that
through the implementation of defined nitrogen sources, containing no pro-
pionate precursors, the OCFA content decreased to the minimum amount of
2 % TFA that should be inherent to the specific metabolism of this organism.
In summary, the medium developed in this study decrease 5-fold accessory
OCFA in support of DHA, which increases from 39 to 44 %, which demon-
strates the plasticity of the Schizochytrium G13/2S fatty acid profile. These
results emphasise the relevance of developing a completely defined medium
adjusted to the requirements the process.
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HIGH-CELL-DENSITY CULTIVATION OF
Schizochytrium G13/2S IN AN
AMMONIUM/PH—AUXOSTAT FED-BATCH SYSTEM

This work was made at the University of Hull (England) and is being pub-
lished in: Ganuza, E., Anderson, A.J. and Ratledge, C. (in press) Biotechnol
Lett.

Abstract

Thraustochytrids, in particular Schizochytrium spp., are targeted mi-
croorganisms for the production of the valuable docosahexaenoic acid
(DHA). Growth of Schizochytrium sp. G13/2S in a defined medium
was initially made in shake-flask cultures to determine the optimum
concentrations of glucose (100-200 g I~!) and ammonium ( 300 mg (1)
that could be used by this microorganism. In subsequent fermenter
culture, a pH-auxostat method was used to maintain NHs from 200-
300 mg 1. During the first 49 h of fermentation, the 150 ¢ glucose [~!
produced 63.3 g cell dry weight [=!. Although growth was not lim-
ited by the supply of nitrogen, total fatty acids were at 25 % cell dry
weight, which is more than half the lipid content of commercially-
grown Schizochytrium biomass, which uses N-limited medium in the
final stages for maximun ipid accumulation. This strategy is therefore
useful for the cultivation of Schizochytrium to a high cell density up to
the point when lipid accumulation can be triggered by N exhaustion
from the medium.

Introduction

Polyunsaturated fatty acids (PUFA), particularly the very long chain
ones of eicosapentaenoic acid (22:5, n-3) and docosahexaenoic acid (DHA;
22:6, n-3), are widely recognised as important nutritional components for the
prevention of various cardiac disorders. The latter fatty acid, together with
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arachidonic acid (ARA; 20:4 n-6), is also incorporated into infant formulae in
many countries of the world because of their promotion of visual acuity and
neural development (Sinclair et al., 2005). Both DHA and ARA are produced
exclusively for this purpose from microorganisms: Crypthecodinium cohnii
and Mortierella alpina, respectively (Wynn and Ratledge et al., 2007). DHA
is also produce for the adult oil supplement market using a Schizochytrium
sp. (Barclay et al., 2005). The whole biomass of this organism, which is a
thraustochytrid and was originally regarded as a marine fungus, may also
be useful for the development of aquafeeds for farmed fish, which require a
source of DHA for the development of fish fry (Izquierdo, 2005; Ganuza el
al., in press).

In order to achieve lipid accumulation in microorganisms, the culture
medium is formulated so that the supply of nitrogen becomes exhausted
part way through the culture, after which cell proliferation ceases but the
carbon feedstock (usually glucose) continues to be assimilated. However, in
large-scale cultivations, which can involve a series of fermenters of increasing
volume up to 150-220 m3, the cells are cultivated in a balanced medium so
that the maximum biomass can be produced at each stage. It is therefore
not until the cells are inoculated into the final fermenter, that Schizochytrium
cultures will become N-limited, and consequently lipids will be accumulated
(Ganuza and Izquierdo, 2007). Even here, it is not until the final stage of the
batch run that this will occur. For reasons of commercial confidentiality, very
little information is available about the details of the large-scale production
of single cell oils.

Schizochytrium ssp. are marine thraustochytrids that produce about 35—
40 % of total fatty acids (TFA) as DHA (Yokochi et al., 1998). However,
the use of this micro-heterotroph as a source of DHA is limited by its high
production costs in comparison to the current fish oil prices. In order to
reduce costs of microbial DHA production, higher volumetric productivities
must be pursued by culture optimization and the use of inexpensive medium
components. Growth rate, cell density and DHA content of the biomass are
essential parameters contributing to an optimum DHA productivity (Sijtsma
and de Swaaf, 2004). High-cell-densities are usually attained using fed-batch
systems, as this technique avoids the high initial concentrations of a sub-
strate that might be toxic or growth-inhibitory for the organism. Within
fed-batch systems, the pH-auxostat was first applied to feed acidic or basic
nutrients that can be supplied in response to medium pH derivation (Mar-
tin and Hempfling, 1976). Under a pH-auxostat system, the activity of the
microorganism itself regulates the nutrient supply to fit the concentration
that permits the fastest growth. This technique was successfully used for
microbial DHA production using acetic acid as feeding nutrient for Crypthe-

88



Ammonium-pH-auzxostat Schizochytrium

codinium cohnii (Ratledge et al., 2001; de Swaaf et al., 2003). At the moment,
Schizochytrium is successfully grown in batch cultures using glucose as car-
bon source and NHy as a nitrogen source (Barclay et al., 2003; Yaguchi et
al., 1997). The aim of this work is to evaluate the capacity of this system
to optimize growth under non-nitrogen source limiting conditions, as a first
step for the commercial production of DHA-rich biomass.

Materials and methods

Organism and culture conditions Schizochytrium G13/2S derived from
G13 (Mr Graham Bremer, University of Portsmouth, UK) was initialy cul-
tured in flasks (250 ml) containing 50 ml complex medium [(g {7!): glu-
cose (40), proteose peptone (8), yeast extract (5) sea salt (25) and MOPS
(21)]. Further flask cultures were carried out in a defined medium contain-
ing (g I71): glucose (80), (NH,)2C4H,4Og (1.65), NaCl (12.5), MgSO, 7TH,0O
(2.5), KHyPO4 (0.5), KCI (0.5), CaCly (0.1) and MOPS (21) unless stated
otherwise. This medium also contained trace-element solution (5 ml =) and
vitamin solution (1 ml I”"), which were added after sterilization. The trace
element solution contained (g I™"): EDTA di-sodium salt (6.0),FeCl3 6H,0
(0.29), HyBO; (6.84), MnCl, 41,0 (0.86), ZnCl, (0.06), CoCly 6H,0 (0.026),
NiSO, 6H,0 (0.052), CuSO, 5H,0 (0.002), Na;MoO, 2H,0 (0.005). The vi-
tamin solution was filter-sterilised (1 pm) and contained (mg [™'): thiamine
(100), biotin (0.5) and cyanocobalamin (0.5). The medium used in the fer-
menter contained (g [7!'): glucose (150), (NH4)2SO4 (1.65), NaCl (12.5),
MgSO, TH,0 (2.5), KHoPOy4 (2.5), KCI (0,5), CaCly (0.1) as well as trace
element solution (10 ml ') and vitamin solution (1 mi [™!). Before auto-
claving (121 °C, 15-30 min, glucose and MgSO,4 7TH,O in a separate container)
the pH of the medium was adjusted to 7 with KOH (2 M).

Shake flask cultures (180 rpm, grown for 24 h) containing either complex
or defined medium were used as inoculum (10 % v/v) for shake-flask experi-
ments and fermenter cultures, respectively. All cultures were grown at 27°C
and pH was maintained at 7 whenever possible. Schizochytrium G13/2S was
finally cultivated in a 1 [ working capacity bioreactor (Braun) in which the
pH was controlled by the automatic addition of 10 % NH,OH (10 % w/v).
Dissolved Oy was maintained over 30 % by manual increase of the stirring
speed (Rushton blade impellers) from 300 to a maximum of 700 rpm. The
aeration rate was always 0.5 vol. air (vol. medium)~! min~!, previously fil-
tered through a 0.2 pum sieve. Addition of antifoam was not necessary during
fermentation.
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Determination of cell dry weight (CDW) Culture samples (20 ml)
where harvested by centrifugation (3000 g, 5 min, 10°C) and biomass was
washed twice in demineralised water. The pellet fraction was freeze-dried
and dry biomass was measured in a microbalance.

Lipid analysis Fatty acid methyl esters were prepared according to the
method described by Rodriguez-Ruiz et al. (1998) with nonadecanoic acid as
internal standard. FAMEs were separated by GC with He as a carrier gas
using BPX70 25 m x 0.22 mm i.d. column (SGE). The temperature of the
column was raised from 160 °C to 225°C at 5°C min~" and then maintained
at 225 °C for further 5 min. The temperature of the injection port and flame-
ionisation port was 250 °C. Fatty acids were identified by comparison to well
characterised external standards (Sigma).

Glucose and ammonia determination The residual glucose concentra-
tions were analysed using a glucose oxydase method (Boehringer Mannheim)
and ammonia by the indophenol-based method.

Results

Optimum ammonium concentration Schizochytrium G13/2S was grown
in shake-flask cultures on a defined medium with glucose and diammonium
tartrate as principal carbon and nitrogen sources. It could grow without im-
pediment with ammonium tartrate up to 13.2 g I~ (2438 mg NH, (') even
though the final pH of the medium was below 4 (see Table 6.1). The drop in
pH was not controllable even when the medium was strongly buffered with
0.25 M MOPS. [Diammonium tartrate was used in preference to (NH4)2SOy4
in order to prevent an even greater fall in pH.|] The low pH, however, did not
appear to be detrimental to growth.

Optimum glucose concentration The maximum glucose concentration
that sustained optimum growth was between 100 and 200 g I=! (see Fig-
ure 6.1). In these experiments, sodium glutamate was used as N source
as this prevented a decrease in pH which then remained at 6.8-6.9 during
growth. (It would have, however, been inappropriate to use this as a nitro-
gen source in the previous experiments as it clearly is not a direct source of
ammonium ions.)

NH,/pH-auxostat fermentation Having determined the concentrations
of glucose and ammonia (150 g [=! and 2.4 g [7!) to which Schizochytrium
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Table 6.1: Influence of the initial ammonium tartrate concentration (0-13.2
g I71) on cell dry weight (CDW) and pH (in parenthesis) of Schizochytrium
G13/2S in shake-flask cultures.

Time Ammonium tartrate (g =)
(h) 0 17 33 66 132
0P CDW 04 0.4 0.4 0.4 0.4

pH  (68) (6.8) (6.8) (6.8) (6.8)
CDW 16 66 7.7 89 84
pH  (64) (6.6) (44) (41) (4.1)
CDW 1.8 104 185 220 238
pH  (66) (5.9) (44) (35) (3.2)

* The basal medium was strongly buffered with 0.25 M
MOPS. Represented data are the average value of two
independent replicates. *Inoculation time (0 h).

24

48

Cell dry weight (g I'")

0 1 L 1

0 100 200 300 400
Initial glucose (g I'')

Figure 6.1: Influence of initial glucose concentration in 24 h growth of
Schizochytrium G13/2S in shake-flask-culture. *Represented data are the aver-
age value of two independent replicates maintained at a constant pH of 6.9 through
the implementation of glutamic acid sodium salt (3 g [™!) as sole nitrogen source

sp. was tolerant, a pH-auxostat fermentation was initiated in which NH,OH
was added to control the pH at 7. During a typical fermentation run (see
Figure 6.2) some 135 ml 9.5 % (w/v) NH4,OH (= 6.2 g NH3) were added
over 49 h providing a biomass yield of 10.2 ¢ CDW ¢~! NH;. The ammonia
concentration within the fermenter was maintained between 300 and 400 mg
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[71 by this strategy (Figure 6.2B). Thus, Schizochytrium G13/2S could be
grown under non-nitrogen limiting conditions to a high biomass density.

Glucose, initially at 150 g [=! , was readily utilized during the fermenta-
tion (see Figure 6.2A) and by 48-49 h had been totally consumed producing
63.3 ¢ CDW 7! (= 0.42 ¢ CDW g glucose™!). As no further glucose was
added into this fermentation medium, growth then ceased with glucose de-
pletion. However, in other fermentation runs, further glucose was added after
60 h to give 65 g [~1, but this only increased the cell density from 60 g [=!
to 65 g [! after a further 50 h cultivation (data not shown).

As the cultures were grown without any nutrient limitation, including
nitrogen, the cells did not accumulate much lipid during the course of the
fermentation run (see Figure 6.2B). This was in accordance with expectation
as lipid accumulation is triggered by the exhaustion of a nutrient other than
carbon (usually this is nitrogen) (see Ratledge and Wynn (2002)). The total
fatty acid content of the cells remained at about 25 % throughout growth and
thus was entirely growth-associated (see Figure 6.2C). The profile of fatty
acids (see Table 6.2) remained approximately constant throughout growth
though there were small changes in the levels of palmitic acid (16:0) and
DHA (22:6 n-3). At the end of growth (49 h), the profile of the fatty acids
was similar to that reported for the SCO derived from a commercial strain
of Schizochytrium (Barclay et al., 2005) in which the long chain fatty acids
(DHA and docosapentaenoic acid, 20:5 n-6) were, respectively, 17 and 41 %.

Thus, polyunsaturated fatty acid synthesis is occurring in cells undergo-
ing balanced growth and is not specifically engendered by nitrogen becoming
limited in the medium. This accord with previous suggestions that lipid ac-
cumulation does not occur by increased activity of lipid-synthesising enzymes
after nitrogen limitation is reached but by other enzyme activities associated
with cell growth and proliferation ceasing (Ratledge and Wynn, 2002).

The overall performance of the cells grown without nitrogen limitation
is shown in Figure 6.2; there was no limitation of Oy to the cultures (see
Figure 6.2D) and microscopic examination of the cells made at the high-
est agitation rate (700 rpm) did not reveal any damage due to shear stress.
The overall DHA volumetric productivity (rpHA) was 125 mg DHA [~'h~!.
This value is over twice the values recorded for the production of DHA using
Crypthecodinium cohnii, the other commercial DHA-producing microorgan-
ism (see Sijtsma et al. (2005)).

Discussion

Schizochytrium spp. are commercially cultivated in batch culture with a
nitrogen-limiting medium. Under these conditions, cell yields above 200 g
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Figure 6.2: The pH-auxostat cultivation of Schizochytrium G13/2S fed with
5 % w/w ammonium water. The initial medium contained 150 g glucose [~
and 10 % v/v inoculum. Represented data are the typical values of multiple
fermentation carried under the similar conditions.

CDW [~! containing around 40 % lipids have been claimed (Barclay et al.,
2003) although this is not likely to be attained in the commercial process
because of difficulties in pumping out the cells from the fermenter and sub-
sequent down-stream processing. This present study was carried out using
non-limiting nitrogen conditions as the ammonium consumed by the organ-
ism was automatically replaced by the pH-control. Although this condition
does not induce lipid accumulation (which needs exhaustion of the N source
in order to channel the carbon flux from glucose into fatty acids rather than
other cell components), any large-scale production process for a Single Cell
Oil will use a sequence of ever-larger fermenters in which the objective is to
grow the cells as quickly as possible and to the highest practical density. It
will not be until the final stage is reached that the medium will be formu-
lated to become N-limiting. Up to this point, the medium will be designed
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Table 6.2: Fatty acid profile (% of TFA) of Schizochytrium G13/2S during
in a NH,/pH-auxostat culture.

Fatty acids residues® Time (h) Commercial oil”
0 24 42 49
14:0 3 4 4 4 7
16:0 29 54 43 43 22
18:0 12 3 3 1
22:5n-6 13 6 8 8 17
22:6 n-3 44 31 38 38 41
Minor fatty acids® 10 3 4 4 13

® Fatty acid residues values are represented in relative weight
% of total fatty acids. The experiment was repeated once
and each sample was analyzed in triplicate.

® Obtained from Barclay et al. (2005)

® In all samples small amounts (in total < 2 %) of 17:0, 15:0
were detected.

to ensure maximum biomass (not lipid) production i.e. will use a balanced
composition of nutrients. And this is therefore what we have done here.
Flask and fermenter cultures demonstrated that both glucose and am-
monium were well utilised by Schizochytrium strain G13/2S. In agreement
with the work of Yaguchi et al. (1997), we demonstrated that ammonium
(as its tartrate salt) was not toxic at 30 gl~!, however, the growth rate was
faster with low concentrations of NHJ (aprox. 1.7 gl™!), indicating that an
NH; fed-batch cultivation would be advantageous for attaining the fastest
growth rate. Accordingly, the biomass productivity attained in this exper-
iment (1.3 ¢ CDW [7'h~1) was at least twice the productivity obtained by
Yaguchi and co-workers (0.53 ¢ CDW [~'h~1). Although the organism tol-
erates high concentrations of glucose (around 150 gl~'), these may not be
necessarily sufficient to attain the optimal cell densities (60-80 gi~') and
maximal lipid contents (40-45 %) during commercial production, suggesting
that a fed-batch culture of glucose would also be beneficial. Although the
lipid accumulation was not pursued in this experiment, because of the very
fast growth rates that were attained, DHA productivities were nevertheless
still within the range described by Yaguchi et al. (1997) using a nitrogen-
limited medium to optimize lipid, and therefore DHA, accumulation. The
total fatty acid content in these experiments was 25 % CDW, indicating that
more than half the lipid content of the commercially available Schizochytrium
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sp. biomass had already been reached in the first phase of the culture Barclay
et al. (2005). Thus, once the cell density in the fermenter had reached, say,
50 ¢ 11 with 25 % lipid, a simple switching of alkaline for pH balance from
NH,OH to KOH would result in the cells entering the lipid accumulation
phase in which the lipid would increase to its final value of about 45 %. This
would result in a final biomass yield increase mainly due to increased lipid
content of the cells.

We would also point out that we have been able to grow this species of
Schizochytrium on an entirely chemically-defined medium using only NaCl
to maintain an adequate osmotic pressure and not using artificial seawater
salts that are so often used with these marine organisms. Avoidance of
complex medium constituents, such as peptones or yeast extracts, also avoids
introducing proteins or amino acids from which propionic acid may be derived
(see 5). If this should be produced, it is readily incorporated into lipids to
give odd-chain length fatty acids, which can occur in this organism to some
small extent (Shirasaka et al., 2005).

In conclusion, the NH,/pH-auxostat system is proposed as a promising
technique for the first stage production of Schizochytrium sp. due to the
capacity to sustain fast growth and simultaneously produce a considerable
amount of lipids and DHA.
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CHAPTER 7

DOCOSAHEXAENOIC ACID PRODUCTION BY
Crypthecodinium cohnit GROWN IN AN ETHANOL
FED-BATCH SYSTEM

This work, which remains un-published, was carried out at the fermenta-
tion laboratories of the University of Hull (England).

Abstract

The heterotrophic dinoflagellate Crypthecodinium cohnii synthesises
the valuable nutritional docosahexaenoic acid (DHA; 22:6 n-3) with
polyunsaturated fatty acid present in less than 1 %. Its potential to
produce DHA in fermenter was studied using an ethanol fed-batch
system according to the method of Swaaf et al. [(2003a) Applied Mi-
crobiology and Biotechnology 61: 40-43]. The strain ATCC 50060 was
cultured in a 10 [ working capacity fermenter producing 91 g cell dry
weight 171, 31 g total fatty acid [=! and 12 ¢ DHA [~! after 210 h of
fermentation. The overall DHA volumetric productivity the strain was
56 mg DHA [~ h=! (using 10 % inoculum), slightly higher than that
previously reported (53 mg DHA [=! h=1) for this microalga. Since the
dissolved Oy between 93 and 160 h of fermentation was under 5 % of
saturation, further optimization of the culture was attempted through
the automatic substitution of the air with pure Os. By this means,
the saturation was maintained above 30 % all along the fermentation,
but the growth, fatty acid accumulation and DHA concentration ob-
tained were not further enhanced, indicating that dissolved O2 was not
a growth-limiting factor. Ethanol-fed-batch cultivation is confirmed
to be the most productive cultivation system so far and further op-
timization of the method in the 10 [ fermenter should be focused on
parameters different from the O, such as the medium composition
and the strain (main improvement of the present experiment).

Introduction

Docosahexaenoic acid (DHA, 22:6 n-3) is an important highly unsatu-
rated fatty acid in human and fish nutrition. It is involved in the prevention
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of several diseases such as cardiovascular diseases (Lichtenstein, 2003) and
hormone-dependent cancers (Terry et al., 2003). It is also considered essential
for fish larvae survival (Izquierdo et al., 2000), fish reproduction (Izquierdo
et al., 2001) and fish health (Montero et al., 2004). The main dietary source
of this nutrient is the seafood for humans and the fish oil for aquacultured
species. Nevertheless, the dwindling fish stocks are not expected to meet the
fish oil demand from the growing aquaculture sector (Sargent and Tacon,
1999). In order to maintain the delivery of this fatty acid in human diet also
with the aquaculture products, alternative sources of DHA to fish oil should
be implemented as aquafeed ingredient. Unconventional microbial oils are
investigated in order to produce clean, sustainable and reliable DHA-rich
biomass (Ratledge, 2002) that eventually enables a sustainable growth of the
aquaculture sector.

Crypthecodinium cohnii is marine dinoflagellate that, under adequate cul-
ture conditions, can accumulate about 50 % of its dry biomass as lipids con-
taining up to 32 % DHA as the only highly unsaturated fatty acid (de Swaaf
et al., 2003b). The capacity to produce highly concentrated DHA-biomass
is the main advantage of microbial sources over the bulk fish oil source of
DHA actually used in aquaculture. Due to the nutritional requirements for
concentrated DHA sources by marine fish, shrimp and mollusc larvae, mi-
crobial sources are gaining importance over fish oils in marine hatcheries.
Thus, the fermentation feasibility mainly depends upon the DHA volumet-
ric productivity (rpga) of the fermentation process (Sijtsma et al., 1998).
This parameter is determined by the cell density, the lipid content of the
biomass, the DHA content of the lipids and the fermentation time. The lipid
and DHA content of the biomass can be influenced by different parameters
including the organisms, the dissolved Oy (Lopes da Silva et al., 2006; Roux
et al., 1995) and the carbon source (Sijtsma et al., 2005). So far, acetic acid
and ethanol based fed-batch cultures are the most successful fermentations.
Acetic acid/pH-auxostat produced 36 mg DHA [=! h~! from a 5 % (v/v) of
inoculum in 98 h of culture (Ratledge et al., 2001) and 44.5 mg DHA [~ b~}
in 210 h of culture (de Swaaf et al., 2003b). Nevertheless, the highest pro-
ductivity reported for C. cohnii, 53 mg I=' h™" using 10 % (v/v) inoculum,
was attained with an ethanol fed-batch system (de Swaaf et al., 2003a). The
aim of the present experiment was to implement this method and optimised
it using a new strain, C. cohnii ATCC 50060, and increasing the dissolved
O, along fermentation.
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Materials and methods

Chemicals Proteose peptone and yeast extract were obtained from Oxoid.
Sea salts and heptadecanoic acid were supplied by Sigma. Polypropylene
glycol-2000 grade was obtained from Fisher Scientific (Loughboough, Eng-
land).

Organism and culture conditions. Crypthecodinium cohnii ATCC 50060
was incubated (3-10 d) at 27°C in static flasks (250 ml) filled with 100 ml of
medium. The medium of the standing cultures contained (g [7!): sea salts
(25), glucose (9) and yeast extract (2) at pH 6.5. Sub-cultures were used
to inoculate shake-flask cultures (120 rpm, 27°C) filled with 50 ml. The
medium used in shake-flask cultures contained (g [71): sea salts (25), glu-
cose (27) and yeast extract (3.8) at pH 6.5. Shake flask cultures incubated
during 4 d were used to inoculate the fermenter. The inoculum size used
was always 10 % v/v. All medium components were autoclaved maintaining
glucose separately.

Fermentation was carried in a 10 [ bioreactor (Bioflo 3000, New Brunswick).
The initial medium contained (g [71): yeast extract (10), sea salts (25) and
ethanol (5.5). During fermentation, 10 ml of polypropylene glycol-2000 an-
tifoam agent was added to the culture. The pH was maintained at 6.5 +0.5
by automatic addition of NaOH (2 M) or HoSO4 (2 M) while the temperature
was set to 27 £0.5°C.

Stirring speed was programmed to automatically increase (but not de-
crease) from 200 up to a maximum of 1000 rpm in response to dissolved Os
levels below 30 %. The fermenter contained two six-blade turbine impellers
and four straight baffles, each of them having a width of 1/10 of the vessel
diameter. Once the maximum stirring speed was attained, either the initial
airflow was manually increased from 5 to 10 [ min ™! or the airflow was pro-
grammed to maintain dissolved O levels above 30 % through the automatic
substitution of the air by high purity Os (Engineering and Welding, Hull,
UK).

Dissolved Oy output (or alternatively the degree of air substitution) was
used to evaluate the ethanol demand by the culture. Initially, when the resid-
ual ethanol was consumed (dissolved Oq increasing above 35 % saturation),
an initial feeding rate of 0.9 ml ethanol [=! h~! was set with a flow inducer.
The feeding rate was increased every time that an extra pulse of ethanol was
automatically consumed by the culture (dissolved O, decreasing below 30
%). The maximum feeding rate attained was maintained until the end of
the fermentation. Whenever the dissolved O, rose above 35 %, the ethanol
feeding was stopped temporally in order to avoid growth inhibition.
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Determination of cell dry weight (CDW). Culture samples (20-40
ml) where harvested by centrifugation (3000 g, 5 min, 10°C) and biomass
was resuspended in demineralised water. The pellet fraction of the second
centrifugation was freeze-dried and dry biomass contained in a pre-weighted
flask was measured in a microbalance. Calculations of the biomass yields
were made after correction for sampling.

Lipid analysis. Fatty acid analysis of C. cohnii freeze-dried biomass (25-30
mg) was made using heptadecanoic acid (2.5 mg per sample), previously dis-
solved in methanol:chloroform (3:1), as internal standard,. Fatty acid methyl
esters were prepared according to the method described by Rodriguez-Ruiz
et al. (1998). Fatty acid methyl esters were separated by GC with He as
a carrier gas using BPX70 25 m x 0.22 mm i.d. column (SGE). The tem-
perature of the column was raised from 160 °C to 225°C at 5°C min~! and
then maintained at 225 °C for further 5 min. Peak detection was performed
by a flame ionisation detector. The temperatures of the injection and de-
tection ports were 250 °C. Fatty acids were identified by comparison to well
characterised external standards (Sigma).

Results

Optimum ammonium concentration. C. cohnii ATCC 50060 is able
to grow in an ethanol fed-batch culture with an initial concentration of 5 g
ethanol 1. Dissolved O, was found to respond instantly to ethanol excess or
limitation. After 25 h of culture, initial ethanol was consumed and a feeding
rate of 0.9 ml ethanol [=! h~! was applied. From then onwards, ethanol-
feeding rate was increased progressively until a maximum feeding rate of 2
ml ethanol [=! h~! that was maintained from 92 h of cultivation until the
end of fermentation. All over the fermentation (210 k), 3 [ of ethanol was
added (Figure 7.1A). The biomass yield on ethanol, after correcting the loss
of biomass caused by sampling, was 0.31 g biomass (g ethanol)™!.

The lipid content of the cells increased constantly from 41 until 210 h of
fermentation to a final value of 34 % TFA (Figure 7.1B). The DHA content of
the lipid varied between 35-46 % and was finally 38 %. The fatty acid profile
remained constant after 41 h of culture. The concentrations of biomass, TFA
and DHA were 91 ¢ CDW [7!, 31 ¢ TFA [7! and 12 ¢ DHA [~! at 210 h
(Figure 7.1C). For the inoculum size used (10 % v/v), the rpy 4 in air-based
fermentation was 56 mg DHA [=! h=! after 210 h of culture.

Between 92 and 170 h of cultivation, air-based fermentation contained
dissolved O, level below 5 %. Other fermentations were performed under the
same conditions but maintaining dissolved O, level over 30 % of saturation all
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Figure 7.1: Fed-batch cultivation of Crypthecodinium cohnii ATCC 50060 in
ethanol with a 10 [ working capacity bioreactor.
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along the culture by partial substitution of the air supply with pure Oy. The
fermentation time in oxygenated system decreased to approximately 192 h.
The performance in terms of biomass (Figure 7.2A), lipid production (Figure
7.2B) and DHA synthesis was equivalent in both aerated and oxygenated
systems, showing no improvement due to O, supply. The lipid profile was also
equivalent with myristic acid (14:0), palmitic acid (16:0), oleic acid (18:1) and
DHA accounting for more than 90 % of total fatty acids (Table 7.1). Biomass
yield in ethanol was slightly smaller (0.27 £0.01 g ethanol™!) comparing to
the first fermentation in which culture was only aerated (0.32 g ethanol™! at
185 h).

Cell dry weight (g 1)
H [<2] =]
o o o

N
o
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A Air A Air + 02
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| o
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e
o

Total fatty acids (%)
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Figure 7.2: Growth and lipid accumulation in an ethanol fed-batch culti-
vation of Crypthecodinium cohnii under normal aeration and Os-enriched
aeration (two replicates). Between 92 (|) and 160 h of fermentation, the
dissolved O, level under non-enriched aerating conditions was below 5 % of
saturation.

104



Ethanol fed-batch for Crypthecodinium cohnii

Table 7.1: Fatty acid profile of Crypthecodinium cohnii growth in ethanol
fed-batch culture under air and Os-enriched air supply.

Fatty acids residues®  Air Air + O, Commercial oil®

Time (h) 210 192 (Proprietary)
12:0 2 1 0—-6

14:0 16 18 5—20
16:0 26 27 520
18:1 16 15 1040
22:6 n—3 39 38 40-45
Other FA 1 1 -

@ Represented values are typical from multiple fermenta-
tions carried out under similar conditions. Fatty acid
residues values are given in relative weight % of total
fatty acids.

> Wynn et al. (2005)

Discussion

Ethanol is a promising carbon source for the production of DHA by C.
cohnii. The biomass yields on ethanol are 2.4 times higher than the yield
on acetic acid (de Swaaf et al., 2003b). Besides, it is relatively cheap and
less corrosive than acetic acid. As two-carbon molecule it is a direct pre-
cursors of acetyl CoA, the basic building block for the fatty acid synthase
(FAS) complex and consequently it is considered an ideal substrate for lipid
synthesis (Sijtsma et al., 2005). In this experiment, however, the fatty acid
content was slightly lower than the expected for Cy substrates (de Swaaf
et al., 2003b) indicating that the good productivities of this ethanol-based
fermentation were sustained by the fast growth of the present strain, rather
than by the increase in lipid or DHA accumulation in the cell.

C. cohnii is believed to have a very high O, demand, which contribute,
under O-limitation, to decrease its lipid content (see Chapter 4). Dissolved
O, could be a limiting factor in high-cell-density cultures and the fermen-
tation scaling-up process will more likely increase this problem, since bigger
vessels usually have lower Oy transfer coefficient (KLa) (Cheng, 1998). In the
present experiment we used a 10 [ bioreactor in an attempt to produce enough
biomass for aquaculture trialing. During most of the fermentation, dissolved
04y was below 5 %, suggesting that Oy was probably limiting growth, lipid
and DHA synthesis of the system. Nevertheless, when fermentation was re-
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Table 7.2: Comparison of Crypthecodinium cohnii acetic acid and two ethanol
fed-batch cultures.

Feeding substrate

Acetic acid Ethanol Ethanol

Strain (C. cohnii) ATCC 30772* ATCC 30772* ATCC50060
Fermentation time (h) 210 200 210
Fermenter capacity (1) 2 2 10
Cell dry weight (CDW) (g I~) 59 £3 77 £3 91
Total fatty acid (TFA) (%) 50 £1 41 £1 34
DHA (% TFA) 32 +0 33 +0 39
TFA concentration (g [7') 30 +1 31 +1 34
DHA concentration (g [7!) 9.5 £0.1 10.1 £0.4 12
Biomass yield (g (g substrate)™) 0.13 0.31 0.31
DHA productivity (rpga) 44.5 +0.5 51.4 +2.1 57
Maximum feeding rate (ml (' h™') pH-auxostat 3 2

® Data from ATCC 30772 obtained from de Swaaf et al. (2003a,b) is the average
of two fermentations. Data were calculated for the data point representing the
end of the fermentation.

peated maintaining dissolved O, supply above 30 % of saturation, no further
improvement of growth or DHA accumulation were observed. Ethanol was
consumed at the same maximum feeding rate (2 ml ethanol [=' A™') as the
non O enriched fermentation. These results suggest that some other limiting
factor may be acting in the culture.

Crucial parameters for the fed-batch in ethanol obtained in this exper-
iment are compared with the work done by de Swaaf et al. (2003a) (Table
11.3). In the former experiment, carried in 2 [ working capacity fermenter,
agitation was increased to 1250 rpm, yet acration was only 1 I min~!. Be-
sides, Glucanex (Novo Nordisk, Neumatt, Switzerland) enzymatic solution
was implemented to the media (0.5 g [7!) in order to reduce medium vis-
cosity and improve O, transfer. Both the different aerating conditions and
the smaller vessel used were responsible for dissolved O, being maintained
above 30 % in the previous experiment. In the present work dissolved O,
was maintained over 30 % using Os-enriched air, but this gave no further im-
provement to the previous fermentation in terms of growth, lipid and DHA
content, indicating that this was not a critical parameter of the culture. Ac-
cordingly, we concluded that strain ATCC 50060 used might be responsible
for the increase in rpy 4 obtained in the present fermentation.

The present results confirmed that ethanol fed-batch method is optimal
for DHA production by C. cohnii, demonstrating the potential of ATCC
50060 strain, which attained a final biomass attained of 91 g [=! in 210 h of
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fermentation. Accordingly, the final rpgy 4 was the highest so far reported for
this microalga, 56 mg DHA [=! h~! (using 10 % inoculum). Further culture
optimization should concentrate in other parameters than dissolved O, that
was not critical at the conditions tested.
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CHAPTER 8

Crypthecodinium cohnit AND Schizochytrium SP. AS
POTENTIAL SUBSTITUTES TO FISHERIES-DERIVED
OILS IN SEABREAM (Sparus aurata) MICRODIETS

This work was made at the Aquaculture Research Group (GIA) facil-
ities (ULPGC & ICCM) and published in: Ganuza, E., Benitez-Santana,
T., Atalah, E., Vega-Orellana, O., Ganga, R. and Izquierdo, M.S.(in press)
Aquaculture.

Abstract

Two single cell heterotrophs were produced as alternative sources of
docosahexaenoic acid (DHA; 22:6 n-3) to fisheries-derived oils. Schizo-
chytrium G13/2S or Crypthecodinium cohnii biomasses, either ho-
mogenised (Sg, Cp, respectively) or non-homogenised (S, C'), were
tested in gilthead seabream (Sparus aurata) microdiets. In Trial 1
the biomases of both species of algae were used in replacement of fish
oil, whereas in Trial 2 all dietary lipids, including those derived from
squid meal, were replaced by the algal biomass in all diets except for
control diet. Larval dietary acceptance, overall survival, air-exposure
stress survival, growth and disease resistance were not significantly
affected by the source of DHA employed when only fish oil was sub-
stituted. However, complete substitution of all dietary lipids by the
algal biomass, resulted in reduced growth and survival which was ap-
parently related to other dietary imbalances besides simply DHA con-
tent, such as changes in the DHA: EPA (eicosapentaenoic acid; 20:5
n-3) ratio. After 15 and 21 d feeding the experimental diets to Sparus
aurata larvae in Trial 1 (0.1 mg initial larval dry weight) and Trial
2 (0.15 myg initial larval dry weight), respectively, the algal biomass
inclusion or homogenization did not significantly affect the DHA depo-
sition in fish body (14.4 £+ 0.3 % total fatty acids £SEM and 28.4 +0.4
%, average values for Trial 1 and 2, respectively). Higher arachidonic
acid levels were found in larvae fed Schizochytrium sp. diets in Trial 2
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and were related to the retro-conversion from docosapentaenoic acid
(DPA; 22:5 n-6) which was high in these diets. These results shows
the potential of single cell heterotrophs as alternative DHA sources
for fish oil in microdiets for gilthead seabream but also point out the
necessity of EPA sources to completely replace fisheries derived oils.

Introduction

Fish oil has been the traditional source of highly unsaturated fatty acids
(HUFA) in fish diets, essential nutrients for marine aquaculture species.
Complete replacement of fish oil by vegetable oils, may cause unwanted
secondary effects in fish health (Montero et al., 2003) and flesh quality
(Izquierdo, 2005) due to the lack of HUFA, such as docosahexaenoic acid
(DHA; 22:6 n-3), in plant oils. Thus, the essential HUFA must be included
in aquafeeds in order to ensure the production and nutritional quality of
farmed fish. Fermentation technology permits us to step back in the food
chain and produce alternative HUFA from microalgae through their het-
erotrophic cultivation. DHA 1is heterothrophically produced in high con-
centrations by the dinoflagelate Crypthecodinium cohnii and by the thraus-
tochytrid Schizochytrium sp. Their cultivation is carried out under controlled
sterile conditions where lipid accumulation can be tailored (de Swaaf et al.,
2003; Ganuza and Izquierdo, 2007). Therefore, these microalgae can supply a
constant-quality product for aquafeeds that is not limited by nature. Despite
that single cell heterotrophs have been successfully used as nutritional en-
richment (Harel et al., 2002), these HUFA sources seem also very promising
as fish oil replacers in aquafeeds (Carter et al., 2003; Miller et al., 2007). In
particular, fish oil substitution by Crypthecodinium cohnii in early weaning
diets for gilthead seabream (Sparus aurata) improved fish survival as well as
growth performance, in agreement with a higher proportion of DHA in diets

and in total lipids of fish (Atalah et al., 2007).

Indeed, although it has recently been found that the expression of genes
involved in synthesis of these fatty acids is regulated by dietary lipids (Izquierdo
et al., 2007), Sparus aurata requires the inclusion of HUFA. HUFA require-
ments are particularly critical during the early life stages, as fish larvae need
to maintain a fast growth (Izquierdo, 2005). Besides, larvae have a particu-
larly high specific requirement for DHA, which is incorporated into visual and
neural tissues (Mourente, 2003). A DHA deficiency in seabream is related
to low growth and survival (Izquierdo, 1996), impaired predator behavior
(Benitez-Santana et al., 2007), skeletal deformities (Cahu et al., 2003) and
immune-suppression (Montero et al., 2004). Hence, seabream larvae consti-
tute an excellent nutritional model to study the dietary substitution of fish
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oil by DHA-containing single cell heterotrophs.

The aim of the present study was to evaluate the potential of Cryptheco-
dinium cohnii and Schizochytrium G13/2S to replace fisheries-derived lipids
as a source of DHA in seabream microdiets. This work, which includes the
production of alternative single cell sources, is proposed as a first step towards
the implementation of sustainable diets that could contribute to maintain a
renewable aquaculture supply, independent from fisheries resources.

Materials and Methods

Single cell heterotrophs The algae biomass was cultivated in a 10 [
fermenter (Bioflo 3000, New Brunswick). C. cohnii ATCC 50060 biomass
was produced according to the ethanol fed-batch method (de Swaaf et al.,
2003). Schizochytrium G13/2S (BNA 40-004), was produced according to
the NH, /pH-auxostat method (Ganuza et al., in press). Both algal biomasses
were harvested at the stationary phase of the culture by centrifugation (3,000
g, 5 min, 10°C). The biomass was washed twice with demineralised water
at 3°C in order to eliminate the residual medium.

Experimental microdiets Five microdiets based on squid meal as the
protein source were tested. Fish oil (Trial 1) and also squid meal lipids (Trial
2) from the control diet (F'O) were substituted by Schizochytrium sp. and C.
cohnii freeze-dried biomass, either as whole cell biomass (S, C, respectively)
or homogenised biomass (S, Cy). Homogenisation was attained by a single
pass through a French press (at 10 Kpsi and -20 °C) in order to test the effect
of the cell wall in larval DHA assimilation. All ingredients (Table 8.1) were
pulverized in a Cyclotec 1093 sample mill (Rose Scientific Ltd., Stockholm,
Sweden) and mixed in a mortar. Afterwards, they were mixed with gelatine
dissolved in hot water (80°C). The paste was pelleted with a pipping bag
and dried in an oven at 40 °C for 24 h and then ground in the mill and sieved
to obtain particle size below 200 pum.

In each trial, all experimental diets contained similar amounts of lipids,
proteins (Table 8.1) and DHA (Table 8.2), however algal diets from Trial 2
contained slightly lower protein and lipid contents due to the displacement by
the carbohydrate introduced by the algal biomass supplementation. The con-
trol diet (F'O) in Trials 1 and 2 contained a heterogeneous fatty acid profile
with similar DHA quantities but higher contents of arachidonic acid (ARA;
20:4 n-6) and eicosapentaenoic acid (EPA; 20:5 n-3) than those present in
diets containing algal biomass, which, in turn, showed a high content of oleic
acid (OA; 18:1 n-9) provided by olive oil (Table 8.2). The diets containing
single cell heterotrophs reflected the fatty acid profile of the different algal
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Table 8.1: Formulation and proximate composition of the experimental mi-
crodiets containing single cell heterotrophs.

Trial 1¢ Trial 2°
FO Sy S Cy C FO Sy S Cy C

Ingredients (g 100 g7' of diet)

Sardine oil® 5.5 - - - - 5.5 - - - -
Olive oil - 45 45 45 45 - 53 58 64 64
Squid meal® 745 735 735 73 73 - - - - -
Defatted squid meal® - - - - - 65.8 55.5 53.7 59.6 59.6
Squid lipids® - - - - - 8.7 - - - -
Schizochytrium homogenised biomass (Sy) - 2.5 - - - - 214 - - -
Schizochytrium whole-cell biomass (S) - - 25 - - - - 212 - -
Crypthecodinium homogenised biomass - - - 2 - - - - 156 -
(Cn)

Crypthecodinium whole-cell biomass (C) - - - - 2 - - - - 156
Soybean lecithin 2 2 2 2 2 2 1.8 19 18 18
Attractant/ 3 3 3 3 3 3 27 29 28 28
Vitamin mixture? 6 6 6 6 6 6 53 58 55 5.5
Mineral mixture® 4.5 45 45 45 45 4.5 4 4.3 41 4.1
Taurine 1.5 1.5 15 15 15 1.5 13 14 14 14
Gelatin 3 3 3 3 3 3 2.7 29 28 28
Proximate analysis® (% dry weight)

Crude lipids 18 17 18 18 18 14 14 14 14 14
Crude protein 71 71 7 7171 71 61 62 63 64
Ash 7 7 7 T 7 8 7 7 7 7

@ Fish oil dietary-lipid substitution. °Fish oil and squid meal dietary-lipid substitution. °Agramar S.A.,
Spain. “Rieber & Son, Bergen, Norway. “Obtained after 3 extractions with chloroform. (Kanazawa
et al., 1989). 9The vitamin mixture contained (mg 100 g diet™!): Choline chloride (2965.8), inositol
(1450.9), nicotinic acid (290.16), ascorbyl polyphosphate (180), a-tocopherol (150), p-aminobenzoic acid

(145), calcium panthotenate (101.59), riboflavin (72.53), thiamin HCI (21.77), piridoxyne HCIl (17.28),

menadione (17.28), astaxanthin (5) cholecalciferol (3.65), retinol acetate (0.18), cyanocobalamin (0.03).

h(Teshima et al., 1982). {Mean values (n=3) are quoted in order to include the analytical error.

species. Diets C' and Cy contained higher 14:0 and 18:1 but lower 16:0 than
S and Sy diets. Moreover, Schizochytrium-made diets contained docosapen-
taenoic acid (DPA, 22:5 n-6), a characteristic fatty acid produced by this
organism. The higher DHA: EPA and DHA: ARA ratio of FO diets in com-
parison to algal diets was more autstanding in Trial 2 than in Trial 1 due to
the higher degree of substitution.

Sparus aurata cultures Sixteen (Trial 1) and nineteen (Trial 2) day-
old gilthead seabream (S. aurata) larvae of 5.13 +0.06 mm standard length
(£SEM), 0.1 £0.00 mg dry body weight and 6.03 £0.09 mm, 0.15 £0.003
mg respectively, were manually transferred to 15 fibreglass cylindrical tanks
(1900 larvae tank ') containing 170 [ working volume. UV-sterilized water at
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Table 8.2: Fatty acid composition of rotifers and microdiets containing fish oil
(FO), Schizochytrium sp. homogenised biomass (Sy,) or whole cell biomass

(S) and Crypthecodinium cohnii homogenised biomass (C}) or whole cell
biomass (C).

Fatty acid® Diets from Trial 1° Diets from Trial 2¢

(%) Rotifers | FO Sy S Cy C FO Sy S Cy C
12:0 35.9 nd. nd n.d n.d nd. | 0.6 0.1 0.2 0.5 0.6
14:0 3.3 5.1 1.0 1.4 2.6 3.2 4.6 1.1 3.0 7.4 8.1
15:0 3.1 0.5 0.2 0.2 0.2 0.7 | 09 04 0.2 0.1 n.d
16:0 iso 1.0 nd. n.d. n.d. n.d. n.d. | nd n.d n.d n.d. n.d.
16:0 1.4 246 179 219 174 182 |20.4 349 40.1 26.6 27.2
16:1 n—9 2.5 5.5 04 0.4 0.4 0.5 5.6 0.5 0.5 0.1 0.5
16:1 n-7 15.0 0.3 0.1 0.1 0.1 0.1 0.3 0.2 n.d. n.d n.d.
17:0 0.6 0.8 0.1 0.1 0.1 0.1 1.2 0.1 n.d. n.d. 0.1
16:3 n—4 0.4 0.4 0.1 n.d. 0.3 0.3 1.2 nd. 0.1 0.1 0.1
16:4 n—3 0.4 nd. n.d nd. nd. nd. | 04 n.d. 0.1 n.d. n.d.
16:4 n—1 0.9 0.4 0.4 0.3 0.3 0.3 | nd. n.d. n.d. n.d. n.d.
18:0 1.7 4.2 2.5 2.4 2.8 2.6 4.0 34 24 3.9 3.7
18:1 n-9 20.7 8.0 37.7 362 370 383 |74 287 27.1 34.7 34.4
18:1 n—7 2.7 2.3 1.3 1.3 14 1.5 2.5 n.d. n.d. n.d. 1.0
18:2 n-9 n.d. nd. n.d nd. nd. nd. | nd nd n.d. n.d. n.d.
18:2 n—6 1.5 9.9 7.0 6.6 7.3 7.0 9.2 6.8 5.2 8.0 7.4
18:3 n—6 0.4 0.1 n.d nd. nd. nd. | 2.0 0.1 n.d. n.d. n.d.
18:3 n-3 1.6 0.2 1.0 1.0 1.0 1.0 1.5 0.9 0.7 1.0 0.9
20:0 n.d. 0.2 0.1 0.1 0.1 0.1 0.7 04 0.2 04 0.3
20:1 n-9 2.9 nd. n.d. n.d. n.d. n.d 2.4 0.3 0.2 0.4 0.3
20:3 n-3 0.3 0.9 0.6 0.5 0.5 0.5 0.2 nd. n.d. n.d. n.d.
20:4 n-6 n.d. 3.0 2.2 2.0 2.2 2.2 1.8 0.4 0.2 0.1 0.1
20:4 n-3 0.4 0.5 0.1 0.1 0.1 0.3 1.5 0.2 0.2 n.d n.d.
20:5 n-3 n.d. 9.3 5.8 5.1 5.5 54 1104 1.0 0.5 0.8 0.7
22:1 n-11 1.8 0.5 0.1 0.1 0.2 0.1 0.7 0.1 n.d. 0.3 n.d.
22:5 n-6 n.d. 0.3 1.0 0.9 0.1 0.2 | nd. 3.6 2.7 0.1 n.d.
22:5 n-3 n.d. 1.0 0.3 0.2 0.2 0.2 1.4 0.1 0.1 0.1 0.3
22:6 n-3 n.d. 16.3 182 17.0 16.6 16.2 | 164 15.4 15.2 14.9 14.0
Other FA 14 5.9 2.1 2.3 3.6 0.9 2.6 1.3 1.2 0.6 0.2
Saturates 46.1 35,5 21.8 260 231 249 |325 40.3 46.0 38.8 40.2
Monounsaturated 46.5 17.0 399 383 39.5 409 | 186 29.6 27.8 35.5 36.2
(n —3) HUFA 0.0 27.0 244 224 224 220 |29.7 16.8 16.0 15.8 14.9
(n—3): (n—06) 10:10 | 10:5 104 10:4 10:4 104 | 10:4 106 10:5  10:5  10:5
DHA: EPA 0:0 10:6  10:3 10:3 10:3 10:3 | 10:6 10:1 10:0.3 10:1 10:0.5
DHA: ARA 0:0 102 10:1  10:1 10:1  10:1 |10:1 10:0.3 10:0.1 10:0.1 10:0.1
(n — 3) HUFA: OA 0:21 10:3  10:15 10:16 10:17 10:17 | 10:2 10:17  10:17 10:22 10:23

@ The values (n=1) are quoted in order to include the analytical error. °Fish oil dietary-lipid
substitution.“Fish oil and squid meal-lipid substitution.
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20-22°C was provided at 250-300 ml min~"' into the tank and the overflow
filtered through a 300 mm mesh to remove non-ingested food. Air flow
was maintained constant at 250 ml min~'. During the 12 h photoperiod
(1500 lux) microdiet was manually spread into the surface every 45 min (2
g day™!) and during the first 10 d of the experiment yeast-fed rotifers (1.5
ind. ml~!) were supplied twice, at noon and mid afternoon, in a co-feeding
regime. Larvae were fed during 15 (Trial 1) and 21 (Trial 2) days. The tank
and the water surface were cleaned and siphoned daily. All treatments were
performed in randomly distributed triplicates.

After 7 d of treatment the larvae from Trial 1 were challenged by the par-
asite Amylodinium ocellatum, an algal protozoan (Dinoflagellida) that affects
seabream hatcheries producing white opaque protuberances in skin and gills,
which eventually causes larval mortality. The parasite was inoculated from
previously contaminated nets by locating them in the water reservoir that
flows into the tanks. Parasite affectation was determined by counting the
number of lateral protuberances present in 20 larvae tank 1.

Dietary acceptance was calculated from the micrographs (25 X) of 20
larvae per tank taken at the end of each experiment. The gut area, as well as
the area occupied by the diet was calculated through the transparent larvae
with Image-Pro Plus 6.0 software. Survival was determined by manually
counting live larvae at the beginning and end of each experiment. Larval
resistance to stress was determined at the end of each experiment through
an air-exposure stress test of 20 larvae maintained for 1 min on a scoop net.
Following the stress, larvae were moved to a 2 [ aerated container in which
survival was manually calculated 24 h later. Larval growth was determined
by measuring at the beginning, middle and end of the trial, the standard
length of 20 larvae per tank with a profile projector (Nikon V-12, Nikon co.,
Tokio, Japan). These larvae were then washed in distilled water and dried
in an oven (110°C) until constant weight, in order to measure the mean
larval dry weight. A sample of initial and all surviving larvae were washed
in distilled water, drained and deposited in plastic bags and stored at -80°C
until proximal composition analysis.

Biochemical analyses Dietary and larval moisture, protein and lipid con-
tent were determined according to the Association of Official Analytical
Chemists (AOAC) described methods (A.O.A.C., 1995). Fatty acid methyl
esters were obtained by transesterification with 1 % sulphuric acid in methanol
(Christie, 2003) and then separated by gas chromatography (GC; Thermo
Finnigan) with He as a carrier gas using a fused silica, carbowax 20M, 30 m
x 0.32 mm i.d. (df = 0.27 m) column (Supelco, Bellefonte, USA). The initial
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temperature of the column was set to 170 °C for 10 min, then it was raised to
220°C at 2.5°C min~! and finally maintained at 215 °C for a further 5 min.
The temperature of the injection port and flame-ionisation port was 250 °C.
The peaks in the chromatogram were identified with well-characterised ex-
ternal standards (Sigma).

Statistical analyses Results were compared in Sigmastat 3.5 software.
One-way ANOVA and Tukey test for multiple mean comparison were applied
after passing normality and equal variance test. When variances were not
homogeneous, means were compared by Kruskal-Wallis test. Significance was
accepted at probabilities of 0.05 or less.

Results

Single cell heterotrophs The fermentation time of Schizochytrium G13/2S
was shorter (49 h) than that of C. cohnii (192 h). According to the fast
growth observed in Schizochytrium sp., the overall DHA productivities were
125 mg DHA [=! h~!, while C. cohnii produced only 56 mg DHA [~ b1,
Probably as a consequence of the fast growth, Schizochytrium G3/2S showed
a lesser incidence of unwanted microbial contamination than occurred in var-
ious C. cohnii fermentations that were subsequently discarded.

Sparus aurata performance All diets were equally well accepted by
larvae regardless of the DHA source employed. Only during the parasite
infection in Trial 1, a decrease in the ingestion of all diets was found in
terms of % of gut area occupied by the diet (9.5 +£1.3 %), in comparison
to the healthy larvae from Trial 2 (46.8 +3.2 %) that were bigger with 40
day of development. The overall larval survival and the survival to the air
exposure stress test in Trial 1 was not affected by dietary inclusion of algal
biomass (Figure 8.1). However, in Trial 2, complete dietary lipids substitu-
tion by the algal biomass significantly decreased overall survival and survival
to air exposure stress test in comparison to the larvae fed FO diet. There
were no significant differences between the performance of larvae fed with
Schizochytrium sp. and C. cohnii, either homogenised or non homogenized,
except for a slightly lower, but significant survival in larvae fed homogenized
Schizochytrium sp. in Trial 2. Fish oil substitution by the algal biomass in
Trial 1 did not significantly affect growth (standard length and total body
weight) of S. aurata (Figure 8.2). However, in Trial 2, complete substitution
of dietary lipids in algal diets markedly reduced larval growth in compari-
son with FO diet. Nine days after challenging larvae from Trial 1 to the
ectoparasite A. ocellatum, the characteristic white nodules were observed on
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the surface of the seabream larvae. There were no significant differences in
the parasite incidence between the dietary sources, the average count on the
larvae lateral body surface remaining 18 £2 nodules larvae ™.

The larvae protein and lipid contents were not affected (P>0.05) by di-
etary treatments, being respectively 78.5 &+ 0.7 and 15 + 0.2 % dry weight in
Trial 1 and 72 +1 % and 21 +0.4 % in Trial 2. The DHA content in larvae
was similar in all treatments regardless of the lipid source (fish oil or algae
biomass) and of the processing of algal biomass employed (homogenised or
non homogenised) (Table 8.3). However, the fatty acid profile did reflect that
of the lipid sources employed. Thus, profiles of F'O fed larvae showed more
peaks than those from algal diets. F'O larvae contained less OA but higher
EPA than larvae fed with algal biomass, reflecting the lower EPA content in
microbial sources. Accordingly, a major difference in fatty acid composition
of larvae fed with algal diets was the higher DHA: EPA ratio.This was espe-
cially significant in Trial 2, in relation with a lower dietary DHA:EPA ratio
in Trial 2 (complete lipid substitution) than in Trial 1. Although ARA was
initially present in low quantities in the algal diets, the larval content of this
fatty acid was not affected by inclusion of algal biomass in Trial 1. In Trial
2, in comparison with F'O larvae, ARA content was significantly lower in C.
cohnii-fed larvae, but higher in those fed Schizochytrium, coinciding with the
incorporation of the characteristic 22:5 n-6. The n-3/n-6 ratio in diets was
lower than in larval body in all Trials.

Discussion

Two single cell heterotrophic strains were tested as dietary lipid sources
for larval seabream, due to their capacity to produce DHA, an essential fatty
acid frequently obtained from fish oil. The cultures of both Schizochytrium
G13/2S and C. cohnii ATCC 50060 were previously optimised through the
implementation of several medium and fermentation technologies (de Swaaf
et al., 2003; Ganuza et al., in press). In the present study, the fermentation
of Schizochytrium sp. was more stable and productive than fermentation
of C. cohnii. The whole-cell biomass produced by these heterotrophs was
high in DHA and low in carbohydrate and ash. These characteristics en-
courage their utilization in fish diets, enabling manipulation of the dietary
fatty acid content according to the particular nutritional requirements of
each fish species. Taking into account that the bulk fish oil contains higher
levels of EPA than DHA, single cell heterotroph enrichment might be very
advantageous in certain aquaculture applications with higher requirements
for DHA. For instance, fish larvae possess higher specific requirements for
DHA (Izquierdo, 1996), which is difficult to concentrate from fish oil due to
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Figure 8.1: Overall survival and air-exposure stress test survival of Sparus
aurata larvae fed with microdiets containing alternative DHA sources: either
Schizochytrium G13/2S homogenised biomass (S), whole cell biomass (.5),
Crypthecodinium cohnii homogenised biomass (C},) or whole cell biomass (C')
were used as DHA substitute to fisheries-derived lipids. In Trial 1 (from 16
to 31 day post hatch) the lipids provided by fish oil in control diet (F'O) were
fully replaced, while in Trial 2 (from 19 to 40 day post hatch) both the lipids
provided by fish oil and the lipids from the protein source were fully replaced.
Each column represents the average (n=3) of three replicate cultures quoted
with the correspondent error bars (£ SEM). Columns containing different
letters are significantly different (P<0.05).
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Figure 8.2: Growth of Sparus aurata larvae fed with microdiets containing
alternative DHA sources according to Figure 8.1 methodology.
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Table 8.3: Fatty acid composition of Sparus aurata larvae fed with microdiets
containing fish oil (FO), Schizochytrium sp. homogenised biomass (S;) or
whole cell biomass (S) and Crypthecodinium cohnii homogenised biomass
(Ch) or whole cell biomass (C).

Fatty acid® Larvae from Trial 1° Larvae from Trial 2¢

(%) Initial  FO Su S Cy C | Initial FO Sy S Cu C
12:0 n.d nd. nd n.d nd nd. n.d 0.3 1.3 0.6 0.6 0.5
14:0 0.6 n.d. 0.1 0.0 0.1 0.6 0.8 14 1.2 1.3 1.4 1.7
15:0 0.6 0.0 0.3 0.3 0.5 0.8 0.4 04 0.6 0.6 0.4 0.3
16:0 iso 0.7 0.7 0.4 0.4 0.5 0.5 0.6 0.4 0.1 0.4 0.4 0.0
16:0 15.8 26.2 218 237 231 215 11.3 211 171 194 15.0 16.1
16:1 n-9 6.3 4.6 3.8 3.0 3.7 3.4 4.8 3.1 1.7 0.9 0.9 10.9
16:1 n-7 0.9 0.5 0.5 0.4 0.5 0.5 0.6 0.4 0.9 1.2 1.3 1.3
17:0 0.3 0.7 0.5 0.3 0.7 0.4 1.2 0.6 0.4 0.8 0.5 0.4
16:3 n-4 0.9 0.9 0.6 0.6 0.4 0.4 0.9 0.5 0.5 0.3 0.7 0.8
16:4 n-3 0.1 1.0 0.5 0.4 0.6 0.7 0.6 0.4 0.2 0.5 0.7 0.6
16:4 n-1 0.5 0.4 0.5 0.4 0.4 0.3 n.d. nd. nd nd  nd n.d.
18:0 10.4 106 104 94 10.0 9.3 8.3 8.6 7.1 7.8 6.6 7.0
18:1 n—9 15.9¢  12.8° 24.9® 255° 228" 24.4b | 13.9¢ 8.7 18.6° 18.7¢ 232¢ 2257
18:1 n-7 3.8 3.7 3.7 3.1 3.4 3.0 4.5 2.7 2.3 2.0 24 1.9
18:21n-9 1.4 0.8 1.1 0.8 1.0 0.9 1.9 0.2 n.d. 0.1 0.1 n.d.
18:2 n—6 5.0 4.9 3.8 4.2 3.3 4.3 8.7 5.7 5.6 5.5 6.2 6.3
18:3 n-6 0.3 0.1 0.1 0.1 0.2 0.2 0.4 0.2 0.2 0.1 0.2 0.2
18:3 n-3 1.4 0.3 0.1 0.3 0.2 0.3 0.2 0.6 0.9 0.9 0.8 0.9
20:0 0.9 1.6 1.2 1.2 1.1 0.8 3.0 0.3 0.2 0.1 0.1 0.3
20:1 n-9 1.2 0.3 1.0 0.9 1.0 1.7 2.1 1.3 0.7 0.4 0.6 0.8
20:3 n-3 0.2 0.1 0.1 0.1 0.1 0.1 0.4 1.0 0.2 0.3 0.4 0.3
20:4 n-6 1.9¢ 1.3% 1.1% 0.9 0.9 1.0 2.0¢ 1.6° 22¢  1.9° 1.1° 1.2¢
20:4 n-3 0.6 0.1 n.d 0.1 0.1 0.1 0.6 0.3 0.1 0.1 0.1 0.2
20:5 n-3 4.1¢ 449 26°  29° 27t 28 6.1 8.0¢ 2.6 18 26 2.6
22:1n-11 0.3 0.4 0.1 0.4 0.4 0.3 0.2 0.2 0.2 0.1 0.1 0.2
22:5n-6 0.5¢ 0.3¢ 1.0 07 03* 02° n.d. nd.  4.2¢ 449 0.0° 0.2
22:51n-3 1.7 0.7 0.4 0.3 0.3 0.5 2.2 1.9 0.8 0.4 0.8 0.8
22:6 n—-3 15.6% 142 13.9% 14.1° 14.2° 154°| 21.6* 285" 26.3* 28.5° 298" 28.9°
Other FA 8.0 8.4 5.5 5.5 7.8 5.6 3.0 1.5 2.9 1.1 3.0 3.0
Saturated 28.6 39.2 343 350 355 335 249 327 279 305 247 262
Monounsaturated 28.9¢ 227 34.5¢ 33.6° 32.1¢ 33.7¢| 255 16.1° 23.4¢ 22.1¢ 2729 26.4¢
(n —3) HUFA 22.0¢  19.4° 17.0° 17.3° 17.2° 187" | 30.4¢ 38.6° 30.9* 30.8¢ 33.29 32.4¢
(n—3): (n—06) 10:3 10:3  10:3  10:3  10:3  10:3 10:4 10:2 10:4 10:4  10:2 10:2
DHA: EPA 10:3 10:3  10:2  10:2  10:2  10:2 10:3 10:3  10:1  10:1 10:1 10:1
DHA: ARA 10:1 10:1  10:1  10:1  10:1  10:1 10:1 10:1  10:1  10:1 10:0.4 10:04
(n —3) HUFA: OA 10:7 10:7 10:15 10:15 10:13 10:13 10:5 10:2  10:6  10:6 10:7 10:7

@ Each figure represents the average of three replicate cultures containing an error (= SEM) < 10 % of its value.
Different treatments containing a different superscript, in Trial 1 or Trial 2, are significantly different (P<0.05).
n.d.: not detectable.’Fish oil dietary-lipid substitution.°Fish oil and squid meal-lipid substitution.
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the abundance of other polyunsaturated fatty acids.

Inclusion of the two mentioned single cell heterotrophs in S. aurata mi-
crodiets resulted in the larvae attaining the same levels of DHA as those
obtained by feeding fish oil, denoting the high nutritional value of the al-
gae biomass as an alternative source of this fatty acid. Algae biomass, as a
complex source of micro and macronutrients, showed no antigrowth (Francis
et al., 2001) neither a beneficial effect on health (Verschuere et al., 2000;
Rodriguez et al., 2003) above the pure nutritional DHA supplementation ef-
fect. Thus, the inclusion of algal biomass did not affect parasite resistance in
the challenge test, despite the higher mortality described in Atlantic salmon
pre-smolt challenged against Vibrio anguillarum when DHA was completely
substituted in diet by a thraustochytrid (Carter et al., 2003). There were
no differences in the DHA incorporation level attained with whole-cell and
homogenised cell biomass, indicating the adecuate nutritional utilization of
this fatty acid by S. aurata larvae, at this stage of development, even when
the algal cell wall remains intact. If confirmed in other species and stages of
development, these results might have positive implications in the industrial
fermentation since the homogenisation step could be eliminated from the
downstream process. AfFurther advantage of using the DHA rich whole-cell
biomass is the natural encapsulation, since this protects the valuable fatty
acids from exposure to oxidative agents.

The direct inclusion of single cell heterotrophs in microdiets, rather than
the laborious implementation as live prey enrichment, allows a better-defined
study of fish larvae lipid nutrition, without interference of live prey metabolism
to the analysis. Due to the few fatty acids present in microbial lipids used in
this study, fatty acid consumption and deposition were examined through the
complete substitution of dietary fish oil. The single cell biomass containing
microdiets are low in the essential EPA. Although live prey are usually able
to obtain this fatty acid from the oxidation of DHA from microbial sources
(Barclay and Zeller, 1996; Ritar et al., 2004), the S. aurata larvae fed with
algal diets showed a very low incorporation of EPA, indicating that both ox-
idation from DHA or synthesis through A% and A5 desaturation (Tocher and
Ghioni, 1999) to produce EPA was not performing, at least sufficiently, in
this species. Although the n-3 HUFA content attained in the larval body was
appropriate (2.5 % body dry weight), EPA requirements, which at this stage
should be half DHA requirements (Rodriguez et al., 1998), were not fulfilled
in Trial 2 (DHA: EPA 10:1). Due to the role of EPA as one the most im-
portant precursor of eicosanoids, its deficiency in tissue might affect the cell
immune and the stress responses (Ganga et al., 2005, 2006). Therefore, even
when the DHA requirements are fulfilled in the diet, EPA deficiencies could
hamper growth, survival and resistance to stress (Liu et al., 2002) as ob-
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served in Trial 2. Similarly, ARA levels in algal diets were low in the present
study, but this fatty acid was incorporated in larval lipids above the dietary
levels as also described in turbot (Linares and Henderson, 1991). Moreover,
both ARA and DPA contents in larvae fed Schizochytrium-containing diets
were higher than in fish oil or C. cohnii-fed larvae, suggesting that DPA
was retro-converted to ARA by oxidation, either by the rotifers or by the
larvae, as pointed out by Sargent et al. (1997). Thus, beyond the interest of
Schizochytrium as a DHA source, this alga might also contribute indirectly
with ARA. Despite the small quantities in which ARA is usually present in
fish, this is an important precursor of a different family of eicosanoids which
interacts with EPA derivatives regulating the response of many physiolog-
ical processes (Bell and Sargent, 2003), influencing larval growth, survival
(Bessonart et al., 1999) and stress response (Koven et al., 2001; Van Anholt
et al., 2004). Since EPA rather than ARA levels in larval lipids correlated
with the differences in larval performance in Trial 2, the effect of ARA was
probably masked by that of EPA as pointed out by Bessonart et al. (1999).
Therefore, EPA deficiency, along with other factors in the algae-containing
diet in Trial 2, such as differences in the lipid, protein or vitamins contents,
might contribute to the low larval performance in this study.

The optimum DHA:EPA ratio (Rodriguez et al., 1998) can be provided
when only fish oil is substituted in microdiets because the squid meal is
maintained as a source of EPA. Alternatively, use of DHA single cell sources
as live prey enrichment can also provide adequate DHA: EPA ratios, since
both Artemia and rotifers are able to retro-convert the former (Evjemo et al.,
2001; Ritar et al., 2004), thus increasing EPA levels in S. aurata fish larvae
(Koven et al., 2001; Harel et al., 2002). However, fish oil replacement by algal
biomass, despite providing an excellent DHA source for marine fish larvae,
did not allow the complete substitution of fisheries products in larval diets,
due to the low EPA content in larvae, indicating that single cell or other EPA
sources are also required in order to provide larvae with an optimun DHA:
EPA ratio. Microalgae such as Odontella aurita, Monodus subterraneus or
Nitzschia laevis as well as fungi (Mortierella alpina) contain high quantities
of EPA (Wen and Chen, 2005). However, the cultivation of these organisms
must be further developed in order to attain the productivities attained with
DHA-producing Schizochytrium. The capacity to develop heterotrophic tech-
nologies might reduce the production costs from more than US $ 20 kg~! in
phototrophic cultures to less than US $ 5 kg~! (Gladue and Maxey, 1994)
and eventually allow a economically feasible industrial production. Mean-
while, the microalgae assayed here can effectively replace fish oil as a source
of DHA in diets for larvae and also for fingerlings of seabream (Atalah et
al., 2007) and Atlantic salmon parr (Miller et al., 2007). Its implementa-
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tion in less demanding fish feeding stages, such as juveniles or pre-adults,
will depend on the production cost and its competitiveness with fish-based
products.

In conclusion, whole, single cell heterotrophs were effectively used as DHA
sources in S. aurata microdiets. For this purpose, Schizochytrium sp., due to
its fast growth in fermenters and its capacity to increase ARA levels in fish
larvae, is preferred to C. cohnii. Nevertheless, in order to provide larvae with
the optimum DHA: EPA ratio, in the absence of fisheries-derived oils, efforts
must be focused on the feasible production and testing of EPA sources.
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CHAPTER 9

GENERAL CONCLUSIONS

1. As demonstrated under chemostat steady state conditions, lipid accu-
mulation in Schizochytrium sp. can be induced by decreasing nitrogen
source concentration while carbon source is in excess.

2. Schizochytrium sp. accumulates some storage lipids (22 % CDW)
even under carbon growth-limiting conditions, a peculiarity not yet
described in other oleaginous microorganisms. This will respond to a
more sophisticated type of “K-strategy” behavior, instead of the ex-
pected reproductive response.

3. Schizochytrium sp. possesses a growth-associated pattern of lipid ac-
cumulation that confers it the potential to produce docosahexaenoic
acid in continuous culture. Therefore, lipid production is not necessar-
ily a bi-phasic process as usually described for the lipid accumulating
microorganisms.

4. The air supply has no influence in the docosahexaenoic acid (22:6 n-3;
DHA) percentage of the lipids from Crypthecodinium cohnii or Schizo-
chytrium sp., suggesting that this fatty acid might be synthesised by
an alternative Oy-independent route in both organisms.

5. Odd-chain fatty acid production influences DHA accumulation in Schizo-
chytrium and can be restricted by avoiding propionate precursors in the
nitrogen source employed. For this purpose, a defined mineral medium,
containing no sources of propionic acid, was developed for growing this
organism.

6. Optimum DHA productivities in Schizochytrium G13/2S and Crypthe-
codinium cohnii are attained in an ammonium/pH-auxostat and an
ethanol fed-batch systems respectively. The continuous feeding of the
batch culture, responding to the organism requirements (as these sys-
tems are implemented), is an appropriate way of increasing growth in
both organisms. Schizochytrium G13/2S is at least twice more produc-
tive than C. cohnii.
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7. Docosahexaenoic acid incorporation from microbial sources in Sparus
aurata larvae is equivalent to that of the traditional fish oil sources.
Besides, no differences were found between the two microbial species.
Further to that, the homogenisation treatment did not improve assim-
ilation or culture performance in larvae.

8. Docosapentaenoic acid from Schizochytrium sp. can increase the levels
of the essential arachidonic acid in Sparus aurata larvae by retrocon-
version during the culture, after the co-feeding regime.

9. Microbial sources can successfully substitute fish oil in Sparus aurata
microdiets but whole dietary lipid substitution alerts about the EPA
deficiency in larval body. Thus, the present work points out the ne-
cessity of also prospecting EPA sources in order to attempt fish oil
complete substitution.
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CHAPTER 10

SUMMARY

10.1. Summary

This thesis focuses on the development of new microbial sources of do-
cosahexaenoic acid (22:6 n-3; DHA) and their implementation in aquafeeds.
The supply of highly unsaturated fatty acids is one of the major challenges
to be faced by the aquaculture industry, as it still depends on the fish oil
obtained from wild fisheries to produce their feeds. Thus, the aim of the
research is to develop and optimise a sustainable process integrating the pro-
duction of this essential fatty acid from heterotrophic microorganisms and
its implementation in fish microdiets. For this purpose, two marine microal-
gae, Schizochytrium G13/2S (Thraustochytrid) and Crypthecodinium cohnii
(Dinoflagellida), were cultivated in fermenters under controlled conditions.
In order to identify the relevant parameters of the proces for the produc-
tion of DHA, special attention was paid to the study of the lipid accumula-
tion physiology and biochemistry. Accordingly, several cultivation protocols
were developed, analysed and optimised with respect to the production of
biomass, lipid and DHA. The nutritional properties of the algal biomass in
fish diet were investigated in seabream (Sparus aurata) larvae due to their
well known requirements for DHA. The nutritional performance upon fish
oil replacement was evaluated in larvae dietary acceptance, growth, survival,
stress tolerance and disease resistance, paying special attention on the fatty
acid transformations and accumulation within the body.

Chapter 3 describes how Schizochytrium G13/2S, coinciding with its ca-
pacity to store an intracellular nitrogen pool, was able to grow and accumu-
late lipids simultaneously. Under continuous culture, lipid accumulation was
promoted with low nitrogen concentrations while maintaining glucose at sat-
urating levels. In turn, carbon limiting conditions in continuous culture did
not impede lipid accumulation as expected from other oleaginous microor-
ganisms. These characteristics showed that continuous culture, due to the
good DHA productivities, as compared to those obtained in batch culture,
probes encouraging for industrial consideration. In addition, the medium em-
ployed in continuous and fed-batch cultures inhibited the synthesis of 15:0
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and 17:0 fatty acids, on behalf of other fatty acids (Chapter 5). This was as-
sociated to the lack of propionic acid precursors in glutamate or ammonium.
On the other hand, the air supply improved growth and lipid accumulation
in Schizochytrium G13/2S and C. cohnii but DHA proportion in fatty acid
was not affected, suggesting that O, often considered as the limiting nu-
trient in industrial fermentations, is not involved in the desaturation steps
synthesising this fatty acid (Chapter 4). To conclude the microbial work,
various fermentation strategies were developed for both organisms. Finally,
optimum DHA productivities in Schizochytrium G13/2S and C. cohnii were
attained in an ammonium/pH-auxostat (Chapter 6) and an ethanol (Chap-
ter 7) fed-batch systems respectively. Schizochytrium G13/2S was at least
twice productive than C. cohnii.

Chapter 8 focuses on the effect of fish oil replacement by both algae (ei-
ther homogenised or as a whole cell) in microparticulate diets for seabream.
DHA incorporation by larvae was equivalent in all treatments indicating that
microbial oils, even as a whole cell biomass, were good sources of DHA.
Moreover, Schizochytrium provided n-6 docosapentaenoic acid which might
contribute to the increasing levels of the essential arachidonic acid by retro-
conversion. Dietary intake, growth, survival, stress response and disease
resistance were not compromised by the dietary substitution of fish oil, how-
ever, the larvae growth performance decreased when both fish oil and lipids
from the protein source in microdiets were substituted, suggesting that mi-
crobial eicosapentaenoic acid sources should also be implemented.

10.2. Resumen

Esta tesis se centra en el desarrollo de nuevas fuentes microbianas de aci-
do docosahexaendico (22:6 n-3; DHA) y su implementacién en piensos para
acuicultura. El suministro de acidos grasos altamente insaturados es uno de
los grandes retos a los que se enfrenta el sector acuicola, ya que hoy en dia
aun depende del aceite extraido de las pesquerias silvestres para confeccionar
sus piensos. El objetivo de esta investigacion es el de desarrollar y optimizar
un proceso sostenible que integre la produccion de este dcido graso a par-
tir de microorganismos heterétrofos y su implementacion en microdietas para
peces. Con este fin, se cultivaron en fermentadores, bajo condiciones controla-
das, dos microalgas marinas: Schizochytrium G13/2S (Thraustochytrid) and
Crypthecodinium cohnii (Dinoflagellida). Se identificaron los pardmetros mas
relevantes para la produccion de DHA a partir del estudio de la bioquimica
y la fisiologia de la acumulacién lipidica. En consecuencia se desarrollaron,
se analizaron y optimizaron varios protocolos para la produccién de bioma-
sa, lipidos y DHA. Las propiedades nutricionales de la biomasa algal como
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alimento para peces fueron investigadas en las larvas de dorada (Sparus aura-
ta) debido a los altos requerimientos de DHA que éstas poseen. Se evalud la
sustituciéon del aceite de pescado de la dieta en términos de aceptacion, cre-
cimiento, supervivencia, tolerancia al estrés y resistencia a las enfermedades,
siguiendo como modelo la asimilacién y transformacién de los acidos grasos
dentro del cuerpo.

El Capitulo 3 describe cémo el Schizochytrium G13/2S, coincidiendo con
su capacidad para guardar reservas de nitrogeno intracelular, es capaz de cre-
cer y acumular lipidos simultaneamente. En cultivo continuo, bajo saturacion
de glucosa, las bajas concentraciones de la fuente de nitrégeno promueven la
acumulacion de lipidos. Las concentraciones limitantes de carbono, al contra-
rio de lo esperado en otros organismos oleaginosos, permiten la acumulacion
de lipidos. Estas caracteristicas observadas durante el cultivo continuo sugie-
ren, en relacion a las buenas productividades de DHA alcanzadas en com-
paracion al cultivo tipo “batch”, que éste puede ser susceptible de interés
industrial. Ademas, el medio usado durante el cultivo continuo y también
el cultivo “fed-batch” inhiben la sintesis de 15:0 and 17:0 en beneficio del
resto de los acidos grasos presentes en el Schizochytrium. La inhibicién pa-
rece estar relacionada con la ausencia de precursores de acido propiénico en
el 4cido glutdmico y el amonio (Capitulo 5). Por otro lado, el suministro de
aire al cultivo mejoré el crecimiento y la acumulacion de lipidos en Schizo-
chytrium G13/2S 'y C. cohnii pero la proporcién de DHA en los dcidos grasos
se mantuvo constante, sugiriendo que el Oy, considerado el factor limitante
durante las fermentaciones a nivel industrial, no esta implicado en la cadena
de desaturaciones que conforma este acido graso (Capitulo 4). Se desarrolla-
ron varias estrategias de fermentacion para ambos organismos. Finalmente,
las mejores productividades de DHA obtenidas en Schizochytrium G13/2S
y C. cohnii se alcanzaron en un pH-auxostat de amonio (Capitulo 6) y en
un “fed-batch” de etanol (Capitulo 7) respectivamente. El Schizochytrium
G13/2S fue al menos dos veces mas productivo que C. cohnii.

El Capitulo 8 se centra en el efecto de la sustitucién del DHA del aceite de
pescado por las microalgas (tanto homogeneizadas como sin homogeneizar)
en dietas microparticuladas para la dorada. La incorporaciéon del DHA en las
larvas fue equivalente en todos los tratamientos, indicando que las fuentes
microbianas de DHA, sin necesidad de homogeneizacién, son adecuadas para
un correcto aporte de este acido graso a la larva. Ademads, el Schizochytrium
presenta acido n-6 docosapentaen’oico, el cual parece contribuir por retro-
conversion a los niveles del acido araquidénico. La aceptacion de las dietas,
el crecimiento, la supervivencia, la respuesta al estrés y la resistencia a las
enfermendades no se vio afectada por la sustitucion del aceite de pescado
en las microdietas, sin embargo, el crecimiento larvario disminuyé cuando el
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aceite de pescado, asi como los lipidos de la fuente proteica, fueron susti-
tuidos, indicando la necesidad de implementar fuentes microbianas de acido
eicosapentaendico.

10.3. Laburpena

Tesis hau docohexaenoic gantz-azidoaren (22:6 n-3; DHA) sorburu be-
rri baten ikerketan oinarritzen da. Esate baterako mikrobioengandik ekoitzia
eta azken batean arrain pentsuetan erabiltzeko. Gaur egun akuikulturaren
pentsuak arrain olioa edukitzen duenez, sectorearen fio haundientakoa gantz-
azido saturbetegabeen ordezko horniketa dauka. Horretarako ikerketa honen
objektiboa, DHA-gan antolatutako microbioen hazkuntza eta mikrobio ho-
nen arrain nutrizio jarbidea, prozesu berberan baterabiltzea, gehitzea eta
hobetzea da. Mikrobioak fermentadoreetan kontrolatutak hazi ziren, bi itsas
mikroalga erabili ziren: Schizochytrium G13/2S (Thraustochytrid) eta Cry-
pthecodinium cohnii (Dinoflagellida). Mikrobioen DHA-ren ekoitziarentzako
parametro garrantzitsuenak bildu ziren, koipetasun procesuaren biokimika
eta fisiolojiaren ikasbidez. Informazio hauek erabili ziren mikroalgaren bio-
masa, koipetasuna eta DHA eikoizpenaren protokoloak gehitzeko eta obet-
zeko. Urraburuaren (Sparus aurata) larbak ereduz artuz, DHA-rengan behar
haundia daukatenez, mikroalga biomasaren nutrizio ezaugarriak ikertu ziren.
Arrain olioaren ordezko microalgen jarrera saiatu zen. Horretarako, Urrabu-
ruaren pentsuaren onarpena, larven haziketa, biziraupena, estresaren jarrera
eta gaixotasunaren erresistentzia ikertu ziren. Parametro guzti hauek azaldu
ziren larben gantz-azidoen transformazio eta asimilazioari begiraz.

3-arren Kapituloan azaltzen da nolatan Schizochytrium G13/2S, microbio
honen barne nitrogeno erreserba biltzeko ezaugarriarengatik, hazi eta aldibe-
rezko koipetasunari molda daiteke. Kemostatoan, glucosa ase eta nitrogeno
konzentrazio moteletan, koipetasuna bultzatzen dute. Carbon konzentrazio
motelak edo murristutak, beste koipedun microbioen alderantziz, ez dute koi-
petazuna mugatzen. Kemostatoan behatutako ezaugarri ahuek, esate bate-
rako DHA emankortasun onak, “batch”-enaren emankortasunari parekatuta,
ernarazten dute kemostatoaren industrial baliagarritasunaren garrantzia. Ho-
rrez gain, microbioak kemostatoan edo “fed-batch”-en medioan, Schizochy-
trium-en 15:0 and 17:0 gantz-azidoren sintesia eragozten du, beste gantz
azidoen honerako. Badirudi, inhibizio hau propioniko azidoaren faltarengan-
dik sortuta dagoela (5-garren Kapituloa). Bestalde, kultivoaren aireberritzea
Schizochytrium G13/28S eta C. cohnii-ren haziketa eta koipetasuna hobetzen
du. Hala ere, DHA-aren proporzioa ez da aldatzen. Hau adierazten du O,-
ak (aunitz induztrial fermentazioaren mugatzailea) ez duela parte hartzen
gantz azido honen sintesian (4-garren Kapituloa). Fermentazio estrategi be-
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rriak gehitu ziren bi microalgentzako. Azkenik, Schizochytrium G13/2S eta
C. cohnii-en DHA emankortasun hoberenak, amonio“pH-auxostat” batean
(6-garren Kapituloan) eta etanol “fed-batch” batean (7-ren kapituloan) gain-
ditu ziren urrenez urren. Schizochytrium G13/2S izan zen gutzienez bi aldiz
C. cohnii baino DHA-ren emankorrago.

8-garren Kapituloa mikroalgen (homojenizatua edo homojenizatugabea),
arrain olioaren ordezkapenaren ondorioetan oinarritzen da. Naiz eta pentsu
bat edo beste erabili, urraburuaren larben DHA assimilazioa berbera izan
zen. HAu adierazten du: mikrobo DHA-ak, bai homogenizatua bai homo-
genizatugabea, arrain olioaren DHA-aren alternativa bikaina da. Bestalde,
Schizochytrium, n-6 dokosapentaenoic gantz-azidoa daukanez, molekula hau
retrokonversio bidez geitu dezake arakidonik gantz-azidoari. Arrai olioaren
ordezkapena, ez zuen aldatu: urraburuaren pentsuaren onarpena eta larven
hazkundea, biziraupena, estresaren jarrera eta gaixotasunaren erresistentzia.
Ala ere, bai arrain olioa bai pentsuaren lipido guztiak ordezkatu zirenean,
larben haziketa moteldu zen, eicosapentaenoic gantz-azidoaren mikrobio sor-
buruaren garranzia zakontzen.
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CApriTULO 11

Resumen ampliado

11.1. Introduccién general (1)
Los lipidos y su funcion biolégica

Los lipidos constituyen un grupo de compuestos organicos que son inso-
lubles en agua y solubles en solventes organicos. A pesar de que no existe
una definicién estructural que englobe a todos los lipidos, muchos de ellos,
los saponificables, estan constituidos por acidos grasos: una cadena molecu-
lar hidrocarbonada que en uno de sus extremos tiene un grupo carboxilo y
en el otro un grupo metilo (el carbono n u w). La cadena hidrocarbonada
puede estar saturada o insaturada. Los acidos grasos mas frecuentes en los
seres vivos poseen una cadena par de entre 12 y 24 carbonos con entre 0 y 6
insaturaciones o dobles enlaces intercalados por un grupo metilo.

Dado que los lipidos son un grupo de compuestos muy heterogéneo y
variado, existen diferentes clasificaciones. Por ejemplo, en funciéon de su po-
laridad, los lipidos se dividen entre polares y neutros. Los tltimos incluyen
acidos grasos y sus derivados como glicerolipidos, esteroles, ceras y tocofe-
roles, entre otros. Dentro de los lipidos polares se encuentran los glicerofos-
folipidos (también llamados fosfolipidos), glicoglicerolipidos, esfingomielina y
glicoesfingolipidos.

Los acidos grasos poliinsaturados (PUFA) tienen entre 18 y 24 carbonos y
dos o més instauraciones en su cadena alifatica. Los PUFA maés frecuentes en
la naturaleza son: el dcido docosahexaendico (DHA; 22:6 n-3) (Figure 1.1),
docosapentaenéico (DPA; 22:5 n-3 o n-6), eicosapentaendico (EPA; 20:5 n-
3), araquidénico (ARA; 20:4 n-6), ~-linolénico (GLA; 18:3 n-6), a-linolénico
(LNA; 18:3 n-3) y linoléico (LA; 18:2 n-6). Los acidos grasos altamente insa-
turados (HUFA), entre los que se incluyen el DHA, DPA, EPA y ARA, son
PUFA con 20 6 22 atomos de carbono en su cadena alifitica y con 3 6 mas
dobles enlaces.

Los acidos grasos conforman la estructura de las membranas celulares vy,
por lo tanto, estan presentes en todas las formas de vida. Son los responsables
de recibir la informacion y anticipar una respuesta ante cualquier estrés que



Resumen ampliado

perturbe la organizacion intracelular. Los cambios en la composicién de los
acidos grasos pueden alterar radicalmente el funcionamiento de la membrana.
Por lo tanto, su papel no es tan sélo estructural o energético, sino también
funcional, ya que toman parte en diversos procesos como el control de la
permeabilidad y plasticidad de la membrana, la division celular, la formacion
de hormonas o la respuesta inmune.

La fluidez de la membrana depende fuertemente de las condiciones am-
bientales, asi como de su composicién interna. Cualquier variacién ambiental
puede afectar a la fluidez de la membrana, lo que actuarda como receptor
canalizando la respuesta reguladora de la célula (Beney and Gervais, 2001).
La célula puede alterar el contenido en acidos grasos insaturados de los fos-
folipidos de membrana y restablecer asi su fluidez. Debido a la estructura
tridimensional que confieren las instauraciones a la cadena alifatica, las in-
teracciones hidrégeno-hidréogeno entre moléculas adyacentes disminuyen, me-
jorando la fluidez y la insercién proteica en la membrana. Por ello, el indice
de instauracion de FEscherichia coli aumenta al disminuir la temperatura de
cultivo, manteniendo asi una viscosidad 6ptima en la membrana (Nakayama
et al., 1980). El contenido en PUFA mejora la tolerancia al estrés, la supervi-
vencia al calor y al etanol (Peyou-Ndi et al., 2000), la adaptacién osmética a
la salinidad (Khaware et al., 1995) o a la congelacién (Giraud et al., 2000). En
particular, el DHA posee un estructura muy resistente a los cambios de tem-
peratura y presion en la membrana (Rabinovich and Ripatti, 1991) y modula
la disposicion de las cadenas alifaticas, su fluidez, cambio de fase, compre-
sibilidad elastica, permeabilidad, movimientos flip-flop y actividad proteica
(Stillwell and Wassall, 2003). En organismos superiores el DHA, facilita los
rapidos cambios en la conformacion de las proteinas de membrana que estan
asociados a procesos visuales y neuromusculares (Brown, 1994).

Ademas del papel de los fosfolipidos de membrana como medio para la
insercién de los receptores ambientales, canales idnicos y enzimas también
actian como reservorio de mensajeros entre células. Los PUFA actian como
precursores de potentes mediadores bioactivos implicados en la respuesta ce-
lular y en la comunicacién entre células (Kingsella et al., 1990). Estas molécu-
las senalizadoras tienen una gran repercusion en la regulacion de la respuesta
inmune (Calder et al., 2002), la coagulacién, la respuesta inflamatoria y la
homeostasis celular (Calder, 2002), asi como en la transmisién y plasticidad
de la sinapsis, la neuroproteccion y la regulacién del ciclo del sueno (Chen
and Bazan, 2005). El dcido dihomogammalinolénico (DGLA; 20:3n-6, ara-
quidénico (ARA; 20:41-6) y eicosapentaendico (EPA; 20:51-3) se liberan de
los fosfolipidos de membrana mediante la accién de la fosfolipasa A2 (King-
sella et al., 1990). Como acidos grasos libres, compiten por el mismo sitio
activo en la enzima ciclo-oxigenasa y la lipooxigenasa para la produccion
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de sus correspondientes eicosanoides, una serie de hormonas entre las que
se incluyen las prostaglandinas, tromboxanos y leucotrienos, entre otros. De
forma similar, el DHA compite por estas enzimas para producir resolvinas y
protectinas, que también estdn asociadas al control inflamatorio (Hong et al.,
2003; Serhan et al., 2002). Por ello, el perfil de acidos grasos de los fosfolipi-
dos de membrana modula el tipo de respuesta metabdlica del organismo. La
deficiencia de ciertos acidos grasos en la dieta o el desequilibrio entre el ratio
de los acidos grasos de las series n-3/n-6 puede producir estados patolégicos
asociados a la supresion inmune o a procesos inflamatorios tales como: enfer-
medades auto-inmunes, artritis reumatica, la enfermedad de Crohn, cancer
de pecho, de célon, de prostata, enfermedades coronarias, ataques al corazon,
subdesarrollo retinal y cerebral durante la infancia (Connor, 2000), asi como
enfermedades de tipo neuroldgico como la epilepsia y el Alzheimer (Chen and
Bazan, 2005).

Los lipidos neutros se usan también como forma de almacenamiento de
carbono y energia. Estas moléculas hidrofébicas forman agregados en agua
que permiten un empaquetado compacto y eficiente. La energia almacenada
de esta forma 6ptima, estaria disponible para su uso durante el ayuno de la
célula. Muchos organismos, desde los microorganismos oleaginosos o las semi-
llas, hasta peces como el salmoén o la anguila, almacenan glicerolipidos antes
de la reproduccion o cualquier otro proceso ambiental o biolégico adverso.
Los acidos grasos saturados y otros acidos grasos insaturados de menos de 20
carbonos presentes en los glicerolipidos son facilmente (-oxidados en la mito-
condria para la obtencion de la energia metabdlica que se acumula en forma
de ATP. El DHA, sin embargo, es pobre como sustrato para la (-oxidacion

mitocondrial, y generalmente es oxidada en el peroxisoma (Madsen et al.,
1999).

La bioquimica de los lipidos

La sintesis de acidos grasos “de movo” se cataboliza por un complejo en-
zimético llamado acido graso sintetasa (FAS), responsable de la elongacién
de la cadena alifatica. Este proceso se inicia con la condensacion entre ma-
lonato y el acetil co-A mediante el aporte de un ATP y es considerado el
paso limitante de la reaccién. La enzima 3-ketoacil reductasa con un aporte
de NADPH introduce el extremo carboxilo en el Cs. La deshidratacion entre
el C; y el C3 por parte de la encima 3-ketoacil reductasa y una molécula de
NADPH produce un sustrato enoil que a continuacién sera reducido por la
enzima enoil reductasa. En consecuencia la cadena inicial sera alongada en
dos carbonos. Por lo tanto, el acido palmitico es el resultado de una secuen-
cia de siete ciclos de elongacién en el que el FAS utilizara acetil co-A como
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unidad molecular. Este sistema determina la sintesis de los acidos grasos en
la mayoria de los organismos eucariotas. La ruta tradicionalmente aceptada
para la sintesis de PUFA parte del acido palmitico y sus derivados, y requiere
una cascada de reacciones catalizadas por series alternadas de enzimas elon-
gasas y reductasas (Figure 5.1(a)). El 4cido linoléico (LA; 18:2 n-6), el acido
a-linolénico (ALA; 18:3 n-3) y el acido oleico (18:1 n-9) son los precursores
que inician la sintesis de los PUFA de las series n-6, n-3 y n-9, respectiva-
mente. Estos sustratos compiten por la enzima A°®-desaturasa, la primera en
la ruta de sintesis de PUFA. Estas desaturasas se llama “front-end” porque
introducen la instauracion cerca del extremo carboxilo de la cadena alifatica
(A® indica que el doble enlace se introduce a seis carbonos de distancia del
carbono A o carboxilico). Las enzimas elongasas y desaturasas que le siguen
también actuaran cerca del extremo carboxilo de la cadena y, como resul-
tado, la posicién de la primera instauracién se conservara a lo largo de la
ruta, formando las distintas familias de PUFA (n-3, n-6 y n-9). En general,
las enzimas desaturasa tienen mayor afinidad por los sustratos n-6, seguidos
de los n-3 y finalmente n-9. Ya que el LA puede interferir en la conversion
de ALA y disminuir la tasa n-3/n-6, es muy importante el mantener una
tasa adecuada entre las distintas familias de acidos grasos durante la alimen-
tacion. Las desaturasas son enzimas que requieren O, para actuar y en su
mayoria estdn ligadas a las membranas (Klein and Volkmann, 1975; Meyer
and Bolch, 1963). Por tanto, esta ruta es la responsable de la sintesis de los
acidos grasos mas comunes en la naturaleza, a la que tradicionalmente se le
conoce como ruta desaturasa/elongasa y es una ruta aerdbica.

La secuencia de la ruta “desaturasa/elongasa” sugiere que el DHA es,
en tltima instancia, el producto de la A? desaturasa (Qiu et al., 2001). Sin
embargo, esta enzima no ha sido atn aislada en mamiferos. En humanos, el
DHA parece estar sintetizado mediante una extension de la ruta tradicional
que evita la accién de la A*-desaturasase y se denomina “Ruta de Sprecher”
(Sprecher, 2002; Voss et al., 1991). Esta ruta comprende dos elongaciones
consecutivas del EPA y la accién de la A®-desaturasa producirfan el 24:61-3,
que finalemte necesitaria de un ciclo de (-oxidacién en el peroxisoma para
producir el DHA sin mediacién de la A*-desaturasa. Por lo tanto esta ruta
necesitaria de la migracién del 24:6 n-3 desde el reticulo endoplasmético al
peroxisoma para su oxidacién parcial. De forma equivalente, la extension de
la ruta de la serie n-6 produciria el DPA 22:5n-6 a partir del 22:4n-6 y sin la
mediacién de la A*-desaturasa.

La nueva ruta de tipo bacteriano para la sintesis de DHA, la poliquetido
sintasa (PKS), es radicalmente diferente a lo arriba establecido. PKS ha si-
do descrita en algunas bacterias (Shewanella spp. y Moritella marina), y al
menos a un organismo eucariota (Schizochytrium sp.) (Metz et al., 2001). La
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configuracion genética para la sintesis de dcidos grasos que presentan estos
organismos es aparentemente mas sencilla que la tradicional. Mantiene cierto
parecido al sistema FAS responsable de la sintesis del dcido palmitico; sin em-
bargo, en PKS la cadena alifatica se elonga y conserva la insaturacion hasta la
producir HUFA sin la mediacién de las enzimas desaturasas (Figure 5.1(b)).
Durante el ciclo de elongacién, la cadena alifatica no es reducida mediante
la deshidratacion, sino que actiia una isomerasa, convirtiendo la instaura-
cion de su configuracion trans a cis. En consecuencia, las instauraciones se
conservan sin necesidad de las enzimas desaturasas, lo cual supondrian un
costo energético adicional de un NADPH para la reduccién y otro para su
posterior desaturacién. Se trata, por tanto, de una ruta independiente al O,
que introduce las instauraciones con una eficiencia energética mucho mayor
(Ratledge, 2004).

Desde un punto de vista ecoldgico, la sintesis de movo de los PUFA
esta confinada a determinados nichos ecolégicos, principalmente ecosistemas
acuaticos. Los vegetales terrestres ofrecen una fuente alimentaria acidos gra-
sos esenciales de hasta 18-carbonos, pero los vertebrados, entre ellos la ma-
yoria de los peces marinos, tienen una capacidad limitada de convertir estos
acidos grasos a HUFA de cadena mayor (Brenna, 2002). Con pocas excep-
ciones, los productores primarios capaces de sintetizar HUFA de novo estan
restringidos al medio marino. Debido a la importancia bioldgica de estos
acidos grasos,se ha observado que muchas interacciones tréficas estan muy
relacionadas con su presencia (Masuda, 2003). Por ejemplo, los episodios evo-
lutivos del Homo sapiens estan relacionados con los ambientes acuaticos, en
los cuales la presencia de HUFA en dieta ayudo a sostener el desarrollo neu-
ronal (Broadhurst and Wang, 2002; Crawford et al., 1999). Por otro lado,
el flujo de carbono entre productores primarios y consumidores en los eco-
sistemas dulceacuicolas se pudo predecir en funcién del contenido HUFA de
los niveles tréficos (Miiller-Navarra et al., 2004, 2000). En la naturaleza, la
cadena alimentaria provee al pez de la mayoria de los HUFA esenciales que
necesita (Ackman et al., 1964). La acuicultura de peces y crustdceos marinos
depende de los lipidos procesados por la industria pesquera para su alimen-
tacion ya que no es posible cosechar en el océano los productores primarios
(fitoplanton) responsables de la produccién de este nutriente.

Importancia de los HUFA en peces

Los primeros intentos para cultivar larvas de peces marinos con rotiferos
chocaron con las altas mortalidades larvarias asociadas a la deficiencia de
HUFA en la dieta (Watanabe et al., 1983). Durante el desarrollo embrionario
y larvario, antes de que comience la alimentacién externa, los huevos o el saco
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vitelino contribuyen con todos los nutrientes necesarios. Sin embargo, una vez
que comienza la alimentacion externa, el organismo debe sintetizar todos los
compuestos que no son suministrados en la dieta a la velocidad que necesitan
sus nuevos tejidos que en esta etapa experimentan un rapido crecimiento. Por
ello, cuando la larva consume los nutrientes del saco vitelino, las deficiencias
dietéticas de HUFA se manifiestan en altas mortalidades, mal crecimiento
y baja actividad (Izquierdo, 1996, 2005). A la vista de la resistencia que
presentan los huevos, en relacion a otros tejidos, a modificar su composicion
a través de la dieta de los reproductores, se cree que su composicién podria
reflejar los requerimientos nutritivos de los estadios siguientes. De hecho, los
huevos de peces marinos (Sargent et al., 2003), en particular los de la dorada
(Sparus aurata) (Mourente and Odriozola, 1990), contienen altas cantidades
de HUFA en sus fosfolipidos. Ademads, durante el ayuno, las larvas de dorada
tienden a conservar los n-3 HUFA en los fosfolipidos de membrana antes
que otros acidos grasos (Koven et al., 1989) lo cual indica la importancia de
estos nutrientes. Los primeros intentos de éxito en el cultivo de peces marinos
utilizaron emulsiones de aceites de pescado ricos en n-3 HUFA con lecitina
como enriquecedores de presas vivas (Watanabe et al., 1983).

El DHA, EPA y el ARA son acidos grasos esenciales para el crecimiento
y desarrollo adecuado (Watanabe, 1982), asi como para la reproduccion de
peces marinos (Izquierdo et al., 2001). Al contrario que los peces de agua
dulce, los peces marinos tienen una capacidad limitada, casi despreciable
para transformar el LNA a EPA y el LA a ARA (Owen et al., 1975; Tocher
et al., 2003). En la dorada, la tasa de conversién estd principalmente limitada
por la baja actividad de la A®-desaturasa (Tocher and Ghioni, 1999). Por lo
tanto, el pez obtiene los HUFA principalmente a través de la dieta que luego
incorpora selectivamente en sus tejidos. La dieta debe tener unos niveles
optimos de HUFA pero, ademas, los distintos acidos grasos esenciales, con sus
correspondientes funciones metabdlicas, deben ser incluidos en proporciones
adecuadas, las cuales son diferentes para cada especie, estadio del desarrollo e
incluso pueden variar en funcién de las condiciones metabdlicas del organismo
(smoltification) (Sargent and Tacon, 1999).

El estadio larvario en peces marinos tiene requerimientos especificos por
el DHA mayores que en alevines y juveniles. Este dcido graso se incorpora en
el tejido visual y neuronal (Mourente, 2003), que durante el desarrollo consti-
tuye una mayor proporcion del peso corporal que en estadios mas avanzados.
Una dieta deficitaria en DHA esta asociada a la disminucion de la habilidad
de las larvas de arenque para ver y capturar sus presas (Bell et al., 1995), al
retraso en el desarrollo del comportamiento del medregal japonés (Masuda
et al., 1998) y la dorada (Benitez-Santana et al., 2006), a la incidencia de
deformidades esqueléticas en varias especies (Cahu et al., 2003), a la inmu-
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nosupresién (Montero et al., 2004) y a la mala pigmentacién y migracién del
ojo de los peces planos (Bell et al., 2003; Mc Evoy et al., 1998). El DHA
esta considerado superior como acido graso esencial para el crecimiento, la
resistencia al estrés en la dorada japonesa entre otras especies (Watanabe
et al., 1989; Watanabe and Kiron, 1994). Por ello es necesario controlar los
niveles del EPA en dieta, puesto que este acido graso compite con el DHA
y puede desplazar su incorporacién en las membranas celulares. El requeri-
miento de HUFA de las larvas de dorada (Sparus aurata), habitualmente del
1.5% del peso seco (Rodriguez et al., 1998), puede incrementar hasta cuatro
veces su valor ante la preponderancia de EPA sobre DHA (Rodriguez et al.,
1994b). El ratio 6ptimo DHA: EPA en larvas es aproximadamente de 10: 5
(Rodriguez et al., 1994a, 1997) pero en juveniles puede bajar a menos de 10:
10 (Ibeas et al., 1997). En cuanto al ARA, al ser un HUFA menos abundante,
ha recibido menos atencién que otros acidos grasos y, sin embargo, se trata,
junto con el EPA (Ganga et al., 2006), de uno de los mas importantes precur-
sores de eicosanoides. La implementaciéon de ARA en la dieta contribuye a
mejorar la respuesta al estrés y la supervivencia en larvas de dorada (Besso-
nart et al., 1999; Van Anholt et al., 2004), aunque estas mejoras no siempre
son observables debido a la influencia del ratio DHA:EPA en la dieta (Ibeas
et al., 1997; Robin and Peron, 2004) u otros factores.

Los distintos niveles de interaccion entre los acidos grasos esenciales de-
ben ser considerados a la hora de definir las necesidades dietéticas de las
distintas especies. La primera interaccién competitiva entre los dcidos grasos
de la dieta ocurre a nivel digestivo. La lipasa activada de sal biliar (BAL) en
la dorada japonesa (Pargus major) tiene una mayor afinidad por el EPA y el
ARA que por el DHA de la dieta (Iijima et al., 1998). Durante la absorcién y
el transporte, los fosfolipidos de la microdietas mejoran la incorporacién de
n-3 HUFA (en particular del DHA) en los lipidos polares de la dorada (Sal-
hi et al., 1995). Las acilasas y transacilasas, son responsables de esterificar
los acidos grasos a los distintos fosfolipidos y tienen diferentes afinidades en
funcion del acido graso que esterifiquen, interfiriendo asi en el transporte e
incorporacién a los tejidos. Por ejemplo, el ARA esta principalmente asocia-
do a la segunda posicién del glicerol del fosfatidilinositol (PI), mientras que
el DHA se encuentra en la segunda posicién de la fosfatidilcolina (PC) y la
fosfatidiletanolamina (PE) (Sargent et al., 2003). E1 DHA en la dieta compi-
te con el EPA por la segunda posicién del PE, por lo tanto un ratio alto de
DHA/EPA en la dieta aumenta la esterificaciéon del DHA al PE mejorando el
crecimiento de la dorada (Izquierdo et al., 2000). Ademés, el metabolismo de
sintesis y catélisis de los HUFA puede seleccionar y modificar el perfil inicial
que dieta induzca en el organismo. Generalmente, las enzimas desaturasa y
elongasa se estimulan con su sustrato y se inhiben con su producto. Como
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indicdbamos anteriormente, la tasa de conversién de n-3 y n-6 PUFA a HUFA
de cadena mas larga esta limitada por la baja actividad de ciertas enzimas
de la ruta, tanto la A®-desaturasa como la Cig a Coy elongasa (Tocher et al.,
2003). Por tanto, no solo el balance entre los precursores de las series n-3 y
n-6, LA y ALA puede alterar la proporcién de los HUFA (y sus derivados bio-
activos) sino que, de acuerdo con la ruta de “Sprecher”, descrita al menos en
la trucha arcoiris (Buzzi et al., 1997), tanto el LA y ALA, como el 24:41-6 o
el 24:511-3 podrian ser sustratos en competencia por la misma AS-desaturasa.
Si bien se desconoce si actia la misma enzima en Cig y Coy, esta posibilidad
sugiere interacciones aun mas complejas entre acidos grasos. Por otro lado,
los HUFA son oxidados en menor porporcion que los acidos grasos satura-
dos o monoinsaturados, y se conservarian gracias al catabolismo diferencial.
Igualmente, la oxidacién diferencial de los distintos HUFA puede alterar su
proporcion en los tejidos. Por ejemplo, los lipidos del atin tienen una mayor
concentracion de DHA que de EPA en respuesta al catabolismo preferencial
del EPA frente al DHA (el cual se oxida en el peroxisoma) (Sargent et al.,
2003). Por tltimo, existe otro tipo de competicién entre los HUFA a nivel
fisioldgico por la liberacién de eicosanoides. E1 ARA y el EPA son sustratos
de las lipoxigenasas que catalizan la produccién de leucotrienos de las series
4 v 5 y de la ciclooxigenasa que cataliza la produccion de prostaglandinas
de la 2 y 3 series respectivamente (Kingsella et al., 1990). Las moléculas
senalizadoras compiten por los mismos receptores celulares, pudiendo dar
respuestas antagonistas en funcién del dcido graso del que derivan (Whelan,
1996). Aunque habitualmente el ARA se encuentra presente en menor pro-
porcion que el EPA, el ARA posee una mayor afinidad por la ciclooxygenasa.
El EPA en cambio tiene mayor afinidad por la lipooxigenasa. La respuesta
fisiolégica estara en ultima instancia determinada por los niveles relativos de
ambos acidos grasos en el PI. Debido al caracter complejo de las interacciones
entre HUFA y a la posibilidad de interferencia competitiva entre ambos, la
proporcién en la que los tres principales acidos grasos esenciales deben estar
presentes en la dieta deberia ser definida en ratios conjuntos ademés de en
valores absolutos (Izquierdo, 1996; Sargent and Tacon, 1999; Izquierdo et al.,
2000).

Importancia de los HUFA en la salud humana

Los &cidos linoléico (LA, 18:20-6) y a-linolénico (ALA, 18:3n-3) son con-
siderados esenciales (EFA) para la mayorfa de los vertebrados terrestres, ya
que no pueden sintetizarlos de novo. Sin embargo su deficiencia en las dietas
de los paises industrializados no es comiin, ya que estos acidos grasos estan
presentes en muchas de las plantas superiores que forman parte de nuestra
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dieta. Los acidos LA y ALA son precursores de los importantes HUFA | pero
su sintesis a través de las series de elongasas y desaturasas es insuficiente
en ciertos estadios de vida (Burdge and Wootton, 2002; Emken et al., 1994;
Gerster, 1998; James et al., 2003; Nakamura and Nara, 2003). La sintesis de
HUFA depende de la edad, el sexo, la ingesta, la presencia de enfermeda-
des y otros procesos criticos del metabolismo. Por ello, a pesar de que LA
y ALA son esenciales, su presencia no soluciona completamente la deficien-
cia de HUFA que puede reflejarse a largo plazo en una amplia variedad de
problemas de salud (Bistrian, 2003). Dado que HUFA si pueden revertir los
sintomas de deficiencia LA y ALA por retro-conversion a acidos grasos de
cadena menor (Hansen et al., 1986; Sprecher et al., 1995), el DHA, EPA y
ARA son también considerados esenciales para el mantenimiento saludable
de las funciones vitales (Cunnane, 2000).

La ingesta de n-3 PUFA estd asociada a una amplia variedad de be-
neficios para la salud (Simopoulos, 1999). Existen evidencias acerca de la
mejora que producen los n-3 PUFA de la dieta en la prevencién de enferme-
dades cardiovasculares (Lichtenstein, 2003), aterosclerosis (Ristic and Ristic,
2003), diversos canceres asociados a hormonas (Terry et al., 2003), diabetes
(Brenner, 2003) y enfermedades auto-inmunes como la artritis reumatoide
(Cleland et al., 2003; Simopoulos, 2002). En concreto, el DHA esta impli-
cado en la proteccién del tejido neuronal del estrés oxidativo (Yavin et al.,
2002), en el desarrollo de las neuronas (Wainwright, 2002) y la retina (Jeffrey
et al., 2001), la prevencién de la enfermedad bipolar (Rapoport and Bosetti,
2002), hiperactividad (Burgess et al., 2000), esquizofrenia (Kemperman et
al., 2006), depresién (Sontrop and Campbell, 2006) y Alzheimer (Cole et al.,
2005).

Aunque los niveles de HUFA en dieta dependen de los habitos de los di-
ferentes grupos sociales y paises, la ingesta minima recomendada es de al
menos dos comidas basadas en pescado azul por semana y adulto. Asi mismo
se recomienda, independientemente de la cantidad de LA o ALA, la inclu-
siéon de DHA y ARA en las formulas infantiles (FAO/WHO, 1994). La dieta
en los paises occidentales es mas rica en n-6 LA que en n-3 ALA ya que
consumimos més aceites vegetales (n-6) que verduras (n-3) (Kris-Etherton et
al., 2000; Nettleton, 1991; Sanders, 2000). En ausencia de HUFA en la dieta,
el desequilibrio corporal en el ratio n-3/n-6 se conserva, o aumenta median-
te la desaturacién y elongacién hacia los HUFA. Dado que ambas familias
de dcidos grasos son precursores de eicosanoides, su proporcién (n-3/n-6) en
dieta deberia equilibrarse para asegurar una respuesta adecuada del meta-
bolismo. Teniendo en cuenta que la ingesta de n-6 es alta en las sociedades
occidentales, el ratio n-3/n-6 de la dieta deberia ser equilibrado mediante la
ingesta de DHA y EPA de 0.5 g d~! en nifios, 1 g d~! en adultos y 2-4 g d~*
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en pacientes con hiperglicemia o con alto riesgo de enfermedades cardiovas-
culares (Kris-Etherton et al., 2002). De momento, el pescado, incluyendo el
producido por acuicultura, constituye la principal fuente de n-3 HUFA en la
dieta.

El aceite de pescado como fuente de HUFA

Hoy en dia, los aceites vegetales, ricos en acidos grasos n-6, copan la
mayoria del mercado mundial de aceites edibles (O’Mara, 1998). Los lipidos
de origen animal como la manteca o la mantequilla son mas baratos pero no
son considerados tan saludables como los vegetales, ya que tienen muchas
grasas saturadas y muy pocos PUFA. El aceite de pescado es la principal
fuente de n-3 HUFA, en particular EPA y DHA (Nettleton, 1991). La harina
y el aceite de pescado, la fuente tradicional de HUFA para la alimentacion
animal, se obtienen a partir de peces pequenos y grasos como la anchoa, el
capelin y la polaca austral, que son espinosas y menos adecuadas para el
consumo humano.

El aceite de pescado presenta un perfil de acidos grasos complejo y va-
riable. Su calidad depende de la especie, la estacion, el lugar de pesca y su
procesado. Los acidos grasos mas importantes son el DHA y el EPA, que
estan en un ratio de aproximadamente 10: 20. El aceite de soja, debido a s
bajo precio, es tal vez la principal alternativa al aceite de pescado en el mer-
cado pero, al igual que otras fuentes vegetales, carece de HUFA. Por ello, a
pesar de que el aceite de soja es un 40 % mads barato que el aceite de pescado
(2006) (Josupeit, 2006), no resulta tan adecuado desde un punto de vista
nutricional.

Pert es el principal productor mundial de aceite de pescado seguido de
Escandinavia y Chile. Desafortunadamente las pesquerias de anchoveta de la
costa peruana estan muy influenciadas por los eventos climaticos. Durante
el fuerte fenémeno de “El Nino” en 1998, las capturas disminuyeron radi-
calmente y precio del aceite de pescado se incrementé hasta los 750 US $
toneladas™ (Figura 1.3). En condiciones climdticas normales, la produccién
anual de aceite de pescado se ha mantenido constante (1.0-1.7 millones de
toneladas) en las tltimas dos décadas, pero el precio ha ido aumentando gra-
dualmente debido al crecimiento de la demanda. Al inicio del 2006 el precio
del aceite de pescado alcanzé los 750 US $ toneladas™?, el maximo histérico
que se alcanzo en 1998 debido a “El Nino”, ha sido alcanzado hoy debido al
aumento de la demanda de esta material prima. A pesar de que la Organiza-
cién Internacional del Aceite y la Harina de Pescado (IFFO) confia en que el
suministro del aceite de pescado serd suficiente (Shepherd et al., 2005), las
principales pesquerias estan controladas por cuotas pesqueras y por lo tanto
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los stock no tienen capacidad para aumentar las capturas en respuesta a un
previsible aumento de la demanda.

La acuicultura y la ganaderia de cerdos, aves y rumiantes son los princi-
pales sectores de demanda global de harina y aceite de pescado. En concreto,
la acuicultura es en la actualidad el sector alimentario que mayor crecimiento
estd experimentando, y ya produce un 33 % del pescado total consumido por
el hombre. Se prevee que la produccién global de acuicultura subird hasta una
tasa anual del 4.5 % durante los anos 2010-2030 (Brugere and Ridler, 2004).
Se trata, pues, del principal sector responsable del aumento de la demanda
del aceite y harina de pescado (Naylor et al., 2000; Tacon, 2004). Hasta el
momento, la respuesta a este aumento de demanda ha sido aumentar el uso
del aceite de pescado en los piensos para peces y crustiaceos en detrimento
de su uso para ganaderia y fabricacion de margarina. Logicamente el motor
de esta reorganizaciéon de los usos se basa en la optimizacion del valor nutri-
cional de los n-3 HUFA. En vista del aumento inminente de la demanda de
este producto para acuicultura, independientemente de la reorganizacion de
sus usos, se teme que en un futuro no tan lejano la demanda podria exceder
su produccién.

Uno de los principales retos cientificos para con la acuicultura es dar una
solucién sostenible al crecimiento del sector (Naylor et al., 2000). Existen di-
ferentes enfoques para prevenir que el aporte insuficiente de aceite de pescado
pueda llegar a limitar el desarrollo de la acuicultura (Sargent et al., 1999).
En primer lugar, tal y como menciondbamos antes, la reorganizacion del uso
del aceite de pescado ya estd en proceso. El uso en piensos para animales
terrestres esta siendo redirigido hacia la acuicultura de especies marinas y
hacia todo tipo de dietas de inicio que tienen requerimientos de HUFA més
criticos. En segundo lugar, la produccion del aceite de pescado deberia opti-
mizar su procesado y evitar la oxidacion de los HUFA, para mejorar asi su
productividad. En tercer lugar, la sustitucién parcial en piensos del aceite de
pescado por aceites vegetales permitiria aliviar la presion que existe sobre los
HUFA. El grado de sustitucion de la dieta que permite mantener los niveles
de crecimiento, bienestar del pez y calidad final del producto para el consu-
midor se ha definido para varias especies de peces carnivoros (Izquierdo et
al., 2003, 2005; Bell et al., 2005; Ganga et al., 2005). Todas estas medidas
contribuyen, a través de la mejora en la eficiencia de conversién de peces
pelagicos a peces de acuicultura, a disminuir la demanda que existe sobre
el aceite de pescado, mejorando la sostenibilidad de la produccion acuicola.
Con todo, el planteamiento directo y definitivo al problema se encuentra,
mas alla de las soluciones parciales planteadas, en la produccién de fuentes
alternativas de HUFA.
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Aceites unicelulares como fuente de HUFA

Los aceites unicelulares (SCO) o microbianos se extraen de la biomasa
de los microorganismos producidos en cultivos comerciales (Ratledge, 1992).
Este concepto es relativamente reciente en la industria de la biotecnologia,
pero esta ganando interés debido a su capacidad para producir HUFA a es-
cala industrial. Aunque hoy dia el grueso de los HUFA en grandes cantidades
y bajo precio esta en el aceite de pescado, existe un gran interés en el SCO
como sustituto potencial, ya que éste posee numerosas ventajas frente la
fuente tradicional. El aceite de pescado esta constituido por una compleja
amalgama de mas de 40 acidos grasos diferentes cuya proporcién depende
de la especie y la estacién del ano, mientras que el SCO puede producir a
lo largo de todo el ano fuentes més concentradas de un acido graso deter-
minado (Tabla 11.1). Cada uno de estos acidos grasos puede ser purificado
con relativa facilidad ya que no existen otros PUFA tan abundantes. Existen
ciertos aceites de pescado, como el aceite de orbita de atin, que presentan
concentraciones dominantes de un dcido graso en particular (DHA) pero son
escasos y caros (Saito et al., 1997). Ademds, los aceites de pescado presentan
el riesgo de convertirse en vehiculos de contaminantes marinos que, en un
momento dado, se puedan llegar a acumular en los animales de acuicultura
(Hites et al., 2004). Al contrario, los microbios oleaginosos se cultivan en
condiciones controladas (bioreactores), obteniéndose un producto organico
de calidad alimentaria y libre de contaminantes. Por tltimo, la implemen-
tacion del aceite de pescado en alimentos funcionales estd limitada por los
problemas de estabilidad oxidativa que presenta, asi como del caracteristico
olor a pescado, mientras que el SCO posee una mayor estabilidad oxidativa
gracias a los antioxidantes naturales o al empaquetado celular de los HUFA
(Sargent et al., 1997) y carece del olor o el sabor desagradable a pescado.

Los SCO son producidos por organismos oleaginosos, que son aquellos
capaces de producir lipidos en cantidades que justifiquen su consideracién
comercial (Tabla 11.1). Habitualmente este valor es considerado por defini-
cién superior al 20 % del peso seco celular (CDW) (Ratledge, 2002b). Este
valor incluye necesariamente una porcion de lipidos no esenciales o de reserva.
Los lipidos de reserva son acumulados dentro de la célula en triacilglicéridos,
formando gotas de lipidos faciles de extraer en el SCO. Unicamente unos
pocos microorganismos (levaduras, hongos y algas) son capaces de acumular
lipidos entre 20-70 % CDW en funcién de la especie de microbio y las con-
diciones ambientales. El proceso de acumulacion de lipidos ha sido descrito
para los organismos heterotroficos, que hasta el momento representan las
unicas realidades comerciales dentro de los SCO ricos en HUFA (Ratledge,
2002a).
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Cuadro 11.1: Principales 4cidos grasos y productividades (rr4) obtenidas en
diversos organismos oleaginosos considerados como potenciales productores.

Organismo 14:0 16:0 16:1 180 181 182 183 204 20:5 22:5 22:6 TFA
n-6 n6 n3 n6 n3 (mgFAIT'h)

Schizochytrium 13 29 12 1 1 1 - - - 12 36 145°

SR21*

Schizochytrium - - - - - - - - - - 2540 ~417

ATCC20888¢

Thraustochytrium 3 8 - - 16 2 - 3 - - 52 3

aureum?

Ulkenia sp.* 3 30 - 1 - 1 - - - 11 46 -

Crypthecodinium 20 18 2 - 15 04 - - - - 39 53¢

cohnii®

Nitzchia laevis’ 23 33 - - 33 2 1 1 4 - - 10.4

Mortierella alpi- 0.2 6 - 2 4 4 2 70 - - - 549

na 154*

Mucor  circine- 22 - 1 6 40 11 18 - - - - 4.8

loides"

@ (Ratledge, 2004), ®(Yaguchi et al., 1997), ¢(Bailey et al., 2003), ¢(Singh et al., 1996), ¢(de Swaaf et al., 2003),
f(Barclay et al., 1994; Kyle and Gladue, 1993), 9(Higashiyama et al., 1998), "(Ratledge, 2002b), *(Kennedy
et al., 1993)

La lipogénesis generalmente se asocia a la limitacién de un nutriente en
el medio de cultivo, en concreto la fuente de nitrégeno (Gill et al., 1977,
Granger et al., 1993; Ratledge, 2002b). La acumulacién de lipidos se puede
inducir manipulando el ratio entre la concentracion de la fuente carbono y
la de nitrégeno. En cultivo tipo “batch”, este proceso suele ser bifasico. La
primera fase se caracteriza por el rapido crecimiento celular y le sigue una
segunda fase de estrés en la cual el carbono residual se redirige a la produccion
y acumulacion de lipidos. Los eventos a nivel bioquimico que preceden la
acumulacion de lipidos fueron estudiados en detalle y recientemente revisados
por Ratledge (2002b, 2004). Tras el agotamiento del nitrégeno en el medio,
el poco amonio almacenado dentro de la célula en el AMP es secuestrado por
acciéon de la AMP deaminasa. A continuacion, la isocitrato dehidrogenasa
(ICDH), la cual es dependiente del AMP (tinicamente en los organismos
oleaginosos), disminuye su actividad y en consecuencia el citrato se acumula
dentro de la mitocondria para luego liberarse al citosol (Figure 1.4). Desde un
punto de vista bioquimico, la acumulacion de lipidos necesita de la presencia
de la ATP: citrato liasa (ACL) responsable de la disociacién del citrato en
el citosol que provee de acetil-coA, principal componente estructural para
la sintesis de acidos grasos (Ratledge, 2002b). Esta enzima es crucial en la
mayoria de los organismos oleaginosos pero no es la tnica responsable del
proceso de acumulacién de lipidos. La enzima malica es también esencial
para este proceso, puesto que convierte el malato a piruvato, produciendo
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reservas de NADPH que la célula necesita para la sintesis de lipidos. Cada
extension a la cadena alifatica del acido graso requiere de un acetil co-A y
la reduccién de dos moléculas de NADPH. Por ello, tanto la ATP: citrato
liasa como la encima malica son cruciales para el aporte de los componentes
necesarios para la sintesis de lipidos.

Microorganismos productores de DHA

Los microorganismos marinos, bacterias, algas y hongos, son los princi-
pales productores de HUFA en la cadena alimentaria del mar. Teniendo en
cuenta la amplisima biodiversidad microbiana de los océanos (Sogin et al.,
2006) y el amplio porcentaje de especies que atin no han sido descritas (Col-
well, 1997), los microorganismos marinos constituyen una buena fuente para
la identificacion y seleccién de productores potenciales de SCO. El DHA es un
producto de alto valor anadido que tiene un buen potencial en biotecnologia
dado que no se puede producir de forma més barata por plantas terrestres.
Las bacterias, aparentemente, no son adecuadas para la produccion del DHA;
no son capaces de acumular altas cantidades de triacilglicéridos y la presencia
de acidos grasos poco frecuentes, ausentes en los alimentos y piensos, puede
dificultar su posterior utilizaciéon (Ratledge, 2002a). Los hongos del género
Mortierella se cultivan para la obtencién de ARA, sin embargo, las técnicas
de cultivo de hongos no parecen ser las mas apropiadas para la produccién
del DHA, debido a los largos periodos de fermentacién de los organismos
seleccionados y las bajas productividades que de ellos se derivan (Barclay et
al., 1994). Las algas marinas, ampliamente usadas en acuicultura como fue-
tes de HUFA, son capaces de mejorar radicalmente su productividad cuando
son cultivadas en fermentadores (cutivo heterotréfico) en lugar de en culti-
vo clésico fototréfico (Apt and Behrens, 1999; Zaslavskaia et al., 2001). El
apantallamiento luminoso de las células en crecimiento fototrofico limita la
maxima la penetraciéon luminosa y la carga celular que se puede alcanzar
en estos sistemas. Con el aumento del ratio superficie-volumen del medio de
cultivo fototréfico se alcanzan ligeras mejoras en la densidades finales, pero
también complica el escalado de las instalaciones. En consecuencia, el costo
final de produccién de biomasa en cultivo fototréfico al aire libre (US $ 20
kg~') o en fotobioreactores ( > US $ 50 kg~') (Borowitzka, 1997), no es com-
petitivo con la biomasa cultivada en fermentadores de forma heterotrofica (<
US $ 5 kg™ ') (Gladue and Maxey, 1994).

Los microorganismos heterotréficos obtienen la energia necesaria para el
metabolismo de la oxidacién de un sustrato organico. Se cultivan en fermen-
tadores en condiciones estériles, en oscuridad si es necesario, bajo condiciones
ambientales muy controladas (temperatura, O, disuelto, aireacién, agitacion,
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control del pH...). La estabilidad alcanzada en las condiciones de cultivo per-
mite obtener, en una manera reproducible, un crecimiento rapido y una buena
acumulacion de lipidos en el organismo. Bajo condiciones éptimas de culti-
vo, con una adecuada aireacion, ciertos organismos pueden producir hasta
100 g CDW 7! en fermentadores de escala industrial. Estas altas densidades
facilitan su implementacion en un menor espacio y disminuyen el volumen
de cosechado, que en otras circunstancias puede suponer hasta un 33 % del
coste total de produccién (Barclay et al., 1987). Los principales factores que
determinan el coste de produccion del DHA son la escala de cultivo y la
productividad del sistema (mg DHA [=' A~') (Sijtsma et al., 1998). A su
vez la productividad del sistema depende de la tasa de crecimiento del orga-
nismo, de su contenido en lipidos y la proporcién del DHA. El medio o las
condiciones ambientales de cultivo permiten controlar el contenido en lipidos
y el perfil de sus acidos grasos. Por ejemplo, la utilizaciéon de sustratos de
Cq, como el acido acético o el etanol, parece mejorar la formacién de lipi-
dos al ofrecer a la célula precursores mas directos del acetil co-A (Sijtsma
and de Swaaf, 2004). El Oy disuelto del cultivo permite controlar el grado
de insaturacion de los acidos grasos de ciertos organismos que los sintetizan
por medio de la accién de las enzimas desaturasas, dependientes del O,. La
aireacion y la velocidad agitacion del cultivo permite controlar el flujo O, al
medio y asi modelar en Mucor circinelloides la produccion de unos lipidos
con un perfil que imite el del aceite de cacao (Roux et al., 1995). Actual-
mente, existen tres procesos comerciales para su produccién del DHA que
utilizan organismos pertenecientes a los thraustochytridos y dinoflagelados
(Ratledge, 2004).

Los thraustochytridos son organismos marinos, heterétrofos obligados, ca-
paces de desarrollar redes ectopldasmicas muy parecidas a las de los hongos.
Inicialmente fueron clasificados dentro de los ficomicetos (hongos emparen-
tados con las algas) por sus afinidades con los hongos, pero mas adelante se
alinearon dentro del reino cromista (Cavalier-Smith et al., 1994). Sus carac-
teristicas moleculares se encuentran mas cercanas a las algas y forman, junto
con los labyrinthulidos, un filum independiente dentro de las heterocontofitas.
Schizochytrium sp. es un thraustochytrido cuyo contenido en acidos grasos
puede llegar hasta un 78.6 % de su CDW, entre los cuales el DHA represen-
ta un 33.3% (Yaguchi et al., 1997). La productividad final de DHA puede
alcanzar los 150 mg [~ h™!, mientras que otros procesos basados en organis-
mos emparentados con Schizochytrium sostienen unas productividades tan
altas como 417 mg 7' h™' (Bailey et al., 2003). Ademéas del DHA, Schi-
zochytrium sp. produce alrededor de un 10 % de dcido docosapentaen’oico
(22:5 n-6; DPA-6) asi como cantidades variables de dcidos grasos de cadena
impar como el 15:0 y el 17:0. OmegaTech Inc., Boulder, CO, ahora propiedad

149



Resumen ampliado

de Martek Biosciences Corp., produce comercialmente este organismo, pero
los detalles del proceso no estan disponibles al publico. Ulkenia sp., otro th-
raustochytrido, tiene un perfil de lipidos muy parecido al de Schizochytrium
sp. y se produce comercialmente en Nutrinova GmbH, Frankfurt, Alema-
nia. Desafortunadamente, existe muy poca informacion disponible sobre este
organismo.

Crypthecodinium cohnii, inicialmente conocido como Gyrodinium cohnii,
fue aislado a partir de muestras de algas en descomposicién. Este organismo
marino pertenece al orden Dinophyceae y carece de cloroplastos. C. Conhii
puede almacenar hasta un 50% de su peso seco en lipidos que contienen
DHA aproximadamente en un 32% del total de dcidos grasos (TFA) (de
Swaaf et al., 2003). La maxima productividad de DHA referida hasta el
momento para este organismo es de 53 mg [=! h~!. El DHA es practicamente
el unico PUFA presente en este organismo, ya que otros PUFA suman menos
del 1% de TFA. Los exdamenes clinicos del SCO de C. cohnii recibieron
el estatus GRAS (Generally Recognized As Safe) que permite su consumo
directo en humanos, mientras que Schizochytrium sp., con un perfil de lipidos
més complejo, tan sélo posee el estatus GRAS para consumo animal (Ward
and Singh, 2005). Martek Biosciences Corp. tiene la exclusividad para la
produccién de C. cohnii y su implementacion como aditivos principalmente
en formulas infantiles.

Los aceites microbianos estan ganando interés debido a su implementa-
cién como metabolito de uso farmacéutico y principalmente como aditivo
nutracéutico. Los SCO se anaden como alimentos funcionales en productos
de consumo diario como la leche (Franklin et al., 1999) o los huevos (Lewis
et al., 2000). En 2004, Nutrinova y Martek Biosciences absorbieron 19 % del
mercado de omega-3 nutracéutico principalmente debido la implementacion
de aceites microbianos en las férmulas infantiles (FPD, 2006). En acuicultura,
las fuentes microbianas se usan principalmente en cultivo larvario, para cubrir
la gran demanda de este nutriente que existe durante las etapas tempranas
de crecimiento. Al menos dos companias comercializan productos a partir de
estos microbios para el enriquecimiento de las presas vivas, concretamente
Aquafauna Bio-Marine Inc. y Advanced BioNutrition Inc.

Empleo de HUFA microbiano en acuicultura

Las fuentes HUFA derivadas de heterétrofos unicelulares se pueden com-
binar facilmente para obtener el perfil de acidos grasos 6ptimo para el en-
riquecimiento de presas vivas o para su implementacion directa en dietas.
Hasta el momento, la mayoria de estos organismos han sido empleados en la
alimentacion larvaria y sélo a nivel experimental como sustituto del aceite
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de pescado en el grueso de los piensos de engorde para juveniles y adultos.
Las dietas larvarias necesitan de un contenido en HUFA mayor y sus reque-
rimientos nutricionales especificos justifican el uso de una fuente mas cara
pero también mejor controlada de HUFA. El ratio DHA: EPA en la mayoria
de los aceites de pescado es alrededor de 10: 20 mientras que la larva necesita
que las concentraciones de DHA sean dominantes en su dieta. A lo largo del
enriquecimiento el ratio DHA: EPA sigue disminuyendo: Los protocolos de
enriquecimiento se hacen en condiciones de alta aireacion, durante 12-24 h
en las cuales las emulsiones de enriquecimiento son susceptibles a la peroxi-
dacién (Mc Evoy et al., 1995). Por otro lado la Artemia, que contiene algo de
EPA pero nada en absoluto de DHA (Navarro et al., 1993), es capaz de re-
troconvertir el DHA asimilado a EPA (Izquierdo, 1988; Evjemo et al., 2001).
Por lo tanto, es necesario comenzar con un alto ratio inicial de DHA: EPA
del enriquecedor para mantener su calidad nutricional a lo largo del proceso
de enriquecimiento y el consiguiente ayuno o “lavado” de las presas. Ya que
este ratio es habitualmente muy inferior en el aceite de pescado, los micro-
heterétrofos de origen marino, Schizochytrium sp. y C. Cohnii, presentarian
la ventaja al tener un alto contenido de DHA. Su biomasa puede conservar-
se en preparados secos unicelulares y administrarse directamente a la presa.
Este producto ofrece una fuente de lipidos encapsulada y por tanto protegida
de la oxidacion, que puede contener antioxidantes naturales, lipidos polares,
proteinas, asi como micronutrientes. Dado que el EPA se encuentra por de-
bajo del 2% TFA, estos organismos pueden proporcionar y mantener el ratio
DHA: EPA adecuado a lo largo del proceso de enriquecimiento. Ademaés, el
hongo filamentoso Mortierella spp. es una buena fuente de ARA si este fuese
necesario.

La biomasa de estos microheterétrofos fue implementada con éxito como
enriquecimiento de presas vivas para el bacalao atlantico (Gadus morhua)
(Cutts et al., 2006; Park et al., 2006), el eglefino (Melanogrammus aeglefi-
nus) (Blair et al., 2003), la cobia (Rachycentron canadum) (Faulk and Holt,
2005), el striped trumpeter (Latris lineata) (Battaglene et al., 2006), la plati-
ja amarilla (Limanda ferruginea) (Copeman et al., 2002), el fletdn atlantico
(Hippoglossus hippoglossus) (Shields and Irwin, 1998), la lubina estriada (Mo-
rone sazatilis), la lubina europea (Dicentrarchus labraz) y la dorada (Sparus
aurata) (Harel et al., 2002; Koven et al., 2001). El enriquecimiento basado
en Schizochytrium sp. o C. cohnii de la Artemia (Ritar et al., 2004) y de
los rotiferos (Brachionus plicatilis) (Park et al., 2006) aument6 el contenido
de DHA alcanzando un ratio final DHA: EPA adecuado a los requerimientos
larvarios. Las presas vivas, en particular la Artemia, retroconvierte el DHA
a EPA, por lo tanto, a priori, podria no ser necesaria la implementacion de
otros enriquecedores microbianos de EPA. Las larvas de pescado obtienen
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en general mejor crecimiento con los enriquecimientos basados en fuentes de
DHA microbiana debido al alto ratio DHA: EPA que alcanzan las presas
vivas en comparacién con otros enriquecedores comerciales (Battaglene et
al., 2006; Cutts et al., 2006; Harel et al., 2002). Ademas, el enriquecimiento
con productos basados en Schizochytrium, ofrecen DPA-6, el cual también es
parcialmente retroconvertido a ARA por los rotiferos y la Artemia (Barclay
and Zeller, 1996). Esto se refleja generalmente en el aumento del contenido
de ARA y la consiguiente mejora en la supervivencia de la larva (Koven et
al., 2001; Park et al., 2006). Algamac® (producto comercial hecho a base de
Schizochytrium), increment6 la mortalidad de la Artemia debido a una ma-
yor prolifercién bacteriana durante el enriquecimiento, pero ello no afect6 al
cultivo de las larvas (Ritar et al., 2004).

La inclusion de SCO directamente en las dietas microparticuladas de-
beria reducir la pérdida de material asociada al proceso de enriquecimiento
de presas vivas. A pesar de que los criaderos industriales atin dependen de las
presas vivas para su produccion, el desarrollo y la implementacion de unas
microdietas adecuadas podria ofrecer una alimentacion con un mejor control
nutricional, que en definitiva permita obtener una produccién mas predeci-
ble de alevines. La implementacién de Algamac® en microdietas de inicio
para dorada mejoré la incorporacién de DHA en la larva (Robin and Peron,
2004). Ademas, la sustitucién del aceite de pescado en la dieta para alevines
de dorada por la biomasa C. cohnii en un 2 o 4% mejor6 el crecimiento
y la supervivencia (Atalah et al., in press). Por tltimo la inclusién de Th-
raustochytrid ACEM 6063, un organismo emparentado con Schizochytrium,
en dietas hechas con aceite de colza para juveniles de salmén atlantico, no
afectd a la aceptacién, el crecimiento o la funcién inmune de los peces pero
incremento la mortalidad acumulativa tras el trasvase al agua salada o tras
el reto al patégeno Vibrio anguillarum (Carter et al., 2003). Sin embargo,
cuando la sustitucién del aceite de pescado en las dietas de parr de salmén fue
més completa no se observé ningin efecto nocivo (Miller et al., in press). El
subproducto de la biomasa de Mortierella alpina obtenido tras la extraccion
de su aceite, fue incluido en dietas para los reproductores de lubina estriada

(Morone saxatilis) incrementando la tasa de eclosion de sus huevos (Harel et
al., 2002).
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La dorada como modelo para el estudio de la imple-
mentaciéon de organismos heterétrofos como fuente de

HUFA

La dorada (Sparus aurata) es un teledsteo marino (familia Sparidae) que
ha sido tradicionalmente cultivado de modo extensivo en los esteros de la
cuenca mediterrdnea (Ej. Cédiz). Sin embargo, no ha sido hasta los anos
ochenta que este pescado de consumo ha empezado a cultivarse de forma in-
tensiva. Desde entonces, la producciéon mundial de esta especie aumento hasta
las 91 100 toneladas anuales en 2005 segin la Federacion Europea de (FEAP).
Hoy en dia, la produccién piscicola de dorada de acuicultura es la tercera en
volumen tras la produccién de salmén y trucha. Se trata de una industria
consolidada que produce el 92% de toda la dorada vendida en lonja, mien-
tras que el otro 8% corresponde a la dorada de origen extractivo (2003).
Los principales paises productores en el 2005 fueron Grecia (55 %), Espana
(17%), Turquia (17 %) e Ttalia (9 %) (Apromar, 2006).

Las técnicas de cultivo de la dorada estan bien desarrolladas y sus reque-
rimientos nutricionales se usan como modelo para confeccionar piensos para
especies menos desarrolladas como la lubina europea (Dicentrarchus labrax)
o el besugo (Pagrus pagrus). En particular, el metabolismo de los lipidos
estda bien estudiado y sus requerimientos detallados para cada uno de los
estadios de crecimiento. La nutricion larvaria es mas delicada y necesita un
perfil de lipidos muy determinado. Por estos motivos, la dorada se considera
una especie ideal para evaluar el efecto de la inclusién fuentes microbianas
en los piensos en los distintos aspectos de la nutricién de peces.

11.2. Objetivos

A la vista de la importancia de los HUFA, en particular del DHA, para los
peces marinos y de la dependencia que sufre la acuicultura por el suministro
incierto del aceite de pescado como fuente de esos acidos grasos, esta tesis
pretende estudiar la viabilidad de los microorganismos heterétrofos como
alternativa que permita un desarrollo sostenible de la acuicultura. Con este
objetivo y debido a las ventajas anteriormente referidas, se seleccionaron dos
organismos heterotrofos, Schizochytrium sp. y Crypthecodinium cohnii, como
fuentes alternativas de DHA para las larvas de dorada Sparus aurata. Con la
intencion de desarrollar un proceso integrado se definieron varios objetivos
especificos:

1. Estudiar la fisiologia y la bioquimica de la acumulaciéon de lipidos en
Schizochytrium sp. y C. cohnii utilizando distintos sistemas de cultivo,
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variando la composicién del medio y las condiciones de aireacién.

2. Optimizar el sistema de fermentacién de ambos organismos mediante
la implementacion de los parametros y técnicas de cultivo que modulen
la bioquimica de los lipidos y en tultima instancia la acumulacién de

DHA.

3. Determinar el efecto de la sustitucién del aceite de pescado por la bio-
masa de Schizochytrium sp. y C. cohnit en microdietas para dorada,
examinando la ingesta de la dieta y el crecimiento y supervivencia lar-
varia.

4. Comprobar el efecto de ambas algas en la salud larvaria, tanto en la
respuesta al estrés como en la resistencia a enfermedades.

5. Analizar el efecto que tienen ambas algas en el metabolismo de los
lipidos mediante el estudio de la transformacion del perfil de lipidos de
las larvas.

11.3. Materiales y métodos generales (2)

La parte experimental de la tesis fue estructurada en dos grandes bloques
enfocados a la fermentaciéon microbiana y a la nutricién larvaria de peces. El
trabajo de fermentacién se realizé en el Lipid Research Centre, del Depar-
tamento de Ciencias Bioldgicas de la Universidad de Hull (Inglaterra). Los
experimentos sobre nutricién de las larvas de dorada (Sparus aurata) se desa-
rrollaron en las instalaciones de Cultivos Marinos del Grupo de Investigacion
en Acuiculture (ULPGC & ICCM) (Espana). Los detalles de la metodologia
empleada en cada experimento se especifican en el apartado de material y
métodos de cada capitulo.

11.4. Discusion

Discusion 3: La acumulacién de lipidos producidos por
Schizochytrium G13/2S en cultivo continuo.

La acumulacién de lipidos en los microorganismos oleaginosos se induce
mediante la limitaciéon de un nutriente distinto de la fuente de carbono, habi-
tualmente el nitrégeno, (Gill et al., 1977; Ratledge and Wynn, 2002). Durante
el cultivo tipo “batch”, el crecimiento en biomasa (inicialmente pobre en lipi-
dos) cesa, y los lipidos comienzan a acumularse a lo largo de la siguiente fase
lipogénica. Sin embargo, segin se observa en el presente experimento, duran-
te el cultivé tipo “batch”, en presencia de glucosa, Schizochytrium G13/2S
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sintetizé lipidos de reserva durante la fase de crecimiento, indicando que este
organismo presenta un patrén de acumulacion de lipidos diferente del habi-
tualmente observado en los organismos oleaginosos (Ratledge, 2002a). Este
patrén particular también se observé en Cryptococcus terricolus (Boulton
and Ratledge, 1984) y Mortierella alpina LPM301 (Eroshin et al., 2002).
Durante el cultivo en continuo Schizochytrium G13/2S fue capaz de asimi-
lar y también acumular fuentes de nitréogeno del medio, como el glutamato.
Esta capacidad de modificar su composicion interna y almacenar nitrégeno
intracelular permitiria a la célula seguir creciendo después de que el nutrien-
te limitante haya sido absorbido del medio, justificando asi la simultaneidad
entre el crecimiento y la acumulacion de lipidos hallada en ésta célula. A pe-
sar del peculiar patréon de formacion de lipidos, el nitréogeno también indujo
la acumulacion de lipidos en Schizochytrium, confirmando la importancia de
este parametro. El cultivo continuo permitié identificar el nitrégeno como
nutriente limitante, aislando su efecto respecto al de otras variables, inclui-
da la tasa de crecimiento. El crecimiento de las células fue proporcional a
la concentracion de la fuente de nitrégeno en el medio de bombeo y una
concentracién de 2 ¢ glutamato [~! limité la carga del sistema. El aumento
del contenido de acidos grasos, al reducir la concentracion de glutamato, con
una proporcion constante de glucosa, sugiere que la limitacion de la fuente
de nitrégeno es un pardametro determinante para la acumulacién de lipidos
en Schizochytrium G13/2S. Por lo tanto la produccién de DHA puede ser
modulada mediante el control de la fuente de nitrégeno.

En ausencia de una fuente de carbono, los microorganismos oleaginosos
usan sus lipidos de reserva para el crecimiento y el mantenimiento celular.
Por ejemplo, durante el cultivo continuo en condiciones limitantes de car-
bono, Candida 106 redujo su contenido maximo de lipidos hata el 14 % TFA
(Gill et al., 1977). Durante el cultivo tipo “batch” en ausencia de glucosa,
Schizochytrium G13/2S fue capaz de usar sus lipidos de reserva y crecer hasta
que su contenido de lipidos alcanzé tan solo el 10 % del CDW, lo cual indica
que es el minimo constitutivo necesario para crecer. Sin embargo, durante
el cultivo continuo con déficit de glucosa su nivel de lipidos fue de de 22 %.
Este porcentaje no responde unicamente a los lipidos estructurales ya que
las gotas de aceite acumulado eran visibles a través del microscopio. Por lo
tanto, la acumulacién de lipidos durante el cultivo continuo limitado por la
fuente de carbono es una peculiaridad de Schizochytrium que atin no habia
sido descrita en otros organismos oleaginosos.

El grado de instauracion y el perfil de los acidos grasos de los organis-
mos oleaginosos producidos en cultivo continuo se puede modificar variando
la concentracién de las fuentes de carbono y nitrégeno (Gill et al., 1977), el
tipo de sustrato, la tasa de dilucién (Evans and Ratledge, 1983), el Oy disuel-
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Cuadro 11.2: Comparacion del crecimiento, la productividad de biomasa
(repw), productividad de DHA (rppa), la tasa especifica de formacion de
DHA (uppa), conversién a biomasa y la acumulacién de dcidos grasos totales
(TFA) en Schizochytrium G13/2S bajo dos sistemas de cultivo tipo “batch”
y un cultivo tipo continuo.

Tipo de cultivo® Batch Continuo
Tiempo (h) 44 56  Estado de equilibrio
Peso seco celular (CDW) 15  15.7 8
(g17)

repw (g 170 b 0.33 0.27 0.32
rpua (mg DHA [7! h71) 50 46 40
pupra (mgDHA g CDW—1 A7) 34 29 4.9
Conversién (g CDW g=! gluco- 0.39 0.39
se)

TFA (% w/w of CDW) 35 35 30
Residuos de dcidos grasos (% w/w of TFA)

14:0 7 5 4
16:0 33 32 37
18:0 2 2 3
22:5 16 12 10 10
22:6 n-3 43 47 41
Otros Acidos grasos 3 4 5

® El medio de cultivo “batch” y continuo presentan la misma con-
centracién de glucosa (40 g [7!) y de é4cido glutdmico monosédico
(2 g I71). El inéculo del cultivo tipo “batch” fue del 0% v/v y la
tasa de dilucién en el cultivo continuo de 0.04 h~!. Los anélisis se
realizaron de acuerdo a lo establecido en la Tabla 3.1.

to (Roux et al., 1995) y la temperatura (Kendrick and Ratledge, 1992). Sin
embargo, el perfil de lipidos en Schizochytrium G13/2S presenté una fuer-
te preponderancia por el acido palmitico, el DPA y el DHA bajo todas las
condiciones estudiadas (Tablas 3.1-3.2), lo cual indica que la manipulacién
fisiologica del perfil de acidos grasos parece ser mas dificil que en otros or-
ganismos. Aun asi, el cultivo continuo muestra que las concentraciones de
carbono y nitrégeno del medio pueden modificarse para inducir la acumu-
lacién de lipidos durante la fase de crecimiento de Schizochytrium G13/2S,
permitiendo una acumulacién éptima de DHA.
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La produccion de lipidos y otros metabolitos secundarios responde ha-
bitualmente a un patrén bifasico, por lo que el cultivo a nivel industrial
es mayoritariamente de tipo “batch”. Sin embargo, entre los organismos que
son capaces de crecer y acumular lipidos simultaneamente, el cultivo continuo
monofasico puede presentarse como una alternativa adecuada para la produc-
cién de lipidos y DHA. Entre el rango de diluciones aplicado, los 0.04 h~!
coseché las mejores rpy 4. El andlisis detallado entre el cultivo tipo “batch”
y el cultivo continuo (D=0.04 hA~!) utilizando un medio idéntico revela el
potencial de las distintas estrategias de cultivo (Table 11.2). A pesar de que
la rppa del cultivo tipo “batch” (50-46 mg DHA [=! h™!) es aparentemente
superior a la del cultivo continuo de Schizochytrium G13/2S rpya (39 mg
DHA [~! h™1), recalculando este valor para el cultivo tipo “batch”, teniendo
en cuenta un tiempo de reinicio del ciclo de 24 h necesario para volver a
preparar el fermentacién, nos darfa un valor final de 32 mg DHA 7! h=! en
comparacién con los 39 mg DHA (! h~! alcanzados en el cultivo continuo.
Ademas, el proceso de cosechado durante un cultivo continuo (Ej. centrifu-
gacion continua) es mucho maés eficiente que el cosechado de un solo volumen
obtenido tras el final del ciclo “batch”. Dado que la conversion de la glucosa
es similar para ambos tipos de cultivo, y que la cantidad de glucosa en cultivo
continuo puede ajustarse a las necesidades del cultivo continuo, la mejora en
la rpga podria suponer una ventaja econémica en el proceso de fermenta-
cion, destacando asi el potencial del cultivo continuo de Schizochytrium, a
tasas de diluciéon 6ptimas, para la produccion de DHA.

Discusion 4: El efecto de la aireacion en la acumulacion
de lipidos de Schizochytrium G13/2S y Crypthecodi-
nium cohnaiz.

Durante el cultivo de los microorganismos bajo limitacién de O,, dismi-
nuye el reciclaje de los metabolitos secundarios (ej. NADPH), que se realiza
mediante la fosforilacién oxidativa en la cadena de transporte de electrones
(Tsai et al., 1995). El paro metabdlico resultante de la falta de Oy podria
ser responsable del bajo crecimiento observado en los experimentos de Schi-
zochytrium G13/2S y Crypthecodinium cohnii. A su vez, el bajo crecimiento
alcanzado permitiria que otros nutrientes, como el nitrogeno, se conserven
sin utilizar. El nitrégeno que en condiciones limitantes induce la acumu-
lacién de lipidos (Ganuza and Izquierdo, 2007; Ratledge, 2004), en exceso
inhibe su acumulacién, de acuerdo con lo observado en los tratamientos con
baja aireacién. En estas condiciones, la célula utilizaria el poco NADPH dis-
ponible para la sintesis de proteinas dejando una cantidad limitada de esta
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molécula implicada en la sintesis de lipidos (Ratledge, 2004). En consecuen-
cia, podriamos observar que las bajas concentraciones de Oy se relacionan
con la mala acumulacién de lipidos en ambas especies oleaginosas, presu-
miblemente debido a la acumulacion de NADH y nitrégeno. El patron de
acumulacién de lipidos en Candida 107 (TFA) (Hall and Ratledge, 1977) y
Phaffia rhodozyma (astaxantina) bajo distintos niveles de Oy fue muy similar
al observado en el presente experimento (Yamane et al., 1997).

La sintesis de acidos grasos insaturados estd tradicionalmente relacionada
con la actividad de las desaturasas de acidos grasos, que son unas enzimas
dependientes del Oy (Klein and Volkmann, 1975; Moreton, 1988). Esta con-
dicién se refleja en una amplia variedad de levaduras que, en condiciones de
bajo Oy, disminuyen el indice de instauracién de sus dcidos grasos (Roux et
al., 1995; Valero et al., 2001). En el presente experimento, la proporcién de
los acidos grasos poliinsaturados se mantuvo constante bajo las diferentes
condiciones de aireacion, indicando que la actividad de desaturacién no estu-
vo afectada por la limitacion del O,. A pesar de que estas enzimas tienen una
gran afinidad por el Os, incluso en condiciones limitantes de este nutriente
(Meyer and Bolch, 1963; Klein and Volkmann, 1975), la baja aireacién en
C. cohnii disminuy6 la sintesis del dcido oléico (OA; 18:1 n-9), indicando
que la falta de O, inhibié la actividad de la A°-desaturasa. De igual modo,
el aumento de la transferencia del O, con n-dodecano durante la fermenta-
cién de C. cohnii CCMP316, disminuy6 la relacion entre el DHA y el OA
(Lopes da Silva et al., 2006). Por lo tanto, la sintesis de DHA y OA en C.
cohnii parece estar afectada de forma diferente por la aireacién. Sonnenborn
y Kunau (1982) observé que el complejo FAS (dcido graso sintetasa) aislado
a partir del citosol de C. cohnii produjo tan solo dcidos grasos saturados,
indicando que la desaturacién del OA fue probablemente producto de una
desaturasa asociada a la membrana. Por otro lado el uso de precursores ra-
dioactivos demostré que el OA no es un precursor de DHA ya que este HUFA
se sintetiza de movo por una molécula de dos carbonos (Cs), y no a partir
de otros dcidos grasos asimilados del medio (Beach et al., 1974; Henderson
and Mackinlay, 1991). En consecuencia, la biosintesis del OA esta aislada de
la del DHA lo cual ayuda a entender por qué ambos acidos grasos tuvieron
diferentes respuestas a la aireacién durante el cultivo de C. cohnii.

En el presente experimento, el régimen de aireacién no vario la proporcion
de DHA de ninguno de los organismos. Ademés, Schizochytrium G13/2S fue
capaz de sintetizar tanto DHA como DPA en un fermentador en ausencia
casi absoluta de O,. Los resultados obtenidos durante la fermentaciéon anae-
robia estan en concordancia con la nueva ruta de sintesis independiente al
O, (poliketido sintasa; PKS) que aparentemente actia con un menor gasto
energético de NADPH en Schizochytrium (Metz et al., 2001). La sintesis del
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DHA mediante el PKS de tipo anaerdbico también en C. cohnii explicaria
por qué este alga no presenta PUFA de cadena intermedia al DHA y también
por qué, cuando se prolonga la rampa de temperatura del GC, se observa el
largisimo y nada comun acido octacosaoctaenoic (28:8n3), también presente
en algunos thraustochytridos (Van Pelt et al., 1999). De acuerdo con este
planteamiento, se observo que las proporciones del DHA en los lipidos de C.
cohnii no se vio afectada por la presencia de los inhibidores de la A*, AS
(de Swaaf et al., 2003) y A" desaturasa (Henderson et al., 1990). A estas
evidencias en defensa de la sintesis por la ruta PKS tanto en Schizochytrium
sp. como en C. cohnii, el presente estudio contribuye indicando que el DHA
tampoco se vio afectado por la aireacién. Desde el punto de vista del proceso
de fermentacién, los resultados demuestran que la proporcién de DHA en los
acidos grasos no esta directamente afectada por las bajas concentraciones de
O, disuelto que frecuentemente caracteriza la fermentacion a gran escala.

Discusion 5: La restricciéon en los precursores de acido
propionico inhibe la sintesis de acidos grasos de cadena
impar en Schizochytrium G13/2S.

Los 4cidos grasos de cadena impar (OCFA) proceden principalmente de
los organismos procariotas. Los productos lacteos, debido a la actividad bac-
teriana del rumen de la vaca, contienen hasta un 2% de OCFA (Chouinard
et al., 1998; Vlaeminck et al., 2006). Los thraustochytridos, entre los que
se incluye Schizochytrium G13/2S, también son capaces de sintetizar OCFA
(15:0 y 17:0) hasta un 40 % TFA (Wang et al., 2000; Fan et al., 2001). Los
OCFA se acumulan tanto en los lipidos neutros como en los polares, con
especial preferencia por la fosfatidilcolina (Abe et al., in press). Los efectos
fisiologicos de la nutricién de estos acidos grasos son desconocidos, sin embar-
go, en el presente estudio se consiguié disminuir los niveles de los OCFA en
Schizochytrium hasta los alcanzados en los productos lacteos. Por ello, la pro-
duccién de OCFA por este alga no deberia comprometer su valor nutritivo.
Por otro lado, la disminucién en la produccién del 15:0 y el 17:0 aumentd el
contenido de DHA desde el 39 al 45% TFA, que es el principal objetivo de
la producciéon de este aceite microbiano. Por lo tanto, los resultados indican
que, independientemente de sus implicaciones nutricionales, la produccién
tanto de 15:0 como de 17:0 puede disminuir el porcentaje del resto de acidos
grasos, incluyendo el valioso DHA.

La presencia de proteosa de peptona y extracto de levadura en el cultivo
de Thraustochytrium sp. incrementé el % de los OCFA en relacion al ratio
levadura/peptona (Wang et al., 2000). Sin embargo, Schizochytrium sp. cul-
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tivado en un medio con extracto de levadura como unica fuente de nitrégeno
produjo un 40% de OCFA (Fan et al., 2001). En el presente experimento,
la proporcién de los OCFA en los lipidos de Schizochytrium G13/2S au-
mentd con la concentracion de las fuentes de nitrégeno hasta un 11 % TFA.
Al disminuir concentracién de extracto de levadura y peptona de proteosa
disminuy6 el % de OCFA en Schizochytrium sp. indicando que el propionato,
o algunos precursores de este compuesto estan presentes en dichos ingredien-
tes y son utilizados como fuente de carbono. Esta molécula de tres carbonos
(C3) se incorpora a la maquinaria de sintesis de dcidos grasos en lugar de
acetil co-A formando una cadena alifdtica impar (Ingram et al., 1977). En
consecuencia, se observo que la implementacion de fuentes de nitréogeno con-
troladas, carentes de precursores de acido propiénico como el amonio o el
glutamato, disminuyé el contenido de OCFA a un minimo (2 % TFA), el cual
parece ser inherente al metabolismo especifico de este organismo. En resu-
men, el medio de cultivo desarrollado disminuy6 en 5-veces la cantidad de los
OCFA en beneficio del DHA el cual aument6 de 39 a 45 %, demostrando la
plasticidad del perfil de lipidos de Schizochytrium G13/2S. Estos resultados
subrayan la importancia de desarrollar medios completamente definidos que
se ajusten a los requerimientos de cada microbio y proceso.

Discusién 6: Cultivo en altas densidades celulares de
Schizochytrium G13/2S en un sistema “fed-batch” de
amonio controlado en pH-auxostato.

Las especies del género Schizochytrium se producen comercialmente en
cultivo tipo “batch” o “fed-batch”, bajo condiciones limitantes de nitrégeno
(Ratledge, 2002a). En estas condiciones se pueden alcanzar los 200 g peso se-
co [7! (Bailey et al., 2003), sin embargo, en el cultivo a gran escala, debido a
las dificultades que presenta su bombeado y cosechado, las densidades suelen
ser inferiores. Generalmente, la produccion de aceites microbianos comienza
con una serie de fermentadores cada vez de mayor tamano, cuyo objetivo
es el producir rapidamente el maxima concentracion “practica” de biomasa.
A continuacion, en una segunda etapa, toda esta biomasa se transfiere a un
ultimo fermentador, en un medio formulado de forma que el organismo al-
canza condiciones limitantes de nitrogeno e incrementa su carga de lipidos.
Para que la célula acumule lipidos, es necesario que la ausencia de nitrégeno
inhiba la sintesis de nuevas proteinas y, en consecuencia, el flujo de carbono
que proviene de la asimilacion de la glucosa se dirija hacia la sintesis de
acidos grasos. Por ello, hasta este tltimo fermentador, el medio de cultivo
estd disenado de una forma equilibrada, permitiendo que el cultivo alcance el
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maximo crecimiento celular con un contenido habitualmente bajo en lipidos.
El presente estudio se encuadra precisamente en esta primera fase del cultivo.
El sistema aqui implementado permite corregir automéaticamente la concen-
tracion de amonio mediante el control del pH, manteniendo un suministro de
nitrégeno equilibrado.

Los cultivos realizados tanto en matraces como en fermentadores demos-
traron que Schizochytrium G13/2S crece bien con glucosa y amonio. En con-
cordancia con el trabajo de Yaguchi et al. (1997), el amonio (como sal de
tartrato) no resulté téxico a concentraciones de hasta 30 g [~!. En concreto,
se observé que el crecimiento es mayor a concentraciones menores de NH;
(aprox. 1.7 g [7!), indicando que el cultivo “fed-batch” de NH, puede ser 1til
para optimizar la tasa de crecimiento. De hecho, la productividad de biomasa
del “auxostato” (1.3 ¢ CDW [~'h~1) duplicé la productividad obtenida por
Yaguchi y colaboradores en cultivo “fed-batch” (0.53 ¢ CDW [~'h~!). Las
altas concentraciones de glucosa toleradas por el organismo (alrededor de 150
gl™'), serfan insuficientes para alcanzar las densidades 6ptimas (60-80 gl=!)
y el contenido de lipidos maximo (40-45 %) para su produccién comercial,
por lo que se recomienda incluir mas glucosa durante el cultivo.

A pesar de que el objetivo directo del presente estudio, que se realiz6 en
condiciones suficientes de nitrégeno, no fue la acumulacién de lipidos, las altas
tasas de crecimiento obtenidas permitieron alcanzar productividades DHA
dentro del rango descrito por Yaguchi et al. (1997) en condiciones limitantes
de nitrégeno. El contenido de &cidos grasos en el presente experimento fue
del 25 % CDW, muy por encima de lo esperado en condiciones no limitantes
de nitrégeno. Por lo tanto, el cultivo alcanz6 ya en ésta primera fase més
de la mitad del contenido de lipidos presente en la biomasa comercial de
Schizochytrium sp. (Barclay et al., 2005). En consecuencia, una vez que el
fermentador/auxostato haya alcanzado unos 50 ¢ CDW [~! con un 25%
de lipidos, un simple cambio de la solucién alcalina que controla el pH (de
NH,OH a KOH) inducira a la fase acumulacién de lipidos durante la cual
la célula podria aumentar su contenido hasta 45 %. Previsiblemente, durante
esta fase, el aumento de la biomasa se deberia principalmente al aumento del
contenido en lipidos.

El presente cultivo de Schizochytrium utiliza un medio completamente
definido, en el cual las sales marinas habitualmente utilizadas en el cultivo
de estos organismos se sustituyeron por NaCl con el objeto de mantener
la presién osmética adecuada. Asimismo, se omitieron fuentes complejas de
nitrégeno como el extracto de levadura o la proteosa de peptona, evitando
asi fuentes de acido propiénico (ver Capitulo 5). De producirse este acido e
incorporarse en los acidos grasos daria lugar a acidos grasos de cadena impar,
que son producidos por este organismo en cantidad moderada (Shirasaka et
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al., 2005).

En conclusién, el sistema NH,/pH-auxostat se presenta como una técnica
prometedora para la primera fase de produccion de Schizochytrium sp. debido
a su capacidad para mantener un alto crecimiento y producir simultaneamen-
te una cantidad sustancial de lipidos y DHA.

Discusién 7: Produccién de acido docosahexaendico por
Crypthecodinium cohnit cultivado en un sistema “fed-
batch” con etanol.

El etanol es una fuente de carbono prometedora para la produccién de
DHA en C. cohnii. El factor de conversion a biomasa es de unas 2.4 veces
mayor que para el dcido acético (de Swaaf et al., 2003b). Ademas, es relativa-
mente barato y menos corrosivo que el acido acético. Se trata de una molécula
de dos carbonos Csy, precursora directa de la pieza basica para la sintesis de
acidos grasos, el acetil co-A, y por lo tanto se consideran un sustrato ideal
para la produccién de lipidos (Sijtsma and de Swaaf, 2004). En este expe-
rimento, el contenido de acidos grasos fue ligeramente menor del esperado
para sustratos Cy (de Swaaf et al., 2003b), por ello las buenas productivida-
des alcanzadas en esta fermentacion de etanol fueron principalmente debido
al rdpido crecimiento de la cepa empleada y no al aumento al incremento en
el contenido en lipidos o DHA de la célula.

Se cree que C. cohnii tiene una alta demanda por el Os, el cual contribu-
ye, en condiciones limitantes, a disminuir su crecimiento y su contenido en
lipidos (en el Capitulo 4). En cultivos muy poblados, el O, disuelto puede
resultar factor limitante. Légicamente el escalado a fermentadores industria-
les aumentara este problema ya que volimenes mayores ofrecen un menor
coeficiente de transferencia de Oy (KLa) (Cheng, 1998). En este experimento
se us6 un fermentador de 10 [ con la intencién de producir suficiente biomasa
para el trabajo experimental en acuicultura. Durante gran parte de la fer-
mentacién el Oy disuelto se mantuvo por debajo del 5 %, sugiriendo que el O,
podria estar limitando el crecimiento, la produccion de lipidos y de DHA. Sin
embargo, cuando la fermentacion se repitio manteniendo el Oy disuelto por
encima del 30 % de saturacién, no se observé ninguna de las mejoras espe-
radas en el crecimiento o la acumulacion de lipidos. El etanol se consumié a
la misma tasa de alimentacién (2 ml etanol [=' h~1) que en la fermentacién
que no se enriquecio con O,. Estos resultados sugieren que debe haber algin
otro factor limitante en el cultivo.

Se compararon los principales parametros de la presente fermentacién con
el trabajo hecho por de Swaaf et al. (2003) (Tabla 11.3). En su trabajo de
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Cuadro 11.3: Comparacién entre el cultivo tipo “fed-batch” de Crypthecodi-
nium cohnii utilizando acido acético o etanol.

Sustrato anadido

Acido acético Etanol Etanol

Cepa (C. cohnii) ATCC 30772* ATCC 30772¢ ATCC50060
Tiempo de fermentacién (h) 210 200 210
Capacidad del fermentador (1) 2 2 10
Peso seco celular (CDW) (g I71) 59 +3 77 £3 91
cidos fgrasos totales (TFA) (%) 50 1 41 +1 34
DHA (% TFA) 32 £0 33 £0 39
Concentracién de TFA (g ™) 30 £1 31 1 34
Concentracién de DHA (g I71) 9.5 £0.1 10.1 £0.4 12
Conversién a biomasa (g (g substrate)™!) 0.13 0.31 0.31
Productividad de DHA (rpga) 44.5 £0.5 51.4 £2.1 57
Méxima tasa de alimentacién (ml [=! h~1) pH-auxostat 3 2

@ Los datos sobre la cepa ATCC 30772 se obtubieron de de Swaaf et al. (2003); de Swaaf
et al. (2003b) y representa la media de dos fermentaciones. Los distintos pardmetros
fueron calculados para el punto que representa el declive o el final de la fermentacion.

Swaaf utilizé un fermentador menor, de 2 [ de capacidad, con una agitacion
de hasta 1250 rpm y una aireacién de 1 [ min~!. Ademds, se anadié al medio
0.5 g I7! de una solucién enziméatica (Glucanex, Novo Nordisk, Neumatt,
Suiza) con la intencién de reducir la viscosidad del medio y mejorar asi la
transferencia del O,. Las condiciones de oxigenacion del cultivo, incluyendo
el reducido tamano del fermentador que se empleo en la experiencia prime-
ra, pudieron contribuir a mantener el Oy disuelto por encima del 30 % de
saturacion. En nuestro experimento, el Oy disuelto se mantuvo por encima
del 30 % mediante el enriquecimiento del aire con O,. El enriquecimiento no
presenté mejoras en el crecimiento o el contenido en lipidos o DHA respecto
a la fermentacién sin enriquecimiento de O,, sugiriendo que el Oy no era un
factor limitante. En consecuencia la mejora en la rpg4 del presente experi-
mento parece estar protagonizada por la cepa empleada, la ATCC 50060 y
no por a falta de Os.

Estos resultados vienen a confirmar el potencial del método “fed-batch”
de etanol para la produccién de DHA por C. cohnii, mostrando como la cepa
ATCC 50060 alcanza una biomas record de 91 ¢ [=! en 210 h de fermentacién.
Por ello, la rpg4 final (56 mg DHA [~! h~!; utilizando un 10 % inéculo) fue
mayor que la anteriormente descrita para este método. Los préximos esfuerzos
de optimizacion de este sistema de cultivo deberian concentrarse en otros
parametros que el O, disuelto ya que este no fue critico en las condiciones
investigadas.
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Discusion 8: La implementacién como sustitutos del acei-
te de pescado de Crypthecodinium cohnit y Schizochy-
trium sp. en las microdietas para dorada (Sparus aura-
ta).

Se seleccionaron dos cepas de distintas microalgas heterétrofas por su
capacidad de producir DHA, un acido graso esencial que habitualmente se
obtiene del aceite de pescado. Tanto Schizochytrium G13/2S como Crypthe-
codinium cohnii ATCC 50060, fueron previamente analizados y sus respecti-
vos cultivos optimizados mediante la implementacién de diferentes medios y
tecnologias de fermentacién (de Swaaf et al., 2003; Ganuza et al., in press).
Finalmente, la fermentacion de Schizochytrium sp. resulto ser més estable y
productiva que la de C. cohnii. La biomasa producida por ambas microalgas
presenté un alto contenido de DHA y un bajo contenido en carbohidratos
y cenizas. Estas caracteristicas facilitan la manipulacion del perfil de acidos
grasos de la dieta mediante la implementacién con un grado de inclusion mo-
derado de las microalgas. Teniendo en cuenta que la mayoria de los aceites
de pescado presentan mayores niveles de EPA que de DHA, el enriqueci-
miento con DHA puede resultar muy interesante para ciertas aplicaciones en
acuicultura con mayores requerimientos por este acido graso. Por ejemplo,
el cultivo larvario de peces, posee requerimientos especificos hacia el DHA
mayores que los de cualquier otro estadio (Izquierdo, 1996), si bien este dci-
do graso es dificil de concentrar a partir del aceite de pescado debido a la
presencia de otros PUFA durante la purificacion.

La utilizacién de estas microalgas en las microdietas para la dorada (5.
aurata) permitié que las larvas alcanzasen el mismo nivel de DHA que aque-
llas alimentadas con dietas hechas con aceite de pescado, demostrando que
son adecuadas como fuente alternativa de este acido graso. La biomasa mi-
crobiana, como fuente compleja, no solo de DHA sino de otros macro y mi-
cronutrientes, no presenté ningin efecto inhibidor en el crecimiento (Francis
et al., 2001) y tampoco fue beneficioso para la salud (Verschuere et al., 2000;
Rodriguez et al., 2003), mas alld del beneficio nutritivo del DHA. Tampo-
co se observé ningun efecto negativo en su respuesta a la enfermedad como
el descrito en alevines del salmoén atlantico, que tras ser alimentados con
dietas en las que el aceite de pescado se sustituyé por un thraustochytri-
do, se sometié a Vibrio anguillarum (Carter et al., 2003). No se observaron
diferencias en el nivel de incorporacién de DHA alcanzado con la biomasa
homogenizada y sin homogenizar, indicando su buena utilizacion nutritiva de
las larvas de dorada en este estadio de crecimiento. Si se confirmase en otras
especies y estadios de desarrollo, el homogenizado puede ser eliminado del
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proceso de fermentacién. Ademés la biomasa rica en DHA y sin homogenizar
se encuentra naturalmente encapsulada y por tanto mejor protegida contra
la oxidacion.

La inclusién de las microalgas directamente en la dieta en lugar de la la-
boriosa implementacion como enriquecedor en presas vivas, permite estudiar
en detalle la nutriciéon de lipidos, sin interferencia con el metabolismo de las
presas. Gracias al sencillo perfil de lipidos de las microalgas ensayadas en este
trabajo, la deposicién y transformacién de los distintos acidos en la dorada
pudo ser estudiado en detalle mediante la sustitucion completa de los aceites
de pescado. Las microdietas suplementadas con microalgas no presentaron
apenas EPA, un acido graso esencial. A pesar de que las presas vivas son ca-
paces de obtener este acido graso a partir de la oxidacién del DHA y DPA-6
de las algas (Barclay and Zeller, 1996; Ritar et al., 2004), las larvas de S.
aurata no mostraron apenas incorporacién de EPA, indicando que tanto la
oxidacién a partir del DHA como su sintesis mediante la desaturaciéon A° y
A5 (Tocher and Ghioni, 1999) para producir EPA es insuficiente. A pesar
de que el contenido total de n-3 HUFA en larva entera alcanzado fue apro-
piado (2.5% peso seco corporal), los requerimientos de EPA, que deberian
representar la mitad de los requerimientos de DHA (Rodriguez et al., 1998),
no se cubrieron en el Experimento 2 (DHA: EPA 10:1). A la funcién d El
EPA ademas de dotar de fluidez a la membrana en la que se incorpora, actia
como el precursor més importante de eicosanoides, moléculas involucradas
en la respuesta inmune y de estrés de la dorada (Ganga et al., 2005, 2006).
Por ello, incluso cuando los requerimientos de DHA estdn cubiertos en la
dieta, las deficiencias de EPA pueden causar un bajo creciemiento, super-
vivencia y resistencia al estrés (Liu et al., 2002), tal y como se observa en
el Experimento 2. Los niveles de ARA también fueron bajos en el presente
experimento, aunque los niveles alcanzados en larvas fueron mayores a los
ofrecidos por sus dietas, de acuerdo con lo descrito en rodaballo (Linares
and Henderson, 1991). Ademas, tanto el contenido de ARA como el de DPA-
6 de las larvas alimentadas con dietas de Schizochytrium fueron superiores
que aquellas alimentadas con aceite de pescado o C. cohnii, indicando que
el DPA-6 fue retro-convertido a ARA mediante oxidacion de acuerdo con lo
sugerido por Sargent et al. (1997). Por ello, ademds del interés de Schizo-
chytrium como fuente de DHA, este alga podria contribuir indirectamente al
contenido de ARA. A pesar de las pequenas cantidades a las que se encuen-
tra habitualmente el ARA en los peces, es un precursor importante de una
familia diferente de eicosanoides que interactuan con los derivados del EPA
regulando la respuesta de numerosos procesos fisiolégicos (Bell et al., 2003),
controlando el crecimiento y la supervivencia larvaria (Bessonart et al., 1999)
y su respuesta al estrés (Koven et al., 2001; Van Anholt et al., 2004). Da-
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do que fueron los bajos niveles de EPA en larva y no los de ARA los que
coincidieron con los malos resultados obtenidos durante el Experimento 2, el
efecto del ARA estuvo seguramente encubierto por el del EPA; como sugi-
rié (Bessonart et al., 1999). Por ello, la deficiencia de EPA observada, junto
con otros factores asociados a las dietas algales, tales como los fosfolipidos,
las vitaminas, los aminoacidos esenciales y los carbohidratos, asi como el
aceite de vegetal presentes en las dietas implementadas con el alga, pueden
haber causado los malos resultados obtenidos con las microalgas heterétrofas
durante el Experimento 2.

El ratio optimo de DHA: EPA para las larvas puede alcanzarse mediante
la sustitucion del aceite de pescado pero manteniendo la harina, la cual pro-
vee de EPA en sus lipidos. Por otro lado, el enriquecimiento de presas vivas
con la biomasa de algas rica en DHA, permitiria alcanzar los ratios 6ptimos,
ya que la Artemia y los rotiferos son capaces de convertir el DHA a EPA
(Evjemo et al., 2001; Ritar et al., 2004). Diferentes larvas, incluyendo las
de S. aurata, fueron alimentadas usando estas microalgas como enriquecedor
(Koven et al., 2001; Harel et al., 2002). Sin embargo, la sustitucién del aceite
de pescado por la biomasa algal, a pesar de que ofrece una excelente fuente de
DHA, no permite la sustitucién completa de los aceites derivados de la pesca
debido a su bajo contenido en EPA, indicando que se deberian implementar
también fuentes de EPA con el objetivo de obtener un ratio 6ptimo de DHA:
EPA en larvas. Varias microalgas, entre ellas Odontella aurita, Monodus sub-
terraneus o Nitzschia laevis, asi como el hongo (Mortierella alpina) poseen
altas cantidades de EPA (Wen and Chen, 2005), sin embargo, el cultivo de
estos organismos tendria que evolucionar hasta alcancar las productivida-
des alcanzadas con el DHA en Schizochytrium. La posibilidad de desarrollar
tecnologias de cultivo heterotréficas podria disminuir el costo de produccion
desde més de 20 US $ kg~! en cultivo fototrépico a menos de 5 US $ kg~!
(Gladue and Maxey, 1994), permitiendo una produccién industrial factible.
Mientras tanto, estas microalgas ricas en DHA pueden sustituir el aceite de
pescado presente en las microdietas para larvas, y también para alevines de
dorada (Atalah et al., in press) o parr de salmén atlantico (Miller et al., in
press). Su implementacién en estadios nutritivamente menos exigentes, como
los juveniles o adultos, dependerd del coste de produccién de las algas y su
competitividad con respecto a los lipidos derivados del pescado.

En conclusion, la biomasa sin homogenizar de las microalgas heterdtro-
fas pueden emplearse eficientemente como fuentes de DHA en microdietas
para S. aurata. En concreto, se recomienda la implementacion de Schizochy-
trium sp. frente a C. cohnii, debido a su rapido crecimiento y a su capacidad
para aumentar los niveles de ARA en larvas. Con todo, ofrecer a la larva
con un ratio 6ptimo de DHA: EPA en ausencia de aceites derivados de la
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pesca, requeriria desarrollar y experimentar otras fuentes de EPA como las
heterotroéficas.
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