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Abstract

Autotrophic microalgae cultures have been proposed as an alternative source of EPA, a nutritionally important
polyunsaturated fatty acid that plays a key role in the prevention and treatment of several human diseases and
disorders. The technology currently available is however, considered commercially not viable because of the low
degree of control of algae cultures in outdoor open ponds. The use of closed reactors could overcome these limitations
and bring EPA production by microalgae closer to becoming a reality. In this study, we have demonstrated the
feasibility of outdoor cultivation of Nannochloropsis sp. in tubular reactors and the potential of this eustigmatophyte
as an alternative source of EPA. Nannochloropsis sp. was cultivated in NHTRs of different sizes (from 10.2 to 610 1)
from spring to autumn under the climatic conditions of central Italy. EPA productivity essentially reflected the
productivity of the culture and reached its maximum in May-June (mean monthly value: 32 mg 1=! day—!).
Although the fatty acid composition of the biomass varied significantly during the cultivation period, EPA content
remained rather stable around the value of 4% of dry biomass. The transfer of the cultures from laboratory to
outdoor conditions, the exposure to natural light—dark cycles, along with lowering the salt concentration from 33 g
1-1 (seawater salinity value) to 20 g 1=, factors that caused lasting modifications in the fatty acid content and
composition of Nannochloropsis sp., did not significantly affect the EPA content of the biomass. © 1999 Elsevier
Science B.V. All rights reserved.
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several highly beneficial effects such as prevent-
ing atherosclerosis and cardiovascular diseases,
lowering plasma cholesterol and triacylglycerol
levels, and alleviating inflammatory conditions
such as arthritis (Nordoy, 1991; Gill and
Valivety, 1997). Recently, the potential of EPA
as an antitumor agent has been also documented
(Senzaki et al., 1998).

At present, the only commercial source of
EPA is marine fish oil, a rather unsatisfactory
source because of problems of contamination,
taste, odor and stability. In addition, the pres-
ence of considerable amounts of other PUFAs in
the fish oil complicates the EPA purification pro-
cess, resulting in high retail prices of the pure
product (Yongmanitchai and Ward, 1989; Bar-
clay et al., 1994). These factors have led to inves-
tigation of alternative EPA sources (Gill and
Valivety, 1997).

Several microorganisms have long been recog-
nized as potential EPA producers (Radwan,
1991). Fungi, especially of the order Mucorales,
and bacteria of the genera Shewanella, Al-
teromonas, Flexibacter and Vibrio can accumu-
late relatively large amounts of EPA
(Yongmanitchai and Ward, 1989; Gill and
Valivety, 1997; Leman, 1997), and have been in-
dicated as promising sources of this long chain
fatty acid. However, the ability of bacterial and
fungal fermentations to compete economically
with traditional sources of ®-3 fatty acids is lim-
ited by low productivities and excessively long
fermentation times (Barclay et al., 1994; Leman,
1997). Marine microalgae, such as Porphyridium
cruentum (Cohen et al., 1988), Phaeodactylum tri-
cornutum (Chrismadha and Borowitzka, 1994,
Molina Grima et al., 1994a), Isochrysis galbana
(Molina Grima et al., 1994b) and the eustigmato-
phytes Nannochloropsis oculata, Nannochloropsis
sp. and Monodus subterraneus (Seto et al., 1992;
Hu et al., 1997; Sukenik 1998) have also been
proposed for commercial production of EPA un-
der autotrophic conditions. Algae-based tech-
nologies in outdoor ponds, however, are
considered commercially not viable for EPA pro-
duction because of low cell concentrations, low
production rates and a reduced degree of control
of growth parameters (Barclay et al., 1994). For

this reason, some companies, such as Martek
Biosciences, MD, and Omega Tech, CO, have
developed processes based on cultivation of het-
erotrophic microalgae for the commercial pro-
duction of EPA and DHA (Barclay et al., 1994).
Heterotrophic algae production in fermentors
has several potential advantages over autotrophic
production in open ponds, including a higher
degree of process control, easier maintenance of
monoalgal cultures, lower costs for harvesting
due to the higher cell concentration obtained,
and significantly greater volumetric productivities
(Barclay et al., 1994).

Nannochloropsis is a marine eustigmatophyte
currently cultivated in many aquaculture hatch-
eries as the basis of an artificial food chain. In
Japan, N. oculata is the most important cultured
feed for the rotifer Brachionus plicatilis and con-
centrated suspensions and frozen biomass of this
microalga are commercially available (Okauchi,
1991). Because of its high EPA content this eu-
stigmatophyte is considered a good potential
EPA source (Sukenik, 1998). Although the alga
is grown extensively, its mass production in out-
door open ponds suffers from sudden culture
collapse due to predation by protozoa (e.g. Para-
physomonas sp.), contamination by bacteria (e.g.
Cytophaga sp.) and competition of cyanobacteria
and other microalgae (Okauchi, 1991; Sukenik et
al., 1993a; Sukenik, 1998). Chlorination and the
use of antibiotics do not prevent these problems
(Okauchi, 1991; Sukenik 1998). Recently, Gonen-
Zurgil et al. (1996) have suggested the use of the
herbicide DCMU to maintain the cultures free of
contaminating algae, since Nannochloropsis
shows a high resistance to this compound. Al-
though the addition of DCMU at concentrations
higher than 10~7 M to the cultures significantly
decreases the growth of undesired microalgae, it
does not solve the problem of bacteria and pro-
tozoa contamination and presents obvious nega-
tive implications.

These limitations of open ponds could be over-
come by use of closed reactors (photobioreac-
tors). In closed systems, protection against
contaminating microorganisms is much more eas-
ily obtained, and much higher cell densities and
more efficient control of principal culture
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parameters can be achieved so as to ensure a
sustainable cultivation process (Tredici and Chini
Zittelli, 1998).

The aims of the present study were to evaluate
the feasibility of outdoor cultivation of Nan-
nochloropsis sp. in tubular photobioreactors and
to assess the potential of this microalga as an
alternative source of EPA.

2. Materials and methods

2.1. Description of the photobioreactors

Single-tube, three-tube and eight-tube NHTRs
(Tredici and Chini Zittelli, 1998) installed at the
experimental station of Scandicci (Florence; lati-
tude 43° 46’ N, longitude 11° 15" E) were used for
the outdoor cultivation of Nannochloropsis sp.
The reactors consisted of flexible plastic tubes
(length: 6.4 m; diameter: 43 mm; wall thickness:
0.15 mm) connected by two PVC manifolds. The
upper, larger manifold acted as a degasser. The
reactors were laid on a platform facing south and
tilted to form an angle of 5° with the horizontal.
The platform was covered with a white corru-
gated plastic sheeting, which kept the tubes of the
reactor well-aligned and at the proper inclination.
Mixing and degassing of the culture suspension
were achieved by continuously injecting air into
each tube by means of a perforated pipe inserted
into the lower manifold. In the eight-tube reactors
two tubes were not aerated in order to increase
the circulation speed of the culture suspension
and to obtain a better mass transfer. The total
volume of each system (including degasser and
connecting tubing) was 10.2, 36.6 and 97.9 1 for
the single-tube, three-tube and eight-tube reactors,
respectively. Electrodes and sensors were inserted
into the degassers. In September and October
1998, two larger eight-tube NHTR units (lengths:
11 and 44 m; volumes: 155 and 610 1) were
installed at Azienda Agricola Montepaldi (San
Casciano Val di Pesa, Florence, Italy; Fig. 1). For
both reactors, the inclination of the platform was
7°. For the laboratory experiments a 1.5-m? alve-
olar panel was used (Tredici et al. 1991).

2.2. Organism and culture conditions

The marine eustigmatophyte Nannochloropsis
sp. was obtained from Dr Zmora of the National
Center for Mariculture, Israel Oceanographic and
Limnological Research (FEilat, Israel). Cultures
were grown in artificial seawater (Tropic Marine
Salt, Euraquarium, Bologna, Italy), enriched with
f/2 medium nutrients (Guillard and Ryther, 1962)
at either 33 or 20 g 1! salinity. NaNO; and
NaH,PO, were added regularly to the cultures in
order to prevent nutrient limitation. For labora-
tory experiments artificial seawater was auto-
claved at 120°C for 20 min, whereas for outdoor
experiments it was filtered through 10- and 1.5-
pm polypropylene filters (Domnick Hunter, UK).
Sterile nutrient solutions were then added. The air
injected into the photobioreactors was filtered
through 1-um Polycap HD encapsulated filters
(Arbor Tech, USA). Air-flow rate was maintained
at 0.17 117! min—', and gas hold-up was about

Fig. 1. Pilot eight-tube NHTR units installed at Azienda
Agricola Montepaldi (San Casciano Val di Pesa, Florence,
Italy).
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5.5% in all the NHTRs but the pilot eight-tube
units. In these reactors air-flow rate was main-
tained at 0.02 11-!' min~!, and gas hold-up was
about 4%. In the alveolar panel air-flow rate was
0411 ! min~! and gas hold-up was about 2%.

A control unit including a thermostat provided
temperature regulation of the outdoor units by
automatically activating water spraying onto the
reactors, when the culture temperature exceeded
the preset value of 25°C (optimum growth tem-
perature of Nannochloropsis sp.). This cooling sys-
tem was inadequate to maintain the culture
temperature at the optimum value during the
hours of strongest irradiation, particularly during
the summer. During the night, the culture temper-
ature was allowed to equilibrate to ambient. Un-
der laboratory conditions, cultures were kept at a
constant temperature of 25 + 0.2°C, by circulating
thermostating fluid from a water bath through a
stainless-steel tube placed inside the reactor. Con-
tinuous illumination (100 pmol photons m~2 s~ 1)
was provided on the reactor surface by banks of
58-W daylight fluorescent tubes. For both out-
door and laboratory experiments, culture pH was
maintained at 7.8 + 0.2 by addition of pure CO,
to the air stream using a pH-stat system. A semi-
continuous daily harvesting regimen was adopted
in order to maintain a mean cell concentration of
about 3.5 and 5.0 g 17! in the laboratory and
outdoor cultures, respectively. The experiments
started when quasi-steady state conditions were
achieved. The biomass produced was harvested by
centrifugation at 8000 x g using a Westfalia sepa-
rator (model TA05-00-105, Westfalia Separator
AG, Olde, Germany) and lyophilized for bio-
chemical analysis.

2.3. Analytical procedures

The productivity of the cultures was estimated
by daily measurement of the dry biomass concen-
tration. For dry weight determination, triplicate
culture samples (2—5 ml) were diluted (1:10) with
distilled water and filtered through pre-weighed
1.2-um membrane filters (Sartorius, Goettingen,
Germany). Filtered cells were then quickly
washed with 25 ml of distilled water and dried to
a constant weight at 105°C. Solar irradiance was

measured with a pyranometric sensor (Kipp and
Zonen, model CM 6, Delft, Holland) coupled
with a Micros solarimeter (Model IS, Treviso,
Italy). The photosynthetic photon flux density
(PPFD) was measured using a Li-Cor quantum
sensor (Model LI-190 SB, Li-Cor, Lincoln, NE)
connected to a quantum/radiometer/photometer
(Model LI-185 B).

Fatty acid analyses of outdoor Nannochloropsis
sp. cultures were made on samples collected at the
end of the dark period, except that when other-
wise stated. For fatty acid determination cells
were harvested by centrifugation. Aliquots of the
paste obtained (75% moisture) were lyophilized
and the dried biomass (3% moisture) immediately
analyzed. Fatty acids were extracted and methy-
lated according to Bousfield et al. (1983). The
methyl esters were analyzed with a gas chro-
matograph (GC 8380 Fisons Instruments)
equipped with a hydrogen flame ionization detec-
tor and a SP 2380 column (30 m x 0.20 pm film
thickness). Injections were made in split mode
(split ratio 1:70, sample size 1.0 pl). Injector and
detector were maintained at 250°C; the oven tem-
perature was programmed from 90 to 220°C at a
rate of 3°C min —!. Carrier gas was helium at 1.5
ml min~!. Compounds were identified by com-
paring retention times of known standards. Quan-
tification was based on the internal standard
method.

3. Results

3.1. Transfer of Nannochloropsis sp. cultures
from laboratory to outdoor conditions and its
influence on fatty acid profile and content

Laboratory Nannochloropsis sp. cultures were
grown in a 1.5-m? alveolar panel (Tredici et al.,
1991) under continuous illumination (100 pmol
photons m~2 s~!) and at the optimal growth
temperature of 25+ 0.2°C. A mean dry biomass
productivity of 0.84 +0.16 g1-' 24 h—' and a
mean EPA productivity of 36 +4 mg1—!' 24 h—!
were attained. The total fatty acid content of the
biomass was 13 4+ 0.4%, whereas the EPA content
was 4.3 +0.2%. At the end of August 1996, out-
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door cultures were set up in single-tube NHTR
systems (INHTRs) using the laboratory culture as
inoculum. The outdoor cultures, which were oper-
ated throughout September, achieved a mean pro-
ductivity of 0.73 +0.37 g 1! day ~!. The transfer
from laboratory to natural growth conditions
caused significant and lasting modifications in the
fatty acid composition of the biomass (Table 1).
During the first 2 weeks of outdoor cultivation,
the total fatty acid content of the biomass in-
creased from 13%, typical of laboratory cultures,
to 21%. This increase was essentially due to the
increase of three fatty acids: 16:0 (from 3.2 to
6.7%), 16:107 (from 3.1 to 5.4%) and 18:1®9
(from 0.3 to 2%). In the second half of September
the opposite trend was observed: the content of
these three fatty acids, as well as that of total fatty
acids, decreased steadily to the values typical of
laboratory conditions. Among the PUFAs,
20:4m6 followed the general trend, first increasing
from 0.7 to 1.2%, then decreasing to 0.8%, while
EPA showed the opposite behavior although its
content did not vary significantly from an average
value of 4%. The considerable increase of satu-
rated and monounsaturated fatty acids observed
during the first 2 weeks of outdoor cultivation can
be ascribed to the sudden exposure of laboratory
cultures (cultures kept at low irradiance and opti-
mal temperature) to high solar irradiances during
the day and to low temperatures during the night
and early morning (Fig. 2B,C). The opposite
trend observed during the second half of the
month can be related both to acclimation of the
culture to outdoor conditions, and to lower solar
irradiances and higher minimum temperatures
during this period (irradiance decreased from
about 20 to about 5 MJ m ~2 day !, whereas the
minimum culture temperature increased from 2 to
5 to 10°C). It is worth noting that the highest
total fatty acid content (about 21%) was reached
between 9 and 11 September, i.e. after a period of
4-5 consecutive days characterized by relatively
high diurnal irradiances (17-19 MJ m~2 day ")
and low night temperatures (2—5°C). It is difficult
to establish the separate influence of each of these
two environmental factors, since in autumn both
high diurnal irradiances and low night tempera-
tures occur under clear sky conditions. The EPA
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Fig. 2. Biomass (®) and EPA (O) productivity of Nan-
nochloropsis sp. cultures grown outdoors in INHTRs in Sep-
tember 1996 (A). The total daily solar irradiance (B) and the
minimum () and maximum (M) temperatures (C) of the
cultures are also shown.

content of the biomass was not significantly af-
fected by environmental conditions, although an
initial decrease and a subsequent increase are
evident. Consequently, the productivity of EPA
depended essentially on the productivity of the
culture, reaching a peak of 54 mg 1~"' day ~! after
1 week of cultivation and declining to about 20
mg 1~ ! day ! towards the end of the month (Fig.
2A).

3.2. Influence of the natural light—dark cycle on
the fatty acid composition of outdoor
Nannochloropsis sp. cultures

Table 2 shows the variation of the fatty acid
composition of a Nannochloropsis sp. culture
grown outdoors in a INHTR unit during a period
of 7 consecutive days in the second half of Sep-
tember 1996. Besides the decrease of saturated
and monounsaturated fatty acid content that
characterized this period (described in the previ-
ous paragraph) we could observe the influence of
the natural light-dark cycle on the fatty acid
composition of the biomass. The content of satu-
rated and monounsaturated fatty acids decreased



Table 1
Variation of fatty acid content and profile (% of dry weight) of Nannochloropsis sp. cultures after transfer from laboratory to outdoor conditions during
August-September 1996*

Fatty acid Day of the month

28 August 31 August 3 Sept. 6 Sept. 9 Sept. 11 Sept. 14 Sept. 17 Sept. 20 Sept. 23 Sept. 25 Sept.

14:0 0.72 0.79 0.77 0.90 1.13 1.05 0.83 0.76 0.63 0.49 0.51
16:0 3.16 3.52 3.79 4.97 6.74 6.70 5.56 4.49 3.45 2.72 2.79
16:107 3.09 3.27 3.52 3.96 5.10 5.40 4.70 443 3.82 3.29 3.30
18:109 0.33 0.53 0.63 0.82 1.93 1.99 1.46 1.09 0.76 0.66 0.54
18:206 0.61 0.38 0.43 0.36 0.49 0.50 0.38 0.36 0.32 0.32 0.32
20:406 0.65 0.99 1.16 1.03 1.13 1.16 1.03 0.91 0.89 0.83 0.83
20:503 4.29 3.96 4.26 3.96 3.59 3.84 3.73 3.82 3.85 4.20 4.31
TFA 13.0 13.7 14.8 16.3 20.5 21.0 18.0 16.1 13.9 12.7 12.8

2 Only the major fatty acids are shown (>0.3%). The values of August 28 are those of the laboratory culture used as inoculum. The analyses were done at the end
of the light period.
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Table 2

Variation of fatty acid content and profile (% of dry weight) of Nannochloropsis sp. cultures grown under natural light-dark cycle conditions in September 1996*

Fatty acid Day of the month

19 September 20 September 21 September 22 September 23 September 24 September 25 September

L D L D L D L D L D L D L D
14:0 0.71 0.63 0.63 0.57 0.59 0.57 0.58 0.47 0.49 0.47 0.56 0.50 0.51 0.52
16:0 3.71 2.94 3.45 3.02 2.98 2.50 2.78 2.24 2.72 2.35 3.43 2.80 2.79 243
16:107 4.20 3.82 3.82 3.67 3.73 3.53 3.52 3.13 3.29 3.15 3.43 3.29 3.30 3.32
18:109 0.97 0.94 0.76 0.77 0.80 0.70 0.64 0.61 0.66 0.61 0.60 0.47 0.54 0.49
18:216 0.36 0.44 0.32 0.42 0.34 0.41 0.33 0.39 0.32 0.41 0.31 0.38 0.32 0.41
20:4w6 0.87 0.88 0.89 0.81 0.85 0.79 0.78 0.80 0.83 0.81 0.86 0.74 0.83 0.83
20:5m3 3.48 3.82 3.85 4.09 4.05 4.09 4.02 4.32 4.20 4.54 4.20 4.35 431 4.73
TFA 14.5 13.6 13.9 13.5 13.5 12.7 12.6 12.1 12.7 12.5 13.6 12.8 12.8 12.9

4 Only the major fatty acids are shown (>0.3%). The analyses were done at the end of the light period (L) and at the end of the dark period (D).

ZIE—66C (6661) 0L {Bojouydajorg fo [puinor / v 12 §j217 y) "D

S0¢



306 G. Chini Zittelli et al. / Journal of Biotechnology 70 (1999) 299-312

significantly during the night (on average, 14:0 by
8.3%, 16:0 by more than 16%, 16:107 by 5.4%
and 18:109 by 8%). Among the PUFAs, 20:406
did not change significantly, while 18:2w6 and
EPA increased by more than 24% and by 7%,
respectively. This increase of both EPA and
18:2w6 was relative, since it was due to the night
consumption of storage material (carbohydrates,
and saturated and monounsaturated fatty acids)
and not due to new synthesis (data not shown).

3.3. Prolonged outdoor cultivation of
Nannochloropsis sp. in NHTR reactors under the
climatic conditions of central Italy: biomass and
EPA productivity

Nannochloropsis sp. was grown outdoors in dif-
ferent types of NHTR systems uninterruptedly
from March to September 1997 under the climatic
conditions of central Italy (Florence). From
March to June and in September, 1 NHTR units
were used; during the summer three-tube (3
NHTRs) and eight-tube reactors (§ NHTRs) were
used. Table 3 shows the mean monthly productiv-
ities attained, together with the mean minimum
and maximum culture temperatures, and the
mean solar irradiance values recorded. The

Table 3

highest volumetric productivities (0.7-0.8 g 1!
day — ') were obtained in late spring. The slightly
lower productivities (0.5-0.6 g 1-! day~—"') ob-
tained in March—April might be due either to the
lower solar irradiance available to the cultures
(13.5 MJ m—~2 day ! in March and 15.3 MJ m 2
day~' in April) compared to the May—June pe-
riod (17-19 MJ m 2 day ~ ') or to the excessively
low temperatures during the night and the early
morning (mean minimum temperatures of 2—3°C
were recorded in the cultures during the spring).
Since a mean monthly productivity of 0.73 g 1!
day ~! had been obtained in the previous Septem-
ber, with a mean minimum temperature of 10°C
and at irradiance levels lower than 13 MJ m~?
day !, it is likely that the lower performance of
early spring cultures was due to the low night
temperatures. Similar productivities obtained in
May 1997 with a mean irradiance of 19 MJ m 2
day~!, and in September 1996 with only 13 MJ
m~2 day !, also indicate that solar irradiances
higher than 13 MJ m~2 day ' do not signifi-
cantly improve the productivity of Nannochlorop-
sis sp. cultures under the conditions adopted.

In the summer the productivity of cultures in
the 3 NHTR and 8 NHTR units declined regu-
larly to a minimum of 0.45 g 1=' day~!. The

Productivity of Nannochloropsis sp. cultures grown outdoors in NHTRs from March to September 1997 under the climatic

conditions of central Italy (Florence)*

Month Reactor type Mean volumetric productivity Culture temperature (°C) Solar irradiance
(g17" day ") (MJ m—2 day— ")
Min. Max.
March 1 NHTR 0.51 +0.36 20+3.3 262+0.6 13.5+4.1
April 1 NHTR 0.60 4 0.31 3.04+4.0 252438 153+6.1
May 1 NHTR 0.76 +0.39 10.6 +3.8 28.1+13 189+44
June 1 NHTR 0.69 +0.30 153+22 289+1.6 174457
3 NHTR 0.56 +0.30 145+2.5 29.7+1.5
July 3 NHTR 0.60 +0.23 13.9+3.0 2834+1.1 21.04+25
8 NHTR 0.56 +0.26 13.6 +3.0 289 +1.1
August 3 NHTR 0.454+0.17 142+2.0 283+0.5 17.64+3.3
3 NHTR shaded 0.41 +0.24 15.3+2.0 27.6 +1.0
September 1 NHTR 0.57 +£0.20 10.5+3.6 27.3+13 159432
September 1996 1 NHTR 0.73 £ 0.37 10.24+4.2 288414 12.7+5.1

# The minimum and the maximum culture temperatures and the solar irradiance are also reported. Data of September 1996 is

shown for comparison. Mean monthly values + S.D. are shown.
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Fig. 3. A cluster of Nannochloropsis sp. cells. The exuded
polysaccharide matrix was stained with alcian-blue (Crayton,
1982). Bar: 10 um. Photomicrograph by C. Sili.

reason for this is not yet clear. Signs of stress,
such as abundant exudation of polysaccharide
and presence of numerous and very large cell
clusters (Fig. 3), possibly due to high light inten-
sity or to prolonged exposure to higher than
optimal diurnal temperatures, were observed in
summer cultures. An experiment carried out to
compare shaded versus unshaded cultures did not
give a clear response. The shaded cultures showed
a better appearance (lower degree of aggregation
and higher pigment content), but attained a lower
productivity. In September, the productivity of
Nannochloropsis sp. rose again to about 0.6 g 1~!

Table 4

day—!. The fact that the productivity values of
the previous September were not reached despite
similar climatic conditions, suggests that the cul-
tures had not yet fully recovered from the stress
of the summer.

The mean fatty acid content of the biomass and
the mean monthly productivity of EPA for the
entire cultivation season (March—September
1997) are shown in Table 4. The culture used as
inoculum, which had been grown in the labora-
tory as previously described, had a total fatty acid
content of 12% and an EPA content of 3.6%. As
observed in the previous autumn, the transfer
from laboratory to outdoor conditions caused a
significant increase of the total fatty acid content
with a maximum of 26% in mid-April. The in-
crease mainly involved 16:0, 16:1o7 and 18:109.
EPA content, except for a peak of 4.6% in June,
was rather stable around 4% throughout the culti-
vation period. Exposure to low temperatures dur-
ing the night and in the early morning (Table 3),
after growth at optimal temperature in the labora-
tory, can again be considered the main cause of
the phenomenon. In May, when minimum tem-
peratures rose above 10°C, the fatty acid profile
and content showed values similar to those ob-
served in the laboratory. EPA productivity essen-
tially reflected culture productivity. A maximum
of 32 mg1-"' day~' and a minimum of 18 mg 1!
day —! were achieved in May—June and August,
respectively.

Fatty acid composition (% of dry weight) and EPA productivity (mg 1= day—!) of Nannochloropsis sp. cultures grown outdoors in
NHTRs from March to September 1997 under the climatic conditions of central Italy (Florence)®

March April May June July August September

Fatty acid

14:0 0.75 1.06 0.91 0.82 1.03 0.90 1.20
16:0 3.53 7.46 5.10 4.71 4.12 3.83 4.63
16:107 3.97 8.05 5.31 5.01 4.32 3.44 4.63
18:19 1.31 3.38 1.29 1.22 0.61 0.54 0.70
18:206 0.58 0.52 0.38 0.32 0.70 0.56 0.74
20:406 0.86 0.85 0.60 0.68 1.11 0.90 0.89
20:5w3 3.90 395 4.22 4.64 4.18 3.96 3.98
TFA 15.3 25.8 18.2 17.9 16.6 14.5 17.1
EPA productivity 19.9 23.8 315 32.0 234 17.8 22.0

2 Only the major fatty acids are shown (>0.3%).
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In September and October 1998, Nannochlorop-
sis sp. was grown outdoors in pilot 8 NHTR units
(Fig. 1). The mean productivity was 0.4 g 1!
day ! and the EPA content of the biomass was
4%, with a mean EPA productivity of 16 mg 1~
day ~!'. This experiment is still in progress.

Contamination by protozoa or other microal-
gae was not a major problem in our NHTRs once
efficient filtration systems for both the air and for
the culture medium were adopted. Several bacte-
rial species were observed in Nannochloropsis sp.
cultures, but in very low concentrations. More-
over, the composition of the bacterial population
associated with Nannochloropsis sp. cultures was
rather stable and did not change significantly even
after transfer from laboratory to outdoor condi-
tions (Pastorelli et al., 1998). A noticeable excep-
tion occurred in the summer when, along with the
abundant exudation of polysaccharidic material
and massive formation of cell clusters, the bacte-
rial load of the cultures increased by two orders of
magnitude (data not shown).

3.4. Effect of salinity on productivity and EPA
content of Nannochloropsis sp. cultures

To evaluate the effect of a salinity value lower
than that of seawater on culture productivity and
fatty acid composition, Nannochloropsis sp. was
grown outdoors in two 1 NHTR units at salt
concentrations of 20 and 33 g 1~ !. Neither the
productivity (the mean monthly productivities
were 0.69+0.4 at 20 g1~ ! and 0.71+0.4 g 1-!
day ! at 33 g1~ ! salinity), nor the total fatty acid
content of the biomass (about 16.8% at both salt
concentrations) was influenced by salinity in the
range tested, although the fatty acid profile was
modified (Table 5). At a salinity of 20 g 1-!
saturated fatty acids decreased by about 4% and
monounsaturated fatty acids by about 23%, while
PUFAs increased by more than 13%. EPA con-
tent rose from 4.3 to 4.8% of the dry biomass.
Since the productivity of the culture was the same
at both salinity values, EPA productivity was
slightly higher at 20 g 17! (33.1 mg 1=' day ")
than at 33 g 1-! (30.5 mg 1= ! day ).

Table 5

Influence of salinity on fatty acid content and profile (% of dry
weight) of Nannochloropsis sp. cultures grown outdoors in 1
NHTR units in May 1997*

Fatty acid Salinity (g 171)
20 33

14:0 0.81 0.81
16:0 4.26 4.45
16:107 4.42 4.82
18:109 0.80 1.15
18:206 0.47 0.37
20:406 0.84 0.65
20:503 4.77 4.32
TFA 16.70 16.90

2 Only the major fatty acids are shown (>0.3%).
4. Discussion

Due to its high EPA content, Nannochloropsis
has been proposed as a potential source of EPA
for human consumption (Seto et al.,, 1984;
Sukenik, 1991, 1998). Although in Japan Nan-
nochloropsis is currently cultivated year-round in
large outdoor tanks to provide a food chain for
the production of fish larvae (Okauchi, 1991),
data from outdoor mass cultivation of these mi-
croalgae is scanty. Boussiba et al. (1987) culti-
vated Nannochloropsis salina outdoors in 1- and
2.5-m? raceway-type ponds; prevention of con-
tamination by diatoms and of predation by cili-
ates appeared to be the crucial factors for the
successful operation of the cultures. Outdoor cul-
tivation of Nannochloropsis sp. in raceway ponds
with surface area ranging from a few square me-
ters to 3000 m> was carried out at the National
Center for Mariculture, Israel Oceanographic and
Limnological Research, and at the Nature Beta
Technology algae production plant, both located
in Eilat, Israel (Sukenik et al. 1993a; Sukenik,
1998). The work done by Sukenik and co-workers
at Eilat facilities has elucidated some fundamental
aspects of the mass cultivation of this microalga
and has confirmed the difficulty of maintaining
monoalgal cultures outdoors for prolonged peri-
ods (Sukenik, 1998).

The present work shows that photobioreactors
have the potential to overcome the main limita-



G. Chini Zittelli et al. / Journal of Biotechnology 70 (1999) 299-312 309

tions encountered in open ponds and may allow
long lasting outdoor cultivation of this eustigma-
tophyte achieving a relatively high EPA produc-
tivity compared with other autotrophic systems.
In fact, contamination by bacteria, protozoa or
other microalgae has not been a major problem in
the NHTR units used in our experiments. Cultiva-
tion of microalgae in photobioreactors is ham-
pered by some problems, including overheating,
fouling and accumulation of oxygen to toxic levels
(Tredici and Materassi, 1992). Temperatures of up
to 5°C over the optimal value (25°C) were mea-
sured in our Nannochloropsis cultures during the
hours of strongest irradiation, particularly in the
summer. Prolonged exposure to supraoptimal di-
urnal temperatures, together with high irradiances
at midday, were considered the main cause of the
low performance of the cultures in July and Au-
gust. Fouling and accumulation of oxygen to
toxic levels have not been a particularly serious
problem in the NHTR design. It must be pointed
out, however, that during the summer, when max-
imum productivities were expected, the cultures
performed poorly. Hence, it was not possible to
demonstrate the ability of NHTR systems in
avoiding build-up of toxic oxygen tensions during
periods of high production rates for Nan-
nochloropsis cultures.

EPA productivity by Nannochloropsis sp. grown
in 16 mm thick alveolar panels under laboratory
conditions averaged 36 mg 1= ! 24 h—!. Outdoors,
in the NHTRs, mean monthly EPA productivity
varied between 18 and 32 mg 1~ ! day ! essen-
tially following the trend of biomass productivity
which in turn was dependent upon the season.
This data is comparable to that obtained with the
diatom P. tricornutum (Molina Grima et al.,
1994a) and the freshwater eustigmatophyte M.
subterraneus (Hu et al., 1997). These two microal-
gae are considered among the most promising
EPA producers under autotrophic conditions and
are presently under investigation as part of the
EC Brite—Euram project ‘An integrated produc-
tion system of highly purified eicosapentaenoic
acid from microalgae’ coordinated by Professor
Molina Grima.

The major fatty acids in Nannochloropsis are
14:0, 16:0, 16:107 and EPA, whereas C18 fatty

acids and 20:4w6 are present in lower quantities
(Teshima et al., 1983; Sukenik et al., 1989; Volk-
man et al., 1993). Fractionation of lipid extracts
from Nannochloropsis sp. indicated that EPA is
mainly associated with galactolipids (the major
lipid constituents of the thylakoid membranes)
and phosphatidyl glycerol, whereas the storage
lipid triacylglycerol contains primarily 14:0, 16:0
and 16:107 (Sukenik et al., 1989, 1993b). The
effect of environmental factors on lipid content
and fatty acid composition has been investigated
in various species of Nannochloropsis with the
majority of the work conducted under laboratory
conditions (Teshima et al., 1983; Seto et al., 1984;
Sukenik et al., 1989, 1993a,b; Sukenik and
Carmeli, 1990; Renaud et al., 1991; Sukenik,
1991). These studies have shown that light inten-
sity and temperature, as well as nitrogen starva-
tion, play a key role in regulation of the relative
abundance of fatty acids and of the absolute
quantity of EPA.

The effect of temperature on EPA biosynthesis
appears to be complex and has not yet been
clarified. Seto et al. (1992) found that cells grown
at 20°C contained 60% more EPA than cells
grown at the optimal growth temperature of
25°C. Similarly, Sukenik et al. (1993b) showed
that cultures grown at a low temperature (20°C)
were characterized by a high rate of galactolipid
synthesis and hence by a relatively high level of
EPA, as compared with cells grown at a high
temperature (30°C). In contrast with these au-
thors, Teshima et al. (1983) found maximal EPA
synthesis at the optimal growth temperature of
25°C. Although the effect of temperature is not
easy to establish in outdoor cultures, where both
temperature and irradiance vary during the day,
the present work would suggest that minimum
night temperatures play a key role in influencing
the fatty acid level and composition. The main
outcome of our work, in partial disagreement
with conclusions drawn from most other studies,
is that even when the fatty acid profile is deeply
modified in response to an environmental stimu-
lus (in our case temperature), the total content of
EPA in the biomass is not significantly affected.

Sukenik et al. (1989, 1993b) studied the influ-
ence of light intensity on lipid content and com-
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position in Nannochloropsis sp. grown in the lab-
oratory. Under light-limiting growth conditions,
the cells were characterized by a high density of
thylakoids with most of the lipid carbon allo-
cated in the EPA-rich galactolipids. In contrast,
cells grown under saturating light conditions ac-
cumulated carbohydrate and triacylglycerols as
storage materials, resulting in a high content of
16:0 and 16:10w7 and a reduction in the cellular
EPA content of more than 50%. Similarly, Re-
naud et al. (1991) showed increasing saturation
of the fatty acids of N. oculata with increasing
irradiance using large-scale outdoor cultures. In
the same organism, Seto et al. (1992) found no
effect of high irradiances on EPA distribution
and content. In our experiments, light intensity
seems to play a minor role in fatty acid compo-
sition with respect to temperature. However,
high irradiances might have been involved in
causing excessive exudation and cell aggregation
in Nannochloropsis sp. cultures.

Sukenik and Carmeli (1990) investigated the
synthesis of fatty acids in Nannochloropsis sp.
grown in the laboratory under a 12:12-h light-
dark cycle. These authors showed that storage
triacylglycerol lipids are synthesized and accu-
mulated during the light period and are rapidly
consumed for cellular maintenance along with
carbohydrates during the dark period. Galac-
tolipids are also synthesized during the light pe-
riod, but not turned over in the dark. Thus, the
dark period is characterized by an increase of
the relative proportion of EPA which is associ-
ated with the galactolipids. Our experiments
confirm that Nannochloropsis sp. also uses fatty
acids associated with storage lipid (mainly 14:0
and 16:0) during the dark period when culti-
vated under natural light—dark cycle conditions.
Thus, as suggested by Sukenik and Carmeli
(1990), the early morning is the preferred time
for harvesting Nannochloropsis sp. biomass to
obtain a high EPA content.

Teshima et al. (1983) found no significant
variation of the EPA content of N. oculata
biomass with salinities between 4 and 30 g 1~ 1.
Similarly, Renaud and Parry (1994) found that
EPA content did not vary significantly with
salinity in the range of 10-35 g 1=' although

salinities from 20 to 25 g 1-! were optimal for
growth and production of EPA. Our results
show that lowering salinity from 33 to 20 g 1!
slightly stimulates EPA accumulation and pro-
ductivity.

The effect of seasonal variations in tempera-
ture and light availability on fatty acid distribu-
tion was studied in outdoor mass cultures of
Nannochloropsis sp. by Sukenik et al. (1993a).
The highest cellular EPA content (3.8%) was ob-
served during winter with water temperatures be-
tween 8 and 16°C and under low irradiances, i.e.
in conditions of very low biomass productivity.
In summer, when biomass productivity was
highest, EPA content decreased to less than half
the winter value. Maximum EPA productivity of
our cultures was attained in late spring and
early autumn, i.e. under relatively low irradi-
ances and when prolonged exposure at supraop-
timal diurnal temperatures could be prevented.

The primary goals of algal biotechnology for
production of EPA are high EPA productivity
and high EPA content of the biomass. Most
previous studies conducted with Nannochloropsis
have shown that maximum EPA content is ob-
tained under low light conditions and at temper-
ature values slightly lower than the optimal
temperature for growth, and have concluded
that the conditions required to maximize EPA
productivity are different from those needed to
maximize EPA content (Sukenik, 1991). Our
work has led us to a different conclusion: since
the main environmental factors, such as temper-
ature and irradiance, do not significantly influ-
ence the EPA content of the biomass in our
photobioreactors, conditions for maximum EPA
productivity are those required to maximize
biomass production. Moreover, for establishing
a reliable system for EPA production based on
cultivation of Nannochloropsis in photobioreac-
tors, high irradiances are not ideal or can even
be detrimental, as is prolonged exposure to
supraoptimal temperatures that cause a serious
imbalance of algal growth. The potential of
Nannochloropsis cultivation in closed systems
would therefore be best realized in temperate
countries.
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