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Abstract: Biomass and lipid production by the marine centric diatom Thalassiosira pseudonana were
characterized in media based on palm oil mill effluent (POME) as a source of key nutrients. The
optimal medium comprised 20% by volume POME, 80 uM Na,SiO3, and 35 g NaCl L~! in wa-
ter at pH ~7.7. In 15-day batch cultures (16:8 h/h light-dark cycle; 200 pmol photons m~2 s~ 1,
26 £+ 1 °C) bubbled continuously with air mixed with CO, (2.5% by vol), the peak concentration
of dry biomass was 869 + 14 mg L~! corresponding to a productivity of ~58 mg L~! day~!. The
neutral lipid content of the biomass was 46.2 + 1.1% by dry weight. The main components of the
esterified lipids were palmitoleic acid methyl ester (31.6% w/w) and myristic acid methyl ester (16.8%
w/w). The final biomass concentration and the lipid content were affected by the light-dark cycle.
Continuous (24 h light) illumination at the above-specified irradiance reduced biomass productivity
to ~54 mg L~! day~! and lipid content to 38.1%.

Keywords: Thalassiosira pseudonana; palm oil mill effluent; diatom lipids; algal biodiesel

1. Introduction

Palm oil is globally the most widely consumed vegetable oil. Palm oil is produced
in tropical regions such as Indonesia, Malaysia, and Thailand. The processing of palm oil
generates nutrient-rich wastewater known as palm oil mill effluent or POME. Each metric
ton of palm oil produced generates between 2.5 and 3 tons of POME [1,2]. POME does not
contain any nonbiodegradable material, but its untreated discharge is a major source of
pollution in some regions [1,2].

Microalgae, including diatoms, are sources and potential sources of diverse prod-
ucts [3-7] including edible oils. POME can be used as a cheap source of some nutrients
in culture media for growing microalgae to produce various possible products, including
biomass for aquaculture feed, natural colorants such as astaxanthin, and polyunsaturated
fatty acids such as docosahexaenoic acid [4,5]. POME also contains metabolizable dissolved
organic compounds. Absorption of nutrients from POME by microalgae can reduce its
polluting potential [5,8,9]. POME-based culture media have supported good growth of
diverse microalgae including diatoms such as Chaetoceros affinis [10], Gyrosigma sp. [11],
Amphora copulata [12], and Amphora sp. [13]. POME cannot be used undiluted in algal
culture media because of two factors: the dark color of undiluted POME prevents the algal
cells from accessing light [10] and certain compounds naturally present in POME inhibit
the growth of algal cells if added in a high concentration [14-16].
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Diatoms are of particular interest as producers of high-value lipids [6,7,11,12,17,18].
Diatoms accumulate neutral lipids such as triacylglycerols typically in oil bodies [19]. Tha-
lassiosira pseudonana (Bacillariophyceae) (formerly Cyclotella nana [20]) is a widely studied
model diatom with a fully sequenced genome [21,22], but it has not been examined for
lipid production in POME-based culture media. Therefore, T. pseudonana was the focus of
the present study. Each cell of T. pseudonana typically accumulates 3 to 5 oil bodies that
range in size from 0.3 to 1.5 pm [19]. For diatom culture, POME can supply all the required
inorganic nitrogen, phosphorous, trace elements, and vitamins [10], but it lacks sufficient
silicate, a mineral required by the diatoms to build cell walls [23,24].

Diatoms growing photoautotrophically thrive only on light and inorganic nutrients.
In addition, many diatoms are able to utilize dissolved organic compounds for carbon
and energy in combination with light (mixotrophy), or in the dark (heterotrophy) [10,25].
Thus, organic carbon present in POME may also be utilized by some diatoms. Specifically,
T. pseudonana is known to metabolize organic carbon sources including glucose, acetate,
and glycerol for growth [26]. Mixotrophic growth simultaneously using carbon dioxide,
organic carbon, and light has enhanced biomass productivity compared to exclusively
photoautotrophic growth in microalgae capable of internalizing and metabolizing organic
carbon sources [27].

The light-dark cycle has been shown to affect the growth, physiology, and molecular
dynamics of T. pseudonana [28,29] as well as other diatoms [30]. High light stress has been
linked to observable proteomic responses [31]. The intensity of incident light affects the
proportion of polyunsaturated fatty acids in the total lipids of the diatom [32]. In addition,
the relative proportions of the lipid classes and the specific fatty acids in rapidly growing
cells can be different compared to cells in a stationary state [33,34].

T. pseudonana is generally considered a marine diatom although its natural distri-
bution spans both marine and freshwater habitats, apparently because of its freshwater
ancestry [35]. This diatom is globally widespread [35—41]. The diatom is able to grow at
a broad range of temperatures (e.g., 4-28 °C), but the growth rate is maximum around
28 °C [42]. Sparging the culture with a 5% vol/vol level of carbon dioxide in air supports
better photoautotrophic growth compared to lower levels of carbon dioxide [43]. Aeration
also provides the oxygen required for growth on organic carbon in the dark.

An irradiance level of ~400 umol photons m~2 s~! saturates photosynthesis without
causing photoinhibition in T. pseudonana [44]. Volumetric biomass productivity of around
80 mg L~! day ! has been reported in a semi-continuous culture of this diatom at 22 °C [44].
In addition to silicon, T. pseudonana requires selenium for growth [45]. Selenium deficiency
interferes with cell division and results in ultrastructural changes in the membrane systems
of mitochondria and chloroplasts [46]. A sodium selenite (Na;SeOj3) concentration of
10~1% M supports good growth, but >1073 M inhibits it [45]. In seawater, Se is naturally
present at a concentration of around 5.1 x 10~8 M. T. pseudonana is commercially used as
an aquaculture feed [47-49] where it is a source of certain dietary fatty acids.

Thalassiosira pseudonana strain used in the present study was isolated from tropical
coastal waters of Kuantan, peninsular Malaysia. The diatom was cultured in a medium for-
mulated with POME as a source of all nutrients except silicon. The focus was on identifying
the optimal concentration of POME as the main source of nutrients (nitrogen, phospho-
rous, vitamins, trace elements) in the culture medium without compromising the biomass
productivity relative to a standard control medium. In addition, in media with identified
optimal concentration of POME, the optimal level of silicon was identified as POME is
deficient in silicon. Once the medium had been optimized, the diatom was cultured under
various light-dark cycles, to determine the optimal cycle for maximal growth. The most
productive culture medium and light-dark cycle were used to characterize biomass growth,
lipid production, and the lipid profile.
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2. Materials and Methods
2.1. Microscopic Characterization

Thalassiosira pseudonana strain had been isolated from coastal waters of Kuantan region,
peninsular Malaysia, as previously reported [10]. Microscopic examination (Olympus BX53
fluorescence microscope; Olympus Corporation, Tokyo, Japan) and field emission scanning
electron microscopy (Jeol JSM-7800F FESEM; JEOL USA, Inc., Peabody, MA, USA) of
cleaned frustules (silicified cell wall) were used to confirm its identity with reference to
published classification keys [50-53]. Isolation, preparation, and analysis followed the
standard protocols [54].

Cleaned frustules for morphological characterization were recovered as described by
others [55,56]. Briefly, the cells were recovered by centrifugation (1100x g, 5 min) from a
15 mL sample of pure culture. The supernatant was discarded and the pellet was washed
by resuspending in 15 mL of distilled water and recovered, as above. The pellet was
transferred to a clean test tube, 0.1 g of sodium dichromate was added mixed with 40 mL of
10% aqueous hydrochloric acid. This slurry was mixed and incubated at 60 °C for 10 min
in a water bath. The slurry was then left overnight at room temperature on a mixing
platform. The suspension was then centrifuged (180x g, 5 min) and the supernatant was
removed by pipetting. A portion of the pellet was transferred to a glass slide and dried
at 60 °C for 10 min for microscopic examination. The cleaned frustules were coated with
a thin layer of platinum and imaged using the earlier specified field emission scanning
electron microscope.

2.2. Maintenance and Inoculum Preparation

Pure cultures of Thalassiosira pseudonana were maintained in 1 L Erlenmeyer flasks
in f/2 medium [57] supplemented with 10 nM sodium selenite (Na;SeOs). Cultures were
continuously sparged (0.4 L min~!) with filter-sterilized air mixed with 2.5% by volume
COs. The cultures were incubated at 26 4+ 1 °C under continuous cool white fluorescent
light (90 umol photons m~2 s~ 1). Inocula were grown as specified above for 14 days.

2.3. Characterization of Palm Oil Mill Effluent

Palm oil mill effluent (POME) samples (10 L) were collected from the final discharge
stage of anaerobic treatment ponds of an oil palm mill located in Gambang (3.6197° N,
103.1604° E), Malaysia. The samples were filtered through a final sieve (70 mesh, 212 pm
nominal) to remove suspended solids. The physicochemical properties of POME were
measured according to standard methods [58]. The characteristics of filtered raw POME are
shown in Table 1. Before use in culture media, the filtered POME was diluted with an equal
volume of distilled water and autoclaved (121 °C, 20 min). The pH was adjusted to 7.4 £ 0.2
using 1 M NaOH. For preparing the POME-based culture media, the required volume
of sterile POME was mixed with distilled water, and salts were added to the required
concentration (40-160 uM final concentration of Na;SiO3; 35 g NaCl L.

Table 1. Physicochemical characteristics of POME 2.

Parameter Value

pH 52409

Ammoniacal nitrogen, NH3-N (mg L~ 163+ 2.1
Biochemical oxygen demand, BOD (mg L™!) 2600 =+ 325

Chemical oxygen demand, COD (mg L) 2664 + 21
Total nitrogen (mg L™1) 141.4 +15.3

Total phosphorus (mg L) 215+ 14

Total suspended solids (mg L~ 94.6 +5.3

2 Selenium concentration in POME has been reported to be 1.6 x 10-7 M [59].
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2.4. Culture Conditions

The effects of medium composition (POME levels of 10-30% by volume; sodium
silicate (NaSiO3) concentration of 40-160 pM; 35 g NaCl L~! culture medium) on biomass
growth was examined in an initial set of experiments. A total of 16 experiments excluding
replicates were performed, grouped in 4 sets (A, B, C, and D) based on different levels
of POME and sodium silicate in the culture medium (Table 2). The alga was grown in
batch culture in each medium for up to 18 days. Continuous illumination was used (24 h;
200 pmol photos m~2 s~1; cool fluorescent light; Philips Malaysia, Selangor) in all cases.
The culture temperature was 26 &+ 1 °C. Cultures were carried out aseptically in Erlenmeyer
flasks (total volume = 1 L; initial culture volume = 20 mL). Immediately after inoculation,
the concentration of the algal cells in each flask was 5.0 x 10° cells mL~! (optical density
(665 nm) =~ 0.1). Filter sterilized air containing 2.5% by volume carbon dioxide was used to
continuously sparge each culture flask at a flow rate of 0.4 L min~!. All experiments were
in triplicate.

Table 2. Compositions of the media.

Experiment Set ? POME (% v/v)

A (40 uM Na,SiO3) 0 (control) b
10
20
30

B (80 pM Na,SiO3) 0 (control) b
10
20
30

C (120 uM Na,SiO3) 0 (control) b
10
20
30

D (160 uM Na,SiO3) 0 (control)
10
20
30

2 All media contained 35 g NaCl L. ® The control was f/2 medium (supplemented with 25 uM sodium silicate
and 10 nM sodium selenite).

Once a suitable concentration of POME and sodium silicate had been established
based on the above experiments, the identified optimal medium composition was used to
investigate the effects of the light-dark cycle on biomass growth. The culture temperature,
illumination, aeration, and inoculation levels were the same as in all earlier experiments.
Only the light-dark cycle varied (24:0, 16:8, 12:12, and 8:16 h:h) in different experiments.

2.5. Growth Measurements

Optical density (ODggs) of the diluted culture measured spectrophotometrically at
a wavelength of 665 nm was used to characterize biomass growth. The optical density
of serial dilutions of a culture with a biomass concentration that had been determined
precisely by gravimetry was used to obtain the following calibration equation:

Dry biomass concentration (mg Lfl) = 687.91 x ODgg5 €))]

The above equation was used to convert the routine measurements of sample ODgg5
to a dry biomass concentration.
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2.6. Lipid Extraction and Transesterification

Lipids were extracted from a known quantity of dry biomass of the diatom using a
published method [60,61]. Briefly, dry biomass was suspended in hexane, vortexed for
3 min, and left standing for 3 h at room temperature. The extraction vessel was then held
in an ultrasonic bath (700 W sonication power) at a controlled temperature of 60 £ 1 °C for
1 h. The suspension was then cooled to room temperature and the solids were removed by
centrifugation (5000 g, 10 °C, 15 min). The residual solids were extracted with hexane a
second time, as above. The hexane extracts were pooled and the solvent was evaporated in
a fume hood to recover the lipids. The recovered lipids were weighed.

The recovered lipids were transesterified using a published method [62] to produce
methyl esters. Briefly, 1.5 g lipid was mixed with 1 mL of methanol containing KOH
(10 g L~1) in a 2 mL Eppendorf tube and incubated on a 60 °C water bath for 1 h. Afterward,
the mixture was vortexed for 2 min and left standing at room temperature for 1 h and the
upper layer was recovered [63].

2.7. Lipid Composition Analysis

A measured quantity of the methyl ester sample was dissolved in octane to obtain a
concentration of around 15 mg mL~!. This sample was analyzed by gas chromatography-
mass spectroscopy (GC-MS, Agilent 7890A; www.agilent.com). A high polarity MEGA-
WAXMS capillary column (0.5 pm film thickness, 0.32 mm internal diameter, 30 m long) was
used. The injection volume was 1 uL and the split ratio was 50:1. Helium (1.5 mL min~!)
was the carrier gas. The column temperature was 230 °C. Chromatographic peaks were
identified by comparing retention times with those of standards. Methyl esters were
quantified based on the area of their chromatographic peaks [11].

3. Results and Discussion
3.1. Diatom Identification

The isolated diatom (Figure 1) was easily identified as Thalassiosira pseudonana based
on the morphological features (general morphology, valve (theca) diameter, number of
rimoportulae) seen in field emission scanning electron microscopic images of the cleaned
frustules. Patterns on valve surfaces and their finer details (e.g., number of nodes in
the ridge pattern, branch lengths, mesh area [50]) revealed in highly magnified images
(Figure 1) further confirmed the identity of this well-known diatom [21,36,40,64].

The distinguishing features of the species were a roughly cylindrical shape of the cell
with a rectangular, or square side view (or girdle view) (Figure 1A); radially symmetric,
centric valves (Figure 1B) consistent with earlier observations [39]; a frustule made up of
two overlapping cylindrical halves, the thecae, or valves, fitting together like a box and
its lid (Figure 1C); the overlapping region of the two valves showing a series of girdle
bands, or siliceous strips that ran along the cylindrical perimeter (Figure 1C,D). The cells
expanded by synthesizing girdle bands during cell division [65] but were also capable of
sexual reproduction [41,66]. The cells had a large central vacuole (Figure 1A), consistent
with other reports [40], and the cytoplasm lined the inner surfaces of the frustule. The cells
lacked a raphe system and were nonmotile.

3.2. Effect of POME and Silicate Concentration on Biomass Production

Control cultures were grown in f/2 medium supplemented with sodium silicate and
sodium selenite under the conditions specified earlier for comparison with POME-based
media. POME-based media all contained the specified quantities of POME and sodium
silicate, 35 g NaCl L1 but no selenite, in distilled water. The diatom growth curves in
different media are shown in Figure 2.
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Figure 1. Morphological features of the diatom. Fluorescence microscopic image (100 x magnification;
bar = 10 um) (A) and FESEM images: 8500 x magnified valve view (bar =1 um) (B); 7500 x magnified
girdle view (bar = 1 pm) (C); 27,000 x magnified girdle region (girdle bands are marked as GB)
(bar =1 um) (D); 8500 x magnified valve view (bar = 1 um) (E); 85,000 x magnified valve central region
(bar = 100 nm) (F); 43,000 x magnified valve central surface (bar = 100 nm) (G); 25,000 x magnified
valve peripheral region (bar = 1 pm) (H). Rimoportulae (marked by red arrows) are the protruding

tube-like structures located in the central region and the periphery of the valves (B,E-H).
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Figure 2. Biomass growth profiles in different media under continuous illumination (200 pumol
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(C) 120 uM; (D) 160 uM. Data are mean values =+ standard deviation (n = 3).
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A medium with 20% POME by volume, 80 uM of Na;SiO3, and 35 g NaCl L~ lin
distilled water proved to be as good as the control medium in providing a high final
biomass concentration of 455 4+ 10 mg L~! on day 15 (Figure 2B). Compared to a POME
level of 20%, both higher and lower POME concentrations reduced biomass production
(Figure 2). In POME-based media, all nutrients including nitrogen, phosphorus, trace
elements (except Si), and any essential vitamins were provided by POME. A medium
with 10% POME was apparently deficient in some, or all, essential nutrients compared to
the control medium and the media with 20% POME. Therefore, media with 10% POME
did not support good biomass growth. Macronutrients such as N, P, and Si are known
to be required for building essential cellular components (nucleic acids, phospholipids,
chlorophyll, proteins, cell wall), therefore, a deficiency in any of them could reduce biomass
growth and final concentration, consistent with the observations in media with less than
20% POME and less than 80 uM NaySiO3 (Figure 2A,B). Photosynthesis, chlorophyll
biosynthesis, and protein biosynthesis have been shown to be down-regulated in both
N- and P-deficient cells of T. pseudonana [67], consistent with the observed poor biomass
production in media with <10% POME (Figure 1).

If a medium with 20% POME provided sufficient nutrients, a higher concentration of
POME should have provided more and was expected to better support biomass growth.
In contrast, a high POME level (>20% by volume) adversely impacted growth and the
final biomass concentration (Figure 2). This was consistent with other similar observations
about media with too high a level of POME [10]. Because of its dark color, too high a
concentration of POME reduces light penetration and, therefore, biomass production [10,68].
In addition, if used in a high concentration, certain components in POME inhibit the
growth of microalgae and other microorganisms [14-16,68]. The colored inhibitors include
dissolved tannins, lignins, and other similar organics [10].

The possible presence of vitamins in POME is explained by the many soil microorgan-
isms that naturally grow in it [10]. Many such microbes are known to produce vitamins,
particularly the B-group vitamins. Standard f/2 includes only three vitamins: vitamin
B12, vitamin B7 (biotin), and vitamin B1 (thiamine). Although POME was sterilized prior
to use, B vitamins such as B12 and B7 are known to be highly heat stable whereas B1 is
reasonably heat stable. Therefore, sterilization was unlikely to have had much effect on the
concentration of the three specified B vitamins that may have been originally present.

Both in the control medium and the media formulated with 20% POME, the final
biomass concentration increased as the initial sodium silicate concentration was increased
from 40 uM to 80 uM (Figure 2A,B). Therefore, both these media were limiting in silicate at
an initial NaySiO3 concentration of 40 uM. A supply of metabolizable silicon in the culture
medium is essential for rapid growth and biomass accumulation, as it is required to build
cell walls [69]. Silicon limitation affects not only cell wall synthesis, but also the cell cycle
and frequency of cell division [70,71]. Under silicon stress, T. pseudonana may continue to
grow for some time by reducing the silicon content of its frustule, although other diatoms
may respond differently [72], in the absence of silicon T. pseudonana ceases to grow [71].
The diatom growth rate and final biomass concentration declined progressively in both
the control medium and the 20% POME media as the initial Na;SiO; in these media was
increased to above 80 pM (Figure 2C,D). Therefore, too much silicon inhibited growth and
an initial NapSiO3 concentration of 80 tM was considered to be optimal for T. pseudonana
grown under the conditions used.

Compared with the above-identified 80 pM optimal concentration of Na;SiO3, the
natural diatom habitat of oceanic surface waters is low in Si (<20 uM silicate in most surface
waters), thus limiting growth [24]. Silicate dissolved in water at neutral pH is mainly in
the form of silicic acid (Si(OH)4) and diatoms appear to take up silicon primarily in this
form [73]. The observed optimal silicate concentration of 80 uM in the present work was
comparable to concentrations found in nature in certain habitats. For example, in parts of
the Southern Ocean, the surface concentration of silicic acid can be as high as 50-70 uM [74].
At different concentrations of silicic acid, growth may also be affected by concentration-
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dependent differences in the mechanisms of silicon uptake. Under low concentrations of
silicic acid (<30 uM), it is taken up by the cells mainly via silicic acid transport proteins,
but diffusion becomes a contributing factor at higher concentrations [75]. A high rate of
diffusive transport of silicic acid in media containing high levels of Si may interfere with
the uptake of other essential nutrients, and this is a possible explanation for the observed
inhibitory effect of excessive Si. The inhibitory effect of a high Si concentration has been
previously observed also for some other diatoms [76].

In view of the above results, the optimal medium was taken to comprise 20% by
volume POME, 80 pM Na;5iO3, and 35 g NaCl L~ in water at pH ~7.7. This medium was
used in all subsequent work.

3.3. Effect of Light-Dark Cycle on Biomass Production and Lipid Content

The effects of the light-dark cycle were evaluated using the above-identified optimal
medium in 15-day batch cultures conducted at otherwise identical conditions (Section 2.4).
The final biomass concentration depended on the photoperiod as shown in Table 3. The
lipid content of the biomass also responded to changes in photoperiod (Table 3). A 16 h
daily photoperiod provided a significantly higher final biomass concentration compared
to a 24 h photoperiod (Table 3). Photoperiods shorter than 16 h daily adversely impacted
biomass production (Table 3). The lipid content of the biomass grown under a 16 h daily
photoperiod was the highest (46.2 £ 1.1%; Table 3). This was nearly 21% higher than
the biomass grown under continuous light (Table 3). Thus, the optimal light-dark cycle
with the optimal POME medium was 16:8 h:h (Table 3), as it maximized both the biomass
productivity and the lipid content in the biomass.

Table 3. Dependence of biomass and lipid production on the light-dark cycle.

Light-Dark Cycle (h:h)
24:0 16:8 12:12 8:16
Biomass concentration (mg L) 812+ 112 869 + 14 b 791 +£15¢ 451 + 124

Biomass productivity (mg L-1d71) 5414072 579+09P 5274102 301+27°¢
Lipids in biomass (%, w/w) 381+08% 462+1.1P 357+£09°¢ 126+1.19

Data are mean values + standard deviation (n = 3) on day 15. Numbers with different superscript letters in the
same row are statistically significantly different (95% confidence level) by t-test for two means.

Parameter

A light-dark cycle is unavoidable in natural habitats of diatoms. In nature, photope-
riod varies with geographic location and season. The habitat of T. pseudonana spans coastal
waters worldwide as well as inland waters, including fresh and brackish [35-41]. An ability
to colonize geographically widespread regions suggests a high adaptability of T. pseudonana
to a broad range of photoperiods.

Diatoms differ in their responses to the light-dark cycle. Some freshwater diatoms,
for example, have been shown to have a preference for a longer day length (light pe-
riod > 16 h) for growth whereas others grow better with a 12 h day length [77]. This was
consistent with the present observations (Table 3) for T. pseudonana, a diatom found widely
in freshwaters [35].

In other studies, T. pseudonana has shown the fastest growth rates under long pho-
toperiods (24 h and 16 h light daily) at low to moderate light intensities (75-150 pmol
photons m~2 s71) [78], but the cells were more susceptible to photoinhibition than cells
grown at the same light level but with a shorter (8 h per day) light period. Thus, at a light
level of ~300 umol photons m~2 s~!, a photoperiod of 16 h daily resulted in slower growth
compared to a photoperiod of 8 h per day [78]. T. pseudonana has been claimed to not
require a daily dark period to achieve maximum specific growth rate [78], but some other
Thalassiosira species do require a dark period daily for maximum growth performance [78].
All these studies concerning the lack of a need for a dark period were performed in purely
photoautotrophic cultures, unlike the present case.
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Response to the light-dark cycle differs among different species of Thalassiosira. For
example, Thalassiosira weissflogii cells divided during both the light and dark phases of the
light-dark cycle, and the growth rates did not differ significantly in these phases [38,79].
In contrast, in Thalassiosira fluviatilis, the specific growth rate progressively increased
during the light phase and progressively declined during the dark part of the light-dark
cycle (10 h light, 14 h dark) [80]. These observations related to purely photoautotrophic
growth. In media containing metabolizable organic carbon, as in the present work, growth
can be maintained heterotrophically in the dark; thus the total actual growth period
is longer during a 15-day light-dark cycled batch culture, compared to an equivalent
photoautotrophic culture.

In 13 species of marine phytoplankton grown under a 14:10 h/h light-dark cycle,
cyclic oscillations in growth rates were detected in some species, but not others [81]. In
some species cell division was clearly favored during light. In T. pseudonana, the specific
growth rate tended to increase during light and decline during dark [81]. This decline in
growth in the dark may not occur under heterotrophic conditions where both an assimilable
carbon source is available in POME-containing media and oxygen is being continuously
provided through aeration, as was the case in the present work.

For 22 marine microalgae species tested over a broad range of irradiance values, some
failed to grow under continuous light although they grew well at all irradiance levels under
a 14:10 h/h light-dark cycle [82]. Some reproduced slower in continuous light compared
to growth under a 14:10 h/h light-dark cycle [82]. For all light levels, T. pseudonana grew
more rapidly under continuous light than under a 14:10 h/h light-dark cycle [82] in purely
photoautotrophic culture.

The need for a dark period in purely photoautotrophic cultures of certain species is
often explained by the need to regenerate the photosystem II (PSII). PSII is essential for pho-
tosynthesis. It is also the most light-sensitive component of the photosynthetic machinery.
PSII is continuously deactivated by light and is continuously produced. The concentration
of PSII in T. pseudonana cells is inversely related to the prevailing light level [83]. PSII
inactivation ceases in the dark and a pool of this protein may be accumulated during the
dark to enhance the photosynthetic competency of the cells during the next light period.
Light-induced deactivation of PSII ceases to be adequately compensated by synthesis of
new PSII once the light level exceeds the saturating value (~400 pumol photons m =2 s~ !
in T. pseudonana [44]). In the present study, the incident light level was around 50% of the
saturation value, therefore severe damage to PSII was unlikely.

Under laboratory conditions, although the incident light level on the surface of a
culture may be constant, the cells in a continuously mixed dense suspension experience
fluctuating light as they move from a better illuminated region at the walls of a culture
vessel to deeper in the fluid [84]. Diatoms are apparently better at acclimatizing to such
rapid light-dark cycling compared to other phytoplankton such as dinoflagellates [85].
This ability to rapidly acclimatize is linked to the ability of the diatoms to produce certain
proteins (e.g., Proton Gradient Regulation 5, PGR5 [85]) that some other algae cannot
produce. The innate ability to adapt to rapidly fluctuating light may also translate into
better adaptability to changes in the daily light cycle. The ability of T. pseudonana to colonize
geographically wide-ranging habitats suggests an excellent adaptability to different light—
dark cycles, but this does not imply the same biomass productivity under the different
diurnal cycles.

In some diatoms, light has been suggested as a regulator of the cell cycle [86]. In many
species, growth and cell division are closely tied to the diurnal light cycle although different
species show different responses [82,87]. Depending on the species, the cell division occurs
towards the end of the daily light period but may occur during the dark period [87]. The
situation may be quite different in the presence of a metabolizable carbon source allowing
growth in the dark, as was the case in the present work.
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3.4. Biomass and Lipid Production under Optimal Conditions

Under the optimal light-dark cycle of 16:8 h/h, the biomass productivity in the present
study was 57.9 + 0.9 mg L' d~! (Table 3). This was significantly higher (95% confidence
level) than the productivity under continuous light. All biomass productivity data in Table 3
were high compared to many other reports for diatoms. For example, for 17 different marine
diatoms grown in batch culture under identical conditions (standard f/2 medium, 20 °C,
200 pmol m~2 s~ ! irradiance, 14:10 h/h light-dark cycle), the biomass productivity was
found to range from 2.5 to 27.3 mg L~! d~! [17] under photoautotrophic growth. Under
these conditions, the productivity of T. pseudonana was 5.9 mg L~! d~! [17]. In contrast
with this, the lowest productivity in Table 3 was nearly 5-fold greater. This difference
was explained by a combination of a higher culture temperature (26 °C) of the present
work compared to 20 °C used in photoautotrophic cultures by d’Ippolito et al. [17] and
the heterotrophic nutrition made possible by the use of POME. The growth rate has been
reported to increase with temperature [42]. A 1.9-fold higher biomass productivity than
observed by d’Ippolito et al. [17] at 20 °C (see above), was reported by Joseph et al. [88]
for a Thalassiosira sp. grown photoautotrophically at ~25 °C. The other growth conditions
(f/2 medium, continuous light at ~180 pmol m~2 s~1) were similar to those used by
d’Ippolito et al. [17]. Although the culture temperature used in the present work was
almost the same as that used by Joseph et al. [88], the minimum biomass productivity in
the present study (Table 3) was 2.6-fold higher most likely because of the contribution of
heterotrophic nutrition.

For the biomass grown in the optimal POME medium under the optimal light-dark
cycle, the lipid content in the biomass was 46.2 £ 1.1% (Table 3). This value was nearly 21%
higher than the lipid level obtained under continuous light (Table 3). The observed lipid
content (Table 3) was generally higher than most published reports for marine diatoms. For
example, for several other marine diatoms, the lipid content in the photoautotrophically
grown biomass was reported to range from 2.4% to 21.3% [89], but a lipid level of ~30% in
the biomass was reported for a Thalassiosira sp. [88]. Similarly, measurements in 12 marine
diatoms grown photoautotrophically under different conditions showed the total lipid
content in the biomass to range from 30.2% to 45.1% [90]. Although higher lipid contents
have been reported in a few diatoms [10,11], no prior reports with a lipid content as high
as 46.2% (Table 3) were found for T. pseudonana possibly because prior studies all focused
on the photoautotrophic mode of growth. An earlier study of two clones of T. pseudonana
grown in f/2 medium reported a total lipid content of <22% by weight in dry biomass [91].
The cells were grown at 18 °C (14:10 h/h light-dark cycle, ~78 umol photons m 2 s~ ! light
level) for 18 days [91]. The final biomass concentration was 78.6 mg L~ corresponding to
a productivity of ~4.4mg L~ d 1.

The lipid content in T. pseudonana is known to increase under growth-suppressing
nutrient stresses [92,93]. Nitrogen starvation enhances the accumulation of storage lipids,
particularly triacylglycerols [92] and phosphorous stress also elevates the levels of certain
lipids [93]. In 20% POME optimal medium, the culture was always well into the stationary
phase by day 12 (Figure 2B), suggesting possible exhaustion of some nutrient (e.g., N, P)
supplied by POME. Carbon was never limiting, as the cultures were continuously supplied
with carbon dioxide. Therefore, the exceptionally high lipid content in the biomass (46.2%;
Table 3) may have been a consequence of the cells being in a lipid-accumulating phase
under nutritional stress.

3.5. Fatty Acid Methyl Esters in Biodiesel

The fatty acid methyl ester content in biodiesel is shown in Figure 3. The five main
saturated fatty acids (myristic acid (14:0), pentadecanoic acid (15:0), palmitic acid (16:0),
heptadecanoic acid (17:0), and stearic acid (18:0)) comprised 40.0% of the biodiesel. The
five main monounsaturated fatty esters (methyl esters of myristoleic acid (14:1), palmitoleic
acid (16:1), oleic acid (18:1), eicosenoic acid (20:1), and erucic acid (22:1)) comprised 48.9%
of the total. The remaining 11.1% of the methyl esters were derived from the three main
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polyunsaturated fatty acids (linoleic acid (18:2), linolenic acid (18:3), and docosahexaenoic
acid (22:6)). The three most abundant fatty acids in the biodiesel were palmitoleic acid
(31.6%), myristic acid (16.8%), and heptadecanoic acid (13.3%). The other main fatty acids
included myristoleic acid (7.9%) and linoleic acid (5.8%). All other fatty acids were present
at well below 5%.
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Figure 3. Chromatogram of transesterified fatty acids: myristic acid, 14:0 (a); myristoleic acid, 14:1
(b); pen-tadecanoic acid, 15:0 (c); palmitic acid, 16:0 (d); palmitoleic acid, 16:1 (e); heptadecanoic acid,
17:0 (f); stearic acid, 18:0 (g); oleic acid, 18:1 (h); linoleic acid, 18:2 (i); linolenic acid, 18:3 (j); eicosenoic
acid, 20:1 (k); erucic acid, 22:1 (1); docosahexaenoic acid, 22:6 (m).

In conventional non-POME media, in addition to the fatty acids identified in the
present work, T. pseudonana has been shown to produce long-chain polyunsaturated fatty
acids such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) under suitable
conditions [33,48,49,94-96]. A significant proportion (e.g., 15-20%) of total lipids may be
EPA and DHA, depending on the culture conditions. A relatively low culture temperature
(e.g., 18-20 °C) elevates the levels of highly unsaturated fatty acids in T. pseudonana [95] as
well as in many marine microorganisms [10,97,98], as previously explained [10,11,98]. For
the purpose of making biodiesel, however, a high concentration of polyunsaturated fatty
acids in the lipids is not wanted as they reduce the oxidative stability of biodiesel.

Although this was not examined, the composition of fatty acids in total diatomic lipids
is also affected by the light level, the photoperiod, and whether growth is photoautotrophic
or heterotrophic [97,99,100]. The fatty acid composition data in the present work were
measured in the stationary phase, but the composition does depend somewhat on the phase
of growth. For T. pseudonana grown in a seawater medium at 18 °C (constant illumination
at 240 pmol m~2 s~ 1), the ratio of unsaturated to saturated fatty acids was 1.65 in the expo-
nential growth phase but 1.17 in the stationary growth phase [33]. In the present work, the
ratio of unsaturated to saturated fatty acids (data in Table 4) was 1.5. This was comparable
to data previously reported for the exponential phase of photoautotrophic growth of this
diatom [33], but other studies [48,49] have shown high levels of polyunsaturated fatty acids
in lipids of T. pseudonana (Table 4). For example, ratios of unsaturated to saturated fatty
acids as high as 3.39 [48] and 2.65 [49] (Table 4) have been observed.

A low proportion of polyunsaturated fatty acids in total lipids in the present study
was apparently a consequence of a relatively high culture temperature (26 °C) compared to
most other studies [33,48,49] where the culture temperature had been 18-20 °C. An increase
in culture temperature from 20 °C to 30 °C has previously been found to change the
proportions of the different classes of fatty acids in the lipids of photoautorophically grown
T. pseudonana (f/2 medium, 14-day batch culture, 80-100 pmol photons m2s1 12:12hh
light-dark cycle) [48]. The proportion of the saturated fatty acids increased, and both
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monounsaturated and polyunsaturated fatty acids decreased as the culture temperature
was raised [48]. The total lipid level of the biomass grown at 20 °C was only 16% [48],
or only ~45% of the level observed in the present work with a 12:12 h:h light-dark cycle
(Table 3).

Table 4. Percentages of different fatty acid classes ? in total fatty acids of T. pseudonana.

Fatty Acid Class This Work P Mai et al. [48] ¢ Volkman et al. [49] 4
Saturated 40.0 22.8 274

Monounsaturated 489 30.0 19.6

Polyunsaturated 11.1 472 53.0

2 All data were based on the total fatty acids being the sum of saturated, monounsaturated, and polyunsaturated
fatty acids. Non-fatty acid components were not included. ® Grown mixotrophically in 20% POME medium
(80 UM Na,SiO3 and 35 g NaCl L~1; 26 + 1 °C, 15 days; 16:8 h:h light-dark cycle, 200 umol photons m~2 s 1).
¢ Grown photoautotrophically in f/2 medium (20 °C, 14 days, 80-100 pmol photons m—2 s~1, 12:12 h:h light-dark
cycle). 4 Grown photoautotrophically in f/2 medium (20 °C, 70-80 umol photons m~2 s~1, 12:12 h:h light-dark
cycle; the cells were harvested in the late exponential growth phase).

4. Conclusions

For the marine diatom Thalassiosira pseudonana isolated from the Kuantan coastal
region of peninsular Malaysia, growth in a POME-based medium was as good as in a
standard control medium. The optimal POME-based medium contained 20% by volume
POME, 80 uM Na,SiO3, and 35 g NaCl L~! in distilled water at pH ~7.7. The highest
biomass productivity in this medium in a 15-day batch culture (a 16:8 h:h light-dark cycle;
illumination at 200 pmol photons m~—2s71 26 + 1 °C; continuous bubbling with CO;-
enriched air) was ~58 mg L~! day~!. The biomass had a lipid content of ~46% by dry
weight and the lipid comprised mainly (~40%) monounsaturated fatty acids. Compared to
the optimal 16 h:8 h light-dark cycle, continuous illumination under otherwise identical
conditions reduced the biomass productivity by 6.6%, and the lipid content of the biomass
was reduced by 17.5%. A POME concentration of >20% by volume in the culture medium
inhibited biomass growth.
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