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This study investigated the effectiveness of adopting a fed-batch culture mode with intermittent feeding of culture media to
enhance the biomass production of Chaetoceros calcitrans. Three experimental runs were undertaken, each comprising four cycles.
The nutritional composition of the C. calcitrans biomass produced was evaluated. The experiment yielded a consistent production
of C. calcitrans dry biomass, with outputs of 257.01, 251.88, and 252.41 g obtained in a cultivation period of 28 days per cycle.
The initial inoculum concentrations for each run were high, measuring 4.2 X 107, 4.2x 107, and 4.4 x 107 cellsmL ™}, respectively.
A consistent increase in cell density and dry biomass was observed across all cycles. The cell density at the harvesting point was
between 7.3 x 107 and 1.10 x 10° cells mL™". The nutritional analysis of the C. calcitrans biomass revealed that protein comprised
the largest proportion of the total biomass at 41.8 & 0.7%, followed by carbohydrates at 27.2 4 0.1% and lipids at 11.3 £ 0.6%. The
biomass contained a total of 17 amino acids, comprising 43.2% essential amino acids and 56.7% non-essential amino acids, with the
highest concentration observed for glutamic acid (17.6 =0.1%). The fatty acid composition of C. calcitrans was recorded with
predominant polyunsaturated fatty acids (PUFAs) (44.6 = 0.2%). The results suggest a possible cost-saving mechanism, as the
culture mode adopted yielded higher microalgal biomass production while retaining a good range of nutritional profiles of
C. calcitrans biomass.

the leading producers of microalgae biomass and derivatives
[3], with an annual biomass production of approximately
19,000 tonnes [4]. China is estimated to produce about
9,600 tonnes of microalgae biomass in the form of dried pow-

1. Introduction

The demand for microalgal biomass in the bioeconomy as
a source of blue biotechnology is increasing, with diverse appli-

cations. The application of microalgae biomass in the pharma-
ceutical, veterinary, nutraceutical, biomedical, bioenergetics,
food supplements, and public health sectors is likewise grow-
ing in line with the growth of research and advanced technol-
ogies. Furthermore, microalgal biomass is regarded as the best
source of feedstock for ensuring food security while mini-
mizing adverse environmental effects [1]. Thus, the mea-
surable economic value of microalgae has been generated in
several sectors and applications, including pharmaceuticals,
cosmetics, food, and feed [2]. In particular, Taiwan, Japan,
the United States, China, Spain, Brazil, and Germany are among

ders annually, with a retail value exceeding USD 650 million
[5]. In Japan, the microalgal biofuel market is valued at
approximately 128 billion yen (1,170 million USD) [6]. This
gives the food and pharmaceutical industries a competitive
edge [3] with numerous applications, such as Spirulina and
Chlorella’s protein supplements, pigment from Dunaliella sp.
and Haematococcus pluvialis, food colourings made from
Schizochytrium sp., and EPA and DHA from Crypthecodi-
nium cohnii [7]. This resulted in the economic value of micro-
algae being estimated to be USD 3.4 billion by 2020 and is
expected to increase to USD 4.6 billion by 2027 [8].
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To date, Spirulina sp. and Chlorella sp. are two of the most
commercialized microalgae species on a global scale [9]. This
is due to the fact that commercial-scale production of diatoms
remains limited to the production of live feed for shrimp and
clam mariculture [10], hindering the exploitation of their
potential biomass benefits for various applications. Bacillar-
iophyceae microalgae (diatoms), such as C. calcitrans, contain
a significant metabolic diversity and bioactive substances that
have been utilized as dietary supplements, medicinal ingredi-
ents for human ailments, and to promote animal survival in
mariculture [11, 12]. Chaetoceros calcitrans is widely used as a
live feed in marine mollusc crustacean, shrimp, and fish larvae
[13, 14] and is considered one of the predominant microalgae
species in aquaculture [15]. In fact, C. calcitrans is a high-
value diatom species and is considered the best choice for
larval stage feeding due to its balanced contents of PUFAs
and vitamins [16, 17]. A recent study by Azizan et al. [12]
also reported 54 metabolites belonging to the classes of car-
otenoids, chlorophylls, fatty acids, glycerolipids, glycerolpho-
spholipids, sterol lipids (C20 isoprenoids), diterpenes, and N-
acyl amino acids, as well as their derivatives, including ben-
zoic acid esters, fatty acid esters, fatty amides, and fatty alde-
hydes, were discovered from the crude extract of C. calcitrans.

Several challenges impede large-scale microalgal biomass
production of diatoms, for instance, C. calcitrans, including
low cell density, reduced light penetration in dense cultures,
self-shading, and the small size of microalgal cells [1]. The
reduction of microalgal cell size with culture age is also con-
sidered one of the limiting factors. Optimizing the Chaeto-
ceros calcitrans by employing several culture methods and
enhancing growth conditions such as temperature [14], com-
position of the nutrient medium [18], and light penetration
[19] have been intensively investigated to optimize the pro-
duction of C. calcitrans. Prior studies also indicated other
approaches to optimize productivity, such as higher tempera-
tures and stronger light intensities for rapid growth and high
productivity of C. calcitrans [14]. Besides, it was found that
the growth rates of C. calcitrans varied when glass and plastic
jars were used, with glass jars allowing for higher light pene-
tration [20]. This is supported by Lai et al. [21], which reported
that the production of C. calcitrans in plastic bags was 10 times
lower compared to glass annular photobioreactors. Further-
more, the initial cell density of the inoculum is also strongly
influenced, which is crucial to maximizing yield. It has been
reported that the growth profile of C. calcitrans may vary
depending on the initial inoculum cell density, resulting in
variable durations of the lag and log phases [22]. Besides
enhancing the gas-liquid mass transfer of CO,, it is expected
to improve the productivity of microalgae culture in photo-
bioreactors, regardless of the adopted culture system [23].
However, the optimization of cultivation conditions, particu-
larly culture modes, which are crucial for increasing biomass
production, failed to entice enough attention. The optimiza-
tion of culture mode is deemed the most straightforward and
efficient way to achieve high biomass, which improves the
productivity of microalgae cultivation [24]. Culture modes such
as batch, fed-batch, continuous, or semi-continuous, which
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determine the nutrient availability throughout the cultivation
process, heavily impact the productivity of large-scale micro-
algae cultures. Fed-batch culture mode is an approach to
sustaining productivity with high cell densities throughout
the culture period [25]. In the fed-batch cultivation mode, the
cultured biomass is harvested either fully or partially, and the
remaining culture serves as the inoculum for the next cycle.
Besides, the culture volume increases during operation until
the culture reaches the predetermined volume or the bioreac-
tor capacity with constant or increasing cell densities. The fed-
batch process involves the feeding of concentrated nutrient
media, which allows for the retention of biomass [25]. The fed-
batch culture mode for microalgal cultivation might benefit in
achieving high productivity in terms of biomass and biocom-
ponent content, such as lipids and triglycerides. In addition to
these benefits, this approach offers advantages such as reduced
substrate and end-product inhibition, as well as increased lipid
production [26, 27].

The batch culture mode is widely used when cultivating
C. calcitrans [28]. Besides, there are studies on the cultivation
of C. calcitrans by continuous culture mode, which reported
lasted for 125 days with an average of 42 days without con-
tamination and no significant differences in the proximate
composition of biomass [28]. The authors also reported the
continuous culture using a 40-L bag with a culture volume
ranging from 16 to 29 L, producing cells between 7 and 13 X
10° cellsmL™" d™". Another study recorded a growth rate of
1.32x 10° cells mL™" day ™ for C. calcitrans in a flat-panel photo-
bioreactor through 30 days of continuous culture [29]. In com-
parison, the semi-continuous culture of C. calcitrans conducted in
a 17-L airlift photobioreactor resulted in a growth rate of 9.45x
10° cells mL™* day_1 [30]. It has been observed that in the semi-
continuous culture mode of C. calcitrans, despite increases in total
lipid of biomass recorded, a lower growth rate was observed
[18]. There were also minor variations in C. calcitrans’s fatty
acid content between batch and continuous cultures [28]. Fur-
thermore, with increasing cell density, the amount of nitro-
gen per cell of C. calcitrans grown in batch cultures decreased,
suggesting a possible lower protein content in batch cultures;
however, even with the fluctuating growth rate of C. calcitrans
in the semi-continuous culture method, the amount of car-
bohydrates in the biomass was rather consistent [18]. Con-
versely, in a comparison of C. calcitrans cultures produced
indoors and outdoors, the outdoor cultures grew faster, reach-
ing a biomass of 2.33 X 10° cells mL ™" on day 27 for the indoor
culture and a maximum of 2.53 X 10° cells mL ™" on day 25 for
the outdoor culture [31]. This prompted the impetus to seek a
possible solution to optimize the biomass production of C. cal-
citrans with a suitable large-scale cultivation method. Besides,
no investigation has been performed on the effectiveness of
C. calcitrans biomass production in fed-batch mode with
intermittent feeding of culture medium. The fed-batch culture
mode might benefit in achieving high cell density and pro-
ductivity in terms of biomass and biocomponent content
such as lipids and triglycerides. Therefore, this study is
aimed to determine the feasibility of adopting a fed-batch
culture system with intermittent feeding of culture medium to
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optimize the biomass productivity of C. calcitrans while inves-
tigating the nutritional quality of the produced biomass,
which can be adopted on an industrial scale as a novel culture
model.

2. Materials and Methods

2.1. Microalgae Culture. The experiment was conducted at
the Aquatic Animal Health Unit, Faculty of Veterinary Med-
icine, Universiti Putra Malaysia. The C. calcitrans (UPMC-
A0010) was obtained from the microalgae culture collection
of the Aquatic Animal Health and Therapeutics Laboratory,
Institute of Bioscience, Universiti Putra Malaysia. To avoid
any form of contamination, a proactive action was executed
by sterilizing all containers used throughout the production
process. The borosilicate glassware was submerged in Decon
washing detergent (without phosphate) for 24 hr. It was then
rinsed with tap water that had been filtered and subsequently
immersed in a solution of hydrochloric acid with a concen-
tration of 10% for a period of 15 min. After being submerged
in hydrochloric acid, the glassware was cleansed with tap water,
subsequently rinsed with deionized water, and finally dried in
an oven at a temperature of 180°C for 30 min. The glassware
and other laboratory consumables, including pipette tips and
cotton plugs, underwent sterilization by autoclaving at a tem-
perature of 121°C for a period of 15 min. The larger culture
containers, such as a 10 L initial column and a 120 L annular
photobioreactor (Series F and M-TI 50/40, Germany), were
sterilized after each run to avoid cross-contamination by
immersing them in a 10 mg L ™" solution of sodium hypochlo-
rite for 24 hr. Subsequently, the containers were rinsed with
filtered tap water. The Conway medium used for all experi-
mental cultures was sterilized by autoclaving at a tempera-
ture of 121°C for a period of 15 min and then cooled to room
temperature before use.

Experimental designs comprised two phases: a first small-
scale culture of 50 mL to 10 L to provide the initial inoculum
for the second phase of large-scale culture. This starter inoc-
ulum was conducted in batch mode, as described by Lai et al.
[21]. The C. calcitrans cells were transferred with a sterile
glass pipette into a 50-mL conical flask containing 20 mL of
medium and closed with a cotton plug. Then, the 20 mL of
culture, where the growth was indicated by a brownish red
colouration (early stationary phase) during the 5™ day, was
subsequently scaled up to 100 mL, 250 mL, 500 mL, and 1.5L
of cultures. After that, 3L culture was used to initiate the
culture in the starter column (10 L) with 7 L culture medium
and cultivated to the early stationary phase. The second phase
of large-scale culture was designed to deploy fed-batch culture
mode, with intermittent feedings of culture medium in the
annular photobioreactor (Series F and M-TI 50/40, Germany),
as improvised from large-scale batch culture conducted by
Lai etal. [21]. In order to maximize production and overcome
potential limitations on the growth of diatoms, a stable cul-
tural environment was maintained throughout both stages
of the experimental culture. The cultures were consistently
aerated to ensure adequate mixing and to maintain the
microalgae in suspension. An ideal growing environment

was achieved by maintaining the temperature between 21 and
25°C [32]. To address the decrease in cell growth rate caused by
limited light in the fed-batch culture approach utilized in this
experiment, a constant source of light illumination is provided
at an intensity of 80 umol photon m™s™" [33]. Briefly, 20-L
cultures from starter columns were introduced into the annular
photobioreactor containing 20 L of Conway medium, thus pro-
ducing a total of 40 L of initial inoculum (day 1). Subsequent
medium feeding was carried out on the 3 day (40 L culture +
20 L medium), the 4 day (60L culture +20 L medium), and
the 5™ day (80 L culture + 20 L medium) and allowed to grow
for another 2 days before harvest. Then, 80 L of culture was
harvested with a tubular separator (Hanil-J-1250, Korea) at
10,000 rpm. The second cycle was initiated by adding 20 L of
culture medium to the remaining 20 L of culture. Four cycles
were initiated, yielding 340 L of culture per run. The repro-
ducibility of the developed fed-batch mode was tested with a
culture run two more times. Upon harvesting, the biomass
was frozen at —20°C in a freezer (Samsung, China) and then
pooled to freeze-dry (Heto LyoPro 3000, Taiwan).

2.2. Growth Monitoring. Microalgal growth patterns throughout
the experimental culture were monitored to determine cell den-
sity and dry biomass estimation. The cell densities were obtained
by cell counting using a Neubauer Hemocytometer (GmbH,
Wertheim, Germany), according to Banerjee et al. [34]. The
samples were transferred to the haemocytometer chamber using
a sterile pipette and allowed to settle for approximately 2—-3 min.
Cells were counted in five small squares in the centre block, and
cell densities were determined using the following formula:

Total number of cells counted
10 X 4 x 10°

Cell density (cellsmL™!) =

(1)

where 10 = total squared counted in two chambers and 4 x 10°
=sample volume (0.2X0.2% 0.1 =0.004mm?) expressed in
cm’ (mL).

The dry biomass estimation was expressed as a dry weight
obtained from a known volume. Briefly, the analysis was per-
formed by filtering a 2 mL sample through a pre-weighed,
pre-combusted (105°C, overnight) glass fibre filter paper
(0.45 um pore size) (Whatman, UK). The filters were dried
overnight at 60°C and then cooled in desiccators for 30 min
before being weighed on a balance. The dry weight was deter-
mined by obtaining the weight difference between pre-weighed
and dried filter paper (after and before filtration) [35]. Specific
growth rates of culture were determined according to Guillard
[36] as per the following formula:

pday) =L, @)

where F; =biomass at the time of harvest (¢;) and F,=Dbio-
mass at times of day one, t,.

The volumetric productivity (VP) of all culture runs was
determined by the formula as follows:
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VP (g/L/day) = (X%XO) 3)

where X, = final biomass and X, = initial biomass and n =days
of cultivation.

2.3. Nutrient Analysis. The nutrient composition of C. calci-
trans was analyzed from a random sampling of total freeze-
dried biomass produced by a fed-batch culture system with
intermittent feeding of culture medium. Freeze-dried micro-
algal biomass was pooled and subjected to nutrient analysis.
The total protein and crude lipid contents were determined
according to Lowry et al. [37] and Folch et al. [38], respectively.
Meanwhile, the total carbohydrate content was determined
by the phenol-sulphuric method following Dubois et al. [39].
The moisture content was determined using an automatic
moisture analyser (Mettler Toledo, HC103). Briefly, readings
were taken after 1 g of the sample was dried at 120°C. The ash
content was determined according to AOAC [40].

2.4. Fatty Acid Methyl Esther (FAME). FAME analysis was
conducted according to Salimon et al. [41]. Briefly, the direct
methylation was conducted by adding 1 mL of hexane to the
lipid sample, followed subsequently by the addition of 1 mL of
sodium methoxide. The solution was vigorously stirred before
being allowed to stand for 10min (FAME separation). The
FAMEs produced were analysed by gas chromatography (GC)
equipped with the non-polar stationer phase BPX70 capillary
column (SGE forte™). The isothermal method is used for fatty
acid composition analysis with the following temperature set-
tings: an oven temperature of 30-250°C and a detector temper-
ature of 240°C. Helium is used as a carrier gas at a flow rate of
1.3mLmin"". Peaks obtained from the chromatogram were
used to quantify the size of each peak, with each peak represent-
ing a fatty acid compound identified according to the TUPAC
2.301 standard with a known internal standard (Sigma).

2.5. Amino Acid Profile. The amino acid profile of the samples
was determined according to Sdnchez-Machado et al. [42] by
the HPLC method with fluorescence detection. The mobile
phase was maintained with AccQ Tag Eluent A (WICOM
Germany GmbH) and AccQ Tag Eluent B(WICOM Germany
GmbH) at a flow rate of 1 mLmin~" and a column tempera-
ture of 36°C. The Pierce Amino Acid Standard H (Thermo
Scientific™) was used as the calibration standard for protein
hydrolysates. Briefly, the sample was prepared by adding 5 mL
of 6N hydrochloric acid (HCL) to a 0.2 g sample and subse-
quently heated at 110°C for 24 hr. Then, 4 mL of stock alpha-
aminobutyric acid (AABA) (2.5 mM) was added and made up
to 100 mL. The solutions were filtered through a filter paper
(0.45pum cellulose membrane filter) and a syringe filter
(0.2 ym). Then, 10 uL of 2-amino-4-bis (aryloxybenzyl) ami-
nobutanoic acids (AABA) (equal to 1 nmole of AABA) was
added for derivatization. Samples of 10 uL were aliquots into
vials and dried under vacuum conditions for 30 min. Samples
were mixed with 100 yL sample diluents (AccQ Tag Eluent A)
and vortexed before injecting 5 4L into the Water HPLC 501
(Milipore, USA). Then amino acids derived from samples
were separated by reversed-phase high-performance liquid
chromatography (HPLC) with UV detection at 250 nm.
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2.6. Statistical Analysis. Statistical analysis was performed
using SPSS 26.0 for Windows (SPSS Inc., Chicago., IL, USA).
All the data obtained were analysed using one-way analysis
of variance (ANOVA). Duncan’s multiple range test was
applied for pairwise comparison of the means. Data were
expressed as mean =+ standard error of the mean (SEM). All
differences were regarded as statistically significant at P<0.05.

3. Results

3.1. Growth Analysis. The production process of C. calcitrans
has been shown in the first phase of batch culture and the
following phase of large-scale culture, adopting the fed-batch
culture method (Figures 1 and 2).

Throughout the culture period, the pH of the culture
medium was recorded in the range of 7.9-8.6. No contami-
nation or culture crashes were recorded as well. The micro-
scopic observation indicated cell size was consistently uniform
(Figure 3). Microalgal growth data were presented in two
phases. The first phase provides results from 22 days of starter
culture (Figures 4 and 5). The growth pattern in the starter
culture showed similarity in all culture runs, with a gradual
increase on the first 3 days of each upscaling followed by slow
growth on the 4™ and 5™ day. As expected, scaling up the
culture resulted in an immediate decrease in the growth
parameters studied, followed by an increase in growth. Thus,
the starter culture provided inoculum at initial cell densities of
1.34x 10% 1.27x 10%, and 1.14 X 10° cells mL ™" for the 1%, 2™,
and 3™ runs, respectively. This resulted in dry biomass pro-
duction of 1.17, 1.23, and 1.17gL_1 for the 1%, 2" and 3™
runs, respectively. Second-phase growth data were recorded in
fed-batch mode by intermittent feeding of culture medium in
annular photobioreactors. Data were presented for each com-
plete run consisting of four harvests, totalling 340 L of culture
volume per run (Figures 6 and 7). The large-scale culture
showed a constant growth curve. A reduction in growth
occurred once 80% of the culture was harvested, and the fol-
lowing cycle was initiated. Day 1 readings for cell density were
42x107,42% 107, and 4.4x 107 cells mL ™", respectively.

In subsequent cycles, however, cultures exhibited initial cell
density readings in the range of 2.3-3.4x 10" cellsmL~". Lower
densities were observed in the subsequent cycles (2™ 3" and 4'M)
compared to the inoculum in the first cycle. The cell density at the
harvesting point ranged from 7.3x 10" to 1.10x 10° cellsmL™",
with an average cell density of only 10 million cells mL™". The
same pattern was observed when estimating dry biomass as the
growth parameter. The highest dry biomass recorded in this
large-scale culture system was 0.78gL™". A continuous growth
pattern in each cycle was observed with intermittent feeding of
culture medium. After being grown for 2 days, the intermittent
feeding of the culture medium on the 3™ day gradually increased
the cell density on the fourth day. This pattern was consistent for
medium feeding on the 4™ and 5™ days.

Besides, using this culture model, 3,737.36 g of biomass
was harvested as concentrated paste from a 1,020 L culture
volume. This gave an average of 3.66 g L' of wet weight. The
freeze-dried product of the concentrated paste produced
761.3g (0.75gL™") of C. calcitrans biomass, approximately
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FiGure 1: Flow chart of the first phase of Chaetoceros calcitrans production via batch culture.
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FiGUre 2: Flow chart of the second phase of Chaetoceros calcitrans production via a fed-batch culture mode with intermittent feeding of

culture medium.

20% of the concentrated paste. The volumetric productivity
monitored between each culture runs resulted in no significant
differences (p>0.05) as a comparison for the reproducibility of
the culture model adopted (Table 1). The determination of the
deviation in biomass production between each cycle in the
respective culture runs was monitored in comparison with
the specific growth rate u (day™") of each culture cycle. Specific

growth rate u (day~') showed an increasing pattern until Cycle
3 and consistently decreased for all culture runs in Cycle 4
(Table 2). However, no significant differences (P>0.05) were
indicated among each cycle in all culture runs.

3.2. Nutrient Analysis. Chaetoceros calcitrans showed the high-
est proportion of protein content with 41.8 £ 0.7%, followed
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FiGURE 3: Photomicrographs of Chaetoceros calcitrans cultured using a fed-batch culture mode with intermittent feeding of culture medium.

The bar is equivalent to 5um.

Dry weight biomass vs. day

250 mL culture 500 mL culture

@ 1%run 3" run
- 2™ run

1500 mL culture

15 16 17 18 19 20 21 22
10 L culture (SC)

Culture days

FIGURE 4: Dry weight biomass of Chaetoceros calcitrans from 250 mL to 10 L. Values are mean 4= SEM (n=3).

by carbohydrate with 27.2 £ 0.1% and lipid with 11.3 +0.6%
(Figure 8).

The amino acid profile comprised 17 amino acids, including
essential amino acids (43.2%) and non-essential amino acids
(56.7%) (Figure 9). The highest concentration was glutamic
acid (17.6 £0.1%), followed by aspartic acid (12.6 £0.1%)
and arginine acid (8.1 +0.1%). Hydroxyproline acid, which
is often found in the cell walls of diatoms, was also detected
at 0.8 = 0.2%. Essential amino acids, namely, arginine, isoleu-
cine, leucine, lysine, phenylalanine, valine, and threonine, were
found in the range of 4.3%—8.1%, while histidine and methio-
nine acid recorded 1.9% and 0.1%, respectively. The fatty acid
composition of C. calcitrans showed a predominance of poly-
unsaturated fatty acids (PUFAs), totalling 44.6 £ 0.2%, followed
by saturated fatty acids (SFA) at 38.2 & 0.4% and monounsatu-
rated fatty acids (MUFAs) at 17.7 £ 0.1% (Figure 10). Omega 3
(n-3) dominated PUFA content with 29.8 + 0.1%, while omega
6 (n-6) consisted only of 14.7 + 0.1%.

4. Discussion

In this study, the growth of C. calcitrans cultures was moni-
tored in both a starter culture system in a batch culture mode

and in a large-scale culture system via a fed-batch culture
mode. The starter culture growth of C. calcitrans showed
higher productivity than the large-scale production in the
annular photobioreactor. This is supported by Grobbelaar
[43], who stated that higher microalgae productivity at either
high volumetric or areal production rates is achievable in
small-scale production systems or laboratory setups (<5 m?).
In this study, each phase was cultured using a different culture
mode, starting with a batch culture to produce a higher cell
density of inoculum for large-scale culture in a fed-batch
mode. Nevertheless, volumetric productivity largely depends
on the reactor’s surface-to-volume ratio [44], resulting varia-
tion between the two culture phases. However, it is important
to highlight that the high growth rate in the starter culture may
facilitate large-scale production since it served as the high
initial inoculum for larger-scale culture. Since the ultimate
objective of the present study was to optimize biomass produc-
tion of C. calcitrans, the high cell density inoculum from the
starter culture for each run (4.2x107, 4.2x 107, and 4.4 x 10”
cellsmL™", respectively) was proven to be able to produce
the cell density at the harvest point ranging from 7.8 X 10” to
1.1 x 10® cellsmL™". This yielded dry biomass in the range of
0.58-0.78gL™".
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Ficure 6: The cell density of Chaetoceros calcitrans in annular photobioreactors (120 L) using a fed-batch culture mode with intermittent

feeding of culture medium. Values are mean 4= SEM (n = 3).

When dealing with a closed system, it is crucial to take
into account the high cell density of the inoculum. This can
have a detrimental impact on microalgal culture and biomass
production. Beyond a certain density threshold, the cells can
no longer grow due to photoinhibition and limitations in
nutrient transfer. A photoinhibition was reported to be
induced in a 1 cm photobioreactor by the initial cell densities
of 8.34x10° cellsmL™" of Chaetoceros muelleri due to the

excess light and variation in areal cell population densities
[45]. Contrariwise, in the present study, by adapting intermit-
tent feeding of culture medium, the cell densities were main-
tained high (10 million cellsmL™") throughout the culture,
and a stationary phase was avoided. Adding culture medium
in the right proportion at the right time to the dense culture
allows dilution to permit effective light utilization. Besides, by
diluting the medium at an appropriate rate, the thickness of
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FIGURE 7: Dry weight biomass of Chaetoceros calcitrans in annular photobioreactors (120 L) using a fed-batch culture mode with intermittent

feeding of culture medium. Values are mean 4= SEM (n = 3).

TasLE 1: Biomass production and volumetric productivity of Chaetoceros calcitrans in annular photobioreactors (120 L) using a fed-batch

culture mode with intermittent feeding of culture medium.

Biomass production (g)

Culture Concentrated paste Freeze-dried Volumetric productivity (g/L/day)
1* run 1,264.58 257.01 0.21£0.01

2" run 1,228.75 251.88 0.28 +0.04

3 run 1,244.03 252.41 0.23 £0.06

Total 3,737.36 761.30 ns

Values are expressed as the mean = SEM, n = 3; ns =not statistically significant (P>0.05).

TaBLE 2: Specific growth rate u (day™") of Chaetoceros calcitrans
biomass production in annular photobioreactors (120L) using a
fed-batch culture mode with intermittent feeding of culture medium.

Specific growth rate u (day ")
Culture 1* run 2nd 3rd

run run
Cycle 1 0.083+0.02 0.0914+0.02 0.0734+0.03
Cycle 2 0.126+£0.01 0.124£0.00 0.107 £0.02
Cycle 3 0.1424+0.03 0.1514+0.03 0.12540.04
Cycle 4 0.110+£0.01 0.1424+0.02 0.079 +0.05
Statistical significance ns ns ns

Values are expressed as the mean + SEM, n =4; ns = not statistically signifi-
cant (P>0.05).

the culture medium will reduce, and photoinhibition or self-
shading can be avoided, while cell division is unaffected [18].
This was held by Ji et al. [46], who reported that the microalga
Pseudochlorococcum sp., improved both biomass production
(0.05-3 g DM m ™ of dry weight) and growth rate by increas-
ing the inoculum density. The microalgae strains of Chlorella
vulgaris, Chlorella sorokiniana, Scenedesmus acutus f. alter-
nans, and Scenedesmus dimorphus were reported to have their
greatest biomass density when inoculated with an inoculum
of 10° cellsmL™ ' [47]. However, the implications of the cur-
rent findings are insufficient, given the impact of operational

Nutrient composition of
Chaetoceros calcitrans
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FiGUre 8: Nutrient composition of Chaetoceros calcitrans produced
in annular photobioreactors (120 L) using a fed-batch culture mode
with intermittent feeding of culture medium (% of dry weight).
Values are mean &= SEM (n=6).

process factors such as the effect of inoculum density on the
microalgal production of biomass and biocompounds [48],
especially in the large-scale production of a fed-batch of C. cal-
citrans, which is considered a new approach.
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FiGure 9: Amino acid profile of Chaetoceros calcitrans produced in 120 L annular photobioreactor using a fed-batch culture mode with
intermittent feeding of culture medium. Values mean 4= SEM (n =2).

Fatty acid profile of Chaetoceros calcitrans

Polyunsaturated (PUFA)

Total PUFAs I 44,6
Total (N-3) I 20.3

Cis-4,7,10,13,16,19-Docosahexaenoic acid (DHA) I 3.4
Cis-5,8,11,14,17-Eicosapentaenoic acid (EPA) I 24.1

a-Linolenic acid I 2.3
Total (N-6) I 14.7
Arachidonic acid (ARA) IS 7.3

Cis-8-11,14-Eicosatrienoic acid Il 2.4 .

y-Linolenic acid I 3
Linoleic (Cis) acid 1 0.7
Linolelaidic acid (trans) B 1.2

Monounsaturated

(MUFA)

Total MUFAs I 17.7
Other MUFAs H 0.9
Oleic acid @ 0.7
Elaidic Acid (trans) 3.2
Cis-10-Heptadecanoic acid [mH 3.7
Palmitoleic acid I 8.9
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Other SFAs W39
Arachidic acid 1 0.2
Stearic acid 124
Heptadecanoic acid ' 0.4 .
Palmitic acid 19
Pentadecanoic acid 1 0.5 '
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Ficure 10: The fatty acid profile of Chaetoceros calcitrans produced in 120 L annular photobioreactors using a fed-batch culture mode with
intermittent feeding of culture medium. Values mean 4+ SEM (n =2).

To our knowledge, this is the first description of C. calci-
trans culture in a 120-L annular photobioreactor with intermit-
tent feeding of culture medium in fed-batch mode. Intermittent
feeding of the medium adopted in this study supplied nutrients

continually to the culture and served as a dilution factor to avoid
self-shading conditions. This coincides with [12, 14], where the
modification of nutrient supply is a crucial technique to maxi-
mize microalgal growth. Thus, in the present study, the nutrient
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limitation was avoided by feeding the medium at a short, 2-day
interval. Intermittent feeding of medium avoids nutrition
limitation in dense culture, and the cells are maintained in a
nutrient-replete state. Supplying sufficient nutrients to micro-
algae culture is crucial for producing a large quantity of high-
quality microalgae biomass [49]. In comparison to a previous
study of C. calcitrans production in the same 120-L annular
photobioreactor by Lai et al. [21] without adapting the fed-
batch mode, they incorporated the same production facility,
system, and cultured species. Lai et al. [21] reported an aver-
age of 0.28 g L' dry biomass, with the maximum dry biomass
estimate being 0.49 gL' with an inoculum cell density of
4.37x 10° cellsmL™". The cell density at the harvesting point
was not reported by the team. It took the team 25 days to scale
up the culture from 40 to 100 L by adding 20L of medium
every 5 days when the culture reached the late exponential
phase. Nevertheless, the present study only required 7 days to
produce 100 and 340 L cultures with relatively higher cell
density and dry biomass in 28 days. A total of 761.3 g (0.75
gL ") from three culture runs was produced in the current
study, with each run producing 257.01, 251.88, and 252.41 g
of C. calcitrans dry biomass, respectively. The three culture
runs responded similarly, demonstrating that the cells had
been exposed to similar amounts of average light and nutrients
with no differences in volumetric productivity. The reproduc-
ibility of biomass production at each run serves as prominent
evidence of the effectiveness of adopting this culture mode.
Although the cell density was maintained at 10 million cells
mL~’, a continuous decrease in cell density and dry biomass
weight with each subsequent cycle was observed throughout all
culture runs, suggesting that the culture is still in the adapta-
tion phase after the harvesting process [29, 30]. Additionally, a
semi-continuous culture system was used to culture C. calci-
trans by Milagros et al. [50] also showed a similar decrement in
subsequent cycles. The cell densities were reported higher in Cycle
1(84 %10’ cellsmL™") than in Cycle 2 (6.6 10° cells mL™") and
Cycle 3 (4.5%10° cellsmL™") and, contrary to our study, the
culture collapsed in Cycle 4. This was prominent in our study,
where the specific growth rate between all cycles decreased dur-
ing culture cycle four in all three culture runs. The reduction
pattern on subsequent cycles could be due to the increasing
culture age and the production and accumulation of spermato-
gonia, cytoplasm, metabolites, and other cellular debris that can
adhere to the cultured cells and form flocs, inhibiting their
growth and even causing a culture crash [28]. However, no
culture crash or culture collapse occurred in the present study.
This demonstrated the potential of limiting culture cycles in
the fed-batch culture system to avoid a possible culture crash
due to contamination from suspended floc accumulation. It is
also important to note that no flocs formed during the whole
experimental culture in this study. Kaspar et al. [28] reiterate
that floc accumulation signifies that a microalgal culture may
be about to crash.

The nutritional content of the produced microalgal bio-
mass in this study indicates the effectiveness of the culture
system, apart from its promising growth performance [19].
The growth stage and the physiological composition of the
microalgal cells primarily influence the cellular biochemical

Aquaculture Research

composition of microalgae. In this study, the culture method
adapted provides cells grown under constant light, tempera-
ture, and nutrient supply and harvested in the middle of the
exponential phase to ensure healthy cells and high-quality
biomass. Hu et al. [51] stated that under ideal culture con-
ditions, microalgae produced biomass that is high in protein
(30%—50%), carbohydrates (20%—40%), lipids (8%—15%), and
5%—20% dry weight of fatty acids. The present investigation
reveals a variety of similar nutritional compositions. The protein
content accorded well with previous studies [34, 52-54].
Besides, a nutrient-depleted state results in higher lipid
and carbohydrate content [55, 56]. Hence, the present study
suggests that the culture was in a nutrient-rich state. Wang
et al. [57] indicated that single-stage fed-batch cultures without
stress induction improved lipid productivity and content by
1.60- and 1.92-fold.

The optimization of fatty acid content is influenced by
culture mode, which is reflected by adequate nutrient supply
and appropriate light intensity in the culture system. Previ-
ous research has indicated that a reduced dilution rate,
increased light intensity, and smaller cell size have a signifi-
cant effect on the formation of polyunsaturated fatty acids
(PUFAs) [58]. The higher n-3 and n-6 percentages detected
in the present study were also consistent with Natrah et al.
[53]. A high level of cellular energy and the availability of
essential nutrients for cellular functioning and growth were
both indicated by the accumulation of higher n-3 levels in the
current study, as reported by Tiez and Zeiger [59]. The high
percentage of EPA shown in the present study agrees with
Rivero-Rodriguez et al. [60] and Griffiths and Harrison [61].
Adapting fed-batch culture with intermittent feeding allowed
relevant dilution of media and ensured sufficient light supply to
the culture, which is crucial for the stable production of a
uniform-size cell. However, smaller cell size is a crucial factor
for optimizing the production of Chaetoceros sp. for a higher
PUFA content [58]. This is usually achieved with a lower dilu-
tion rate in batch, semi-, or continuous culture systems. The
amino acid C. calcitrans in the present study was in accordance
with Natrah et al. [53]. It has been determined that the com-
position of amino acids in diatoms is highly responsive to
external factors such as nitrogen availability, light intensity,
and photoperiod [62]. Additionally, it is also affected by the
growth stage of the microalgae culture [63]. The percentage of
higher total non-essential amino acids compared to total
essential amino acids in the present study showed a common
profile of diatoms [63], with a predominance of arginine
(8.140.1%) and leucine (7.4+0.1%) for essential amino
acids, and glutamic (17.6 £ 0.1%) and aspartic (12.6 = 0.1%)
being the most abundant non-essential amino acids. Higher
percentages of essential amino acids could be achieved by
adopting the cycle for illuminating and harvesting cells in
the late-exponential growth phase [63], which was not applied
in the current study.

5. Conclusions

Optimization of culture conditions is important in influencing
the physiological growth and cellular biochemical properties
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of C. calcitrans. To our knowledge, this is the first description
of C. calcitrans cultured in fed-batch mode with intermittent
feeding of culture medium in a 120 L annular photobioreactor.
The cultivation technique produced more microalgae biomass
faster, indicating a cost-saving on an industrial scale. Since no
culture failures occurred throughout the trial, the cultivation
system’s characteristics promote culture stability and reduce
contamination. The obstacle encountered in high-cell density
cultures of C. calcitrans in large-scale systems can be rectified
by adopting the intermittent feeding of culture medium. Fur-
thermore, the culture mode adopted did not negatively affect
the nutritional profile of the C. calcitrans biomass produced.
Further development will depend on a suitable cultivation
system that provides efficient utilization of light and nutrition
for favourable production output. This can be achieved by
adapting suitable growth kinetic studies or feeding essential,
specific culture mediums instead of the complete medium.
However, careful control conditions should be applied to micro-
algal culture to obtain homogeneous production in terms of
quality and quantity. Finally, the mode in which the microalgae
is cultivated is another factor that helps to achieve the objectives
of high cell density, high productivity, and good nutrient range
at the same time.
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