Aquaculture International (2022) 30:899-918
https://doi.org/10.1007/510499-022-00843-5

®

Check for
updates

Biomass, proximate biochemical composition and fatty acid
profiles associated with the growth phase of Chlorella salina
Butcher and Isochrysis maritima Billard and Gayral isolated
from the coastal waters of Penang, Malaysia

S. Siti Syazwina' - E. Mohammad Basri' - W. 0. Wan Maznah'-%3

Received: 26 August 2021 / Accepted: 14 January 2022 /Published online: 26 January 2022
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract

Choosing the right algae with the relevant properties and optimal harvest time for specific
culture conditions and products is essential. As such, biomass, biochemical composition
and fatty acid (FA) profile at different growth stages of locally isolated strains, suitable
for aquaculture, Chlorella salina and Isochrysis maritima, were determined. Biomass and
moisture content of both species were affected by the growth phase. A particular accu-
mulation trend of proximate biochemical compounds was observed in these two strains.
Protein content decreased whereby, as culture aged, more carbohydrate and lipid accumu-
lated in C. salina and I. maritima, respectively. Variations in FA profile were exhibited
in C. salina where PUFA was the highest, followed by SFA and MUFA throughout the
growth phases. I. maritima had the highest SFA content, followed by PUFA and MUFA
during the exponential phase. The essential PUFAs in C. salina were linoleic acid (LA)
and a-linolenic acid (ALA) with a low occurrence of y-linolenic acid (GLA; 0.49-0.78%)
and docosahexaenoic acid (DHA; 0.21-0.45%). 1. maritima recorded relatively high ALA
(4.73-6.71%), GLA (5.05-7.80%) and DHA (5.15-7.02%) with minor presence of arachi-
donic acid (ARA; 0.45-0.59%) and eicosapentaenoic acid (EPA; 0.43-0.58%). Both C.
salina and 1. maritima are suitable for aquaculture feeds, but I. maritima was more superior
by having EPA and higher DHA in their cells. Harvesting regime at a specific phase must
be taken into account to achieve maximum yields of a target compound; thus, for feeding
purpose, harvesting both strains at stationary phase is recommended as better PUFA com-
positions were obtained.
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Introduction

Microalgae are microscopic photosynthetic organisms that are found in both marine and
freshwater environments. As the basis of natural food chains, exploitation of this photosyn-
thetic microorganism has a long history in the aquaculture industry. The nutritional quality
of microalgae biomass is correlated to its biochemical composition which plays an essen-
tial role in the diet of marine animals, either directly or indirectly (through enrichment of
zooplankton). Microalgae lipids have been used as a dietary source for metabolic energy
and essential components for aquaculture organisms (Han et al. 2019), with fatty acid con-
tent being the central factor in the selection of microalgae species for use as aquafeeds
(Huerlimann et al. 2010). Due to their high protein, carbohydrates, lipids and fatty acids
content, and richness in minerals and vitamins as well as bioactive compounds, microalgae
have received increasing interest as natural source of these valuable compounds (Ljubic
et al. 2019; Bhowmick et al. 2020; Shi et al. 2021). Regarding this, recent research has
shown that aquafeeds that contain microalgal by-products, for example defatted microalgae
biomass generated from high-value microalgal compounds, was reported to improve both
the growth and survival of the crustaceans and fish (Gamboa-Delgado et al. 2019).

Microalgae show considerable metabolic flexibility in response to changes in environ-
mental factors (Patil et al. 2021); hence, the microalgae cultivation needs to be controlled
and maintained at optimal conditions to ensure maximum growth, high survival rate and
high biomass production (Li et al. 2021). Nutrients, light, temperature, salinity and pH are
among the key aspects that influence overall biomass productivity and algal biochemical
compositions (Renaud et al. 2002; Araujo and Garcia, 2005; Sanchez-Garcfia et al. 2020),
which may vary during the microalgal growth phase cycle. Chlorella and Isochrysis are
among microalgae species commonly utilised as feed due to their high nutritional values,
particularly proteins (essential amino acids), long-chain PUFAs and pigments (Matsui
et al. 2020). What is more is they are able to be cultivated on a large scale, attaining the
proper cellular size with high digestibility and growth rates (Nalder et al. 2015; Safafar
et al. 2016).

Malaysia’s aquaculture industry, and particularly fish production, is currently under-
going an expansion, owning increased demand both locally and internationally, which
has caused an increase in the demand for microalgae culture for aquafeed. Despite that,
research and development on microalgae have received little attention. This is espe-
cially true in comparison to research into macroalgae (seaweed), which has been com-
mercialised and has become an economically more important natural source of aqua-
feed in Malaysia (Phang 1998, 2006; Vairappan et al. 2008; Chan et al. 2013; Eranza
et al. 2015; Nor et al. 2017, 2020; Phang et al. 2017, 2019). Microalgae strains used
as live feed in Malaysia are usually imported and the biochemical composition has
not been characterised in detail. There is increasing demand for products derived from
microalgae which relates to the strain’s taxonomic and biochemical compounds (Ljubic
et al. 2019; Bhowmick et al. 2020); thus, it is important to choose the right algae with
relevant properties for specific culture conditions and products. Since the cultures were
maintained in controlled conditions, we assumed that microalgal cellular biochemical
attributes will be varied according to the cells’ growth phase and nutrient deficiency in
the culture media that occurs as the culture aged. The reaction might be species-spe-
cific and could be manipulated to accumulate specific compounds or/and biomass for
various commercial industries particularly aquaculture. Economic viability of microal-
gae for aquaculture feed is largely dependent on their growth and productivity which
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relies on various biotic and abiotic environmental factors (Yu et al. 2018; Lee et al.
2019). During the course of their growth, microalgae produce compounds with broad
range of structural and functional classes essential for their growth, metabolism and
other biological processes (Bhowmick et al. 2020). Aging or culture maturation is one
of the factors that affect the biochemical composition of algae (Schulze et al. 2019).

To the authors’ knowledge, marine microalgae in Penang coastal areas with the
potential for economic importance and benefit have not yet been studied. Chlorella
salina and Isochrysis maritima reported in this study are newly identified in Penang
coastal waters and are believed to have various attributes conducive to being success-
fully used in aquaculture. These indigenous tropical microalgae isolates are assumed to
be more tolerant to local environmental conditions, and therefore be more suitable for
use in Penang hatcheries, whereas by comparison, imported strains may not withstand
the local environmental conditions, and thus may produce lower biomass concentra-
tion and poorer nutritional values. Moreover, the influence of the growth phase on the
biochemical composition of these local strains in relation to productivity of a target
compound has not been clearly investigated. In light of this, this study was conducted
with the aim of isolating new microalgae strains from Penang coastal waters which are
capable of producing essential fatty acids and which possess other attributes suitable
for aquaculture.

Materials and methods
Microalgae isolation and experimental design

Chlorella salina USMAC 17 and Isochrysis maritima USMAC 19 were isolated from
the Teluk Aling, located at the north western part of Penang coastal waters, Malay-
sia, and surrounded by fishing activities by local fisherman. Purification of the
strains was carried out using mechanical separation to discriminate between the cells
and other substances, followed by antibiotic treatment (Mohammad Basri and Wan
Maznah 2017). The axenic algal cells were transferred into 100 mL of sterilised sea-
water enriched with Walne’s medium (Walne 1970) at 30%o salinity. Algal cultures
were maintained photoautotrophically under 12:12-h light/dark cycle with light inten-
sity of 50 pmol photons m~2 s! and temperature of 25 +2 °C. Flasks containing the
algal cells were shaken twice daily to agitate the culture medium. After reaching the
late exponential phase, the cultures were transferred into 900 mL of working medium.
Aeration was continuously provided through 0.2-um polytetrafluoroethylene (PTFE)
filter to 1 L cultures. Triplicate flasks of 1 L cultures were harvested at three differ-
ent growth phases of exponential (E), early stationary (ES) and during stationary (S)
phases by centrifuging at 3000 rpm for 5 min. The supernatants were discarded, and
the pellets obtained were centrifuged again after washing with distilled water. The cell
pellets were freeze dried for total protein, total carbohydrate and fatty acid analyses.
These batch assays were repeated in independent experiments to support the consist-
ency of the results obtained. Microalgae cultivation was done in hygienic conditions
according to culturing procedures and protocols in Kawachi and Nogl (2005) to mini-
mise and prevent contamination.
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Analytical methods

Cell density was measured daily using a haemocytometer (Neubauer-improved haema-
cytometer, Laboroptik, UK) to estimate cultured population (x 10° cell mL™"). Cell
enumeration was subsequently used to estimate the rate of culture augmentation,
equivalent to the rate of population increase, often expressed as the rate of cell divi-
sion. The specific growth rate, SGR (per day), u, was calculated with differential equa-
tion according to Schoen (1988):

dX/dt = uX

where X is the number of cells, u is the growth rate and ¢ is the time in days. Rear-
rangement of this equation yields

SGR/day, u = (InX, — InX,)/(1, — ;) (1

where X, and X, are cell densities at two times, f, and ¢,.
Doubling time, D,, is the time required for cells to double in size and can be calcu-
lated from the growth rate:

Dt(day) =1n2/pu 2)

Dry biomass, AFDW, ash and moisture content

Triplicates of 10 mL algal suspension from exponential, early stationary and station-
ary of growth were filtered on 0.45 um Whatman GF/C filter papers with diameter of
47 mm. Filter papers were pre-combusted and weighed. During filtration, the vacuum
(Rocker 300) pressure was maintained at 35 to 55 mm Hg. To avoid air exposure of
the cells, the vacuum was disconnected during each rinse so that water covered the
filter, before suction was then rapidly applied to remove the rinsing solution. Microal-
gae cultures were washed with 0.5 M ammonium formate (NH,HCO,) to remove salts
(Zhu et al. 1997; Hulatt et al. 2012). Dry weight of marine algal samples is profoundly
affected by the amount of salts adsorbed on the cell surface and those present in inter-
cellular water (Zhu et al. 1997; Rocha et al. 2003). Thus, washing of cells with suit-
able washing solution, or buffer, is important to overcome this possible error. Although
there are various washing agents for marine samples including distilled water (Goh
et al. 2010; Chen et al. 2012), diluted sodium chloride (Tokusoglu and Unal, 2003) as
well as ammonium bicarbonate (Zhu et al. 1997; Liu et al. 2013), ammonium formate
was widely used effectively in removing salt particles in seawater media (Hodgson
et al. 1991; Chu et al. 1996; Renaud et al. 1999; Brown and Hohmann 2002; Tzovenis
et al. 2003; Xu et al. 2006).

To measure dry biomass, filters were dried in an oven at 105 °C for 24 h to a stable
constant weight, cooled a desiccator and weighed again (Lee et al. 2019). These filters
were then ashed in a muffle furnace at temperature of 540 °C for 4 h, cooled down in a
desiccator and weighed to obtain the ash free dry weight (AFDW). Dry weight, AFDW,
ash content and moisture content were calculated according to Liu et al. (2013).
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Biochemical proximate composition

To get crude protein extract, lyophilised samples were immersed in distilled water for
12 h and the sample pellet was re-extracted by adding 1 mL of 0.1 M Natrium hydrox-
ide (NaOH) according to Barbarino and Lourenco (2005). Total protein was subsequently
measured following methods in Bradford (1976). Total lipids were determined by a modi-
fied version of the Bligh and Dyer (1959) method as proposed by Ryckebosch et al. (2012).
Carbohydrates were extracted according to Chu et al. (1996), where freeze dried sample
was first hydrolysed into simple sugar using dilute hydrochloric acid (2 M HCI), and total
carbohydrate content was then determined using the phenol—sulphuric assay in Dubois
et al. (1956).

Fatty acid analysis was carried out by extracting lyophilised algal biomass using a modi-
fied direct transesterification method as described in Abel et al. (1963). Fatty acid methyl
esters (FAME) were separated and analysed by a gas chromatography geochemical analyser
(GC-2010, Shimadzu) equipped with a flame ionisation detector and a 30 mmXx0.22 mm
70% cyanopropyl polysilphenylene-siloxane (BPX70, SGE) column (Mohammad Basri
and Wan Maznah 2017).

Statistical analysis

Data were analysed using SPSS (Statistical Package for the Social Sciences) V20.0 soft-
ware. Normality of the response variables was tested using a Shapiro—Wilk statistic.
A one-way ANOVA was used to test for possible significant differences in the means of
dependent variables among the growth stages, followed by post-hoc Tukey’s multiple com-
parisons test when significant difference was found at p <0.05. Independent sample ¢ test
was performed to evaluate significant differences in dependent variables between Chlorella
salina and Isochrysis maritima regardless of the growth phases. All data are presented as
mean + standard error.

Results and Discussion
Microalgal growth

SGR of both strains were not significantly different (Table 1). Growth rate is an important
aspect in microalgae cultivation and is used to indicate the health of microalgae cultivation
(Sanchez-Garcia et al. 2020). SGR is the best way of expressing the relative ecological
adaptation success of a species or strain to the environmental conditions imposed upon it
(Cui et al. 2006; Seyfabadi et al. 2010).

Table 1 Maximum density,

Speci Maxi densit SGR (day™' Dt (d
specific growth rate (SGR) and pectes (Xalx(;?:erﬁs ;:le 1}; (day™) (day)
doubling time (Dt) of C. salina
and I. maritima in 1000 mL C. salina 10.60+0.334 052+0.03® 1214009
culture volume

I. maritima 10.19+0.18B 0.48+0.038 1.46+0.088

Different uppercase letters indicate significant different between vol-
umes in same species (¢ test, p <0.05)
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C. salina and I. maritima grown in the present study had lower growth rates com-
pared to other species of the same genus in photobioreactor cultivation (Illman et al.
2000; Griffiths et al. 2011) but had higher growth rates compared to outdoor cultivation
(Van Bergeijk et al. 2010; Zhao et al. 2011). Automated controlling system in photobio-
reactor offers better regulation of the culture conditions. Two of these variable param-
eters, optimum illumination per unit surface area and constant circulation, are key in
achieving superior biomass yield and high growth rates (Sanchez-Garcia et al. 2020).
Outdoor cultivation on the other hand is illuminated with natural solar light which
depend on the prevailing weather conditions and the exposure to bacterial contamina-
tion; competition with other microalgae and predation by protozoa are not as easily con-
trolled and can result in lower growth rates (Sanchez-Garcia et al. 2020).

Table 2 shows that the average biomass as dry weight (g) (DW) and ash free dry
weight (g) (AFDW) values for both species, C. salina and I. maritima, was affected by
the growth phase with one-way ANOVA displayed significant differences between each
variable group (p <0.05). The increases of dry weight throughout the culture period can
be explained by the increases in cell concentration (Bresaola et al. 2019), where maxi-
mum cellular densities can be attributed to the highest dry weight obtained in stationary
phase, most probably due to algal organic matter released by excretion and cell lysis
(Cui et al. 2019). Furthermore, the 2.5-fold increase in dry weight was probably due to
pronounced growth between the exponential to stationary phases.

Total ash and moisture content were lower in the stationary phase compared with the
exponential phase in both species but had no significant differences (p > 0.05), except
for the moisture content in I. maritima that was significantly affected by growth stages
(p<0.05) (Fidalgo et al. 1998). The difference between dry weight and AFDW repre-
sent the amount of total ash. According to Renaud and Parry (1994), total ash is mainly
influenced by salinity. The authors further revealed that increases in cellular inorganic
matter (ash) are caused by an adjustment to cellular water stress by high salt content.
Total ash content of /. maritima was within the range of other Prymnesiophyta (13-19%
ash) reported by Renaud et al. (1999) and Tokusoglu and Unal (2003) and was signifi-
cantly lower than C. salina (Table 2). High ash content in microalgae might be a result
of their lower digestibility (Gamboa-Delgado et al. 2019).

Table 2 Analysis of algal samples harvested in the exponential (E), early stationary (ES) and stationary (S)
growth phase. Values are mean=+SE, n=3

Species Growth phase DW (g LY AFDW (g L™Y) Total ash (%) Moisture content (%)

C. salina E 0.25+0.03%" 0.23+0.03%*  10.64+4.48  564+2.08%"
ES 0.56+0.04>*  0.51+0.04>* 9.05+2.25%%  3.60+0.10**
S 0.64+0.04>  0.58+0.06>* 9.59+4.77%%  3.20+0.02**
I maritima E 0.18+0.04*4  0.15+0.04**  1539+10.50* 3.00+0.02%4
ES 0.40+0.01"® 0344005  1530+11.34%* 2.90+0.06>"
S 0.48+0.04°  041+0.03*®  1391+1.15%  2.33+0.02%B

DW, total biomass dry weight; AFDW, ash free dry weight

Different lowercase letters down a column indicate significant difference between phases within the same
species (ANOVA Tukey’s test, p <0.05)

Different uppercase letters indicate significant different between species in same phases (t test, p <0.05)
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Proximate biochemical compound

C. salina and I. maritima attained the highest amount of protein in the exponential phase,
while carbohydrate and lipid content were less than the protein accumulation (Figs. 1
and 2). At this growth stage, all the dependent variables were not significantly different
between these two strains (f test, p>0.05). The biochemical composition of rapidly grow-
ing cells is generally characterised by a high protein and low carbohydrate and/or lipid con-
tent (Renaud et al. 1991; Brown et al. 1993, 1997; Zhu et al. 1997; Lourenco et al. 1997;
Loépez et al. 2010; Costard et al. 2012; Safafar et al. 2016). Proteins are fundamental during
the early stages of microalgae growth because it functions as the building blocks for tissue
production, enzyme biosynthesis and metabolic processes of a cell (Mahboob et al. 2012).
Thus, here, high protein content most likely corresponds to the increased cellular density
observed during the exponential phase in both cultured species.

As cultures shifted to the early stationary phase, the carbohydrate and lipid contents of
C. salina increased whereas protein content slightly decreased. A similar tendency occurred
during the stationary phase of growth where carbohydrates increases were matched by pro-
tein decreases. Lipid content also decreased in the latter phase, although to a lesser degree.
On the other hand, although statistical analysis showed all the dependent variables of these
strains were not significantly different at early stationary phase, changes in the biochemical
compounds of . maritima were far smaller, with insignificant decreases in total protein and
minor, yet significant increases in both carbohydrate and lipid compounds with advancing
age. Previous studies had established that with the onset of stationary phase due to nitrate
limitation, cultures typically accumulate carbohydrate and/or lipid at the expense of protein
(Brown et al. 1993; Pribyl et al. 2012) and at a reduced growth rate (Ha et al. 2019).

45

71 b OEOES @S$
35 +

HH

30 + a

25 +

20 + T a &

% content (w/w)

10 +

Protein Carbohydrate Lipid

Fig. 1 Proximate composition of C. salina in different growth phases: E (exponential), ES (early stationary)
and S (stationary) phase. Different lowercase letters indicate significant difference between phases within
the same species (ANOVA Tukey’s test, p <0.05)
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Fig.2 Proximate composition of I. maritima in different growth phases: E (exponential), ES (early station-
ary) and S (stationary). Different lowercase letters indicate significant difference between phases within the
same species (ANOVA Tukey’s test, p <0.05)

As the cultures were maintained under controlled conditions during the experimental
cultivation period, changes in biochemical composition might have been an indication
of nutrient deficiency in the culture media. The abundance of N is one of the main lim-
iting factors to cell growth over the cultivation period, and thus significantly influence
biochemical composition (Xu et al. 2001; Valenzuela-Espinoza et al. 2002; Pfibyl et al.
2012; Recht et al. 2012; Huang et al. 2013). Apart from N, autotrophic cultivation of
these two strains might increase the metabolic requirement for P (Qu et al. 2008). As
cultures grow, algal cells accumulate lipids under P-depleted condition in the medium
due to changes in cell biosynthetic pathways; thus, lipids productivity increased in
response to this stress (Liang et al. 2013; Chia et al. 2013; Sanchez-Garcia et al. 2020;
Arguelles and Martinez-Goss, 2021).

Protein levels in microalgal cells drop synergistically with N levels in the growth
media which could be explained by the effect of growth stage—dependent protein drop
(Schulze et al. (2019). Most of the cellular N is in proteins; hence, N consumption
from the medium can directly affect protein synthesis (Sanchez-Garcia et al. 2020).
This statement was further supported by Illman et al. (2000) and Sanchez-Garcia et al.
(2020) who indicated a low protein level in C. vulgaris and Scenedesmus obtusiusculus
grown in low N concentration medium, conforming the fact that protein content has a
positive correlation with N concentration (Safafar et al. 2016). Additionally, a study by
Liang et al. (2013) has shown that protein content of Chlorella sp. decreased under N
deprivation while no obvious changes were observed under low P conditions, indicating
protein synthesis was mainly affected by N rather than P. Thus, higher level of nitrogen
in the growth medium is required if protein is the preferred compound in the biomass
(Safafar et al. 2016). Although protein decreased significantly as the culture aged, it
remained as a major biochemical component in C. salina and I. maritima (Figs. 1 and 2,
respectively). High protein content in both species shows their suitability to be applied
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in aquaculture and other various economic benefits that may be derived from their intra-
cellular metabolites (Ansari et al. 2020).

Higher carbohydrate and lipid yields in phases following the exponential phase were
assumed to be associated with biosynthesis and accumulation of metabolic storage
(Mourente et al. 1990; Markou et al. 2012; Li et al. 2021). Increased metabolic storage
capacity with culture age has been observed in many microalgal taxa, as photosynthetic
energy is diverted from lipid and/or carbohydrate production instead of cell division and
is often initiated by N limitation (Zhu et al. 1997; Valenzuela-Espinoza et al. 2002; Rich-
mond 2004; Huerlimann et al. 2010).

Although stationary growth phase did not record significant differences of independent
variables between the two strains (¢ test, p>0.05), Fig. 1 shows that C. salina seemed to
favour the production of carbohydrate as storage compound over that of lipid whenever
nutrient became insufficient. By contrast, under the same conditions, /. maritima cells pro-
duced increased lipids (Fig. 2), most probably by channelling excess light energy and car-
bon into intercellular compound of lipids and decreased photosynthetic capacity (Sdnchez-
Garcia et al. 2020). N starvation in microalgae has been shown to significantly increase
the lipid fraction in some other species (Converti et al. 2009; Huang et al. 2013; Ordog
et al. 2013; Sanchez-Garcia et al. 2020) and causes carbohydrate accumulation in others
(Chu et al. 1996; Markou et al. 2012), with the different preferences existing even between
strains in the same genus (Richmond 2004). In I. maritima cultivation, when the culture
aged, photosynthesis ceased; thus, ATP and NADPH may have been supplied by the cyclic
electron flow (CEF) and oxidative pentose phosphate pathway (OPPP), which would
increase fatty acid and lipid content (Jeon et al. 2017). Under N starvation, some microal-
gae switch metabolic pathways to store more carbons into starch and then into lipids (Jeon
et al. 2017; Sanchez-Garcia et al. 2020); thus, this could lead to the conclusion that the
reaction might be species and culture conditions dependent (Safafar et al. 2016; Schulze
et al. 2019; Sanchez-Garcia et al. 2020; Li et al. 2021). Furthermore, N availability has
widely been manipulated to induce neutral lipids, carbohydrates and carotenoid production
(Sanchez-Garcia et al. 2020).

Fatty acid composition

Fatty acids are structural components of many lipids and are involved in the maintenance
of membrane integrity and cellular organisation (Bhowmick et al. 2020; Lu et al. 2021).
The type and amount of fatty acids that determine the potential application of lipids accu-
mulated by microalgae vary considerably between species (Gatenby et al. 2003; Lu et al.
2021). In this study, it was found that the amount of fatty acid classes in C. salina and 1.
maritima changed substantially throughout the growth phase (Figs. 3 and 4). It was dis-
covered that polyunsaturated fatty acids (PUFA) concentration increased with increasing
culture age and C. salina recorded significantly higher PUFA than I. maritima. Maximal
proportions were achieved during the stationary phase of growth in both strains. Accumu-
lation of PUFA has previously been correlated with the cessation of cellular division at the
onset of the stationary phase (Hodgson et al. 1991; Brown et al. 1997; Fidalgo et al. 1998;
Huerlimann et al. 2010). Conversely, other studies demonstrated lower amount of unsatu-
rated fatty acid, particularly PUFA, in stationary phase observed in Nannochloropsis ocu-
lata (Dunstan et al. 1993; Brown et al. 1997) and Pavlova viridis (Xu et al. 2006), showing
that the variations are species-specific depending on culture conditions (Solovchenko et al.
2008) and drying methods (Guldhe et al. 2014; Ljubic et al. 2019).
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Fig. 3 Major fatty acid classes in C. salina in different growth phases: E (exponential); ES (early stationary)
and S (stationary) phase. Different lowercase letters indicate significant difference between phases within
the same species (ANOVA Tukey’s test, p <0.05)
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Fig. 4 Major fatty acid classes in 1. maritima in different growth phases: E (exponential); ES (early sta-

tionary) and S (stationary) phase. Different lowercase letters indicate significant difference between phases
within the same species (ANOVA Tukey’s test, p <0.05)
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Total PUFA was the main constituent in the fatty acid profile of C. salina, across all
growth phases. Of these fatty acids, both linoleic acid (LA) and a-linolenic acid (ALA)
were abundant, while y-linolenic acid (GLA) and docosahexaenoic acid (DHA) were also
present but in lower quantities (Table 3). Total MUFA slightly increased and then remained
relatively stable showing no significant difference (ANOVA, p>0.05), whereas total
SFA and PUFA were affected by the growth phase and experienced significant increase
(ANOVA, p <0.05). Tukey’s test further exhibited significant difference (p <0.05) between

Table 3 Fatty acid composition (% of total fatty acids) of C. salina during different growth phases. Values

are mean+SE, n=3

Common name Fatty acid Exponential Early stationary Stationary
Saturated
Myristic C14:0 0.49+0.06 0.71+0.09 0.86+0.06
C15:0 0.26+0.04 0.33+0.06 0.35+0.02
Palmitic C16:0 15.27+£3.05 20.86+4.16 24.60+3.51
C17:0 2.56+0.11 3.28+0.30 3.78+£0.64
Stearic C18:0 1.40+£0.32 1.73+£0.28 1.83+0.30
C20:0 0.22+0.05 0.34+0.07 0.35+0.10
C24:0 0.28+0.08 0.44+0.21 0.36+0.11
Monounsaturated
Cl4:1 - - -
Cl15:1 0.22+0.10 0.29+0.99 0.26+0.01
Cl6:1 2.66+0.56 343+1.10 3.19+0.89
Cl17:1 1.87+0.40 1.66+£0.72 2.90+1.35
Oleic C18:1n9 3.92+0.52 5.29+0.35 6.08 +0.84
Cl18:1n7 0.35+0.07 0.36+0.11 0.31+0.14
C20:1 0.55+0.11 0.70+0.14 0.51+0.18
C22:1n9 0.44+0.19 0.57+0.17 0.45+0.21
C24:1 - - -
Polyunsaturated
Linoleic (LA) C18:2n6 14.65+4.18 17.50+3.05 19.62+3.76
y-Linolenic (GLA) C18:3n6 0.49+0.17 0.78+0.22 0.52+0.14
a-Linolenic (ALA) C18:3n3 9.69+1.86 18.25+5.30 19.42+3.85
C18:4n3 0.14+0.02 0.21+0.03 0.33+0.01
C20:3n6 0.27+0.13 0.33+0.08 0.39+0.11
Arachidonic (ARA) C20:4n6 - - -
Eicosapentaenoic (EPA) C20:5n3 - - -
Docosahexaenoic (DHA) C22:6n3 0.21+0.02 0.39+0.08 0.45+0.13
3'SFA 20.48+3.27* 27.69+3.02% 32.11+4.54°
Y MUFA 10.01+1.85* 12.30+1.46* 13.71+2.93%
YPUFA 25.45+4.22° 37.46+3.81° 40.72+1.86
Yn3 10.04+1.07* 18.85+3.70 20.19+1.59°
> n6 15.41+£3.13* 18.61+2.84% 20.53+£3.05%
>'n3/n6 0.65 1.01 0.98

Different lowercase letters down a column indicate significant difference between phases (ANOVA Tukey’s

test, p <0.05)
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exponential and stationary phase levels of SFA, while values of PUFA during exponen-
tial phase were significantly different (p < 0.05) from early stationary and stationary phases
(Fig. 3). However, total SFA and MUFA of C. salina were not significantly different with /.
maritima at all growth stages ( test, p >0.05).

Eicosapentaenoic acid (EPA), 20:5n-3, not found in C. salina in this study, has been
found to be a major component of the total fatty acids in some Chlorella spp. (Vazhap-
pilly and Chen 1998; Khoeyi et al. 2011), but values are highly variable across the genus
(Petkov and Garcia (2007). Palmitic and oleic acid increased with culture age in response
to nitrogen depletion, as has been observed elsewhere (Toledo-Cervantes et al. 2018;
Sanchez-Garcia et al. 2020).

1. maritima was found to contain large proportions of polyunsaturated GLA (C18:3n6)
and ALA (C18:3n3) and was particularly rich in DHA (C22:6n3), with low occurrence of
ARA (C20:4n6) and EPA (C20:5n3) (Table 4). This common trend of high DHA vs low
EPA values has been found in other Isochrysis strains by a number of studies (Dunstan
et al. 1993; Fernandez-Reiriz and Labarta 1996; Liu and Lin 2001; Mansour et al. 2005;
Patil et al. 2007), and indeed Isochrysis strains have received increasing interest because of
their ability to produce the polyunsaturated DHA which is of high value to the aquatic feed
industry (Shi et al. 2012; Liu et al. 2013; Matsui et al. 2020).

In I. maritima, SFA were the predominant (Fig. 4) and consist of myristic acid (C14:0),
stearic acid (C18:0) and arachidic acid (C20:0) followed by the PUFA GLA (C18:3n6),
ALA (C18:3n3), DHA (C22:6n3) and MUFA of oleic acid (C18:1n9) and nervonic acid
(C24:1) during the first two phases of cultivation (Table 4). SFA and PUFA had relatively
similar proportions when reached stationary phase. This was due to increased accumula-
tion of PUFA and declining SFA content over time. Although MUFA increased over the
culture period, it remained the lowest fraction in I. maritima. According to Zhu et al.
(1997), Fidalgo et al. (1998) and Lin et al. (2007), some variation in the fatty acid compo-
sitions of Isochrysis spp. between growth phases can be attributed to relative distribution of
the lipid bodies in this microalga.

Table 4 shows that EPA, ALA and DHA increased when the culture aged, agreeing
with previous studies which reported C20:5n3 in Phaeodactylum tricornutum cultures
increased under nutrient starvation (Bai et al. 2016). This contrasts with a study con-
ducted by Chua et al. (2020) who reported a decrease in EPA in Nannochloropsis oceanica
under N-deplete condition, showing the response is species-specific. Matsui et al. (2020)
recorded an increase of ALA and DHA in T. lutea as the culture aged, with the assumption
that there was a reduction of betaine lipids and accumulation of lyso-lipids and free fatty
acids when cells reach the stationary phase. ALA and DHA in T. lutea contributed to fatty
acid unsaturation in chloroplast membranes and mitochondria, respectively, which has an
antioxidant function. Accumulation of ALA and DHA in membrane lipids at the station-
ary growth phase of 1. maritima could protect the cells from oxidative stress which include
their tolerance towards deficiency of nutrients (Matsui et al. 2020). In addition to that, it
was unveiled that fatty acids from algal cells have antibacterial properties by inhibiting
the electron transport chain (ETC) and oxidative phosphorylation that led to bacterial lysis
(Bhowmick et al. 2020). Studies have shown the importance of algal fatty acids as antibac-
terial agents to treat pathogens in aquaculture (Cermak et al. 2015; Ben Hafsa et al. 2017,
Bhowmick et al. 2020), rendered their value in aquaculture industrial setup. Ingestion of
PUFA-rich microalgae could improve fatty acids profile, promote growth and enhance
immunity of aquatic animals (Lu et al. 2021).

The ratios of n3 to n6 PUFA have been normally used as an index of high nutritional
value for aquaculture organisms (Renaud et al. 1991; Shamsudin, 1992; Lu et al. 2021).
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Table 4 Fatty acid (% total fatty acids) content of I. maritima at different growth phases. Values are
mean+SE, n=3

Common name Fatty acids Exponential Early stationary Stationary
Saturated
Myristic C14:0 9.63+1.42 7.35+£1.59 6.04+1.22
C15:0 - - -
Palmitic C16:0 1.99+0.77 1.82+1.31 1.52+0.46
C17:0 0.54+0.08 0.38+0.05 0.30+0.08
Stearic C18:0 11.26 +£3.40 9.55+1.79 7.69+2.01
C20:0 13.07+2.85 10.76 +1.45 10.56 +1.73
C24:0 0.49+0.11 0.51+0.11 0.38+0.08
Monounsaturated
Cl4:1 0.63+£0.40 0.90+£0.07 1.70+£0.19
Cl15:1 - - -
Cl6:1 - - -
C17:1 - - -
Oleic C18:1n9 1.68+0.16 1.55+0.74 1.84+0.75
Vaccenic C18:1n7 - - -
C20:1 - - -
C22:1n9 0.44+0.03 0.38+0.13 1.20+£0.38
C24:1 5.96+0.12 9.39+2.23 9.59+3.04
Polyunsaturated
Linoleic (LA) C18:2n6 2.40+0.10 2.64+0.55 4.16+1.35
y-Linolenic (GLA) C18:3n6 5.05+1.74 7.80+1.72 7.63+1.84
«-Linolenic (ALA) C18:3n3 4.73+0.59 5.03+1.06 6.71+1.20
C18:4n3 - - -
C20:3n6 - - -
Arachidonic (ARA) C20:4n6 0.45+0.05 0.52+0.10 0.59+0.09
Eicosapentaenoic (EPA) C20:5n3 0.43+0.12 0.56+0.10 0.58+0.20
Docosahexaenoic (DHA) C22:6n3 5.15+1.74 5.85+1.95 7.02+2.51
Y'SFA 36.99 +3.35° 30.89+3.70* 26.49+2.88°
YMUFA 9.28+1.16° 12.71+2.04* 14.33+£2.65"
Y PUFA 18.31 £2.67* 22.40+3.19° 26.69+3.14°
>n3 10.41 +1.49% 11.44+1.25% 14.33+1.97*
3'n6 7.90+0.98" 10.96 +1.53 12.38+1.61°
>'n3/n6 1.32 1.04 1.16

Different lowercase letters down a column indicate significant difference between phases (ANOVA Tukey’s
test, p <0.05)

Diets with ratios of either n3/n6>2 (Huerlimann et al. 2010) or n6/n3 <0.5 (Fidalgo et al.
1998) are considered to be optimal for larvae and juvenile oyster. The increment of n3/n6
ratio of C. salina from exponential to early stationary phases (Table 3) was contributed
mainly by the n3 family (although overall n6 composition was higher) while in /. maritima,
n6 demonstrated significant increase from exponential to stationary phase (Table 4). How-
ever, both strains had n3/n6 ratios below what is considered optimal. n3 and n6 fatty acids
are vital to the diets of many commercially important marine fish and bivalves, and thus,
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it is of interest to aquaculturist to maximise these essential PUFA components (Mourente
et al. 1990; Patil et al. 2007; Lu et al. 2021). Therefore, harvesting the culture at specific
growth phases may enable better yield in PUFA compositions. A recent study conducted
by Matsui et al. (2020) using the microalgae Tisochrysis lutea harvested at different growth
phases to feed rotifer Brachionus plicatilis recorded varied levels of the highly unsaturated
fatty acid (HUFA) in B. plicatilis, showing that harvesting microalgae at a correct timing is
crucial to enrich DHA in rotifers intended for marine finfish larviculture.

Conclusion

Indigenous marine microalgae, C. salina (Chlorophyceae) and I. maritima (Prymnesiophy-
ceae), were successfully isolated and grown in a conventional laboratory batch culture sys-
tem. Variations in biochemical compositions associated with growth phases revealed that
the growth stage—dependent variables were more discriminative since other growth fac-
tors were closely controlled. Results of this study can provide strategies for these strains’
growth optimisation and their maintenance as aquaculture feed stock. Determination of
microalgal optimal harvest time is crucial and is dependent on the nutritional values of the
enrichment diet and its effect on the target organisms in aquaculture; thus for this purpose,
harvesting both strains at stationary phase is recommended as it yielded better PUFA com-
positions. C. salina and 1. maritima are well suited for use as microalgae feeds for aquacul-
ture organism due to their appropriate small cellular sizes and shapes, but I. maritima was
proved to be superior compared to C. salina by accumulating C20:5n3 (EPA) and higher
C22:6n3 (DHA). Furthermore, higher ash content in C. salina showed that it has lower
digestibility. A combination of these two marine microalgae, or mixture with other species,
might provide a better or an optimal balance of nutritional values for use in aquaculture
feed.
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