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Cost of nutrients is one of the major contributors to the production cost of

docosahexaenoic acid (DHA) by thraustochytrids, and this remains the main

challenge for economical and sustainable production of DHA. In the present

study, cassava pulp (CP) was investigated as an alternative low-cost carbon

source for DHA production by Aurantiochytrium limacinum SR21. Cultivation

conditions, i.e., salinity level, type of nitrogen source, and concentrations of

glucose and nitrogen sources, as well as pH, were optimized for cell growth. CP

was enzymatically hydrolyzed, and used as the base medium, supplemented

with artificial seawater salts, for DHA production under fed-batch cultivation. A.

limacinum grew well at 18 g/L of NaCl (equivalent to 50% salinity level), and

initial glucose concentration of 64 g/L, initial yeast extract concentration of 5 g/

L, and pH 7.5 were optimum for cell growth. Fed-batch cultivation, with

dissolved oxygen (DO) controlled at 10%, using CP-based medium as the

carbon source gave a final cell dry mass of 26.3 ± 2.0 g/L, with 15.5 ± 0.1 g/L of

lipid. DHA content in the lipid was 37.4 ± 1.5%, equivalent to 5.8 ± 0.3 g/L, and

DHA productivity was 960mg/(L·d). Medium-based economic analysis showed

that an economic yield (EY) of this process was 0.86, which was higher than the

0.81 obtained using glucose as the substrate, assuming the same process and

conditions. Overall, the results reveal that CP is a highly feasible feedstock for

DHA production by A. limacinum SR21.
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Introduction

Docosahexaenoic acid (DHA, C22:6n-3) is an omega-3

polyunsaturated fatty acid (PUFA) that has been recognized

as a valuable additive in food and feed industries. Fortification

of DHA in infant formulas can promote development of the

brain, retina, and nervous system. In adult, DHA helps

maintain brain functions and it has positive and protective

effects against several diseases, including arthrit is ,

atherosclerosis, depression, diabetes, myocardial infarction,

thrombosis, and cardiovascular diseases (Innis, 2008; Xu

et al., 2020; Chi et al., 2022). DHA is also nutritionally and

physiologically essential in animals. It can, for instance, reduce

skeletal malformation in larval Trachinotus ovatus and

enhances immune function in juvenile grouper (Zhang et al.,

2019). DHA can also improve various economic features of

aquatic, cattle, and poultry animals, e.g., growth, development,

and fecundity (Xu et al., 2020). Presently, most DHA in the

market is derived frommarine fish, in the form offish oil or fish

flesh, and seafood. These products, however, are relatively

expensive due to the costly production process, which was

estimated to be at least 10.9 USD/kg-DHA, excluding the cost

of DHA recovery and other contributing factors (Chi et al.,

2022). DHA production from marine fish can also lead to

overfishing, and fish farming seems not a sustainable solution

as this can pollute the local environment due to the

accumulation of farm waste products (Tičina et al., 2020).

The above-mentioned drawbacks and limitations can be

avoided by producing DHA using marine protists

(heterotrophic thraustochytrids), which are the primary DHA

producer in the food chain (Gladyshev et al., 2013). Among

others, Aurantiochytrium limacinum (formerly known as

Schizochytrium limacinum) is known to have excellent ability

to synthesize and accumulate DHA at high level (Chi et al.,

2022). It has been reported to accumulate lipid up to 73% of its

dry weight (Liang et al., 2010; Patil and Gogate, 2015), with

DHA content up to 35–47% of the total lipid (Wang et al., 2018).

This marine protist can be cultivated under controlled

conditions to utilize glucose, fructose, glycerol (Patil and

Gogate, 2015), as well as volatile fatty acids (Patel et al.,

2020b), as the carbon source for cell growth and DHA

production. However, the use of pure carbon source, e.g.,

refined sugar, is actually not economically viable since it is

costly. In some cases, cost of sugar could be almost 80% of the

total medium cost (Patel et al., 2020a), making DHA production

through Aurantiochytrium cultivation more expensive than the

traditional fish oil (Xu et al., 2020; Chi et al., 2022). To lower the

production cost, there have been attempts to substitute refined

sugar with sugars derived from lignocellulosic biomass, e.g.,

Jurusalem artichoke (Yu et al., 2016), birch wood chips (Patel

et al., 2019), and sugarcane bagasse (Nguyen et al., 2018).

However, the use of these biomasses often encounters a
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problem of low saccharification yield. This is due to their

complex structure and the presence of lignin at high level,

which underlie the need for pretreatment to facilitate the

release of sugars from the biomasses. Pretreatment not only

complicates the process and is expensive, but also produces

wastewater that needs to be treated before discharging into the

environment. Another potential source of sugar is cassava

(Manihot esculenta Crantz) pulp (CP), which is a by-product

of cassava starch production process. CP is abundantly available

in many countries, including Thailand. It also has low cost (e.g.,

170 USD/ton), high carbohydrate (up to 80%) and relatively low

lignin contents , which is beneficia l for enzymatic

saccharification (Khanpanuek et al., 2022). A previous study

showed that enzymatic saccharification of CP at low temperature

(up to 50°C) using a-amylase and glucoamylase yielded as high

as 0.72 g/g of reducing sugar on CP, with a hydrolysis efficiency

of 77.8% (Siriwong et al., 2019). This strongly suggests that CP

could be used as a low-cost substrate for Aurantiochytrium

cultivation. However, to the best of our knowledge, CP has

never been investigated as DHA feedstock. Therefore, the

present study was carried out to investigate the feasibility of

CP as a substrate for DHA production by A. limacinum SR21.

Attempts have also been made to further reduce DHA

production cost by investigating the possibility to reduce salt

concentration, referred to as salinity level in the present study, in

the medium, as well as reducing the number of nutrients

(nitrogen source) used in the medium preparation. Cultivation

conditions, i.e., initial glucose and yeast extract concentrations,

and initial pH, were also optimized statistically to achieved good

cell growth. Based on the results, kinetic parameters for cell

growth and lipid production were estimated, and a medium-

based economic analysis was performed to assess the feasibility

of CP as DHA feedstock.
Materials and methods

Microorganism

A. limacinum SR21 (ATCC® MYA-1381™) was used in the

present study. It was purchased from the American Type Culture

Collection (ATCC, USA). The freeze-dried culture was

reactivated in 790 By+ medium at 25°C for 7 days. The

medium was prepared by dissolving 5 g/L of glucose, 1 g/L of

yeast extract, and 1 g/L of peptone in half-strength artificial

seawater (ASW), which consisted of 18 g/L of NaCl, 2.6 g/L of

MgSO4.7H2O, 0.6 g/L of KCl, 1 g/L of NaNO3, 0.3 g/L of

CaCl2.2H2O, 0.05 g/L of KH2PO4, 0.027 g/L of NH4Cl, 1 g/L

of Tris, 1.35×10−4 g/L of vitamin B12, 10 mL/L of P-II metal

solution, and 1 mL/L of chelated iron solution (https://utex.org/

products/artificial-seawater-medium). After that, the culture was

acclimatized to grow at 30 g/L of glucose.
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Acclimatization was performed by cultivating the cells in the

790 By+ medium containing 5 g/L of glucose at 25°C, 150 rpm,

for 60 h. Then, the culture (10%, v/v) was transferred into the

medium containing 10 g/L of glucose and incubated under the

same conditions. The cultivation on 10 g/L of glucose was

performed twice. After that, the cells were grown in the

medium containing 20 g/L of glucose for three times, followed

by the sub-cultivation in the medium containing 30 g/L of

glucose for three times under the same conditions as above.

The acclimatized cells were stored at −80°C in a medium (half-

strength ASW containing 30 g/L glucose and 2 g/L of yeast

extract) containing 20% (v/v) pure glycerol.
Inoculum preparation

Inoculum was prepared by growing the cells on an agar

medium (half-strength ASW containing 30 g/L glucose, 2 g/L of

yeast extract, and 15 g/L of agar) at 25°C until single colonies

with diameter of 3–5 mm were observed, which took around 4–5

days. Then, one single colony was transferred into 150 mL of

half-strength ASW containing 30 g/L glucose, and 2 g/L of yeast

extract, and incubated at 25°C, 150 rpm, for 4 days. After that,

the culture was transferred into a fresh medium at 10% (v/v) and

further incubated at 25°C, 150 rpm, for 48 h in order for the cells

to reach the mid-exponential phase before use.
Cassava pulp and enzymes

Cassava pulp (CP) was purchased from a local vendor in

Khon Kaen, Thailand. It is commercially available as animal

feed. CP was sieved to obtain particles of 0.5–1.0 mm, then

stored in an air-tight plastic container until use. It contained

10.3% moisture, 3.4% protein, 1.2% fat, 13.7% fiber, 8.1% ash,

47.7% starch, 20.3% cellulose, 18.3% hemicellulose, and 3.4%

lignin by weight.

Three enzymes were used to hydrolyze CP, i.e., iKnowzyme

HTAA 40 L (a-amylase), iKnowzyme GA 200 L (glucoamylase),

and Cellic® CTec3 HS (cellulase). The iKnowzymes were

purchased from Reach Biotechnology Co. Ltd., Bangkok,

Thailand. Cellic® CTec3 HS was purchased from Novozyme,

Denmark. iKnowzyme HTAA 40 L had an amylase activity of

135 U/mL, iKnowzyme GA 200 L had a glucoamylase activity of

1,300 U/mL, and Cellic® CTec3 HS had a cellulase activity of 240

filter paper unit (FPU) per mL. All the enzymes were stored in

screwcap plastic bottles at 4°C until use.
Preparation of cassava pulp hydrolysate

Hydrolysis of CP was conducted using a CP concentration of

150 g/L, a-amylase loading of 29 U/g-CP, glucoamylase loading
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of 47 U/g-CP, and cellulase loading of 60 FPU/g-CP, at 50°C, for

24 h, on a magnetic stirrer set at 400 rpm. These conditions were

pre-optimized in our previous study (unpublished data). After

the hydrolysis reaction, the suspension was filtered through a

filter cloth to remove the residual solids, and the liquid fraction

was incubated in a boiling water bath for 20 min to inactivate the

enzymes. After that, the suspension was centrifuged at 10,000

rpm for 10 min, and the supernatant was collected for the

subsequent experiments. The hydrolysate thus obtained was

designated as cassava pulp hydrolysate (CP-HL) and contained

101.8 ± 0.9 g/L of reducing sugar (glucose equivalent). Glucose

was the major component in CP-HL, accounting for 81.3 ± 1.9%

of the total reducing sugar, followed by xylose (7.6 ± 0.3%),

maltose (7.1 ± 1.9%), and fructose (4.0 ± 0.4%). Yield of reducing

sugar on CP was 0.68 g/g.
Effects of salinity levels on growth of
A. limacinum

Investigation of the effects of salinity levels on growth of A.

limacinum SR21 was conducted using ASW with 25%, 50%

(half-strength), and 75% salinity of natural sea water, which

contains ca. 36 g/L of sea salts (Dobrowolski et al., 2019). The

media were prepared by dissolving 5 g/L glucose, 1 g/L yeast

extract and 1 g/L peptone in ASW containing 9, 18, or 27 g/L of

NaCl, equivalent to 25%, 50% and 75% salinity levels,

respectively. The media were autoclaved at 110°C for 28 min,

cooled to room temperature, and inoculated with 10% (v/v) of A.

limacinum inoculum. Cultivation was conducted in 500-mL

Erlenmeyer flask, with a working volume of 150 mL, at 25°C,

150 rpm, for 72 h. Samples were taken at the beginning and the

end of the cultivation for measurement of optical density at 660

nm (OD660), which was converted into cell dry mass (CDM)

using Eq. (1), with a coefficient of determination (R2) of 0.9887.

The suitable salinity level was selected based on the biomass

production and was used in subsequent experiments.

CDM = 0:6826� OD660 (1)
Effects of nitrogen source on growth of
A. limacinum

The effects of nitrogen sources on growth of A. limacinum

SR21 was investigated by growing the cells in half-strength ASW

containing 30 g/L glucose and four different nitrogen sources,

i.e., 1 g/L yeast extract and 1 g/L of meat peptone (nitrogen

sources in the 790 By+ medium); 2 g/L meat peptone; 2 g/L yeast

extract; and 0.97 g/L of sodium nitrate (NaNO3). All the media

were prepared to contain ca. 0.3 g/L of total nitrogen (TN) as

present in the 790 By+ medium. Cultivation was conducted in

500-mL Erlenmeyer flask, with a working volume of 150 mL, at
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25°C, 150 rpm, for 7 days. The growth of the cells was followed

periodically in terms of CDM, and the effects of nitrogen sources

on the growth were assessed based on the growth characteristics

of the cells.
Optimization of cultivation conditions for
growth of A. limacinum.

Using the selected salinity level and suitable nitrogen source,

initial pH (6.5–7.5), initial glucose concentration (30–70 g/L),

and initial yeast extract concentration (5–8 g/L), were optimized

using response surface methodology (RSM) with central

composite design (CCD). Each independent variable was

varied in 5 levels, i.e., −a, −1, 0, + 1, +a, and cell growth in

terms of CDM was used as the response. The design matrix

consisting of 20 experimental runs are shown in Table 1. The

cultivations were performed in 500-mL Erlenmeyer flasks, with a

working volume of 150 mL. Half-strength ASW was used as the

base medium, added with designated amounts of glucose and

yeast extract. pH of the media was adjusted to the designated

level using 2 M NaOH and 1 M HCl. A. limacinum inoculum

was transferred to the medium at 10% (v/v) to start the

cultivation, which was carried out at 25°C, 150 rpm, for 7

days. Samples were taken at the beginning and the end of the

cultivation for determination cell growth (in terms of CDM). A
Frontiers in Marine Science 04
confirmation experiment was conducted under the predicted

optimum conditions in triplicate. Samples were taken

periodically for determinations of cell growth, reducing sugar,

and free amino nitrogen (FAN). Noted that FAN was used as an

indicator to follow the consumption of assimilable nitrogenous

substances (Salakkam et al., 2017).
Fed-batch cultivation using cassava pulp
hydrolysate as carbon source

This experiment was conducted in a 2-L bioreactor

(Bioneer-neo-2L, B.E. Marubishi, Thailand), with an initial

working volume of 0.6 L. CP-HL was diluted with distilled

water to contain ca. 64 g/L of reducing sugar and added with

ASW components to attain 50% salinity level. Then, the medium

was transferred into the bioreactor and autoclaved at 110°C for

40 min. After cooling to room temperature, calculated volume of

sterile yeast extract solution was added into the bioreactor to

reach a concentration of 5 g/L, and A. limacinum inoculum was

transferred into the bioreactor at 10% (v/v). Temperature and

pH were controlled at 25°C and pH 7.5, respectively. Aeration

rate and dissolved oxygen (DO) level were controlled at 2 vvm,

and 10% of oxygen saturation in the medium, respectively.

Control of DO level was achieved by automatic adjustment of

agitation rate in the range 100 to 500 rpm. Silicone-based
TABLE 1 Optimization of initial pH, initial glucose and yeast extract concentrations using RSM with CCD.

Run Factors Biomass production (g/L)

pH Glucose (g/L) Yeast extract (g/L) Experimental Predicted

1 6.5 30.0 5.0 9.3 9.1

2 7.5 30.0 5.0 10.3 10.5

3 6.5 70.0 5.0 12.0 12.4

4 7.5 70.0 5.0 14.8 14.3

5 6.5 30.0 8.0 9.7 10.7

6 7.5 30.0 8.0 10.3 10.4

7 6.5 70.0 8.0 12.6 12.9

8 7.5 70.0 8.0 12.4 13.1

9 6.2 50.0 6.5 13.2 12.6

10 7.8 50.0 6.5 14.1 14.0

11 7.0 16.4 6.5 7.1 6.6

12 7.0 83.6 6.5 11.9 11.6

13 7.0 50.0 4.0 12.4 12.7

14 7.0 50.0 9.0 14.1 13.0

15 7.0 50.0 6.5 12.7 12.8

16 7.0 50.0 6.5 13.3 12.8

17 7.0 50.0 6.5 12.6 12.8

18 7.0 50.0 6.5 11.4 12.8

19 7.0 50.0 6.5 13.4 12.8

20 7.0 50.0 6.5 13.3 12.8
fro
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antifoam was used to reduce foam formation when necessary.

When the concentration of reducing sugar decreased below 20 g/

L, 0.2 L of feed (CP-HL supplemented with ASW components to

attain 50% salinity level) was transferred into the bioreactor, and

the process was allowed to proceed under the same conditions.

The feeding was conducted three times. Samples were taken

periodically for CDM, reducing sugar, FAN, and lipid

determination. This experiment was conducted in duplicate.
Medium-based economic analysis

Economic yield (EY), defined as the monetary unit (USD) of

lipid containing around 40% of DHA per monetary unit (USD)

spent in nutrients, was calculated using Eq. (2), where Y is the

concentration of lipid (kg/L), C is the cost of each nutrient used

in the medium preparation (USD/kg), N is the concentration of

each nutrient (kg/L), and I is the selling price of the lipid (USD/

kg) (Bustos et al., 2004). Price of lipid containing 40% DHA (69

USD/kg) was taken from www.bulknaturaloils.com, and prices

of other nutrients were from www.alfa.com (Supplementary

Table S1). For the calculation of EY using glucose as the

carbon source, the price of food-grade glucose (0.904 USD/kg)

was used (Chi et al., 2022).

EY =
Y

oCN
I (2)
Analytical methods

OD660 was measured using a UV-VIS spectrophotometer

(UVmini-1240, Shimadzu, Japan). CDM was determined

gravimetrically after centrifuging 5 mL of samples, washing the

cells twice with normal saline, and drying at 80°C for 24 h.

Reducing sugar was determined using the 3,5-dinitrosalisylic

acid (DNS) method (Miller, 1959), using glucose as the standard.

The composition of sugars in CP-HL was analyzed using high

performance liquid chromatography (Waters 2414, USA),

equipped with Aminex HPX-87H column (Bio-Rad, USA) and

a refractive index (RI) detector, following the method of

Khamtib and Reungsang (2012). FAN was determined using

the ninhydrin method (Abernathy et al., 2009), using glycine as

the standard. Activity of cellulase was assayed using the method

of the National Renewable Energy Laboratory (NREL) (Adney

and Baker, 2008), and is reported as FPU/mL. Activities of a-
amylase and glucoamylase were assayed using the method of de

Moraes & Ulhoa (1999). One unit of amylase was defined as the

amount of enzyme needed to release 1 µmol of reducing sugar

(maltose equivalent) per min under the assay conditions. One

unit of glucoamylase was defined as the amount of enzyme

needed to release 1 µmol of glucose per min under the assay

conditions. Lipid concentration was determined using the
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method of Byreddy et al. (2015). Residual CDM (RCDM) was

determined as the difference between CDM and lipid

concentration. Lipid composition was analyzed by converting

the lipids into fatty acid methyl esters (FAMEs) following the

method of Huang et al. (2012), with a slight modification, i.e.,

NaOH was used in place of KOH in the preparation of 0.5 N

KOH in methanol. Analysis of the FAMEs composition was

performed using gas chromatography (GC7890, Agilent, USA),

equipped with a capillary column (Stabilwax®-MS, Restek, USA)

and flame ionization detector (FID). The oven temperature was

set at 150°C, with 10°C/s increment to 180°C, followed by 3°C/s

to 240°C, and hold for 5 min. Injection volume was 1 µL, and

detector and injector temperatures were set at 250°C and 240°C,

respectively. Helium was used as the carrier gas at a flow rate of 1

mL/min. Concentration of each FAME was calculated from its

corresponding peak area, relative to the peak of respective

standards (Marine Oil FAME Mix, catalog no. 35066, Restek,

USA). Statistical analysis was performed using IBM® SPSS®

Statistics (version 28.0.1.0). One-way analysis of variance

(ANOVA) was conducted at 95% confidence level, followed by

Tukey’s multiple comparison test.
Mathematical modeling of cell growth
and lipid production

A logistic model (Eq. (3)) was used to fit the profiles of CDM

and RCDM, where X is the concentration of CDM or RCDM (g/

L), X0 is the initial concentration of CDM or RCDM (g/L), Xm is

the maximum concentration of CDM or RCDM (g/L), mm is the

maximum specific growth rate of CDM or RCDM (1/h), and t is

the cultivation time (h). The modified Gompertz model (Eq. (4))

was used to fit lipid production profile, where P is the

concentration of lipid (g/L), Pm is the maximum lipid

concentration (g/L), Rm is the maximum rate of lipid

production (g/(L·h)), e is the Euler’s number (2.71828), and l
is the lag time (h) (Phukoetphim et al., 2017).

X =
X0exp mmtð Þ

1 − X0
Xm

� �
1 − exp mmtð Þð Þ

h i (3)

P = Pmexp −exp
Rme
Pm

� �
l − tð Þ + 1

� �
(4)
Results and discussion

Effects of salinity level on growth of
A. limacinum

Previous studies showed that thraustochytrids do not

necessarily required full-strength seawater solution (100%
frontiersin.org
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salinity level) for optimal growth (Shabala et al., 2009), and these

microorganisms can tolerate as low as 0% up to 200% salinity

(Raghukumar, 2008), but growth would vary depending upon

the salt concentration (Shabala et al., 2009). Based on these

reports, the present study investigated effects of salinity level of

the medium in the range 9 to 27 g/L of NaCl, equivalent to 25%

to 75% salinity, on growth of A. limacinum SR21 and the

possibility to reduce the concentration of salts, as components

of ASW, to lower the cost of medium. Figure 1 shows that the

growth at 9 g/L of NaCl (25% salinity) was statistically lower

than that at higher salinity levels. The cells grew to only 2.5 ± 0.1

g/L at the end of the cultivation (72 h). On the other hand, using

the salinity level of 18 g/L (50% salinity) resulted in improved

growth, and the final CDM concentration was enhanced to 3.4 ±

0.4 g/L. Further increasing the salinity level to 27 g/L (75%

salinity) did not result in significant increase in CDM

concentration, suggesting that 50% salinity level was adequate

to support growth of the microalga.

The low growth at 9 g/L of NaCl was thought to be due to

low sodium ion (Na+) concentration in the medium. Since

thraustochytrids have an absolute requirement of sodium for

osmotic adjustment and cell growth (Sohedein et al., 2020), and

this element cannot be replaced by potassium (Fossier Marchan

et al., 2018), the low Na+ concentration, and hence hypo-osmotic

pressure, could result in cell swelling with changes in cytoplasm

composition (Chen and Jiang, 2009) and other undesirable

effects that could lead to low growth. Sodium ion also plays a

role in transports of some essential elements, e.g., phosphorus

(Fan and Chen, 2007), that influence activities of some enzymes,

e.g., malic enzyme, glucose-6-phosphate dehydrogenase, and

NAD+-isocitrate dehydrogenase (Ren et al., 2013), as well as

nucleic acid formation (Fan and Chen, 2007). Similar effects of
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hypo-osmotic pressure have previously been reported on

Aurantiochytrium sp. KRS101 (Kim et al., 2013) and

Traustochytrium sp. (Shabala et al., 2009). As for the growths

at 18 and 27 g/L of NaCl, the final CDM concentration were

more or less the same, suggesting that NaCl at 18 g/L (50%

salinity level) was adequate to achieve good growth. This

complied well with the reported optimum range of 50–100%

salinity (Raghukumar, 2008), and agreed well with a study of

Yokochi et al. (1998) that A. limacinum SR21 grew best in media

containing at least 50% seawater concentration. Similar results

were reported by Kim et al. (2013) that Aurantiochytrium sp.

KRS101 grew best at 20 g/L of sea salt, which was equivalent to

ca. 56% salinity level. Hong et al. (2011) also reported the

optimum concentration of artificial sea salt of at least 15 g/L,

which was only slightly lower than that observed in this study.

Based on results shown in Figure 1, 50% salinity level was

selected for the subsequent experiments. The use of 50%

salinity level was considered to have two benefits, i.e., the cost

of the cultivation medium could be reduced, and the

concentration of chloride ion (Cl−) in the medium would be

low, which could help prolong the lifespan of the bioreactor

(Sohedein et al., 2020).
Effects of nitrogen source on growth of
A. limacinum

Figure 2 shows the growth of A. limacinum in media

containing different nitrogen sources. The microalga grew well

in media containing yeast extract, and peptone and yeast extract,

and lower growths were observed for media containing peptone,

and NaNO3, respectively. The final CDM concentration
FIGURE 1

Growth of A. limacinum SR21 in 790 By+ media with 25%, 50% and 75% salinity levels. Different alphabets indicate statistically difference among
the results at 95% confidence level.
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obtained from the media containing yeast extract, peptone and

yeast extract, peptone, and NaNO3 were 9.8 ± 0.5, 9.8 ± 0.0, 8.7 ±

0.0, and 7.4 ± 0.2 g/L, and mm, estimated by Eq. (3), were 0.057,

0.053, 0.030, and 0.029 1/h, respectively (Table 2). From the

results, it is obvious that the use of yeast extract as the sole

nitrogen source resulted in much higher growth as compared

with the use of peptone alone. Although both of these nitrogen

sources are extensively used in media for thraustochytrids

cultivation (Sohedein et al., 2020), yeast extract was considered

a richer nitrogen source than peptone, and therefore supported a

better growth. Yeast extract contains not only nitrogenous

substances, but also several vitamins and minerals that are

essentials for cell growth (Jacob et al., 2019; Proust et al., 2019;

Yin et al., 2019). On the other hand, peptone, which is typically

produced by digesting meat or other proteins, contains primarily

amino acids and short peptides with less proportions of vitamin

and minerals (Krahulec and Šafránek, 2021). This observation

agreed well with a report of Gao et al. (2013) that yeast extract

supported better growth than peptone, but contradict to a study

of Hong et al. (2011), where peptone was shown to give slightly
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higher CDM concentration than yeast extract. This discrepancy

might be arisen from the differences in the cultivaton conditions,

microbial strain, as well as the composition of the media used in

the process. Comparing the growth on yeast extract as the sole

nitrogen source with that on yeast extract in a combination with

peptone, it was found that the growths on both media were very

similar, indicating that yeast extract could substitute peptone for

the cultivation of A. limacinum without any observable adverse

effects. This was considered beneficial as the process could be

simplified by reducing the number of nutrients used in medium

preparation. Besides, yeast extract is cheaper than peptone (Xu

et al., 2020), and so the economics of the process could be

improved. The use of NaNO3 as the nitrogen source was also

investigated, and it was found that this nitrogen source gave the

lowest growth. Despite NaNO3 was shown to support better

growth of A. limacinum KRS101 as compared with NH4Cl (Park

et al., 2018), due to the lack of other essential compounds

(Sohedein et al., 2020), it gave much lower growth than the

organic nitrogen sources tested in the present study. This

drawback cancels out the low price advantage of inorganic
FIGURE 2

Growth of A. limacinum SR21 in media containing different nitrogen sources. Dashed lines represent data predicted by Eq. (3).
TABLE 2 Kinetic parameters for growth of A. limacinum SR21 in half-strength ASW-based media containing 30 g/L glucose and four different
nitrogen sources.

Parameter Nitrogen source*

Yeast extract Peptone and yeast extract Peptone NaNO3

X0 (g/L) 0.57 0.56 0.80 0.56

Xm (g/L) 10.02 10.43 8.83 7.72

mm (1/h) 0.057 0.053 0.030 0.029

R2 0.9957 0.9928 0.9447 0.9699
front
*Total nitrogen concentration in all media was ca. 0.3 g/L.
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nitrogen source (Raghukumar, 2008), and NaNO3 was

considered not suitable for economical production of DHA.

Based on these results, yeast extract was used as the sole nitrogen

source in the medium for the subsequent experiments.
Optimization of cultivation conditions for
growth of A. limacinum

Optimization of the cultivation conditions was carried out

using RSM with CCD. Table 1 shows that varying the

concentrations of initial glucose and yeast extract, as well as

initial pH, led to different growths of the microorganism. From

these results, a quadratic model was generated to describe the

change in CDM production as functions of the tested factors

(Eq. (5)), where Glu is the initial glucose concentration (g/L),

and YE is the initial yeast extract concentration (g/L). Results

showed that the model fitted the data well with R2 of 0.8964.

One-way analysis of variance (ANOVA) was used to examine

the effects of each factor, as well as their interactions, on CDM

production. It was found that the model was significant (p-

value < 0.05) and the lack of fit was not significant (p-value >

0.05) at 95% confidence level (Table 3), indicating that the model

was adequate for predicting the biomass growth of A. limacinum

SR21 under the ranges of conditions tested.

CDM = 0:34 − 4:77 pHð Þ + 0:38 Gluð Þ + 4:53 YEð Þ
+ 0:012 pH � Gluð Þ − 0:57 pH � YEð Þ

− 0:009 Glu� YEð Þ + 0:62 pH2� 	
− 0:003 Glu2

� 	

+ 0:001 YE2� 	
(5)
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Table 3 also revealed that only initial glucose concentration

in the range tested significantly affected the biomass growth (p-

value < 0.05), while pH, initial yeast extract concentration, and

interaction between the factors did not. The contour plot

between pH and initial glucose concentration (Figure 3A)

shows that CDM increased with increasing pH and initial

glucose concentration, and CDM reached the highest level at

pH 7.50 and 64.2 g/L of glucose. However, increasing the initial

concentration of yeast extract simultaneously with pH did not

positively affect biomass production, and CDM was highest at

pH 7.50 and 5 g/L of yeast extract, which was the lowest level

tested (Figure 3B). As for the interaction effect between initial

glucose concentration and initial yeast extract concentration

(Figure 3C), increasing yeast extract concentration did not

improve growth, and the highest level of growth was observed

at 64.2 g/L of glucose and 5 g/L of yeast extract. Based on these

results, it could be concluded that the optimum conditions for

CDM production were pH 7.5, initial glucose concentration of

64.2 g/L, and initial yeast extract concentration of 5 g/L. Using

Eq. (5), the predicted CDM production was 14.4 g/L.

A confirmation experiment was conducted under the

optimum conditions, yielding 14.3 ± 0.5 g/L of CDM after 7

days of cultivation (Figure 4). This value was very close to the

predicted value and fell within the 95% prediction interval (12.1–

16.7 g/L), indicating that the predicted optimum conditions were

valid. Analysis of samples taken over the course of the cultivation

revealed that the cells grew rapidly during the first 72 h, with the

CDM productivity of 0.13 ± 0.01 g/(L·h), after which time

growth rate decreased, and CDM concentration reached 14.3

g/L at 168 h. Estimation of the growth kinetic parameters using

Eq. (3) revealed that the initial and maximum CDM

concentrations were 1.8 and 13.1 g/L, respectively, and mm was
TABLE 3 One-way analysis of variance (ANOVA) of the quadratic model [Eq. (5)].

Source Sum of squares DF Mean square F value p-value

Model 61.36 9 6.82 9.62 0.0007

A (pH) 2.38 1 2.38 3.35 0.0971

B (Glucose) 29.98 1 29.98 42.29 <0.0001

C (Yeast extract) 0.15 1 0.15 0.21 0.6600

AB 0.12 1 0.12 0.17 0.6916

AC 1.49 1 1.49 2.10 0.1781

BC 0.60 1 0.60 0.84 0.3802

A2 0.35 1 0.35 0.49 0.4978

B2 25.28 1 25.28 35.66 0.0001

C2 0.00 1 0.00 0.00 0.9894

Residual 7.09 10 0.71

Lack of Fit 4.20 5 0.84 1.45 0.3549

Pure Error 2.89 5 0.58

Cor Total 68.45 19

Std. Dev. 0.84
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0.042 1/h (R2 = 0.9767). FAN concentration decreased rapidly

from 191 ± 9 to 31 ± 4 mg/L during the first 24 h, and the

concentration stayed relatively constant in a range 18–28 mg/L

until the end of cultivation. The presence of the residual FAN in

the medium indicated that there was inassimilable FAN in yeast

extract, which was around 9.3% of total FAN. Rapid

consumption of nitrogen source during the early stage of

cultivation was also reported in studies of Jiang et al. (2017)

and Kim et al. (2013), suggesting that nitrogen source was used

primarily for the biomass production. Despite the relatively

constant concentration of FAN after 24 h, CDM concentration

continued to increase until the end of cultivation. Previously,

Taoka et al. (2009) and Xu et al. (2020) reported that

Aurantiochytrium sp. is able to produce protease during its

growth. Therefore, it was possible that the cells utilized

proteins or large peptides in the medium as additional

nitrogen sources for growth. Kim et al. (2013) also suggested

that the CDM concentration could increase, simultaneously with
Frontiers in Marine Science 09
cell swelling or enlargement, after the depletion of nitrogen

source due to the present of carbon source in the medium that

leads to lipid accumulation under nitrogen-deficient condition

(Ratledge, 2004; Morita et al., 2006; Nazir et al., 2018). This

assumption was supported by the continued consumption of

glucose after 24 h. However, this was inconclusive since lipid

content in the cells was not determined. The consumption rate

of reducing sugar was relatively constant over the course of the

process. The concentration decreased from 58.9 ± 0.8 to 11.6 ±

4.2 g/L at 168 h, at a rate of 0.28 ± 0.03 g/(L·h) and reducing

sugar consumption efficiency was 80.3 ± 7.4%. It was interesting

that the cells did not completely consume reducing sugar, and

there was 11.6 ± 4.2 g/L reducing sugar remained at the end of

cultivation. This was similar to a report of Chi et al. (2007) that

A. limacinum SR21 did not completely consume glucose in the

medium. Nazir et al. (2018) also reported similar results that

Schizochytrium sp. S31 consumed only ca. 70% of total fructose

in the cultivation medium. This was possibly because there was
FIGURE 4

Growth and substrates consumption of A. limacinum SR21 during a cultivation under the optimum conditions. Dashed line represents data
predicted by Eq. (3).
A B C

FIGURE 3

Contour plots showing interactions effects between initial pH and initial glucose concentration (A), initial pH and initial yeast extract
concentration (B), and initial glucose and yeast extract concentration (C) on growth of A. limacinum SR21.
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inadequate nitrogen source to support further reducing sugar

consumption as suggested by Chi et al. (2007).
Fed-batch cultivation with cassava
pulp hydrolysate

Using the optimum initial concentration of glucose (64 g/L),

yeast extract (5 g/L), and pH 7.5, fed-batch cultivation was

conducted in a 2-L bioreactor using CP-HL with 50% salinity

level as the carbon source. The cultivation was started as batch

cultivation, and it was fed with 0.2 L of CP-HL when the

reducing sugar concentration decreased below 20 g/L. The

feeding was performed three times. It is worth mentioning

that DO level was controlled at 10% throughout the process.

This was because provision of oxygen is vital to cell growth, but

high level of oxygen tension might not be required for DHA

synthesis (Sohedein et al., 2020) since the polyketide synthase

(PKS)-like pathway, which is believed to be the main generator

of DHA (Aasen et al., 2016), does not required oxygen-

dependent desaturations to introduce double bonds (Morabito

et al., 2019). Therefore, the present study controlled DO set

point at 10% to maintain cell viability.

Figure 5A shows that CDM and RCDM increased rapidly

during the first 24 h, reaching 7.1 ± 0.7 and 5.8 ± 0.9 g/L,
Frontiers in Marine Science 10
respectively, corresponding to a large drop of FAN concentration

from 230 ± 12 to 31 ± 5 mg/L, and reducing sugar concentration

from 58.4 ± 0.2 to 48.6 ± 2.4 g/L (Figure 5B). Lipid was detected in

the biomass at as early as 24 h, indicating the commencement of

lipid accumulation phase. Lipid production increased rapidly

during 24 to 48 h due to the excess carbon and limited nitrogen

conditions (high carbon to nitrogen ratio), which is favorable for

lipid synthesis by thraustochytrids (Sohedein et al., 2020). At 48 h,

first feeding of CP-HL was performed, increasing the

concentration of reducing sugar and FAN to 34.8 ± 0.3 g/L, and

29 ± 5 mg/L, respectively. This further supported lipid production

to 12.9 ± 0.1 g/L at 72 h, while the concentration of RCDM was

relatively constant, suggesting that the increase in CDM

concentration was due primarily to the accumulation of lipid

inside the cells. At 72 h, CP-HL was fed for the second time,

raising the concentration of reducing sugar to 28.7 ± 4.3 g/L. At

84 h, third feeding was performed and reducing sugar

concentration increased from 16.6 ± 1.3 to 28.6 ± 0.8 g/L. It is

noteworthy that the concentration of CDM did not increase much

after 72 h because feeding of CP-HL into the bioreactor (total

volume of feed was 0.6 L) increased the total volume of the

medium, thus diluting the biomass concentration. It was also

noticeable that FAN concentration remained at very low level

after 24 h. Furthermore, it was observed that the production of

lipid increased only slightly after the second feeding at 72 h. At the
A B

DC

FIGURE 5

Changes in cell dry mass, residual cell dry mass, and lipid concentrations (A), reducing sugar and free amino nitrogen (B), consumption rate of
reducing sugar and free amino nitrogen (C), and residual cell dry mass and lipid productivity (D) during fed-batch cultivation of A. limacinum
SR21 in cassava pulp hydrolysate. Blue and red solid lines in (A) represent data predicted by Eq. (3), green solid line represent data predicted by
Eq. (4). Dashed lines in (A–D) represent the time at which fresh medium was fed into the bioreactor.
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end of the cultivation, CDM, RCDM, and lipid concentration

were 26.3 ± 2.0, 10.8 ± 2.0, and 15.5 ± 0.1 g/L, respectively.

Determination of lipid content in the biomass showed that it

increased rapidly from 18.0% to 51.5% during 24 to 48 h, and

further increased to 59.3% at the end of the cultivation. This

confirmed that active lipid accumulation phase started at 24 h.

DHA content in the total lipid at the end of the cultivation was 37.4

± 1.5%, equivalent to 5.8 ± 0.3 g/L. Based on these results, lipid and

DHA productivity were calculated to be 0.11 g/(L·h) and 40 mg/

(L·h), equivalent to 2.6 g/(L·d) and 960 mg/(L·d), respectively.

Eicosapentaenoic acid (EPA) was not detected in the samples,

implying that the PKS-like pathway was used for PUFAs synthesis

(Monroig et al., 2013; Chi et al., 2022).

Profiles of CDM and RCDM were fitted with the logistic

model (Eq. (3)), and that of lipid was fitted with the modified

Gompertz model (Eq. (4)), which are highly applicable for

es t imat ing the growth and product format ion of

microorganisms, respectively (Phukoetphim et al., 2017;

Moungprayoon et al., 2022). The maximum specific growth

rate estimated for CDM and RCDM (non-lipid biomass) were

0.072 and 0.103 1/h, respectively. These were higher than the

0.042 1/h observed in the previous experiment, suggesting that

the control of DO level could have enhanced the growth of the

cells. Other kinetic parameters are given in Table 4. Based on

curve fitting (Figure 5A), it can be seen that RCDM

concentration increased rapidly during the first 24 h,

coinciding with the rapid consumption of FAN (Figure 5B).

The profile of FAN consumption rate (Figure 5C) and RCDM

productivity (Figure 5D) confirmed that FAN was mainly

consumed for cell growth. After 24 h, rate of change of RCDM

concentration decreased and its concentration was relatively

constant after 48 h, corresponding to the low level of FAN in
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the medium. On the other hand, after 24 h, lipid production rate

increased (Figure 5D) with increasing consumption rate of

reducing sugar (Figure 5C). This indicated that sugar was

mainly utilized for lipid synthesis. The maximum lipid

production rate (Rm), estimated using Eq. (4), was 0.34 g/

(L·h) (Table 4).

Further inspection of the results revealed that there was only

little lipid production after the second feeding (72 h), but

reducing sugar was continually consumed. This was possibly

due to the utilization of sugar for cell maintenance and syntheses

of other products. Squalene, for example, could be produced

simultaneously with DHA by Aurantiochytrium sp. According

to Patel et al. (2020a) and Patel et al. (2019), 16.34 and 88.47 mg/

g-cel l-dry-weight of squalene were produced when

Schizochytrium limacinum SR21 and Aurantiochytrium sp.

T66 were grown on spruce and birch hydrolysates,

respectively. Additionally, other carotenoids, e.g., astaxanthin,

canthaxanthin, b-carotene, could also be produced by

Schizochytrium (Aurantiochytrium) as reported by

Raghukumar (2008). Since the production of lipid was

negligible and the lipid content in CDM was more or less

constant after 72 h, it was considered that the cultivation

could be terminated at this time, which would improve the

lipid productivity to 0.18 g/(L·h). Additionally, assuming that

DHA content in total lipid was 37.4%, shortening the cultivation

time to 72 h would result in DHA productivity of 67 mg/(L·h),

equivalent to 1,600 mg/(L·d).
Feasibility of cassava pulp hydrolysate as
carbon source for DHA production

Key results for lipid and DHA productions from the

present study along with those reported in the literature

using Aurantiochytrium spp. (Schizochytrium spp.) are given

in Table 5. It can be seen that lipid and DHA productions vary

depending on the strain of the microorganism, cultivation

mode and conditions, as well as carbon source, which could

be simple sugar (e.g., glucose), sugar alcohol (e.g., glycerol), and

sugar-containing hydrolysate derived from biomasses. Among

these, highest CDM concentration of 59.3 g/L was attained

using Jerusalem artichoke hydrolysate as carbon source, while

the lowest of 4.4 g/L was attained using orange peel extract.

Lipid content in CDM ranged from 45.2% to 73.6%, and DHA

content in total lipid was 14.3% to 41.3%. Comparing the

results of this study with the others, it was found that using CP-

HL as the carbon source gave relatively high CDM

concentration, as well as lipid and DHA contents.

Furthermore, DHA productivity observed in the present

study (0.96 g/(L·h)) and DHA yield on sugar (0.06 g/g)

were among the highest values reported in the literature.

These indicated that CP-HL is a feasible substrate for

DHA production.
TABLE 4 Kinetic parameters for growth and lipid production of A.
limacinum SR21 in fed-batch cultivation using CP-HL based medium.

Parameter Value

CDM (estimated using Eq. (3))

X0 (g/L) 1.7

Xm (g/L) 24.6

mm (1/h) 0.072

R2 0.9838

RCDM (estimated using Eq. (3))

X0 (g/L) 1.0

Xm (g/L) 10.1

mm (1/h) 0.103

R2 0.9868

Lipid (estimated using Eq. (4))

Pm (g/L) 14.7

Rm (g/(L·h)) 0.34

l (h) 20.6

R2 0.9796
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To further demonstrate the feasibility of CP as DHA

feedstock, the cost of carbon source per kg of DHA was

calculated. The biomass yield obtained in the present study

was 0.24 g-CDM/g-reducing-sugar, and the lipid and DHA

contents were 59.3% and 37.4%, respectively. With the

reducing sugar yield on CP of 0.68 g/g, and CP price of 170

USD/ton, the cost of CP per kg of DHA was 4.71 USD/kg.

This was 63% lower than the estimated value of 12.56 USD/

kg-DHA using glucose as the carbon source, assuming the

biomass yield on glucose of 0.36 g/g, price of food-grade

glucose of 903.9 USD/ton, lipid content in biomass of 50%,

and DHA content in total lipid of 40%. It was also lower than

the production cost of 10.90 USD/kg for DHA production

from fish oil (Chi et al., 2022). Medium-based economic

analysis was also performed, considering the cost of other

nutrients, e.g., nitrogen source and salts. Results showed that

EY obtained using CP as carbon source was 0.86, while that

obtained using glucose, assuming the same process and

conditions, was 0.81. The better results obtained using CP

were considered due to the use of low salinity level (50%) in

the medium, which could lower the cost of medium, as well as

the low price of CP. These results further confirmed the

feasibility of CP as DHA feedstock. It should, however, be

noted that other cost factors, e.g., cost of CP-HL preparation

and downstream processing, were not considered in the

calculation, and so detailed analysis of cost and benefit

should be conducted to fully assess the feasibility of the

process. Furthermore, EY calculation revealed that the cost

of yeast extract was ca. 60% of the total nutrient cost.

Consequently, it was considered that yeast extract should be

replaced by low-cost nitrogen source to further improve the
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EY. Among others, soybean residue is a potential substitute

for yeast extract. It is a protein-rich waste from soy milk and

tofu production processes that is readily available at low cost

and was previously shown to be a good source of FAN.

Protein in soybean residue could be transformed into

FAN by solid-state fermentation followed by hydrolysis

of the fermented solids to produce FAN-containing

hydrolysate. According to Salakkam et al. (2017), a soybean

residue hydrolysate containing as high as 1.8 g-FAN/L

was produced through the above-mentioned process.

However, the expenditure of the process should be taken

into consideration.
Conclusions

Conditions for growth of A. limacinum SR21, i.e, salinity

level of medium, nitrogen source, initial glucose and yeast

extract concentrations, and initial pH, were optimized; and

cassava pulp hydrolysate (CP-HL) was used as the sole carbon

source for DHA production. Results showed that the cells grew

satisfactorily at 50% salinity level, and yeast extract could be

used as the sole nitrogen source in the medium to support cell

growth. Optimum initial glucose and yeast extract

concentrations, as well as pH, were 64 g/L, 5 g/L, and pH

7.5, respectively. The use of CP-HL as the carbon source in

fed-batch cultivation gave final CDM, RCDM, and lipid

concentrations of 26.3 ± 2.0, 10.8 ± 2.0, and 15.5 ± 0.1 g/L,

respectively. DHA content in the total lipid was 37.4 ± 1.5%,

equivalent to 5.8 ± 0.3 g/L, and DHA productivity was 40 mg/
TABLE 5 Lipid and DHA productions by Aurantiochytrium spp. (Schizochytrium spp.) growing on various substrates.

Strain Substrate Cultivation
mode

Biomass
(g/L)

Lipid
(%)

DHA
(%)

DHA productivity
(g/(L·d))

DHA yield on
sugar (g/g)

References

Aurantiochytrium sp.
YLH70

Jerusalem artichoke
hydrolysate

Fed-batch 59.3 64.9 41.3 3.35 0.09 Yu et al. (2016)

A. limacinum SR21 Glucose, glycerol Batch 33.2 73.4 23.5 0.96 0.06 Patil & Gogate
(2015)

Aurantiochytrium sp.
4W-1b

Glucose Batch 20.1 55.4 17.2 0.47 0.03 Nakazawa
et al. (2012)

Aurantiochytrium sp.
T66

Forest biomass
hydrolysate

Batch 11.2 52.5 35.8 0.70 0.07 Patel et al.
(2019)

Schizochytrium sp.
BCRC 33482

Sugarcane bagasse Batch 10.5 45.2 17.4 0.27 0.02 Nguyen et al.
(2018)

A. limacinum SR21 Sweet sorghum juice Batch 9.4 73.6 34.1 0.47 0.12 Liang et al.
(2010)

Aurantiochytrium sp.
KRS101

Orange peel extract Batch 4.4 48.0 14.3 0.21 0.05 Park et al.
(2018)

A. limacinum SR21 Cassava pulp
hydrolysate

Fed-batch 26.3 59.2 37.4 0.97 0.06 This study
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(L·h), equivalent to 960 mg/(L·d). The present study shows

promising results for DHA production using CP-HL as a low-

cost substrate that can reduce the cost of medium preparation,

thus enhancing EY of the process.
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