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Abstract 

Due to a current overabundance of crude glycerol produced from the biodiesel industry, the 
compound has the potential to be used as an inexpensive carbon source for growing the green microalga 
Haematococcus pluvialis (H. pluvialis), the richest source of natural astaxanthin (ATX). In order to 
investigate the practical use of crude glycerol, microalgal cultures were grown mixotrophically and 
heterotrophically in BG11 medium with the supplementation of refined crude glycerol, a mixture of 
glycerol and ethanol, under 2, 5 and 7 g L-1, using photoautotrophic cultivation as a control. H. pluvialis 
green-stage growth and red-stage ATX accumulation were effectively facilitated by mixotrophic 
conditions, with the highest µ of 0.27 ± 0.03 day-1 and the highest ATX content of (3.5 ± 0.4 % wt) (both 
observed under 7 g glycerol L-1). In contrast, growth was completely inhibited under heterotrophic 
conditions. Under repeated fed-batch operation, the exponential growth phase, during green-stage 
mixotrophic cultivation, was significantly extended from 5 days (in batch) to 24 days, making biomass 
yield of 1.86 ± 0.06 g DCW L-1 (around 2.6-fold higher). Monitoring of substrates (glycerol, ethanol and 
nitrate) in the broth was carried out and subsequently suggested that further optimization of media could 
be made. 
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Abbreviations 

ATX Astaxanthin 
CaCl2∙2H2O Calcium chloride dihydrate 
CO2 Carbon dioxide 
CoCl2∙6H2O Cobalt (II) chloride 
CuSO4∙7H2O Copper sulfate heptahydrate 
DCW Dry cell weight  
EDTA (disodium salt) Ethylenediaminetetraacetic acid (disodium salt) 
H3BO3 Boric acid 
H. pluvialis  Haematococcus pluvialis 
H2SO4  Sulfuric acid 
K2HPO4 Potassium hydrogen phosphate 
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MgSO4∙7H2O Magnesium sulfate heptahydrate 
MnSO4∙H2O Manganese sulfate monohydrate 
Na2CO3 Sodium carbonate 
Na2MoO4∙2H2O Sodium molybdate dehydrate 
NaNO3 Sodium nitrate 
NaOH Sodium hydroxide 
rpm Revolution per minute 
vol  Volume 
vvm Volume of air per volume of medium per minute 
wt  Weight 
X Dry biomass concentration  
Xm Maximum biomass concentration  
ZnSO4∙7H2O Zinc sulfate heptahydrate 
β Beta 
α  Alpha 
µ Specific growth rate  
 
 
Introduction 

Astaxanthin (ATX) is a renowned and superior antioxidant compound because it has more powerful 
antioxidant activity than that of other carotenoids, especially in quenching singlet oxygens and 
scavenging free radicals [1,2]. Because of its outstanding antioxidant nature, the potential of ATX in 
protecting against cancers [3-5], enhancing the human immune system [6,7], preventing the damaging 
effects of ultraviolet radiation [8-10], and treating a number of human diseases [11-13] have been 
reported. In addition to its health benefits, ATX also has a major application as a feed additive in 
aquaculture and the poultry industry [14,15]. In 2016, the global market value of ATX was reported to be 
555.4 million US dollars and was forecasted to rise constantly until 2025 [16]. Currently, over 95 % of 
ATX available on the market is chemically synthesized using petrochemicals due to cost-efficiency for 
mass production [17,18]. However, synthetic ATX has 20 times lower antioxidant capacity than its 
natural counterpart and, to date, has not been approved for human consumption [14,17,19]; consequently; 
recent interest in natural ATX has increased substantially. Natural ATX is commonly present as a red-
orange pigment in many aquatic animals, such as salmonids, shrimp, and crayfish. In fact, the compound 
is primarily biosynthesized by microalgae and phytoplankton, and consumed by fish, from where it is 
added to higher levels in the food chain [12].  

Among natural sources of ATX, the freshwater, unicellular green microalga Haematococcus 
pluvialis (H. Pluvialis) is known to be the richest source of natural ATX (it can accumulate up to 5 % of 
dry cell weight (DCW) [14,20]), and is currently grown on an industrial scale [21-23]. The cells are 
normally green, but under stress conditions, including intense light [24-26], high salinity [27], extreme 
pH [28,29], high temperature [30,31], and nutrient deprivation [32-34]), the green vegetative cells 
physically change into red cysts with a thick cell wall, indicating the formation of ATX. To date, various 
cultivation methods in photoautotrophic, heterotrophic, and mixotrophic growth conditions, using open 
raceway ponds or enclosed photobioreactors for culturing H. pluvialis, have been demonstrated [35-41]. 
Current commercial production of ATX by H. pluvialis employs a 2-stage process, in which vegetative 
green cells are primarily produced under optimal conditions in a nutrient-replete medium in enclosed 
photobioreactors (green-stage), before the culture is exposed to stress conditions (usually a combination 
of high irradiance and nitrogen deficiency) in open systems to induce ATX synthesis (red-stage) 
[39,42,43]. 

Although mass cultivation of H. pluvialis for producing natural ATX has great potential and is an 
attractive business opportunity, microalgae-derived ATX only accounts for less than 1 % of the 
commercialized quantity, due to the much lower price of synthetic ATX and several technological 
problems associated with the development of large-scale microalgae cultivation [17,44,45]. In order to 
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make the product costs of ATX produced from H. pluvialis become more competitive with those of the 
synthetic alternative, it is very important to maximize vegetative cell densities of the alga during the green 
stage, as well as to maximize ATX production during the red stage [45]. At the same time, it is equally 
essential to minimize the costs associated with microalgal cultivation. For H.pluvialis cultivation, 
nutrients were estimated to be approximately 17 % of the production costs [18]. Since carbon is one of 
essential macro-elements, accounting for a substantial part of microalgal biomass composition (46 - 53 % 
wt) [46], an approach worth investigating is the utilization of waste carbon in culturing H. pluvialis, 
which could help to decrease cultivation costs [45].  

Glycerol (C3H8O3) is a by-product of transesterification reaction in biodiesel production, with a 
stoichiometric share of 10 % wt [47, 48]. Biodiesel-derived glycerol is often referred to as crude glycerol, 
and is a mixture of glycerol, methanol, soap, salts, non-glycerol organic matter, and water [49]. Crude 
glycerol should be differentiated from technical-grade glycerol, which is a refined product with a high 
purity of 95 % minimum [50], suitable for use in food, personal care, cosmetics, and pharmaceuticals 
[51,52]. The dramatic expansion of the global biodiesel industry has created an overabundance of 
glycerol that has caused a more than 10-fold decrease in crude glycerol prices in recent years [53]. The 
purification of crude glycerol into the technical grade is an expensive process; hence, almost half of the 
total crude glycerol generated (around 2 billion pounds each year) is subjected to landfill disposal [53,54], 
which has generated serious threats to the environment As a result, numerous studies have been made on 
value-added utilization of crude glycerol from biodiesel production, through both biological and chemical 
conversions [47,49,53,55,56]. The use of crude glycerol for culturing various strains of microalgae for the 
purpose of enhancing biomass and bioproduct production has been well-demonstrated [57-61]. For H. 
pluvialis, although the microalga has been previously reported to grow using a number of organic carbon 
substrates [38,62-70], there have only been a few studies on microalgal cultivation using glycerol [68,71]. 
Therefore, current limited knowledge of the use of biodiesel-derived glycerol for cultivating the green 
alga H. pluvialis has led to the conduction of this study, which aims to: 1) investigate the possibility of 
using biodiesel-derived glycerol as an organic carbon source, facilitating the growth of H. pluvialis batch 
culture under heterotrophic and mixotrophic conditions (the autotrophic growth condition was used as the 
control condition); 2) examine ATX accumulation in H. pluvialis cells, produced from different green-
stage growth conditions, and 3) to investigate the use of repeated fed-batch cultivation as a tool to 
enhance the growth and ATX production of H. pluvialis. For the last objective, fed-batch cultivation was 
investigated as it was known for its superior ability in enhancing H. pluvialis growth (compared with 
batch cultivation), with an ease of implementation and operation ability [35,72,73]. The outcome of this 
study could be used for the further design of large-scale cultivation methods for biomass and ATX 
production from H. pluvialis. isposal of crude glycerol tainted with salt, methanol, free fatty acids, etc., 
causes severe economic and environmental challenge, disposal of crude glycerol tainted with salt, 
methanol, free fatty acids, etc., causes severe economic and environmental challeng. 
 
Materials and methods 

Refined crude glycerol preparation 
Crude glycerol used in this study was kindly provided by Assoc. Prof. Dr. Chakrit Tongurai, 

Department of Chemical Engineering, Prince of Songkla University, Thailand. However, the crude 
glycerol could not be used directly for culturing the microalga H. pluvialis (detailed reasons given in 
Results and Discussions), due to the sample’s toxic impurities. As a result, purification of crude glycerol 
to produce a more refined glycerol with higher purity was performed by adapting the method of Manosak 
et al. [74], as illustrated in Figure 1. Briefly, crude glycerol was acidified by the addition of 98 % sulfuric 
acid to the desired pH (2 - 3), and then left for 12 h until the solution was separated into 2 distinct layers, 
where the upper layer was a free fatty acid and the bottom layer was glycerol-rich and aqueous. 
Subsequently, the glycerol-rich layer was collected and neutralized by the addition of 5 M NaOH to pH 
7.0, left for 30 min, and then filtered to remove the precipitated salt. The glycerol-rich layer was mixed 
with ethanol at a solvent: Glycerol ratio of 1:1 (vol/vol), shaken for 30 min, and then left for 1 h to 
precipitate the impurities as salt. Two layers formed, with the glycerol-alcohol phase on the top and the 
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impurity salts on the bottom. The upper layer was separated by slow decantation to eliminate the salts. 
Refined crude glycerol was then obtained after autoclaving at 121 ºC for 15 min. By using high 
performance liquid chromatography (HPLC), the organic carbon components within the crude and refined 
crude glycerol samples were determined and are tabulated in Table 1. It can be seen from the table that 
our refined crude glycerol was a mixture of glycerol and ethanol. 

 

 
Figure 1 Schematic presentation of crude glycerol purification method, adapted from Manosak et al. [74]. 

 

Table 1 Organic carbon components of crude and refined crude glycerol samples. 
 

Compound Crude glycerol (g L-1) Refined crude glycerol (g L-1) 
Glycerol 257.3 ± 3.3 497.3 ± 7.7 
Methanol 74.2 ± 2.5 None 
Ethanol None 110.5 ± 4.2 

 

Microalgal strain 
In this study, H. pluvialis K-0084 (onwards referred to as H. pluvialis) was selected as the model 

microorganism, as it is a widely-studied strain. The microalgal culture was purchased from the 
Scandinavian Culture Collection for Algae & Protozoa, University of Copenhagen, Denmark. Pre-culture 
was grown in a 250 mL Erlenmeyer flask containing 100 mL of BG-11 medium [75] under continuous 
illumination provided by a fluorescent cool white lamp at a light intensity of 4,000 lux [76]. For the 
preparation of the inoculum, 100 mL of pre-culture was transferred and incubated autotrophically in a 1 L 
Duran bottle containing 700 mL of fresh BG-11 medium under continuous illumination at 25 ºC for 14 
days [76]. A flow rate of 0.5 vvm of 1 % CO2 in air was supplied continuously to the culture in order to 
provide an inorganic carbon source. A 14 day old culture was collected by centrifugation at 3,500 rpm for 
15 min and the supernatant was removed. The cell pellet was washed twice with 0.85 % wt vol-1 NaCl 
and then resuspended in the BG-11 medium and used as inoculum in the experiment. 

 
Medium composition  
The BG-11 medium [75] was composed of the following components (per L of distilled water): 1.5 

g NaNO3, 0.04 g K2HPO4, 0.02 g Na2CO3, 0.003 g ferric ammonium citrate, 0.003 g citric acid, 0.001 g 
EDTA (disodium salt), 0.075 g MgSO4∙7H2O, 0.036 g CaCl2∙2H2O, and 1 mL trace metal mix A5. Trace 
metal mix A5 consisted of H3BO3 2.86 g L-1, MnSO4∙H2O 1.48 g L-1, ZnSO4∙7H2O 0.222 g L-1, 
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Na2MoO4∙2H2O 0.39 g L-1, CuSO4∙7H2O 0.079 g L-1, and CoCl2∙6H2O 40.4 mg L-1. For both mixotrophic 
and heterotrophic cultivation, refined crude glycerol was used as an organic carbon source. The 
concentration of refined crude glycerol was varied depending on the experiment by adding the refined 
crude glycerol to the BG-11 medium to achieve the desired glycerol concentration (2, 5 and 7 g L-1). The 
medium was then adjusted to pH 7.2 and autoclaved at 121 ºC for 15 min before use. 
 

Batch cultivation 
Both photoautotrophic and mixotrophic growths of H. pluvialis cultures were carried out in a 1 L 

Duran bottle containing 700 mL of liquid culture. The culture was maintained at a temperature of 25 ºC. 
Continuous illumination was provided by a cool white fluorescent lamp (18W) at a light intensity of 54 
µmol m-2 s-1 [76]. The gas flow of 1 % CO2 in air was continuously supplied to the culture at a flow rate 
of 0.5 vvm. Agitation provided by a magnetic stirrer was made in order to ensure a well-mixed condition 
within the liquid culture. For heterotrohic growth, cultivation was also conducted in a 1 L Duran bottle, 
which was then covered with an aluminum foil to provide dark conditions, and only air was supplied to 
the culture at the same flowrate. The total experimental period for all batch cultivations was set to be 6 
days. To minimize the risk of contamination in mixotrophic and heterotrophic cultivations, griseofulvin at 
a concentration of 0.1 g L-1 was added into the cultures. DCW and remaining substrates were determined 
daily. Three replications were performed for each experiment. 

Repeated fed-batch cultivation  
Repeated fed-batch cultivation was carried out in a 1 L Duran bottle containing 800 mL of liquid 

culture. The culture was grown in 2 g L-1 refined crude glycerol-supplemented BG11 medium with an 
initial biomass concentration of 0.2 g L-1, under light conditions provided by a fluorescent lamp at an 
intensity of 4,000 lux and a temperature of 25 ºC. The gas flow of 1 % CO2 in air was supplied at a flow 
rate of 0.5 vvm. Agitation provided by a magnetic stirrer was made in order to ensure a well-mixed 
condition within the liquid culture. To initiate fed-batch operation, 200 mL of liquid culture was replaced 
by prepared feeding medium, containing refined crude glycerol at an approximate concentration of 15.3 
mL L-1. The replacement was repeated every 6 days. It should be mentioned that, in this study, the term 
“cycle” was used to describe a period of fed-batch cultivation, with each period lasting for 6 days. 
Specifically, cycle 1 referred to the period starting from day 0 to day 6 (before the replacement was 
made), and then cycle 2 was for the subsequent period, starting from day 6 (after the replacement was 
made) to day 12, and so on.  The cultivation was operated for 24 days. To minimize the risk of 
contamination, griseofulvin was also added into the culture at a concentration of 0.1 g/L. DCW and 
remaining substrates were determined daily. Three replications were performed for each experiment. 

ATX accumulation  
The vegetative cell culture of 50 mL, produced from growth conditions investigated in this study, 

was collected, centrifuged, and washed twice with 0.89 % sodium chloride. Then, cell pellets were re-
suspended in 800 mL of distilled water, in which nutrient-depleted conditions were provided for inducing 
ATX accumulation. Initial biomass concentrations of all conditions were adjusted to be 0.5 g L-1. The 
cultures were maintained under constant temperatures of 25 ºC and continuous illumination, provided by 
a cool white fluorescent lamp (18 W) at a light intensity of 10,000 lux [24-26]. The gas flow of 1.5 % 
CO2 in air was continuously supplied to the culture at a flow rate of 0.5 vvm. For vegetative cells taken 
from batch cultures, the cells were collected on the last day of the growth experiment, while the ATX 
production experiment was allowed for 8 days. DCW was determined every 2 days, while ATX 
quantification was made on days 2, 4, 6, and 8. In the cases of fed-batch cultures, the cells were collected 
on the last day of each cycle during the growth experiment, while the ATX production was allowed for 7 
days. DCW was determined on days 0, 2, 4, 6 and 7, while ATX quantification was only made on day 7. 
Three replications were performed for each experiment. 

Analytical methods 
DCW was determined by gravimetric analysis. A 10 mL sample of culture was collected, 

centrifuged at 5,000 rpm for 10 min, washed twice with distilled water, and then dried at 105 ºC until 
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constant weight was obtained. Besides the biomass measurement, cell morphology during cultivation was 
monitored using a camera system (Canon EOS7000, Japan) mounted on a microscope (Nikon model 
ECLIPSE Ci-S, China). Medium pH was measured by a pH meter. The residual glycerol was determined 
using an HPLC system (model 2690, Waters, MA, USA) with a refractive index detector (model 2414, 
Waters, MA, USA) and a Metacarb H Plus 300×8.0 mm2 column (Varian, CA, USA). The run conditions 
were as follows: a column temperature of 50 ºC, a mobile phase of 0.01 M H2SO4, a flow rate of 0.3 mL 
min-1, and an injection volume of 20 µL. The amount of nitrate was measured by flow injection analysis 
(FIA) using FIAstarTM 5000 version 1.3. The pigments were extracted using a modified method of 
Sarada et al. [77]. In brief, 10 mg of a sample cell was treated with 1 mL of 2N hydrochloric acid at 70 ºC 
for 10 min. The sample was then cooled, centrifuged at 5,000 rpm for 10 min, and washed twice with 
distilled water. Then, the sample was treated with acetone for 1 h, and the extraction procedure was 
repeated until the pellet became white. The extract was evaporated under nitrogen gas to eliminate 
acetone. The dried pellet was mixed with 2 mL of 20 mM NaOH in methanol and kept overnight under 
nitrogen in darkness at 4 ºC for the saponification of ATX esters. After saponification, the ATX 
concentration within the mixture was further analyzed using the HPLC system equipped with a reverse 
phase column (Zorbax-300SB, 4.6×250 mm2, Agilent Technologies, USA). The mobile phase was 90 % 
acetone with a flow rate of 0.8 mL min-1 at 40 ºC. The absorbance of the sample was measured at 470 nm 
with a photodiode array detector. Authentic free ATX, purchased from Sigma-Aldrich, was used as a 
standard. 
 
Results and discussion 

Effects of growth conditions and refined crude glycerol concentrations on H. pluvialis biomass 
production in batch cultivation 

Although mixotrophic cultivation of some microalgae using crude glycerol as organic carbon source 
were previously demonstrated [58,59,68,78,79], in this study, when BG11 medium supplemented with 
crude glycerol concentration of 2 g L-1 was used for culturing H. pluvialis, there was no apparent growth 
of the culture. This observation differed from the report by Andruleviciute et al. [68], which showed an 
enhancement in the growth of H. pluvialis culture by the supplement of technical glycerol at 2, 5 and 10 g 
L-1. The possible reason for explaining this discrepancy was due to the variation in the composition of 
crude glycerol. Andruleviciute et al. [68] stated that their sample of crude glycerol was composed of 75 - 
80 % wt glycerol (with no statement given on the quantity of other impurities present), whereas in our 
sample, the sample contained only ~24 % wt glycerol (the other impurities being ~7 % wt methanol, ~50 
% wt MONG (matter organic non-glycerol), ~15 % wt water, and ~4 % wt ash). Therefore, the growth 
cessation observed in our study most likely resulted from the higher level of impurities [47,80]. As a 
result, the treatment of crude glycerol was made in order to produce a more purified glycerol, which was 
termed as “refined crude glycerol”. The sample was found to be a mixture of glycerol and ethanol, while 
methanol formerly present was completely removed (Table 1).  

To investigate the influence of refined crude glycerol on H. pluvialis biomass production, 
microalgal cultures were mixotrophically and heterotrophically grown in BG11 medium and 
supplemented with refined crude glycerol at final concentrations of 2, 5 and 7 g L-1, while 
photoautotrophically-grown culture was used as a control. The growth comparison is illustrated in Figure 
2A, which shows that, under our experimental specifications, the green alga H. pluvialis could grow 
effectively under photoautotrophic and mixotrophic conditions, but there was virtually no growth under 
all heterotrophic conditions. Our results were similar to previous studies [68,71], which reported 
enhanced mixotrophic growth in the presence of glycerol. For heterotrophic conditions, the apparent 
growth of microalga was observed when cultures were supplemented with acetate; however, there has 
been no previous investigation on the use of glycerol. Consequently, this study reveals the impractical use 
of glycerol for heterotrophically growing H. pluvialis. It can be also seen from Figure 2A that, for 
mixotrophic conditions, biomass concentrations increased from initial values of 0.13 ± 0.00 - 0.21 ± 0.04 
g DCW L-1 and reached maximum values on day 5, which was regarded as the beginning of the cell 
stationary phase. The maximum concentration increased with increasing concentrations of glycerol. The 
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highest value of maximum biomass concentration (Xm) of 0.71 ± 0.03 g DCW L-1, as well as a biomass 
increment (ΔX) of 0.56 ± 0.03 g DCW L-1, were observed from the H. pluvialis culture, supplemented 
with 7 g glycerol L-1, while the values observed from both 2 and 5 g glycerol L-1 supplemented microalgal 
cultures were relatively similar and around 1.2 times lower. For photoautotrophically-grown culture, the 
maximum biomass concentration, also observed on day 5, was 0.50 ± 0.01 g DCW L-1, which is 
approximately 1.2 - 1.4 times lower than that of mixotrophically-grown cultures. A similar value of factor 
was reported by Azizi et al. [71]. These observations were commonly expected, since mixotrophically-
grown cultures could utilize refined crude glycerol that was present, in addition to CO2, in promoting 
biomass accumulation. In contrast with biomass yield, values of specific growth rate (µ) obtained under 
photoautotrophic and mixotrophic conditions were similar and in the range of 0.21 ± 0.05 - 0.27 ± 0.03 
day-1. Our obtained rates are in the same order as those observed from mixotrophic cultivations using 
technical-grade glycerol with a purity of 75 - 80 % [68], implying the practical utilization of refined crude 
glycerol produced in our laboratory. Nevertheless, these rates are around 50 % less than the rate reported 
[71] when chemical-grade glycerol was used.  

Regarding the medium pH, Figure 2B shows similar trends of the pH profiles for 
photoautotrophically and mixotrophically grown cultures, regardless of glycerol concentration. 
Specifically, pH experienced a rapid and significant drop from initial values of 7.43 ± 0.01 to 8.04 ± 0.04 
to the lowest value of 6.50 ± 0.04 on day 1, then constantly rose to reach the final pH value of 7 on day 4, 
and eventually remained constant until the end of the experiments. In contrast, for heterotrophic growth 
conditions, the initial drop was slight, and pH values remained almost constant until day 6. As both 
photoautotrophic and mixotrophic conditions had the employment of CO2 in common, their larger initial 
pH drops could be caused by the acidic nature of dissolved CO2. During the first 24 h, cells were still in 
an adaptation period, and would not fully carry out photosynthesis. The subsequent rise in pH value after 
day 1 then implied active photosynthesis and concurrent CO2 fixation [29]. 

In terms of substrates, substantial decrease in glycerol, ethanol, and nitrate concentrations were 

clearly observed from mixotrophically-grown cultures (Figures 3A and 4), whereas, for 
heterotrophically-grown cultures, concentrations appeared to be relatively constant (Figures 3B and 
Figure 4). The latter observation could simply be the consequence of microalgal growth cessation, which 
led to virtually no consumption of nutrients in the broth. Although total ethanol consumption was found 
to be similar for all mixotrophic experiments (~60 - 64 %), there was a great variation in the total glycerol 
consumption (Table 2). Especially, the highest value of glycerol consumption (~72 %) was observed 
from 2 g glycerol L-1 supplemented culture, and was approximately 2.4- and 5.5-fold higher those that of 
5 and 7 g glycerol L-1 cultivations, respectively. Interestingly, our results showed the “diauxic growth 
behavior” of H. pluvialis to simultaneously utilize 2 organic carbon sources, which were ethanol and 
glycerol, for biomass production [81,82]. For nitrate consumption, it can be seen from Table 2 that only 
about 11 - 20 % of the total supply was consumed by microalgal cultures, implying its initial quantity was 
also excessive. As a result, further significant reduction in both carbon and nitrogen substrates could be 
made in order to lower the cost of chemicals used in medium preparation.   
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Figure 2 Time profiles of green-stage biomass concentration (A) and pH (B) of H. pluvialis cultures 
grown mixotrophically, photoautotrophically, and heterotrophically under refined crude glycerol 
concentrations of 2, 5 and 7 g L-1. 
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Figure 3 Time profiles of remaining glycerol and ethanol, during green-stage, in mixotrophic (A) and 
heterotrophic (B) cultivations of H. pluvialis under refined crude glycerol concentrations of 2, 5 and 7 g L-1. 
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Figure 4 Time profile of remaining nitrate, during green-stage, in mixotrophic, photoautotrophic, and 
heterotrophic cultivations of H. pluvialis under refined crude glycerol concentrations of 2, 5 and 7 g L-1. 
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% NaNO3 consumption 12.3 ± 1.6 10.8 ± 0.5 20.4 ± 1.2 18.8 ± 2.5 

% Glycerol consumption - 72.2 ± 0.7 30.4 ± 7.2 12.7 ± 4.9 
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Red-stage 
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Data shown are the mean ± SD of 3 independent measurements. 
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Effects of growth conditions and refined crude glycerol concentrations on H. pluvialis ATX 
accumulation in batch cultivation 

Although an enhancement in ATX accumulation by supplementation of organic carbon sources has 
been previously demonstrated, most studies were limited to the use of acetate [65,69 - 71,83]. Therefore, 
we investigated biomass and ATX production during red-stage of H. pluvlias by exposing vegetative cells 
collected from different green-stage growth conditions to intense irradiance and nutrient-depleted 
conditions (Figure 5). Evidently, the highest value of final biomass concentration of 0.75 ± 0.01 g DCW 
L-1 was observed on day 6 from vegetative cells mixotrophically cultivated in the presence of 5 g L-1 
refined crude glycerol (Figure 5A). This obtained value was around 1.3- and 2.6-fold higher than those 
obtained from the rest of mixotrophic and photoautotrophic conditions, respectively (Table 2). 
Nevertheless, the highest value of ATX content (3.5 ± 0.4 % wt) was achieved with culture formerly 
cultivated using 7 g L-1 of refined crude glycerol. This obtained value was very similar to a previous study 
[71] which reported glycerol as the most promising substrate among 14 carbon sources in promoting H. 
pluvialis ATX production, and in the same order as many mixotrophic cultivations [45,69,72,84,85]. In 
addition, it can also be seen from the Table 2 that, only in presence of 7 g L-1 refined crude glycerol, H. 
pluvialis displayed an upward trend in ATX production until the end of the experiment (Figure 5B). In 
the other conditions, ATX level reached its peak on day 6 before it significantly dropped to the minimum 
on day 8. Our results also showed that, under photoautotrophic conditions, microalgal culture was able to 
accumulate subsequent ATX (2.7 ± 0.5 % wt) of around 1.35 - 1.42-old higher than those of mixotrophic 
cultivations (2.0 ± 0.5 and 1.9 ± 0.1 % wt for 2 and 5 g L-1 refined crude glycerol, respectively). The latter 
observation could reasonably be explained by the photoautotrophic cultures producing much lower 
biomass concentrations, thereby having higher light penetration throughout, and thus higher light 
exposure of the cells [24-26]. On the other hand, the highest level of ATX under 7 g L-1 mixotrophically 
grown culture was most likely attributed by the highest quantities of glycerol and ethanol present in 
supplied refined crude glycerol. The former was previously reported to greatly enhance the accumulation 
of lipids within H. pluvialis cells [68], which is necessary for ATX production [45,86], while the positive 
effect of the latter upon ATX accumulation was also suggested [87]. 

Repeated fed-batch mixotrophic cultivation for H. pluvialis biomass and ATX production 
Fed-batch mixotrophic cultivations of H. pluvialis using acetate as organic carbon was previously 

demonstrated and found to effectively facilitate microalgal growth and ATX production [72,73]. As 
glycerol was shown to be superior to acetate in promoting microalgal biomass and ATX production (this 
study and [68,71]), a combination of glycerol and fed-batch operation for growing microalga was worth 
investigating. Since our results (Figure 3) indicated considerable amounts of remaining organic carbon 
substrates, when mixotrophically-grown cultures were supplemented with 5 and 7 g glycerol L-1, 
consequently, 2 g glycerol L-1 was selected as the initial concentration in the fed-batch culture, as well as 
the condition for the feeding. This justification was made in order to reduce the quantity of leftover 
substrates and subsequently prevent their accumulation, which may have had an inhibitory effect on 
microalgal growth [68]. 
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Figure 5 Time profiles of red-stage biomass concentration (A) and astaxanthin content (B) of H. pluvialis 
cultures, whose green vegetative cells were grown mixotrophically, under refined crude glycerol 
concentrations of 2, 5 and 7 g L-1, and photoautotrophically. 
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Figure 6 Time profiles of biomass concentration and medium pH (A) and substrate concentration (B) of 
H. pluvialis culture, grown mixotrophically using repeated fed-batch operation with the supplementation 
of 2 g refined crude glycerol L-1 every 6 days. 
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Figure 7 Time profile of red-stage biomass concentration of H. pluvialis cultures, whose green vegetative 
cells were taken from each cycle of mixotrophic and repeated fed-batch cultivation. 
 
 
Table 3 Performance of mixotrophic repeated fed-batch cultivation in biomass and ATX productions of 
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Data shown are the mean±SD of 3 independent measurements. 
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From Figure 6A, the growth profile of the H. pluvialis culture cultivated under 2 g glycerol L -1 and 
repeated fed-batch operation appeared to be in an exponential phase throughout the entire experiment 
operation. During cycle 1, the microalgal biomass concentration increased from its initial value of 0.15 ± 
0.02 g DCW L-1 to reach 0.52 ± 0.06 g DCW L-1 on day 6, expressing µ of 0.22 ± 0.01 day-1 (Table 3) 
.This observation is highly consistent with that of our batch cultivation under the same initial refined 
crude glycerol concentration (Table 2). After every replacement of liquid culture with feeding medium, 
the biomass concentration immediately dropped, due to dilution, before rising again and reaching peaks 
of 0.90 ± 0.06, 1.46 ± 0.08 and 1.86 ± 0.06 g DCW L-1 at the end of cycles 2, 3 and 4, respectively. The 
value of µ during cycles 2, 3 and 4 were similar, but around 1.8-fold lower than that of cycle 1 (Table 3). 
This reduction could be caused by poorer light penetration, generally observed under denser culture 
[76,88,89]. In comparison with our batch cultivations, the repeated fed-batch operation was demonstrated 
to be a superior means of extending the microalgal exponential growth from day 5, previously observed in 
batch operation, to day 24, and significantly enhancing biomass production by around 2.6-fold. This 
achievement was similar to previous reports [36,72,73] by, and mainly due, to the ability of fed-batch 
operation to replenish critical media components, and thereby support further cell growth and delay the 
onset of cell death. With respect to medium pH (Figure 6A), its profile was similar to that in the batch 
culture. Specifically, after a pH drop from its initial value of 7.71 ± 0.08 to 6.52 ± 0.02 on day 1, it then 
increased to a steady value in the range 7.69 ± 0.23 - 8.04 ± 0.16 on day 15 and remained steady at this 
level. Regarding substrate profiles (Figure 6B), an almost complete use of ethanol at the end of each 
cycle was clearly seen, while an excess amount of both glycerol and nitrate lasted throughout the 
experimental duration. Numerically, from Table 3, total ethanol consumption by H. pluvialis of cycles 1 
and 2 were similar to that observed from batch cultivation (Table 2) (~61 %), before reaching 100 and 
80.7 % in cycles 3 and 4, respectively. On the other hand, glycerol consumption was found to reach its 
highest value of 67.8 % in cycle 1, before falling down to 42.1 % (cycle 2) and then climbing up to 49.1 
and 51.7 % for the last 2 cycles. For nitrate consumption, the value remained relatively constant in the 
range 17.8 - 21.3 % throughout the 4 cycles.  Furthermore, this study also investigated the effect of fed-
batch growth cycle upon ATX production of H. pluvialis (Figure 7 and Table 3). The highest increment 
in biomass concentration (0.62 g DCW L-1) was observed from cycle 4 vegetative cells. With increasing 
cycle number, the biomass increment increased. On the other hand, the highest ATX accumulation (3.0 ± 
0.1 % wt) was found in microalgal culture from cycle 3. These variations may have resulted from 
different life phases of green vegetative cells from each fed-batch cycle that were used for the subsequent 
ATX induction [90]. Furthermore, other promising cultivation methods could be attempted in order to 
optimally promote biomass and ATX production during red-stage of H. pluvialis, including 3-stage 
production process [73], stepwise illumination [35], optimized media [84], optimal growth phase for 
inductive stage [90] or the use of mutant strain [91].  

 
Conclusions 

In this study, although the direct utilization of crude glycerol as a carbon source resulted in H. 
pluvialis growth cessation, its refined state proved to practically facilitate the mixotrophic batch 
cultivation of the microalga, which resulted in 1.2 - 1.4-fold higher biomass production than that of 
photoautotrophic conditions. The highest increment in green-stage biomass production, as well as red-
stage ATX accumulation, were observed from cultures supplemented with 7 g refined crude glycerol L-1. 
When the operation was changed from batch to repeated fed-batch, an enhancement in green-stage 
biomass production (2.6-fold) was observed, thereby proving the latter to be a superior method for 
microalgal cultivation. Although further studies have to be carried out in order to optimize the production 
process, our results could be used as the preliminary for future investigations or process scale-up. 
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