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Abstract

A stable culture environment is the key for optimal growth and metabolic activity
of microorganisms, especially in marine species, and intermittent feeding during
DHA production using Schizochytrium sp. generates an unstable culture environ-
ment. To investigate the effect of unstable culture environment on the cells’
physiological status and DHA synthesis, fermentations with different feeding
strategies were performed on the lab scale. The intermittent feeding strategy caused
fluctuations of substrate concentration and osmotic pressure, which had a negative
effect on cell division and product synthesis. The physiological status and meta-
bolic level of Schizochytrium sp. were relatively stable under a continuous feeding
strategy with a relatively stable substrate concentration of 20-25 g/L, which was
beneficial for the efficient transformation of substrate, leading to an improvement
of DHA productivity. This strategy was further applied to pilot scale, whereby the
DHA content, DHA productivity, convert ratio of glucose to lipid and DHA
reached 55.02%, 320.17 mg/(L-h), 24.35%, and 13.40%, respectively. This study
therefore provides an efficient strategy for ensuring a stable culture environment
for the production of DHA and similar metabolites.
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* Intermittent feeding caused fluctuation of substrate content and osmotic stress.

* The Physiological of Schizochytrium sp in unstable culture environment was studied.
* Fatty acid metabolism in Schizochytrium sp at different osmotic stress was studied.

» The DHA efficient production was realized by a continuous feeding strategy.
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Introduction

Long-chain polyunsaturated fatty acids (LC-PUFAs) are critical components of the plasma
membrane and play significant roles in improving physiological functions of humans [1-3].
Especially docosahexaenoic acid (DHA, C22:6), which is the most representative omega-3
LC-PUFA, has received worldwide attention due to its health benefits to both infants and
adults [4, 5]. There have been many clinical studies on DHA supplementation, which showed
that this LC-PUFA is important for the normal development of the visual and nervous system
tissues in infants and young children, while also reducing the risk of cardiovascular disease,
alleviating depressive symptoms, and contributing to immune function in adults [6, 7].
Consequently, DHA is widely used as a dietary health supplement. Marine fish used to be
the main source of DHA, but the safety, availability, and sustainability of fish oil have been
compromised by increasingly severe marine pollution and overfishing [8, 9].

Research has shown that DHA is produced directly by marine microorganisms and
phytoplankton, while marine fish accumulate significant amounts of DHA by consuming
microalgae [7, 10]. The microalga Schizochytrium sp. has been the subject of a substantial
amount of research due to its high DHA content and growth rate and is thus considered as a
potentially commercially viable host for DHA production [11, 12]. Consequently, the use of
Schizochytrium sp. fermentation to produce DHA-rich oil has become a hot topic in the
scientific community [7]. The development and optimization of fermentation processes is
one of the key problems in production improvement. A stable culture environment is espe-
cially important for the growth and productivity of cultured microorganisms. In the DHA
production processes by Schizochytrium sp., the optimal conditions for cell proliferation, lipid
accumulation, and DHA synthesis are not the same, with different pH, temperature, and
oxygen preferences for each [13, 14]. Diverse fermentation strategies have been developed
aiming to improve the biomass and the content of DHA in total lipids [9, 15]. A large number
of DO-control strategies (dissolved oxygen: DO) have been investigated, which were usually
based on the stage characteristics of fermentations using Schizochytrium sp., and also achieved
good results [1, 16]. Ganuza et al. developed a NHy-pH-auxostat fed-batch system for
Schizochytrium sp., and they achieved the fastest possible growth rate in the stage of cell
reproduction [17]. Hu et al. proposed a novel osmotic pressure control strategy for
Schizochytrium sp. and obtained a maximum cell dry weight of 56.95 g/L as well as the
highest DHA content in total lipid of 55.21% [13]. Zeng et al. also employed a temperature
shift strategy for efficient DHA production by Schizochytrium sp., reaching a DHA percentage
of up to 51.98% (in total fatty acids) with a DHA production of 6.05% (in dry cell weight)
[18]. In addition, there were a number of studies on the effect of nutrients such as nitrogen,
sulfur, and microelements on DHA production [19-21]. In spite of the efforts that have been
made previously, no study has been developed for the effect of nonhomogeneous culture
environment on DHA production.

The stability of the culture environment is essential for microbial fermentations, especially
in large-scale bioreactors. This includes a stable nutrition supply, osmotic pressure, pH,
temperature etc. The cells’ transcriptional and metabolic activity will be changed when they
are cultured in a fluctuating environment. Moreover, the yield and quality of target products
can also be affected [22—-24]. Most industrial processes for the production of DHA-rich oil rely
on fed-batch fermentation operations. In intermittent feeding strategies, the substrate concen-
tration is kept above 15 g/L and can reach as high as 100 g/L [25]. In the stage of lipid
accumulation, the fermentation parameters including pH, DO, etc., reach the stabilization
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phase, and only the substrate concentration remains in a state of constant fluctuation [22, 26]. It
has been reported that a high substrate concentration can result in substrate inhibition which
can negatively affect the cell growth and lipid accumulation, while a low substrate concentra-
tion may prolong the fermentation period and decrease DHA productivity, so the high and low
substrate concentrations are bad for cell growth and DHA accumulation [9]. Li et al. reported
that high substrate concentrations can inhibit the activity of important enzymes such as
glycerol kinase and glycerol-3-phosphate dehydrogenase [27]. Moreover, the addition of high
substrate concentrations was reported to increase the osmolarity of the medium [9, 28]. Thus,
fluctuations of substrate concentration can also lead to constant changes in osmotic pressure,
which in turn has a significant effect on cell proliferation, and cellular osmotic adjustment is
also a highly important biological process in marine microorganisms [13]. Therefore, if the
cells repeatedly enter environments of high or low osmotic pressure and insufficient or
overabundant substrate, these fluctuations can have a significant impact on DHA production.
To our best knowledge, no research has been done to study the effect of a fluctuating substrate
supply on DHA production.

In the present work, we aimed to investigate the effects of environments with different
substrate supply and osmotic pressure on the cells’ physiological status and changes of DHA
synthesis and lipid components during the fermentation. Two types of feeding strategies were
tested in a 50-L bioreactor—an intermittent and a continuous feeding strategy. Based on this, a
rational feeding strategy was developed. Finally, pilot-scale fermentations were developed
using the optimal feeding strategy with a controlled substrate concentration and osmotic
pressure environment to verify its potential for industrial production. This approach will
hopefully provide guidance for the large-scale production of DHA and similar products.

Materials and Methods
Microorganism

The Schizochytrium sp. strain HX-308 (CCTCC M209059) used in this study was obtained
from the China Center for Type Culture Collection and maintained in 20% (v/v) glycerol at —
80 °C [1, 25].

Culture Conditions

The seed medium was composed of glucose (50 g/L) and yeast extract (0.4 g/L) in artificial
seawater [26]. The fermentation broth consisted of glucose (70 g/L) and monosodium gluta-
mate (20 g/L) in artificial seawater.

For lab-scale fermentations, the culture stock preserved in glycerol was transferred into a
250-mL baffled shake flask with 50 mL medium and cultivated for 24 h at 30 °C. After
culturing for three generations, the culture (1%, v/v) was inoculated to a 10-L seed bioreactor
(Shanghai Guogiang, China) with 7 L liquid volume and cultivated for 24 h at 30 °C. Then, the
mature seed (10%, v/v) was used to inoculate a 50-L fermenter (Shanghai Guogiang, China)
with 35 L medium and cultured at 200 rpm 1.0 vvm and 30 °C for 120 h. The pH and DO were
monitored using a sensor electrode (Mettler Toledo, Switzerland). The bioreactor was
equipped with an on-line gas analysis device (Shanghai Shunyuhengping, China) which
monitored the concentration of O, and CO, in the inlet and exhaust. Furthermore, real-time
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data collection software was used to monitor the oxygen uptake rate (OUR) and respiratory
quotient (RQ) on-line [29]. Additionally, every 12 h, 100 mL samples were taken and measure
the relevant parameters, such as the concentrations of glucose and nitrogen, biomass, lipid
content, etc.

To investigate the effect of different feeding strategies and substrate concentrations, an
intermittent and a continuous feeding strategy was established. In the intermittent feeding
strategy, the 800-g/L glucose solution was fed into the bioreactor to keep the substrate
concentration above 15 g/L, while the highest substrate concentration could reach up to
100 g/L. For the continuous feeding strategy, which can provide a stable culture environment,
three different substrate concentration ranges (15-20 g/L, 20-25 g/L, and 25-30 g/L) were
designed and executed in three independent fermentation processes. All experiments were
carried out in duplicate.

The pilot-scale fermentations were performed in a 500-L bioreactor. The seed culture (10%,
v/v) was cultivated for two generations (24 h for each generation) in the 10- and 50-L seed
bioreactors, respectively. The matured second-stage seed (10%, v/v) was used to inoculate the
500-L bioreactor, which contained 350 L of medium. The substrate feedback control was used
for the optimized feeding strategy during the fermentation process. The other fermentation
parameters were the same as for the lab-scale fermentation.

Analytical Methods

The measurements of biomass, total lipid content, fatty acid composition, and fatty acid methyl
ester (FAMESs) preparation were the same as in our previous studies [21, 30]. The glucose and
glutamate concentrations were measured enzymatically using an SBA-40C bioanalyzer (Insti-
tute of Biology, Shandong Academy of Sciences, China).

The osmotic pressure in the medium was calculated using the equation P = cRT, where P is
osmotic pressure of the solution, c¢ is the total ion concentration (for non-electrolyte substances
such as glucose) or molecular concentration (for electrolytes such as inorganic salts), R is the
gas constant (R =8.315 L-kPa/(K-mol)), and 7 is the absolute temperature of the solution, as
described in our previous studies [13].

Results and Discussion
Effect of Intermittent and Continuous Feeding Strategies on the DHA Fermentation

As shown in Fig. 1 and Table 1, there were significant differences in each parameter of DHA
production, such as substrate assimilation, biomass growth, and lipid and DHA synthesis,
when using the different intermittent and continuous feeding strategies.

The glucose concentration profiles of fermentations using each feeding strategy are shown
in Fig. la. The glucose concentration in the intermittent feeding strategy underwent large
fluctuations, reaching up to 74 g/L and falling down to 6 g/L, which may have led to a
nonhomogeneous culture environment. The cells’ transcriptional and metabolic activity will be
changed when exposed to these fluctuations of the culture environment. Moreover, the yield
and quality of target products could also be affected [23, 24]. By contrast, the glucose
concentration in each continuous feeding strategy was relatively constant. The amounts of
glucose consumed by the four continuously fed cultures were respectively 11.81, 9.32, 10.27,
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Fig. 1 Fermentation profiles showing the growth characteristics of Schizochytrium sp. HX-308. cultured using an
intermittent feeding strategy (Control, black squares), and continuous feeding strategies with controlled glucose
concentrations of 15-20, 20-25, and 25-30 g/L (red downward triangles, green circles, blue upright triangles,
respectively). a Glucose feeding (g/L). b Monosodium glutamate consumption, MGS (g/L). ¢ Biomass (g/L). d
Total lipids (g/L)

and 10.15 kg (Table 1). The amount of glucose consumed was the highest in the intermittent
feeding strategy, which demonstrated that Schizochytrium sp. has a higher substrate assimila-
tion capacity and improved energy metabolism in a stable culture environment.

However, nitrogen consumption was only marginally influenced by these feeding strate-
gies, and the time of nitrogen exhaustion in each feeding strategy was almost the same (Fig.
1b). Nitrogen limitation activates lipid accumulation in Schizochytrium sp., which means that
the cells enter the phase of active lipid accumulation at the same time in each strategy.
Moreover, the initial lipid content in the biomass was also practically the same at 5%. With
the continuing fermentation process, differences of lipid content appeared. The highest lipid
content (68.74 g/L) was obtained using the continuous feeding strategy with a glucose
concentration of 20-25 g/L, and the lowest lipid content (45.43 g/L) was obtained using the
continuous feeding strategy with a glucose concentration at 15-20 g/L. The lipid contents in
intermittent feeding strategy and continuous feeding strategy with a glucose concentration of
25-30 g/L were 61.03 and 65.58 g/L. The change trend of biomass reflected the lipid content
in the intermittent and continuous feeding strategies, as shown in Fig. 1c, d.

Interestingly, the highest biomass (117.58 g/L), lipid content (68.74 g/L), and DHA
(54.68%) content were all achieved using the continuous feeding strategy with a glucose
concentration of 20-25 g/L (Table 1). The lowest fermentation yield was obtained using the
intermittent feeding strategy and continuous feeding strategy with a glucose concentration of
15-20 g/L. There seems to be a marginal value of glucose concentration, so that lipid synthesis
and cell growth were inhibited when the glucose concentration was below or above this value.
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Notably, the fluctuations of the culture environment in the intermittent feeding strategy appear
to have caused significant damage to the cells, so that the DHA content, DHA productivity,
and conversion ratio of glucose to lipid and DHA were only 50.81%, 258.41 mg/(L-h),
18.09%, and 9.19%, respectively. By contrast, the highest DHA productivity (313.23 mg/
(L‘h)), conversion ratio of glucose to lipid (23.43%), and DHA (12.81%) were obtained using
the continuous feeding strategy with a glucose concentration of 20-25 g/L. These values
represent increases of 21.21, 29.52, and 39.39% over the intermittent feeding strategy. Thus,
there was considerable substrate waste in the intermittent feeding strategy. These results also
demonstrated that a proper substrate concentration and stable culture environment are bene-
ficial for the efficient use of glucose and the efficient synthesis of oil and DHA. At the same
time, the cells may have been subjected to potential damage caused by an unsuitable substrate
concentration and fluctuations of the culture environment [31]. Hu et al. also came to an
analogous conclusion in environments with different osmotic pressure [13].

Effects of the Different Feeding Strategies on Bioprocess Parameters

Procedure parameters were recorded during all the fermentations, as shown in Fig. 2.
The DO showed a continuous decreasing trend until reaching zero, and subsequently, it
remained at a constant low level (Fig. 2a). Thus, all four cultures entered a DO-limited
state. Moreover, the time when DO reached zero was almost at the same time in all
culture modes, which indicates that all the cultures had similar oxygen supply and
demand levels. A similar tendency was evident in real-time change of pH for these four
cultures, and the pH reached and maintained a constant level at a similar time in
subsequent fermentation phase (Fig. 2b). This phenomenon was also analogous to what
we observed in our earlier study and reflected the sequential metabolic changes during
the utilization of the various classes of nitrogen sources in the broth [32, 33]. These
observations imply that the cells had a similar physiological status before the cultures
entered the DO- and nitrogen-limited state.

In addition, RQ, as a critical physiological parameter, was also investigated. It increased
rapidly with the decrease of DO until the culture reached the DO-limited state and subse-
quently remained in a dynamic equilibrium, as shown in Fig. 2c. However, the RQ value of the
cultures with different feeding strategies reached different levels during the final stages, even
though the fermentations had the same oxygen supply levels. Thus, there was a difference in
cell metabolism among the four different fermentations, and the RQ profiles were in agreement
with the DHA content in total lipids. In Schizochytrium sp., the PUFAs are synthesized
through the non-oxygen-requiring PKS pathway. Consequently, an increase of PUFA synthe-
sis reduces the consumption of O, and increases the release of CO,, increasing the RQ value
[1, 34, 35]. On the contrary, a lower RQ value (i.e., RQ = 1.0) signified that the Kreb’s cycle is
more active and substrate is preferentially transformed into H,O and CO, [36]. The highest RQ
value was obtained using the continuous feeding strategy with a substrate concentration of 20—
25 g/L, and the lowest value was achieved in the continuous feeding strategy with a substrate
concentration of 15-20 g/L. The DHA contents in total lipids obtained using these two
strategies were 54.68 and 49.32%, respectively, which further confirmed the relationship
between RQ and DHA content in total lipids.

The substrate assimilation, cell growth, lipid synthesis, DHA production, and process
parameters showed significant differences, which were likely caused by the differences of
glucose concentration and osmotic pressure during the fermentation (Fig. 2d). The osmotic
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Fig. 2 Time course profiles of fermentation utilizing Schizochytrium sp. HX-308 in fed-batch mode in conjunc-
tion with an intermittent feeding strategy (control, black squares), and continuous feeding strategies with
substrate concentrations of 15-20, 20-25, and 25-30 g/L (red downward triangles, green circles, and blue
upward triangles, respectively). a Dissolved oxygen. DO (%). b pH. ¢ Respiratory quotient, RQ. d Osmotic
pressure (kPa)

pressure was subjected to large fluctuations in the intermittent feeding strategy due to the large
swings of glucose concentration, while it was relatively constant in each of the continuous
feeding strategies. The genetic, transcriptional, and metabolic levels of cells change when they
are cultured under these fluctuation culture conditions. In non-growing cells, an increase in
external osmolarity will cause loss of water from the cell, whereas a decrease in external
osmolarity will cause uptake of water. To reduce or eliminate these osmotically induced
changes in the amount of cellular water, many osmotically stressed growing cells exhibit
active responses in which the amounts of various cellular solutes are changed by biosynthesis
or transport [37]. Moreover, the yield and quality of target products could also be influenced.
A certain turgor pressure of the cell is one of the necessary conditions for cell division and
synthesis of products [38]. Thus, the stable glucose concentration that was kept at 20-25 g/L
could provide a proper osmotic pressure and suitable substrate concentration for cell prolifer-
ation and products accumulated during the fermentation. Under these conditions, the DHA
content in total lipids and the conversion ratio of glucose to DHA reached their highest values
of 54.68 and 12.81%, respectively. However, the opposite was true when the glucose
concentration was maintained at 15-20 g/L. Therefore, this continuous feeding strategy based
on osmotic pressure can be suggested as an effective method for improving DHA production.
Subsequently, the lipid components were also investigated to reveal the interrelation between
substrate concentrations/osmotic pressure and lipid metabolism in the different feeding
strategies.

@ Springer



Applied Biochemistry and Biotechnology (2020) 192:881-894 889

Changes of Fatty Acid Composition in the Different Feeding Strategies

The fatty acid composition analysis showed that more than 90% of the total lipids extracted
from Schizochytrium sp. were composed of DHA, DPA (docosapentenoic acid; C22:5),
tetradecanoic acid (C14:1), myristic acid (C14:0), hexadecanoic acid (C16:0), and stearic acid
(C18:0). In this organism, polyunsaturated fatty acids, such as DHA and DPA, are mainly
synthesized by the PKS pathway, while the FAS pathway mainly synthesized the monoun-
saturated and saturated fatty acids, such as C14:1, C14:0, C16:0, and C18:0 [1, 39]. Therefore,
the relative activity of the PKS and FAS pathways is reflected in the content of PUFAs and
saturated or monounsaturated fatty acids in total lipids [1]. The abundance of polyunsaturated
fatty acids was also highly consistent with the RQ profiles of each feeding strategy. This was
in agreement with our previous study, which has shown that high RQ values indicate a high
relative activity of the PKS pathway [1, 40]. The content of monounsaturated and saturated
fatty acids constantly decreased during the fermentation, while the content of PUFAs, and
especially DHA, constantly increased simultaneously (Table. 2). Importantly, PUFAs content
in the continuous feeding strategy with a substrate concentration of 20-25 g/L. was consistently
above that of the other strategies, which means that the PKS pathway was more active with this
feeding strategy. However, this strategy also produced the lowest content of DHA with a
substrate concentration at 15-20 g/L. Interestingly, the content of squalene showed an apparent
fluctuation in the intermittent feeding strategy. These differences were most likely caused by
the drastic fluctuation of glucose concentration and osmotic pressure. The water activity in the
broth is changed by the fluctuation of substrate concentration, which affects the cells’
metabolic activity and the composition of the cytoplasm. Moreover, the cells can autolyze
when exposed to an extremely unsuitable osmotic pressure. Hence, the cells must be cultured
at a proper osmotic pressure and substrate concentration. Akimoto et al. reported that optimal
osmotic pressure can promote cell grown and the synthesis of EPA, another important PUFA,
similar to DHA [41]. Thus, the continuous feeding strategy with a substrate concentration of
20-25 g/L was able to provide a proper osmotic pressure for DHA synthesis and increased the
relative activity of the PKS pathway. The phenomenon of fluctuating environments is con-
stantly to appear in industrial-scale fermentation process, which implies that osmotic pressure
may be an underestimated factor in the fermentation industry [22].

Scale-Up of Fermentation Using the Optimized Feeding Strategy in the Pilot-Scale
Bioreactor

The results of preliminary lab-scale fermentations showed that maximum values of biomass,
lipid content, DHA content of lipids, DHA productivity, and conversion ratio of glucose to
total lipids and DHA were obtained using the continuous feeding strategy with a glucose
concentration of 20-25 g/L. To verify the validity of continuous feeding strategy in the scale-
up of DHA production, the optimal strategy and intermittent feeding strategies were conse-
quently tested in a 500-L pilot-scale bioreactor.

The results obtained in the 500-L bioreactor using the intermittent and continuous feeding
strategies were compared in Table 3. A biomass of 122.37 g/L, lipid content of 69.83 g/L, and
DHA productivity of 320.17 mg/(L-h) were achieved using the optimized continuous feeding
strategy with a glucose concentration of 20-25 g/L, which represent increases of 25.53, 18.52,
and 37.68% over the intermittent feeding strategy, respectively. The DHA content in total
lipids increased to 55.02% using the continuous feeding strategy (20-25 g/L). This greatly
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Table 3 Effects of the different feeding strategies on cell growth and DHA content in a pilot-scale bioreactor

Intermittent feeding strategy ~ Continuous feeding strategy ~ Increase (%)

Glucose (kg) 117.24 +2.57 100.37 + 1.96 —14.39
DCW (g/L) 97.48 + 1.42 122.37 £2.18 25.53
TLs concentration (g/L) 58.92 +0.87 69.83 + 1.31 18.52
DHA in TLs (%) 4736 + 1.05 55.02 £ 0.94 13.92
DHA productivity (mg/(L'h))  232.54 +£2.93 320.17 £ 3.17 37.68
Convert ratio to Lipid (%) 17.59 + 0.32 2435+ 041 38.43
Convert ratio to DHA (%) 9.33 £0.19 13.40 + 0.28 43.62

DCW dry cell weight, 7Ls total lipids, DHA docosahexaenoic acid

exceeded the minimum level required for marketing (> 35%) while also showing an increase of
13.92% beyond the intermittent feeding strategy. At the same time, the maximal conversion
ratios of glucose to total lipids and DHA achieved using this process were 24.35 and 13.40%,
which was respectively 38.43 and 43.62% higher than what was obtained using the intermit-
tent feeding strategy. The results thus clearly indicate that the continuous feeding strategy with
a glucose concentration of 20-25 g/L provided a stable glucose supply and culture environ-
ment, which prevented harmful fluctuations of the cells’ transcriptional and metabolic activity.
This finding has the potential to effectively promote the industrialization of DHA fermentation
and improve the yield of both DHA and total lipids in microalgae. Therefore, this research
offers a significant improvement over preceding process arrangements and will hopefully also
be applicable to the industrialization of other biological products in the future.

Conclusions

The effect of a stable substrate supply and osmotic pressure environment on the cells’
physiological status, DHA synthesis, and lipid composition was studied. In lab-scale fermen-
tations, the continuous feeding strategy provided the most suitable culture environment for
DHA production. The optimized strategy was further tested in pilot-scale fermentation. The
DHA content, DHA productivity, conversion ratio of glucose to total lipids, and DHA reached
55.02%, 320.17 mg/(L-h), 24.35%, and 13.40%, respectively, representing increases of 37.68,
13.92, 38.43, and 43.62% over the intermittent feeding strategy. The results clearly indicate
that this strategy has the potential to be applied in the industry.
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