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and the ARA yield increased by about 20% along with a lower level of ROS concentration. Under these con-
ditions, more NADPH, substrate and energy may be available for lipid biosynthesis. The efficacy of this
strategy was also confirmed in a bioreactor, with similar results. Interestingly, the total power required
Arachidonic acid for stirring fell by about 4%, which may be of practical value for energy savings. This work offers new
Intermittent hypoxic stress insights into the control of ROS generation in M. alpina and might be applicable to other microbial
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Ji et al, 2015). Arachidonic acid (ARA) (5, 8, 11, 14-cis-
eicosatetraenoic acid) is one of the omega-6 PUFAs, and acts as a
precursor for the synthesis of eicosanoid hormones such as prosta-
glandins, leukotrienes and thromboxanes, some of which play an
irreplaceable role in combating or preventing a number of human
diseases (Dyal and Narine, 2005). The filamentous fungus Mortier-
ella alpina is considered the most prominent producer of ARA-rich
lipids due to its safety and relatively high production (Higashiyama
et al., 2002; Ji et al., 2014).

High dissolved oxygen (DO) is considered a key factor in the
ARA biosynthesis process, as PUFAs are formed via an enzymatic
desaturation mechanism which requires dioxygen (Nie et al,
2014b). In shake-flask cultures, the level of DO is controlled by
changing the shaking speed. However, M. alpina is physically weak
and sensitive to shear forces, due to which the agitation rate has to
be controlled within a precise range (Ji et al., 2014). Furthermore,
high DO is not always beneficial for lipid accumulation, and oxygen
uptake is not rate-limiting at high oxygen concentrations. It has
been reported that filamentous mycelia could not maintain their
usual metabolic activity, and had to B-oxidize fatty acids to obtain
more energy in order to adapt to high oxygen concentrations
(Higashiyama et al., 1999). In addition, it is well established that
reactive oxygen species (ROS), which are mainly generated by
the electron transfer chain (ETC) in mitochondria, can cause oxida-
tive damage to DNA, proteins, lipids, and other biomolecules
(Starkov, 2008; Shi et al., 2017). Our previous research showed that
ROS generation significantly increased and antioxidant defenses
decreased during the end of fermentation, i.e. during the microbial
aging process. Using transmission electron microscopy (TEM), we
observed mitochondria that seemed to be enlarged and less com-
pact than normal, which suggested instability, which in turn can
cause ROS generation (Yu et al., 2016). Increased oxidative stress
may lead to the consumption of stored lipids as energy source in
order to maintain cellular homeostasis (Shi et al., 2017). Further-
more, PUFAs can be oxidized by ROS, which may cause unstable
ARA production (Yu et al,, 2016). In agreement with this, it has
been reported in recent years that the external addition of antiox-
idants, such as sesamol, ginsenosides and ascorbic acid, can scav-
enge intracellular ROS and improve cell growth and lipid
production in oleaginous microorganisms (Ren et al., 2017; Liu
et al., 2015). Accordingly, different concentrations of ascorbic acid
were supplemented to the fermentation medium in our prelimi-
nary experiments. However, no significant changes were found in
ARA production, and we even observed a small decline
(Table S1). As ME activity and G6PD activity were decline with
the addition of ascorbic acid, the lack of NADPH supply may cause
the unexpected results (Fig. S1).

In adaptive laboratory evolution, a recovery treatment per-
formed after stimulation may help to ameliorate the increased tox-
icity due to environmental stresses (Reyes et al., 2014). In this
work, we developed a similar strategy to eliminate ROS from the
main source—the ETC. This strategy was applied repeatedly in a
12 h cycle after 60 h of fermentation. Each cycle was divided into
two phases: a high-DO phase and a low-DO phase for intermittent
hypoxic stress (IHS). Considering a predictable delay of cell growth,
the agitation speed during the high-DO phase was set at 150 rpm
(rpm), which was somewhat higher than the 125 rpm of the orig-
inal culture. The ARA yield was improved by 20% or more, along
with a 21% reduction of intracellular accumulated ROS. Various
biochemical parameters like malonic dialdehyde (MDA), glu-
tathione (GSH) and the activities of several key enzymes were eval-
uated to examine the responses of M. alpina to IHS. In addition, the
efficacy of this strategy was also tested in a bioreactor and we
reached similar results. Interestingly, the total power required for
stirring was reduced by about 4%, which may be of practical value
for energy savings. This study thus provides a new method for

increasing ARA production by removing ROS in M. alpina, which
also might be used in other microbial PUFA producers.

2. Materials and methods
2.1. Microorganism, media, and culture conditions

M. alpina R807 (CCTCC M2012118), preserved in the China Cen-
tre for Type Culture Collection, was used in this study. It was main-
tained on potato-dextrose agar (PDA) slants at 4 °C, and transferred
every 3 months. The PDA medium contained (g-L™!): potatoes 200,
glucose 25, agar 20. The seed culture medium contained (g-L™1):
glucose 30, yeast extract 6, NaNOs 3, KH,PO4 3, MgS0,4-7H,0 0.5.
The fermentation medium contained (g-L™'): glucose 80, yeast
extract 10, KH,PO4 4, NaNOs 3, and MgS04-7H,0 1.

The culture conditions for M. alpina were the same as reported
in our previous work (Zhang et al., 2015; Nie et al.,, 2014a; Peng
et al,, 2010). Briefly, a sterile loop was used to transfer a small
amount of M. alpina mycelium from a PDA slant to fresh medium,
followed by incubation in an electro-thermal incubator at 25 °C.
After 5-7 days of incubation, the resulting mycelia were harvested
for seed culture. 500-mL baffled flasks containing 100 mL of appro-
priate fresh media were used for seed culture and fermentation
culture. Seed culture was conducted for 18-24 h at 25 °C, after
which the resulting culture was used to inoculate the fermentation
broth at 10% (v/v). After a course of regular fermentation, mycelia
were continuously cultured without carbon source to initiate the
aging process (Zhang et al., 2015). Shake-flask cultivation was car-
ried out at 25 °C and 125 rpm, with an initial pH of 6.0. ARA batch
fermentation was carried out in a 1-L bioreactor (Solaris Biotech-
nology, Italy) containing 0.6 L of fermentation medium, using a
previously reported multi-stage fermentation strategy (Wu et al.,
2017).

The procedures of the new IHS strategy are shown in Graphical
abstract. This strategy was conducted repeatedly in a 12 h cycle
after 60 h of fermentation. Each cycle was divided into two phases:
a high-DO phase, and a low-DO phase for periodic hypoxia treat-
ment. The DO of the high-DO phase was slightly above normal.

2.2. Analysis of glucose concentration, dry cell weight, total lipids, and
fatty acid profiles

Glucose concentrations were analyzed using an SBA-40C glu-
cose oxidase electrode (Biology Institute of Shandong Academy of
Sciences, China). The biomass density was measured by determin-
ing the DCW of mycelia that were harvested and separated by fil-
tration through a conventional filter paper, washed three times,
and dried at 50 °C to constant weight (approx. 24 h). The analysis
of total lipids and the fatty acid profiles was carried out according
to our previously reported methods (Zhang et al., 2015). Polyno-
mial fittings of the 4th order was used to describe the kinetics of
DCW, lipid/DCW and ARA/total fatty acids (TFAs), using Origin
8.0 (Microcal Software Inc., Northampton, MA, USA).

2.3. Measurement of intracellular ROS

The contents of ROS in M. alpina mycelia was determined
according to our previously reported methods (Yu et al., 2016).
Briefly, the mycelia were harvested and incubated with 10 ug mL™!
of DCFH-DA (Dichloro-dihydro-fluorescein diacetate, prepared in
DMSO; Sigma-Aldrich, MO, USA) with shaking at 25°C for
30 min, washed three times by centrifuging at 8000g for 10 min
and resuspending in phosphate buffer solution (PBS, pH 7.4). The
fluorescence density (FLU) was recorded using a SpectraMax M3
fluorescence spectrophotometer (Molecular Devices, CA, USA)
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using excitation and emission wavelengths of 488 nm and 525 nm,
respectively. The relative fluorescence density (RFLU) was
calculated by dividing the FLU by the DCW.

2.4. Enzyme activity assays, determination of MDA and GSH

Preparation of cell extracts was carried out according to our
previously reported methods (Sun et al., 2016). Protein concentra-
tions were determined using the Bradford method with bovine
serum albumin (BSA) as the standard. Total protein content of
the crude enzyme preparations was calculated using an empiri-
cally determined calibration equation. The cell extracts were
recovered for the determination of MDA, GSH, malic enzyme
(ME), glucose-6-phosphate dehydrogenase (G6PD), catalase
(CAT), ATP:citrate lyase (ACL), and isocitrate dehydrogenase (ICD)
activities using commercially available assay kits (AngleGene,
Nanjing, China), according to the manufacturer’s instructions.
Normal saline was negative control in enzyme activity assays.

2.5. Confocal fluorescence microscopy

Confocal fluorescence microscopy was conducted according to
our previously reported methods (Yu et al., 2017). The mycelia
were collected by centrifugation and resuspended in PBS buffer
(pH 7.4) to a final concentration of 0.1 g/mL. An aliquot comprising
5 uL of Nile Red stock solution (0.4 mg/mL; J & K Scientific Ltd,
China) was added to 3 mL of the mycelia-in-PBS suspension and
shaken gently for 1 min. After incubation in darkness for
5-10 min at room temperature, samples were directly used for
microscopic analysis (FV1000, Olympus, Japan). The fluorescence
excitation wavelength was set at 488 nm and the emission wave-
length scanning range was set from 500 nm to 750 nm.

2.6. Statistical analysis

The mean values and the standard error of the mean were cal-
culated from the data obtained from three biological replicates. A
statistical analysis of the obtained data was carried out using Ori-
gin 8.0 software (Microcal Software Inc., Northampton, MA, USA).
One way analysis of variance (ANOVA) with t-test was conducted
on the data, and P < 0.05 was considered significantly different.

3. Results and discussion

3.1. Changes of cell growth, substrate consumption, lipid- and ARA
accumulation under IHS

In shake-flask cultures, the DO level can be controlled by chang-

ing the shaking speed, since more vigorous agitation can force
more oxygen into the fermentation broth (Higashiyama et al., 1999).

Table 1

We therefore chose static culture to induce low-oxygen conditions
in this study. As shown in Table 1, M. alpina was cultured in
shake flasks that were kept static for different periods of time.
The results indicated that the optimum conditions of IHS were
static culture for 1h every 12 h, which lead to simultaneous
increases of DCW, total lipids and ARA yield. Perhaps unsurpris-
ingly, too long periods of low oxygen actually decreased the
accumulation of ARA-rich lipids and inhibited cell growth. Our
solution to this problem was to increase the shaking speed during
the high-DO phases. As shown in Table 1, the optimum shaking
speed appeared to be 150 rpm, which led to the highest ARA yield
of 6.56 g/L, and was consequently chosen for the IHS in further
experiments.

As shown in Fig. 1A and B, IHS caused significant changes in the
substrate consumption and growth profiles of M. alpina. Although
we increased the shaking speed from 125 rpm to 150 rpm, IHS still
reduced the consumption of glucose, and prolonged the time until
substrate depletion by about 2 days. Similarly, IHS resulted in a
decrease of the cell growth rate, and postponed the time of the
DCW peak from 144 h to 192 h. Interestingly, these results were
not in line with previous studies, in which continuous low oxygen
was found to have no considerable effect on the time course of
DCW in M. alpina (Higashiyama et al., 1999; Dedyukhina et al.,
2015).

The aging technology developed recently for M. alpina, which
cultures the cells for several days without carbon source after reg-
ular fermentation, can significantly increase the ARA content in the
TFAs (Bajpai et al., 1991). However, biomass and lipid production
decreased significantly during the aging process (Jin et al., 2009;
Zhang et al., 2015). As shown in Fig. 1A and C, the DCW and lipid
concentration of the control increased to 28.07 and 13.17 g/L at
the end of regular fermentation, but decreased to 24.49 and
10.69 g/L during the aging process, respectively. Since IHS may
prolong the fermentation period and shorten the aging process,
the loss of biomass and lipid production could be decreased
greatly. The DCW of the IHS group reached 28.03 g/L at 216 h,
which was about 15% higher than that of the control. Moreover,
a significant improvement of lipid concentration was achieved
under [HS, with an increase of 30.9% over that of the control.

Lipids are usually stored in lipid droplets (LDs) after being syn-
thesized in the endoplasmic reticulum (Ji et al., 2014). To further
investigate how the morphology of LDs changed under IHS, confo-
cal microscopy was employed. As depicted in Fig. 2, at the end of
fermentation under IHS (216 h), a large proportion of the cell vol-
ume was occupied by LDs, and both the number and the size of LDs
increased significantly compared to the control. Moreover, the
variation of LDs was in accordance with the trend of lipid/DCW
shown in Fig. 1D, which increased by 14.3% compared with the
control.

ARA is formed through elongation and desaturation, in a com-
plex set of reactions starting from a suitable carbon source in the

Comparison of the effects of different intermittent hypoxic stress regimens on dry cell weight, lipid- and arachidonic acid yield at 216 h. Values are presented as the mean +
standard deviation (n = 3). Values with the different letters represent a significant difference (P < 0.05) between treatments. (DCW: dry cell weight, ARA: arachidonic acid, rpm:

revolutions per minute).

A cycle Shaking speed (rpm) DCW (g/L) Lipid (g/L) ARA (g/L)
Static time (h) Shaking time (h)

0 12 125 24.49 £0.02° 10.69 £ 0.55% 5.48 £0.01°¢
0.5 11.5 125 24,97 +0.21¢ 11.49 £ 0.51° 5.84 +0.07°
1 11 125 25.04 +0.19¢ 12.05 + 0.36° 6.02 +0.03¢
2 10 125 26.05 £0.159 13.89£0.21¢ 5.02 £0.27°
1 11 135 26.19 +0.07¢ 12.79 +0.22"¢ 6.27 +0.06¢
1 11 150 28.03 +0.08° 13.99 £ 0.10¢ 6.56 + 0.06°
1 11 175 28.18 +0.07¢ 12.32+0.11° 5.59 #0.13%¢
1 11 200 24.16 +0.032 9.76 +0.20% 3.94 +0.09°
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mycelia. The desaturation involves an aerobic oxygenation reac-
tion, and DO is thus considered to be a key factor in ARA biosynthe-
sis (Higashiyama et al., 1999; Nie et al., 2014b). Accordingly,
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Fig. 1. Time course of dry cell weight (DCW) (A), glucose concentration (B), lipid yield (C), lipid/DCW (D), arachidonic acid (ARA) yield (E), ARA/total fatty acids (TFAs) (F) and
fitting values of DCW, lipid/DCW and ARA/TFAs. Values are presented as the mean * standard deviation (n = 3). (The control group is marked with a G and the intermittent
hypoxic stress (IHS) group with an H).

several studies showed the negative effect of oxygen limitation
on ARA accumulation in M. alpina (Higashiyama et al., 2002; Wu
et al., 2017; Zhang et al., 2017). As shown in Fig. 1F and Table 2,
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Fig. 2. Fluorescence microscopic images of mycelia at 216 h of culture. (The control group marked with an A and the intermittent hypoxic stress group with a B).

Table 2

Changes of the percentage of arachidonic acid (C20:4) and various other fatty acids in
total fatty acids under intermittent hypoxic stress (IHS). Values are presented as the
mean + standard deviation (n = 3). The statistical significance between control group
and IHS group was presented by t-test, respectively. (¥, p < 0.05).

Fatty acids Control (%) IHS (%) Increase
C16:0 8.92 +0.07 11.56 £ 0.62" 29.60%
C18:0 13.58 £ 0.08 14.02£0.11 3.24%
C18:1 15.05+0.21 14.63 +£0.37 —2.79%
C18:2 5.98 +0.23 6.92 £0.49" 15.72%
C18:3 3.58 +0.05 3.270.02° —8.66%
C20:4 51.26 £ 0.39 46.94 +0.80° —8.43%
Others 2.63+0.03 2.65+0.07 0.76%

our results were in line with previous work. The ARA/TFAs was
46.96% under IHS, which was lower than the 51.26% in the control.
Nevertheless, as ARA is an intracellular liposoluble product, the
achievement of a higher biomass density and lipid accumulation
is essential for ARA production. Owing to this, the ARA yield
reached 6.56 g/L at 216 h, which was about 20% higher than that
of the control (Fig. 1E). The data in Table 2 indicate that the per-
centages of C16:0 and C18:2 increased, while those of ARA and
C18:3 decreased synchronously. The linoleic acid (LA, C18:2,
omega-6) is transformed to y-linolenic acid (GLA, C18:3, omega-
6) by delta 6-desaturase (EC 1.14.99.-) (Ji et al., 2014). Our result
indicates that the key enzyme controlled by DO in ARA biosynthe-
sis may be delta 6-desaturase.

In our previous work, it was found that an optimal fermentation
process for the production of ARA-rich lipids incorporates three
stages— mycelial propagation, lipid biosynthesis, and ARA accumu-
lation (Nie et al., 2014a). As shown in Fig. 1G and H, kinetic studies
were performed to conduct a comparative analysis of the effects of
IHS on product formation. The biomass, lipid- and ARA concentra-
tion of the control group reached their respective maximum values
at 153 h, 175 h and 216 h (arrows with different colors in Fig. 1G).
Most fermentation strategies optimized only one indicator, such as
media with carbon limitation, which promote the rapid accumula-
tion of ARA but are not beneficial for mycelial growth and lipid
accumulation (Bajpai et al., 1991; Jin et al., 2009). In practical
industrial production, the final ARA-rich lipid is usually diluted
to a standardized level of 40% ARA/TFAs by adding vegetable oil,
which indicates that excessively high ARA concentrations may be
not required (Ji et al., 2014). Similarly, nitrogen limitation is a

requisite for lipid biosynthesis but may result in decreased
biomass and consequently decreased total ARA yields (Nie et al.,
2014a). Hence, it is more effective to find a balance between
DCW, lipid/DCW and ARA/TFAs to reach the highest possible total
ARA yield. As shown in Fig. 1H, all three production peaks occurred
at the end of fermentation under IHS. This is possible due to a
balancing of the different oxygen requirements of cell growth
(including DNA replication and protein synthesis), lipid accumula-
tion and ARA biosynthesis.

3.2. Changes of activities of key enzymes involved in lipid biosynthesis
under IHS

In order to investigate whether the increase of lipid accumula-
tion under IHS was related to a shift of metabolic pathways, the
activities of four key enzymes in the lipid biosynthesis pathway
were measured every 2 days after 120 h of fermentation (Fig. 3).

NADPH is known to be a key cofactor required for fatty acid syn-
thesis and desaturation in M. alpina, and it can be generated by sev-
eral enzymes, such as malic enzyme (ME), glucose-6-phosphate
dehydrogenase (G6PD) and isocitrate dehydrogenase (ICD) (Ji
etal.,, 2014). Hao et al. (2016) found that G6PD had the most signif-
icant effect on fatty acid synthesis, whereas ME was more effective
for increasing desaturation in M. alpina. Yu et al. (2016) found that
ICD might provide additional NADPH for ARA synthesis during the
aging process. As shown in Fig. 3A, B and C, those activities of all
three key enzymes increased under IHS, which may imply that
more NADPH was produced. These results were in good agreement
with the observed changes of fermentation characteristics and LD
morphology.

ICD is a key enzyme in the TCA cycle and plays a crucial role in
the energy metabolism (Hao et al., 2016; Wynn & Ratledge, 2005).
As shown in Fig. 3C, strains under IHS exhibited an overall increase
of ICD activity compared with the control, with 516 U/mg protein
at 120 h—a 263% increase. This increased TCA activity may provide
more ATP for cell growth, which might explain the higher DCW in
the IHS group at the end of fermentation (Fig. 1A). In the cytosol,
ACL cleaves citrate into oxaloacetate and acetyl-CoA, which is fur-
ther converted to malonyl-CoA by ACC for the synthesis of fatty
acids, including ARA (Ji et al., 2014). Accordingly, a higher level
of ACL activity was observed under IHS. Especially during the lipid
accumulation stage (120 h), ACL activity showed a peak value of
667 U/mg protein, which corresponds to a 37% increase over the
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Fig. 3. Changes of activities of key enzymes involved in lipid biosynthesis under intermittent hypoxic stress (IHS). ATP citrate lyase (ACL) (A), glucose-6-phosphate
dehydrogenase (G6PD) (B), isocitrate dehydrogenase (ICD) (C), and malic enzyme (ME) (D). Values are presented as the mean + standard deviation (n = 3). Values with the

different letters represent a significant difference (P < 0.05) between treatments.

control (Fig. 3A). These results indicate that carbohydrate meta-
bolic pathways may be up-regulated under IHS, leading to
increased substrate and energy supply for lipid accumulation.

3.3. Changes of ROS and antioxidative defense systems under IHS

Reactive oxygen species (ROS), such as superoxide (O3 ), hydro-
xyl radical (OH.), and hydrogen peroxide (H,0,), are formed by the
partial reduction of oxygen, which is an inevitable aspect of life
under aerobic conditions (Caspeta et al., 2014; Montibus et al.,
2015; Shi et al., 2017). The accompanying ROS-induced oxidative
stress may reduce cell viability and deactivate critical enzymes,
ultimately resulting in cellular toxicity (Chokshi et al, 2015).
Moreover, PUFAs such as ARA are highly susceptible to attack by
oxygen radicals, and oxidative stress may therefore directly limit
lipid productivity (Xu et al., 2017). Furthermore, high levels of
ROS may lead to the consumption of stored lipids as an energy
source in order to maintain cellular homeostasis. Several efforts
such as the external addition of antioxidants and upregulation of
oxidative stress defense pathways can be used to scavenge intra-
cellular ROS in order to improve cell growth and lipid production
in oleaginous microorganisms (Ren et al., 2017; Liu et al., 2015;
Xu et al., 2017).

Considering that the mitochondrial electron transport chain is a
major source of ROS, we speculated that oxygen limitation may
help reduce ROS generation (Shi et al., 2017). The time profiles of
ROS levels during cultivation shown in Fig. 4A, confirmed our
hypothesis. During the aging process, the amount of ROS signifi-
cantly increased in the control but remained relatively low under
[HS.

Lipid peroxidation is the process in which ROS attack PUFAs of
the cellular membrane, leading to chain reactions that result in
membrane damage (Melegari et al., 2012). Malondialdehyde
(MDA) is a natural biomarker produced during lipid peroxidation
which can be used as an indicator of the cell damage produced
by ROS (Chokshi et al., 2015). As shown in Fig. 4B, MDA content

was lower under IHS than in the control, corresponding to the
ROS content at the end of the culture. It is likely that IHS minimizes
the loss of biomass and lipids during the aging process, which
might be the key reason for the high DCW and increased lipid
accumulation.

The cellular ROS metabolism is tightly regulated by a battery of
biological redox balance mechanisms, including both antioxidant
enzymes (e.g. CAT) and non-enzymatic metabolites (e.g. GSH)
(Shi et al., 2017). In the present study, both the levels of CAT and
GSH decreased under IHS, which indicated that they may not be
the drivers of the increased performance under IHS, but were
instead reduced as a result of lower ROS (Fig. 4C and D). In fact,
it is possible that NADPH flux that was released by the reduction
of intracellular accumulated ROS was diverted from the antioxi-
dant system towards lipid biosynthesis. This might be another
underlying cause of higher lipid production under IHS.

3.4. Batch fermentation in a bioreactor under IHS

In large-scale industrial bioreactors, the level of DO is increased
by manipulating the agitation speed, which often leads to unac-
ceptable power consumption (Nie et al., 2014b; Clarke et al,,
2006; Guo et al., 2017). We expected that the fermentation process
under IHS may reduce the power consumption required for stir-
ring. Small-scale bioreactors enable increases in the rate at which
the necessary experiments are performed, thus reducing fermenta-
tion development times and costs (Lye et al., 2003; Micheletti and
Lye, 2006; Gill et al., 2008). The fermentation under IHS was also
carried out in a small-scale bioreactor to identify key parameters
and discuss the potential for large-scale production using this
strategy.

In our previous work, a multi-stage fermentation strategy based
on precise control of DO at proper times was developed in a 7.5-L
bioreactor (Wu et al., 2017). In this study, we further combined this
multi-stage fermentation strategy with IHS in a fed-batch system.
To enable rapid propagation and reduce the shear force, the
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Fig. 4. Changes of catalase (CAT) (A), malonic dialdehyde (MDA) (B), glutathione (GSH) (C), and reactive oxygen species (ROS) (D) under intermittent hypoxic stress (IHS)
(relative fluorescence density: RFLU). Values are presented as the mean + standard deviation (n = 3). Values with the different letters represent a significant difference (P <

0.05) between treatments. (¥, p < 0.05, **, p < 0.01).

aeration rate was set at 400 Nml/min, with a lower agitation speed
of 50 rpm in Stage I (0-60 h). The agitation speed and aeration rate
were increased stepwise from 50 to 160 rpm (150 rpm in control
group) and 400 to 550 Nml/min, respectively, with IHS in Stage II
(60-120 h). In Stage III (120-216 h), the agitation speed was fur-
ther increased to 210 rpm with IHS (200 rpm was the speed for
the control). As shown in Table 3, we obtained similar results to
those of shake-flask cultures. The lipid yield of the IHS group was
about 31% higher than that of the control, but a slight reduction
of ARA accumulation was observed. The ARA yield reached 6.78
g/L at 216 h, which was about 17% higher than that of the control.
Due to the convenience in practical operation and huge market
potential, the IHS strategy with 17% increase has a promising
future with considerable benefits. As shown in Fig. 5, the new
three-stage fermentation strategy with IHS resulted in several peri-
odic reductions of DO, which fitted well with the changes of stir-
ring power. At the low-DO phase of each cycle, the average
decline of stirring power reached about 85%. However, as a result
of a slight increase of agitation speed at each high-DO phase, the
total stirring power of the fermentation only fell by about 4%.

Table 3

Fermentation parameters at 216 h in the bioreactor. Values are presented as the
mean + standard deviation (n = 3). The statistical significance between control group
and IHS group was presented by t-test, respectively. (DCW: dry cell weight, ARA:
arachidonic acid, TFAs: total fatty acids, IHS: intermittent hypoxic stress, *: p < 0.05).

Parameters Control IHS Increase (%)
DCW (g/L) 24.16 £ 0.14 25.19+043 4.3

Lipid (g/L) 9.76 £ 0.24 12.79£0.17 31.1
Lipid/DCW (%) 40.40 £ 0.72 50.76 + 0.33 25.6

ARA (g/L) 5.80+0.12 6.78 £ 0.09 16.9
ARA/TFAs (%) 59.39 +0.63 53.00 +1.02° -10.8
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Fig. 5. Time course of dissolved oxygen (DO) (A) and stirring power (B) under
intermittent hypoxic stress (IHS) in a bioreactor.

Nevertheless, given the energy consumption in industrial-scale
production, the IHS strategy may amount to significant reductions
of total power consumption.

4. Conclusion

In this work, we developed a new strategy to produce ARA-rich
lipids by manipulating ROS generation via IHS. The kinetic studies
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showed that DCW, lipid- and ARA concentration simultaneously
reached their respective peak values at the end of fermentation
under IHS. M. alpina cultured under IHS in shake-flasks produced
a higher DCW, lipid- and ARA yield than the control. These major
performance changes were accompanied by a reduction of intracel-
lular accumulated ROS, which likely improved cell viability and
reduced the oxidative damage. All the measured enzymatic NADPH
sources were upregulated, which was accompanied by a decline of
NADPH consumption by antioxidant systems, indicating that more
NADPH may have been channeled into lipid biosynthesis under
[HS. Carbohydrate metabolic pathways were upregulated, which
indicated an increased supply of substrates and energy for lipid
accumulation. Finally, this new strategy was also applied to a
bioreactor batch culture, and reached similar results. Interestingly,
the total stirring power of the fermentation was reduced by about
4%, which may be of practical value for energy savings in industry.
This work thus provides an innovative method for increasing ARA
production by removing ROS in M. alpina, which also might be
applicable to other microbial PUFA producers.
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