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Combination of bicarbonate
and low temperature stress
induces the biosynthesis of
both arachidonic and
docosahexaenoic acids in
alkaliphilic microalgae
Dunaliella salina HTBS

Zhile Guo*?, Yuyong Hou?**', Zhiyong Liu*?, Yanbo Ma'?,
Tong Han? Nahui Hao?, Yuanjiang Yao'?, Chunxuan Lan™?,
Tongling Ge?**, Maliheh Safavi®, Weijie Wang™, Lei Zhao**
and Fangjian Chen**

'College of Life Science, North China University of Science and Technology, Tangshan, China,
2Key Laboratory of Systems Microbial Biotechnology, Tianjin Institute of Industrial Biotechnology,
Chinese Academy of Sciences, Tianjin, China, *National Center of Technology Innovation for
Synthetic Biology, Tianjin, China, *Department of Biotechnology, Iranian Research Organization for
Science and Technology, Tehran, Iran

High bicarbonate levels and low temperature may have an impact on
microalgae cultivation. However, changes in cellular composition in response
to the combination of the above stresses are still poorly understood. In this
study, the combined effects of bicarbonate and low temperature on
biochemical changes in alkaliphilic microalgae Dunaliella salina HTBS were
investigated. Comparing to the control condition of 25°C without bicarbonate,
the cell density was increased from 0.69 to 1.18 in the treatment condition of
0.15 M bicarbonate and low temperature (16 °C) while the lipid\protein
\carbohydrate contents were increased from 34.71% to 43.94%, 22.44% to
26.03%, 22.62% to 29.18%, respectively. Meanwhile, the PUFAs, arachidonic
acid (AA) and docosahexaenoic acid (DHA) contents reached to 3.52% and
4.73% with the combination of low temperature and bicarbonate, respectively,
whereas they were not detected when the cells were treated with single
condition. Moreover, both the chlorophyll and carotenoid contents were also
detected with increased profiles in the combined treatments. As a result, the
maximum photochemical efficiency but not reduced non-photochemical
quenching was strengthened, which enhanced the photosynthetic
performance. Additionally, our results indicated that D. salina HTBS could
acclimate to the combined stress by up-regulating the activity of SOD\CAT
and reducing MDA content. These findings demonstrated that the addition of a
certain bicarbonate under low temperature could effectively enhance the
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biomass production and accumulation of AA and DHA, which would benefit the
development of the microalgae industry in value-added products.
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Introduction

Microalgae, as photosynthetic organisms, are utilized as
potential candidates for carbon sequestration and valuable
compounds production with a higher growth rate and efficiency
in CO, fixation than terrestrial plants (Chaunhan et al, 2022;
Jakhwal et al., 2022). Among the great diversity of metabolites in
microalgal cells, polyunsaturated fatty acids (PUFAs), such as
arachidonic acid (AA) and docosahexaenoic acid (DHA), have
been widely used as the key ingredients for nutrient supplements
and pharmaceutical industrial products. Although both AA and
DHA are reported to be accumulated in microalgae under certain
conditions, their biosynthesis could be greatly affected by culture
medium modifications, such as nutrients supplementation,
limitation, and abiotic condition changes (Almutairi, 2020).

Biosynthesis of AA and DHA is closely related to carbon
metabolism and temperature changes. Studies have shown that
the PUFAs are increased from 32.3% to 37.9% in Pavlova lutheri
with the addition of bicarbonate from 2 mM to 18 mM in the
medium, which are also the case with both biomass and lipid
contents (Guiheneuf and Stengel, 2013). The biosynthesis of
both lipid and AA is active in Parietochloris Incisa under high C/
N conditions (Khozin-Goldberg et al., 2002). Interestingly,
bicarbonate is convenient to transport and cost effective when
compared with CO,, it can be considered as an excellent carbon
resource for microalgae cultivation with high carbon utilization.
Therefore, bicarbonate supplementation has been regarded as an
effective way for the enhancement of secondary metabolites
biosynthesis and growth acceleration. In contrast, PUFAs were
detected with reduced content under high carbon conditions
(Morales et al., 2021), and both the PUFAs biosynthesis and cell
growth varied depending on the bicarbonate concentration and
microalgae strain (Nunez et al, 2016). When added with
bicarbonate, a large amount of cations are accumulated in
both the microalgae cells and medium, which may inhibit cell
division, resulting in cell death (Chen et al., 2009; Chi et al., 2014;
Srinivasan et al., 2015; Ratomski et al., 2021). Due to the lack of
strains tolerant to high-concentration cations, the effects of high
bicarbonate on facilitating PUFAs biosynthesis in microalgae
have been rarely reported.

Temperature is the other key factor which affects the
biosynthesis of both AA and DHA. Low temperatures ranging
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from 10 °C to 25 °C trigger the PUFAs metabolic pathway, which
leads to a 120% increase in PUFAs content (Jakhwal et al., 2022),
and the accumulated PUFAs improve the cell membrane
fluidity, which reduces the damage to cells caused by low
temperatures (Lu et al, 2017). The PUFAs content increased
to 35.23% when the temperature was decreased from 45 °C to 25
°C in Galdieria sp (Lu et al., 2021). Similarly, the positive effects
of low temperature on PUFAs biosynthesis were also observed in
the cultivation of Nannochloropsis, Isochrysis, Rhodomonas, and
Dixioniella grisea (Aussant et al., 2018; Lu et al., 2021). However,
microalgal growth is inhibited when PUFAs accumulate under
low temperature conditions. Therefore, the strains with high
bicarbonate and low-temperature tolerance are urgently needed
to solve the previously mentioned problems.

In our previous study, Dunaliella salina strain HTBS, with a
high tolerance to bicarbonate, was reported to be able to grow well
under 70 g/L bicarbonate and low temperature. Nevertheless, the
combined effects of bicarbonate supplementation and low
temperature on the biochemical composition of HTBS changes
are still unclear. Therefore, the objective of this study was to
investigate the role of the combination of high bicarbonate and
low temperature in physiological and biochemical changes in
HTBS. Changes of cell density, pigments, lipid, carbohydrate,
and protein contents, particularly the high value products AA and
DHA content were initially monitored. Then, stress biomarkers
like antioxidative enzyme superoxide dismutase (SOD), catalase
(CAT) and malondialdehyde (MDA), along with Ci and nitrogen
consumption curve were evaluated to elucidate the physiological
mechanism of HTBS in response to the combined stress as well as
to study their effects on PUFAs. These results will provide valuable
information to produce PUFAs using microalgae and will benefit
industrial development.

Materials and methods
Strain and cultivation conditions

Dunaliella salina strain HTBS with high tolerance to HCO3’
and low temperature was obtained and cultured to an early

stationary phase, then centrifuged and washed twice with sterile
seawater for inoculation based on our previous study (Hou et al.,
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2016). For evaluating the effects of different bicarbonate contents
at low temperature on physiological and biochemical changes in
HTBS, the cells were inoculated in the modified f/2 medium (750
mg/L NaNOs) under a light intensity of 80 umol m? s
containing various bicarbonate concentrations ranging from 0

M to 0.6 M at 16°C.

Analytical methods

During the cultivation, the cell growth was evaluated by
measuring the optical density (OD) at 680 nm using a
spectrometer. The algae suspension was centrifuged to harvest
the cell pellets at 8,000 rpm for 5 min, the pellets were freeze
dried using a vacuum freeze-drying machine. About 50 mg of
cells were resuspended with 4 mL of chloroform and 2 mL of
methanol, then incubated at 30°C for 16 h for lipid extraction.
Then the mixture was centrifuged at 5,000 rpm for 10 min after
adding another 2 mL of methanol and 3.6 mL of ddH,O.
Subsequently, the organic phase was transferred to a pre-
weighed glass tube and dried with N, protection under 65 °C.
The lipid was dissolved in 2.5 mL of 2% (v/v) H,SO4-methanol
solution and heated at 85°C for 2.5 h. The fatty acid methyl ester
(FAME) was obtained with 1 mL of n-hexane and 1 mL of
saturated sodium chloride solution addition. FAME analysis was
carried out using GC (GC2010, Shimadzu; SP-2560,
100mx0.25mmx0.2um, Supelco, USA) (Zhang et al., 2020a).

The cell pellets were also used for other metabolites analysis.
For pigment measurement, the cells at 8" day were mixed with 80%
(v/v) acetone and ethanol solution and incubated in the dark at 4°C
for 60 min, then centrifuged at 7,500 rpm for 5 min to obtain the
supernatant for chlorophyll and carotenoid content detection with
ultraviolet spectrophotometer (Thermo Scientific, USA). 0.5 M
NaOH was used to extract the protein by boiling for 10 min,
then the supernatant after centrifugation was measured using the
Bradford assay (Chen et al., 2012). For carbohydrate analysis, the
cell pellets were re-suspended in 4 mL of ddH,O and transferred to
a tube with 1 mL of 5% (w/v) phenol solution and 5 mL of HCL. The
tube was incubated at 25°C for 10 min, then at 30°C for 20 min, and
OD,g; was then measured (Liang et al, 2020). For fluorescence
parameters measurement, 3 mL of algal suspension were adapted
for 15 min in dark place then measured by Palm Water Chlorophyll
Fluorometer (Aquapen-C AP-C 100, Photonic System Instrument,
Czech Republic) (Zhang et al., 2020D).

To investigate the effect of the antioxidase system in cells, the
harvested cells were broken using an Ultrasonic Cell Disruption
System (Nanjing XinChen JY96-1I, Nainjing, China) at 4°C for
15min (3 s on and 3 s off). Then the supernatant obtained by
centrifugation (12,000 rpm at 4°C for 10 min) was assayed
according to Solarbio BC0170, BC0200 and BC0020 for SOD,
CAT and MDA, respectively. (Zhang et al., 2020b).

The supernatant was detected by inorganic carbon content
analyzer (MULTI N/C 2100 N5 221/I). For nitrogen
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concentration determination, the obtained supernatant was
mixed with 20 pM HCI and 0.08% sulfamic acid according to
Liu’s report (Liu et al., 2013).

Statistical analysis

All the experiments in this study were conducted in
triplicate. Data is represented as the mean value with standard
deviation (error bars). SPSS Statistics software program was used
for one-way ANOV A at the significance level of 0.05 to calculate
the salient difference between treatments.

Results and discussion

Effects of different combinations of
temperature and bicarbonate content on
growth and major metabolites
accumulation in HTBS

Growth of the strain HTBS with high tolerance to low
temperature and high bicarbonate content was evaluated
under the combination of these above conditions. As shown in
Figure 1A, the growth was inhibited slightly when cells were
cultured at 16°C. However, cell density increased significantly
with the addition of bicarbonate (0-0.15), then decreased when
the bicarbonate content exceeded 0.15 M. The ODgg, reached to
1.18 under the condition of 0.15 M bicarbonate on day 7 when
cultured at 16°C, which was 60.9% and 69.6% higher than cells
under 25°C and 16°C without bicarbonate treatment,
respectively. These results suggest that temperature and
bicarbonate may affect the growth rate in microalgae
cultivation. Previous study indicated the underlying
mechanism that low temperature can inhibit the metabolic
activity and result in the rigidification of the bilayer lipid
membrane, which consequently affects the nutrient
permeability and utilization (Chua et al., 2020). Furthermore,
low temperature decreases the intracellular enzyme activity,
which results in low cell density (Yang et al., 2019).
Meanwhile, the addition of bicarbonate brings a high
concentration of Na*, 0.2 M of which can inhibit many algal
strains (Srinivasan et al., 2015). Therefore, it seems as if the
growth might be inhibited significantly by the combination of
high HCO;™ and low temperature. Interestingly, the strain
HTBS exhibited good bicarbonate-tolerance ability under low
temperature condition in this study. The results suggested that
the addition of bicarbonate was beneficial for algal strains to
overcome the bottleneck caused by low temperature.

Bicarbonate and temperature conditions can also affect the
biosynthesis of cellular components. As shown in Figure 1B, the
lipid content of the group with 16°C and 0 M bicarbonate was
1.7% higher than treatment with 25°C and 0 M bicarbonate

frontiersin.org


https://doi.org/10.3389/fmars.2022.971441
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Guo et al.

(control), then increased from 36.41% to 43.94% when the
bicarbonate supplement increased from 0 M to 0.15 M under
16°C. Carbohydrate as the other carbon storage material of
HTBS increased from 24.67% to 29.18% (Figure 1C), which
was consistent with previous results that carbon sources are
positively related to carbohydrate content (Xu et al, 2017).
Similar results were also obtained for protein content analysis
(19.66% to 26.03%) (Figure 1D). With the addition of
bicarbonate, the increased C/N ratio results in more lipid and
carbohydrate biosynthesis for carbon storage with the excess
energy (Peng et al,, 2019; Singh et al., 2022; Xie et al., 2022).
Although the lipid accumulation and protein biosynthesis
present competitive relationships with each other, the
increased profile of both lipid and protein content were
observed in this study, possibly owing to the modified
nitrogen content (750 mg/L), which was 10-fold higher than f/
2 medium and promotes more intracellular conversion to
protein (Vishwakarma et al., 2019). Hence, we speculate that
the combination of stress could be used as an effective method
for regulating the biosynthesis of main intracellular metabolites
in HTBS.

A
1.2{ —=—25°C+0M
—»—LT+0M
1.0 —aA— LT+0.075M
Y1 —v—LT+0.15M
—o—LT+0.3M ‘/'

% 0.84 —«—LT+0.6M M/Z:
a ”4‘/ f‘
© 0.6 d/{ >

0.4
0.2 4
0 2 4 6 8
Time (day)
Cc

e
'S

e
w
L

%%

Carbohydrate content (g/g dw)
=3 o

0.0
W\ A N
AR » [
‘f;cx \;‘x Q \;‘XQ. ‘X% \;‘XQ

FIGURE 1

10.3389/fmars.2022.971441

Effects of different combinations of
temperature and bicarbonate content on
fatty acid components changes in HTBS

The effects of different bicarbonate contents on the profile of
fatty acids were investigated at 25°C and 16°C at 8 days after
inoculation (Table 1). The results showed that C16:0 was the main
saturated fatty acids in various conditions. C16:0 decreased
slightly from 31.5% to 28.5% when cells were transferred from
25°C to 16°C without the addition of bicarbonate, whereas the
unsaturated fatty acids, C18:In9¢ significantly increased from
5.9% to 9.1% with an increment of 54.2%. A similar trend was
observed at 25°C with 0.15 M bicarbonate addition. In contrast,
the highly valued components C20:4 (AA) and C22:6 (DHA) were
not found neither in both treatments at 25°C nor in treatment at
low temperature without bicarbonate. Previous studies have
emphasized the important effect of bicarbonate and low
temperature on microalgae metabolites production (Chua et al,
2020). Lower temperature affects lipid composition, which is
important to maintain membrane fluidity, and brings in an
increase in the content of unsaturated fatty acids (Gao et al,
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accumulation in HTBS.
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TABLE 1 Fatty acids profile of HTBS cells under various conditions.

10.3389/fmars.2022.971441

16 °C

0.075 M? 0.15 M? 0.3 M? 0.6 M?
1.3+£0.0 1.3+£0.0 1.0 £ 0.2 1.7+ 0.2
30.7 £ 0.9 308 £0.7 333+14 292 +1.1
1.0 £ 0.0 1.3 +£0.1 0.6 + 0.0 0.9 £ 0.0
7.7 £0.1 8.4+ 0.7 11.6 £ 0.3 74+09
9.2+0.2 106 £ 1.3 10.1 £ 0.1 10.2 £ 0.8
8.2 +0.1 83+0.8 72 +0.5 8.4+ 0.8
11.2+£0.3 9.1 +0.5 6.2+0.2 7.9 +£0.0
1.3+£0.0 14 +0.1 0.8 +0.1 1.1 £0.1
272 %15 257 +£1.0 21.0 £ 04 265+ 0.5
0.4 +0.1 1.1 +£0.2 35+0.5 20+04
1.8 +0.2 21+04 47 £0.3 4.6 £ 0.1

Fatty acids(% in TFA) 25 °C
oM 0.15 M* 0 M?

C14:0 1.9 £ 0.1 1.3 +£0.1 20+02
Cl16:0 31.6 £ 0.9 30.5 £ 0.6 285+1.2
Clé6:1 1.1 £0.2 1.1 £0.1 1.7+ 0.3
C18:0 6.6 + 0.4 75+09 6.8+ 1.2
C18:1n9c¢ 59+0.5 8.1+0.3 9.1+1.1
C18:2n6t 11.8 £ 1.0 102 £ 1.0 119+£0.3
C18:2n6¢ 49+ 1.6 6.8 £ 0.6 5.6 +0.2
C18:3n6 1.7 £ 0.0 1.3 +£0.1 1.6 +0.8
C18:3n3 345+ 1.2 332+1.6 329 +22
C20:4 (AA) - - -
(C22:6 (DHA) - - -

Data represent mean + SD of three replicates. TFA, total fatty acids. “-” represents that the fatty acid was not detected. “'” represents the results in 25°C, “*” represents the results in 16°C.

2018). The strain HTBS appears to be incapable of biosynthesizing
AA and DHA under either low temperature or high bicarbonate
conditions. Interestingly, the combination resulted in AA and
DHA accumulation. Moreover, the profiles of the two fatty acids
varied in different bicarbonate content treatments at 16°C. AA
concentration increased from 0.38% to 3.52% with the content of
bicarbonate increased from 0.075 M to 0.3 M, then decreased to
2.0% when bicarbonate reached to 0.6 M. Similarly, the relative
percentages of DHA were 1.8%, 2.1%, 4.7% and 4.6% for 0.075 M,
0.15 M, 0.3 M and 0.6 M bicarbonate under 16°C, respectively.
The highest AA and DHA concentrations in total fatty acids were
found in 0.3 M bicarbonate condition, which accounted for 8.2%
of the total fatty acids. In contrast, the PUFA (EPA, C20:5) of
Nannochloropsis oculata was observed in normal culture
condition and increased obviously in the group at 15°C
(Willette et al., 2018; Chua et al., 2020). Another D. salina
strain was reported to produce AA and DHA at 25°C, and the
content of AA and DHA increased slightly with carbon stress
(Almutairi, 2020). By contrast, AA and DHA were undetectable in
D. salina Y6 under various conditions, such as high-light,
nitrogen-depleted and high-salt conditions. In general,
microalgae cells accumulate more PUFAs to increase membrane
fluidity to counteract the negative effect caused by lower
temperatures (Lu et al., 2017). Nevertheless, with the good
ability of tolerance to cold treatment, the membrane fluidity of
HTBS is activated as the cells grow well at 16°C and 4°C, thus the
PUFAs such as AA and DHA are unnecessary to be synthesized
(Hou et al., 2016; Wu et al., 2020). Then, more carbon resource is
provided with the supplement of bicarbonate, which might be
used for secondary metabolites conversion (Chua et al., 2020; Wu
etal,, 2021). In addition, bicarbonate may induce ROS production,
which could be counteracted by increasing PUFA synthesis (Xie
etal, 2021; Ju et al., 2022; Vinuganesh et al., 2022). As a result, AA
and DHA are accumulated with the combinatorial stresses.
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Effects of different combinations on
photosynthetic performance and carbon
and nitrogen removal rate of HTBS

To illustrate the potential reason for the effects of various
bicarbonate contents with low temperature on growth and
metabolite biosynthesis, the photosynthetic performance and
carbon\nitrogen utilization rate were investigated (Figure 2).
The maximum photochemical efficiency (Fv/Fm) was reduced
by 19.35% compared to the control culture at 25 °C due to the
low temperature and lack of bicarbonate supply. The addition of
bicarbonate alleviated low temperature-induced photosynthesis
impairment, as Fv/Fm increased by 54.67%, 34.22%, 14.67% and
12% at 0.075 M, 0.15 M, 0.3 M and 0.6 M bicarbonate,
respectively, which was consistent with the previous study
(Sun et al,, 2020). Similarly, microalgae cells with an increased
bicarbonate conditions showed a gradually significant rise in Fv/
Fm, which suggested an increase in photosynthetic carbon
fixation and metabolic activity (Singh et al., 2022). With the
sustained addition of bicarbonate, the salinity increases to
suppress of photosynthetic activity (Salbitani et al., 2020).
Luckily, the extracellular carbon anhydrases in HTBS are
sufficient to provide enough Ci for the growth under high
bicarbonate levels (Hou et al., 2016). Then the carboxylation
reaction catalyzed by Rubisco in the dark reaction could be
enhanced, which resulted in ATP and NADPH consumption.
Hence, Fv/Fm was increased to promote electron transfer to
generate more energy for carbon fixation, which resulted in a
higher carbon removal rate (Figure 2C) and higher biomass
(Figure 1) (Xie et al.,, 2022). The increased non-photochemical
quenching (NPQ) means that the cells are suffering from
environmental stress (Xue et al., 2022). Therefore, the
reductions of NPQ at 0.075 M and 0.15M bicarbonate groups
suggest that a certain bicarbonate content can help to relieve the
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stress caused by low temperature, which is consistent with the
report that a high concentration of CO, declines NPQ to benefit
carbon and nitrogen sequestration, resulting in more metabolite
synthesis (Singh et al., 2022). As a consequence, the carbon and
nitrogen removal rates of the combined groups were
significantly increased compared to low temperature treatment
without bicarbonate supply. The visible nutrient utilization
might be attributed to the increased Fv/Fm and decreased
NPQ. Overall, these results indicated that HTBS with the
combination of optimum bicarbonate concentration and low
temperature showed good photosynthetic performance, which
resulted in a significant increase in cell proliferation.

Pigment changes in HTBS in response to
different combined stresses

As shown in Figure S1, low temperature without bicarbonate
affected chlorophyll (Chl) biosynthesis slightly. However, the
additional bicarbonate showed a dose-dependent effect. Chl was
gradually increased by 9.67%, 27.43% and 43.58% with the
added bicarbonate content increasing from 0.075 M to 0.3 M,

Frontiers in Marine Science

while the extremely high content of bicarbonate (0.6 M)
inhibited Chl biosynthesis. It means that a certain bicarbonate
content accelerates Chl synthesis to maintain photosynthetic
activity and alleviate the stress caused by low temperature (Xie
et al., 2022). Meanwhile, carotenoids, another important
pigment for light harvest and energy transfer, were affected by
the combination of low temperature and bicarbonate. The
carotenoid contents of the combined stress groups increased
compared with the low temperature without bicarbonate, which
indicated that more energy is required for carbon utilization
under high carbon resources in HTBS (Ding et al., 2017).

The effects of the combined stresses on
oxidation resistance parameter

To respond to the stress-induced ROS, the antioxidant
system is activated to protect cells from oxidative damage
(Rezayian et al., 2019). Superoxide dismutase (SOD) and
catalase (CAT) were up-regulated to scavenge superoxide
radicals and hydrogen peroxide at low temperature. In this
study, SOD and CAT decreased under low temperature
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without bicarbonate, probably due to the good low-temperature
tolerance of HTBS (Hou et al., 2016). SOD activity increased and
reached its maximum at the 0.15 M bicarbonate group, which
was 89% higher than that in the group without carbon supply,
followed by a decrease in activity (Figure 3A). The increased
SOD activity resulted in H,O, accumulation, which could be
converted to H,O by CAT. CAT activity was closely associated
with SOD activity (Figure 3B). On the other hand, MDA, the
biomarker for evaluating oxidative damage, was also assessed.
With the addition of bicarbonate at 16 °C, MDA decreased
slightly and then significantly increased (Figure 3C). These
results suggested that HTBS adapted to the environment by
regulating specific enzymes in response to the combined stresses
(Srinivasan et al., 2018).

Conclusions

In this study, the effects of a combination of low temperature
and bicarbonate on physiological and biochemical changes in HTBS
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were investigated. Compared to single stress (low temperature or
bicarbonate), the content of pigment and, Fv/Fm was increased
while NPQ was decreased under the combination of low
temperature and bicarbonate stress. All of the above changes
benefited carbon and nitrogen absorption and utilization, which
resulted in an increase in cell growth, lipid, protein and
carbohydrate with combined conditions. Moreover, AA and
DHA reached 3.52% and 4.73%, respectively, whereas they were
not detected with single treatment. The present study demonstrates
that supplementing bicarbonate under low temperature could
effectively enhance the biomass production and accumulation of
AA and DHA in D. salina HTBS, which benefits the development
of the microalgae industry in value-added products.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding authors.

frontiersin.org


https://doi.org/10.3389/fmars.2022.971441
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Guo et al.

Author contributions

WW, ZL, CF and HY conceived the ideas and the
experimental design. GZ, LZ, GT and MY collected the data.
HT, HN, YY and LC analyzed the data. HY, GZ and GT drafted
the manuscript. MS, WW, ZL and CF reviewed and edited the
manuscript. All authors contributed to the article and approved
the submitted version.

Funding

This work was supported by the National Key R&D Program
of China (2019YFA0904600; 2018YFE0107200), the Science and
Technology Partnership Program, Ministry of Science and
Technology of China (KY202001017), the Tianjin Synthetic
Biotechnology Innovation Capacity Improvement Project
(TSBICIP-IJCP-001; TSBICIP-CXRC-027), and the TIB-VIB
Joint Center of Synthetic Biology (TSBICIP-IJCP-002).

References

Almutairi, A. W. (2020). Effects of nitrogen and phosphorus limitations on fatty
acid methyl esters and fuel properties of Dunaliella salina. Environ. Sci. pollut. Res.
27 (26), 32296-32303. doi: 10.1007/s11356-020-08531-8

Aussant, J., Guihéneuf, F., and Stengel, D. (2018). Impact of temperature on fatty
acid composition and nutritional value in eight species of microalgae. Appl.
Microbiol. Biotechnol. 102 (12), 5279-5297. doi: 10.1007/s00253-018-9001-x

Chauhan, D., Sahoo, L., and Mohanty, K. (2022). Maximize microalgal carbon
dioxide utilization and lipid productivity by using toxic flue gas compounds as
nutrient source. Bioresour. Technol. 348, 126784. doi: 10.1016/
j-biortech.2022.126784

Chen, H., and Jiang, J. (2009). Osmotic responses of Dunaliella to the changes of
salinity. J. Cell Physiol. 219 (2), 251-258. doi: 10.1002/jcp.21715

Chen, F., Liu, Z., Li, D,, Liu, C., Zheng, P., and Chen, S. (2012). Using ammonia
for algae harvesting and as nutrient in subsequent cultures. Bioresour. Technol. 121,
298-303. doi: 10.1016/j.biortech.2012.06.076

Chi, Z., Elloy, F., Xie, Y., Hu, Y., and Chen, S. (2014). Selection of microalgae and
cyanobacteria strains for bicarbonate-based integrated carbon capture and algae
production system. Appl. Biochem. Biotechnol. 172, 447-457. doi: 10.1007/s12010-
013-0515-5

Chua, E. T,, Dal'Molin, C., Thomas-Hall, S., Netzel, M. E., Netzel, G., and
Schenk, P. M. (2020). Cold and dark treatments induce omega-3 fatty acid and
carotenoid production in Nannochloropsis oceanica. Algal Res. 51, 102059. doi:
10.1016/j.algal.2020.102059

Ding, Y., Li, X, Li, Z,, Wang, Z, Li, Z,, Geng, Y., et al. (2017). Ammonium
bicarbonate supplementation as carbon source in alkaliphilic Spirulina mass
culture. Aquac. Res. 48 (9), 4886-4896. doi: 10.1111/are.13308

Gao, G., Clare, .A S., Chatzidimitriou, E., Rose, C., and Caldwell, G. S. (2018).
Effects of ocean warming and acidification, combined with nutrient enrichment, on
chemical composition and functional properties of Ulva rigida. Food Chem. 258,
71-78. doi: 10.1016/j.foodchem.2018.03.040

Guihéneuf, F., and Stengel, D. B. (2013). LC-PUFA-enriched oil production by
microalgae: accumulation of lipid and triacylglycerols containing n-3 LC-PUFA is
triggered by nitrogen limitation and inorganic carbon availability in the marine
haptophyte Paviova lutheri. Mar. Drugs 11, 4246-4266. doi: 10.3390/md 11114246

Hou, Y., Liu, Z,, Zhao, Y., Chen, S., Zheng, Y., and Chen, F. (2016). CAH1 and
CAH2 as key enzymes required for high bicarbonate tolerance of a novel microalga
Dunaliella salina HTBS. Enzyme. Microb. Tech. 87-88, 17-23. doi: 10.1016/
j.enzmictec.2016.02.010

Frontiers in Marine Science

10.3389/fmars.2022.971441

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fmars.2022.971441/full#supplementary-material

Jakhwal, P., Biswas, J. K., Tiwari, A., Kwon, E. E., and Bhatnagar, A. (2022).
Genetic and non-genetic tailoring of microalgae for the enhanced production of
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) - a review.
Bioresour. Technol. 344 (Pt B), 126250. doi: 10.1016/j.biortech.2021.126250

Ju, Z., Feng, T, Feng, ., Lv, J., Xie, S., and Liu, Q. (2022). Physiological response
of an oil-producing microalgal strain to salinity and light stress. Foods. 11 (2),
11020215. doi: 10.3390/foods11020215

Khozin-Goldberg, ., Bigogno, C., Shrestha, P., and Cohen, Z. (2002). Nitrogen
starvation induces the accumulation of arachidonic acid in the freshwater green
alga parietochloris incisa (trebuxiophyceae). J. Phycol. 38, 991-994. doi: 10.1046/
j.1529-8817.2002.01160.x

Liang, C,, Yang, X., Wang, L., Fan, X, Zhang, X., Xu, D, et al. (2020). Different
physiological and molecular responses of the green algae Chlorella variabilis to
long-term and short-term elevated CO,.J. Appl. Phycol. 32 (2), 951-966. doi:
10.1007/s10811-019-01943-1

Liu, Z,, Liu, C,, Hou, Y., Chen, S, Xiao, D., Zhang, J., et al. (2013). Isolation and
characterization of a marine microalga for biofuel production with astaxanthin as a
co-product. Energies. 6 (6), 2759-2772. doi: 10.3390/en6062759

Lu, Q, Li, J., Wang, J., Li, K, Li, J. J., Han, P,, et al. (2017). Exploration of a
mechanism for the production of highly unsaturated fatty acids in scenedesmus sp.
at low temperature grown on oil crop residue based medium. Bioresour. Technol.
244 (Pt 1), 542-551. doi: 10.1016/j.biortech.2017.08.005

Lu, Q, Li, H,, Xiao, Y., and Liu, H. (2021). A state-of-the-art review on the synthetic

mechanisms, production technologies, and practical application of polyunsaturated fatty
acids from microalgae. Algal Res. 55, 102281. doi: 10.1016/j.algal.2021.102281

Morales, M., Aflalo, C., and Bernard, O. (2021). Microalgal lipids: A review of
lipids potential and quantification for 95 phytoplankton species. Biomass. Bioenerg.
150, 106108. doi: 10.1016/j.biombioe.2021.106108

Nunez, M., and Quigg, A. (2016). "Changes in growth and composition of the
marine microalgae Phaeodactylum tricornutum and Nannochloropsis salina in
response to changing sodium bicarbonate concentrations." appl. Phycol. 28 (4),
2123-2138. doi: 10.1007/s10811-015-0746-7

Peng, Y. Y., Gao, F,, Hang, W., Yang, H,, Jin, W., and Li, C. (2019). Effects of
organic matters in domestic wastewater on lipid/carbohydrate production and
nutrient removal of Chlorella vulgaris cultivated under mixotrophic growth
conditions. J. Chem. Technol. Biot. 94 (11), 3578-3584. doi: 10.1002/jctb.6161

Ratomski, P., Hawrot-Paw, M., and Koniuszy, A. (2021). Utilisation of CO, from
sodium bicarbonate to produce Chlorella vulgaris biomass in tubular

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2022.971441/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmars.2022.971441/full#supplementary-material
https://doi.org/10.1007/s11356-020-08531-8
https://doi.org/10.1007/s00253-018-9001-x
https://doi.org/10.1016/j.biortech.2022.126784
https://doi.org/10.1016/j.biortech.2022.126784
https://doi.org/10.1002/jcp.21715
https://doi.org/10.1016/j.biortech.2012.06.076
https://doi.org/10.1007/s12010-013-0515-5
https://doi.org/10.1007/s12010-013-0515-5
https://doi.org/10.1016/j.algal.2020.102059
https://doi.org/10.1111/are.13308
https://doi.org/10.1016/j.foodchem.2018.03.040
https://doi.org/10.3390/md11114246
https://doi.org/10.1016/j.enzmictec.2016.02.010
https://doi.org/10.1016/j.enzmictec.2016.02.010
https://doi.org/10.1016/j.biortech.2021.126250
https://doi.org/10.3390/foods11020215
https://doi.org/10.1046/j.1529-8817.2002.01160.x
https://doi.org/10.1046/j.1529-8817.2002.01160.x
https://doi.org/10.1007/s10811-019-01943-1
https://doi.org/10.3390/en6062759
https://doi.org/10.1016/j.biortech.2017.08.005
https://doi.org/10.1016/j.algal.2021.102281
https://doi.org/10.1016/j.biombioe.2021.106108
https://doi.org/10.1007/s10811-015-0746-7
https://doi.org/10.1002/jctb.6161
https://doi.org/10.3389/fmars.2022.971441
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Guo et al.

photobioreactors for biofuel purposes. Sustainability 13 (16), 9118. doi: 10.3390/
sul3169118

Rezayian, M., Niknam, V., and Ebrahimzadeh, H. (2019). Oxidative damage and
antioxidative system in algae. Toxicol. Rep. 6, 1309-1313. doi: 10.1016/
j.toxrep.2019.10.001

Salbitani, G., Bolinesi, F., Affuso, M., Carraturo, F., Mangoniand, O., and
O.Carfagna, S. (2020). Rapid and positive effect of bicarbonate addition on growth
and photosynthetic efficiency of the green microalgae Chlorella sorokiniana
(Chlorophyta, trebouxiophyceae). Appl. Sci. 10 (13), 4515. doi: 10.3390/app10134515

Singh, R. P, Yadav, P., Kumar, A, Hashem, A,, Al-Arjani, A. F,, Allah, E. F. A, et al.
(2022). Physiological and biochemical responses of bicarbonate supplementation on
biomass and lipid content of green algae scenedesmus sp. BHUI isolated from
wastewater for renewable biofuel feedstock. Front. Microbiol. 13, 839800. doi: 10.3389/
fmicb.2022.839800

Srinivasan, R., Kumar, V. A., Kumar, D., Ramesh, N., Babu, S., Gothandam, K.
M, et al. (2015). Effect of dissolved inorganic carbon on beta-carotene and fatty
acid production in dunaliella sp. appl. biochem. Biotechnol. 175 (6), 2895-2906.
doi: 10.1007/s12010-014-1461-6

Srinivasan, R., Mageswari, A., Subramanian, P., Suganthi, C., Chaitanyakumar,
A., Aswini, V., et al. (2018). Bicarbonate supplementation enhances growth and
biochemical composition of Dunaliella salina V-101 by reducing oxidative stress
induced during macronutrient deficit conditions. Sci. Rep. 8 (1), 6972. doi: 10.1038/
$41598-018-25417-5

Sun, H, Ren, Y., Mao, X,, Li, X,, Zhang, H., Lao, Y., et al. (2020). Harnessing C/N
balance of Chromochloris zofingiensis to overcome the potential conflict in
microalgal production. Commun. Biol. 3 (1), 186. doi: 10.1038/s42003-020-0900-x

Vishwakarma, J., Parmar, V., and Vavilala, S. L. (2019). Nitrate stress-induced
bioactive sulfated polysaccharides from Chlamydomonas reinhardtii. Biomed. Res.
J. 6 (1), 7-16. doi: 10.4103/BMR].BMR]_8_19

Vinuganesh, A., Kumar, A., Prakash, S., Alotaibi, M., Saleh, A., Mohammed, A.,
et al. (2022). Influence of seawater acidification on biochemical composition and
oxidative status of green algae Ulva compressa. Sci. Total. Environ. 806 (Pt 1),
150445. doi: 10.1016/j.scitotenv.2021.150445

Willette, S., Gill, S. S., Dungan, B., Schaubb, T. M., Jarvisb, J. M., Hilairea, R. S.,
et al. (2018). Alterations in lipidome and metabolome profiles of Nannochloropsis

Frontiers in Marine Science

09

10.3389/fmars.2022.971441

salina in response to reduced culture temperature during sinusoidal temperature
and light. Algal Res. 32, 79-92. doi: 10.1016/j.algal.2018.03.001

Wu, M., Zhu, R, Lu, J., Lei, A., Zhu, H., Hu, Z., et al. (2020). Effects of
different abiotic stresses on carotenoid and fatty acid metabolism in the green
microalga Dunaliella salina Y6. Ann. Microbiol. 70, 48. doi: 10.1186/s13213-
020-01588-3

Wu, M., Gao, G, Jian, W., and Xu, J. (2021). High CO, increases lipid and
polyunsaturated fatty acid productivity of the marine diatom Skeletonema costatum
in a two-stage model. J. Appl. Phycol. 34 (1), 43-50. doi: 10.1007/s10811-021-
02619-5

Xie, G., Ding, K., Liu, W., Zheng, Z., Liu, Y., and Wang, Y. (2021).
Characteristics of lipid biosynthesis in Chlorella pyrenoidosa as subjected to
nutrient deficiency stress. Phycologia. 60 (4), 384-393. doi: 10.1080/
00318884.2021.1948751

Xie, S., Lin, F,, Zhao, X,, and Gao, G. (2022). Enhanced lipid productivity
coupled with carbon and nitrogen removal of the diatom Skeletonema costatum
cultured in the high CO, level. Algal. Res. 61, 102589. doi: 10.1016/
j.algal 2021.102589

Xue, S., Zang, Y., Chen, J., Shang, S., and Tang, X. (2022). Effects of enhanced
UV-b radiation on photosynthetic performance and non-photochemical
quenching process of intertidal red macroalgae Neoporphyra haitanensis.
Environ. Exp. Bot. 199, 104888. doi: 10.1016/j.envexpbot.2022.104888

Xu, Z., Gao, G., Xu, J., and Wu, H. (2017). Physiological response of a golden tide
alga (Sargassum muticum) to the interaction of ocean acidification and phosphorus
enrichment. Biogeosciences 14 (3), 671-681. doi: 10.5194/bg-14-671-2017

Yang, J., Yu, D,, Ma, Y., Yin, Y., and Shen, S. (2019). Antioxidative defense
response of Ulva prolifera under high or low-temperature stimulus. Algal Res. 44,
101703. doi: 10.1016/j.algal.2019.101703

Zhang, S., Hou, Y, Liu, Z, Ji, X, Wu, D., Wang, W., et al. (2020a). Electro-
fenton based technique to enhance cell harvest and lipid etraction from microalgae.
Energies 13 (15), 3813. doi: 10.3390/en13153813

Zhang, C., Li, R, Zhu, Q., Hang, W., Zhang, H., Cui, H, et al. (2020b).
Antioxidant enzymes and the mitochondrial alternative oxidase pathway play
important roles in chilling tolerance of Haematococcus pluvialis at the green motile
stage. Algal Res. 50, 102003. doi: 10.1016/j.algal.2020.102003

frontiersin.org


https://doi.org/10.3390/su13169118
https://doi.org/10.3390/su13169118
https://doi.org/10.1016/j.toxrep.2019.10.001
https://doi.org/10.1016/j.toxrep.2019.10.001
https://doi.org/10.3390/app10134515
https://doi.org/10.3389/fmicb.2022.839800
https://doi.org/10.3389/fmicb.2022.839800
https://doi.org/10.1007/s12010-014-1461-6
https://doi.org/10.1038/s41598-018-25417-5
https://doi.org/10.1038/s41598-018-25417-5
https://doi.org/10.1038/s42003-020-0900-x
https://doi.org/10.4103/BMRJ.BMRJ_8_19
https://doi.org/10.1016/j.scitotenv.2021.150445
https://doi.org/10.1016/j.algal.2018.03.001
https://doi.org/10.1186/s13213-020-01588-3
https://doi.org/10.1186/s13213-020-01588-3
https://doi.org/10.1007/s10811-021-02619-5
https://doi.org/10.1007/s10811-021-02619-5
https://doi.org/10.1080/00318884.2021.1948751
https://doi.org/10.1080/00318884.2021.1948751
https://doi.org/10.1016/j.algal.2021.102589
https://doi.org/10.1016/j.algal.2021.102589
https://doi.org/10.1016/j.envexpbot.2022.104888
https://doi.org/10.5194/bg-14-671-2017
https://doi.org/10.1016/j.algal.2019.101703
https://doi.org/10.3390/en13153813
https://doi.org/10.1016/j.algal.2020.102003
https://doi.org/10.3389/fmars.2022.971441
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Combination of bicarbonate and low temperature stress induces the biosynthesis of both arachidonic and docosahexaenoic acids in alkaliphilic microalgae Dunaliella salina HTBS
	Introduction
	Materials and methods
	Strain and cultivation conditions
	Analytical methods
	Statistical analysis

	Results and discussion
	Effects of different combinations of temperature and bicarbonate content on growth and major metabolites accumulation in HTBS
	Effects of different combinations of temperature and bicarbonate content on fatty acid components changes in HTBS
	Effects of different combinations on photosynthetic performance and carbon and nitrogen removal rate of HTBS
	Pigment changes in HTBS in response to different combined stresses
	The effects of the combined stresses on oxidation resistance parameter

	Conclusions
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


