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Editorial on the Research Topic

Exploration and utilization of marine and freshwater high-value biolo-
gical resources

The efficient, safe, and sustainable utilization and exploitation of high-value resources in
marine and freshwater systems are conducive to agriculture, food, and environmental security
(a recent research hotspot). Marine microalgae biological resources have great economic, social,
and ecological value, and play an important role in maintaining material circulation, energy
flow, and water purification in the ocean-living systems. As a major contributor to marine
primary productivity, carbon dioxide fixation transforms microalgae into high-value bioactive
compounds and releases oxygen. Research and development of microalgae biological resources,
including natural pigments such as phycoglobin, phycocyanin, carotenoids, astaxanthin, and
fucoxanthin, as well as unsaturated fatty acids such as arachidonic acid and docosahexaenoic
acid, along with extracellular polysaccharides and minerals, are one of the most practical and
innovative fields in global scientific and technological activities. The research and development
of microalgae biological resources provide a primary pathway to solving major social and
economic problems such as resource shortages and food safety.

With the help of modern biotechnology, there have been important breakthroughs in
the development and high-value utilization of marine biological resources to obtain high-
value products such as food, medicine, and functional products. In this Research Topic, Yin
et al. established an integrated biological process utilizing Porphyridium cruentum for the
production of B-phycoglobin (B-PE) and extracellular polysaccharide (EPS). They
extracted the highest content of phycobilin through repeated freeze-thaw treatment and
finally obtained 7.99 mg/L B-PE (16500 Da), with a purity index of 0.82. Li et al. showed
that the zero N condition and lowlight condition were conducive to the highest astaxanthin
concentration in the thin-wall motile cell Haematococcus pluvialis, and it was more
economical in terms of electricity usage and other costs. Yang et al. used nitrogen
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utilization analysis and showed that urea and arginine had
synergistic effects on promoting the biosynthesis of phyxanthin in
Phaeodactylum tricornutum, which is a promising and efficient
strategy for increasing phyxanthin production in the microalgae.
Spirulina is an important species for phycocyanin production. Yao
et al. simply added mineral elements and peptides to Spirulina
maximus culture to improve the phycocyanin yield. Guo et al.
discovered that a high bicarbonate level and low temperature
significantly increased biomass production and accumulation of
arachidonic acid and docosahexaenoic acid (DHA) in Dunaliella
salina. In addition, Shang et al. examined the roles of the interacting
proteins of the transcription factor DpAP2, which regulates
carotenoid anabolism in Dunaliella parva. DpAP2 can promote
carotenoid accumulation by binding to the promoter of target
genes. Last but not least, this Research Topic also mentions the
dynamic changes in fishing resources such as skipjack in the South
China Sea and Antarctic krill in the Bransfield Strait, which are of
significant value but lack data in global marine fisheries.

In conclusion, the Research Topicon the Exploration and
Utilization of Marine and Freshwater High-Value Biological Resources
paves the way to realize efficient production processes for biomass and
bioactive substances of microalgae and cyanobacteria. It is conducive to
the development of marine microalgae and cyanobacteria industries for
value-added products worldwide.
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Microalgae are considered promising resources for producing a variety of high-value-
added products, especially for lipids and pigments. Alkalophilic microalgae have more
advantages than other microalgae when cultured outdoors on a large scale. The present
study investigated the comprehensive effects of different nitrogen concentrations
on fucoxanthin (Fx), lipids accumulation and the fatty acid profile of the alkaliphilic
microalgae Nitzschia sp. NW129 to evaluate the potential for simultaneous production of
Fx and biofuels. Fx and Lipids amassed in a coordinated growth-dependent manner in
response to various concentrations, reaching 18.18 mg g~ and 40.67% dry weight
(DW), respectively. The biomass of Nitzschia sp. NW129 was 0.58 + 0.02 g L~
in the medium at the concentration of 117.65 mM. The highest productivities of Fx
(1.44 mg L=" d=") and lipid (19.95 + 1.29 mg L~' d—") were obtained concurrently at
this concentration. Furthermore, the fatty acid methyl esters revealed excellent biofuel
properties with an appropriate value of the degree unsaturation (49.97), cetane number
(62.72), and cold filter plugging point (2.37), which met the European standards for
biofuel production (EN14214). These results provided a reliable strategy for further
industrialization and comprehensive production of biofuel and Fx by using the alkaliphilic
microalgal Nitzschia sp. NW129.

Keywords: alkaliphilic microalgae, biodiesel, fucoxanthin, lipids, nitrogen concentration, Nitzschia sp.,
simultaneous production

INTRODUCTION

It was reported that microalgae contributed 20% of global primary productivity (Malviya et al.,
2016). Microalgae not only play a critical ecological role but also are capable of synthesizing a variety
of chemicals with high commercial value, such as pigments, unsaturated fatty acids and microalgal
polysaccharides and so on (Wang et al., 2018a). As one of the prospects for the third-generation
biofuels, the microalgae have faster growth rates and higher productivity than oil-producing
terrestrial plants by directing more energy to growth and propagation processes (Gomez-Loredo
et al., 2016). Previous studies also demonstrated that microalgal biofuel was technically feasible

Frontiers in Marine Science | www.frontiersin.org 7

January 2022 | Volume 8 | Article 830590


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2021.830590
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2021.830590
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2021.830590&domain=pdf&date_stamp=2022-01-14
https://www.frontiersin.org/articles/10.3389/fmars.2021.830590/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Cao et al.

Lipid and Fucoxanthin Productivities

(Zeng et al., 2011; Bondioli et al., 2012). Moreover, microalgae,
as potential sources of fucoxanthin (Fx), are capable of replacing
macroalgae due to the advantages of high content (2.24-59.20 mg
g_l) and manual control in the bioreactor (Xia et al., 2013;
Mohamadnia et al., 2020). Fx is a carotenoid involved in
photosynthesis, accounting for more than 10% of the total
carotenoids in nature (Zarekarizi et al., 2019). In recent years, Fx
attracted increasing attention due to its nutraceutical effects on
human health such as antioxidant, anti-obesity and anti-tumor
(Riccioni, 2012; Tanaka et al., 2012; Zeng et al., 2018). It has been
proved to be safe for animals, including humans and hence can
be used as ingredients in food industry and medical purposes,
as well as an animal feed additive (Sathasivam and Ki, 2018;
Mohamadnia et al., 2020).

Taking account of the commercial value of biofuel and Fx,
it is of great significance to study their integrated production
from microalgae. The integrated production of pigments with
algal lipids has emerged as an economic strategy worth looking
forward to Campenni’ et al. (2013), such as simultaneous
production of astaxanthin and triacylglycerol by Chlorella
zofingiensis, docosahexaenoic acid and Fx by Isochrysis and so
on (Liu et al., 2016; Sun et al., 2019). Previous studies showed
that manipulating nitrogen concentrations was an effective way
to promote the accumulation of lipid and Fx. Nitrogen stress
can induce the increase of lipid content in microalgae, while
Fx was the opposite (Gao et al., 2017; Yang et al., 2017; Lai
et al,, 2019). The response of lipids to adverse growth conditions
also inhibited the growth of algal cells, resulting in constant or
even reduced productivity, which was not economically feasible
(Griffiths et al., 2012; Guo et al., 2021). Furthermore, nitrogen
concentration can also markedly affect the fatty acid composition
(Sahin et al., 2019). It determines the quality of biofuel such as
combustion efficiency, cold-flow properties and viscosity (Cui
et al., 2020; Andeden et al., 2021), which is rarely considered in
current studies.

However, the industrialization of microalgae culture in large-
scale outdoor open-ponds still faces difficulties such as low
productivity, contamination by invasive species, continuous
supply of inorganic carbon and inefficient harvesting (Wensel
etal., 2014). An effective way to reduce the cost of CO, supply is
to culture microalgae in an extremely high pH medium (pH > 10)
that is capable of capturing more CO; for microalgae growth by
direct reaction of CO, with OH™ in the liquid boundary layer
around gas bubbles (Santos et al., 2013; Kuo et al,, 2017). The
CO; utilization efliciency of Chlorella sp. AT1 cultured in pH
11 medium was reported to enhance several times (Kuo et al.,
2017). The higher pH culture media would also effectively limit
microbial contamination (Peng et al,, 2015). Thus, compared
with other microalgae, alkalophilic microalgae that have the
ability to survive and thrive at extremely high pH (pH > 10)
(Qu and Miao, 2021) are more appropriate for outdoor large-
scale culture. In commercial production, the successful use of
high pH growth conditions for the cultivation of Spirulina. also
proves the above view (Vadlamani et al., 2017). Previous studies
on alkaliphilic microalgae focused on lipid production, and to
our best knowledge, there have been no efforts to produce Fx
and lipids simultaneously using alkalophilic microalgae. In this

study, an alkalophilic microalgae Nitzschia sp. NW129, rich in
lipid and Fx, was used as material. Its additional characteristic
was attributed to rapid settlement, which was conducive to
reducing the collection cost. The effects of different nitrogen
concentrations on lipid and Fx productivities and fatty acid
composition of the alkalophilic microalga Nitzschia sp. NW129
were comprehensively analyzed. The favorable performance at
appropriate nitrogen concentration suggested its potential as a
feedstock for the co-production of Fx and biofuel in biorefinery.

MATERIALS AND METHODS
Microalgal Strain and Growth Conditions

An oleaginous and high Fx content alkalophilic microalga
isolated from Hamatai Lake (Latitude = 39°06'N and
Longitude = 108°02'E) in Mongolia, China, was identified
and named Nitzschia sp. NW129 (Wang et al, 2019). The
strain was preserved in the Laboratory of Applied Microalgae
Biology, Ocean University of China. The Nitzschia sp. NW129
was precultured in 500 mL Erlenmeyer flasks placed in an
Oscillating incubator at 28 £ 1°C and under 100 pmol photons
m~2 s71, following a 12:12-h light/dark photoperiod. The
Zarrouk medium was used, with modifications as follows:
NaHCO3, 3.78 g L~ 15 Na,CO; 16.43 g L~ NaNO3 2.5 g L7}
K,HPO, 0.5 g L71; NaCl 1.0 g L™1; K,804 1.0 g L™1; CaCly
0.08 g L~!; MgSO,4-7H,0 0.2 g L™1; FeSO,4-7H,0 0.01 g L~
Na,EDTA 0.08 g L™1 A5 1.0 ml. As consisted of the following
salts, in g L=1: H3BO3, 5.72; MnCl,-4H,0, 3.60; ZnSO4-7H,0,
0.44, CuSO4-5H,0, 0.16, (NH4)6Mo07074 0.04. The pH of the
medium was initially 10.5 and increased with the extension of
cultivation time.

Late-logarithmic growth phase cells were collected by
centrifuging at 4,500 x g for 8 min. The harvested cells were
washed several times with N-free Zarrouk medium to completely
remove the N. Then the collected algal cells were re-inoculated
into eight nitrogen concentrations set as 0.11, 0.46, 1.84, 7.35,
29.41, 58.82, 117.65, 235.29 mM (that was 1/256, 1/64, 1/16, 1/4,
1, 2, 4, 8-folds of the standard nitrogen concentration of Zarrouk
medium, respectively), and used as inoculum at 0.2 of OD750.

Growth Analysis

5 mL culture samples were taken out and filtered at each sampling
time point through a pre-weighed GF/C glass microfiber filter
(W), then washed three times with triple distilled water to
remove salts. After the filter was placed at 65°C for more than
6 h, it was transferred to a drying dish and weighed again after
cooling (W3). The difference between W, and W; was the dry
weight (DW) (Zhang et al., 2001). The algal cells cultured for 0,
2,4, 6, and 7 days were collected by centrifugation to determine
the biomass and calculate the specific growth rate. Based on the
measured biomass, the specific growth rate was calculated as
follows:

w = (InNp —InNy)/(ty — t1) (1)

where N and N are the biomass at time t; and t;, respectively.
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Determination of Photosynthetic

Performance

The maximum photochemical quantum yield (Fv/Fm) and the
non-photochemical quenching (NPQ) respectively, reflected the
light energy absorbed by PS II in the form of heat dissipation and
the maximum photosynthetic capacity of PS II (Farquhar et al.,
1989; Tan et al., 2019). After being placed in the dark for 20 min,
2 mL samples were transferred to a pulse amplitude-modulated
(PAM) fluorometer (Water-PAM fluorometer, Walz, Effeltrich,
Germany) to measure Chlorophyll fluorescence parameters of
photosystem II (PSII). The values of Fv/Fm and NPQ were
obtained by analyzing the induction curves.

Measurements of Total Lipid Content
and Productivity

Lipids were extracted according to a modified method described
by Bligh and Dyer (1959). The microalgae liquid was collected
by centrifugation at 4,500 x g and lyophilized overnight by an
ALPHA 1-4 LD freeze dryer (Christ, Osterod, Germany). 50 mg
of freeze-dried algal powder were weighed correctly into a 100 mL
centrifuge tube and crushed three times with an ultrasonic cell
crusher (25% power for 20 min). Extraction was performed using
3 mL of chloroform and methanol at a proportion of 2:1 (v/v).
Next, 1.2 ml of 0.9% NaCl was added to the extract combined
three times. Finally, the lower layer (sediment) of the mixture was
collected with a weighted glass tube (W) and placed in a 60°C
water bath pot overnight and then taken out for weighing (W3).
The lipid content (LC,%) and productivity (TLP, mg L~1dh
were calculated as follows:

LC = (W,—W)/50 % 100% )

TLP = Wa % LC/T 3)

where W, is the biomass (mg L™ and T is the
culture time (day).

Measurements of Fucoxanthin Content
and Productivity

Fx was extracted according to methods described by Kim et al.
(2012a) with modifications. The whole process of extraction
was carried out under dim conditions. 10 mg algae powder
was accurately weighed and put into a 2 ml grinding tube
together with six steel balls and treated with a biological sample
homogenizer. The crushed samples were added with 1 ml
absolute ethanol and extracted in an Oscillating incubator under
ice bath conditions for 1 h. After the Oscillating extraction, the
mixture was centrifuged at 5,000 x g for 8 min.

The supernate was filtered through 0.45 pm PTFE filters, and
Fx was analyzed by RP-HPLC (reversed-phase high-performance
liquid chromatography) using a YMC Carotenoid column (C30,
3.5, 150 x 4.6 mm LD.). The column temperature was set at
25.0°C and the injection volume was 10 pwL. For the Fx assay,
90% acetonitrile and ethyl acetate were used as the mobile phase
and operated at a flow rate of 1 ml/min. Under these conditions,
the maximum absorbance of standard Fx (Sigma Aldrich) was

obtained at 440 nm. The Fx productivity (FxP, mg L= d=!) was
calculated as follows:

FxP = Wy * FxC/T (4)

where W is the biomass (mg L™ 1), FxC is the Fx content (mg
gfl), and T is the culture time (day).

Determination of Fatty Acid Composition
Fatty acid methyl esters (FAME) were analyzed using gas
chromatography (Agilent 6890 Series GC System; US10251016;
Agilent, Santa Clara, CA, United States) after transmethylation
according to a method described by Lepage and Roy (1984).
The FAME composition was used to compute the degree
of unsaturation (DU), the cetane number (CN), long-chain
saturation factor (LCSF) and cold filter plugging point (CFPP),
which were important indicators to expect the combustion
performance of biofuel (Ramos et al., 2009).

Statistical Analysis

Three replicates were set for each treatment, and all results were
calculated by Origin 2018 and expressed as mean + standard
deviation (SD). SPSS Statistics software program (version 23) was
used for one-way ANOVA at the significance level of p < 0.05 to
calculate the salient difference between treatments.

RESULTS

Growth and Photosynthetic Performance
The Growth curves, specific growth rate and photosynthetic
parameters during 7 days of batch growth for Nitzschia sp.
NW129 wunder different nitrogen concentrations were
summarized in Figures 1A-D. When the concentration
was more than 29.41 mM, the growth rate of the experimental
groups was fast, and there was no significant difference in the
specific growth rate throughout the whole process of cultivation,
which corresponded to a consistent trend in NPQ values.
Although Fv/Fm always ranged approximately from 0.60 to
0.66 at nitrogen concentrations > 1.84 mM, which the rapidly
increasing NPQ values at concentrations of 1.84 and 7.35 mM
from the third day indicated that increased damage to PSII
and greater dissipation of absorbed light energy in the form of
heat, in accordance with almost no growth or even death of
algal cells on the last day. Besides that, it was observed that a
strong decrease of the growth rate and Fv/Fm when algae were
cultured at concentrations of 0.11 and 0.46 mM after 2 days, and
the increase of NPQ values accelerated with more extension of
cultivation time. Moreover, the lower the nitrogen concentration
in the range of concentrations less than 29.41 mM at the end of
the culture period, the higher the NPQ value, which indicated
that the growth of algal cells was stressed by nitrogen limitation.

Variation in Fucoxanthin Accumulation

As shown in Table 1, the higher nitrogen concentrations
could dramatically promote the accumulation of Fx content of
Nitzschia sp. NW129. Concentrations had no pronounced effect
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FIGURE 1 | Growth and photosynthetic performance of Nitzschia sp. NW129 under different nitrogen concentrations. Growth curves (A). Specific growth rate (B).
Non-photochemical quenching (NPQ) (C). Maximum quantum yield (Fv/Fm) (D). Values are given as mean + SD, n = 3. Letters indicate statistical differences, which
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on the Fx content at concentrations < 0.46 mM, but when the
concentration rose to 1.84 mM, the Fx content immediately
increased to 9.11 £ 0.15 mg g~ !, which was 3.3 times higher
than that of 0.46 mM (2.77 £ 0.06 mg g~ !). The maximum Fx
content of 18.18 +0.10 mg g~ ! was observed at the concentration
of 235.29 mM, which was 1.2 times than that at the standard
nitrogen concentration of 117.65 mM. The Fx productivity
increased apparently with increasing nitrogen concentrations
from 0.11 to 117.65 mM, but there was no significant difference
among the standard nitrogen concentration (1.32 £ 0.04 mgd~1)
and the higher concentrations except 117.65 mM (Table 1). The
Fx content at the concentration of 235.29 mM had no prominent
difference in comparison with that at the concentration of
117.65 mM, but its growth was inhibited by excessive nitrogen
to a certain extent, bringing about a slightly lower productivity.

Variation in Lipid Accumulation
Opposite to the Fx content, the lipid content of Nitzschia sp.
NW129 was enhanced obviously within a certain range in

response to the decrease of nitrogen concentration (Table 1).
The maximum lipid content 40.67 £ 1.04% DW was observed
at the concentration of 0.11 mM, which was 1.7 fold higher than
that in the standard nitrogen concentration of Zarrouk medium.
No considerable difference in lipid content was observed at
concentrations < 0.46 and > 1.84 mM, respectively. With
concentrations increased from 0.46 to 1.84 mM, the lipid content
decreased from 36.50 £+ 1.80 to 25.67 £ 2.67% DW (30%).
Changes in productivities differed from the trend in content
(Table 1). Due to the fact that low concentrations promoted
an increase in content but markedly reduced biomass, lipid
productivity showed an increase followed by a decrease with
increasing nitrogen concentrations. Thus, the lipid productivity
at the concentration of 0.11 mM was the lowest in spite that
the lipid content at this concentration was maximum. The
maximum lipid productivity attained 20.290 4 0.902 mg L~!
d=! at the concentration of 29.41 mM, but there were no
significant difference among experimental groups of the nitrogen
concentrations higher than 29.41 mM.
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TABLE 1 | Final biomass, lipid and fucoxanthin (Fx) productivities of Nitzschia sp. NW129 grown under different nitrogen concentrations.

Nitrogen Final Biomass (g L") Lipid content (% of Lipid productivity Fx content (mg g~ ') Fx productivity (mg
concentration dry weight) (mgL-1d) L-1d")

0.11 Mm 0.28 + 0.02¢ 40.67 + 1.042 16.26 + 1.15° 2.21+0.11¢ 0.09 + 0.01¢
0.46 mM 0.32 + 0.00° 36.50 + 1.802 16.69 + 0.82P° 2.77 4+ 0.06° 0.13 + 0.00°
1.84 mM 0.48 + 0.029 25.67 + 2.47° 17.56 =+ 1.032b° 9.11 +0.159 0.63 + 0.02¢
7.35 MM 0.51 + 0.02°d 24.33 + 1.44° 17.88 + 1.892b° 12.44 £ 0.19° 0.91 + 0.05°
29.41 mM 0.60 + 0.022b 23.67 + 0.29° 20.29 + 0.902 15.44 + 0.14P 1.32 4 0.04°
58.82 mM 0.61 4+ 0.032 23.31 + 1.32° 20.28 + 0.332 15.73 4 0.35° 1.37 + 0.062P
117.65 mM 0.58 4 0.022b 23.98 + 2.10° 10.95 + 1.292 17.55 +1.132 1.44 +0.052
235.29 mM 0.54 + 0.03P° 2519 + 2.18° 19.51 + 0.9420 18.18 + 0.102 1.41 £ 0.062°

Values mean + SD (n = 3). Values with the different letters indicate a significant difference between them (p < 0.05).

Variation in Fatty Acid Profiles and
Biofuel Quality

The fatty acid profile and some biofuel indicators of Nitzschia
sp. at three concentrations were summarized in Table 2. In
this study, C14 to C16 were dominant in the FAME of isolated
Nitzschia sp. Obviously, the content of saturated fatty acids (SFA)
and unsaturated fatty acids was disparity under different nitrogen
concentrations. Only eight fatty acids without polyunsaturated
fatty acids (PUFA) were detected at the concentration of
0.11 mM, which contributed to the lowest DU of 10. Compared
with the standard nitrogen concentration, the proportion of
myristic acid (C14:0) decreased from 46.06 to 19.49% and
pentadecanoic acid (C15:0) increased from 1.39 to 26.20% at the
concentration of 0.11 mM. The percentage composition of SFA,
Monounsaturated fatty acids (MUFA) and PUFA of Nitzschia sp.
cultivated in the standard nitrogen concentration were 84.93,
12.59, and 2.21%, respectively. The increase of concentrations
markedly contributed to the accumulation of unsaturated fatty
acids, the highest values of 40.83% MUFA and 4.57% PUFA
were observed at the concentration of 117.65 mM. Compared to
the standard nitrogen concentration, the ginkgolic Acid (C15:1)
and palmitoleic acid (Cl6:1) increased from 6.40 to 10.19%
and from 0.37 to 25.58%, respectively, which led to higher DU
value of 49.97 at the concentration of 117.65 mM. The nitrogen
enrichment also promoted the increase of fatty acid species
and the production of eicosapentaenoic acid (EPA). The CN
value at the concentrations of 117.65 mM were saliently lower
compared to standard nitrogen concentration. In addition, the
extremely low content of long-chain saturated fatty acids under
three treatments resulted in lower LCSF and CFPP.

DISCUSSION

Nitrogen, known as “life element,” is a macronutrient essential
for algal growth and the production of lipids, pigments, terpenes
and other substances. The genes encoding photosynthesis-
related proteins in diatoms were significantly down-regulated
under nitrogen deficiency conditions (Hockin et al., 2012; Yang
et al, 2013). Meanwhile, the lack of nitrogen also triggered
the degradation of nitrogen-containing compounds such as
chlorophyll and entrained cellular chlorosis (Pancha et al., 2014).

Therefore, the weakened photoreaction diminished the 5'-
Adenylate triphosphate (ATP) and nicotinamide adenine
dinucleotide phosphate (NADPH) necessary for carbon fixation,
which led to the reduction of carbon dioxide fixed by algal cells
and ultimately the reduction of biomass. NPQ mediated and
Fv/Fm could be useful indicators for judging the nutritional
limitation and stress degree of algal cells (Ruban et al., 2004).
The high NPQ and low Fv/Fm values were frequently observed
in plants under stress conditions, which indicated that the
process of photosynthesis was hindered and more energy flew to
heat dissipation (Li et al., 2020). In this study, the biomass and
Fv/Fm at concentrations of 0.11 and 0.46 mM were significantly
lower than those under higher concentrations, while NPQ
was opposite. Compared with the nitrogen concentration of
the standard nitrogen concentration of Zarrouk medium, the
distinctly reduced specific growth rate concurred with the
higher NPQ value at concentrations of 1.84 and 7.35 mM,
which suggested that nitrogen deficiency restrained the growth
and photosynthesis of algal cells. Furthermore, the biomass at
concentrations > 117.65 mM was slightly lower in comparison
with that at the standard nitrogen concentration, which may be
because the growth of algal cells was suppressed by the excessive
nitrate in the culture medium (Feng et al., 2011).

It has been documented that Fx has high antioxidant capacity
due to its allyl bond and six oxygen atoms, especially in a hypoxic
environment (Peng et al., 2011). Heo et al. (2008) found that
Fx could effectively inhibit the generation of reactive oxygen
species by increasing catalase activity, thereby having antioxidant
activity, preventing DNA damage and H,O;-induced fineness
apoptosis. The gradual reduction of Fx content with decreasing
the nitrogen concentrations in this study was similar to the
response of Phaeodactylum tricornutum to nitrogen consumption
(Gao et al, 2017). The mRNA level of genes encoding
photosynthetic protein decreased remarkably under N restriction
(Yang et al., 2013). Longworth et al. (2016) discovered that
the relative abundances of light-harvesting proteins decreased
under nitrogen stress. Fx combined with chlorophyll a/c to form
fucoxanthin-chlorophyll a/c protein complex (FCP) in diatoms,
the FCP existed in the thylakoid and played a role in light capture
and light transmission (Wang et al., 2005), which had a high
content of nitrogen. Therefore, under conditions of nitrogen
scarcity, cells tend to degrade them actively to reuse nitrogen and
transfer it to the synthesis of those proteins that are indispensable
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TABLE 2 | Effects of different nitrogen concentrations on the fatty acid profiles and
biofuel quality of Nitzschia sp. NW129.

Fatty acid Fatty acid content (% w/w)

0.11 mM 29.41 mM 117.65 mM
C4:0 0.92 + 0.022 0.05 + 0.01° 0.14 +0.01°
C6:0 4.81+0.042 0.21 +0.02¢ 0.29 + 0.02°
C12:0 ND 0.19 + 0.01 ND
C14:0 19.49 + 0.73° 46.06 + 0.28? 13.48 + 0.15°
C15:0 26.20 + 1.162 1.39 4 0.05° 1.10 + 0.03°
C16:0 37.89 + 0.642 35.70 + 0.11° 35.98 + 0.45°
C18:0 ND 0.62 + 0.03° 1.38 £ 0.072
C20:0 ND 0.05 +0.01° 0.26 + 0.022
C22:0 ND 0.26 + 0.032 0.16 + 0.02°
©23:0 ND ND 1.02 £0.02
C24:0 ND 0.22 +0.01° 0.61 +0.022
C14:n-5 0.43 + 0.01° 0.73 +0.03° 1.14 + 0.06°
C15:n-5 9.24 +0.03° 6.40 + 0.07° 10.19 + 0.092
C16:n-7 0.33 + 0.02° 0.37 £ 0.02° 25.58 + 0.162
C17:n-7 ND 2.26 + 0.072 1.12 £ 0.04°
C18:n-9 ND 1.45 + 0.02° 1.71 £0.05°
Cc18:n-9 ND 0.70 + 0.01° 1.02 +0.042
C22:n-9 ND 0.68 + 0.02° 0.08 + 0.012
C18:2n-6 ND 0.08 + 0.01° 0.24 +0.012
C18:2n-6 ND 0.05 £ 0.01P 0.26 + 0.022
C18:3n-6 ND 0.01 + 0.00° 0.15 +0.012
20:3n-3 ND 2.08 + 0.032 1.00 =+ 0.02°
C20:5n-3 ND ND 2.82 4+ 0.09
SFA 89.40 + 0.892 84.93 + 0.45° 54.41 + 0.65°
MUFA 10.00 + 0.05° 12.59 + 0.07° 40.83 =+ 0.28?
PUFA ND 2.21 +0.03° 457 +0.122
DU 10.00 + 0.05° 17.01 £ 0.11° 49.97 + 0.462
CN 64.63 + 0.56° 66.79 + 0.26° 62.72 + 0.53°
LCSF 3.79 + 0.06° 4,76 £ 0.07° 6.00 + 0.052
CFPP -4.57 + 0.20° -1.52 4+ 0.22° 2.37 +0.172

SFA, saturated fatty acids;, MUFA, monounsaturated fatty acids; PUFA, poly-
unsaturated fatty acids;, DU, degree of unsaturation, DU = (MUFA + 2 PUFA);
CN, cetane number; LCSF, long chain saturated factor, LCSF = 0.1 x C16:0(%)
+ 0.5 x C18:0(%) + 1 x C20:0(%) + 1.5 x C22:0(%) + 2 x C24:0(%); CFPR,
cold filter plugging point, CFPP = (3.1417 x LCSF) - 16.477; ND, below the limit of
detection.

Each data value represents the mean + SD of three replications. Values with the
different letters indicate a significant difference between them (p < 0.05).

for cell survival. P. tricornutum with high Fx content (0.2-
16.51 mg g~!) has been widely concerned, which was several
times more abundant than that in macroalgae (Kim et al., 2012a;
Gomez-Loredo et al., 2016; Wu et al., 2016; Ishika et al., 2017; Gao
et al., 2020). It has been reported that Fx content obtained from
Nitzschia sp. was from 0.49 to 12 mg g~ ! (Kim et al., 2012b; Guo
et al.,, 2016; Lu et al., 2018; Sahin et al., 2019). The Fx content of
Nitzschia sp. NW129 was higher under the nitrogen enrichment
conditions, consistent with Sahin et al. (2019) on the noticeable
increase in Fx content caused by nitrate supplementation to
Nitzschia sp. Compared with other reports on Nitzschia sp., the
highest Fx content of Nitzschia sp. NW129 was 18.176 mg g™ !,
indicating that it cultured under high nitrogen conditions had
better potential for Fx production.

In previous studies, the effects of nitrogen deficiency on lipid
accumulation were species-specific. Carbohydrates, the primary

energy storage substances in Odontella aurita and Arthrospira
platensis under nitrogen-limited conditions, increased rather
than lipids (Panyakampol et al., 2016; Xia et al., 2018). However,
the lipid content of most microalgae increased under nitrogen
limitation (Shifrin and Chisholm, 2010). For example, the
lipid content of Chlorella vulgaris and Nannochloropsis oculata
cultured under nutrients-stress conditions increased by 2-3-
fold compared to the high nitrogen concentration (Converti
et al, 2009). In agreement with the above results, in the
present study, a lipid content of 40.67% was observed at the
lowest nitrogen concentration, which was 1.7 times higher
than that at standard nitrogen concentration. Under nitrogen-
limited conditions, most genes related to photosynthesis and
chlorophyll biosynthesis were inhibited, and a variety of roles in
carbon metabolism were changed, such as the down-regulation
of Calvin cycle, the up-regulation of glycolysis and tricarboxylic
acid cycle, generating more carbon sources flowing into lipid
metabolism (Alipanah et al., 2015). Nitrogen concentrations
affected not only lipid content but also the fatty acid composition
of diatoms greatly, which determined the quality of biofuel.
CFPP, the temperature of filter blockage caused by crystallization
of fuel, was generally acknowledged as an important indicator
to measure the performance of biofuel in the global biofuel
industry (Gomez-Rodriguez et al., 2021). The low CFPP obtained
at three concentrations met European standards (EN14214)
and represented a superior cold flow property of the biofuel
(Stansell et al., 2012). The sum of SFA and MUFA contents
of the Nitzschia sp. NW129 exceeded 90% under different
nitrogen concentrations, which was in accordance with the
previous results (Sahin et al., 2019). It was reported that high
nitrogen concentration generated greater accumulation of MUFA
while the higher percentage of SFA and PUFA were observed
under nitrogen deficiency (Qiao et al,, 2016). Compared to
the standard nitrogen concentration, the proportion of C14:0
decreased markedly whereas C15:1 and C16:1 was significantly
increased at the concentration of 117.65 mM, which contributed
to a higher DU value. The high DU value represented that
the biofuel was more difficult to form deposits and had better
lubricity (Qiao et al., 2021). The maximum and minimum values
of DU and CN should be 137 and 51, respectively (EN14214).
DU and CN values under three nitrogen concentrations were
in accordance with it. Furthermore, the content of linolenic
acid (C18:3) under three treatments was less than 12% limited
in EN14214 (Chisti, 2007). The fatty acid profile indicated
that Nitzschia sp. NW129 was a potential candidate for
biofuel production.

Productivity, determined by a combination of biomass and
content, was a crucial quality in selecting strains for large-
scale production of high-value materials (Griffiths and Harrison,
2009). Therefore, the effects of nutritional conditions on biomass
and content needed to be taken into account together. The
lipid content (3.44-31.96% DW) of thirty microalgal strains
under nitrogen deprivation conditions was higher than that
under nitrogen-sufficient. Interestingly, 24 of them showed
lower lipid productivities (0.085-4.560 mg L~! d~!) under
nitrogen-free conditions. Andeden et al. (2021) reported that
most microalgal strains in nitrogen-free cultivation showed
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lower lipid productivities compared with the nitrogen-sufficient
condition. However, as nitrogen deficiency affected the biomass
and lipid content in different microalgal species to different
degrees, higher lipid productivities of 10 algae species such as
Ankistrodesmus falcatus, Chlorella vulgaris, and Scenedesmus sp.
in low nitrate-stress induced cultures were observed (Griffiths
et al, 2012). As to Fx, the nitrogen enrichment generally
promoted the accumulation of biomass and Fx content at the
same time, which would undoubtedly increase Fx productivity
(Sun et al, 2019). Interestingly, it was found that the higher
Fx content was caused by high biomass concentration and
higher biomass and Fx productivities were induced by low
biomass concentration (Gao et al., 2020). These results suggested
the microalgae presented different responses in terms of the
productivities of lipid and Fx under nitrogen replete and limited
conditions, which it was difficult to obtain high Fx and lipid
productivities in the meantime. In the present study, the increase
in nitrogen concentration was accompanied by an increase in
lipid productivity, yet there was no significant difference in
productivities between different nitrogen concentrations when
concentrations were higher than 1.84 mM. The maximum Fx
productivity of the Nitzschia sp. NW129 was 1.44 + 0.05 mg
L=! d=! at the concentration of 117.65 mM, which was
saliently higher than the standard nitrogen concentration and 2-
3 times more than P. tricornutum, Navicula sp., and Amphora
sp. (Ishika et al, 2017; Wang et al, 2018b). Thus, the
concentration of 117.65 mM was considered the most suitable
for simultaneous production of lipids and Fx in biorefinery. The
overall performance of Nitzschia sp. NW129 at this concentration
was equivalent to or higher than that of non-polar microalgae,
which could be good producers of lipids or Fx.

CONCLUSION

In this study, an appropriate nitrogen concentration of
117.65 mM was screened and excellent productivities of lipid
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Red microalga Porphyridium cruentum has great potential for converting CO» into
high-value bioactive compounds, such as B-phycoerythrin (B-PE) and extracellular
polysaccharides or exopolysaccharides (EPS). This study aimed to establish the
integration bioprocess of B-PE and EPS production from R cruentum. First, different
kinds of growth medium and CO» concentration were assessed indoor in terms of high
biomass and B-PE and EPS contents. As follows, P cruentum cells were outdoor scale-
up cultured in 700 L pressurized tubular reactors for 9 days till the biomass reached
0.85 g/L and then separated from supernatants via centrifugation. Three different
methods were adopted to extract phycobiliproteins, and the highest PE contents were
extracted from cells by repeated freeze-thawing treatment along with the optimization of
significant variables, and finally, 7.99 mg/L B-PE (16,500 Da) with a purity index of 0.82
was obtained. Moreover, analysis of physicochemical properties of EPS extracted from
P, cruentum showed that the sulfate content was 14.85% and the uronic acid content
was 9.36%.

Keywords: Porphyridium, biomass production, phycoerythrin, exopolysaccharide, outdoor scale-up culture

INTRODUCTION

Microalgae are photoautotrophic microorganisms that use light energy, CO,, and inorganic
nutrients to synthesize valuable biomass compounds. These photosynthetic microorganisms have
the positive advantages of high growth rate and high photosynthetic rate, and their capacity to fix
carbon dioxide is 10 times that of terrestrial plants (Laliberte and Notiie, 2010). In addition, because
of the abundant active products, microalga is a good raw material for the production of biofuel and
is widely used in food nutraceutical, pharmaceutical, and cosmetic industries as an antioxidant,
antimicrobial, and anti-inflammatory product (Li et al., 2008; Francisco et al., 2010; John et al,,
2011; Markou and Georgakakis, 2011; Zhu et al., 2016).

Porphyridium cruentum (Rhodophyta, Porphyridiophyceae, Porphyridiales, Porphyridiaceae,
Prophyridium) is a spherical unicellular red alga without an organized cell wall (Arad et al,
1985; Adda et al, 1986; Vonshak, 1988; Arad and Levy-Ontman, 2010). This microalga is
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photoautotrophic and can capture light and CO; into cells
to convert them into abundant active molecules. And among
these molecules, high contents of B-phycoerythrin (B-PE) and
extracellular polysaccharides or exopolysaccharides (EPS) attract
more attention. PE is one of the fluorescent substances that
host photosynthesis, which shows maximal absorbance at the
wavelength range 540-570 nm (Bermejo Roman et al., 2002).
PE has the advantages of high fluorescence intensity, anti-
oxidation, scavenging free radicals, and high chroma. Thus, it has
a wide range of commercial value in food (Fuentes et al., 2000;
Gonzalez-Ramirez et al., 2014; Bueno et al., 2020), cosmetics,
and pharmaceutical industries and is used as a fluorescent
marker, which is dependent on its purity (Koller et al., 1977;
Ayyagari et al., 1995; Qiu et al., 2004). Many methods, such as
ultrastructure, salting out, column chromatography, and aqueous
two-phase system, have been developed for the recovery and
purification of B-PE ( Breccia et al., 1998; Roména et al., 2002;
Benavides and Rito-Palomares, 2004; Parmar et al., 2011).

Furthermore, Porphyridium polysaccharides are another high-
value compound, which is wrapped on the cell surface in the form
of sulfated polysaccharides. In the liquid culture, the tropical
part of polysaccharides is dissolved from the cell surface into the
medium (Arad and Levy-Ontman, 2010). The average molecular
weight of EPS from P. cruentum ranges from 1.4 x 10° Da to
1.7 x 10° Da, and EPS is negatively charged due to the presence
of glucuronic acid and sulfate groups (Bernaerts et al., 2018). In
addition, EPS is composed of numerous monosaccharides, the
abundant glucose, and lactose’s characters endow Porphyridium
polysaccharide had antiviral and antioxidant activities and
effectively inhibit the replication and cell transformation of some
retroviruses (Dvir et al., 2000; Talyshinsky et al., 2002).

However, large-scale cultivation and commercial applications
of P. cruentum have not achieved extensive use. To our
knowledge, there is a crucial problem about how to promote the
biomass and the yield of B-PE and EPS for large-scale cultivation
(Spolaore et al, 2006). Moreover, despite the purification
methods of B-PE and EPS from P. cruentum being developed,
respectively, in previous studies, the joint extraction process of
B-PE and EPS from P. cruentum culture is still rare, especially
on a large scale. Therefore, in this study, microalga P. cruentum
was initially cultured indoors with different mediums, and CO;
concentration was considered as a key parameter to assess the
accumulation of biomass, PE, and EPS production. As follows,
outdoor scale cultivation with 700 L was carried out with optimal
medium and CO; supply to obtain a large amount of biomass.
After centrifugation, PE from biomass and EPS from culture were
extracted and their basic performance analysis was investigated.
The results will supply integration and optimal strategy for the
customized production of B-PE and EPS from P. cruentum.

MATERIALS AND METHODS

Subsection Microalgal Growth

Conditions Indoor
Photoautotrophic red microalga P. cruentum was maintained
in 30 ml of f/2 medium in 100 ml Erlenmeyer flasks without

aeration. Light at an intensity of 100 wmol photon/m? s was
continuously supplied with pH adjusted at 7.6 and temperature
at 25 £°C. Continuous shaking of the culture flasks was done,
2-3 times a day, to prevent sticking of the culture to the
bottom of the flask.

Subsection Microalgal Growth With
Different Conditions Indoor

For the medium treatment experiment, starter cultures in the
logarithmic phase were gently centrifuged (5,000 rpm for 10 min)
and washed with sterile distilled water. The microalgal pellets
were resuspended in a small volume of sterile distilled water.
The suspensions were then used to inoculate different mediums
(700 ml) present in a glass column photobioreactor (PBR):
artificial seawater (ASW) (Jones et al., 2010), BG11-seawater (S-
BG11) (Liu et al., 2013), f/2 (Guillard and Ryther, 1962), and 4f
(8 x f/2). Illumination was provided by single-side fluorescent
lamps, which produced 100 pwmol photon/m?s. The carbon
source and agitation were supplied by bubbling CO,-enriched
compressed air (1% CO,, v/v), which was filtered through the
disposable sterile filter.

At the base optimal medium, cultures (700 ml) of P. cruentum
were grown in the optimal medium with 100 wmol photon/m? s,
and compressed air containing different levels of CO, (0.04%,
1%, 3%, and 5%) was aerated continuously into the cultivation
medium. The concentration of the starting biomass was ca.
0.2 g/L, and all the experiments were carried out at 25 & 1°C.

Growth and Active Compounds

Accumulation

Microalgal dry weight (DW) was measured according to a
method previously reported (Talyshinsky et al., 2002). A certain
volume of microalgal culture was filtered to a pre-weighted
0.45 pm GF/C filter membrane (Whatman, DWO0). The
membrane was oven-dried at 105°C overnight and then weighted
(DW1). The DW was calculated as:

DW, — DW,
DW = 71\/ 0 (1)

For the determination of EPS concentration, a 10 ml aliquot
of microalgal culture was originally centrifuged at 8,000 rpm
for 10 min. The supernatant was collected and stored at
—4°C for the determination of EPS concentration. The EPS
content was measured using the phenol-sulfuric acid method as
described by Dubois et al. (1956).

Freeze-dried biomass was used to determine the PE content.
The phycobiliproteins were extracted with 0.1 M phosphate
buffer (pH 6.8) using a freeze-thawing technique as described
below (Bermejo et al., 2003). Repeatedly extract the cells until
the algae residue has no obvious red color and combine
the extracts to a final volume of 50 ml. The absorbance
of the solution was measured at 455, 564, and 592 nm
with an ultraviolet spectrophotometer. The content of PE is
calculated according to the formula used in the method of
Beer and Eshel (1985).

Frontiers in Marine Science | www.frontiersin.org

February 2022 | Volume 8 | Article 836370


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Yin et al.

Integration Bioprocess Production From Microalga

Large Cultivation of Microalgal Culture
Outdoor

At the basis of indoor cultivation, microalga P. cruentum was
cultivated in a 700 L pressurized tubular PBR with optimal
medium and CO; supply. The PBR was set outdoor, and the
intensity of natural light was set using curtains. The pH set
point of 7.6 was automatically controlled by CO; injection (3%)
and monitored by an inline Fermprobe pH probe. Air was
injected continuously at a rate of 35 L/min. After 10 days, cells
were harvested by bowl centrifugation at 6,000 rpm at room
temperature and concentrated at a rate of ca. 10% dry weight. The
biomass was then dispatched in aliquots in airtight glass bottles
at —20°C away from light. And the supernatants were kept in the
plastic drum at cold storage.

Phycobiliproteins Extraction
Phycobiliprotein crude exact was obtained from P. cruentum with
different methods:

1) Repeated freezing and thawing treatment: Suspend the
microalgal particles and wash them with 18 MQ Milli-
Q pure water, then centrifuge for 10 min (12,000 x g,
T = 10°C), and remove the supernatant. The pellet was
suspended in 10 ml of extracting solution [phosphate-
buffered saline (PBS): 10 mM phosphate, 100 mM NaCl,
pH7] and was freeze-thawed 3 times between —20°C
and room temperature (20-25°C). After repeating freeze-
thawing treatments for 3 times, the suspension was
kept at 4°C for 24 h and then centrifuged for 10 min
(12,000 x g, T = 10°C). Collect the supernatant containing
phycobiliprotein (crude extract) and store it at 4°C
(Bermejo et al., 2003).

2) Liquid nitrogen grinding treatment: Proper amount of
microalgal biomass was loaded into a mortar and mixed
with the appropriate amount of liquid nitrogen and
ground into powder, during which the liquid nitrogen
is continuously loaded. Deionized water was added
to dissolve the power, and the suspension was finally
centrifuged for 10 min (12,000 x g, T = 10°C) to collect
the supernatant (Chopin et al., 2000).

3) Sonication treatment with bead milling: This method was
used as described by Zheng et al. (2011). The proper
amount of microalgal biomass was dissolved in deionized
water, and then a small steel ball with 3 mm diameter
was added. Then, the mixture was sonicated four times
for 60 s in a water/ice bath, with a 60 s pause in-between
(to avoid phycobiliprotein degradation). The suspension
was finally centrifuged, and the supernatant containing the
phycobiliproteins (crude extract) was collected and stored
at 4°C.

Phycoerythrin Purification and

Identification

In this study, we used algal mud or powder for extraction;
accordingly, 10 ml of 18 MQ Milli-Q pure water was added
for 0.3 g. The method of Romana et al. (2002) was used to

purify the crude PE extract. First, ammonium sulfate was added
to the aqueous phycobiliproteins extract to make the saturation
reach 20% for 3 h, and then, the mixture was centrifuged at
8,500 x g for 10 min to remove impurities. Next, ammonium
sulfate was added to reach 60% saturation overnight at 4°C and
then centrifuged again to obtain PE precipitate. Then, the target
PE was re-dissolved in a small amount of ionized water and stored
at 4°C. The PE content was calculated as described above, and the
purity was calculated as the absorbance ratio of 545/280 nm.

Phycoerythrin identification was determined using the SDS-
PAGE method and spectroscopic methods. For SDS-PAGE,
electrophoresis was carried out in a vertical slab gel apparatus
(Miniprotean III, Bio-Rad) according to the tricine buffer
system described by Schagger and Jagow (1987) using a 16.5%
polyacrylamide slab gel containing 0.1% (w/v) SDS with a
stacking gel of 4% polyacrylamide. Samples were pre-incubated
with buffer at ratio 4:1 at 95°C for about 10 min. Gels were run
45 min with 120 V constant voltage at room temperature and
visualized by staining for 30 min with 0.1% (w/v) Coomassie
Brilliant Blue R-250, 40% methanol (v/v) with 7% (v/v) acetic
acid, and destained in dilute acetic acid. For the spectroscopic
method, the PE was fully wavelength scanned.

Exopolysaccharides Extraction and
Analysis

As described above, microalgal culture was centrifuged and
the supernatant was collected. A volume of ethanol was added
to the supernatant [supernatant:ethanol = 1:3 (v/v)] and fully
mixed overnight, and the temperature was kept at 4°C. To avoid
the disturbance of monosaccharides and oligosaccharides, the
supernatant was dialyzed using a dialysis bag of 8 kDa. After that,
the dialyzed sugar solution was precipitated with ethanol once
again. Finally, the EPS was freeze-dried in vacuo.

The physicochemical properties of EPS were determined. First
of all, the sulfate content was determined using the barium sulfate
turbidity method (Zhang, 2003). The concentration of glucuronic
acid was measured using the sulfuric acid-carbazole colorimetry
method (Dodgson and Price, 1962). The rheological properties of
polysaccharide aqueous solutions were measured using an NDJ-
8S digital viscometer with a 2-size rotor (Shanghai, China).

RESULTS

Growth and Active Compounds

Accumulation Indoor

Microalga P. cruentum was cultivated in different mediums for
15 days, and the biomass, PE, and EPS contents were analyzed
every 3 days. On the whole, P. creuntum showed marked
differences in growth and active compounds accumulation in
ASW, BGl1-seawater, f/2, and 4f culture medium (Figure 1).
Under a light intensity of 100 pumol photon/m? s, a lag phase
of 4 days, 8 days of exponential phase, and 3 days of reduction
phase were observed for the four culture mediums evaluated.
The lowest biomass production was observed at the {/2 culture
medium, the maximum specific growth rate and productivity
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FIGURE 1 | Biomass (A), phycoerythrin (B), and exopolysaccharides (C)
contents of P. cruentum in different culture mediums.

values were higher for the biomass with a culture medium of
ASW, and the multiplication time of microalgal cells was shorter,
compared with the condition of the other culture medium.
Opverall, the culture reached a maximum biomass concentration
at day 12 with 3.48, 3.52, 2.55, and 2.88 g/L for ASW, S-BGl11, /2,
and 4f, respectively.

Phycoerythrin production by P. cruentum was also analyzed
under different culture mediums, and it showed similar lag phases
among these culture mediums (Figure 1B). A maximum PE
concentration of 15.14 mg/L was observed in the ASW culture
medium on the 12th day. Lower PE content was observed in the

f/2 culture medium. The EPS production by P. cruentum under
different culture mediums is presented in Figure 1C. The four
culture mediums showed a similar trend, and EPS production
increased at the first 12 days of culture and showed a downward
trend in the last 3 days. The maximum EPS concentration
was observed on the 12th day of culture with 169.72, 191.88,
127.24, 136.67 mg/L, respectively. These could be associated
with the fact that the mediums had different nutrient factors
and concentrations.

At the base of the optimal medium, we investigated the
effects of CO, concentration on P. cruentum growth, PE, and
EPS production (Figure 2). The biomass production from the
culture of the P. cruentum under different CO, concentrations
is presented in Figure 2A. Overall, a lag phase of 3 days was
observed, the culture reached a maximum biomass concentration
at day 12, and then, the growth inhibited in the last 3 days.
When the concentration of CO, was 3%, it resulted in the
maximum biomass production of 4.52 g/L. The maximal biomass
production for treatments with CO, concentrations of 0.04,
1, and 5 were 2.94, 3.68, and 4.24 g/L, respectively. The PE
production by P. cruentum under different CO, concentrations
is presented in Figure 2B. A maximum PE concentration of
18.37 mg/L was observed at 5% CO; on the 12th day of culture.
Similarly, 18.17 mg/L PE was determined at 3% CO, on the
12th day. The PE content was lower when the concentration
of CO; was 0.04% in the first 6 days. Similar to the biomass,
the highest values of PE content were observed under 3% CO,
concentration. The results of EPS concentration under different
CO; concentrations are shown in Figure 2C. Overall, the culture
reached a maximum EPS concentration at day 12, with 137.17,
152.15, 202.39, and 218.4 mg/L. Furthermore, the highest values
of EPS content were obtained under the CO, concentration of
5%. The high EPS content was determined at 3% CO, obtained on
the 12th day. The EPS content was lower when the concentration
of CO, was 0.04%. The experiments performed in ASW culture
medium at 3% CO; concentration resulted in a maximum PE and
biomass production after 12 days.

Growth and Active Compounds

Accumulation Outdoor

On the above results indoor, we cultivated P. cruentum in ASW
medium in the 700 L pressurized tubular PBR and offered
compressed air with 3% CO, outdoor. The biomass and EPS
production of P. cruentum were continuously monitored during
the cultivation period. Five days of lag stage and 4 days of
growth stage were observed (Figure 3B). P. cruentum reached
its maximum biomass production of 0.85 g/L on the 9th day of
culture. During the last 2 days of cultivation, the growth rate
reduced and the biomass was inhibited. The EPS concentration
for P. cruentum culture in the tubular PBR is shown in Figure 3A;
a slow growth phase for 5 days and a stable growth phase were
observed. The maximum EPS concentration of 11.41 mg/L was
obtained on the 9th day of culture (Figure 3C). The difference
in the results obtained between outdoor and indoor experiments
may be due to uncontrollable factors, such as light intensity and
temperature and the low inoculation.
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FIGURE 2 | Biomass (A), phycoerythrin (B), and exopolysaccharides (C)
contents of Porphyridium cruentum in ASW with different CO» concentrations.

Extraction of Phycoerythrin via Different
Methods

In this study, we used three different methods to extract PE from
P. cruentum cells and measured its concentrations and purity
(Figure 4). The concentrations of PE from P. cruentum were 7.99,
5.27,and 6.34 mg/L for repeated freeze-thawing treatment, liquid
nitrogen grinding, and sonication with bead milling, respectively.
From the data, the repeated freeze-thawing treatment, which we
adopted in indoor cultivation, could reach the highest extraction
efficiency. Being different from the PE extraction concentrations,
the three extraction methods did not show significant effects on
the purities of PE. As illustrated in Figure 4, the PE purities of
0.82,0.91, and 0.83 were obtained, respectively, from P. cruentum
for the abovementioned three extraction methods.

Analysis of Phycoerythrin Extraction
Ultraviolet absorption spectra of PE extraction via liquid nitrogen
grinding method are presented in Figure 5A. The spectrum of PE
displayed two maxima, namely, 545 and 564 nm; and exhibited
only a slight shoulder at 499 nm. According to the ultraviolet
absorption characteristics, there are mainly two types of PE in
red microalga, namely, B-PE and R-phycoerythrin (R-PE). B-PE
exhibits two absorption peaks at 545 and 564 nm, and one
absorption shoulder at 499 nm; R-PE exhibits two characteristic
absorption peaks at 499 and 564 nm, and one absorption shoulder
at 545 nm (Glazer, 1984; Hilditch et al., 1991; Galland-Irmouli
et al., 2000). It can be concluded that the PE fraction extracted
and purified in this study is B-PE.

The purification was followed by electrophoretic experiments
to confirm it. In this way, the electrophoretic analysis was
carried out using the fraction obtained above (Figure 5B). By
comparison with standards, we mainly obtained a molecular mass
of 16,500 Da. It is similar to the band of the PE complex extracted
from the marine red alga Griffithsia pacifica (Zhang et al., 2017).

Analysis of Exopolysaccharides

In this study, we used the ultraviolet spectrum scanning
method to evaluate the EPS extraction. According to the
examination, there was no obvious characteristic absorption peak
at 280 nm; it can be concluded that the crude polysaccharide
contains no protein (data not shown). The biological activity
of polysaccharides is usually related to their sulfate group and
uronic acid content. In this study, the crude polysaccharide
was configured into a 1 g/L solution for sulfate group and
uronic acid content detection. The sulfate group content and the
uronic acid content of the crude polysaccharide were 14.85% and
9.36%, respectively.

The rheological properties of polysaccharides are related to
their concentration. The viscosity of the solution increased
with the increment of the concentrations of the polysaccharide
solution which indicated thickening performance (Figure 6).
The polysaccharide solution showed significant shear-thinning
behavior; the viscosity of the solution decreased with the
increasing shear rate and exhibited the characteristics of
pseudoplastic fluids. With the increase in temperature (25-75°C),
the viscosity does not change much, which indicates that the
polysaccharide solution has higher heat resistance.

DISCUSSION

The culture medium can indicate the growth, PE, and EPS
accumulation of P. cruentum. This study showed that biomass
or growth rate of P. cruentum could reach its higher value in
artificial seawater water (ASW) medium and BG11-seawater (S-
BG11) (Figure 1A), which is in agreement with the results of the
previous study for Prophyridium (Coward et al., 2016). During
the cultivation period, the ASW and S-BG11 groups reached up
to 3.48 and 3.52 g/L of biomass concentration, which was mostly
higher than the concentrations reported in previous studies. The
maximum biomass concentrations in P. cruentum reported in the
studies by Razaghi et al. (2014) and Hu et al. (2018) were 1.61 and
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1.22 g/L, respectively. This may be due to the continuous supply
of available carbon during the entire cultivation period of this
study. Besides biomass, PE and EPS contents were significantly
different among these tested culture mediums due to abundant
nutrients. Overall, ASW results in significantly higher contents
in PE (15.14 mg/L) and EPS (191.88 mg/L) accumulation of
P. cruentum than S-BG11 and other mediums. Therefore, ASW
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FIGURE 4 | Phycoerythrin contents and purities of Porphyridium cruentum
with different extraction methods.

as the appropriate culture medium was used further in the
following studies.

Besides culture medium, environmental factors, such as
temperature, CO, concentration, and light regime, can directly
influence the photosynthetic rate and metabolic activity of
the microalga, thereby affecting the biomass and the overall
accumulation of active compounds in the microalga. Among
these, in scale cultivation outdoor, CO, concentration could
be easily adjustable, while light intensity and temperature are
not controllable. Therefore, in this study, the effect of CO,
concentration on biomass and active compounds was also
determined. Overall, with the increase of CO, concentration, the
biomass, PE, and EPS contents of P. cruentum increased. The
highest concentrations of PE (18.37 mg/L) and EPS (218.5 mg/L)
were achieved with 5% CO,; however, there was no significant
difference in biomass and PE between 3% and 5% CO,.

According to the abovementioned results, P. cruentum was
cultivated outdoor in a 700 L pressurized tubular PBR with
3% CO; supply in ASW (Figure 3). In this section, the
biomass of P. cruentum was significantly lower than those in
indoor cultivation, because of the intermittent illumination and
uncontrollable temperature outdoor. Light is an essential source
for autotrophic growth, and photosynthetic activity in microalga,
light intensity, and light regime leads to different changes, such
as photo-inhibition and photo-insufficient, even in dense culture
and thus can be detrimental to the final yield (Papageorgiou et al.,
2007). Moreover, the temperature is another major factor that
affects the growth rate and chemical composition of microalga.
Previous studies performed with microalgal strains have shown
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FIGURE 5 | Identification of phycoerythrin of Porphyridium cruentum via ultraviolet absorption spectra (A) and SDS-PAGE method (B).

that the optimal temperature was 18-25°C (Srirangan et al.,
2015). In outdoor cultivation, the temperature fluctuates up and
down and results in biomass reduction. P. cruentum cells secrete
EPS, which is considered an optimal ingredient in cosmetics
because of its excellent moisturizing properties. Our results
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FIGURE 6 | The viscosity of polysaccharides extracted from Porphyridium
cruentum. (A) Viscosity of polysaccharides at different concentrations. (B)
Viscosity of polysaccharides at different temperatures.

showed that the concentration of EPS gradually increased with
the culture time, but the accumulation of EPS indicated a
significant difference between indoor and outdoor cultivation
because the biomass was reduced outdoor (Figure 3B).

Microalga P. cruentum contains three types of
phycobiliproteins, namely, B-PE, PC, and APC (Marsac,
2003). Among these, B-PE is one of the most well-known
pigment-protein complexes that are involved in photosynthesis
in microalgal cells (Gough and Kannangara, 1979), and thus,
the PE accumulation is closely related to the change of light
quality (spectra composition), light intensity, and light regime
(Barth et al, 2014). Concerning the target production of
phycobiliproteins, it has been widely described as a preference
for low and medium intensities of light for the production
of these pigments (Rizzo et al, 2015). This can be explained
by the function of these compounds in the photosynthetic
apparatus. However, light intensity outdoor could reach a light
intensity higher than 4,000 lux; the phycobiliproteins, like
carotenoids, are not required to produce an increase in the range
of light absorption.

To obtain target phycobiliproteins, extraction and purification
procedures are required. According to the previous study (Mittal
et al, 2017), a crude extraction can be done by mechanical
disruption of the cell (ultrasonication, bead mill, or high-pressure
systems) or even by chemical osmotic extraction. In this study,
we used three methods (e.g., repeated freeze-thawing treatment,
liquid nitrogen grinding treatment, and sonication treatment
with beading milling) to extract the phycobiliprotein crude from
microalgal cells that were cultivated outdoor and compared the
extraction efficiency and purity of PE. As illustrated in Figure 4,
the highest extraction efficiency of PE was obtained via repeated
freeze-thawing treatment, while the highest purity of PE was got
via liquid nitrogen grinding treatment. The in-depth research
and optimization of extraction of phycobiliproteins to get higher
extraction efficiency and purity will be studied in the future.
Although the most utilized criterion to check the purity of
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biliprotein solutions is absorbance, the purity and identification
must be followed by electrophoretic experiments to confirm it.
In this way, the spectroscopic and electrophoretic analysis of
crude phycobiliprotein obtained from P. cruentum was carried
out. Electrophoretic analysis revealed broadband between 15 and
25 kDa, which could be assigned to subunits o and f, which
was consistent with the value reported previously (Zhang et al.,
2017). Figure 5 shows visible absorption, fluorescence emission,
and anisotropy spectra of purified B-PE from P. cruentum.
Absorbance maximum is 545 nm, whereas the fluorescence
emission maximum is 564 nm and the anisotropy spectrum is
similar to those earlier published for PEs from another red alga
(Maccoll, 1991).

In addition, the fundamental characteristics of EPS extracted
from P. cruentum were evaluated in this study (Figure 6).
Former literature introduced that EPS from red alga contains
B-1,3-glycosidic bonds and sulfates, which endow EPS with
antiviral, antioxidant, and radical-scavenging functions (Sun
et al., 2009). Our results showed that the sulfate content of EPS
from P. cruentum was 14.85% and the uronic acid content was
9.36%. Moreover, the polysaccharide solution shows a significant
shear-thinning behavior and has higher heat resistance.

CONCLUSION

It is clear from this study that culture medium, CO,
concentration, and light regime can affect the growth and active
compounds accumulation of P. cruentum. According to the
indoor experiment, optimal medium and CO, concentration
were chosen to cultivate P. cruentum in a 700 L pressurized
tubular PBR outdoor. However, uncontrollable factors including
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The dietary supplementation of Haematococcus pluvialis is a natural, safe, and
sustainable method for fish pigmentation. However, astaxanthin-rich H. pluvialis cysts
have a poor effect in pigmenting salmonid flesh due to their rigid and thick cell wall. H.
pluvialis thin-walled motile cells have recently attracted attention due to their potential
advantages in maintaining compound stability, easy digestion, enhancing the
bioavailability of carotenoids, and reducing production costs. This study aimed to
investigate the effect of various nitrogen concentrations and light intensities on
astaxanthin production in motile cells. We first investigated the effect of four different
concentrations of nitrogen on astaxanthin accumulation in motile cells. According to the
results, the motile cells had the highest astaxanthin concentration and content under the
0 N condition. Then, we compared the differences in astaxanthin production in motile cells
under three different light intensities under O N conditions. The results showed that after
four days of treatment, the protoplasts of the motile cells in the medium light (ML) group
and the high light (HL) group had distinct granularity. The cell mortality rate in the HL group
reached more than 15%, which was significantly higher than that in the low light (LL) and
ML groups, indicating that high light intensity was not suitable for inducing motile cells to
accumulate astaxanthin. There were no significant differences between the LL and ML
groups in astaxanthin content, motile cells percentage, and cell mortality rate. Considering
these indicators, we recommended inducing motile cells to produce astaxanthin under
low light conditions because it is more economical in terms of electricity consumption. This
study added to the knowledge that nitrogen and light affects the accumulation of
astaxanthin in H. pluvialis motile cells. The results would help determine the optimal
nitrogen and light conditions in astaxanthin production from motile cells.
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1 INTRODUCTION

Farmed fish is globally recognized as one of the healthiest foods
(Tacon and Metian, 2013) and plays a significant role in global
food security and nutrition strategies. With the continuous
increase in the scale of aquaculture, people have higher and
higher requirements for farmed fish. Fish flesh color plays an
important role in consumer sensory evaluation and sales price
(Hart and Colombo, 2022). While flesh color doesn’t directly
affect flesh quality, consumers often consider it as a sign that fish
is fresh and tasty or not (Yesilayer, 2020). Astaxanthin is the
main carotenoid responsible for the red or pink pigmentation of
most wild salmonids (Nogueira et al., 2021), and accounts for
more than 85% of the total carotenoid content in salmonids fresh
(Torrissen et al,, 1995). Feeding salmonids’ diets containing
astaxanthin has become the main means of improving their
flesh and skin color (Tejera et al., 2007; Kalinowski et al., 2011;
Rahman et al., 2016). At present, synthetic astaxanthin occupies
more than 95% of the market share astaxanthin (Shah et al,
2016), which is widely used in aquaculture due to its lower
production cost (Panis and Garreon, 2016; Li et al., 2020a).
However, it has raised consumer concerns about food safety,
pollution, and sustainability due to synthetic astaxanthin derived
from petrochemicals (Li et al., 2011; Stachowiak and Szulc,
2021). Consumer preference is shifting towards nature
astaxanthin (Young et al., 2017; Viera et al., 2018).

Microalgae as fish feed additives have advantages in terms of safe
availability of ingredients, ease of cultivation operations, and
sustainability of production. H. pluvialis could accumulate high
levels of astaxanthin (3-5% dry weight) (Lorenz and Cysewski, 2000;
Ambati et al,, 2014) and is regarded as the most potent natural
source of astaxanthin (Bowen et al., 2002). Several studies indicated
that dietary supplementation of H. pluvialis would improve the
color, immune and antioxidant capacity of fish (Moretti et al., 2006;
Sheikhzadeh et al., 2012; Li et al., 2018; Yu et al., 2021). However, H.
pluvialis red cysts typically have thick and less digestible cell walls
(Hagen et al., 2002; Shah et al, 2016), which reduce the
bioavailability of astaxanthin (Sommer et al, 1991; Choubert
et al, 2006). As a result, the tissue pigmentation levels of fish fed
H. pluvialis were generally lower than those in fish fed synthetic
astaxanthin (Choubert et al., 2006; Li et al., 2014). Recent studies
suggested that whole-celled H. pluvialis with thin cell walls achieves
the same efficiency at pigmenting the flesh of rainbow trout as
synthetic astaxanthin (Hart and Colombo, 2022). It was attributed
to the ease of digestion of H. pluvialis thin-walled cells.

There are various types of cells in the H. pluvialis life cycle,
including motile cells, nonmotile cells, and red cyst cells (Li et al,
2019a), and only motile cells have thin cell walls. More attention has
been paid in the past periods to enhancing astaxanthin
accumulation in the thick-walled cysts (Boussiba and Vonshak,
1991; Kobayashi et al., 1997; Li et al., 2019b; Fang et al., 2020), but
less attention has been paid to motile cells. Previous studies have
shown that nitrogen and light intensity play critical roles in the
astaxanthin accumulation in H. pluvialis (Borowitzka et al., 1991;
Fabregas et al., 1998; Orosa et al., 2005). However, little is known
about the effects of nitrogen and light intensity on astaxanthin
accumulation in motile cells. In this study, we first investigated the

effect of four different concentrations of nitrogen on the
accumulation of astaxanthin in motile cells and determined the
optimal nitrogen concentration to induce motile cells to produce
astaxanthin. The effect of three light intensities on the astaxanthin
accumulation in motile cells were then investigated at this nitrogen
concentration. The results would help determine the optimal
nitrogen and light conditions in the production of astaxanthin
from H. pluvialis motile cells.

2 MATERIALS AND METHODS

2.1 H. pluvialis Strain and Growth
Conditions

H. pluvialis CCMA-451 (Genbank accession number
MG847145) was acquired from the Center for Collections of
Marine Algae of Xiamen University (CCMA). The motile cells
were grown photoautotrophically in liquid 3N-BBM (Bold Basal
Medium) at 30 umol m™ s* (side, white light) for 10 days.

2.2 Experimental Design

The first experiment was the effect of different nitrogen
concentrations on astaxanthin accumulation in motile cells. Four
different nitrogen (NaNOs) concentrations were tested, including
0 N, 0.5-fold N, 1-fold N (250 mg/L), and 3N. The experiment was
carried out under the condition of 30 wmol m™ s light intensity.

For the second experiment, under the conditions of nitrogen
concentration screened in experiment 1, motile cells were treated
under the conditions of nitrogen concentration screened in
experiment 1 with three light intensities: 30, 80, and 150 pmol
m?s?, representing a low (LL), medium (ML), and high light
(HL), respectively.

The 10-day-old motile cells were collected by centrifugation
(3000 rpm, 2 min) for experiments. All experimental groups
were performed in 1 L glass columns (inner diameter 5 cm) at an
initial optical density of 0.5 (ODsg) in 25 + 1°C for 4 days, with
three parallels per group. The cultures were mixed by continuous
bubbling with 1.5% CO, gas at 0.5 vvm.

2.3 Analytical Methods

For cell numbers determination, samples were fixed with Lugol’s
iodine solution first, and then the cell number was counted by a
Neubauer improved cell counting chamber under Olympus BX53
light microscope.

Dry weight (DW) is determined daily according to Li et al.
(2019a). Briefly, 10 mL algal suspension were filtered by passing
through a pre-weighed (m,;) filter paper (47 mm, 1.2 um,
Whatman GF/C). Then dry the filter paper overnight at 90 °C
to a constant weight (m,). The DW was calculated with Eq. 1.

DW = (my —my;) x 10°/10 (1)

Astaxanthin concentration (AC) is determined by the photometric
method (Li et al,, 2020b). Briefly, algal cells were collected from a 10
mL sample by centrifugation (3000 rpm, 2 min) and then treated
with 5% (w/v) KOH in 30% (v/v) methanol at 75 °C for 10 min. The
remaining pellet was added 25 UL acetic acid first and then extracted

Frontiers in Marine Science | www.frontiersin.org

26

May 2022 | Volume 9 | Article 909237


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Lietal

Astaxanthin Accumulation in Motile Cells

with 5 mL DMSO for 10 min in a water bath at 75 °C. The
supernatant was collected after centrifugation (10000 rpm, 5 min).
The extraction procedure was repeated several times until the pellet
became colorless. Finally, the absorbance of the extract was
measured at a wavelength of 492 nm.

AC =45 X Ay, x V, /10 )

where A9, was the absorbance of extracts at 492 nm and V, was the
volume of extracts.

The morphological changes of algal cells were examined daily
using Olympus BX53 light microscope and the
microphotographs were taken with an Olympus DP74 digital
camera. Since the shape of motile cells is irregular, the cell size is
characterized by the protoplast length and measured by Olympus
application software with an internal reticle scale. No less than
300 cells per group were used for cell size statistics.

All data were subjected to an analysis of variance (ANOVA),
and differences at p < 0.05 were considered statistically significant.

3 RESULTS

3.1 The Effect of Different Nitrogen
Concentrations on Astaxanthin

Production in Motile Cells

3.1.1 Microalgae Growth

The effect of different nitrogen concentrations on the dry
weight is shown in Figure 1B. During the first three days of
culture, the dry weight development trend of the four groups
was the same, and no significant differences were observed.
However, on the 4th day of treatment, the dry weight growth of
the 0 N group slowed down significantly, while the other three

groups continued to maintain a sustained increase. After four days of
cultivation, the maximum dry weight of the 0N, 0.5N, 1 Nand 3 N
groups reached 1.02 £ 0.08 gL', 125 £ 002 g L', 1.15+ 0.02 g L
and 1.19 + 0.04 g L', respectively.

3.1.2 Astaxanthin Production
It can be seen from Figure 1C that the astaxanthin concentration
of the 0 N and 0.5 N groups shows a similar growth trend, and
the astaxanthin concentration growth trend of the 1 N and 3 N
groups is similar. The 0 N and the 0.5 N groups showed rapid
growth at first and then slowed down after one day of treatment,
while the astaxanthin concentration of the 1 N group and the 3N
group showed a stable growth trend within four days. After four
days of treatment, the astaxanthin concentration in the 0 N
group has the highest value of 3.50 + 0.10 mg L™, followed by the
0.5 N group and the 1 N group with the value of 3.12 £+ 0.19 mg
L' and 2.93 + 0.05 mg L"". The 3 N group had the lowest
astaxanthin concentration with a value of 2.76 + 0.09 mg L.
The astaxanthin content of the four cultures at the end of
cultivation is calculated, and the results is shown in Figure 1D. A
trend is observed that the lower the nitrogen concentration, the
higher the astaxanthin content. The 0 N group had the highest
astaxanthin content at 0.31 + 0.02%, while the 3N group had the
lowest at 0.20 £ 0.01%.

3.2 The Effect of Different Light Intensity
on Astaxanthin Production in Motile Cells
Under Nitrogen Starvation

3.2.1 The Cell Morphological Changes

As shown in Figure 2A, the motile cell morphological changes at
different light intensities are observed under the light
microscope. The motile cells protoplast was enclosed by a

(red), 1 N (green), and 3 N (yellow) group.
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FIGURE 1 | The color changes (A), dry weight (B), astaxanthin concentration (C), and astaxanthin content (D) of H. pluvialis motile cells in the O N (blue), 0.5 N
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swollen and gelatinous cell wall layer. After culturing for one day
under nitrogen starvation, a small amount of orange-red
pigment was observed in the motile cells treated with different
light intensities. With the increase of treatment time, the motile
cells of the three groups gradually changed from green to red due
to astaxanthin accumulation. After being exposed to HL for two
days, the gelatinous extracellular matrix outside the protoplasts
of some motile cells disappeared, and a few motile cells
developed into cysts with thickened cell walls. After four days
of treatment, the protoplasts of motile cells in the ML and HL
groups had distinct granularity, but the granularity of cells in the
LL group was weak.

3.2.2 Microalgae Growth
The effect of light intensity on the cell number of motile cells
under nitrogen starvation is shown in Figure 2B. During the first
two days of culture under nitrogen starvation conditions, the
number of cells in the three groups showed an upward trend. The
cell number in the ML and HL groups reached the maximum
value on the second day, at 5.3x10> cells mL™" and 5.2x10° cells
mL™, respectively, and then rapidly decreased until the end.
However, the number of cells in the LL group reached a
maximum value of 6.2x10° cells mL™" after three days of
culture, significantly higher than the ML and HL group.

Figure 2C shows the changes in dry weight in different light
intensity groups. Dry weights of the three groups show a similar
trend, increasing with culture time, peaking on the third day, and
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FIGURE 2 | The cell morphological changes (A), cell number (B), dry weight (C), and astaxanthin concentration (D) of H. pluvialis in the LL (blue), ML (red), and HL
(green) group.

then decreasing until the end of the 4-day cultivation. After four
days of cultivation, the HL group showed the highest dry weight,
followed by the ML group, and the LL group had the lowest dry
weight. All the maximum dry weight of each group appeared on
the third day of culture, and it was 1.11 + 0.05 g L" in the HL
group, 0.91 + 0.02 g L in the ML group, and 0.91 + 0.06 g L™ in
the LL group (Table 1).

3.2.3 Astaxanthin Production

The changes in astaxanthin concentration in different light
intensity groups are shown in Figure 2D. The concentrations
of astaxanthin in the three groups showed an upward trend with
the increase of culture time. A significant difference in
astaxanthin concentrations among the three groups was
observed, with the highest in the HL group, followed by the
ML group, and the lowest in the LL group. The maximum
astaxanthin concentration values of the three groups all
appeared at the end of the 4-day cultivation. As shown in
Table 1, the maximum astaxanthin concentration of the HL
group reached 3.04 + 0.04 mg L', the ML group was 2.69 + 0.05
mg L', and the LL group was 2.51 + 0.02 mg L.

We calculated the astaxanthin content of the three cultures at
the end of cultivation. As shown in Table 1, no difference in
astaxanthin content was observed between LL and ML groups,
with values of 0.32 + 0.02% and 0.32 + 0.04%, respectively, while
the astaxanthin content in the HL group was lower than that in
the other two groups, with a value of 0.29 + 0.02%.
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TABLE 1 | The maximum dry weight and astaxanthin concentration, percentage of motile cells, cell mortality rate, and cell size in the LL, ML, and HL group.

Parameters LL ML HL

The maximum dry weight (g L) 0.91 + 0.06 0.91 £ 0.02 1.11 £ 0.05
The maximum astaxanthin concentration (mg L™ 2.51 +0.02 2.69 + 0.05 3.04 £ 0.04
Astaxanthin content (%) 0.32 + 0.02 0.32 + 0.04 0.29 + 0.02
Percentage of motile cells (%) 87.7+16 88.1+1.5 828+ 1.4
Cell mortality rate (%) 105+ 1.6 98+13 1561 £0.7
Cell size (um) 21.72 £ 3.82 23.67 + 4.63 23.22 + 5.05

3.2.4 Motile Cells Percentage, Cell Mortality Rate,
and Cell Size

The motile cells percentage, cell mortality rate, and cell size at the end
of the 4-day cultivation were analyzed, and the results are shown in
Table 1. Among the three groups, the motile cells percentage and cell
size in the ML group were 88.1 + 1.5% and 23.67 + 4.63 m, which
were higher than those in the LL and HL groups, respectively, while
the cell mortality rate in the ML group reached 9.8 + 1.3%, which was
smaller than that in the other two groups. The HL group had the
lowest motile cells percentage and highest cell mortality rate among
the three groups, with the value of 82.8 + 1.4% and 15.1 + 0.7%,
respectively. The cell size in the LL group was the lowest among the
three groups, with a value of 21.72 + 3.82 pum.

4 DISCUSSION

Astaxanthin accumulation in H. pluvialis is normally accompanied
by the formation of encystment (Boussiba, 2000). During
encystment, a voluminous multilayered cell wall, including
trilaminar sheath and secondary wall, is formed with a
significantly hardening and thickening (Monstsant et al., 2001;
Hagen et al,, 2002; Wang et al., 2003). Although the formation of
thick cell walls is favorable for the large quality astaxanthin
accumulation in H. pluvialis (Li et al., 2019a), it is regarded as
one of the main factors in reducing the coloration efficiency and
bioavailability of astaxanthin when fed to salmonids and other
commercial species (Sommer et al., 1991; Young et al, 2017).
Previous studies have shown that breaking H. pluvialis cysts can
improve the astaxanthin deposition rate in trout flesh (Sommer
et al, 1991). But, disruption of H. pluvialis cyst cell walls often
require mechanical, chemical, or enzymatic means, and all of these
processes are currently highly energy-intensive and expensive
(Tibbetts, 2018). In addition, these processes can decrease the
stability of astaxanthin and reduce the shelf life of the compound
(Han et al,, 2013). In contrast, thin-walled H. pluvialis can use whole
cells as a source of astaxanthin, which has potential advantages in
maintaining compound stability, easy digestion, enhance
bioavailability of carotenoids, and reducing production costs.
Astaxanthin is accumulated in H. pluvialis under growth-
limiting conditions, such as nutrient deprivation, high light, and/
or high salinity (Lemoine & Schoefs, 2010; Chekanov et al., 2014;
Scibilia et al., 2015; Solovchenko, 2015; Oslan et al., 2021). Nitrogen
is one of the essential nutrients that affect cell growth and enzymatic
activity of H. pluvialis (Zhang et al., 2018). Previous studies showed
that nitrogen deficiency inhibited H. pluvialis chlorophyll
biosynthesis and promoted chlorophyll b degradation, PTOX

activity, and cyclic electron transport (Scibilia et al., 2015). The
reduction of chlorophyll content resulted in the limitation of the
cell's ability to maintain photosynthetic function (Young and
Beardall, 2003). In this case, H. pluvialis accumulated large
amounts of carbon in the form of carotenoids and lipids (Sun
et al,, 2018). In the present study, we observed that the lower the
nitrogen concentration, the higher the astaxanthin content in motile
cells. The results are consistent with previous reports that nitrogen
deficiency can stimulate astaxanthin synthesis (Borowitzka et al,
1991; Fabregas et al., 1998).

Light intensity is another one of the most significant factors in
the induction of astaxanthin accumulation (Oslan et al., 2021). Tt
can cause oxidative stress and promote the excess of reactive oxygen
species in algal cells, thereby activating the biosynthesis of
astaxanthin (Han et al, 2012). It has been reported that within
the first three days of high light induction, the non-photochemical
quenching (NPQ) of H. pluvialis cells decreased dramatically, while
the chlorophyll a/b ratio increased transiently. In contrast, under the
high light combined with nitrogen starvation, cells exhibited a
sustained increase in chlorophyll a/b ratio and a rapid rise in
NPQ induction. In addition, the PSII quantum yield decreased by
20% under high light conditions, while the Fv/Fm remained stable
under the combined induction of high light and nitrogen deficiency
(Scibilia et al,, 2015). Scibilia et al. (2015) believed that nitrogen
starvation enhanced the stress response of H. pluvialis, inducing
cells to rapidly counteract high-irradiation-induced photooxidative
stress, thereby improving the resistance of cells to photo-oxidation.
However, motile cells of H. pluvialis are sensitive to light intensity,
and the PSII core subunits of cells are degraded when exposed to
high light conditions (Han et al.,, 2012). In this study, after four days
of culture, the cell mortality rate in the HL group reached more than
15%, which was significantly higher than that in the LL and ML
groups, indicating that high light intensity was not suitable for
inducing motile cells to accumulate astaxanthin. In addition, no
significant differences were observed in astaxanthin content, motile
cells percentage, and cell mortality rate between the LL and ML
groups. Considering low light is more economical in terms of
electricity consumption, we recommend that low light as the light
condition for motile cells to accumulate astaxanthin under
nitrogen starvation.

We have to point out that the astaxanthin content obtained in
the current study was not high. It may account for the short
irradiation time. Considering that prolonged induction can lead
to an increase in the number of thick-walled cysts, further work
investigating the relationship between the induction period and the
percentage of motile cells and astaxanthin content is needed with
the aim to determine the optimal induction period. In addition,
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according to Butler et al. (2018), the intracellular astaxanthin
content of H. pluvialis motile cells can reach up to 2.7% of dry
weight. It is indicated that there is still large improvement room for
astaxanthin content in motile cells. Therefore, more effort to
optimize induction conditions would be needed for improving
astaxanthin production by motile cells. Phosphorus deficiency
(Imamoglu et al, 2009) or high salt (Tam et al, 2012) can
promote astaxanthin accumulation. However, phosphorus
deficiency (Boussiba and Vonshak, 1991; Li et al., 2021) and high
salt (Droop, 1955; Li et al,, 2021) can induce cyst formation in H.
pluvialis. Further study on optimizing the astaxanthin production
by motile cells should take into account this aspect.

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.

REFERENCES

Ambati, R. R, Phang, S. M., Ravi, S., and Aswathanarayana, R. G. (2014).
Astaxanthin: Sources, Extraction, Stability, Biological Activities and Its
Commercial Applications—A Review. Mar. Drugs 12 (1), 128-152.
doi: 10.3390/md12010128

Borowitzka, M. A., Huisman, J. M., and Osborn, A. (1991). Culture of The
Astaxanthin-Producing Green Alga Haematococcus Pluvialis 1. Effects of
Nutrients on Growth and Cell Type. J. Appl. Phycol. 3 (4), 295-304.
doi: 10.1007/BF02392882

Boussiba, S. (2000). Carotenogenesis in The Green Alga Haematococcus Pluvialis:
Cellular Physiology and Stress Response. Physiol. Plantar. 108 (2), 111-117.
doi: 10.1034/j.1399-3054.2000.108002111.x

Boussiba, S., and Vonshak, A. (1991). Astaxanthin Accumulation in The Green
Alga Haematococcus Pluvialis. Plant Cell Physiol. 32 (7), 1077-1082.
doi: 10.1093/oxfordjournals.pcp.a078171

Bowen, J., Soutar, C., Serwata, R. D., Lagocki, S., White, D. A., and Davies, S. J.
(2002). Utilization of (3S, 3'S) Astaxanthin Acyl Esters in Pigmentation of
Rainbow Trout (Oncorhynchus Mpykiss). Aquacult. Nutr. 8 (1), 59-68.
doi: 10.1046/j.1365-2095.2002.00190.x

Butler, T. O., McDougall, G. J., Campbell, R,, Stanley, M. S., and Day, J. G. (2018).
Media Screening for Obtaining Haematococcus Pluvialis Red Motile
Macrozooids Rich in Astaxanthin and Fatty Acids. Biology 7 (1), 2.
doi: 10.3390/biology7010002

Chekanov, K., Lobakova, E., Selyakh, I., Semenova, L., Sidorov, R., and
Solovchenko, A. (2014). Accumulation of Astaxanthin by A New
Haematococcus Pluvialis Strain BM1 From The White Sea Coastal Rocks
(Russia). Mar. Drugs 12 (8), 4504-4520. doi: 10.3390/md12084504

Choubert, G., Mendes-Pinto, M. M., and Morais, R. (2006). Pigmenting Efficacy of
Astaxanthin Fed to Rainbow Trout Oncorhynchus Mykiss: Effect of Dietary
Astaxanthin and Lipid Sources. Aquaculture 257 (1-4), 429-436. doi: 10.1016/
j.aquaculture.2006.02.055

Droop, M. R. (1955). Some Factors Governing Encystment in Haematococcus
Pluvialis. Arch. Fiir. Mikrobiol. 21, 267-272. doi: 10.1007/BF00412349

Fabregas, J., Dominguez, A., Alvarez, D. G., Lamela, T., and Otero, A. (1998).
Induction of Astaxanthin Accumulation by Nitrogen and Magnesium
Deficiencies in Haematococcus Pluvialis. Biotechnol. Lett. 20 (6), 623-626.
doi: 10.1023/A:1005322416796

Fang, L., Zhang, J., Fei, Z., and Wang, M. (2020). Astaxanthin Accumulation
Difference Between Non-Motile Cells and Akinetes of Haematococcus Pluvialis
Was Affected by Pyruvate Metabolism. Biores. Bioprocess. 7 (1), 1-12.
doi: 10.1186/540643-019-0293-1

AUTHOR CONTRIBUTIONS

FL: data curation, methodology, and writing-original draft. YW:
investigations. MC: writing-review and editing. QL:
investigations. ZQ: investigations. JL: investigations. YZ:
methodology. NZ: methodology. XH: project administration
and resources. CL: project administration and resources. All
authors contributed to the article and approved the
submitted version.

FUNDING

This research was mainly supported by Program for Scientific
Research Start-up Funds of Guangdong Ocean University
(grant number 060302022102) and Marine Economic
Development Special Fund of Fujian Province (FJHJF-L-
2021-5).

Hagen, C., Siegmund, S., and Braune, W. (2002). Ultrastructural And Chemical
Changes in The Cell Wall of Haematococcus Pluvialis (Volvocales,
Chlorophyta) During Aplanospore Formation. Eur. J. Phycol. 37 (2), 217~
226. doi: 10.1017/80967026202003669

Han, D., Li, Y., and Hu, Q. (2013). Astaxanthin in Microalgae: Pathways,
Functions and Biotechnological Implications. Algae 28 (2), 131-147.
doi: 10.4490/algae.2013.28.2.131

Han, D., Wang, J., Sommerfeld, M., and Hu, Q. (2012). Susceptibility And
Protective Mechanisms of Motile and Non-Motile Cells of Haematococcus
Pluvialis (Chlorophyceae) to Photooxidative Stress. J. Phycol. 48 (3), 693-705.
doi: 10.1111/§.1529-8817.2012.01147.x

Hart, B., and Colombo, S. M. (2022). Eftects of a Novel Weakened Whole-Cell
Form of Haematococcus Pluvialis on Flesh Pigmentation of Rainbow Trout
(Oncorhynchus Mykiss) When Compared to Synthetic Astaxanthin. Aquacult.
Res. 53 (6), 2408-2319. doi: 10.1111/are.15758

Imamoglu, E., Dalay, M. C., and Sukan, F. V. (2009). Influences of Different Stress
Media and High Light Intensities on Accumulation of Astaxanthin in The
Green Alga Haematococcus Pluvialis. New Biotechnol. 26 (3-4), 199-204.
doi: 10.1016/j.nbt.2009.08.007

Kalinowski, C. T., Robaina, L. E., and Izquierdo, M. S. (2011). Effect of Dietary
Astaxanthin on The Growth Performance, Lipid Composition and Post-
Mortem Skin Colouration of Red Porgy Pagrus Pagrus. Aquacult. Int. 9 (5),
811-823. doi: 10.1007/510499-010-9401-0

Kobayashi, M., Kurimura, Y., and Tsuji, Y. (1997). Light-Independent, Astaxanthin
Production by The Green Microalga Haematococcus Pluvialis Under Salt Stress.
Biotechnol. Lett. 19 (6), 507-509. doi: 10.1023/A:1018372900649

Lemoine, Y., and Schoefs, B. (2010). Secondary Ketocarotenoid Astaxanthin
Biosynthesis in Algae: A Multifunctional Response to Stress. Photosynthesis.
Res. 106 (1), 155-177. doi: 10.1007/s11120-010-9583-3

Li, F.,, Cai, M., Lin, M., Huang, X., Wang, J., Ke, H., et al. (2019a). Differences
Between Motile and Nonmotile Cells of Haematococcus Pluvialis in The
Production of Astaxanthin at Different Light Intensities. Mar. Drugs 17 (1),
39. doi: 10.3390/md17010039

Li, F,, Cai, M., Lin, M., Huang, X., Wang, J., Ke, H., et al. (2020b). Enhanced
Biomass and Astaxanthin Production of Haematococcus Pluvialis by A Cell
Transformation Strategy With Optimized Initial Biomass Density. Mar. Drugs
18 (7), 1-7. doi: 10.3390/md18070341

Li, F., Cai, M, Lin, M., Huang, X., Wang, J., Zheng, X,, et al. (2019b). Accumulation
of Astaxanthin Was Improved by The Nonmotile Cells of Haematococcus
Pluvialis. BioMed. Res. Int. 2019, 1-7. doi: 10.1155/2019/8101762

Li, F, Huang, S, Lu, X,, Wang, J., Lin, M., An, Y., et al. (2018). Effects of Dietary
Supplementation With Algal Astaxanthin on Growth, Pigmentation, And

Frontiers in Marine Science | www.frontiersin.org

30

May 2022 | Volume 9 | Article 909237


https://doi.org/10.3390/md12010128
https://doi.org/10.1007/BF02392882
https://doi.org/10.1034/j.1399-3054.2000.108002111.x
https://doi.org/10.1093/oxfordjournals.pcp.a078171
https://doi.org/10.1046/j.1365-2095.2002.00190.x
https://doi.org/10.3390/biology7010002
https://doi.org/10.3390/md12084504
https://doi.org/10.1016/j.aquaculture.2006.02.055
https://doi.org/10.1016/j.aquaculture.2006.02.055
https://doi.org/10.1007/BF00412349
https://doi.org/10.1023/A:1005322416796
https://doi.org/10.1186/s40643-019-0293-1
https://doi.org/10.1017/S0967026202003669
https://doi.org/10.4490/algae.2013.28.2.131
https://doi.org/10.1111/j.1529-8817.2012.01147.x
https://doi.org/10.1111/are.15758
https://doi.org/10.1016/j.nbt.2009.08.007
https://doi.org/10.1007/s10499-010-9401-0
https://doi.org/10.1023/A:1018372900649
https://doi.org/10.1007/s11120-010-9583-3
https://doi.org/10.3390/md17010039
https://doi.org/10.3390/md18070341
https://doi.org/10.1155/2019/8101762
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Lietal

Astaxanthin Accumulation in Motile Cells

Antioxidant Capacity of The Blood Parrot (Cichlasoma Citrinellum x
Cichlasoma Synspilum). J. Oceanol. Limnol. 36 (5), 1851-1859. doi: 10.1007/
s00343-019-7172-7

Li, X., Wang, X., Duan, C,, Yi, S., Gao, Z., Xiao, C,, et al. (2020a). Biotechnological
Production of Astaxanthin From The Microalga Haematococcus Pluvialis.
Biotechnol. Adv. 43, 107602. doi: 10.1016/j.biotechadv.2020.107602

Li, M., Wu, W, Zhou, P., Xie, F., Zhou, Q., and Mai, K. (2014). Comparison Effect
of Dietary Astaxanthin and Haematococcus Pluvialis On Growth Performance,
Antioxidant Status and Immune Response of Large Yellow Croaker
Pseudosciaena Crocea. Aquaculture 434, 227-232. doi: 10.1016/j.aquaculture.
2014.08.022

Li, F., Zhang, N., Zhang, Y., Lian, Q., Qin, C., Qian, Z, et al. (2021). NaCl Promotes
the Efficient Formation of Haematococcus Pluvialis Nonmotile Cells Under
Phosphorus Deficiency. Mar. Drugs 19 (6), 337. doi: 10.3390/md19060337

Li, J., Zhu, D., Niu, ], Shen, S., and Wang, G. (2011). An Economic Assessment of
Astaxanthin Production by Large Scale Cultivation of Haematococcus Pluvialis.
Biotechnol. Adv. 29 (6), 568-574. doi: 10.1016/j.biotechadv.2011.04.001

Lorenz, R. T., and Cysewski, G. R. (2000). Commercial Potential for
Haematococcus Microalgae as A Natural Source of Astaxanthin. Trends
Biotechnol. 18 (4), 160-167. doi: 10.1016/S0167-7799(00)01433-5

Montsant, A., Zarka, A., and Boussiba, S. (2001). Presence Of a Nonhydrolyzable
Biopolymer in The Cell Wall of Vegetative Cells and Astaxanthin-Rich Cysts of
Haematococcus Pluvialis (Chlorophyceae). Mar. Biotechnol. 3 (6), 515-521.
doi: 10.1007/s1012601-0051-0

Moretti, V. M., Mentasti, T., Bellagamba, F., Luzzana, U., Caprino, F., Turchini, G.
M., et al. (2006). Determination of Astaxanthin Stereoisomers and Colour
Attributes in Flesh of Rainbow Trout (Oncorhynchus Mykiss) As A Tool to
Distinguish the Dietary Pigmentation Source. Food Additive. Contaminant. 23
(11), 1056-1063. doi: 10.1080/02652030600838399

Nogueira, N, Canada, P., Caboz, J., Andrade, C., and Cordeiro, N. (2021). Effect of
Different Levels of Synthetic Astaxanthin on Growth, Skin Color and Lipid
Metabolism of Commercial Sized Red Porgy (Pagrus Pagrus). Anim. Feed. Sci.
Technol. 276, 114916. doi: 10.1016/j.anifeedsci.2021.114916

Orosa, M., Franqueira, D., Cid, A., and Abalde, J. (2005). Analysis and
Enhancement of Astaxanthin Accumulation in Haematococcus Pluvialis.
Biores. Technol. 96 (3), 373-378. doi: 10.1016/j.biortech.2004.04.006

Oslan, S. N. H.,, Shoparwe, N. F., Yusoff, A. H., Rahim, A. A,, Chang, C. S, Tan, J.
S.,etal. (2021). A Review on Haematococcus Pluvialis Bioprocess Optimization
of Green and Red Stage Culture Conditions for The Production of Natural
Astaxanthin. Biomolecules 11 (2), 256. doi: 10.3390/biom11020256

Panis, G., and Carreon, J. R. (2016). Commercial Astaxanthin Production Derived
by Green Alga Haematococcus Pluvialis: A Microalgae Process Model and A
Techno-Economic Assessment All Through Production Line. Algal. Res. 18,
175-190. doi: 10.1016/j.algal.2016.06.007

Rahman, M. M., Khosravi, S., Chang, K. H., and Lee, S. M. (2016). Effects of
Dietary Inclusion of Astaxanthin on Growth, Muscle Pigmentation and
Antioxidant Capacity of Juvenile Rainbow Trout (Oncorhynchus Mpykiss).
Prev. Nutr. Food Sci. 21 (3), 281-288. doi: 10.3746/pnf.2016.21.3.281

Scibilia, L., Girolomoni, L., Berteotti, S., Alboresi, A., and Ballottari, M. (2015).
Photosynthetic Response to Nitrogen Starvation and High Light in
Haematococcus Pluvialis. Algal. Res. 12, 170-181. doi: 10.1016/j.algal.2015.08.024

Shah, M. M. R, Liang, Y., Chen, J. J., and Daroch, M. (2016). Astaxanthin-
Producing Green Microalga Haematococcus Pluvialis: From Single Cell to High
Value Commercial Products. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00531

Sheikhzadeh, N., Tayefi-Nasrabadi, H., Khani Oushani, A., and Enferadi, M. H. N.
(2012). Effects of Haematococcus Pluvialis Supplementation on Antioxidant
System and Metabolism in Rainbow Trout (Oncorhynchus Mpykiss). Fish.
Physiol. Biochem. 38 (2), 413-419. doi: 10.1007/s10695-011-9519-7

Solovchenko, A. E. (2015). Recent Breakthroughs in the Biology of Astaxanthin
Accumulation by Microalgal Cell. Photosynthesis. Res. 125 (3), 437-449.
doi: 10.1007/s11120-015-0156-3

Sommer, T. R., Potts, W. T., and Morrissy, N. M. (1991). Utilization of Microalgal
Astaxanthin by Rainbow Trout (Oncorhynchus Mykiss). Aquaculture 94 (1),
79-88. doi: 10.1016/0044-8486(91)90130-Y

Stachowiak, B., and Szulc, P. (2021). Astaxanthin for the Food Industry. Molecules
26 (9), 26. doi: 10.3390/molecules26092666

Sun, X. M, Ren, L. ], Zhao, Q. Y., Ji, X. J., and Huang, H. (2018). Microalgae for
the Production of Lipid and Carotenoids: A Review With Focus on Stress

Regulation and Adaptation. Biotechnol. Biofuels. 11 (1), 1-16. doi: 10.1186/
s13068-018-1275-9

Tacon, A. G.J., and Metian, M. (2013). Fish Matters: Importance of Aquatic Foods
in Human Nutrition and Global Food Supply. Rev. Fish. Sci. 21 (1), 22-38.
doi: 10.1080/10641262.2012.753405

Tam, L. T., Hoang, D. D., Mai, D. T. N, Thu, N. T. H., Anh, H. T. L., and Dang, D.
H. (2012). Study on the Effect of Salt Concentration on Growth and
Astaxanthin Accumulation of Microalgae Haematococcus Pluvialis As the
Initial Basis for Two Phase Culture of Astaxanthin Production. Academia. J.
Biol. 34 (2), 213-223. doi: 10.15625/0866-7160/v34n2.964

Tejera, N., Cejas, J. R,, Rodriguez, C., Bjerkeng, B., Jerez, S., Bolafios, A., et al.
(2007). Pigmentation, Carotenoids, Lipid Peroxides and Lipid Composition of
Skin of Red Porgy (Pagrus Pagrus) Fed Diets Supplemented With Different
Astaxanthin Sources. Aquaculture 270 (1-4), 218-230. doi: 10.1016/
j.aquaculture.2007.01.019

Tibbetts, S. M. (2018). “The Potential for ‘Next-Generation’, Microalgae-Based
Feed Ingredients for Salmonid Aquaculture in Context of The Blue
Revolution,” in Microalgal Biotechnology. Eds. E. Jacob-Lopes, L. Q. Zepka
and M. L. Queiroz, 151-175. London, United Kingdom: IntechOpen.
doi: 10.5772/intechopen.73551

Torrissen, O. J., Christiansen, R., Struksnes, G., and Estermann, R. (1995).
Astaxanthin Deposition in the Flesh of Atlantic Salmon, Salmo Salar L, in
Relation to Dietary Astaxanthin Concentration and Feeding Period. Aquacult.
Nutr. 1 (2), 77-84. doi: 10.1111/j.1365-2095.1995.tb00022.x

Viera, I, Pérez-Galvez, A., and Roca, M. (2018). Bioaccessibility of Marine
Carotenoids. Mar. Drugs 16 (10), 397. doi: 10.3390/md16100397

Wang, B., Zarka, A., Trebst, A., and Boussiba, S. (2003). Astaxanthin
Accumulation in Haematococcus Pluvialis (Chlorophyceae) As an Active
Photoprotective Process Under High Irradiance'. J. Phycol. 39 (6), 1116-
1124. doi: 10.1111/j.0022-3646.2003.03-043.x

Yesilayer, N. (2020). Comparison of Flesh Colour Assessment Methods for Wild
Brown Trout (Salmo Trutta Macrostigma), Farmed Rainbow Trout
(Oncorhynchus Mykiss) and Farmed Atlantic Salmon (Salmo Salar). Pakistan
J. Zool. 52 (3), 1007-1014. doi: 10.17582/journal.pjz/20190520140524

Young, E. B., and Beardall, J. (2003). Photosynthetic Function in Dunaliella
Tertiolecta (Chlorophyta) During a Nitrogen Starvation and Recovery Cycle. J.
Phycol. 39 (5), 897-905. doi: 10.1046/j.1529-8817.2003.03042.x

Young, A. J., Pritchard, J., White, D., and Davies, S. (2017). Processing of
Astaxanthin-Rich Haematococcus Cells for Dietary Inclusion and Optimal
Pigmentation in Rainbow Trout, Oncorhynchus Mykiss L. Aquacult. Nutr. 23
(6), 1304-1311. doi: 10.1111/anu.12505

Yu, W, Lin, H,, Yang, Y., Zhou, Q., Chen, H., Huang, X,, et al. (2021). Effects of
Supplemental Dietary Haematococcus Pluvialis on Growth Performance,
Antioxidant Capacity, Immune Responses and Resistance to Vibrio Harveyi
Challenge of Spotted Sea Bass Lateolabrax Maculatus. Aquacult. Nutr. 27 (2),
355-365. doi: 10.1111/anu.13189

Zhang, W., Zhou, X., Zhang, Y., Cheng, P., Ma, R,, Cheng, W., et al. (2018).
Enhancing Astaxanthin Accumulation in Haematococcus Pluvialis by Coupled
Light Intensity and Nitrogen Starvation in Column Photobioreactors. J.
Microbiol. Biotechnol. 28 (12), 2019-2028. doi: 10.4014/jmb.1807.07008

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.

Copyright © 2022 Li, Cai, Wu, Lian, Qian, Luo, Zhang, Zhang, Li and Huang. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Marine Science | www.frontiersin.org

31

May 2022 | Volume 9 | Article 909237


https://doi.org/10.1007/s00343-019-7172-7
https://doi.org/10.1007/s00343-019-7172-7
https://doi.org/10.1016/j.biotechadv.2020.107602
https://doi.org/10.1016/j.aquaculture.2014.08.022
https://doi.org/10.1016/j.aquaculture.2014.08.022
https://doi.org/10.3390/md19060337
https://doi.org/10.1016/j.biotechadv.2011.04.001
https://doi.org/10.1016/S0167-7799(00)01433-5
https://doi.org/10.1007/s1012601-0051-0
https://doi.org/10.1080/02652030600838399
https://doi.org/10.1016/j.anifeedsci.2021.114916
https://doi.org/10.1016/j.biortech.2004.04.006
https://doi.org/10.3390/biom11020256
https://doi.org/10.1016/j.algal.2016.06.007
https://doi.org/10.3746/pnf.2016.21.3.281
https://doi.org/10.1016/j.algal.2015.08.024
https://doi.org/10.3389/fpls.2016.00531
https://doi.org/10.1007/s10695-011-9519-7
https://doi.org/10.1007/s11120-015-0156-3
https://doi.org/10.1016/0044-8486(91)90130-Y
https://doi.org/10.3390/molecules26092666
https://doi.org/10.1186/s13068-018-1275-9
https://doi.org/10.1186/s13068-018-1275-9
https://doi.org/10.1080/10641262.2012.753405
https://doi.org/10.15625/0866-7160/v34n2.964
https://doi.org/10.1016/j.aquaculture.2007.01.019
https://doi.org/10.1016/j.aquaculture.2007.01.019
https://doi.org/10.5772/intechopen.73551
https://doi.org/10.1111/j.1365-2095.1995.tb00022.x
https://doi.org/10.3390/md16100397
https://doi.org/10.1111/j.0022-3646.2003.03-043.x
https://doi.org/10.17582/journal.pjz/20190520140524
https://doi.org/10.1046/j.1529-8817.2003.03042.x
https://doi.org/10.1111/anu.12505
https://doi.org/10.1111/anu.13189
https://doi.org/10.4014/jmb.1807.07008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

:' frontiers ‘ Frontiers in Marine Science

ORIGINAL RESEARCH
published: 23 June 2022
doi: 10.3389/fmars.2022.907065

OPEN ACCESS

Edited by:
Shuhao Huo,
Jiangsu University, China

Reviewed by:

Xupeng Cao,

Dalian Institute of Chemical Physics
(CAS), China

Jichang Han,

Ningbo University, China

Ang Ren,

Nanjing Agricultural University, China
Qiuning Liu,

Yancheng Teachers University, China

*Correspondence:
Changhua Shang
shangchanghua@mailbox.gxnu.edu.cn

These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Marine Fisheries, Aquaculture and
Living Resources,

a section of the journal

Frontiers in Marine Science

Received: 29 March 2022
Accepted: 19 May 2022
Published: 23 June 2022

Citation:

Shang C, Pang B, Zhang J, Yu L,
Gan S, Li'Y and Wu H (2022)
Identification of Interacting Proteins of
Transcription Factor DpAP2 Related to
Carotenoid Biosynthesis From Marine
Microalga Dunaliella parva.

Front. Mar. Sci. 9:907065.

doi: 10.3389/fmars.2022.907065

Check for
updates

Identification of Interacting
Proteins of Transcription Factor
DpAP2 Related to Carotenoid
Biosynthesis From Marine
Microalga Dunaliella parva

Changhua Shang "%%*T, Bingbing Pang 3", Jin Zhang "2, Lihong Yu "2, Shanling Gan?,
Yujia Li"? and Haifeng Wu "2

" College of Life Sciences, Guangxi Normal University, Key Laboratory of Ecology of Rare and Endangered Species and
Environmental Protection (Guangxi Normal University), Ministry of Education, Guilin, China, 2 Guangxi Key Laboratory of
Landscape Resources Conservation and Sustainable Utilization in Lijiang River Basin (Guangxi Normal University), Guilin,
China, 3 School of Life Sciences, Sun Yat-sen University, Guangzhou, China

Carotenoids are widely distributed and structurally diverse, which have significant roles in
the photosynthesis of plants. As a precursor of vitamin A, carotenoids are also
antioxidants that reduce various chronic diseases, which are beneficial for human
health. Currently, the existing studies concerned the biological roles of APETALA2
(AP2)/ethylene-responsive factor (ERF) genes originated from higher plants. The AP2
superfamily of the transcriptional regulator was identified in higher plants, which was
related to growth, development, carotenoid metabolism, and responses to various
stresses. However, the regulatory mechanisms of the AP2-modulating carotenoid
metabolism have not been reported in microalgae, which remain to be elucidated.
Dunaliella parva AP2 (i.e., DpAP2), an important transcription factor, promotes
carotenoid accumulation by binding to the promoter of target gene. Here, we identified
an important AP2/ERF transcription factor, DpAP2, which could promote carotenoid
accumulation by binding to the promoter of target gene. To demonstrate the function of
DpAP2, the interacting proteins were identified by the yeast two-hybrid system. The
results showed that DpAP2 could interact with three proteins with different activities (DNA-
binding transcription factor activity, protein kinase activity, and alpha-D-
phosphohexomutase activity); these proteins may be associated with multiple biological
processes. This paper laid a good foundation for a deep understanding of the regulatory
mechanisms of DpAP2 and genetic engineering breeding in D. parva.

Keywords: Dunaliella parva, AP2, yeast two-hybrid system, interacting proteins, carotenoid biosynthesis
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Target Proteins of DpAP2

INTRODUCTION

Microalgae have been utilized commercially in the Far East for
healthy foodstuffs such as Arthrospira platensis and in the United
States for wastewater treatment (Oswald, 2003). At present, in
response to the increasing concern around global warming, the
microalgal culture was again considered for a carbon-neutral
process to obtain third-generation biofuels such as biodiesel
(Gilmour, 2019). Biomass productivity, oil content, and
energy-intensive harvesting were the major constraints for
biodiesel production from microalgae on a large scale (Shahid
etal., 2020). Nitrogen limitation has been widely used to increase
oil content in microalgae (Kumari et al., 2021; Zhang et al., 2021).
When Scenedesmus acuminatus grew under nitrogen-limited
conditions, oil productivity was enhanced (Zhang et al., 2021).
Nitrogen limitation increased oil content in Chlorella vulgaris,
which might be related to the upregulation of mRNA levels of
several oil biosynthesis genes (Kumari et al., 2021). Our previous
study also showed that nitrogen limitation could induce an
increase in oil content from 25% to 40% in D. parva (Shang
et al., 2016). However, nitrogen limitation also hampered the
growth, photosynthetic antennae size, and maximum
photosynthetic efficiency in algae (Jiang et al., 2021;
Kamalanathan et al., 2021), which was also demonstrated by
our previous study (Shang et al., 2016). The biochemical
engineering approach depended on physiological stresses such
as nitrogen limitation to channel metabolic fluxes to lipid
accumulation. However, an inherited shortcoming of the
biochemical engineering approach was the reduced cell
division, which limited the application of this approach
(Ratledge, 2002). Compared with the biochemical engineering
approach, the transcription factor engineering approach was an
emerging technology to improve the yield of the specific
metabolites by overexpressing transcription factors regulating
the metabolic pathways related to the accumulation of target
metabolites (Courchesne et al., 2009).

A comprehensive utilization of microalgae could significantly
reduce the cost of microalgae biofuels, which included
microalgae cultivation using wastewaters in outdoor raceway
ponds (Arora et al., 2016; Gao et al., 2018; Keerthana et al., 2020)
and the production of bioactive substances such as
polysaccharides (Li et al., 2019), antiviral substances (Fritzsche
et al, 2021), bioactive peptides (Donadio et al., 2021), and
carotenoids (du Preez et al., 2021; Todorovic et al., 2021).

Carotenoid biosynthesis involves a complex pathway (Narang
et al,, 2021). Our previous study also cloned and characterized
several carotenoid synthesis genes such as GGPS encoding
geranylgeranyl diphosphate synthase (Shang et al,, 2016b), Psy
encoding phytoene synthase, and Pds encoding phytoene
desaturase (Shang et al., 2018). In D. parva, the PSY gene played
important roles in carotenoid metabolism (Ismaiel et al., 2018).
These genes played a key role in the carotenoid biosynthesis
pathway because they catalyzed the rate-limiting step. The
current studies focused on the regulators (especially
transcription factors) of the metabolic pathway rather than the
key enzyme (Li et al., 2021). A lot of transcription factors (TFs)

regulating the carotenoid biosynthesis pathway were identified in
higher plants, which included MADS-box (Kang et al., 2021),
NAC (Gong et al,, 2021), AP2/ERF (Dang et al., 2021), and MYB
families (Shi et al., 2021). These TFs can bind to the promoter of
the target gene. The putative carotenoid biosynthetic pathway in
microalgae is shown in Figure 1. The metabolic enzymes were
encoded by the structural genes in the carotenoid biosynthesis
pathway, which included zeta-carotene desaturase (ZDS),
carotenoid isomerase (CRTISO), {-carotene isomerase (ZISO),
lycopene B-cyclase (LCY-P), beta-carotene hydroxylase (CHY-),
lycopene e-cyclase (LCY-€), and zeaxanthin epoxidase (ZEP)
(Ampomah-Dwamena C et al., 2019).

The APETALA2/ethylene-responsive factor (AP2/ERF)
superfamily in plants contains four subfamilies including AP2,
CBF/DREB, ERF, and RAV according to the number of AP2/
ERF domains and the sequence (Xing et al., 2021). TFs played
important regulatory roles in the development, growth, and
responses to various stresses in plants. The AP2/ERF, a
complex TF family, is one of the largest families, which
efficiently regulates carotenoid accumulation in plants. In
Auxenochlorella protothecoides, AP2, ERF, and R2R3-MYB
promoted triacylglycerol accumulation by triggering the lipid
biosynthesis pathway (Xing et al., 2021). Previous studies have
reported that AP2/ERF TF could modulate carotenoid
accumulation. In apple, MdAP2-34 was able to enhance
carotenoid accumulation by binding to the MdPSY2-1
promoter (Dang et al., 2021). SIERF6 could exactly regulate
carotenoid accumulation in tomato (Lee et al., 2012). The TFs
(AP2, AP2-like) related to phytohormones potentially affected
carotenoid metabolism in apricot (Zhang et al., 2019). RAP2.2
could efficiently regulate carotenoid accumulation by binding to
the selected site of the promoter region in tomato (Koul et al.,
2019). In Arabidopsis, RAP2.2 could also accelerate carotenoid
accumulation by binding to the PSY promoter (Welsch et al.,
2007). In addition, we have overexpressed DpAP2 genes in D.
parva in our subsequent experiments. The total carotenoid
content increased to 0.85 ug/g of dry cell weight. However, the
regulatory mechanism of AP2/ERF TF for carotenoid
metabolism is currently unknown in D. parva.

D. parva is an oleaginous halophilic green alga without a cell
wall, which can also accumulate large amounts of carotenoids
(mainly B-carotene) (Shang et al., 2016). The simultaneous
production of biodiesel and carotenoids using D. parva is more
attractive compared with the model microalgae. As a new type of
bioreactor, D. parva has been widely used because of its
characteristics including rapid growth, rapid reproduction, easy
culture, the ease of controlling pollution, high efficiency, and low
price (Shang et al., 2016). D. parva is rich in natural carotenoids,
folic acid, calcium, and other trace elements required for human
health. Carotenoids can be utilized as a colorant, provitamin,
precursor of abscisic acid, chemopreventive substance against
cancer, and antioxidant (Mohsin et al., 2021). AP2/ERF TF plays
significant roles in carotenoid accumulation in plants, but these
roles remain unknown in D. parva.

In a previous study, we identified a gene fragment DpAP2
encoding AP2/ERF TF. The role of DpAP2 is still unclear in
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FIGURE 1 | A graphic representation depicting the putative carotenoid biosynthetic pathway in microalgae. IPI, isopentenyl diphosphate isomerase; GGPPS,
geranylgeranyl diphosphate synthase; PSY, phytoene synthase; PDS, phytoene desaturase; ZDS, zeta-carotene desaturase; CRTISO, carotenoid isomerase; ZISO,
C-carotene isomerase; LCY-B, lycopene B-cyclase; CHY-, beta-carotene hydroxylase; LCY-¢, lycopene e-cyclase; ZEP, zeaxanthin epoxidase.

carotenoid metabolism in D. parva. In view of a correlation
between DpAP2 and carotenoid production, it is of interest to
study the function of DpAP2 at the molecular level. Here, we
reported the cloning of the full-length complementary DNA
(cDNA) of DpAP2. Then, the DpAP2-interacting proteins were
identified by yeast two-hybrid systems and subjected to
bioinformatics analysis and further discussion.

MATERIALS AND METHODS

Microalgal Material and Growth Conditions

D. parva FACHB-815 was purchased from Freshwater Algae
Culture Collection at the Institute of Hydrobiology (Wuhan,
China). The cells of D. parva grew in the Dunaliella medium
under the light intensity of 34 pwmol of photons m™> s™!
illumination at 26°C with 14 h light/10 h dark cycle. The algae

bottles were gently swirled one or three times each day by hand.

First-Strand cDNA Synthesis

Total RNA was extracted from D. parva cells using a Total RNA
Extractor (Trizol) (Sangon Biotech, Shanghai, China). To ensure that
the enough and qualified samples were obtained, the RNA quantity

and quality were determined with a Nanophotometer NP80
Spectrophotometer (Geneflow, Lichfield, United Kingdom). First-
stand cDNA was synthesized using PrimeScript II Reverse
Transcriptase (Takara Bio, Dalian, China) and Oligo (dT) primer.
A total amount of 1.5 pg of total RNA was used for reverse
transcription reaction.

Full-Length cDNA Cloning

An attempt was made to gain full-length ¢cDNA by the rapid
amplification of cDNA ends (RACE) method. Based on the
previous 582 bp ¢cDNA fragment of DpAP2, four specific primers
(Table 1), AP2(3w)/AP2(3n) for 3> RACE and AP2(5w)/AP2(5n)
for 5 RACE, were designed. The 5 and 3° RACE were firstly
performed using the 5°/3’-Full RACE Kit (Takara) according to the
manufacturer’s protocol. The outer and inner PCR were conducted
with LA Taq (Takara) under the following conditions, respectively:
94°C 3 min, 25 cycles (94°C 30 s, 55°C 30 s, 72°C 2 min), 72°C
10 min for outer PCR, and 94°C 3 min, 35 cycles (94°C 30 s, 55°C 30
$,72°C 2 min), 72°C 10 min for inner PCR. The resulting products
were detected with 1% agarose gel electrophoresis and ligated into
the pMD19-T vector. However, the resulting 5’ nucleotide sequence
was shorter than the expected 5 end sequence. In order to obtain
the entire 5" sequence, the second 5" RACE was carried out using the
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TABLE 1 | Primers used in this study.

Primer Primer sequence (5’-3)

name

AP2-5-W  GGCTCAGTTCCTCCGTGT

AP2-5-N  CGCTTCCTCCTGAGTTCCA

AP2-3-W  GGAGGCAGTGAGACAGAAGG

AP2-3-N  GTAGGAGGAGCAGGAACAACT

AP2-5- GATTACGCCAAGCTTGCCGCTTCCTCCTGAGTTCCAAA
GSP

Long CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT
primer

AP2-N CATGCAGGCCTTGCCATTGCATGAC

AP2-C CTATGATCGCTTTAAGCTTAGGGG

AP2- CATGGAGGCCGAATTCAAGTACAAGGGCGTGACACGACAT
JHN2

AP2- GCAGGTCGACGGATCCCTCCGTGTACATGTCCAGGGAGAA
JHC2

5’ PCR TTCCACCCAAGCAGTGGTATCAACGCAGAGTGG

primer

3 PCR GTATCGATGCCCACCCTCTAGAGGCCGAGGCGGCCGACA
primer

specific primer AP2(GSP) and Long Primer from the SMARTer
RACE 5°/3’ Kit (Table 1) (Zhu et al., 2001). The primer AP2(GSP)
was designed according to the obtained sequence in the first 5’
RACE. According to the assembled full-length sequence, specific
primers AP2(N) and AP2(C) (Table 1) were synthesized to obtain
the accurate full-length ¢cDNA of DpAP2. PCR products were
purified, cloned, and sequenced as described above (Abid
et al,, 2012).

Construction of cDNA Library of D. parva
Total RNA was isolated from D. parva using the MiniBEST Plant
RNA Extraction Kit (Takara). This kit is more efficient, fast, and
convenient. The construction of the cDNA library of D. parva
requires a high concentration and purity of RNA. Up to 10 pg of
total RNA with high purity could be extracted from 50~100 mg
plant tissue by this kit. The degradation and contamination of
RNA were detected by 1% agarose gel electrophoresis. The RNA
concentration was determined with the Nanophotometer NP80
Spectrophotometer. The ¢cDNA library was constructed
according to the instructions from the SMART c¢DNA Library
Construction Kit (Takara) (Mendelsohn and Brent, 1994). First-
strand cDNA was synthesized using CDS (complementary
determining region) III Oligo (dT) primer and MMLV reverse
transcriptase. Double-strand cDNA was synthesized by LD PCR
with specific primers (5 PCR Primer and 3° PCR Primer)
(Table 1). The cDNA size was fractionated by CHROMA
SPIN+TE-400 Column to select cDNA molecules (>200 bp).
Finally, cDNA fragments were cloned into the pGADT7-Rec
plasmid through homologous recombination in vivo,
transformed into the competent yeast strain Y187, and selected
on the selective medium by the yeast two-hybrid assay.

Subtraction Efficiency of the Library

The purified double-strand ¢cDNA and pGADT7-Rec were co-
transformed into Y187 yeast competent cells. Then, all liquids
were combined in a single sterile flask. The library broth was

diluted 10 and 10 times, and 100 pl was spread onto the SD/-
Leu plate for 3-5 days. The number of colonies on plates were
counted. PCR amplification was used to evaluate recombination
efficiency (Zheng et al., 2005). PCR was performed with universal
sequencing primers designed for PGADT7-REC using 24 colonies
as templates, which were randomly selected on SD/-Leu plates. PCR
was performed using Green Taq Mix 12.5 ul, T7 Primer (10 uM) 1
pl, 3’AD Primer (10 uM) 1 pl, yeast culture 1 pl, ddH,O 9.5 ul. The
procedures were as follows: 94°C for 3 min, 35 cycles (98°C for 10 s,
42°C for 30's, 72°C for 2 min), 72°C for 10 min. PCR products were
analyzed by 1% agarose gel electrophoresis. The size and
recombination rate of inserted fragments were measured
and analyzed.

Generation of Yeast Bait Strain

All plasmids and strains used in the two-hybrid experiment were
included in the Matchmaker Gold Yeast Two-Hybrid System Kit
(Takara). To confirm the binding region required for the
interaction of DpAP2, cDNA fragments corresponding to N-
terminus (67-252 and 349-537 bp) and C-terminus (537-2,331
bp) of DpAP2 were amplified by PCR, respectively. A PCR-
amplified bait was obtained using primers AP2-JHN2 and AP2-
JHC2 that contained 24 bp homology to the bait sequence and 15
bp homology to the linear end of pGBKT7. The 5 terminus of
DpAP2 was cloned in-frame into the pGBKT7 plasmid at BamH
I and EcoR I sites. In order to confirm that the fusion construct
was in frame, the construct was sequenced using the T7 Primer.
It is imperative to confirm that the bait does not autonomously
activate reporter genes and is not toxic in Y2HGold in the
absence of a prey protein. The pGBKT7 and pGBKT7-AP2N3
plasmids were used in a series of transformation tests to exclude
false activation and the toxicity of reporter gene of the system
(Chung et al., 2021). The yeast strains Y2HGold and Y187 were
transformed using a slightly modified method. In brief, one
colony was inoculated into 3 ml of the YPDA medium at 30°C
with shaking at 250 rpm for 8-12 h. Then, 5 ul of the culture was
transferred to 50 ml of the YPDA medium, and it was continued
to be incubated until ODgy reaches 0.15-0.3. Cells were
centrifuged at 700 g for 5 min at room temperature. The
supernatant was discarded and each pellet was resuspended in
30 ml of sterile ddH,O and centrifuged again using the same
condition. Cells were resuspended in freshly prepared LiAc/TE.
Plasmid DNA, carrier DNA, and DMSO were added; then, the
mixture was centrifuged with 14,000 g at room temperature after
incubation. The yeast sediment was resuspended in YPD plus the
medium in a shaker at 30°C for 90 min. Yeast cells were
resuspended in 0.9% NaCl, and 100 ul of 1/10 and 1/100
diluted cells were spread on the SD selection medium plate at
30°C for 3-6 days.

Library Screening

Library screening was done via the yeast mating of one aliquot of
Y187 ¢cDNA library with 5 ml (an ODg : Optical Density (OD)
of at least 2.0) of the Y2HGold culture transformed with
pGBKT7-AP2N3 (Zhang et al., 2020). Two cultures were
combined in a sterile 2 L flask, and 45 ml of the 2xYPDA
liquid medium (with 50 pg/ml kanamycin) was added. The
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culture was incubated at 30°C with slow shaking (30-50 rpm) for
20-24 h to prevent cells from settling at the base of the flask.
After 20 h, we checked for the presence of zygotes under the
phase contrast microscope (x40). The mating culture was
centrifuged at 1,000 g for 10 min, washed with 100 ml of
0.5xYPDA containing 50 pg/ml of kanamycin, and
resuspended in 10 ml of 0.5xYPDA with 50 pg/ml of
kanamycin. For the mated culture, 100 pul of undiluted, 1:100
and 1:10,000 diluted cultures were spread on each of the SD/-
Trp, SD/-Leu, and SD/-Leu/-Trp (DDO) agar plates to calculate
the mating efficiency. The remaining culture was spread on SD/-
Leu/-Trp (with X-o-Gal/AbA) and SD/-Ade/-His/-Leu/-Trp
(with X-0-Gal/AbA) and incubated at 30°C for 3-5 days.
Colonies were numbered and restreaked on the SD/-Ade/-
His/-Leu/-Trp (with X-0-Gal/AbA) (QDO/X/A) master plate
and then grown for another 4-6 days. All QDO/X/A-positive
interactions must be further analyzed to identify duplicates and
verify the genuineness of the interaction.

Yeast Colony PCR

Positive colonies were selected and incubated on the QDO/X/A
liquid medium. PCR amplification was performed with primers
T7 and 3’AD under the following conditions: 94°C for 3 min; 35
cycles (98°C for 10 s, 42°C for 30 s, and 72°C for 2 min). Plasmid
was isolated from yeast using the MiniBEST Plasmid Purification
Kit (Takara) and transformed into Escherichia coli. Positive
colonies were subjected to sequencing and similarity searches
in the National Center for Biotechnology Information (NCBI)
database. All identified colonies were checked for the right frame
and orientation.

RESULTS AND DISCUSSION

Full-Length cDNA Cloning

A 582 bp cDNA fragment of differentially expressed DpAP2 gene
associated with the regulation of carotenoid biosynthesis in D. parva
was obtained by a comparison between SCH-5.0mMA (nitrogen-
sufficient control sample) and SCH-0.5mMA (nitrogen limitation-
treated sample) using transcriptome technology. To obtain the full-
length ¢cDNA, we performed 5 RACE and 3" RACE with gene-
specific primers designed from the obtained 582 bp fragment.
Then, using primers AP2(GSP) and the Long Primer, a 405
bp cDNA fragment was obtained. The full-length cDNA was 3,129
bp with an open reading frame (ORF) of 2,331 bp encoding 776
amino acids, a 3’ untranslated region (UTR) of 582 bp,and a 5 UTR
of 216 bp (Figure 2). The agarose gel electrophoresis analysis of the
product amplified by primers AP2(N) and AP2 (C) detected aband of
approximately 2,331 bp (Figure 3). The Blastx search suggested
that the PCR product was homologous to a number of
known AP2 genes. The detailed sequence of DpAP2 is shown in
Supplementary Figure 1.

Phylogenetic Analysis of AP2

The conserved amino acid residues in the AP2 domain from D.
parva and Arabidopsis thaliana AP2/ERF superfamily proteins
were identified by MEME online software (Figure 4). The AP2

ATG TGA

UT! UTR

2547 329

218

FIGURE 2 | Full-length cDNA of the DpAP2 gene. The graphic was
constructed base on a complete sequence of the DpAP2 gene using the
DOG 2.0 program. The full-length cDNA was 3,129 bp with an ORF of 2,331
bp encoding 776 amino acids, a 3’ UTR of 582 bp, and a 5" UTR of 216 bp.
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FIGURE 3 | ORF amplification of the DpAP2 gene. M: DL 2000 Marker, 1:
ORF of the DpAP2 gene. The ORF of DpAP2 gene was amplified by primers
AP2(N) and AP2 (C).

subfamily in D. parva contains two AP2 domains such as AP2-R1
and AP2-R2. The results displayed that both D. parva and A.
thaliana have RAYD, WLG/YLG, AA, and YRG elements. The
analysis of the AP2 domain between D. parva and A. thaliana
suggested that the domain was highly conserved. The AP2-R1
domain includes Gj,, Eyg, Foy, Ly, and Ty, and the AP2-R2
domain includes E;s, Sis, F7, and H;;. We constructed an
evolutionary tree to analyze the evolutionary relationship of
AP2/ERF TFs (Figure 5). The results indicated that Scenedesmus
sp. And D. parva shared the closest relationship, which was
consistent with the traditional classification.

Construction of Two-Hybrid cDNA Library

In order to hunt for the interaction partners of DpAP2, we
generated an appropriate cDNA library well suited for the yeast
two-hybrid system. Total RNA was extracted from D. parva cells
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FIGURE 4 | The conserved amino acid residues in the AP2 domain from the D. parva and A. thaliana AP2 subfamily. The domain was analyzed by MEME software.
The horizontal number indicates the amino acid site; each site represents a stack. The height of character represents the frequency of the amino acid.
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FIGURE 5 | Phylogenetic tree of AP2 proteins. The tree was constructed based on the complete protein sequences of AP2 proteins by the neighbor-joining method
of the MEGA program.

(Figure 6). Approximately 2.0 ug of total RNA was transcribed to  Column was used to select DNA molecules more than 200 bp
form first-strand cDNA using SMART technology, and second-  that were likely to encode the translated region of mRNAs. The
strand cDNA was amplified using long-distance PCR with the =~ ¢DNA was cloned into yeast strain Y187 along with AD plasmid
universal primers (Figure 7). The CHROMA SPIN TE-400  pGADT7-Rec. Plasmid pGADT7-Rec and cDNA fragments were
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FIGURE 6 | Total RNA from D. parva cells. Lanes 1 and 2 represented the
total RNA of D. parva cells. The integrity of RNA was detected by 1%
agarose gel electrophoresis.

combined in vivo through homologous recombination.
Transformation efficiency was identified by calculating the
number of colonies on a plate with a 1:1,000 dilution of
transformation (Figure 8). PCR was performed to evaluate
recombination efficiency (Figure 9). Transformation efficiency
could be calculated with the data shown in Table 2. Cell density
was more than 2 x 10” per milliliter of the cDNA library.

Generation of Bait Strain Y2HGold

To confirm the binding region required for the interaction of
DpAP2, the cDNA fragments of the N-terminus (67-252 and
349-537 bp) and C-terminus (537-2,331 bp) was amplified using
gene-specific primers, respectively (Figure 10). Plasmid
pGBKT7-AP2N3 (537-2,331 bp) was transformed into the
yeast strain Y2HGold. pGBKT7 and pGBKT7-AP2N3 were
used in a series of transformation tests to exclude the false
activation and toxicity of the reporter gene of the system.
Then, the self-activation of the recombinant vector was

FIGURE 7 | Long-distance PCR for second-strand cDNA synthesis. M: DL
2000 Marker. 1: Second-strand cDNA. The length of cDNA molecules was
more than 200 bp.

determined by testing the autoactivation of Aureobasidin A
and beta-galactosidase reporter. The recombinant bait plasmid
had no toxic effect on yeast Y2HGold cells without the self-
activation of reporter genes. The yeast strains of Y2HGold-
pGBKT7-AP2N3 and Y2HGold-pGBKT7 could grow on the
SD/-Trp medium without a significant difference in the colony
size and number, which suggested that plasmid pGBKT7-AP2N3
had no effect on yeast growth and no toxicity to yeast
(Figure 11). Furthermore, the blue Y2HGold-pGBKT7-AP2N3
colonies were detected on the SD/-Trp/X-0.-Gal agar medium;
however, they were absent on the SD/-Ade/-Trp/X-0i-gal plate.
Therefore, the DpAP2 protein had no autonomous activation
effect. Yeast strains Y2HGold and Y187 were transformed by a
slightly modified method.
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the condition of 1:10,000 dilution.

FIGURE 8 | Colony number was counted for the cDNA library. (A) 1/1,000 dilution. (B) 1/10,000 dilution. The colony number on plate was approximately 600 under
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Screening of Positive Colonies

One aliquot of ¢cDNA library containing more than 2 x 107
transformed Y187 cells were mated with more than 1 x 10°
Y2HGold cells transformed with pGBKT7-AP2N3. The zygotes
were detected under a phase contrast microscope (40x) after 24 h of
co-incubation, which showed that yeast mating was successful. The
mating culture was centrifuged and resuspended on the SD/-Leu/-
Trp (with X-0-Gal/AbA) plate. The mating efficiency was counted
by analyzing the SD/-Leu, SD/-Trp and SD/-Leu/-Trp plates on
which different dilutions of the mating mixture were spread. The
mating efficiency of the two-hybrid screen was approximately 2%.
Many positive colonies grew on the SD/-Leu/-Trp/X-o-Gal/AbA
agar medium and were restreaked for three times on SD/-Ade/-
His/-Leu/-Trp/X-0-Gal/AbA plates (Figure 12). Finally, 34 putative
positive yeast colonies were obtained.

Bioinformatical Analysis of Sequencing
Information

To select for stable expression of interaction partners, the colonies of
mating screen were restreaked on the 4xDropout medium, and 34
positive yeast colonies were obtained. A total of 34 cDNA inserts were

6 7 8 9 10 11 12

13 14 15 16 1718 19 20 21 22 23 24

FIGURE 9 | Identification of the integrity of the recombinant sequence of the cDNA library. M: DL 2000 Marker. 1-24: PCR verification of positive colonies. Positive
colonies were selected to evaluate recombination efficiency by PCR amplification with primers T7 and 3’AD.

verified by a colony PCR using universal primers T7 and 3’AD, and 24
cDNA fragments were determined. Plasmid was isolated from 24
yeast strains and purified, then transformed into E. coli DH50.
(Figure 13). The transformants containing only pGADT7-DpAP2
plasmids from the cDNA library were obtained on the Luria-Bertani
(LB) agar medium with 50 pg/ml of ampicillin. The sequencing
results were subjected to the Blastx search. Three proteins interacting
with DpAP2 were identified, including protein 1 (alpha-D-
phosphohexomutase), protein 2 (protein serine/threonine kinase
activity), and protein 3 (DNA-binding transcription factor activity)
in D. parva (Table 3). The detailed sequences of three proteins
interacting with DpAP2 are shown in Supplementary Figure 2. The
functions of three interacting proteins of DpAP2 were analyzed by
NetGO 2.0 software, which are shown in Supplementary Figure 3.

The yeast two-hybrid system was widely used to identify the
interacting protein of specific proteins. Chen et al. found
that the AP2/ERF transcription factor SIERF.F5 functioned
in leaf senescence in tomato, and SIERF.F5 and SIMYC2
(a transcription factor downstream of the jasmonic acid receptor)
could physically interact by the yeast two-hybrid experiment (Chen
et al., 2022). Transcription factor SHE1 was identified as an
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TABLE 2 | Calculation of the transformation efficiency of the cDNA library.

Number of colonies on plate (1:10,000) 600

Transformant density of undiluted transformation mix 6,000,000/plate
Number of plates used for streaking out transformants 94
Total number of transformants 5.6 x 10° cfu/ml

interacting protein of cucumber mosaic virus la protein in the yeast
two-hybrid system (Yoon and Palukaitis, 2021). AP2/ERF family
transcription factors ORA59 and RAP2.3 interacted in the nucleus
identified by yeast two-hybrid technology and functioned together
in ethylene responses (Kim et al., 2018). Zander et al. reported that

atleast 17 plant-specific glutaredoxins interacted with TGA2 by the
yeast two-hybrid system in Arabidopsis (Zander et al., 2012).

The ubiquitous and ancient alpha-D-phosphohexomutases are
a large enzyme superfamily that exists in three domains of
organisms (Backe et al., 2020). Enzymes in alpha-D-
phosphohexomutases superfamily catalyze the reversible
conversion of phosphosugars, such as glucose 1-phosphate and
glucose 6-phosphate (Stiers et al., 2017). The phosphoglucomutase
5 (PGMS5) of the alpha-D-phosphohexomutase family is a structural
muscle protein in humans (Gong et al, 2020). In the Atlantic
herring, PGM5 is a gene closely related to ecological adaptation to
the brackish Baltic Sea (Gustafsson et al., 2020). In our study, D.

349 537 1000
AP2 Domain

1.’150

AP2 Domain
167 252

program. The conserved domain was analyzed by the NCBI CD-Search tool.

FIGURE 10 | Prediction of conserved domains in DpAP2. The diagram was constructed based on a complete protein sequence of DpAP2 using the DOG 2.0

2331

effect on yeast growth and no toxicity to yeast.

FIGURE 11 | The toxicity assays of DpAP2 protein in yeast cells. (A) PGBKT7-AP2NG. (B) pGBKT7-AP2N2. (C) PGBKT7. Yeast strains containing plasmids
pGBKT7-AP2N3 and pGBKT7 could grow without significant differences in the colony size and number, which suggested that plasmid pGBKT7-AP2N3 had no

screening. (B) The second screening. (C) The third screening.

FIGURE 12 | Screening of positive colonies. The positive colonies were restreaked for three times on SD/-Ade/-His/-Leu/-Trp/X-o-Gal/AbA plates. (A) The initial
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FIGURE 13 | Verification of positive colonies by PCR. M: DL2000 Marker. 1-20: PCR verification of positive yeast colonies.

TABLE 3 | Proteins interacting with DpAP2.

Protein No. Annotation

Protein 1 Alpha-D-phosphohexomutase

Protein 2 Protein kinase activity

Protein 3 DNA-binding transcription factor activity

parva also lives in the brackish environment. Perhaps protein 1
(alpha-D-phosphohexomutase) is related to the halophilic
characteristic in D. parva. However, a detailed understanding of
its function is lacking in D. parva.

The interacting protein 2 of DpAP2 with protein serine/
threonine kinase activity was also identified. The serine/threonine
kinase Akt is a key factor regulating glucose and lipid energy
metabolism, which is activated in response to various stimuli such
as cell stress and various hormones and drugs (Miao et al., 2022).
The eukaryotic-like serine/threonine protein kinases play
important roles in cell growth and signal transduction in
Mycobacterium tuberculosis (Burastero et al., 2022). Protein
kinase G regulates the carbon and nitrogen metabolism by the
phosphorylation of the glycogen accumulation regulator (GarA) at
Thr21 (Burastero et al., 2022). Protein kinase B is related to the
formation of the cell shape, cell wall synthesis, and phosphorylation
of GarA at Thr22 (Burastero et al., 2022). In a word, protein serine/
threonine kinase plays an important role in cell metabolism.
However, the function of protein 2 remains unclear in D. parva.

The analysis of interacting protein 3 by NetGO 2.0 software
indicated that protein 3 had a DNA-binding transcription factor
activity. Transcription factors are proteins that help turn specific
target genes “on” or “off” by binding to the nearby DNA. The
previous studies have suggested that the AP2/ERF transcription
factor could interact with other transcription factors, which was
consistent with our study (Kim et al., 2018; Chen et al., 2022).
However, the function and interacting target genes of protein 3
remain unclear in D. parva. ChIP and ChIP-Seq will be used to
identify the target genes of protein 3 in the future.

CONCLUSION

DpAP2 is a key regulator of carotenoid biosynthesis. The DpAP2
encoding TF DpAP2 has been identified in our former study.

However, the target proteins of DpAP2 remain unknown. The
interacting proteins of DpAP2 were identified by the yeast two-
hybrid system in order to further demonstrate the function of
DpAP2 in this study. The results showed that three target proteins
were identified. This study laid a good foundation for the further
understanding of the regulatory mechanism of carotenoid
biosynthesis related to DpAP2.
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Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, China

Rock carp, Procypris rabaudi, is a vulnerable carp endemic to the upper reaches of the
Yangtze River and included in the National Key Protected Wildlife in 2021 as a second-
class aquatic animal. Evaluating the genetic makeup of released individuals before a
restocking activity is carried out is essential, and a molecular marker with simple, rapid,
and universal characteristics will be helpful to the evaluation. In this study, the genetic
diversity and structure of rock carp from two representative hatcheries [Yibin (YB) and
Wanzhou (WZ)] and a section of the upper Yangtze [Zhuyang (ZY)] were investigated
using three mtDNA markers to select one marker instead of genetic evaluation of release.
The results of three mtDNA markers revealed basically the same, indicating that the level
of genetic diversity in rock carp was low, and there was significant genetic differentiation
between the ZY and YB. Except for Cyt b-labeled YZ (0.81) and D-loop-labeled WZ
(0.59), most of the haplotypic diversity values (h) were below 0.5, the nucleotide diversity
values () of each group were lower than 0.5 x 10-2, and the haplotype number of rock
carp is 1 to 4. Among the three mtDNA markers selected, D-loop marker detected higher
diversity, more haplotypes, and private haplotypes, and significant differences between
the YB and WZ. The results in this study pointed out the importance of pre-release
genetic evaluation and the urgency of protecting the genetic diversity of rock carp, and
the D-loop marker was preferentially selected in the pre-release genetic evaluation of fish.
Hatchery release is the main strategy for the recovery of rock carp populations, similar
to more than 20 endemic fish species in the upper Yangtze River. This study has guiding
significance for the protection and restoration of other endemic fishes in the Yangtze River
by hatchery release.

Keywords: Cyt b, CO |, D-loop, hatchery release, population differentiation, rock carp
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INTRODUCTION

Rock carp, Procypris rabaudi, is an endemic and vulnerable
Cyprinid fish in the upper Yangtze River (Yang et al, 2009).
The fish is demersal, inhabits mainly slow-flowing areas with
rocky substrate, and spawns under rocky shelters in rushing
streams (Wang et al., 2015). Rock carp had relatively extensive
distribution records in the mainstem of the upper Yangtze and its
tributaries, such as the Jinsha River, Jialing River, and Minjiang
River (Yang et al., 2009; Wang et al., 2015). The upper mainstem
and its tributaries are typical canyon rivers with steep gradients,
staggered shoals, and rapids (Cheng et al.,, 2015). Hence, the
fish have extensive distribution in the upper Yangtze, and its
suitable habitats may be limited. A lot of dams have been or
are being constructed in the upper Yangtze, such as 10 cascade
dams in the middle and lower reaches of the Jinsha River, which
have dramatically degraded the habitats of the fish (Cheng
et al., 2015). Combining other anthropogenic effects including
the construction of shipping channels, water pollution, and
overfishing, wild populations of rock carp have dramatically
declined and become extremely rare in its native habitats (Yang
et al., 2009; Cheng et al., 2011; Wang et al., 2015). As a result,
the fish has been listed as a second-class aquatic animal in the
National List of Key Protected Wild Animals in 2021 (Zhang
et al., 2022). Furthermore, many endemic fishes in the upper
Yangtze River, such as Acipenser dabryanus, Percocypris pingi,
and Myxocyprinus asiaticus, have similar threats to rock carp.
Population conservation and restoration of these endemic fishes
have greatly been concerning.

Hatchery release is one of the major techniques for fish
stock enhancement and has been practiced as a major strategy
for population conservation and restoration of endemic fishes
in the upper Yangtze River (Cheng et al., 2011; Yang and Wei,
2021; Zhang et al., 2022). A total of 2.77 x 107 and 1.65 x 107
endemic fishes were resealed into the upper Yangtze River in
replenishment activities in Sichuan province and Chongging city
only in 2019 and 2020, respectively (Fishery Supervision and
Administration Office of the Yangtze River Basin, 2019; 2020).
Rock carp are the main component of these released endemic
fish. For example, at least 2.29 x 107 rock carp were released by
replenishment activities in Wanzhou district, Chongging city,
between 2013 and 2017 (Zhang et al., 2022). However, when
the release of individuals with substantially different genetic
backgrounds contributes to gene flow in wild populations,
hatchery release may have potentially adverse effects such as
loss of genetic diversity, alteration in genetic structure, and a
decrease in effective population size (Cross, 1999; Bert et al.,
2001; Grant et al., 2017). To rock carp, Cheng et al. (2011) found
lower genetic diversity in hatchery individuals and hybrids with
released individuals in the wild population. Zhang et al. (2022)
demonstrated the genetic effects of hatchery release, which
resulted in a substantial change in the genetic structure of the wild
population and the threat of inbreeding decline of this vulnerable
fish. Both studies used different microsatellite loci to compare
population genetics between wild and hatchery groups of rock
carp (Chengetal., 2011; Zhang et al., 2022). Microsatellite marker
can reveal abundant genetic information for analysis, is laborious

and time-consuming, and needs a specific primer for loci
amplification (Liu and Cordes, 2004; Portnoy and Heist, 2012).
Evaluating the genetic makeup of released individuals and their
genetic effects on wild counterparts prior to restocking activity
is critical to ensuring population conservation and restoration
of endemic fishes in the upper Yangtze River, and a molecular
marker with simple, rapid, and universal characteristics will be
helpful to the evaluation of pre-released.

Mitochondrial (mtDNA) markers are frequently used to reveal
geneticdiversityand structure, population originsand mixing, and
hybrid introgression of fishes (Jackson et al., 2012). This has been
attributed to its practical advantages such as simpler operation,
universal primer, and quick and comparable results, in part due
to faster accumulating of sequence divergence in vertebrate than
in nuclear DNA (Brown, 1985; Liu and Cordes, 2004). Common
mtDNA markers applied in fish include the cytochrome oxidase
I (CO1), cytochrome b (Cyt b), and the control region (D-loop).
Among these markers, the D-loop is a non-coding region and
exhibits generally higher genetic variations relative to coding
regions such as the CO I and Cyt b (Keeney and Heist, 2006;
Jackson et al., 2012; Portnoy and Heist, 2012). Furthermore,
the genetic diversity and structure of rock carp are relatively
clear (Cheng et al., 2011; Song et al., 2014; Zhang et al., 2022).
In general, wild populations of the fish showed a moderate level
of genetic diversity and no obvious geographical distribution
patterns in the Yangtze River (He et al., 2008; Zhu et al., 2008;
Zhang et al., 2020); hatchery-raised individuals showed lower
genetic diversity and significant genetic differentiation with
wild populations and among different hatcheries (Cheng et al,,
2011; Yue et al,, 2021). In addition, impacts of hatchery release
on the genetic makeup of wild rock carp in the upper Yangtze
have already been demonstrated (Cheng et al., 2011; Zhang et al.,
2022).

Hatchery releases have not always achieved the anticipated
population conservation and restoration of endemic fishes in
the Yangtze River (Wei, 2020; Xie, 2020; Yang and Wei, 2021).
One reason may be that many individuals in released fishes
are genetically inferior to wild individuals (Cheng et al., 2011;
Grant et al., 2017). A molecular marker with practical advantages
will be helpful to evaluate rapidly genetic makeup of released
individuals before restocking activity which is important to
improve the restocking plan and to predict genetic effects on wild
counterparts. In this study, samples of rock carp were collected
from representative hatcheries and the upper reaches of the
Yangtze River, and the genetic diversity and structure of sampling
groups were investigated using three mtDNA markers. The aim
of this study was to prioritize mtDNA markers for pre-released
genetic evaluation of rock carp, which would also be helpful
to hatchery release protect the population conservation and
restoration of other endemic fishes in the upper Yangtze River.

MATERIALS AND METHODS

A total of 21 adult individuals as a wild population (ZY) were
collected from fishers located in the Zhuyang section of the upper
Yangtze River in 2020 (Figure 1). ZY section is a main habitat
and spawning ground of the fish and is an important part of the
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National Natural Reserve Areas of Rare and Special Fishes in
the upper reaches of the Yangtze River (Cheng et al., 2011). Two
released groups of the fish were sampled from the Yibin hatchery
of Sichuan province (YB) and Wanzhou hatchery of Chongqing
city (WZ) in 2020. Fin specimens were collected from 30 adult
individuals for each hatchery. The Yibin hatchery collected the
original broodstock of rock carp from the Zhuyang section in
the 1990s and produced the majority of released rock carp for
Sichuan province, China (Cheng et al, 2011). The Wanzhou
hatchery is a major supplied hatchery for released activities
of Chongging city; however, the information on the original
broodstock of the Wanzhou hatchery is unknown (Zhang et al.,
2022). All specimens were collected and fixed immediately with
95% ethanol and stored at —20°C in the laboratory.

Total DNA was extracted using an animal genomic DNA
extraction kit (Sangon, Shanghai, China). DNA quality and
concentration were determined by agarose gel electrophoresis
and spectrophotometer (Eppendorf, Germany). For partial
sequences of the mtDNA CO I marker, universal primers were
FishF1 and FishR1, and amplification was performed following
Ward et al. (2005). For partial sequences of the mtDNA Cyt
b marker, universal primers were L14724 and HI15915, and
amplification was performed following Xiao et al. (2001). For
partial sequences of the mtDNA D-loop marker, universal
primers were MitD1-F and MitD1-R, and amplification was
performed following Dong et al. (2014). Products of polymerase
chain reaction (PCR) products were detected by agarose gel
electrophoresis and purified and sequenced by a commercial
sequencing company (BGI, Shenzhen, China).

The Clustal X software (version 1.83) was used to edit and
align sequences of the three markers (Thompson et al., 1997).
The MEGA 5.0 software translated sequences into amino acids
to check for sequencing errors and pseudogene presences for
the mtDNA CO I and Cyt b markers (Tamura et al., 2011).
The DnaSP v5.1 software calculated standard genetic diversity
indices for sequences of the three mtDNA markers such as

the haplotype number (k), haplotypic diversity (h), average
pairwise sequence differences (II), and nucleotide diversity
(m) (Librado and Rozas, 2009). The ARLEQUIN v3.1 software
estimated genetic differentiation among the three sampling
groups through mean pairwise differences (Ny;) for each marker
(Excoffier et al., 2005), and p < 0.05 was used to screen out the
significant differences between different populations. The TCS
v1.21 software constructed a minimum-spanning haplotype
network to evaluate relationships between sampling groups and
the distribution of haplotypes for each marker using a statistical
parsimony procedure with 95% connection limits (Clement et al.,
2000). The DnaSP v5.1 software also evaluated the historical
dynamics of the population through the mismatch distribution
analysis and implemented Tajima’s D test and Fu’s Fs statistic for
the neutrality test in the wild population. The ARLEQUIN v3.1
software assessed the goodness of fit by the raggedness index (r)
and the sum of square deviations (SSD) between the observed and
expected mismatch with 1,000 parametric bootstrap replicates
for the wild population.

RESULTS

Partial sequences of the mtDNA CO I, Cyt b, and D-loop
markers were extracted from about 900, 997, and 637 base pairs
for furthermore analysis, respectively. No indels, sequencing
errors, and pseudogenes were detected from the CO I and Cyt
b sequences. The D-loop sequence showed relatively higher
variations and diversities than the CO I and Cyt b sequences.
Haplotypes were detected in four (GenBank: 2562447) from
the CO I sequences, five (GenBank: 2563182) from the Cyt
b sequences, and six (GenBank: 2562496) from the D-loop
sequences. Variable sites, parsimony informative sites, and G+C
content were 7, 5, and 45.0% in the CO I sequence; 6, 4, and
41.7% in the Cyt b sequences; and 22, 8, and 27.8% in the D-loop
sequences, respectively. Haplotypic and nucleotide diversity
indices were 0.31 and 0.16 x 1072 in the CO I sequence, 0.37 and
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FIGURE 1| Sampling sites of Procypris rabaudi for the wild population (2Y), Yibin hatchery (YB), and Wanzhou hatchery (W2) in the upper Yangtze River. Main
section of the National Natural Reserve Areas of Rare and Special Fishes of the Upper Yangtze River is shown using gray, and main tributaries, the Three Gorges
Dam, and 10 cascade dams in the middle and lower reaches of the Jinsha River are located

105 108 111

Frontiers in Marine Science | www.frontiersin.org

46 July 2022 | Volume 9 | Article 939745


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

He et al.

Pre-release Genetic Assessment

0.79 x 10-% in the Cyt b sequences, and 0.39 and 0.35 x 102 in the
D-loop sequences, respectively.

Among the sampling groups, the k, h, II, and m values of the
CO I sequences were lowest in the YB and similar between the
ZY and the WZ and ranged from 1 to 4, 0.00 to 0.47, 0.00 to
2.00, and 0.00 to 0.22 x 1072, respectively (Table 1). The diversity
indices also were lowest in the YB and highest in the ZY, and
the k, h, I, and 1 values ranged from 1 to 4, 0.00 to 0.81, 0.00
to 1.90, and 0.00 to 0.19 x 102, respectively (Table 1). However,
the genetic diversity indices of the D-loop regions were relatively
higher than the other two markers’ sequences in all groups and
ranged from 2 to 4, 0.11 to 0.59, 1.26 to 2.67, and 0.20 x 102 to
0.42 x 1072, respectively (Table 1).

Significant genetic differences were detected between the
YB and other groups and not found between the ZY and WZ
by the three mtDNA markers (p < 0.05) (Table 2). The D-loop
marker also detected significant genetic differences between
the YB and WZ (p < 0.05) (Table 2). The minimum-spanning
haplotype network of the three mtDNA markers indicated a
segregating trend between the wild population and hatchery
groups (Figure 2). Among four haplotypes of rock carp detected
by the CO I marker, the ZY processed two private (Hap 2 and
Hap 4) and shared Hap 3 with the WZ and Hap 1 with the YB
and WZ, and similar haplotype networks among the three
sampling groups are also detected by the Cyt b and D-loop
markers (Figure 2). Furthermore, the D-loop marker detected
more private haplotypes among the groups than the other two
markers, which showed the three groups had, respectively, one
private haplotype (Figure 2).

Similar results in historical dynamics of the wild population
were revealed by the three mtDNA markers, which failed to
reject the raw hypothesis of population inflation and neutrality
theory. The mismatch distribution analysis showed multimodal
distribution (Figure 3). The goodness of fit and neutrality tests
did not detect a significant departure from the raw hypothesis,
except for the mtDNA CO I and D-loop-labeled markers SSDs
(p < 0.05) (Table 3).

DISCUSSION

The three mtDNA markers revealed consistent results and
indicated a low level of genetic diversity in rock carp and
significant genetic differentiation between the wild population

and the YB hatchery group. These results pointed out the
importance of genetic evaluation of pre-released and the urgency
in protecting the genetic diversity of rock carp. Among the three
mtDNA markers, the D-loop marker showed higher genetic
variations and more effective detection in genetic makeups
among different groups of rock carp, which may be preferred in
pre-released genetic evaluation for the fish. Hatchery release is
a major strategy for population conservation and restoration of
rock carp, similar to over 20 endemic fishes in the upper Yangtze
River (Yin and Zhang, 2008). Application of pre-released genetic
evaluation is suggested for protecting the genetic diversity of
rock carp and avoiding genetic risks of hatchery-raised fish
released based on our results. This study also is instructive for
hatchery release for population conservation and restoration of
other endemic fishes in the upper Yangtze River.

A low level of genetic diversity in rock carp was revealed by
the mtDNA markers, which may be related to the genetic impacts
of released hatchery-raised individuals. Most of the h values were
below 0.5, except for the YZ (0.81) by the Cyt b marker and the
WZ (0.59) by the D-loop marker; the 7 values of all groups were
below 0.5 x 1072, and the k values ranged from 1 to 4 in rock
carp. All these results showed low genetic diversity, which was
consistent with the recent results of rock carp (Zhang et al., 2020;
Yue et al,, 2021). The h and nt values of the D-loop marker were
0.41 and 0.13 x 1072 and 0.40 and 0.13 x 102 for two released
hatcheries of Chongqing city (Yue et al., 2021), and the h and nt
values of the Cyt b marker were 0.63 and 0.14 x 10-2 and 0.46
and 0.10 x 1072 for wild populations from the Wanzhou section
and the Chishui River of the upper Yangtze, respectively (Zhang
et al., 2020). Compared with earlier results of wild populations,
our results showed a sharp decrease in genetic diversity in the
last decade with the implementation of the mass-scale release of
hatchery fish. The h and nt values of the D-loop marker ranged
from 0.60 to 0.97 with a mean of 0.86 and from 0.25 x 102 to
1.60 x 10-2 with a mean of 0.79 x 102 for eight wild populations
collected from 2002 to 2006 (Song et al., 2014). Research studies
before 2010 also showed high genetic diversity of rock carp, such
as three wild populations with average h = 0.86 using the D-loop
marker and two wild populations with average h = 0.88 using
the Cyt b marker (He et al., 2008; Zhu et al., 2008). The research
using microsatellite markers had identified the negative effects
of hatchery release on the genetic diversity and structure of rock
carp (Cheng et al.,, 2011; Zhang et al., 2022). Combined with

TABLE 1 | Genetic diversity indices for partial sequences of the mtDNA CO |, Cyt b, and D-loop markers in the wild population (ZY), Yibin hatchery (YB), and Wanzhou

hatchery (W2) of Procypris rabaudi.

mtDNA Marker Sampling Group Haplotype Number (k) Haplotype Diversity (h) Ave. Nucleotide Dif. (1) Nucleotidic Diversity ()
CO| zY 4 0.47 1.98 0.22 x 102
YB 1 0.00 0.00 0.00
Wz 2 0.40 2.00 0.22 x 102
Cytb zY 4 0.81 1.90 0.19 x 102
YB 1 0.00 0.00 0.00
Wz 3 0.38 0.91 0.91 x 102
D-loop zY 4 0.45 2.67 0.42 x 102
YB 2 0.11 1.26 0.20 x 102
Wz 4 0.59 2.63 0.41 x 102
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TABLE 2 | Pairwise differences (Ns;) among the wild population (2Y), Yibin hatchery (YB), and Wanzhou hatchery (WZ) of Procypris rabaudi using partial sequences of

the mtDNA CO |, Cyt b, and D-loop markers.

col Cytb D-loop
Sampling group YB wz YB wz YB wz
Y 0.16* -0.12 0.05* -0.05 0.25* -0.14
YB 0.25 0.04 0.18*
*p < 0.05.

other research, our results may be indicated that hatchery release
is likely to important reason for the sharp decrease in genetic
diversity of rock carp, which is consistent with the reference of
Zhang et al. (2020). Genetic diversity is closely associated with
population adaptation and fitness and is important to the long-
term persistence of a species (Schindler et al., 2010; Grant et al.,
2017). Thus, our results pointed out the importance of pre-
released genetic evaluation and the urgency of protecting the
genetic diversity of rock carp.

Significant genetic differences were detected between the ZY
and YB, which were consistent with the results using microsatellite
markers and cautioned the genetic impacts of released hatchery-
raised rock carp (Cheng et al., 2011). The observed segregating
trend of the haplotype network between the wild population
and hatchery groups also supported the results of population
differentiation. Previous research showed that no genetic
differentiation and obvious geographical distribution patterns
were found in wild populations of the fish using the mtDNA
markers (He et al., 2008; Song et al., 2014; Zhang et al., 2020).
However, recent research demonstrated genetic differentiation
between the Wanzhou population and other natural populations
due to long-term released activities of hatchery-raised rock carp

col
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FIGURE 2 | Statistical parsimony network based on haplotype frequencies of
the mtDNA CO |, Cyt b, and D-loop markers among the wild population (ZY),
Yibin hatchery (YB), and Wanzhou hatchery (WZ2) of Procypris rabaudi.

in Wanzhou, Chongging city (Zhang et al., 2022). Furthermore,
the YB, the same broodstock in Cheng et al. (2011), showed
extremely low genetic diversity and dramatically homogenizing
of genetic variability in the last decade. Broodstock is generally
small for economic efficiency to reduce the costs in hatchery
practices, which inevitably produces a cohort of individuals that
differs genetically from the wild population (Araki et al., 2007;
Araki etal., 2008; Grant et al., 2017). Hybridizations with released
hatchery-raised individuals like the YB have the potential to
lower the fitness of wild counterparts. In addition, our results in
historical dynamics indicated that the wild population complied
with the neutrality theory and held relatively stable. Protecting
the genetic resources of wild populations is an important mission
in implementing stock restoration (Teletchea and Fontaine, 2014;
Grant et al., 2017). Combined with this research, our results
underscored the importance of broodstock management in the
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Frontiers in Marine Science | www.frontiersin.org

48

July 2022 | Volume 9 | Article 939745


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

He et al.

Pre-release Genetic Assessment

TABLE 3 | Goodness of fit and neutrality tests for partial sequences of the mtDNA CO |, Cyt b, and D-loop markers in the wild population of Procypris rabaudi.

Raggedness Index Sum of Square Deviations Tajima’s D Fu’ Fs
COl 0.23 0.33* -0.29 1.29
Cytb 0.06 0.01 -1.13 -0.23
D-loop 0.30 0.28* 0.12 2.63
0 < 0.05.

released hatchery. Broodstock management, especially effective
broodstock size for rock carp, is central to successful hatchery
release and then stock restoration (Grant et al., 2017). The
Ryman-Laikre model with its extensions can be used to estimate
appropriate broodstock size (Ryman and Laikre, 1991; Waples
etal., 2016), which should be applied in broodstock management
of released hatcheries, especially in the YB for rock carp. A
careful evaluation of the genetic makeup of released individuals
before restocking activity is needed to avoid the genetic impacts
of released hatchery-raised rock carp.

The D-loop marker results revealed higher genetic variations
and more effective detection of the genetic makeups of different
groups of rock carp, which may be preferred in pre-release genetic
assessment for the fish. Compared with other mtDNA markers,
the D-loop marker detected higher diversity, more haplotypes
and private haplotypes, and significant differences between the
YB and WZ. As the non-coding region in mtDNA, the D-loop
marker generally exhibits higher genetic variations and the
fastest evolution rate relative to coding regions such as the CO I
and Cyt b markers (Keeney and Heist, 2006; Jackson et al., 2012;
Portnoy and Heist, 2012). In addition, the D-loop marker was
also the most widely used molecular marker in rock carp and
had comprehensively depicted the genetic background of two
hatchery groups and all wild populations across the natural range
of the fish (Song et al., 2014; Zhang et al., 2020; Yue et al., 2021).
It is impossible to implement a risk-free program for population
conservation and restoration (Waples and Drake, 2004). On the
basis of our results, pre-released genetic evaluation is proposed
for protecting the genetic diversity of rock carp and for avoiding
the genetic risks of released hatchery-raised individuals. The
D-loop marker with its practical advantages may be preferred in
the evaluation for rock carp.

CONCLUSION

Rock carp (Procypris rabaudi) is included in the National Key
Protected Wildlife in 2021 as a second-class aquatic animal.
Hatchery release is the main strategy for the recovery of rock carp
populations. In this study, we presented that the D-loop marker
was preferentially selected in the pre-release genetic evaluation
from three mtDNA markers; the D-loop marker detected higher
diversity, more haplotypes, and private haplotypes, and significant
differences between the two hatcheries: YB and WZ. This study

pointed out the importance of pre-release genetic evaluation
and the urgency of protecting the genetic diversity of rock carp.
Hatchery release has been practiced for more than 20 endemic
fishes including rock carp, and the results of this study are also
instructive to hatchery release for population conservation and
restoration of other endemic fishes in the upper Yangtze River.
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Education, Research Institute for Food Nutrition and Human Health, School of Food Science and
Engineering, South China University of Technology, Guangzhou, China, ?Institute for Inorganic and
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Fucoxanthin is a new dietary ingredient applied in healthy foods with specific
benefits of body weight loss and liver fat reduction. The marine diatom
Phaeodactylum tricornutum is a highly suitable species for fucoxanthin
production. In the present study, aiming to promote fucoxanthin biosynthesis
in mixotrophic P. tricornutum, NaNOs, tryptone, and urea were evaluated as
nitrogen sources with 0.10 mol L™ of glycerol as the organic carbon source for
mixotrophic growth in shake flasks. Compared to NaNOs, the mixture of
tryptone and urea (referred to as T+U, 1:1, mol N:mol N) as organic nitrogen
sources could induce a higher biomass and fucoxanthin production. Through
nitrogen utilization analysis, leucine, arginine, lysine, and phenylalanine in the
T+U medium were identified as the amino acids that primarily support cell
growth. Among those amino acids, arginine causes the highest rate of nitrogen
utilization and cell growth promotion. After 12 days of cultivation, the highest
biomass concentration (3.18 g L™, fucoxanthin content (12.17 mg g%, and
productivity (2.68 mg L™ day™) were achieved using 25 mmol N L™ of arginine
and 5 mmol N L™* of urea as nitrogen sources, indicating that arginine and urea
performed synergistically on enhancing biomass and pigment production. This
study provides new insights into the promotion of fucoxanthin biosynthesis by
nitrogen utilization analysis and verifies the synergetic effect of arginine and
urea on facilitating the development of a promising strategy for efficient
enhancement of fucoxanthin production through mixotrophic cultivation of
P. tricornutum.
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Introduction

Fucoxanthin is a carotenoid that is widely distributed in
diatoms, brown algae, and golden algae (Yang et al., 2020). Given
its antioxidant, anticancer, anti-obesity, anti-diabetes, and anti-
Alzheimer’s disease properties (Lourenco-Lopes et al., 2021; Seth
et al,, 2021), fucoxanthin draws a growing attention and an
increasing demand in the global market. Due to its health
benefits and non-toxicity, fucoxanthin obtained the
acknowledgement from the U.S. Food and Drug
Administration (FDA) as a new dietary ingredient in 2017 for
application in human health food (https://www.fda.gov/media/
108748/download), especially for body weight management and
liver health improvement (Yang et al., 2020; Sun et al., 2022). For
example, fucoxanthin has been applied in commercial products
of whole milk and skimmed milk as a weight loss drink (Mok
etal, 2016; de Gonzalez et al., 2021). Currently, the commercial
source of fucoxanthin is mainly brown seaweeds, but the very
low content (<0.1% DW) of fucoxanthin and the difficulties of
extraction result in the low quality and high cost of fucoxanthin-
rich oil products (Rajauria et al., 2017).

Marine diatoms are microalgae that produce bioactive
compounds like long-chain polyunsaturated fatty acids
[eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA)], natural pigments (fucoxanthin and other high-value
carotenoids, phycobiliproteins), and polysaccharides
(chrysolaminarin, etc.), with broad applications in aquaculture,
health foods, pharmaceuticals, and cosmetics (Yang et al., 2020).
The marine diatom Phaeodactylum tricornutum is recognized as
a suitable fucoxanthin producer due to its high content of
fucoxanthin (Yang and Wei, 2020), and the highest level of
fucoxanthin could reach 59 mg g ' using flat panel
photobioreactors (McClure et al., 2018). It can be cultivated at
a large scale under autotrophic conditions for industrial
purposes (Gao et al., 2017; Delbrut et al., 2018). The
mixotrophic cultivation of P. tricornutum could achieve higher
biomass productivity (1.01 g L™ day ') compared to autotrophic
conditions, but the photosynthetic system was significantly
inhibited, causing the low content of carotenoids (<0.7% DW)
(Ceron-Garcia et al., 2013). As fucoxanthin is the main
carotenoid in P. tricornutum, the content was even lower in
the mixotrophic biomass. The results above suggested that it is
hard to accumulate biomass and fucoxanthin simultaneously.
Therefore, the development of a high-efficient manufacturing
technology is an urgent demand for the commercial production
of fucoxanthin by mixotrophic marine diatoms.

Since fucoxanthin exists in the form of a fucoxanthin—
chlorophyll-protein complex (FCP) in the photosynthetic
system of diatoms (Wang et al, 2019), nitrogen plays a vital
role in FCP formation during cultivation. In diatoms,
fucoxanthin biosynthesis requires nitrogen-rich conditions
(Jauffrais et al., 2016; McClure et al., 2018; Wang et al., 2018).
The fucoxanthin content was increased immediately after nitrate
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addition and then decreased with the consumption of nitrate
(Pajot et al.,, 2022). The increase of nitrogen concentration from
40 to 400 umol L' promoted a two-fold increase in pigment
contents (including chlorophyll and fucoxanthin) (Jauffrais
et al, 2016). The highest level of fucoxanthin content (5.92%
DW) was reported under 10-fold NO;~ addition (McClure et al.,
2018). Biomass concentration and fucoxanthin content were also
significantly enhanced around 50% and 70%, respectively, by
extra nitrogen supply in the growth of P. tricornutum (Wang
et al., 2018). Transcriptome analysis indicated that genes
involved in the photosynthesis system and fucoxanthin
biosynthesis pathway were upregulated under nitrogen-replete
conditions (Alipanah et al., 2015; Remmers et al., 2018), and
RNA-seq analysis demonstrated that the expression of light-
harvesting complex genes (including FCP genes) was decreased
with nitrogen depletion, resulting in the reduction of
fucoxanthin content (Pajot et al., 2022). Thus, sufficient
nitrogen is an essential nutrient for both cell growth and
fucoxanthin biosynthesis in P. tricornutum.

Phaeodactylum tricornutum can utilize not only inorganic
nitrogen sources like nitrate, nitrite, and ammonium but also
organic nitrogen sources like urea, tryptone, and amino acids
(Smith et al., 2019; Contreras and Gillard, 2021; Yang and Wei,
2020). Compared with nitrate and ammonium, P. tricornutum
preferred to use urea, achieving a higher biomass concentration
with no significant difference in fucoxanthin content (Zhang
et al.,, 2016). Furthermore, the fucoxanthin production was 3.45-
fold higher than that in the presence of urea when tryptone was
used as a nitrogen source (Wang et al., 2021), and P. tricornutum
could utilize most of the amino acids, in which the maximum
uptake rate of nitrogen was reached by using arginine (Rees and
Allison, 2006; Contreras and Gillard, 2021). Among 20
proteinogenic amino acids, arginine has four amino moieties,
leading to the highest nitrogen to carbon ratio in the molecule. It
is thus regarded as an effective storage of organic nitrogen in vivo
(Winter et al., 2015). However, the impact of different types and
concentrations of amino acids as well as the synergetic effect
with other nitrogen sources on fucoxanthin biosynthesis is still
not known clearly.

Phaeodactylum tricornutum cells assimilate nitrogen through
glutamine synthetase (GS) and glutamine 2-oxoglutarate
aminotransferase (GOGAT) cycle working with transport systems
(Smith et al., 2019). Nitrate, nitrite, ammonium, and several amino
acids that are metabolized extracellularly are assimilated in the
chloroplast via GSII-GOGATq and shuttle nitrogen to the
mitochondria through the aspartate system (Smith et al, 2019;
Contreras and Gillard, 2021). In contrast, urea, arginine, and lysine
are assimilated by mitochondrial GSIII-GOGAT,}, and amino
moieties are transported to the chloroplast through the alanine
system (Flynn and Syrett, 1986; Smith et al, 2019). The aspartate
and alanine systems both utilize the pyruvate carbon skeleton to
transport nitrogen between organelles (Smith et al, 2019). In
addition, pyruvate is an important precursor of photosynthetic
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pigment synthesis (Yang et al., 2020). To improve the efficiency of
nitrogen assimilation, adequate carbon source and glycolysis
capacity are required for the fast growth of cells. Previous studies
indicated that mixotrophic conditions using glycerol as the organic
carbon source could upregulate the pathway of glycolysis and
provide more pyruvate in cells (Villanova et al., 2017), potentially
supporting the biomass accumulation and fucoxanthin biosynthesis
in P. tricornutum. For example, with glycerol and sufficient nitrogen
addition, biomass productivity and fucoxanthin concentration were
increased 43.5% and 97.5% in P. tricornutum, respectively (Wang
et al, 2021). Therefore, it is feasible to improve nitrogen
consumption rate and induce fucoxanthin biosynthesis by
optimizing the types and concentrations of nitrogen sources with
glycerol supply.

In this study, cell growth and fucoxanthin production were
evaluated using inorganic (NaNO;) and organic nitrogen
sources (the mixture of tryptone and urea) in mixotrophic P.
tricornutum. Then, arginine was proven as the preferred amino
acid by free amino acid consumption analysis in the medium
using the mixture of tryptone and urea as nitrogen sources.
Different concentrations of arginine, urea, and their mixture
were investigated and optimized to develop a promising
strategy for the efficient enhancement of fucoxanthin
production. The proposed nitrogen assimilation pathway in
P. tricornutum was fully discussed to explain the promotion of
fucoxanthin biosynthesis.

Materials and methods
Microalgal strain and seed culture

The diatom P. tricornutum CCMP 1327 was kindly donated
by Dr. Hanhua Hu from the Institute of Hydrobiology, Chinese
Academy of Sciences (CAS), Wuhan, China. The seed culture
was grown in 250-ml shake flasks containing 100 ml of modified
f/2 medium with 9.20 g L™ of glycerol and a mixture of
1.17 g L' of tryptone and 3 g L™ of urea (1:1, N mol:N mol)
in a shaking incubator with continuous illumination under
20 umol m™ s~ by white LED light (OQ-PZP003050,
4,000 K, Guangdong Ocean Quantum Lighting Company,
China) at 20°C and 160 rpm according to our previous work
(Yang and Wei, 2020). The seed culture at the logarithmic phase
was used as the inoculum for further experiments.

Evaluation of nitrogen sources on cell
growth and fucoxanthin production

To investigate the effect of inorganic and organic nitrogen
sources on cell growth and fucoxanthin accumulation, sufficient
nitrogen concentrations (20 mmol L™") of NaNO; and the
mixture of tryptone and urea (1:1, N mol:N mol, presented as
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T+U) selected from our previous study (Wang et al., 2021) were
evaluated in mixotrophic growth with an initial cell density of
1 x 107 cells ml™ (Yang and Wei, 2020) in shake flasks,
respectively. Cell density, pH value, and nitrogen
concentration were detected by sampling every 2 days during
the cultivation. The biomass productivity and fucoxanthin
content were detected at the end of cultivation according to
our previous work (Yang and Wei, 2020).

Identification of the preferred amino
acids in the T+U medium

During the cultivation above, the free amino acid
concentrations in the T+U medium were analyzed by
sampling every 2 days. According to the results of free amino
acid consumption, the top 4 amino acids with high nitrogen
consumption rate were identified as the preferred amino acids,
in which the top 2 amino acids (lysine and arginine) at nitrogen
contents of 0.3, 0.6, 0.9, and 1.2 mmol N L™! based on the initial
concentration in the T+U medium were then selected to
compare their effects on cell density, biomass concentration,
and chlorophyll fluorescence, as well as on the consumption rate
of carbon and nitrogen. Nitrogen concentrations were selected
according to the initial concentration of the top 2 amino acids
identified in the T+U medium.

Synergetic effects of the preferred amino
acids with urea

After the comparison of the top 2 preferred amino acids
above, arginine, the dominant one, was investigated for its effect
at the final nitrogen contents of 5, 10, 15, 20, 25, and 30 mmol N
L™ by comparing to urea at final nitrogen contents of 5, 10, 15,
and 20 mmol N L', Moreover, their mixture at total nitrogen
contents of 10, 15, 20, 25, and 30 mmol N L™}, in which urea was
at 5 mmol N L™, was carried out to investigate the synergetic
effects by comparing with the solo nitrogen medium. Cell
density, pH, and nitrogen concentration were monitored
during the cultivation. Biomass concentration and
productivity, pigment content, and fucoxanthin productivity
were analyzed with glycerol consumption rate at the end
of cultivation.

Analytical methods

Cell density and biomass concentration

A 1-ml cell suspension was collected for cell density and
chlorophyll fluorescence determination by CytoFLEX flow
cytometry (Beckman Coulter, USA) according to the operation
manual. The fluorescence intensity of chlorophyll was recorded
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in channel PC5.5 (excitation at 488 nm, emission at 690/50 nm
through a BP filter).

The biomass concentration (g L") was determined by the
gravimetric method. A 2-ml cell suspension was collected in a
preweighed tube and biomass was measured after centrifuging,
washing, and drying in a 60°C oven to a constant weight.

The specific growth rate (u, day ') and biomass productivity
(mg L dayfl) were calculated using formulae (1) and (2):

p = (InN; - InNp)/(t - t,) 1)
Biomass productivity (mg L™* day™)
= (W, = W)/t x 1,000 @)

where N; and N, are the cell densities (cells ml™!) at time ¢ and
time fo; W, and W, are the biomass concentrations (g LY at
time ¢ and time f,, respectively.

Glycerol and nitrogen concentrations

The glycerol concentration was determined by an M-100
biosensor analyzer (Siemens, China). NO;~ and total nitrogen
(TN) concentrations were determined using a water quality
analyzer (HI83200, Hanna, Italy) and DR2700 spectrophotometer
(HACH, USA), respectively (Luo et al., 2020; Yang and Wei, 2020).

The urea concentration was determined by the urease kit
(C013-2-1, Jianyang, China). The reaction solution was prepared
according to the kit’s instructions, and the absorbance was
measured at 640 nm. The urea concentration was calculated
using formula (3):

. -1
Urea concentration mmol L

(©)

= (Asumple - Ahlank) - (Astandard - Ahlank) X Cstandard

where Apies Aplani> a0d Agiandara are the absorbance of the
sample, blank, and standard solution, while Cgupgara is the
concentration of the standard (mmol L™).

Profile and concentration of amino acids

The profile and concentration of free amino acids in the T+U
medium were determined by an automatic amino acid analyzer
(L8900, Hitachi, Japan) (Shim et al, 2013). A 2-ml cell-free
culture broth of the T+U medium was collected every 48 h, and
0.5 ml of 15% sulfosalicylic acid was added for deproteinization.
After mixing, the solution was stored at 2°C-4°C for 60 min. The
supernatant was collected by centrifugation at 10,000xg for
15 min and then filtered through a 0.22-um syringe
membrane for further detection. The samples were detected by
standard procedure with the MCI* buffer L-8500 pH kit, and
then the free amino acids were identified and quantified by
standard curves (Shen et al., 2021).

The arginine and lysine concentrations in the medium were
determined by the ninhydrin colorimetric method (Tu, 2018).
A 2x pH 5.6 buffer was prepared by 4.15 g of Na,HPO,-12H,0
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and 0.88 g of citric acid monohydrate. A 2% ninhydrin solution
(w/v) was prepared using 1x pH 5.6 buffer. Two hundred
microliters of 2x pH 5.6 buffer; a 200-pl supernatant of
arginine, lysine standard, or sample; and a 400-ul ninhydrin
solution were added in a glass tube and then put in a 100°C water
bath for 15 min. Then, 2 ml of double-distilled H,O (ddH,0)
was added to the tube after cooling at room temperature, and
absorbance was measured at 570 nm. The arginine and lysine
concentrations were calculated using arginine and lysine
standard curves, respectively.

Natural pigments

Natural pigments were extracted by organic solvents and
measured by high-performance liquid chromatography (HPLC,
DIONEX P680, Thermo Scientific, Waltham, USA) equipped
with a PDA detector and a YMC' " Carotenoid column
(150 mm x 4.6 mm, 3 um) (Yang and Wei, 2020). The
fucoxanthin productivity (mg L™ day ') was calculated by the
following formula:

Fucoxanthin productivity (mg L™ day™)

= (W, x C, = Wy x Cy)/t (4)

where W, and W, are the biomass concentrations (g L) at time
t and time ty; C; and C, are the fucoxanthin contents (mg gfl) at
time t and time f,, respectively.

Statistical analysis

The data were performed by triple biological replicates and
presented as mean + SD (standard deviation). The Origin V9.0
software was used for drawing the figures. The statistical analysis
was carried out by one-way analysis of variance (ANOVA) and
LDS t-test with SPSS V22.0. Different letters indicate significant
differences (p< 0.05).

Results and discussion

Effects of nitrogen sources on cell
growth and fucoxanthin production

NaNOj; and the mixture of tryptone and urea (T+U) affected
the cell growth of P. tricornutum. Higher cell density
(10.86 x 107 cells ml™") and specific growth rate (0.17 day™")
were observed in the T+U medium compared to the NaNO;
medium (p< 0.05) (Figure 1A; Table 1). It is coincident with the
previous studies that P. tricornutum performed better in terms of
cell growth with tryptone or urea addition (Wang et al., 2021).
Compared with nitrate, it was reported that organic nitrogen
sources, including leucine, isoleucine, and valine, could induce
higher cell density in P. tricornutum (Hu et al., 2019). The pH
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FIGURE 1

Cell density and pH value (A), total nitrogen concentration in the
medium (B), pigment (fucoxanthin and chlorophyll a) contents,
and biomass productivity (C) in the mixotrophic growth of
Phaeodactylum tricornutum using inorganic (NaNOs) and
organic nitrogen (tryptone:urea = 1:1, mol N:mol N) sources at
20 mmol N L™, Different letters indicate a significant difference
(p< 0.05).

value in the NaNO3; medium remained around 8.20~8.40 during
the cultivation (Figure 1A), like in previous reports
(Yongmanitchai and Ward, 1991; Eustance et al,, 2013). In the
T+U medium, pH was increased sharply to peak at 9.18 and then
gradually decreased to 7.3 with faster cell growth in the
logarithmic phase (Figure 1A). This pH fluctuation might
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TABLE 1 The specific growth rate, carbon and nitrogen consumption
rate, and pigment content in the mixotrophic growth of P.
tricornutum using NaNOj3 and the mixture of tryptone and urea (1:1,
mol N:mol N) as nitrogen source at 20 mmol N L™ in shaking flasks.

Index NaNO; Tryptone
+ urea
Specific growth rate (day™") 0.12 + 0.01° 0.17 + 0.00°

Glycerol consumption rate (mg L™' day ™) 183.33 + 6.80° 23333 + 16.67°

Nitrogen consumption rate (mg L™" day ™) 10.00 + 0.43° 11.50 + 0.50°
Fucoxanthin content (pg cell ™) 0.32 + 0.03" 0.51 +0.01*
Chlorophyll a content (pg cell™) 0.53 + 0.04° 1.10 £ 0.07°

Different letters (a, b) indicate significant difference (p< 0.05). Glycerol (0.10 mol LY was
used as the organic carbon source in the mixotrophic medium.

relate to the priority utilization of nitrogen in the mixture of
urea and free amino acids in the T+U medium. Moreover, the
decline in nitrogen concentration was positively correlated with
the increase of cell growth (Figures 1A, B). The consumption
rate of total nitrogen (11.50 mg L™" day ') in the T+U medium
was 15% higher than that in the NaNO; medium
(p< 0.05) (Table 1).

In the T+U medium, the biomass productivity, glycerol
consumption rate, fucoxanthin content, and chlorophyll a content
were 2452 mg L' day ™, 233.3 mg L' day ', 16.11 mg g, and
3433 mg g{1 (Figure 1C; Table 1), which were 40%, 27%, 157%, and
229% higher those in the NaNO; medium, respectively (p< 0.05).
Notably, the increase of biomass productivity was higher than the
increase of glycerol consumption rate, which indicated that the
higher biomass accumulation in the T+U medium might be caused
by the additional carbon supply from the organic nitrogen sources.
A previous study demonstrated that carbon and nitrogen tend to
flow toward carbohydrate and protein synthesis rather than the
photosynthetic system under glycerol and NaNO; supply, which
might explain the low content of photosynthetic pigments
(fucoxanthin and chlorophyll 4) in the NaNO; medium
(Villanova et al,, 2017). It is reported that urea induced higher
biomass productivity than nitrate in P. tricornutum (Zhang et al,
2016), and higher biomass was obtained using tryptone compared
with both nitrate and urea in the diatom Nitzschia laevis (Wen and
Chen, 2001). Earlier research also demonstrated that a 36% increase
of biomass and a 28% increase of fucoxanthin were obtained using
the mixture of tryptone and urea compared to tryptone (Wang
et al, 2021). It is noteworthy that cellular chlorophyll a (1.10 pg
cell™) in the T+U medium was twice that in the nitrate medium
with a 59% increase of cellular fucoxanthin (p< 0.05) (Table 1),
indicating that the organic nitrogen source significantly promoted
cellular pigment biosynthesis. Ammonium induced higher
intracellular chlorophyll a concentrations in P. tricornutum
compared with nitrate (Frada et al., 2013), and Entomoneis
paludosa also reached the highest level of fucoxanthin content
under ammonium compared to nitrate (Jauffrais et al., 2016) due
to the high activities of the GS and GOGAT systems (Rees, 2003).
Most of the available nitrogen (free amino acids and urea) in the T

frontiersin.org


https://doi.org/10.3389/fmars.2022.947726
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Yang et al.

+U medium was finally utilized intracellularly as ammonium
(Smith et al, 2019; Contreras and Gillard, 2021), which might
promote intracellular nitrogen metabolism and contribute to the
increased biosynthesis of photosynthetic pigments including FCP.
Therefore, the mixture of tryptone and urea was the optimal
nitrogen source for enhancing biomass and fucoxanthin
production, in which tryptone provided a complex nutrition
(free amino acids, peptides, vitamins, and growth factors).
However, high cost and lower bioavailability limit its
industrial-scale application. Thus, the following experiments
were carried out to determine the dominant nitrogen
components for utilization and simplify of the medium.

Identification of the preferred amino
acids in the T+U condition

To explore the amino acid utilization in the T+U medium, the
concentration of free amino acids was monitored during the
cultivation. As shown in Figure 2, leucine, lysine, arginine, and
phenylalanine were the most abundant amino acids in the T+U
medium (Figure 2A). When preferentially used up in 4~6 days,
their nitrogen consumption rates reached 0.83, 2.09, 2.09, and
0.44 mg Lt dayfl, respectively (Figure 2C). Methionine, tyrosine,
histidine, glutamate, and aspartic acid could be utilized to support
cell growth as well (Figure 2A). A similar phenomenon was
observed in previous studies, in which arginine, glutamate,
leucine, and isoleucine could be used as sole nitrogen sources in
P. tricornutum, and cells performed best by using arginine
(Contreras and Gillard, 2021). A higher cell density was achieved
by using arginine in E. paludosa compared with that using
glutamine and glycine (Jauffrais et al., 2016). Interestingly, the
rapid consumption of leucine, lysine, arginine, and phenylalanine
was observed as the preferred amino acids (Figure 2A). Valine,
serine, threonine, and alanine levels remained stable during the first
2 days and then increased sharply within the following 2 days
(Figure 2B). Though the isoleucine content dropped slightly in the
first 2 days, it reached the highest level on the fourth day. When the
preferred amino acids were used up in the T+U medium after
6 days (Figure 2A), valine, serine, threonine, alanine, and isoleucine
started to be consumed (Figure 2B). However, proline and glycine
were secreted into the medium on the 4th and 10th day,
respectively, without consumption during the cultivation
(Figure 2B). The results were coincident with a previous report
on E. paludosa where glycine was the worst nitrogen source for cell
growth and pigment production (Jauffrais et al., 2016). A similar
phenomenon was observed in P. tricornutum since proline and
serine were hardly utilized after nitrogen deprivation (Rees and
Allison, 2006). The intracellular glycine was reported as the only
amino acid that increased in P. tricornutum after 4 days of
cultivation (Ge et al.,, 2014), which was consistent with the trend
of glycine in this study. Therefore, leucine, lysine, arginine, and
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of four preferred amino acids (C) in the mixotrophic growth of
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letters represent significant difference (p<0.05).
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phenylalanine were identified as the preferred amino acids for P.
tricornutum utilization.

To deeply understand nitrogen assimilation in P. tricornutum,
the proposed assimilation pathway of amino acids and other
nitrogen sources is summarized in Figure 3 according to the
literature. In P. tricornutum, amino acids can be utilized mainly in
two ways (Rees and Allison, 2006). On the one hand, amino acids
are transported into cells by amino acid-specific transporters on
the membrane systems and metabolized intracellularly (Flynn and
Syrett, 1986). On the other hand, amino acids are oxidized to
NH,", a-keto acid, and hydrogen peroxide by extracellular L-
amino acid oxidase (LAAO), then taken up by NH," transporters
(AMT) on the membrane systems (Rees and Allison, 2006;
Contreras and Gillard, 2021). Arginine and lysine can be
assimilated by transporters directly and metabolized in vivo
(Flynn and Wright, 1986; Rees and Allison, 2006). After
entering the cells, arginine is converted to urea and ornithine by
arginase (ARG) in the urea cycle in the mitochondrial membrane,
and then urea is metabolized to NH," participating in the GS III-
GOGAT,}, cycle in the mitochondria (Smith et al., 2019),
contributing to cell growth and protein synthesis (Zhang et al.,
2015). Meanwhile, lysine is transported into cells directly and

10.3389/fmars.2022.947726

catabolized by the o-amino adipic acid pathway to produce
glutamate joining in the GS III-GOGAT,), cycle (Arruda and
Barreto, 2020), as well as acetyl-CoA, which finally enters the
tricarboxylic acid (TCA) cycle contributing to carbohydrate
accumulation (Zhang et al., 2015; Pan et al,, 2020). In contrast,
alanine, methionine, leucine, glutamate, valine, and asparagine are
oxidized exclusively by LAAO extracellularly, and histidine is
partially oxidized by LAAO in P. tricornutum (Rees and Allison,
2006; Contreras and Gillard, 2021). Phenylalanine, tyrosine,
isoleucine, serine, threonine, aspartic acid, and glycine are also
catalyzed by LAAO in other microalgae (Calatrava et al., 2019). It
was reported that hydrogen peroxide produced by LAAO could
not be utilized by cells and remained in the medium (Palenik and
Morel, 1990), in which the accumulation of hydrogen peroxide
triggered a massive cell death in P. tricornutum (Contreras and
Gillard, 2021). Therefore, amino acids that are metabolized
through LAAO are not considered favorable nitrogen sources
for cell growth due to their indirect cell-damaging effect. All
information above suggested that arginine and lysine are taken up
by membrane transporters without hydrogen peroxide generation
and have a great potential to be used as exclusive nitrogen sources
for cell culturing and fucoxanthin production in P. tricornutum.

P. tricornutum

Other microalgae

Alanine, Methionine,
Leucine, Glutamate, Valine,

Phenylalanine, Tyrosine, Isoleucine,
Serine, Threonine, Aspartic acid, Glycine

NH,", a-keto acid, H,0,
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Comparison of arginine and lysine on
cell growth and chlorophyll
fluorescent character

As the top 2 preferred amino acids in the T+U medium,
arginine and lysine triggered the same nitrogen consumption
rate (2.09 mg L™ day ') (Figure 2C). By taking into account the
original nitrogen concentrations of arginine (0.61 mmol N L™
and lysine (0.65 mmol N L™) in the T+U medium (calculated
from Figure 2A), the initial concentrations of arginine and lysine
were set as 0.30, 0.60, 0.90, and 1.20 mmol N L7! for the
comparative study. As shown in Figure 4A, the cell density
was higher under arginine supply, and the higher concentration
of nitrogen led to a higher biomass concentration, glycerol, and
nitrogen consumption rate (Figures 4A-D). Compared with the
lysine medium, the biomass concentration increased 6%~30% in
the arginine medium with a 12%~42% increase of glycerol
consumption rate (Figures 4B-D). After inoculation in the
medium, both arginine and lysine were consumed
immediately, and the maximum nitrogen consumption rate
(7.93 mg L' day™!) on the second day was achieved in the
1.20 mmol N L™! arginine medium, which was 1.92-fold higher

10.3389/fmars.2022.947726

than the highest level in the 1.20 mmol N L™ lysine medium
(p< 0.05) (Figure 4D). In the literature, cells also performed
better in the arginine medium than in the lysine medium, and
the uptake rate of arginine was 64% higher than that of lysine in
P. tricornutum (Flynn and Syrett, 1986; Rees and Allison, 2006),
indicating that cells preferred arginine to lysine. In P.
tricornutum, arginine has four amino moieties and three of
them finally participated in nitrogen metabolism through the
urea cycle and the GS-GOGAT cycle (Smith et al., 2019), while
lysine only has two amino moieties and one was transported to
the nitrogen metabolism pathway via the saccharopine pathway
to produce glutamate (Arruda and Barreto, 2020) (Figure 3),
suggesting that arginine has a higher nitrogen conversion rate in
vivo. According to the nitrogen consumption curves, arginine
was consumed entirely, while lysine remained in trace amounts
in the medium. Though cells reached a nitrogen-deficient state
in later cultivation, the final chlorophyll fluorescence using
arginine was still 36%~79% higher than lysine (Figure 4B).
Contreras and Gillard reported that P. tricornutum obtained
the highest chlorophyll a fluorescence under arginine supply
compared to other amino acids. The photosynthetic capacity was
positively correlated to fluorescence (Contreras and Gillard,
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Cell density (A), mean fluorescence intensity (MFI) of chlorophyll and biomass concentration (B), nitrogen concentration (C), and average (ave.)
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2021), indicating that the photosynthetic system was more active
in the arginine medium. Nitrogen starvation could significantly
inhibit both growth and photosynthetic systems (including FCP)
(Pajot et al,, 2022); thus, the arginine supply was selected for an
in-depth survey in the following experiments with the aim to
obtain higher cell density, biomass, and photosynthetic capacity.

Synergetic effect of arginine and urea on
cell growth and pigment production

Principal component analysis

To clarify the role of mixtures of organic nitrogen sources,
urea was chosen to compare algal growth with or without the
addition of arginine. The performance of cell growth under
arginine, urea, and the mixture of arginine and urea (Arg + urea)
in various concentrations is shown in Figure 5. Algal cultures
showed a deeper brown color in the Arg + urea medium than in
those media containing arginine or urea only. With the increase
in nitrogen concentration, cells grew better in arginine and in the
Arg + urea medium, but it was the opposite in the urea medium
(Figure 5A-C). As shown in Figure 5D, a principal component
analysis (PCA) was carried out according to the cell growth,
nutrient consumption, pH change, and pigment production to
understand the differences among various nitrogen sources.
Principal component 1 (PC1) explained 77% of the total
variation and showed a separated arginine cluster on the left,
Arg + urea cluster on the right, and urea cluster in the middle.
With the increase in nitrogen concentration, the dots in arginine
and Arg + urea clusters exhibited a rightward shift, but the urea
cluster showed the opposite trend. The separation in PC1 and
PC2 suggested a significant difference between the three clusters
with nitrogen types and concentrations.

Cell growth

The cell density increased rapidly after inoculating in both
arginine and Arg + urea media. The specific growth rate was
increased with the rise of nitrogen concentration, but it was the
opposite in the urea medium (Figures 6A-C; Table 2) on the first
4 days, which were coincident with the color of algal cultures
(Figure 5) and a previous report (Jauffrais et al., 2016). In the
diatom E. paludosa, the cells obtained higher cell density under a
higher concentration of arginine and achieved the maximum
specific growth rate under a lower concentration of urea
(Jauffrais et al., 2016). However, the cell growth became very
slow after 4 days due to the sharp drop of pH in the arginine
medium (Figure 6A). Though P. tricornutum continued to grow
on the 10th day when adapted to low pH around 4.5, the cell
densities (4.12~6.05 x 107 cells ml™!) on the 12th day were
insignificantly different than those in the urea media
(3.62~6.22 x 107 cells ml™") but lower than those in the Arg +
urea media. Obviously, the maximum cell density (9.21 x 107
cells ml™") was obtained in the Arg + urea medium at 25 mmol N
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The images of the mixotrophic Phaeodactylum tricornutum at
the end of cultivation using (A) Arg (5, 10, 15, 20, 25, 30 mmol N
L™, (B) urea (5, 10, 15, 20 mmol N L™, and (C) the mixture of
Arg and urea (10, 15, 20, 25, 30 mmol TN L™, in which urea was
at 5 mmol N L™) as nitrogen source and (D) score plot of the
principal component analysis (PCA) for cell growth performance
and pigment production.

L™" even though the pH finally dropped to 5.23, which was 52%
and 48% higher than those in the 30 mmol N L' arginine and
5 mmol N L' urea media, respectively (Figures 6A-C).

pH and nitrogen consumption

Arginine is a basic amino acid with a positive charge in the
side chain group, and the uptake of arginine results in the release
of hydrogen ions resulting in the decrease of pH value (Allen
et al,, 2011). Under an acidic pH environment, the function of
FCPs switched from light-harvesting to energy-quenching via
regulation of energy transfer pathways (Nagao et al, 2020),
which might explain why the cells stopped growing after 4 days
at pH below 4.5 (Figures 6A, C). As shown in Figure 6D, arginine
was fully consumed on the 4th day at 5 mmol N L', and the
Arg-N concentration curves in the other concentrations
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FIGURE 6

Cell density and pH value (A-C), TN concentration in the medium (D-F), and pigment contents (G-1) using Arg (5,10, 15, 20, 25, 30 mmol N L™)
(A, D, G), urea (5, 10, 15, 20 mmol N L™ (B, E, H), and the mixture of Arg and urea (10, 15, 20, 25, 30 mmol TN L% in which urea was at 5 mmol
N L™ (C, F, 1) as nitrogen sources. The solid and dotted lines represent cell density and pH value (A-C), respectively. Total NH4"-N
concentration (con.) represents NH4* from the decomposed urea and secreted NH4* from cells (E). Different letters indicate a significant

difference (p< 0.05).

indicated that the consumption rate of arginine also slowed
down due to the decrease of pH, which was coincident with the
cell growth curve (Figure 6A). pH showed an increase after
inoculation of seed cultures in the urea medium within 48 h and
then decreased slightly except in 5 mmol N L ™" of urea, in which
pH decreased to 7.28 after the 8th day (Figure 6B). Similar
results were observed that the utilization of urea would not
change the pH in the medium at the beginning (Eustance et al.,
2013) and decreased to around 7.0 at the end of the culture
period (Wen and Chen, 2001). It was reported that urea was
metabolized intracellularly to form NH," and secreted it into the
medium when urea was used as the only nitrogen source,
causing an elevation of pH (Dhup et al.,, 2016). The medium
with 5 mmol N L™ of urea showed a rise in total NH,"-N
concentration during the first 4 days and complete consumption
on the 12th day (Figure 6E). Because extracellular urea-N
concentration in the medium was determined by the
chromogenic reaction of NH," generated from urea via the
urease kit, the fluctuating curve of total nitrogen demonstrated

Frontiers in Marine Science

61

the secretion of extra NH," in the medium (Figure 6E). The
secretion and consumption of extra NH," caused the rise and
decline of pH in the medium with 5 mmol N L™" of urea (Wen
and Chen, 2001; Eustance et al., 2013). Compared with the solo
arginine media, the addition of 5 mmol N L™' of urea in the
arginine medium increased cell density and also maintained the
pH in the range of 7.96~9.30 during the first 6 days as expected
(Figure 6C). As shown in Figure 6F, arginine was barely
consumed on the first 4 days with an increase of pH
(Figure 6C), indicating that cells preferred to uptake urea at
the beginning in the Arg + urea medium. After the fourth day,
cells entered the logarithmic phase in the Arg +urea medium and
entered the stationary phase on the eighth day when the pH
decreased to 6.60 (Figure 6C).

Biomass and pigment production

As shown in Figures 6G-I; Table 2, biomass productivity,
glycerol consumption rate, and pigment content were increased
with the rise of nitrogen concentrations in arginine and Arg + urea
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TABLE 2 The specific growth rate, biomass concentration, glycerol consumption rate (CR), and productivities of biomass and fucoxanthin in the
mixotrophic growth of Phaeodactylum tricornutum using different types and concentrations of nitrogen sources in shaking flasks.

Biomass (g L")

N sources u (day’l)

Arginine (mmol N LY

5 0.10 + 0.01° 137 +0.14°
10 0.10 = 0.01° 137 +0.10°
15 0.10 = 0.00° 1.42 +0.07°
20 0.11 + 0.01° 1.46 + 0.04°
25 0.12 + 0.01*° 1.76 + 0.12°
30 0.12 + 0.01* 1.78 + 0.10°
Urea (mmol N L)

5 0.18 + 0.00* 2.24 +0.24*
10 0.16 + 0.01*° 1.92 +0.14*
15 0.15 + 0.02° 2.04 + 0.10°
20 0.13 +0.01° 2.03 +0.14*
Arginine + urea (mmol N L)

10 0.15 + 0.01° 2.59 +0.08"
15 0.16 + 0.01*° 2.75 + 0.08"
20 0.15 = 0.00° 2.82 +0.20°
25 0.16 = 0.00* 3.13 0.17*
30 0.15 = 0.00° 3.18 +0.12*

Glycerol CR (mg L™" day ™)

Productivity (mg L™" day™")

Biomass Fucoxanthin
77.78 + 9.62° 67.71 + 9.28" 0.31 + 0.06°
77.78 + 4.81° 61.86 + 4.37° 0.42 + 0.05°
80.56 + 4.81° 65.61 + 1.24° 0.49 + 0.04°
80.56 + 4.81° 69.37 + 2.26" 0.61 + 0.89"
88.89 + 4.81%° 99.61 + 4.69° 0.89 + 0.03*
100.00 + 16.67° 97.10 + 6.89* 0.99 + 0.08*
103.33 + 5.77° 142.93 + 21.43° 0.31 + 0.06°
103.33 + 11.55° 111.70 + 13.95° 0.19 + 0.05"
86.67 + 5.77° 120.01 + 6.25° 0.37 + 0.02°
90.00 + 0.00" 12092 + 11.51° 0.23 + 0.04™°
236.11 + 17.35" 166.13 + 4.62° 1.83 + 0.09°
230.56 + 17.35" 180.73 + 3.48" 2.05 + 0.07°
230.56 + 4.81° 180.52 + 10.16" 2.06 + 0.04°
260.11 + 9.62* 209.72 + 11.78 2.59 + 0.05°
24722 + 4.81%° 217.86 + 4.69° 2.68 + 0.05

Different letters (a-d) indicate significant difference (p< 0.05). Glycerol (0.10 mol L") was used as the organic carbon source in the mixotrophic medium.

*Total nitrogen amount, in which urea was at 5 mmol N L™".

media. The maximum biomass concentration (3.18 g L") and
productivity (217.9 mg L™ day ') with a glycerol consumption
rate of 247.22 mg L™" day ' were achieved under 30 mmol TN L™ of
Arg + urea medium, significantly higher than the solo arginine or
urea medium (p< 0.05) (Table 2). In contrast, the biomass
productivity in the urea media reached the highest level
(14293 mg L' day™") at 5 mmol N L', 47% higher than that at
30 mmol N L of arginine (Table 2). However, fucoxanthin content
(7.79 mg g ") and productivity (0.31 mg L™ day™") were decreased
by 24% and 69%, respectively, suggesting that urea addition could
significantly promote biomass production but reduce the
biosynthesis of fucoxanthin. A previous study reported that more
arginine-carbon was respired with the same uptake rate when
ammonium and arginine were both present in the medium (Flynn
and Wright, 1986). In this study, the addition of urea in the arginine
medium provided sufficient ammonium in vivo. It could induce the
assimilation of arginine, which might explain the higher biomass
accumulation in the Arg + urea media. Furthermore, the maximum
contents of fucoxanthin (12.17 mg g ') and chlorophyll a
(2945 mg g') were both obtained at the highest concentration
(30 mmol TN L™") in the Arg + urea medium (p< 0.05), significantly
increased by 18%~64% and 68%~133% compared with the solo
arginine and urea media, respectively (Figures 6G-I).
Fucoxanthin and chlorophyll a share the geranylgeranyl
pyrophosphate building block that forms from pyruvate as a
precursor. The biosynthesis of chlorophyll additionally requires the
participation of glutamate (Bertrand, 2010; Meier et al,, 2011). The
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synergetic effect of arginine and urea might promote the activity of
the urea cycle, GS-GOGAT cycle, and TCA cycle (Figure 3),
providing more substrate for the biosynthesis of photosynthetic
pigments and proteins, leading to the higher contents of fucoxanthin
and chlorophyll a. After 12 days of cultivation, the highest
fucoxanthin productivity (2.68 mg L' day™") was observed in the
Arg + urea medium with 30 mmol TN LY, 2.71-fold and 8.64-fold
higher than that in the arginine medium at 30 mmol N L' and in
the urea medium at 5 mmol N L}, respectively (Table 2), but had no
significant difference with the Arg + urea medium at 25 mmol TN
L7\, In the literature, P. tricornutum was cultivated under complex
organic carbon or nitrogen sources, but the bottleneck still remained
for the simultaneous accumulation of biomass and fucoxanthin. For
example, the fucoxanthin content achieved 17.55 mg g with the
supplementation of 1.5 ml L™ of Laminaria japonica hydrolysate in
P. tricornutum, while the biomass was only 1.59 g L™" (Wang et al,
2022). When the spruce hydrolysate and yeast extract (C/N = 60)
were used as carbon and nitrogen sources, biomass concentration
reached 331 g L', but carotenoid concentration only achieved
1692 mg LY, in which the fucoxanthin concentration was lower
(Patel et al., 2019). In this study, the maximum biomass productivity
(2179 mg L™ day™") and fucoxanthin content (12.17 mg g ") in the
Arg + urea medium at 30 mmol TN L™ were 24% and 94% higher
than those in the nitrate medium (Figure 1). We could thus realize
the simultaneous accumulation of biomass and fucoxanthin and
provide an efficient strategy for fucoxanthin production by
mixotrophic P. tricornutum. In future studies, a higher biomass
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and fucoxanthin productivity could be expected with pH control in
synergetic systems of arginine and urea by mixotrophic cultivation of
P. tricornutum.

Conclusion

In this study, various inorganic and organic nitrogen sources
were evaluated for improving cell growth and fucoxanthin
production by mixotrophic P. tricornutum. Arginine was
proven as the dominant amino acid for promoting cell growth
compared to other free amino acids in tryptone and urea media.
The synergetic effect of arginine and urea in the mixotrophic
medium with 0.1 mol L™ glycerol addition could promote
biomass production and fucoxanthin biosynthesis
simultaneously, achieving the highest productivity of biomass
(217.9 mg L day_l) and fucoxanthin (2.68 mg L day_l). The
present study provided new insights into fucoxanthin
biosynthesis promoted by nitrogen metabolism, facilitating the
development of an efficient process for enhancing fucoxanthin
production by mixotrophic P. tricornutum.
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With the development of acoustic data processing technology, it is possible to
make full use of the “chaotic” acoustic data obtained by fishing vessels. The
purpose of this study is to explore a feasible statistical approach to assess the
Antarctic krill density rationally and scientifically based on the acoustic data
collected during routine fishing operations. The acoustic data used in this work
were collected from the surveys conducted by the Chinese krill fishing vessel F/
V Fu Rong Hai since the 2015/16 fishing season in the Bransfield Strait. We first
processed acoustic data into small units of 0.1 nm, then selected the location of
the central fishing ground for grid processing. Because of many zero and low
values, we established a Regional Gridding and Extended Delta-distribution
(RGED) model to evaluate the acoustic density of the krill. We defined the
selection coefficient of grid size by using the coefficient of variation (CV) of the
mean density and the weight of the effective covered area of the grids. Through
the comparison of selection indexes, cells of 5'S X 10'W were selected as a
computational grid and applied to the hotspot in the Bransfield Strait. Acoustic
data reveal the distribution of krill density to be spatially heterogeneous. The CV
of the mean density for 4 months converges at ~15% for cells of 5'S x 10’W.
Simulations estimate krill resource densities in February to be ~1990 m? nm™2
and to increase to ~8760 m? nm™2 in May (4.4 times higher). We deem the
RGED model to be useful to explore dynamic changes in krill resources in the
hotspot. It is not only of great significance for guiding krill fishery, but it also
provides krill density data for studying the formation mechanism of the
resource hotspots.

KEYWORDS

Antarctic krill, acoustic data, Regional Gridding, Extended delta-distribution model,
fishing vessel
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Introduction

As a key species of the Southern Ocean ecosystem, Antarctic
krill (Euphausia superba, hereinafter “krill”) occupies a central
position in pelagic food webs because it is the main food for many
predators such as fish, penguins, seals, and whales (Murphy et al,,
2007; Atkinson et al., 2009; Trathan and Hill, 2016). The
Commission for the Conservation of Antarctic Marine Living
Resources (CCAMLR) was established by international convention
in 1982 with the objective of conserving Antarctic marine life.
CCAMLR practices an ecosystem-based management approach
and is responsible for the conservation of Antarctic marine
ecosystem. This does not exclude harvesting as long as such
harvesting is carried out in a sustainable manner and takes
account of the effects of fishing on other components of the
ecosystem (https://www.ccamlr.org/). CCAMLR is committed to
precautionary, ecosystem-based management, especially in areas
where a fishery is concentrated (Zhao et al, 2020; Zhao Y. X.
et al,, 2021; Trathan et al,, 2022). Accordingly, CCAMLR has agreed
that priority items for consideration by the Working Group on
Acoustic Survey and Analysis Methods (WG-ASAM) and the
Working Group on Statistics, Assessment and Modelling (WG-
SAM) should be subarea-scale krill biomass estimates based on
repeated regional surveys and a review of the open-source
Generalized Yield Model (GYM) implementation for krill
assessment, respectively (SC-CAMLR- XXXVIII, 2019,
Paragraph 13.4).

According to the characteristics of krill fishery equipment,
product type, and fishery management, the development process
of the krill industry can be divided into three stages (Zhao et al.,
2016; Figure 1): 1) a development period from 1972 to 1991
(including initial development and first peak periods), 2) a
stagnation period from 1993 to 2006, and 3) a second
development period from 2006 until the present. By the end of
the 2019/20 fishing season, the total annual production of
Antarctic krill (460,000 t) was at its highest level in nearly 30
years. With the development of krill fishery, working groups of
the Scientific Committee (SC-CAMLR) have actively promoted
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development of technical specifications for acoustic data
acquisition and processing of commercial fishing vessels, to
enable the appropriate application of fishing vessel acoustic
data in krill resource assessment (Watkins et al., 2016; Wang
et al., 2019).

The vast circumpolar distribution of krill (many potential
habitats, Atkinson et al., 2008) and complex food-web
relationships (Trathan and Hill, 2016; Warwick-Evans et al.,
2021) are the obstacles to krill resource assessment. Krill are a
micro-nektonic and move with ocean currents; they do have
some behavioral control of their position in the water column
(Nicol, 2006; Thorpe et al., 2007; Trathan et al., 2022). Therefore,
the size, mobility, and variable behavior of krill are challenges for
acoustic or net sampling (Watkins et al., 2016). On the other
hand, estimating the krill standing stocks based on the acoustic
data is restricted by limited spatial and temporal coverage (Reiss
et al,, 2008; Kinzey et al,, 2015), particularly in near-shore waters
(Trathan et al,, 2022). Although a large number of investigations
(Atkinson et al., 2017) and studies have been conducted on the
assessment of Antarctica krill resources, estimates of their total
biomass and production are still uncertain (Atkinson et al., 2009).
In the Southern Ocean, due to the limitations of various factors,
the large-scale scientific investigations had been undertaken only
twice, one in 2000 (Watkins et al., 2004) and the other in 2019
(Kraftt et al., 2021), which were both conducted in Area 48 of
CCAMLR in the Atlantic sector, mostly stations concentrated in
subareas 48.1-48.3 (Supplementary Figure 1).

Generally, the evaluations of distribution and biomass of
marine organisms are based on scientific surveys characterized
by the use of full-time dedicated vessels and pre-planned sampling
designs (Gunderson, 1993). With the increased interest in acoustic
data from fishing vessels, relative noise-mitigation (Wang et al,
2016), krill identification (Wang et al,, 2017a), and statistical
techniques for density estimation (Niklitschek and Skaret, 2016;
Zhao Y. X. et al, 2021) are already under development. The
acoustic method to identify these swarms was established based
on their biological characteristics using a biological swarm
algorithm, which overcomes the limitations of having to use
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FIGURE 1
Antarctic krill catch 1970-2020 (CCAMLR, 2021).
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multiple frequencies in traditional frequency-difference
identification methods (Wang et al, 2017a). This method
improved the utility of fishing-vessel-based acoustic data for a
range of objectives, and it was applied and validated based on the
Antarctic krill resources data in the 2019 International Joint
survey (Krafft et al., 2021). Multiple works using commercial
fishing vessel acoustic data were promoted by the ASAM (SG-
ASAM-2017, 2017; SG-ASAM-2018, 2018; SG-ASAM-2019,
2019); the outcomes indicated that fishery-based acoustic data
could be applied to assess krill abundance. The methods using
these acoustic data rationally and scientifically are being
increasingly discussed (Watkins et al., 2016; Niklitschek and
Skaret, 2016; Zhao Y. X. et al., 2021).

Currently, to improve krill fishery monitoring and
management, an important challenge is the estimation of
krill population dynamics in the fishery hotspots (WG-
EMM-2019, 2019; SC-CAMLR-XXXVIII, 2019). Thus, using
fishery-based acoustic data in different spatiotemporal scales is
useful to the assessment of krill density. However, the
applications of the acoustic data collected during routine
fishing operations remain in exploration (Watkins et al,
2016; Niklitschek and Skaret, 2016; Zhao Y. X. et al,, 2021),
and there is no commonly used method. Though the spatial
coverage of these trace tracking acoustic data is less
systematically collected than the data in the general acoustic
survey, these data cover more primary fishing grounds. At the
same time, these data cover the entire fishing season, which can
show the dynamic changes of krill density in fishing hotspots,
and are of value to fishery management. Our objective is to
develop a simple statistical approach to assess the density of
Antarctic krill and an associated coefficient of variation (CV)
using acoustic data collected by the krill fishing vessel from
routine fishing operations.

Materials and methods
Fishing area

Surveys were conducted by the Chinese krill fishing vessel F/
V Fu Rong Hai during the 2015/16 fishing season. The acoustic
data were recorded using a scientific echosounder (Simrad
EK60) at 38, 70, and 120 kHz. The acoustic navigation routes
are depicted in Figure 2. Most fishing effort occurred in the
Bransfield Strait, especially in a hotspot (59.50-57.75°W, 63.50-
62.90°S) within the red polygon (Figure 2B). The bathymetry of
the Bransfield Strait is generally shallower than 1000 m and
characterized by steep slopes between the deep basin alongside
the South Shetland Islands and Antarctic Peninsula. This
topography with large depth gradient changes also complicates
the physical environment of this region, especially the flow field
(Wang et al.,, 2017a).
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Acoustic data collection and processing

Acoustic data were collected using a Simrad EK60
echosounder system with hull-mounted transducers operating
at 38, 70, and 120 kHz. Echosounder parameters were set in
accordance with CCAMLR specifications (SC-CAMLR-XXX,
2011). Acoustic data were processed using Echoview (v
10.0.298). Krill backscatter was identified using a swarm-based
method (Krafft et al, 2021) at 120 kHz, and a ‘nautical area
scattering coefficient’ [acoustic density, NASC or Sy, m? nautical
mile (nm)?] was integrated on a 0.1 nm horizontal resolution
grid and exported for analysis. Detailed information of
transducer specification and transceiver settings during data
collection and the process of data analysis is described in
Wang et al. (2017a).

Statistical approach

After the preprocessing of the raw data, the chaotic acoustic
data were gridded, and the mean value for each grid was
calculated to evaluate acoustic density. In the further
processing involved, we assumed the distribution of krill
population to be relatively random; then we averaged the data
during a month as the monthly mean value, filtering the effect of
tides on krill migration. The processed acoustic data had many
zero and lower values with the horizontal resolution grid of 0.1
nm. We designed the Regional Gridding and Extended Delta-
distribution model (hereinafter RGED model) to make
reasonable use of these data to evaluate dynamic changes of
krill density. This statistical method was verified by the data
collected during the 2015/16 fishing season.

Regional gridding

According to the tracks of the fishing season vessel (to
determine the study area boundary), we selected data from
February-May 2016 from an area of ~1753 nm* (6013 km?)
within the Bransfield Strait as our study area (Figure 2B). We
designed 10 scenario simulations with different grid sizes. We
divided the grid cells on the basis of the length along the
meridian direction, respectively 1’S (about 1 nm), 2’S,..., 10°S,
with the corresponding length along the latitude direction being
2W, £W, ..., 20'W, respectively. Within each grid cell, data
were averaged for each month and treated as independent
observations for that grid and that month.

A principle of grid size selection is that the coefficient of
variation (CV) of acoustic density is relatively small, at the same
time the proportion of effective covered area is relatively optimal.
Accordingly, we design a selection index calculated as CV/
weight of the effective covered area. The weight of the effective
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FIGURE 2

Study area: (A) CCAMLR Subarea 48.1 topography, (B): F/V Fu Rong Hai track lines, February—May 2016 (color intensity indicates number of
days). The red polygon denotes area within grid 59.50-57.75°W, 63.50-62.90° S.

covered area is the proportion of the acoustic data coverage to
the total study area. The smaller the selection index, the better
the grid design. Additionally, we also refer to the common space
between stations and data analysis methods for the design of
fishing resource bottom trawl survey stations.

Extended delta-distribution model

Delta-distribution has been applied to the distribution of
catch-per-tow data from trawl surveys for fish and plankton
(Pennington, 1996; Pennington and Stromme, 1998; Li et al.,
2008). The delta-distribution is a logarithmic normal
distribution that includes data with a sample value of zero,
and its non-zero value part is a logarithmic normal distribution,
that is, the natural logarithm of non-zero value conforms to
normal distribution. The statistical advantage of using the delta-
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distribution is that the estimator of the mean defined for this
distribution is more efficient than the ordinary sample mean
typically used to estimate abundance within study area strata
(Smith, 1988). Smith and Pennington have conducted many
studies on the application of this method in fisheries resource
assessment (Smith, 1996; Pennington, 1983; 1986 and 1996).
During the data analysis, density data (non-zero value part) are
first converted to natural logarithm, with converted values then
tested for goodness of fit to a normal distribution. The
prerequisite for logarithmic transformation is that there can be
no zeros in the sample. If they conform to a lognormal
distribution, then the model is used for calculation.

Acoustic data are highly skewed to the right and usually have
a cluster of smaller values relatively close to zero. Even after
removing zero values, it is difficult to completely satisfy the
normal/lognormal distribution. Myers and Pepin (1990)
demonstrated that the sample mean and variance are more
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robust than lognormal-based estimators of mean and variance of
population abundance if the data don’t follow a lognormal
distribution. Because low values can severely bias lognormal-
based estimators, we suppose the values greater than k are
distributed approximately lognormally (Pennington, 1991;
Kappenman, 1999). Here, k is a value to ensure that the values
greater than it are approximately conforming to lognormal
distribution. The basic principle of the method is as follows
(Pennington, 1996; Folmer and Pennington, 2000).

Let p; be the NASC value of Grid i (ien). An alternative
estimator p, as the mean of p; is given by

n—m

P:n

m s
_om - Sy 1
y+ neXp(X)gm(2> 1)

Where # is the number of sample values, 1 is the number of
sample values > k, y denotes the mean of the value < k, and x and
s are the mean and variance, respectively. Here x=In(p;) of the
logged values > k, g,,(¢) is a function of m and ¢ (¢ = %) defined
by

gm(t)=1+m_1t
+ 2% m(m + 1)(;(11m+_3;).2.j.72m +2j-3) ; @
The estimator of the variance of p; is given by
o) (L) ()7
- Z(n'gn__”l))ypx 3)

where si

and p, is the mean of the values greater than k,

is the variance of the values less than or equal to k,

2
P = exp()g, (%) @)
and
2
vartp) = e {76 (5) - (251) (272 |
(5)

The standard error (SE) of the mean density is estimated by

SE(p) = /var(p)

An approximate 95% confidence interval for the mean

(6)

density p is calculated as

p + 1.96SE(p) (7)
The coefficient of variation (CV) is given as
SE
CV = % (8)
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When determining k, we use a Kolmogorov-Smirnov (K-S)
test to determine if the non-zero part of the original data is
subject to a normal or lognormal distribution. For our data, we
consider the k value to be subject to a lognormal distribution.

Results
Sensitivity test of grid size

Using chaotic acoustic data during fishing operations from
February 2016 as an example, the krill density scatter
distributions in the study area in 10 different grid scenarios
are illustrated in Figure 3. The scatter distributions in March-
May 2016 are shown in the supplementary material
(Supplementary Figures 2A-C). It can be seen that when the
grid size is small, there are many zero and low values in the
acoustic data, which is unsuitable for statistical analysis. With
the increase of the grid size, the area covered by grid points
accounts for a larger proportion of the total study area. The
number of grid points and weights of effective areas within the
research area in the 10 scenarios are presented in Figure 4.

Figure 4 also compares the CVs of the mean density for each
scenario. When grid size decreased to<5 nm (meridian), CV
values tended to converge. Few differences in CV were apparent
among months at grid sizes<3 nm (meridian). At a grid size of 5’
S x 10'W, the selection index (CV/Weight of effective covered
area) decreased, with results for the four months being relatively
homogeneous. In the survey designs of fishery resource
assessment, a distance of 5 nm between stations is more
commonly used. Accordingly, we selected the 5'S x 10'W grid
to calculate krill resource density for this region.

Sensitivity test of the k value

The K-S test results of the extended delta-distribution model
are shown in Table 1. After selecting the k value, the distribution
of these data larger than the k value follows lognormal distribution
and passes the hypothesis test of the significance level a = 0.05.
Here the k value is the minimum value, and p-value >0.05 means
the data obey a lognormal distribution. Histogram of the number
of samples with a grid cell of 5'S x 10'W is shown in the
supplementary material (Supplementary Figure 3).

Krill density

Estimated krill density at multiple grid sizes (Figure 5)
reveals similar means, but with some variation in confidence
intervals among grid sizes, especially in high-density months
(April and May). CVs generally increased with changing grid
size (Figure 4). As grid size increased, the sample size used to
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TABLE 1 From February to May 2016, the p-values corresponding to k values of the four groups of data and test values at the significance level

a = 0.05 are shown in Table 1.

K-S test Feb. 2016 Mar. 2016 Apr. 2016 May 2016
Number of samples 37 44 52 37

k 0 0 3%xp
p-Value 0.0626 0.53 0.126 0.7420

The grid size is 5'S x 10'W.

estimate mean krill density decreased (Figure 3). Mean density
was not strongly changing with grid size; however, a larger grid
size resulted in greater variation (with larger confidence interval,
CVs) in krill density estimates (Figure 5).

The spatial distributions of acoustic density Sllq/ : throughout
the study area are presented in Figure 6, wherein differences in
spatial sample sizes used to estimate pooled mean krill density of
krill in fishery hotspots are apparent, with discrepant
distribution in formations. Averaged acoustic density
estimated in the hotspot with a 5°S x 10°W grid cell in
February-May 2016 is presented in Figure 7 and Table 2. Krill
density in the fishing ground is dynamic, and density was very
high toward the end of the fishing season (May). Krill density in

5000

February was 1987.4 m> nm > and reached 8757.9 m* nm™? in
May (4.4x February values).

Discussion
Statistical approaches

The overall characteristics of acoustic data collected during
fishing operations are disordered. As for traditional bottom trawl
survey data, a proportion of zero or small values exist for
sampling points (nets), and a proportion of sampling points
have high density values. While traditional empirical statistical
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Frontiers in Marine Science

71

frontiersin.org


https://doi.org/10.3389/fmars.2022.934504
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Zhao et al.

10.3389/fmars.2022.934504

-62.8
-63
g
Y
3
£ 632
3
2016-02
-63.4 Grid size
5'Sx10'W
-63.6
-59.5 -59 -58.5 -58 -57.5
Longitude ("W)
-62.8
-63
g
s
3
£ 632
3
2016-04
-63.4 Grid size
5'Sx10'W
-63.6
-59.5 -59 -58.5 -58 -57.5
Longitude (W)
-62.8
-63
g
It
3
£ -63.2
5
Feb—May 2016
-63.4 Grid cell
5'Sx 10'W
-63.6
-59.5 -59 -58.5 -58 -57.5

Longitude (*W)

FIGURE 6

-62.8
-63
g
@
3
£ 632
3
2016-03
-63.4 Grid size
5'Sx10'W
-63.6
-59.5 -59 -58.5 -58 -57.5
Longitude ("W)
-62.8
-63
g
I
3
£ 632
|
2016-05
-63.4 Grid size
5'Sx10'W
-63.6
-59.5 -59 -58.5 -58 -57.5
Longitude (*W)
Sa 12 .
150 Track line legend
——2016-02
—+—2016-03
—+—-2016-04
——2016-05
100
50

Monthly (February—May 2016) spatial distribution of nautical area scattering coefficient (NASC) values with a 5'S x 10'W grid cell.

methods generally combine these zero, low, and high values,
model-based methods generally treat them separately and, by
doing so, better describe the resource distribution for an entire
region (Gunderson, 1993; Li et al, 2008). According to the
spatial distribution of krill acoustic density (Figure 6), the
difference between high- and low-density areas is 10 or more
times larger. Areas with high resource densities are inherent
manifestations of the spatial distribution characteristics of fish
populations, with high catch values making the distribution of
resource density very discrete (Pennington, 1996). The working
paper WG-FSA-2021/56 (Zhao X. Y. et al,, 2021) regarded high
concentrations of, and high variation in, Antarctic krill resources
to be natural characteristics of krill populations, for which
reason the distribution of the Antarctic krill fishery must be
highly concentrated, and the yield also highly variable.
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Before using the extended delta-distribution model, we used
the arithmetic average method, re-sampling (Bootstrap) method,
delta-distribution model, and Gamma distribution models to
perform relevant experimental simulations. Each approach has
its pros and cons. When we use classical probability statistics in
the study of data, data must be independent (random variables).
However, the distribution of krill appears to have a degree of
spatial correlation or continuity rather than being purely
random. Here, we assume that the data is random and
relatively independent. The mean density and CV calculated in
our study using the arithmetic average method, Bootstrap
method, and the extended delta-distribution model differed
little (Supplementary Figure 4). On another side, if a data
sample does not obey a normal distribution, the arithmetic
mean method cannot accurately reflect the size characteristics
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The estimations of the mean acoustic density in February—May 2016 in the fishing ground with a 5’S x 10’W grid cell. Error bars represent 95%

confidence intervals of means.

of the variable, because this method is easily affected by the
minimax value (Yuan et al., 2011). Taking this into account, the
extended delta-distribution model in this paper has more
advantages and stronger universality.

The delta-distribution model based on normal distribution
has certain advantages over other methods in dealing with zero
values (Smith, 1988; Pennington, 1996; Li et al., 2008). However,
when processing acoustic data and simply using the delta-
distribution model to analyze them, we find that non-zero data
follow neither a normal nor logarithmic normal distribution, so
CVs are large (Supplementary Figure 4). The extended delta-
distribution model takes this problem into account.

The Gamma distribution model is not appropriate for
analyzing samples with zero values (Smith, 1981). The average
density and mean calculated using this model in monthly samples
without zero values differ little from the extended delta-distribution
model (Supplementary Figure 4). There is no zero value in the
acoustic data of the 2015/16 fishing season applied, so the Gamma
distribution model is applicable. However, if the data series has
zero values, this method is not suitable (Supplementary Table 1).

The non-parametric Bootstrap method based on the
resampling theory of EFRON (Efron, 1979) replicates
observation information on the basis of the given original
sample, does not need to make a distribution hypothesis or
add new sample information, and can carry out statistical
inference on the distribution characteristics of the whole

population (Money and Duval, 1993; Zhao et al., 2010; Yuan
etal,, 2014). Although the spatial distribution of krill resources
has not been determined, the Bootstrap method does not need
to consider the overall distribution type. Therefore, this
method can be used when there is uncertain data
distribution, or the data layer distribution type is
inconsistent (Zhao Y. X. et al., 2021). The fitting analysis of
the simulation results between the extended delta-distribution
model and the bootstrap method showed high agreement, with
R? = 0.9895 (Figure 8). In the case of this study, when the grid
size is confirmed with 5’S x 10'W, the number of samples is
around 37-52 (Table 1), so the two methods are both
applicable (Supplementary Table 1). The bootstrap
distribution is greatly affected by the samples; especially
when the sample size is small, the bootstrap distribution will
be significantly different. In this case, the bootstrap
distribution reflects more the characteristics of the sample
(Hesterberg et al.,, 2005). Therefore, with the increase of
samples, the extended delta-distribution model might be
more widely applicable.

Monthly variations of krill density

The Antarctic circumpolar current has a strong effect on the
transportation of krill larvae, with the krill population

TABLE 2 Krill nautical area scattering coefficient (NASC) (= acoustic density), and coefficient of variation (CV) of the fishing ground in the

Bransfield Strait in February—May 2016.

Feb. 2016 Mar. 2016 Apr. 2016 May 2016
NASC (m* nm™?) 1987.4 1280.0 2279.3 8757.9
CV (%) 14.2 15.7 14.8 14.8
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Fitting analysis of the simulation results (10 gridding scenarios) between extended the delta-distribution model and the bootstrap method.

distribution consistent with the overall current direction
(Atkinson et al., 2008; Pifiones et al., 2011; Pifiones et al.,
2013). For large-to-medium scale krill populations, ocean
currents also influence their distribution, but how these
currents retain or aggregate krill is not well understood (Reiss
et al., 2008; Hinke et al., 2017). The Antarctic Ecosystem
Research Division et al. (2016), indicated that seasonal
horizontal migration of krill led to its accumulation in the
Bransfield Strait, and the slower winter flow retained krill
within it.

The krill hotspot that we report represents an important
central fishing ground that for several months produces high
yield (Ying et al., 2017; Wang et al., 2017b). Krill catch data
statistics for this area reveals that with fishing season
progression, krill fishery production sites gradually
concentrated in the central Bransfield Strait, and by the end of
summer and fishery closure, krill density in this hotspot trended
significantly upward (Zhao Y. X. et al., 2021). The direction of
flow in the northern Bransfield Strait is from west to east, from
the Bellingshausen Sea coastal current to the Bransfield Strait
Current. The southern regional current forms a branch of the
northward Antarctic coastal current from the Weddell Sea into
the interior of the strait (Trathan et al., 2022). Currents from the
Bellingshausen Sea and Weddell Sea intrude into the strait,
providing a source of krill, and affecting changes in their
biomass and biological structure. The special topography of
the Bransfield Strait produces many eddies that provide an
environment for the accumulation and retention of the krill.
However, there are few reports detailing specific inputs and
outputs of krill for this fishery hotspot. The driving mechanisms
for the accumulation and retention of the krill in this hotspot
need further research.
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Krill fishery management

As krill is an important species in Antarctic marine
ecosystems, the change of krill population will directly affect
the entire ecosystem. Under the background of climate change,
the health of the ecosystem has become a global concern. Striking
a balance between conservation and sustainable fishery
exploitation requires long-term monitoring and analysis of
changes in the abundance and distribution of krill, which also
presents a challenge for CCAMLR fisheries management (Wang
et al, 2021). To promote the development of science-based
management, the Commission endorsed a three-component
strategy agreed upon by the Scientific Committee (CCAMLR-
XXXVIIL, 2019, para. 5.17; Ying et al, 2021): 1) the krill
population is assessed to estimate a precautionary catch limit
(ie., the parameter gamma in the Generalized R Yield Model
(GrYM) and the catch rate corresponding to a precautionary
catch limit); 2) regular biomass estimate updates, initially at a
subarea scale, but possibly at multiple scales; and 3) a risk-
assessment framework to inform the spatial distribution of
catches. It is not practical to regularly assess krill biomass by
multi-year large-scale surveys. We explore how to apply acoustic
data accumulated during routine commercial fishing operations
to regionally assess krill density. Although this can only reflect the
resource dynamic in the hotspot, it is a step towards achieving the
goal of krill biomass assessment.

Conclusion

We present RGED model to process and apply “chaotic”
acoustic data collected during routine fishing operations.
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Selection indexes calculated by the CV and weight of effective
covered area of grids were screened using the Regional Gridding
process. We then used an extended delta-distribution model to
analyze the gridded data. Acoustic data collected by the Chinese
krill fishing vessel F/V Fu Rong Hai since the 2015/16 fishing
season in the Bransfield Strait were used as an application
example. The results showed that the CV of the mean density
for 4 months converged in a 5'S x 10'W grid cell at
approximately 15%. Our method accurately reflects
characteristics of the spatial and temporal distribution of krill
density in the central Bransfield Strait fishing ground, with
acoustic density in February of ~1990 m*> nm™, reaching
~8760 m” nm™> in May. We demonstrate the RGED model to
reasonably and scientifically analyze commercial fishery acoustic
data collected during the production period to identify changes
in Antarctic krill density and to provide a scientific basis upon
which this fishery can be managed.
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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.

KEYWORDS

Dunaliella salina HTBS, bicarbonate, low temperature, arachidonic acid,

docosahexaenoic acid

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 (Guihéneuf 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
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(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.
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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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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 1.4 +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 19 £0.1 13£0.1 2002
C16:0 316+ 0.9 305+ 0.6 285+ 12
Cle:1 11+02 1101 1.7 £03
C18:0 6.6+ 04 75 %09 68+ 12
C18:1n9¢ 59405 81403 9.1+ 1.1
C18:2n6t 118 + 1.0 102+ 1.0 119+ 03
C18:2n6¢ 49+ 1.6 6.8+ 0.6 56+ 0.2
C18:3n6 1.7 0.0 13 £0.1 16 08
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.
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Introduction: As a pigment protein, phycocyanin has been widely used in the
fields of food, nutraceutical and biotechnology due to its excellent biological
activities of antioxidant. So far, Arthrospira has been generally considered as a
great species for phycocyanin production.

Methods: In this study, independent and interactive effect of three factors,
NaCl, Bainengsi (BS) and Bainengtai (BT) on microalgae growth and
phycocyanin production were explored by response surface methodology
(RSM). Using Box-Behnken design (BBD) method, the well-fitting quadratic
models were established based on experimental results.

Results: Moreover, the maximum phycocyanin concentration reached 704.66
mg L at the optimal condition (185 mM NaCl, 200 mg L* BS, and 20 mg L™
BT), while the maximum phycocyanin content of 19.03% was obtained at
another optimal condition (136 mM NaCl, 200 mg L* BS, and 50 mg L™ BT).
Compared to control, the concentration and content of phycocyanin were
increased by 22.98% and 16.73%, respectively.

Discussion: Overall, this study demonstrated that addition of exogenous
substances (BS, BT) into culture medium optimized by RSM was an effective
approach to increase phycocyanin production, which paved a potential way to
realizing high efficient production of algal biomass and bioactive substances.

KEYWORDS

Arthrospira maxima, phycocyanin, response surface methodology, mineral elements
complexes, polypeptides, medium optimization
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1 Introduction

Microalgae have been extensively considered as renewable
and sustainable resources for the production of various bioactive
substances, such as phycobiliproteins (Manirafasha et al., 2016),
carotenoids (Novoveska et al., 2019), polyunsaturated fatty acids
(Lu et al., 2021), and polysaccharide (Sathasivam et al., 2019).
Phycobiliprotein is a kind of pigment protein that widely exists
in cyanobacteria, rhodophyta, cryptophyta, and glaucophyta
(Lawrenz et al., 2011; Yu et al, 2017). In cyanobacteria,
phycobiliprotein can account for 40% of the total soluble
protein (Pandey et al., 2013). Generally, there are four types of
phycobiliprotein, namely phycoerythrin, phycocyanin,
phycoerythrocyanin, and allophycocyanin (Pagels et al., 2019).
Phycocyanin shows great antioxidant and radical scavenging
activity (Fratelli et al., 2021; Li, 2022). Besides, phycocyanin has
other biological activities, like anti-inflammatory, anti-cancer,
anti-diabetes, neuroprotective and hepatoprotective effects
(Romay et al., 2003; Jiang et al., 2017; Prabakaran et al., 2020).
Thereby, phycocyanin nowadays is widely used in food,
nutraceutical, cosmetics, and pharmaceutical industries
(Manirafasha et al,, 2016; Khazi et al., 2020). Presently, the
commercial price of phycocyanin varies enormously depending
on its purity. It was reported that the price of food-grade
phycoerythrin was approximately $130 g (Hsieh-Lo et al.,
2019). Moreover, the market demands for phycoerythrin
continuously increased in the past few years due to its natural
and functional properties. Specifically, the global market size of
phycocyanin was valued at $155.3 million in 2020 and it is
estimated to reach $409.8 million by 2030 (Thevarajah
et al., 2022).

Arthrospira, commonly known as Spirulina, is a
multicellular and filamentous cyanobacteria (Soni et al., 2017).
It is generally rich in protein, carbohydrates, phycocyanin, fatty
acids, and chlorophyll (Anvar and Nowruzi, 2021). Arthrospira
is well considered as an excellent source of the production of
phycocyanin (CPC) (Nethravathy et al., 2019; Silva et al., 2020).
To date, numerous studies have been conducted to improve the
phycocyanin productivity and content of Arthrospira. The main
strategies includes culture medium improvement, exogenous
substances addition (Manirafasha et al., 2018), environmental
condition optimization (Bachchhav et al., 2016), and changing of
culture mode (Chen et al.,, 2006). The optimization of culture
medium is always a basic work to enhance microalgal growth
and phycocyanin production. Nitrogen is one of the primary
nutrient requirements for algal cell growth. With the nitrogen
(NaNO3) concentration in the medium increased from 0.63 to
2.5 g L', the biomass concentration of Arthrospira highly
increased from 0.83 to 1.04 g L' (Can et al, 2017). In
addition to nitrogen concentration, microalgae growth and
phycocyanin production are also affected by type of nitrogen
source. Mousavi et al. (2022) found that Arthrospira cultured in
the medium containing (NH,4),SO, produced the largest amount
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of phycocyanin (118 mg L) while the medium with KNO; as
the nitrogen source resulted in the highest biomass output
(1.18 g L™"). In addition, salinity of culture medium
significantly influences algal cell growth and phycocyanin
accumulation. The Zarrouk medium with 0.1 M NaCl
considerably raised the biomass productivity from 139.5 mg L’
1 d"! at the normal condition (0.02 M NaCl) to 221.33 mg Ltd
and the total phycobiliprotein content increased from 11.08% to
15.63% (Abd El-Baky and El-Baroty, 2012). However, the impact
of salinity on cell growth and phycobiliprotein production is
highly related to NaCl concentration. The tremendously high
NaCl concentration would result in very low biomass and
phycobiliprotein productivity (Chen et al., 2016).

Besides, the addition of exogenous substances is also an
efficient approach to promote the biomass and phycocyanin
accumulation. The supplements of mineral elements, organic
acids, and vitamins in culture medium have been reported to
enhance biomass and phycocyanin production (Jung et al., 2014;
Bachchhav et al.,, 2016; Mogany et al., 2018). Stepwise addition of
selenium (Se) during the exponential growth phase of
Arthrospira. platensis grown mixotrophically increased the
phycocyanin production by 21.2% compared to control (Chen
etal., 2006). The metabolic stress conditions induced by nutrient
enrichment through additionally adding sodium glutamate and
succinic acid strongly boosted the biomass production and
phycocyanin concentration of Arthrospira platensis
(Bachchhav et al., 2016). Hence, the addition of suitable
substance in culture medium at an appropriate range is critical
to efficient production of phycocyanin.

Response surface methodology (RSM) is a set of
mathematical and statistical techniques that are based on
fitting a polynomial equation to experimental data (Bezerra
et al., 2008). Currently, the RSM has been used to optimize the
culture process of microalgae. To maximize the biomass
production of Chlorella sp. as biofuel production stock, the
optimal concentration of nitrogen and glycerol (0.114 g L'
and 2.70 g L") were determined by the RSM, and the highest
biomass reached 2.41 g L' at this condition (Skorupskaite et al.,
2015). Verma et al. (2020) performed the culture experiments to
improved medium using the RSM, and obtained the highest
biomass productivity of 0.86 g L™ d™" at the optimal conditions.
Undoubtedly, RSM is an efficient and effective means to
optimize the culture medium.

There are commercial products of mineral element
complexes and peptide complexes, commonly called Bainengsi
(BS) and Bainengtai (BT), respectively, in China. BS contains
many mineral elements including Si, Mo, Se, Ni, Bo, K and so on.
BT is composed of enzymatic hydrolysates of high-quality
proteins sourced from plants. BS and BT have been used in
agriculture and feed industries to enhance the plant and animal
growth. In the present study, we consider BS and BT as the
additional supplements for Arthrospira maxima culture. The
main aim of the research is to evaluate the independent and
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interaction effect of three factors (BS, BT, and NaCl
concentrations) on biomass and phycocyanin production of
Arthrospira maxima, and to determine the optimal addition
amounts of these substances using RSM to maximize the
productivity and content of phycocyanin.

2 Materials and methods
2.1 Microalgae strain

Arthrospira maxima (FACHB-438) was obtained from the
Freshwater Algae Culture Collection at the Institute of
Hydrobiology (FACHB), China. For stock culture preparation,
the microalgal cells were cultivated in Zarrouk medium
(Zarrouk, 1996) at 31°C and light intensity of 80 u mol m™>s™.

2.2 Exogenous substances

Two types of exogenous substances (BS and BT) were added
into culture medium to explore their impacts on the growth and
phycocyanin production of Arthrospira maxima. BS and BT
were purchased from Jiangsu Rishengchang Biotechnology
Company, China. BS is the mineral element complexes and
composed of various inorganic microelements. Based on
element analysis via the method of inductively coupled plasma
optical emission spectrometer (ICP-OES), the contents of Na, K,
Cl, Fe, Mn, Mg, Mo, Ba, S, B, Al, Ti, Zn, Rb, Ni and Ir were 34.24,
13.35, 7.36, 1.37, 0.84, 0.44, 0.23, 0.21, 0.15, 0.12, 0.11, 0.09, 0.06,
0.04, 0.03 and 0.01 mg kg', respectively. BT is a mixture of
amino acids, polypeptide and proteins, and generally recognized
as polypeptides complexes. According to the formula provided
by the company, it contains 5.1% amino acids (<180 Da), 34.2%
small peptides (180~6000 Da), 31.6% polypeptide (6000~30000
Da) and 29.1% proteins (>30000 Da), respectively. The major
types of amino acids were arginine, phenylalanine, valine, lysine,
leucine, isoleucine, threonine and methionine. The commercial
prices of BS and BT are $4.83 kg™ and $4.14 kg', respectively.

2.3 Experiments design

RSM using the Box-Behnken Design (BBD) method was
employed to optimize the culture medium with the supplement
of BS and BT. The effects of three independent variables
(concentrations of NaCl, BS and BT) at different ranges on
biomass concentration and phycocyanin production were
assessed. For this, a three-factor three-level experimental
design was employed (Table 1). Ranges of variables were
chosen based on our preliminary studies. According to single-
factor experiments, the three factors had a positive effect on
biomass and phycocyanin accumulation at low concentration,
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TABLE 1 Independent variables (NaCl, BS and BT concentration) and
their levels used in the Box-Behnken design.

Factors Units Coded symbols Range of variables (Levels)
-1 0 1
NaCl mM A 10 115 220
BS mgl' B 200 300 400
BT mglL' C 20 50 80

and showed an inhibitory effect at high concentration. The
optimal concentration of each factor was selected as the
central point of the BBD. The quantitative relationship
between dependent [Y;: biomass concentration, Y,:
phycocyanin concentration (CPC.,,.) and Y;: phycocyanin
content (CPC,,,)] and independent variables (A: NaCl, B: BS
and C: BT) was determined. The experimental design,
mathematical model and statistical analysis were carried out
using Design-Export software (13.0.1.0).

According to BBD, the total experiments included 17 groups
(Table 2). The medium of each experimental group differed by
varying addition amounts of NaCl, BS, and BT into Zarrouk
medium. All media were autoclaved at 121°C for 20 min after the
initial pH was adjusted to 9.5 with 1 M NaOH. Microalgae
cultivated at logarithmic growth phase were inoculated into 250
mL flasks with 100 mL culture medium at 10% (v/v) inoculation
rate after the medium cooled to room temperature. Arthrospira
maxima were cultivated at 31°C in shake flasks with rotation rate
of 120 rpm, and illuminated by 6 light tubes at light intensity of
144 p mol m™?
harvested by filtration to measure the biomass concentration,

s' for 16 days. Then, microalgae cells were

CPCeonc and CPC,opne. Each experiment was conducted in
triplicate. Taking the maximum value of CPC, e and CPCont
as targets, respectively, validation experiments were conducted
based on the optimal conditions predicted by the model.

2.4 Analytical methods

2.4.1 Biomass concentration and productivity

Biomass concentration was determined by dry weight
method. In brief, algal cells were harvested using 500 mesh
screens, then washed with deionized water 2 times, and
transferred to a pre-dried weighing disc, followed by oven
drying at 75°C until constant weight. The biomass
concentration (X) and productivity (Ppiomass) (Skorupskaite
et al., 2015) were calculated using the following equations:

m; —my

X(g L= Veu

(1)
where m; represents the weight (g) of dried weighing disc

containing the sample, and m, (g) represents the weight of pre-
dried empty weighing disc. Vo (L) is the sampling volume.

frontiersin.org


https://doi.org/10.3389/fmars.2022.1057201
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Yao et al.

10.3389/fmars.2022.1057201

TABLE 2 Experimental data and predicted value based on established models of CPC ,,c and CPCqpt..

Std Run Variables Responses
A: NaCl B: BS C: BT CPC,onc CPCont
mM mg L mg L' mg L’ %
Actual Coded Actual Coded Actual Coded Actual Predicted Residual Actual Predicted Residual
1 16 10 -1 200 -1 50 -1 528.22 527.94 0.28 17.60 17.44 0.16
2 3 220 1 200 1 50 -1 646.22 646.62 -0.40 18.08 18.09 -0.01
3 2 10 -1 400 -1 50 1 588.98 588.58 0.40 17.47 17.46 0.01
4 12 220 1 400 1 50 1 550.09 550.37 -0.28 16.93 17.09 -0.16
5 7 10 -1 300 -1 20 0 564.06 556.32 7.74 16.93 17.05 -0.12
6 10 220 1 300 1 20 0 631.03 622.6 8.43 16.61 16.56 0.05
7 14 10 -1 300 -1 80 0 491.91 500.34 -8.43 16.08 16.13 -0.05
8 9 220 1 300 1 80 0 506.79 514.53 -7.74 17.02 16.9 0.12
9 11 115 0 200 0 20 -1 677.91 685.94 -8.03 17.86 17.9 -0.04
10 4 115 0 400 0 20 1 639.75 647.89 -8.14 17.68 17.57 0.10
11 6 115 0 200 0 80 -1 591.82 583.68 8.14 17.67 17.77 -0.10
12 8 115 0 400 0 80 1 594.14 586.11 8.03 17.14 17.11 0.04
13 13 115 0 300 0 50 0 605.94 609.17 -3.24 17.87 18.25 038
14 17 115 0 300 0 50 0 620.54 609.17 11.37 18.48 18.25 0.23
15 15 115 0 300 0 50 0 602.18 609.17 -6.99 18.08 18.25 -0.16
16 5 115 0 300 0 50 0 615.48 609.17 6.31 18.35 18.25 0.10
17 1 115 0 300 0 50 0 601.73 609.17 -7.45 18.45 18.25 0.20
Py (8 )= X, - X, 2 Veu (L) were the volume of extracting solution and culture

ty =1

where X; and X, represent the biomass concentration (g L™
on days t; and t,, respectively.

2.4.2 Determination of phycocyanin

Phycocyanin was extracted from Arthrospira maxima by
using modified wet extraction method (Khazi et al,, 2018).
Specifically, 5 mL culture was filtered with 500 mesh screens
to obtain wet biomass. It was washed by deionized water, re-
suspended in 20 mL of 100 mM sodium phosphate buffer (pH 7),
and subjected a freeze of -20°C for 12h. Thereafter, the sample
was centrifuged at 8000xg for 10 min and the blue supernatant
was collected. The CPC,,, in the supernatant was determined
by measuring the absorbance at 620 and 652 nm using
ultraviolet-visible spectrophotometer (UV-5200) (Mogany
et al., 2018; Novoveska et al., 2019). The concentration and the
content of CPC were calculated as follows:

CPCepne (mg L)

_ (A620nm - 0.474 x A652nm) %1000 x Vextr (3)
534 XV,

Where CPC,,,. was the concentration of CPC in the
solution of microalgae, Agy and Ags, were optical density of
extracting solution at 620 and 652 nm, respectively. V.., (L) and
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sample, respectively.

CPCCOHC

CPC %) =
cont ( 0) 10X

(4)

where CPC.,,. was the concentration of CPC (mg LY
obtained from Eq. (3), and X was the biomass concentration
(g L") obtained from Eq. (1).

The gross volumetric productivity of CPC was calculated
using Eq. (5).

Cp C£0n57 end

Pepc(mg Lild?l) = ¢

(5)

where CPConc_ena Was the final CPC concentration (mg LY,
and t was the total duration of the cultivation (d).

2.5 Statistical analysis

After performing all experiments, the quadratic second-
order equation with interaction terms was used to model the
relationship between dependent and independent variables:

yi=Bo+ Jiibix; + Db + E::llzf:mbijxixj (6)

where y;, and 3y represent response variable and interception
coefficient, respectively, and b;, by, and by are regression
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coefficients, n is the number of studied variables, x; and Xj
represent independent variables.

The statistical differences among the experiments were
assessed by the analysis of variance (ANOVA) via the Design-
Export software (13.0.1.0). The main effects and interaction
effects of each factor were analyzed. All analyses are significant
at p<0.05.

3 Results
3.1 Model fitting and statistical analysis

In order to achieve the maximal biomass concentration and
phycocyanin accumulation, the relationship between the three
independent and dependent variables was analyzed. The
response surface models were identified for the coded factors
and the quadratic second-order equations with interaction terms
were used for data fitting. The final model equations and the
variance analysis for the responses were shown in Table 3. The
significance of the models was specified by low p-values (p<0.05)
(Nemanja et al, 2019). The p-values of the fitting models of
biomass concentration, phycocyanin concentration and content
were 0.0007,<0.0001 and 0.001, respectively, indicating that all
generated models were significant. Meanwhile, the high values of
R* (>0.9481) represented that all models were well fitting. For
each model, the adequate precision was more than 4, which was
desirable for good discrimination and indicated an adequate
signal for the models to be used to navigate design space.
Moreover, the low variation coefficients (1.33 to 2.28%) and
the insignificant lack of fit (p>0.05) implied a high experimental
reliability and a good correlation between the responses and the
independent variables.

3.2 Microalgal growth

The biomass concentration and productivity of Arthrospira
maxima under various cultivation conditions were summarized
in Table 4. Compared with the control, the growth performance
of most experimental groups decreased after adding three

TABLE 3 Analysis of variance for the response surface models.

10.3389/fmars.2022.1057201

exogenous substances synchronously. There were only four
treatments (run 3, 4, 10 and 11) in which the biomass
concentrations and productivities were higher than that of the
control. Among them, the run 10 showed the best microalgae
growth, attaining the highest biomass concentration of 3.8 g L™
and productivity of 0.22 g L' d"'. The common feature of these
four treatments was the addition of middle-high concentration
of NaCl (115 and 220 mM) and low-middle concentration of BT
(20 and 50 mg L™). Moreover, the perturbation plot revealed
that the biomass was sensitive to NaCl and BT (Figure 1A).
Hence, it can be speculated that adding a relative high
concentration of NaCl and a small amount of BT can help to
increase the biomass concentration. 3D response surfaces and
contour plots showed more details about the relationships
between the three variables and responses (Figure 2). The
effect of exogenous substances at different concentration levels
on the biomass concentration was shown in Figures 2A-C. The
curvatures indicated that there was a strong interactive effect
between the NaCl and BS concentration, as well as the NaCl and
BT concentration with the low p-values of 0.0026 and 0.090,
respectively (Table S1). Overall, the biomass concentration first
increased and then declined with the increase of NaCl
concentration at the fixed concentration of BT (50 mg LY.
However, the point of trend change depended on the BS
concentration. For the combined impact of NaCl and BT, the
maximal biomass concentration was achieved at the high NaCl
and low BT concentration. The interaction between BS and BT
was not significant for the growth of Arthrospira maxima
(p>0.05, Table S1).

3.3 Phycocyanin concentration

Likewise, the relationships between the phycocyanin
concentration and three independent variables were analyzed.
The ANOVA results of the model showed that the single factors
(A, C), interaction terms (AB, AC), and secondary terms (A% B?)
had significant effects on phycocyanin concentration and the p-
values of these factors were all less than 0.05 (Table S2). The
phycocyanin concentration was more sensitive to NaCl
concentration than BS and BT concentrations (Figure 1B),

Source Modified Equations with Significant Terms p- R> Adj.R> SD Lack of
value Fit
Biomass 4.26877+0.011369A-0.006224B-0.021286C-0.000017AB-0.000044AC+0.000025BC-0.000014A>  0.0007 0.9539  0.8947  0.0769 0.08
concentration +0.000012B+0.000119C>
CPCeone 706.87395+2.64811A-1.22795B-1.17036C-0.003735AB-0.004133AC+0.003373BC-0.00491A>  <0.0001 0.9797 09536  10.74 0.20
+0.002333B2-0.007333C?
CPCeont 16.26259+0.020213A-0.004221B+0.076443C-0.000024AB-+0.0001 AC-0.000028BC-0.000075A> 0.001 09481 0.8813 0.2338 0.69

+0.000009915B2-0.000844C>

Biomass concentration; CPCopc, phycocyanin concentration; CPCeops phycocyanin content; A, NaCl concentration; B, CPCeopc; C, CPCeong R?, determination coefficient; Adj.R?, adjusted
phycocy: phycocy: ) )

R?; SD, standard deviation; CV, coefficient of variation.
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TABLE 4 Comparison of biomass concentration and productivity among the different treatments.

Medium types Treatment Addition ratio of exogenous substances Biomass concentration  Biomass productivity
(gL") (gL'ad")
NaCl(mM) BS (mgL') BT (mgL")

Control medium Run 0 0 0 0 3.52 0.20

Experimental medium ~ Run 1 115 300 50 3.26 0.19
Run 2 10 400 50 338 020
Run 3 220 200 50 358 0.21
Run 4 115 400 20 3.62 021
Run 5 115 300 50 335 0.19
Run 6 115 200 80 335 0.19
Run 7 10 300 20 333 0.19
Run 8 115 400 80 347 020
Run 9 220 300 80 2.98 0.17
Run 10 220 300 20 3.80 0.22
Run 11 115 200 20 3.80 0.22
Run 12 220 400 50 325 0.19
Run 13 115 300 50 339 020
Run 14 10 300 80 3.06 0.18
Run 15 115 300 50 333 0.19
Run 16 10 200 50 3.00 0.17
Run 17 115 300 50 336 0.19

which was confirmed by the linear model coefficients (Table 3).
The interactive effect of NaCl and BS concentration was similar
to that on biomass concentration (Figures 2A, D). Specifically,
the effect of NaCl concentration on CPC,,,. was dependent on
the BS concentration. The high CPC,,,. were obtained at the
extreme low BS concentration (200 mg L") and NaCl
concentration ranged from 125-220 mM (Figure 2E). The
interactive effect of NaCl and BT concentration was significant
but not strong. The CPC,,, increased first and then decreased
with the increase of NaCl concentration. The high concentration
of BT reduced the CPC.,,.. A combination of a high

concentration of NaCl (100-200 mM) and a low concentration
of BT (20-25 mg L") was beneficial to the CPC accumulation.
The interaction between BS and BT is not significant (p>0.05,
Table S2). Both low concentrations of BT and BS is beneficial to
CPC synthesis.

3.4 Phycocyanian content

It was observed that a trend of first dramatically increasing
and then decreasing phycocyanin content as the NaCl
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FIGURE 1

Perturbation plots of the dependent variables. (A) biomass concentration, (B) CPCcone, and (C) CPCcqnt. (A) NaCl concentration; (B) BS

concentration; (C) BT concentration.
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Response surface plots visualizing the interactive effects among the NaCl, BS and BT concentration for responses. (A—C) biomass concentration,

(D=F) CPCcone, and (G—I) CPCcon.

concentration increased from 50 mM to 220 mM (Figure 2G).
The maximum CPC_,,. was found when the NaCl concentration
ranged from 100 to 180 mM. The variation in BT concentration,
however, had slight impact on the content of phycocyanin when
the NaCl concentration was ranged from about 10-40 mM. The
perturbation plot demonstrated that the CPC,,,, was sensitive to
NaCl and BT concentrations (Figure 1C), and their interaction
was significant (p<0.05, Table S3). 3D model presented that
CPC,ont was low at the extreme concentrations of NaCl and BT.
When the concentration of NaCl or BT is constant, the CPC_g,
significantly increased first and then declined sharply with the
increase of another factor. The sensitivity of CPCcyy to BT was
also reflected in the interaction between BS and BT (Figure 2I).
As the increase of BT concentration from 20 to 80 mg LY, the
CPCon¢ increased first and then decreased, and the optimum
concentration of BT was about 50 mg L', With the variation in
BS concentration, the CPC,,, did not change obviously,
indicating that the CPC,,,, was not sensitive to BS, which was
consistent with the results shown in the perturbation
plots (Figure 1C).
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3.5 Optimization and
experimental validation

The comparison between the actual experimental and the
predicted data using the quadratic regression model was shown
in Figure 3. The strong linear relationship indicated that there
was a good agreement between the predicted and experimental
results, demonstrating this model can be used in prediction and
optimization. According to the model predication, the
maximum CPC,,,. was achieved when the concentrations of
NaCl, BS and BT were 185 mM, 200 mg L™ and 20 mg L',
respectively. However, it should be noted that the CPC,,, was
not maximum at this condition. The optimal condition
estimated for obtaining the maximum CPC,,, were 136 mM
NaCl, 200 mg L 'of BS and 50 mg L™ of BT. Subsequently, the
validation experiments were performed at the optimal conditions.
The experimental results (CPC,,p, of 704.66 mg L, CPCeop of
19.03%) were very close to the predicted data (CPC.y of 710.13
mg L', CPC.opn of 18.63%) at the respective optimal
condition (Figure 4).
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Optimal conditions predicted by the models for (A) CPCconc and (B) CPCcont.

4 Discussion

Three factors (NaCl, BS, and BT) were chosen in this study
to evaluate their impacts on the growth and phycocyanin
production of Arthrospira maxima. The RSM model of algal
biomass revealed that two of the factors, NaCl and BT, had a
more substantial impact in comparison with BS concentration.
The results of microalgae growth indicated that higher NaCl
concentrations (100-220 mM) were advantageous for microalgae
growth, which was basically consistent with previous studies
(Abd El-Baky and El-Baroty, 2012). They reported that the
medium containing 100 mM of NaCl can dramatically
increase the growth of Arthrospira maxima as compared to
control (20 mM NaCl), and the corresponding specific growth
rate increased from 0.089 to 0.097 d''. Nevertheless, cell
proliferation of Arthrospira platensis was sharply slowed down
when the concentration of NaCl raised above 500 mM because of
more severe detrimental effect of salt stress (Chen and Tang,
2012). The content of chlorophyll and carotenoid in algal cell
was also decreased, which consequentially resulted in declining
of photosynthetic rate. The culture experiment results
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demonstrated that the addition of BT into medium was
beneficial to microalgae growth. BT can be considered as
nitrogen source as the primary component of BT is
polypeptide. Nitrogen source is essential for cell growth and
involved in the synthesis of amino acids, purines, pyrimidines,
and other compounds used in cellular metabolism (Li et al,
2018). Hence, the increase of nitrogen concentration in a certain
range can efficiently encourage the growth of microalgae
(Mousavi et al., 2022). As the nitrogen concentration (NaNO;)
increased from 0.625 to 2.5 g L™, the biomass of Arthrospira
platensis enhanced by 1.25 times at the culture temperature of
35°C (Can et al,, 2017). In addition to nitrogen concentration,
the type of nitrogen source was also highly affected the
microalgae growth. Costa et al. (2001) observed that the
optimal order of the nitrogen type for the growth of
Arthrospira platensis was sodium nitrate, ammonium nitrate,
acid ammonium phosphate, urea, ammonium sulphate, and
ammonium chloride, at the same concentration of 10 mM.
Interestingly, this order greatly changed when the nitrogen
source concentration increased up to 30 and 50 mM,
indicating the effect of nitrogen source on microalgae growth
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depended on its concentration. Besides, exogenous addition of
organic nitrogen source into culture medium is a effective
approach to enhance microalgae growth. Shanthi et al. (2018)
found that the biomass productivity of Arthrospira platensis
increased to 175, 153 and 144 mg L' d' by addition of L-
Arginine, L-Asparagine and L-Glutamine, respectively. These
growth rates were significantly higher than 114 mg L' d
obtained in the control group. And, these findings also
confirmed that the type of nitrogen source (structure of amino
acids) influenced the microalgae growth. Manirafasha et al.
(2018) examined the effect of various concentration of sodium
glutamate additionally added into Zarrouk medium on the
growth of Arthrospira platensis, and found that the biomass
concentration at 4 mM concentration of sodium glutamate
reached 2.54 g L' that is much higher than ~1.4 g L
obtained in the control. In the present study, overall, algal
biomass was gradually increased as the BT concentration
increased, which is probably due to the beneficial impact of
multiple amino acids degraded from polypeptide. In contrast,
there was a little influence of BS on microalgae growth (p>0.05),
which was possibly attributed to the sufficient minerals already
existed in the Zarrouk medium. Further increased in minerals
concentration did not allow the increase of microalgae growth.

NaCl had a huge impact on phycocyanin accumulation, as
seen by the 3D surface plots and contour plots (Figures 2D-F).
The phycocyanin concentration peaked when the NaCl
concentration was 136 mM. Enhanced production of
phycocyanin by NaCl is mostly related to the growth
performance of microalgae and the reflection of phycocyanin
synthesis metabolism to salt stress. On one hand, the increase in
phycocyanin concentration caused by the ongoing accumulation
of biomass in the region of 100-200 mM NaCl concentration. On
the other hand, the phycocyanin concentration was associated
with intracellular phycocyanin content. The increase of
phycocyanin content can facilitate the production of
phycocyanin. Phycocyanin can be generated in greater
numbers like some antioxidant enzyme to resist damage from
reactive oxygen radicals caused by environmental stresses (Singh
et al., 2018; Gauthier et al., 2020). But an excessive concentration
of NaCl will inhibit the synthesis of phycocyanin. Electron
transport is hampered by extreme salt stress, which could halt
the photosystem II activity and cause the amount of
phycocyanin to decrease (Kirst, 1990).

However, the adaptability and domestication of Arthrospira
can be used to overcome the challenge of high concentrations of
NaCl impeding microalgae growth and phycocyanin. (Tredici
etal., 1986; Hagemann, 2011). Liu et al. (2016) domesticated two
strains of Arthrospira platensis (SP843 and SP972) using 200-800
mM of NaCl, and observed that they grew well in the medium
containing 200 and 400 mM of NaCl, respectively. Meanwhile,
the concentrations of phycocyanin increased by 180% and 157%,
respectively, in comparison to the control. After salt acclimation,
Arthrospira has a better capacity to produce phycocyanin at high
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salt concentration. Thereby, Arthrospira can be domesticated to
increase its tolerance to salt stress, which can help Arthrospira
culture in locations where excessive salinity makes it difficult.

As a nitrogen source, BT was conducive to the microalgae
growth and phycocyanin production. In addition to affecting the
growth of Arthrospira, the nitrogen source also affected the synthesis of
phycocyanin. Nitrogen deficiency will limit the production of proteins
associated with photosynthetic activity such as phycocyanin (Li et al,
2018). Thus, the increase of nitrogen concentration will improve the
production of phycocyanin. The types of nitrogen sources also had an
impact on phycocyanin accumulation. Gladfelter et al. (2022)
discovered that compared to nitrate, the reduced nitrogen forms
(ammonium/ammonia and urea) can much more promote algae
growth and phycocyanin accumulation. In addition, in a research on
improving the sources of nitrogen in the culture medium, the
phycocyanin content was increased by 23% after optimizing the
medium that included soda ash production wastes, NaNO;, KCl and
KH,PO, (Xie and Wang, 2017).

In this work, the addition of BS into the medium did not
exert a obvious positive effect to the phycocyanin production.
This result slightly differed from the findings of the other
previous study. Mostly researches showed that the addition of
mineral components can promote the phycocyanin
accumulation. Compared to the control (Zarrouk medium),
phycocyanin concentration increased by 1.6 times when the
modified Zarrouk medium containing more Ca®* from oyster
shell and soil extract was used (Jung et al, 2014). A low
concentration (<0.3 ug mL™?) of Ni increased the content of
phycocyanin in Microcystis aeruginosa (Liu et al., 2005). It was
reported that the dual effects of Se on promoting growth at low
concentrations while also being toxic at high concentrations to
Arthrospira (Chen et al., 2007). The addition of Se increased the
phycocyanin concentration of Arthrospira maxima from 226 to
274 mg L' which was 21.2% higher than that in the control
group (Chen et al., 2006). Most studies on the influence of
mineral elements on phycocyanin presently focused on a single
factor, such as Ni, Ca and Fe (Sloth et al., 2006; Velu et al., 2019;
Rawat et al.,, 2022; Yang et al., 2022), and showed a good effect on
phycocyanin. Arthrospira requires a small number of mineral
components to grow. It is possibly that the conventional Zarrouk
medium has enough minerals, to support the cell growth and
phycocyanin production. Thus, the extra-addition of BS, a
complex of different mineral elements, cannot generate
significant positive impact, even showed inhibitory effect on
phycocyanin production at a high concentration because of the
resulted toxic of some metal elements.

In order to optimize the Arthrospira medium, we established
the predicted models of algal biomass and phycocyanin
production using response surface method. The maximum
concentration (704.66 mg L") and content (19.03%) of
phycocyanin were successfully achieved using the ideal
conditions predicted by this model. These values were 22.98%
and 16.73% higher than those of the control group.

frontiersin.org


https://doi.org/10.3389/fmars.2022.1057201
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Yao et al.

At present, there have been many studies on improving the
production of phycocyanin, and the corresponding results are
summarized in Table 5. It can be seen that the phycocyanin
concentration varied greatly, which ranged from 100-1500 mg L
!, with most of it concentrated in the range of 200-500 mg L.
Also, phycocyanin content had a large range that from ~5% to
~20%. This great variation in concentration and content of CPC
was probably caused by the different culture condition employed
in the different literature, such as algal strains, culture medium,
reactor type, culture mode, temperature and light intensity. In
the current study, the maximum CPC,,,. and CPC,,, reached
704.66 mg L' and 19.03%, respectively, and these values were
comparable to or even higher than the most results obtained in
the previous studies. It is noteworthy, in the study conducted by
Chaiklahan et al. (2022), that the phycocyanin content reached
19.88% that is slightly higher than our result (19.03%), whereas
the phycocyanin productivity (123.66 mg L' d') is much
greater than 44.04 mg L' d"' achieved by our study. The main
reason was that they used the semi-continuous culture mode, in
which the regular addition of fresh medium greatly ensured the
nutrients required for the growth of microalgae, achieving a high
biomass productivity (0.62 g L' d™') and consequent high
phycocyanin productivity. In contrast, the batch mode was
employed in the present study and the resulted biomass
productivity was only 0.23 g L' d™. Surprisingly, the extreme
high level of phycocyanin concentrations (>1000 mg L") was
attained by Zeng et al. (2012) and Xie et al. (2015). In the former

10.3389/fmars.2022.1057201

study, the intermittent supply of CO, provided sufficient carbon
source to microalgae growth, thus achieving a very high biomass
concentration (7.26 g L'"). Xie et al. (2015) employed a feed-
batch mode which is more efficient in terms of biomass
accumulation compared to the batch mode, leading to a high
biomass concentration (6.78 g L") and consequent high
phycocyanin concentration (1034.8 mg L™).

It should be noted that the conecntration of NaCl in the
culture medium was increased and additional BS and BT were
added after optimizaiton, which will increase the produce cost.
Thereby, we briefly conducted a economic analysis as it is very
important and essential. At the optimal condition achieving the
maxiumum phycocyanin concentration, the phycocyanin
production will additionally increase 0.13 g L' compared to
the control. However, the extra additon of these substances in 1
L culture medium brought extra cost (~$0.03) that was
calculated through multipling the additional quantities of
subtansces (NaCl, BS and BT) by their commerical prices. In
terms of the market price of food-grade phycocyanin ($0.5 g™)
(Giiroy et al., 2017), the extra production of phycocyanin per
liter (0.13 g) valued approximately $0.07, which exceeded the
input cost ($0.03). Therefore, it would be cost-effective and
economically feasible for the phycocyanin production
after optimizaiton.

Overall, a high level of phycocyanin production was
achieved by optimization of culture medium added by BT and
BS based on RSM. However, this study used the mode of batch

TABLE 5 Summary of algal growth and phycocyanin production of Arthrospira reported in the literature and this study.

Number Species  Special culture Culture Biomass con-
condition mode centration
-1
L)
1 Arthrospira  (NH4),SOy as batch 1.04
platensis nitrogen source
2 Arthrospira  addition of sodium batch 8.00
platensis glutamate
3 Arthrospira  addition of succinic batch 5.57
platensis acid
4 Arthrospira  addition of NaAC batch 1.65
platensis
5 Arthrospira  cultivation using blue  batch 0.97%
platensis light
6 Arthrospira  intermittent CO, batch 7.26%
platensis supply
7 Arthrospira  synergistic effects of ~ semi- NA
platensis light intensity, continuous
photoperiod and cell
density
8 Arthrospira  optimization of light  feed-batch 6.78
platensis intensity and initial
biomass concentration
9 Arthrospira  NaCl stress and batch 3.63
maxima addition of BS and BT

Biomass CPC concen- CPC Phycocyanin Reference
productivity tration content productivity
-1 3-1 -1 -1 3-1
gL'd)  (mgLlh) (%) (mgL'd")

0.07* NA 11.3% NA Mousavi
et al., 2022

1.14* 452.32* 5.65% 64.62* Manirafasha
et al., 2018

0.80* 288.86* 5.18% 41.27*

NA 226.05* 13.7% NA Chen et al,,
2006

0.19% 128.63 13.2% 25.73* Chini Zittelli
et al., 2022

0.40* 1220 16.8% 67.8 Zeng et al.,
2012

0.62 NA 19.88% 123.66 Chaiklahan
et al., 2022

0.588 1034.8 16.1% 94.8 Xie et al.,
2015

023 704.66 19.03% 44.04 This study

*It indicated that the values were calculated based on the relative data reported in the articles.

NA, the data is unavailable.
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culture. Moreover, during the process, there was no additional
carbon (such as CO,) supplied into the medium. Therefore,
more work could be performed in the next step to further
increase the phycocyanin productivity by using feed-batch or
semi-continuous mode, as well as providing additional carbon
source based on the optimized medium.

5 Conclusions

In this study, the forecasting models has been established based on
RSM, aiming to optimize culture conditions to enhance algal biomass
and phycocyanin accumulation. According to the models, it was
observed that NaCl was the most important factor to the responses.
Meanwhile, the interactive effect of NaCl and BT had the greatest effect
on phycocyanin production. The maximum values of phycocyanin
concentration and content (704.66 mg L and 19.03%) were reached at
the respective optimal conditions determined by the models. Hence, BS
and BT can be potentially considered as the great exogenous additives
to promote Arthrospira maxima growth and phycocyanin synthesis. In
the next step, semi-continuous or feed-batch mode as well as the supply
of CO, can be used to further increase the productivity of algal biomass
and phycocyanin.
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Skipjack tuna (Katsuwonus pelamis) is a highly migratory species of significant
value in global marine fisheries. The South China Sea (SCS) is the largest marginal
sea in the northwestern Pacific Ocean, and many tuna and tuna-like species occur
within it. Although a recent Western and Central Pacific Fisheries Commission
report identified skipjack tuna in the western and central Pacific to be sustainably
fished, the exploitation status of skipjack tuna in the SCS is still unclear, due to
limited data. We apply two data-poor methods, length-based Bayesian biomass
estimation (LBB) and length-based spawning potential ratio (LBSPR), to assess the
status of skipjack tuna stock in the SCS. We use electronic length frequency
analysis to estimate von Bertalanffy growth parameters (asymptotic length L;,s and
growth coefficient K) to serve as priors for LBB and LBSPR estimation. Estimates are
calculated for SCS skipjack tuna Lin (68.3 cm), K (0.325 year™), natural mortality
(0.49 year™) and mean fork length at 50% sexual maturity (36.7 cm). LBB analysis
reveals the estimated relative stock size (0.29) indicates that the SCS skipjack tuna
stock maybe heavily overfished. LBSPR analysis reveals the estimated spawning
potential ratio for this fishery to be 3%, which is significantly below the limit
reference point of 20%. Accordingly, for the SCS skipjack tuna stock we identify a
need to reduce fishing mortality by controlling fishing effort and increasing
catchable size.

KEYWORDS

tuna fishery, western and central Pacific, data-poor fisheries, length-based
methods, overfished
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Introduction

The highly migratory skipjack tuna (Katsuwonus pelamis) occurs
widely throughout tropical, subtropical and temperate oceans. This
species ranks third in catch tonnage (2.8 x 10° t in 2020; FAO, 2022)
in global marine fisheries (behind Anchoveta Engraulis ringens, and
Alaska pollock Gadus chalcogrammus)—a position it has held for 11
consecutive years. The largest skipjack tuna fishery is in the Western
and Central Pacific Ocean (WCPO), with catches contributing to 62%
of global catch in 2020 (Hare et al,, 2021). The Western and Central
Pacific Fisheries Commission (WCPFC), responsible for managing
tuna species, recently reported this fishery was in a sustainable
condition in the whole WCPO (Hare et al., 2021). However, the
spawning potential of skipjack tuna in region 5 (of the eight skipjack
tuna stock assessment regions) (Figure 1) was considered to have
decreased in recent years. A recent assessment report also stated the
concern of the unquantified (and probably heavy) fishing pressure on
juvenile skipjack tuna in this region (Prince et al., 2022). Limited data
for region 5 meant that the exploitation status of skipjack tuna was
unclear in some sea areas, such as the South China Sea (SCS).
Although the SCS belongs to region 5 of the WCPO, there is no
effective multilateral fisheries management mechanism while there
are increasing fishing efforts from many surrounding countries.
Despite its regional significance, knowledge of the SCS’s fisheries
and stock status remains scarce, the initial assessments of commercial
species appear to be particularly significant.

Overfishing is one of the most intractable challenges facing
marine ecosystems. The Food and Agricultural Organization of the
United Nations (FAO) suggest that the percentage of fishery stocks
exploited at unsustainable levels had increased from 10% to 35.4%
since the 1970s (FAO, 2022). Stock assessment is becoming
increasingly necessary to implement effective fishery management
and sustainability. Nevertheless, only one fifth of the global landings
comes from assessed species, and less than one eighth of the world’s
fisheries are sufficiently well managed or have detailed stock
assessments for management purposes (Costello et al., 2012; FAO,
2022; Kindong et al,, 2022). The severity of this problem is

FIGURE 1

Eight (1-8) WCPO skipjack tuna stock assessment regions (sourced
WCPFC, available online at https://www.wcpfc.int/doc/03/skipjack-
tuna ). The red rectangle represents the South China Sea skipjack tuna
sampling area.
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increasingly recognized, and various types of data-poor stock
assessment methods have been put forward over the past 20 years
as part of a solution (Zhang et al., 2021a; Liao et al., 2022). Among
these methods, length-based assessment models are widely used
because length-frequency data are rather cost-effective and easy to
collect (Quinn and Deriso, 1999; Hordyk et al., 2015; Hordyk et al.,
2016; Mildenberger et al., 2017; Froese et al., 2018; Chong et al., 2020).
In this study, we apply length-based spawning potential ratio
(LBSPR) and length-based Bayesian biomass estimation (LBB)
models to assess the status of skipjack tuna stocks in the SCS. We
calculate the prior information required for these models, asymptotic
length (L;,¢) and growth coefficient (K), by electronic length frequency
analysis (ELEFAN). Results are important for more informed and
effective management of this fishery resource, and to ensure its
sustainable exploitation in an otherwise data-poor environment.

Materials and methods
Data collection

Skipjack tuna in the SCS were mainly caught by the Philippines,
Vietnam, China, Malaysia and Indonesia. The main fishing gears were
purse seine, handline, light falling-net, troll, hook and line (Prince
etal,, 2022). Skipjack tuna in the SCS (Figure 1) were collected using a
light falling-net (290-m circumference, 85-m stretched length, 22-mm
cod-end mesh, and 52-mm net mouth mesh) in series of scientific
surveys conducted by South China Sea Fisheries Research Institute,
Chinese Academy of Fishery Sciences, from 2014-2019. The surveys
covered four seasons. The light falling-net is a relatively new type of
fishing gear which first appeared in the SCS in the early 1990s, and
widely used in deep waters of the SCS in recent years. In this fishery,
lamps function as fish-aggregating devices. Two rows of lamps (n =
230, 1 kw/lamp) are arranged along the sides of a vessel to attract fish
(Zhang et al., 2021b). The main fishing targets are cephalopods,
phototrophic species, and the pelagic fish species (e.g., skipjack tuna)
which feed on them (Wang et al., 2021; Zhang et al., 2021b).

All species caught in the net during surveys were sampled,
identified, and counted. Biological data for main commercial
species, e.g., skipjack tuna, were collected. When fewer than 50
individuals were caught in a trap, all individuals were measured;
otherwise, 50 individuals were randomly sampled for measurement.
For each skipjack tuna, fork length (nearest mm) and body weight
(nearest g) were measured. The maturity was macroscopically
determined based on gonad development; specimens were
attributed to one of six stages. We regard individuals with stage
IV-VI gonads to be sexually mature, and those of stage I-III to be
immature (Li et al., 2011).

Data analysis

The length-weight relationship is described by the power
function:

W =aL®
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where W is the body weight (g) of an individual fish, L represents
its fork length (cm), a is a scaling coefficient, and b is an allometric
growth parameter. The difference in length-weight relationship
parameters between males and females was tested by one-way
analysis of variance (ANOVA).

Length-frequency data were grouped into monthly catches,
assuming that samples represented the monthly length distribution
of the overall catch (Kindong et al., 2022). We used ELEFAN in the
“TropFishR” package (Mildenberger et al, 2017) to estimate the
asymptotic length (L;,¢) and growth coefficient (K) of skipjack tuna.
Growth is described by the von Bertalanffy growth function:

Ly = Liyy(1 = X070

where L, represents mean length (cm) at age t, Li,s is the
asymptotic length, K is the growth coefficient, and ¢, is the
theoretical age when L, = 0.

The parameter f, was estimated using the empirical equation
(Pauly, 1983):

logo( — ty) = =0.3922 — 0.275log;L;y — 1.038log;oK

The growth performance index (®) was eatimated from the
following equation (Pauly and Munro, 1984):

D =log,oK + 2logyoLi.s
Natural mortality (M) was estimated using six empirical methods:

3K

0.38% A, xK)-1

M1=(
e

Alverson and Carney (1975)

M2 = ¢ 00152+0.6543xIn (K)=0.279xIn (Liyy)+0.4634xIn(T)
Pauly (1980)
M3 = l46-1.01xIn(A,)
Hoenig (1983)
M4 = pl44-0.98xIn(4,0.)
Hewitt and Hoenig (2005)

M5 = 4.899 x A 01

max

Then et al. (2015)

M6 = 4.118 x K*7 x L0

Then et al. (2015)

where A, is the maximum reported age (12) for skipjack tuna
(Froese and Pauly, 2022), and T is the mean environmental
temperature (°C), which we assume to be 27°C (Yu et al., 2019).
We average the M1-M6 estimates to obtain a true value for
skipjack tuna.

Mean fork length at 50% sexual maturity (Ls,) was calculated
based on relationships between the arcsin square-root (ASR)
transformative percentage P; of mature individuals in each 20-mm
fork length interval and the midpoint value of the standard-length
interval (X;), as per the following equation (Chen and Paloheimo,
1994):
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ASR(G)

ASR(PI) = 1+ exp[—S(Xi - L50)]

+ &

where G is the maximum attainable proportion of mature fish (G
= 1 in this study), J is the instantaneous rate of maturation, and g; is
the error. The mean fork length at 95% sexual maturity (Los) was
estimated by 1.1 x Ls, (Prince et al., 2015).

LBB method

LBB is a recently developed method used to assess the exploitation
status of data-poor fisheries based on length-frequency data (for
single or multiple years). It uses a Bayesian Monte Carlo Markov
Chain (MCMC) to calculate mortality parameters and the relative
stock size. The principle of LBB method is that the absolute values of
biomass and age can be replaced by their relative values (Froese et al.,
2018). LBB is appropriate to use for species that can grow
continuously through their life (Pons et al., 2020). This method can
estimate asymptotic length (L;,¢), length of 50% of individuals
captured by a gear (L), relative natural mortality (M/K), fishing
mortality relative to natural mortality (F/M), the exploited biomass
relative to the unexploited biomass (B/By), and the relative stock size
(B/Bysy) for a target species (where MSY is the maximum sustainable
yield). Although the LBB method only requires length-frequency data,
the priors of M/K, Ly, and Lso can also be included to obtain more
accurate results (Table 1). We use the priors of M/K, Ly, and Lsy
estimated using aforementioned approaches, including “TropFishR,”
empirical formulas for M, and the ASR method.

We determined the exploitation status of the skipjack tuna fishery
based on estimates of B/Bysy. We regard a stock to be healthy if B/
Busy > 1; slightly overexploited where 0.8< B/Bysy < 1; overfished
where 0.8 < B/Bysy < 0.5; heavily overfished where 0.2< B/Bysy < 0.5,
and collapsed when B/Bysy < 0.2 (Palomares et al., 2018). Stocks are
also considered to suffer from ‘growth overfishing’ (when fish are
harvested at an average size that is smaller than the size that would
produce the maximum yield per recruit) if the estimated L./L._ope< 1
(Zhang et al, 2021a), where L, represents the length at first
capture that maximizes the catch and biomass. More details of LBB

TABLE 1 Summary of data requirements for LBB and LBSPR methods (red
boxes represent required data; green boxes represent optional data).

LBSPR

Parameters Estimates LBB

Length-frequency data /

Asymptotic length (L;ne) 68.3 cm

Growth coefficient (K) 0.325 year'l -
Natural mortality (M) 0.49 year™ -
M/K 1.51

Mean fork length at 50% sexual maturity (Lso) 36.7 cm

Mean fork length at 95% sexual maturity (Lgs) 40.4 cm

Coefficient of variation of Liy¢ 0.1

Length-weight relationship parameter (a) 0.0057

Length-weight relationship parameter (b) 3.3304
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method are presented in Froese et al. (2018). All LBB analyses were
performed using an R code (LBB_33a. R), downloaded from http://
oceanrep.geomar.de/44832/(access date: 5 September 2022) following
user guidelines.

LBSPR method

The spawning potential ratio (SPR) is a well-known biological
reference point that can be used to inform fisheries management
decisions for data-limited fisheries (Hordyk et al.,, 2015). It can be
interpreted as the proportion of the unfished spawning potential
remaining under fishing pressure (Walters and Martell, 2004). We use
the LBSPR method to estimate the SPR of skipjack tuna in the SCS.
This method has been widely used in stock assessments for data-poor
fisheries (Prince et al., 2015; Prince et al., 2020; Han et al., 2021;
Alam et al., 2022); Kindong et al.,, 2022, and it has proven to be a
consistent and accurate model (Chong et al., 2020; Pons et al., 2020).
LBSPR assumes that SPR of an exploited fish stock is a function of
relative fishing mortality (F/M) and two life-history ratios (M/K and
Lso/Ling). In addition to target species length-frequency data, other
parameters needed in the estimation (Table 1) include the M/K ratio,
L;p, variability of length-at-age (default value 10%), and Ls, and Los
(Prince et al., 2015). We estimate these parameters using
aforementioned approaches, including “TropFishR,” empirical
formulas for M, and the ASR method. To analyze the uncertainty
of nature mortality on LBSPR method, M1-M6 estimates were also
used to run LBSPR and check the results.

In the LBSPR model, mean fork length at 50% and 95% selectivity
(SLso and SLos), and relative fishing mortality (F/M) are estimated
using the maximum likelihood method. The LBSPR model applies
maximum likelihood estimation to evaluate the selectivity ogive,
which is expected to be a logistic curve described by the selection
parameters (SLsy and SLos), and F/M, which are then utilized to
estimate the SPR (Prince et al., 2015; Hordyk et al., 2016). Note that
SPR estimates of 20% represent a limit reference point; SPR
estimates< 20% suggest a level likely to reduce recruitment and a
stock verging on collapse; and SPR estimates range 0.35-0.4 are
generally associated with a stock at MSY levels (Hordyk et al., 2015;
Prince et al,, 2015; Kindong et al.,, 2022). All LBSPR analyses were
performed using R code, available at https://cran.r-project.org/web/
packages/LBSPR (access date: 11 September 2022).

Results
Parameter estimation

A total of 2033 skipjack tuna individuals of 8.3-52.9-cm fork
length and 10-3250-g body weight were collected between 2014 and
2019. The length-frequency distribution was unimodal, with 58.1% of
individuals ranging 21-30-cm fork length. There was no significant
difference in parameters (a and b) in length-weight relationships
(Figure 2) between males and females (F= 0.32, p > 0.05; F = 0.71, p >
0.05). Length-weight relationships are estimated as:

Male: W =0.0058L*%%" (+* =0.972, n =239, p < 0.001)
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Female: W = 0.0055L>**%® (+* = 0.974, n =204, p < 0.001)

All: W =0.0057L>% (+* =0.988, n=2033, p < 0.001)

Estimated von Bertalanffy growth parameters using the ELEFAN
method and Pauly’s empirical equation are 68.3 cm for Li, 0.325
year™" for K, and —0.41 for t,. These results indicate that skipjack tuna
attains a maximum fork length of 68.3 cm with a relatively low growth
rate. The estimated growth performance index (@) is 3.18 with a high
goodness of fit value (R,) of 0.515. The von Bertalanffy growth
function is described by:

L, =68.3 % (1- 6—0-325(t+0.41))

Estimated natural mortalities (M) of skipjack tuna using empirical
formulas M1-M6 are 0.60, 0.67, 0.35, 0.37, 0.50, and 0.45,
respectively. We use the mean value (0.49) and set the prior M/K
for LBB and LBSPR to 1.51 (= 0.49/0.325) (Table 1).

Based on an ASR logistic curve fitted by nonlinear regression
(Figure 3), the estimated mean fork length at 50% sexual maturity
(Lso) of skipjack tuna is 36.7 cm, with 95% confidence interval (CI)
32.1-41.0 cm. The estimated mean fork length at 95% sexual maturity
(Lgs) is 1.1 x Lgy = 40.4 cm.

LBB assessment results

According to LBB outputs (Figure 4), the estimated L;,¢is 68.7 cm
(95% CI = 67.6-69.7 cm) and M/K is 1.59 (95% CI = 1.45-1.72). The
estimated relative stock size B/Bysy is 0.29 (95% CI = 0.232-0.352),
and the estimated L /L. _qp is 0.53, which indicates that the current
SCS skipjack tuna stock is heavily overfished (0.2< B/Bysy < 0.5) and
experiencing growth overfishing (L./Lc_op< 1). Meanwhile, the
estimated F/M is 2.28 (95% CI = 1.94-2.68), indicating that fishing
mortality is twice as high as natural mortality. Therefore, the
exploitation rate E can be calculated by F/(F+M) = 0.695, which
also indicates an overfished stock status. The estimated length at first
capture that maximizes the catch and biomass L_,p is 40.0 cm, but
only 5.2% of all individuals exceeded this length. Therefore, the
optimum skipjack tuna catchable size should be increased.

LBSPR assessment results

According to LBSPR outputs (Figure 5A-D), the mean F/M
estimate is 3.1, and the exploitation rate E (0.756) is higher than
the LBB estimate of 0.695. The ogive curve for selectivity and maturity
(Figure 5B) reveals the length at maturity to be higher than the length
at first capture. The estimated fork length at 50% and 95% selectivity
(SLsp and SLgs) are 20.0 and 27.6 cm, respectively (Figure 5C).
Assuming that our length- frequency data are in a steady-state
(Hordyk et al., 2015), the estimated SPR for the current SCS
skipjack tuna stock is at 3%, which is significantly below the limit
reference point of 20%. The length composition which should be
targeted to maintain the threshold level (SPR = 0.2) against the
current observed length-frequency data is shown in Figure 5D. The
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Male (upper) and female

uncertainty of nature mortality has effected the SPR values, and were
0.04, 0.05, 0.01, 0.01, 0.03 and 0.02, respectively, using M1-M6
estimates. The size of fish currently targeted by this fishery is
significantly lower than would be expected, indicating that most
caught fish are juveniles. Therefore, this fishery is overfished and
the catchable size of skipjack tuna should be increased.

Discussion

This study attempted to apply two length-based methods (LBB
and LBSPR) on stock assessment for the data-poor skipjack tuna stock
in the SCS. Results show a precarious situation for this fishery, with a
current relative stock size B/Bysy of 0.29 and SPR of 3%. Although
the WCPFC announced in a recent report that this fishery was
sustainable in the WCPO (Hare et al., 2021), both LBB and LBSPR
length-based methods suggest that it might be heavily overfished in
the SCS. A recent assessment (Prince et al., 2022) also used LBSPR to
evaluate skipjack tuna fishery in the SCS. Our study differed from this
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(lower) skipjack tuna length—weight relationships in the South China Sea.

assessment by the following two points. Firstly, two length-based
methods (LBB and LBSPR) were applied in our study and the results
of LBB and LBSPR corroborated each other. Prince et al. (2022) used
only LBSPR but length data from many fisheries and different
countries. Secondly, we estimated the growth, mortality and
maturity parameters directly from our existing data collected in the
SCS while Prince et al. (2022) used previous and similar estimates
(e.g. Lsp = 40.9 cm, Lgs = 45.0 cm). Actually, our estimates showed
skipjack tuna in the SCS matured earlier (Lsy = 36.7 cm), and
population parameters might be different with other regions
(Table 1). Therefore, prior information used in LBSPR seemed
more precise in our study. Our analyses contribute significantly to
understanding the status of skipjack tuna stocks throughout the entire
WCPO region.

The SCS occupies a central position in the Indo-West Pacific
region, and is the third largest marginal sea in the world (Li et al,,
2019). Fish diversity and fisheries resources within it are extremely
rich (Zhang et al., 2021a), there are limited data available for many of
its fisheries (Zhang et al., 2017). Shallow water (< 200 m) fisheries
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FIGURE 3
Proportions of mature skipjack tuna and logistic curves fitted using the
ASR model. Solid points represent observed data, and the circle
represents the estimated mean fork length at 50% sexual maturity (Lso).
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FIGURE 4

Length-based Bayesian biomass estimates for skipjack tuna in the South China Sea. Left: fits of the model to length data; right: predictions of the LBB analysis.
Line, asymptotic length; L, length of 50% individuals captured by the gear; Loy, length where the maximum biomass of the unexploited stock is obtained.

resources in the northern SCS had been overfished in the 1990s
(Zhang et al., 2017; Zhang et al., 2021a). The main commercial fish
species in deeper SCS waters are tuna and tuna-like species, e.g.,
yellowfin tuna (Thunnus albacares), bigeye tuna (Thunnus obesus),
skipjack tuna, bullet tuna (Auxis rochei), frigate tuna (Auxis thazard),
and Carangidae species (Wang et al., 2021; Zhang et al.,, 2021b). The
status of most of these fish stocks has not been assessed because of
data limitations. For data-poor fisheries, three methods (length-,
catch-, and abundance-based) are usually used to calculate
biological reference points within the context of MSY (Liao et al.,
2022). Because accurate catch statistics in the SCS are not available,
and there is a lack of time-series survey abundance data, catch- and
abundance-based methods cannot be applied to assess the status of
the skipjack tuna fishery in this region. Accordingly, we applied two
length-based models on the SCS skipjack tuna assessment.

Previous sensitivity analysis have demonstrated the results of LBB
to be sensitive to Li,s settings, and that the ELEFAN method can
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provide effective prior information for this method (Zhang et al.,
2021a; Liao et al., 2022). Therefore, we used ELEFAN in the
“TropFishR” package to calculate priors of important growth
parameters (L;,p K) for skipjack tuna before LBB and LBSPR
estimation. Our results differ from previous estimates of von
Bertalanffy growth parameters for skipjack tuna in the Pacific and
Atlantic oceans (Table 2). The estimated L;,¢ in the SCS is smaller
than elsewhere. The estimated K is greater than values for the Atlantic
Ocean, and about average for Pacific Ocean values. The growth
performance index (@) ranged 3.02-3.58 in all results, and our
result (@ = 3.18) is consistent with them. The “TropFishR” package
allows users to visualize fitted scores across a range of Lj,~K
combinations in response surface analysis (RSA). This visualization
of R, scores across discrete combinations of both variables may also
aid in narrowing possible variable ranges in subsequent, more refined
searches (Mildenberger et al., 2017). While our R, score (0.515) is
higher than that reported in other recent studies (Alam et al., 2022;
Kindong et al, 2022), the parameters estimated by “TropFishR”
match those of other studies (Table 2). Therefore, the priors that
we used in LBB and LBSPR are sound and informative.
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Results of the two models suggest that the SCS skipjack tuna
fishery might be overfished. However, the evaluation processes and
the reference points obtained from LBB and LBSPR differ. LBB works
for species that grow throughout their lives, and estimates asymptotic
length, length at first capture, relative natural mortality, and relative
fishing mortality using MCMC analysis. Standard fisheries equations
can then be used to approximate the current exploited biomass
relative to the unexploited biomass (Froese et al., 2018). The
relative stock size (B/Bysy) is a useful biological reference point
and management limit that is commonly used in tuna fishery
management (ICCAT, 2013; Hare et al, 2021; Liao et al, 2022).
The estimated B/Bysy (0.29) of the SCS skipjack tuna fishery is quite
low for the WCPO (Hare et al., 2021). Hordyk et al. (2019) indicated
that the LBB analysis did not correct for pile-up effects and may result
in a biased estimate of fishing mortality F and M/K. Zhang et al.
(2021a) also suggested using other methods in conjunction with LBB
if decisions regarding actual fisheries had to be made. Therefore, we
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FIGURE 5
LB-SPR model outputs for South China Sea skipjack tuna. (A) length-frequency distribution (pillars), and predicted fished size composition (black line); (B)
maturity and selectivity curves from the fitted LBSPR model when Lsg = 36.7 cm and Lgs = 40.4 cm; (C) shows the distribution of mean selectivity
parameters (SLsg and SLgs), fishing mortality to natural mortality (F/M), and spawning potential ratio; (D) observed length-frequency data against an
expected size composition at a target SPR = 0.2.

TABLE 2 Growth parameters and growth performance index of skipjack tuna stocks.

von Bertalanffy growth

Location Period PRIl Growth performance index (®) Method Reference

Ling (cm) K (year™)
South China Sea 2010s 68.3 0.325 3.18 Length-frequency | This study
Western and central Pacific 2000s 70.6 0.64 3.50 Dorsal Spine Wang et al,, 2010
Western Pacific 2000s 93.6 0.43 3.58 Otolith Tanabe et al., 2003
Western and central Pacific 2000s 77.4 0.176 3.02 Otolith Ku et al,, 2015
Banda Sea 2010s 70.1 0.26 3.11 Length-frequency | Tadjuddah et al., 2017
Southwestern Atlantic 2000s 92.4 0.161 3.14 Dorsal Spine Garbin and Castello, 2014
Southwestern Atlantic 2010s 90.1 0.24 3.29 Length-frequency | Soares et al., 2019
Western Atlantic 2010s 122.5 0.12 3.26 Dorsal Spine Cunha-Neto et al,, 2022

also applied another length-based method (LBSPR) to assess fishery
stocks. The LBSPR method assumes that length-at-age is normally
distributed with a constant coefficient of variation (CV), and assesses
stock status by comparing the spawning potential as measured
through length composition data to that expected in an unfished
stock (Hordyk et al.,, 2015; Hordyk et al., 2016). The SPR obtained by
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LBSPR is a well-established biological reference point, and a powerful
tool to help assess the impact of present-day fishing pressure on a
stock’s reproductive potential. The estimated SPR (0.03) of the SCS
skipjack tuna fishery is the lowest throughout the WCPO (Hare et al,
2021). Therefore, we conclude that fishing mortality must be reduced
by controlling fishing effort, and that the skipjack tuna catchable size
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must be increased in the SCS. We also emphasize collaboration
mechanism should be established by the main fishing countries for
management and sustainability of skipjack tuna fishery in the SCS.

There are some limitations in this study. The two methods assume
that the length composition of the catch data is representative of the
exploited population, and LBSPR assumes that selectivity is well
represented by a logistic curve. However, the estimated L;,¢ in the
SCS is the lowest thus-far reported (Table 2). This may be because the
predominant size-class of skipjack tuna elsewhere ranges 40-60 cm
(Garbin and Castello, 2014; Hare et al., 2021), while those from the
SCS are smaller (20-40 cm). Possible explanations for this include
density-dependent effects, the influence of environmental factors (e.g.,
higher water temperature), and fishing-induced evolution (Zhang
et al., 2020). But most likely, skipjack tuna caught in unassociated
(free-swimming) schools are larger than those taken in schools
associated with fish aggregating devices such as light falling-net
(Hare et al., 2021). Meanwhile, we found skipjack tuna in the SCS
matured earlier (Lso = 36.7 cm), which indicated the body size might
be smaller than those of other regions. Therefore, the sampling
representativeness and smaller body size in the SCS should be
explored in further studies.
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Introduction: Mastacembelus armatus is a commercially valuable fish, normally
distributed in southern China and Southeast Asia. The natural population size of M.
armatus is shrinking in recent years because of overfishing and habitat loss. In order to
clarify the genetic diversity and differentiation of M. armatus populations, we collected
114 samples from eight populations in southern China and Vietnam and analyzed their
population structure using nuclear ribosomal DNA sequences, the concatenated 18S
and ITS2 regions.

Methods: Genomic DNA from the fin clip was extracted and sequenced on an
Ilumina novaseq 6000 (lllumina, USA) high-throughput sequencing platform in
accordance with the manufacturer’s instructions. After assembly and annotation,
haplotype diversity, TCS network analysis, AMOVA analysis, population pairwise
genetic distances, and UPGMA tree construction were conducted based on the
concatenated sequences of 18S and ITS2.

Results and discussion: In total, eleven nrDNA haplotypes were detected based on
the concatenated sequences of 18S and ITS2. Amongst, three haplotypes were the
main haplotypes, as representatives of three corresponding Clusters. There were
two major Clusters in China, however, the Cluster in Vietnam was significantly
divergent from the other two in China, likely due to the lack of river connection
between China and Vietnam. Interestingly, based on low FST value, we found that
gene flow occurred between the isolated island, Hainan Province, and the mainland
China of Guangxi Province, probably as a result of exposed continental shelf
connected them during glacial periods. In general, combing our data and
literature data, genetic diversity and differentiation of M. armatus populations are
relatively high regardless of spatial scale, although their natural population size is
declining. This suggests that it is not too late to adopt measures to protect M.
armatus, which benefits not only species itself but also the whole ecosystem.

KEYWORDS

genetic diversity, populations, mastacembelus armatus, southern China, Vietnam
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Introduction

Mastacembelus armatus, the common name is zig-zag eel or
tire-track spiny eel, is an economically important fish, belonging to
the Order Symbranchiformes (Family: Mastacembelidae; Genus:
Mastacembelus). Among the four species of the genus, M. armatus
is the largest (Serajuddin and Pathak, 2012). It is widely distributed
in southern China, mainly in Yangtze River and Pearl River (Xue
et al,, 2020), and Southeast Asia, such as India, Thailand, Nepal,
Vietnam, Sri Lanka, and Pakistan (Hossain et al., 2015; Gupta and
Banerjee, 2016; Han et al., 2019). Usually, it inhabits rivers, streams,
ponds, beels and inundated fields (Hossain et al., 2015; Gupta and
Banerjee, 2016). M. armatus is a carnivorous fish, it prefers to feed
on crustacean and insect larvae when young while the adults devour
small fish and tadpoles (Hossain et al., 2015). M. armatus is in high
demand on the market as it attracts consumers with its delicious
taste, no intermuscular spines and high nutritional value (Gupta
and Banerjee, 2016; Li et al., 2016; Xue et al., 2020). Besides, the
appealing color pattern of M. armatus makes it a popular aquarium
fish as well (Gupta and Banerjee, 2016).

However, due to overfishing and habitat loss, the wild population
size of M. armatus gradually declines year by year (Hossain et al.,
2012; Rahman etal., 2016; Xue, 2018). M. armatus is designated as an
endangered species in Bangladesh (IUCN Bangladesh, 2000) and has
been classified as least concern by the International Union for
Conservation of Nature (IUCN) (IUCN, 2019). In addition, large-
scale artificial breeding has not been achieved for M. armatus (Jiang,
2018). Therefore, it is urgently needed to clarify the present condition
of natural populations of M. armatus, particularly their genetic
diversity and structure, thus providing basis for their biological
conservation. As a native species in China, M. armatus is assigned
as a key protected wild aquatic animal by Fujian, Guangdong, and
Hunan provinces, and moreover, a national germplasm resource
reserve of M. armatus has been established in Fujian Province (Jiang,
2018). Furthermore, aquaculture of M. armatus has intensified in
several provinces of China, greatly facilitating its artificial breeding
(Han et al., 2017; Han et al., 2019).

So far, a lot of studies have been conducted on M. armatus, such
as studies at individual level on their morphology (Shu et al., 2017;
Zhou et al., 2019), nutritional composition (Wu et al., 2010; Fan
et al, 2018), metal bioaccumulation (Javed and Usmani, 2016;
Pandey et al,, 2017), karyotype (Oliveira et al., 1997);, taxonomy
(Jiang, 2018; Duong et al., 2020), reproduction (Serajuddin and
Pathak, 2012), histopathology (Dhole et al., 2011), sex-specific
markers (Xue et al., 2020; Xue et al, 2021b), artificial breeding
(Lin et al., 2016; Xue, 2018), Toll-Like Receptors (TLR) (Han et al.,
2017; Han et al,, 2019), mitochondrial genome sequencing (Li et al.,
2016; Han et al., 2018), whole genome sequences at the
chromosomal scale (Xue et al., 2021a), as well as population
studies (Wang et al, 2012; Zou, 2013; Chen, 2014; Yang et al,
20165 Lin, 2017; Jiang, 2018; Thapliyal et al., 2020; Gao et al., 2022).
Among the above listed population studies, some used
mitochondrial DNA markers, such as COI (Chen, 2014; Jiang,
2018; Gao et al,, 2022), Cytb (Wang et al,, 2012; Thapliyal et al,,
2020; Gao et al, 2022) and D-loop (Chen, 2014), and others
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employed nuclear makers, like SSR (Zou, 2013; Yang et al., 20165
Lin, 2017) and exon-primed intron-crossing markers (EPICs)
(Jiang, 2018). These studies, however, are all from Chinese
populations, except one study from India (Thapliyal et al., 2020).
Population data from Southeast Asia is very scarce. Therefore, we
expanded our sampling area from China to Vietnam to fill our
knowledge gap. Additionally, mitochondrial markers were mostly
used in M. armatus population studies, only few nuclear markers
like SSR and EPICs, while no reports were based on nuclear
ribosomal DNA (nrDNA) markers to reveal their genetic diversity
(Wang et al., 2012; Zou, 2013; Chen, 2014; Yang et al., 2016; Lin,
2017; Jiang, 2018; Gao et al.,, 2022). It is well known that nrDNA
markers have been successfully employed in various fish population
research (Mladineo et al., 2013; Garcia et al., 2015; Agdamar and
Tarkan, 2019), such as 18S, ITS1, ITS2 and 28S, due to their high
evolutionary rates (Presa et al., 2002). Therefore, in this study, we
employed the concatenated 18S and ITS2 sequences to assess levels
of genetic diversity and differentiation of M. armatus populations
from China and Vietnam at different spatial scale.

Materials and methods
Sampling

M. armatus from seven regions in southern China and one region
in Vietnam were sampled in 2021. Sample sets collected from a single
region were considered a population. In China, we collected M.
armatus from four Provinces. Two populations were sampled from
Guangdong Province, three populations from Guangxi Province, one
population from Jiangxi Province and one population from Hainan
Province (Table 1, Figure 1). What should be noted is that Hainan
Province is located in an independent island, spatially separated with
the mainland China by Qiongzhou Strait. Additionally, Guangxi
Province is geographically adjacent with Vietnam. The Vietnam
samples were collected from Guangzhou Lanhai Marine Technology
Co., Ltd, Guangzhou city, Guangdong Province, China (latitude: 23.21°
N, longitude: 113.47°E). More specifically, we collected 12 and 16
samples in GDHY and GDQY regions from Guangdong Province,
respectively; 18, 18, 15 samples in GXBS, GXLZ and GXYL regions
from Guangxi Province, respectively; 7 samples in HNHK region from
Hainan Province, 13 samples in JXGZ region from Jiangxi Province, 15
samples in YN region from Vietnam. A total of 114 samples from eight
populations were collected in this study (Table 1).

DNA extraction and sequencing

A 30-40 mg fin clip was collected and preserved in 95% ethanol at
-20°C for later genomic sequencing. Both DNA sequencing and
assembly were performed by Science Corporation of Gene
(SCGene) Co., Ltd, Guangzhou city, Guangdong Province, China.
Total genomic DNA was extracted with a Tissue DNA Kit (OMEGA
E.ZN.A) following the manufacturer’s protocol. The quality and
quantity of genomic DNAs were determined by 0.8% agarose gel
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TABLE 1 Summary of samples and genetic diversity of Mastacembelus armatus (N: number of samples; N,: number of nrDNA haplotypes; hd:
haplotype diversity; m: nucleotide diversity; F/M: ratio of the number of females to males).

. . Sex ratio
Country Province Region N (F/M) Haplotypes
.. + .| 25 +
GDHY 12 2/10 (0.20) 2 H1(10),H4(2) 0303 0.00025
0.147 0.00012
0.242+ 0.00010 +
Guangd GDQY 16 9/7 (1.29 3 H1(14),H6(1),H7(1
uangeong Q /71:29) (14)He(1).H7(1) 0.135 0.00006
0.267+ 0.00017 +
Total 28 11/17 (0.65) 4 H1(24),H4(2),H6(1),H7(1)
0.107 0.00008
0.111+ 0.00005 =+
XB 1 10 (0. 2 H1(17),H5(1
GXBS 8 8/10 (0.8) (17),H5(1) 0.09 0.00004
GXLZ 18 10/8 (0.8) 1 H1(18) 0 0
China Guangi
0.133+ 0.00006 +
XYL 1 ) 2 H2(14),H8(1
G > 7/8 (0.88) (14).H8(1) 0.105 0.00005
0.462+ 0.00071 +
Total 51 25/26 (0.96) 4 H1(35),H2(14),H5(1),H8(1)
0.060 0.00009
) 0.286+ 0.00012 +
Hainan HNHK 7 3/4 (0.75) 2 H2(6),H9(1)
0.157 0.00011
Jiangxi JXGZ 13 5/8 (0.63) 1 H1(13) 0 0
0.434+ 0.00064 +
Total (Chi 99 8/12 (0.67 3 H1(72),H2(20),H4(2),H5(1),H6(1),H7(1),H8(1),HI(1
otal (China) /12 (0.67) (72),H2(20),H4(2),H5(1),H6(1),H7(1),H8(1),HI(1) 0,052 0.00008
0.257+ 0.00011 +
i Y 1 1.14 H3(13),H10(1),H11(1
Vietnam N 5 8/7 (1.14) 3 3(13),H10(1),H11(1) 0.142 0.00006
) ) H1(72),H2(20),H3(13),H4(2),H5(1),H6(1),H7(1),H8(1),HI(1), | 0.561+ 0.00199 +
| (Ch 114 2:62 (0.84 11
Overall (China and Vietnam) 52:62 (0.84) H10(1).H11(1) 0.047 0.00028

electrophoresis and NanoDrop 2000 spectrometer (Thermo
Scientific, Waltham, MA, USA). High-quality genomic DNAs were
used to construct a paired-end sequencing library with an insert size

“Hainan Dao

South China Sea \

110°E 115°E

FIGURE 1

Distribution of sampling sites of Mastacembelus armatus
populations in China. Region abbreviations follow those in Table 1.
Pie charts represent the Cluster frequency of nrDNA haplotypes
belong to in each region; the colour of each Cluster is consistent
with Figures 2, 3.
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of 450 bp. The library was then sequenced on an Illumina novaseq
6000 (Ilumina, USA) high-throughput sequencing platform in
accordance with the manufacturer’s instructions.

Sequence assembly

Adaptors and low-quality reads were filtered using
Trimmomatic v0.39 (Bolger et al., 2014), resulting the raw reads,
which number were between 3,876,630 and 51,352,359. Paired-end
reads of 2 x 150 bp were generated, and the quality threshold was
set to Q20. Qualified reads were then compared by BWA (Li and
Durbin, 2009) employing setting of 0 match and 0 gap. Afterwards,
the obtained reads were assembled using SOAPdenovo (Luo et al.,
2012). To verify the correctness of the assembly, assembled whole
nrDNA sequences were amplified and sequenced by Sanger
sequencing. The annotation of assembled nrDNAs was performed
using blastn in NCBI with closely related and well-annotated
sequences, manually verified afterwards. Finally, respective region
sequences were generated, including 18S, ITSI, 5.8S, ITS2 and 28S.

Data analysis
Standard diversity indices, including number of haplotypes (Ny,),

haplotype diversity (hd) and nucleotide diversity (r), were calculated
using DnaSP v 5.10 (Librado and Rozas, 2009). A TCS network was
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TCS network based on the concatenated sequences of 18S and ITS2 of Mastacembelus armatus. Each tick represents a mutational step. nrDNA
haplotypes are named as in Table 1. Circle size is proportional to the haplotype frequency.
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FIGURE 3
UPGMA dendrogram of eight populations of Mastacembelus
armatus based on pairwise genetic distances between populations.

constructed with PopArt (Clement et al., 2002; Leigh and Bryant, 2015)
to investigate genealogical relationships among populations inferred
from the concatenated sequences of 18S and ITS2. Hierarchical analysis
of molecular variance (AMOVA) was performed to detect genetic
variations within and among different regions using Arlequin v 3.5
(AMOVA; Excoffier and Lischer, 2010), with statistical significance
determined by 1,000 permutations. To quantify the genetic
dissimilarity between populations, population pairwise genetic
distances (Fgr) were also calculated by Arlequin v 3.5 (Excoffier and
Lischer, 2010). The genetic distance among different populations was
used to construct the UPGMA tree in MEGA X (Kumar et al., 2018).

Results
Characteristics of nrDNA

Variations of the length of either whole nrtDNA sequences or
respective region sequences were slight, see details in Table 2. To be
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specific, the length of 18S and 5.8S of all individuals were all the
same, with 1,840 bp and 154 bp, respectively. Especially, all
sequences of 5.85 were completely identical. In addition, there
was also very little variation in the length of 28S, with only a 2 bp
difference in length. In the 28S alignment of all individuals, 30
variable sites were found, accounting for 0.85%, compared with 3 in
18S (0.16%), 20 in ITS2 (3.37%) and 66 in ITS1 (5.77%). It is worth
to note that although the proportion of variable sites in the 28S
alignment was low, the majority of variable sites, 21 out of 30, were
singletons variable sites. Clearly, ITS1 and ITS2 were regions with
greater variability. Furthermore, we found that many indels
occurred in the alignment of ITS1, for example, the longest indel
was 14 bp in length, located at 1020 nt - 1043 nt. The GC content of
whole nrDNA in all populations was similar, between 62.5% and
62.7%, showing a high GC content.

More than 5% indels and 5.77% variable sites occurred in the
alignment of ITS1, directly affecting the accuracy of subsequent
analyses. Additionally, in the alignment of 28S, too many singletons
variable sites were detected, which is also thought to negatively impact
the molecular analyses, such as phylogenetic analysis and population
genetics (Dress et al., 2008; Steenwyk et al., 2020). Besides, the 5.8S
sequences of all individuals were the same, we thus decided to use the
concatenated sequence of 18S and ITS2 for all later analyses.

Genetic diversity

Eleven nrDNA haplotypes were identified from the
concatenated sequences of 18S and ITS2, consistently inferred
from DnaSP results and TCS network (Table 1, Figure 2). The
overall genetic diversity was relatively high (0.561 + 0.047) while
nucleotide diversity was low (0.00199 + 0.00028) (Table 1). The
highest haplotype diversity was found in GDHY region in China,
followed by HNHK, YN, and GDQY region. Most regions harbored
more than one haplotype, except GXLZ and JXGZ region. In a
word, we found eight haplotypes in China and three haplotypes in
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TABLE 2 The length and GC content of whole nrDNA and respective region of Mastacembelus armatus from eight populations.

Country Province Region Length (bp) Overall GC content
5.85 ITS2 Overall
GDHY 1840 1080-1087 154 580-585 3518 7176-7183 62.6-62.7%
Guangdong
GDQY 1840 1080-1088 154 584-585 3518 7176-7185 62.6-62.7%
GXBS 1840 1080-1088 154 583-586 3518 7176-7186 62.6-62.7%
China Guangxi GXLZ 1840 1084-1090 154 584-586 3518 7178-7187 62.6-62.7%
GXYL 1840 1077-1086 154 581-586 3518 7173-7181 62.5-62.6%
Hainan HNHK 1840 1077-1084 154 581-584 3518-3520 7173-7178 62.5-62.6%
Jiangxi JXGZ 1840 1087-1095 154 584-586 3518 7184-7192 62.70%
Vietnam YN 1840 1074-1088 154 581-585 3518-3520 7171-7184 62.6-62.7%
Total 1840 1074-1095 154 580-586 3518-3520 7171-7192 62.5-62.7%

Vietnam (Table 1, Figure 2), and H1, H2 and H3 were the main
haplotypes, making three different Clusters (Figure 2). Amongst,
H1 and H2 were the main haplotypes found in China and H3 in
Vietnam. Moreover, in China, the genetic diversity of M. armatus in
Guanggxi province was the highest (0.462 + 0.060), consisting of two
main haplotypes H1 and H2, while only H1 was detected in Jiangxi
Province, predominant H1 in Guangdong Province, and
predominant H2 in Hainan Province.

Overall, more males were found in our study. In Vietnam, the
number of females exceeded males, compared to Chinese
populations with dominant males.

Population structure

In general, AMOVA analyses presented that there was high
genetic differentiation in overall populations of M. armatus (PST
=0.882, p < 0.001), and the largest level of genetic differentiation
was found among populations (88.19%) (Table 3). The similar
pattern was shown at the province level (®ST = 0.796, p < 0.001)
and at the country level (®ST = 0.886, p < 0.001) as well (Table 3).

Pairwise Fgr comparisons revealed that most populations were
significantly differentiated (Table 4). Particularly, pronounced
differences among different provinces were found in a range of
Fsr between 0.210 and 0.970, all being statistically significant
(Table 5), in agreement with AMOVA result that most variations
were from among provinces (79.59%) at the province level
(Table 3). In addition, the UPGMA tree demonstrated that all
populations were divided into three groups (Figure 3). Cluster I
consisted of all populations from Jiangxi and Guangdong Province
and two of three populations of Guangxi Province (GXLZ and
GXBS). While the other population of Guangxi Province (GXYL)
was clustered with the population from Hainan Province, forming
Cluster II, consistent with the low Fgr value between them, only
0.004. The Vietnam population was a single group, Cluster III.
Overall, Cluster I and Cluster II were grouped together, making
the Chinese Cluster. Furthermore, the genetic differentiation of
Clusters between China and Vietnam was also distinctive,
characterized with different nrDNA haplotypes (Table 1,
Figure 2) and distinct phylogenetic Clusters (Figure 3), as well
as shown in the AMOVA analysis, with 88.59% variances from
among countries (Table 3).

TABLE 3 Analysis of molecular variance (AMOVA) of Mastacembelus armatus populations at different spatial scale.

Pattern Source of variation df.  Variance components Percentage variation Fixation indices  Significance
among countries 1 15.036 Va 88.59
C‘i::etlry within countries 112 1.937 Vb 1141 Dy = 0.886 p < 0.001
total 113 16.973
among provinces 4 5.581Va 79.59
Province level within provinces 109 1.432 Vb 20.41 Dgr = 0.796 p <0.001
total 113 7.013
among populations 7 5.353 Va 88.19
Overall within populations 106 0.717Vb 11.81 Dgr = 0.882 p <0.001
total 113 6.07
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Discussion
Genetic diversity and population structure

Previous population studies (Wang et al.,, 2012; Zou, 2013; Chen,
2014; Yang et al,, 2016; Lin, 2017; Jiang, 2018; Gao et al., 2022) all
showed high genetic diversity of M. armatus populations in China, but
the haplotype diversity in our result (hd=0.434) is lower than that in
other population studies, for example, Wang et al. (2012), Jiang (Jiang,
2018) and Gao et al. (2022) reported the haplotype diversity in China
was 0.965, 0.768 and 0.895, respectively. This may be due to different
markers employed and the small sample size in our study compared to
other studies. Additionally, the overall genetic diversity of M. armatus
populations in this study was over 0.5, showing a relative high diversity
(Grant and Bowen, 1998). In general, combing our data and literature
data, the genetic diversity of M. armatus maintains at a relatively high
level, although the size of natural population is declining as reported
(Hossain et al., 2012; Rahman et al.,, 2016; Xue, 2018). Furthermore,
genetic differentiation between most populations is pronounced,
regardless of spatial scale. Guangxi Province harbored the highest
genetic diversity. Amongst, GXLZ population and GXBS population
were grouped together, in agreement with low Fer value between them.
GXYL population, nevertheless, was in a distinct cluster, either shown
in TCS network or UPGMA tree. This suggests not only high genetic
diversity but also high genetic differentiation among Guangxi Province
populations. Surprisingly, GXYL population was clustered together
with HNHK population. Further, the low Fgr value between Hainan
Province and the mainland means that gene flow occurred between
them, despite the fact that Hainan Province is an isolated island and
separated from the mainland by sea waters. In contrast, most Chinese
population studies revealed that the population from Hainan Province
was genetically partitioned with the mainland populations (Yang et al,,

10.3389/fmars.2023.1100949

2016; Lin, 2017; Jiang, 2018). Gene flow between the population of
Hainan Province and the mainland, revealed by nuclear makers in our
study, is congruent with the latest research of Gao et al. (2022)
discovered by mitochondrial markers. This gene flow is probably as
a consequence of geological changes during glacial periods, when the
exposed continental shelf connected Hainan and the mainland China
(Sun et al, 2000; Voris, 2000). However, Guangxi Province and
Vietnam possess completely different nrDNA haplotypes, despite
their proximity. This is mainly because that there are no rivers
connecting Guangxi Province and Vietnam.

Sex ratio

It is well known that the population size is closely related with
sex ratio, and an unbalanced sex ratio may significantly reduce the
effective size of populations (Dubreuil et al., 2010). We checked the
sex of each individual after sampling, and we found that all
sampling sites in China are male dominated, except GDQY.
However, Vietnam is female dominated. In fact, the sex ratio of
M. armatus in the nature is on debate. One research reported female
dominance trend (Panikkar et al., 2013), while the other one
showed an equal proportion of male and female (Serajuddin and
Pathak, 2012). We need more natural population data to clarify the
sex ratio of M. armatus in the future, in order to provide more
references for the further biological conservation. In addition, we
discovered that the sex ratio of M. armatus is very unbalanced
during the artificial breeding process, characterized with significant
female dominance. For example, the proportion of females can
reach 86.33% in the report of Xue et al. (2021b). This suggests that
there are differences and difficulties in sexual differentiation of M.
armatus, which may also occur in nature. At present, although some

TABLE 4 Pairwise estimates of genetic differentiation (Fst) of Mastacembelus armatus between different populations (**p<0.05).

Populations GDHY GDQY GXBS GXLZ GXYL HNHK JXGZ
GDQY 0.079
GXBS 0411 0.479%
GXLZ 0.225%* 0.185% 0.176**
GXYL 0.722%* 0.790%* 0.777** 0.780%
HNHK 0.775** 0.870%* 0.856** 0.859** 0.004
JXGZ 0.351%* 0.427%* 0.104** 0.040 0.772%* 0.865**
YN 0.950%* 0.971% 0.966** 0.968** 0.919% 0.938* 0.970*

TABLE 5 Pairwise estimates of genetic differentiation (Fst) of Mastacembelus armatus between different provinces (**p<0.05).

Province Guangdong Guangxi Hainan Jiangxi
Guangxi 0.210**
Hainan 0.840% ‘ 0.476%
Jiangxi 0.326% ‘ 0.110% 0.865*
YN 0.961* ‘ 0.881** 0.938** 0.970*
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studies have been done on the sex differentiation of M. armatus,
most focus on the development of sex markers (Xue et al., 2020; Xue
et al., 2021b) and Y chromosome differential (Xue et al., 2021a). The
underlying sex determination mechanisms are still unclear, which
also make challenges to investigate the sex ratio of M. armatus.

Biological conservation

The biological conservation of species heavily depends on their
genetic diversity. Understanding intraspecific genetic diversity and
differentiation can help us take scientific and effective measures to
protect threatened or endangered animals. Combing the results of our
study with other previous studies, we found that the present genetic
diversity of M. armatus populations is not low, indicating that it is not
too late to take action to protect them, so that their genetic diversity can
remain high. For example, precisely constructing more reserves for M.
armatus based on the distribution of different genotypes/haplotypes,
strengthening the investigation and protection of M. armatus in the
isolated island, Hainan Province, which may provide crucial clues for
their expansion, and exploring artificial breeding techniques to better
conserve the germplasm resource.

Conclusion

In conclusion, we researched the genetic diversity and population
structure of M. armatus in China and Vietnam, based on nuclear
ribosomal DNA markers. The genetic diversity and differentiation of
M. armatus populations were at a relatively high level according to the
data from this study and previous studies. Three Clusters were classified
according to the genetic distance between each population, characterized
with two Clusters in China and a distinct Cluster in Vietnam. In
particular, we found that gene flow occurred between an isolated
island and the mainland China based on the low Fg value between them.

Data availability statement
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available. This data can be found here: NCBI, OP847241 - OP847354.
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