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ABSTRACT The lipid production potentials of 8 microalgal species were investi-
gated. Among these 8 species, the best strain was a dominant bloom-causing dino-
flagellate, Prorocentrum donghaiense; this species had a lipid content of 49.32% = 1.99%
and exhibited a lipid productivity of 95.47 =0.99mg liter~" day~', which was 2-fold
higher than the corresponding values obtained for the oleaginous microalgae
Nannochloropsis gaditana and Phaeodactylum tricornutum. P. donghaiense, which
is enriched in Ci¢o and C,,q, is appropriate for commercial docosahexaenoic
acid (DHA) production. Nitrogen or phosphorus stress markedly induced lipid
accumulation to levels surpassing 75% of the dry weight, increased the C,q,
and C,,.,; contents, and decreased the C,45 and C,,, contents, and these effects
resulted in decreases in the unsaturated fatty acid levels and changes in the
lipid properties of P. donghaiense such that the species met the biodiesel speci-
fication standards. Compared with the results obtained under N-deficient condi-
tions, the enhancement in the activity of alkaline phosphatase of P. donghaiense
observed under P-deficient conditions partly alleviated the adverse effects on
the photosynthetic system exerted by P deficiency to induce the production of
more carbohydrates for lipogenesis. The supernatant of the algicidal bacterium
Paracoccus sp. strain Y42 culture lysed P. donghaiense without decreasing its
lipid content, which resulted in facilitation of the downstream oil extraction
process and energy savings through the lysis of algal cells. The Y42 supernatant
treatment improved the lipid profiles of algal cells by increasing their C,4., Cyg.0/
and C,q.; contents and decreasing their C,4s and C,,,, contents, which is favor-
able for biodiesel production.

IMPORTANCE This study demonstrates the high potential of Prorocentrum donghaiense, a
dominant bloom-causing dinoflagellate, for lipid production. Compared with previously
studied oleaginous microalgae, P. donghaiense exhibit greater potential for practical
application due to its higher biomass and lipid contents. Nutrient deficiency and the
algicidal bacterium Paracoccus sp. strain Y42 improved the suitability of the lipid profile
of P. donghaiense for biodiesel production. Furthermore, Paracoccus sp. Y42 effectively
lysed algal cells, which facilitates the downstream oil extraction process for biodiesel
production and results in energy savings through the lysing of algal cells. This study
provides a more promising candidate for the production of docosahexaenoic acid (DHA)
for human nutritional products and of microalgal biofuel as well as a more cost-effective
method for breaking algal cells. The high lipid productivity of P. donghaiense and algal
cell lysis by algicidal bacteria contribute to reductions in the production cost of microal-
gal oil.
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Gui et al.

he growth of the global population has led to increasing demand for the resources

needed in daily life, of which, food and energy are the most important. In past dec-
ades, microalgae have attracted substantial attention for diverse purposes, such as the
extraction of nutritional and medicinal compounds and other important bioproducts,
due to their high contents of cellular lipids, proteins, carbohydrates, polysaccharides,
pigments, vitamins, and bioactive substances (1-3). Microalgae are considered natural
cell factories of bioactive compounds that can be used in different biological applica-
tions. The world energy crisis in the 1970s made it imperative to exploit and utilize
renewable energy. During combustion, biofuels such as biodiesel and bioethanol pro-
duce less carbon monoxide, particulate matter, hydrocarbon, and sulfur dioxide than
petrodiesel. Therefore, biofuel has become a promising, environmentally friendly, alter-
native energy source for global fuel markets. Microalgae are a promising, easy-to-culti-
vate, sustainable biofuel source with a high growth rate and high lipid production
within a short life cycle; therefore, they have great potential for large-scale production
(4, 5). Moreover, in addition to nutritional and medicinal applications, microalgal fatty
acids are renewable and sustainable sources for biofuel production.

In the field of microalgal biofuels, lipid productivity takes into account the lipid con-
tent within cells and the biomass produced by cells and serves as the standard for
assessing the biofuel potential of a species (6, 7). Therefore, the most important param-
eters when screening microalgal strains for biodiesel production are a high lipid con-
tent and high biomass productivity (8). Chlorophyta, Chrysophyta and Bacillariophyta
are the most widely studied microalgae for biofuel production. The lipid content of
Chlamydomonas (9, 10), Dunaliella (11), Nannochloropsis (12, 13), Chlorella (14), Tribonema
(15), Hormidium (15), Zygnema (15), Scenedesmus (16), Tetraselmis (17), Phaeodactylum (18,
19), Isochrysis (19), Porphyridium (20), and Schizochytrium (21) species can reach up to 20 to
50% of their dry weight. Several Nannochloropsis species are considered industrial microal-
gae because they produce larger amounts of lipids, at 37 to 60% of the dry weight (5, 22).
However, the current production cost of microalgal oil would need to be reduced 10 times
for microalgal oil to become competitive with fossil fuel oil (23). Nutrient, temperature,
and chemical stresses are effective means for triggering oil accumulation in algae (24-27).
However, these approaches reduce photosynthesis and, thus, the overall production of
biomass (25). Detailed studies on strain selection, optimization of culture conditions,
screening of chemical triggers, large-scale bioreactor development, bioengineering or tar-
geted manipulation of certain enzymes for better biomass and biofuel production, and
improvements in biomass harvesting and other downstream processing are being carried
out to reduce production costs (25, 27-29). To make microalgal fuels for power generation
economically viable, screening for microalgal strains that have the potential to achieve
more efficient lipid production is crucial. The marine microalga Parachlorella kessleri was
recently reported to be a novel highly efficient lipid producer with better lipid productivity
and a higher lipid content than other microalgae, at approximately 40% to 60% of dry
weight (7, 30). Dinoflagellates are important phytoplankton and are widely distributed.
Most of these organisms can grow and produce large blooms under natural conditions.
These blooms can extend for hundreds of kilometers, with cell abundances of millions of
cells per liter (31). Certain species of dinoflagellates have been studied for decades,
because they are associated in some cases with toxic and noxious events, such as massive
mortality events for different marine organisms and serious threats to human health.
However, their potential use for the production of bioactive substances or biofuels is
poorly known. Only Alexandrium minutum (32) and Karlodinium veneficum (32, 33) have
been reported to accumulate lipids to >20% of their dry weight.

Algal biodiesel has attracted broad public interest and large investment owing to
its advantages, such as environmental friendliness, renewability, and sustainability.
However, it is difficult to commercialize algal biodiesel because the current technology
to produce conventionally usable fuel from algae requires numerous conversion steps.
The most noteworthy part of the process is the disruption of the cells in the down-
stream process of lipid extraction. Since microalgal lipids are usually wrapped in the
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TABLE 1 Biomass productivity, lipid productivity and lipid content of 8 microalgal strains®

Applied and Environmental Microbiology

Specific growth Generation Biomass concn Lipid content Lipid productivity
Algal species rate (day ") time (days) (mg liter") (% dry wt) (mg liter "-day™")
Nannochloropsis gaditana 0.28 = 0.01 243 +0.11 21239+11.87 41.39+3.95 23.81+4.38
Phaeodactylum tricornutum 0.31 =0.01 221 +0.07 369.11 +£18.22 33.58 = 3.07 39.06 =0.18
Alexandrium minutum 0.16 = 0.01 417 £0.27 53.42 £4.14 2390148 2.17 £0.20
Amphidinium carterae 0.23 £0.01 296 £ 0.14 203.92 +13.42 22.64 = 0.75 10.92 + 1.81
Scrippsiella trochoidea 0.15 = 0.01 4.52+0.29 50.64 = 2.51 2736 =1.76 2.13+0.33
Prorocentrum micans 0.12 +0.01 5.67 +0.78 140.32 £11.86 20.75 £ 1.66 3.23+0.19
Prorocentrum minimum 0.18 £0.00 3.73*£0.14 109.04 = 2.30 18.02 +0.10 447 =0.74
Prorocentrum donghaiense 0.24 +=0.00 2.90 +0.03 790.40 + 23.78 49.32 = 1.99 95.47 = 0.99

aValues are the means =SDs (n=5).

cell wall of the algal body, the cell wall-breaking treatment is an important pretreat-
ment step for effective lipid extraction. Selecting the appropriate cell lysis method is
particularly important for the application of biodiesel, as these processes can account
for up to 26.2% of the energy input during lipid extraction (34). Typically, the cell dis-
ruption techniques applied to microalgae are classified as mechanical or nonmechani-
cal cell breaking. Biolysis methods have the advantages of low energy consumption
and the potential for development; therefore, they have gradually attracted attention.
However, the majority of reports about algicidal bacteria have focused on bacteria act-
ing against bloom-forming algae (35). Some of the bioactive molecules produced by
bacteria are capable of provoking microalgal hydrolysis, thereby causing growth inhibi-
tion, death, and complete algal disruption. Furthermore, the relationship between bac-
teria and microalgae has been highlighted recently as a potential strategy to be
applied in biofuel production processes. The disruption of microalgae by algicidal bac-
teria as a biolysis treatment for biofuel production processes has been reported. It has
been found that the cell wall of microalgae can be damaged if an oil-rich microalga
(Chlorella vulgaris ESP-1) is cocultured with the indigenous bacterial isolate Flammeovirga
yaeyamensis in a salt concentration of 3% and a pH of 8.0. A nearly 100% increase in lipid
extraction efficiency was obtained (36). Two strains of bacteria, Pseudomonas pseudoalcali-
genes AD6 and Aeromonas hydrophila AD9, were identified and demonstrated to exhibit
algicidal activity against the microalgae Neochloris oleoabundans and Dunadliella tertiolecta.
Aeromonas hydrophila AD9 showed a nearly 12-fold increase in lipid extraction with D. ter-
tiolecta, while both bacteria showed a 6-fold improvement in lipid extraction with N. oleoa-
bundans (35). However, the effect of algicidal bacteria on microalgal lipid composition has
been less reported.

In this study, we investigated the lipid contents of six harmful algal bloom (HAB)-
causing dinoflagellate species and compared their lipid productivity with that of the
oleaginous microalgae Phaeodactylum tricornutum and Nannochloropsis gaditana.
Prorocentrum donghaiense, a dominant, nontoxic bloom-forming dinoflagellate in the
Yangtze River Estuary and the adjacent East China Sea that has caused frequent, large-
scale algal blooms and usually results in serious damage to marine ecosystems and
mariculture, leading to enormous economic losses over the past 2 decades (37), was
selected for further evaluation of its fatty acid profiles and lipid production potential
under nutrient deficiency due to its high lipid contents. Moreover, an algicidal bacte-
rium, Paracoccus sp. strain Y42, was used not only to lyse algal cells to facilitate the
downstream extraction process but also to improve the lipid composition of the micro-
algal cells to make them more favorable for biodiesel production.

RESULTS AND DISCUSSION

Growth and lipid accumulation properties of 8 microalgal species. To evaluate
the ability of marine dinoflagellates to produce lipids, their growth and lipid accumula-
tion were measured. As shown in Table 1 and Fig. 1, five dinoflagellate species (A. min-
utum, Amphidinium carterae, P. donghaiense, Prorocentrum micans, and Scrippsiella tro-
choidea) in this study showed remarkable abilities to accumulate lipids, surpassing
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FIG 1 Growth and lipid accumulation of Nannochloropsis gaditana (A), Phaeodactylum tricornutum (B),
Prorocentrum donghaiense (C), Prorocentrum minimum (D), Prorocentrum micans (E), Scrippsiella trochoidea (F),

(Continued on next page)
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20% of dry weight under the same cultivation conditions. In particular, P. donghaiense
exhibited the highest lipid content at 49.32% = 1.99% dry weight, which was higher
than those of the oleaginous microalgae N. gaditana (41.39% = 3.95%) and P. tricornu-
tum (33.58 * 3.07%). In addition to lipid content, the potential of algae for lipid pro-
duction also relies on their growth and biomass production. Therefore, it is necessary
to further evaluate the lipid productivity of microalgal species. It is well established
that N. gaditana and P. tricornutum are the most promising microalgal strains for lipid
production and that they have higher growth rates than dinoflagellates (38). The spe-
cific growth rates in the same autotrophic cultures of N. gaditana, P. tricornutum, and
P. donghaiense were not significantly different (Table 1), but N. gaditana and P. tricornu-
tum had a longer exponential growth stage, and their cell densities reached 3.01 x 107
and 1.07 x 107 cells/ml during the stationary phase in the enclosed system (Fig. 1A to
Q). The cell density of P. donghaiense reached a concentration of 3.9 x 10° cells/ml in a
similar enclosed system, which was 77-fold lower than that of N. gaditana and 27-fold
lower than that of P. tricornutum in a similar production system. However, the low cell
density of P. donghaiense is compensated for by its large size and high biovolume and
lipid productivity. P. donghaiense is large, and its biovolume is different from those of
N. gaditana and P. tricornutum. Therefore, the biomass concentration of P. donghaiense
(790.40 + 23.78 mg liter—") was 3.7-fold higher than that of N. gaditana (212.39 + 11.87 mg
liter=") and 2.1-fold higher than that of P. tricornutum (369.11 = 18.22 mg liter~") (Table 1).
This characteristic could be useful in terms of lipid storage. The lipid productivity of P
donghaiense (9547 = 0.99 mg liter~' day~") is much higher than those of N. gaditana
(23.81 = 4.38mg liter™ ' day™ "), P. tricornutum (39.06 = 0.18 mg liter~' day~') (Table 1),
and Chlorella (796 to 447mg liter™' day~") (19, 39) and is similar to that of
Nannochloropsis (37.6 to 158.76 mg liter—' day~") (12, 39). Although there were differences
in cell abundances among species, the balance between cell abundance, biovolume, and
lipid content led to final lipid production values in P. donghaiense that were much higher
than those of N. gaditana and P. tricornutum. Hence, P. donghaiense is a promising oleagi-
nous species for lipid production. Lipid productivity among the other dinoflagellate spe-
cies was not significantly different, with the exception of that in A. carterae, which achieved
higher lipid productivity at 10.92 = 1.81 mg liter~" day~". S. trochoidea, which had a higher
lipid content (27.36% = 1.76%) than A. carterae (22.64% = 0.75%), attained a low lipid pro-
ductivity of only 2.13 == 0.33mg liter ' day ' because of its noncompetitive biomass pro-
ductivity (Table 1). P. donghaiense was the best species for lipid accumulation in this study.

Fatty acid compositional properties of 8 microalgal species. The fatty acid com-
position analysis indicated that the proportions of saturated, monounsaturated, and
polyunsaturated compounds produced by the 8 algal species varied significantly. As
shown in Fig. 2, N. gaditana had high proportions of saturated fatty acids (SFAs) and
monounsaturated fatty acids (MUFAs), and the ratios of Cy4,, Ci¢.q, and Cyg, in N. gadi-
tana accounted for 41.5% =+ 0.64%, 30.66% = 0.67%, and 8.74 = 0.32% of the total lip-
ids, respectively. In addition to high contents of C,qo (21.35% % 0.15%) and Cig,
(38.84% = 1.07%), P. tricornutum contained a high proportion of the polyunsaturated
fatty acid (PUFA) C,.s (eicosapentaenoic acid [EPA]), which increased the degree of
unsaturation (DU) of the lipids. The fatty acid composition of dinophyta was charac-
terized by a high content of PUFAs. In addition to C,4,, all 6 dinoflagellate species
in this study contained high contents of PUFAs, ranging from 43.22% = 23.75% to
70.49% =+ 0.77%. The two predominant PUFAs were C,,, (docosahexaenoic acid
[DHA]) and an unusual C,g.,; (octadecapentaenoic acid), which are the main bio-
markers of photosynthetic dinoflagellates (40). PUFAs are known mostly for their
nutritional importance to the development and function of the brain and visual sys-
tems. DHA plays essential roles in regulating neural development and exerts benefi-

FIG 1 Legend (Continued)

Alexandrium minutum (G), and Amphidinium carterae (H). (I) Growth and lipid accumulation of algal cells. (Il)
Photographs of algal cells. (Ill) Lipid droplets were stained with Nile red and observed with a fluorescence
microscope. Bars, 10 um.
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cial effects against cardiovascular, neurological, and proliferative diseases (41).
Current natural sources of DHA are limited or of unsatisfactory quality for human
nutrition, with most DHA obtained from fish oil, which can be contaminated with
heavy metals, antibiotics, and pesticides. Such contamination could be addressed
by refining fish oil, but the refinement process would result in even higher prices
due to the greater amount of raw material needed for processing and the higher
operating costs. Thus, providing the recommended PUFA levels to a growing world
population calls for additional sustainable supplies of oils of sufficient quality for
human consumption. The accumulation of oil that is highly enriched in PUFAs is
rare in microalgae (42). Among the studied oleaginous microalgal species, the ge-
nus Nannochloropsis and P. tricornutum contain high concentrations of EPA (25),
and only Schizochytrium limacinum has been reported to have a high content of
DHA (5). It has been reported that a genetically engineered strain of P. tricornutum
produces maximum yields of DHA and EPA of 36.5% and 23.6% of the total fatty
acids, respectively, indicating the suitability of this species for the commercial pro-
duction of EPA and DHA (43). Hence, the high contents of PUFAs, especially DHA,
make photoautotrophic dinoflagellates, especially P. micans, P. donghaiense, and A.
carterae, potentially good sources of nutrients for humans. A. carterae, which was
enriched in both EPA (23.52% * 0.65%) and DHA (22.58% = 1.28%), is suitable for
the commercial production of EPA and DHA. P. donghaiense, with its high lipid pro-
ductivity and high DHA proportion, is suitable for DHA production. Although P.
micans had a higher proportion of DHA (40.83% =+ 1.21% of its total lipids), it is not
a good source for commercial DHA production because of its low lipid content and
productivity.

A decrease in fatty acid DU alters the fluidity of biological membranes and impacts
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TABLE 2 Biodiesel properties of lipids of 8 microalgal strains?

Strain DU (%) 1V (g 1,/100 g) SV CN
Green algae
N. gaditana 61.92 £0.35 74.59 £0.17 203.58 = 0.09 56.32 £0.02
Diatom
P. tricornutum 94.76 + 0.03 130.47 = 0.33 202.53 £ 0.05 43.89 = 0.06
Dinoflagellate
A. minutum 93.01 =541 163.72 £11.18 195.44 = 0.88 37.38 =239
A. carterae 13547 £0.35 27245+ 1.23 185.5 +0.25 14.42 = 0.23
S. trochoidea 98.35 344 189.08 £7.3 194.07 £ 0.31 31.87 £1.59
P. micans 149.02 = 2.29 314.26 = 4.34 185.37 £0.27 5.03+0.93
P. minimum 12271 £0.8 250.53 +2.16 193.69 * 0.08 18.1 £0.47
P. donghaiense 89.84 £ 0.71 178.54 £1.63 193.45 £0.14 3433 £0.34

aDU, degree of unsaturation {(monounsaturated fatty acids [wt%]) + 2(polyunsaturated fatty acids [wt%))}; IV,
iodine value; SV, saponification value; CN, cetane number.

the activities of various integral membrane proteins but is conducive to biodiesel pro-
duction. To evaluate the potential of 8 microalgal species for biodiesel production, the
key parameters affecting biodiesel quality were evaluated on the basis of the fatty acid
methyl ester (FAME) composition. Cetane number (CN) is a prime indicator of biodiesel
quality because it is related to nitrous oxide emissions, engine performance, and diesel
fuel combustion efficiency (44). A high CN indicates better ignition properties and
engine performance. Therefore, the biodiesel specification standard ASTM D6751 rec-
ommends a CN of at least 47 for diesel used as an engine fuel (45). lodine value (IV) is
related to the DU of fatty acids and the oxidative stability and cold flow properties of
diesel. The European standard EN 14214 recommends a maximum IV of 120 g I, 100
g~ ' (46). As shown in Table 2, only N. gaditana was the best raw material for biodiesel
production because of its higher CN and lower IV. Although P. tricornutum produced
lipids with high proportions of SFAs and MUFAs among total lipids, the high content
of PUFAs increased the DU of lipids; therefore, the CN and IV of the total lipids did not
meet the biodiesel specification standards. Because they had IVs higher than 120 g |,
100 g~ and CNs lower than 47, none of the 6 dinoflagellate species were suitable for
biodiesel production.

Effect of nutrient deficiency on the biomass, lipid content, and fatty acid
composition of P. donghaiense. Nutrient limitation is a widely utilized strategy to
induce lipid accumulation. N (47-49) and P (10) are commonly reported to be the limit-
ing nutrients that trigger lipid accumulation in microalgae. To evaluate the maximum
potential for lipid production by P. donghaiense, algal cells were cultivated in N- or P-
deficient medium. As shown in Fig. 3A, both N starvation and P starvation remarkably
enhanced lipid accumulation in P. donghaiense. The Nile red fluorescence intensities of
the N-deficient and P-deficient cultures reached maximum values on day 12, which
were 2-fold and 3-fold that in the control. Intracellular lipid droplets were visualized by
fluorescence microscopy. Compared to that in the control, the numbers of lipid drop-
lets significantly increased in N-deficient cultures and in P-deficient cultures (Fig. 3B).
Although nutrient limitation induced lipid accumulation in P. donghaiense, it signifi-
cantly decreased the microalgal biomass of P. donghaiense. As shown in Fig. 3A, N defi-
ciency and P deficiency remarkably inhibited the growth of P. donghaiense and short-
ened the exponential phase, which impacted the final cell density. The number of P.
donghaiense cells under P deficiency was 2-fold lower than that in the control. Compared
with P deficiency, N deficiency was a greater stressor and completely stopped the growth
of P. donghaiense. The number of P. donghaiense cells under N deficiency was only 37.5%
of the number of cells in the control. Moreover, the algal cells under P deficiency exhibited
larger cell sizes and stronger chlorophyll (Chl) fluorescence than the algal cells under N
deficiency (Fig. 3B). Although the stress due to N deficiency was more severe in P. dong-
haiense than that due to P deficiency, the latter induced greater lipid production. This
result goes against generally accepted trends. Typically, P starvation exerts less
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FIG 3 Growth, lipid accumulation, and fatty acid compositions of P. donghaiense under N- and P-deficient
conditions. (A) Growth and lipid accumulation of P. donghaiense under different conditions. (B) Photographs
of algal cells under different conditions. Lipid droplets were stained with Nile red and observed with a
fluorescence microscope. The values are the means £SDs (n=3). *, P < 0.05; **, P < 0.01; ***, P < 0.001;
P < 0.0001; *****, P < 0.00001 versus the control.

pronounced effects on neutral lipid accumulation than N starvation (50). Based on the
results shown in Fig. 3B, we thought that both N and P deficiency could inhibit cell prolif-
eration and cause a metabolic shift to lipid accumulation; however, algal cells under P defi-
ciency had stronger Chl fluorescence, indicating a higher photosynthetic capacity to pro-
duce more carbon hydrate for lipid accumulation than algal cells under N deficiency. To
confirm our inference, photosynthetic pigments and capacity were detected. As shown in
Fig. 4, the contents of Chl a and carotenoids in algal cells under N and P deficiency signifi-
cantly decreased, but the Chl a and carotenoid contents in the P-deficient culture were sig-
nificantly higher than those in N-deficient culture. Accordingly, the maximum quantum
yield of photosystem (PS) Il (Fv/Fm) and the relative electron transport rate (fETR) in the P-
deficient culture were markedly higher than those in the N-deficient culture. These results
indicated that the photosynthetic capacity of algal cells under P stress is much stronger
than that of algal cells under N stress and that algal cells can produce more carbon
hydrate to accumulate lipids. The stronger photosynthetic capacity is probably due to the
enhanced activity of alkaline phosphatase of P. donghaiense under P deficiency. Ou et al.
reported that P. donghaiense suffered P stress and expressed abundant alkaline phospha-
tase, which might help it efficiently utilize organic phosphorus substrates and outcompete
other concurrent species to outburst in the P-deficient East China Sea (51). We also found
that alkaline phosphatase activities markedly increased after algal cells were cultured in P
deficiency for 4 days and peaked at day 8, which was 2 times that of the control. Then, the
activity of alkaline phosphatase always remained higher than that in control cells (Fig. 5A).
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FIG 4 Photosynthetic response of P. donghaiense to N- and P-deficient conditions. Chlorophyll a contents (A),
carotenoid contents (B), Fv/Fm (C), rETR at day 0 (D), rETR at day 4 (E), and rETR at day 12 (F). The values are the

means +SDs (n=3). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 versus the control.

The results suggested that P. donghaiense could partly alleviate the adverse effects on the
photosynthetic system exerted by P deficiency by increasing alkaline phosphatase to pro-
duce more carbohydrates for lipogenesis. The activity of alkaline phosphatase in the N-de-
ficient culture was markedly lower than that in control cells (Fig. 5A), which was probably
due to the inhibition of protein synthesis and promotion of protein catabolism under N
deficiency. As shown in Fig. 5B, the protein content of algal cells cultured in N deficiency
was far lower than those of the control group and P-deficient culture. Yao et al. reported
that branched-chain amino acid catabolism fueled acetyl coenzyme A (acetyl-CoA) produc-
tion for tricarboxylic acid (TCA) metabolism and lipogenesis (52). Thus, we think that lipid
accumulation under N deficiency is due to protein catabolism and amino acid recycling.
Chungjatupornchai et al. reported that overexpression of plastidial lysophosphatidic acid
acyltransferase considerably increased triacylglycerol (TAG) content and productivity in
Neochloris oleoabundans (53). We thus think that lipid accumulation under P deficiency is
due to phospholipid catabolism and alkaline phosphatase activity increase. On the basis of
the above-described results, we concluded that lipid accumulation in P. donghaiense was
regulated in different ways under N and P deficiency.

To evaluate the biomass and lipid productivity, we determined the total lipid con-
tents of P. donghaiense grown under different culture conditions. As shown in Table 3,
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the biomass concentration and lipid productivity of P. donghaiense cultured in normal
medium were 700.67 = 9.72 mg liter™! and 101.81 mg liter~! day~', respectively. The
total lipid content reached 54.7% *+ 0.06% of the dry weight. Although the biomass
concentration of algal cells grown under N- and P-deficient conditions decreased sig-
nificantly to 260.71 = 10.81 and 341.78 = 1.08 mg liter~', respectively, their lipid con-
tents significantly increased, with their total lipid contents reaching 74.96% = 1.11%
and 79.37% = 1.84% of dry weight, respectively. These results indicated that N defi-
ciency and P deficiency induced lipid accumulation. N and P deficiency along with the
availability of carbon sources divert the cellular carbon flux from protein to fatty acid
synthesis, which increases lipid content in algae; however, such deficiencies eventually
lead to the inhibition of cell growth and cell division (54). Although nutrient stress
inhibited cell growth, the lipid productivity (50.95 = 3.72 mg liter~" day~") of P. dong-
haiense under P-deficient conditions was still much higher than that of N. gaditana and
P. tricornutum under normal conditions (Table 1). The lipid productivity (27.6 = 4.98 mg
liter™" day~") of P. donghaiense under N-deficient conditions was similar to that of N.
gaditana under normal conditions.

Effect of nutrient deficiency on the fatty acid composition of P. donghaiense.
The lipid profiles of P. donghaiense cultured under different nutrient conditions were
analyzed by gas chromatography-mass spectrometry (GC-MS). As shown in Fig. 6, P.
donghaiense grown in normal cultures accumulated high proportions of SFAs and
PUFAs. The total contents of SFAs and PUFAs reached 53.74% *1.89% and

TABLE 3 Biomass productivity, lipid productivity, and lipid contents of P. donghaiense cultured under different nutrient conditions

Photoautotrophic Specific growth Generation Biomass concn Lipid content Lipid productivity
condition rate (u day™") time (days) (mg liter™") (% dry wt) (mg liter "-day™")
Control 0.25 £0.00 2.77 =£0.01 700.67 =9.72 54.7 = 0.06 925%55

N deficiency 0.16 = 0.00 4.41+0.01 260.71 = 10.81 7496 = 1.11 27.6 =4.98

P deficiency 0.18 +0.00 3.82 +0.07 341.78 = 1.08 79.37 £1.84 50.95*3.72
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40.86% =+ 2.12% of the total fatty acids, respectively, while that of MUFAs reached
only 5.33% = 0.65%. The most abundant SFA was palmitic acid (C,4,), which
accounted for 40% of the total fatty acids, followed by myristic acid (C,,,) and ste-
aric acid (C,4,), Which accounted for 5.9% and 5%, respectively. The two predomi-
nant PUFAs were C,5.405 (19.7% = 1.34%) and C,g.505 (12.51% = 1.01%).

The fatty acid composition of microalgae can be affected by various culture condi-
tions, such as different nutrient conditions and environmental factors. PUFAs play a
prominent role in protecting membranes from rigidification or solidification and sup-
port effective electron transport chains in chloroplasts. Maintenance of a high unsatu-
ration level is imperative for the survival of microalgae under adverse conditions, such
as low-temperature, high-light, osmotic, oxidative, and nutrient stresses (50). Many
studies have reported that nutrient stress alters the fatty acid composition of algal cells
and causes high fatty acid unsaturation levels. For example, N deficiency increased the
proportions of Ci4., Cig4, and Cys in Tribonema sp. (55). P deprivation increased the
contents of the PUFAs Cigo, Cyos Coowr and Cuos in Porphyridium cruentum (56).
Interestingly, our results showed the opposite change in the fatty acid composition of
P. donghaiense under nutrient stress. As shown in Fig. 6, both N starvation and P starva-
tion increased the SFA and MUFA contents and decreased the PUFA levels in P. dong-
haiense. Highly significant differences were observed among the normal cultures, N-de-
ficient cultures, and P-deficient cultures in terms of their contents of SFAs, MUFAs, and
three PUFAs (Fig. 6). The contents of a C,g SFA (C,4,, stearic acid) and a C;;, MUFA (C,5.,,
margaric acid) increased by 3.4-fold and 5.6-fold, respectively, in the N-deficient cul-
tures and by 4.5-fold and 7.3-fold, respectively, in the P-deficient cultures; the contents
of PUFAS (Cig.4n3 Cig:sn3, @and Cs,6) decreased significantly (P < 0.01) in both N-deficient
cultures and P-deficient cultures. Three PUFAs (Cig4n3 Cigsny and Cs,,6) decreased by

October 2021 Volume 87 Issue 19 e01159-21

Applied and Environmental Microbiology

aem.asm.org

1


https://aem.asm.org

Gui et al.

TABLE 4 Effect of different treatments on the biodiesel properties of lipids of P. donghaiense®

Treatment DU (%) 1V (g 1,/100 g) SV CN

Control 87.71 =475 175.04 =9.93 1943 +0.2 35+22

N deficiency 65.93 =242 118.11 £ 6.26 195.24 = 0.37 47.67 £1.39
P deficiency 51.59+48 97.32+6.59 196.11 = 0.32 56.29 = 2.53
1% Y42 supernatant 82.66 + 4.67 163.12 £ 7.15 194.97 = 1.57 38.22 +2.19
3% Y42 supernatant 353*+6.42 47.53+3.83 198.61 £ 3.29 63.47 =3.01
5% Y42 supernatant 36.22 +7.47 31.69 = 4.52 205.19 +4.31 66.38 + 3.86

aDU, degree of unsaturation {(monounsaturated fatty acids [wt%]) + 2(polyunsaturated fatty acids [wt%])}; IV,
iodine value; SV, saponification value; CN, cetane number.

50.1%, 27.5%, and 40.4%, respectively, in the N-deficient cultures and by 65%, 67.8%,
and 69.3%, respectively, in the P-deficient cultures. Accordingly, the DU decreased sig-
nificantly by 24.4% in the N-deficient cultures and by 40.8% in the P-deficient cultures
(Table 4). These results indicated that stress due to N deficiency or P deficiency caused
PUFAs to decrease and SFAs and MUFAs to increase in P. donghaiense and ultimately
resulted in a decrease in the unsaturation level of the total lipids. The green oleaginous
microalga Lobosphaera incisa was reported to accumulate lipids enriched in long-chain
PUFAs under N deprivation and accumulate lipids enriched in MUFAs under P depriva-
tion (50). Our results showed that the production of SFAs and MUFAs prevailed in P.
donghaiense under both N deprivation and P deprivation. The results indicated that
microalgae have acquired different strategies, including carbon reallocation and lipid
remodeling, to cope with a lack of essential nutrients, such N and P.

Biodiesel properties of P. donghaiense under different nutrient conditions. In
general, lipids with a high proportion of SFAs and MUFAs resulted in better biodiesel
quality (16). To evaluate the potential of P. donghaiense cultured under N- and P-defi-
cient conditions for biodiesel production, the key parameters affecting biodiesel qual-
ity were evaluated on the basis of the FAME composition of the lipids. As shown in
Table 4, although the lipids of P. donghaiense had a CN lower than 47 and an IV higher
than 120 g I, 100 g~ during the acclimation period, the CN and IV were altered by N
deficiency and P deficiency. The total lipids of P. donghaiense in N-deficient and P-defi-
cient cultures had CNs that all exceeded 47 and IVs that were all below 120 g I, 100 g~ .
These values are in accordance with the ASTM D6751 and EN 14214 standards; thus, these
cultures are favorable for biodiesel production. Hence, using N-deficient or P-deficient cul-
tures could improve the lipid quality of P. donghaiense enough to reach biodiesel specifica-
tion standards. Wu and Miao reported that better quality biodiesel could be obtained
from Chlorella pyrenoidosa (Auxenochlorella pyrenoidosa) in the absence of nitrate from
Scenedesmus obliquus at low nitrate concentrations. Thus, they thought that growing
microalgae in the presence of nitrogen may limit the resultant biodiesel quality (16). Our
results also demonstrated that N deficiency could improve the biodiesel quality of P. dong-
haiense for biodiesel. However, the best biodiesel quality was obtained from P. dong-
haiense under P deficiency. Due to its higher lipid production than that for N. gaditana
and P. tricornutum (Tables 1 and 3), P. donghaiense cultured under P-deficient conditions is
a good microalgal source for biodiesel production.

Effects of the supernatant of the algal-lytic bacterium Paracoccus sp. Y42 on P.
donghaiense cell lysis, lipid content, and fatty acid composition. To evaluate the
potential of the algicidal bacterium Paracoccus sp. Y42 for the downstream extraction
process and lipid production, the algal-lytic efficiency and effects on the lipid content
and fatty acid composition of P. donghaiense after treatment with the Y42 supernatant
for 72 h were examined. As shown in Fig. 7A, the algicidal rates increased with increas-
ing treatment time and with enhanced concentrations of the Y42 supernatant. Nearly
95% of algal cells were lysed after treatment with 5% Y42 supernatant for 72 h (Fig. 8),
indicating that this treatment of the algal culture can directly extract lipids without me-
chanical breaking. As shown in Fig. 7B, the lipid contents of the 5% treatment group
were not significantly different (P > 0.05) from those of the control, 1%, and 3%
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FIG 7 Effects of the algal-lytic bacterium Paracoccus sp. Y42 on the lipid content and fatty acid
composition of P. donghaiense. (A) Algal-lytic activities of different concentrations of the Y42
supernatant. (B) Lipid contents of algal cells treated with different concentrations of the Y42
supernatant for 72 h. (C) Fatty acid compositions of algal cells treated with different concentrations of
the Y42 supernatant for 72 h. Values are the means * SDs (n=3). *, P < 0.05; **, P < 0.01; **, P <
0.001; ****, P < 0.0001 versus the control.

treatment groups, which were disrupted by sonicating 100 times before extracting lip-
ids. This result indicated that the algicidal bacterium Y42 can facilitate the downstream
extraction process and decrease the associated energy consumption.

To investigate the effect of the algal-lytic bacterium on lipid profiles, the fatty acid

FIG 8 Efficiency of the Y42 supernatant to lyse P. donghaiense. (A) P. donghaiense culture. (B) P.
donghaiense lysed by 1% Y42 supernatant. (C) P. donghaiense lysed by 3% Y42 supernatant. (D) P.
donghaiense lysed by 5% Y42 supernatant.
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composition of P. donghaiense was analyzed. As illustrated in Fig. 7C, highly significant
differences in the contents of SFAs, MUFAs, and PUFAs were observed between the
control and Y42-treated cultures. The algal cells in the control and 1% treatment
groups accumulated high concentrations of SFAs and PUFAs. The total SFA and PUFA
contents reached 56.26% =+ 3.41% and 37.51% = 3.25% of the total fatty acid contents,
respectively. The DUs were higher than 80 (Table 4). The PUFA contents of P. dong-
haiense in the 3% and 5% Y42 treatment groups significantly decreased by 4-fold, and
the contents of SFAs and MUFAs increased by 50% and 3-fold, respectively (Fig. 6C and
Table 4). Accordingly, their DUs decreased markedly to 35 to 36. Thus, the total lipids
of P. donghaiense in the 3% and 5% Y42 supernatant treatments had CNs that all
exceeded 47 and IVs that were all below 120 g I, 100 g~ (Table 4). These values are
the ASTM D6751 and EN 14214 standards, indicating that P. donghaiense is appropriate
for biodiesel production. These results suggest that 5% Y42 supernatant not only lysed
more than 95% of algal cells to simplify the lipid extraction process but also induced
oxidative stress in P. donghaiense to decrease its PUFA content and increase its SFA
and MUFA contents. These effects ultimately resulted in a decrease in the unsaturation
level of the total lipids and benefited biodiesel production.

Conclusions. This study evaluated the lipid productivity of 8 microalgal species and
demonstrated the great potential of P. donghaiense as a source of DHA for human
nutritional products and as a source of biofuel because of its ability to generate large
amounts of biomass and accumulate 50% to 80% of its dry weight as storage oil. The
properties of the lipids produced by P. donghaiense grown in N- or P-deficient medium
match biodiesel specification standards. Paracoccus sp. Y42 not only lysed algal cells,
which facilitated the downstream lipid extraction process and saved energy, but also
improved the suitability of the lipid profile of P. donghaiense for biodiesel production
without affecting the lipid contents of P. donghaiense.

MATERIALS AND METHODS

Strain cultures. Alexandrium minutum, Amphidinium carterae, Prorocentrum. donghaiense, P. micans,
P. minimum, Scrippsiella trochoidea, Phaeodactylum tricornutum, and Nannochloropsis gaditana were
obtained from the Culture Collection Center of Marine Algae of the State Key Laboratory of Marine
Environmental Science at Xiamen University, China. The algal culture was maintained in sterile f/2 me-
dium prepared with natural seawater at 20 = 1°C with illumination at a light intensity of approximately
50 umol photons m~2 s~' under a 12:12 h light-dark cycle. Nitrogen (N)-deficient medium was produced
by omitting NaNO, from the medium, and phosphorus (P)-deficient medium was produced by omitting
NaH,PO,-H,0. Cell growth was determined by counting with a Countstar automated cell counter
(Countstar IC1000; ALIT Life Science, Shanghai, China).

The algicidal bacterium Paracoccus sp. Y42 was cultured in liquid Zobell 2216E medium at 28°C with
shaking at 150 rpm. The algal lysis assay was performed as described in our previous publication (57).

Nile red fluorescence analysis. Algal cells were harvested by centrifugation at 6,000 x g for 10 min
and then washed twice with 0.01 M phosphate-buffered saline (PBS; pH 7.4). The cell pellet was resus-
pended in 1T ml of PBS (0.01 M, pH 7.4) and then incubated with 0.6 ng/ul Nile red for 10 min in the dark.
Algal cells stained with Nile red were observed by a fluorescence microscope (Olympus BX41; Olympus,
Tokyo, Japan) with excitation at 488 nm and emission at 550 nm. The fluorescence intensities of Nile red
were measured with a flow cytometer (Fortessa; BD Biosciences, USA) using 488-nm excitation and a
550-nm bandpass filter. Approximately 1 x 10° cells were injected and recorded. The results were ana-
lyzed using FlowJo software version 7.6 (FlowJo, LLC, USA).

Determination of the growth rate, dry biomass, and lipid content. The specific growth rates of 8
microalgal species were calculated according to the following formula:

u = (InN; = 1InNy) /(t — to)

where u (day™") is the specific growth rate in the exponential growth phase, N, is the cell density at the
beginning of the exponential growth phase (t,), and N, is the cell density at the time (t) of the exponen-
tial phase.

Fresh algal cells were harvested through centrifugation. The dry weight of the algal biomass was
determined after freeze-drying overnight. Biomass productivity was calculated as the dry biomass pro-
duced in the exponential growth phase. For the biomass productivity determination, algal cells were col-
lected at the end of the exponential phase, and the following formula was applied (19): biomass produc-
tivity = dry weight x u.

Lipids were extracted by solvent and determined gravimetrically. A 450-ml sample was extracted
with a modified chloroform-methanol-water solvent system (58). Algal cultures in the stationary phase
were used for lipid analysis. The cell pellets were freeze-dried and weighed to determine their dry
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biomass (W1). A total of 400 ml of algal culture was extracted 3 times with 100 ml of a chloroform-meth-
anol (2:1) mixture. The lipid extracts were dried to a constant weight (W2) and dissolved in 1 ml of chlo-
roform for the analysis of the fatty acid composition of the extracellular lipid extracts (13). Finally, 0.2 mg
of a C,,, solution was added as an internal standard. The lipid content was calculated as follows: lipid
content (%) = W3/W1 x 100.

Lipid productivity was calculated according to the following equation: lipid productivity = biomass
productivity x lipid content.

Methyl esterification of fatty acids. The lipid extracts were transferred into methanolysis tubes.
After the evaporation of chloroform in vacuo, the lipid samples were methylated with 2 ml of 1% sulfuric
acid (H,SO,) in methanol (vol/vol) at 80°C for 1 h. Then, 5 ml of ultrapure water was added to the solu-
tion to stop the methanolysis reaction, and fatty acid methyl esters (FAMEs) were extracted with 2 ml of
n-hexane. The tube was vortexed and then incubated for at least 20 min at room temperature until
phase separation. The hexane phase was directly analyzed by gas chromatography-mass spectrometry
(GC-MS).

Quantification of FAMEs by GC. GC-MS analysis was performed on a Varian 1200 system (Varian
Medical Systems, Palo Alto, CA, USA). One microliter of sample was injected into a Trace DCQ system
containing a DB-5 column (30 m by 0.125 mm by 0.125 um), with a split ratio of 1:20. The oven tempera-
ture was programmed from 150°C to 250°C at a rate of 3°C/min and finally held at 250°C for 2 min. The
carrier gas was helium, with a flow rate of 0.18 ml/min. Each FAME was identified by comparison of its
retention time with that of a standard. Each FAME was quantified by the surface peak method using the
C,, surface peak for calibration with the following equation: measured quantity of FAMEs = area of
FAME peak x measured quantity of C,./area of C,, peak.

Evaluation of biodiesel properties. Biodiesel properties, including the saponification value (SV), io-
dine value (IV), cetane number (CN), and degree of unsaturation (DU), were estimated. The percentages
of monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) were calculated from
the FAME analysis.

The following calculations were used to estimate each parameter (59, 60):

DU = (MUFA [wt%]) + (2 x PUFA [wt%))

IV = 2(254 x F x D)/M,

SV = (560 x F)/M,

CN = (46.3 + 5458/SV) — (0.225 x IV)

where F is the percentage of each FAME, M,, is its molecular weight, and D is the number of double
bonds in each FAME structure.

Measurements of photosynthetic pigment contents. Pigments were extracted with 90% alcohol
after P. donghaiense was collected by centrifugation. The chlorophyll and carotenoid contents were
determined by measuring the absorbance at 470 nm, 645 nm, and 665 nm in a 1-cm cuvette, and the
chlorophyll a (Chl a) and carotenoid contents were estimated according to the following equations:

Chla (mg/liter) = 12.7 X Aggs — 2.69 X Agss

Carotenoids (mg/liter) = (1,000 X Ay79 — 2.05 x Chla) <245

Assay for photosynthesis. To assay the photosynthetic response of the algal cells cultured under
nutrient deficient conditions, the maximum quantum yield of photosystem (PS) Il (Fv/Fm) and the rela-
tive electron transport rate (rETR) were investigated using fast chlorophyll fluorescence on a pulse-am-
plitude modulation fluorometer (XE-PAM; Walz, Effeltrich, Germany). Fv/Fm was measured after the algal
cells were incubated in darkness for 15 min.

Assay for alkaline phosphatase activity. Alkaline phosphatase activity (APA) was determined by an
APA assay kit (number P0321S; Beyotime Biotechnology, China). Algal cells were collected using centrifu-
gation at 6,000 x g for 10 min and washed twice with PBS (0.01 M, pH 7.4). Cells were resuspended in
PBS (1ml) and sonicated on ice using an ultrasonic cell disruption system (Ningbo Scientz
Biotechnological Co., Ltd., China) (80 W, 5 s:5 s, 100 times). The remaining debris was removed by centrif-
ugation at 10,000 x g at 4°C for 10 min. The supernatant was taken for APA measurement according to
the APA assay kit's operation manual. APA was detected based on the principle that AP reacts with para-
nitrophenyl phosphate to produce para-nitrophenol, which is a yellow substance and determined by ab-
sorbance at 405 nm.

Algal lysis and lipid analysis of P. donghaiense treated with an algicidal bacterium. The culture
of the algicidal bacterium Paracoccus sp. Y42 and algal lysis assays were performed as described in our
previous publication (57). The lipid contents and fatty acid compositions of P. donghaiense cultures sepa-
rately treated with 1%, 3%, and 5% Y42 supernatant for 72 h were determined according to the methods
described above. Algal cells in the control, 1% treatment, and 3% treatment groups were sonicated on
ice using an ultrasonic cell disruption system (80 W, 5 s:5 s, 100 times) for lipid extraction. Algal cultures
treated with 5% Y42 supernatant were directly used for lipid extraction without sonication.
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Statistical analysis. All experiments in this study were carried out in triplicates, and the results are
reported as the means = standard deviations (SDs). The data were subjected to one-way analysis of var-
iance (ANOVA) using the SPSS statistical package. t tests were conducted to determine the significance
of differences. A P value of <0.05 was considered statistically significant.
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