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Abstract

Intracellular phosphorus (P) accumulation can improve microalgal growth and lipid synthesis. However, large excess of P causes
cell poisoning. This study utilized a P-fed-batch strategy to investigate its potential to improve the utilization of the excessive P,
while avoiding toxic side effects. This strategy contributed to a more complete utilization of the intracellularly stored P, which
enhanced the microalgae biomass by 10—15% by upregulating the brassinosteroid growth hormone gene at a P-fed-batch
frequency of 2—8. Furthermore, the lipid content increased by 4—16% via upregulation of lipid synthesis-related genes. As a
result, the P-fed-batch strategy significantly increased the lipid production by 13—19%. The content of saturated fatty acid
increased by ~ 100%, implying improved combustibility and oxidative stability. This is the first study of this P-fed-batch strategy
and provides a new concept for the complete utilization of excessive P.
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Introduction

Microalgae are a large and heterogeneous group of micro-
scopic algae and provide an almost untapped pool of metabol-
ic versatility (Bumbak et al. 2011). In recent years, significant
efforts focused on microalgae heterotrophic cultivation for the
enhancement of valuable products, including biofuels, pig-
ments, antioxidants, and pharmaceuticals (Perez-Garcia et al.
2011; Sureshkumar and Thomas 2019). Heterotrophic culti-
vation achieved 100—400% higher microalgal biomass than
photoautotrophic cultivation (Basri and Maznah 2017;
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Kamalanathan et al. 2018). During the heterotrophic growth
of microalgae, the activity of hup I, which is related to the
hexose/H" symport system, could be stimulated to promote
cell synthesis (Basri and Maznah 2017). In addition, NADPH
and ATP productions showed increased capability to improve
metabolic performance (Kamalanathan et al. 2018; Li et al.
2014).

However, the heterotrophic growth of microalgae usually
exerts negative impacts on lipid synthesis and causes a drop of
intracellular lipid content (Kamalanathan et al. 2018; Leyva
and Bashan 2015; Yu et al. 2012). Nitrogen deprivation or
limitation stress is commonly employed to enhance the lipid
content during heterotrophic cultivation of microalgae, with
an increase of as much as 15—-200% (Fu et al. 2017; Shen et al.
2015). Nitrogen stress has been reported to upregulate the
malic enzyme level for NADH generation, which then stimu-
lated pyruvate and precursor-acetyl-CoA for lipid synthesis
(Guarnieri et al. 2013; Li et al. 2013; Zhang et al. 2007).
Unfortunately, nitrogen deprivation or limitation stress results
in a scarification of microalgal biomass (Shen et al. 2015; Zhu
et al. 2014), and the total lipid production still did not achieve
a satisfactory improvement.

In such a situation, sufficient phosphorous (P) supply has
been suggested to combat nitrogen stress. The biomass in-
creased by 60—95% with P supplementation, instead of de-
creasing by 50.5% under sole nitrogen deprivation (Fu et al.
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2017). Excessive P was absorbed by microalgae, which then
led to the formation of polyphosphates (poly-P) in cells,
enriching phosphoanhydride bonds and providing surplus en-
ergy for cell growth and lipid synthesis (Fu et al. 2017; Meza
etal. 2015). P abundance (25 mg/L) also improved the cellular
anabolism by upregulating the genes for growth hormones.

However, the effects of P supplementation become nega-
tive and could even become toxic for cells if P supplementa-
tion becomes excessive (Li et al. 2018; Wang et al. 2018).
Consequently, the excessively accumulated P bonds to intra-
cellular components, thus damaging organelles, which leads
to a 40% decrease in cell growth and a 70% loss of cell via-
bility (Li et al. 2018). Interestingly, these phenomena were
matched by the cytotoxicity of highly concentrated organic
carbon substrates during the cultivation of microalgae
(Bumbak et al. 2011; Schmidt et al. 2005). High levels of
organic compounds (e.g., 20—100 g/L glucose) significantly
inhibited microalgal growth by 20—50% (Sansawa and Endo
2004), and higher levels even caused complete inhibition of
microalgal growth (Bumbak et al. 2011; Xiong et al. 2008).
To overcome such cytotoxicity, the fed-batch culture mode,
where food is offered several times in batches for cultivation,
was adopted to promote the electron transfer rate and increase
the biomass 3—10 fold. Thus, the balance between nutrient
requirement and supply could be improved (Cristobal
Garcia-Canedo et al. 2016). This study proposes that P-fed-
batch not only might avoid the toxicity of overly excessive P
but also could further improve P utilization to benefit
microalgal growth and lipid production.

P intracellular accumulation improved microalgal growth
and lipid synthesis; however, a large excess of P is toxic for
microalgal cells. The ideal situation is to sufficiently utilize P
as an energy source, while avoiding nutrient imbalance, to
achieve enhanced biomass synthesis and lipid production.
Here, a fed-batch strategy was used to explore the use of
excessive P for microalgal energy conversion. This study ver-
ified the advantages of this P-fed-batch strategy to enhance
microalgal lipid production. Poly-P characterization and real-
time polymerase chain reaction technology were employed to
identify the mechanisms underlying the P-fed-batch strategy
on microalgal growth and lipid synthesis.

Materials and methods
Microalgae

Chlorella regularis var. minima (C. regularis, FACHB-729)
was utilized in this study. The microalgae seeds were pre-
served in Wuhan, China, and were purchased from the
Freshwater Algae Culture Collection of the Institute of
Hydrobiology.
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Purification and cultivation

C. regularis was isolated and purified via the spread plate
method to remove bacterial and fungal contamination; then,
the BG11 medium was inoculated with purified C. regularis
for photoautotrophic cultivation in an incubator (ZWYR-
2102C, Zhicheng, Shanghai, China). The culture temperature
was 25 £ 1 °C, at a stirring rate of 160 rpm, and a
photoperiodicity of 14:10 (light for 14 h and dark for 10 h).
On the 6th day, the microalgal cells grew to the logarithmic
phase and were inoculated into a heterotrophic medium. The
heterotrophic medium included 10-g/L glucose as source of
organic carbon, and the other composition was identical to
that of the BG11 medium. When C. regularis reached to log-
arithmic phase again, cells were collected via centrifugation
(6000xg, 5 min at 4 °C) for the experiments in this study.

Experimental design

The effects of a P-fed-batch strategy on C. regularis were
studied in the modified BG11 medium. The initial nitrogen
(NO5 -N) level was 50 mg/L to initiate nitrogen limitation
stress during cultivation (Fu et al. 2017). The final total
PO, -P was a 48-mg/L medium, and P was equally divided
into 2, 4, and 8 parts and supplied to C. regularis during
cultivation (see details in Fig. 1). Glucose served as organic
carbon in heterotrophic cultivation, and the final concentration
was 10 g/L. This experiment was carried out in 250-mL glass
flasks, and the working volume was 150 mL. The flasks were
sealed with sterilized air filter membrane (blowholes 0.22 pum,
Solarbio, China) to avoid contamination. The microalgae in
flasks were cultivated at 25 + 1 °C and stirred at 160 rpm in the
dark. Each experimental condition was conducted in triplicate
and lasted for 8 days, and experiments were carried out twice.

Analytical and calculated methods
Biomass productivity and nutrient uptake

During the experiment, 20-mL suspended liquid was sampled
every 2 days and then filtered using a 0.45-pum polyether
sulfone membrane (Jinteng, Tianjin, China). The
C. regularis cells retained by the filter membrane were dried
at 105 °C to achieve constant weight for biomass evaluation.
The filtrate was collected for analyses of chemical oxygen
demand (COD), glucose, dissolved inorganic nitrogen
(DIN), and dissolved inorganic phosphorus (DIP). The mea-
surement procedures were identical to a previous report (Fu
etal. 2017).

Growth and nutrient utilization were evaluated via biomass
productivity and absorption rate, respectively, which were
calculated with Eq. (1) and Eq. (2):
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Fig. 1 Experimental design of
phosphorus-fed-batch.
Phosphorus was equally divided
into 2, 4, and 8 parts and supplied
to C. regularis during cultivation.
The final total phosphorous
amounts were identical for all
protocols (48-mg/L medium).
The initial cell densities of all
protocols were identical (2 x 107
cells/mL).
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Biomass productivity of microalgae (g/(Led))

where m; and m, (g/L) represent the biomass concentra-
tions of dry microalgae at ¢, and #,, respectively, while ¢ and #,
(d) represent the first and second sampling time, respectively,
in the linear interval of Fig. 3a.

(Co=C1)/(To~

where C; and C, (mg/L) represent the concentration of DIP
at T} and T, respectively. 7} and 7, (d) represent the start and
end point of each batch in Fig. 2a, respectively.

P uptake rate (mg/(L+d)) = T)) (2)

1P Nuclear magnetic resonance

For *'P nuclear magnetic resonance (NMR) spectroscopy
analysis, samples were extracted with perchloric acid, and
the extracts were dissolved using deuterium oxide to lock
the signal. P spectra were measured via *'P NMR (Varian
Co., USA) with a 5-mm probe at 400 MHz at room tempera-
ture (Fu et al. 2017).

Poly-P fluorescence staining

Poly-P was stained and observed with a confocal laser scan-
ning microscope (CLSM, Olympus FV-1000, FV1000

Viewer software, Japan). Before imaging, the cells were fixed
in 4% paraformaldehyde for 12 h and washed with PBS solu-
tion to remove paraformaldehyde; 5-uL cell suspension was
dropped on a microslide and dried at 30 °C; then, the dried
cells were stained with 4,6-diamidino-2-phenylindole (DAPI,
50-pug/mL concentration) in the dark for 10 min, followed by
washing with distilled water to remove residual DAPI. The
excitation wavelength of CLSM was set to 405 nm, and the
emission spectral range of 530-540 nm for poly-P detection
and 460—480 nm was used for DNA observation (Chu et al.
2014). In the fluorescence staining experiment, DAPI com-
bined to both poly-P and DNA, but their combinations had
different fluorescent colors, poly-P was turquois and DNA
was blue (Nishikawa et al. 2006).

Lipid production and fatty acid content

The total lipids of cells were extracted via a chloroform-
methanol reagent and quantified via the gravimetric method
(Bligh and Dyer 1959). Lipid production was calculated with
Eq. 3:

Lipid production (mg/L) =m X p (3)

where m (mg/L) represents the biomass and p (%) represent
lipid content; both were collected on day 8.
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Fig. 2 Phosphorus (P) utilization profiles versus cultivation time marked
with P uptake rates (a, the values were P uptake rate, mg/(Led)); all results
were obtained based on experiments in triplicate. >'P NMR spectra (b)
and poly-P fluorescent images (¢) of C. regularis cells under different P-

For fatty acid analysis, lyophilized microalgae were
pretreated with a mixture reagent of acetyl chloride and
methanol for transesterification, and then the fatty acid
composition was analyzed with a gas chromatograph
(Agilent 6890, USA). The pretreatment operation and
chromatographic parameters were described in detail in
our previous study (Fu et al. 2017).

Real-time polymerase chain reaction

The primers of genes related to C. regularis growth and
lipid accumulation were designed based on prior tran-
scriptome data (Fu et al. 2017; Zhou et al. 2017). The
target growth gene ROT3 was used with 18S as refer-
ence gene; the target lipid synthesis genes were BC,
BCCP, CT, and DGATI, and NADH was used as a
reference gene. The primers are shown in Table S1.
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The real-time polymerase chain reaction (RT-PCR) ex-
periments were conducted using an Applied Biosystems
StepOne Real-time PCR system and fluorescent dye
SYBR Green. The RT-PCR program used the following
steps: initial incubation at 95 °C for 3 min, and then 45
cycles were started, which contained melting at 95 °C
for 7 s, annealing at 57 °C for 10 s, and extending at
72 °C for 15 s.

Statistical analysis

An independent-sample ¢ test was used to analyze the
statistical significance of differences in the data.
Differences were significant at p < 0.05. All statistical
analyses were performed using the SPSS software pack-
age (IBM SPSS statistic 20.0).



Environ Sci Pollut Res (2020) 27:31677-31685

31681

Results and discussion
P uptake and poly-P nuclei formation

Figure 2a shows the effects of P-fed-batch on P uptake char-
acteristics, compared with the traditional sole fed mode (con-
trol). Independent of P nutrient injection frequency, all of the
supplied P was consumed by microalgal cells. However, the
uptake rates (in mg/(Led)) and the intracellular P forms dif-
fered. With low P fed frequency (control and P-fed-batch-2), P
uptake rates were much higher than protocols with higher P
fed frequency (P-fed-batch-4 and P-fed-batch-8); the former
could be twice as high as the latter.

Excessive P was over-adsorbed by the cells and stored as
intracellular poly-P, which was confirmed by the peaks at —
17.0 to — 23.3 ppm in the *'P NMR spectra (Moreno et al.
2000) and the poly-P staining images (Fig. 2 b and c) in con-
trol and P-fed-batch-2 on day 4. Interestingly, even though the
totally supplied P amount was identical for all protocols, poly-
P nuclei were scarcely detected for the P-fed-batch modes at
higher frequencies of 4 and 8 times on day 4. The poly-P tends
to accumulate in excessive P conditions; P concentration was
a trigger of P uptake and poly-P formation. Acid-soluble only
accumulated in 15- and 30-mg P/L experiments for
Scenedesmus, while 5-mg P/L did not show this phenomenon
(Brown and Shilton 2014). In addition, the abundance of poly-
P depended on the P concentration (Powell et al. 2008).

This study supplied excessive P (referred to Chlorella cell
compositions, C;osN;6P;) to all protocols at different frequen-
cies (Falkowski 2000). Excessive P was almost completely
consumed in all protocols; however, poly-P was not present
in all protocols. Poly-P contained phosphoanhydride bonds
that are rich in energy. Therefore, poly-P could serve as an
energy source and P precursor pool for cell growth and me-
tabolism (Chu et al. 2013; Nishikawa et al. 2006). It is worth
noting that the utilization of poly-P by microalgal cells first
requires degradation of poly-P to a short-chain structure via
catalysis of polyphosphate kinase and adenosine
triphosphatase (Harold 1966), followed by hydrolyzation to
orthophosphate for the final utilization. Poly-P disappeared in
both control and P-fed-batch-2 until day 8§ (Fig. 2¢), indicating
a slow dissolution process. This implied a less efficient deg-
radation and hydrolyzation process of the poly-P nucleus for
storage beyond capacity. In the control, when P was depleted
in the environment, poly-P experienced complicated degrada-
tion and hydrolyzation to generate orthophosphate, which can
then be utilized by microalgae. In P-fed-batch-2, most P (24
mg/L, after each supply) was directly used by cells instead of
poly-P storage. The small amount of poly-P could provide
energy and serve as a P source for microalgae.

The advantage of the P-fed-batch mode was that the supplied
orthophosphate may have directly served cell growth because of
the low P concentration after each fed time; alternatively, the

formed poly-P nuclei might have been too small to be observed
and hydrolyzed quickly for direct utilization by cells. In this con-
text, little poly-P was detected for P-fed-batch-4 and P-fed-batch-8
throughout (Fig. 2¢). However, because the P supply was low (12
mg/L, P-fed-batch-4; 6 mg/L, P-fed-batch-8) for each supply com-
pared with the high biomass after microalgae entered the logarith-
mic growth phase, the small amount of P was quickly exhausted
and no P was available within a short period, subsequently causing
negative effects on cell growth in P-fed-batch-4 and P-fed-batch-8.
This deduction was supported by the microalgae growth profiles.

P-fed-batch improved the total lipid production
P-fed-batch improved cell growth

C. regularis cell growth profiles are shown in Fig. 3a. All P-
fed-batch protocols achieved enhanced maximum microalgal
biomass (~ 10%) on day 4. Moreover, the biomass productiv-
ities in P-fed-batch protocols were 10—-15% higher than in
control (Fig. 3b), and the difference between each P-fed-
batch protocol and control was not significant. However,
when P-fed-batch protocols serve as one P-fed-batch group
and were then compared with the control, the difference was
statistically significant (p < 0.05), indicating that biomass pro-
ductivity was improved when using a P-fed-batch strategy.
COD and DIN consumptions were consistent with biomass
results (Fig. S2). These results indicated that the P-fed-batch
strategy promoted microalgae growth. In particular, P-fed-
batch-2 showed the maximum biomass productivity of 1.92
g/(Led), which increased by 15% compared with control. The
biomass productivity was 3—4-fold higher than that of other
heterotrophic microalgae. Neochloris oleoabundans utilized
glucose as carbon source and achieved a biomass productivity
of 0.47 g/(L+d) (Morales-Sanchez et al. 2013), while the bio-
mass productivity of Chlorella was cultivated in glucose-fed-
batch mode 0f 0.35-0.45 g/(Led) (Cheirsilp and Torpee 2012).
The phenomenon of P-fed-batch-2 was higher than that of P-
fed-batch-4 and P-fed-batch-8, which could be attributed to P
uptake and utilization. In the control, microalgae took in ex-
cessive P and stored it in cells as poly-P, which could serve as
energy and P pool. Poly-P utilization could not be easily com-
pared with PO437-P. In P-fed-batch-2, P was sufficient in the
environment and intracellular poly-P was appropriate for the
growth microalgae; while in P-fed-batch-4 and P-fed-batch-8,
the P dosage in each batch was relatively lower to quickly
increase biomass. The P deficiency consequently had negative
effects on microalgae growth.

P-fed-batch promoted lipid accumulation
Lipid contents of C. regularis cells under different P-fed-batch

frequencies are shown in Fig. 4. Clearly, the lipid content
increased with P-fed-batch frequency, either on day 4 or on
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Fig. 3 Microalgae biomass growth profiles and productivities in response to different P-fed-batch frequencies. All results were obtained based on

experiments in triplicate

day 8. P-fed-batch-8 achieved the maximum lipid content of
40.5% at day 8, which was 16% more than the traditional sole
fed mode. Moreover, the lipid accumulation improvement of
P-fed-batch-8 was statistically significant (p < 0.05) compared
with control. Combining the microalgae biomass results, the
calculated total lipid production of the P-fed-batch protocols
was 13-19% higher than the traditional mode of P provision
(1.52 g/L), while the total supplied P amounts were identical
for all protocols. These results confirmed that the P-fed-batch
strategy was efficient to improve the lipid heterotrophic pro-
duction of C. regularis under nitrogen limitation stress. The
high lipid production is the goal of microalgae bioenergy, and
P-fed-batch-2 achieved the maximum lipid production of 1.82
g/L, which was significantly (p < 0.01) higher than control;
therefore, this frequency was an ideal mode for application.
For P-fed-batch protocols, the lipid content was 36.5-40.5%
and the lipid production was 1.72—1.82 g/L, which far exceed the
levels reported in other fed-batch reports (Cheirsilp and Torpee
2012; Morales-Sanchez et al. 2013). When marine Chlorella sp.
and Nannochloropsis sp. were cultivated with glucose-fed-batch,
their lipid accumulation was also improved compared with the

batch mode (Cheirsilp and Torpee 2012), which supports the
findings of the present study. However, their highest lipid content
was 22-25% and lipid production was 0.81-0.90 g/L (Cheirsilp
and Torpee 2012), indicating that the lipid accumulation was
only 50-60% of that of the present study. When Neochloris
oleoabundans was cultivated with nitrogen-fed-batch with glu-
cose as heterotrophic carbon source, the lipid content was 33.7%
(Morales-Sanchez et al. 2013), which is also lower than the re-
sults of the present study. Therefore, the P-fed-batch strategy is
an effective method to promote microalgae lipid accumulation,
which may be the result of the gene expression of lipid synthesis.

RT-PCR analysis

Figure 5 shows the effects of P-fed-batch cultivation of
C. regularis on the typical growth genes based on the RT-
PCR analysis. The extracted RNA was eligible from the gel
electrophoresis results (Fig. S2); the gene expression was an-
alyzed with relative quantification, and the amplification plot
and melt curves of reference genes is shown in Fig. S3 and
Fig. S4, respectively. The growth hormone gene ROT3 was

E 3
a
I Control P-fed-batch-8 -4 b

40 1 I P-feed-batch-2
- Il P-feed-batch-4
e\i 32 - P-feed-batch-8 g P-fed-batch-4 HH*
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Fig. 4 Lipid content (a) and lipid production on day 8 (b) of C. regularis cultivation in response to different P-fed-batch frequencies. All results were

obtained based on experiments in triplicate. *p < 0.05, **p < 0.01
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Fig. 5 Growth hormone and lipid
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related to brassinosteroid biosynthesis, and, according to the
RT-PCR results, the ROT3 gene was more abundantly
expressed for P-fed-batch-2 protocols, which was 1.5-fold
higher than control (Fig. 5). This was consistent with the bio-
mass growth profiles shown in Fig. 3.

Lipid synthesis gene expression changes are shown in Fig.
5. Acetyl-CoA was converted to malonyl-CoA via catalysis of
acetyl-CoA carboxylase (ACCase) in the first step of fatty acid
synthesis (Zhang and Powles 2006). For C. regularis cells,
ACCase is composed of carboxyl transferase (CT), biotin car-
boxylase (BC), and the biotin carboxylase carrier protein
(BCCP) (Konishi et al. 1996). On the whole, the expression
of these key genes related to ACCase showed an increase
tendency in P-fed-batch protocols, but the differences of BC
and CT was not significant, when compared with the control.
It is worth noting that the BCCP gene was most abundantly
expressed in P-fed-batch-8, the expression of which was about
13-fold higher than in the control (Fig. 5). The lipid content

%
Lipid
synthetic L 12
gene

Relative expression level

acetyl-CoA carboxylase

was also highest in P-fed-batch-8, and the result was consistent
with the BCCP expression. Diacylglycerol acyltransferase
(DGAT) is the rate-limiting enzyme in triacylglycerol (TAG)
synthesis. Here, diacylglycerol (DAG) is added to acyl of fatty
acid and TAG is catalyzed by DGAT (Goncalves et al. 2016; Li-
Beisson et al. 2015). The expression of the DGAT1 gene was
slightly higher in P-fed-batch-4 and P-fed-batch-8 compared
with control, but the increase trend was not statistically signifi-
cant. The results of lipid synthesis gene expression suggest that
the increase of batch frequency of P addition enhanced the role
of ACCase by upregulating the gene expression of BCCP but
not of DGAT. In this way, the microalgal lipid synthesis was
improved in the P-fed-batch strategy.

Fatty acid components

P-fed-batch frequency affected FAME composition, as shown
in Table 1. The percentage of C16:0 for higher P-fed-batch

Table 1 FAME composition of C. regularis on day 8 for different P-fed-batch frequencies
FAMEs composition (%) Control P-fed-batch- P-fed-batch- P-fed-batch-
2 4 8
Cl14:0 0.67 0.78 0.47 0.47
C16:0 3.78 5.07 35.73 35.86
Clé6:1 0.19 0.26 0.10 0.17
C18:0 22.10 24.90 17.18 16.58
C18:1 4.82 4.60 2.95 2.85
C18:2 38.25 36.62 24.19 24.43
C18:3 30.20 27.76 19.37 19.63
Y.SFAMEs"(%) 26.54 30.75 53.39 5291
YUFAMEs"(%) 73.46 69.25 46.61 47.09

# Content of saturated fatty acid methyl esters

® Content of unsaturated fatty methyl esters
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frequency was much higher than that of the control; C16:0 for
P-fed-batch-4 and P-fed-batch-8 was even 9-fold higher than
that of the control. Furthermore, in P-fed-batch-4 and P-fed-
batch-8, the percentages of the unsaturated fatty acids of
Cle:1, C18:1, C18:2, and C18:3 generally decreased com-
pared with the control. These results indicate that
C. regularis tended to synthesize saturated fatty acids instead
of unsaturated fatty acids. The contents of saturated fatty acid
methyl esters for P-fed-batch-4 and P-fed-batch-8 reached
53.39% and 52.91%, respectively. These were almost 2-fold
higher compared with the control. The enhanced degrees of
fatty acid saturation are more preferable for biodiesel fuel (Tan
and Lin 2011) and better meet the property requirements of
biofuel for the USA (ASTM D6751) and Europe (EN 14214)
(Hoekman et al. 2012). More importantly, P-fed-batch proto-
cols presented a higher cetane number, lower average
unsaturation, and lower iodine value (Table S2), indicating
that the thus obtained biofuel had better combustibility and
oxidative stability (Tan and Lin 2011).

Conclusions

This study explored a P-fed-batch strategy for cultivating
microalgae in heterotrophic conditions. This P-fed-batch
strategy affected phosphorus uptake and storage by
microalgal cells, further leading to marked differences in
microalgal growth and lipid accumulation. Employing P-
fed-batch strategy, microalgae biomass production im-
proved by 10-15%, and maximum biomass productivity
was increased in P-fed-batch-2 with 5.04 g/L. Lipid accu-
mulation also increased by 4-16%, and the highest lipid
content was observed in P-fed-batch-8 with 40.5%.
Considering both microalgae biomass and lipid content,
the P-fed-batch strategy significantly enhanced lipid pro-
duction by 13-19% based on different fed frequencies,
and P-fed-batch-2 achieved the maximum lipid production
of 1.82 g/L. The enhancement could be attributed to the
upregulation of brassinosteroid growth hormone genes
and biotin carboxylase carrier protein lipid synthesis
genes. Moreover, the saturated fatty acid ratio in the
FAMEs increased with P-fed-batch strategy, and the lipid
achieved better combustibility and oxidative stability.
This study provides a novel method for a more complete
utilization of excessive P, while avoiding P toxicity for
microalgal biofuel production.
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