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Abstract
In this study the metabolic responses of Botryococcus braunii were analyzed upon different inorganic carbon dosages and 
nutrient limitation conditions in terms of lipid and biomass productivity, as well as photosynthetic performance. The nutri-
tional schemes evaluated included different levels of sodium bicarbonate and nitrogen and phosphorus starvation, which were 
contrasted against standard cultures fed with  CO2. Bicarbonate was found to be an advantageous carbon source since high 
dosages caused a significant increase in biomass and lipid productivity, in addition to an enhanced photosynthetic quantum 
yield and neutral lipids abundance. This contrasts to the commonly used approach of microalgae nutrient limitation, which 
leads to high lipid accumulation at the expense of impaired cellular growth, causing a decline in overall lipid productivity. 
The lipidome analysis served to hypothesize about the influence of the nutritional context on B. braunii structural and storage 
lipid metabolism, besides the adaptive responses exhibited by cells that underwent nutrient stress.
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Introduction

The rapid growth of human population, together with 
improved living standards, has triggered an intensification 
of the per capita consumption of goods. This acceleration has 
resulted in greater greenhouse gas emissions due to the mas-
sive use of fossil energy sources. Taking into account the cur-
rent demographic projections (Cleland 2013), such context 
urges a transition from an oil-based industrial infrastructure 

towards novel alternatives with neutral or negative  CO2 foot-
print. Accordingly, the development, implementation, and 
improvement of biotechnological processes designed for 
carbon recovery and re-utilization as green fuel supply are 
the top trending scientific aims currently being addressed to 
contribute in the upcoming global transition (Head and Gray 
2016; Kilbane 2016; Singhal and Prashant 2020).

Hence, one of the most broadly studied processes in 
recent decades has been the use of the natural photosynthe-
sis process carried out by microalgae to fix  CO2 using light 
as energy source for the production of fuels and industrially 
valuable compounds (Arun et al. 2020). One of the strains 
that has drawn the attention in this regard is Botryococcus 
braunii, a green alga recognized for its ability to synthesize 
long-chain hydrocarbons whose chemical structure varies 
according to a specific algal chemotype (Banerjee et al. 
2002; Cheng et al. 2013). So far, B. braunii strains have been 
categorized into four major groups according to the chemical 
structure of the hydrocarbons produced by each chemotype. 
The A race produces alkadienes and alcatrienes  (C25–C31) 
derived from oleic acid that accounts from less than 1 up 
to 60% of total biomass (Metzger et al. 1985, 1997). The B 
race chemotype has been the most widely studied group, and 
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some strains within it are recognized for producing unsatu-
rated poly-methylated triterpene-like lipids known as bot-
ryococcenes  (CnH2n−10, n = 30–37) which represent 8–35% 
of total biomass (Okada et al. 1995, 1997; Yoshimura et al. 
2013). Other less studied groups are known such as the L 
race which produces 3–7.5% of a single hydrocarbon known 
as licopadiene  (C40H78), and the S race that accumulates 
an epoxy-n-alkane and a saturated n-alkane with fatty acyl 
length of  C18 and  C20, respectively (Gouveia et al. 2017).

Even though the unique chemical characteristics of 
B. braunii biomass makes it suitable for future energetic 
exploitation, the use of this strain as a realistic alternative 
for bioenergy production is hampered by its slow growth 
and low productivity (Kleinert and Griehl 2020). Conse-
quently, a number of studies have addressed the partial 
elucidation of the pathways of lipid metabolism with two 
main purposes: (i) identifying metabolic targets that could 
potentially be tuned for reaching higher lipid yields (Wolf 
et al. 1985; Metzger et al. 1986; Niehaus et al. 2011; Mol-
nár et al. 2012); and (ii) identifying key enzymatic steps 
in order to engineer fast-growing organisms (Niehaus 
et al. 2012; Bell et al. 2014; Muzika et al. 2015; Zhuang 
and Chappell 2015; Thapa et al. 2016). Although the pro-
gress of these two strategies has brought fundamental 
insights about the hydrocarbon biochemistry in B. brau-
nii, especially for the B race, the complete mechanisms 
still remain unclear and only marginal improvements 
have been achieved (Jin et al. 2016; Cheng et al. 2019). 
Furthermore, the use of genetically modified organisms 
is an important constraint to consider at larger industrial 
scales due to strict regulatory matters and public opinion 
concerns (Guleria and Kumar 2020). On the other hand, 
an alternative approach that has been traditionally used 
to upgrade the production features of algal processes 
consists of empirically optimizing the reactor design and 
culture variables. Parameters including but not limited to 
media composition (Dayananda et al. 2007), temperature 
(Kalacheva et al. 2002), pH (Murprayana et al. 2021), light 
quality, and quantity (Şengül et al. 2019) have been studied 
to identify optimal operation conditions for boosting B. 
braunii productivity. For instance, increased lipid content 
has been stimulated via nutrient limitation (Fang et al. 
2015) or addition of elicitors (Ermavitalini et al. 2017; Du 
et al. 2020). The modulation of the type and quantity of the 
carbon source supplied to B. braunii cells has also served 
as a strategy to promote growth and lipid accumulation. 
Ranga Rao et al. (2007) evaluated the enrichment of the 
inflow gas by adding 2% (v/v)  CO2, which caused a two-
fold increase in final biomass and carotenoid content in 
B. braunii 572, together with a 2.5–threefold increase in 
palmitic and oleic acid levels compared to the controls. 
Alternatively, other studies have suggested that instead of 
 CO2, the use of bicarbonate up to 20 mM can not only 

promote algal growth, but also improve carbon use effi-
ciency (Kim et al. 2017; Salbitani et al. 2019). Moreover, 
Tu et al. (2018) showed that high dosages of bicarbonate 
(up to 80 g  L−1) had antibacterial activity and significantly 
promoted Chlorella sp. growth and lipid production. Con-
versely, Tanoi et al. (2011) indicated that bicarbonate con-
centrations over 2.5 mM are detrimental for B. braunii B70 
growth, opening the question of whether B. braunii 572 
could tolerate high bicarbonate concentrations and how 
such conditions would affect cell physiology and the bio-
process performance.

While some of the aforementioned strategies have 
generated effective improvements in overall culture per-
formance, many of these experimental assessments focus 
on monitoring culture parameters such as cell growth, 
biomass productivity, and the distribution of the main 
biomass fractions rather than on the physiological and 
regulatory responses triggered by each growth condition. 
Furthermore, the impact of the evaluated scenarios includ-
ing the photosynthetic performance and the adaptation in 
terms of the lipidome distribution has not been integrally 
investigated despite their importance for further optimiza-
tion. One additional factor to bear in mind is that there 
exists remarkable variability among the reported values 
of productivity and lipid content even for the same spe-
cies (Metzger and Largeau 1999, 2005), perhaps due to the 
use of different protocols for analysis and standard culture 
conditions (Muzika et al. 2015).

We therefore investigated the metabolic responses of B. 
braunii LB 572 (Race A) in terms of photosynthetic per-
formance and biomass and lipid productivity under a set 
of nutritional sufficiency and limitation settings. Addition-
ally, we performed for the first time a comparative lipidomic 
analysis of B. braunii cells cultivated under diverse nutri-
tional scenarios aiming to unveil to what extent the envi-
ronmental conditions triggered changes in the lipid profiles 
of this strain and consequently, on its suitability for further 
bioenergy valorization.

Materials and methods

Strain and standard maintenance culture conditions

Botryococcus braunii LB 572 (Chlorophyta, Trebouxiophy-
ceae) was obtained from the UTEX algae culture collection. 
For inoculum production and maintenance, the cells were 
cultivated in 500 mL conical flasks at 110 rpm and con-
tinuously illuminated with cool white (RGB) LED lamps 
(50 µmol photons  m−2  s−1). Modified  BG11 medium was 
used according to the following composition:  NaNO3 1 g 
 L−1;  MgSO4.7H2O 0.075 g  L−1;  CaCl2.2H2O 0.036 g  L−1; 
 K2HPO4 0.093 g  L−1;  FeSO4 0.0034 g  L−1; EDTA 0.001 g 
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 L−1;  H3BO3 0.0028  g  L−1;  MnSO4.H2O 0.0018  g  L−1; 
 ZnSO4.7H2O 0.22 mg  L−1;  Na2MoO4.2H2O 0.39 mg  L−1; 
 CuSO4.7H2O 0.08 mg  L−1;  CoCl2.6H2O 0.04 mg  L−1. Stock 
solutions, media preparation, and sterilization were made 
using the procedure suggested by the UTEX Culture Collec-
tion (U.S.A) as a reference. All reagents were of analytical 
grade and acquired from Sigma-Aldrich. The carbon source 
was supplied on a daily basis as 30-s pulses every 24 h of 
pure  CO2 which was filtered through a 0.22-µm PTFE mem-
brane and injected into the cell suspension at 0.5 L  min−1. 
The temperature was not controlled but remained constant 
between 24 and 26 °C.

Evaluation of nutritional schemes

Botryococcus braunii cells were first cultivated under stand-
ard maintenance conditions (see “Strain and standard main-
tenance culture conditions” section) until the cell concen-
tration reached 1.5 g  L−1. To this end, the cells were first 
washed three times by centrifugation (20,000 × g, 5 min), 
followed by resuspension in medium without added nitro-
gen (N) nor phosphorus (P) under aseptic conditions. The 
washed cell suspensions were transferred to an approximate 
initial cell concentration of 0.4 g  L−1 in maintenance media 
(see “Strain and standard maintenance culture conditions” 
section) with the modifications in nutrient composition and 
carbon supply described in Table 1.

For cultures supplemented with bicarbonate, suitable 
aliquots of  BG11 nutrient stock solutions were mixed with 
the desired amounts of solid  NaHCO3; and once the final 
volume was adjusted with deionized water, the media was 
filtered (0.22-µm Millipore cellulose membrane) under 
aseptic conditions. The cultures fed with  NaHCO3 as the 
sole carbon source were daily sparged with  N2 to decrease 
the level of dissolved oxygen evolved from photosynthetic 

activity. Each culture was sampled after 6 (D6) and 12 (D12) 
days of incubation to measure growth, nutrient concentra-
tion, photosynthetic parameters, and metabolite production. 
Each treatment was evaluated by triplicate.

Analysis of nutrient consumption

For nutrient consumption, each culture was sampled and 
centrifuged (20,000 × g, 5  min). The N and P content 
remaining in the cell free supernatant were analyzed spec-
trophotometrically via the salicylic acid method and ascorbic 
acid method, respectively, as described elsewhere (Giraldo 
et al. 2020).

In vivo chlorophyll a fluorescence measurement

The photosynthetic performance was assessed by measuring 
the in vivo chlorophyll a fluorescence using a Pulse Ampli-
tude Modulation Fluorometer (Junior PAM. Walz GmbH, 
Germany). All measurements were performed after 20 min of 
dark exposure in microalgal samples taken directly from the 
culture. The maximal quantum yield of photochemical energy 
conversion in the photosystem II (PSII) was determined with 
dark adapted cells as follows:F

v
∕F

m
=
(

F
m
− F0

)

∕F
m
 , where 

 F0 is the minimum level of fluorescence emitted due to the 
exposure to measuring light, and  Fm is the maximal fluores-
cence obtained with a short pulse of high irradiance actinic 
light (10,000 µmol photons  m−2  s−1). In order to assess the 
cell response and adaptation to different levels of irradiance 
under different nutrient configurations, rapid light curves 
(RLC) were constructed according to Malapascua et  al. 
(2014). The effective quantum yield of PSII  (YII) was deter-
mined under different actinic light (30-s exposure) levels 
as Y

II
=
(

F,

m
− F

)

∕F’

m
 , that is equivalent to ΔF∕F’

m
 or ФII, 

where F’

m
 is the maximal fluorescence in light induced by a 

saturating pulse, and F the fluorescence under actinic light. 
Y
II

 was used to calculate the relative electron transport rate 
of PSII as rETR

[

�mol electronsm−2 s−1
]

= Y
II
× E

PAR
 , where 

E
PAR

 is the incident irradiance of PAR (photosynthetically 
active radiation, λ = 400–700 nm) light.

Lipid extraction and quantification

Total lipid content in the biomass was estimated gravimetri-
cally. The cell suspensions were concentrated by centrifuga-
tion (20,000 × g, 5 min., 4 °C) and rinsed twice with deion-
ized water. The concentrated cell pellet was finely ground 
with liquid nitrogen (mortar and pestle). The treated biomass 
was then mixed with 10 mL of hexane:isopropanol (3:1), 
homogenized by vortexing and centrifuged (20,000 × g, 
5 min, 4 °C). The supernatant containing the lipophilic 
extract was transferred to a glass vial, and the extraction 
procedure was repeated twice using the residual biomass. 

Table 1  Media composition and culture conditions evaluated for Bot-
ryococcus braunii LB 572

* All cellular suspensions used  BG11 as the basal medium and were 
exposed to the same maintenance culture conditions described in the 
“Strain and standard maintenance culture conditions” section
† Cultures fed with  CO2 were daily sparged with 30-s pulses of mem-
brane-sterilized pure gas as described in the “Strain and standard 
maintenance culture conditions”section

Condition ID Media composition and culture  conditions*

NaHCO3_0.1 1 g  L−1—NaHCO3 (0.1%)
NaHCO3_1 10 g  L−1—NaHCO3 (1%)
NaHCO3_2 20 g  L−1—NaHCO3 (2%)
ND Nitrogen deprived +  CO2

†

PD Phosphorous deprived +  CO2
†

Control  +  CO2
†

Control_low light  +  CO2 and (15 µmol  m−2  s−1) †
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The lipophilic extracts were recovered and dried in a rota-
tory evaporator (Buchi R215). The total lipid content was 
calculated as the ratio between the weight of the dry lipo-
philic extract and the total biomass used for the extraction.

Lipidomic analysis and statistical analyses

The lipidome analysis was performed by UPLC-MS 
(Acquity UPLC System) for the total lipid fraction of 
biomass samples taken at D6 and D12, according to 
the procedure published by Bromke et al., (2015). The 
mass spectra were acquired using an Orbitrap mass spec-
trometer and were processed with the Refiner MS 7.5 
(Genedata Expressionist) and Xcalibur software. The 
validation of the lipids identified was made by com-
parison with an in-house library. The output contained 
a list of features associated with the intensities of peaks. 
Features naturally containing the heavy carbon isotope 
(13C) were removed from the data set. The output data 
was normalized to the amount of sample used for the 
analysis. For the statistical analysis, the webserver 
MetaboAnalyst (Chong et al. 2019) was used. The data 
were auto-scaled and normalized. Significant differ-
ences were determined by performing a Kruskal Wallis 
test (Chong et al. 2019). To visually explore differences 
in the distribution of lipid profiles among nutritional 
schemes, a principal component analysis (PCA) was car-
ried out. To further investigate the patterns of the lipid 
species that changed across the groups of samples, heat-
maps and bar plots were built based on the calculated 
lipid ratios among the cells subjected to the nutritional 
schemes and the control samples.

Carbohydrate extraction and quantification

For total intracellular carbohydrates (in-CHOs) quan-
tification, the defatted biomass residue was weighted 
and boiled with deionized water for 10 min. The dis-
solved in-CHOs were then separated from the biomass 
pellet by centrifugation (15.000 × g, 10 min.). The total 
in-CHOs concentration was determined following the 

phenol/sulfuric acid method of Masuko et al. (2005). To 
estimate the extracellular dissolved CHOs (ex-CHOs), 
the centrifuged cell-free supernatant of each culture was 
also analyzed via the phenol/sulfuric acid method.

Chlorophyll extraction and quantification

Fresh biomass samples were extracted with DMSO, and 
the chlorophyll a content was spectrophotometrically deter-
mined according to the method of Griffiths et al. (2011).

Statistical analyses

All data measurements are shown as the mean ± standard 
deviation (± SD) of three independent replicates. Statistical 
analyses were performed in Prism 8 (GraphPad, USA). The 
results were analyzed by one-way or two-way analyses of 
variance (ANOVA), and the means of the treatments were 
compared by Tukey’s multiple comparison test. In all analy-
ses, P < 0.05 was considered as significant. Brown-Forsythe 
test was performed to evaluate differences between SDs, and 
Shaphiro-Wilk or Kolmogorov–Smirnov tests were used to 
assess the normal distribution of the data.

Results

Cell growth

Botryococcus braunii LB 572 cells were cultivated under 
different nutritional schemes of sufficiency or limitation 
aiming to identify metabolic responses at the level of pho-
tosynthetic performance, biomass productivity, and compo-
sition. Under all tested settings B. braunii exhibited differen-
tial growth trends (ANOVA, F(6,14) = 103.2, P < 0.0001). The 
biomass production increased along with higher inorganic 
carbon availability, as can be observed from Fig. 1a, where 
the highest biomass concentrations were observed in cul-
tures supplemented with 1 and 2% of  NaHCO3, compared 
to all other groups at D6 and 12. On the other hand, cultures 
with 0.1%  NaHCO3 and cells incubated upon N- and P-dep-
rivation, hereinafter referred to as ND and PD, respectively, 
showed a reduced growth and biomass production, compared 
to the control cultures (P < 0.0001 for both treatments), and 
to the cells fed with 1 and 2%  NaHCO3 (P < 0.0001 for both 
treatments) (Fig. 1a).

Effect of nutritional schemes on differential biomass 
composition

The nutritional conditions under which B. braunii cells 
were grown, exerted a differential effect on the distribu-
tion of the biomass components measured. The total lipid 

Fig. 1  Culture parameters of Botryococcus braunii LB 572 measured 
at 6 and 12 days of incubation under different conditions. (a) Biomass 
concentration expressed as dry weight. (b) Total lipid content. (c) 
Total lipid productivity. (d) Intracellular carbohydrates content. (e) 
Extracellular carbohydrates to biomass ratio. (f) Chlorophyll a con-
tent. (g) Percentage of consumed nitrate. (h) Percentage of consumed 
phosphate. (i) Maximum quantum yield of PSII photochemistry. (j, 
k) Rapid light curves constructed at D6 and D12, respectively for the 
relative electron transport rate (rETR) expressed in µmol electrons 
 m−2   s−1 versus irradiance of photosynthetic active radiation (PAR) 
expressed as µmol photons  m−2  s−1. Data shown are means ± SD from 
three independent replicates

◂
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content of ND cells at D12 was the highest among all treat-
ments (52% ± 3.1%) (ANOVA, F(6,14) = 18.74, P < 0.05), 
whereas the control samples accumulated 31% ± 4.1% 
(Fig. 1b). Nevertheless, the highest lipid productivity was 
measured in cultures fed with the highest bicarbonate con-
centration (Fig. 1c). The total lipid content of PD cells 
at D6 (45.7% ± 5.5%) was larger compared to the control 
(P < 0.0001) and reached similar levels to N-deprived cells 
(P = 0.0037); however, at D12 it was significantly reduced 
to a value close to the control (35.2% ± 1.2%) (P = 0.7961) 
(Fig.  1b). We also highlight that the lipid productivity 
remained almost unchanged between D6 and D12 in the 
cultures supplied with 1 and 2%  NaHCO3 and in the PD 
cells (Fig. 1c).

Similarly, the CHOs production also displayed distinct 
responses across the groups. The highest total in-CHOs were 
found in the cultures fed with the lowest  NaHCO3 levels 
and the controls at D12 (Fig. 1d) (ANOVA, F(6,14) = 5.483, 
P = 0.0042). Alternatively, the highest ex-CHOs concentra-
tions were measured in cells grown on  NaHCO3 (ANOVA, 
F(6, 14) = 35.60, P < 0.0001) (Fig. 1e). The ex-CHOs pro-
duction relative to biomass was slightly more sensitive 
to P deprivation since their concentration in PD cultures 
increased from 0.042 ± 0.007 to 0.127 ± 0.004 g  g−1 in the 
time lapse between D6 and D12, whereas it remained around 
0.03 ± 0.01 g  g−1 for ND cultures (Fig. 1e).

There was a reduction in chlorophyll content between D6 
and D12 (ANOVA, F(1, 14) = 139.3, P < 0.0001) for most of 
the nutritional schemes. Conversely, it remained constant for 
the PD cultures (P > 0.99) (Fig. 1f). Additionally, the lowest 
chlorophyll content was obtained at D12 in cultures supplied 
with 1%  NaHCO3 (1.07 ± 0.13 mg  g−1).

Photosynthesis performance

We assessed the influence of different nutritional sufficiency 
or limitation schemes on the photosynthetic performance 
of B. braunii and its relationship with biomass production 
and metabolite accumulation. First, we compared the maxi-
mum quantum yield of PSII photochemistry 

(

F
v
∕F

m

)

 for all 
conditions at D6 and D12 (Fig. 1i). At D6, the F

v
∕F

m
 was 

not substantially different across most of the tested condi-
tions (P > 0.05), except for the culture with 0.1%  NaHCO3 
that was considerably lower (P < 0.001). In contrast, at D12, 
there was a generalized reduction in F

v
∕F

m
 (0.487–0.585) 

across the groups, although it remained unchanged around 
0.7 for the control cultures.

Additionally, we constructed RLC from dark adapted 
cells to further investigate the effect of the tested conditions 
on B. braunii photochemical energy conversion capacity 
and to get insights about its tolerance against high doses 
of irradiance. The results indicated that the cultures with 
2%  NaHCO3 showed the highest productivity (rETR) at D6 

(ANOVA, F(3.69, 95.96) = 67.50, P < 0.0001), followed by ND 
and PD cells (Fig. 1j). However, whereas this parameter 
remained constant for PD cells at D12, a significant reduc-
tion was observed either for ND, 0.1%-NaHCO3 and more 
drastically for 2%-NaHCO3 treatments (Fig. 1k), which is 
consistent with the changes observed in biomass produc-
tion (Fig. 1a) and chlorophyll content (Fig. 1f). Further-
more, it was also observed that the rETR increased for the 
control cultures from D6 to D12, whereas it did not display 
substantial changes for 1%  NaHCO3 (Fig. 1j, k).

In general, the maximal rETR observed in this 
study was reached between 200 and 300 µmol photons 
 m−2   s−1. At about 400  µmol photons  m−2   s−1, a pro-
gressive decline in rETR was detected, reaching values 
close to zero. When the photon flux density exceeded 
1250 µmol photons  m−2  s−1, photoinhibition was evident 
as a clear decline in photosynthetic activity upon such 
high irradiance.

In addition to the aforementioned measurements, we 
also performed a quenching analysis based on the estima-
tion of photochemical and non-photochemical quenching 
in terms of the energy absorbed by the cells. The com-
parison of photosynthetic parameters upon  NaHCO3 sup-
ply indicated that at D6, an increased dose of the carbon 
source provoked an increase in the values of  YII (Fig. 2a) 
and a decline in the level of the  YNO (Fig. 2c). On the other 
hand, the  YNPQ was similar within all carbon concentra-
tions (P > 0.05) during the same period of time (Fig. 2e). 
By D12, the most significant difference was observed in 
0.1%  NaHCO3 where there was a drastic increment of  YNO 
at expenses of an equivalent drop in the  YII and more nota-
bly in  YNPQ.

For ND cells, the  YII was higher than the control 
when the cells were exposed at D6 to lower irradiances 
(25–285 µmol photons  m−2  s−1) (Fig. 2b), in contrast to 
the  YNPQ, which was significantly lower than the control 
(P < 0.01) for most of the tested light levels. Thereafter, the 
 YNPQ increased at D12 as a consequence of the photoprotec-
tion mechanisms activated during the prolonged N shortage 
(Pessarakli 2016).

P deprivation on the other hand, had a significant effect 
on the activation of photoprotective mechanisms since 
PD cells had the lowest  YNO (Fig. 3d) and highest  YNPQ 
(Fig. 3f) among all treatments (P < 0.05) for irradiances 
above 285 µmol photons m 2  s−1.

Comparative lipidomics analysis under different 
nutritional schemes

We performed a UPLC-MS-based lipidomics profiling to 
depict the differential impact of several nutritional schemes 
on B. braunii neutral lipids biosynthesis and structural 
lipids remodeling. We identified lipid species classified 
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into several lipid classes, namely diacylglycerol (DAG), 
digalactosyldiacylglycerol (DGDG), diacylglyceryl-N,N,N-
trimethylhomoserine (DGTS), monogalactosyldiacylglycerol 
(MGDG), phosphatidylcholine (PC), phosphatidylglycerol 
(PG), phosphatidylserine (PS), sulfoquinovosyldiacylglyc-
erol (SQDG), and triacylglycerol (TAG). A PCA performed 
on all the aforementioned lipids, demonstrated that a high 
level of variation in the lipidome (50.1% and 48.4%, at D6 
and D12, respectively) among groups can be explained by 
the first component (PC1; Fig. 3a–b). The PCA showed that 

the lipid composition of D6 samples differed to a greater 
extent in B. braunii under ND and PD conditions, and 
when the carbon source supplied was 1% and 2%  NaHCO3 
(Fig. 3a). At D12, the lipid profiles remained significantly 
different for B. braunii fed with 1% and 2%  NaHCO3, while 
the profiles of ND and PD samples became closer to the 
control samples (Fig. 3b). This situation may be explained 
by the nutrient shortage experienced by control samples at 
the later stages of growth, while the cells grown under the 
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Fig. 2  Photochemical and non-photochemical quenching light curves 
of B. braunii constructed at days 6 and 12 of incubation under dif-
ferent nutritional conditions. (a, b) Effective quantum yield of PSII 
photochemical quenching. (c, d) Quantum yield of the energy-
independent photochemical quenching. (e, f) Quantum yield of the 
energy-dependent photochemical quenching. Plots on the left side 

of the figure show data of cultures supplemented with bicarbonate 
whereas plots in the right correspond to ND, PD, and control cul-
tures. The curves are constructed with dark adapted cells. Each point 
corresponds to the mean ± SD computed from three independent rep-
licates
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nutritional schemes with high  NaHCO3 consumed the nutri-
ents (i.e., N and P) more efficiently (Fig. 1g, h).

Effects of nitrogen deprivation in B. braunii lipidome

After examining the abundance ratios for all the lipid species 
identified, we observed an overall increase for DAGs in the two 
time points evaluated (Fig. 3c, d). The major lipid constituents 
of the chloroplast membrane, corresponding to the galactolipids, 
DGDG and MGDG, were also examined (Fig. 4b, c). Over 60% 
of the identified DGDGs were increased in the samples taken 
at D6 and D12 (Fig. 4b). On the contrary, the reduction of the 
abundance ratios predominated at D6 for the other chloroplast 
galactolipid, MGDG. A reduction of MGDGs was also observed 
at D12, but this was less pronounced than at D6 (Fig. 4c). The 
other chloroplast lipids that decreased at D12 were SQDGs, as 
well as the membrane glycerophospholipids (GPLs) PG, and 
PS (Fig. 5b), while the same species were under the detection 
limit at D6 (Fig. 5a). In addition, we also found that under N 
deprivation, several PC species were increased (Fig. 5b). A 
number of TAGs accumulated in both D6 and D12 samples 
(Fig. 4d), but the abundance ratios were in most cases higher 
at D6. These TAGs corresponded to molecules in which the 
sum of the carbon atoms of the fatty acyls ranged from 40 to 
80 carbon atoms, and degree of unsaturation varying from fully 
and low unsaturated (1–2 unsaturations), to highly unsaturated 
(3–13). We also observed that the abundance of some TAGs 
was reduced (Fig. 4d), possibly as a result of TAG degradation 
(Li et al. 2014), although the acyl chain length and degree of 
unsaturation did not show a specific pattern. Besides the mem-
brane glycolipids and GPLs, we also identified other structural 
lipids in B. braunii, namely DGTS, where the increase of several 
species occurred at D6 and D12 (Fig. 4a).

Effects of phosphate deprivation in B. braunii lipidome

We observed that under P deprivation, most of the DAGs 
increased at D6 while just a few species were reduced 
(Fig. 3c); however, a global reduction occurred for this lipid 
class when the cells were subjected to prolonged P deprivation 

(D12) (Fig.  3d). We found a similar pattern for DGTS 
(Fig. 4a) and DGDG (Fig. 4b), but in this case, more species 
showed reductions in the abundance ratio at D6. In addition, 
we noticed a reduction of numerous MGDGs at early (D6) and 
late (D12) stages of culture (Fig. 4c). GPLs and SQDG were 
particularly reduced upon exposure of cells to prolonged P 
deprivation (Fig. 5b). On the other hand, TAGs were predomi-
nantly accumulated at D6; however, after prolonged PD stress 
(D12), the magnitude of the TAGs abundance ratios dropped 
drastically, while a significant number may be degraded as 
suggested by the reduction trend (Fig. 4d).

Lipidome remodeling of B. braunii cells grown under high 
carbon dosage

When B. braunii cells were grown under different  NaHCO3 
regimes, a group of lipids increased or decreased concomi-
tantly with the  NaHCO3 concentration (Figs. 3c, d and 
4a–d). At D6, we observed numerous DAGs that increased in 
1% and 2%  NaHCO3 samples, while in cells grown on 0.1% 
 NaHCO3, a majority of DAGs showed a reduced abundance 
(Fig. 3c). At D12, the trend was an overall DAG reduction 
independent of the  NaHCO3 concentration (Fig. 3d).

Most of the chloroplast lipids DGDG and MGDG and 
the structural lipid DGTS increased at D6 (Fig. 4a–c), yet 
a significant number of species exhibited reduction in 0.1% 
 NaHCO3 samples. At D12, the global trend of DGTS accu-
mulation continued mostly in the cells grown on 1 and 2% 
 NaHCO3 media, while the abundance ratio decreased in a 
considerable number of DGTS species in 0.1%  NaHCO3 
cultures (Fig.  4a), alongside a high number of DGDGs 
and MGDGs in all samples (Fig. 4b, c). The DGDGs and 
MGDGs degraded at D6 in 0.1%  NaHCO3 samples were 
mainly polyunsaturated, and at D12 switched towards more 
saturated species. Several GPLs detected at D6 were reduced 
to some extent in 0.1%  NaHCO3 samples, while we noticed 
increased abundance for 1 and 2%  NaHCO3 (Fig. 5a). On the 
other hand, at D12, there were GPLs whose abundance ratios 
were increased or reduced, without showing a specific pattern 
related to the  NaHCO3 concentration (Fig. 5b). The sulfolip-
ids were under the detection limit at D6, nevertheless at D12, 
several SQDG species were detected, whose abundance was 
increased mostly in 1 and 2%  NaHCO3 samples (Fig. 5b).

TAGs on the other hand, displayed increased abundance 
ratios at D6 and D12 in 1 and 2%NaHCO3 samples (Fig. 4d). 
In 0.1%  NaHCO3, the TAGs were also increased in the two 
time points evaluated, but the degradation pathways may be 
more active under this condition, particularly at D6, in view 
of a number of TAGs whose abundance ratios dropped. By 
comparing the TAGs distribution at D6, we found that ~ 76% 
of the identified TAGs were accumulated in the three 
 NaHCO3 levels evaluated. This proportion rose to ~ 92% in 
samples taken on D12. After making the same comparison 

Fig. 3  Principal component analysis (PCA) of B. braunii cells cul-
tivated under different nutritional schemes at (a) day 6 (cumulative 
72.4% of variation explained by the model) and (b) day 12 (cumu-
lative 64.1% of variation explained by the model). The DAG distri-
bution was further explored by calculating the  log2 transformed lipid 
abundance ratios at (c) day 6 and (d) day 12, showing the most rep-
resentative variations with respect to the control. The lipid species 
are identified by the abbreviation of the lipid class, followed by C:N, 
where C is the total number of carbons in acyl chains, and N is the 
total number of double bonds, which in some cases also includes a 
number in round brackets that indicate the isomers. DAG, diacyl-
glycerol; ND, nitrogen-deprived medium; PD, phosphate-deprived 
medium
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but this time between samples taken at D6 and D12, we 
noticed that ~ 75% of the identified TAGs were increased in 
the two sampling points. When examining the accumulated 
TAGs at the structural level (i.e., number of carbon atoms 
and degree of unsaturation), we did not identify a pattern that 
would indicate the accumulation of a specific group of TAGs, 
since there was a great variation in the length of the fatty 
acyls that made up the molecules, whose sum of their carbon 
atoms ranged between 40 and 80, and with degree of unsatu-
ration going from fully saturated up to 13 unsaturations.

Additionally, we compared the TAGs profile between the 
cells fed with  NaHCO3 and the N-deprived cultures. This 
time we found that ~ 55% of the identified TAGs were accu-
mulated in all samples of both nutritional schemes, and as in 
the previous case, we did not find a pattern that would indi-
cate the preferential accumulation of a specific type of TAG. 
We also identified a group of TAGs that were exclusively 
accumulated in the samples taken at D6 of both nutritional 
schemes (e.g., TAG-40:0/-42:4/-50:4/-52:4/-56:0/-56:1/-
58:1/-62:4/-62:5/-62:8/-64:1/-64:5/-64:7/-68:8/-74:7/-78:4) 
of which ~ 31% corresponded to lipids with a low degree 
of unsaturation (≤ 2 unsaturations), while the remainder 
were polyunsaturated. At D12, we identified another group 
of TAGs (e.g., TAG-54:1/-56:4/-58:4/-58:10/-60:1/-60:5/-
68:6/-70:7/-76:3/-76:4/-76:8/-80:4) that was preferentially 
accumulated at this stage of the culture in which the pro-
portion of polyunsaturated species was somewhat higher 
(~ 86%).

Discussion

Cell growth

In the present study, we observed that the carbon source 
and its concentration exerted an important influence on cell 
growth, which in the case of bicarbonate was in a concen-
tration-dependent manner (Fig. 1a). The improved microal-
gal biomass yield in cultures supplied with rising levels of 
 NaHCO3 has been previously reported and associated with 

the induction of carbon concentration mechanisms (CCM) 
(Vadlamani et al. 2019). These CCM serve as a mean to 
increase the flux of inorganic carbon from the extracellular 
medium into the chloroplast (Giordano et al. 2005). Part of 
the CCM relies on the expression of carbonic anhydrases 
that interconvert  CO2 and  NaHCO3 and whose Km values 
are reported to be 10–20 mM (Mirjafari et al. 2007). Under 
standard cultivation conditions (i.e., low turbulence regimes 
and atmospheric  CO2 levels), the carbon fixation rate and 
the underlying biomass production can be kinetically lim-
ited by substrate concentration at the carbon fixation site for 
RuBisCO, since the Km  (CO2) has been shown to be close 
to 30 µM for green algae (Tcherkez et al. 2006). Therefore, 
high external carbon doses would help to compensate the 
low carbon availability at the fixation sites, particularly 
in  the form of  NaHCO3, which remains dissolved much 
longer than  CO2. This in turn leads to a higher carbon fixa-
tion capacity, and the subsequent improvement of biomass 
productivity and yields.

NaHCO3 is commonly used as a carbon source in the 
growth media of the cyanobacterium Spirulina; nonetheless, 
it has not been extensively explored in microalgae with most 
research conducted using  CO2 (Arun et al. 2020; Umetani 
et al. 2021); however,  NaHCO3 has been recently consid-
ered as an alternative carbon feedstock for microalgae that 
improves biomass yield and also has proven to induce the 
accumulation of metabolites such as TAGs and carotenoids 
(Gardner et al. 2013). Moreover, Srinivasan et al. (2018) 
suggested that bicarbonate ions could also promote reactive 
oxygen species scavenging and biomass formation in algal 
cells even upon nutrient limitation conditions.

Remarkably, our results showed that B. braunii LB 572 not 
only can grow faster in the presence of high  NaHCO3 levels 
(up to 2%) but also, such conditions promoted sustained TAG 
accumulation (see “Lipidome remodeling of B. braunii cells 
grown under high carbon dosage” sections) without the need 
of a second stage of nutrient deprivation that is traditionally 
used for lipid accumulation in algal systems.

N- and P-deficiency conditions tested in this study were 
detrimental for B. braunii growth when compared with the 
control (Fig. 1a). N is a major constituent of biomass, form-
ing part of a wide range of biomolecules such as nucleic 
acids, proteins, and cofactors. Moreover, N assimilation 
represents an important sink for reducing power, especially 
when the main N source supplied is an oxidized form such 
as  NO3

− (Grund et al. 2019). In that sense, low N availabil-
ity implies a lower capacity of biomass formation (Bolton 
2006). For instance, Zhila et al. (2005) found that B. braunii 
IPPAS H-252 cultures produced two times less biomass in 
a N-deprived media as compared to the controls. Similar 
outcomes have also been documented by other authors with 
different B. braunii strains (Lupi et al. 1994; Choi et al. 
2011; Barajas-Solano et al., 2016) . On the other hand, P 

Fig. 4  Heatmaps of the  log2 transformed lipid abundance ratios of B. 
braunii cells grown under different nutritional schemes at day 6 (D6) 
and 12 (D12) showing structural lipids including (a) betaine lipids 
(i.e., DGTS) and the chloroplast lipids (b) DGDG and (c) MGDG; 
besides (d) the neutral lipids, i.e., TAGs, distributions. Further details 
of the TAGs distributions can be found in the supplementary material 
(Sup. 1). The lipid species are identified by the abbreviation of the 
lipid class, followed by C:N, where C is the total number of carbons 
in acyl chains and N is the total number of double bonds, which in 
some cases also includes a number in round brackets that indicate the 
isomers. The lipids with a higher-than three-fold change are marked 
with an asterisk. MGDG, monogalactosyldiacylglycerol; DGDG, 
digalactosyldiacylglycerol; DGTS, diacylglyceryl-N,N,N-trimethyl-
homoserine; TAG, triacylglycerol
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deprivation also limited the biomass production in B. braunii 
cultures (Fig. 1a), since it constitutes another vital nutri-
ent that is required to synthesize several P-containing mol-
ecules such as nucleic acids, GPLs, inositol triphosphate, 
NADP(H), ATP, among others. Furthermore, P plays a cru-
cial role in the regulation of energy production, amino acids, 
nucleic acids and CHOs metabolism, and several reactions 
related to the progression of the cell cycle are activated by 
phosphorylation (Cui et al. 2017). Consequently, P defi-
ciency is likely to hinder to some extent the biomass yield 
as reported elsewhere (Kamalanathan et al. 2016; Li et al. 
2016).

Effect of nutritional schemes on differential biomass 
composition

N deprivation is expected to trigger lipid accumulation in algae 
cells (Kumari et al. 2014), as observed in this study (Fig. 1b), 
and in previous reports (Breuer et al. 2012; Pancha et al. 2014; 
Jerez et al. 2016). However, overall lipid productivity could 
be a more relevant indicator of culture performance. Here we 
show that lipid productivity was significantly enhanced in the 

cells incubated with the highest  NaHCO3 level when compared 
with the controls and nutrient-starved samples (Fig. 1c). This 
is due to the significantly greater biomass and therefore lipid 
productivity reached with the highest carbon dosages, even 
though their lipid content was somehow lower than the value 
measured for ND cells (Fig. 1b).

Moreover, the fact that the increased lipid productivity 
remained constant between D6 and D12 might result con-
venient from a process design perspective, since it would 
facilitate the operation of a continuous process for lipid-
rich biomass production and its subsequent transforma-
tion, rather than designing a two-stage system consisting 
of a cell growth phase, followed by a nutritional stress and 
lipid accumulation stage (Biller et al. 2015). Furthermore, 
it might help to improve systems such as the in situ milking 
proposed by some researchers (Hejazi and Wijffels 2004; 
Kleinert and Griehl 2020), where the basic concept relies 
on the continuous solvent-based lipid extraction, omitting 
the cellular disruption step.

Botryococcus braunii is also known for its capacity to 
produce and excrete polysaccharides originated from the 
internal fibrillar layer that play a crucial role as an adhe-
sive matrix for colony formation and protection (Giraldo 

Fig. 5  Exploration of the 
GPLs and SLs distribution by 
calculating the  log2 transformed 
lipid abundance ratios at (a) day 
6 and (b) day 12 showing the 
most representative variations 
with respect to the control. The 
lipid species are identified by 
the abbreviation of the lipid 
class, followed by C:N, where 
C is the total number of carbons 
in acyl chains and N is the total 
number of double bonds, which 
in some cases also includes 
a number in round brackets 
that indicate the isomers. ND, 
nitrogen-deprived medium; PD, 
phosphate-deprived medium; 
PC, phosphatidylcholine; PG, 
phosphatidylglycerol; GPLs, 
phospholipids; PS, phosphati-
dylserine; SLs, sulfolipids; 
SQDG, sulfoquinovosyldiacyl-
glycerol

-5 0 5

PC-36:1

PC-36:2

PC-36:3

PC-36:4

Log2 (Treatment/Contol)

NaHCO3_0.1

NaHCO3_1

NaHCO3_2

ND

PD

-10 -5 0 5 10

PC-36:1
PC-36:2
PC-36:3
PC-36:4
PC-38:0
PC-38:2
PC-38:3
PC-40:1
PC-40:2
PG-34:1
PG-34:2
PG-34:3
PG-34:4
PS-38:0
PS-40:1
PS-40:2
PS-40:3

SQDG-32:0
SQDG-34:1
SQDG-34:2
SQDG-34:3
SQDG-36:2

Log2 (Treatment/Contol)

a b



Journal of Applied Phycology (2021) 33:2875–2896  

1 3

2887

Calderón et al., 2018). These polysaccharides have been 
investigated for their wide range of applications in material 
science and microbiology (Navarro Gallón et al. 2019). In 
this study, we observed that ND and PD cultures had more 
similar amounts of in-CHOs compared to those in 1 and 2% 
 NaHCO3 supplemented cultures, which might imply that this 
specific strain is prone to re-route the assimilated carbon 
towards more reduced and energetically dense molecules 
such as the lipids under certain nutritional scenarios. Some 
authors have suggested that CHOs production and excre-
tion are associated with growth, while the highest yields are 
obtained at the final stages of the active growth, but also dur-
ing the stationary and decline phases due to nutrient deple-
tion (Blifernez-Klassen et al. 2018), as in the case of the 
control and PD cultures of our study (Fig. 1e). However, it 
is important to consider that the metabolic phenotypes are 
highly variable across B. braunii races, even for the same 
strain (Eroglu et al. 2011; Jin et al. 2016).

Some of the cultures underwent a substantial decrease in 
the Chl a content among the two sampling points (Fig. 1f). 
In the case of the cultures amended with  NaHCO3, this situ-
ation may have occurred due to a lower prevalence of light 
harvesting complexes associated with reduced requirements 
for passive non-photochemical energy dissipation upon high 
carbon availability (Pessarakli 2016). The results revealed 
that the  YNO was lower (P < 0.05) (Fig. 2c) and the  YNPQ 
higher (P < 0.05) (Fig. 2e) for 2%  NaHCO3 cells compared 
to the controls at most irradiance values, and even more 
compared to the culture with 0.1%  NaHCO3. Similarly, the 
N-starved cultures displayed a significant decrease in Chl a 
content between D6 and D12 (Fig. 1f) following a common 
trend found in the literature (Zhila et al. 2005; Jerez et al. 
2016). This reduction could be related to the fact that the Chl 
a is a N-rich molecule that could be degraded under N scar-
city for recycling purposes, and its biosynthesis is also prone 
to be downregulated under such conditions (Hockin et al. 
2012). In this regard, a proteomic analysis of Thalassiosira 
pseudonana (CCMP 1335) revealed that N deficiency condi-
tions resulted in a 1.5- to 2.5-fold decrease of the expression 
levels of five proteins involved in chlorophyll biosynthesis 
(Hockin et al. 2012).

The P-starved cultures were the less sensitive in terms 
of chlorophyll production (Fig. 1f) since the Chl a content 
remained unaltered in PD cultures throughout the course of 
the experiment. A similar result was found by (Kamalana-
than et al. 2016) with Chlamydomonas reinhardtii.

Photosynthesis performance

Fv/Fm is considered as an indicator parameter of the level of 
photosynthetic stress and photoinhibition (Malapascua et al. 
2014). During the first days of incubation, Fv/Fm remained 
similar across most of the tested conditions with values 

close to 0.7 (Fig. 1i); this indicates that B. braunii was not 
undergoing a metabolic pressure that significantly affected 
its capacity to perform photosynthesis during the first stages 
of growth. Nevertheless, the lower Fv/Fm value measured for 
the 0.1%  NaHCO3 culture indicates that a limited carbon 
availability impairs the metabolic fitness. This may be attrib-
uted to the overproduction of reductive power that cannot be 
rapidly channeled to carbon fixation due to the low intracel-
lular  CO2 level. This overreduction could be detrimental for 
the reaction centers at the PSII and could provoke a decline 
in its photochemical quantum yield (Pessarakli 2016). In 
contrast, at D12, Fv/Fm remained high for the controls, while 
the values for the remainder of the conditions were dimin-
ished (0.487–0.585) (P < 0.001), probably due to the reduc-
tion in the cellular chlorophyll content (Fig. 1f), adding to 
the nutrient shortage effect in ND and PD cultures (Jerez 
et al. 2016).

Aiming to assess the influence of the different condi-
tions over the irradiance tolerance and adaptation capac-
ity, RLC were constructed to relate a series of irradiance 
levels and the derived rETR (Fig. 1j, k). At D6, the highest 
rETR were recorded for 2%  NaHCO3, which were also the 
cells with the fastest growth rate. Higher carbon availability 
could lead to increased electron consumption rates due to 
the prevalence of carboxylation reaction over oxygenation 
performed by RuBisCO, decreasing the energy losses by 
non-photochemical energy dissipation and favoring the pho-
tochemical conversion (Pessarakli 2016). A similar outcome 
with a green algae was reported by Vadlamani et al. (2019), 
as these authors found that elevated  NaHCO3 concentrations 
benefit the biomass productivity and the photosynthetic per-
formance of Chlorella sorokiniana. Furthermore, it has been 
reported that the response to bicarbonate is strain-specific, 
and the enhancement of the photosynthetic metabolism 
occurs only under certain concentration thresholds (Yeh 
et al. 2010; White et al. 2012).

Interestingly, the cultures exposed to nutrient limi-
tation (i.e., ND and PD) exhibited relatively high pho-
tosynthesis production values either at D6 and D12, 
and ND cultures displayed only a slight decay at D12, 
although it remained even higher than the rETR of the 
control (Fig. 1j, k). The ND cultures also suffered a dras-
tic decline of the Chl a content (Fig. 1f), which might 
lead to smaller light-harvesting complexes (LHCs) and 
consequently reduced cellular light absorption capacity 
(Zhao et al. 2017; Giraldo et al. 2021). Accordingly, we 
hypothesize that this reduction in the light harvested per 
cell may diminish the inhibitory effects of high irradiance 
and alleviate at some extent the pressure over the reaction 
centers at the PSII (Maxwell et al. 1995; Neidhardt et al. 
1998). This was supported by the decrease in the  Y(NPQ) 
(Fig. 2e) at the expense of an increase in the  Y(II) (Fig. 2a) 
that resulted in higher rETR values (Zhao et al. 2017). 
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However, from a different perspective, the energy parti-
tion factor between the PSII and PSI would have suffered 
changes due to possible alterations in the LHCs struc-
ture, triggered by the reduction in Chl a content (Baker 
2008; Hogewoning et al. 2012). In such scenario and tak-
ing into account the changes in the cellular light absorp-
tion properties, the electron transfer rate values should 
be more accurately expressed as the absolute ETR, which 
is estimated based on the absorptance and partition fac-
tor measurements (Malapascua et al. 2014); however, the 
determination of these parameters was beyond the scope 
of the present study.

In the case of PD cultures, the photosynthetic production 
was not significantly affected either at D6 or D12 (Fig. 1j, 
k). This outcome, together with the unaltered Chl a content 
(Fig. 1f), could be explained by the fact that P is not as 
essential as N for chlorophyll biosynthesis (Kamalanathan 
et al. 2015). Additionally, scarcity of extracellular P is not 
detrimental for the photosynthetic apparatus (Kamalana-
than et al. 2016), probably due to the rapid accumulation 
of intracellular reservoirs of polyphosphate bodies prior 
the transfer of the cells to the P-free medium (Powell et al. 
2009). Furthermore, the elevated lipid accumulation in PD 
cultures compared to the control would have stimulated the 
reductive power demand from the electron transport chain, 
causing the augmented  Y(II) that accounted for the higher 
rETR values (Fig. 1j–k).

Despite the differences found in the rETR values, which 
reflect the photosynthetic productivity, the overall response 
in terms of irradiance tolerance and inhibition was simi-
lar among all the tested conditions. The saturation point 
ranged between 200 and 300 µmol photons  m−2  s−1, and 
above 400 µmol photons  m−2  s−1 the decline in the rETR 
values denoted the photoinhibition region (Fig.  1j, k). 
Interestingly, Yoshimura et al. (2013) found a relationship 
between the irradiance and the temperature that affects the 
specific growth rate in B. braunii var Showa. In that case, the 
authors found that at 20 °C, the growth is somewhat inhib-
ited with irradiance levels above 350 µmol photons  m−2  s−1. 
Conversely, in a different study, the photosynthesis in B. 
braunii became saturated at 1000 µmol photons  m−2  s−1 of 
red light (Sakamoto et al. 2012). Nonetheless, the different 
wavelengths used in each study can partially account the 
discrepancies.

The quenching analysis revealed that the different nutri-
tional contexts evaluated for B. braunii cells had a signifi-
cant impact on the dissipation and use of light energy. The 
cellular response (i.e., high  YII and low  YNO; Fig. 2a, c, 
respectively) under the highest  NaHCO3 concentration 
could be a consequence of a combined effect between an 
enhanced capacity to use the reducing power through the 
carbon fixation pathway, pulling electrons from the electron 
transport chain, and a concomitant maintenance of a stable 

intra-thylakoidal pH gradient that keeps the  YNPQ (Fig. 2e) 
similar among the groups (Malapascua et al. 2014). At D12 
in contrast, the  YNO (Fig. 2c) surpassed significantly the  YII 
(Fig. 2a) and  YNPQ (Fig. 2e) in the culture with the lowest 
 NaHCO3 concentration, showing the photosynthetic impair-
ment derived from the unavailability of carbon as the main 
electron sink.

The N deprivation showed to have an important impact 
not only on the carbon distribution into the different bio-
mass components but also on the energy partitioning. At 
D6, the prevalence of  YII (Fig. 2b) over  YNPQ (Fig. 2f) in ND 
cultures compared to the controls suggests that such nutri-
tional context favors the photochemical conversion of the 
absorbed energy and reduces the need for active photopro-
tective mechanisms. This outcome led us to hypothesize that 
a higher reductive power demand in the form of NADPH 
to sustain the elevated rates of lipid biosynthesis (Fig. 1b) 
may be pulling the absorbed energy into the electron trans-
port chain, rather than dissipating the exitonic energy as 
heat or fluorescence. Alternatively, Figueroa et al. (2021) 
reported that the green alga Ulva rigida, exhibited higher 
ETR values under low nitrogen (5 µM nitrate) and carbon 
(380 ppm  CO2) conditions compared to low nitrogen and 
high carbon (700 ppm  CO2) conditions. This was explained 
due to the disturbance in the dynamics of the NADPH and 
ATP production for carbon assimilation and the changes 
in the C:N ratio derived from the N reallocation inside the 
cells. At D12, the drastic reduction of Chl a level, along with 
the prolonged N starvation, led to the stimulation of active 
photoprotection mechanisms expressed as  YNPQ (Fig. 2f) 
that resulted in the decline of the contribution of the  YII 
(Fig. 2b).

On the other hand, P starvation showed a substantial 
impact on the distribution among the passive and active 
energy dissipation mechanisms. During the first days of 
incubation, the contribution of the active photoprotective 
mechanisms (i.e., xanthophyll cycle) was more active than 
the passive dissipation of the energy surplus as heat (i.e., 
 YNO) (Fig. 2d). Accordingly, P-deprived B. braunii cells 
could preferentially activate the energy-mediated photo-
protection systems (Cui et al. 2017). The increase in  YNPQ 
(Fig. 2f) could serve as a mechanism to cope with the light-
induced stress and the accumulated proton motive force 
derived from the substrate-dependent limitation in the phos-
phorylation reactions and the limited carbon fixation rate, as 
similarly reported by (Wykoff et al. 1998). A comparative 
proteomic analysis performed with Karlodinium veneficum 
revealed a significant metabolic remodeling response under 
P starvation (Cui et al. 2017). These authors indicated that 
some of the most P-consuming processes (e.g., cell prolifera-
tion) were downregulated, while some energy-producing/
consuming metabolic pathways remained active or were 
even upregulated such as glycolysis, tricarboxylic acid cycle, 
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and lipids metabolism. Additionally, the level of expres-
sion of several LHC-related proteins was increased upon 
P-deprivation, which explains the conservation of the pho-
tosynthetic activity observed under such conditions. Even 
though our results are consistent with those shown in the 
cited reports, the specific mechanism governing the energy 
distribution and its relationship with the lipid metabolism 
is a complex process which remains largely at the level of 
speculation for B. braunii and is open to be further experi-
mentally explored.

Effects of nitrogen deprivation in B. braunii 
lipidome

N-deprivation of microalgae triggers membrane lipid turno-
ver and breakdown (Li et al. 2012; Simionato et al. 2013; 
Martin et al. 2014; Han et al. 2017; Kokabi et al. 2020) 
and de novo synthesis of fatty acids (FA) (Li et al. 2012; 
Kokabi et al. 2020), to supply precursors for TAG assembly. 
Lipid turnover and degradation under N deprivation is cen-
tral to keep membrane homeostasis under stress, especially 
in chloroplasts, thus explaining the increase of DGDG to 
MGDG ratio, which corresponds to the major chloroplast 
lipids (Kobayashi 2016). This is in agreement with our 
observations of a major abundance of DGDG compared to 
MGDG species (Fig. 4b, c), and with results published by 
other authors (Li et al. 2014; Han et al. 2017; White et al. 
2019; Kokabi et al. 2020).

MGDG reduction under nutrient limitation is consistent 
with its role as the major thylakoid constituent and its func-
tion in the photosynthetic pigment-protein complexes (White 
et al. 2019). Therefore, the loss of cellular viability following 
N-deprivation could be avoided by blocking photosynthetic 
electron transport or redirecting the exitonic energy through 
non-photochemical dissipation routes (Fig. 2f), relieving a 
detrimental overreduction of the photosynthetic electron 
transport chain (Li et al. 2012). Hence, membrane lipids 
recycling into TAGs may represent a protective mechanism 
to minimize the destruction of the thylakoid and chloroplast 
envelope membranes (Han et al. 2017). DGDG increase, on 
the other hand, suggests a physiological adaptive response 
to nutrient stress for the functional and structural stabiliza-
tion of the chloroplast (Han et al. 2017; White et al. 2019).

As mentioned earlier, the total lipid content of ND 
B. braunii cells was higher than in the control samples 
(Fig. 1b). After examining the lipidome, we noticed an 
augmented abundance ratio in most DAGs (Fig. 3c, d). The 
increased DAG accumulation may take place through sev-
eral mechanisms reported in microalgae subjected to nutrient 
limitation: (i) acylation of de novo synthesized FAs (Li et al. 
2012; Martin et al. 2014), (ii) or acylation of FAs recycled 
from membrane lipids which are liberated through the activ-
ity of acyl hydrolases (Sung Ho Cho and Thompson 1986; Li 

et al. 2012; Martin et al. 2014), into the glycerol backbone to 
produce glycerolipids such as DAG; or (iii) glycolipid- (Li 
et al. 2012) and GPL-derived DAG (Martin et al. 2014), that 
results from the removal of the polar head of these mem-
brane lipids. The lipidome analysis also showed that around 
93% and 87% of the TAGs identified were accumulated in 
D6 and D12 samples, respectively (Fig. 4d). TAG species 
with low degree of unsaturation (e.g., TAG-48:0/-48:2/-
50:0/-50:1/-52:1/-52:2/-54:2/-56:2/-58:1) are proposed to be 
the result of de novo synthesis pathways (Simionato et al. 
2013; Li et al. 2014); nevertheless, they could also result 
from FA recycling (Simionato et al. 2013; Li et al. 2014). 
The increased abundance of highly unsaturated TAGs (e.g., 
TAG-50:4/-50:5/-50:6/-52:4/52:5/-52:6/-52:7/-52:8/-52:9) 
leads us to hypothesize that they may result from membrane-
derived polyunsaturated FA, in agreement with the reduction 
in glycolipid abundance (Fig. 4b, c), which may be indica-
tive of membrane derived-FA recycling into TAGs (Li et al. 
2012, 2014; Kokabi et al. 2020).

With respect to membrane lipids, we identified sev-
eral GPLs in B. braunii ND cells, namely PC, PG, and PS 
(Fig. 5a, b), detected mostly in D12 samples. The PG and 
PS abundance ratio was reduced, while the opposite was 
encountered for PC. These results share some similarities 
and differences with those published by other authors. For 
instance, Martin et al. (2014) reported a decrease in total 
GPLs (e.g., PE, PC, PS, PI) content of around 70% and 33% 
for Chlorella sp., and Nannochloropsis sp., respectively, 
with the exception of PG that experienced an increased in 
both microalgae. Li et al., (2014) conducted a study with 
Nannochloropsis sp., reporting the depletion of PC, PI, and 
PG, concurrent with the accumulation of TAG. White et al., 
(2019) in a study with Chlorella sp., recorded a reduction 
for several GPL classes (e.g., PE, PC, and PG). From our 
results, it is not possible to explain the preferential accu-
mulation of PCs over the other GPLs identified, such as 
the non-nitrogen containing PG. In P-deprived microalgae 
cells, there are reports of PC and DGDG increase, which 
may suggest the re-assembly of DGDG from PC, hypoth-
esizing that PC may transiently increase under P depriva-
tion for its reuse in DGDG biosynthesis (Jouhet et al. 2003; 
Kokabi et al. 2020). In ND B. braunii cells at D12, we 
found increased abundance for 71% and 73% of the identi-
fied DGTSs (Fig. 4a) and DGDGs (Fig. 4b) respectively, as 
well as the global increase of neutral lipids (DAG, TAG; 
Figs. 3d and 4d, respectively). However, the occurrence of 
a similar mechanism that may explain the concomitant PC, 
DGTS, DGDG, and neutral lipids accumulation that may 
point towards a possible redirection of PC-derived interme-
diates to structural and neutral lipids biosynthesis, requires 
further studies to be confirmed. In respect to the structural 
lipid DGTS, we found an increase taking place for a relevant 
number of species not only in PD at D6 but also in ND 
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cells at D6 and D12 (Fig. 4a), contrary to reports of over-
all DGTS reduction in nutrient-limited microalgae cultures 
(Han et al. 2017; White et al. 2019). In addition, given the 
increased abundance of PC species found under N depriva-
tion (Fig. 5b), we did not find a clear pattern of PC substitu-
tion with DGTS under the conditions evaluated in this study, 
as reported by other authors (Sato 1992; Harwood 2006).

A final aspect that worth highlighting is related to the 
preservation of membrane homeostasis. The increase of the 
DGDG/MGDG ratio is a common observation made in sev-
eral studies of microalgae subjected to conditions were N 
deprivation/limitation is the stressor agent (Lu et al. 2013; 
Abida et al. 2015); however, there is also evidence that other 
lipid remodeling responses can take place in microalgae 
coping with the same stressor. The studies performed with 
N-deprived Ettlia oleoabundans (Matich et al. 2018) and C. 
reinhardtii (Siaut et al. 2011), showed that a global reduction 
of chloroplast lipids (MGDG, DGDG, and SQDG), besides 
PG can occur concomitantly with TAGs accumulation. In the 
study performed with Chlorella sp., and Nannochloropsis sp. 
(Martin et al. 2014), a reduction of MGDGs and DGDGs was 
also reported, but SQDGs underwent a significant reduction 
in Chlorella sp., while in Nannochloropsis sp., the decrease 
was less drastic, and in both cases the PG content increased. 
Similar results with Nannochloropsis sp. were obtained by 
Li et al. (2014) in respect to MGDG, DGDG, and SQDG 
reduction, alongside the drop of PG content. Finally, in Chla-
mydomonas nivalis (Lu et al. 2013), the increased DGDG/
MGDG ratio was accompanied by a reduction of SQDG and 
a concomitant increase of PG. The above examples show 
that it is not possible to make a generalization regarding 
the remodeling responses of membrane lipids exhibited by 
microalgal cells under stress conditions. In our study with 
B. braunii, we observed a reduced abundance for MGDGs 
at the early and late stages of growth (Fig. 4c), with a con-
comitant increase in the abundance of over 60% of the iden-
tified DGDGs (Fig. 4b), which is in agreement with some 
of the studies aforementioned. However, the proper devel-
opment of the chloroplasts and the functioning of the pho-
tosynthetic machinery requires an adequate balance among 
several lipid classes (Wada and Mizusawa 2009; Martin et al. 
2014). Hence, the lipid remodeling responses under stress 
conditions not only involve galactolipids, but also other lipid 
classes, such as PG and sulfolipids, that despite not being 
comparatively as abundant as galactolipids, their importance 
should not be overlooked. From our data, it is not possible 
to infer all the mechanisms deployed by N-deprived B. brau-
nii cells to maintain membrane homeostasis, especially in 
chloroplasts, given the observed PG and MGDG reduction. 
There is evidence that PG deficiency may be at least par-
tially compensated by the anionic lipid SQDG, (Abida et al. 
2015; White et al. 2019), which is not the case in ND B. 
braunii cells (Fig. 5b), or by the not charged lipid DGDG 

(Abida et al. 2015), that appears as the most likely possibil-
ity according to the abundance ratio calculations (Fig. 4b). 
The differences in the results of membrane lipid remodeling 
in this and other published studies may suggest a species-
specific response to stress and may be indicative that in B. 
braunii the shunting of carbon flux from the membrane lipids 
to TAG biosynthesis occurred mainly by glycolipids (i.e., 
MGDG) and to a lesser extent by betaine lipids rather than 
GPLs degradation. Further research is necessary to unveil 
the mechanism of lipid membrane homeostasis in B. braunii 
under stress conditions.

In addition to the mentioned mechanisms for boosting 
glycerolipids accumulation, other existing macromolecules 
could also be degraded (i.e., CHOs and proteins) into lipid 
biosynthesis precursors (Li et al. 2010, 2011). In our study, 
the significant reduction of in- and ex-CHOs in ND cells 
(Fig. 1d, e), especially at D12, might point towards a shift of 
carbon partitioning into neutral lipids as primary carbon and 
energy storage product, at the expense of CHOs.

Effects of phosphate deprivation in B. braunii 
lipidome

P is a critical nutrient in all domains of life (Dyhrman 2016). 
The effects of P deprivation have been widely studied in 
microalgae and cyanobacteria (Martin et al. 2011; Cañavate 
et al. 2017; Matich et al. 2018; Kokabi et al. 2020). The 
effect of P deprivation in boosting cellular lipid accumula-
tion has rendered contradictory results in microalgae. There 
are reports of minor changes (Cañavate et al. 2017; Matich 
et al. 2018) or even reduction (Cañavate et al. 2017), while 
there are other cases where an increased lipid content is 
observed (Kamalanathan et al. 2015; Cañavate et al. 2017). 
In our study, we found that P deprivation triggers B. brau-
nii lipid accumulation only at early stages of growth, since 
a longer exposure to this stress condition has the opposite 
effect, causing a significant reduction of the total lipid con-
tent (Fig. 1b). Several remodeling events took place in the 
lipidome of PD B. braunii cells compared to the control 
samples. The abundance/reduction ratios of DAG (Fig. 3c, 
d), DGTS (Fig. 4a), and DGDG (Fig. 4b) species were not 
just influenced by the absence of P in the medium, but also 
by the time of exposure to this stress, since the abundance 
pattern changed drastically in the two time points evaluated. 
On the contrary, the response was more consistent for the 
structural glycolipid, MGDG (Fig. 4c), since we noticed 
a global reduction of MGDG at early (D6) and late (D12) 
stages of culture.

TAG accumulation under P stress has been reported in a 
number of studies (Rodolfi et al. 2009; Abida et al. 2015). 
In B. braunii cells, TAGs were predominantly built up at the 
early stage of growth (Fig. 4d) as reported for other micro-
algae upon short-term exposure to P deprivation (Mühlroth 
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et al., 2017). However, after prolonged PD stress, TAG accu-
mulation seemed to slow down, with a significant number 
of TAGs being degraded. Considering the abundance ratio 
trend, we determined that at D6, the higher abundance of 
DAGs and TAGs, and to some extent several polar lipids 
(i.e., DGDG and DGTS), were responsible for the increase 
in total lipid content. At D12, the reduction of a number of 
GPLs, galactolipids, DGTS, and TAGs, may account for the 
reduced total lipid content.

Meanwhile, our results of GPLs and SQDG reduction 
upon exposure of cells to prolonged P deprivation (Fig. 5a, 
b), differed to some extent from the work published by other 
authors. In cyanobacteria and eukaryotic algae, it is reported 
that the P-rich PG can be substituted by other non-P-con-
taining lipids (i.e., SQDG, DGDG), while the extraplastidial 
PC can be replaced by taxonomically specific betaine lipids 
(Abida et al. 2015; Mühlroth et al. 2017). In our case, we 
noticed increase in DGTS at the early stage of growth (D6) 
(Fig. 4a); while at later stages, both SQDG (Fig. 5b) and 
DGTS species were reduced. These findings are also par-
tially opposed to schemes of GPLs recycling proposed for 
other microalgae, where GPLs are broken down to glycerol-
3-phophate, FAs, and DAG, and the products are used to 
synthesize mainly DGTS and SQDG in exponential growth 
and, later, for the synthesis of TAGs and galactolipids in 
stationary growth (Mühlroth et al. 2017). In our study, we 
could hypothesize that in B. braunii cells, GPLs degradation 
products may be preferentially directed to TAG biosynthesis, 
but only at late stages of growth (Fig. 5b), since GPLs deg-
radation was negligible at D6 (Fig. 5a). This might coincide 
with the need to mobilize GPL-bounded P, possibly acting 
as secondary P storage upon cell exposure to prolonged P 
deprivation. On the other hand, the overall trend of MGDG 
degradation found in B. braunii samples (Fig. 4c) leads us 
to suggest that this galactolipid class may be recycled into 
neutral lipids (i.e., DAG and TAG) at D6 (Figs. 3c and 4d) 
and D12 (Fig. 4d), and may act as a precursor for other struc-
tural lipids (i.e., DGTS, DGDG) at early stages of growth 
(Fig. 4a, b).

The above findings indicate that at early stages of growth, 
B. braunii probably had availability of intracellular P that 
might have been stored before the cells were transferred to 
the P-deprived medium (Casadevall et al. 1985), and was suf-
ficient to sustain cellular metabolism and growth at a similar 
rate to B. braunii cells under P-replete conditions (Fig. 1a). 
However, upon exposure to prolonged P-deprivation, the P 
levels may become critically low with a subsequent arrest 
of growth and a reduced lipid content. It is well documented 
that algae are capable of absorbing P in amounts largely 
exceeding cell requirements, and such P surplus is stored as 
pholyphosphate granules (Dyhrman 2016), that constitute a 
reservoir to sustain cell growth in a P-free medium. These 
results indicate that B. braunii may be capable of storing 

P surplus, which nevertheless was not sufficient to sustain 
growth and lipid production under conditions of prolonged 
P deprivation.

The GPLs decrease following P depletion found across 
microalgae and observed in the present study is compatible 
with a role for GPLs as P storage compounds (Dyhrman 
2016; Cañavate et al. 2017), and constitutes one of several 
mechanisms exhibited by microalgae for maintaining P 
homeostasis. However, the magnitude of this role seems to 
be highly variable as it depends on the total microalgal GPL 
content, which is susceptible to turnover under the influence 
of P availability (Cañavate et al. 2017). In species with an 
intrinsically low GPL content, it is very unlikely that GPLs 
are involved in P stock regulation, as may be the case of B. 
braunii, giving the low number of GPLs detected compared 
to other structural lipids. This finding provides evidence that 
a true physiological exchange between betaine lipids and 
GPL cannot always be assumed (Cañavate et al. 2017). It 
is suggested that betaine lipids might play a more diversi-
fied role than GPL in microalgal lipid metabolism and that 
betaine lipids replacing GPLs in P-scarce environments can-
not be regarded as a common phenomenon (Cañavate et al. 
2017).

Lipidome remodeling of B. braunii cells grown 
under high carbon dosage

B. braunii cells cultivated under different  NaHCO3 regimes 
displayed a group of lipids whose abundance was increased 
or decreased concomitantly with the  NaHCO3 concentration 
(Figs. 3c, d and 4a–d). The accumulation of structural lipids 
(i.e., DGTS, DGDG, MGDG) was particularly enhanced at 
early stages of growth (Fig. 4a–c), particularly for 1 and 2% 
 NaHCO3 samples, in contrast to the condition-dependent 
reductions observed under nutrient (i.e., N and P) depriva-
tion. In studies performed with N-deprived C. reinhardtii, it 
was suggested that DGTS remodeling occurs in a temporal 
manner in response to overall cell density and environmental 
conditions (Yang et al. 2015). We observed an increased 
abundance of the structural lipids in particular for 1 and 2% 
 NaHCO3 cells, which corresponded to the conditions where 
the highest biomass productivities were reached (Fig. 1a). 
Thus, it is expected that cells with the highest division rates 
require larger amounts of structural lipids, whose synthesis 
was enhanced, especially at the earliest time point. It was 
also remarkable to note the differential profile of nutrient 
consumption from the medium, where we observed that in 
cells grown on medium with 0.1%  NaHCO3, the depletion 
of P from the medium occurred faster (Fig. 1h), which may 
trigger a similar response to P-deprived cells, as we also 
noticed a similar pattern of DGDG and MGDG degradation 
at D6 and D12 (Fig. 4b, c), as well as DGTS reduction at 
D12 (Fig. 4a).
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The total lipid content was increased compared to the 
control samples, and despite it was slightly lower than the 
N-deprived treatment, we did not observe a substantial 
reduction of TAGs at the later stage of growth (Fig. 4d). It 
is interesting to note that when high carbon dosages are sup-
plied to B. braunii in the form of  NaHCO3, the neutral lipids 
fraction (i.e., DAG, and TAG) is enriched compared to the 
control samples; and unlike the N-starved cells, accumula-
tion of TAGs occurred at later stages of growth with minimal 
degradation (Fig. 4d). DAG species were preferentially accu-
mulated at the early stage of growth (D6) (Fig. 3c), since 
samples taken at D12 showed a reduction of the abundance 
ratios for a substantial number of DAGs (Fig. 3d). Whether 
this may be the result of a reduced rate of DAGs synthesis 
or a higher flux towards the reactions of fatty acyl assembly 
to produce glycerolipids, or both, requires further research 
to be determined. Another question that remains open is the 
origin of the precursors for TAG formation at later stages 
of growth, since DAG accumulation seems to slow-down 
compared to the control samples, while a concomitant reduc-
tion was also appreciated for the structural lipids, DGTS, 
and galactolipids, which may point to a mechanism of lipid 
recycling into TAGs. However, further research is necessary 
to elucidate the contribution of the de novo synthesis and 
lipid remodeling routes to neutral lipid accumulation in B. 
braunii cells cultivated under a high carbon dosage regime. 
The effect of a larger TAG accumulation was more evident 
in the medium with 1% and 2%  NaHCO3, which underline 
the importance of keeping a proper C/N ratio to sustain high 
biomass and lipid yield.

After taking a close look at the TAGs that were accumu-
lated at the early (D6) and late stages of growth (D12), we did 
not identify a pattern that might be indicative of the prefer-
ential accumulation of a specific group of TAGs, since over 
70% of the accumulated species were common to all samples. 
On the other hand, after comparing the TAGs distributions of 
samples taken at the same sampling points, of cells grown on 
 NaHCO3 and the N-deprived cultures, we identified a group 
of TAGs whose abundance ratios were increased exclusively 
at the early and the late stage of growth, which corresponded 
mostly to polyunsaturated species (Fig. 4d). The question 
remains as to what can be attributed this common feature, since 
the extracellular medium of cells cultivated with  NaHCO3 still 
contained considerable amounts of nutrients (i.e., P and N), 
especially in 1 and 2%  NaHCO3 samples (Fig. 1g, h). Thus, 
a nutrient deficiency response at least for these two elements 
does not seem to be a likely explanation. On the other hand, the 
increase of these TAGs occurred on samples taken at specific 
days, and therefore the possibility remains that the change in 
the profile of these TAGs may be related to the stage of growth 
of the culture and to some extent may also be associated with 
lipid remodeling events, given the condition-specific reduc-
tions observed for some polyunsaturated species of chloroplast 

lipids, as well as GPLs, betaine lipids, and DAGs. Further 
research will be required to have an in-depth understanding of 
the physiological mechanisms behind these changes.

The use of  NaHCO3 has been evaluated in different 
algae, with interesting results in terms of larger biomass 
and/or lipid accumulation (Pimolrat et  al. 2010; Gard-
ner et al. 2013). In B. braunii, there are but a few reports 
about the use of  NaHCO3 as carbon source and its effect on 
growth and total lipid content (Tanoi et al. 2011; Wei-Bao 
Kong 2012; Salbitani et al. 2019), and a detailed analysis 
about the lipid composition and the impact of this carbon 
source on other determinants of growth and productivity 
was lacking.

Conclusions

Botryococcus braunii displayed differential responses 
upon diverse nutrient scenarios, especially when it comes 
to carbon distribution and overall productivity. Our results 
revealed that under high inorganic carbon dosages, the bio-
mass and lipid productivity can be substantially boosted 
due to the enhanced photosynthetic rates. Accordingly, 
there might be place for further productivity improvements 
via optimization of light configuration by on-demand irra-
diance tuning. Moreover, the lipidomic analysis showed 
that the plasticity of lipid metabolism upon diverse nutri-
tional contexts makes nutrient tinkering another way to 
induce desirable biochemical traits (i.e., enrichment of 
neutral lipid fraction), to improve biomass suitability for 
further bioenergy valorization.
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