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Abstract The diatom Phaeodactylum tricornutum produces
large quantities of lipids, especially triacylglycerols (TAGs)
under nitrogen or phosphorus limitation. In this study, pro-
duction of lipids and TAGs during this process was compared
under conditions with different inputs of inorganic carbon.
With an abundant supply of inorganic carbon, considerable
accumulation of biomass, lipids, and TAGs was identified
after a nitrogen/phosphorus-limiting “induction incubation.”
TAGs were still synthesized and accumulated even under
inorganic carbon limitation with a cessation in the production
of biomass and cellular lipids. This part of accumulated TAGs
could be synthesized through recycling and transformation of
other lipids such as glycolipids and phospholipids.
Additionally, some alterations in the fatty acid profile follow-
ing TAG accumulation were found. The content of the C16:0
fatty acid increased with decreases in C16:3 and C20:5, which
could have been caused by enzymatic selectivity for these
fatty acids during the process of TAG synthesis. It was con-
cluded that nitrogen and phosphorus metabolism regulates the
synthesis of TAG, while carbon metabolism promotes it by
providing sufficient substrates.
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Introduction

Microalgae are a readily available feedstock for potential sus-
tainable and clean biofuel production due to great advantages,

such as high potential oil yield, reduced emissions of CO2,
value-added co-products or by-products, tolerance for adverse
conditions unsuitable for conventional agriculture, etc. (Chisti
2007; Schenk et al. 2008). Since the US Aquatic Species
Program was initiated in 1978 (Sheehan et al. 1998), many
oleaginous microalgae species have been identified and their
lipid productivities have been investigated. It has also been
found that cultivation conditions have a great influence on the
accumulation of microalgal lipids, especially neutral lipids. So,
it is necessary to identify the possible biochemical triggers and
environmental factors that might favor the accumulation of oil
with less influence on microalgae growth rates (Chisti 2007).

Limitation of nutrients, especially inorganic nitrogen and
phosphorus, has been shown to be able to promote the
accumulation of cellular lipids in numerous species or strains
of various algal taxa, such as Nannochloropsis (Yamaberi
et al. 1998; Takagi et al. 2000; Rodolfi et al. 2009), Chlorella
(Illman et al. 2000), Scenedesmus (Dean et al. 2010; Xin
et al. 2010), Phaeodactylum (Qian and Borowitzka 1993),
etc. During the process of triacylglycerol (TAG) accumula-
tion, cellular composition changes take place, for example,
the chlorophyll content decreases, phospholipids and glyco-
lipids are hydrolyzed, photosynthetic membranes are de-
graded, and oil droplets are formed in microalgal cells (Liu
and Lin 2001; Solovchenko et al. 2009).

During photoautotrophic cultivation, CO2 may be the
only carbon resource for microalgae. The presence of high
levels of CO2 by aeration has been shown to promote the
production of biomass and lipids in microalgal cells (Chiu
et al. 2009; Tang et al. 2011). This means that carbon and
nitrogen/phosphorus metabolism have different effects on
lipid metabolism. In Dunaliella viridis, lipid metabolism
was found to be much more sensitive to nitrogen limitation
when cells were cultured under higher CO2 (1 %) than under
atmospheric CO2 levels (Gordillo et al. 1998); however, it is
still unknown whether these nutrient depletions can induce
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modifications in the cellular lipid content and composition
under carbon limitation. So it is necessary to understand the
correlation effect of carbon supply and nutrient depletion on
accumulation of microalgal lipids and TAGs.

Gardner et al. (2012) proposed that pH and bicarbonate
could be coupled with nitrogen depletion to “trigger” TAG
accumulation. And atmosphere air was bubbled instead of 5%
CO2 to provide carbon limitation. However, the atmosphere
still has a relatively low content of CO2. So in this study, pure
nitrogen gas was aerated into the culture to break-off the
carbon input from air and achieve incubation under carbon
limitation. And the induction incubation of Phaeodactylum
tricornutumCCMP632was achieved in sea water without any
addition of nitrogen and phosphorus. Changes in biomass,
lipid contents, lipid composition, and fatty acid profiles with
different carbon supply levels were investigated after the
induction incubation, to understand the dependence of TAG
accumulation on carbon supply.

Materials and methods

Phaeodactylum tricornutum CCMP632, gifted by Dr.
Hanhua Hu of the Institute of Hydrobiology, Chinese
Academy of Sciences, was used in this study and sustained
in f/2 medium (Guillard and Ryther 1962; Guillard 1975). It
was kept at 25±1 °C and illuminated at about 30 μmol
photons m−2 s−1 by upper fluorescent lamps. Sea water was
prepared by dissolution of 30 g sea salt in 1 L ddH2O and then
filtered by 0.45μm combined cellulose membrane.

Induction incubations

The inocula for induction incubation were prepared by cul-
tivation in aerated 3-L conical flasks with a work volume of
1.5 L. The filtered air was continuously bubbled into 2f
medium, which had four times additions of nutrients into
sea water as regular f/2. For induction incubations, cells from
logarithmic growth were harvested by centrifugation,
washed three times, and suspended in artificial sea water
without any addition of nutrients. The induction incubation
was performed in glass columns (30 mm diameter; 28 cm
long) with a working volume of 100 mL. The inoculating
density was about 0.7–0.8 g L−1. The “carbon limitation”
and “carbon sufficiency” conditions were achieved by con-
tinuously bubbling at about 0.1 vvmwith either high-pure N2

or a 2 % CO2 gas (mixture of N2 and CO2). For the in-
cubations with different inorganic carbon, 0, 4, 8, 20, and
40 mM NaHCO3 were added. The pure N2 gas was bubbled
continuously. All of the incubations were kept at 25±1 °C,
and an irradiance of about 75 μmol photons m−2 s−1 provided
by fluorescent lamps.

Quantifications of biomass and cell lipid content Membrane
filters were washed repeatedly in distilled water and dried to
constant weight at 105 °C for subsequent use. Cells from
1 mL of the cultures were harvested by vacuum filtration and
weighed on a Mettler XS105 dual-range analytical balance.
The biomass content was calculated from the cell dry weight
divided by the filtered culture volume.

The content of total lipids was determined according to
Ben Amotz and Tornabene (1985). After the culture of about
100 mL was centrifuged and washed with ddH2O, the pellet
was lyophilized and weighed as Wc. Then the biomass was
extracted with chloroform/methanol/1 %NaCl (2/2/1, v/v/v).
Finally, the chloroform layer was collected, evaporated un-
der N2, dried in a vacuum drying oven, and then weighed as
Wl. The cell lipid content was calculated as Wl/Wc.

Elemental analysis The cells were harvested and washed in
ddH2O by centrifugation, before lyophilizing. Then at least
3 mg of dry sample was weighed and then analyzed using a
Vario EL Cube III.

Lipid composition analysis The thin-layer chromatography
(TLC) fractionation method of cellular lipids was as follows.
Lipid samples were dissolved in chloroform to a concentration
of 10 mg mL−1, and aliquots were spotted onto a silica gel
plate (20 cm×10 cm). Two developing solvents were utilized
successively; benzene/chloroform/methanol (150:60:2, v/v/v)
and benzene/hexane (50:50, v/v). After the developing steps,
the plate was oven-dried at 70 °C for 2–3 min before it was
stained in an air-proof cylinder with iodine.

Quantification was done using a TLC-flame ionization detec-
tion (FID) chromatography system (Iatron Laboratories, Japan)
(Chen et al. 2012; Fedosov et al. 2011). Samples were dissolved
in chloroform and then spotted onto Chromarod S-III silica-
coated quartz rods. The rods were developed in a solvent system
of chloroform/acetic acid/methanol (150:60:2:17.7, v/v/v) for the
first migration to 7 cm, followed by benzene/hexane (50:50, v/v)
for the second migration to 10 cm. The rods were oven-dried at
70 °C for 1 min before they were scanned in the Iatroscan
analyzer operated at a flow rate of 160 mL min−1 for hydrogen
and 2 L min−1 for air.

A sample of combined lipids was prepared from the mix-
ture of four pure standards (mono-, di-, and triglyceride mix,
1787-1AMP Supelco; FAME Mix C8-C24, 18918-1AMP
Supelco; mixture of sterol ester/TAG/free sterol, 10D07,
Mitsubishi Chemical Analytech; soybean phosphatidylcho-
line, TL002301, Sinopharm Chemical Reagent Co).

Component separations of TAGs and PLs The 1–1.5 mg of
the total lipids was loaded onto a silica plate (20×10 cm).
After the TLC fractionation, the seperated bands of TAGs
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and PLs were each scraped into a tube. Then the components
were eluted from the silica by a mixture of methanol and
chloroform (2:1). At last, the samples were dried at 60 °C
under N2.

Fatty acid analysis Preparation of methyl esters was as
described by Bigogno et al. (2002). About 1 mg of lipid
sample, 50 μg methyl nonadecanoate (74208-1G, Fluka) as
internal standard, and 2.5 mL of 2 % H2SO4 in methanol
were added into a 10-mL glass vial. This was kept at 85 °C
for 2.5 h with shaking every 30 min. After cooling the vial to
room temperature, 1 mL saturated NaCl solution and 1 mL
heptane were added with shaking for 2 min. Finally, the
supernatant after centrifuging was collected as the sample
of methyl esters. For fatty acid profiling, the sample of
methyl esters was analyzed by GC-MS on a Thermofisher
Ultra-GC gas chromatograph coupled with a Thermofisher
ITQ-1100 ion trap mass selective detector as described by
Guan et al. (2011).

Statistical analysis All experiments were done with dupli-
cate samples and repeated at least once. In the figures, tables,
and text, the mean values and the range are shown. The P
value was calculated using SPSS software. All tests with a
P<0.05 were classified as having significant difference.

Results

Inhibited production of biomass and lipids under carbon
limitation.

As shown in Fig. 1, after the nitrogen/phosphorus-limiting
induction incubation, the biomass increased from 0.8±0.01 to
1.48±0.04 g L−1, and the cell increased from 34.5±1.50 to
48.01±1.01 % under carbon sufficiency while under carbon

limitation; none of these obvious changes were identified.
Therefore, during nitrogen/phosphorus depletion, sustained
cell growth and accumulation of cell lipids appeared to rely
totally on the fixation of external inorganic carbon in P.
tricornutum CCMP632.

The main elemental composition in the biomass was also
analyzed. As shown in Table 1, the contents of carbon (C%)
and nitrogen (N%) in the inocula were, respectively,
36.50±0.53 % and 3.73±0.12 %. After incubation under
carbon sufficiency, C% was significantly elevated to
54.37±8.12 %, and N% decreased to 2.44±0.39 %, while
under carbon limitation, none of these alterations were iden-
tified. The carbon to nitrogen ratio (C/N) was 10.53, a little
higher than 9.79 of the inocula but significantly lower than
22.30 following aeration with 2 % CO2. Under these condi-
tions, the uptake and fixation of external inorganic carbon
were effectively inhibited.

Triacylglycerol production under carbon limitation

Under nitrogen/phosphorus stress, microalgae will not only
increase their cell lipid content but also modify their lipid
composition; thus, lipid samples were also analyzed by
TLC. As shown in Fig. 2, there was a small amount of

Fig. 1 Biomass densities and
total lipid contents in cells before
and after incubations under
carbon limitation and
sufficiency. Data are presented
as means from duplicate
samples ± range

Table 1 The composition of carbon (C) and nitrogen (N) in biomass
before and after incubations under carbon limitation and sufficiency

C% (g g−1) N% (g g−1) C/N ratio

Before incubations 36.50±0.53 3.73±0.12 9.79±0.16

Incubation under carbon
limitation

36.68±1.32 3.48±0.13 10.53±0.01

Incubation under carbon
sufficiency

54.37±8.12 2.44±0.39 22.30±0.49

Data are means of duplicate samples ± range
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TAG but a large amount of polar lipids (PLs) in the extracted
lipids before incubation. After both incubations, an obvious
band of TAGs was seen, although under carbon limitation,
less was produced than under carbon sufficiency. Only under
carbon sufficiency was an obvious decrease in the PL com-
ponent found.

To quantify these changes in lipid composition, TLC-FID
was utilized. As shown in Fig. 3a, the standards could be
effectively separated. As shown in Fig. 3b, c and d, cellular
lipids of P. tricornutum could be classified into four catego-
ries based on different separation sequences, i.e., hydrocarbon
and sterol esters (HC and SE), TAGs, diacylglycerols (DAGs),
and PLs. The total lipid contents were reflected by the peak

areas (Table 2). After incubation under carbon limitation and
sufficiency, the TAG contents in total lipids were, respectively,
11.10±3.57 % and 63.11±1.85 %, both of which were signif-
icantly higher than the 0.76±0.00% of the inoculum. The same
change could also be seen by the increased ratio of TAGs to
PLs (TAGs/PLs). Therefore, under inorganic limitation, there is
reduced but obvious TAG production after induction incuba-
tion, which might come from the transformation of other lipid
components.

The production of lipids and TAGs with different inputs
of inorganic carbon were also compared (Fig. 4). Nitrogen
gas was also used for agitation and to block CO2 uptake from
the air. As shown in Fig. 4, the TAG/PL ratio increased with

Fig. 2 Qualitative comparative analysis of TAGs and PLs based TLC
chromatography “Pre”, “Limitation”, and “Sufficiency” were respec-
tively from the samples before and after incubations under carbon
limitation and sufficiency in one set of experiment “Pre”, “0”, “4”,

“8”, “20,” and “40” were respectively from the samples before and
after incubations with carbon additions of 0, 4, 8, 20, and 40 mM TAG,
triacylglycerols; PLs, polar lipids

Fig. 3 Chromatograms of TLC-FID analysis. (a) Mixture of lipid stan-
dards (SE: sterol ester; FAME: fatty acid methyl ester; TAG:
triacylglycerol; FS: free sterol; DAG1: 1,3-diacylglycerol; DAG2: 1,2-

diacylglycerol; MAG: monoacylglycerol; PC: phosphatidylcholine); be-
fore (b) and after incubations under carbon limitation (c) and sufficiency
(d)
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an increasing input of inorganic carbon, leading to increased
production of TAG, although 40 mM inorganic carbon did
not further promote TAG production compared with 20 mM,
and levels above 8 mM of inorganic carbon led to significant
production of cellular lipids. Thus, inorganic carbon limita-
tion can sustain the synthesis and accumulation of TAGs but
stops lipid production under induction incubation.

Changes in the fatty acid composition

Among the fatty acids, the 16 carbon fatty acids (C16) were the
largest component, under the three conditions (Fig. 5a). Next
were the two of C20, C18, and C14 fatty acids in descending
order. After incubation under carbon sufficiency, the five of
C16 increased significantly, while C20 decreased from
23.56±3.33 to 8.02±0.48 %. Under carbon limitation, all of
these changes were weakened or stopped. Correspondingly,
C14 and C18 showed small changes after incubation, but it
was surprising that, under carbon limitation, C14 increased
from 6.77±0.84 to 10.20±0.29 %, although under carbon
sufficiency, it decreased to 4.55±0.56 %.

Among the 16 carbon fatty acids, the fatty acids C16:0,
C16:1, and C16:3 comprised the majority, but the changes after
incubation were diverse. As shown in Fig. 5b, after incubation
under carbon sufficiency, C16:0 increased from 17.86±2.51 to
42.55±1.39 %, while C16:3 decreased from 13.04±2.40 to
1.19±0.08%. Even under carbon depletion, P. tricornutum still
showed these minimal changes. Relatively, C16:1 showed
decreased and increased proportions under carbon limitation

and sufficiency, respectively. Among the 18 carbon fatty acids,
C18:1 tended to accumulate, but C18:0 was decreased.

Most of these changes in the fatty acid composition were
also verified by the results shown in Table 3. With increasing
additions of inorganic carbon, the proportion of C16:0 and
C18:1 increased, while C16:3 and C20:5 decreased. After
incubation without carbon addition, the content of C14:0
was also elevated from 7.00 to 10.78 %, but with increasing
addition of inorganic carbon, it gradually declined to 5.48 %.
Thus, after induction incubation, P. tricornutum tended to
accumulate some specific fatty acids but degraded or
transformed some others along with TAG accumulation.

Fatty acid profiles in TAGs and PLs

The separate components of TAGs and PLs to be assessed by
TLC were scraped from the silica plate, eluted, and utilized
for fatty acid analysis. After induction incubation, there were
no obvious changes identified in the fatty acid profile in
either TAGs or PLs, but the selectivity of TAGs regarding
the fatty acid chain was identified. As shown in Fig. 6, in the
fatty acid chains of TAGs, only C14:0, C16:0, C16:1, C18:0,
and C18:1 were identified, the proportions of which were,
respectively, 5.50±1.96, 53.22±2.31, 6.13±0.95, 27.05±3.07,
and 8.09±0.75 %; in comparison, C16:0 in the PLs was
40.07±1.51 %, significantly lower than in the TAGs. C16:3
and C20:5 both existed in PLs with proportions of 2.27±0.70
and 4.27±1.77 %, respectively. Thus, with the synthesis of

Table 2 Lipid composition before and after incubations under carbon limitation and sufficiency

Percentage in lipids (%) HC and SEa TAGsa DAGsa PLsa TAG/PLsb

Before incubations 14.17±7.47 0.76±0.00 0.39±0.39 83.57±8.58 0.001

Incubation under carbon limitation 8.83±0.17 11.10±3.57 1.09±0.16 78.99±3.58 0.14

Incubation under carbon sufficiency 2.86±0.32 63.11±1.85 0.00±0.00 34.03±1.53 1.85

a Data are means of duplicate samples±range
b Data are presented from calculated values of averages (TAGs divided by PLs)

Fig. 4 Production of lipid and
triacylglycerols with changing
ratio of TAGs to PLs before and
after incubations with carbon
additions of 0, 4, 8, 20, and
40 mM. Data are means from
duplicate samples ± range
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TAGs, the accumulation of C16:0 and the reduction in C16:3
and C20:5 in cellular lipids could be understood.

Discussion

External inorganic carbon is the most important element that
influences the steady growth of microalgae. After induction
incubation with nitrogen/phosphorus limitation, P. tricornutum
CCMP632 still sustained cellular growth coupled with the
production of lipids. However, under carbon limitation, these
changes were totally inhibited, as shown in Fig. 1. It also has
been reported that Nannochloropsis sp. can still maintain slow
growth and rapid lipid accumulation under nitrogen depletion
(Yamaberi et al. 1998). A loss of TAG accumulation was once
identified due to TAG consumption under ambient aeration

(Gardner et al. 2012). In the present study, N2 gas instead of
air was combined with CO2, so the limited supply of O2

probably inhibited respiration, which probably led to about an
85 % increase in biomass. About 86.8 mg L−1 of lipids, on
average, were synthesized de novo after 5 days of incubation.
Therefore, in P. tricornutum CCMP632, lipid accumulation
caused by depletion of nitrogen or phosphorus mainly comes
from the fixation of external inorganic carbon and de novo
synthesis, instead of carbon recycling and conversion from
other metabolites.

Even under carbon limitation, there was still minimal but
significant TAG accumulation identified after induction in-
cubation in P. tricornutum. After incubation, the levels of
newly synthesized TAG under carbon limitation and suffi-
ciency were, respectively, 30.64 and 448.33 mg L−1. After
incubation with carbon addition of 0 and 40 mM, these levels

Fig. 5 The fatty acid profiles in
total lipids before and after
incubations under carbon
limitation and sufficiency. a The
percentage of 14, 16, 18, and 20
carbon fatty acid in total; b the
percentage of fatty acids with the
carbon length and double bonds
of C16:0, C16:1, C16:3, C18:0,
and C18:1 in total. Data are
means of duplicate
samples ± range

Table 3 Fatty acid profiles in total lipids before and after incubations with carbon additions of 0, 4, 8, 20, and 40 mM

% C14:0 C16:0 C16:1 C16:2 C16:3 C18:0 C18:1 C18:2 C20:5 Others

Inocula 7.00 18.53 28.38 3.65 8.89 3.51 2.94 1.00 20.00 6.09

0 mM 10.78 29.53 25.90 2.29 5.52 3.87 4.32 1.84 14.21 1.75

4 mM 8.62 32.56 24.45 1.82 3.85 3.63 11.15 1.46 10.91 1.55

8 mM 8.99 34.95 27.25 1.40 2.72 3.24 8.18 1.42 10.60 1.26

20 mM 6.90 37.96 29.77 0.98 2.02 2.95 9.06 1.33 8.15 0.87

40 mM 5.48 38.03 33.22 0.80 1.68 2.75 8.66 1.01 6.88 1.51

All data are one group values from repeated tests

136 J Appl Phycol (2014) 26:131–139



were, respectively, 52.94 and 218.28 mg L−1. In Scenedesmus
sp. and P. tricornutum, minimal accumulation of TAGs under
low carbon has also been found (Gardner et al. 2012). The
synthesis of cellular TAGs is a process in which three fatty acyls
are incorporated one by one into a glycerol skeleton (Wang et al.
2002). The fatty acyls can come from de novo synthesis or
through fixation of inorganic carbon, and the fatty acyls
existing in other cellular lipids also can be reutilized.
Phospholipids and galactolipids are the main components of
polar lipids inP. tricornutum (Alonso et al. 2000) and they can
be hydrolyzed by phospholipase and galactolipase, respective-
ly (Lion et al. 2006), to release fatty acids and the glycerol
skeleton for subsequent synthesis of TAGs. Takagi et al.
(2000) proposed that nitrogen limitation activates acyl hydro-
lase, which can degrade glycolipids, stimulate the hydrolysis
of phospholipids, and activate diacylglycerol acyltransferase,
which converts fatty acyl-CoA into TAGs.

In Chlamydomonas reinhardtii, a phospholipid/diacyl-
glycerol acyltransferase can catalyze TAG synthesis via two
pathways: transacylation of diacylglycerol (DAG) with acyl
groups from phospholipids and galactolipids and DAG/DAG
transacylation (Yoon et al. 2012). A galactoglycerolipid lipase
has also been shown to be required for TAG accumulation
following nitrogen deprivation in C. reinhardtii (Li et al. 2012).
So, inP. tricornutumCCMP632, thesemechanismswere all able
to function to initiate the synthesis of TAGs independently of de
novo synthesis of fatty acids. The degradation of the membrane
lipid can also be caused by the formation of reactive oxygen
species (ROS). But, in this study, the O2 supply was limited,
which decreased the probability of ROS formation. This may
explain why obvious TAG accumulation under carbon limitation
was not followed by obvious degradation of PLs, as the results
show in Fig. 2.While under carbon sufficiency, the production of
O2 by photosynthesis would promote this process.

With TAG accumulation, the fatty acid profile was also
changed in P. tricornutum. C16:0 accumulated, while C16:3
and C20:5 were degraded or transformed. So, the chain

length and saturation of double bonds could both be adjusted,
although under carbon limitation, these processes were
inhibited. Fatty acid elongase and desaturase are thought to
influence and control these processes in cells. Some genes
encoding these enzymes have been identified and cloned in
some microalgae (Meyer et al. 2004; Petrie et al. 2010). In
addition, the proportion of C14:0 was found to be decreased
after incubation under carbon sufficiency, while it accumulat-
ed under carbon limitation. In the psychrophilic bacterium
Micrococcus cryophilus, it was found that C14 could be an
intermediate of interconversion between C16 and C18 fatty
acids to control phospholipid acyl chain length (Sandercock
and Russell 1980). It may be possible that C14:0 could func-
tion as a precursor for synthesizing C16:0 fatty acids. So, with
TAG accumulation, other fatty acids such as C20:5 can be
oxidized to C14:0, but carbon limitation stops elongation.

Enzyme specificity is also thought to be a factor in the
regulation of fatty acid chain length (Greenspan et al. 1970;
Millar and Kunst 1997). As shown in Fig. 6, TAGs chose
more C16:0 as their side chain than PLs, and more C16:3 and
C20:5 accumulated in PLs. Thus, the directed alteration of
fatty acid profiles may be caused by TAG synthesis and its
related enzymes. Under nitrogen and phosphorus limitation,
P. tricornutum tended to accumulate TAGs in cells, which
could cause a series of changes.

Goldman and Graham (1981) showed that the main influ-
ence of inorganic carbon limitation appears to be not on the
chemical structure of the biomass but rather on cell size;
higher steady-state growth rates lead to bigger cells, although
an abundant supply of CO2 was shown to be favorable for
TAG accumulation. However, even with continuous aeration
with 5 % CO2, TAGs only started to accumulate at the late
stage of cultivation when nitrogen had been depleted (Gardner
et al. 2012). Therefore, nitrogen or phosphorus metabolism
regulates the synthesis of TAG, while carbon metabolism
promotes it by providing enough substrates. There should be
a regulating mechanism controlling this process.

Fig. 6 Fatty acid profiles in
triacylglycerols and polar lipids.
Data are means of duplicate
samples ± range
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