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Abstract Diatoms are considered to have great potential as
new biofuel sources because they can effectively accumulate
triacylglycerols (TAGs). Detailed structure information of
TAG in diatoms is much needed not only for the assessment
of biofuel quality such as fatty acid chain length and
unsaturation degree but also for the tracing of biosynthetic
precursors because the biosynthesis of TAG is typically com-
pleted by utilizing the diacylglycerol acyltransferase in the
cytoplasm. In this report, a comprehensive characterization of
TAGs in marine diatoms was performed using ultra perfor-
mance liquid chromatography—electrospray ionization—quad-
rupole time-of-flight mass spectrometry. Many types of major
TAGs were identified for the first time in these diatoms: 12
TAGs in Chaetoceros debilis, 9 TAGs in Phaeodactylum
tricornutum Bohlin, 16 TAGs in Nitzschia closterium f.
minutissima, 16 TAGs in Thalassiosira weissflogii, 13 TAGs
in Thalassiosira sp., 16 TAGs in Stephanodiscus asteaea and
7 TAGs in Skeletonema costatum . Semi-quantification of
TAGs in these diatoms was also carried out, and it was found
that the contents of individual TAGs ranged from 0.5+0.1 to
217.9+48.1 nmol mg " total lipids. In addition, the total lipid
contents in diatoms ranged from 143.6+£16.3 to 201.1+
16.3mg g ' dry microalgae and the total TAG contents ranged
from 36.8+9.5 to 793.2+54.4 nmol mg ' total lipids. By
comparative analysis of the compositions and concentrations
of major TAGs in the seven algal strains, N. closterium f.
minutissima with high abundance of TAGs containing the
most monounsaturated fatty acids (mainly palmitoleic acid)
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was considered as one of the most promising diatom strains
for microalgal biofuel production. Additionally, based on the
information of sn-2 fatty acid obtained (mainly C16 in the sn-
2 position), we propose the hypothesis that TAGs in diatoms
are mainly derived from lipids in chloroplasts through the pro-
karyotic biosynthesis pathway, including monogalactosyldiacyl-
glycerol and digalactosyldiacylglycerol.

Keywords TAG - Marine diatom - UPLC-ESI-Q-TOF-MS -
Biofuel

Introduction

Microalgae are potential new sources of biofuels and bioma-
terials (Hu et al. 2008; Beer et al. 2009). Triacylglycerol
(TAGQG) is the major component of algae-derived oil, which
contains three fatty acid esters with glycerol (Durrett et al.
2008). The chain length and degree of unsaturation of the fatty
acids play an important role in determining the fuel properties.
Generally, monounsaturated fatty acids are the most desirable
choice (Durrett et al. 2008). Besides, the acyl group at the sn-2
position is significant for tracing the biosynthetic precursors of
TAGs and regulating TAG biosynthesis artificially on a cellu-
lar or molecular level. It will be of interest to those who work
in the field of biofuel research. It is therefore important to fully
characterize TAGs from microalgae (MacDougall et al. 2011;
Samburova et al. 2013; Holguin and Schaub 2013).

Previous analysis of TAGs in microalgae primarily focused
on the fatty acid composition, involving the initial separation
of TAGs by thin-layer chromatography or liquid chromatog-
raphy, derivatization and detection by GC/MS (Sushchik et al.
2010; Lepage and Roy 1986). These methods are time-
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consuming and cannot confirm the acyl position in TAGs
(Miao and Wu 2004; Guedes et al. 2010). Mass spectrometry
using a variety of ionization techniques has been applied for
the characterization of TAGs, including electron impact
(Murphy 1993; Demirbuker et al. 1992), chemical ionization
(Evershed et al. 1996; Manninen et al. 1995a, b; Kallio and
Rua 1994), field desorption (Lehmann and Kessler 1983;
Evans et al. 1974), desorption chemical ionization (Laakso
and Kallio 1996), fast atom bombardment (Lamberto and
Saitta 1995; Hori et al. 1994; Evans et al. 1991), thermospray
(Sundin et al. 1992), electrospray ionization (ESI; Duffin et al.
1991) and atmospheric pressure chemical ionization (APCI;
Neff and Byrdwell 1995). Recently, complete structural char-
acterizations of TAGs in some microalgae by matrix-assisted
laser desorption ionization/time-of-flight and ESI linear ion
trap (LTQ-Orbitrap) mass spectrometry are reported
(Danielewicz et al. 2011). However, because no chromato-
graphic separation was used, matrix ion suppression might
cause significant loss of ion signal to those lower content
components in the analysed complex samples (Jessom and
Volmer 2006). In addition, characterization of the lipid frac-
tions in microalgae by multidimensional nuclear magnetic
resonance and ESI-MS techniques has been reported
(MacDougall et al. 2011; Samburova et al. 2013;
Basconcillo et al. 2009; Hiraga et al. 2008). The application
of HPLC/APCI-MS for the analysis of TAGs in a range of
vegetable oils has been reported (Mottram et al. 1997).

Quadrupole time-of-flight mass spectrometry, which has
high mass accuracy (>10,000 resolving power at m/z 1,000),
makes it possible to differentiate the nominally isobaric spe-
cies (Bristow 2006) and has been demonstrated as a superior
tool in the rapid characterization of complex lipids (Xu et al.
2009, 2010; Chen et al. 2008). For assessing the potential of
diatoms for biofuel applications, a comprehensive characteri-
zation and semi-quantification of major TAGs in seven strains
of marine diatoms was performed in this study using ultra
performance liquid chromatography—electrospray ionization—
quadrupole time-of-flight mass spectrometry (UPLC-ESI-Q-
TOF-MS). The results support the potential advantages of
diatoms as biofuel sources.

Materials and methods

The seven marine diatoms—Chaetoceros debilis,
Phaeodactylum tricornutum, Nitzschia closterium f.
minutissima, Thalassiosira weissflogi, Thalassiosira sp.,
Stephanodiscus asteaea, Skeletonema costatum—were obtained
from the Marine Biotechnology Laboratory of Ningbo Univer-
sity, China. Seawater (pH 8.30, 28 %o salinity) for culture was
filtered using cellulose acetate membranes (0.45 pm) and steril-
ized. The algae were grown in /2 medium (Borowitzka 1988) in
2,500-mL conical flasks at 20+2 °C under natural daylight and
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shaken three times every day. Cells were sampled daily for cell
counting with a haemocytometer. Microalgae were harvested at
stationary phase by centrifugation at 5,000 rpm for 15 min and
freeze-dried. All experiments were performed in triplicate and are
reported as the mean+one standard deviation.

Total lipid extraction and standard TAGs

A modified Bligh and Dyer method (Bligh and Dyer 1959) was
used to obtain the total lipid from microalgae. This method had
been used in our other studies (Xu et al. 2009, 2010; Chen et al.
2008). Briefly, 50 mg of freeze-dried microalgae was extracted
with chloroform/methanol/water (1:2:0.8, v/v/v). The extract
was evaporated on a rotary evaporator and the residue stored at
—20 °C. TAG standards (>99 %) including tristearin (18:0—
18:0-18:0)-TAG, trilinolenin (18:3-18:3-18:3)-TAG (n-9,12,
15), trigammalinolenin (18:3—18:3-18:3)-TAG (n-6,9,12), 1-
stearin-2-olein-3-linolein (18:0-18:1-18:2)-TAG, 1,2-
palmitolein-3-olein (16:1-16:1-18:1)-TAG, 1,3-palmitolein-2-
olein (16:1-18:1-16:1)-TAG, 1,3-palmitin-2-olein (16:0-18:1—
16:0)-TAG and triolein (glycerol [3-'>C] (18:1-18:1-18:1)-
TAG were purchased from Larodan (Sweden) and used without
further purification. Standard TAGs were dissolved in
chloroform/methanol (1:4, v/v) at a final concentration of
10 pmol mL™", respectively. Lithium acetate was then added
to this solution to achieve a final [Li]" of 2 mM.

Solid phase extraction

Total lipid sample was dissolved in 500 pL chloroform/
methanol (1:1, v/v) and subjected to solid phase extraction
separation using an LC-Si column containing 500 mg adsor-
bent (Waters), which was primed with methanol. The column
was eluted sequentially with 5 mL hexane/diethylether (4:1, v/
v), 5 mL hexane/diethyl ether (1:1, v/v), 5 mL methanol and
5 mL chloroform/methanol/water (3:5:2, v/v/v; Xu et al.
2009). The fractions of the methanol and chloroform/
methanol/water, which contained the polar lipids, were de-
tached; the fractions of the hexane and diethyl ether, which
contained the neutral lipids, were combined, dried and
dissolved using methanol to give a concentration of
10 ug mL™" for LC-MS analysis. Before using solid phase
extraction for separating the total lipids of the algae samples,
TAG standards were used to verify recovery (>99 %, not
shown).

UPLC condition

Reversed-phase analysis was performed on a Waters
ACQUITY Ultra Performance LC system (UPLC) using an
ACQUITY UPLC BEH C8 analytical column (2.1 100-mm
i.d.; particle size, 1.7 pm). A 1:4 split of the column effluent
was used to achieve a flow rate of approximately 50 pL min "
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into the ESI source. Lithium acetate (0.01 %) was added to the
mobile phase as the electrolyte in order to produce ions that
can be readily fragmented. To obtain efficient separation of the
TAGs, water/acetonitrile (1:2, v/v) was used as mobile phase
A and acetonitrile/isopropyl alcohol/tetrahydrofuran (1:1:1, v/
v/v) as mobile phase B. The initial composition of mobile
phase B was 40 %, which was kept for 5 min, then reached
80 % in 60 min and held for 5 min, returned to the initial 40 %
in 1 min and equilibrated for 6 min. The temperature of the
sample chamber was set at 4 °C; the column temperature was
set at 40 °C and injection volume was 5 pL for each analysis.
Before injection, samples were filtered using a 0.2-um ultra-
filtration membrane (Millipore, USA).

Mass spectrometric condition

Mass spectrometry was performed on a Waters Q-TOF Pre-
mier mass spectrometer operating in the positive ion mode.
The mass range was from 150 to 1,200, with a scan duration of
0.3 s. High-purity nitrogen was used as the nebulizer and
drying gas. The nitrogen drying gas was at a constant flow
rate of 400 L h™' and the source temperature was 120 °C.
TAGs were detected in the positive ion mode. The capillary
voltage was set at 3.0 kV and the sampling cone voltage was
set at 40 V. MS? analysis was performed at a collision energy
of 40 V. The time-of-flight analyser was used in V mode and
tuned for maximum resolution (>10,000 resolving power at
m/z 1,000). The instrument was previously calibrated with
sodium formate and the lock mass spray for precise mass
determination was set by leucine enkephalin at m/z
556.2771 at a concentration 0.2 ng uL ™" in the positive ion
mode.

Semi-quantification

Triolein (glycerol 3-'°C, 18:1-18:1-18:1-TAG) was spiked
(5 nmol mL™") into the samples as the stable isotope internal
standard. When changing the proportion of mobile phase B
(40, 50, 60, 70 and 80 %), different ionization efficiencies of
the TAG standards were obtained (not shown), respectively.
The extracted ion chromatogram of each TAG was obtained
from the low-collision-energy scan (6 V) and the peak area
was integrated. After being calibrated for variable ionization
efficiencies in different proportions of the mobile phases,
semi-quantitative analysis was performed according to the
ratio of the area of each TAG to that of the internal standard.

Data processing

The raw LC-MS data were analysed using MassLynx (v4.1)
software (Waters). Identification of each TAG class and acyl
chain was achieved using tandem mass spectrometry in pos-
itive mode and described in “Results”.

Results
Optimization of chromatographic conditions

To separate the complex TAGs in the samples, several mobile
phases were tested, including different ratios of acetonitrile in
water (phase A) and different ratios of isopropyl alcohol/
tetrahydrofuran in acetonitrile (phase B). Finally, we found
that most TAGs, including some regioisomers of TAGs such
as trilinolenin (18:3-18:3-18:3)-TAG (n-9,12,15)] and
trigammalinolenin (18:3—18:3-18:3)-TAG (n-6,9,12) that dif-
fer only in the position of the double bond, can be well
separated when 2:1 acetonitrile/water (v/v) as phase A and
1:1:1 acetonitrile/isopropyl alcohol/tetrahydrofuran (v/v/v) as
phase B were used. However, positional isomers of TAGs
such as (16:1-18:1-16:1)-TAG and (16:1-16:1-18:1)-TAG
cannot be separated (Fig. 1), consistent with other studies
(Herrera et al. 2010). The [M+Li]" ions of TAGs could be
obtained in the positive mode by adding lithium acetate into
the mobile phase at a final [Li]" concentration of 2 mM.

Identification of the fatty acid composition and position
in TAG standards

The fragmentation mechanism of TAG was studied by
analysing the tandem mass spectra of lithiated adducts of
TAG standards containing three fatty acid substituents. The
positive ion mass spectra of the TAG standards displayed the
precursor ion [M+Li]". The MS/MS spectra of [M+Li]"
showed: [R,CO-18]", [R,CO]", [R,CH=CHCOOH+Li]",
[R,COOH+Li]", [M+Li-R,,COOH-R,CH=CHCOOH]",
[M+Li-R,,COOLi]" and [M+Li-R,,COOH]" (Fig. 2a, b).

The difference between [M+Li]" and [M+Li-R,COOH]"
was utilized to determine the identity of fatty acids in TAGs.
Previous studies suggested that it is the position of the fatty
acid substituent on the glycerol, not the identity of the fatty
acid, that governs the relative abundances of ions [M+Li-
R,,COOH]" and [M+Li-R,COOLi]" (Hsu and Turk 1999).
Meanwhile, other studies suggested that the number of double
bonds and the nature of the metal ions have a major effect on
the relative abundance of TAG product ions (Herrera et al.
2010). In this study, we found that the abundances of [M+Li-
R,;;COOH]" were always stronger than the ion [M-+Li-
R,COOH]" under different collision energies (680 V, not
shown), suggesting that the loss of acyl chain at the sn-1/3
position was easier than the elimination of acyl chain at the sn -
2 of TAG. A similar observation on the ion intensities was
made for lithium salts [M+Li-R,,COOLi]". Therefore, the
positions of the acyl chains of TAGs could be differentiated
readily by ESI-MS/MS in the positive mode, which is consis-
tent with the previous report (Hsu and Turk 1999). However,
the [R,,CO-18]" and [R,CO]" product ions of the (18:0—18:1—
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Fig 1 TIC of the mixture TAG
standards at the low collision
energy of 5 V in the positive mode

Trigammalionlenin[(18:3-18:3-18:3)-TAG] (6,9,12)
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18:2)-TAG (Fig. 2a) molecule did not show a similar trend in
signal intensity to that of the diglyceride product ions.

Identification of positional isomeric TAG standards (ABA,
AAB)

AAB denotes a TAG containing two different fatty acids, A and
B. Positional isomers are written as AAB and ABA (symmetric
regioisomer). The two product ions [M+Li-R;COOH-
R,CH=CHCOOH]" and [M+Li-R;COOH-R,CH=CHCOOH]"
are of approximately equal abundance and are separated by the
difference in the masses of both sn-1/3 fatty acid substituents.
For the positional isomers (16:1-18:1-16:1)-TAG and (16:1—
16:1-18:1)-TAG, the sn-1/3 fatty acids of the ABA isomer
(16:1-18:1-16:1)-TAG are the same. Therefore, the tandem
spectrum contains a single ion at m/z301.28 [M+Li-R;,
3COOH-R,CH=CHCOOH]" (Fig. 3a). For (16:1-16:1-18:1)-
TAG (AAB), a pair of ions with the near abundance occur at
m/z329.31 [M+Li-R;COOH-R,CH=CHCOOH]" and m/z
301.28 [M+Li-R;COOH-R,CH=CHCOOH](Fig. 3b).

Although RP-HPLC typically cannot separate positional
isomers of TAGs (i.e. (16:1-16:1-18:1)-TAG and (16:1-
18:1-16:1)-TAG), in Fig. 1, potentially co-eluting positional
isomeric TAGs could be distinguished based on the fragment
abundances of [M+Li-R;COOH-R,CH=CHCOOH]" and
[M+Li-R3COOH-R,CH=CHCOOH]" at m/z301.28 and
329.31 as the intensity difference between [M+Li-R;COOH-
R,CH=CHCOOH]" and [M+Li-R3;COOH-
R,CH=CHCOOH]" in mixed positional isomers (AAB and
ABA; Fig. 3c) was more obvious than in individual TAG
(AAB; Fig. 3b).
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Identification of TAGs from the lipid extract of diatom
samples

Based on the fragmentation patterns discussed above, many
types of TAGs were identified for the first time in these diatoms,
including 12 TAGs in C. debilis, 9 TAGs in P. tricornutum
Bohlin, 16 TAGs in N. closterium f. minutissima, 16 TAGs in
T weissflogii, 13 TAGs in Thalassiosira sp., 16 TAGs in S.
asteaea and 7 TAGs in S. costatum. The dominating TAG
structure profiles from seven algae strains have been deter-
mined extensively, indicating that the sn-2 position of the
glycerol backbone in TAGs carried mainly C16 fatty acids.
Based on the information of sn-2 fatty acid obtained so forth,
we put forward a hypothesis that TAGs in diatoms are mainly
derived from lipids in chloroplasts through the prokaryotic
biosynthesis pathway, including monogalactosyldiacylglycerol
(MGDG) and digalactosyldiacylglycerol (DGDG; exclusively
C16 in the sn-2 position; Xu et al. 2010; Chen et al. 2008; Yan
etal. 2011). It is generally accepted that TAGs are end products
that do not participate in any known pathway of fatty acid or
lipid metabolism (Khozin-Goldberg et al. 2000). The biosyn-
thetic pathway of TAGs containing C16 fatty acids at position
sn-2 in diatoms needs further verification. One reason may be
that phosphatidylcholine (PtdCho), a proposed intermediate in
lipid trafficking between the endoplasmic reticulum (ER) and
the plastid in cells (Li-Beisson et al. 2010), is absent from the
diatom. The type of acyl group (C16 or C18) present in the sn-2
position of the glycerol backbone is the key distinguishing
feature between lipids assembled by the ER pathway and that
by the plastid pathway. This is thought to be due to the differ-
ence in substrate specificity of acyltransferases at the ER com-
pared to at the plastid envelope. However, it should be noted
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Fig 2 MS? spectrum and
fragmentations of [M+Li] at m/z
891.7 of the TAG standard (18:0—
18:1-18:2): [R,CO-18]",
[R,CO]", [R,CH=CHCOOH+
Li]", [R,COOH+Li]", [M+Li-
R,,COOH-R,CH=CHCOOH]"
(a) and [M+Li-R,,COOLI]", [M+
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Fig 3 Tandem mass spectra of
lithiated adducts of the
positionally isomeric TAG
standards. a Tandem spectrum of
the lithiated adduct of (16:1—
18:1-16:1)-TAG. b Tandem
spectrum of its positional isomer
(16:1-16:1-18:1)-TAG. ¢
Tandem spectrum of the lithiated
adduct of equate mixed (16:1—
18:1-16:1)-TAG and (16:1-16:1—
18:1)-TAG)
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Table 1 Composition and content (average+SD, =3, nmol mg ") of TAGs in the total lipids of seven diatoms

Composition (TAG)

P, tricornutum  C. debilis

N. closterium f. minutissima  T. weissflogii

Thalassiosira sp. S. asteaea  S. costatum

14:0-16:1-14:0
14:0-16:4-16:3
14:0-16:2-16:3
16:3-16:1-14:0
14:0-16:1-16:2
16:1-16:2-14:0
16:1-16:1-14:0
16:0-16:1-14:0
16:3-16:3-16:3
16:3-16:3-16:2
16:3-16:3-16:1
16:1-16:2-16:1
16:1-16:1-16:2
16:1-16:2-16:1
16:0-16:2-16:1
16:1-16:1-16:1
16:0-16:1-16:1
16:0-16:0-16:1
16:0-16:1-16:0
14:0-16:3-20:5
20:5-16:1-14:0
16:1-16:1-18:2
16:1-16:1-18:1
16:1-16:1-18:0
16:0-16:1-18:1
18:0-16:1-16:0
20:5-16:3-16:4
16:3-16:3-20:5
20:5-16:2-16:3
20:5-16:3-16:2
20:5-16:4-16:1
16:1-16:3-20:5
20:5-16:1-16:3
16:2-16:2-20:5
16:1-16:1-20:5
20:5-16:1-16:0
16:1-16:0-20:5
16:1-16:1-20:5
16:3-16:3-22:6
20:5-16:3-18:4
16:1-16:1-22:6
22:6-16:1-16:0
20:5-16:4-20:5
20:5-16:3-20:5
20:5-16:1-20:5
20:5-16:3-22:6
Total TAG (nmol mg ")

234.6+11.1

54.4+7.7

9.3+0.4

7.6x1.0 757114
14.6+0.6 33.14£3.6

1.8+0.6
21.6+0.2 15.7+0.1
57.5+4.0 19.6+1.2
28.0+2.2 9.7£0.9

9.2+0.6

2.540.3

359+4.7

30.5+11.4 2.9+40.0

12.0+4.4 2.6+0.8

25.8+1.6

168.1+£21.6

71.9+£7.2
45.9+3.1

5.1+04
23.9+1.1

11.1£1.3
180.5+8.5

217.9+8.1
86.6+9.0

5.6+0.2

8.5+0.1
27.8+2.2
45.7+1.9

9.0£0.7

42.2+39

6.7+0.4

4.9+0.2

793.2+54.4

1.3+0.2
2.840.1

5.6+0.7
1.8+0.2

0.8+0.1
6.2+0.7

6.1+0.8
9.8+£2.0

19.342.3

52+0.5

5.4+0.1

6.7+0.6

6.1+1.0

3.9+0.1
3.9+0.1

10.6+1.1

95.6+3.3

0.5+0.1

0.8+0.1
0.6+0.1
1.8+0.1

0.5+0.2

2.3+0.1

13.7£1.3

1.7+0.1

5.8+0.3

1.4+0.1

6.1+£0.4
42+0.2

36.849.5

4.7+£0.4

3.6+0.1

23+2.0

11.1£1.7 15.7+1.1

234421 30.7+2.4

22.9+0.7

3.9+03 1.6+0.2

10.9+0.7

11.0£0.8

282433 10.6+2.6
35.3+4.8 3.8+1.0

3.9+0.3

1.2+04
11.4+£2.0
6.6+£0.7 5.7+0.2
16.5+£2.8
1.0£0.2
2003+12.6  70.3+6.2

73R}

undetected or trace levels (<0.1 nmol mg ")
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Table 2 Fatty acid composition (% of total moles of fatty acids) of TAGs from seven marine diatoms

FA (%) P tricornutum C. debilis N. closterium f. minutissima T. weissflogii Thalassiosira sp.  S. asteaea S. costatum
sn-1/3  sn-2  sn-13 sn-2  sn-1/3 sn-2 sn-1/3  sn-2  sn-1/3 sn-2 sn-1/3  sn-2  sn-1/3  sn-2
14:0 2.1 — 25.7 - 52 - 7.0 — 2.5 - 14 - 0.8 -
16:0 14.4 5.7 13.2 35 15.6 3.6 24 - - - 17.6 - 16.3 -
16:1 30.7 18.7 202 29.5 38.6 29.0 6.9 129 6.1 42 12.5 274 35.6 30.6
16:2 - 0.2 - - 1.0 0.7 2.5 0.8 1.7 3.7 - - 1.1 -
16:3 5.1 3.7 - - - - 17.3 197 174 23.9 34 3.1 2.7 -
16:4 - - - - - - - - - - 3.7 27 - -
18:1 - - 14 - 12 - - - - - - - - -
182 - - 14— 04 - - - - - - - - -
20:5 13.4 5.1 29 - 2.0 - 31.2 - 389 - 30.3 - 10.3 2.7
22:6 - - - - 02 - - - - 1.7 0.4 - - -

“~” undetected or trace levels (<0.1 %)

that this class of enzymes has not been studied universally in
microalgae at present (Liu and Benning 2012).

Compared with higher plants, diatom TAGs presented
many unique characteristics in acyl component. In vegetable
oils, palmitic acid (16:0) and stearic acids (18:0) are typically
located at the sn-1/3 positions of TAGs, whilst unsaturated
fatty acids and oleic (18:1) and linoleic acids (18:2) are mostly
found at the sn-2 position; the uncommon fatty acids are often
found at the sn-1/3 position (Zhu et al. 2011). In contrast,
animal oils show different distribution patterns, with the sat-
urated fatty acids (palmitic and stearic acids) at all positions
(Perona and Ruiz-Gutierrez 2004). TAGs of microalgae
presented many similarities in acyl position to that of higher
plants. Microalgae TAGs showed high levels of unsaturated
fatty acids at the sn-2 position, including 16:1, 16:2, 16:3.
Oleic (18:1) and linoleic acids (18:2) are mostly found at the
sn-2 position in TAGs of higher plants (Herrera et al. 2010).
However, C16 acids account for nearly 100 % of the total fatty
acids at the sn-2 position of TAGs in diatoms, which include
mainly palmitoleic 16:1 and unsaturated fatty acids C16:2 and
C16:3 at a minor content. The sn-1/3 fatty acids of TAGs in
microalgae are complex. In addition to C16:0 and C18:0 fatty
acids and some unusual fatty acids, C14:0 and C22:6, there
are many polyunsaturated fatty acids (20:5, 22:6 and 16:4).
The position distribution of fatty acids indicates that the
biosynthetic pathways for TAGs in diatoms may be different
from those of higher plants.

Semi-quantitative analysis of TAGs in the lipid extract

Evidence suggests (Wang et al. 2010) that storage lipid TAGs
are mainly accumulated in the later exponential growth phase
and plateau phase. Hence, semi-quantitative analyses of TAGs
in diatom samples were carried out during this phase. By use of
the modified version of Bligh and Dyer’s method (Bligh and

@ Springer

Dyer 1959), total lipids were extracted from 50 mg dry weight
of the diatom and the content of individual TAGs ranged from
0.5+0.1 to 217.9£8.1 nmol mg " total lipids. In addition, the
total lipid content in the diatoms ranged from 143.6+16.3 to
201.1£16.3 mg g ' dry microalgae, and total TAG contents
ranged from 36.8+9.5 to 793.254.4 nmol mg " total lipids.

Shui et al. (2007) reported that the ion response on ESI-Q-
TOF-MS was linear over the biologically relevant ranges for a
number of different lipids, and they added internal lipid stan-
dards into samples for the semi-quantitative analysis. Xu et al.
(2010) performed a similar semi-quantitative analysis of com-
plex lipid mixtures. In this work, the dynamic range/linearity
of TAG was determined with the concentration of mixed
standards up to 5 nmol mL ™" and showed good linearity. As
the effect of the number of carbon atoms in individual lipid
species on the quantification with one internal standard is
generally not considered in bioactive lipid analysis (Xu et al.
2010; Shui et al. 2007), the results of this paper were also not
corrected for variations in response to acyl chain length,
although the numbers of carbon atoms in individual TAG
species could affect the ionization efficiencies of the corre-
sponding compound (Yang and Han 2011). According to the
study of Herrera et al. (2010), if co-eluting positional isomers
of TAGs be found in samples, the corresponding TAG stan-
dards could be purchased and their calibration curve data
derived from [M+Li]" adducts could be applied to the quan-
tification of the regioisomers.

Thus, the TAGs were semi-quantified in comparison with
the internal standards in this study; the total TAG contents in
seven diatoms are presented in Table 1. Algal biodiesel pro-
duction could be improved significantly by increasing the
yields of TAGs. The content of (16:1-16:1-16:0)-TAG in N.
closterium f. minutissima was 217.9+8.1 nmol mg ' total
lipid, which is the highest TAG content among all diatom
samples. In contrast, the content of (16:1-16:2—16:1)-TAG in
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Thalassiosira sp. was the lowest, with merely 0.5+
0.1 nmol mg ™" total lipids (Table 1). Additionally, (20:5—
16:3-22:6)-TAG was only detected in S. asteaea, indicating
that this kind of particular TAG might be utilized as a bio-
marker of microalgae chemotaxonomy.

Previous studies suggest that the fatty acid profile of TAGs
is an important factor to assess the suitability of microalgae as
a biofuel feedstock. Typical oils from microalgae mainly
consisted of monounsaturated fatty acids such as palmitoleic
(16:1) and oleic (18:1) acids, which exhibit desirable oxida-
tive stability and cold flow properties (Durrett et al. 2008;
Meng et al. 2009). In this study, the isolated TAGs contained
large amounts of C16 fatty acids, up to 56.9-88.5 % of total
fatty acids. These C16 fatty acids consisted of mainly (over
90 %) unsaturated C16 (C16:1 and C16:3), indicating that
diatoms are excellent sources of biofuel. Of the diatoms
investigated, N. closterium f. minutissima was the most prom-
ising microalage for biofuel production based on its high TAG
yield and desirable fatty acid profile compared with the other
species (Table 2).

In conclusion, the acyl chain at the sn-2 position of the
glycerol backbone of TAGs in all the studied diatom species
carried mainly C16 fatty acids, suggesting that diatom TAGs
were mainly derived from photosynthetic lipids in chloro-
plasts because only MGDG and DGDG were biosynthesized
through the “prokaryotic” pathway within the chloroplast with
fatty acid species in the sn-2 position, mainly C16 (Xu et al.
2010; Chen et al. 2008; Yan et al. 2011). Furthermore, the
results highlighted the potential advantages of diatoms in
biofuel production, in which N. closterium f. minutissima
were chosen as the most promising biofuel production organ-
isms based on criteria such as high abundance of TAGs yields
containing palmitoleic acid compared with individual species.
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