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a b s t r a c t

The photosynthetic glycerolipids composition of algae is crucial for structural and physiological aspects.
In this work, a comprehensive characterization of the photosynthetic glycerolipids of the diatom
Stephanodiscus sp. was carried out by ultra performance liquid chromatography–electrospray ionization-
quadrupole-time of flight mass spectrometry (UPLC–ESI-Q-TOF MS). By use of the MSE data collection
mode, the Q-TOF instrument offered a very viable alternative to triple quadrupoles for precursor ion
scanning of photosynthetic glycerolipids and had the advantage of high efficiency, selectivity, sensitivity
and mass accuracy. Characteristic fragment ions were utilized to identify the structures and acyl com-
positions of photosynthetic glycerolipids. Comparing the abundance of fragment ions, it was possible
PLC–ESI-Q-TOF MS
SE mode

to determine the position of the sn-glycerol-bound fatty acyl chains. As a result, four classes of photo-
synthetic glycerolipid in the extract of Stephanodiscus sp. were unambiguously identified, including 16
monogalactosyldiacylglycerols (MGDGs), 9 digalactosyldiacylglycerols (DGDGs), 23 sulfoquinovosyldia-
cylglycerols (SQDGs) and 8 phosphatidylglycerols (PGs). As far as our knowledge, this is the first report
on global identification of photosynthetic glycerolipids, including lipid classes, fatty acyl composition
within lipids and the location of fatty acids in lipids (sn-1 vs. sn-2), in the extract of marine microalgae

irectl
by UPLC–ESI-Q-TOF MS d

. Introduction

The thylakoid membranes of organisms from cyanobacteria
o seed plants, where oxygenic photosynthesis takes place, pos-
ess a characteristic membrane lipid composition. They contain
wo neutral galactolipids: monogalactosyldiacylglycerol (MGDG)
nd digalactosyldiacylglycerol (DGDG) as major components. The
nionic phospholipid phosphatidylglycerol (PG) and the anionic
onphosphorous glycolipid sulfoquinovosyldiacylglycerol (SQDG)

re components that provide the lipid matrix with a negatively
harged lipid–water interface [1]. Photosynthetic glycerolipids
nteract with photosynthetic protein complexes affecting the func-
ion and activity of proteins in the thylakoid membranes in

Abbreviations: ESI, electrospray ionization; MS, mass spectrometry; UPLC–ESI-
-TOF MS, ultra performance liquid chromatography–electrospray ionization-
uadrupole-time of flight mass spectrometry; MGDG, monogalactosyldiacylglyc-
rol; DGDG, digalactosyldiacylglycerol; SQDG, sulfoquinovosyldiacylglycerol; PG,
hosphatidylglycerol; EIC, extracted ion chromatogram; TIC, total ion current chro-
atogram.
∗ Corresponding author at: Ningbo University, Post Box 71, Ningbo 315211, China.
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plants and algae. Furthermore, photosynthetic glycerolipids are
crucial for membrane bilayer stabilization and they also play an
essential role during phosphate limitation in plants and bacteria
by replacing phospholipids and thus facilitating the survival in
phosphate-limited environments [2–10]. The lipid composition of
the photosynthetic glycerolipids also relates to the ability of the
organisms to adapt themselves to extreme environment condi-
tions [11,12]. Moreover, their importance has been recently raised
by the description of their different biological activity, mainly
related to their anti-inflammatory, antitumor-promoting, antial-
gal, hemolytic and antiviral properties [13]. For example, glycol
analogs of ceramides and of PG with anti-thrombotic and anti-
inflammatory activities have been reported in cyanobacteria [14].

For the analysis of photosynthetic glycerolipids, the traditional
methods are time consuming and their major drawbacks are the
large amounts of lipids required; moreover, chromatography meth-
ods often suffer from poor lipid recoveries and changes to the
distribution of molecular species [15]. For example, confirma-

tion of fatty acid distributions within each lipid class requires
removal of TLC spots, extraction into an organic solvent, hydrol-
ysis by lipase, derivatization and analysis of the derivatized fatty
acids by gas chromatography (GC) or gas chromatography cou-
pled to mass spectrometry (GC/MS) [16,17]. Recently, approaches

http://www.sciencedirect.com/science/journal/00032670
http://www.elsevier.com/locate/aca
mailto:xiaojunyan@hotmail.com
dx.doi.org/10.1016/j.aca.2010.01.026
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lution (>10,000 resolving power at m/z 1000). The instrument was
J. Xu et al. / Analytica Ch

ased on electrospray ionization tandem mass spectrometry (ESI-
S/MS) have been developed to comprehensively analyze lipid

omposition in animals, yeast, bacterium and plants [1,16,18–25].
or high-throughput analyses, intact photosynthetic glycerolipids
olecular species were analyzed directly by the infusion of crude

ipid extracts using ESI precursor scan mode, which only required
mall sample amounts and minimal sample preparation [18–20].
he quadrupole-time of flight MS with a high resolution mass accu-
acy (>10,000 resolving power at m/z 1000) makes it possible to
ifferentiate between nominally isobaric species [26,27], and has
een demonstrated as a superior tool to the rapid characterization
f fatty acyl composition of complex lipids [28]. The ESI precursor
can mode based on characteristic product ion detection and neu-
ral loss detection can be employed on Q-TOF mass spectrometers
y use of the data-dependent analysis (DDA). However, DDA results

n both a loss of data in the MS mode when MS/MS data are being
cquired and poor duty cycles, thus making it less than ideal for fast
nalysis and narrow, rapidly eluting, peaks [29]. Some researches
emonstrated that methodology of UPLC coupled with Q-TOF MS
perating in MSE data collection mode, similar to that of the use of
recursor ion or neutral loss scanning on a triple quadrupole instru-
ent, can give both fragment and parent information of lipids in a

ingle chromatographic run [16,30].
In this paper, we sought to develop a methodology of UPLC cou-

led with Q-TOF MS operating in MSE mode for the analyses of
hotosynthetic glycerolipids in a marine diatom Stephanodiscus sp.

n recent years, characterization of few lipid fractions in microal-
ae by multidimensional nuclear magnetic resonance (NMR) and
SI-MS techniques has been reported [31–34], but as far as our
nowledge, this is the first report concerning the global charac-
erization of photosynthetic glycerolipids in marine microalgae,
ncluding lipid classes, fatty acyl composition within lipids and the
ocation of fatty acids in lipids (sn-1 vs. sn-2).

. Experimental

.1. Algal culture and harvest

Stephanodiscus sp. was obtained from the Marine Biotechnol-
gy Laboratory of Ningbo University, China. The seawater for
ulture was sterilized (pH 8.30, salinity 27‰) and enriched with
utrients: 100 mg L−1 KNO3, 10 mg L−1 KH2PO4, 20 mg L−1Na2SiO3,
.25 mg L−1 MnSO4·H2O, 2.50 mg L−1 FeSO4·7H2O, 10 mg L−1 EDTA-
a2, 6 �g L−1 VB1, 0.05 �g L−1 VB12. Cultures were grown in 10 L
ir-lift photobioreactor with aeration of 3 L min−1. Each culture was
repared in triplicate at 25 ◦C with an irradiance of 120 �E m−2 s−1

n continuous light. Cultures were sampled daily for cell counting by
ASY-TT Cell Counter (Innovatis AG) and harvested at plateau phase
y centrifugation at 5000 r min−1 for 15 min and freeze-dried. All
xperiments were performed in triplicate and reported as aver-
ge ± one standard deviation.

.2. Total lipid extraction and standard glycolipids

Microalgae samples (freeze-dried) were extracted with
HCl3/CH3OH/H2O (1:2:0.8, v/v/v) by a modified version of Bligh
nd Dyer method to obtain the total lipid [35], and then they
ere dried in a rotary evaporator, and the residue was stored at
20 ◦C. PG standards (di14:0, di17:0, 16:0-18:1) were obtained

rom the Avanti Polar Lipids, Inc. Glycolipids standards including

GDG, DGDG and SQDG were purchased from Lipid Products, UK.

n order to confirm the relative position of fatty acyl and content
f the glycolipid standards, the sn-2 acyl lysoglycolipids were
ynthesized employing the known enzyme lipase XI (from the
ungus Rhizopus arrhizus) and analyzed by LC–MS [36].
Acta 663 (2010) 60–68 61

2.3. Clean-up of polar and neutral lipids

The residue of lipid fraction (10 mg) was spiked with a cocktail
of standards, dissolved in methanol, which were utilized as internal
standards for different lipid classes. The content of each stan-
dard MGDG (18:3–18:3), DGDG (18:3–16:0), SQDG (16:0–18:2),
PG (16:0–18:1) in the total lipids of Stephanodiscus sp. was
5 nmol mg−1, respectively, and these standards were not observed
in the sample through preliminary experiments. According to
Ref. [37], after dried by nitrogen flow, they were dissolved in
200 �L of chloroform/methanol (2:1, v/v) and subjected to silica
gel column chromatography using LC-Si tubes, 6 mL volume, 1 g
of adsorbent (Supelco) treated with a sequential elution of 5 mL
hexane/diethyl ether (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). The fractions of the hexane and diethyl ether containing
neutral lipids (NL) were discarded; the fractions of the methanol
and chloroform/methanol/water, containing polar lipids (PoL) such
as glycolipids and phospholipids, were combined, dried, dissolved
by methanol to give a concentration of 100 �g mL−1 and used for
LC/MS analysis.

2.4. UPLC conditions

Reversed-phase analysis was performed on a Waters ACQUITY
Ultra Performance LC system (UPLC) using an ACQUITY UPLC BEH
C18 analytical column (i.d.2.1mm × 50 mm, particle size 1.7 �m,
pore size 130 Å), and a 3:7 split of the column effluent was used
to achieve a flow rate of approximately 100 �L min−1 into the ESI
source. 0.001 mM sodium formate and 15 mM formic acid were
added to the mobile phase as electrolyte for ESI positive mode and
15 mM ammonium hydroxide for negative-ion mode. To obtain effi-
cient separation of the lipids, H2O/isopropyl alcohol (95:5, v/v) was
used as mobile phase A and acetonitrile/isopropyl alcohol (95:5,
v/v) as mobile phase B. The composition of mobile phase B was
changed from 50% to 92% in 10 min and kept for 10 min, then
reached 100% in 1 min and held for 5 min. The temperature of sam-
ple manager was set at 4 ◦C and injection volume was 5 �L for each
analysis.

2.5. Mass spectrometric conditions

Mass spectrometry was performed on a Waters Q-TOF Premier
mass spectrometer operating in negative and positive-ion electro-
spray mode. The instrumental parameters were set as follows: mass
range scanned from 200 to 1200 with a scan duration of 0.3 s, high-
purity nitrogen was used as nebulizer and drying gas. The nitrogen
drying gas was at a constant flow rate of 400 L h−1 and the source
temperature was 150 ◦C. MGDG and DGDG were determined in the
positive-ion mode, and simultaneously SQDG and PG were ana-
lyzed in negative-ion mode. For positive mode, the capillary voltage
was set at 3.0 kV; the sampling cone voltage was set at 80 V. For
negative mode, the capillary voltage was set at 2.5 kV and the sam-
pling cone voltage was set at 60 V. MSE analysis was performed
on the mass spectrometer set at 5 V for low collision energy and
ramp of 20–65 V for high collision energy. MS2 analysis was per-
formed on the mass spectrometer set at different collision energy
of 30–80 V according to different kinds of lipids. The time of flight
analyzer was used in V mode and was tuned for maximum reso-
previously calibrated with sodium formate, the lock mass spray for
precise mass determination was set by leucine enkephalin at m/z
556.2771 with concentration 0.5 ng �L−1 in the positive-ion mode,
while the leucine enkephalin at m/z 554.2615 in the negative-ion
mode, which makes the maximum relative error up to 5 ppm.
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.6. Semi-quantification

When changing the proportion of mobile phase B (50%, 60%, 70%,
0%, 90% and 95%), different ionization efficiencies of standards
f different lipid classes were obtained (unshown), respectively.
xtracted ion chromatograms (EICs) of each lipid species were
xtracted from the low collision energy scan (5 V) and were inte-
rated with respect to area, respectively. After being calibrated for
ariable ionization efficiencies in different proportion of mobile
hases and using the area ratio of composition and corresponding

ipid standards, the contents of each composition were identified
y semi-quantitative analysis. The results were not corrected for
ariation in response factor to acyl chain length and unsaturation
ithin a given compound class.

.7. Data processing

The raw data files obtained from LC/MS runs were performed
sing a Waters Micromass MassLynx v 4.1 system. Identification of
ach lipid class and acyl chain was achieved by tandem mass spec-
rometry in both positive and negative-ion modes, and is described
n the following section.

. Results and discussion
.1. Optimization of chromatographic conditions

The mixture of standards containing MGDG (10 �g mL−1), DGDG
10 �g mL−1), SQDG (10 �g mL−1) and PG (10 �g mL−1) was sepa-

ig. 1. (A-1) TIC of the mixture standards at the low collision energy of 5 V in the positive
GDG in the mixture standards from the high collision energy scans (ramp of 20–65 V) i

roduct ion of DGDG in the mixture standards from the high collision energy scans (ram
tandards at the low collision energy of 5 V in the negative mode with MSE technique; (B-2
rom the high collision energy scans (ramp of 20–65 V) in the negative mode with MSE te
tandards from the high collision energy scans (ramp of 20–65 V) in the negative mode w
Acta 663 (2010) 60–68

rated effectively on the BEH C18 column in the UPLC conditions
described in Section 2.4 (Fig. 1A-1 and B-1). Considering the com-
plexity of the mixture of lipids in the sample, several mobile phases
were investigated, such as 5%, 10%, 15%, 20%, 25% and 30% of ace-
tone, methanol, tetrahydrofuran and tert-butyl methyl ether in
water (phase A) or acetonitrile (phase B), respectively. Finally, it
could be found that the lipids had well peak shape and resolution
when using the mobile phase with 5% isopropyl alcohol in water
(phase A) or acetonitrile (phase B).

The [M−H]− and [M+HCOOH−H]− ions of MGDG and DGDG
could be obtained in the negative mode by adding formic acid into
the mobile phase. While the signals of [M+Na]+ ions of MGDG and
DGDG became stronger and were readily generated using formic
sodium as the mobile phase additive. Thus, 0.001 mM sodium for-
mate and 15 mM formic acid were utilized for the analyses of the
MGDG and DGDG in positive mode. In the MS analyses of SQDG
and PG, the abundances of [M−H]− and [M+HCOOH−H]− ions were
reinforced by adding 15 mM ammonium hydroxide in the mobile
phase, while signals of [M+Na]+ and [M+H]+ of SQDG and PG were
weaker even if using sodium formate as the mobile phase additive.
Thus, SQDG and PG were analyzed in negative mode using 15 mM
ammonium hydroxide as the mobile phase additive.

3.2. Identification of four photosynthetic glycerolipid classes
Fragmentation mechanism of photosynthetic glycerolipids was
analyzed by studying the standards mixture of photosynthetic
glycerolipids in tandem mass spectrometry (MS/MS). Positive-ion
ESI-MS/MS spectrum of the MGDG displayed the precursor ion

mode with MSE technique; (A-2) EIC of m/z 243.09 for characteristic product ion of
n the positive mode with MSE technique; (A-3) EIC of m/z 405.14 for characteristic
p of 20–65 V) in the positive mode with MSE technique; (B-1) TIC of the mixture
) EIC of m/z 225.01 for characteristic product ion of SQDG in the mixture standards

chnique; (B-3) EIC of m/z 171.01 for characteristic product ion of PG in the mixture
ith MSE technique;.
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M+Na]+ at m/z 769.49, which produced two abundant fragment
ons [M+Na−RxCOOH]+ by the neutral loss of free fatty acid from the
n-1 (x = 1) or sn-2 position (x = 2) on the glycerol backbone (Fig. 2A).
esides, the product ion [M+Na−Gal]+ at m/z 607.43 was yielded
y elimination of galactosyl moiety from precursor ion [M+Na]+.
sing a slightly higher collision energy (>20 V), [M+Na]+ produced

C9H16O6+Na]+ at m/z 243.09, which was generated from the galac-
osyl head group and could be used as characteristic fragment ion
f MGDG.

The fragmentation pathways of DGDG were very similar to
hose of MGDG. The product ions [M+Na−RxCOOH]+ (x = 1, 2) and
M+Na−Gal−RxCOOH]+ were obtained from precursor ion [M+Na]+

t m/z 931.55 by sequential loss of fatty acid and one galacto-
yl moiety. The fragment ion [C15H26O11+Na]+ at m/z 405.14 was
enerated from the digalactosyl head group and could further
ose another galactosyl moiety to yield product ion at m/z 243.09
C9H16O6+Na]+ (Fig. 2B).

Accordingly, characteristic fragment ion at m/z 243.09 was used
o establish the qualitative research of glycolipids MGDG and DGDG
n the positive mode. However, the peak intensity of the ion at m/z
05.14 of DGDG was stronger than that of the ion at m/z 243.09.
hus, the ion at m/z 405.14 was used as a characteristic ion of DGDG.

Negative-ion ESI-MS2 spectrum of the standard SQDG displayed
he [M−H]− ion at m/z 817.52, which yielded product ion as the
atty carboxylate anions [R COO]−. The fragment ion (represented
x

s [M−RxCOOH−H]−) at m/z 561.27 and 537.27 was generated by
eutral loss of fatty acid from precursor ion. Using moderate col-

ision energy in the negative-ion mode, the [M−H]− ion of SQDG
roduced [C6H9O7S]− at m/z 225.01 (Fig. 2C), which was gener-

ig. 2. (A) MS2 spectrum and fragmentation pathways of the [M+Na]+ at m/z 769.49 of MG
/z 931.55 of DGDG (18:3–16:3); (C) MS2 spectrum and fragmentation pathways of the
athways of the [M−H]− at m/z 747.51 of PG (16:0–18:1).
Acta 663 (2010) 60–68 63

ated from the sulfoquinovosyl head group and could be used for
identification of the structure of SQDG.

The similar fragmentation pattern, with respect to detection of
the fatty carboxylate anions [RxCOO]−, was also observed in the
ESI-MS2 spectrum of PG, as shown in (Fig. 2D). Fragment ions of m/z
227.028 (elimination of a molecular of H2O from glycerophosphate
glycerol, C6H12O7P), 171.01 (glycerol phosphate, C3H8O6P) and
153.00 (elimination of a molecular of H2O from glycerol phosphate,
C3H6O5P) could all be used for PG identification. Based on the pre-
vious report [21], the product ion at m/z 153 was usually employed
on the characterization of phosphatidic acid (PA), phosphatidylser-
ine (PS), phosphatidylinositol (PI), and phosphatidyl-ethanolamine
(PE) (weakly). So the ion at m/z 153.00 was not suitable for the iden-
tification of PG. Moreover, the signal intensity of the fragment ion of
m/z 227.03 of PG was weaker than that of product ion at m/z 171.01.
Thus, the ion m/z 171.01 was available for the characterization of
PG.

The MSE data collection mode is a novel technique whereby
both precursor and fragment mass spectra could be simultaneously
acquired by alternating between high and low collision energy dur-
ing a single chromatographic run [16,30], which offered a viable
alternative to triple quadrupoles for precursor ion scan and could
be used for the analysis of photosynthetic glycerolipids. Specifi-
cally, EIC for characteristic product ion of each individual lipid class
(Fig. 1A-2, A-3, B-2 and B-3) was first extracted, respectively, from

total ion current chromatogram (TIC) of high collision energy scans
(ramp of 20–65 V), then relevant parent ions at the same reten-
tion time of characteristic product ion could be detected in the
TIC of low collision energy scans (5 V) (Fig. 1A-1 and B-1). Thus,

DG (18:3–16:3); (B) MS2 spectrum and fragmentation pathways of the [M+Na]+ at
[M−H]− at m/z 817.52 of SQDG (16:0–18:2); (D) MS2 spectrum and fragmentation
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Fig. 3. MS2 spectrum of the [M−H]− at m/z 665.50 of PG standard (di14:0).

ccording to the exact mass of each lipid from low collision energy
can and the characteristic fragment ion concerning the polar head
roup from high collision energy scan, it was readily to identity the
lasses and element compositions of all lipids. The pseudomolec-
lar ions of individual lipid class can be further characterized by
andem mass spectrometry (MS/MS) through corroborative analy-
es of two fatty acyl groups esterified at the sn-1 and sn-2 positions
eading to definitive molecular species identification.

.3. Identification of the fatty acyl composition and location in
hotosynthetic glycerolipids

The MS/MS experiments of the lipid standards were investi-
ated. As shown in Fig. 2A and B, the mass different between
M+Na]+ and [M+Na−RxCOOH]+ was available for the identifica-
ion of the class of fatty acyl. Besides, under different collision
nergy (5–80 V), the abundances of the ions [M+Na−R1COOH]+ of
GDG and DGDG were always stronger than those of the ions

M+Na−R2COOH]+, respectively, suggested that the loss of acyl
hain linking to sn-1 position of glycerol position was easier than
he elimination of acyl chain connecting to the sn-2 for both MGDG
nd DGDG classes. These results were consistent with previously
stablished the regiochemical distribution of the acyl chains in
alactolipids using the electrospray ionization-quadrupole ion trap
ass spectrometry (ESI-Q-IT-MS) [31]. Thus, the position of the

cyl chains of MGDG and DGDG could be differentiated readily by
SI-MS/MS in the positive mode.

In the (−) ESI/MS2 spectra of the SQDG standard, fatty acyl
omposition could be determined by the fatty carboxylate anions
RxCOO]− obtained from the precursor ion at m/z 817.52 (Fig. 2C).
he peak intensity of [R1COO]− was higher than that of [R2COO]−

nder lower collision energy (30 V). Along with the increasing of
he collision energy changed from 30 V to 65 V, the abundances of
R1COO]− and [R2COO]− were both enhanced, and the ratio of the
R2COO]−/[R1COO]− increased gradually. Hence, according to the
atio of the [R2COO]−/[R1COO]− under different collision energy,
he position of the acyl chains of SQDG could be determined in the
egative-ion MS2 experiment.

In the ESI-MS2 spectrum of PG, the fatty carboxylate anions
RxCOO]− were also observed. The carboxylate fragment ions
R2COO]− are more abundant than sn-1 carboxylate ions [R1COO]−

nder different collision energy (20–60 V) (Fig. 2D), which was con-
istent with the previous report [38]. This phenomenon was similar
o the publication of Ekroos et al., that the phospolipids were ana-
yzed by a modified QSTAR Pulsar quadrupole time of flight mass

pectrometer equipped with a nanoelectrospray ion source [39]. As
he results, this method was developed for distinguishing the fatty
cids linked to different positions of PG molecules.

The Q-TOF MS with high resolution mass accuracy makes the
aximum relative error up to 5 ppm and was possible to differen-
Acta 663 (2010) 60–68

tiate between nominally isobaric species. For example, as shown in
Fig. 3, the spectral peak at m/z 227.20, corresponding to the chem-
ical formula [C14H27O2], was the fatty carboxylate anion derived
from PG; the ion at m/z 227.03, corresponding to the chemical for-
mula [C6H12O7P], was generated from the polar head group of PG
under higher collision energy. Esch et al. described that a mass reso-
lution slightly better than 6000 was more than sufficient to achieve
baseline separation of peaks for the glycero-galactose fragment of
the MGDG head group (m/z 253.09) and the nominally isobaric 16:1
acyl anion (m/z 253.22) [28]. So Q-TOF MS is really a resultful tool
for rapid characterization of fatty acyl composition in glycerolipids.

3.4. Identification of photosynthetic glycerolipids from the extract
of Stephanodiscus sp.

The photosynthetic glycerolipids of Stephanodiscus sp. were ana-
lyzed by UPLC–ESI-Q-TOF MS with MSE technique in negative and
positive-ion modes, respectively. Fig. 4 shows that these lipids
could be separated effectively on the BEH C18 column.

The identification procedures of the photosynthetic glyc-
erolipids of Stephanodiscus sp. were similar to those of lipid
standards. As discussed above, characteristic fragment ions were
available for the characterization of the component and acyl com-
position of photosynthetic glycerolipids in the microalgae. In the
positive mode, the ion at m/z 243.09 was used for MGDG and DGDG
detection, while the ion at m/z 405.14 was helpful for DGDG identi-
fication; the ions at m/z 225.01 and 171.01 were utilized for SQDG
and PG detection in the negative mode, respectively. Considering
that both precursor and product ion could be obtained in the MSE

chromatogram, EIC for characteristic product ion of each individual
lipid class was first extracted, respectively, from the high colli-
sion energy scans (ramp of 20–65 V) (Fig. 4A-2, A-3, B-2 and B-3),
then relevant parent ions at the same retention time of character-
istic product ion could been detected in the low collision energy
scans (5 V) (Fig. 4A-1 and B-1). According to the exact mass of
each lipid from low collision energy scan and the characteristic
fragment ion including the polar head group from high collision
energy scan, it enabled fairly easy identification of the classes and
element compositions of all lipids. Furthermore, fatty acyl compo-
sition of each lipids could be determined by ESI-MS2 analyze and
the position of sn-glycerol-bound fatty acyl chains could be differ-
entiated by comparing the signal intensity of the fragment ions.
Thus, the qualitative analyses of DGDG (16:1–16:0) of the photo-
synthetic glycerolipids of Stephanodiscus sp. were discussed as an
example in detail below. From the EIC of the ion at m/z 405.14, it
could be found that a series of signal peaks were obtained of the
retention times between 5.0 and 14.0 min (Fig. 4A-3). Because of
obvious peak of ion at m/z 405.14 at the retention time 13.77 min
(shown in Fig. 4A-3, D9), this signal peak was proposed as DGDG.
Then a group of ions at m/z 908.63, m/z 913.59, and m/z 929.56 were
obtained in the mass spectra at retention time 13.77 min (Fig. 5A) in
the TIC of low collision energy scan. So the [M+Na]+ ion of the DGDG
was at m/z 913.59 and the element composition was C47H86O15Na.
In the MS/MS experiment of [M+Na]+ ion (Fig. 5B), the mass differ-
ence between precursor ion at m/z 913.59 and fragment ion at m/z
659.36, which was identical to that of fragment ions between m/z
751.54 and 497.32, indicated that the neutral loss of fatty acid was
16:1 and the element composition was C16H30O2. Besides, the mass
difference between precursor ion at m/z 913.59 and fragment ion at
m/z 657.35, which was the same as that of product ions between m/z
751.54 and 495.30, suggested that another fatty acid was 16:0 and

the element composition was C16H32O2. Furthermore, the abun-
dances of ions at m/z 659.36 and 497.32 were higher than that of
ions at m/z 657.35 and 495.30, respectively. So it could be con-
cluded that fatty acyl (16:1) group was located at sn-1 and fatty acyl
(16:0) group was linked to sn-2. As a result, the lipid at retention
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Fig. 4. (A-1) TIC of the lipid mixture extracted from the diatom Stephanodiscus sp. at the low collision energy of 5 V in the positive mode with MSE technique; (A-2) EIC
of m/z 243.09 for characteristic product ion of MGDG in the diatom Stephanodiscus sp. from the high collision energy scans (ramp of 20–65 V) in the positive mode with
MSE technique. The marked peaks are consistent with the identified MGDGs shown in Table 1; (A-3) EIC of m/z 405.14 for characteristic product ion of DGDG in the diatom
Stephanodiscus sp. from the high collision energy scans (ramp of 20–65 V) in the positive mode with MSE technique. The marked peaks are consistent with the identified
DGDGs shown in Table 2; (B-1) TIC of the lipid mixture extracted from the diatom Stephanodiscus sp. at the low collision energy of 5 V in the negative mode with MSE

technique; (B-2) EIC of m/z 225.01 for characteristic product ion of SQDG in the diatom Stephanodiscus sp. from the high collision energy scans (ramp of 20–65 V) in the
negative mode with MSE technique. The marked peaks are consistent with the identified SQDGs shown in Table 3; (B-3) EIC of m/z 171.01 for characteristic product ion of
PG in the diatom Stephanodiscus sp. from the high collision energy scans (ramp of 20–65 V) in the negative mode with MSE technique. The marked peaks are consistent with
the identified PGs shown in Table 4.

Fig. 5. (A) The mass spectra of DGDG (16:1–16:0) at retention time 13.77 min in the TIC of the lipid mixture extracted from the diatom Stephanodiscus sp. at the low collision
energy of 5 V in the positive mode with MSE technique; (B) MS2 spectrum of the [M+Na]+ at m/z 913.59 of DGDG (16:1–16:0) in the lipid mixture extracted from the diatom
Stephanodiscus sp.



66 J. Xu et al. / Analytica Chimica Acta 663 (2010) 60–68

F
S
r
M

t
t
8
S

s
b
p
r
s
w
t
d
a
e
o
v
p
i
h
t
u
[
b
n
i

3
f

t
I
M
f
s
t
[
d

Table 1
The composition and content (X̄ ± SD, n = 3) of MGDG in total lipids of Stephanodiscus
sp.

Compounds RT (min) [M+Na]+ (m/z) R1/R2 Content (nmol mg−1)

M1 8.73 739.50 16:3/16:4 24.5 ± 1.8
M2 9.13 765.51 18:4/16:4 9.4 ± 0.9
M3 9.54 741.51 16:3/16:3 20.3 ± 2.2
M4 9.63 791.53 20:5/16:4 20.0 ± 1.9
M5 9.84 767.53 18:4/16:3 3.0 ± 0.4
M6 10.28 793.55 20:5/16:3 15.1 ± 1.9
M7 10.45 743.53 16:1/16:4 33.2 ± 5.0
M8 11.09 795.56 20:5/16:2 19.4 ± 1.1
M9 11.17 745.54 16:1/16:3 33.9 ± 3.0
M10 11.43 771.56 18:4/16:1 9.2 ± 1.0
M11 11.57 745.54 16:0/16:4 6.6 ± 0.7
M12 11.83 797.58 20:5/16:2 14.3 ± 1.2
M13 12.15 747.56 16:1/16:2 33.6 ± 3.6
M14 12.55 747.56 16:0/16:3 8.0 ± 1.0
M15 13.46 749.57 16:2/16:0 55.0 ± 8.5

It was reported that fatty acids synthesized in the chloroplasts
may either enter the ‘prokaryotic’ chloroplastidial pathway or be
exported to the endoplasmic reticulum (ER), where they are incor-
porated into lipids through the ‘eukaryotic pathway’ [47]. The
former pathway is situated in the chloroplast envelope and involves

Table 2
Identification and content (X̄ ± SD, n = 3) of DGDG in total lipids of Stephanodiscus
sp.

Compounds RT (min) [M+Na]+ (m/z) R1/R2 Content (nmol mg−1)

D1 5.53 905.51 16:3/16:2 0.9 ± 0.2
D2 8.49 953.60 20:5/16:4 0.7 ± 0.1
D3 9.3 955.61 20:5/16:3 1.3 ± 0.2
D4 9.95 957.63 20:5/16:2 4.3 ± 0.5
D5 10.85 959.64 20:5/16:1 9.7 ± 1.0
D6 11.74 885.62 14:0/16:1 7.4 ± 0.9
D7 11.91 911.64 16:1/16:1 2.4 ± 0.3
ig. 6. EIC of m/z 171.01 for characteristic product ion of PG in the diatom
tephanodiscus sp. with 0.01 Da width window (A) and 0.50 Da width window (B),
espectively, from the same TIC of high collision energy scans in negative mode with
SE technique.

ime 13.77 min was proposed as DGDG (16:1–16:0). According to
hese fragmentation patterns, 16 MGDGs, 9 DGDGs, 23 SQDGs and
PGs molecular species have been unequivocally identified in the

tephanodiscus sp.
It is very important to note that the mass window must be

elected small appropriately when the characteristic product ion
eing extracted from the MSE chromatogram; otherwise unex-
ected ion signal would be included. The Q-TOF MS with a high
esolution mass accuracy makes it possible to select appropriate
mall mass window. Fig. 6A shows the EIC of ion at m/z 171.01
ith a 0.01 Da width window under high collision energy, and

he retention times of ions of 171.01 were conformed to the PG
etermination from the diatom listed in Table 4; meanwhile with
0.50 Da width window in Fig. 6B, the ion at m/z 171.01 was also

xisted of the retention time at 14 min. However, it was not the peak
f PG according to Table 4. So choosing a suitable mass window was
ery important. Many reports demonstrated that most of glyceryl
hospholipids and glycolipids could be analyzed directly by the

nfusion of crude lipid extracts under ESI conditions; this approach
as been termed “shotgun lipidomics”, which was based on charac-
eristic product ion detection and neutral loss detection of individ-
al lipid class performed directly on a triple quadrupole instrument
18–20,40,41]. This method was really easy and high-throughput,
ut some signals obtained from ESI precursor scan mode might
ot be the target lipids because of most of the triple quadrupole

nstruments only with one unit resolution mass accuracy.

.5. Semi-quantitative analysis of photosynthetic glycerolipids
rom the extract of Stephanodiscus sp.

By use of the modified version of Bligh and Dyer method, 15 mg
otal lipids were extracted from 0.2 g dry weight of the diatom.
t was reported by Shui et al. that the ion response on ESI-Q-TOF

S was linear over biological relevant ranges for a number of dif-

erent lipids [42], and internal lipid standards were added into
ample for the semi-quantitative analysis. Sommer et al. also did
he similar semi-quantitative analysis of complex lipid mixtures
43]. In our work, the dynamic range/linearity of each lipid class was
etermined with the concentration of mixed standard lipids up to
M16 16.05 751.59 16:0/16:1 99.8 ± 12.4

Total 405.3 ± 22.8

‘M’ was represented as MGDG.

5 nmol mL−1. And the four lipid classes showed good linearity. Thus,
the lipids in each class were semi-quantified in comparison with the
internal standards in our study, the concentration of MGDG, DGDG,
SQDG, and PG in the total lipids of diatom Stephanodiscus sp. was
405 nmol mg−1, 37 nmol mg−1, 130 nmol mg−1 and 27 nmol mg−1,
respectively (see totals in Tables 1–4).

Previous studies indicated that the lipid composition of green
plant cells was dominated by three characteristic glyceroglycol-
ipids and one phospholipid, namely PG, constituting the main polar
lipid component of the photosynthetic membranes. These highly
specialized membrane systems were enriched in MGDG and DGDG,
which account in higher plant thylakoids for about 50% and 30%
of the total membrane lipids, respectively. The anionic SQDG as
well as the anionic PG contribute between 5% and 12% each [44]. In
this work, the content of acidic lipids (SQDG and PG) was signifi-
cantly higher in Stephanodiscus sp. than in the higher plants and the
amount up to 26% of the total lipid. The phenomenon was identical
with the lipid composition of cyanobacteria, for example, Syne-
chocystis cells contain 59% MGDG, 17% DGDG, 16% SQDG and 8% PG
[45]. This may be of particular interest, as the cyanobacterial pho-
tosynthetic membranes, like diatom thylakoids, are unable to form
grana stacks typical for higher plants. This furthermore emphasizes
the different phylogenetic origin of the diatom chloroplast, which
originates from a secondary endosymbiosis event [46].
D8 12.65 899.64 15:0/16:1 1.3 ± 0.1
D9 13.77 913.66 16:1/16:0 9.3 ± 0.9

Total 37.3 ± 2.8

‘D’ was represented as DGDG.
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Table 3
Identification and content (X̄ ± SD, n = 3) of SQDG in total lipids of Stephanodiscus sp.

Compounds RT (min) [M−H]− (m/z) R1/R2 Content (nmol mg−1)

S1 2.31 805.42 18:4/16:4 0.4 ± 0.0
S2 2.62 831.44 20:5/16:4 1.1 ± 0.1
S3 2.88 757.45 14:0/16:4 1.5 ± 0.2
S4 3.03 783.45 14:0/18:5 0.7 ± 0.1
S5 3.12 833.46 20:5/16:3 2.3 ± 0.3
S6 3.36 759.44 14:0/16:3 2.3 ± 0.4
S7 3.44 859.47 20:5/18:4 13.6 ± 2.5
S8 3.69 785.46 16:2/16:2 17.9 ± 2.1
S9 3.84 811.47 20:5/14:0 4.0 ± 0.7
S10 4.01 761.46 14:0/16:2 6.4 ± 1.0
S11 4.25 799.47 15:0/18:4 2.8 ± 0.4
S12 4.34 737.46 14:0/14:0 5.4 ± 0.8
S13 4.58 763.47 16:1/14:0 5.7 ± 0.4
S14 4.75 813.49 16:0/18:4 7.0 ± 0.8
S15 4.91 751.47 15:0/14:0 3.1 ± 0.4
S16 5.06 789.49 16:1/16:1 5.0 ± 0.7
S17 5.15 839.50 20:5/16:0 4.3 ± 0.7
S18 5.47 765.49 14:0/16:0 21.9 ± 3.1
S19 5.73 791.50 16:0/16:1 19.6 ± 2.3
S20 6.69 793.52 16:0/16:0 2.1 ± 0.3
S21 6.78 819.53 16:0/18:1 0.5 ± 0.1
S22 6.85 845.55 18:1/18:1 2.1 ± 0.4
S23 7.91 847.56 18:1/18:0 0.7 ± 0.1

Total 130.4 ± 5.8

‘S’ was represented as SQDG.

Table 4
Identification and content (X̄ ± SD, n = 3) of PG in total lipids of Stephanodiscus sp.

Compounds RT (min) [M−H]− (m/z) R1/R2 Content (nmol mg−1)

P1 4.99 717.48 16:1/16:1 1.3 ± 0.2
P2 5.36 705.47 15:1/16:0 4.0 ± 0.5
P3 5.97 719.49 16:0/16:1 9.7 ± 1.1
P4 6.13 745.54 18:1/16:1 3.1 ± 0.5
P5 7.09 747.52 18:1/16:0 1.5 ± 0.3
P6 7.19 773.54 18:1/18:1 6.0 ± 1.0
P7 7.76 787.55 19:1/18:1 1.1 ± 0.2
P8 8.17 775.55 18:0/18:1 0.4 ± 0.1
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[34] Y. Hiraga, T. Shikano, T. Widianti, K. Ohkata, Nat. Prod. Res. 22 (8) (2008)
Total 27.1 ± 2.4

P’ was represented as PG.

he sequential action of acyl-ACP glycerol 3-phosphate acyltrans-
erase and acyl-ACP: lysophosphatidic acid acyl-transferase. These
nzymes produce phosphatidic acid, with almost exclusively C16
atty acids at the sn-2 position of glycerol. On the other hand, the

icrosomal acyl-transferases, which are responsible for phospha-
idic acid synthesis by the ‘eukaryotic pathway’ in the ER, give rise
o lipids that contain C18 fatty acids exclusively at the sn-2 position
nd either C16 or C18 fatty acids at the sn-1 position. Based on the
ositional distribution of fatty acids on the individual lipid class of
he Stephanodiscus sp. in our work, it was indicated that MGDG and
GDG were biosynthesized through ‘prokaryotic’ pathway exclu-

ively within the chloroplast, because all the fatty acids linked at
n-2 position were several C16 fatty acids in MGDG and DGDG.
esides, PG and SQDG had a typical mixed biosynthetic pathway
both ‘prokaryotic’ pathway and ‘eukaryotic’ pathway) because the
atty acid at sn-2 position was either C16 or C18 fatty acid. However,
t was particular that the C14:0 was linked to its sn-2 position of
QDG, which needs further characterization.

. Conclusion
In this paper, a novel UPLC–Q-TOF MS method with MSE data
ollection mode was developed as a very effective biochemical ana-
ytical tool for precise identification of photosynthetic polar lipid
n marine microalgae, including lipid classes, the fatty acyl compo-

[
[
[
[
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sition in lipids, the location of fatty acids in lipids (sn-1 vs. sn-2)
and the semi-quantitative analysis of lipids. More than 50 lipid
molecular species in the diatom Stephanodiscus sp. were identified.
Thus, it was a useful way for studying of photosynthetic glycerolipid
role in algae performance. Besides, it also could be applied to study
the ecological physiology of marine microalgae by monitoring the
changes of lipid profiles.
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