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ABSTRACT

Plant metabolomics is essentially the comprehensive analysis of complex metabolites
of plant extracts. Metabolic fingerprinting is an important part of plant metabolomics
research. In this study, metabolic fingerprinting of different stages of the life history
of the red alga Porphyra haitanensis was performed. The stages included conchocelis
filaments, sporangial branchlets, conchosporangia, discharged conchospores and con-
chosporangial branchlets after conchospore discharge. Metabolite extracts were analy-
sed with ultra-performance liquid chromatography coupled with electrospray
ionisation quadrupole-time of flight mass spectrometry. Analyses profiles were sub-
jected to principal components analysis and orthogonal projection to latent structures
discriminant analysis using the SIMCA-P software for biomarker selection and identi-
fication. Based on the MS/MS spectra and data from the literature, potential biomar-
kers, mainly of phosphatidylcholine and lysophosphatidylcholine, were identified.
Identification of these biomarkers suggested that plasma membrane phospholipids
underwent major changes during the life history of P. haitanensis. The levels of phos-
phatidylcholine and lysophosphatidylcholine increased in sporangial branchlets and
decreased in discharged conchospores. Moreover, levels of sphingaine (d18:0)
decreased in sporangial branchlets and increased in discharged conchospores, which
indicates that membrane lipids were increasingly synthesised as energy storage in spo-
rangial branchlets, while energy was consumed in sporangial branchlets to discharged
conchospores. A metabolomic study of different growth phases of P. haitanensis will
enhance our understanding of its physiology and ecology.

(Zhou et al. 2006). The influence of temperature and light on
free-living conchocelis of P. haitanensis has previously been

The species-rich and widely distributed red algal genus Por-
phyra (also known as Pyropia) belongs to Bangiophyceae
(Brodie & Zuccarello 2007), which represents an ancient line-
age, with fossil records that provide evidence for sexual repro-
duction at least 1.2 billion years ago (BYA; Butterfield 2000).
P. haitanensis is widely cultivated along the coast of South
China and is one of the most commercially important Porphyra
species (Xie et al. 2009).

The life cycle of Porphyra consists of two completely differ-
ent morphological phases: a leafy gametophyte (thallus) and a
filamentous sporophyte (the shell-boring conchocelis phase;
Xie et al. 2010). The filamentous sporophyte phase consists of
conchocelis, conchosporangial branch and conchospores
(Gantt et al. 2010). Free conchocelis are generally used for
growing seedlings in cultivation of P. yezoensis in northern
China (Zhu et al. 1997). Aeration promotes maturation of sus-
pension cultures of body filaments and release of conchospores
from P. yezoensis, which then germinate and grow into healthy
seedlings (Wang & Jiang 1983). Changes at three different
stages of conchocelis in P. yezoensis (conchocelis filament, con-
chosporangial branch and mature conchosporangial cell) have
been studied with light and transmission electron microscopy

investigated (Pan 2006).

In recent years, much progress has been made in metabolo-
mics to provide a global picture of the molecular organisation
of multicellular organisms (Hall 2006). Analytical methods
have been used for metabolite profiling (Dunn & Ellis 2005)
include nuclear magnetic resonance (NMR), gas chromatogra-
phy-mass spectrometry (GC-MS), flow injection assay—mass
spectrometry (FIA-MS) and liquid chromatography-mass spec-
trometry (LC-MS). LC-MS is an important and widely used
method for many biological analyses, including metabolites,
mainly due to its superior specificity, sensitivity and efficiency.

Metabolite changes of P. haitanensis throughout its life his-
tory are unclear, and investigation of such changes would
enhance our understanding of its development. In this study,
we investigated metabolic changes in P. haitanensis during its
growth stages using coupling ultra-performance liquid chro-
matography-quadrupole-time of flight-mass spectrometry
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et al. 2012), and orthogonal projection to latent structures dis-
criminant analysis (O-PLS-DA). The O-PLS-DA approach, as
with all other regression methods, models complexity
(Wiklund et al. 2008).

MATERIAL AND METHODS
Chemicals

Methanol, acetonitrile, formic acid and ammonium formate
(LC-MS grade) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Distilled water was filtered through a Milli-Q sys-
tem (Millipore, Bedford, MA, USA). Leucine-enkephalin was
purchased from Sigma-Aldrich.

Sample collection

Porphyra haitanensis were collected from Xiangshan, Zhejiang
Province, China, at different periods of conchocelis: conchocel-
is filaments, sporangial branchlets, conchosporangia, dis-
charged conchospores and conchosporangial branchlets after
conchospore discharge (Fig. 1).

The freeze-dried samples (0.1 g) were ground with liquid
nitrogen and then soaked in 1 ml methanol:formic acid: water
(15:1:4, v/v). The homogenate was kept at —20 °C for at least
16 h. The extract was centrifuged at 1000 ¢ for 10 min. The
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supernatant was collected and the extraction repeated twice.
The combined solution was evaporated to dryness and dis-
solved in 0.5 ml MeOH:H,O:formic acid (90:10:0.05, v/v/v/)
for UPLC-QTOEF-MS analysis. All experiments were performed
in nine replicates.

Analysis with UPLC-QTOF-MS/MS

Analyses were carried out using a Waters ACQUITY UPLC
BEH C18 analytical column (2.1 x 100 mm, 1.7 um; Waters,
Milford, MA, USA) and an ATLANTIS HILIC analytical col-
umn (4.6 x 150 mm, 5 um; Waters). The BEH C18 column
was eluted with a binary solvent system of water (containing
10 mmM ammonium formate, solvent A) and acetonitrile
(containing 0.1% formic acid, solvent B) at a constant flow rate
of 0.2ml'min~'. The gradient conditions were 2-10% B
(0-5 min), 10-100% B (5-10 min), isocratic at 100% B
(10-24 min), and 100-2% B (24-26 min). The injection vol-
ume was 5 pl. An aliquot of each sample was injected into the
column, and 50% of the effluent was split into the mass spec-
trometer.

The ATLANTIS HILIC column was eluted with binary sol-
vent system of water (containing 10 mM ammonium formate,
solvent A) and acetonitrile (containing 0.1% formic acid,
solvent B) at a constant flow rate of 0.8 ml'-min~'. The
gradient conditions were 95-90% B (0-10 min), 90-80% B
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(10-15 min), 80-70% B (15-20 min), isocratic at 70% B
(20-25 min) and 70-95% B (25-27 min). The injection vol-
ume was 5 pl. An aliquot of each sample was injected into the
column and 25% of the effluent was split into the mass spec-
trometer.

Mass spectrometry was performed on a Waters Q-TOF Pre-
mier mass spectrometer, using electron spraying ionisation (EST)
in positive mode; the TOF detection was set in V mode. The gas
flow of desolvation was set at 400 I'h™" at 300 °C with 50 1'h™!
cone gas and 120 °C source temperature. The sampling cone
voltage was set at a ramp of 35-80 V. The capillary voltage was
set at 3.0 kV. The collision energy for tandem mass spectrometry
(MS) was scanned from 5 to 60 eV. The MS acquisition rate was
0.3 s with a 0.02 s inter-scan delay. Argon was employed as colli-
sion gas. Data were collected in centroid mode from 50 to
1200 m/z in MS scanning. Prior to the experiment, the instru-
ment was calibrated with sodium formate, and the lock mass
spray for precise mass determination used leucine-enkephalin, at
a concentration of 200 ng-ml™" and a flow rate of 10 L min~",
generating an [M+H]" ion at m/z 556.2771 in ESI" mode. The
lock spray frequency was set at 10 s.

Data analysis

The UPLC-QTOEF-MS data pre-processing was performed with
MARKERLYNX 4.1 software (Waters). The Pareto-scaled Marker-
Lynx matrices with peak numbers (based on the retention time
and m/z), sample names and normalised peak intensity were
exported and analysed with PCA, projection to latent
structures with discriminant analysis (PLS-DA) and orthogonal
projection to latent structures with discriminant analysis (O-
PLS-DA) using the sivca-p" software package (version 12.0;
Umetrics AB, Umea, Sweden). After analysis, putative biomar-
kers were collected and chemically identified using Mass
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FRAGMENT software and the public databases HMDB (http://
www.hmdb.ca), LIPID MAPS (http://www.lipidmaps.org) and
METLIN (http://metlin.scripps.edu).

RESULTS
Analyses of P. haitanensis metabolites

Since not all metabolites can be detected effectively on one col-
umn, both a reverse phase C18 column and HILIC column
were used. The representative total ion current chromatograms
are shown in Fig. 2. Based on peak areas, about 11,886 peaks
and 8915 peaks were detected using Micromass Markerlynx
(Waters, Milford, MA, USA) with reverse phase C18 and HI-
LIC columns, respectively. The peaks were normalised, and the
Pareto-scaled data were analysed by PCA, PLS-DA or O-PLS-
DA.

In order to understand the metabolite changes of P. haitan-
ensis at different stages of the life history, PCA analyses of the
metabolite data was carried out. In the PCA score plots, the
samples showed a trend of time-dependent cluster formations,
both in the reverse phase C18 column (Fig. 3a) and HILIC col-
umn (Fig. 3b) data. The samples at different life history phases
were clearly separated in the PCA plot, indicating that profiles
of metabolites of P. haitanensis were obviously different at dif-
ferent life history phases. There was a trend of time-dependent
cluster formation in the first two components both in reverse
phase C18 (Fig. 3a) and HILIC (Fig. 3b) column data, which
explained 61.0% and 69.4% of the total variance, respectively.

Since metabolite profiles of P. haitanensis showed the time-
dependent trends (Fig. 3), metabolite changes during the whole
study period could be seen in changes between conchocelis fila-
ments (group 1) and sporangial branchlets (group 2) and
between sporangial branchlets (group 2) and discharged
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conchospores (group 4). Pattern recognition based on a super-
vised projection technique (O-PLS-DA) was accomplished with
Pareto scaling. Sevenfold cross-validation (CV) was used to
estimate the relevant number of components in the O-PLS-DA
model and resulted in one predictive and one orthogonal com-
ponent in positive ion scan mode. The O-PLS-DA score plot
showed significant metabolic differences between the compared
groups (Figures Sla-S4a). The parameters of R*X, R*Y and Q’
revealed high discriminative and predictive ability of the
model, indicating the positive qualities of these models.

The S-plot visualises covariance and correlation among
metabolites, thus it is used to identify important metabolites
(Wiklund et al. 2008). The loading S-plots showed ions with
highest confidence and largest contribution to separation
between the compared groups (Figures S1b—S4b). Potential
biomarkers were extracted from the sample distribution
according to the parameters of variable importance in the

projection [variable importance in the projection (VIP)].
Correlation and covariance were obtained from the O-PLS-
DA analysis using data sets in ESI" mode. The relative
change of potential biomarkers in the sample was measured
according to the correlation and covariance. In comparison
of group 2 versus group 1, increased metabolites of group 2
are in the upper-right quadrant (with >0 for both correlation
and covariance), while decreased metabolites are in the
lower-left quadrant (with <0 for both correlation and covari-
ance). In comparison of group 4 versus group 2, increased
metabolites of group 4 are in the upper-right quadrant (with
>0 for both correlation and covariance), while decreased
metabolites are in the lower-left quadrant (with <0 for both
correlation and covariance). The potential biomarkers from
the S-plots (Tables 1 and 3 for reverse phase C18 column,
Tables 2 and 4 for HILIC column) were then selected accord-
ing to parameters of the VIP.
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Metabolite identification

In order to identify the metabolites, mass accuracy was deter-
mined on the Q-TOF-MS system, with 5 ppm tolerance
allowed in possible element composition calculation of empir-
ical chemical formulas. Furthermore, a database search was
performed with the public databases HMDB, LIPID MAPS
and METLIN to elucidate the putative ion structures. For
example, glycerol phospholipid compounds were identified
from the database search of fragmentation patterns in the
mass spectra (Pulfer & Murphy 2003; Hsu & Turk 2003; Xu
etal. 2010; Yan et al. 2010). Taking phosphatidylcholine at
m/z 828.5571 (RT 17.59 min) as an example, the verification
was carried. First, the precise molecular weight (MW) was
determined using the full scan mass spectrum (Fig. 2b). The
quasi-molecular [M+Na]* ion (m/z 850.5782) and [M+H]"
ion (m/z 828.5574) were found in the low collision spectrum
in MSF data collection mode (Figure S5). Therefore, the MW

Table 3., gn7 re @se #hss
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v

of phosphatidylcholine was determined as 827.55 and the
accurate m/z of [M+H]" was measured through the Q-TOF
premier MS system (828.5574). The high collision spectrum
in MS® data collection mode of phosphatidylcholine and its
cleavage pattern are shown in Figure S5b. It contained the
characteristic fragmentation ions of phosphocholine head
group [CsH,sO,NP]" at m/z 184.0751 in positive scan mode,
indicating that this metabolite was phosphatidylcholine (Hsu
& Turk 2003). Moreover, the ions m/z 524, m/z 526, m/z 542
and m/z 544 suggested that the two fatty acyl groups at the
sn-1 and sn-2 positions of the glycerol were 20:4 and 20:5,
respectively. Furthermore, the abundance of the ion at m/z
542 was higher than that at m/z 544, therefore it was con-
cluded that the fatty acyl (20:5) group was located at sn-1
and the fatty acyl (20:4) group was linked to sn-2, because
the fatty acyl at sn-2 was more labile than that at sn-1 (Hsu
& Turk 2009). As a result, the putative structure was identi-
fied as phosphatidylcholine (20:5/20:4).
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Using the procedures described above, the metabolites in
P. haitanensis throughout its life history were identified and
included phosphatidylcholine, lyso-phosphatidylcholine, lyso-
phosphatidylethanolamine, sphingaine, 2,3-diaminopropionic
acid and choline (Tables 1-4).

Metabolite changes in P. haitanensis

The metabolite changes of P. haitanensis during different life
history periods were analysed using PCA, which was able to
identify differences among different groups during its life his-
tory. The data were analysed with O-PLS-DA and compared
in pairs, the first group (conchocelis filaments) versus the sec-
ond group (sporangial branchlets) and the second group (spo-
rangial branchlets) versus the fourth group (discharged
conchospores). The identified biomarkers of P. haitanensis
were mainly phospholipids, including phosphatidylcholine
and lyso-phosphatidylcholine. The levels of phosphatidylcho-
line, lyso-phosphatidylcholine and lyso-phosphatidylethanol-
amine increased in sporangial branchlets, compared with
conchocelis filaments, while levels of sphingaine (d18:0)
decreased (Tables 1-4), indicating that synthesis of membrane
lipids had increased. However, levels of phosphatidylcholine,
lyso-phosphatidylcholine and lyso-phosphatidylethanolamine
decreased in discharged conchospores compared with the spo-
rangial branchlets, whereas levels of sphingaine (d18:0) and
sphingaine (d16:0) increased (Tables 1-4). These results indi-
cate that membrane lipids are increasingly synthesised in
sporangial branchlets.

DISCUSSION

Metabolites change in different growth stages of plants. Profil-
ing metabolites in P. haitanensis revealed strong and consis-
tent changes during its life history. In this study,
P. haitanensis showed a circular trend in time-dependent clus-
ter formation during its life history, both in reverse phase C18
column and HILIC column data. Conchocelis filaments and

conchosporangial branchlets after conchospore discharge were
classified into one cluster, indicating that they had similar
metabolite profiles as the conchocelis filaments. Conchospo-
rangia and discharged conchospores were classified into one
cluster, indicating that conchosporangia had a similar metab-
olite profile as the discharged conchospores. The potential
biomarkers of P. haitanensis at different life history stages
were mainly phospholipids: phosphatidylcholine (20:5/20:4),
lyso-phosphatidylcholine (20:4), etc. Phospholipids are more
than just structural components of membranes; they can be
co-factors for membrane enzymes, signal precursors or signal-
ling molecules (Laxalt & Munnik 2002). Phosphatidylcholine
is a major constituent of cell membranes, and an important
structural component that contributes to the integrity and
function of membranes. The levels of phosphatidylcholine
(16:0/20:4, 16:0/20:5, 20:5/18:0, 20:5/20:4, 20:5/20:5, 20:4/
20:4), lyso-phosphatidylcholine (16:0, 18:1, 20:3, 20:4, 20:5)
and lyso-phosphatidylethanolamine (20:4) increased in spo-
rangial branchlets, indicating that P. haitanensis synthesised
membrane lipids and stored energy at this stage. Phosphati-
dylcholine (16:0/20:4, 16:0/20:5, 20:5/18:0, 20:5/18:1, 20:5/
20:4, 20:5/20:5, 20:4/20:4), lyso-phosphatidylcholine (16:0,
18:1, 20:3, 20:4, 20:5) and lyso-phosphatidylethanolamine
(20:4) decreased in discharged conchospores, indicating that
P. haitanensis consumed energy during this stage.

Sphingolipids are essential for establishment and mainte-
nance of cell polarity via control of the actin cytoskeleton, and
accumulation of ceramide is likely responsible for arresting the
cell cycle in G1 stage (Cheng et al. 2001). We found the levels
of sphingaine (d18:0) decreased in the sporangial branchlets
stage, compared with the conchocelis filaments, indicating
sphingaine (d18:0) might be involved in meiosis.

Eukaryotic membranes contain diverse lipid molecular spe-
cies, and the lipid composition changes in response to both
internal and external cues. Understanding how lipids change
and what causes the change is important for the study of mem-
brane and cell functions (Welti et al. 2002). Our metabolite
profiling study showed that metabolite changes during the life
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history of P. haitanensis were mainly related to phospholipids
in the plasma membrane. This analysis of putative biomarkers
provides insights into the lipid metabolism at different growth
stages of P. haitanensis.
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