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The analysis and identification of a wide range of secondary metabolites biosynthesized by different algal taxa and cyanob
een performed through a selective and sensitive methodology, mainly based on reversed-phase HPLC coupled both to UV
rray detection and to atmospheric pressure mass spectrometric techniques (HPLC–DAD-APIMS). Results are reported here
ttention to the analyses carried out both on the natural phytoplankton (mixed populations) of Lake Tovel (Northern Italy, Brenta D
nd on enclosure-produced biomass of the dinoflagellateGlenodinium sanguineumMarchesoni (1941). This analytical procedure m
epresent a powerful tool for the fast screening of the taxonomic composition (broad groups, e.g. divisions) of natural mixed pop
hytoplankton, by providing a reliable distribution of accessory pigments extracted from microalgae, such as carotenoids and c
erivatives. Furthermore, we showed that in the same chromatographic analysis other classes of natural products, such as g
lkaloids, sterols and mycosporine-like amino acids, can be detected by using combined optical and mass spectrometric techn
etabolites represent distinctive biochemical signatures, sometimes even at the species level.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Phytoplankton and phytobenthos microalgae and
yanobacteria are major primary producers in aquatic
cosystems. These photoautotrophs grow in response to

complex interplay of physical and chemical factors
nd provide the basis of biological productivity in these
ystems. Two complementary approaches to measuring
hytoplankton distribution and composition are increasingly
sed. Whereas the first faces the problem of phytoplankton
nd phytobenthos quantification by means microscopical
nalyses[1–3] (identifications, counts, measurements and

∗ Corresponding author. Tel.: +39 0461 881536; fax: +39 0461 882009.
E-mail address:graziano.guella@unitn.it (G. Guella).

biovolume calculations), the second method relies
analyses of carotenoid and chlorophyll pigments by HP
coupled to photodiode array detector (DAD)[4]. This latter
approach can provide valuable cross-validating informa
since pigment data can be used to characterise the
algal classes that may be present in a given sample[5].
However, a number of difficulties limit the application
the HPLC-DAD approach both in the determination of a
division composition[6] and in the unambiguous identific
tion of all the pigments present in a given biological extr
In fact, due to the high number of known carotenoids (m
than 600 different structures have so far been isolated
natural sources[7]) and to their similar electronic structu
a significant number of carotenoids show undistinguish
UV–vis spectra. In order to overcome these difficult
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atmospheric pressure mass spectrometry coupled to liquid
chromatography (LC–APIMS) has been introduced[8]
exploiting the great performances of electrospray (ESI) and
chemical ionization (APCI) soft ion sources.

Whatever the analytical technique used to tackle the prob-
lem, the basis of this chemical approach relies on the evidence
that some pigments are very specific to a microalgal taxa
(mostly divisions) and, hence, that they could be used as a
biochemical “signature” of the algal assemblage composition
[5]. It is now becoming more and more evident, however, that
pigment analysis is per se not at all sufficient for a full assess-
ment of phytoplankton or phytobenthos biodiversity. In fact,
some pigments which are prominent in one division (e.g. fu-
coxanthin in diatoms) can sometimes be found in other ones
(chrysophythes in the case of fucoxanthin); moreover, their
production can vary depending on the physiological status of
algae and/or on environmental factors, stress level and nutri-
tion [9,10]. The consequence is that, even if pigment analysis
has been claimed for many years to represent a powerful tool
in taxonomy and in quali-/quantitative estimations, it suffers
of difficulties in both targets. While we have already men-
tioned the reasons for the latter, it should be also noted that
phytoplankton or phytobenthos taxonomy by means of pig-
ment analysis cannot be done at a low rank (species or genus
level) since phylogenetic differences, determining also diver-
sity in structural pigments, become significant only at higher
l
t ses
a yses
w tifi-
c ique
b d
g

, al-
k cids
w they
a ome-
t w of
t ecies
[ as
s ld es-
c re-
s emi-
c cture
e MR
m n in-
t DAD-
A and
i rk-
e kton
o

phic
r abo-
l alac-
t es.
I the

main secondary metabolites of natural phytoplankton sam-
ples of Lake Tovel (Brenta Dolomites, Northern Italy), of
enclosure-produced biomass[14] of the dinoflagellateGlen-
odinium sanguineumMarchesoni (1941) and of a micro-
phytobenthos sample of the same lake. Lake Tovel became
rather famous because of spectacular and regular summer red
blooms, which however ceased in 1964. These red blooms
were due to a dinoflagellate species characterized by impor-
tant amounts of a red carotenoid in the cytoplasm and was de-
scribed by Marchesoni asGlenodinium sanguineumin 1941.
Baldi (1941) studied in detail the reddening phenomenon and
distinguished red and green forms, hypothesising that the red
forms derived from the green ones by means of light induced
massive carotenoid synthesis. Recent evidences have shown
that the two forms belong in reality to two different species
and even genera[15–16]. While the taxonomy of the two
new forms is being clarified and established, we will continue
referring to this dinoflagellate asGlenodinium sanguineum,
namingGs-green andGs-red, the green and the red species,
respectively.

2. Experimental

2.1. Materials
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evels (classes, divisions)[5–6]. It follows that, without using
he taxonomic information provided by microscopic analy
t the genus/species level, HPLC (and CHEMTAX) anal
ould produce important errors in the taxonomic iden
ation. To this regard, the example supplied by the un
iomarker of the dinoflagellateKarenia brevis, the carotenoi
yroxanthin-diester[11], is paradigmatic.

Other secondary metabolites, such as polyketides
aloids, lipids, terpenes, sterols and modified amino a
ould be better biochemical “species signatures”, since
re usually produced only by some species of a genus (s

imes their biosynthesis is even strain specific) and fe
hem have been so far isolated in more than one sp
12–13]. Their chemical identification is not, however,
traightforward as pigment analysis, because they cou
ape UV–vis detection (due to their intrinsically low UV
ponse factor) and, more importantly, their unusual ch
al features need a more complex approach for the stru
lucidation, mainly relying on heavy and expensive N
ethodologies. The aim of this paper is to propose a

egrated approach based on reversed-phase HPLC–
PIMS techniques which is suitable for the analysis

dentification of a wide number of specific taxonomic ma
rs present in a given algal species, in a mixed phytoplan
r in a phytobenthos sample.

We will demonstrate that, in the same chromatogra
un optimized for pigment detection, other classes of met
ites (here mycosporine-like amino acids, sterols and g
olipids) can be identified by on-line LC–ESI-MS techniqu
n particular, we will report the results of our analysis of
All the used solvents were of analytical grade (Me
armstadt, Germany) or HPLC grade (Riedel deHaen, S
hemical Co., St. Louis, MO, USA). Ammonium acetate
urchased from Merck.

All evaporations were carried out at r.t. under redu
ressure. Reversed phase flash chromatography (FC) w

ormed with Merck LiChroprep RP–18 (40–63�m).

.2. Field samples

The samples used for chemical and microscopical a
es were collected using different approaches.

.2.1. Sample A (Gs-green)
Sample A(Gs-green) collected by means of a water pu

rom the margins of a cylindrical enclosure positioned in L
ovel during summer 2002, where green-orange dinofla

ate aggregates were observable; aggregates were ob
dding algal nutrients (P and N) to the experimental s

ures (enclosures or mesocosms)[14]. In this sample th
peciesGs-green was dominant (reaching a biovolume
1.3 mm3 l−1); the sole other species present wasFragilaria
enerawith a biovolume of about 1.4 mm3 l−1.

.2.2. Sample B (Gs-green cysts)
Sample B(Gs-green cysts) collected from the bottom

ittle aquaria inside which the green-orange dinoflagellat
regates mentioned above deposited after encystment
ere obtained simply by preserving the aquaria expos
aylight at a room temperature of 20–25◦C for some weeks
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This sample contained exclusively high densities ofGs-green
cysts.

2.2.3. Sample C (horizontal phytoplankton net tow)
Sample C(horizontal phytoplankton net tow) collected

from the first 2 m of the open water of Lake Tovel in the
beginning of summer 2003 by means of a phytoplankton
sinusoidal net-tow (mesh-size = 10�m). Here the dominant
species were planktonic diatoms (Cyclotella spp.) reach-
ing biovolumes of about 0.4 mm3 l−1. Three dinoflagel-
lates species were present:Gymnodinium uberrimum(about
0.12 mm3 l−1) and bothGs-green andGs-red morphospecies
(total biovolume of about 0.09 mm3 l−1;Gs-red/Gs-green ra-
tio of about 0.05).

2.2.4. Sample D (vertical phytoplankton net tow)
Sample D(vertical phytoplankton net tow) collected from

the deepest point of Lake Tovel (maximum depth = 39 m) in
autumn 2003 by means of the same phytoplankton net men-
tioned above. The upper 30 m were sampled by means of a
vertical net haul. The dominant taxa were the chrysophyta
Uroglenasp. (biovolume of about 1.4 mm3 l−1) and the di-
noflagellateGymnodinium uberrimum(about 1.1 mm3 l−1).
Gs-green maintained at biovolume of about 0.2 mm3 l−1.
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2.3. Instruments

LC–MS and LC–MS–MS was performed on a Hewlett-
Packard Model 1100 Series liquid chromatograph coupled
both to a PDA (Photo Diode-Array) detector (Agilent 1100
Series) and to a Bruker Esquire-LC quadrupole ion trap mass
spectrometer equipped with atmospheric pressure ESI and
APCI interfaces. A Rheodyne 7725 (Cotati, CA, U.S.A.) in-
jection valve equipped with a 20�l internal loop was used
for the injections.

2.4. HPLC–APIMS and MS–MS on the raw extracts

The PDA was set at the wavelength of 215, 450 and
665 nm, and all the spectra were recorded.

The analyses were carried out at room temperature on an
Agilent ZORBAX Eclipse XDB-C8 150× 4.6 mm, 3.5�m.
The eluent (0.8 ml/min) consisted of (A) methanol/28 mM
ammonium acetate (70:30) and (B) methanol, using a linear
gradient: 35–100% of B in 40 min, and the isocratic methanol
100% was held 10 min. Then the initial conditions of mobile
phase were reached in 20 min.

A 7:3 split of the column effluent was used to achieve a
flow rate of 240�l/min into the mass spectrometer. High-
purity nitrogen was used as nebulizer and dry gas. The ni-
trogen dry gas was at a constant flow rate of 6 l/min, heated
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.2.5. Sample E (stone microphytobenthos)
To study stone-dwelling (epilithic) cyanobacteria, sto

ere taken by divers at different depths along a profile
, 6, 9, 12, 15, 18, 21 and 24 m). Coverages were rem
ith a toothbrush on known surfaces delimited by a temp

o obtain quantitative samples. Besides a number of di
axa, the sample here investigated (0.5 m) was dominat
yanobacteria, the most common genera at increasing d
eingCalothrix,Scytonema,Schizothrix,Ammatoidea,Toly-
othrixandGeitleribactron.

Counts were carried out using an OLYMPUS IX70 a
X71 inverted microscope according to Utermöhl [3]. At
ach magnification, at least 100 individuals of the domi

axon were counted, which corresponds to an erro
bout 20%[1]. Algal biovolume was calculated from line
imensions according to Rott[2]. A part of the sample
ollected were preserved with Lugol’s solution acidifi
ith 10% of CH3COOH for phytoplankton biovolume
etermination; the remaining part were filtered in the fi
ithin a few hours on Whatman GF/C 0.45�m filters, which
ere then stored at−20◦C until extraction for chemica
nalyses.

The sample (∼105 cells) were extracted (two times) bo
y of 100% HPLC-grade acetone (3 ml) and by methanol

imes, 3 ml). The extraction procedure was repeated unt
er decoloration, the extracted were combined, reduce
ryness by rotary evaporation, redissolved in 500�l of ace-

one/methanol 1:1 and stored in ambered glass vials u
itrogen until analysis. The injected volume of any sam
as 10�l.
o 300◦C. Further parameters during LC–MS analyses w
rap drive 54, skim 1 set at−43.2 V in negative mode an
rap drive 44, skim 1 set at 43.2 V in positive mode.

.4.1. ESI
The capillary in the ESI interface was set at a voltag

000 V and the nebulizer gas pressure was 20 psi.

.4.2. APCI
The HV corona was set at 1700 V, the nebulizer gas p

ure was 30 psi and the APCI source temperature 450◦C.

.4.3. MS–MS of galactolipids
Collisionally activated dissociation (CAD) was perform

y on-line positive-ion ESI-MS on the [M+ Na]+ ions as de
cribed previously[17].

.5. HPLC–ESI-MS of MAAs

Crude extracts obtained from standard work-up w
artially purified by reversed-phase flash chromatogra
CH3CN/MeOH gradient elution). The first fraction (sa
le A1), which contains the most polar compounds, was

her analysed by setting PDA wavelength at 320 nm.
nalysis on sample A1 was carried out at room temper
n Merck RP-18 Lichrosphere 240× 4.6 mm, 5�m; eluent
COOH 1%, 1 min, gradient 0–100 % CH3OH + HCOOH
% in 30 min, 1 ml/min.

A 7:3 split of the column effluent was used to achi
flow rate of 300�l/min into the ESI source, operating
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Fig. 1. HPLC–DAD-APIMS analysis of the main secondary metabolites of the motile cells ofGs-green (sample A) from the enclosures of the Lake Tovel
obtained by the linear gradient H2O/CH3OH containing NH4C2H3O2. Carotenoids and chlorophylls are recorded at 450 nm (a) and assigned inTable 1; the
plot of iso-absorbance (b) points out the strong absorption between 300–400 nm of mycosporine-like aminoacids in the first minutes; the galactolipidprofile at
215 nm (c) can be fully spread out by on-line negative- and positive-ion mode ESI-MS and ESI-MS–MS (Table 2).

positive-ion mode. High-purity nitrogen was used as nebu-
lizer and dry gas. The nitrogen dry gas was at a constant flow
rate of 8 l/min, heated to 350◦C.

The capillary in the ESI interface was set at a voltage of
4000 V and the nebulizer gas pressure was 25 psi. Further
parameters during LC–MS analyses were: trap drive 41.6,
skim 1 set at 28.9 V.

2.6. NMR measurements

1H NMR experiments were performed with a Var-
ian XL-300 or with Bruker Advance spectrometer oper-
ating at 300 MHz and 400 MHz, respectively.1H NMR
spectra were taken at 298 K in CDCl3 (δH 7.25 ppm)
for pigments, in CD3OD (δH 3.31 ppm) for galactolipids
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and in D2O (δH 4.72 ppm) for mycosporine-like amino
acids.

3. Result and discussion

The raw extracts of sample A and B (Gs-green motile
cells andGs-green cysts, respectively) and of the natural
phytoplankton (samples C, D) and microphytobenthos (sam-
ple E) communities of Lake Tovel have been analysed by
reversed-phase RP-8 column with a gradient elution system
consisting of methanol-28 mM ammonium acetate in water,
photodiode-array detection and different MS experimental
set-up (negative- or positive-ion mode, ESI or APCI ioni-
sation, full scan or MS–MS). Analyses have been focused
on four classes of metabolites: pigments, mycosporine-like
amino acids, galactolipids and sterols.

3.1. Pigments

Fig. 1 shows the HPLC–DAD-APIMS analysis of a raw
extract of the motile cells (sample A) ofGs-green, which
has been demonstrated by microscopic analysis to be the
largely prevalent dinoflagellate of the mesocosms. The chro-
matogram at 450 nm (Fig. 1a) displays an apparently good
s ectra
o bigu-
o n
i m
a oft-
w either
b ting
c ular,
b tive

Fig. 2. On-line UV–vis spectra of dinoxanthin (a) and diadinoxanthin (b) as
obtained by HPLC-DAD analysis of the raw extracts ofGs-green (sample
A), using the same eluent ofFig. 1 but a different column (Merck RP-18
Lichrosphere 240× 4.6 mm, 5�m).

weight (diadinox/dinox∼11) as the ratio between the areas
of the corresponding relevant ions. In fact, APCI spectrum of
diadinoxanthin shows [M+ H]+ atm/z583 and its fragment-
ion [M+ H–H2O]+ atm/z565, whereas for dinoxanthin cor-
responding ions atm/z 643 andm/z 625 can be detected.
The failure of their distinction by DAD analysis can be eas-
ily explained taking into account the strong resemblance of
their visible spectra (Fig. 2). The presence of peridinin, diadi-
noxanthin and�-carotene in the raw extract ofGs-green has
been ascertained by off-line NMR measurements. After ex-
tensive chromatographic purification of a massive collection

T
P MS analysis

tion bands (nm) ESI + (m/z) APCI + (m/z) Sample

609, 611 A, B, C, D
653 631, 613,553 A, B, C, D
681 659,641 A, C, D
619 597 A, B, C, D
665 643,625 A, B, C, D
605 583, 565 A, B, C, D

603 B
605 C

703 B
1 591 B, C, D
1 645 B
1 589 B, D
1 615 B
1
1
1
1
1 , D

T ells ofGs-g w
s

eparation of pigments and the corresponding UV–vis sp
f each chromatographic peak seem to allow an unam
us assignment of each pigment (Table 1). However, eve

f the major peak attR 23 min shows an UV–vis spectru
ttributable to pure diadinoxanthin by DAD peak purity s
are, the corresponding full-scan mass spectra (taken
y ESI or APCI) speak for the presence of two co-elu
ompounds, diadinoxanthin and dinoxanthin. In partic
y APCI-MS it is even possible to establish their rela

able 1
igment composition of the investigated samples by HPLC–DAD-API

Pigment Main UV–vis absorp

1 Chlorophyllc2, c3 446, 634
2 Peridinin 474
3 Fucoxanthin 450
4 Astaxanthin 478
5 Dinoxanthin 416, 440, 470
6 Diadinoxanthin 420, 444, 474
7 Adonirubin a

8 Unknown 418, 440, 468
9 Astaxanthin diacetate a

0 Zeaxanthin 420, 444, 472
1 Adonirubin acetate 470
2 Cantaxanthin 476
3 Astacene 470
4 Chlorophyllb 468, 652
5 Adonirubin monoester 22:5 470
6 Chlorophylla 432, 665
7 Adonirubin monoester 18:4 470
8 �-Carotene 424, 450, 476

he peaks with the major relative abundance are in bold. (A) Motile c
ample, (D) vertical net tow sample.
a Overlapped chromatographic peaks.
906 D
915,893 B

892 A, B, C, D
861, 839 B

537 A, B, C

reen in the enclosure, (B) resting cells ofGs-green, (C) horizontal net to
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Fig. 3. UV–vis chromatogram at 450 nm corresponding to the RP-8-
HPLC–DAD pigment analysis of the resting cells (sample B) ofGs-green.
The peaks were identified (Table 1) by UV–vis spectra and positive-ion mode
ESI-MS spectra.

(∼107 cells) of motile cells as obtained by an induced bloom
of this species,1H NMR spectra were taken on pure samples
of these carotenoids confirming the exactness of the assign-
ments inTable 1.

It is worth mentioning that, whereas a very low amount
of astaxanthin has been always detected in all the samples
of dinoflagellate aggregates (induced blooms), it is signifi-
cantly more abundant in the raw extract of the resting cysts
(sample B) of the same dinoflagellate (Fig. 3 andTable 1).
Actually, the chromatogram of this sample shows a general
higher complexity than that previously discussed. ESI-MS
data establish that (i) the peak attR 21.5 min, assigned to
diadinoxanthin and dinoxanthin in sample A, contains here
also adonirubin and (ii) other putative precursors of astaxan-
thin, such as adonirubin acetate, cantaxanthin and adonirubin
esters are also present. This outcome demonstrates that the
biosynthesis of carotenoids inGs-green is strongly dependent
from its life-cycle stage: in particular, our analysis has clearly
shown that during encystment a complex series of enzymatic
oxidations (possibly initiated by the introduction of a keto
function at C4 on�-carotene[18]) and esterifications must
work. Only the biochemical analyses of related enzymes and
through study of the intermediate metabolism will allow the
routes of astaxanthin biosynthesis in this microrganism to be
exactly determined.
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r

Fig. 4. Pigment analysis at 450 nm of raw algal extracts from a horizontal
net tow sample (sample C), and from a vertical net tow sample (sample D)
under experimental conditions used inFigs. 1 and 3. For chromatographic
peak identification seeTable 1.

3.2. Mycosporine-like amino acids

MAAs are water-soluble substances characterized by a
cyclohexenone or cyclohexenimine chromophore conjugated
with the nitrogen substituent of an amino acid or its imino al-
cohol, having absorption maxima ranging from 310 to 360 nm
and an average molecular weight of around 300[19]. The
plot of iso-absorbance of the HPLC–DAD-APIMS analysis
of sample A (Fig. 1b) reveals a class of very polar compounds,
eluting in the first minutes of the chromatographic run and
showing a strong absorption around 350 nm. By changing
the mobile phase composition, this fraction can be resolved
in three major components, which can be preliminarily iden-
tified as mycosporine-like aminoacids (MAAs) by on-line
LC–MS experiments. The major compounds have been iden-
tified as palythine and palythene[20] eluting attR 3.6 and at
tR 10.2 min, respectively, in the chromatographic conditions
of Fig. 5. The structures were initially guessed by their char-
acteristic UV spectra and then confirmed by positive-ion ESI
full scan mass spectra whereby [M+ H]+ ion of palythine was
detected atm/z245 and [M+ H]+ ion of palythene atm/z285.
The major compound contained in the unresolved peak at
tR = 8.4–8.7 min was detected as [M+ H]+ at m/z= 260 and
belongs to mycosporine–alanine.1H NMR measurements
carried out on purified fraction of this sample were actually
found in agreement with LC–MS outcome.

3
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t hese
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t ains
In order to ascertain that in situ induced microalgal blo
ontains motile cells belonging to a single morphospe
Gs-green), we have analyzed the pigment distribution
orizontal net tow (sample C,Fig. 4a), and in a vertical ne

ow sample (sample B,Fig. 4b) and the results of our a
ignments are reported inTable 1. By microscopic examina
ion of these samples, the biovolume of all the dinoflagel
resent in the sample D was estimated to be about 50%

he contribution ofGs-green about 7%, whereas the sam
contained dinoflagellates as much as 35% whereGs-green
as estimated to be 14% andGs-red 0.7%. This is some
ow reflected in the corresponding chromatographic pro
howed inFig. 4wherein a wider pigment composition w
espect to sample A can be appreciated.
.3. Galactolipids

Lipids are integral components of thylakoid membra
nd fundamental parts for the structural and functiona

egrity of the photosynthetic apparatus and galactolipid
he predominant lipids of photosynthetic membranes. In t
atural compounds the galactopyranose moiety is linke

he glycerol backbone bearing two long hydrocarbon ch
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Fig. 5. Analysis of MAAs in a partially purified fraction of cellular extract ofGs-green (sample A1). Chromatogram recorded at 320 nm by H2O/CH3OH
gradient containing HCOOH with Merck RP-18 Lichrosphere column 240× 4.6 mm, 5�m. UV spectra of palythine and palythene attR = 3.6 and 10.2 min,
respectively. In the top-right region, the positive-ion mode ESI-MS spectra of the main compounds are also shown.

Table 2
Monogalactolipids (MGDG) and digalactolipids (DGDG) as detected on sample A by on-line negative- and positive-ion mode ESI-MS and ESI-MS–MS

Compound Formula [M–H]− [M+ Na]+ Fatty acid
composition

Abundance%

MGDG C41H70O10 721 745 18:4/14:0 a

C43H68O10 743 767 18:3/16:4 a

C45H66O10 765 789 18:5/18:5 16.1
C45H68O10 767 791 18:5/18:4 20.7
C45H70O10 769 793 18:4/18:4 6.0
C45H72O10 771 795 18:4/18:3 a

C45H74O10 773 797 18:2/18:4 a

C47H70O10 793 817 20:5/18:5 6.2
C47H72O10 795 819 20:5/18:4 a

DGDG C47H80O15 883 907 18:4/14:0 a

C51H76O15 927 951 18:5/18:5 a

C51H78O15 929 953 18:5/18:4 7.3
C51H80O15 931 955 18:4/18:4 33.7
C51H82O15 933 957 18:3/18:4 a

C53H82O15 957 981 20:5/18:4 a

C55H84O15 983 1007 20:5/20:5 a

The percent abundance is calculated by integration of UV traces at 215 nm.
a Estimated to be about 1%.
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Fig. 6. Ion-extracted traces of the [M+ Na]+ ions of the DGDG 18:4/18:4 (—) atm/z 955 and 18:5/18:4 (- -) atm/z 953 respectively in different samples (a)
in the sample A (DGDG 18:4/18:4 as major); (b) in the sample C (DGDG 18:4/18:4 and DGDG 18:5/18:4 in comparable amount); and (c) in the sample D
(DGDG 18:5/18:4 as major).
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and the more representative substances are the monogalacto-
syldiacylglicerols (MGDG) and the digalactosyldiacylglyc-
erols (DGDG). Specific roles played by these compounds in
the light reactions of photosynthesis justify considerable in-
terest for their bioactivity (in particular when the acyl chains
are polyunsaturated) and potential use as chemotaxonomic
markers has led to increasing attention toward this class of
natural products[21].

These lipids can be revealed either by short wavelength
(215 nm) UV-DAD or by ESI-MS detection in the same
chromatographic run used for the pigments detection as
shown in Fig. 1c (eluting between 23 and 35 min). The
determination of�-galactopyranose moiety, the geometrical
configuration of the double bounds and their actual position
in the fatty chains (�-3 or �-6) has been assessed by
1H NMR spectroscopic analysis on the partially purified
compounds (data not shown).

The ESI mass spectra allow the molecular mass determi-
nation, producing both high [M–H]− ions by negative-ion,
and [M+ Na]+ ions by positive-ion, and structural informa-
tion concerning the fatty acid composition by the in-source
CID fragments. Moreover, the on-line fragmentation of
[M+ Na]+ ions by positive-ion ESI-MS–MS allowed us
to establish the positional distribution of thesn-glycerol-
bound fatty acyl chains[17]. The overall results of our
galactolipid analysis of sample A are reported inTable 2.
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that they are dominant in all the galactolipids ofGs-green
extract (Table 2), it follows that the different ratio between
the above-cited DGDGs as observed in ESI measurements
(Fig. 6) must reflect a different distribution of dinoflagellate
species. Thus, in the sample D, where the population of
Gs-green species has been found in quite low amount (7%)
by microscopic analysis, the relative amount (Fig. 6c) of
DGDGs is exchanged, suggesting significant contribution
from other dinoflagellate species. On this basis, we can use
the outcome of our LC–ESI-MS measurements to establish
that in sample C (Fig. 6b) the population ofGs-green is well
represented. The fair agreement between DGDG distribution
as estimated by our LC–ESI-MS data and the relative
abundance of dinoflagellates as measured by microscopic
analysis, suggests that our methodology could represent
a powerful tool for the assessment of the composition of
dinoflagellate assemblages at the species level.

3.4. Analysis of a shallow water microphytobenthos
sample

Because of the mentioned famous reddening phenomenon,
Lake Tovel has been studied from a variety of viewpoints,
including a recent investigation on the depth-distribution of
bottom living (=benthic) cyanobacteria and algae.
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orresponding monogalactolipids MGDG has been ass
ere. Moreover, by our analysis a rough estimation

heir relative amount can be found by integration of t
V peak-area as detected at 215 nm assuming ide
xtinction coefficients. Within this approximation,
ave found that the digalactolipid, displaying [M+ Na]+

seudo-molecular ion atm/z 955, bears identical fatty ac
hains (octadeca–tetraenoyl, 18:4) on the glycerol backb
s established by tandem MS experiments, and is the
bundant of all the galactolipids in the sample A.

Whereas the pigment distribution ofGs-green encyste
ells (sample B) is very different from that of its mot
ells (sample A), our LC–tandem MS measurements s
hat even during encystment the most representative g
olipid remains the DGDG with 18:4/18:4 fatty chains (d
ot shown).

Fig. 6 shows the comparison between the ion-extra
races due to the [M+ Na]+ ions of the DGDG 18:5/18:4 an
8:4/18:4 in the samples A, C and D showing quite diffe
istribution of these two DGDGs. Thus, whereas in the s
le A DGDG 18:4/18:4 is, as aforementioned, prevalent,
GDGs (18:4/18:4 and 18:5/18:4) are present with diffe

elative amounts both in sample C (Fig. 6b) and in sample D
Fig. 6c). Even if we have not yet a clear-cut evidence
GDG 18:4/18:4 represents a specific signature ofGs-green
pecies, the microscopic data (see biovolumes in Secti2)
eem to support this working hypothesis. In fact, conside
hat 18:4 and 18:5 fatty acyl chains represent a reli
hemical signature of Dinophyta division[22–23] and
lied also to freshwater microphytobenthos samples.
erent pigments and lipids have been thus detected d
ur LC–MS analysis of samples obtained by extractio
yanobacteria colonising stones taken at different dept
ake Tovel. In the same chromatographic condition t
bundant pigment markers, scytonemin and reduced scy
in, can be promptly detected by positive-ion ESI-MS
M+ Na]+ ions atm/z 567 andm/z 569, respectively. Scy
onemin is a yellow-brown, lipid soluble dimeric pigme
ocated in the extracellular polysaccharide sheath of s
yanobacteria[24]. Moreover, at a retention time betwe
2 and 35 min, besides galactolipids, an abundant ste
/z= 423, possibly the [M+ Na]+ ion of 3�-methoxycholest
-ene, has been found. This sterol is believed to repr

he most abundant steroid of the cyanobacteriumScytonem
p.[25].

. Conclusions

We have developed a new HPLC–DAD-APIMS meth
logy that uses a single reversed-phase gradient sepa
nd different MS experimental set-up (negative- or posi

on mode, ESI or APCI ionisation, full scan or MS–MS). I
uitable both for the screening of pigments and for the d
ion of other interesting natural products from raw extrac
icroalgae, such as MAAs and galactolipids, alkaloids

terols. In particular, whereas the full structure characte
ion of MAAs requires a further LC–MS analysis with d
erent mobile phase composition, that of galactolipids (
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DGDG and MGDG) can be defined at the level of molecular
mass determination, composition and positional distribution
of thesn-glycerol-bound fatty acyl chains. Our results show
that galactolipids analysis seems to be a suitable tool for as-
sessing new chemical markers with taxonomic significance
even at the species level.

The methodology has been successfully applied to the
monitoring both of theGs-green enclosure-blooms induced
by nutrient enrichment and of the natural phytoplankton com-
munity of Lake Tovel.
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