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PC,
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PG,
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SQDGs, sulphoquinovosyldiacylglycerols

A metabolite screening of cyanobacteria was
performed by nuclear magnetic resonance (NMR)
analysis of the soluble material obtained through
sequential extraction of the biomass with three
different extractive ability solvents (hexane, ethyl
acetate, and methanol). Twenty-five strains from the
Coimbra Collection of Algae (ACOI) belonging to
different orders in the botanical code that represent
three subsections of the Stainer-Rippka classification
were used. The 1H NMR spectra of hexane extracts
showed that only two strains of Nostoc genus
accumulated triacylglycerols. Monogalactosyldiacylglycerols and digalactosyldiacylglycerols were the
major components of the ethyl acetate extracts in a
mono- to digalactosyldiacylglycerols ratio of 4.5
estimated by integration of the signals at d 3.99 and
3.94 ppm (sn3 glycerol methylene). Oligosaccharides
of sucrose and mycosporine-like amino acids,
among other polar metabolites, were detected in the
methanolic extracts. Strains of Nostocales order
contained heterocyst glycolipids, whereas sulphoquinovosyldiacylglycerols were absent in one of the
studied strains (Microchaete tenera ACOI 1451).
Phosphathidylglycerol was identified as the major
phospholipid in the methanolic extracts together
with minor amounts of phosphatidylcholine based
on 1H, 31P 2D correlation experiments. Chemotaxonomic information could be easily obtained
through the analysis of the d 3.0–0.5 ppm (fatty acid
distribution) and d 1.2–1.1 ppm (terminal methyl
groups of the aglycons in heterocyst glycolipids)
regions of the 1H NMR spectra of the ethyl acetate
and methanol extracts, respectively.

Cyanobacteria, the only prokaryotes having a structure of their photosynthetic apparatus similar to the
eukaryote organisms, have been essential to the evolution of life on Earth and continue to play a significant role in the maintenance of the biosphere. As
one of the most primordial groups of life forms on
Earth, cyanobacteria represent a challenge in terms
of classification (Komarek et al. 2014). In Bergey’s
Manual of Systematic Bacteriology, the cyanobacteria
were classified in to five subsections that are equivalent to the five sections recommended by Rippka
et al. (1979) and to the orders established in the
botanical literature: subsection I (=Chroococcales),
subsection II (=Pleurocapsales), subsection III
(=Oscillatoriales), subsection IV (=Nostocales), and
subsection V (=Stigonematales; Castenholz 2001).
However, classification based on morphological characters can be susceptible to generating incongruences since some to the characteristics used for
taxon distinction may be lost over time; therefore, a
polyphasic approach in which the molecular, cytomorphological, and ecological features are combined is now preferred (Komarek et al. 2014).
Chemotaxonomic analyses play an important role
in the polyphasic approach as chemotaxonomic
markers provide information concerning the phenotypic component of this approach (Vandamme et al.
1996, Rosell
o-Mora and Amann 2001). In cyanobacteria, fatty acids (FAs), carotenoids, polyamines, and
peptides are useful chemotaxonomic markers (Hosoya et al. 2005, Welker and Erhard 2007, Arima
et al. 2012, Asencio and Hoffmann 2013). Among
them, fatty acid profiles probably constitute, the
most important tool for taxonomic studies at the
family, genus, and species levels (Caudales and
Wells 1992, Kr€
uger et al. 1995, Caudales et al. 2000,
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Li and Watanabe 2001, Gugger et al. 2002, Termina
et al. 2007, Shukla et al. 2012). Fatty acid composition provides information on phylogenetic relationships of organisms and the degree of unsaturation
of the acyl chain is associated with morphological
complexity. Based on the correlation between morphological and physiological characteristics and cellular fatty acid composition, cyanobacteria strains
were initially divided into four groups according to
the content of the major fatty acid with the highest
degree of unsaturation (Kenyon 1972, Kenyon et al.
1972, Murata et al. 1992). The first group includes
strains where only saturated (SAFA) and monounsaturated (MUFA) fatty acids are present. Group 2
is characterized by the presence of a-linolenic acid
(ALA, C18:3 x-3), whereas cyanobacteria that synthetize c-linolenic (GLA, C18:3 x-6) and stearidonic
acid (SDA, C18:4 x-3) are included in groups 3 and
4, respectively. An additional group 5 was latter
included (Cohen et al. 1995) to consider strains
containing only polyunsaturated fatty acids with two
double bonds as linoleic acid (LO, C18:2 x-6).
According to the Kenyon-Murata classification, this
latter group is positioned between groups 1 and 2.
The validity of this classification has been recently
supported and improved by genomic data (Los and
Mironov 2015).
On the other hand, cyanobacteria are an important source of nutritional and bioactive compounds
and they are also very promising feedstock for biodiesel production and high added-value products
(Gupta et al. 2013, Singh et al. 2017, Swain et al.
2017, Knoot et al. 2018). A knowledge of metabolic
patterns that complement genomic analysis of the
numerous cyanobacterial strains available in laboratories and collections worldwide is thus necessary
not only for a taxonomic point of view but also for
improvements in strain selection for biotechnological applications (Baran et al. 2013, Dempo et al.
2014). Two main techniques are used for metabolite
profiling, mass-spectrometry (MS) coupled in many
cases with chromatographic separation and nuclear
magnetic resonance (NMR; Moco et al. 2007, Zhang
et al. 2012). NMR is less sensitive than MS-based
techniques but for structural elucidation is far superior to any existing techniques. NMR is probably the
most selective analytical technique and the information contained in a single spectrum covers a wide
range of compounds. NMR is, thus, a rapid, nondestructive, high-throughput method for identifying
and quantifying metabolites. These features and the
improvements in sensitivity achieved through
advances in instrumentation such as the development of microcoil probes and cryoprobe technology
make NMR a powerful approach in metabolic studies (Fan and Lane 2016, Deborde et al. 2017). Metabolomic profiling for cyanobacteria is mainly
focused on MS methodologies (Schwarz et al. 2013,
Rajneesh et al. 2017). In contrast, studies based on

NMR are scarce (Kim et al. 2006, Akhter et al. 2016,
Obando et al. 2016, Reveillon et al. 2019).
Very recently, we showed (Iglesias et al. 2019)
that NMR analysis of the soluble material obtained
by sequential extraction of the biomass of five marine microalgae with different extractive ability solvents (hexane, ethyl acetate, and methanol)
provided a wide and valuable dataset concerning
the chemical constituents of these microalgae.
Thirty-four metabolites of diverse nature were identified that allowed differentiation at the genus and
species levels. This methodology is applied here for
metabolite screening of 25 cyanobacteria strains
from the Coimbra Collection of Algae (ACOI)
belonging to different orders in the botanical code
(Chroococcales, Synechococcales, Oscillatoriales,
and Nostocales) that represent three subsections of
the Stainer-Rippka classification (Rippka et al. 1979;
unicellular subsection I, filamentous non-heterocystous subsection III, and filamentous heterocystous
subsection IV). ACOI is one of the largest algal collections in the world, housing more than 1,000 species of freshwater microalgae and cyanobacteria
(Santos and Santos 2004). More than 50 genera and
600 strains are cyanobacteria collected from many
different habitats in Portugal and a few other countries. The combination of compositional data
obtained through NMR with the morphological
analysis reported here provides high-value information about this important collection. Such knowledge will contribute to a more rational strain
selection for specific applications and biotechnological uses of cyanobacteria.
MATERIALS AND METHODS

Strains, culture conditions, and extraction. Twenty-five nonaxenic strains of cyanobacteria from the Coimbra Collection
of Algae (ACOI; Table 1) were used in this study.
For each strain, a mother culture was established during
6 d under a light intensity of 30–60 lmol photons  m2  s1
(light fluorescent tubes OSRAM Cool White L36W/20 Hellweiss), a photoperiod of 16/8 h of light/dark, and a temperature of 23 °C. The culture inoculum was then prepared by
diluting the mother culture with fresh medium 1:1 (v/v). The
cultures were grown in M7 and S2T2 culture media (http://ac
oi.ci.uc.pt/contents.php?id=6) at pH 6.9 and 7.4, respectively,
provided with air bubbling (0.5–1 L  min1) and cultivated
for 15 d under the growth conditions mentioned above.
In order to improve performance in metabolite characterization, sequential extraction of cyanobacteria biomass was
performed using three different solvents with a polarity gradient: hexane, ethyl acetate, and methanol (Table 2).
Microalgal cultures were centrifuged at 2381 g for 15 min,
the biomass freeze-dried at 98 °C, and later resuspended for extraction in the required amount of solvent.
The biomass was disrupted using liquid nitrogen in a ceramic
mortar to obtain the first extraction. The disrupted cells were
extracted with 10 mL of hexane and homogenized in a vortex for 2 min, then centrifuged at 2381 g during 15 min.
This step was repeated three times. The supernatants were
recovered and combined. For the second and third
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TABLE 1. Taxonomic classification (Komarek et al. 2014), habitat, and/or geographical localization of the cyanobacteria
strains.
Taxonomic classificationa

Habitat/Geographical origin

Gloeocapsa sp. 2139
Pseudanabaena sp. 2280
Oscillatoria pseudacutissima 80
Plectonema sp. 2274
Phormidium autumnale 119
Calothrix sp. 2022
Calothrix sp. 2024
Scytonema obscurum 573
Scytonema crispum 580
Tolypothrix byssoidea 662

Chroococcales Chroococcaceae
Synechococcales Pseudabaenaceae
Oscillatoriales Oscillatoriaceae
Oscillatoriales Oscillatoriaceae
Oscillatoriales Microcoleaceaeb
Nostocales Rivulariaceae
Nostocales Rivulariaceae
Nostocales Scytonemataceae
Nostocales Scytonemataceae
Nostocales Tolypothricaceae

Tolypothrix distorta 731
Tolypothrix tenuis 92
Tolypothrix sp. 2289
Microchaete tenera 1451
Anabaena cylindrica 505
Nostoc sp. 2611
Nostoc sp. 2089
Nostoc sp. 2176
Nostoc sp. 2183
Nostoc sp. 2184
Nostoc sp. 2173
Nostoc sp. 2174
Nostoc sp. 2175
Nostoc sp. 2177
Nostoc sp. 2178

Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales
Nostocales

Fountain, Ancß~a, Portugal
Rice field, Tent
ugal, Portugal
Pond, Cantanhede, Portugal
Ria de Aveiro, Portugal
Sabugueiro, Serra da Estrela, Portugal
Pond, Mira, Portugal
Ria de Aveiro, Portugal
Moist soil, Monte Caf
e, S. Tom
e
Downhill dripping, S. Nicolau, S. Tom
e
Subaerial alga from a marble statue, Jardim Bot^anico,
Coimbra, Portugal
Flowing water, Bica do Carmo, Madeira, Portugal
Fountain, Ancß~a, Portugal
Lagoa das Bracßas, Quiaios, Portugal
Vase with Chara sp., Portugal
Spring, Lagoa Am
elia, S. Tom
e
Fountain, Ancß~a, Portugal
Downhill dripping, S. Nicolau, S. Tom
e
Downhill dripping, S. Nicolau, S. Tom
e
Downhill dripping, S. Nicolau, S. Tom
e
Downhill dripping, S. Nicolau, S. Tom
e
Forest pond, between S. Luis and Chamicßo, S. Tom
e
Forest pond, between S. Luis and Chamicßo, S. Tom
e
Forest pond, between S. Luis and Chamicßo, S. Tom
e
Forest pond, between S. Luis and Chamicßo, S. Tom
e
Forest pond, between S. Luis and Chamicßo, S. Tom
e

ACOI strain

Tolypothricaceae
Tolypothricaceae
Tolypothricaceae
Nostocaceaec
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae
Nostocaceae

a

Order and family.
According to Strunecky et al. (2013).
c
According to Hauer et al. (2014).
b

TABLE 2. Hansen solubility parameter components of the
solvents used (Barton 1975; dd: dispersion component; dp:
polar component; dH: hydrogen bonding component).
Solvent

Hexane
AcOEt
MeOH

dd

dp

dH

7.3
7.7
7.4

0.0
2.6
6.0

0.0
3.5
10.9

extractions, residual cell pellet from the first extraction was
treated with 10 mL of ethyl acetate and methanol, respectively, and the following procedures were the same as previously described. The volumes of obtained fractions were
evaporated in a B€
uchi rotavapor R-300. Finally, each sample
was full dried in a speed-vacuum Gyrozen. The samples were
then stored at 20 °C until NMR analysis.
NMR analysis. All of the 1H NMR, 13C NMR, and 31P
NMR spectra were recorded on a Bruker Avance III HD
600 MHz NMR (14.0 T) spectrometer equipped with a QCI-P
CryoProbeTM (proton-optimized quadruple resonance NMR
‘inverse’ probe). For the hexane extracts, the solutions were
prepared by dissolving the microalgal extracts in 0.5 mL of
CDCl3 containing internal standard TMS. For the ethyl acetate and methanol extracts, the samples were prepared by dissolving the microalgal extracts in 0.5 mL of MeOD-d4. Key
parameters for the acquisition of 1D and 2D (z-COSY, gTOCSY, g-HSQC, g-HSQC-TOCSY, and g-HMBC) NMR spectra involving 1H and 13C nuclei were the same as previously
reported (Iglesias et al. 2019). 31P NMR spectra were
recorded with ~15,000 scans with a relaxation delay time of
1 s in inverse-gated decoupled mode, P1 (90o PW) of 15 ls,
and sweep width of -50 to + 100 ppm. Exponential

multiplication of the FID (LB = 4) was applied prior to Fourier transformation. Chemical shifts are reported using 85%
H3PO4 as external reference. The 2D 1H,31P g-HMQC experiments were performed with 180 increments, 128 transients, 1
s relaxation delay, and a sweep width of 8 and 40 ppm for
the 1H and 31P dimensions, respectively. The data were processed using a QSINE window function of SSB = 1 in both
dimensions for a total of 2,048 9 1,024 data points in the F2
and F1 dimensions. Topspin 3.6 Bruker BioSpin S.A., Wissembourg, France was used for acquiring and processing the
NMR spectra. 1H,31P, g-HMQC-TOCSY spectra were acquired
using the echo–antiecho phase sensitive mode, 160 increments, 128 transients, 1 s relaxation delay, a mixing time of
60 ms, and a sweep width of 8 and 30 ppm for the 1H and
31
P dimensions, respectively. The data were processed using a
sine-squared window function (SSB 2) for a total of
1,024 9 1,024 data points in the F2 and F1 dimensions.
RESULTS AND DISCUSSION

Morphological description of the strains. Cyanophyte
strains used in this study were mainly freshwater
organisms, isolated from different habitats in mainland Portugal and the islands of Madeira and S~ao
Tome (Table 1). Cells of Gloeocapsa form small-tolarge irregular colonies (Fig. 1a). According to their
morphology, they are placed in subsection I (Castenholz 2001). The strain was isolated from the walls
of a limestone fountain.
All of the remaining strains were filamentous
cyanobacteria, with unbranched or false-branched
unisseriate trichomes with or without differentiation
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FIG. 1. Colonial and filamentous non-heterocistous strains of
cyanobacteria: Gloeocapsa sp. ACOI
2139 (a); Plectonema sp. ACOI 2274
(b, c); Pseudanabaena sp. ACOI
2280 (d); Phormidium autumnale
ACOI 119 (e, f); and Oscillatoria
pseudacutissima ACOI 80 (g).
[Color figure can be viewed at wile
yonlinelibrary.com]

of heterocysts. Strains unbranched or occasionally
false-branched but without heterocysts are classified
in subsection III by Castenholz in Bergey’s manual
(Castenholz 2001). They include Plectonema, Pseudanabaena, Phormidium autumnale, and Oscillatoria pseudacutissima. With the exception of Pseudanabaena, the
strains are placed in the botanical order Oscillatoriales (Table 1).
Plectonema filaments contain one unisseriate, occasionally false-branched trichome without heterocysts
(Fig. 1, b and c). It was isolated from brackish
water. Pseudanabaena (Fig. 1d) trichomes are
mobile, solitary, unbranched, without sheath, and
without heterocysts; cells are cylindrical and distant
from each other. The strain was collected from a
rice field. Phormidium autumnale (Fig. 1, e and f) filaments are cylindrical with a diffluent sheath and a
unisseriate, trichome up to 4–7 lm width, with a
narrow tip and a round apical cell; they may be solitary or assembled. It was isolated from stagnant
water. Oscillatoria pseudacutissima (Fig. 1g), collected
from a freshwater pond, has trichomes up to 2 lm
wide, with cells around 3.5 times longer than wide,
slightly spiraled tips, and curved or bent apical cell.
All of the remaining studied cyanophytes are
heterocystous filamentous strains with unisseriate trichomes unbranched or false branched. Therefore,
they are classified in the subsection IV of Castenholz’s classification. Their actual taxonomic position
is in the botanical order Nostocales, placed within
four different families (Table 1).
Microchate tenera, Tolypothrix, and Scytonema strains
are false-branched cyanophytes. Microchaete tenera

(Fortiea coimbrae; Hauer et al. 2014; Fig. 2a) filaments
are 6–7 lm wide and up to 1 mm in length, isolated
or forming small groups; trichomes are unisseriate,
most of the time not branched, but false lateral ramifications can be observed occasionally; trichomes
with basal and intercalary heterocysts and polarity
indicated by the apex narrower than the base; cells
are 5 lm wide, more or less cylindrical, and long. It
was collected from a vase with Chara sp. in the ACOI
laboratory. Tolypothrix genus is characterized by filaments often grouped together, each filament with a
more or less thick sheath surrounding a single trichome and false, solitary ramifications with a basal
heterocyst. Tolypothrix sp. ACOI 2289 (Fig. 2b) was
isolated from wet sticks in a coastal freshwater lake.
Trichomes of T. distorta (Fig. 2c) are 6–12 lm wide,
blue-green, the cells short, and the heterocysts spherical or elongated. It was collected from flowing water
of a fountain in the island of Madeira. Filaments of
T. byssoidea (Fig. 2d) are 10–18 lm wide to 1 mm
long, with a colorless sheath. Trichome is olive, 7–
12 lm wide, with short cells, and granular content. It
was collected from a marble statue in the Botanical
Garden of Coimbra. Filaments of T. tenuis (Fig. 2e)
are blue-green, 4–10 wide, cells almost square, and
heterocysts of various forms. It was isolated from the
same limestone fountain sample as Gloeocapsa
(Table 1).
Scytonema cyanophytes are characterized by filaments sometimes grouped, each strand with a more
or less thick sheath containing a single trichome,
cylindrical, and unisseriate, with intercalary heterocysts, simple and geminous ramifications, in general,
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FIG. 2. Filamentous heterocistous strains of cyanobacteria: Michrochaete tenera ACOI 1451 (=Fortiea coimbrae) (a); Tolypothrix sp. ACOI
2289 (b); Tolypothrix distorta ACOI 731 (c); Tolypothrix byssoidea ACOI 662 (d); Tolypothrix tenuis ACOI 92 (e); Anabaena cylindrica ACOI 505
(f); Nostoc sp. ACOI 2184 8 (g); Nostoc sp. ACOI 2183 (h); Nostoc sp. ACOI 2611 (i, j); and Nostoc sp. ACOI 2173 (k). [Color figure can be
viewed at wileyonlinelibrary.com]

without heterocysts at the base of the ramifications
(Fig. 3, a–d). Filaments of S. obscurum (Fig. 3, a and
b) are 9–18 lm wide, tangled, with greenish-blue

trichomes and heterocysts 12–14 lm long. It was isolated from a sample collected in the tropical island
of S~ao Tome (Table 1). Scytonema crispum (Fig. 3, c
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FIG. 3. Filamentous heterocistous strains of cyanobacteria: Scytonema obscurum ACOI 573 (a,b);
Scytonema crispum ACOI 580 (c, d);
Calothrix sp. ACOI 2022 (e, f);
and Calothrix sp. ACOI 2024 (g).
[Color figure can be viewed at
wileyonlinelibrary.com]

and d) has filaments 14–36 lm wide with narrow,
colorless sheath, trichomes 12–32 lm wide, with
shorter cells in the middle, and square, usually yellowish heterocysts. It was isolated from a sample collected from a ravine water runoff also in S~ao Tome.
In Calothrix, the filaments are solitary or assembled, with a basal heterocyst and a tapered end, a
sheath always visible, lateral branching may be
absent or more or less abundant, regular, or irregular, mostly with a basal heterocyst (Fig. 3, e–g). The
strains were collected from a freshwater pond and
from brackish water.
The remaining filamentous heterocystous studied
strains are all unbranched. Anabaena cylindrica (Fig. 2f) is greenish-blue with thin trichomes,
3–4 lm wide, cells almost square, and heterocysts
almost spherical, 5 9 6–8 lm. It was collected from
a spring in the island of S~ao Tom
e.
Nostoc strains consist of flexible curled trichomes
with intercalary heterocysts, arranged within a common and homogeneous jelly (Fig. 2, g–k). With the
exception of ACOI 2611 (Fig. 2, i and j), isolated
from the same sample as Gloeocapsa and Calothrix
(see above), the other studied strains were collected
in two different localities of S~ao Tom
e tropical
island (Table 1).
Chemical composition. It has previously found (Iglesias et al. 2019) that triacylglycerols (TGs) were preferentially
extracted
with
hexane,
whereas
monogalactosyldiacylglygerols (MGDGs) were the
major components of the AcOEt extract. The final
treatment with MeOH provided information concerning the more polar metabolites, such as sulpholipids, osmolytes, carbohydrates, and amino acids.
Accumulation of TGs in prokaryotic microorganisms
is not usual (Alvarez and Steinb€
uchel 2002, Hu et al.
2008). Thus, mono- and digalactosyldiacylglycerols

(MGDGs and DGDs, respectively), sulphoquinovosyldiacylglycerols (SQDGs), and phosphathidylglycerol
(PG) are the major lipids present in cyanobacteria
being scarce those in which TGs have been described

(Rezanka
et al. 2012).
Among the strains studied here, only for two of
them belonging to the Nostoc genus (ACOI 2184
and ACOI 2175), the 1H NMR spectra of the hexane extracts showed signals due to TGs (Fig. 4). For
the other strains, the NMR analysis of the hexane
extracts did not provide any valuable information
due to the poor ability of this solvent for extracting
membrane lipids.
As it will be discussed below, for Nostoc sp. ACOI
2175 acyl chains attached to glycerol in TGs and
MGDGs were the same. However, this was not the
case of Nostoc sp. ACOI 2184 in which TGs were
enriched in MUFAs. Furthermore, the presence of
signals due to D4 acyl chains, docosahexaenoic acid
(DHA, C22:6 x-3), or hexadeca-4,7,10,13-tetraenic
acid (HDTA, C16:4 x-3) were clearly detected in the
1
H NMR spectrum of the hexane extract from this
last strain. Acyl chains longer than 18 C atoms are
not present in cyanobacteria lipids (Iliev et al.
2011). Therefore, signals at d 2.46–2.36 ppm might
arise from HDTA. A higher complexity in fatty acid
composition of storage lipids rather than membrane
lipids has been reported in plants (Millar et al.
2000). Similarly, a more complex fatty acid composition in TGs than in structural membrane glycerolipids has also been found in some strains of
microalgae (Iglesias et al. 2019) and cyanobacteria

(Rezanka
et al. 2012).
The d 5.5–3.4 ppm region of the 1H NMR spectra
of the AcOEt extracts showed the characteristic signals of MGDGs and DGDGs (Fig. 5). The reported
data extracted from the systematic analysis of the
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Nostoc sp. ACOI 2175

ALA
LO
DHA

Nostoc sp. ACOI 2184
2.8
FIG. 4. Expansion of the 1H
NMR spectra in the d 5.5–
0.5 ppm region of the hexane
extracts from the Nostoc sp.
strains ACOI 2184 and ACOI
2175. Inset shows an expansion
of the signals due to bisallyllic
protons, CH2 in a position to the
carbonyl group and CH2 in a and
b to carbonyl group in D4 acyl
chains (d 2.9–2.2 ppm region).

2.5
ppm

2.3

Nostoc sp. ACOI 2175
TG
sn1,3

sn2

Nostoc sp. ACOI 2184
MUFA
5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

ppm

glycerolipid profiles of 98 strains of cyanobacteria
from the Pasteur Culture Collection of Cyanobacteria (PCC) indicated a clear preponderance of
MGDGs over DGDGs with an average MGDG/
DGDG ratio of 3.5 (Petroutsos et al. 2014). A similar result was obtained for the ACOI strains studied
in this work through the 1H NMR analysis of the
AcOEt extracts. The relative intensities of the signals
at d 3.99 and 3.94 ppm corresponding to one of the
two diasterotopic protons of the sn3 glycerol methylene in MGDGs and DGDGs, respectively, provided
an average value of the MGDG/DGDG ratio of 4.5.
Fatty acids are usually analyzed through gas chromatography (GC) as methyl esters after their isolation. Here, the feasibility of 1H NMR for classifying
the studied strains on the basis of their fatty acid
composition was tested. NMR has important advantages over chromatographic techniques because it is
a non-biased method, in which separation and/or
derivatization is not required. Furthermore, quantitative data concerning the distribution of acyl chains
can be easily obtained via the corresponding signal
integrals. Information concerning cellular fatty acid
composition of the selected ACOI strains of
cyanobacteria was thus obtained through the analysis of the d 3.0–0.5 ppm region in the 1H NMR of
the AcOEt extracts (Table 3). These extracts were
chosen because this solvent is able to extract
MGDGs that, in cyanobacteria, constitute more than
50% of the total glycerolipids (Petroutsos et al.
2014).
In Figure 6, the strains were arranged according
to the update FA-based classification reported by
Los and Mironov (2015). This classification has

some improvements with respect to the classical
Kenyon-Murata classification. Thus, the groups 2
and 3 were redefined. The new group 2 includes
strains that produce dienoic fatty acids (C16:2 and
C18:2) as the final product of desaturation and then
it corresponds to that defined by Cohen et al.
(1995) as group 5. All cyanobacteria strains producing trienoic fatty acids are now combined in group
3 that is subdivided into group 3a and 3c. Subgroup
3a comprises the strains of group 2 in the KenyonMurata classification. Cyanobacteria in this subgroup synthetize ALA as the major fatty acid of the
highest degree of unsaturation as a result of the
presence of D9, D12, and D15 (x3)-desaturases.
Strains of the group 3 in the original KenyonMurata classification that can synthetize c-linolenic
acid (18:3) are placed in subgroup 3c.
Production of polyunsaturated fatty acids (PUFAs)
is characteristic of eukaryotic organisms (algae and
higher plants), whereas SAFAs and MUFAs are the
only constituents of the bacterial fatty acid profile.
Cyanobacteria (Cyanoprokaryota organisms) share
characteristics of both bacteria and algae. Thus,
some of them do not produce PUFAs resembling
the eubacteria and others are able to synthetize
PUFAs as algae do. Fatty acid profiles containing
high proportions of C18:2, C18:3, and C18:4 fatty
acids are typical of filamentous cyanobacteria,
whereas unicellular ones seem to place an intermediate position between non-photosynthetic prokaryote and eukaryote organisms (Caudales et al. 2000).
Thus, strains of the Chroococcales order have been
divided between PUFA producing and non-producing (Kr€
uger et al. 1995). On the other hand, the
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lack of PUFAs has been also related to the
cyanobacteria that tend to join together due to its
hydrophobicity (Oren et al. 1985).
In agreement with these features, the 1H NMR
spectra of AcOEt extracts from the cyanobacteria
studied (Fig. 6), except Gloeocapsa ACOI 2139,
showed signals due to bisallylic protons (d 2.75–
2.88 ppm) indicating the presence of polyunsaturated acyl chains in relatively high proportion
(22%–65% of the total fatty acid composition;
Table 3).
Cyanobacteria of the Chroococcales order in
which PUFAs are almost absent, such as Synechococcus and Gloeocapsa, have been characterized by a
high content in palmitoleic acid (C16:1; Kenyon
1972, Kr€
uger et al. 1995). The major acyl chains in
the AcOEt extract of Gloeocapsa sp. ACOI 2139 were
MUFAs (Fig. 6) as it was estimated from the relative
intensity of the multiplet centered at d 2.04 ppm
assigned to the allylic protons in monounsaturated
fatty acids (Dais et al. 2015). According to their
morphology and FA composition, cells of Gloeocapsa
were placed in subsection I (see above) and group
1, respectively.
The heterogeneous and polyphyletic nature of
the botanical order Oscillatoriales was reflected in
the differences in fatty acid composition of the
three strains belonging to this order analyzed here,
Plectonema sp. ACOI 2274, P. autumnale ACOI 119,
and Oscillatoria pseudacutissima ACOI 80. Fatty acid
composition of Plectonema constitutes a grade link
between Gloeocapsa sp. ACOI 2139 and the other filamentous strains. As for Gloeocapsa, monounsaturated acyl chains preponderated (Table 3).
However, some desaturation of these chains has
taken place to give chains of linoleic acid as the
only PUFA detected in this sample. LO could be
unambiguously identified and quantified, although

TABLE 3. Relative amount (% of the total acyl chains) of
PUFA, MUFA, and SAFA acyl chains estimated through
1
H NMR of AcOEt extracts.
ACOI strain

SAFA

MUFA

PUFA

Gloeocapsa sp. 2139
Pseudanabaena sp. 2280
Oscillatoria pseudacutissima 80
Plectonema sp. 2274
Phormidium autumnale 119
Calothrix sp. 2022
Calothrix sp. 2024
Scytonema obscurum 573
Scytonema crispum 580
Tolypothrix byssoidea 662
Tolypothrix distorta 731
Tolypothrix tenuis 92
Tolypothrix sp. 2289
Microchaete tenera 1451
Anabaena cylindrica 50
Nostoc sp. 2611
Nostoc sp. 2089
Nostoc sp. 2176
Nostoc sp. 2183
Nostoc sp. 2184
Nostoc sp. 2173
Nostoc sp. 2174
Nostoc sp. 2175
Nostoc sp. 2177
Nostoc sp. 2178

28
60
52
14
35
43
55
35
53
36
25
30
29
39
29
24
43
49
58
36
41
29
31
28
16

72
0
16
63
0
24
2
18
8
18
23
18
21
9
14
28
8
4
17
13
27
30
8
29
45

0
40
32
22
65
33
43
47
39
46
52
52
50
52
57
48
49
47
25
51
32
41
61
43
39

the signal of the bisallylic protons that resonate separately to those of other PUFAs as a triplet at d
2.78 ppm (Fig. 6). Plectonema sp. ACOI 2274 was
thus classified in group 2 according to the updated
Kenyon-Murata classification (Fig. 6; Los and Mironov 2015). Linoleic acid seems to be required as
substrate in cyanobacteria for the action of D15(x3)desaturase to synthetize ALA (Mironov et al. 2012).
The d 2.75–2.88 ppm region of the 1H NMR spectrum of the AcOEt extract of Phormidium autumnale

β-Gal

FIG. 5. Expansion
of
one
representative 1H NMR spectrum
of the AcOEt extract (Plectonema
sp. ACOI 2274) in the d 5.5–
3.4 ppm region.
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ACOI 119 evidenced the presence of LO (d
2.78 ppm) and ALA (d 2.81 ppm). The assignment
of the multiplet at d 2.81 ppm to the bisallylic protons of ALA was confirmed by the presence of the
typical signal resonance of the terminal methyl protons in x-3 acyl chains at d 0.98 ppm (the intensity
ratio of the signal at d 2.81 and 0.98 ppm of 4:3 was
as expected). This strain was, therefore, classified in
group 3a (Los and Mironov 2015). Most of the filamentous strains studied here belong to this group
(19 of the 25 studied strains). However, the non-heterocystous, Pseudanabaena sp. ACOI 2274, and P. autumnale ACOI 119 could be distinguished from the
heterocystous ones in this group by the lack of
monounsaturated chains (Fig. 6, Table 3), suggesting that the desaturation of oleate was almost complete. On the other hand, the significant difference
in the relative amount of C18:2 between Pseudanabaena sp. ACOI 2274 and P. autumnale ACOI 119
(13% and 35% of the total acyl chains, respectively)
should be underlined.
The ability of some Oscillatoria strains to biosynthetize SDA has been reported (Kenyon et al. 1972,
Li et al. 1998). For some of these strains, the biosynthesis of this fatty acid (C18:4) has been associated
with specific physiological characters (Kenyon et al.
1972). The higher complexity in fatty acid composition for O. pseudacutissima ACOI 80 was evident
from the shape of the signals due to bisallylic protons (d 2.75–2.88 ppm) and the methylenic protons
in a position with respect to the C=O group. The
presence of SDA in this strain was confirmed
through the signal at d 1.40 ppm (Fig. 6). As for
the other strains in group 4, the relative intensity of
the signals at d 2.81 and 0.98 ppm (6:3) indicated
that no significant amount of a- or c-linolenic acids
is present in these cyanobacteria.
Concerning the heterocystous cyanobacteria, the
1
H NMR spectra of the AcOEt extracts from the two
strains of Calothrix (ACOI 2022 and 2024) showed
signals due to SDA (Fig. 6). This result is in agreement with those reported by Kenyon et al. (1972)
that considered the synthesis of C18:4 fatty acid, a
characteristic of the Calothrix type strains. Significant
differences in the degree of desaturation of oleate
were observed for these two strains (ratio of PUFA:
MUFA of 33:24 and 43:2 for ACOI 2024 and ACOI
2022, respectively; Table 3). They were isolated from
water systems close to or directly connected to the
sea. Therefore, differences in tolerance to water
salinity may explain these differences (Allakhverdiev
et al. 2001, Singh et al. 2002).
The four strains of Tolypothrix analyzed, T. byssoidea
ACOI 662, T. distorta ACOI 731, T. tenuis ACOI 92,
and Tolypothrix sp. ACOI 2289 showed a quite similar
acyl chains distribution (Table 3). In contrast to the
Tolypothrix strains from the Pasteur Culture Collection of Cyanobacteria (PCC) for which the synthesis
of C18:4 has been described (Kenyon et al. 1972,
Los and Mironov 2015), in the ACOI strains the only
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PUFAs detected were ALA and LO. In the three
strains ALA preponderated over LO (35% vs. 15%
on average). Therefore, they were classified in the
3a group (Fig. 6). This result was in agreement with
the reported morphological and phylogenetic differences between ACOI and PCC strains of Tolypothrix
(Hauer et al. 2014). However, Tolypothricaceae
strains could not be differentiated from the Nostocaceae ones only on the basis of the major fatty acid
with the highest degree of unsaturation. As can be
observed in Figure 6, all of them were classified in
the 3a group. In this group Anabaena cylindrica ACOI
505 was characterized by a relative high proportion
of C18:2 (22% of the total acyl chains), whereas the
10 strains of Nostoc sp. showed a higher variability in
the fatty acid distribution (16%–58% SAFA, 4%–45%
MUFA, and 25%–61% PUFA; Table 3). Interestingly,
the two Nostoc strains that were able to store TGs
(ACOI 2184 and 2175) were the major PUFA producers (51% and 61% of the total acyl chains,
respectively; Table 3). On the other hand, the high
relative content of MUFAs found for Nostoc sp. ACOI
2178 (45%; Table 3) should be underlined. High
productions of MUFAs have been reported for certain Nostoc strains (Shukla et al. 2012). In contrast,
Nostoc sp. ACOI 2176, Nostoc sp. ACOI 2089, and Nostoc sp. ACOI 2175 and Microchaete tenera ACOI 1451
were characterized by the lowest MUFA content
(Table 3).
Neither the morphological differences described
for both Scytonema strains (see above) nor the habitat appear relevant to explain the mode of fatty-acid
desaturation found. In S. obscurum ACOI 573, the
major fatty acid with the highest degree of unsaturation was ALA so that this strain was classified in
group 3a (Los and Mironov 2015). In contrast,
S. crispum ACOI 580 was able to synthesize octadecatetraenoate (SDA, C18:4 x-3) and therefore it was
classified in group 4 (Fig. 6).
The NMR analysis of the methanolic fractions
indicated a more complex composition than that of
AcOEt extracts. Methanol is able to extract SQDG
and PG as well as MGDG and DGDG that were not
totally extracted with AcOEt. The 1H,31P, and
HMQC spectra optimized to detect long-range correlations and 1H,31P, and HMQC-TOCSY spectra
(Fig. 7) allowed PG (dP = 0.48 ppm) to be unambiguously identified as the major phospholipid present in the studied cyanobacteria, together with
minor amounts of phosphatidylcholine (PC,
dP = 0.84 ppm; Sparling et al. 1989, Kaffarnik
et al. 2013). The lack of PC in cyanobacteria has
been considered a distinctive feature between their
photosynthetic membranes and those of chloroplasts (Dorne et al. 1990). However, later the presence of PC in cyanobacteria was reported
(Antonopoulou et al. 2002).
In all of the strains investigated, fermentation
products could be detected (Carrieri et al. 2009).
Thus, the 1H NMR spectra of the methanolic
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extracts (Fig. 8) showed in all cases signals of acetate, formate, and alanine, compounds that mainly
accumulate during oxygen limitation. In contrast,
lactate, another typical compound of microbial fermentation, was identified in almost all of the heterocystous strains studied but not detected in the
colonial strain. For the filamentous non-heterocystous cyanobacteria, this metabolite was only found
in Phormidium autumnale ACOI 119. The occurrence
of different operating fermentation mechanisms in
the analyzed strains might explain the obtained
results (Stal and Moezelaar 1997).
Remarkably, the 1H NMR spectrum of Microchaete
tenera ACOI 1451 methanolic extract was the only
one in which the characteristic signals of SQDG at d
4.51/4.19 and 4.12/3.58 ppm due to the respective
sn1 and sn3 protons of the glycerol backbone, and
those of the sulphoquinovosyl moiety at d 3.09 and
3.34/2.92 ppm (methine 40 and methylene 60
attached to the sulfonyl group, respectively) were
not detected (Fig. 8). It is believed that the system
for SQDG biosynthesis was acquired during evolution (Sato and Wada 2009). Thus, the unicellular
cyanobacteria Gloeobacter violaceus PCC 7221 that
constituted an early branching within the cyanobacterial clade is the only oxygenic photosynthetic
organism that lacks SQDG and thylakoid membranes (Selstam and Campbell 1996). The proper
function of thylakoid membranes requires a certain
level of the anionic glycerolipids SQDG and PG.
Studies on mutants have revealed that the requirement of SQDG for growth and correct functioning
of the photosynthesis depend on the organism
(Sato 2004). Furthermore, the levels of anionic
membrane lipids are linked, so that the lack of
SQDG can be compensated by a higher production
of PG (Frentzen 2004). The d 3.5–5.0 ppm region
of the 1H NMR spectra, in which the characteristic
signals of PG resonate, displays a complex set of
overlapping multiplets that precluded the accurate
quantification of this metabolite through the NMR
analysis of the whole extracts. On the other hand,
the lack of SQDG in ACOI 1451 might be explained
through a sulphoglycolytic pathway operating in this
strain. It is well-established that SQDG constitutes a
major component of the biological sulfur cycle and
the study of sulphoglycolysis in bacteria attracts
great interest (Roy et al. 2003, Denger et al. 2012,
2014, Speciale et al. 2016). In most cases, sulphoquinovose degrades to 2,3-dihydroxypropane-1-sulphonate (DHSP) and sulfolactate that finally are
desulfonated with the release of sulfate. However,
some bacteria are able to liberate sulfate without
the detection of these intermediates (Roy et al.
2003). No C-2 or C-3 sulfonated intermediates could
be detected in the M. tenera ACOI 1451 methanolic
extract by NMR.
Except for Pseudanabaena, the occurrence of carbohydrates in the 1H NMR spectra of the methanolic
extracts was evidenced by signals in the typical region
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for the anomeric protons of a-hexapyranoses (d 4.9–
5.2 ppm). However, only in some cases such resonances could be accurately assigned due to their low
intensity. Thus, the monosaccharide glucose (Glc)
was unambiguously identified in Phormidium autumnale (Fig. 8). The presence of glucose, although in a
much lower proportion, could not be discarded in
other methanolic extracts such as those of the Nostoc,
Calothrix, and Scytonema obscurum strains. A set of doublets between d 5.7 and 4.8 ppm in the 1H NMR
spectrum of the methanolic extract from Plectonema
(Fig. 8) were consistent with the presence of
oligosaccharides of sucrose of type a-D-glucopyranosyl-(1?2)-[a-D-glucopyranosyl-(1?2)]n-b-D-fructofuranoside reported by Fischer et al. (2006). Similar
signals were also observed in the spectra of methanolic
extracts from Calothrix (ACOI 2022 and 2024) and two
Nostoc strains (ACOI 2173 and 2174). The exact structure of these saccharides could not be ascertained due
to the complexity of the mixture. For these compounds a role as osmolytes has been proposed,
although they can also be biosynthetized during the
stationary phase of growth (i.e., they could provide
information about growth cessation; Salerno et al.
2004). In the mentioned strains, where fructose-containing oligosaccharides were observed, free sucrose
was also identified. However, the presence of sucrose
in the methanolic extracts did not imply necessarily
the formation of oligosaccharides. This was the case of
the methanolic extract from Microchaete. tenera ACOI
1451 for which the NMR spectrum only showed the
signals arising from sucrose (Fig. 8).
Besides the signals of polar glycerolipids (MGMG,
DGDG, SQDG, and PG), the 1H NMR spectra of the
methanolic extracts of strains in the order Nostocales also contain signals due to another class of
lipids consisting of long-chain alcohols glycosidically
bounded to a sugar functionality. They are the socalled heterocyst glycolipids (HGLs) because they
are unique of filamentous heterocystous cyanobacteria as they constitute the envelope of heterocyst
cells, a differentiated type of cells capable of fixing
nitrogen. This lipidic layer is essential for nitrogen
fixation limiting oxygen diffusion into the cell and
thus avoiding the inactivation of the enzyme nitrogenase (Nichols and Wood 1968). In most cases,
the sugar moiety is a hexose being a-glucose the
most common and the aglycons are diols, triols,
keto-ols, and keto-diols with an alkyl chain of an
even number of carbons ranging from 26 to 32,
generally 26 or 28. Functional groups (hydroxyl
and/or ketone) are usually located at the C3, x-1,
and x-3 positions (Fig. 10, n = 21 or 23; Bryce et al.
1972, Lambei and Wolk 1973, Soriente et al. 1992,
1995, Gambacorta et al. 1998).
Several studies have shown a relationship between
the HGL distribution and the cyanobacteria genus,
being particularly relevant from the chemotaxonomic point of view, the chain-length of the aglycon, and the positions of the hydroxyl and keto
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groups (Gambacorta et al. 1998, Bauersachs et al.
2009, 2014, W€
ormer et al. 2012).
Anomeric protons of the a-glucoside moiety overlap with those of the sulphoquinovosyl fragment in
SQDGs. For this reason, the lack of SQDG in the
methanolic extract of Microchaete tenera ACOI 1451
facilitated the identification of the sugar moiety.
The anomeric protons resonate at d 4.79
(J = 3.7 Hz) and 4.78 (J = 3.8 Hz) ppm and showed
correlations in the HSQC and COSY spectra at dC
99.7 ppm and dH 3.37 ppm, respectively. The complexity of the whole extract prevented, however, the
chain length of the aglycon to be determined. Fortunately, information concerning the functionality
distribution in the studied strains could be obtained

4.0

3.5

through the proton signal of the terminal methyl
group. The doublet at d 1.14 ppm (J = 6.2 Hz)
arises from a methyl group as deduced from the
correlation observed in the edited HSQC spectrum
with a carbon resonance at dC 22.9 ppm. In the
COSY spectrum, these signals showed a cross peak
with the proton at d 3.70 ppm and two cross peaks
in the HMBC spectrum at dC 39.6 and 68.0 ppm (A
and B in Fig. 9, a and b). These results were in
agreement with the H/C connectivity expected for
structures 1 and/or 3 (Fig. 10; Bryce et al. 1972).
Structure 3 was further supported by the carbonyl
resonance at dC 211.6 ppm identified through the
correlations in the HMBC spectrum with proton resonances at dH 2.83/2.75 and 2.51 ppm (J in
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Fig. 9a). The presence of an additional hydroxyl
group at the b-position with respect to the terminal
OH (x-3 position, structures 2 and 4 in Fig. 10)
originates a deshielding in the methyl group that
resonated as a doublet at d 1.18 ppm (J = 6.1 Hz).
This signal presented similar correlations to those
found for the doublet at d 1.14 ppm (A0 and B0 in
Fig. 9b). The 1H NMR spectrum of Calothrix sp.
ACOI 2024 methanolic extract (Fig. 10) showed an
additional doublet at d 1.17 ppm (J = 6.2 Hz). This
new signal was tentatively assigned to a hexose keton-alkyl-diol in which the keto group is located at the
x-3 position (structure 5). This assignment was
made based on the HGL structures reported for the
Calothrix genus (W€
ormer et al. 2012).
HGLs accounted for about 20%–40% of the total
lipids present in the methanolic extracts. The only
exception was the strain of Tolypothrix byssoidea ACOI
662 for which signals of the terminal CH3 groups of
HGL were almost absent (Fig. 10). This strain was,
furthermore, characterized by the lowest acetate production. In Figure 10, an expansion of the d 1.19–
1.12 ppm region of the 1H NMR spectra of the
methanolic extract for the strains studied is depicted
to obtain some chemotaxonomic information.
Species of the Nostocaceae family are the most
widely studied in relation to HGLs and they are
characterized by the prevalence of triol aglycones
and the corresponding C-3 ketones (Gambacorta
et al. 1998, W€
ormer et al. 2012). The results
obtained here for the studied Anabaena cylindrica
ACOI 505 and most Nostoc strains were consistent
with this preponderance. Nostoc sp. ACOI 2183 and
Nostoc sp. ACOI 2177 showed, however, atypical
structure for the aglycon. In both cases, the lack of
the doublet at d 1.14 ppm indicated the absence of
triol/keto-diol aglycons. The 1H NMR spectrum for
Nostoc ACOI 2183 methanolic extract suggested that
the only HGLs produced by this strain contain an nakyl chain with two hydroxyl groups at the C-3 and
x-1 positions and a keto group located at the x-3
position (structure 5). This type of structures was
expected to be present in Nostoc sp. ACOI 2177 but,
in this case, tetrol and/or the keto derivative at C-3
aglycons preponderated (structures 2/4). Structures
of HGLs present in Microchaete tenera ACOI 1451
showed a preponderance of structures 1/3 as those
described by Gambacorta et al. (1998) for the Microchaete sp. PCC7110. The similarity of HGLs present
in these two strains as well as with the HGLs found
in the Nostocaceae family is in agreement with the
phylogenetic studies that allow these strains to be
classified as Fortiea sub-clade of Nostocaceae (Hauer
et al. 2014).
Unlike FFA distribution, HGLs allowed discrimination of the Tolypothricaceae strains from the Nostocaceae ones (Fig. 10). Two types of aglycons, triols
and tetrols and possibly the corresponding C-3
ketones were expected for the Tolypothrix strains
(structures 2/4 and 1/3). Furthermore, the

difference in HGL structures with respect to that
reported by Gambacorta et al. (1998) provides
another chemical evidence of the phylogenetic separation between PCC and ACOI strains (Hauer et al.
2014). In the same context, the differentiation
between Scytonema obscurum ACOI 573 and S. crispum
ACOI 580 was also observed regarding HGLs. Thus,
only the 1H NMR spectrum of the Scytonema obscurum methanolic extract showed the expected predominance of tetrol aglycons reported for this
genus (Gambacorta et al. 1998). On the other
hand, although the HGL structures identified in the
two strains of Calothrix were the same, the differences in their relative proportions inferred through
the signal intensities (Fig. 10) suggest influence of
the habitat. Thus, structures type 2/4 and 5 were
more concentrated in the strain isolated from a
water system connected to the sea, Calothrix sp.
ACOI 2024.
The amino acids alanine, glutamate, and glutamine (Fig. 8) were detected in all of the analyzed
strains and aspartate and/or asparagine (cross peaks
D and I in Fig. 9b) could be identified through the
NMR analysis of the Microchaete tenera ACOI 1451
methanolic extract. Although signals of aspartate/
asparagine were not found in the non-heterocystous
strains, their presence in other heterocystous strains
studied cannot be discarded. More interestingly, 2D
NMR experiments carry out in the M. tenera ACOI
145 and Tolypothrix distorta ACOI 731 methanolic
extracts allowed the unambiguously detection of the
mycosporine-like amino acid porphyra-334 (P334).
This compound was isolated for the first time from
the red alga Porphyra tenera as a 334 nm UV-absorbing
colorless powder (Tanako et al. 1979). The structure
of P334 consists of an aminocyclohexene imine backbone whose nitrogen atoms arise from the amino
acids glycine and threonine, respectively (Table 4).
The methyl group of the threonine showed two correlations in the HMBC spectrum with carbons atoms at
dC 65.2 (C12) and 69.2 (C13) ppm (C in Fig. 9a).
The methylene group of the glycine moiety at dH
3.94 ppm was clearly identified through the cross
peak in the HSQC spectrum at dC 47.1 ppm. In addition, the correlations of these protons in the HMBC
with carbon resonances at dC 159.7 and 173.3 ppm
allowed to identify the imine C1 and carboxyl C10
carbon atoms, respectively (L in Fig. 9a). Furthermore, the correlation of C1 with the diasterotopic
protons at dH 2.97/2.61 ppm provided the assignment of the methylene CH2-6 of the cyclohexene ring
(G in Fig. 9a). On the other hand, C3 was assigned
based on the cross peak between methylene protons
CH2-4 at dH 2.89/2.66 ppm with the carbon resonance at dC 160.9 ppm (H in Fig. 9a). These two
methylene groups showed also the expected correlations in the HBMC spectrum with C2 and C5 (F and
E in Fig. 9a, respectively). Finally, the methyl protons
of the OCH3 group resonated as a singlet at dH
3.71 ppm/dC 59.8 ppm which correlated in the
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FIG. 9. (a) Expansion of the HMBC spectrum for the methanolic extract of Microchaete tenera ACOI 1451 highlighting relevant cross
peaks. (b) Expansion of the HMBC spectrum of the methanolic extract of Tolypothrix distorta ACOI 731 showing the differentiation
between aglycons with one hydroxyl group at the x-1 (structures type 1 and 3 in Figure 9) and those with two hydroxyl groups at the x-1
and x-3 (structures type 2 and 4 in Figure 9).

HMBC with the olefinic quaternary carbon C2 at dC
126.6 ppm (J in Fig. 9a).
Mycosporine-like amino acids are attractive for
the cosmeceutical industry because they are natural
sunscreens and antioxidants (Torres et al. 2006,
Wada et al. 2015). In addition, these compounds
also play different roles in many biological processes
so the interest in their identification and characterization from diverse organisms has increased as well
as their possible applications in several fields (Sinha
et al. 2007, Ishihara et al. 2008, Rosic and Dove
2011, Richa and Sinha 2013). Porphyran-334 has
been identified in cyanobacteria of the Nostocales
order, mainly Nostoc and Anabaena strains (Rastogi
et al. 2014, Jain et al. 2017). This compound was
unambiguously identified in Microchaete tenera ACOI

1451 and Tolypothrix distorta ACOI 731 by means of
NMR analyses.
CONCLUSIONS

The feasibility of NMR for metabolite screening
of cyanobacteria was evident. Twenty-five ACOI
strains were used and the performance in metabolite characterization was improved by performing a
sequential extraction of cyanobacteria biomass with
three different solvents with a gradient of polarity
(hexane, ethyl acetate, and methanol). Chemical
composition information obtained through NMR
analysis confirmed morphological and phylogenetic
characteristics of the strains and also showed a
certain degree of variability that suggests the effect
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of different factors. Furthermore, NMR proved to
be a very useful tool for the identification of
interesting metabolites in specific strains that
could help strain selection for specific uses and
future studies.
The NMR analysis of the hexane extracts allowed
us to determine that only two of the studied strains
(Nostoc sp. ACOI 2184 and Nostoc sp. 2175) were
able to accumulate TGs. The study of the membrane lipids required the use of solvents with a
higher extractive ability than hexane. MGDGs and
DGDGs were the major components of the AcOEt
extracts, whereas SQDGs and PG required methanolic extraction. The 1H, 31P, HMQC and 1 H, 31P,
HMQC-TOCSY spectra provided the unambiguous
detection of PG together with minor amounts of
PC. HGLs were also clearly identified in the
methanolic extracts of strains of the Nostocales
order. Remarkably, the 1H NMR spectrum of Microchaete tenera ACOI 1451 methanolic extract was the
only one in which the characteristic signals of
SQDGs were not detected.
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Signals corresponding to fermentation products
were present in the 1H NMR spectra of all of the
methanolic extracts investigated. Differences in such
products depending on the strain suggested the
occurrence of different operating fermentation
mechanisms. Other polar metabolites such as carbohydrates and amino acids could also be detected. In
particular, the presence of oligosaccharides of
sucrose of type a-D-glucopyranosyl-(1?2)-[a-D-glucopyranosyl-(1?2)]n-b-D-fructofuranoside and P334 in
some of the studied strains should be underlined.
From the integration of the signals at d 3.99 and
3.94 ppm in the 1H NMR of AcOEt extracts, a
MGDGs/DGDGs ratio of 4.5 was estimated. Furthermore, the analysis of the d 3.0–0.5 ppm region of
these spectra furnished qualitative and semiquantitative information concerning cellular fatty acid composition to be obtained. Except for Gloeocapsa, all
studied strains are PUFA producers. According to
their morphology and FA composition, Gloeocapsa
was placed in subsection I and group 1. Plectonema
constituted a grade link between Gloeocapsa and the
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TABLE 4. 1H and 13C assignmentsa of porhyran-334 identified in the methanolic extract of Microchaete tenera ACOI
1451. Comparison with literature (Tanako et al. 1979).
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9
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H (ppm)
Tanako et al. (1979)

2.89/2.66

2.83 (2.72/2.65)b

2.97/2.61
3.47
3.71
3.94

2.83 (2.79/2.64)b
3.58
3.70
4.09
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4.11

4.18
1.26

4.33
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Our
work

160.9
126.6
159.7
33.9
71.5
34.2
68.2
59.8
47.3
173.3
64.9
174.6
68.9
20.6

C (ppm)
Tanako
et al. (1979)

160.0
126.6
161.4
33.7
71.8
34.1
68.7
60.3
47.1
175.6
65.2
175.4
69.2
20.1

a
Chemical shifts are reported with respect to methanol (dH
3.31 ppm and dC 49.00 ppm).
b
Klisch et al. 2007.

other filamentous strains and was classified in group
2. Oscillatoria pseudacutissima, the two strains of Calothrix and Scytonema crispum were able to biosynthesize SDA so that they were placed in group 4. The
other strains were placed in group 3a in which ALA
is the major PUFA present. Furthermore, Pseudanabaena and Phormidium strains could be distinguished from the heterocystous ones in this group
by the lack of MUFAs.
HGL distribution relevant from the taxonomic
point of view could be easily analyzed by NMR
through the inspection of the d 1.19–1.12 ppm
region of the 1H NMR spectra of the soluble material in methanol. A good agreement and complementarity between HGL and FFA distribution was
attained.
Funding from the European Union’s Horizon 2020 research
and innovation program under grant agreement no. 634588
(NOMORFILM) is gratefully acknowledged. RS thanks the
EU for a postdoctoral contract.
Akhter, M., Majumdar, R. D., Fortier-McGill, B., Soong, R., Liagati-Mobarhna, Y., Simpson, A. J., Arhonditsis, G., Scmidt, S.,
Heuman, H. & Simpson, A. 2016. Identification of aquatically available carbon from algae through solution-state NMR
of whole 13C-labelled cells. Anal. Bioanal. Chem. 408:4357–70.
Allakhverdiev, S. I., Kinoshita, M., Inaba, M., Suzuki, I. & Murata,
N. 2001. Unsaturated fatty acids in membrane lipids protect
the photosynthetic machinery against salt-induced damage in
Synechococcus. Plant Physiol. 125:1842–53.

537

Alvarez, H. M. & Steinb€
uchel, A. 2002. Triacylglycerols in prokaryotic microorganisms. Appl. Microbiol. Biotehcnol. 60:367–76.
Antonopoulou, S., Oikonomou, A., Karantonis, H. C., Fragopoulou, E. & Pantazidou, A. 2002. Isolation and structural elucidation of biologically active phospholipids from Scytonema
julianum (cyanobacteria). Biochem. J. 367:287–93.
Arima, H., Horiguchi, N., Takaichi, S., Kofuji, R., Ishida, K. I.,
Wada, K. & Sakamoto, T. 2012. Molecular genetic and
chemotaxonomic characterization of the terrestrial cyanobacterium Nostoc commune and its neighboring species. FEMS
Microbiol. Ecol. 79:34–45.
Asencio, A. D. & Hoffmann, L. 2013. Chemosystematic evaluation of the genus Scytonema (Cyanobacteria) based on
occurrence of phycobiliproteins, scytonemin, carotenoids
and mycosporine-like amino acid compounds. Eur. J. Phycol.
48:331–44.
Baran, R., Ivanova, N. N., Jose, N., Garcıa-Pichel, F., Kyrpides, N.
C., Gugger, M. & Northen, T. R. 2013. Functional genomics
of novel secondary metabolites from diverse cyanobacteria
using untargeted metabolomics. Mar. Drugs 11:3617–31.
Barton, A. F. 1975. Solubility parameters. Chem. Rev. 75:731–53.
Bauersachs, T., Compaore, J., Hopmans, E. C., Stal, L. J., Schouten, S. & Sinninghe Damste, J. S. 2009. Distribution of heterocyst glycolipids in cyanobacteria. Phytochemistry 70:2034–9.
Bauersachs, T., Mudimu, O., Schultx, R. & Scwark, L. 2014. Distribution of long chain heterocyst glycolipids in N2-fixing
cyanobacteria of the order Stigonematales. Phytochemistry
98:145–50.
Bryce, T. A., Welti, D., Walsby, A. E. & Nichols, B. W. 1972.
Monohexoside derivatives of long-chain polyhydroxy alcohols; a novel class of glycolipid specific to heterocystous
algae. Phytochemistry 11:295–302.
Carrieri, D., McNeely, K., De Roo, A. C., Bennette, N., Pelczer, I.
& Dismuke, G. C. 2009. Identification and quantification of
water-soluble metabolites by cryoprobe-assisted nuclear magnetic resonance spectroscopy applied to microbial fermentation. Magn. Reson. Chem. 47:S138–46.
Castenholz, R. W. 2001. Phylum BX. Cyanobacteria. In Boone, D.
R. & Castenholz, R. W. [Eds.] Bergey’s Manual of Systematic
Bacteriology. Springer, New York, pp. 473–599.
Caudales, R. & Wells, J. M. 1992. Differentiation of free-living
Anabaena and Nostoc cyanobacteria on the basis of fatty acid
composition. Int. J. Syst. Bacteriol. 42:246–51.
Caudales, R., Wells, J. M. & Butterfield, J. E. 2000. Cellular fatty
acid composition of cyanobacteria assigned to subsection II,
order Pleurocapsales. Int. J. Syst. Evol Microbial. 50:1029–34.
Cohen, Z., Margheri, M. C. & Tomaselli, L. 1995. Chemotaxonomy of cyanobacteria. Phytochemistry 40:1155–8.
Dais, P., Misiak, M. & Hatzakis, E. 2015. Analysis of marine dietary supplements using NMR spectroscopy. Anal. Methods
7:5226–38.
Deborde, C., Moing, A., Roch, L., Jacob, D., Rolin, D. & Giraudeau, P. 2017. Plant metabolism as studied by NMR spectroscopy. Prog. Nucl. Magn. Reson. Spectrosc. 102–103:61–97.
Dempo, Y., Ohta, E., Nakayama, Y., Bamba, T. & Fukusaki, E.
2014. Molar-based targeted metabolic profiling of cyanobacterial strains with potential for biological production. Metabolites 4:499–516.
Denger, K., Huhn, T., Hollemeyer, K., Schleheck, D. & Cook, A.
M. 2012. Sulfoquinovose degraded by pure cultures of bacteria with release of C3-organosulfonates: complete degradation in two-member communities. FEMS Microbiol. Lett.
328:39–45.
Denger, K., Weiss, M., Felux, A. K., Schneider, A., Mayer, C., Spiteller, D., Huhn, T., Cook, A. M. & Schleheck, D. 2014.
Sulphoglycolysis in Escherichia coli K-12 closes a gap in the
biogeochemical sulphur cycle. Nature 507:114–7.
Dorne, A. J., Joyard, J. & Douce, R. 1990. Do thylakoids really
contain phosphatidylcholine? Proc. Natl. Acad. Sci. USA
87:71–4.
Fan, T. W. M. & Lane, A. N. 2016. Applications of NMR spectroscopy to systems biochemistry. Prog. Nucl. Magn. Reson.
Spectrosc. 92–93:18–53.

538

 IGLESIAS ET AL.
MA R IA J O S E

Fischer, D., Geyer, A. & Loos, E. 2006. Occurrence of glucosylsucrose [a-D-glucopyranosyl (1?2)-a-D-glucopyranosyl-(1?2)-bD-fructofuranoside] and glucosylated homologues in
cyanobacteria. FEBS J. 273:137–49.
Frentzen, M. 2004. Phosphatidylglycerol and sulphoquinovosyldiacylglycerol: anionic membrane lipids and phosphate regulation. Curr. Opin. Plant Biol. 7:270–6.
Gambacorta, A., Pagnota, E., Romano, I., Sodano, G. & Trincone,
A. 1998. Heterocyst glycolipids from nitrogen-fixing cyanobacteria other than Nostocaceae. Phytochemistry 48:801–5.
Gugger, M., Lyra, C., Suominen, I., Tsitko, I., Humbert, J. F.,
Salkinoja-Salonen, M. S. & Sivonen, K. 2002. Cellular fatty
acids as chemotaxonomic markers of the genera Anabaena,
Aphanizomenon, Microcystis, Nostoc and Planktothrix (cyanobacteria). Int. J. Syst. Evol Microbial. 52:1007–15.
Gupta, V., Ratha, S. K., Sood, A., Chaudhary, V. & Prasanna, R.
2013. New insights into the biodiversity and applications of
cyanobacteria (blue-green algae)-Prospects and challenges.
Algal Res. 2:79–97.
Hauer, T., Bohunicka, M., Johansen, J. R., Mares, J. & Berrendero-Gomez, E. 2014. Reassessment of the cyanobacterial
family Microchaetaceae and establishment of new families
Tolypothricaceae and Godleyaceae. J. Phycol. 50:1089–100.
Hosoya, R., Hamana, K., Isobe, M. & Yokota, A. 2005. Polyamine
distribution profiles within cyanobacteria. Microbiol. Cult. Coll.
21:3–8.
Hu, Q., Sommerfeld, M., Jarvis, E., Ghirardi, M., Posewitz, M.,
Seibert, M. & Darzins, A. 2008. Microalgal triacylglycerols as
feedstocks for biofuel production: perspectives and advances.
Plant J. 45:621–39.
Iglesias, M., Soengas, R., Probert, I., Guilloud, E., Gourvil, P.,
Mehiri, M., L
opez, Y. et al. 2019. NMR characterization
and evaluation of antibacterial and antibiofilm activity of
organic extracts from stationary phase batch cultures of
five marine microalgae (Dunaliella sp., D. salina, Chaetoceros
calcitrans, C. gracilis and Tisochrysis lutea). Phytochemistry
164:192–205.
Iliev, I., Petkov, G., Lukavsky, J., Furnadzhieva, S. & Andreeva, R.
2011. Do cyanobacterial lipids contain fatty acids longer than
18 carbon atoms? Z. Naturforsch. 66c:267–76.
Ishihara, K., Oyamada, C., Yoko Sato, Y., Danno, H., Kimiya, T.,
Kaneniwa, M., Kunitake, H. & Muraoka, T. 2008. Relationships between quality parameters and content of glycerol
galactoside and porphyra-334 in dried laver nori Porphyra
yezoensis. Fish. Sci. 74:167–73.
Jain, S., Prajapat, G., Abrar, M., Ledwani, L., Singh, A. & Agrawal,
A. 2017. Cyanobacteria as efficient producers of mycosporine-like amino acids. J. Basic Microbiol. 57:715–27.
Kaffarnik, S., Ehlers, I., Gr€
obner, G., Schleucher, J. & Vetter, W.
2013. Two-dimensional P-31, H-1 NMR spectroscopic profiling of phospholipids in cheese and fish. J. Agric. Food Chem.
61:7061–9.
Kenyon, C. N. 1972. Fatty acid composition of unicellular strains
of blue-green algae. J. Bacteriol. 109:827–34.
Kenyon, C. N., Rippka, R. & Stanier, R. Y. 1972. Fatty acid composition and physiological properties of some filamentous bluegreen algae. Arch. Mikrobiol. 83:216–36.
Kim, S. W., Ban, S. H., Ahna, C. Y., Oh, H. M., Chung, H., Cho,
S. H., Park, Y. M. & Liu, J. R. 2006. Taxonomic discrimination of cyanobacteria by metabolic fingerprinting using proton nuclear magnetic resonance spectra and multivariate
statistical analysis. J. Plant. Biol. 49:271–5.
Klisch, M., Ritcher, P., Putcha, R., H€ader, D. P. & Bauer, W.
2007. The stereostructure of porphyra-334: An experimental
and calculational NMR investigation. Evidence for an efficient “proton sponge”. Helv. Chim. Acta 90:488–511.
Knoot, C. J., Ungerer, J., Wangikar, P. P. & Pakrasi, H. B. 2018.
Cyanobacteria: promising biocatalysts for sustainable chemical production. J. Biol. Chem. 293:5044–52.
Komarek, J., Kastovsky, J., Mares, J. & Johansen, J. R. 2014. Taxonomic classification of cyanoprokaryotes (cyanobacterial genera), using a polyphasic approach. Preslia 86:295–335.

Kr€
uger, G. H. J., De Wet, H. & Pieterse, A. J. H. 1995. Fatty acid
composition as a taxonomic characteristic for Microcystis and
other coccoid cyanobacteria (blue-green alga) isolates. Hydrobiologia 308:145–51.
Lambei, F. & Wolk, C. P. 1973. Structural studies on the glycolipids from the envelope of the heterocyst of Anabaena cylindrical. Biochemistry 12:791–8.
Li, R. & Watanabe, M. M. 2001. Fatty acid profiles and their chemotaxonomy in planktonic species of Anabaena (cyanobacteria)
with straight trichomes. Phytochemistry 57:727–31.
Li, R., Yokota, A., Sugiyama, J., Watanabe, M., Hiroki, M. &
Watanabe, M. M. 1998. Chemotaxonomy of planktonic
cyanobacteria based on non-polar and 3-hydroxy fatty acid
composition. Phycol. Res. 46:21–8.
Los, D. A. & Mironov, K. S. 2015. Modes of fatty acid desaturation
in cyanobacteria: an update. Life 5:554–67.
Millar, A. A., Smith, M. A. & Kunst, L. 2000. All fatty acids are
not equal: discrimination in plant membrane lipids. Trends
Plant Sci. 5:95–101.
Mironov, K. S., Sidorov, R. A., Trofimova, M. S., Bedbenov, V. S.,
Tsydendembaev, V. D., Allakhverdiev, S. I. & Los, D. A. 2012.
Light-dependent cold-induced fatty acid unsaturation,
changes in membrane fluidity, and alterations in gene
expression in Synechocystis. Biochim. Biophys. Acta 1817:1352–9.
Moco, S., Bino, R. J., de Vos, R. C. H. & Vervoort, J. 2007. Metabolomics technologies and metabolite identification. Trends
Anal. Chem. 26:855–66.
Murata, N., Wada, H. & Gombos, Z. 1992. Modes of fatty-acid
desaturation in cyanobacteria. Plant Cell Physiol. 33:933–41.
Nichols, B. W. & Wood, B. J. B. 1968. New glycolipid specific to
nitrogen-fixing blue-green algae. Nature 217:767–8.
Obando, C. Z., Linossier, I., Kervarek, N., Zubia, M., Turquet, J.,
Fa€y, F. & Rehel, K. 2016. Rapid identification of osmolytes in
tropical microalgae and cyanobacteria by 1H HR-MAS NMR
spectroscopy. Talanta 153:372–80.
Oren, A., Fatton, A., Padan, E. & Tietz, A. 1985. Unsaturated fatty
acid composition and biosynthesis in Oscillatoria limnetica and
other cyanobacteria. Arch. Microbiol. 141:138–42.
Petroutsos, D., Amiar, S., Abida, H., Dolch, L. J., Bastien, O.,
Rebeille, F., Jouhet, J. et al. 2014. Evolution of galactoglycerolipid biosynthetic pathways – From cyanobacteria to primary plastids and from primary to secondary plastids. Prog.
Lipid. Res. 54:68–85.
Rajneesh, J. P., Richa, H. A. & Sinha, R. P. 2017. Metabolomic
profiling of cyanobacterial UV-protective compounds. Curr.
Metabolomics 5:138–63.
Rastogi, R. P., Sinha, R. P., S Mohc, S. H., Lee, T. K., Kottuparambil, S., Kim, Y. J., Rhee, J. S., Choi, E. M., Brown, M. T.,
H€ader, D. P. & Han, T. 2014. Ultraviolet radiation and
cyanobacteria. J. Photochem. Photobiol. B 141:154–69.
Reveillon, D., Tunin-Ley, A., Grondin, I., Othmani, A., Zubia, M.,
Bunet, R., Turquet, J., Culioli, G. & Briand, J. F. 2019.
Exploring the chemodiversity of tropical microalgae for the
Discovery of natural antifouling compounds. J. Appl. Phycol.
31:319–33.

Rezanka,
Y., Lukavsky, J., Siristova, L. & Sigler, K. 2012. Regioisomer separation and identification of triacylglycerols containing vaccenic and oleic acids, and a- and c-linolenic acids, in
thermophilic cyanobacteria Mastigocladus laminosus and Tolypothrix sp. Phytochemistry 78:147–55.
Richa, & Sinha, R. P. 2013. Exploitations of cyanobacterial
photoprotective compounds. In Tiwari, S. P., Sharma, R. &
Singh, R. K. [Eds.]. Recent Advances in Microbiology Volume 1.
Nova Science Publishers, Inc., New York, 479–93.
Rippka, R., Deruelles, J., Waterbury, J. B., Herdman, M. & Stanier, R. Y. 1979. Generic assignments, strain histories and
properties of pure cultures of cyanobacteria. J. Gen. Microbiol.
111:1–61.
Rosell
o-Mora, R. & Amann, R. 2001. The species concept for
prokaryotes. FEMS Microbiol. Rev. 25:39–67.
Rosic, N. N. & Dove, S. 2011. Mycosporine-like amino acids from
coral dinoflagellates. Appl. Environ. Microbiol. 77:8478–86.

N MR O F C Y A N O B A C T E R I A
Roy, A. B., Hewlins, M. J. E., Ellis, A. J., Harwood, J. L. & White,
G. F. 2003. Glycolytic breakdown of sulfoquinovose in bacteria: a missing link in the sulfur cycle. Appl. Environ. Microbiol.
69:6434–41.
Salerno, G. L., Prochia, A. C., Vargas, W. A. & Abdian, P. L. 2004.
Fructose-containing oligosaccharides: Novel compatible
solutes in Anabaena cells exposed to salt stress. Plant Sci.
167:1003–8.
Santos, L. M. A. & Santos, M. F. 2004. The Coimbra Culture Collection of Algae (ACOI). Nova Hedwigia 79:39–47.
Sato, N. 2004. Roles of the acidic lipids sulfoquinovosyl diacylglycerol and phosphatidylglycerol in photosynthesis: their specificity and evolution. J. Plant. Res. 117:495–505.
Sato, N. & Wada, H. 2009. Lipid biosynthesis and its regulation
in cyanobacteria. In Wada, H. & Murata, N. [Eds.] Lipids in
Photosynthesis: Essential and Regulatory Functions. Netherlands,
pp. 157–77.
Schwarz, D., Orf, I., Kopka, J. & Hagemann, M. 2013. Recent
applications of metabolomics toward cyanobacteria. Metabolites 3:72–100.
Selstam, E. & Campbell, D. 1996. Membrane lipid composition of
the unusual cyanobacterium Gloeobacter violaceus sp. PCC
7421, which lacks sulfoquinovosyl diacylglycerol. Arch. Microbiol. 166:132–5.
Shukla, E., Sing, S. S., Singh, P. & Mishra, A. K. 2012. Chemotaxonomy of heterocystous cyanobacteria using FAME profiling
as species markers. Protoplasma 249:651–61.
Singh, R., Parihar, P., Singh, M., Bajguz, A., Kumar, J., Singh, S.,
Singh, V. P. & Prasad, S. M. 2017. Uncovering potential
applications of cyanobacteria and algal metabolites in biology, agriculture and medicine: current status and future prospects. Front. Microbiol. 8:515/1–37.
Singh, S., Sinha, R. P. & H€ader, D. P. 2002. Role of lipids and
fatty acids in stress tolerance in cyanobacteria. Acta Protozool.
41:297–308.
Sinha, R. P., Singh, S. P. & H€ader, D. P. 2007. Database on
mycosporines and mycosporine-like amino acids (MAAs) in
fungi, cyanobacteria, macroalgae, phytoplankton and animals. J. Photochem. Photobiol., B 89:29–35.
Soriente, A., Bisogno, T., Gambacorta, A., Romano, I., Sili, C.,
Trincone, A. & Sodano, G. 1995. Reinvestigation of heterocyst glycolipids from the cyanobacterium, Anabaena cylindrical. Phytochemistry 38:641–5.
Soriente, A., Sodano, G., Gambacorta, A. & Trincone, A. 1992.
Structure of the “heterocyst glycolipids” of the marine
cyanobacterium Nodularia harveyana. Tetrahedron 48:5375–84.

539

Sparling, M. L., Zidovetzki, R., Muller, L. & Chan, S. I. 1989.
Analysis of membrane lipids by 500 MHz 1H NMR. Anal. Biochem. 178:67–76.
Speciale, G., Jin, Y., Davies, G. J., Williams, S. J. & Goddard-Borger, E. D. 2016. YihQ is a sulfoquinovosidase that cleaves sulfoquinovosyl diacylglyceride sulfolipids. Nat. Chem. Biol.
12:215–7.
Stal, L. J. & Moezelaar, R. 1997. Fermentation in cyanobacteria.
FEMS Microbiol. Rev. 21:179–211.
Strunecky, O., Komarek, J., Johansen, J., Lukesova, A. & Elster, J.
2013. Molecular and morphological criteria for revision of
the genus Microcoleus (Oscillatoriales, Cyanobacteria). J. Phycol. 49:1167–80.
Swain, S. S., Paidesetty, S. K. & Padhy, R. N. 2017. Antibacterial,
antifungal and antimycobacterial compounds from cyanobacteria. Biomed. Pharmacother. 90:760–76.
Tanako, S., Nakanishi, A., Uemura, D. & Hirata, Y. 1979. Isolation
and structure of a 334 nm UV-absorbing substance, porphyra-334 from the red alga Porphyra tenera Kjellman. Chem.
Lett. 8:419–20.
Termina, M., Rezankova, H., Rezanka, T. & Dembitsky, V. M.
2007. Diversity of the fatty acids of the Nostoc species and
their statistical analysis. Microbiol. Res. 162:308–21.
Torres, A., Enk, C. D., Hochberg, M. & Srebnik, M. 2006. Porphyra-334, a potential natural source for UVA protective sunscreens. Photochem. Photobiol. Sci. 5:432–5.
Vandamme, P., Pot, B., Gillis, M., de Vos, P., Kersters, K. &
Swings, J. 1996. Polyphasic taxonomy, a consensus approach
to bacterial systematics. Microbiol. Rev. 60:407–38.
Wada, N., Sakamoto, T. & Matsugo, S. 2015. Mycosporine-like
amino acids and their derivatives as natural antioxidants.
Antioxidants 4:603–46.
Welker, M. & Erhard, M. 2007. Consistency between chemotyping
of single filaments of Planktothrix rubescens (Cyanobacteria)
by MALDI-TOF and the peptide patterns of strains determined by HPLC-MS. J. Mass Spectrom. 42:1062–8.
W€
ormer, L., Cires, S., Velazquez, D., Quesada, A. & Hinrichs, K.
U. 2012. Cyanobacterial heterocyst glycolipids in cultures
and environmental samples: diversity and biomarker potential. Limonl. Oceanogr. 57:1775–88.
Zhang, A., Sun, H., Wang, P., Han, Y. & Wang, X. 2012. Modern
analytical techniques in metabolomics analysis. Analyst
137:293–300.

