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Microalgae are unicellular organisms in which plasma membrane is protected by a complex cell wall. The
chemical nature of this barrier is important not only for taxonomic identification, but also for interactions with
exogenous molecules such as contaminants. In this work, we have studied freshwater (Chlamydomonas
reinhardtii) and marine (Pavlova lutheri and Nannochloropsis oculata) microalgae with different cell wall charac-
teristics. C. reinhardtii is covered by a network of fibrils and glycoproteins, while P. lutheri is protected by small
cellulose scales, and the picoplankton N. oculata by a rigid cellulose wall. The objective of this work was to deter-
mine to what extent the different components of these microorganisms (proteins, carbohydrates, lipids) can be
distinguished by 13C solid-state NMR with an emphasis on isolating the signature of their cell walls and mem-
brane lipid constituents. By using NMR experiments which select rigid or mobile zones, as well as 13C-enriched
microalgal cells, we improved the spectral resolution and simplified the highly crowded spectra. Interspecies dif-
ferences in cell wall constituents, storage sugars and membrane lipid compositions were thus evidenced. Carbo-
hydrates from the cell walls could be distinguished from those incorporated into sugar reserves or glycolipids.
Lipids from the plasmalemma and organelle membranes and from storage vacuoles could also be identified.
This work establishes a basis for a complete characterization of phytoplankton cells by solid-state NMR.
This article is part of a Special Issue entitled: NMR Spectroscopy for Atomistic Views of Biomembranes and Cell
Surfaces. Guest Editors: Lynette Cegelski and David P. Weliky.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Microalgae are unicellularmicroorganismswhosediameter typically
varies between 2 and 30 μm. About 30,000 species have been identified
so far in fresh and saline water, and also in harsh environments where
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some are adapted to extreme salinity or temperatures [1]. As for all
eukaryotes, microalgae are protected by a lipid-rich plasma membrane
and, in most species, a cell wall with complex composition. Cellulose,
proteins, glycoproteins and polysaccharides are the most common con-
stituents, but some microalgae are protected by a rigid wall such as the
silica frustule of diatoms, or calcium carbonate for Coccolithophores.
Polymers that remain undescribed are present in the microalgal cell
walls which, thus, need to be further explored [2]. The chemical nature
of the cell wall is an important criterion for taxonomic differentiation. It
is also a critical factor when choosing species for biotechnological appli-
cations. For instance, the intracellular triglyceride reserves are coveted
for biofuel production, thus cell walls must be easily broken [2].

Microalgae are at the base of the aquatic food chain; therefore the
action of contaminants from human activities can impact all the trophic
food web. Pollutants can bio-accumulate inside or outside the cell, and
cross the microalgal cell wall to exert an adverse effect on internal
sites with consequences on cell survival. It is thus important to provide
tools to study their interactions and effects on the microalgal cell barri-
er. Because microalgae synthesize proteins, pigments and fats, particu-
larly polyunsaturated fatty acids (PUFAs) essential for the life of
higher organisms, the nutritional and energetic values of these
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constituents are being exploited in biotechnology and animal produc-
tion. They are used or targeted for different applications such as biodie-
sel production, aquaculture feedstock, cosmetics and nutritional
supplements [3]. More specifically in the prospect of energetic alterna-
tive, cultivation parameters such as light, temperature, salinity, carbon
and nitrogen sources are controlled to optimize the lipids' biosynthesis
[4]. Such biotechnological applications emphasize the need to provide
tools to study the effects on the membrane composition of microalgae.

Ideally, the study of microalgal cell walls should not require tedious
component extraction and respect cellular integrity [5]. Therefore
the objective of our work is to provide a method to gain information
– at a molecular level – on the cell wall components of intact
microalgae. We have thus based our methodology on 13C solid-
state nuclear magnetic resonance (SS-NMR) since it allows screening
all organic constituents. To do so, we have 13C-enriched microalgae
using isopically-labeled sodium bicarbonate, NaH13CO3. We have com-
pared freshwater (Chlamydomonas reinhardtii) and marine (Pavlova
lutheri and Nannochloropsis oculata) species with different cell wall
characteristics and lipid profile, as detailed in Table 1. So far, 13C solution
NMR on intact cells has been used to study the intracellularmetabolites
of Dunaliella salina and the vacuolar triglycerides of Neochloris
oleoabundans [6,7], while 1H and 13C SS-NMR with magic-angle
spinning (MAS) on whole cells have provided insight on the cell wall
composition of diatoms [8,9] as well as other microorganisms such as
Escherichia coli [10–12], Subtilis enterica [13], Bacillus subtilis [14] and
Chlorobaculum tepidum organelles [15]. To sort specific constituents ac-
cording to their dynamics, we have used experiments based on
through-space (cross polarization, CP) or through-bond (refocused-in-
sensitive nuclei enhanced by polarization transfer, RINEPT) magnetiza-
tion transfer to study rigid and dynamic components, respectively, as
well as MAS for maximum resolution [16]. Focus was made on
carbohydrate and lipid constituents. Our 13C SS-NMR study of four dif-
ferent microalgae species highlights differences in the cell wall compo-
sition, but also in other cell components.

2. Materials and methods

2.1. Materials

N. oculata (strain: CCMP525) and P. lutheri (strain: CCMP1325)were
obtained from the National Center for Marine Algae and Microbiota
(NCMA), Bigelow Laboratory for Ocean Sciences (East BoothbayHarbor,
ME, USA). The wild-type C. reinhardtii as well as the wall-deprived
CW15 strain were obtained from the collection of the Institut de
Biologie Physico-Chimique (Paris, France).

2.2. Production of 13C-labeled microalgae

Microalgae were batch-cultured at 20 °C for 10 days under continu-
ous illumination to exponential phase (4 × 106 cell/mL) in f/2 seawater
medium [30] for N. oculata and P. lutheri, and TAP-medium [31] for
C. reinhardtii (WT and CW15). Culture medium were supplemented
Table 1
Characteristics of the microalgae studied.

Species (phylum, class) Environment Cell wall

Chlamydomonas reinhardtii (Chlorophyta,
Chlorophyceae)

Freshwater Glycoproteins. N
Glycoproteins an

Chlamydomonas reinhardtii CW15 Freshwater Remnants of cell
Pavlova lutheri (Haptophyta, Pavlovophycea) Marine Cellulose, hemice

Nannochloropsis oculata (Heterokonphyta,
Eustigmatophycaea)

Marine Cellulose [16]
with 1 mM sodium [13C] bicarbonate (NaH13CO3, 99%) (Cambridge
Isotope Laboratories, MA, USA) then transferred into 2.8 L polyethylene
Erlenmeyer (Nalgene, Thermo Scientific, US). The culture system was
sealed after addition of labeled sodium bicarbonate and the medium
was purged with nitrogen gas to eliminate atmospheric CO2. A total
yield of 200–250 mg/L (dry weight) was obtained for each strain. Cells
were rinsed three times with Nanopure water to eliminate traces of
NaH13CO3 then packed by mild centrifugation into the NMR rotor
(b3000 rpm).

2.3. Nuclear magnetic resonance

All spectra were recorded on a Varian Inova Unity 600 spectrometer
(Agilent, Santa Clara, USA) operating at a frequency of 150.87 MHz for
13C and 599.95 MHz for 1H using a 4 mm double-resonance MAS
probe. One-dimensional (1D) spectra were recorded with a spinning
frequency of 5 kHz and a temperature maintained at 18 °C. Radiofre-
quency (RF) fields were 83.3 kHz for both 13C and 1H channels (sharp
pulses, CP and decoupling). A 2 ms contact time with a 10% ramp on
the 13C channel was used for CP and 1 ms delays were used in the
RINEPT spectra. All 1D spectra were recorded with 5 s recycle delays,
20ms acquisition time and 2048 scanswere added. A 25Hz exponential
line broadening was applied before Fourier transform. The hydration
level was controlled by measuring 1H spectra before and after each
experiment. Spectra were processed using MNova software (Mestrelab
Research, Santiago de Compostela, Spain) and referenced by setting the
characteristic terminal CH3 fatty acid (FA) peak at 14.17 ppm [9].

3. Results and discussion

The goal of this work is to ascertain the use of 13C SS-NMR in the
study of whole phytoplankton cells. Since the extraction of different
constituents is not necessary, the localization of pathogenic species
such as nanoparticles in the cell wall, plasma membrane or cytoplasm
should in principle be possible. The focus is thus made on which
constituents can be isolated, and whether they are present in a specific
environment (cell wall, membrane). For this purpose, 13C labeling
is necessary in order to minimize the duration of 1D experiments –

and therefore cell degradation – and to detect minor constituents.
Microalgae were thus grown under autotrophic conditions in a
NaH13CO3 environment and the resulting 13C enrichment is estimated
to 90% by mass spectrometry (data not shown). The study of three
species –with different cell walls, types and proportions of lipids, carbo-
hydrates, proteins and pigments – enables a better assignment of the
resonances. It also allows verifying the general applicability of the
NMR strategy. In addition, the identification of hydrocarbon peaks is
facilitated by the comparison of the wild-type (WT) and cell-wall
depleted (CW15) strains of C. reinhardtii.

13C is a rare and not very sensitive spin, and NMR has come up with
various ways to detect it, especially using magnetization transfer from
the more sensitive 1H spins. The most common transfer method used
in SS-NMR is CP that uses strong dipolar couplings between 1H and
Membrane lipids Storage sugar

o polysaccharides.
d oligosaccharides [16]

MGDG, DGDG, SQDG,
PG, PE, DGTS [17–21]

Starch [16]

walls [17]
llulose [16] MGDG, SQDG, DGDG,

PG, DGGA, DGTA, DGCC
[18,22–24]

Chrysolaminarin [16]

PC, MGDG, DGDG [25–27] Chrysolaminarin [28]
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13C nuclei in rigid molecules. Dipolar couplings depend on motion and,
in mobile molecules or mobile parts of macromolecules, are sometimes
averaged out to small values, rendering CP inefficient. When this was
noticed in lipids, alternative methods were borrowed from solution
NMR, namely RINEPT [32–34] which exploits scalar (or J-) couplings
between 1H and 13C nuclei. Scalar couplings are insensitive to motion,
but scalar transfer can only occur in the transverse plane where relaxa-
tion also depends onmotion. Rigid molecules quickly relax in the trans-
verse plane and are, therefore, filtered out from RINEPT spectra. In
summary, CP is efficient for rigid molecules, RINEPT for mobile mole-
cules, and both can be used to either identify the dynamics of an
observed molecule, or to filter out part of it [16]. Since 1H–13C transfers
depend on many parameters, the most quantitative 13C spectrum is
obtained by direct polarization (DP), even though new sensitive
methods have been recently suggested [35,36].

Fig. 1 shows the 13C SS-NMR spectra acquired without dynamic
filter, i.e., using direct polarization for the four microalgae studied in
this work. In all cases (although with varying relative intensities) reso-
nances are detected in regions corresponding to FAs and protein
aliphatic side chains (0-40 ppm), protein Cα (40–60 ppm), C\O in
carbohydrates (60–80 ppm), double bonded carbons (125–135 ppm),
and amide and carbonyl regions (160–180 ppm). In addition, reso-
nances corresponding to the Cζ of arginine (158 ppm), and C1 anomeric
carbons in glucides (ca. 100 ppm) are detected. Carbohydrate reso-
nances fall in the following ranges: 90–112 ppm for the anomeric
carbon (C1), 70–80 ppm for the ring carbons (C2-5) and 60–70 ppm
for the C6 carbon. While peaks are readily observed in these regions,
the resolution is poor and an overlap is expected with glycerol carbons
from lipids. Similarly, resonances from the Cα and side chains of the pro-
teins' amino acid residues should ideally be separated from the intense
FA signals in the 10–50 ppm range.
Fig. 1. Quantitative spectra (DP) of 13C labeled (A) N. oculata, (B) P. lutheri, (C) wild-type
and (D) cell-wall depleted C. reinhardtii. Spinning side bands are indicated by asterisks.
Overall, the quantitative direct polarization spectra are, as might be
expected forwhole algal cells, exceedingly crowded. In order to simplify
the spectra and, thus, increase resolution, a dynamic filter approachwas
applied to enhance resonances from mobile or rigid regions using
RINEPT and CP, respectively. The resulting spectra are shown in Fig. 2.
Amajor improvement in resolution is observed in the spectra of themo-
bile regions (Fig. 2, left) which are also considerably simplified, notably
for P. lutheri and C. reinhardtii in which high protein content (30% dry
weight) shows significant intensity [37,38]. The RINEPT spectra filter
out resonances with short transverse relaxation times, hence the in-
crease in resolution. Most peaks are present in both mobile and rigid
regions but with differing intensities. The CP spectra (Fig. 2, right)
seem particularly dominated by protein signal as evidenced with the
protein-rich C. reinhardtii (Fig. 2C). The carbonyl peak (circa 175 ppm)
is less intense as compared to the direct polarization spectra displayed
in Fig. 1. This could be explained by the fact that CP is less efficient for
mobile molecules such as lipids which contribute to the carbonyl
peak, and also suggests that proteins are more mobile in the microalgal
cells than in a powder or a crystalline sample. This effect is more pro-
nounced for carbons that are not bonded to hydrogenswhich are harder
to cross polarize [33]. A detailed analysis of the different spectral regions
is nevertheless possible. This work will focus on the study of carbohy-
drates and lipids.
3.1. Carbohydrate analysis

Carbohydrate resonances in microalgae are expected from the cell
walls, the headgroup of galactolipids abundant in organelles' mem-
branes, as well as the storage polysaccharides. Indeed the marine spe-
cies studied store sugars in the form of β-(1 → 3) and β-(1 → 6)
glycans known as chrysolaminarin [26] while C. reinhardtii uses starch
grains, both being glucose polymers. As detailed in Table 1, the cell
wall composition of N. oculata, P. lutheri and C. reinhardtii is particularly
different. It is composed of cellulose in the heterokontophytaN. oculata,
and contains both cellulose and hemicellulose in the haptophyta
P. lutheri. Hydroxyproline-rich glycoproteins, to which oligosaccharides
bind, are found in the cell wall of the chlorophyta C. reinhardtii [17].
More specifically, glucose largely dominates in N. oculata (68% by
weight) [39] while it only represents 43% of the saccharides in
P. lutheri, which also comprisesmannose and galactose (13%), arabinose
(12%) and xylose (10%). Finally, the saccharides in C. reinhardtii are
galactose (48%), arabinose (29%) and mannose (23%).

The RINEPT spectra of the carbohydrate regions (60–112 ppm) of all
phytoplankton species are particularly well resolved and shown in
Fig. 3. As will be detailed below, they allow identification of peaks
frommembrane galactolipids and reserve sugars, and reveal the particu-
lar cell wall signature for every species. The peak assignment for both the
RINEPT and CP spectra in this spectral region is displayed in Tables 2–4.

N. oculata is protected by a cellulosewall which is not easily digested
or degraded [40]. Analysis of the RINEPT and CP spectra of N. oculata
allows detection of resonances in which chemical shifts (see Table 2)
agree with those reported for cellulose and, thus, are assigned to
the cell wall. Chemical shifts corresponding to both β-(1 → 3) and
β-(1 → 6) glycans are also detected and assigned to chrysolaminarin.
The remaining resonances can be ascribed to the galactolipids while
those unassigned at ca. 99 ppm can be due to the presence ofminor sac-
charides such as xylose, or glycans (i.e. glucose in the α conformation).
While the cellulose anomeric carbon C1 only appears in the rigid (CP)
spectrum, the remaining carbons show up in the spectra of both rigid
andmobile zones. Similarly, the C2 and C4 resonances of chrysolaminarin
are exclusively detected in the CP spectra but the remaining resonances
appear on both spectra. Note that there is a resonance overlap for
the chrysolaminarin C1 and C2 with galactosyldiglycerides G1 and
headgroup carbons, respectively (see Fig. S1 for carbon numbering in
lipids).



Fig. 2. Dynamically filtered 13C NMR spectra of (A) N. oculata, (B) P. lutheri, (C) wild-type and (D) cell-wall depleted C. reinhardtii. Dynamic and rigid regions detected with RINEPT (left)
and cross polarization (right), respectively. Spinning side bands are indicated by asterisks.
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The analysis of the carbohydrate region of P. lutheri in Table 3 ismore
complex due to an increased contribution of less abundant saccharides
(galactose, mannose and arabinose notably). P. lutheri is a golden-
brown flagellate which surface is covered by small cellulose grains
forming mushroom-like scales [17]. Peaks assigned to cellulose are in-
deed present in CP and RINEPT spectra, and hemicellulose (xyloglucan)
resonances are also detected, consistent with the high amount of
galactose and xylose in Pavlova [39]. As for N. oculata, the presence
of the major component of the storage sugar chrysolaminarin (Glu
β-(1 → 3)) is also confirmed by our spectra and especially evidenced
from the RINEPT spectrum. The remaining resonances can be assigned
to arabinan and galactan or galactolipid headgroups. Only two reso-
nances are exclusively present in rigid environments, i.e., the C4 carbon
in chrysolaminarin (68.3 ppm) and one at 98.8 ppm that could not be
assigned.

In the case ofC. reinhardtii, the cellwall is composedof hydroxyproline
(Hyp)-rich O-glycosylated proteins with mainly arabinosyl/galactosyl
sidechains [41]. Recent work by Bollig et al. [42] identifies the
Hyp-bound O-glycans as α-D-Galf-(1 → 2)-β-L-Araf-(1 → 2)-β-L-Araf-
(1→ 4)Hyp or 3-methyl-β-L-Araf-(1 → 5)-α-D-Galf-(1→ 2)-β-L-Araf-
(1→ 2)-β-L-Araf-(1→ 4)Hyp. While a complete assignment of such ol-
igosaccharides is not available, we compared our results with literature
values of the corresponding saccharides (α-D-Galf and β-L-Araf) and
methyl glycosides ((CH3)-α-D-Galf and (CH3)-β-L-Araf).We could indeed
identify theseHyp-boundglycans, and the proposed assignment is shown
in Table 4. Resonances of the O-glycans from glycosylated proteins pre-
dominate in the RINEPT spectrum, consistent with the fact that they are
more mobile than proteins to which they are attached [43]. When com-
pared to wild-type C. reinhardtii, the 13C SS-NMR spectra of the CW15
strain show disappearance or major decrease in intensity of the carbohy-
drate resonances (Fig. 3, D). These results support that CW15 is not
entirely deprived of a cell wall [18]. In addition to these cell-wall
resonances, peaks were also assigned to galactolipid sugar or glycerol
carbons mostly from the RINEPT spectrum (Table 4). Interestingly,
several peaks present in the CP spectra have been assigned to amylose,
in agreement with expected rigidity of starch stored in grains inside
Chlamydomonas cells.

The dynamic filter could not entirely separate the carbohydrate
signals from different constituents of the various microalgal cell com-
partments. However, it provided sufficient selectivity to evidence the
differences in the cell wall composition of the microalgae, and revealed
the considerable complexity in the cellulose forms which compose the
cell wall of P. lutheri. The cell wall and storage sugars appear to have
an intermediate mobility with carbons that can be considered as rigid
from an NMR perspective while others are mobile. Chrysolaminarin ac-
cumulates in solution in vacuoles inside the cell, which could explain its
relative mobility [26], while glucose peaks from starch grains were bet-
ter identified in the CP spectrum of C. reinhardtii, indicating amore rigid
behavior. Resonanceswhich could be exclusively assigned to galactolip-
idswere only distinguished in theRINEPT spectrum. There is someover-
lap between cell wall, galactolipids and storage carbohydrate
resonances; however they could be easily distinguishable if their dy-
namics are taken into account by enhancing selectivity using additional
filtering steps, for example in a 2D spectrum. Using 2Dmethods coupled
with dynamic filters such as those described for the study of bacteria
[44] or plant cell walls [45], carbohydrates in these three environments
(cell wall, storage and membrane) should be fully distinguishable and
are currently being studied using this approach.

3.2. Fatty acids and lipid analysis

Lipid composition in vegetal cells is very different from that of
animals'. Phosphatidylcholine (PC), phosphatidylserine (PS) and
phosphatidylethanolamine (PE) are dominant in animal cells,

image of Fig.�2


Fig. 3.Comparison of the hydrocarbon regions of (A)N. oculata, (B) P. lutheri, (C)wild-type
and (D) cell-wall depleted C. reinhardtii detected with RINEPT. Abbreviations are Cell: Cellu-
lose, HCell: Hemicellulose, Chry: Chrysolaminarin, Galac: Galactosyl in galactolipids, O-Gly:
Glycans in Hyp-rich cell wall glycoprotein, Hyp-O: Hydroxyproline in Hyp-rich cell wall pro-
tein, Glyc: Glycerol in galactolipids. Unassigned peaks are marked with an asterisk.
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while phosphatidylglycerol (PG) and glycolipids (mono- and
digalactosyldiglycerides, MGDG and DGDG) are the most abundant in
green plant cells. Sulfolipids and betaine lipids are also common in
microalgae. Themost abundant lipid structures in themicroalgae studied
are illustrated in Fig. S1. The FA chain composition is alsomarkedly differ-
ent. In animal cells, saturated palmitoyl (C16:0) and stearoyl (C18:0), and
unsaturated oleoyl (C18:1), linoleoyl (C18:2) and arachidonoyl (20:4)
lipid chains are mostly found, while PUFA chains dominate in vegetal
cells [21]. As for carbohydrates, lipids in microalgae are used both for re-
serve and structure purposes. Triacylglycerides (TAGs) are stored in vac-
uoles while phospholipids and glycolipids are the membrane building
blocks [22,46]. The fluidity of membranes is determined by the polar
headgroup andmostly by the saturation level of the FA chains. Glycolipids
and sulfolipids are almost exclusively found in organellemembranes such
as the chloroplast, whereasmost phospholipids – except for PG – and be-
taine lipids are found in non-plastid membranes [47].

The hydrophobic region of themembranes – either from the plasma-
lemma or the organelles – can be probed by monitoring the resonances
of lipid headgroups and FA chains. In all spectra, the most intense peak
is at 29.8 ppm readily assigned to CH2 groups in FAs and lipids
(Table S1–S3). This does not necessarily reflect a higher proportion of
lipids with respect to other constituents since, for instance, N. oculata
and P. lutheri comprise twice asmuch proteins than lipids [39]. The par-
ticularly intense peak at 29.2 ppm comes from the contribution of all the
CH2 groups in FAs that will resonate at the same frequency, whereas
protein resonances will be distributed over a larger range of chemical
shifts. However, some characteristic resonances can be used to monitor
changes in the FA profile. On all spectra, a peak is present at 14.2 ppm
which is assigned to the terminal CH3 groups of FAs, whether saturated
or not (Table S1). The intensity ratio between the CH2 and terminal CH3

resonances could thus be used to monitor changes in the FA length
under an external stress, provided that the number of double bonds re-
mains constant. Double bonds in FAs are reported from 127.8 to 129.6
ppm [6,9,48] and changes in the number of double bonds can be moni-
tored by the ratio between the main CH2 peak at 29.8 ppm and the re-
gion of the double bonds. However, care would have to be taken in
interpreting such results since some intensity in this region will result
from the presence of pigments, although their contribution will be
minor [49].

Nannochloropsismicroalgae have been used in aquaculture for more
than two decades to feed fish and shell fish larvae because of their high
content in eicosapentaenoic acid (EPA or C20:5 (n-3)) [23,24]. They are
yellow-green eustigmatophytes classified as picoplankton because of
their small diameter (2–4 μm). The total lipid content inN. oculata varies
between 25 and 32% (dry weight) but was found higher (40%) in other
studies [24]. More specifically, 25% galactolipids, 22% phospholipids and
8% TAGs are typically found [25].MGDGandDGDG,which together rep-
resent about 45% of the polar lipids, are mainly found in the mem-
branes of organelles such as the thylakoid membrane of chloroplasts
[23]. Carbon wax and sterol esters – mainly cholesterol – were also re-
ported [23]. PC is themost abundant phospholipid, but PG, PE and PI are
also found, albeit in lower proportions [23]. The presence of the
sulfolipid sulfoquinovosyl-diacylglycerol (SQDG) and the betaine lipid
diacylglyceryl-trimethylhomoserine (DGTS) was also reported in this
alga [23].

The peak assignment shown in Table S1 confirms the presence of
galactosyldiacylglycerols. Peaks characteristic of the SQDG sugar head
group seem present on both the CP and RINEPT spectra, but ambiguous
because of the overlap with carbons from MGDG or PC headgroup,
except for G1 at ~99 ppm. The sugar moieties are better evidenced on
the RINEPT spectrum while the glycerol moieties appear better in the
CP spectrum. The use of a dynamic filter allows isolating the peaks from
PC, dominant in the plasma membrane. Resonances assigned to PC such
as the C1 of the acyl chains (~173.7 ppm), the Cα (60.7 ppm) or the char-
acteristic trimethylamine at 54 ppm are identified on the spectra.

The FA chain composition inN. oculata is dominated by C16:0, C16:1
and EPA which altogether account for more than 60% of the total FAs
mass [19,24]. In terms of total FA composition, 21% of the chains are
saturated, 30% are monosaturated and 40% are PUFAs [25]. Most of the
EPA is accumulated in TAGs inside the cell [19]. Of course the FA profile
could vary with salinity, temperature, and other growth conditions
(auxotrophic, etc.) [50,51]. The CP and RINEPT spectra are dominated
by lipids' methylene signal (30–33 ppm) consistent with the high con-
tent in saturated and mono-unsaturated FA chains. The RINEPT spec-
trum also shows a strong signal at 128–130 ppm consistent with the
high proportion of PUFAs, and possibly to EPA from the vacuolar and
mobile TAGs.

P. lutheri is used in aquaculture as food for fish, crustaceans and
mollusks larvae because it accumulates PUFAs [27,28]. This species has
a different lipid profile compared to the picoplanktonic N. oculata

image of Fig.�3


Table 2
13C chemical shifts in the carbohydrate region (60–112 ppm) ofNannochloropsis oculata using cross polarization (rigid) or RINEPT (mobile) experiments. Assignments according to literature
values.

Rigid Mobile Cell wall Storage sugars (chrysolaminarin)a Membranesb

Cellulose [45] β-D-(1 → 3) glucan [54] Glu(1 → 6) [55] Galactosyl [56,57]

δ (ppm) δ (ppm) δ (ppm) Cn δ (ppm) Cn δ (ppm) Cn δ (ppm) Cn

106.0 105.0 C1
102.3 102.4 102.7–102.8 C1 102.5 G1

101.0 100.8–101.8 C1
98.8 98.8 99.4 G1

98.4 – – – – – – – –

96.5 96.1 92.3–95.9 Rα
83.2 83.2 85.0 C4 84.0–84.4 C3 83.2–83.5 C3
78.2 78.1 77.4–77.7 C4

76.1 75.3 C3, C5 75.8–76.1 NR, C5 73.2–75.8 C5
74.4 73.2–75.8

73.0 73.6–74.1 C2 72.8–73.2 C2 73.1–74.0 G2,3,5
72.5 72.7 C2 72.8–73.2 C2
70.3 Glyc C2
69.4 69.0 69.7 G5

68.2 68.3 C4 68.8 G4,5
67.4 67.7 Glyc C1

66.0 – – – – – – – –

63.0 62.5 C6 61.9–63.2 C6
62.0 62.0
61.2 60.9 C6 62.1 G6

a Rα = reducing-end signal α, Rβ = reducing-end signal β, NR = non-reducing-end signal.
b Galactosyl part of MGDG and DGDG; Glyc = glycerol.
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(Table 1), and is not as rich in lipids since it contains about 17% (dry
weight) of lipids in the stationary phase [37]. This includes about 40%
TAG, 28% MGDG, 10% SQDG, 8% DGDG, 6% betaine lipids and 4% PG
[28]. Eichenberger and Gribi [29] report 42% TAG, 19% MGDG, 12%
DGDG, 9% SQDG, 1% PG, 2% diacylglyceryl glucuronide (DGGA), 6%
diacylglyceryl hydroxymethyl-N,N,N-trimethyl-β-alanine (DGTA) and
5% diacylglyceryl carboxyhydroxymethylcholine (DGCC) but these
profiles depend on the growth phase of the cells. The rest is made of
Table 3
13C chemical shifts in the carbohydrate region (60–112 ppm) of Pavlova lutheriusing cross polar

Rigid Mobile Cell wall

Cellulose [45] Hemicellulose

Glu(1 → 4) Gal

δ (ppm) δ (ppm) δ (ppm) Cn δ (ppm) Cn δ (ppm)

106.4 106.9 105.0 C1 105.0 C1
102.9 102.9 104.0

99.8
98.8 – – – – –

96.3
92.2

85.7 84.6 85.0 C4
81.5 – – – – –

79.4 – – – – –

76.0 75.8 75.3 C3.5 75.9 C3 76.7
74.3 74.8

73.6 73.8 73.8 C5 74.0
72.8 72.7 C2 72.7
71.8

71.1 70.8 – – – – –

70.0
69.0

68.3
67.3

66.5 66.3 – – – – –

65.7 65.6
62.6 62.5 C6

61.0 61.1 61.5 C6 61.7

a Rα = reducing-end signal α, Rβ = reducing-end signal β, NR = non-reducing-end signa
b Galactosyl part of MGDG, DGDG and SQDG; Glyc = glycerol.
unknown FAs or lipid molecules [19,27] but some groups report the
presence of cardiolipin, acylated steryl glucosides, as well as mono-
and diacylglycerols (MAG and DAG) and free FAs [27–29]. Thus, the
lipid profile of P. lutheri is peculiar since it contains a large variety of
lipid species. SQDG, the betaine lipids DGCC and DGTA, as well as
DGGA are localized in extraplastid membranes [19,29], while MGDG
and DGDG are found in the chloroplast [29]. Betaine lipids have a zwit-
terionic structure similar to PC— a phospholipid that is not detectable in
ization (rigid) or RINEPT (mobile) experiments. Assignments according to literature values.

Storage sugarsa Membranesb

[45] (Chrysolaminarin) Galactosyl [56,57]

Xyl β-D-(1 → 3) glucan [54]

Cn δ (ppm) Cn δ (ppm) Cn δ (ppm) Cn

C1 102.7–102.8 C1
99.7 C1

– – – – – – –

95.9 Rα
92.3 Rβ
84.4 C3

– – – – – – –

– – – – – – –

C3 75.8–76.1 NR, C5 75.3 G4
C5 74.4 C3 74.1 C2
C2 73.6 C2

72.5 C2 73.1 G2,3
G2,3

– – – – – – –

69.9 G5
68.8 G4

68.3 C4
67.7 Glyc C1

– – – – – – –

66.0 Glyc C1
62.3 C5 Glyc C3

C6 60.9 C6 G6

l.



Table 4
13C chemical shifts in the carbohydrate region (60–112 ppm) of Chlamydomonas reinhardtii using cross polarization (rigid) or RINEPT (mobile) experiments. Assignments according to
literature values.

Rigid Mobile Cell wall Storage sugars Membranesa

β-L-Araf-[42] (CH3)-β-L-
Araf-[58]

α-D-Galf-[59] (CH3)-α-D-
Galf [58]

Hyp-O-glycan
[42]

Starch (amylose)
[60]

Galactosyl [56,57]

δ (ppm) δ (ppm) δ (ppm) Cn δ (ppm) Cn δ (ppm) Cn δ (ppm) Cn δ (ppm) Cn δ (ppm) Cn δ (ppm) Cn

103.3 103.2 C1 103.5 C1 103.1 C1 103.4 G1
100.3 100.5 99.3–101.9 C1 100.9 C1 99.4 G1

97.3 – – – – – – – – – – – – – –

82.1 83.1 C4 82.7 C4 82.3 C4 78.6 C4
80.2 – – – – – – – – – – – – – –

79.6 78.6 C4
76.6 77.5 C2 77.8 C2 77.4 C2
75.4 75.7 C3 75.9 C3 75.5 C3 75.3 G4

73.6 73.7 C5 74.6 C3
73.0 72.9–73.1 G2

72.0 71.9 72–73 C2,5 – G2,3,5
71.0 71.1 G3
69.4 69.7 G5
67.3 67.7 Glyc C1

64.9 64.2 C5 64.2 C5
62.9 63.8 C6 63.4 C4 Glyc C3

61.5 61.5 61.7–61.9 C2 61.9 C6
60.6 61.1 C2

a Galactosyl part of MGDG, DGDG and SQDG; Glyc = glycerol.
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P. lutheri [29]. DGCC is believed to be involved in the transfer of FAs from
the cytoplasm to the chloroplast and, thus, in the biosynthesis of MGDG
[29]. Because the relative proportion of betaine lipids as well as PUFAs
increases at low temperature, they are believed tomodulate the adapta-
tion of P. lutheri at low temperature [29].

The 13C SS-NMRanalysis of whole P. lutheri cells shows several peaks
that can be assigned to MGDG and SQDG between 60 and 103 ppm,
particularly evident on the RINEPT spectrum (Table S2). The use of the
dynamic filter also allows identification of betaine lipids from the plas-
malemma in the RINEPT spectrum from the characteristic headgroup
carbons at ~40 and 54 ppm. The natural occurrence of the other lipids
is possibly too low to allow their identification.

P. lutheri possesses very long-chain PUFAs (NC20) which are mainly
accumulated in MGDG (45% of the total FAs) and TAG (33% of the total
FAs) [19,27]. More specifically, EPA dominates in MGDG and TAG while
docosahexaenoic acid (DHA or C22:6 (n-3)) is found in several lipid
classes, and especially betaine lipids [27,47]. Oleate, docosapentaenoic
and DHA predominate in DGGA while DGCC is enriched in palmitate
and EPA [19]. It is noteworthy that C14:0, C16:0 and C:16:1 are abun-
dant in P. lutheri, representing about 56% of the FA chains when cells
are grown at 20 °C as in our study [28].

Contrary to the lipid-rich N. oculata which CP spectrum reveals
strong lipid resonances, P. lutheri's spectrum is not dominated by lipid
resonances, in agreement with its lower lipid content. While lipid
resonances are assigned in both the CP and RINEPT spectra, they are
better evidenced with the RINEPT experiment from which the CH3

(14.2 ppm), allylic or saturated carbons (20.6–33.9 ppm) stand out.
Moreover, the presence of long-chain PUFAs is confirmed from the
strong peak at 128 ppm ascribed to olefin carbons dominating the
RINEPT spectrum (Table S2).

Glycolipids are the most abundant in C. reinhardtii. Indeed, Vieler
et al. report 38% MGDG, 24% DGDG, 12% SQDG, 10% PG, 3% PE and 12%
DGTS [21]. Glycolipids actually represent 70–80% of the total lipid con-
tent of thylakoid membranes, completed by DGTS and PG in equal pro-
portions [52]. The major plasma membrane lipid is the betaine lipid
DGTS [19,21], therefore the PC content is expected to be low. Indeed,
PC is not found in this alga, but phosphatidylinositol (PI) is present in
small amounts [19]. Cardiolipin, carotenoids and sterols (ergosterol
and 7-dehydroporiferasterol) are also accounted for in the lipid content
[18].
In agreement with the reported lipid profile of C. reinhardtii, the 13C
resonance of the abundant glycolipids and sulfolipids can be detected in
both RINEPT and CP spectra; however the headgroups are better evi-
denced in the RINEPT spectrum (Table S3). The presence of DGTS from
the plasma membrane was confirmed with the characteristic trimethyl
peak at ~54 ppm, especially strong (50% relative abundance) on the
RINEPT spectrum. Peaks assigned to Hyp-bound glycans are also identi-
fied at 37.6, 52.1 and 61.5 ppm in the RINEPT spectrum, in agreement
with the mobility previously observed for these saccharides in the car-
bohydrate region.

Contrarily toNannochloropsis and Pavlova, C. reinhardtiiWT contains
only traces of EPA andDHA, themost abundant FA chains being C16 and
C18.MGDGandDGDGmainly contain unsaturated C18while sulfolipids
have a greater proportion of saturated C16 [18,53]. This FA chain profile
is typical of freshwater species which, like terrestrial plants, is stopped
at linoleic (LOA, C18:2) and linolenic (LNA, 18:3) acids [20,22]. Such
profile can easily be seen with the intense methylene-related reso-
nances between 29 and 32 ppm (see Table S3) in both the CP and
RINEPT spectra. The olefin carbon signals from PUFAs (~128 ppm) are
correspondingly low comparatively to the two marine species. Differ-
ences in the olefin and methylene peak relative intensities are seen for
C. reinhardtii CW15 strain in Fig. 2D, suggesting a different profile,
perhaps to compensate the partial lack of a cell wall, but this needs to
be further investigated.

In summary for this section, 13C-SS-NMR with MAS and a dynamic
filter could not sort microalgal cell fatty acid and lipid components
owing to their dynamics, but allowed identification of lipid components
from the plasmalemma, organelle membranes, as well as TAG reserve.

4. Conclusion

This work is a comparative 1D 13C SS-NMR study of whole
microalgae cells with the objective of determining whether the signals
from the surface of these organisms, i.e., the cell walls and the plasma-
lemma membrane, can be spectroscopically isolated. Our results
showed that dynamical heterogeneity could not allow distinguishing
all membrane or cell wall components which seem to have some level
of mobility. Indeed, cellulosic cell walls protecting microalgae such as
N. oculata and P. lutheri are known to be viscoelastic and hard to break
[40]. However, the use of CP and RINEPT filter combined to the facile
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isotopic labelingwith NaH13CO3 could reveal differences in themobility
of somemicroalgal constituents such as the storage lipids and sugars. It
also showed to be a useful strategy to reveal differences in the composi-
tion and organization of intact microalgae. The strong spectral overlap
and low resolution observed in a normal (DP) spectrum could be
partially overcome by using experiments which favor mobile or rigid
regions. The resulting high resolution, especially on the RINEPT spectra,
enabled identification of components (carbohydrates and lipids) not
only from the cell surface but also from the organelle membranes, stor-
age lipids and sugars of the three species studied. The CP spectra appear
to be more useful to study protein components. Together, these exper-
iments enabled the identification of most of the constituents expected
in phytoplankton cells. They should also enable the study of the in-
teraction of contaminants. The dynamical selectivity used in this
work will have to be extended to 2D methods to allow a complete
characterization of microalgal cell components.
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