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Abstract Green algae and cyanobacteria are primary pro-
ducers with profound impact on food web functioning. Both
represent key carbon sources and sinks in the aquatic environ-
ment, helping modulate the dissolved organic matter balance
and representing a potential biofuel source. Underlying the
impact of algae and cyanobacteria on an ecosystem level is
their molecular composition. Herein, intact '*C-labelled
whole cell suspensions of Chlamydomonas reinhardtii,
Chlorella vulgaris and Synechocystis were studied using a
variety of 1D and 2D "H/"*C solution-state nuclear magnetic
resonance (NMR) spectroscopic experiments. Solution-state
NMR spectroscopy of whole cell suspensions is particularly
relevant as it identifies species that are mobile (dissolved or
dynamic gels), ‘aquatically available’ and directly contribute
to the aquatic carbon pool upon lysis, death or become a
readily available food source on consumption. In this study,
a wide range of metabolites and structural components were
identified within the whole cell suspensions. In addition, sig-
nificant differences in the lipid/triacylglyceride (TAG) content
of green algae and cyanobacteria were confirmed. Mobile
species in algae are quite different from those in abundance
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in ‘classic’ dissolved organic matter (DOM) indicating that if
algae are major contributors to DOM, considerable selective
preservation of minor components (e.g. sterols) or biotransfor-
mation would have to occur. Identifying the metabolites and
dissolved components within algal cells by NMR permits fu-
ture studies of carbon transfer between species and through
the food chain, whilst providing a foundation to better under-
stand the role of algae in the formation of DOM and
the sequestration/transformation of carbon in aquatic
environments.

Keywords Solution-state NMR - HMQC - Algae -
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Introduction

Green algae are a diverse group of eukaryotic organisms found
in both freshwater and saltwater ecosystems. Blue-green algae
(often termed cyanobacteria) are also prolifically found in wa-
ter systems under certain nitrogen and phosphorus balances,
outcompeting green algae at certain equilibria [1]. Both are
autotrophic and carryout photosynthesis. As a result, both play
a fundamental role in maintaining the energy balance in aquat-
ic ecosystems as they belong to a lower trophic level and
changes in their populations are magnified through the food
web. In addition, green algae and cyanobacteria may play a
role in the formation of dissolved organic matter (DOM), a
topic of interest to a diversity of water researchers, as well as
form a primary source for the production of biofuels.
Importantly, green algae and cyanobacteria have different
molecular compositions and homeostatic set points, specifi-
cally concerning lipids and their metabolism [2]. This is of
particular importance when cyanobacteria outcompete green
algae in freshwater lakes, as this can have adverse effects on
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micro-crustaceans such as Daphnia magna (a keystone spe-
cies) [3]. For example, exposure to cyanobacteria has been
shown to increase the number of aborted eggs in D. magna,
thus decreasing population size which directly impacts higher
trophic levels [4]. Although the primary mechanisms by
which these patterns are triggered is unclear, cyanobacteria
are known to be of poor food quality as a result of mechanical
interference, toxicity and (or) inadequate biochemical nutri-
tional value (e.g. low content in omega-3 highly unsaturated
fatty acids, such as docosahexaenoic and eicosapentaenoic
acids, and sterols) for consumers. Consumers exclusively
fed cyanobacteria typically exhibit near-starvation traits [5].

Furthermore, the amount and composition of DOM in wa-
ter systems are of current interest, as DOM comprises a major
percent of mobile organic carbon and plays a role in increasing
the solubility of environmental contaminants [6]. This work
will shed light on the metabolite profile of different algal spe-
cies and the structural contributions that they can make to
DOM when their cell walls are spliced. In particular, as low
power solution-state nuclear magnetic resonance (NMR) tech-
niques are employed (see ‘Conclusion’ section), soluble and
mobile gel-like components (i.e. those readily dispersed into
the aqueous phase) are emphasised within the whole cells. By
understanding the potential flux of mobile metabolites and
soluble precursors from algae into DOM, researchers may be
able to better predict changes in DOM in freshwater in relation
to the amount of algae or cyanobacteria present.

Further interest in algae stems from their application in the
production of biofuels. Biofuels are synthesised from lipid oils
in algae which may account for up to 50 % of the algac by
weight in certain species [7]. Algae can be grown very rapidly
in bioreactors and will likely become an important source for
renewable energy in the future [7]. Current research on algae
focuses on identifying the best (greatest yield of biodiesel per
unit mass algae) species out of an estimated 3 x 10° species,
where a number of factors must be considered including the
growth rate and the lipid oil content [8, 9]. Underlying these
factors is the molecular composition of algae and the
metabolomic changes that occur in response to altering envi-
ronmental conditions. Lipids in cells may exist in different
physical forms; however, it is the extractable lipid component
that makes up the primary building block for the synthesis of
biofuels and identifying this extractable lipid component is a
challenge that researchers face in identifying the most viable
species [10]. The first step in biofuel production is the extrac-
tion of lipids followed by esterification. Therefore, it is para-
mount that researchers identify the percent of lipids that are
mobile within whole cells and thus readily available for sim-
ple extraction [10]. This work aims to identify and quantify a
range of dissolved and mobile species within whole algae cells
which includes the lipid fraction. The importance of algae for
aquatic ecosystems, potential contribution to DOM formation
and the production of biofuels drives a fundamental need to
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better understand the metabolomic and structural profile of
algae. This understanding will equip researchers with the
knowledge necessary to precisely identify the impact of algal
and cyanobacterial blooms at an ecosystem level as well as to
develop genetically modified algae strains that will make bio-
fuel production more economically viable [11].

The metabolite profile of different species of algae and
cyanobacteria has been studied using various analytical tech-
niques including gas chromatography mass spectrometry-time
of flight-mass spectrometry (GC-MS TOF-MS) and high per-
formance liquid chromatography inductively coupled plasma
mass spectrometry (HPLC ICP-MS). Using GC-MS TOF-
MS, the metabolomic changes in wild-type Chlamydomonas
reinhardtii under nitrogen, phosphorus, sulphur, or iron-
deprived conditions were examined [12]. Furthermore,
HPLC ICP-MS was employed in identifying the speciation
of arsenosugars in the brown alga Fucus serratus [13]. Such
studies provide an excellent and sensitive targeted approach to
evaluate specific metabolites in extracts but are often restricted
to small molecular components that can be easily extracted
and derivatized. Additionally, MS techniques are selective
and reliant on MS libraries and thus unknown compounds
may be missed [14]. In contrast, NMR requires little sample
preparation and is a non-selective detector, with the main lim-
itation being spectral overlap which can hamper assignment
and quantification in complex matrices [15].

Some limited NMR studies have also been conducted on
algae and cyanobacteria [16, 17]. Specifically, solution-state
NMR was used to build a limited metabolomic profile of the
algal species Chlorophyta and Rhosophyta with natural abun-
dance '*C [16]. In addition, solid-state NMR has been used to
study the light harvesting complexes (important for photosyn-
thesis) in C. reinhardtii [17] and also to characterise the lipid
and carbohydrate constituents of whole cells of marine
(Pavlova lutheri and Nannochloropsis oculata) and freshwa-
ter (C. reinhardtii) microalgae which have different cell wall
characteristics [18]. High resolution—magic angle spinning
(HR-MAS) 'H and '>C NMR spectroscopy have also been
shown to be useful for studying microalgal whole cells
[19-21]. However, MAS tends to average anisotropic interac-
tions and sharpens the signals from semi-solids and gels.
Whilst this is often an advantage, if only dissolved metabolites
are of interest, then it has been noted that peak resolution at the
baseline tends to be poorer in the HR-MAS spectra compared
to corresponding solution-state spectra, and chemical shifts
can be slightly different [21]. To the best of our knowledge,
a comparative study on the different species of '*C-enriched
green algae and cyanobacteria whole cell suspensions using
solution-state NMR including a diversity of 1D and 2D ex-
periments has yet to be employed in the establishment of a
more complete metabolic profile. Solution-state NMR pro-
vides high resolution molecular information concerning com-
ponents in the sample that are dissolved or highly mobile in



Identification of available carbon from algae

4359

their natural state within whole algal cells [22] and represents
most common NMR technique available in the vast majority
of NMR facilities. Importantly, most biologically relevant me-
tabolites are found and operate in the cytoplasm of cells and
are therefore visible through solution-state NMR. This makes
solution-state NMR ideal for metabolomic studies.
Furthermore, a thorough understanding of mobile metabolites
will shed light on the contributions of algae to the structural
components of DOM as these components will contribute
directly to the aquatic environment on lysis.

In this study, the metabolomic profiles of two different
strains of '*C isotopically labelled green algae and one cya-
nobacterium were analysed using solution-state NMR spec-
troscopy. Specifically, the strains C. reinhardtii (unicellular
green algae with two characteristic flagella found in soils
and fresh water), Chlorella vulgaris (unicellular green algae
with no flagella found in fresh water) and Synechocystis
(cyanobacteria found in fresh water) were examined. In a nat-
ural environment, the presence of flagella allows the former
species to demonstrate phototactic behaviour and optimise
their exposure to light for photosynthesis. The second species
is considered a high quality food source for primary con-
sumers with high protein content and other essential nutrients.
The latter species is one of the most extensively studied types
of cyanobacteria as it has the capacity to demonstrate both
phototrophic growth by oxygenic photosynthesis in sunlight
and heterotrophic growth by glycolysis and oxidative phos-
phorylation during dark periods. The evaluation of the
solution-state NMR spectroscopic approach, in particular the
ability to identify key metabolites and major differences be-
tween species, will facilitate future in vivo NMR-based
metabolomic studies (for example feeding '*C-enriched algae
to D. magna and following real-time metabolism).
Additionally, understanding the physical state in which differ-
ent metabolites are found will shed light on their ability to
contribute to DOM as well as the potential extractability of
lipid components for the production of biofuels.

Materials and methods
13C labelling of algae

The algae strains C. reinhardtii, C. vulgaris and the
cyanobacteria Synechocystis were cultivated in a small scale
closed loop system photobioreactor designed and built by
Silantes GmbH. Each fermentation was carried out autotro-
phically and entirely with '*CO, (enrichment 99 %; purchased
from Sigma-Aldrich, Isotec, St. Louis, MO). The environmen-
tal conditions for growth including media, temperature, light
intensity and pH were optimised for maximum growth for
each species. The biomass was then harvested and freeze dried
for storage at —20 °C prior to use in the NMR experiments,

which is the standard practice for microalgal whole cell sam-
ples [19, 20]. For further details on labelling methodology,
refer to the Electronic Supplementary Material (ESM).

Sample preparation

Uniformly labelled '*C algae strains C. reinhardtii,
C. vulgaris and the cyanobacteria Synechocystis were studied
using solution-state NMR spectroscopy. Twenty milligrams
(dry weight) of each was suspended in 100 % D,O
(Cambridge Isotopes, Tewksbury, MA) and added to a high-
precision 5-mm NMR tube (508-UP-7, Norell, Morganton,
NC) for data collection.

1D NMR spectroscopy

The experiments were performed using a Bruker Avance 111
NMR spectrometer with a '"H Larmor frequency of
500.13 MHz equipped with a 5-mm four-channel ("H, °C,
>N, '°F) QXI NMR probe, fitted with an actively shielded z-
gradient (Bruker BioSpin) at room temperature. A D,O Lock
was used for all experiments. Decoupling was used in all 1D
and 2D experiments to remove 'H-">C coupling from the *C-
enriched sample. The decoupling schemes GARP-4 and
WALTZ16 were used for the proton and carbon observed
experiments, respectively. All NMR spectra were processed
via TopSpin 3.1.

All '"H NMR spectra were recorded using the SPR-W5
WATERGATE water suppression sequence using a binomial
delay of 125 us and GARP-4 '*C decoupling during acquisi-
tion [23]. A 90° pulse was calibrated for each sample. A spec-
tral width of 20 ppm was collected, and 512 scans were ac-
quired with 16 k time domain points. The 'H T; was measured
at 1 s using an inverse recovery sequence, and the recycle
delay set five times this. "H NMR spectra were processed
using a zero filling factor of 2 and an exponential function
corresponding to a line broadening of 0.3 Hz. For 1D '*C
NMR spectra, a spectral width of 400 ppm was collected,
4 k scans were acquired with 16 k time domain points and a
recycle delay was 5 s. Note that the carbon spectra were used
for relative but not absolute quantification. '>*C NMR spectra
were processed using a zero filling factor of 2 and an expo-
nential function corresponding to a line broadening of 5 Hz.

Spectral editing

Diftusion edited (DE) proton and carbon spectra were pro-
duced using a bipolar pulse pair longitudinal encode-decode
(BPLED) sequence with inverse gated decoupling [24].
Spectra were collected using encoding/decoding gradients of
2.5 ms at 55 gauss/cm and a diffusion time of 200 ms. DE 'H
spectra and '*C spectra were processed using a zero filling
factor of 2 and an exponential function corresponding to a line
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broadening of 1.0 and 25 Hz, respectively. Inverse diffusion
edited (IDE) and recovering relaxation losses from diffusion
editing (RADE) were created via subtraction from the appro-
priate controls as previously described [25]. The IDE proton
spectra and carbon spectra were processed using a zero filling
factor of 2 and an exponential function corresponding to a line
broadening of 1.0 and 5.0 Hz, respectively. The RADE proton
spectra and carbon spectra were processed using a zero filling
factor of 2 and an exponential function corresponding to a line
broadening of 10.0 and 25.0 Hz, respectively. For spectral
editing, the spectra were scaled until the spectrum being
subtracted was nulled leaving a difference spectrum contain-
ing positive peaks [25]. The spectra were referenced to a D,O
lock during acquisition and were then calibrated against a
series of known compounds in the Bruker Biofluid
Reference Compound Database (v 2.0.3).

2D NMR spectroscopy

2D ('H-"C) hetero-nuclear multiple-quantum correlation
(HMQC) spectra were acquired using 2 k time domain points,
64 scans and 128 increments in the indirect dimension and a
recycle delay of 1 s (1 x 77). HMQC data were used for rela-
tive but not absolute quantification. HMQC spectra were proc-
essed with an exponential function corresponding to a line
broadening of 15 Hz in F2 and using a gsine function in F1
shifted by 7/2 in both dimensions.

2D "H-"H total correlation spectroscopy (TOCSY) spectra
were acquired in the phase-sensitive mode, using a mixing
sequence with 300 ps 40 KHz WURST-2 pulses within an
X M16 mixing scheme [26]. Two thousand forty-eight data
points (F2), 32 scans and a mixing time of 250 ms were used
for each of the 128 increments in F1. F1 and F2 dimensions
were processed using sine-squared functions with a /2 phase
shift and a zero filling factor of 2.

Compound identification

The spectra were calibrated against a series of known com-
pounds in the Bruker Biofluid Reference Compound Database
(v 2.0.3). Pattern matching of both 1D/2D spectra was per-
formed using Analysis of MIXtures (AMIX, v 3.9.3, Bruker
BioSpin) against the Bruker Biofluid Reference Compound
Database (v 2.0.0 to v 2.0.3) using a procedure developed
for complex mixtures [27]. Compounds with a greater than
80 % match (automated search) were selected for manual in-
spection. The chemical shifts of the identified compounds
were compared with database values (*=0.99, ¢=0.01) to
confirm matching, and any compounds not meeting these re-
quirements were removed. Major assignments were further
checked for consistency against TOCSY data where possible
and then further checked against the literature for consistency.
Readers should note that error bars provided in the paper
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represent the variance arising from processing and spectral
analysis but due lack of biomass (and long NMR acquisition
times) the samples could not be run in triplicate. Integration
was performed using the ‘multi-integrate’ module within
AMIX (v 3.9.3, Bruker BioSpin). The threshold was set at
1 % above the noise and ‘pattern files’ created for all metab-
olites by selecting the extremities of the peaks at the 1 %
threshold. These files were then used to calculate integrals
across the spectra in an automated fashion.

Results and discussion

1D 'H and *C NMR spectra of *C-enriched green algae
and cyanobacteria

The 1D proton spectra of whole cell '*C-enriched green algae
and cyanobacteria suspended in D,O acquired using the SPR-
W5 WATERGATE water suppression sequence are shown in
Fig. 1. It is important to note that solution-state NMR only
detects the soluble and dynamic components (true solids will
not be observed using this technique). As such, throughout
this paper, when for example the percentage difference of a
component between the different species is compared, the
comparison is specifically for the fraction of material that in
the natural state (whole cells in water) is swollen/dissolved.
This may not be the same as the percent fraction in total
biomass. Due to its aquatic relevance, the swollen/dissolved
fraction of algae most readily dispersed on lysis is the focus of
this work. The swellability of each algae type varies resulting
in differing signal strength from lipid, carbohydrate and pro-
tein components which may not be representative of the total
amount of each component present. Therefore, in order to
compare the differences more accurately, a relative
swellability factor was calculated by integrating the total area
in the '3C spectra and normalising to C. reinhardtii (ESM
Fig. S1). C. reinhardtii was determined to be the most
swellable with C. vulgaris and Synechocystis exhibiting a
swellability factor of 0.35 and 0.27, respectively, relative to
C. reinhardtii. As a result, C. reinhardtii is ~3 times more
swellable than the other two species thus providing more bio-
available carbon (dissolved phase) on ingestion by grazers and
to the aquatic environment on lysis.

The 1D "H NMR spectra show resonances that are consis-
tent with signals for structural and metabolic components in-
cluding lipids, carbohydrates and amino acids (Fig. 1). The
lipids are most clearly defined by the -CHj3, —CH, and double
bond resonances and are most abundant in the C. reinhardltii,
followed by C. vulgaris and with the least in the
Synechocystis. Conversely, C. vulgaris and Synechocystis ap-
pear to contain more carbohydrates (3—4.2 ppm) than
C. reinhardtii (note the tall single peak that dominates the
C. reinhardtii spectrum in this region is not carbohydrate).



Identification of available carbon from algae

4361

Fig. 1 1D "H spectra of '3C-
enriched Chlamydomonas
reinhardtii, Chlorella vulgaris
and Synechocystis cell
suspensions in D,O with select
chemical shifts labelled (4sterisk:
in Chlamydomonas reinhardtii
where lipids dominate, this region
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However, due to considerable overlap in the carbohydrate and
amino acid regions, it was difficult to assign specific metabo-
lites from the "H NMR data alone. The aromatic region was
expanded to show the presence of aromatic metabolites
(Fig. 2). Due to less overlap and characteristic patterns from
common metabolites, some specific assignments can be per-
formed [28]. In particular, signals corresponding to the aro-
matic amino acids tyrosine and phenylalanine were observed
along with aromatic nucleotide bases (6.0 ppm). The low
signal-to-noise (S/N) indicates these species are present at rel-
atively low concentrations.

The 1D solution-state '>*C NMR spectra of whole cell '*C-
enriched green algae and cyanobacteria suspended in D,O are
shown in Fig. 3. The spectra show significant overlap; how-
ever, chemical shift regions corresponding to aliphatics (5—
50 ppm), a-protons in amino acids (50-60 ppm) and carbo-
hydrates (60—80 ppm), anomeric carbons of carbohydrates
(90-105 ppm), double bonds from triacylglycerides (TAG)
(125-135 ppm) and carbonyl groups for proteins and lipids
(170-190 ppm) were identified [28]. The characteristic double
bond resonance (—C=C—, 125-135 ppm) indicates that the
C. reinhardtii has a much higher TAG content than the
C. vulgaris and Synechocystis. Carbohydrates are easily
discerned in the carbon spectrum, which dominate in
C. vulgaris with significantly less in Synechocystis and
C. reinhardtii. Individual metabolites could not be identified

TH Chemical Shift (ppm)

using the 1D carbon spectra alone due to spectral overlap and
require additional information from 2D NMR.

2D HMQC ('H-"*C) NMR

2D or 2D NMR spectroscopy is ideal for the identification of
individual metabolites in complex heterogeneous samples as it
increases spectral dispersion and provides coupling informa-
tion allowing individual metabolites to be identified. HMQC
was selected in this study due to its superior ability to suppress
water in aqueous samples. Both HSQC and HMQC perform
well, and their applications to environmental samples are
discussed in the details in practical guides and reviews by
Farooq et al. [29] and Simpson et al. [30]. Readers should note
that although absolute quantification can be achieved in 2D
NMR spectroscopy [31], only relative quantification was the
goal here. Many metabolites including a range of amino acids
and amino acid derivatives were confirmed by the HMQC
NMR spectra (Fig. 4). In particular, the aromatic amino acids
phenylalanine and tyrosine, which showed weak signals in 'H
NMR, were clearly identifiable. A wide range of carbohy-
drates both monosaccharides and disaccharides were observ-
able, although there still was considerable overlap in the car-
bohydrate region (Fig. 5). The anomeric carbon region pro-
vided further confirmation of carbohydrate metabolites.
Furthermore, some amines, common organic acids and
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Fig. 2 1D 'H spectra of the
aromatic region (5 to 10 ppm) of
13C-enriched Chlamydomonas
reinhardtii, Chlorella vulgaris
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nucleotide bases were also identified (Fig. 6). Metabolite as-
signments were cross-referenced with 'H-'"H TOCSY data
where possible (ESM Fig. S2) and confirmed with literature
(ESM Table S1).

Detailed analysis of the metabolomic profile
of C. reinhardtii, C. vulgaris and Synechocystis

A total of 43 metabolites were identified in C. reinhardtii, 49
metabolites were identified in C. vulgaris (ESM Figs. S3-S5)
and 48 metabolites were identified in Synechocystis (ESM
Figs. S6-S8) whole cell suspensions in D,O from HMQC
spectra. The assignments correlated to expected chemical
shifts with an #*>0.99. However, due to spectral overlap,
the assignment of any particular metabolite or lack thereof
must be taken in light that a great range of organic residues
are present in algae leading to a wide range of overlapping
peaks. As such, assignments here will certainly bias the more
intense and spectrally resolved metabolites that can be
assigned with the most confidence. The NMR data are highly
complex and likely contain a wealth of algae and species-
specific information that unfortunately cannot be fully
assigned. Nonetheless, it provides a single-technique ap-
proach for metabolite profiling, and was able to identify a
wide arrange of metabolites, that otherwise may have required
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multiple different analytical techniques for complete detection
(see ESM, Table S1 and references therein). In the following
section, a detailed overview of metabolites in each species and
their potential impact in relation to the ecosystem, DOM and
biofuel synthesis is presented.

Detailed analysis of lipids

Green algae and cyanobacteria have distinct metabolite pro-
files which reflect their nutritional value within the food web.
In particular, cyanobacteria are known to be deficient in lipids
and TAG [32]. This is evident from "H NMR spectra (Fig. 1)
which show more intense signals for aliphatic metabolites
(—CH, and —CHj; moieties) in C. reinhardtii and C. vulgaris
and weaker signal in Synechocystis. The 2D HMQC NMR
spectra also confirm the difference in lipid content as the peak
corresponding to lipids/TAG shows a decrease in signal
strength in Synechocystis (ESM Fig. S8). Readers should note
that although there is considerable overlap in the lipid peaks,
the presence of TAG which makes a significant contribution to
the total lipid content in algae was specifically identified based
on the presence of two cross-peaks at ~5.2 and ~69.0 ppm and
~5.3 and ~132.0 ppm, arising from the glycerol backbone
methine group and the double bonds in the long chain unsat-
urated fatty acids, respectively, both characteristic of TAG
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Fig. 3 1D "C spectra of '*C-
enriched Chlamydomonas
reinhardtii, Chlorella vulgaris
and Synechocystis cell
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(see ESM Fig. S9 for NMR simulations of a 2D 'H-'*C cor-
relation spectrum of an example TAG molecule) [28].
Integration of HMQC NMR spectra shows that the amount
of lipids in the swollen fraction of C. reinhardtii is greater than
in C. vulgaris and Synechocystis. Readers should note that all
quantifications of metabolites by integration of HMQC were
scaled relative to spectral noise (rather than total spectral in-
tensity) such that the different swellability of each algae is also
captured in the quantification to provide a more direct and
absolute comparison.

The concentration of lipids in C. vulgaris and
Synechocystis was 92 and 97 % lower, respectively, relative
to C. reinhardtii (ESM Figs. S10 and S11) based on 'H NMR
data. Interestingly, whilst lipids (mainly TAG) are not detected
in abundance in Synechocystis by "H NMR detection, there is
evidence for lipids in the sample from '*C NMR data (Fig. 3).
Cellular components with very high rigidity can be considered
to be in the solid phase, where strong 'H-'"H homonuclear
dipole couplings dominate leading to spectral broadening on
the order of several kilohertz, which makes the observation of
these signals via 'H detected solution-state NMR approaches
extremely difficult. Meanwhile, the broadening effect is less
for carbon as such the appearance of lipids in the '*C spectrum
but not in the 'H spectrum suggests that they are more rigid,
less dispersed in the water phase and as such less bioavailable

13C Chemical Shift (ppm)

to filter feeders. It has been reported that C. reinhardtii gener-
ally contain a higher amount of TAG (~40-50 % dry weight)
[33] compared to both C. vulgaris (~3 % dry weight) [34] and
Synechocystis (negligible) [10]. Comparison of the TAG sig-
nals in both the 1D 'H spectra (Fig. 2) and the 2D HMQC
(Fig. 4 and ESM Figs. S3 and S6) reveals that the detectable
TAG content of C. reinhardtii is significantly higher than
those of C. vulgaris and Synechocystis, which follows the
literature trend.

A lack of ‘available’ lipids in the cyanobacterium
Synechocystis supports previous work [35]. This is of interest
to ecologists as algae and cyanobacteria form the primary food
source for micro-crustaceans. Therefore, when cyanobacteria
outcompete green algae in freshwater ecosystems, there is a
decrease in the flux of essential lipids through the food web
and a collapse of micro-crustacean populations. For example,
cyanobacteria have been shown to have a direct species-
specific toxic effect on zooplankton with a general decrease
in survivorship of zooplankton [36]. Furthermore, there is a
decrease in the number of eggs produced by D. magna when
they are exposed to cyanobacteria due to its deficiency in
polyunsaturated fatty acids [37]. Additionally, it has been
shown that the lipid composition of silver carp is dependent
on the fatty acid composition of zooplankton which forms an
essential part of their diet [38]. Therefore, the impact of poor
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Fig. 4 2D HMQC (‘H-'3C)
spectra of a '*C-enriched .
Chlamydomonas reinhardltii cell
suspension in D,O with labelled 3
amino acid and amino acid
derivative metabolites. Asterisk: i
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nutrition (cyanobacteria) has potential to reach many trophic
levels [38]. This study suggests there is a difference in avail-
ability of the lipids to the aqueous phase and implies not just
the presence of specific lipids but also their physical form
could play a role in their nutritional availability and warrants
further study.

Furthermore, HMQC NMR data indicate that sterols and
terpenoids are in low concentration in the algae species stud-
ied here, at least relative to the other components identified.
This is interesting as sterols and terpenoids are known to be
major components of DOM and resonate in a relatively unique
spectral region making them difficult to miss by NMR [6, 39].
The low concentration of sterols and terpenoids suggests that
algae and cyanobacteria may not be major direct contributors
to structures abundant in classic DOM. However, it is not
possible to completely rule out algae as a major input, given
that the vast majority of species identified here, protein, lipids
and small metabolites, are all excellent nutritional sources that
will be quickly utilised by aquatic biota. In turn, many terpe-
noids are poor food sources that may accumulate; therefore,
even small but continual inputs over time from algae could
potentially have a significant impact on DOM composition.
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Beyond the focus of this work, solution-state NMR may be
an efficient tool in determining viable algae species for biofuel
production and future research could easily focus on develop-
ing a database of algal species with a quantification of the
amount of ‘aqueous available’ lipids in each species using
standard NMR hardware. This is particularly important since
super-heated water is one of the most economical and prom-
ising approaches for biofuel extraction from algae [40].

Non-lipid metabolites

Although there were obvious differences in the lipid content,
there were many similarities in the carbohydrate and amino
acid contents of each species. Using solution-state NMR,
many key metabolites that carry out important biological func-
tions in cells were identified. Whilst spectral overlap makes
quantification of many metabolites challenging, it was possi-
ble to monitor the relative change in concentration of some of
the more resolved metabolites between the species (ESM
Figs. S10 and S11). Specifically, the aromatic amino acids
tyrosine, tryptophan and phenylalanine, which are important
for biological functioning in plant cells, were identified. The
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Fig. 5 2D HMQC (‘H-'3C)
spectrum of a '*C-enriched
Chlamydomonas reinhardltii cell
suspension in D,O with labelled
carbohydrate metabolites
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low signals for these metabolites are indicative of lower con-
centrations. The percent difference of their in concentrations
in C. vulgaris and Synechocystis relative to C. reinhardtii was
determined by integrating peak area (ESM Figs. S10 and S11)
allowing for future real-time monitoring of these metabolites
in complex natural samples. For example, monitoring tyrosine
is important for the formation of radicals that are essential for
the photo-synthetic oxygen-evolving system, a key compo-
nent of photosynthesis [41]. Furthermore, tryptophan is a pre-
cursor to the plant hormone indoleacetic acid and is essential
for maintaining physiological processes in plant cells [42].
Finally, phenylalanine is a precursor for the formation of
phenylpropenoids which are essential for synthesis of lignin-
like structural components such which is known to be present
in some algae [43, 44].

In addition, strong signals for proline, an amino acid that
accumulates in plant cells during environmental stress, were
observed in the HMQC NMR spectra. Therefore, this ap-
proach may be ideal for studying the change in the proline

signal, which is a biomarker for stress, in vivo [45, 46]. By
integrating the total peak area, it was determined that the
greatest amount of proline was found in C. vulgaris, 50 %
more relative to C. reinhardtii, whereas the amount of proline
in Synechocystis was lesser by ~70 % compared to
C. reinhardtii. Additionally, several nucleotides including thy-
mine and thymidine, which are involved in growth and devel-
opment in plant cells demonstrating the potential application
of this approach to metabolomics, were also identified [47].

Spectral editing 1D spectra of ">C-enriched C. reinhardtii

Algae and cyanobacteria cells are representative of complex
natural samples; as such, a number of spectral editing tech-
niques were employed to better study the metabolomic and
structural profile due to spectral overlap. These include the
acquisition of 1D DE (species with restricted diffusion, for
example macromolecules, sorbed species), IDE (dissolved
species) and RADE (most rigid molecules that can be detected

@ Springer
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Fig. 6 2D HMQC (‘H-'>C)
spectrum of a '*C-enriched
Chlamydomonas reinhardltii cell
suspension in D,O with labelled
amine, carboxylic acid,
nucleotide base and acetate
metabolites. Asterisk: the
highlighted regions for lipids/
triacylglycerides represent the
methine resonances of the
glycerol backbone (fop) and the
double bond resonances in long
chain unsaturated fatty acids
(bottom)
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using the solution-state approaches employed here) spectra
(Fig. 7a) [25]. The DE experiment involves the coding of
the spatial position of signals at the start of the experiment
and then decoding the position at the end using gradient
pulses. The signal from molecules that diffuse, i.e. change
their physical position, is not observed in the spectra resulting
in a spectrum of large components or metabolites that show
little to no diffusion. The "H DE spectra of C. reinhardtii show
a loss of signal in the carbohydrate region compared to the
whole, unedited spectrum, whereas signals from lipids (-CH,
and —CHj; moieties) are retained (Fig. 7a) indicating that these
later components have restricted diffusion consistent with lip-
id micelle/vesicles. The IDE spectra emphasise molecules
with unrestricted diffusion, i.e. those truly in solution, and
are created by the subtraction of the DE spectrum (contains
larger components with restricted diffusion) from a reference
spectrum (contains a profile of all components) [25]. The IDE
spectrum of C. reinhardtii showed a relative increase in signal
in the carbohydrate region compared to the whole spectrum
and a decrease in signal in the lipid (—CH, and —CHj; moieties)
and amino acid regions suggesting that carbohydrates are dis-
solved in the cytoplasm and can move freely. Furthermore, a
number of signals for mobile metabolites in solution such as
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tyrosine, tryptophan, formic acid and thymidine were also
observed.

Finally, a RADE spectrum accounts for large fast relaxing
components that may be unobservable using traditional diffu-
sion editing techniques with long diffusion delays [25]. The
RADE spectrum therefore contains the components with very
fast relaxation, for example more rigid structures such as cell
membranes, structural proteins, etc. The RADE spectrum
(Fig. 7a), similar to the DE spectrum, is dominated by lipids
which are consistent with a range of membrane lipids and
vesicles that would be present in algae cells. In contrast to
the DE spectrum, the aromatic region of the RADE also shows
signals from aromatic amino acids in proteins, which are
abundant in algal cells. 'H spectral editing was also performed
for C. vulgaris (ESM Fig. S12), and similar trends were ob-
served with metabolites in the IDE spectrum, lipids in the DE
spectrum and lipids and protein in the RADE spectrum.
Interestingly, for Synechocystis (ESM Fig. S13), lipids
were not seen in abundance in any of the 'H detected spectral
editing approaches confirming that the lipids in Synechocystis
are too rigid to observed by "H NMR.

Similar spectral editing approaches can also be applied to
13C NMR spectra. Specifically, IDE, DE and RADE '*C
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Fig. 7 Comparison of 1D IDE, a
DE and RADE. A 'H spectra and
B '3C spectra of a "*C-enriched
Chlamydomonas reinhardtii and
cell suspension in D,O with select
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spectra for C. reinhardtii are displayed in Fig. 7b with regions
of interest highlighted. In the IDE spectrum of C. reinhardtii,
many sharp signals are visible in the amino acid and carbohy-
drate regions as these metabolites show unrestricted diffusion.

In addition, signals form the anomeric carbons in carbohy-
drates are clearly visible in the IDE spectrum. The carbon
DE spectrum shows a decrease in the signal for carbohydrates
which are mobile, whilst signals from lipids, which are more
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restricted in their movement, are retained. Furthermore, the
RADE carbon spectrum is dominated by lipids, particularly
the fraction of lipids in cells that have a more rigid character.
As well, the presence of aromatic amino acid signals in the
RADE spectra is indicative of large protein molecules which
exhibit restricted diffusion. The carbon IDE, DE and RADE
spectra provide complimentary spectral information to the
proton spectra. These diffusion edited NMR techniques are
useful as they separate signals of the free dissolved metabo-
lites from structural components (lipids and proteins), de-
crease overlap and provide some information as to the phys-
ical form of the components within the cells. Editing based on
diffusivity has been previously applied to study complex mix-
tures such as blood plasma, tissues and urine [48-52].
However, the RADE experiment, which recovers fast relaxing
components that otherwise may be overlooked by diffusion
based editing, is relatively new [25]. When combined, inverse
diffusion (metabolites), diffusion editing (restricted diffusion)
and RADE (semi-solids) provide a convenient and discrete
approach for the separation of major components in mixtures,
including, as demonstrated here, application to whole cell
suspensions.

Conclusion

This study demonstrates that solution-state NMR can be used
to study intact algae cells allowing the observation of major
differences between species and identify key metabolites.
Specifically, the difference in the lipid profile between green
algae and cyanobacteria was confirmed, shedding light on the
current understanding of the impact of cyanobacteria blooms
on freshwater ecosystems. More importantly, a complete list
of identifiable metabolites in each species was compiled,
confirming and complimenting those previously reported.
This work is important for future NMR-based metabolomic
studies as algae and cyanobacteria are often the primary
source for carbon labelling. For example, higher organisms
such as mice can be '*C-labelled by feeding them fish that
have eaten daphnia which have been grown on '*C-labelled
algae [53]. In order to understand the metabolomic changes
occurring in higher organisms, it is essential to understand the
metabolite profile and flux from the primary source—algae
and cyanobacteria—to higher organisms.

However, providing absolute quantification was challeng-
ing due to overlap in 1D spectra forcing identification and
relative quantification from 2D NMR for specific metabolites.
Whilst 2D is generally considered less quantitative than 1D
NMR, improvements in the field and the extension of an elec-
tronic referencing method, Electronic REference To access
In vivo Concentrations (ERETIC), have been shown to work
for 2D NMR and once integrated into commercially available
software will make absolute quantification for 2D NMR

@ Springer

possible in the future [54]. This will allow the monitoring all
the metabolites using solution-state NMR to understand bio-
logical processes in vivo. Studies that follow the consumption
of labelled algae through the food chain will also be possible
and could be extremely informative as the fate and conversion
of the label at the molecular level may be monitored,
explaining how and why organisms depend on each other
across trophic levels.

The study also suggests that algae and cyanobacteria are
likely not major direct contributors to DOM composition as
they contain low concentrations of sterols and terpenoids in
the mobile state but still could be important sources after en-
vironmental fractionation and preservation. Conversely, algal
inputs may be highly significant to protein-rich DOM that has
been recently discovered in high-elevation lakes [55].

The ability to provide relative quantification as to the
amount of lipids in each species may prove to be valuable
to researchers trying to develop genetically modified al-
gae strains with larger lipid fractions to increase the yield
of biofuel per unit mass algae. Of the three strains of
algae studied here, it is clear that C. reinhardtii has by
far the highest proportion of aqueous available lipids, sug-
gesting it as a potential strain for biofuel production. Even
though valuable information can be gained using solution-
state NMR, assignment of metabolites is challenging due
to significant spectral overlap. Future studies using 3D
NMR should provide the additional spectral dispersion
required for further spectral assignments [56], presently
not feasible due to spectral overlap.

In addition, solution-state NMR provides the ability to se-
lectively study dissolved/mobile species. This can be an ad-
vantage where the goal of the study is to identify the aquati-
cally available fraction as is the goal here but could be a
drawback if all components in the cells (including true solids)
need to be detected. The latter should be possible by the use of
a novel technique called comprehensive multiphase NMR
(CMP-NMR) introduced in 2012, which allows researchers
to access molecular information from all three phases simul-
taneously [25]. This study demonstrated that lipids in
Synechocystis were more ‘solid-like’ and less available to
the aqueous phase than in the other strains studied. The
CMP-NMR technique could be highly complementary pro-
viding the additional information on the semi-solid and solid
phases needed to explain their availability.

In summary, this study provides a structural and metabolic
overview as to the mobile/dissolved components in the natural
state which are most likely to directly transfer into the aqueous
phase on lysis. The study represents a key first step, permitting
future studies of carbon transfer between species and through
the food chain, as well as providing a foundation to better
understand the role of algae in the formation of DOM and
sequestration/transformation of carbon in the aquatic environ-
ment in general.
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13C Labeling Methodology

3C-labeling of the algae (wt, SAG culture collection Goettingen, Germany) was achieved
by growing the cells in **CO, (enrichment 99%:; purchased from Sigma Aldrich Isotec, St Louis,
Missouri) for 150 hours in a photobioreactor (PBR) constructed by Silantes GmbH (Munich
Germany). The PBR is built as a closed system avoiding loss of the stable isotope labeled *CO2.
It is an airlift driven external loop tubular fermenter having 20L operating volume, permitting
circulation of the media volume with 1 vwm. The algae were cultivated in regular TP media
(Tris-Phosphate w/o Acetate + *NH,CI), as previously described (Gorman and Levine, 1965),
using the following parameters: pH 7.0 - 7.4 (pH-probe InPro®32531/Sg, Mettler Toledo),
temperature 30°C (InPro®32531), light intensity 1300 pmol/(m?s) (quantum detector LI-250A,
Li-Cor Biosciences GmbH). A computer-controlled gas management system (Labview 10.1,
National Instruments) was incorporated to keep the®®CO, content (pCO,-probe
InPro®5000,Mettler Toledo) at a concentration of 2%. The nitrogen carrier gas was allowed to
vary between 65% and 85% corresponding to the oxygen content which increased during
autotrophic growth of algae between 15% and 30%. If the oxygen content reached a value of
30% (pO,-probe Visiferm Do Arc., Hamilton) an N, purging step was introduced in order to
reduce the O, content to the initial value of 15%. To avoid loss of **CO, during N? purging, the
3C0, addition was stopped at the end of a growth cycle until a value of 0,5% was reached by
metabolic depletion. If the oxygen reached the initial value of 15% due to N,-purging, the
computer controlled valves (Valve 221606, Buerkert) were closed and another growth cycle was
resumed. The **C-content of the algae biomass was determined by analyzing the enrichment in
“Cyg” fatty acids of isolated algae biomass by GCMS (Thermo Quest Polaris Q MS / Trace

GC2000, Thermo Fisher). Isotopic enrichment of 98-99% *3C was achieved in the algae biomass.



Swellability Factor

0,45
0,4

0,35

o
w

0,25

o
N}

o
AR
(6]

o
=

0,05

Swellability Relative to C.
reinhardtii

C. vulgaris Synechocystis
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Fig. S10 Change in concentration (% change) of select identifiable metabolites in **C-enriched
Chlorella vulgaris relative to **C-enriched Chlamydomonas reinhardtii as determined by
integration of peak area
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Fig. S11 Change in concentration (% change) of select identifiable metabolites in **C-enriched
Synechocystis relative to **C-enriched Chlamydomonas reinhardtii as determined by integration
of peak area
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Fig. S12 Comparison of 1D IDE, DE and RADE *H spectra of a **C-enriched Chlorella vulgaris,
cell suspension in D,O with select chemical shifts labelled
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Fig. S13 Comparison of 1D IDE, DE and RADE 'H spectra of a **C-enriched Synechocystis, cell
suspension in D,0O with select chemical shifts labelled
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Table S1 List of all metabolite assignments for **C-labelled Chlamydomonas reinhardtii,

Chlorella vulgaris and Synechocystis with literature references for confirmation

Literature

Chlamydomonas reinhardtii Chlorella vulgaris Synechocystis Reference

Amino Acids and Amino Acid Derivatives

(Hamana
and
Matsuzaki
1985)

Agmatine Agmatine Agmatine

(Eisenhut et
al. 2008,
Krall et al.
Alanine Alanine Alanine 2009, Lee
and Fiehn
2008, May
et al. 2008)

(Eisenhut et
al. 2008,
Arginine Arginine Arginine Krall et al.
2009, May
et al. 2008)

(Eisenhut et
al. 2008,
Krall et al.
Beta-alanine Beta-alanine 2009, Lee
and Fiehn
2008, May
et al. 2008)

(Bélling
and Fiehn
2005,
Citrulline Citrulline Citrulline Eisenhut et
al. 2008,
May et al.
2008)

(Bolling
and Fiehn
2005, May
et al. 2008,
Yoshikawa
et al. 2013)

Cysteine Cysteine Cysteine

(Bolling
Glutamic acid Glutamic acid Glutamic acid and Fiehn
2005,
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Eisenhut et
al. 2008,
Lee and
Fiehn
2008)

Glutamine

Glutamine

Glutamine

(Bolling
and Fiehn
2005,
Eisenhut et
al. 2008,
Krall et al.
2009)

Glycine

Glycine

Glycine

(Bolling
and Fiehn
2005,
Eisenhut et
al. 2008,
Lee and
Fiehn
2008)

Histidine

(Bélling
and Fiehn
2005, May
et al. 2008,
Yoshikawa
et al. 2013)

Isoglutamine

Isoglutamine

Isoglutamine

(Belmont &
Miller,
1965)

Leucine

Leucine

Leucine

(Bélling
and Fiehn
2005,
Eisenhut et
al. 2008,
Krall et al.
2009)

Isoleucine

Isoleucine

Isoleucine

(Bolling
and Fiehn
2005, Krall
et al. 2009,
Lee and
Fiehn
2008)put

Methionine

Methionine

Methionine

(Bolling
and Fiehn
2005,




Eisenhut et
al. 2008,
Lee and
Fiehn
2008)

Ornithine

Ornithine

Ornithine

(Bolling
and Fiehn
2005,
Eisenhut et
al. 2008,
Krall et al.
2009)

Phenylalanine

Phenylalanine

Phenylalanine

(Bolling
and Fiehn
2005,
Eisenhut et
al. 2008,
Krall et al.
2009, Lee
and Fiehn
2008)

Proline

Proline

Proline

(Bélling
and Fiehn
2005,
Eisenhut et
al. 2008,
Krall et al.
2009, Lee
and Fiehn
2008)

Serine

Serine

Serine

(Bolling
and Fiehn
2005,
Eisenhut et
al. 2008,
Krall et al.
2009, Lee
and Fiehn
2008)

Threonine

Threonine

Threonine

(Bolling
and Fiehn
2005,
Eisenhut et
al. 2008,
Krall et al.
2009, Lee
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and Fiehn
2008)

Tryptamine

(Byeon et
al. 2013)

Tryptophan

Tryptophan

Tryptophan

(Bolling
and Fiehn
2005,
Eisenhut et
al. 2008)

Tyramine

Tyramine

Tyramine

(Yoshikawa
et al. 2013)

Tyrosine

Tyrosine

Tyrosine

(Bolling
and Fiehn
2005,
Eisenhut et
al. 2008,
Krall et al.
2009, Lee
and Fiehn
2008)

Valine

Valine

Valine

(Bélling
and Fiehn
2005,
Eisenhut et
al. 2008,
Krall et al.
2009)

Carbohydrates

D-Galactose

D-Galactose

D-Galactose

(Eisenhut et
al. 2008,
Lee and
Fiehn

2008)

D-Glucose

D-Glucose

D-Glucose

(Eisenhut et
al. 2008,
Krall et al.
2009, May
et al. 2008)

D-Lactose

D-Lactose

D-Lactose

(Krall et al.
2009)

D-Raffinose

D-Raffinose

D-Raffinose

(Salerno
and Pontis
1989)

D-Trehalose

D-Trehalose

D-Trehalose

(Bolling
and Fiehn
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2005, Krall
et al. 2009,
Lee and
Fiehn
2008)

D-Xylose

D-Xylose

D-Xylose

(Eisenhut et
al. 2008,
May et al.
2008)

Galactinol

Galactinol

Galactinol

(Bolling
and Fiehn
2005, May
et al. 2008)

Glycerol

Glycerol

Glycerol

(Bolling
and Fiehn
2005, Lee
and Fiehn
2008)

L-Rhamnose

L-Rhamnose

L-Rhamnose

(May et al.
2008)

Myo-inositol

Myo-inositol

Myo-inositol

(Bélling
and Fiehn
2005, Krall
et al. 2009,
Lee and
Fiehn
2008)

Ribitol

Ribitol

Ribitol

(Maruo et
al. 1965)

Sucrose

Sucrose

Sucrose

(Eisenhut et
al. 2008,
Lee and
Fiehn 2008,
Maruo et
al. 1965,
May et al.
2008)

Other Metabolites

Cadaverine

Cadaverine

Cadaverine

(Hamana
and
Matsuzaki
1985)

N-acetylputrecine

N-acetylputrecine

(May et al.
2008)

Putrescine

Putrescine

Putrescine

(Bolling
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and Fiehn
2005, Lee
and Fiehn
2008)

Acetic Acid

Acetic Acid

Acetic Acid

(Ross et al.
2010)

Formic acid

Formic Acid

Formic Acid

(Ross et al.
2010)

Lactic Acid

Lactic Acid

Lactic Acid

(May et al.
2008)

Adenine

Adenine

(Eisenhut et
al. 2008,
Krall et al.
2009, Lee
and Fiehn
2008, May
et al. 2008)

Adenosine

(Eisenhut et
al. 2008,
Lee and
Fiehn

2008)

Cytidine

(Yoshikawa
et al. 2013)

Cytosine

Cytosine

(Yoshikawa
et al. 2013)

Hypoxanthine

Hypoxanthine

Hypoxanthine

(Yoshikawa
et al. 2013)

Inosine

Inosine

(Yoshikawa
et al. 2013)

Thymine

(Eisenhut et
al. 2008,
Glaser et al.
1973)

Thymidine

Thymidine

(Glaser et
al. 1973)

Uracil

Uracil

Uracil

(Bolling
and Fiehn
2005,
Eisenhut et
al. 2008)

Uridine

Uridine

(May et al.
2008)
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