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Abstract

Mixotrophic cultivation can increase microalgae productivity, yet the associated lipid
metabolism remains mostly unknown. Stable isotope labelling was used to track
assimilation of glycerol into the TAG and membrane lipids of Nannochloropsis
salina. In N-replete media, glycerol uptake and *3C incorporation into acyl chains
were respectively 6-fold and 12-fold higher than in N-deplete conditions. In N-replete
cultures, 42% of the carbon in the consumed glycerol was assimilated into lipid acyl
chains, mostly in membrane lipids rather than TAG. In N-deplete cultures, only 11%
of the limited amount of consumed glycerol was fixed into lipid acyl chains. Labelled
lipid-associated glycerol backbones were predominantly **C; labelled, suggesting that
intact glycerol molecules were directly esterified with fatty acids/polar head groups.
However, the presence of singly and doubly labelled lipid-bound glycerol species
suggested that some glycerol also went through the central carbon metabolism prior to
forming glycerol-3-phosphate destined for lipid esterification. **C incorporation was
higher in the saturated and monounsaturated than the polyunsaturated acyl chains of
TAG, indicating the flux of carbon from glycerol went firstly to de novo fatty acid
synthesis before acyl editing reactions. The results demonstrate that nitrogen
availability influences both glycerol consumption and utilisation for lipid synthesis in
Nannochloropsis, providing novel insights for developing mixotrophic cultivation

strategies.
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1. Introduction

Nannochloropsis sp. is an industrially important microalga that can produce high
amounts of triacylglyceride (TAG) and eicosapentaenoic acid (EPA; a long chain
polyunsaturated fatty acid) (Wang et al., 2014). TAG accumulation in this alga can be
induced following nutrient limitation, for instance nitrogen deprivation (Martin et al.,
2014). In Nannochloropsis sp., the EPA fatty acids are primarily associated with the
membrane lipids, particularly the glycolipids and phospholipids (Martin et al., 2014;
Simionato, Basso, Giacometti, & Morosinotto, 2013). The use of mixotrophic growth
on glycerol can result in higher algal biomass and lipid productivities compared to
photoautotrophic regime (Deschenes, Boudreau, & Tremblay, 2015; Paranjape, Leite,
& Hallenbeck, 2016a, 2016b; N. Poddar, Sen, & Martin, 2018). However, the
combined effect of glycerol addition and nitrogen deprivation on TAG accumulation
has not been explored in detail (Pagnanelli, Altimari, Trabucco, & Toro, 2014). It is
not clear how the carbon from glycerol is partitioned between TAG and membrane
lipids, between acyl chains and glycerol backbones, or if nitrogen availability

influences its fate.

The use of isotope labelled carbon sources has provided a means of investigating
carbon metabolism in algae. Previous studies have analysed the carbon flux using
radioactive or stable isotope labelling techniques and by following the Kinetics of a
labelled substrate at various stages of metabolism (Allen, DiRusso, & Black, 2017,
Bates & Browse, 2012; Bates, Durrett, Ohlrogge, & Pollard, 2009; Villanova et al.,
2017). Stable isotope labelling enables detailed investigations into the metabolism of
carbon using mass spectrometry based analytical techniques (Elahee Doomun, Loke,

O'Callaghan, & Callahan, 2016). During growth, microalgae direct carbon towards
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intracellular components such as proteins, cell walls, and membrane lipids such as
phospholipids and glycolipids. Nitrogen deplete conditions divert metabolism from
growth, towards the accumulation of intracellular carbon-rich energy reserves such as
TAG. Stable isotope labelled enrichment studies have been used previously to
determine the origin of the fatty acyl chains of TAG as a function of environmental
conditions such as nitrogen availability (Janssen, Lamers, de Vos, Wijffels, &
Barbosa, 2019). The de novo synthesis of fatty acids can be detected by isotope label
enrichment on saturated (C16:0/C18:0) and monounsaturated (C16:1/C18:1) acyls
chains (Ecker & Liebisch, 2014), which are the precursors of longer, and more
unsaturated fatty acids that are produced via acyl editing reactions (involving turnover
of membrane lipids). As such, label enrichment on polyunsaturated fatty acid chains
such as C20:5 can be used to detect membrane lipid turnover (Ecker & Liebisch,
2014; Janssen et al., 2019; Zhang, Misra, Nargund, Coleman, & Sriram, 2018). A
study of the growth of Coccomyxa subellipsoidea on **Cs-glucose, **CO,, or D,O
under nitrogen limited conditions revealed that 80% of TAG was produced by de
novo synthesis via the Kennedy pathway, while acyl chain transfer from membrane
turnover only contributed approximately 20% of TAG (Allen et al., 2017).
Meanwhile, *C-sodium bicarbonate was used to demonstrate the translocation of
23% of EPA from polar lipids to TAG during nitrogen starvation in

photoautotrophically grown N. gaditana (Janssen et al., 2019).

However, the assimilation pathways of glycerol into the microalgal lipidome are not
yet fully understood. Previously, it has been shown that supplying exogenous glycerol
can augment TAG production in diatoms (Villanova et al., 2017), yeast (Maruyama et
al., 2018), and plant seeds (Pollard, Delamarter, Martin, & Shachar-Hill, 2015). TAG

is composed of three fatty acyl chains linked to a glycerol backbone (glycerol-3-
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phosphate, G3P) via ester linkages. Metabolically, de novo TAG can be directly
produced from G3P via the Kennedy pathway. The sequence of acylation steps of
G3P results in the subsequent synthesis of lysophosphatidic acid, phosphatidic acid,
de novo diacylglycerol and TAG, completing the Kennedy pathway (Allen et al.,
2017; Bates & Browse, 2012; Xue, Chen, & Jiang, 2017). Carbon flux analysis has
revealed that the model diatom Phaeodactylum tricornutum can convert glycerol into
G3P as the precursor to the glycerol backbone of TAG via the Kennedy pathway
(Villanova et al., 2017). Alternatively, G3P can be funnelled into the gluconeogenesis
pathway for carbohydrate production (Villanova et al., 2017). Subsequently, G3P can
also be broken into acetyl-CoA that enters the tricarboxylic acid cycle (TCA) for
amino acid synthesis (Huang, Liu, Yang, & Wang, 2015). Of particular relevance to

this study, acetyl-CoA is also a precursor of fatty acid synthesis.

Despite the advancement in lipidomic research using stable isotope labelled
substrates, investigations into the metabolism of marine microalgae grown
mixotrophically using glycerol remains limited. In particular, the impact of nitrogen
availability on glycerol metabolism has not been investigated in relation to concurrent
synthesis of G3P (incorporated as a TAG backbone) and TAG, and on acyl chain
profile of glycerolipids in Nannochloropsis sp. Better understanding of the
importance of glycerol for synthesis of TAG via mixotrophy requires tracking and
quantifying the amount of glycerol carbon that partitions into the different lipid
classes. This study aims to extend previous findings examining TAG and membrane
lipid synthesis using isotopic labelling and mass-spectrophotometry techniques.
Quantitative tracking of isotope labelled lipids recovered from N. salina grown
mixotrophically under nitrate replete and deplete conditions enables analysis of acyl

chain profiles within different lipid classes, particularly TAG. In the current study, N.
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salina was grown in the presence of uniformly labelled glycerol (*3c, glycerol) in
nitrate replete and deplete media for 7 days. GC-MS was used to quantify *C
incorporation into the acyl chains and the glycerol backbone of the different lipid
classes. This study, which is the first of its kind, provides new insight into the effect
that mixotrophic growth on glycerol has on TAG and membrane lipid synthesis in N.

salina, particularly under nitrogen deprivation.

2. Materials and methods

2.1 Materials

All chemicals used in this study were of HPLC grade. De-ionised water (18.3 MQ)
was produced using a Milli-Q™ system. Plastic contamination was reduced by using
15 mL glass Kimble tubes with Teflon lids (KIMAX®, Thermo-Fisher Scientific,
Australia), glass Pasteur pipettes, and Transferpettor positive displacement pipettes
with glass tips (BRAND®, Sigma-Aldrich) for all extraction steps. Kimble tubes were

washed with methanol and were heated to 400 °C for 5 h.
2.2 Microalgae growth conditions

Seed cultures of Nannochloropsis salina (CCMP 1776) were grown in 225 cm?
Corning Tissue Flasks® containing 400 mL of modified f/2 media (N. Poddar et al.,
2018). Flasks were illuminated under a 14:10 hour light:dark cycle with a light
intensity of ~60 pmol photons m? s and mixed at 100 rpm using a shaker (Unimax

1010, Heidolph, Australia).
2.3 3C labelling growth conditions

N. salina was labelled using *Cs-glycerol (99%, molecular weight of 95.07, Sigma

Aldrich) in cultures maintained for 7 days. Seed cultures were inoculated at an initial
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cell concentration of ~10” cells/mL in 30 mL nitrate replete (1.17 mM) or deplete (0
mM) media supplied with 0.5 g/L (N. Poddar et al., 2018; Nature Poddar, Sen, &
Martin, 2019) of *Cs-glycerol (6.15 mg of **C). Cultures supplied with unlabelled
glycerol were also incubated in parallel (Supplementary S.1). Ampicillin (150 pg/mL,
Sigma Aldrich) was used to inhibit bacterial contamination. Biomass was harvested
on the 7" day, and the pellet freeze-dried for 48 h. Cell-free supernatant was used to
measure residual glycerol (Doyon, Gaudreau, Stgelais, Beaulieu, & Randall, 1991).

Results are presented as the average of triplicates (n = 3).
2.4 Extraction of lipids

Total lipid was extracted from a known weight (approximately 5.7 and 2.3 mg for
nitrate replete and deplete cultures, respectively) of freeze-dried biomass using the
Folch method (Elahee Doomun et al., 2016). Lipid extracts were dried at 50 °C under

N, gas.
2.5 Solid phase extraction

Silica-based Solid phase extraction (SPE) cartridges (SampliQ™, Agilent
Technologies) were used to separate lipids into neutral lipid (TAG), glycolipid (GL)
and phospholipid (PL) fractions. Lipid extracts were loaded on the silica columns
after resuspending in 300 puL of 1% acetic acid in chloroform. TAG, GL and PL
fractions were sequentially eluted using 1% acetic acid in chloroform,
acetone:methanol mixture (9:1 v/v) and methanol, respectively (Elahee Doomun et
al., 2016). Internal standards for free fatty acid (d,,-myristic acid, Sigma Aldrich) and
glycerol backbone (ds-glycerol, Sigma Aldrich) were added to each fraction. Fractions

were dried at 50 °C under N, gas.
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2.6 Hydrolysis of lipid fractions

Lipid fractions in Kimble tubes were hydrolysed into free fatty acids and lipid-
associated glycerol backbone using 1 mL of 0.5 M HCI in acetonitrile:water solvent
(9:1 vlv). Samples were incubated at 100 °C for 45 min and cooled to room
temperature. Free fatty acids and lipid-associated glycerol backbone were separated
using 1 mL of hexane and 1 mL of de-ionised water. Samples were sonicated in an
ultrasonic water bath for 30 min and centrifuged at 1000 g for 5 min. The top hexane
layer containing free fatty acids was transferred to new Kimble tubes. The fatty acids
were re-extracted from the remaining hexane top layer by the further addition of
hexane (1 mL). The bottom aqueous layer containing lipid-associated glycerol
backbones was retained. Hexane and aqueous layers were dried at 50 °C and 70 °C,

respectively under N gas.
2.7 Fatty acid analysis using GC-MS

Pentaflurorobenzyl derivatives were prepared from the free fatty acids. The fatty acids
were derivatised by adding 50 pL of 1% N, N-diisopropylethylamine in acetonitrile
and 50 pL of 1% 2,3,4,5,6-pentafluorobenzyl bromide in acetonitrile (Elahee Doomun
et al., 2016). Derivatised samples were dried using a speed vacuum (Christ RVC 2-
18) for 20 min at 30 °C and resuspended in 50 pL of choloroform:methanol (2:1 v/v).
A Thermo Trace DSQ single quadrupole GC-MS (Thermo Scientific™, Waltham,
MA, USA) with HP-88 GC column [(88% - Cyanopropy) aryl-polysiloxane; Agilent
Technologies] operated in negative ion chemical ionisation (NCI) mode (see
Supplementary S.2 for instrument details). Peak areas were determined for each
isotopologue of all fatty acids using Xcalibur™ (Thermo Scientific, USA) Qual

processing software. The peak areas were then used to calculate the amount of *C
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incorporation using the Nanchen et al. method for mass isotope distribution analysis
(Nanchen, Fuhrer, & Sauer, 2007). This enabled the quantification of the **C present
in 22 individual fatty acids including correction for the presence of background “*C.
Individual fatty acids were quantified using an external standard curve normalised to

the dp7-myristic acid internal standard.
2.8 Lipid-associated glycerol backbone analysis using GC-MS

Aqueous layers containing lipid-associated glycerol backbone were derivatised using
50 pL of pyridine and 50 pL of acetic anhydride and incubated at 60 °C for 30 min.
Derivatised samples were dried using a speed vacuum for 20 min at 30 °C and
resuspended in 50 pL of ethyl acetate. GC-MS operated in positive ion chemical
ionization mode (PCI) with a VF-5ms 30 m, 0.25 mm, 0.25 um, GC column with a 10
m EZ-Guard (Agilent Technologies) and methane (2 mL/min) as a reagent gas (see
Supplementary S.3 for instrument details). Selected ion monitoring (SIM) was
performed a 159 m/z (Mo) to 164 m/z to obtain the peak areas of both derivatised
glycerol triacetate ion and ds-glycerol triacetate ion, respectively (Foletta et al., 2016).
Glycerol in the samples was quantified using an unlabelled glycerol standard series

normalised to the internal standard (ds-glycerol).
3. Results and Discussion

Labelling experiments were conducted using **C stable isotopes to track the
assimilation of glycerol carbon into fatty acyl chains and lipid-associated glycerol
backbones of the different lipid fractions (TAG, GL, and PL). N. salina was grown
mixotrophically using **Cs- glycerol under nitrate replete (1.17 mM; ~14 mg-N/L)
and deplete (0 mM) conditions. Glycerol consumption was found to be 78.0 = 1.3%

and 13.3 £ 1.6% after 7 days under nitrate replete and nitrate deplete conditions,
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respectively. Under nitrate replete conditions, there was still nitrogen detected at the

end of the cultivation period.

3.1 Quantitative analysis of acyl content

The fatty acyl chains (1Qacyi chains/Mbiomass) 1N the TAG, GL and PL fractions were
quantified (Fig. 1) to determine the overall changes in the lipid profile resulting from
nitrogen deprivation during mixotrophic growth on glycerol. The nitrate depleted
culture had a higher cellular TAG content than the nitrate replete culture (51 + 3 and
38 + 1 HQacyl-chain/MObiomass, respectively) (Fig. 1). However, the reduced biomass
productivity in the nitrate deplete culture (8.5 MQarybiomass/L/d compared to 30
MJdrybiomass/L/d in the nitrate replete culture) meant that the actual TAG and overall
lipid productivities were lower (0.9 mgjipig/L/d compared to 13.1 mgiisis/L/d in the
nitrate replete culture). This trade-off between TAG accumulation and biomass
productivity during phototrophic growth is well known (Ajjawi et al., 2017).
Unfortunately, it does not appear that supplementation of glycerol during nitrate
depletion can resolve this issue for this strain of Nannochloropsis. Nonetheless, the
TAG content of mixotrophic cultures of N. salina was increased by ~33% under
nitrate stress. Nitrate depletion decreased the cellular concentration of both GL

fraction (~15%) and PL fraction (~44%).

Modifications in the acyl chain profiles were also analysed (Fig. 1). The prominent
acyl chains in the TAG fraction under nitrate replete conditions were C14:0, C16:0,
C16:1, C18:0, C18:1, and C20:5. Upon nitrogen deprivation, the increase in TAG was
predominantly due to increases in C16:0 and C18:0 by 55% and 73%, respectively.
There was a slight decrease in the C14:0 (-16%), and C18:3 (-47%) acyl chains. In the

GL fraction, the prominent acyl chains under nitrate replete conditions were C14:0,
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C16:0, C16:1, C18:0, C18:1, C18:2, C18:3 and C20:5. Upon nitrogen deprivation,
there was decreases in the concentrations of C14:0 (-21%), C16:1 (-11%), C18:1 (-
70%), C18:3 (-65%) and C20:5 (-3%) approximately balanced by an increase in
C18:0 (29%) acyl chains. The prominent acyl chains in the PL fraction under nitrate
replete conditions were C14:0, C16:0, C16:1, C18:1, C18:3, and C20:5. Upon
nitrogen deprivation there was larger decreases in C14:0 (-52%), C16:0 (-50%),
C16:1 (-37%), C18:1 (-59%), C18:3 (-47%) and C20:5 (-22%). The increase in C16:0
and C18:0 acyl chains in TAG under nitrate deplete conditions is consistent with a
previously published investigation into de novo biosynthesis of these acyl chains
during nitrogen deprivation (Martin et al., 2014). Nitrate deprivation had a minor
effect on the C20:5 content of the GL and PL, but not in the TAG. A high content of
polyunsaturated fatty acids (i.e. C20:5) usually reflects remodelling/recycling of
phospholipids via acyl editing cycle reactions (Allen, DiRusso, & Black, 2015).
Moreover, it has previously been reported that biosynthesis of polar lipids was
majorly unaffected by nitrate stress (Martin et al., 2014). This is consistent with the
current results, in which the overall acyl chain profile of the GL and PL fractions

remained relatively constant upon nitrogen deprivation (Figs. 1-b and -c).
3.2 Fate of the **C in the consumed glycerol

A complete carbon balance was not within the scope of the study. In addition to
quantifying the **C in the consumed glycerol and algal lipids, this would require
quantifying the **C carbon assimilated from CO,, the **C and **C content of the non-
lipid biomass components, and the losses of *2C and **C in the respired CO, and
extracellular products. Nonetheless, the proportion of the **C in the consumed

glycerol that was incorporated into the acyl chain and glycerol backbones of the
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different lipid fractions could be determined (Table 1). Even after considering the
large difference in the amount of glycerol consumed in the nitrate replete and deplete
media (78% and 13%, respectively), there was a dramatic difference in the utilisation
of the consumed glycerol for lipid synthesis. Under both conditions, the majority of
the *3C in the lipids was found in the acyl chains of the membrane lipids (GL and PL)
rather than in the TAG or glycerol backbones. The relative proportion of the
consumed *3C that ended up as lipid-associated glycerol backbone was reasonably
similar between the nitrate replete and deplete cultures (Table 1). It was hypothesised
that the addition of glycerol under nitrate deplete conditions would be utilised in TAG
production by providing a glycerol backbone (in the form of glycerol-3-phosphate) on
which acyl chains are added. However, only a small amount of glycerol (only ~1.2%
of the 13% of consumed glycerol), ended up as the backbone for the lipid fractions,
with more being funnelled into de novo acyl chain synthesis, the majority of which
ended up on the membrane lipids (Table 1). This contrasts with previous literature, in
which the addition of glycerol was shown to induce TAG accumulation significantly
in the diatom P. tricornutum (Villanova et al., 2017) and the oil-producing yeast
Lipomyces starkeyi (Maruyama et al., 2018) by increasing intracellular carbon

intermediates of the Calvin-Benson cycle.

As a source of reduced organic carbon and a building block of saponifiable lipids,
glycerol can flow through several different metabolic pathways in various locations
within an algal cell. As an uncharged molecule glycerol can first enter into the
cytoplasm of the cell through passive diffusion (da Silva, Mack, & Contiero, 2009).
Here, the glycerol can enter central metabolism to be added to the carbon skeleton
pool or be oxidised to CO, for cellular energy during periods of dark respiration.

Alternatively, the glycerol can be phosphorylated to glycerol-3-phosphate (G3P)
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(Perez-Garcia, Escalante, de-Bashan, & Bashan, 2011) to become the backbone for
lipid synthesis. This can include conversion to phospholipids and TAG via the
endoplasmic reticulum (ER) or into glycolipids in the chloroplast (Martin et al.,
2014). The appearance of *3C in the glycerol backbones of the PL and GL fractions

(Table 1), indicates that some glycerol went through both these pathways.

Further, an analysis of the *C labelling of the glycerol backbone (Fig. 2) shows a
disproportionate amount of fully (triple *C) labelling. The lipid-associated glycerol
backbones being were predominantly **C; labelled. This indicates that intact glycerol
molecules were in fact directly esterified to fatty acids/polar head groups. The
presence of singly and doubly labelled lipid-bound glycerol species suggests that a
smaller percentage of the glycerol-3-phosphate destined for lipid esterification was
formed from glycerol passed via the central carbon metabolism. The glycerol going
into central carbon metabolism via G3P can be converted to glyceraldehyde-3-
phosphate (GAP) and dihydroxyacetone phosphate (DHAP) (intermediates of the
Calvin-Benson cycle) and can enter the Embden-Meyerhof-Parnas (EMP) pathway as
one of the intermediates of glycolysis. The lower glycolysis pathway will sequentially
breakdown GAP to form acetyl-CoA (the precursor for fatty acid biosynthesis) and/or
can enter in TCA (tricarboxylic acid) cycle to provide carbon skeletons for amino
acids synthesis (Huang et al., 2015; Ryu et al., 2018). Additionally, the G3P can also
be assimilated in the upper glycolysis pathway (gluconeogenesis) to store carbon
reserves as carbohydrates (Villanova et al., 2017). However, in Nannochloropsis sp.
only a small amount of carbohydrates (5-17% dry weight basis) are synthesised
compared to proteins (23-59% dry weight basis) and lipids (9-62% dry weight basis)

(Subramanian, Barry, Pieris, & Sayre, 2013). The appearance of a significant
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proportion of the consumed *3C in the acyl chains of the lipids (Table 1) clearly shows

that glycerol goes into de novo fatty acid synthesis within the chloroplast.

3.3 13C labelling on acyl chains and glycerol backbone of different lipid

fractions

13C labelling of the key acyl chains within the three lipid classes of N. salina (Fig. 3)
was analysed (Elahee Doomun et al., 2016). In nitrate replete conditions, labelling of
the acyl chains in the TAG fraction was in the range 2.2-82.1%. Labelling of the GL
fraction was in the range of 3.7-75.4%. Labelling of the PL fraction was generally
higher, in the range of 7.1-91.4%. In nitrate deplete conditions, acyl chain labelling
was generally much low due to the reduced consumption of *Cs-glycerol. Labelling
of TAG was in the range of 1.6-7.0%. Labelling of the GL fraction was between 1.3-
11.8%. Labelling of the PL fraction was in the range 1.5-10.3%. There was very little
labelling in the C16:2 and C18:0 acyl chains of any lipid fraction under nitrate deplete

conditions.

The proportion of the total carbon in the acyl chains that was **C was determined as a
function of lipid fraction (Table 2) and type of acyl chain (Fig. 4). In terms of lipid
fraction, there was a higher proportion of **C in the GL and PL than in the TAG under
both replete and deplete conditions (Table 2). The distributions of acyl-incorporated
3¢ amongst the major acyl chains in the various lipid fractions under nitrate replete
and deplete conditions (Fig. 4) were reasonably consistent with the respective fatty
acid profiles (Fig. 1). Under nitrate replete and deplete conditions, the relative
proportion of **C was generally higher in de novo synthesised monounsaturated (e.g.
C16:1 and C18:1) than the saturated C16:0 or polyunsaturated C20:5 (Fig. 4) acyl

chains of TAG. This reflects the flux of carbon from glycerol going firstly to de novo
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fatty acid synthesis before acyl editing reactions (Allen et al., 2017). This is consistent
with the highest extent of **C incorporation in the C18:1 acyl chains of the PL
fraction (Fig. 4-c), which is one of the primary precursors for the acyl editing cycle

reactions (Bates & Browse, 2012).
3.4 Carbon labelling patters within acyl chains

This isotopomer labelling pattern within an acyl chain can reveal the sources of the
carbon used to build it. For instance, a C16 fatty acid, when full labelled by **C, has
been entirely synthesised from carbon originating from the added glycerol to the
media. The labelling patterns in the key saturated (C16:0) and polyunsaturated
(C20:5) fatty acids within the different lipid fractions were analysed (Fig. 5). In the
nitrate replete cultures, the labelling patterns for both C16:0 and C20:5 were generally
parabolic in the mid to high range of ion abundance (roughly between M+6 and
M+20, respectively), which shows a mix of carbon sources used to build the acyl
chains. There was slightly a different labelling pattern in PL C16:0, with a relatively
high abundance of fully labelled carbon (M+16). In the nitrate deplete cultures, the
detectable ion abundance displayed an exponential decay from M+0 for both C16:0
and C20:5 in all three lipid fractions clearly indicating limited uptake of glycerol. The
relatively even spread of *3C isotopologues show that the de novo acyl chains are a
mixture of *C and *C. This indicates that the acyl synthesis combines **C from
glycerol that has be brought through to acetyl-CoA along with *2C (which is
presumably a mix of *2C from CO, fixed by photosynthesis during the mixotrophic
cultivation period, and recycled carbon from the original inoculum). The high M+16

peak (carbon entirely from glycerol) for the nitrate replete C16:0 could indicate a
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more direct funnelling of carbon from glycerol into C16:0 for some periods of the

cultivation.
3.5 Proposed carbon flux for fatty acid synthesis

Although glycerol metabolism has not been exhaustively studied in N. salina, a
general discussion is possible based on established knowledge. As mentioned above
(see Section 3.2), glycerol is initially phosphorylated to G3P, which can enter the
glycolysis pathway and/or be directly incorporated as the glycerol backbone of
glycerolipids through sequential acylation. The major fatty acyl chains (C16:0, C18:0,
C18:1, etc.) synthesised in the plastid are esterified by Coenzyme-A (CoA) to enter
the acyl-CoA pool. The resulting acyl-CoA enters the ER for the acylation of G3P for
the subsequent synthesis of lysophosphatidic acid (lyso-PA), phosphatidic acid (PA),
de novo diacylglycerol (DAG) (Bates & Browse, 2012) and TAG, completing the
Kennedy pathway (Allen et al., 2017). However, there is also a possibility of TAG
being synthesised with an unusual acyl chain profile including highly polyunsaturated
acyl chains (as seen in the current study; Fig. 1-a). The enzymatic desaturation of
saturated acyl chains of PL (for instance, PC-C18:1, produced from de novo DAG
and/or the acyl-CoA pool via the acyl editing cycle) produces modified-PL (e.g. PC-
C18:2, -C18:3) with highly polyunsaturated acyl chains (Bates & Browse, 2012),
which serves as another substrate for TAG, resulting in a high degree of
polyunsaturation. In addition to TAG, the results show a high content of
polyunsaturated acyl chains in the GL fraction (Fig. 1-b). This leads to the assumption
that hydrolysis of modified-PL (having highly polyunsaturated acyl chains) may serve
as a substrate for synthesis of modified-GL in the chloroplast. If this is the case, then

the overall *C incorporation and concentration of GL should be more than PL.
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Interestingly, this was observed in the current study where the total GL concentration
was consistently higher than PL under both nitrate replete and deplete conditions
(Table 2). It has been previously reported that the reverse reactions can then convert
the modified-GL into TAG with a high level of polyunsaturation (Bates & Browse,
2012). Further research is needed to analyse real-time carbon flux from GL/PL to

TAG synthesis in Nannochloropsis.

Under both nitrate replete and deplete conditions, there was a less **C in the
polyunsaturated acyl chains than in the monounsaturated acyl chains (Fig. 3).
Additionally, the nitrate depleted cultures had higher labelling on PL-associated
glycerol backbones compared to GL-associated glycerol backbones, while labelling
on TAG-associated and GL-associated glycerol backbones were found to be similar
(Fig. 2). This could suggest that nitrogen deprived conditions imbalanced/decreased
the carbon flux from PL to GL for acyl editing reactions (polyunsaturation), while the
carbon flux of PL was increased towards synthesis of TAG via the Kennedy pathway
(Bates & Browse, 2012). Nonetheless, based on the literature and the results of this
study, a summary of the possible pathways for lipid synthesis from glycerol can be

proposed (Fig. 6).

The current study shows the importance of nitrogen for efficient utilisation of glycerol
and recommends against the use of mixotrophic cultivation under nitrate deprived
conditions. It is possible that moderate nitrogen depletion under mixotrophic
conditions could improve TAG production compared to fully nitrate depleted
conditions (Paranjape et al., 2016a). Further isotopic labelling studies are
recommended that consider the combination of labelled substrates (such as C-

acetate and *Cs-glycerol) with more frequent time-points to simultaneously study the
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initial carbon flux for protein and fatty acid synthesis (Juergens, Disbrow, & Shachar-
Hill, 2016). A more detailed picture of carbon flux during mixotrophic growth will
help when genetically modifying the selected microalga to divert carbon towards

TAG synthesis with less loss of carbon to other metabolites.
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Table 1 Percentage of the *3C in the glycerol consumed by Nannochloropsis salina
that was assimilated into various lipid components during nitrate replete and deplete
mixotrophic growth. Results are presented as the average and standard deviation of

triplicates or duplicates (1)

Percent of consumed *C Percent of consumed *C
assimilated as lipid acyl chains  assimilated as lipid glycerol
Lipid fraction (%) backbone (%0)

Nitrate replete  Nitrate deplete  Nitrate replete  Nitrate deplete

TAG 26+0.3 0.97 +0.02 0.048 £0.001  0.095 +0.002
Glycolipid 19.6 + 0.6 6.9+0.3 0.71+0.03 0.80 = 0.021
Phospholipid 195+11 3.6+1.8 0.55+0.03 0.25+0.017
Sum 41.8+1.3 114+15 1.31£0.02 1.14+0.01

Table 2 Amount of incorporated *C within different lipid fractions. Results are

presented as the average and standard deviation of triplicates

TAG Glycolipid Phospholipid

Proportion of acyl carbon as **C
41.7+29 43.7+0.6 80+1

Nitrate (%)

replete

+ + +
Total 13(:incorloorated 121+13 0+3 0+5
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(ug 13C/mgbiomass)

Proportion of acyl carbon as *C
3.6+£0.2 56+0.3 8.1+0.2

(%)
Nitrate
deplete
Total 13Cincorporated 1.38 +
+0.4 51+26
(M913c/MGbiomass) 0.02
Figures

Fig. 1 Concentrations of individual acyl chains within different lipid fractions of
Nannochloropsis salina grown mixotrophically with glycerol under nitrate replete and
deplete conditions. The results and error bars are presented as the average and
standard deviation of measurements of triplicates.
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Fig. 2 3C labelling (% of carbon that is **C) on lipid-associated glycerol backbones
recovered from Nannochloropsis salina grown in 0.5 g/L **Cs-glycerol under nitrate
replete and deplete conditions. The results are presented as the average of triplicates

or duplicates (*).
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Fig. 3 Amount of *3C labelling (% of carbon that is **C) on different acyl chains
within TAG (filled bars), glycolipid (empty bars) and phospholipid (diagonally filled
bars) fractions of Nannochloropsis salina grown with 0.5 g/L *3Cs-glycerol under (a)
nitrate replete and (b) nitrate deplete conditions for 7 days. The results and error bars
are presented as the average and standard deviation of triplicates.
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Fig. 4 Proportion of the total carbon that is **C amongst the major acyl chains (% of
total) in the TAG, glycolipid, and phospholipid fractions of Nannochloropsis salina
grown under nitrate replete and nitrate deplete conditions. The results and error bars

are presented as the average and standard deviation of triplicates.
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Fig. 5 °C isotopologue distribution of unsaturated fatty acids within lipid classes of
Nannochloropsis salina grown mixotrophically with **Cs-glycerol under nitrate
replete and deplete conditions for 7 days. The molecular ion signal (peak area) of each
isotopologue (M + n; where M is monoisotopic mass and n is number of incorporated
13C) was normalised to the ion signal (peak area) of the internal standard and the algal
biomass. The results and error bars are presented as the average and standard

deviation of triplicate cultures.
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Fig. 6 (a) Possible fates of glycerol in algal metabolism. (b) Possible pathways for
TAG synthesis through the Kennedy pathway and acyl editing reactions.
Abbreviations: G3P, glycerol-3-phosphate; PA, phosphatidic acid; DAG,
diacylglycerol; PC, phosphocholine; TAG, triacylglyceride; GL, glycolipids; PL,
phospholipids; DHAP, dihydroxyacetone phosphate; GAP, glyceraldehyde phosphate;
3PGA, 3-phosphoglycerate; ER, endoplasmic reticulum; FA, fatty acid. Bold red text
represents metabolites determined in Nannochloropsis salina mixotrophic cultures

supplied with 0.5 g/L **Cs-glycerol (this study). The amount of *C (ugisc/MGbiomass)
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incorporated into the acyl chains of different lipid fractions under nitrate replete (NR)

and nitrate deplete (ND) conditions are presented.
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