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Abstract

Objective Changes in the partitioning of dissolved

inorganic (DIC) and glucose were elucidated by

utilising 13C labelled DIC or glucose, and quantifying

the biochemical profile of mixotrophic, heterotrophic

and photoautotrophic cultures of the microalga Te-

traselmis suecica.

Results Mixotrophic cultivation increases microal-

gal productivity and changes their biochemical profile,

due to an alteration in the partitioning of carbon within

the cell. When cultured mixotrophically and

heterotrophically, there is enhanced incorporation of

carbon into shorter chain saturated fatty acids and non-

lipid biomass, compared to photoautotrophic cultiva-

tion. Autotrophic culture results in increased total fatty

acid content of cultures (4.19% dry weight compared

to 2.13%) and shifts the fatty acid profile in favour of

long-chain unsaturated fatty acids, such as 18:2

n-(9,12), compared to mixotrophic culture. Quantify-

ing the changes in partitioning between DIC and

glucose facilitates tailoring of the biochemical profile

to develop ‘‘designer’’ algae.

Conclusions There is a condition specific shift in

carbon partitioning into different fatty acid and

biochemical fractions in T. suecica, with more inor-

ganic carbon partitioned into 18:2 n-(9,12) in pho-

toautotrophic rather than mixotrophic cultures.

Keywords Designer algae � Mixotrophy � Carbon
partitioning � Fatty acid

Introduction

Mixotrophy and heterotrophy are important alterna-

tive strategies for microalgae to access carbon in the

marine environment, as organic carbon can be up

taken and utilised in addition to, or as an alternative to,

photosynthesis (Burkholder et al. 2008). Mixotroph-

ically cultured populations of microalgae are more

productive than photoautotrophically cultured popu-

lations and have an altered biochemical profile

dependent upon the source of organic carbon and the

harvesting time (Vitova et al. 2015; Penhaul Smith

2020). Whilst this is well known (Droop 1974; Ceron

Garcia et al. 2005; Penhaul Smith et al. 2020) and has

significant biotechnological potential (Day and Tsa-

valos 1996; Morales-Sánchez and Martinez-
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Rodriguez 2015; McDowell et al. 2020), the effects of

mixotrophy upon the cellular metabolism of microal-

gae is currently understudied (Vitova et al. 2015;

Msanne et al. 2020).

Genome scale models indicate that, during mixo-

trophic culture, there is enhanced shuttling of carbon

dioxide between the plastid and the mitochondria in

Chlorella vulgaris and there is an increase in the

activity of the carbon metabolism subsystems, with a

25% and 60% increase in activity during mixotrophy

and heterotrophy respectively (Zuñiga et al. 2016).

This increase in the carbon metabolism has also been

reported in Chlorella prototheciodes which, during

heterotrophy, has an increased intracellular concen-

tration of metabolites involved in enhanced glycolysis

and the tricarboxylic acid cycle (TCA) activity (Wu

et al. 2015). These enhanced TCA activities corre-

spond to an increase in the synthesis of storage

products such as fatty acids and carbohydrates (Vitova

et al. 2015) and a species-specific shift in the

biochemical profile (Penhaul Smith et al. 2020). When

Phaeodactylum tricornutum is cultured mixotrophi-

cally, there was an increased shuttling of metabolites

between the mitochondria and the plastid, increased

accumulation of storage products, through de-novo

synthesis of fatty acids, enhanced membrane recycling

and a shift in the fatty acid profile in favour of shorter

chain fatty acids and enhanced eicosapentaenoic acid

(EPA) accumulation (Villanova et al. 2017). The shift

in the fatty acid profile in favour of short chain,

saturated fatty acids (SFAs) is also observed when

Cyclotella cryptica, is cultured with glucose as the

carbon source, reduced the total fatty acid (TFA)

content and a shift in favour of SFA and monounsat-

urated (MUFA), away from polyunsaturated fatty

acids (PUFA) (Penhaul Smith et al. 2020). This shift in

the fatty acid profile has been attributed to an

accumulation of storage lipids, rather than membrane

lipids (Sharma et al. 2012). By contrast, other species

accumulate carbohydrates, when culture mixotrophi-

cally, as has been reported in T. suecica (Cid et al.

1992) and Tetraselmis spp. KY114885 (Lari et al.

2019). The shift in the biochemical and fatty acid

profile between mixotrophy, heterotrophy and pho-

toautotrophy indicates that carbon from different

sources may be partitioned in the cell through different

metabolic pathways (Vitova et al. 2015).

Inorganic carbon is fixed through photosynthesis to

form three carbon precursors such as glyceraldehyde-

3-phosphate (GA-3P), which can be stored as fatty

acids or carbohydrates by either: processing in the

plastid through acetyl Co-A to be incorporated into

fatty acids (Mühlroth et al. 2013; Han et al. 2018) then

converted into pyruvate and respired, or converted into

malate and utilised in the synthesis of starch (Patron

and Keeling 2005). By contrast, glucose, once taken

up can be respired, phosphorylated and transferred

into the plastid (Flugge et al. 2003), prior to direct

incorporation of the glucose-6-phosphate into the

carbohydrate synthesis pathway (Plaxton 1996), or

broken down into GA-3P in glycolysis and used in the

synthesis of fatty acids. Fatty acid synthesis has an

increased number of processing steps compared to

respiration or carbohydrate synthesis for uptaken

glucose (Morales-Sánchez and Martinez-Rodriguez

2015) and fatty acid synthesis produces short chain

SFAs, which can then be processed through the

saturation-desaturation pathway to form longer chain

and unsaturated fatty acids (Mühlroth et al. 2013;

Jónasdóttir 2019).

In this study Tetraselmis suecica was selected to

compare the processing of inorganic and organic

carbon. These changes have not been quantified in T.

suecica previously. This species was selected for its

capacity to be cultivated mixotrophically and

heterotrophically (Day and Tsavalos 1996) and their

capacity to be produced commercially at an industrial

scale (Day et al. 1991). As a result, this species has

received interest in the production of bioethanol

(Vitova et al. 2015) and as a feed for larvae in

shellfish aquaculture (Day et al. 1991). While this

species does produce long chain fatty acids, the

primary energy storage is through carbohydrates

(Vitova et al. 2015). Understanding the mechanisms

of carbon partitioning depending upon the source of

carbon will allow greater control of the biochemical

profile of this species (Penhaul Smith et al. 2020),

without needing to utilise nutrient limitation, which

may impact the productivity of the algal species being

cultivated (Villanova et al. 2017).

Materials and methods

This study utilised a modified pulse-chase 13C label

study (Fry 2006). T. suecica CCAP 66/60 was cultured

in f/2 medium (Guillard and Ryther 1962). Photoau-

totrophic cultures did not have any alterations to the
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medium, while mixotrophic and heterotrophic cultures

were f/2 with additional glucose (5 g l-1) and yeast

extract (0.5 g l-1). The initial inoculum utilised had

been maintained as 50 ml cultures, under previously

described conditions (Penhaul Smith et al. 2020) for a

minimum of three subcultures, prior to the inoculation

of 500 ml bioreactors (BellCo 500 ml bioreactor).

These bioreactors were maintained for a minimum of

one subculture before the study began. Bioreactors

were maintained for seven days, with stirring at

100 rpm, constant aeration (0.2 lm filtered through

Whatman HEPA in-line filters) and a 12:12 light cycle

of 1.5 9 102 lmol photons m-2 s-1, except for

heterotrophic cultures, which were covered by foil to

prevent light transmission. All bioreactors were inoc-

ulated using a 30% (v/v) inoculum and culture

manipulation occurred at approximately 12:00 at each

time-point. The labels utilised were 375 ll of either
U-13C labelled glucose (1 g l-1), or NaHCO3 (14 g

l-1) (99% and 98% 13C respectively, Sigma Aldrich).

They were suspended in ultra-pure water at a pH of 8.0

(adjusted as necessary using HCl or NaOH) and

autoclaved prior to use. Six cultures were utilised for

each of four different cultivation methods:

heterotrophically with a glucose label, mixotrophi-

cally with a glucose label, mixotrophically with a DIC

label and photoautotrophically with a DIC label. The

volume of label utilised was determined by prelimi-

nary work, which indicated that this provided a

sufficiently large change in d13C, within the detection

limits (Fry 2006) (mean change in d 13C = 6.95,

s.d = 1.8). The label was added to three, random,

samples after four days of cultivation, while the

remaining samples had the same volume of unlabelled

glucose or NaHCO3 added. At the end of the seven

days of cultivation the entire culture was harvested,

centrifuged (37219g, 20 min, Heraeus Multifuge

X3FR), supernatant removed and resuspended in

20 ml of ultra-pure water. The centrifugation and

resuspension steps were repeated twice more prior to

freezing at - 20 �C. All samples were freeze-dried

(Christ Alpha 1–2 LD Plus) for a minimum of 24 h.

Once freeze-dried, triplicate samples of approximately

1 mg were removed for bulk d13C quantification using

EA-IRMS, while approximately 100 mg of the

remaining dry weight was weighted, and the lipids

extracted using a modified Folch lipid extraction, as

outlined below. The bulk and lipid extracted cell

biomass were freeze-dried for a minimum of 24 h and

triplicate 1 mg samples removed for d13C content

determination utilising EA-IRMS, as outlined below.

All samples were stored at - 20 �C prior to analysis

and transported on ice.

Fatty acid analyses

Lipids were extracted using a modified Folch extrac-

tion (Folch et al. 1957). Prior to the lipid extraction the

glass funnels and GF/F filters were muffled at 450 �C
for 6 h. To the samples for lipid extraction, 4 ml of 2:1

chloroform: methanol v/v was added, and the samples

sonicated for 20 min (DAWE instruments 6441 AE,

low power). The homogenate was filtered through the

GF/F filters, after the filter had been prewashed with

chloroform: methanol to remove contaminants. In

addition, a further 3 ml of chloroform: methanol was

utilised to wash the vials and ensure that all possible

material reached the filter paper. Once all the extracted

lipid had been filtered, the GF/F filter was removed,

placed into a 50 ml Falcon tube and frozen at

- 20 �C. To the filtrate 1.5 ml of 0.88% (w/v) KCl

solution was added. These samples were vortexed and

centrifuged (509g, Eppendorf centrifuge 5810R, 2

min). The upper layer containing water and methanol

was removed and the lower layer dried using a

constant stream of nitrogen (N-EVAP organomation).

These samples were desiccated for a minimum of 45

min and weighted. Following weighing 250 ll of 23:0
internal standard was added (1 mg ml-1), and the

samples dried using a constant stream of nitrogen.

Once dry, 1 ml of toluene, and 2 ml of the methanol

sulphuric acid methylation reagent (99: 1 v/v) was

added to each sample, the solution vortexed, purged

with nitrogen and left at 50 �C overnight. Once cooled

2 ml of ultra-pure water and 2 ml of hexane: diethyl

ether (1:1 v/v) was added. The samples were vortexed,

centrifuged (509g, Eppendorf centrifuge 5810R, 2

min) and the upper layer transferred to a fresh glass

vial. To this a further 2 ml of NaHCO3 (2% w/v) was

added and the samples were again vortexed, cen-

trifuged (509g, Eppendorf centrifuge 5810R, 2 min)

and the upper layer transferred to a new glass vial.

These samples were dried using a stream of nitrogen,

desiccated for a minimum of 45 min and weighted,

prior to resuspension at a concentration of 5 mg ml-1.

Samples were stored at - 20 �C under nitrogen prior

to analysis and were transported on ice. Immediately

prior to analysis utilising GC-IRMS, 20 ll of sample
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was diluted using hexane (70 ll) and 19:0 standard

(1303768, 30 ll) to give a six times dilution in order to

prevent overloading.

d13C analyses

The carbon concentrations (% w/w) and d13C isotope

ratio were determined in the bulk biomass and lipid

extracted biomass samples, following desiccation for

24 h, using a Flash EA 1112 Series Elemental

Analyser connected via a Conflo III to a DeltaPlus

XP isotope ratio mass spectrometer (all Thermo-

Finnigan, Bremen, Germany) as previously described

(Mayor et al. 2012). Briefly, the d13CVPDB and was

normalized using international reference materials

USGS40 and USGS41a (both L-glutamic acid

obtained from International Atomic Energy Agency,

Vienna, Austria and Reston Stable Isotope Laboratory,

Virginia, USA). Additionally, the USGS40 was used

as a reference material for carbon concentration. Long

term precisions for a quality control standard (dried

milled topsoil) were: total carbon 3.80 ± 0.15%, d13C
- 27.79 ± 0.20%. Any two consecutive quality

control values out with two standard deviations or a

single value out with three standard deviations

triggered repeat analysis. Data processing was per-

formed using Isodat 2.0 (Thermo Fisher Scientific,

Bremen, Germany) and exported into Excel.

The quantification and isotopic composition of

individual FAMEs was determined using a GC Trace

Ultra with combustion column attached via a GC

Combustion III to a Delta V Advantage isotope ratio

mass spectrometer (all Thermo Finnigan, Bremen,

Germany) in the conditions previously described

(Thornton et al. 2011). Initial data processing was

performed using the instruments Isodat 3.0 Gas

Isotope Ratio MS Software (Ver 3.0) (ThermoFisher

Scientific, Bremen, Germany). These results were

exported into Excel, and further processed using in

house Visual Basic macros, which helped in selection

of peaks of interest using relative retention time with

respect to the 19:0 internal standard. The d13C values

of the FAMES were normalised to the VPDB scale

using USGS72 icosanoic acid methyl ester (C20

FAME, d13CVPDB = - 1.54, Reston Stable Isotope

Laboratory) and 16:0 #1 hexadecenoic acid (C16

FAME, d13CVPDB = - 30.74, Schimmelmann labo-

ratory, Indiana University), which were run in dupli-

cate at the beginning and end of every batch of

samples. The d13C of the C added as a methyl group

during derivatisation was adjusted for using a mass

balance approach, utilising the known d13C ratio of

triplicate samples of the methanol utilised in the

derivatisation, also determined by EA-IRMS as pre-

viously described. The 19:0 internal standard added

served as a quality control for d13C values; long term

monitoring over several months gave a d13C value of

- 30.9 ± 0.99 (mean ± standard deviation, n = 75).

The concentrations of the relevant fatty acids were

calculated from their peak areas utilising the known

mass of the 23:0 standard, with the exception of one of

the mixotrophic, glucose labelled cultures, in which

low 23:0 recovery meant that standardisation based on

the 19:0 standard was necessary.

Data screening and statistical analyses

All analysis took place in RStudio (v3.6.1) unless

otherwise stated and results presented to 2 decimal

places. The cell densities and biochemical profiles of

samples were tested for normality (Shapiro-Wilks test)

and equal variance (Leven’s test), before comparison

with ANOVA and post hoc Tukey’s test (if normally

distributed) or a Kruskal-Wallis test and post hoc

Dunn’s non-parametric comparison (if not normally

distributed). It was not possible to differentiate the

18:1 n-7 and 18:1 n-9 peaks for three mixotrophic,

glucose labelled cultures, so these were identified as

the largest component of the mix. One of the

mixotrophic samples with a DI13C label had very

low 13C enrichment in the bulk and lipid extracted

biomass and TFA; however, there was no experimen-

tal reason to discount this sample, so it was retained in

the analyses. This experiment could not be repeated

due to funding and time constraints. Prior to statistical

analysis any fatty acids which were detected in fewer

than three samples were removed to prevent skewing

of subsequent analysis. These fatty acids were also

removed from analysis of the changes in the % of label

incorporated into the fatty acids. To compare the fatty

acids present in the treatments, these were analysed

using a dissimilarity matrix and the goodness of fit of

this matrix analysed with ANOSIM. The fatty acids

driving these dissimilarities were identified utilising

SIMPER.

The mass of 13C in the bulk biomass, lipid extracted

biomass, TFA and the individual fatty acids of all

samples was quantified according to the
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methodologies standardised previously (Hart et al.

1994; Fry, 2006). These masses were calculated

utilising: the 13C values, the known dry weights and

masses of FAMES and the % total carbon in the

biomass of FAME (Supplementary materials, Tables:

1–4). The mass of 13C was utilised rather than the atom

percent to account for differences in the uptake and

incorporation of the labelled carbon source and allow

for comparison between treatments. The change in the

mass of 13C of the fraction was calculated by removing

the average mass of 13C of the unlabelled samples,

from the mass of 13C of the labelled sample. This was

then quantified as % of label in the bulk sample (Eq: a)

and % of C in the bulk sample present in the lipid

extracted biomass (Eq: b) or TFA (Eq: c) and

individual fatty acids (Eq: d) to allow comparison

between different conditions and labels. If samples

contained over a 300% incorporation of label from the

bulk sample, they were discounted as artefacts of

sample analysis as standardised previously (Hart et al.

1994). This is due to the assumptions inherent with

pulse-chase studies, such as an assumption of constant

transformation rates of carbon, alongside the calcula-

tions requiring the removal of average 13C mass, as

there will be some samples with a starting 13C less than

the average (Hart et al. 1994). The % labelled carbon

incorporated into individual fatty acids fatty acid

profile was analysed with a dissimilarity matrix and

the goodness of fit of his matrix was analysed by

ANOSIM and post hoc SIMPER.

% of label in the bulk sample

¼ DMass of 13C in bulk biomass

Mass of 13C in label

� �
� 100 ðaÞ

% of labelled carbon in the lipid extracted biomass

¼ DMass of 13C of lipid extracted biomass

Mass of 13C in bulk biomass

� �

� 100

ðbÞ

% of labelled carbon in the TFA

¼ DMass of 13C of each fatty acid

Mass of 13C in bulk biomass

� �
� 100 ðcÞ

% of labelled carbon in the named fatty acid

¼ DMass of 13C of the named fatty acid

Mass of 13C in the TFA

� �
� 100

ðdÞ

Results

Changes in the biochemical profile

The dry weight, % total carbon and TFA of all cultures

were not normally distributed (Shapiro-Wilk test,

P\ 0.05), while the cell densities of the different

growth conditions were normally distributed (Shapiro-

Wilk test, P[ 0.05) and these could be considered to

have equal variance (Levene’s test, F = 0.53,

P[ 0.05). There was a significant difference in the

cell densities of the cultures (ANOVA and post hoc

Tukey’s test, F = 55.97, df = 3, P\ 0.05). While the

mixotrophic cultures did not have significantly differ-

ent cell densities (glucose or DIC label); these samples

had a significantly greater cell density compared to

heterotrophic samples, which in turn had a signifi-

cantly greater cell density compared to photoau-

totrophic cultures (mean = 2.03, s.d = 0.35 for

mixotrophic culture compared to mean = 1.01,

s.d = 0.30 for photoautotrophic culture 9106 cells

ml-1, Fig. 1a). At harvest different cultures contained

a significant difference in the dry weights (Kruskal-

Wallis and post hoc Dunn’s non-parametric compar-

ison v2 = 14.0067, df = 3, P\ 0.05) with a lower dry

weight of the photoautotrophic cultures compared to

mixotrophic (glucose or DIC label) and heterotrophic

cultures (Fig. 1b). Photoautotrophic cultures contained

a significantly greater TFA (%DW) content compared

heterotrophic or mixotrophic cultures with a glucose

label, but not mixotrophic culture with a DIC label

(Kruskal-Wallis, v2 = 9.77, df = 3, P\ 0.05, Fig. 1c),

while the TFA contents of the mixotrophic (glucose

label) and heterotrophic cultures were not significantly

different (post hoc Dunn’s non-parametric comparison

P[ 0.05). There were significant differences in the %

of total carbon in the bulk biomass (Kruskal-Wallis

and post hoc Dunn’s non-parametric comparison

v2 = 35.53, df = 3, P\ 0.05) with a greater % of

total carbon in the bulk biomass of the mixotrophic

(glucose or DIC label) and heterotrophic samples
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compared to the photoautotrophic samples (Fig. 1d),

while the mixotrophic samples with a DIC label also

had a significantly greater % total carbon compared to

heterotrophic culture. This is alongside a significant

difference in the % of total carbon in the lipid

extracted biomass samples, with a greater % of total

carbon in the lipid extracted biomass samples

(Kruskal-Wallis and post hoc Dunn’s non-parametric

comparison v2 = 49.36, df = 3, P\ 0.05) in mixo-

trophic (glucose or DIC label) and heterotrophic

samples compared to photoautotrophic cultures.

Mixotrophic cultures (glucose or DIC label) also

contained a greater % total carbon than the hetero-

trophic cultures in the lipid extracted biomass

(Fig. 1d). When the fatty acid profile was analysed

in a dissimilarity matrix, there is greater variation

between groups that within them (ANOSIM,

R = 0.45, P\ 0.05, Fig. 2). There were conditions

specific differences in the accumulation of different

fatty acids (post hoc SIMPER, P\ 0.05).

Carbon incorporated into the biomass

There is a significant difference between the% of label

incorporated into the bulk biomass between treatments

(Kruskal-Wallis, v2 = 12.22, df = 3, P\ 0.05,

Fig. 3). Photoautotrophic and mixotrophic cultures

labelled with DI13C both incorporated a significantly

greater % of label compared to heterotrophic and

mixotrophic cultures with labelled glucose (mean =

79.55, s.d = 18.58 for photoautotrophic cultures

compared to mean = 7.48, s.d = 9.12 for hetero-

trophic cultures, % of label in bulk biomass). When

the % of label (which had been incorporated into the

Fig. 1 Mean endpoint: cell numbers (a), dry weight (b), TFA
(c) and % carbon in the DW (d) of the cultures. All mean values

are ± standard deviation. * indicates that there is a significant

increase in comparison to photoautotrophic culture and -

indicates that there is a significant decrease.
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bulk biomass), was quantified signfincat differences

were observed in this incorporation between treat-

ments (Kruskal-Wallis and post hoc Dunn’s non-

parametric comparison, v2 = 8.55, df = 3, P\ 0.05,

Fig. 3b), with mixotrophic-glucose labelled cultures

(mean = 130.17, s.d = 41.23% of label from the bulk

biomass incorporated into the lipid extracted biomass)

having a greater % carbon incorporated, compared to

both photoautotrophic and heterotrophic cultures

(mean = 72.08, s.d = 43.08% of label incorporated

from the bulk biomass incorporated into the lipid

extracted biomass, for photoautotrophic cultures,

Fig. 3b). The % of label (which had been incorporated

into the bulk biomass) incorporated into the TFA

fraction did not significantly differ between treatments

(Kruskal-Wallis, v2 = 2.08, df = 3, P[ 0.05, Fig. 3c).

The differences in the % DW of the individual fatty

acid profiles could be shown by a dissimilarity matrix

(ANOSIM, R2 = 0.24, P\ 0.05, Fig. 3d).

Heterotrophic culture

When comparing the fatty acid profiles, there were

significantly greater contents of: 16:1 n-11t, 18:3 n-(5,

10, 12), 20:1 n-9, EPA and DHA (post hoc SIMPER,

P\ 0.05) in heterotrophically cultured T. suecica,

compared with those mixotrophically cultured with

glucose label (Fig. 2a, b). The increase in the contents

of 18:3 n-(5, 10, 12) and DHA was also present when

heterotrophic cultures were compared to mixotrophic

Fig. 2 Fatty acid composition of T. suecica under: hetero-

trophic culture (a), Mixotrophic culture with a glucose label (b),
mixotrophic culture with a DI13C label (c) and photoautotrophic
culture (d). All mean values are ± standard deviation. *

indicates that there is a significant increase in comparison to

photoautotrophic culture and - indicates that there is a significant

decrease.
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cultures labelled with DI13C (Fig. 2c), and there was a

significant increase in the contents of 15:0, which was

in contrast to 17:1 n-8 which had a significantly lower

concentration in heterotrophic cultures. The hetero-

trophic cultures had a significantly lower concentra-

tion of 18:2 n-(9,12), 16:1 n-7c and 16:1 n-11t

compared to photoautotrophic culture. When cultured

heterotrophically T. suecica had a significantly greater

incorporation of labelled glucose into: 18:3

n-(5,10,12) and 20:1 n-9 (Fig. 4a) compared to

mixotrophic culture with a glucose label (Fig: 4b),

but a significantly lower incorporation into 14:0. As a

% of the 13C in the TFA, heterotrophic cultures had a

greater incorporation of the glucose labelled 13carbon

into: 15:0anteiso, 17:1 n-8c, 18:3 n-(5,10,12), 20:1

n-9, 20:4 n-6 and DHA in heterotrophic cultures

compared to mixotrophic cultures with a DI13C label

(Fig. 4c); while there was a significantly lower %

labelled carbon incorporated into 14:0 and 16:1 n-7c.

When compared to photoautotrophic culture hetero-

trophic cultures had a significantly greater % of carbon

incorporated into the fatty acids: 16:0iso, 17:1 n-7,

17:1 n-8c, 18:2 n-(4,10 or 5,10), 20:1 n-9, EPA and

DHA (Fig. 4d). By contrast, in photoautotrophic

culture had a greater incorporation into: 16:0, 16:1

n-7c, 18:0 and 18:2 n-(9,12) compared to hetero-

trophic culture.

Mixotrophic culture

When cultured mixotrophically and labelled with

glucose (Fig. 4b) these cultures had a significant

Fig. 3 Carbon of the label incorporated into the bulk biomass

(a), the percentage label incorporated into the lipid extracted

biomass (b) and the TFA fraction (c) and NMDS plot (d) of the
% carbon incorporated from the TFA into the fatty acid profile.

All mean values are± standard deviation. * indicates that there

is a significant increase in comparison to photoautotrophic

culture and - indicates that there is a significant decrease.

Calculations to derive the relevant % incorporation of labels is

indicated by equations: A (subfigure A), B (subfigure B) and C

(subfigure C).
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decrease in the contents of specific fatty acids 14:0,

15:anteiso, 16:0 (10methyl), 16:0iso, 17:0 (10methyl),

17:0iso, 18:1 n-7 and 18:2 n-(4,10 or 5,10) in

comparison to when a DI13C label was utilised:

(Fig. 4c). By contrast, there was a significantly

increased 15:0 content. When glucose was utilised as

a label, compared to a DI13C label, in mixotrophic

culture, glucose resulted in a greater incorporation of

carbon from labelled glucose into 17:0iso, but there

were no other changes in the incorporation of label

into the fatty acid profile (Fig. 4b, c). When comparing

mixotrophic, with a glucose label, and photoau-

totrophic cultures, mixotrophic cultures had a reduced

concentration of 16:0, 16:1 n-7c, 16:1 n-11t, 18:0, 18:1

n-9, 18:2 n-(9,12) and 20:4 n-6 compared to photoau-

totrophic samples (Fig. 2d). Compared to photoau-

totrophic culture there was also significantly greater %

carbon incorporated into the fatty acids: 16:0iso, 17:1

n-7, 17:1 n-8c, 18:2 n-(4,10 or 5,10), 20:1 n-9, EPA

and DHA (Fig. 4d), while a lower % of carbon from

Fig. 4 Carbon of the label incorporated into individual fatty

acids under: heterotrophic culture (a), mixotrophic culture with

a glucose label (b), mixotrophic culture with a DI13C label

(c) and photoautotrophic culture (d). All mean values are

± standard deviation. * indicates that there is a significant

increase in comparison to photoautotrophic culture and -

indicates that there is a significant decrease.
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the TFA incorporated in to: 16:0, 16:1iso, 18:0 and

18:1 n-9.

Photoautotrophic culture

There were no significant differences in the fatty acid

contents of mixotrophic cultures labelled with DI13C

compared to photoautotrophic cultures (Fig. 4c, d). In

mixotrophic culture with a DI13C label a greater %

carbon was incorporated in to 15:0anteiso compared to

photoautotrophic culture. By comparison, photoau-

totrophic cultures had a greater % carbon incorporated

in to 20:4 n-6.

Discussion

In agreement with previous studies utilising T.

suecica, the addition of an organic carbon source to

culture results in an increased cell density and dry

weight compared to photoautotrophic culture, with a

reduction in the TFA contents of heterotrophic

cultures (Day and Tsavalos 1996; Mohamed et al.

2013). There was an increased bulk carbon content in

the biomass of mixotrophic and heterotrophic cultures,

in comparison to those cultivated photoautotrophi-

cally (Fig. 1a and 5). This increase in carbon content of

cultures grown with glucose is likely to be due to an

increased carbohydrate content (Vitova et al. 2015). A

lower % of glucose label incorporated into the bulk

biomass was observed, compared to DI13C (Fig. 3a).

Although there was 40% less carbon in the glucose

tracer, this does not explain the size of the disparity

between the % of label incorporated into the bulk

biomass (mean = 7.48, s.d = 9.12%) of heterotrophic

culture compared to the levels incorporated into the

bulk biomass of the photoautotrophic biomass

(mean = 79.55, s.d = 18.58%), Fig. 3a). The causes

of this disparity are currently unclear; however, they

may be due to glucose uptake and incorporation

occurring at a slower rate compared to DIC, immedi-

ate respiration of the glucose, or reincorporation of

carbon following respiration (Aibusi et al. 2020).

There is known to be enhanced respiration activity in

C. vulgaris in mixotrophic and heterotrophic cultures

(Zuñiga et al. 2016) and, while carbon dioxide is taken

up more rapidly (0.3 g g biomass-1 hour-1) in

photoautotrophic C. vulgaris (Yang et al. 2000) than

glucose (0.207 g g biomass-1 hour-1) for mixotrophic

cultures of Chlorella pyrenoidosa (Sydney et al.

2010). These observations suggest that the primary

cause for the change in label incorporation into the

biomass is due to an increased respiration of glucose,

rather than faster DIC uptake. The lower incorporation

of labelled glucose into the biomass in this species

contrasts with P. tricornutum, in which 90% of the

carbon accumulated as biomass during growth phase is

glucose derived (Zheng et al. 2013).

Effects of glucose upon carbon partitioning

In mixotrophic cultures there was a greater % of

glucose label incorporated into lipid extracted bio-

mass, compared to heterotrophic or photoautotrophic

culture, suggesting an enhanced incorporation of

glucose into carbohydrates (Fig. 3), in agreement with

previous studies of mixotrophic cultures of this species

(Penhaul Smith et al. 2020) and Tetraselmis spp.

KY114885 (Lari et al. 2019). Given that glucose, once

transported across to the plastid membrane, can be

incorporated directly into carbohydrate synthesis

(Plaxton 1996) and there is a shorter incorporation

pathway to carbohydrate accumulation compared to

lipids or proteins (Morales-Sánchez and Martinez-

Rodriguez 2015), the increased incorporation of

labelled glucose into the lipid extracted biomass

supports the preferential partitioning of glucose into

carbohydrates through the shorter incorporation path-

way (Vitova et al. 2015).

In this study a shift in the fatty acid profile in both

heterotrophic and mixotrophic culture, with a reduc-

tion in the partitioning of labelled carbon into longer

chain fatty acids and an increased partitioning into the

shorter chain fatty acids was observed, compared to

photoautotrophic culture (Fig. 5). This is in agreement

with previous work on Chlorella prototheciodes

which, during heterotrophic culture and nitrogen

limitation does not alter the proportion of carbon

partitioned through different processes in the central

carbon metabolism, but does increase accumulation of

labelled carbon into specific fatty acids (Xiong et al.

2010). For T. suecica, when heterotrophic culture was

compared to photoautotrophic culture there was a

reduction in the content of 16:1 n-7c, 16:1 n-11t and

18:2 n-(9,12), in addition to the reduction of the TFA

(Fig. 5). This TFA reduction and shift in favour of

SFAs in heterotrophic culture agrees with previous

studies of T. suecica (Cid et al. 1992; Day and
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Tsavalos, 1996; Penhaul Smith et al. 2020). When

cultured heterotrophically there was an increased

partitioning of carbon from the label into: 16:0iso,

17:1 n-7, 17:1 n-8c, 18:2 n-(4,10 or 5,10), 20:1 n-9,

EPA and DHA, while there was a reduced partitioning

of carbon into: 16:0, 16:1 n-7c, 18:0 and 18:2 n-(9,12)

compared to photoautotrophic culture.

When cultures were cultivated mixotrophically

with a glucose label a reduction in: 16:0, 16:1 n-7c,

16:1 n-11t, 18:0, 18:1 n-9, 18:2 n-(9,12), 20:4 n-6 and

TFA was observed when compared to photoau-

totrophic cultures. This reduction in the TFA and

shift away from 16:0, 18:1 n-9 and 18:2 n-(9, 12) has

previously been observed in mixotrophic cultures of

this strain at a smaller scale (Penhaul Smith et al.

2020), and also in P. tricornutum (Villanova et al.

2017) and C. protothecoides (Heredia-Arroyo et al.

2010). The shift away from TFA and MUFA

accumulation in mixotrophic and heterotrophic cul-

ture was attributed to mixotrophic cultivation leading

to a similar effect to nitrate depletion in P. tricornutum

(Villanova et al. 2017) and Navicula saprophila

(Kitano et al. 1997). Despite the reduction in the

amount of these fatty acids, carbon from labelled

glucose was preferentially incorporated into 16:0iso,

17:1 n-7, 17:1 n-8c, 18:2 n-(4,10 or 5,10), 20:1 n-9,

EPA and DHA (Fig. 4b, d). The shorter chain, SFAs

are considered to be precursors in the formation of

lipids for neutral storage lipids by combining these

fatty acids with glycerol-6-phosphate (Jónasdót-

tir 2019), which may be the case for T. suecica in

this study. The increased partitioning of glucose

derived carbon in favour of SFA in mixotrophic and

heterotrophic culture therefore suggests preferential

partitioning of glucose in favour of neutral storage

lipids, in agreement with reports on C. sorokiniana

Fig. 5 Overview of the effects of the addition of an organic

carbon source upon the biochemical profile of T. suecica when

comparing photoautotrophic (blue) and heterotrophic culture

(red). The thickness of the arrows indicates the hypothesised

quantity of carbon partitioned through the pathway. GA-3P:

Glyceraldehyde 3-phosphate, Gluc-6-P: Glucose 6-phosphate.

The complete metabolic pathways including excretion losses

and recycling of storage products are not shown for clarity of the

schematic.
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(Rosenberg et al. 2014) and Chlorella saccharophila

(Isleten-Hosoglu et al. 2012). This phenomenon has

previously been observed in C. subellipsoidea, in

which nitrogen limitation leads to a preferential

partitioning of labelled carbon from glucose into

TAG and neutral lipids, with the majority being

synthesised de novo, and 92% of the carbon parti-

tioned into TAG derived from labelled glucose (Allen

et al. 2017).

The increased partitioning of carbon into 20:1 n-9,

EPA and DHA in mixotrophic and heterotrophic

cultures compared to photoautotrophic culture in this

strain of T. suecica may be due to a change in the cell

membranes in heterotrophic culture, for example a

reduction in chloroplast numbers, as these fatty acids

are more likely to be membrane lipids (Sharma et al.

2012). Changes in the cell membrane composition are

known to occur in heterotrophic Nitzschia laevis

(Chen et al. 2008), Dunaliella salina (Azachi et al.

1991) and Coccomyxa subellipsoidea when subjected

to nitrogen stress and cultured mixotrophically, with

an enhanced recycling of phospholipids (cell mem-

brane lipids), but not galactolipids (plastid membrane

lipids) (Allen et al. 2017). Heterotrophic cells of this

strain are larger during growth phase than photoau-

totrophic cells (Penhaul Smith et al. 2020) and there is

a reduction in the chlorophyll and carotenoid contents

in the stationary phase compared to growth phase of

heterotrophic cultures suggesting that plastids are

being broken down (Day and Tsavalos 1996), leading

to membrane lipid remodelling and an increased cell

diameter. Further study is necessary to quantify the

changes in carbon partitioned to the neutral, phospho-

and galacto-lipids in this species.

In this study there was an increase in the partition-

ing of labelled glucose in to 18:3 n-(5,10,12) and 20:1

n-9 in heterotrophic cultures, compared to mixotro-

phy, which corresponded to an increased % carbon in

the TFA being partitioned in favour of these fatty

acids. However, there was not an increase in the % of

label incorporated into EPA and DHA, despite signif-

icantly greater concentrations in culture. Both 18:3

n-(5,10,12) and 20:1 n-9 are precursors of EPA and

DHA (Jónasdóttir 2019). If labelled carbon from

glucose is being incorporated into these precursors,

but not the final products, this suggests that the rate of

de novo synthesis and turnover in EPA and DHA is

low, which is in agreement with previous studies of

microalgal cultures in stationary phase (Xin

et al. 2010). The ability to induce these changes in

this species, without compromising the cell densities

produced, suggests a potential approach for future

‘‘designer’’ algal product development.

Effects of photoautotrophic assimilation

upon carbon partitioning

Despite the reduction in the contents of specific fatty

acids of mixotrophic cultures of T. suecica there was

no corresponding drop in the fatty acid contents of

mixotrophic cultures which had been labelled with

DI13C, compared to the photoautotrophic fatty acid

profile (Figs. 4 and 5). An increased DIC availability

has also been reported to increase lipid accumulation

in Scenedesmus spp. WC-1, P. tricornutum (Gardner

et al. 2012) and Diacronema lutheri (Guihéneuf and

Stengel 2013) which appears to be the case for this

strain of T. suecica. There was no change in the % of

label from either carbon source incorporated into the

TFA, despite an increased accumulation of TFA in

DI13C labelled cultures. This suggests that enhanced

DIC availability does not lead to more carbon being

partitioned into lipid synthesis, but results in a lower

rate of recycling from the TFA into other cellular

processes. The greater incorporation of DIC derived

carbon into fatty acids, which are part of the satura-

tion-desaturation pathway (Adarme-Vega et al. 2014),

compared to glucose derived carbon, suggests that

DIC is the primary source of carbon partitioned into

longer chain fatty acids in the cell, this is in agreement

with studies on P. tricornutum (Valenzuela et al.

2012). While there were no alterations in the fatty acid

profile in this study, there was an increased % carbon

in the TFA incorporated into 15:0anteiso on mixo-

trophic cultivation with a DI13C label, compared to an

enhanced incorporation of carbon as a % of TFA into

20:4 n-6 in photoautotrophic cultures. The partitioning

of carbon into 15:0anteiso suggests an increased free

fatty acid pool and neutral lipid synthesis (Jónasdót-

tir 2019) in mixotrophic culture, which in agreement

with previous studies on C. sorokiniana (Juntila et al.

2015).

In this study changes in the incorporation of DIC

derived carbon were only noted in two fatty acids and

no significant alteration in the accumulation of TFA or

the fatty acid profile were observed, thus if a fatty acid

profile and TFA content comparable to a photoau-

totrophic culture is required for a ‘‘designer’’ algal

123

Biotechnol Lett



product then utilising DIC addition is a potential

strategy. This method may be an alternative to

strategies such as ‘‘sequential heterotrophy’’, which

aim to maximise the production of lipids that are only

synthesised during photoautotrophy, by cultivating the

strain in question photoautotrophically at the end of

the production process (Fan et al. 2012). Furthermore,

it is worth noting that DIC has previously been utilised

as a pH control mechanism, maximising the produc-

tivity of bag cultures of T. suecica (Moheimani 2013).

This may be a viable approach to further increase the

productivity of mixotrophic cultures, through pH

control, while maintaining high concentrations of

PUFA and TFA.

Conclusions

In this study 13C enriched glucose and DIC were

utilised as a tracer to understand the effects of different

carbon sources and conditions upon the partitioning of

carbon within T. suecica. There were differences in the

incorporation of labelled carbon in T. suecica depend-

ing upon the source of carbon (glucose or DIC) and

heterotrophic, mixotrophic or photoautotrophic cul-

ture. When cultured heterotrophically, or mixotroph-

ically, with a glucose label, reduced synthesis of fatty

acids was observed when compared to photoau-

totrophic samples. A greater % of the incorporated

glucose carbon was partitioned into the lipid extracted

biomass in mixotrophic samples, indicating that there

may be increased carbon partitioning into the carbo-

hydrate fraction of the biochemical profile, leading to

an increase in the bulk % labelled carbon. The

enhanced incorporation of DI13C into the biomass,

compared to cultures incubated in medium containing

glucose, suggests that either this source of carbon is

more readily available, more readily incorporated into

the biomass, or is not the primary source of carbon for

respiration. When cultured mixotrophically, there was

an enhanced incorporation of carbon as a % of TFA

into shorter chain, saturated fatty acids compared to

DIC derived carbon. In addition, there was an

enhanced incorporation into 18:3 n-(5,10,12) and

20:1 n-9 in heterotrophic culture compared to all

other treatments, suggesting changes in the composi-

tion of membrane lipids in these conditions. Utilising

an improved understanding of the different partition-

ing of inorganic and organic carbon in

photoautotrophic, mixotrophic and heterotrophic cul-

tures suggests important areas of future work for the

development of ‘‘designer’’ algae.
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