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Abstract :

Carbon isotopic fractionation was studied during the development of the diatom Chaetoceros muelleri
grown in batch culture with 13C-depleted CO2 addition. Cellular and growth parameters and isotopic
composition of dissolved inorganic carbon and particulate organic carbon were monitored every two days,
while the content and isotopic composition of individual fatty acid in polar lipid and neutral lipid were
measured on the 5th day (end of exponential phase), 10th and 14th days (stationary phase). Continuous
addition of petrochemical CO2 to the algae led to a rapid and strong modification of dissolved inorganic
carbon isotopic composition with cascading effects on particulate organic carbon and fatty acid isotopic
compositions. Carbon isotope fractionation in Chaetoceros muelleri ranged from 17%o to 25%. and
changed according to culture ages. Isotopic fractionation into fatty acids, overall, was similar between
polar and neutral lipids, and was systematically higher than in particulate organic carbon. At the end of
the exponential growth phase, the isotopic composition of individual fatty acids varied from -51.3%o to
-58.4%0. At this culture age, large differences in the isotopic compositions between fatty acids were
observed. Polyunsaturated fatty acids such as 16:3n-4, 18:4n-3, and 20:5n-3 were more strongly 13C-
depleted than other fatty acids such as 14.0, 16:0, 16:1n-7 or 18:1n-9. These results showed how isotopic
effects occur during the desaturation and elongation phases. Such isotopic effects were also supported
by the lower 813C of averaged 613C of saturated fatty acids and monounsaturated fatty acids as
compared to those of polyunsaturated fatty acids. However, during the stationary phase, fatty acid isotopic
compositions were less variable and closer to particulate organic carbon, while saturated and
monounsaturated fatty acids were more depleted than polyunsaturated fatty acids. Our study underlined
the importance of consideration of phytoplankton physiological status when conducting ecological and
biogeochemical studies as they appeared to strongly control phytoplankton carbon isotopic composition.
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Highlights

» C. muelleri was grown with petrochemical CO:2 to assess carbon isotope fractionation. » Fractionation
of particulate organic matter varied with culture phases (17-25%.). » Isotopic composition of individual
fatty acids varied from -51.3 to —58.4%.. » PUFA were more depleted in 13C than SFA or MUFA during
late exponential phase. » Differences of carbon fractionation between fatty acids decreased with aging
culture.
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1. INTRODUCTION

Global oceans and marine ecosystems are currently under significant threats due to increasing levels of
atmospheric CO2 and on-going climate change. At the base of marine ecosystems, phytoplankton groups are
diverse and widely distributed and are likely to be impacted by these climatic changes. In response to changes in
environmental factors, photosynthetic organisms can modify their physiology and can modulate their productivity.
For example, their lipid membrane composition changes with temperature [1-3]. Among phytoplankton taxa of
importance at a global scale, diatoms are ubiquitous, found from cold to warm waters, and they account for about
half of the global primary production [4]. Any alteration to their distribution, diversity, and production in response

to global changes are expected to have tremendous effects on marine ecosystems.

The stable isotopic composition of carbon (ratio of '3C vs. ?C expressed as 3'3C against the Vienna Pee Dee
Belemnite (VPDB) reference standard) is widely used for studying the on-going changes and their impacts on
ecosystem-related processes in the different oceanic carbon pools (inorganic, organic, dissolved, particulate,
sedimentary), and has proven to be a useful tracer. For example, the §'*C of dissolved inorganic carbon (3'*C-
DIC) and its recent decrease due to the introduction of COz from fossil fuels with a light isotopic composition (the
so-called Suess Effect) have been used to infer quantitative estimates of oceanic uptake of anthropogenic COz (e.g,
Gruber and Keeling [5]). This descriptive capability of §'3C also concerns the organic carbon pool, which is derived
primarily from marine photosynthetic activity. The 8'*C of bulk particulate organic carbon (5!*C-POC), and by
extension of any organic compounds synthesized by marine algae (pigments, sugar, proteins, and lipids), provide
substantial information on ecosystem dynamics as well as environmental and biogeochemical parameters.
However, deciphering this information has proven to be particularly challenging since multiple factors govern the

biological fractionation of carbon isotopes.

During photosynthesis, phytoplankton incorporates aqueous COz, assumed to be available in excess in the
marine environment [6], and converts it into organic carbon. This process preferentially uses the light isotope (‘2C)
over the heavy one (*C), leading to a progressive depletion of '?C relative to '*C in the residual aqueous pool.
Carbon fixation by ribulose-1,5-biphosphate carboxylase/oxygenase (RUBISCO) and B-carboxylases during
photosynthesis is responsible for the strongest isotopic effect [6-8] and varies according to RUBISCO types [9,
10]. Commonly, the RUBISCO fractionation value is assumed to be around 25%o [11, 12], but this value has been
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revisited recently. Fractionation factor by type IA or IB RUBISCO appears to be close to the consensus value of

25%o, while fractionation by type II RUBISCO, occurring in some diatoms, is lower, around 18-20%o [10].

The factors influencing carbon isotope fractionation in planktonic communities have been investigated
through various iz situ studies [13, 14] as well as from culture experiments performed in batch [15-18] or chemostat
[12, 19] and with variable CO: levels. The isotopic composition of phytoplankton depends on several factors
including the species considered [20-22], the physiological status, the growth rate and the cell size [23]. It is also
dependent on the species of inorganic carbon that is assimilated by the alga. In case of limited availability of CO,
HCO:s via carbon concentrating mechanisms (CCM) can be used alternatively as a substrate for enzymatic fixation

and can change the isotopic composition of organic carbon [7, 24].

Particulate organic carbon of phytoplankton is composed of different types of organic compounds whose
signatures can be substantially different. Carbon isotopes are not distributed uniformly among lipids,
carbohydrates, and proteins [14, 25, 26]. The lipid fraction is more depleted in 13C relative to bulk POC or other
main compounds [27, 28]. As for bulk carbon, the isotopic composition of lipids varies according to several factors:
the isotopic composition of the carbon source [27, 29], the biosynthetic routes used to produce lipids [28, 30], the
lipid classes [30], the compartmentalization of the organelles within the cell [29] and the physiology of
phytoplankton [29]. Studying fractionation into lipids can then give further information on the fate of carbon after

its enzymatic fixation by RUBISCO.

However, carbon fractionation remains not fully understood and rarely combined with physiological and
cellular parameters. Utilizing culture experiments, this study focuses on understanding the processes responsible
for carbon isotope fractionation during the development of the diatom Chaetoceros muelleri (Chaetoceros is one
of the most abundant and widespread genera of diatoms). We selected this species because diatoms are responsible
for around 50% of the global primary production [4] and thus could be particularly useful in understanding
microalgae carbon fractionation in the global ocean. Furthermore, as diatoms are characterized by a high 20:5n-3
content, they are also adequate to study how carbon fractionation is modulated by fatty acid synthesis. The alga
was grown with a constant supply of CO: of petrochemical origin (i.e, depleted in '*C) and monitored for 24 days.
Using compounds-specific stable isotope analysis (CSIA), our goal is to resolve the carbon isotope fractionation
in individual fatty acids (FA) in comparison with the bulk carbon fractionation during the growth of C. muelleri.
FA profiles and isotopic signatures have been determined at three time points (5, 10 and 14 days) during the diatom

culture.



2. MATERIAL & METHODS

2.1. Culture conditions and experimental strains

Monospecific cultures were conducted with the marine diatom Chaetoceros muelleri (strain CCAP 1010/3
obtained from the CCAP culture collection, formerly listed as Chaefoceros neogracile VanLandingham 1968).
The inoculum came from a preculture in a growing stage (late exponential phase, five days old) and have been
monitored in similar conditions as the culture balloons. The inoculum was initially transferred in a filtered sterile
natural seawater and implemented with nutrients (Walne’s medium) [31]. Cells were grown in batch (2 L balloon)
at 19°C under continuous light (white light, 24 hours light cycle, 100 pmoles photons m™2.s™!), and CO addition
for 24 days. The CO: gas (Air Liquide, Bagneux, France) added to the culture was of petrochemical origin and
was strongly depleted in '3C (3'*C-CO2= -37.7 %o as measured by a gas bench, cf2.5). COz was directly added in
the culture balloon with a bubbling intensity of five bubbles per second ensuring gentle stirring. The experimental
set up was designed to produce a sufficient quantity of biomass, allowing detailed monitoring in triplicates of
carbon isotopic composition of both POC and FA during algal growth. To monitor algal CO2 assimilation, pH was
measured at to, ts, tio, t14, tio and tr4 during this study. Three control balloons with no algal inoculum were also
followed at to and t24: one was bubbled with the same COz used for the culture balloons, another with air only and

the last was not bubbled.

2.2. Sample collection

Sampling for flow cytometry analysis (2 mL) was performed every two days for 24 days for a total of 16
samples. For POC and DIC concentrations and stable isotopic compositions, samples were collected every four
days (to, ts, tio, ti4, tio and t24). A volume between 15 mL to 50 mL, depending on cell concentration and to avoid
filter saturation, was filtered through pre-combusted 0.7 pum nominal pore-size glass fiber filters (Whatman grade
GF/F CAT No.1825-110, Cytiva, France), then dried at 55°C and stored at room temperature until analysis. DIC
samples were collected from the filtrate of POC samples. Twelve mL was poured in Exetainer® tubes (9RKSW,
Labco, Wales, UK), poisoned with 20 puL of HgCly, and stored at 4°C until DIC analysis. For FA concentration
and isotopic composition, samples were collected at to, ts, tio and ti4. Samples at to were collected from the
preculture directly before inoculum of the culture balloons. For FA analysis, twenty mL of culture was filtered on
a pre-combusted 47 mm GF/F filter (porosity 0.7 um), and boiling water was directly added after filtration to stop

lipase activity. To extract lipids, the filter was immersed into 6 mL of 2:1 (v:v) chloroform:methanol solvent



mixture until further analysis (at least 24 hours). All extracts were flushed with nitrogen and stored at -20 °C until
analysis. At the time as POC and fatty acid samples were collected, the pH was measured using an electronic pH
meter with electrodes (pH meter pH-212 Q79955 Voltcraft, Conrad Electronic, Haubourdin, France). For the three

control balloons, the pH was only measured at to and t24, beginning and end of the experiment.

2.3.Flow cytometry analysis

Cellular variables were measured using a FACScalibur (BD Biosciences, San Jose, CA, USA) flow cytometer
with a 488 nm blue laser, detectors of forward and side light scatter, and three fluorescence detectors: green (525/30
nm), yellow (583/26 nm) and red (680/30 nm). Forward scatter (forward scatter, FSC), side scatter (side scatter,
SSC), and red fluorescence (FL3, red emission filter long pass, 680 nm) were used to select the algae population.
FSC and SSC inform the relative size and complexity of cells, while red fluorescence is related to cell chlorophyll

content.

Two fluorescent probes were used to evaluate viability and lipid content, according to Lelong, et al. [32] and
Seoane, et al. [32]. The SYTOX Green (Molecular Probes, Invitrogen, Eugene, OR, USA, at a final concentration
of 0.05 uM) binds to the DNA of a permeable or permeabilized cell and was used to estimate the percentage of
dead cells in the culture sample [32]. The BODIPY probe (BODIPY 505/515 FL; Thermo-Fisher Scientific,
Waltham, MA, USA, at a final concentration of 10 mM) was used as a proxy of lipid reserves, as it stains lipid
droplets within microalgae cells [33]. Cytometric measurements were performed on live samples right after

sampling with or without fluorescent probes every two days.

The concentration of bacteria was also monitored during the experiment, according to Seoane, et al. [33],
using SYBR®Green (Molecular Probes #57563, Invitrogen, Eugene, OR, USA). This DNA staining fluorescence
probe allows the detection of DNA stained bacteria on the FL1 detector (Green fluorescence). Results are

expressed as the concentration of bacteria cells per mL.

2.4. Particulate organic carbon concentration and stable isotope analysis

The filter for POC concentration and isotopic composition was first fumed with hydrochloric acid to remove
particulate inorganic carbon, subsampled with a 13 mm punch, and encapsulated for POC concentration and
isotopic composition. Analyses were performed using an elemental analyzer (EA, Flash 2000; Thermo Scientific,
Waltham, MA, USA) coupled to a Delta V+ isotope ratio mass spectrometer (Thermo Scientific, Waltham, MA,

USA) at the Pole Spectrométriec Océan (PSO, Brest, France). For POC concentration, acetanilide standards were



used for the calibration, and results are reported in pmol.kg™'. Carbon isotope ratios are expressed in delta notation

(3'3C-POC) in per mil (%o) as follow:

(13C
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where (13C/'2C)sw is the ratio of the reference standard Vienna-Pee Dee Belemnite (V-PDB). For '*C-POC,
raw results obtained from the spectrometer were corrected for mass drift, the blank contribution from the filter.
They were scaled to V-PDB using the certified reference material and in-house standards listed in Table 1. The

overall precision of the method estimated from routine replicates of in-house standards was 0.3 %o.

2.5. Dissolved inorganic carbon concentration and stable isotope analysis

For the DIC concentration and isotopic composition, the sample preparation was made according to Assayag,
et al. [34] as follow: 1 mL subsample was added to a mixing tube and flushed with ultra-pure helium to avoid
contamination from residual air, then 23 droplets of phosphoric acid were introduced to convert all DIC species
into COz [34]. After 15 hours of equilibration time at room temperature, CO2 and §'*C-CO> were measured in the
headspace by Gas Bench coupled to a Delta Plus mass spectrometer from Thermo Scientific, Waltham, MA, USA
(GB-IRMS). The raw data were corrected for liquid-gas fractionation and mass bias using in-house standards
(Table 1). DIC concentration and isotopic composition are reported respectively in pmol.kg! and delta notation

(3'*C-DIC) in per mil (%o) on the V-PDB scale.

Table 1: Certified Reference Materials (CRM) and in-house standards used for §'*C measurements. §'°C of CRM are

certified by the International Atomic Energy Agency (IAEA) and Schimmelmann, et al. [35]

Standard description Nature Analysis  8*C(%o) SD
IAEA-CHs Sucrose (C12H22011) 313C-POC -10.45 0.03
TAEA-600 Caffeine (CsHi0N4Oz) 313C-POC -27.77 0.04
Acetanilide Acetanilide (CsHoNO) 313C-POC +29.53 0.01

CA21 (in-house) Calcium carbonate (CaCO3) 313C-DIC +1.48
Na:COs (in-house) Sodium carbonate 313 C-DIC -6.88
NaHCO:3 (in-house) Sodium bicarbonate 313C-DIC -5.93
14:0 (methyl ester) Tetradecanoic acid methyl ester 313C-FA -29.98 0.02




14:0 (ethyl ester) Tetradecanoic acid ethyl ester 313C-FA -29.13 0.03

16:0 (methyl ester) Hexadecanoic acid methyl ester 3!1°C-FA -29.90 0.03
16:0 (ethyl ester) Hexadecanoic acid ethyl ester 313C-FA -30.92 0.02
18:0 (methyl ester) Octadecanoic acid methyl ester 313C-FA -23.24 0.01
18:0 (ethyl ester) Octadecanoic acid ethyl ester 313C-FA -28.22 0.01
20:0 (methyl ester) Eicosanoic acid methyl ester 313C-FA -30.68 0.02
20:0 (ethyl ester) Eicosanoic acid ethyl ester 313C-FA -26.10 0.03

2.5.1. Calculation of CO; concentration and §'3C-CO»

In addition to measured parameters, concentrations of DIC species (CO2 and HCOs") and the isotopic
composition of CO2 (5!*C-COz) were obtained by calculation. Concentrations of CO2 and HCO3™ were estimated

using DIC concentrations, pH, temperature, and salinity via the program CO2.SY'S [36] adapted for Excel.
The §'*C-CO: was calculated according to Rau, et al. [37] using 33C-DIC (measured or estimated) and
absolute temperature (Tx= 292 K), which was maintained constant during the experiment [37] as follow:

§13CC0O, = §13CDIC + 23.644 — 2225

)

K

a. Carbon isotope fractionation factor between bulk POC and CO:

The fractionation factor (ep) between aqueous CO2 and POC was calculated according to Freeman and Hayes

[38]:

_ (8'3ccoy)-(8"cPoc) 3
&p = 13cPoc) 3)

1000

We performed two estimates of ep, with two distinct values of §!*C-CO2. The first one (gp,m) was based on the

measured values of §'*C-DIC in the culture medium and the corresponding 8'*C-CO: calculated using Eq. 2.

The second value (epra) was based on the isotopic composition of total assimilated DIC (8'3C-DICta)
estimated using a mass balance approach. This mass balance approach was motivated by the high levels of biomass
(and of POC) that developed due to the external CO2 supply and which largely exceeded the initial DIC levels of
the natural seawater used for preparing the culture. As an example, at ts, the initial DIC concentration (~700
umol.L1) could only explain 7% of the produced POC (~10500 umol.L!), the remaining 93% (~9700 pmol.L")
thus coming from added petrochemical COz. The isotopic composition of total assimilated DIC (8'3C-DICta) was
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estimated conservatively by considering a binary mixing model between the initial DIC stock present in the natural
seawater used for preparing the culture (DICsw) as the first end-member, and the added DIC due to petrochemical

COz addition (DICpetro) as second end-member as follows:

(6136DICTA) = fDIC,petro X (613 CDICpetro) + (1 - fDIC,petro) X (613CDICSW) (4)

With §'3C-DICsw, the isotopic composition of the initial seawater measured at day 0 and 3'*C-DICpeiro the
isotopic composition of DIC deriving from petrochemical CO: addition after gas and acid-base equilibration. For
8!2C-DICpetro, the 3'*C-DIC measured at the end of the experiment (after 24 days of continuous CO; addition) was
assumed to be representative of this end-member. The fpic,petro, the molar fraction of petrochemical DIC assimilated

by the algae, was estimated using a POC mass balance:

_ ([poc]i—[POClo)~ [PIC]o
fDIC,pEtT'O - [PoC];—[POC]o (5)

With [POC]; and [POClo, the respective POC concentrations at the time i and 0 and [DIC]o the initial DIC

concentration before CO; addition.

2.5.2. Cell and particulate organic carbon growth rates

Algal growth rates were estimated at late exponential growth phase using two different parameters: from the

cell concentrations according to Salvesen, et al. [39] and noted pcen and from the POC and noted proc [22].

[alg];
. _ in ([alg]i—i) ©)
cell (ti—ti—1)

With, [alg]; the algal concentration at time i (ti) and [alg]i.1 algal concentration at time i-1 (ti-1)

In [POC] j41—In [POC) ;

Hpoc =

()

tiy1—t;

With [POCJi+1 POC concentration at time i+1 (ti+1) and [POC]i the POC concentration at time i (ti).

2.6. Analyses of fatty acids concentration and isotopic composition

2.6.1. Separation of neutral and polar lipids

Lipid extracts were separated into neutral and polar lipids following the method of Le Grand, et al. [40].
Briefly, after sonication, 3 mL of total lipid extract was evaporated with nitrogen, recovered with three washes
using chloroform:methanol (final volume 1.5 mL, 98:2 v:v) and spotted at the top of a silica gel column (40 mm

X 4mm, silica gel 60A 63-200 pm rehydrated with 6% H20, 70-230 mesh, Sigma-Aldrich, Darmstadt, Germany).



The neutral lipid fraction (NL) was eluted using chloroform:methanol (10 mL 98:2 v:v) and the polar lipid fraction
(PL) with methanol (20 mL). Both fractions were then collected in glass vials, and an internal standard (C23:0, 2.3

pg) was added. NL and PL fractions were then stored at -20°C until further analysis.

2.6.2. Transesterification to fatty acid methyl esters

Using the protocol described in Mathieu-Resuge, et al. [41], fatty acids were transesterified to fatty acids
methyl esters (FAME). Briefly, transesterification was realized by adding 0.8 mL of H2SOs/methanol mixture to
the lipid extract and heated at 100°C for 10 min. Hexane (0.8 ml) and distilled water saturated in hexane (1.5 mL)
were added. The aqueous phase (lower phase, MeOH-water) was deleted after two homogenization and
centrifugation. The hexane phase containing FAME was washed two more times with 1.5 mL of distilled water
and stored at -20°C until further analysis. Before compound-specific isotopic analysis, samples were concentrated

in 100 pL wvials.

2.6.3. Fatty acids analysis by Gas Chromatography Flame lonisation Detector (GC-

FID)

Analysis of FAME was performed on a Varian CP-8400 gas chromatograph (Agilent, Santa Clara, CA, USA)
by two simultaneous separations on a polar column (DB-WAX: 30 m x 0.25 mm ID x 0.25 pm, Agilent, Santa
Clara, CA, USA) and on an apolar column (DB-5: 30 m x 0.25 mm ID x 0.25 um, Agilent, Santa Clara, CA, USA).
The temperature program used was the following: first, initial heating to 0 from 150°C at 50°C.min"', then to
170°C at 3.5 °C.min!, to 185°C at 1.5 °C.min’!, to 225 at 2.4°C.min"! and finally to 250°C at 5.5°C.min"! and

maintained for 15 min. Two pL were injected for each GC-FID analysis.

The FAME were identified by comparison of their retention time with commercial standards (Supelco 37
component FAME mix, the PUFA No.1 and No.3 and the Bacterial Acid Methyl Esther Mix from Sigma-Aldrich,
Darmstadt, Germany) and in-house standards mixtures. FA concentrations were reported as mgC.L! and as % of

total fatty acids from each lipid fraction.

2.6.4. Fatty acids compound-specific isotope analysis

Compound specific isotope analyses (CSIA) of FAME were performed using protocol by Mathieu-Resuge, et
al. [41]. CSIA analyses were made on a Thermo-Fisher Scientific (Waltham, MA, USA) GC ISOLINK TRACE
ULTRA using the same polar column as for FAME analysis by GC-FID (DB-WAX: 30 m x 0.25 mm ID x 0.25

um, Agilent, Santa Clara, CA, USA). Only the eleven fatty acids with the highest concentrations (14:0, 16:0,



16:1n-7, 16:3n-4, 18:1n-9, 18:1n-7, 18:2n-6, 18:3n-6, 18:4n-3, 20:4n-6 and 20:5n-3) were selected for compound-
specific isotopic analysis, the others presenting too low voltage amplitudes to allow precise stable isotope
measurement (i.e, amplitudes < 800 mV and concentration < 100 pugC.L!) were not considered. However,
exceptions were made for three fatty acids (18:1n-9, 18:1n-7 and 16:3n-4 in the NL fraction) despite presenting
amplitudes lower than 800 mV in this fraction. Unfortunately, all FA attributed to bacteria were below these

thresholds.

As for 83C-POC and 3"*C-DIC, 8'3C-FA was reported in delta notation (8) expressed in per mil (%o) against
V-PDB standard. Calibration to the V-PDB scale was performed using a mix of eight acid ethyl and methyl esters
(14:0, 16:0, 18:0 and 20:0, with 3'3C-FA values ranging from — 26.98 + 0.02%o to — 30.38 + 0.02%o0) and supplied
by Indiana University Stable Isotope Reference Materials as described in Mathieu-Resuge, et al. [41] (Table 1).
The analytical error and analytical precision were 0.2%o0 and <0.2%o, respectively, as previously measured by
Mathieu-Resuge, et al. [41]. Accordingly, the standards were run at the start of the analytical sequence and also

after every three samples for quality control and isotope correction of fatty acid isotopic signature in samples.

2.6.5. Correction of 8'3C-FA due to trans-esterification

Corrections of §'*C-FA values have been made according to the method described in Mathieu-Resuge, et al.

[41] and using the following equation:
(63Cmethanol) = —n x (§3CFA) + (n+ 1) X (§'3CFAME) (8)

Where n is the number of carbon atoms in the free FA. The average §'*C—methanol value used in this
correction (-39.6%o) was estimated by Mathieu-Resuge, et al. [41].
2.6.6. Comparison of fatty acids isotopic composition with bulk particulate organic

carbon

To compare fatty acid isotopic composition (3!*C-FA) and POC isotopic composition (8'3C-POC), we defined

Ara-poc as follow:

Apy_poc= 83CFA —8§BCPOC 9)
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2.6.7. Isotopic composition of classes of fatty acids and total fatty acids
Weighted average carbon isotopic signatures (3'*C-FAwa) were calculated for the different classes of fatty
acids (SFA, MUFA, PUFA) as well as n-3 and n-6 PUFA, and total neutral lipids (TNL) and total polar lipids

(TPL) using the following equation

I (8M3CFA)X[FA]Y)

(83 CFAy,) = 2= (10)

Where 8'3C-FA; and [FA]; are the isotopic composition and massic concentration (mgC.L!) of fatty acid i.

2.6.8. Statistical analysis

To assess the potential effect of time and difference between replicates during algae development, ANOVA
or PERMANOVA analysis were conducted on the FA mass percentages separately in NL and PL, FA isotopic
composition and Ara-roc. Principal component analysis (PCA) coupled with similarity percentage analysis
(SIMPER) was used to identify fatty acids that were the main responsible for the overall observed variability
(80%). Spearman test was also conducted on fatty acids abundance in both PL and NL to explore the relationship
between fatty acids. Pairwise Student tests were used to compare isotopic composition between lipid fraction and

between FA. All statistical analyses were performed using R software [42].

3. RESULTS

3.1. Measurement of pH

During C. muelleri growth, pH varied from 6.88 + 0.03 to 7.24 + 0.01. The pH of the culture medium was the
highest at ts with 7.81 + 0.01. The pH of the control balloon bubbled with COz remained stable at 6.94 during the
experiment while the no bubbling control also stayed relatively constant around 7.72 (7.67 at to and 7.71 at ta4).
The pH of control bubbled with air was the most variable and increased slightly during the experiment from 7.77

to 7.86 in 24 days.

3.2. Growth parameters

The growth of Chaetoceros muelleri was divided into 3 phases according to cell abundance/concentration
(Figure 1): (i) an initial and exponential growth phase from to to ts (Phase I), (ii) a stationary phase between ts and

tis (Phase II) and finally (iii) a decline phase from ti4 until the end (t24) (Phase III). During Phase I, cell

11



concentration increased rapidly (Figure 1A), from 7.3 x 10* to 1.2 x 107 cells.mL"! on average for the three

replicates corresponding to a mean cellular growth rate of 0.44 d! (doubling time 1.56 d).

During Phase 11, cell concentration remained high and relatively stable, around 1.30 x 107 cells.mL" until t14.
After ti4 (Phase I11), cell concentration decreased down to 9 x 10° cells.mL! with a concomitant increase in bacteria
concentration. Bacteria concentration was, on average, three times higher than algal cell concentration during

Phase I and around 17 times higher during Phase III (Figure 1B).
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Figure 1: Growth of Chaetoceros muelleri (®) [A] and associated bacterial development (m) [B]. The vertical lines define
the different growth phases of C. muelleri: Phase I (to-ts), Phase II (ts-t14), Phase III (ti4-t24). The standard deviations (+ SD)

show the variability between culture replicates (n=3).

3.3. Physiological parameters

Cell size and complexity (estimated from FSC and SSC) decreased from 93 to 74 a.u and 22 to 9 a.u,
respectively, during the first five days (Phase I) and then rose slowly to 82 a.u and 17 a.u respectively till day 14
(Phase II). During Phase III (day 14 till day 23), FSC ranged between 62 and 83 a.u. and SCC between 12 and 19

a.u. (Table 2). Cell viability remained high between 92 and 97% for the whole duration of the culture (Table 2).
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Without taking into account to reflecting the chlorophyll level of the preculture cells, chlorophyll content (FL3

fluorescence) had a decreasing trend during the entire experiment from 16 to 7 a.u. The highest level of chlorophyll

was observed at the end of the exponential growth phase (at ts). . The highest NL content estimated by BODIPY

staining (green fluorescence on FL1) was observed during Phase II at tio with 473 a.u. while the lowest value was

visible at t3 (in average 50 a.u) (Figure 2).
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Figure 2: Temporal dynamics of neutral lipid content (estimated by BODIPY staining, barplot) and chlorophyll content

as proximate by FL3 fluorescence (line plot). Error bars refer to standard deviations (+ SD) between culture replicates (n=3).

Values collected for to reflect the characteristics of the preculture cells.

Table 2: Temporal dynamics of C. muelleri morphological and viability parameters during culture. Results are expressed

as Mean = SD (n=3). FSC=Forward Scatter; SSC=Side Scatter

Time (days) FSC SSC % of live cells
0* 93.07+2.63 21.69 £2.21 91.91 £2.00
3 64.23 +£1.19 6.93+£0.21 94.39+3.14
5 74.22 £ 1.54 9.03+£0.39 97.23+£1.09
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10

12

14

17

19

21

24

77.43 £ 1.69

79.83 +£1.95

81.00 +£2.23

82.94+2.29

62.56 +1.32

68.41+1.03

45.06 + 0.83

68.52 +0.61

11.71 £ 0.05

14.19+0.17

15.78 £ 0.14

17.01 £0.26

12.90 £ 0.30

15.88 £ 0.31

12.78 £ 0.27

19.57+0.19

96.94 +1.83

96.68 +2.48

96.48 +2.20

96.79 + 1.96

94.43 £2.23

96.55+2.09

96.74 +2.01

96.27 +2.07

*at to, cellular characteristics were those of preculture cells.

3.4. Dissolved inorganic carbon concentration and isotopic composition
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Figure 3: Temporal dynamics of dissolved inorganic carbon concentration [A] and isotopic composition [B] of C. muelleri.

Results are expressed as mean + SD (n=3)

DIC concentration increased from 0.7 to 2.9 mmol.L! during the 24 days of the experiment. The final DIC

concentration tended to reach a plateau of around 2.9 mmol.L! (Figure 3A). §'*C-DIC decreased rapidly during

Phase I from 6.0%o to -15.5%o, then stabilized at -29.3%o during Phases II and III (Figure 3B).
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3.5. Particulate organic carbon concentration and isotopic composition

During Phase I, POC concentrations increased rapidly from 1.5 to 22.0 mmol.L" (Figure 4A) and reached a
plateau during Phase 11T around 22.3 mmol.L!. §'*C-POC also showed variations during the culture with a rapid
and consistent decrease during Phase I of 36%o in 5 days from -12.9%o to -48.7%o (Figure 4B). During Phases II
and III, C. muelleri isotopic composition kept decreasing and reached a minimum value of -57.0%o at t24. The
carbon quota of the cell (i.e, the C content per cell) increased continuously from ts to t24, indicating a progressive
accumulation of organic carbon by cells. Values for to were not shown as they corresponded to preculture cells.

Algae cells exhibited a mean final C quota of 2.4 pmolC.cells™ (Figure 4C).
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Figure 4: Dynamics of particulate organic carbon concentrations [A], particulate organic carbon isotopic composition [B]
and carbon quota [C] for C. muelleri. Results are expressed as Mean + SD (n=3). t, value for carbon quota was not shown as

they corresponded to preculture cells.
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3.6. Isotopic fractionation between CO; and bulk particulate organic carbon

. Y
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Figure 5: Temporal dynamics of isotopic fractionation between CO, and bulk particulate organic carbon deduced from
measurement and total assimilated dissolved inorganic carbon (respectively ep v (solid line opened dot) and epra (solid line

filled dot). Results are expressed as Mean + SD (n=3).

Fractionation factors (ep) varied during the experiment and substantially according to the §'*C-CO: chosen as
reference (Figure 5). The highest value (24.9%o0) was observed for epm, at the end of Phase I (t5). Then, it decreased
during Phase II (mean value of 15.3%o) and finally slightly increased during Phase III to reach 17.2%o. The
fractionation factor calculated versus total assimilated DIC (ep,ta) was 11.7%o at the end of Phase 1. Then, it

presented a similar temporal dynamic to epm, increasing steadily during Phases II and III reaching 19.0%o.

3.7. Content and percentage of fatty acids in neutral and polar lipid fractions.

A total of 50 FA were identified, with 35 of them being in low amounts (less than 1% of the total fatty acids).
Total fatty acids in neutral lipid fraction (TNL) varied between 0.8 + 0.04 mg.L"! at to to 66.3 = 8.9 mg.L! at tis).
In comparison, total fatty acids in polar lipid fraction (TPL) increased from 3.2 0.2 mg.L"! to 17.1 + 0.6 mg.L"!

in Phase I (between to and ts) and then remained relatively constant between Phase I (ts) and Phase II (ti4) (in
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average 18.1 mg.L'!) (Figure 6Erreur! Source du renvoi introuvable.). PL fraction was dominated by
polyunsaturated fatty acids (PUFA), and their proportion relative to TFA decreased with time (from 49% at Phase
I (t5) to 37% at Phase II (t14). In the NL fraction, saturated fatty acids (SFA) were the most important FA category
with increasing proportion with time (43% at Phase I (ts) to 50% at the end of Phase II (t14)) inversely to PUFA.
In both fractions, PUFA decreased in favor of monounsaturated fatty acids (MUFA) and SFA. BACT (bacterial
fatty acids) remained below 1.5% in NL and below 1% in PL between Phase I (t5) and the end of Phase II (t14)
(Table 3). Interestingly, the proportion of BACT increased with time in PL (0.5 to 0.9%) and paralleled the increase

of bacterial concentration, as shown in Figure 1.
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Figure 6: Temporal dynamics of total fatty acids (TFA) concentrations (in mg.L™") in neutral (NL — opened dots) and polar

(PL — filled dots) fraction for Chaetoceros muelleri. Results are expressed as Mean + SD (n=3).

For the PL and NL fractions, the primary FA were 14:0, 16:0, 16:1n-7, and 20:5n-3. As for PUFA, 20:5n-3
proportion decreased with time in both PL and NL. The highest proportions of 20:5n-3 were observed at Phase I
(PL: 34% and NL: 9.4%) (Figure 7). Within SFA, proportions of 14:0 in both NL and PL decreased with culture
age while 16:0 increased. The main MUFA, 16:1n-7, increased in both NL and PL with age and exponentially
during Phase I. 18:1n-9 and 18:1n-7 were low in NL and decreased with age while they were higher and drastically
increased in PL between ts and t14. The Cis PUFA and Cis PUFA were always higher in PL than in NL, with Cis
PUFA decreasing in both fractions with culture age while, on the contrary, Cis PUFA increased. 20:4n-6, 20:5n-3
and 22:6n-3 were much higher in PL than in NL. 20:4n-6 decreased with culture age while 20:5n-3 decreased.

22:6n-3 remained stable in both NL and PL during culture growth.
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Figure 7: Mean relative proportion (in % + SD) of the primary fatty acids (>1% of total fatty acids) of Chaetoceros
muelleri. Opened dots represent the neutral lipids (NL) and filled dots the polar lipids (PL). The common names of the primary

fatty acids are available in Supplementary Files (S1).

Table 3: Relative proportions (in %) of the category of fatty acids of Chaetoceros muelleri. Total fatty acids (TFA)
represents the sum of all fatty acids and includes saturated fatty acids (SFA), monounsaturated fatty acids (MUFA),
polyunsaturated fatty acids (PUFA) and bacterial fatty acids (BACT: 15:0, 17:0, 21:0, 17:1n-7 and iso15:0). NL stands for

neutral lipids and PL for polar lipids. Results are expressed as Mean + SD (n=3).

Phase I Phase 11
Time (d) to ts tio ti4
Fraction NL PL NL PL NL PL NL PL
SFA 41.2+0.0 20.7+05 43.2+7.0 289+13 488+03 32.6+1.1 50302 34.0+1.0
MUFA 31.0+0.6 19.8+0.1 35.7+42 214+05 359+02 268+03 356=01 28.6+0.5
PUFA 23.1+1.2 589+0.6 205+29 495+1.6 152+0.0 40.5+0.9 14.0+02 37.3+0.7
BACT 78+05 07+00 13+02 05+01 02+00 0.8+03 05+03 0.9+04

TFA (mgC.L") 0.8+0.0 32+02 208+48 17.1+£0.6 52.2+08 18.7+0.8 663+89 18.7+0.6

TFA
1.7+£0.2 41+01 35+06 23+02 92+0.7 23+01 11.8+14 2.3+0.04
(pg-cells™)

The PERMANOVA analysis conducted on NL and PL fatty acids during Phase 1 (t5) and Phase II (ti0 and ti4)
revealed a significant difference between sampling times (ts, tio, ti4) for fatty acid percentage (p < 0.001) but no

significant difference between cultures replicates (p > 0.05).

The PCA conducted for total fatty acids and coupled with SIMPER analysis showed a clear difference between
culture phases. The first sampling points (ts and ti0) were located on the negative side of axis 1 while the last
sampling points (t14) were on the positive side (Figure 8). Axis 1 was driven on the positive side by fatty acids
14:0, 16:3n-4 and 20:5n-3 and on the negative side by 16:0, 16:1n-7 and 18:1n-9. These fatty acids presented
opposite proportion dynamics in PL (increases for 16:0, 16:1n-7 and 18:1n-9 and decreases for 14:0, 16:3n-4 and
20:5n-3) (Table 3). Axis 2 was related to lower proportion fatty acids such as 22:6n-3 and 18:2n-6 (positive side)
and 20:4n-6 and 18:3n-6 (negative side) in lower proportions (Figure 8). 16:0 and 16:1n-7 appeared to be
significantly and positively correlated (Spearman test: TFA: a = 0.94 p-value < 0.0001, PL: o = 0.87 p-value <

0.0001 and NL: o= 0.93 p-value < 0.0001), as well as 16:3n-4 and 20:5n-3 (Spearman test: TFA: o = 0.92 p-value
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< 0.0001 and PL: o = 0.85 p-value < 0.0001) and 18:3n-6 and 20:4n-6 (Spearman test: TFA: a = 0.95 p-value <
0.0001, PL: a.=0.88 p-value <0.0001 and NL: o= 0.89 p-value < 0.0001), and finally 20:5n-3 and 14:0 (Spearman

test: NL: o = 0.96 p-value < 0.0001)
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Figure 8: Principal component analysis (PCA) made with % of total fatty acids. Only the fatty acids selected by SIMPER
analysis are shown here (explaining 80% of the variability). The colors represent the different culture replicates, and the symbol

shapes the culture ages. (Cm = Chaetoceros muelleri, n=9)

3.8. Carbon isotopic composition of fatty acids

Carbon isotopic composition (8'3C-FA) for the 11 FA studied are presented in Erreur ! Source du renvoi
introuvable.Figure 9A. In general, 5'°C-FA decreased with time (from -52.9 + 1.5%o at ts to -58.2 + 1.1%o at t14 in
average for NL (ANOVA: p-value < 0.001) and from -54.1 + 2.6%0 to -57.2 + 1.6%0 in average for PL
(PERMANOVA: p-value < 0.01) (Table 4). 5'*C-FA of SFA, MUFA, and n-6 PUFA also showed a substantial
decrease during the experiment for both NL and PL fractions, while for n-3 PUFA, it was more stable. During
Phase 1 (ts), 6'*C-SFA is lower in comparison with 3'*C-PUFA (Table 4). Overall, the difference between FA
categories attenuated with aging culture ranged from -52%o to -57%o at ts and from -56%o to 58.6%o at ti4. During
Phase I, §'3C of n-3 PUFA was also lighter than 8'*C of n-6 PUFA (Table 4). §'C of 16:0, 18:2n-6, 18:3n-6 and
20:4n-6 in the PL fraction were always significantly lower than the NL fraction (pairwise Student test, p-value <
0.05) while it was the contrary for 14:0, and 18:4n-3 (pairwise Student test, p-value < 0.05). Isotopic compositions
of 16:1n-7, 16:3n-4, and 20:5n-3 in the PL fraction were not significantly different from their isotopic signatures

in the NL fraction (pairwise Student test, p-value > 0.05). For the PL fraction, highest 8'*C-FA were observed at

21



ts for Cis fatty acids (18:1n-9: -50.8 0.2 %o, 18:2n-6: -51.6 £ 0.1 %o, 18:3n-6: -51.0 £+ 0.7 %o and 18:1n-7: -52.0
£ 0.2 %o) and 16:0 (-51.3 £ 0.2 %o). At t14 16:0 and 18:4n-3 were most *C depleted (respectively -58.8 + 0.0 %o
and -59.1 £ 0.0 %o). Regarding the NL fraction, 16:0 and 16:1n-7 were among the least depleted in *C at ts
(respectively -51.8 = 0.4 %o and -52.6 = 0.1 %o) and among the most depleted in '3C at ti4 (respectively -59.3 = 0.4

%0 and -58.1 £ 0.6 %o).
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Figure 9: [A] Isotopic ratios (§'3C-FA) of the eleven main fatty acids studied in C. muelleri. The isotopic composition of
particulate organic carbon (POC) (dashed line) is considered here as a reference. The empty bars correspond to neutral lipids
(NL) and the filled ones to polar lipids (PL). Results are expressed as Mean + SD (n=3 and n=2 for polar fraction for all PUFA
expect 20:5n-3). [B] Comparison of particulate organic carbon and fatty acid isotopic compositions (Ara-poc) in neutral and

polar fractions.
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Table 4: Time variation of weighted average carbon isotopic composition for each lipid class (saturated (SFA),
monounsaturated (MUFA) and polyunsaturated fatty acids (PUFA)) as well as n-3, n-6 PUFA measured for neutral (NL) and

polar (PL) fractions. Results are expressed as Mean + SD (n=3)

Phase Phase I Phase I1
Time (d) 5 10 14
Fraction NL PL NL PL NL PL
(%o0) m sd m sd m sd m sd m sd m sd
SFA -522 04 -527 12 -568 1.0 -562 14 -586 1.1 -57.7 1.7

MUFA -52.6' 03 -520 04 -564' 06 -553 1.1 -58.1' 0.6 -57.0 1.6

PUFA -554! 2.0 -560 24 -555 09 -560 1.2 -564 1.1 -56.6 1.3
n-3 -564 09 -569 03 -555 05 -560 05 -559 09 -562 1.1
n-6 -528 02 -51.7 07 -553 09 -558 15 -572 09 -578 13

TOTAL | -529! 15 -541 26 -565' 09 -559 1.2 -582! 1.1 -57.2 1.6

' weighted averages calculated despite lower signal on GC-c-IRMS (< 800 mV) for 18:1n-9, 18:1n-7 &

16:3n-4 (in NL)

The dynamics of 16:3n-4, 18:4n-3 and 20:5n-3 isotopic compositions were overall more stable than other of
the FA. 16:3n-4 isotopic composition in both fractions tended to remain relatively stable (-57.4 + 0.2 %o in NL and
-58.6 + 0.2 %o in PL). The same observations could be made for 20:5n-3 with, however, a slightly increasing trend
between ts and tio (average isotopic composition over the studied period: -56.1 £ 0.6 %o). In NL, 18:4n-3 isotopic
signature was progressively more depleted in *C while in PL fraction, its isotopic composition was close to 20:5n-

3 at ts and ti0. Then, 18:4n-3 isotopic composition decreased by 3%o in PL and by 2%. in NL between tio and ti4.

Isotopic compositions of 16:3n-4 (NL) and 16:1n-7 (PL) as well as 16:3n-4 (PL) and 16:1n-7 (NL) tended to
become similar at the end of the monitoring (respectively -58.3 4+ 0.2 %o and -57.4 £ 0.2 %o). Similar observations
can be made at ti4 for 20:4n-6 (PL and NL) and 20:5n-3 (PL) (averaging at -56.3 + 0.2 %o). After ts, 20:4n-6 was

always less depleted in 1*C than Cis PUFA (18:2n-6, 18:3n-6 and 18:4n-3) in both fractions.

Figure 9Erreur ! Source du renvoi introuvable.B compares the isotopic composition of POC and those of FA.
For the 11 fatty acids studied, Ara-poc were all negative (except 18:1n-9 and 18:1n-7 in PL at t14) corresponding to

a 13C-depletion in all FA in comparison with POC for both PL and NL. The largest '*C difference between POC
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and FA was observed at the end of the exponential growth phase (at ts) for 16:3n-4 (NL: -10.8 = 1.2 and PL: -9.7
+ 1.0), for 20:5n-3 (PL: -8.2 + 0.9 and NL: -7.9 + 1.0) and for 18:4n-3 (PL: -8.0 & 1.8) while the smallest were
noted for 18:1n-7, 18:1n-9 and 20:4n-6 in PL fraction at ti4 (respectively 0.4 + 2.0, 0.1 + 1.2; and -1.7 £ 1.5).
Difference between POC and FA isotopic composition remained relatively constant for 14:0 (NL: ANOVA p-
value > 0.05), 16:1n-7 (NL and PL: both ANOVA p-value > 0.05), 18:4n-3 (NL: ANOVA p-value > 0.05), 18:2n-
6 (NL: ANOVA p-value > 0.05) and 18:3n-6 (NL: ANOVA p-value > 0.05) while they increased for 16:0 in NL
and PL (ANOVA p-value < 0.02 and p-value < 0.03 respectively). The difference between POC isotopic signature
and those of 20:5n-3 (NL: ANOVA p-value <0.001 and PL: ANOVA p-value <0.001) and 16:3n-4 (NL: ANOVA

p-value < 0.001 and PL: ANOVA p-value < 0.001) progressively attenuated with time.

4. DISCUSSION

4.1. Dissolved inorganic carbon isotopic signatures due to petrochemical CO»

The addition of petrochemical CO: has drastically modified the isotopic signature of ambient DIC in the
culture medium. The initial §'3C-DIC of ~6 %o was progressively replaced by the much *C depleted carbon of
petrochemical COz. These changes in §'*C-DIC were rapid and took place during the late exponential growth phase
suggesting a combined action of algal assimilation (as attested by modification of pH in comparison with the pH
of COz control balloon), which removed ambient DIC and continuous supply of depleted petrochemical carbon.
This rapid turnover of ambient DIC resulted from high biomass production during the experiment. A simple (and
probably oversimplified) POC mass balance model indicated that as soon as ts, 93% of produced POC (9300
pumol.L! or uM) was supported by the added COz; the initial DIC level (~700 pmol.L"! or uM) can only explain
7% of the POC production in case of full assimilation. Furthermore, at ti0, the mass balance model indicated that
96% of assimilated DIC was of petrochemical origin. Accordingly, the predicted value of §'*C-DIC using a binary
mixing model was of -28.3%o at ts5, which was substantially heavier (by 12.7%o) than the measured one -15.6%o.
However, from tio to t24, predicted values of §'*C-DIC were quite close to those measured. This deviation observed
at ts indicated that additional fractionation processes affected the isotopic composition of DIC at the end of the
exponential growth phase and were not accounted for with our binary mixing model. This may be related to several
parameters as already observed in batch cultures (e.g, Laws, et al. [23]) such as gas dissolution and/or exchange
with the headspace, the isotopic equilibrium between DIC species as well as substrate assimilation by the algae
since with our experimental setup DIC utilization was largely relative to available dissolved stock. However,

resolving these variations was beyond the scope of this study and required further information to be obtained.
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4.2. Cellular characteristics and lipid composition changes during C. muelleri culture

The cellular characteristics of marine microalgae and their lipid composition varied during the growth of C.
muelleri. While both NL and PL content increased moderately from to to ts, the most remarkable change detected
was the sharp increase of NL in terms of both proportion and concentration after ts in comparison to PL that
remained quite stable (Figure 6). The increase in NL proportion was associated with increases in cell complexity
(and size) as attested by SSC (and FSC) temporal dynamics. This was most likely linked to the morphological
alterations of shape but also of C. muelleri cytoplasmic characteristics [32] in relation to the accumulation of
reserve lipids. Such an increase in NL at this age was previously associated with the stationary phase [43-45]. The
culture also seemed adjusting its chlorophyll levels as observed by a progressive decrease of FL3 (red
fluorescence) from ts to tz4. Thus, it revealed morphological and physiological variations dependent on culture age
during C. muelleri growth with ts being quite different from tio — tia. Variation of lipid fraction concentrations
according to culture age was also associated with the modification of fatty acid proportions. As shown in Table 3,
Figure 7 and with PCA analysis (Figure 8), Ci¢ fatty acids (16:0 and 16:1n-7) and 18:1n-9 in PL increased through
time while others such as 20:5n-3, 16:3n-4 and 14:0 decreased. Similar observations can be made in the NL
fraction, where 16:0 increased when 20:5n-3 or 14:0 decreased. Observed modifications of morphological,
physiological, and biochemical characteristics in relation to C. muelleri development may consequently affect

carbon fractionation and FA carbon isotopic signatures according to culture age.

4.3. Isotopic compositions of particulate organic carbon and isotopic fractionation

during culture growth

The rapid (and robust) decrease observed in the bulk POC isotopic composition (8'*C-POC) of C. muelleri
was closely related to the highly depleted 5!°C-DIC injected in the ambient medium. The decrease in §'*C-POC
during the lag and late exponential growth phase (from to to ts) was especially fast in comparison with the decrease
during stationary phase (tio to ti4). The isotopic modification introduced in the inorganic substrate was rapidly
transferred to the organic compartment during photosynthesis and underlined the tight relationship existing
between these two carbon pools. Marine algae are currently experiencing a similar isotopic modification due to
the increase of anthropogenic COz in the surface ocean. Anthropogenic CO2, mostly derived from fossil fuels with
light isotopic composition, tend to decrease the isotopic composition of natural DIC. This current modification is
by far of much less amplitude than in our culture. Still, it represents a potential source of variation that is probably

already registered in marine organic matter.
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Isotopic fractionation in POC obtained in this study ranged between 11.7%o (Phase I) and 19.0%o (Phase II)
when estimated using 8'3C-DICta and between 15.3%o and 24.9%o when estimated with §'3C-DICwu. Overall, these
values fall within the range reported in the literature (Table 5). A fractionation value of 17%o was obtained for
Phaeodactylum tricornutum [22] and 18.5%o for Skeletonema costatum [10]. Carbon isotopic composition can be
influenced by the isotopic composition of the substrate, microalgae physiology, temperature, or enzyme

responsible for carbon fixation [8, 46].

Table 5: Fractionation factor (ep), CO, concentrations and growth rates (i) measured in other studies for diatoms

Taxon Culture condition o [COzedl H References

(%) (umolkg")  (d)
Chemostat 25.72 34.7 0.5

Phaeodactylum tricornutum Nitrate-limited 16.76 2.93 0.75 Laws, et al. [12]
T=22°C 18.36 10.27 1.40
Chemostat 22.22 79.90 0.17

Porosira glacialis Continuous light 18.15 23.08 0.21 Popp, et al. [19]
T°C (-0.1 or 2.0°C) 15.69 23.00 0.09

Batch culture

Continuous light
Phaeodactylum tricornutum 10-16.7 0-40 1.6 Burkhardt, et al. [22]
Nutrient repleted

T=15°C
Continuous light,
124 2.6 1.7
Skeletonema costatum Nutrient enriched Burkhardt, et al. [47]
14.1 25.5 1.9
T=15°C
Continuous light
Phacodactylum tricornutum Nutrient enriched 16.7 37.7 1.6 Burkhardt, et al. [47]
T=15°C
Continuous light
12.1 3.5 1.6
Thalassiosira weissflogii Nutrient enriched Burkhardt, et al. [47]
14.3 25.8 1.6
T=15°C
Continuous light
Thalassiosira punctigera Nutrient enriched 12.1 30.1 0.9 Burkhardt, et al. [47]
T=15°C
Skeletonema costatum 12:12 cycle 18.6 Boller, et al. [10]
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F/2 medium

T°=18-22°C

The temperature was not modified during the experiment and so should not be involved in fractionation factor
variations. Due to the continuous CO2 bubbling, in our experimental design, it was assumed that the algae were
receiving a sufficient amount of CO» by passive diffusion. Thus, CO: levels were not a limiting factor to sustain
its photosynthesis and development and unlikely required activation of carbon concentrating mechanisms (CCM)
known to have a noteworthy kinetic effect on carbon isotopic composition. Laws, et al. [12] also stated that CCM

was not perceptible for COz concentration higher than 10 umol.kg™.

In addition to the influence of factors mentioned above, it has been shown that carbon fractionation can vary
substantially according to RUBISCO types [10, 11, 48]. Five forms (IA, 1B, IC, ID, and II) of RUBISCO have
been identified in the past years [49]. Form I enzyme consists of eight large and eight small subunits, while form
II are dimers of a single subunit homologous to form I large subunit [10]. Forms IA, IB, IC, and ID have been
found in marine habitats in cyanobacteria and proteobacteria, eukaryotic green chloroplast or in diatoms,
coccolithophores, rhodophytes and some dinoflagellates [10]. The fractionation factor associated with RUBISCO
carboxylation, estimated for the diatom Skeletonema costatum, was equal to 18.5%o; this was assimilated to the
form ID of RUBISCO [10]. However, Popp, et al. [19] and Laws, et al. [12] found higher fractionation factors
with the diatom Porosira glacialis and Phaeodactylum tricornutum (22.2%o and 25.7%o, respectively). Considering
both variations of fractionation factors according to diatom species or culture phase within species, it is difficult
to conclude how the respective RUBISCO types, experimental design, or physiology influenced carbon isotopic
fractionation in the different studies. It is not clear at this point if these three diatoms species presented the same
RUBISCO types. We can only assume that C. muelleri studied here possess the ID RUBISCO. Whether P. glacialis
and P. tricornutum have ID RUBISCO remains to be determined. Carbon fractionation appeared to vary
intraspecifically as previous studies revealed fairly large differences of fractionation factor within one species such

as Phaeodactylum tricornutum [12, 19, 47]

4.4. Isotopic composition of fatty acids in neutral and polar lipids

Because of the petrochemical carbon supply, the isotopic composition of total fatty acids of NL and PL
fractions was highly depleted, ranging from -52.9 + 1.5%o to -58.2 + 1.1%o and from -54.1 £ 2.6%eo to -57.2 = 1.6%o,

respectively, as compared to natural phytoplankton fatty acids (-28 to -36%o) [50, 51]. Total FA isotopic signatures
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of both of NL and PL fractions were always more depleted in '3C in comparison with bulk carbon (POC). Other
studies previously observed such higher 1*C depletion into lipids [13, 28, 52, 53]. Except 18:4n-3 at ts and 18:1n-
7 and 18:1n-9 at tio and ti4, isotopic signatures of FA were similar between NL and PL during the whole
experiment, suggesting that structural and reserve lipids in diatoms are connected and used the same pool of newly

synthesized fatty acids.

As fractionation varied according to culture ages, the fatty acids isotopic signatures are discussed first for ,the

end of the exponential growth phase (ts), and second for the stationary phase (tio and ti4).

The high *C depletion and fractionation during Phase I revealed large differences of isotopic compositions
between FA. Depending on the importance of the considered fatty acid during growth phase, the FA synthesis
efficiency and production may vary. PUFA such as 16:3n-4, 18:4n-3, and 20:5n-3 had more strongly depleted *C
signatures than other fatty acids such as 14:0, 16:0, 16:1n-7, or 18:1n-9. Formation of the latter SFA and MUFA
could then be assumed to be faster as their Ara-poc were low, i.e, their isotopic compositions were close to those
of POC. Thus, their productions were associated with less additional isotopic effects and consequently more
facilitated, quicker than longer chain PUFA. Taipale, et al. [54] also reported that 16:3n-4 and 20:5n-3 presented
alower 8'3C than 16:1n-7 or 18:1n-9. Fractionation of 16:3n-4, 18:4n-3, and 20:5n-3 in comparison with POC was
above 8%o (Table 4). These PUFA are produced through complex enzymatic processes involving desaturases and
elongase (for 20:5n-3) from their monounsaturated precursors (16:1n-7 for 16:3n-4 and 18:1n-9 for 18:4n-3 and
20:5n-3) [55-58]. However, it is unclear how the isotopic effect occurs during desaturation as carbons are not
modified in this enzymatic process. Such isotopic effect(s) of desaturation at the late exponential growth is also

supported by the lower depletion of averaged §'*C of SFA and MUFA as compared to those of PUFA.

Within PUFA, differences of isotopic composition were observed between n-6 and n-3 PUFA. n-6 PUFA
were always less depleted in '*C than n-3 PUFA in both NL and PL fractions (the difference between weighted
averages of 4%o and 5%o respectively). They seemed to have different roles and regulation at the end of the
exponential growth phase. Indeed, n-6 PUFA synthesis appeared faster (lower Ara-roc, less depleted in '*C) than
n-4 and n-3 PUFA synthesis (higher Ara-poc, more depleted in 1*C). Consequently, efficient synthesis de novo of
n-4 and n-3 PUFA might be involved in different cellular compartments and physiological roles than n-6 PUFA
in C. muelleri fitness and growth. 20:5n-3 and 16:3n-4 were identified as essential for diatoms development or

stress resistance [59-63].
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On the contrary to other PUFA, 18:4n-3 was less depleted in NL than in PL at the end of exponential growth.
Both membrane and reserve lipids shared parts of their biosynthesis pathway [55, 56, 64] because they are both
relying on the synthesis of diacylglycerol (DAG). DAG is formed from glycerol-3-phosphate (G3P) with a
combination of two acyl chains at position sn-1 and sn-2 of the glycerol backbone. TAG is formed from DAG by
an additional acylation at position sn-3. Consequently, this fixation of an acyl-chain at position s»n-3, which is a
significant difference between NL and PL pools, might be responsible for an additional isotopic effect
discriminating their isotopic composition. At the opposite, fatty acids such as 16:1n-7, 16:3n-4, and 20:5n-3, for

which isotopic signatures are very similar between lipids fractions might indicate a closer link.

Regarding the stationary phase (Phase II), there were fewer differences in isotopic signatures between fatty
acids. They tended to reach value near -58.2%o for NL and near -57.2%o for PL. These observations were associated
with lower Ara-poc values in NL and PL. At the opposite of Phase I, SFA and MUFA ended up being more depleted
than PUFA (-58.3%o versus -56.4%o). During Phase II, 20:5n-3 presented one of the lowest Ara-roc. As mentioned
earlier, a low Ara-poc might correspond to a more active synthesis with less isotopic effects in comparison with the
POC signature. We showed that 20:5n-3 proportions were decreasing in both NL and PL fractions during the
stationary phase (Phase II). A more active synthesis might be initiated to limit the decrease of this important FA
for C. muelleri. In parallel, increasing proportion FA such as 16:0 and 16:1n-7, presented isotopic composition
with a higher difference in comparison with POC (difference of -4.1%o to -5.3%o versus -1.5%o for 20:5n-3)
associated with probable slower synthesis. During Phase II, 20:5n-3 isotopic composition was closer to those of
20:4n-6 than to those of 18:4n-3, which contrasted with Phase I. It is then possible that other synthesis pathways
could be activated during Phase II to enhance the production of essential FA of interest (here 20:5n-3). The
existence of two different pathways to synthesize 20:5n-3 in diatoms has already been suggested elsewhere [56,
58]. In diatoms, n-3 and n-6 PUFA pathways can be connected in microalgae by desaturation reaction by methyl-
end desaturases gathered under the term ®-3 desaturases (A15, A17, A19). These reactions can form n-3 PUFA
with n-6 PUFA as precursors [55, 55, 65]. In our study, it concerned the production of 18:4n-3 from 18:3n-6 and
20:5n-3 from 20:4n-6. In both cases, if this metabolic step did occur to form n-3 PUFA during Phase 11, the methyl-
end desaturation did not present significant fractionation. To ease the understanding of the previous hypotheses,

suspected fatty acids synthesis pathways in diatoms are available in Supplementary File (S2).

Finally, the case of 18:1n-9 and 18:1n-7 was interesting at the end of Phase II: a large difference was observed
between NL and PL isotopic composition for these fatty acids at ti4. While their isotopic compositions in the NL

seemed close to those of other fatty acids, their isotopic composition in PL was close to POC signature (Ara-roc =
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0.1+ 1.2%0 and Ara-poc = 0.4 + 2.0%o respectively for 18:1n-9 and 18:1n-7). We hypothesized that bacteria might
produce 18:1n-9 and 18:1n-7 in PL at this point. Heterotrophic bacteria were previously described as presenting a
very low fractionation in comparison with POC [54]. Such origin of 18:1n-9 and 18:1n-7 is supported by the

increase of bacteria concentration at the end of the culture (Figure 1B).

5. CONCLUSION

In the present study, fractionation of Chaetoceros muelleri POC was shown to vary according to culture phase
and cell physiology, as revealed by the negative correlations between fractionation and both FSC/SSC ratio and
chlorophyll content. FA isotopic signatures in both reserve (NL fraction) and structure lipids (PL fraction) were
overall similar and always more depleted than POC. Proportions and isotopic of individual FA as compared to
POC varied according to the culture phase. Some FA (14:0, 16:3n-4, 18:4n-3 and 20:5n-3) were in higher
proportion and more depleted (as compared to POC) at the late exponential phase than during the stationary phase

while it was the opposite dynamic for 16:0.

Consequently, care must be undertaken while conducting ecological and biogeochemical studies using CSIA
on fatty acids as it may provide different information depending on the physiological stages at which
phytoplankton cells are collected. As the proportion of reserve lipids (NL) is known to increase when
phytoplankton reach the stationary phase, this parameter might be useful to deconvolute and understand isotopic

signature recorded in individual FA.

Finally, using petrochemical CO2 allowed to produce algal biomass strongly depleted in '*C (POC isotopic
composition ranging from -48.7 to -57.0 %o according to culture age) can advantageously be used in ecological

and trophic transfer studies as well as for studying biological-related processes such as FA synthesis pathways.
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