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ABSTRACT

The microalga Botryococcus braunii has been studied for its hydrocarbon biofuel production potential. The range
of the lipids it synthesizes cannot be readily profiled, because their main chemical class standards (long chain al-
kenes and botryococcenes) are at present unavailable.

The aim of this study was to develop a direct, specific GCMS analysis method for the rapid chemotyping of these
lipids.

The SIM (Selected Ion Monitoring)-GCMS program we developed discriminates classes and subclasses of the
targeted molecules through their main chemical motifs identified with fragment ions of specific m/z selected
by unsupervised chemometrics.

Our validation results indicate that the SIM mode enhanced their detection by significantly increasing the signal-
to-noise ratio ca. 20-fold. The profiling results from TL extracts of diverse B. braunii strains show that under the
culture conditions tested, these strains could be distinguished by their chemical signatures, which also signaled
different culture conditions involving various physiological states. We were able to make a rapid estimate of the
biofuel potential of these strains, focusing on alkenes and botryococcenes.

The direct injection SIM-GCMS method was successfully applied here for rapid chemotaxonomy, displaying good

sensitivity and specificity for new high molecular weight hydrocarbons from B. braunii.

1. Introduction

Algal biomass is currently one of the most widely studied bioresources
in the search for the perfect sustainable biofuel alternative crop [24]. This
interest is notably explained by the remarkable diversity of microalgae,
which comprise some 200,000-800,000 different species of which only
35,000 have been described [5]. The diversity of microalgae holds tremen-
dous potential for novel biosynthesized chemical entities. Among the
known oleaginous microalgae, the green colonial alga Botryococcus

Abbreviations: El, electron impact; FA, fatty acid; (F)AME, (fatty) acid methyl ester; FC,
fold change; FS, full scan mode; GC-FID, gas chromatography coupled to a flame ionization
detector; GC-MS, gas chromatography coupled to mass spectrometry; HCs, hydrocarbons;
HC, hierarchical clustering; HCPC, hierarchical clustering on principal component analysis;
ND, not detected; PCA, principal component analysis; TIC, total ion current; TLs, total
lipids; TL-HCs, total lipid hydrocarbons; TL-FAs, total lipid fatty acids; TG, triglyceride; NL,
neutral lipid; PL, polar lipid; RSD, relative standard deviation; RT, retention time; SIM,
selected ion monitoring; SPE, solid phase extraction; SNR, signal-to-noise ratio; WCA,
whole cell analytic.

* Corresponding author.
E-mail address: olivier.goncalves@univ-nantes.fr (O. Gongalves).

braunii has been found to be of interest: under precise environmental
conditions (natural or in a photobioreactor) it will accumulate large quan-
tities of hydrocarbons instead of the commonly described triacylglycerol
[26]. Based on the type of hydrocarbons they synthesized, B. braunii vari-
eties were classified into three chemotypes, noted A, B and L. Chemotype
A produced n-alkadienes and n-alkatrienes (C,5—-Cs1), chemotype B pro-
duced polymethylated unsaturated triterpenes called botryococcenes
(CHzp — 10,n = 30-37), and chemotype L produced a single tetraterpene
named lycopadiene (C4oH7g) [1].

The structural complexity of those molecules has been assessed and
resolved mainly by Metzger and coworkers [14-22]. They developed
lengthy preparative chromatographic approaches involving multiple
purification steps to obtain analyzable fractions of extracellular or intra-
cellular hydrocarbons. Short contact time with hexane first yielded ex-
tracellular hydrocarbons from lyophilized biomass [7], and then
suitable protocols [3,6] retrieved intracellular lipids. A combination of
different solvent polarity applied directly on dried biomass was also
tested by Kojima and Zhang [10], without using a preparative chro-
matographic approach. In both cases the amount of B. braunii biomass
needed to perform the experiments was substantial, up to several
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grams of material. In most cases analysis was performed on very aged
biomass known to accumulate larger amounts of hydrocarbons. The sig-
nificantly long generation time of this microalga, i.e. 2-4 days, can be
seen as an important limiting step for such studies.

Recent investigations making use of lipidomic-related techniques
permitted the hydrocarbon phenotyping of two B. braunii races (A and
B) using pyrolysis—gas chromatography-mass spectrometry [2]. Very
small quantities of material were used (~1 mg of dried biomass), and
no complex sample preparation was needed to achieve chemotyping
of these races. The main chemical features of races A and B were record-
ed on the hydrocarbon pyrograms [8], with mass signatures associated
with botryococcenes, nonacosadiene, eicosadiene, phytadiene, etc.
However, the proposed structural assignment of the fragments obtained
after mass spectrometry analysis relied on an in silico semi-automatic
annotation pipeline and not on experimental fragmentation pattern
data. This constraint is due to the absence of easily producible or
commercially available standards for botryococcenes, alkadienes and
trienes. Although such a chemotyping strategy was quite straightfor-
ward and parsimonious in terms of sample preparation, it implies de-
structive analysis, which caused numerous chemical rearrangements,
generating chemical structures that could not always be easily elucidat-
ed [9]. The simpler sample preparation procedure was offset by addi-
tional difficulties in mass spectral data interpretation and structural
resolution.

In the work of Mjas [22], a very interesting strategy was highlighted
for fatty acid structure prediction, especially applicable when reference
standards were not available. The results of this study indicated that by
means of chemometrics it was possible to solve the fatty acid methyl
ester (FAME) structure of marine lipids from tiny differences in the rel-
ative abundance of all or some of the fragment ions characterized by
their m/z values in a low-resolution mass spectrum. By working in a
very narrow mass range (m/z = 50-110) the author was able to assess
structural differences such as numbers of double bonds, distinguishing
polyenes from dienes, monoenes and saturated compounds. In addition,
this approach revealed the existence of a subset of fragment ions suit-
able for selected ion monitoring (SIM) with predictivity close to that ob-
tained in full scan mode. Adapting such a strategy for the structural
characterization of the new lipids from B. braunii and especially its
hydrocarbons had never been attempted before. It should surmount
the absence of standards normally required for developing an assay
method. Such an approach should make lipid analysis possible on an
affordable low-resolution mass spectrometry system for chemical
profiling, potentially enhanced for both identification and sensitivity.
Concerning this last, the results of Mjgs [23] also suggest the possibility
of remedying the signal loss typically observed for the hydrocarbon
family by developing a very sensitive SIM mode [25].

In this work we explored the potential of such an approach, focusing
on the development of a sensitive, easy-to-use qualitative analytical
method for the hydrocarbon chemotyping of B. braunii races A and B.
A gas chromatography-mass spectrometry profiling method was set
up using chemometrics for optimized fragment ion selection and data
interpretation. Our aim here was to propose an affordable analytical
method that would make up for the lack of chemical standards and a
sensitive technique for assessing targeted hydrocarbon diversity at
early stages of the microalgal culture. Efforts were also made to use
the biological material sparingly. The profiling method developed was
applied in real conditions for the qualitative chemotyping of B. braunii
races A and B. Results and perspectives emerging from this study are de-
scribed and discussed.

2. Materials and methods
2.1. Chemicals and hydrocarbon standards

Analytical grade solvents were purchased from VWR International.
Butylated hydroxytoluene (BHT), boron trifluoride (BFs, 14% by weight

in methanol), glyceryl triheptadecanoate (TAGs17:0), the 37 FAME
components and tricosane were obtained from Sigma Aldrich.
Substitution standards were used for the development of the analyti-
cal methods, since the major hydrocarbons synthesized by B. braunii spe-
cies were not commercially or academically available. Linear or branched
alkadienes or trienes (race A), botryococcenes (race B), and lycopadiene
(race L) were no longer available (Chiron AS®, Trondheim, Norway).
The n-alkane standard mixture (C;o-Cyo, all even), squalane, squalene
and phytol, were respectively chosen as substitutes for these compounds,
because they contain the major structural elements found in the hydro-
carbons synthesized by B. braunii (Table 1). A substitution standard mix-
ture was made up of FAME concentration set at 1.6 ug-uL~', and all other
compounds between 20 and 90 ng-uL~" (n-alkane all even: 20 ng-uL ™!,
squalane: 50 ng-pL~, squalene: 70 ng-uL ™! and phytol 90 ng-pL™1).

2.2. Strains and culture conditions

Ten strains of B. braunii were purchased from international algae
banks: Algoban (Caen, France), CCA (Scotland), CCALA (Czech
Republic), and SAG (Germany). Table 2 gives their features and the
codes used in this work.

The algal cells were cultured in 250 mL conical flasks under constant
stirring at 75 rpm, constant pH 7.5 (maintained using 4% CO,-enriched
air bubbled at 20 mL-min~ ') and constant illumination at approxi-
mately 80 umol m?s~! at 25 °C using modified Chu 13 medium,
which contains 3 times higher concentrations of inorganic macro-
nutrients and trace metals than the original Chu 13 medium [11].

2.3. Analytical methods used on the culture medium

All analyses were performed in triplicate. Culture turbidity was mea-
sured spectrophotometrically at 750 nm. The algal dry weight (DW) mea-
surements were determined by filtration through a pre-dried, pre-
weighed 0.2 pm glass-fiber filter (Whatman GF/F) with demineralized
water used as washing buffer. The filter was dried for 24 h at 105 °C,
cooled in a desiccator and then re-weighed to within 0.01 mg on an XA
105 analytical balance (Mettler Toledo). For each particle concentration,
microalgal cells were counted using a hemocytometer (Malassez device)
with an optical microscope (Zeiss).

2.4. Development of the chemotyping method

2.4.1. B. braunii biomass harvesting protocol

All the B. braunii cell cultures were run to obtain a final biomass con-
centration of ~0.5 g-L ™!, which corresponded to very early stages in our
batch cultivation protocol, i.e. ~2 days for usual cultivation duration in
the range of 7-10 days in our conditions. Approx. 50 mL samples of
fresh culture were taken from each replicate flask, and the whole vol-
ume was frozen at —80 °C. The frozen cells in their culture media
were then lyophilized for 12 h at 4 °C (RP2V, SGD Sérail, Argenteuil,
France) and stored at — 20 °C before undergoing the total lipid (TL)
extraction protocol. This biomass sampling protocol was chosen be-
cause it avoided any leakage of the targeted metabolites during the
cell harvesting procedure. It thus ensured acquisition of a faithful
image of the compounds present in the analyzed matrix.

2.4.2. TL extraction protocol

The TL extraction protocol was developed for lyophilized B. braunii
biomass as follows. The glassware was systematically heated for 6 h at
450 °C to prevent organic pollution. Aliquots of 50 mg of lyophilized bio-
mass sample were placed in glass vials in triplicate, and assayed for TL
extraction. This consisted in extracting all the TLs, i.e. including the
targeted hydrocarbons, irrespective of their cellular localization, using
a chloroform/methanol mixture (2/1 v/v) as the single extraction sol-
vent. It was adapted from the whole cell analytic (WCA) approach de-
veloped by Meier et al. [13].
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Table 1
Substitution standards used to develop analytical methods for Botryococcus braunii hydro-
carbons.

Race Major hydrocarbons ‘Commercial substitution Characteristic chemical group
standard
n-alkane mix from Cy to Linear alkyl motif
alkanes, alkadienes and alkatrienes even  Cygall even C,Haniy
A number of carbon atoms from Cy; to Cs3 e,
(linear or branched) Squalane (C3Hg,) 2-methylbutyl motif
P P e )\/
Polymethylated unsaturated triterpenes Squalene (C;Hsg) Dimethylallyl motif
B (botryococcenes, C,Hy,. 10, 1= 30-37) ! N
Aoy

Lycopadiene tetraterpene (CyoHzg) Phytol (CyH400)

L B N Jo o]

Phytyl motif (CaoHsg)

/'\/”\,/l\,/*\, \//‘\/J\//

One typical extraction sequence consisted in re-suspending the
lyophilizate in about 4 volumes equivalent of ultrapure water, i.e.
40 L, and then adding 2 mL of chloroform/methanol mixture (2/1 v/v).
To ensure complete lipid extraction, the vials were sonicated in a
water bath and shaken for 2 h. To obtain maximum lipid depletion of
the sample, the contact with the organic extracting mixture was repeat-
ed until no substances of interest could be detected in the pooled ex-
tracts (five cycles were assayed). Demixing was performed on the
final 10 mL of organic extract by adding 2 mL of aqueous solution of
KCl (0.8%) to remove the polar compounds from the TL solution. After
decantation, the TL extract was evaporated to dryness and weighed to
within 0.01 mg for mass balance measurement (XA105DU analytical
balance, Mettler Toledo); 0.01% w/w of BHT (antioxidant) was then
added to the dried total lipid (TL) extract, which was again evaporated
to dryness, and finally stored at — 20 °C under nitrogen before chro-
matographic analysis.

2.4.3. Fast semi-quantitative SIM-GCMS profiling of B. braunii lipids

The TL extracts were analyzed directly, i.e. without pre-purification
of the lipids on a SPE micro-column, on a GC-MS system for fast semi-
quantitative profiling. The analytical device used was a Trace GC Ultra
(Thermo Fisher Scientific, Boston, MA, USA) coupled to a Trace ISQ sin-
gle quadrupole mass spectrometer (Thermo Fisher Scientific, Boston,
MA, USA). The optimized separation conditions for the measurement
of the molecules of interest (HCs and FAMEs) were set up as follows:
2 UL of sample was injected onto a TG-5HT column (apolar phase 5%
phenyl methylpolysyloxane, internal diameter 30 m x 250 pm, film
thickness 0.25 um; Thermo Scientifics, Waltham, MA, USA) using
programmed temperature vaporization (PTV), injection set at constant
temperature (CT) mode at 280 °C, with a split mode of 1/10
(10 mL-min~"). The flow rate of carrier gas (hydrogen produced by a
generator; WM-H2, F-DGSi, Evry, France) during the analysis was
1.5 mL-min~ !. The oven temperature gradient for the separation of

Table 2
Origin of the strains used.

the mixture of HCs plus FAMEs was 75 °C for 3 min, ramped at
10 °C min~ ! to 300 °C for 1 min, and finally at 100 °C min™ ! to 340 °C
for 4 min for cleaning. The temperature of the transfer line to the MS
was 300 °C, and the ion source was set at 320 °C. Electron ionization
was conducted at 70 eV. For exploratory qualitative measurements
(used for the development phase of the study and the assessment of
the chemotypes of the 10 test strains), the MS was used in full scan
(FS) mode throughout the mass range of 50-600 amu. For the improved
sensitivity qualitative measurements (i.e. the chemotyping method spe-
cifically developed in this study), the MS was exploited using alterna-
tively FS recording mode and selected ion monitoring (SIM) mode
programmed with highly specific ions characteristic of the B. braunii
lipids (see Table 4 in Section 3.4). These ions were selected using che-
mometric approaches included in the FactoMineR R package [12]. The
mass resolution was 1 mass unit throughout the mass range of
50-600 amu. The total GC-MS analysis time was 30 min. Data were
post-processed and analyzed using the Xcalibur 2.1 software (Thermo
Fisher Scientific, Waltham, MA, USA Thermo-Fisher).

244. Selection of the ions specific to the new B. braunii lipids used to pro-
gram the SIM method

2.4.4.1. Theoretical mass spectral data extraction and organization of
B. braunii lipids. Efficient SIM programming requires selecting the ion
fragments that characterize and discriminate most of the classes of the
molecules studied. For that purpose, the mass spectra of the compounds
of interest were all retrieved from the NIST GC-MS database (version
2008) for the FAMEs (from C4:0 to C24:0) and the aliphatic linear hy-
drocarbons (HCs from C8 to C54). For the compounds characterizing
the Botryococcus genus chemical signature, i.e. squalane, squalene,
lycopadiene and botryals, mass spectral information was extracted
from published data in the absence of commercially/academically
available standards [17,18,20,21,23,24]. For the NIST 2008 data, a Perl
(v.5.10.0) script was developed for the parsing of the data in order to
specifically extract for each molecule the 10 most abundant fragment
ions and their corresponding relative abundances. Data were then orga-
nized into a table containing individuals (molecules) as columns, variables
(fragment ions) as rows, and their relative abundance as informative data
(normalized to 999). Table S1 summarizes the results obtained for the
75 selected compounds characterized by 72 fragment ions and their
associated relative abundances.

2.4.4.2. Multivariate analysis of the mass spectral data. Principal compo-
nent analysis (PCA) was performed on R 3.1.2 statistical software
using the FactoMineR package [12]. Hierarchical clustering (HC) was
systematically performed on the dataset to consolidate the study to
yield a hierarchical clustering on principal component (HCPC) analysis.
It empirically produced clusters of molecules based on their fragment
ion signature differences, giving identification maps). Most significant
(abundant) fragment ions were further selected through their calculat-
ed v test and p values to generate specific chemical signature classes; m/z

Code used in this Original accession Bank of origin Race Natural biotope References and reported
work number hydrocarbon amount (%¥DW)
bb1 755 Algobank A Small pond (15°, pH 6.9) Lingoult (France). [17] (32%)

bb2 757 Algobank A Small pond (15°, pH 6.6) Oukaimeden (Morocco). [17] (19 to 40%)

bb3 761 Algobank B Small pond (32°, pH 6.6) Paquemar (Martinique). [17] (28 to 38%)

bb4 30.81 SAG A Cuzco Lake (Peru) [4] (19%)

bb5 777 CCALA - - -

bb6 778 CCALA - - -

bb7 - Confidential source A - -

bb8 835 CCALA A Cuzco Lake (Peru) [4] (19%)

bb9 807/2 CCAP A Grasmere (UK) [10] (nd)

bb10 807/1 CCAP A Cambridge (UK) [11] (15%)
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values were selected when for an abundant candidate, both a positive
v test and very low p value were observed (see [12] for details).

2.4.5. Validation of the fidelity of the separation conditions developed for
the SIM-GCMS chemotyping method

To check that the separation on the apolar phase column of the SIM-
GCMS device of a non-pre-fractioned total lipid extract would preserve
the detection of the chemical compounds of interest, namely the FAMEs
and the HCs of B. braunii, we used SPE fractionation in a control experi-
ment. Two kinds of fractionation were performed, one using the mix-
ture of substitution standards for SPE calibration, the second using the
crude TL extract for validation. GCFID was exploited as an independent
analytical reference technique to assess, qualitatively and quantitative-
ly, the fidelity of our chemical profiling approach. The experiments were
also designed to compare the GCFID information with the SIM-GCMS
semi-quantitative results.

2.4.5.1. SPE pre-purification approach. A 200 pL aliquot of the 1 mL substi-
tution standard mixture or TL extract was evaporated to dryness and re-
suspended in a total volume of 1 mL of amylene-stabilized chloroform
(1 x 500 pL, followed by 2 volumes of 250 pL with 30 s sonication and
vortex agitation in between to optimize dissolution), and loaded onto
a silica gel microcolumn (laboratory-made, length 70 mm, i.d. 5 mm,
Kieselgel Merck 70-230 mesh silica gel previously heated at 450 °C
and deactivated with 6% water by weight). Linear hydrocarbons,
tricosane, and squalane (corresponding to the alkane, alkadiene and tri-
ene classes) were eluted with 8 mL of hexane, squalene (corresponding
to the botryococcene class) with 8 mL of toluene, phytol (corresponding
to the lycopadiene class) with 8 mL of dichloromethane, triglycerides
(TG) with 8 mL of amylene-stabilized chloroform, neutral lipids differ-
ent from the TG (LN-TG) with 8 mL of CHCl3:MeOH (98:1), and the re-
maining polar lipids (LP) with 8 mL of methanol. The fractions were
then stored at — 20 °C under nitrogen before analysis by GCFID.

2.4.5.2. Analysis of the organic fractions by the GCFID reference methods.
The fractions from the SPE columns were redissolved in a chloroform/
methanol mixture (2/1 v/v) and aliquoted into two equal volumes
prior to chromatographic analysis. One aliquot was used to analyze
the quantity and quality of the total lipid hydrocarbons (TL-HCs) by spe-
cific gas chromatography coupled to a flame ionization detector (HCs
GCFID). The second aliquot was used to analyze the quantity and quality
of the total lipid fatty acids (TL-FAs) likewise by specific gas chromatog-
raphy coupled to a flame ionization detector (FAMEs GCFID). For the
two independent GCFID methods, the quantitative developments
were achieved using both external and internal calibration curves per
individual analytical standard with at least four data points (data not
shown). The same procedure this time using our semi-quantitative
GCMS profiling approach as an analytical technique was performed for
comparison (on the same extracts as those used for the GCFID analysis).
Table 3 details the analyses performed on the different SPE fractions.

2.4.5.3. Quantitative analysis of HCs by GCFID. The B. braunii total lipid
(TL) fractions (substitution standards before SPE pre-purification, hex-
ane fraction, toluene fraction and dichloromethane fraction) were
used for the analysis of the quantity of the total lipid hydrocarbons
(TL-HCs) by gas chromatography coupled to a flame ionization detector
(GCFID). Analysis was performed on a 100 pL aliquot of the TL extract to
which 10 pg of tricosane was added as an internal standard. HCs were
analyzed with a 7820A gas chromatograph (Agilent Technologies,
Santa-Clara, CA, USA) equipped with a split/splitless injector (injected
quantity: 2 pL, split set at 1/10-10 mL-min~"), an HP-5 capillary col-
umn (apolar phase 5% phenyl methylpolysiloxane, internal diameter
0.32 mm, film thickness 0.25 pm, length 30 m, Agilent Technologies,
Santa-Clara, CA, USA) and a flame ionization detector. The flow rate of car-
rier gas (hydrogen) during the analysis was constant at 2.0 mL-min~!;
the gas was produced using a hydrogen generator (WM-H2, F-DGS;i,

Evry, France). The chromatograph temperature program was: injector
temperature 280 °C, FID 340 °C, oven 75 °C for 3 min, then ramped at
10 °C-min~ ! to 300 °C for 15 min. The HCs were identified by their reten-
tion times compared with known standard mixtures, i.e. the selected sub-
stitution standard commercial mixture described in Section 2.1. The
quantities of HCs were determined from their respective peak areas rela-
tive to that of the tricosane internal standard. Integration and calculations
were performed using the Agilent software Chemstation v. 0.1.0.4. The
absolute quantities of the HCs were first expressed in pg of TL-HCs in
the analyzed sample, and in %DW relative to the biomass concentration
of the tested sample.

2.4.5.4. Quantitative analysis of FAMEs by GCFID. The B. braunii total lipid
(TL) fractions (amylene-stabilized CHCl3 fraction, CHCl3:MeOH (98:2)
fraction, and MeOH fraction) were used to quantify the fatty acids (FAs)
by gas chromatography coupled to a flame ionization detector (GCFID).
The TL extracts were transesterified before the TL-FA GCFID analysis.
The transesterification reaction was performed on a 100 L aliquot of
the total lipid extract to which 10 pg of TG17:0 was added as an internal
standard. After evaporation to dryness under nitrogen and addition of
1 mL of BF;, the fractions were heated for 10 min at 100 °C. After cooling
and adding 1 mL of hexane, the organic phase containing the fatty acid
methyl esters (FAMEs) was washed three times with 1.5 mL of water-
saturated hexane. FAMEs were then recovered and analyzed with a
7820A gas chromatograph (Agilent Technologies, Santa-Clara, CA, USA)
equipped with a split/splitless injector (injected quantity 2 pL, split set
at 1/10-10 mL/min), a TR-FAME capillary column (polar phase 70% cya-
nopropyl polysilphenylene-siloxane, internal diameter 0.25 mm, thick-
ness 0.25 um film, length 30 m, Thermo Fisher Scientific, Waltham, MA,
USA) and a flame ionization detector. The flow rate of carrier gas (hydro-
gen) during the analysis was constant at 1.0 mL-min~!; the gas was pro-
duced using a hydrogen generator (WM-H2, F-DGSi, Evry, France). The
chromatograph temperature program was: injector temperature 250 °C,
FID 280 °C, oven at 80 °C for 1 min, then ramped at 5 °C-min~! to
145 °C for 12 min, then at 1 °C-min~! to 155 °C for 5 min and finally at
5°C-min~ ! to 200 °C for 5 min. The FAMEs were identified from their re-
tention times compared with known standard mixtures such as the 37-
component FAME standard commercial mixture. The FAME quantities
were determined from their respective peak areas relative to that of the
TG17:0 internal standard. Integration and calculation were performed
using the Agilent software Chemstation v. 0.1.0.4. The absolute quantities
of the TL were first expressed in pg of TL-FAs in the analyzed sample and
in %DW relative to the biomass concentration of the test sample.

2.4.6. Analysis of the chromatographic or total ionic current profiles

Chemotyping data (TIC and chromatographic data) were analyzed
semi-automatically (MS identification and coelution checking system-
atically underwent manual curation), and the final data matrix (reten-
tion index and relative or absolute abundance) was analyzed using the
R 3.1.2 statistical software with the FactoMineR package [12]. PCA, HC
and HCPC methods were used for data analysis and clustering.

Table 3
Analysis of the SPE fractions.

SPE fraction Analysis method
Quantitative Semi-quantitative

No elution HCs GCFID FS or SIM-GCMS
Hexane HCs GCFID FS or SIM-GCMS
Toluene HCs GCFID FS or SIM-GCMS
Dichloromethane HCs GCFID FS or SIM-GCMS
Amylene-stabilized CHCl3 FAMEs GCFID FS or SIM-GCMS
CHCl3:MeOH (98:2) FAMEs GCFID FS or SIM-GCMS
MeOH fraction FAMEs GCFID FS or SIM-GCMS
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Fig. 1. Evolution of the normalized absolute content of HCs (left) and FAMEs (right) (¥DW) per Botryococcus braunii strain tested according to the number of successive extractions.

3. Results and discussion

In order to develop a simple, sensitive profiling method applicable
directly on a non-pre-purified total lipid (TL) extract of Botryococcus
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cells, we focused on optimizing two major steps: first the extraction/
separation of the TL of interest and second the detection of these specific
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and characterized as a priority, since they belong to the classes of
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Fig. 2. Validation of the protocol for lipid class separation on the mixture of substitution standards for Botryococcus braunii. Fraction 1 (hexane) retrieved n-alkanes and iso-alkane-like
molecules (squalane), fraction 2 (toluene) squalene, fraction 3 (dichloromethane) phytol, and fractions 4, 5 and 6 the FAMEs initially branched to the TG, the NL and the PL.
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substances biosynthesized by B. braunii races A and B, which are those 5% difference was found on comparing the quantification results of the
being principally investigated for new biofuel alternatives (alkanes, GCFID analytical methods. This was considered non-significant, since
botryococcenes and methylsqualenes). it was less than the protocol intrinsic variability (data not shown). It
shows that no loss of information was detectable when performing
3.1. Ageneral TL extraction protocol independent of the 10 B. braunii strains pre-purification of the targeted classes or using the crude extract or sub-
tested was developed stitution standards in direct analysis mode with the SIM-GCMS chro-
matographic separation conditions (the same conclusion was drawn
The extraction protocol using chloroform/methanol mixture (2/1 v/v) for the FS-GCMS method). This last finding is most important since it
was chosen here because it allowed retrieval of the B. braunii TLs irre- suggests that it is possible to avoid a lengthy protocol on a silica
spective of their cellular location as previously described in the studies micro-column to separate the chemical classes of interest, and to simpli-
of Folch et al. [6]. The 10 strains (races A and B) were tested indepen- fy the analytical procedure by analyzing the TL crude extract directly.
dently to assess the efficiency and repeatability of the extraction proto-
col. The strains underwent sequential extractions, and the extracts were 3.3. However, the MS signal recorded for the substitution standards repre-
analyzed using our two complementary reference methods for the sentative of the B. braunii lipids was found to be very heterogeneous and

analysis of FAMEs and HCs. dependent on the chemical properties of the compounds
Concerning the efficiency of the extraction protocol, our results
show that five extractions were needed to perform a quantitative deple- With the FS-GCMS conditions, the molecular ions of the linear ali-
tion of the tested biomass without any detectable influence of the strain phatic hydrocarbon standards were scarce, and their relative abun-
or race (Fig. 1). The repeatability of the protocol was also considered ac- dances fell exponentially as the number of carbon atoms increased
ceptable, the mean relative standard deviation (RSD) values calculated (Fig. 3). The molecule's signal decreased when its number of carbon
on the five independent replicates performed per strain being systemat- atoms exceeded ca. 28. Similar observations were made for the FAME
ically less than 6% whatever the strain or race considered. standards, with a decreasing signal observed for an increasing degree
of unsaturation (>1) and number of carbon atom (n > 16). This signal
3.2. The separative conditions of the SIM-GCMS chemotyping method pre- loss therefore needed compensation to maximize the chances of detect-
served the detection of the targeted lipids when directly analyzing the crude ing the new molecules synthesized by B. braunii and for sensitive, non-
TL extract biased chemotyping.

In order to control the fidelity of the chemical information obtained 3.4. An unsupervised chemometric approach was used to optimize the iden-
in a single run with the SIM-GCMS chemotyping method, we performed tification and detection of the main lipid classes of B. braunii according to
control experiments using pre-purification of the lipid classes of interest their m/z signature
on SPE columns. Comparison of the chromatograms of the crude ex-

tracts or substitution standards with those of the pre-purified HCs or To compensate for the loss of signal recorded for the profiled mole-
of the other lipid classes showed that no significant differences could cules in FS mode, a specific SIM mode using finely selected fragment
be measured with our method, whether qualitatively (Fig. 2), semi- ions was developed. The cluster analysis resulting from the HCPC

quantitatively or quantitatively. Concerning this last point, less than approach performed on the entire dataset described in Section 2.4.4
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Fig. 3. Total ionic current (TIC) of the Botryococcus braunii standard lipid substitution mixture. The TIC of the synthetic TL extract was obtained using a full scan analysis mode performed for
20 ng of injected compounds (each).
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discriminated between the FAME and hydrocarbon classes as illustrated
on the factor map in Fig. S1. It was also possible to extract from this anal-
ysis a clear m/z signature to explain the separation of the two groups of
molecules. The m/z choice was made according to the statistical param-
eter values calculated when performing the HCPC analysis. The param-
eters taken into account included the v test (characterizing the
contribution of the corresponding variable to the formed group), the p
value score (characterizing the significance of the result) and the overall
mean relative intensity of the fragment ion considered (characterizing
the sensitivity potential of the fragment ion, and taken into account as
a priority) (Table S2). Thus the HCs were found to be represented by
the fragments with m/z 71, 57, 85 and 43, and the FAMEs by those
with m/z 74, 55, 41 and 87. These two signatures were in perfect agree-
ment with the most commonly found ions in Silverstein (2005),
confirming the pertinence of the analysis approach we selected. Howev-
er, an exception occurred for squalene and the botryals, which were
found to be clustered with compounds presenting a high degree of
unsaturation. This indicated a prevalence of this chemical property

and the need to address it thoroughly for the identification of the frag-
ment ions permitting an optimized discrimination of the molecules
studied.

A similar strategy was used to analyze each compound class inde-
pendently, i.e. HCs or FAMEs separately, in order to look for discriminat-
ing factors between subgroups of molecules, and so identify consistent
chemical subclasses. HCPC clustering results suggested the formation
of five subgroups of molecules for the HCs and four subgroups for the
FAMEs. Each subgroup could be correlated to common chemical proper-
ties of the molecules studied, thus pointing to distinct chemical sub-
classes (Fig. 4).

For the groups of HCs, the identification maps distinguished the sat-
urated HCs with short carbon chains Cg—Cyq, represented by the frag-
ments with m/z 29 and 56, and long carbon chains C;1-Cs4, including
squalane, represented by those with m/z 113 and 99, from three sub-
groups of compounds specific to the Botryococcus genus, namely
lycopadiene represented by the fragments with m/z 125 and 292, ter-
penes by those with m/z 121 and 136, and botryals by those with m/z
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Fig. 4. HCPC clustering results for the HCs (top panel) and the FAMEs (bottom panel) according to their m/z signatures.
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Table 4
Summary of the fragment ions selected as representative of the clusters of molecules ob-
tained with the HCPC analysis.

Chemical Chemical subclass Fragment ions (m/z)
class
HC Saturated short-chain 71,57, 85, 43, 29, 56
Saturated long-chain (incl. squalane) 71,57, 85,43,113,99
Mono- and di-unsaturated 71,57, 85, 43,125, 292
(incl. lycopadiene)
Terpenes (incl. squalene) 71,57, 85, 43,121, 136
Botryals 71,57, 85, 43, 82,95
FAME Saturated 74,55, 41, 87, 143,75

Mono-unsaturated
Di- and tri-unsaturated
Polyunsaturated

74, 55,41, 87,69, 83,97
74,55, 41, 87, 81, 82, 67
74, 55,41, 87,79, 91, 80,93

82 and 95. The specific case of squalene (and also terpenes) and botryals
was also addressed when the compounds were mixed with all the
FAMEs. HCPC clustering results found strictly identical complementary
fragment ions for their discrimination, thus highlighting the robustness
of the analysis protocol: terpenes with m/z 121 and 136 and botryals
with m/z 82 and 95.

For the FAMEs, subgroups of compounds were found according to
their degree of unsaturation. One cluster was associated with the satu-
rated fatty acids with m/z 143 and 75, others to the mono-unsaturated
FAs with m/z 55, 69, 83 and 97, to the di- or tri-unsaturated FAs with
m/z 81, 82 and 67, and to the polyunsaturated FAs with m/z 79, 91, 80
and 93.

The properties of the chemical subclasses identified are summarized
in Table S3, which gives the fragment ions best characterizing the HCs
and FAMEs, Table 4, which gives the selected fragment ion signature
(from S3 data) for each subclass of molecules, and Table S4, which
shows their putative structures.

Table 5

Examples of S/N measured for some FAMEs and HCs (20 ng each) for five replicate
chemotypes acquired in two detection modes: full scan (FS) and selected ion monitoring
(SIM). ND: not detected. FC: fold change.

Compound FS mode (S/N) SIM mode (S/N) FC (S/N)

Caprylic AME - 8:0 3543 6934 I 2
Dodecane - C12 79832 178391 I 2

Capric AME - C10:0 88671 181999 I 2
Tetradecane - C14 82346 174678 I 2
Undecanoic AME - C11:0 65484 126416 [} 2
Lauric AME - C12:0 158233 280359 I 2
Hexadecane - C16 85393 154707 I 2
Tridecanoic AME - C13:0 90857 148929 I 2
Myristic AME - C14:0 170239 294937 I 2
Octadecane - C18 68408 114550 I 2
Pentadecanoic AME - C15:0 88624 137176 I 2
Palmitic AME - C16:0 298346 459371 I 2
Icosane - C20 89966 140256 I 2
Heptadecanoic AME - C17:0 115 350 B 3
y-linolenic AME - C18:3n6 73996 46412 | 1
Linoleic AME - C18:2n6¢ 50 96 ] 2
phytol 514 600 I 1

Oleic AME - C18:1n9¢ 162 368 I 2
Stearic AME - C18:0 157711 222319 I 1
Docosane - C22 57497 89938 I 2

Arachidonic AME - C20:4n6 11 8 | 1
cis-5,8,11,14,17-eicosapentaenoic AME - C20:5n3 12 7 | 1
cis-8,11,14-eicosatrienoic AME - C20:3n6 33 139 B 4
Tricosane - C23 40 124 [ 3

Arachidic AME - C20:0 131841 173695 I 1
Tetracosane - C24 45162 79325 I 2
Heneicosanoic AME - C21:0 50742 86305 I 2
Behenic AME - 22:0 98047 235371 I 2
Hexacosane - C26 26769 100552 [ 4
Tricosanoic AME - C23:0 37 4“4 I 1
Squalane - C30:r 50957 183650 B 4

Nervonic AME - C24:1n9 23 112 B s
Lignoceric AME - C24:0 42140 181175 [ 4
Octacosane - C28 23 82 B 4

Squalene - C30:6:r 70361 207424 [ 3
Triacontane - C30 1663 31921 |l
Dotriacontane - C32 1556 37764 24
Tetratriacontane - C34 1298 37525 29
Hexatriacontane - C36 561 15667 H
Octatriacontane - C38 208 4625 22
T - C40 53 1228 23

3.5. The selected m/z signatures were used to develop a sensitive
chemotyping method and assessed on substitution standard mixture for
B. braunii and crude TL extracts

The fragment ions selected to characterize each chemical class or
chemical subclass of the B. braunii targeted molecules enabled us to de-
velop a specific GC-MS chemotyping method. This consisted in record-
ing the MS data with a SIM mode programmed with the ion signature
obtained in Section 3.4 (Table 3). The chemotyping method was
assessed on the substitution standard mixture to evaluate its perfor-
mance. For the same sample, the MS data acquired in SIM mode were
compared with the MS data recorded in full scan mode under identical
experimental separative conditions. Five independent TIC replicates
were obtained and analyzed. The experimental variability was calculat-
ed from the area measurements, and the S/N data extracted from each
peak of interest. The results summarized in Table 5 were unambiguous.
First, the calculated repeatability was judged acceptable, since the mean
RSD calculated for every peak area was systematically less than 6%. Sec-
ond, a significant increase in the signal-to-noise ratio (S/N) was found
especially for the HCs with high numbers of carbon atoms. For mole-
cules exceeding 30 carbon atoms the gain in the S/N ratio was calculated
to be at least greater than ca. 20. The chemotyping method was also
assessed on crude TL extract from the 10 strains of B. braunii studied
grown in identical conditions for five independent replicates each. Re-
sults were also very clear-cut, similar repeatability (RSD ca. 8%) and in-
crease in S/N ratio (ca. 20 for the long-chain molecules) being found for
the targeted molecules (data not shown).

Taken together, all these results indicate that the chemotyping
method developed with MS data recorded in SIM mode was optimal
for both sensitivity and specificity. It also argues for preferentially
using SIM mode for sensitive chemotyping purposes, since it should
maximize the chances of obtaining faithful chemical profiles of
B. braunii TL crude extracts.

3.6. Application of the sensitive chemotyping approach for the rapid assess-
ment of the biofuel potential of diverse B. braunii strains

Ten strains were tested in this study in order to assess our sensitive
chemotyping approach: seven B. braunii strains belonging to race A
(bb1, bb2, bb4, bb7, bb8, bb9, bb10) and classified as producers of linear
alkenes (di- or trienes), one strain of race B (bb3) producing mainly
botryococcenes, i.e. triterpenes, and two strains (bb5 and bb6) of uncer-
tain chemotaxon. All the strains were grown under similar conditions to
assess minimal biomass concentration at an early stage of the culture,
ie.0.5g-L™!. The bb3 strain was also grown in totally N-depleted con-
ditions to see whether it could stimulate the biosynthesis of molecules
of biofuel interest, i.e. botryococcenes (coded bb3bis). TL extraction
was identical for the diverse biomasses tested, and our systematic
rapid chemical profiling method applied. It was first performed in ex-
ploratory mode for the detection of as many non-targeted compounds
as possible, i.e. in FS mode. On the same sample, the SIM mode was
then used to enhance the detection and confirmation of the targeted
lipid classes of interest. Data were manually processed and curated,
allowing the detection of 80 different molecules for 11 conditions re-
peated five times each, yielding an 80 x 55 data matrix.

No qualitative difference was found when comparing the data matri-
ces from either FS or SIM GCMS mode. As expected, the main difference
was observed for the targeted lipids of interest when comparing the
semi-quantitative data for alkene or botryococcene classes (data not
shown). The matrix from the FS-GCMS chemotyping approach was
therefore preferentially analyzed with the chemometric approach,
since semi-quantification of the non-targeted molecules was not modi-
fied by the SIM programming. Chemotyping results were analyzed with
the PCA approach, which highlighted clear differences between the
strains, races and conditions tested. In Fig. 5 the factor maps indicate dif-
ferent behaviors in terms of averaged chemical profiles. The variables
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factor map allows an assessment of the chemotype associated with the
strains tested, while the individuals factor map identifies the main com-
pounds responsible for the observed differences. Strains bb2, 9, 7 and 8
were found to be clustered together as producers of alkadienes and
alkatrienes of length at least ca. 20 equivalent-carbons (named
C20(2=) and C22(3 =) on principal component 1). The recorded
chemotypes confirmed here that these strains do belong to race A. As
expected, the strain bb3 exhibited a chemotype totally orthogonal
(principal component 2) to that of those measured for the B. braunii
strains belonging to race A. This was mainly explained by the detection

Variables factor map (PCA)

Dim 2 (14.72%)

Dim 1 (27.97%)

Individuals factor map (PCA)

Dim 2 (14.72%)

T
0 5 10 15
Dim 1 (27.97%)

Fig. 5. PCA clustering results for the 10 strains of Botryococcus braunii profiled using the
fast chemotyping method. The variables map at the top illustrates the projection of the
tested B. braunii strains according to their chemical signature. The race B cluster is circled
in red, the race A cluster in green and the other cluster in orange. The individuals map at
the bottom illustrates the projection of the detected molecules for all the chemotypes, in-
dicating their contribution for a given principal component. The molecules contributing
the most are circled in red for race B (compound with chemical motif of at least 30 carbon
atoms with 6 double bonds: C30(6=)), in green for race A (compounds with chemical
motif of at least 20 carbon atoms with 2 or 3 double bonds: C20(2=) and C22(3=))
and the other in orange (compound with phytyl as chemical motif). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

of a major compound presenting the m/z signature typical of the
botryococcene producers of race B. Here the detected compound was
of length ca. 30 equivalent-carbons, with at least 6 double bonds as
found for the main structural motif of the botryococcenes (named
C30(6=)). The chemotype of the bb3bis strain, grown under N-
depleted condition, was very close to that of the bb3, grown under nor-
mal conditions, and exhibited no major difference for the molecules of
interest, i.e. the botryococcenes. Another cluster grouping the bb1,
bb5, bb4, bb6 and bb10 strains was found to be badly projected on the
map. It corresponded to strains exhibiting very slow growth rate in
our experimental conditions, with only pigments detected as major
components, e.g. containing phytyl motifs. No compound characteristic
of races A or B could be detected for those strains using our fast
chemotyping strategy, suggesting that the physiological conditions
used for the cultures were not well-adapted to the biosynthesis of
botryococcenes, alkadienes or trienes. The chemotaxon of bb5 and 6
could not be determined here since these strains did not grow in the
standard conditions tested. Further investigations will be needed first
to improve their growing conditions and second to characterize their
chemotype.

4. Conclusion

In this work we focused on developing a sensitive, rapid qualitative
chemotyping approach based on chemometrically-assisted gas chroma-
tography-mass spectrometry for the direct analysis of the crude TL ex-
tract of various B. braunii strains. We demonstrate that by using
chemometrically selected fragment ions from low resolution MS spec-
tra, it was first possible to identify chemical motifs characteristic of
the lipids synthesized by our studied strain (namely alkenes and
botryococcenes), without the standards. Second, these specific ion
signatures were used to develop an original SIM-GCMS method used
on both substitution standard solutions and real crude TL extracts
from 10 B. braunii strains. The experimental results show that the
chemotyping approach was adequately sensitive, an S/N enhancement
of at least ca. 20-fold being found for the molecules of interest. Our re-
sults also demonstrate the robustness of the combined use of the FS
and SIM-GCMS method developed in real conditions, which was selec-
tive enough to unambiguously distinguish races of B. braunii strains,
and in identical strains (or races) to differentiate cultural conditions
and therefore physiological states.

Our proof of concept opens the way to a systematic, fast, convenient
chemotyping of crude TL extracts obtained from B. braunii strains. The
sensitivity and specificity of the method make it suitable for very
small volume of biomass (5 mL of 0.5 g-L™ ! concentrated biomass)
and so support its use in systematic screening studies for the optimiza-
tion of culture conditions and the influence of the environment on the
lipid metabolism of B. braunii.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.algal.2015.05.001.
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