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Abstract: The interest in lipid composition profiling is significantly increasing as research reveals the immense
importance of lipids in medicine, plant science, food and agriculture. However, lipidomic analysis requires high-
end specialty equipment. We used two-dimensional thin-layer chromatography (2D TLC) as a readily available,
low-cost tool for basic lipidomic profiling of lipid classes in algal samples as model: Chlamydomonas reinhardtii,
Auxenochlorella protothecoides, and Euglena gracilis. Algal lipid extracts were separated on a 2D-TLC plate,
and TLC analysis was followed by scraping individual TLC spots off the plate, and a subsequent liquid
chromatography separation and tandem mass spectrometry (LC-MS/MS) analysis. For comparison, crude lipid
extracts were also injected directly to the LC-MS/MS system. Lipid class annotation was achieved by a
combination of accurate mass, retention time information, neutral loss and fragment ion analysis by
MS2Analyzer, and by matching spectra to LipidBlast MS/MS library. Overall, we were able to identify 15 lipid
classes, and to adequately profile the lipid classes in all three organisms. This TLC method is thus suggested as
an accessible tool for lipid class profiling of algal, plant, and food lipids, alike, when a rapid and simple analysis
is required, e.g., for screening purposes.
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1. Introduction

Lipidomics is an emerging research field with immense significance to all areas of life science,
including medicine, plant science, food and agriculture, among others [1]. The direct use of liquid
chromatography (LC) and electrospray tandem mass spectrometry (LC-MS/MS) is the dominant form
of lipidome analyses today [2]. Among the various forms of LC-MS/MS, use of reversed phase LC
and high-resolution accurate mass spectrometry presents the most often used method for
comprehensive analysis of lipids [3]. However, such lipidomic analysis tools are costly, in addition
to also requiring skilled manpower to operate the instrumentation and interpret the data, as lipid
annotation is still a laborious process.

For basic lipid class profiling, thin layer chromatography (TLC), an established method, has been
suggested as a good basic-level alternative. Classically, TLC was suggested as a simple method to
separate and visualize lipid classes [4,5]. Two-dimensional TLC (2D-TLC) in particular is used to
provide sufficient resolution to various lipid classes [6]. It should also be mentioned that annotation
of lipid classes is highly dependent on the specific staining methods and commercially available
standards. Moreover, identification of individual compounds cannot be achieved by TLC alone. To
investigate the TLC spots in more details, coupling TLC directly with mass spectrometry has been
studied [7], but requires specialized devices to introduce the sample from TLC plates directly to MS,
or requires desorption-based MS and modified target plates [8,9].

Over the last decade, algae have raised great scientific and industrial interest, as a rich resource
for food, feed and bio-diesel, as well as for novel compounds and pharmaceuticals [10]. Algal lipids
resemble those of plants, which differ significantly from animal lipids [11]. The most abundant lipids
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in photosynthetic organisms are glycerolipids, including monogalactosyl diacylglycerol (MGDG),
digalactosyl diacylglycerol (DGDG) and sul-foquinovosyldiacylglycerol (SQDG). These are mainly
present in the photosynthetic membranes (the thylakoid), and play a role in photosynthesis [12].
Other lipids present in algae include neutral lipids, namely mono, di and triacylglycerols (MG, DG
and TG, respectively), which are sometimes present in the cells in the form of oil droplets. Polar lipids
in algae include phospholipids such as phosphatidic acid (PA), phosphatidyl choline (PC),
phosphatidyl serine (PS), phosphatidyl glycerol (PG), phosphatidyl inositol (PI) and (PE) [13]. At the
same time, algae present some unique characteristic lipid molecules, mainly the betaine lipids
diacylglycerol-O-(N,N,N-trimethyl)-homoserine (DGTS), diacylglyceryl-hydroxymethyltriethyl-3-
alanine (DGTA) and diacylglyceryl carboxy-hydroxymethylcholine (DGCC) [14,15].

The wide variety of lipids in algae made them a good model for the current work. We employed
2D TLC followed by LC-MS/MS and applied it to the lipid- class profiling of three important
photosynthetic species: the green algae Chlamydomonas reinhardtii (CC-125) and Auxenochlorella
protothecoides (UTEX 2341, [16]) and the protist Euglena gracilis (UTEX LB 367). C. reinhardtii is a model
organism, which has been investigated in the context of the photosynthetic apparatus and genetic
engineering [17,18], while E. gracilis and A. protothecoides are promising sources of biofuel [19,20].

The main aim of the current work was thus to establish a method which will enable an initial
lipid class analysis using TLC. Algal lipids were used as a rich source of various lipid classes, and by
performing LC-MS/MS annotation we aimed to provide an easy and low-cost reference for basic
lipidomic analysis of a wide range of samples, when a high-end LC equipment is unavailable, or for
basic sample screening.

2. Materials and Methods
Algal cultures

Chlamydomonas reinhardtii strain CC-125 was purchased from the Chlamydomonas Re-source
Center (http://Chlanycollection.org) and used to prepare stock cultures. These were prepared by
inoculating 75 ml sterile TAP media and growing at 23 °C under constant illumination with cool-
white fluorescent bulbs at a fluence rate of 70 umol m-2 s-1 and with continuous shaking (120 rpm).
When cells were at 5.0 x 105 cells/ml (counted under a microscope (Microstar IV, Cambridge
Instruments, NJ, USA) with a hemocytometer (Hausser Scientific, PA, USA)), 1 ml of stock culture
(5.0 x 105 cells) was taken into each 75 ml experimental culture for inoculation. Experimental cultures
were then grown under the same conditions as stock cultures. Experimental cultures were grown for
six days, to late exponential phase (1.25 x 107 cells/ml). All chemicals were purchased from Sig-ma-
Aldrich (www.sigmaaldrich.com).

Auxenochlorella protothecoides (UTEX 2341), was purchased from UTEX, the Culture Col-lection
of Algae at the University of Texas at Austin (http://web.biosci.utexas.edu/utex/) and cultivated in 1
L bottles filled to 800 ml with N8-NH4 medium [21]. Aeration was supplied at half the culture volume
per minute with 2% CO2 mixed with air (by volume). Cultures were maintained at 28 °C and mixed
by stir bar set to 300 rpm. Illumination (10,000 lux) was supplied by T5 growth lamps operating on a
16:8 light/dark cycle. Samples were taken for lipidomics analysis during the mid-exponential growth
stage.

Euglena gracilis (UTEX LB 367) was purchased from UTEX and used as received. To enrich the
algae cells in the original culture, cells of each 10 mL culture were harvested by centrifugation for 5
min at 4,000 g, and 1 mL of liquid media was added to each cell pellet.

1 mL algal culture of each algal strain was added into 1 mL cold 70% methanol in water (stored
in -80 °C), followed by centrifugation (16,000 rcf for 3 min). After centrifugation, liquid was removed
and cell pellet was quenched in liquid nitrogen and stored in -80 °C.

Lipid extraction

Liquid extraction was performed based on the Folch method [22]. Cell pellets were ground for
30 s at 1,500 rpm with 5 mm i.d. steel balls (Retsch GmbH & Co., Germany). 600 pl cold chloroform:
methanol (2:1, by volume, stored in -20 °C) was added, followed by vortexing for 10 s. After adding
120 pl water and vortexing for 20 s, phase separation was acquired by centrifugation for 2 min at
14,000 rcf. The lower chloroform phase was transferred to another tube and dried in a speed vacuum
concentrator. The dried samples were kept in -20 °C until further analysis.
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Analytical separation by 2D-TLC and LC-MS/MS

On the day of experiment, extracts of 10 Chlamydomonas, 20 Chlorella and 2 enriched Euglena
samples were combined for each species in 65 pl chloroform: methanol (2:1, by volume). The whole
extracts were applied to TLC plates (silica gel 60A, 20 cm x 10 ¢cm, layer thickness 0.2 mm, Merck
(Darmstadt, Germany)) [23], and 2D separations were performed based on the Rouser method [24]
using chloroform: methanol: water (75:25:2.5, by volume) as developing solvent for the first
dimension, and chloroform: methanol: acetic acid: water (80:9:12:2, by volume) for the second
dimension. To further analyze the lipids by LC-MS/MS, general lipids were stained by iodine vapor.
After iodine staining, lipid fractions were scraped by razor blades and transferred into 2 mL round
bottom Eppendorf tubes. Lipids were then re-extracted using the Folch method as previously
described. The bottom Folch solvent layer was filtered through 0.2 um PTFE filters (SUPELCO,
Bellefonte, PA) and dried in a speed vacuum concentrator.

All lipid fractions from 2D-TLC as well as the non-fractionated crude lipid extracts for the three
algal species were analyzed by LC-MS/MS. An Acquity 1.7 um CSH C18 2.1x100 mm column (Waters
Technologies, Milford, MA) was used for the separation of lipids. The LC-MS/MS analysis was
performed with an Agilent 1290 LC coupled to an Agilent 6530 accurate mass QTOF system with a
JetStream Electrospray Ionization (ESI) source. Algal lipid fractions from TLC were re-suspended in
65 pl methanol: toluene 90:10 with 50 ng/mL 12-(cyclohexylcarbamoylamino)dodecanoic acid
(CUDA, as internal standard). Injection volume was 3 ul for positive mode and 5 ul for negative
mode. Mobile Phase A was acetonitrile: water, 60:40, with 10 mM ammonium formate and 0.1%
formic acid. Mobile Phase B was isopropanol: acetonitrile 90:10 with 10 mM ammonium formate and
0.1% formic acid. Lipids were separated by a 15 min method, with constant flow rate at 0.6 mL/min
and column temperature of 65 °C. The gradient was as follows: 0 min, 15% B; 2 min, 30% B; 2.5 min,
48% B; 11 min, 82% B; 11.5 min, 99% B; 12 min, 99% B; 12.1 min, 15% B and 15 min, 15% B. Both
positive and negative spectra were collected at a rate of 4 spectra/sec for MS data and 15 spectra/sec
for MS/MS. For MS/MS, collision energies of 20, 40 and 60 V were applied to both positive and
negative ionization mode.

Data processing and annotation of lipid species

Agilent Mass Hunter Qualitative (Version B.06.00 2012) software was used to export the 100 most
intense fragments of each MS/MS spectrum into MGF files. Lipids were annotated by using the
MS2Analyzer software [25] in addition to matching accurate masses and mass spectra using the
LipidBlast [26] library. MS2Analyzer is a JAVA program that applies user-defined precursor, neutral
loss and product ion query to the unknown MS/MS spectra automatically. In MS2Analyzer, the m/z
tolerance is 0.005 for positive mode and 0.01 for negative mode, while relative intensity threshold is
5% of the base peak. LipidBlast is an in-silico MS/MS library for lipids identification. Library search
through LipidBlast was done by NIST MSPepSearch GUI. In NIST MSPepSearch, the precursor and
fragment peak m/z tolerance were set to be 0.005 and 0.01, respectively. The results from
MS2Analyzer and LipidBlast were combined and reported after manual curation.

3. Results and discussion

2D-TLC runs were performed for the crude lipid extracts of Chlamydomonas reinhardtii (CC-125),
Auxenochlorella protothecoides (UTEX 2341) and Euglena gracilis (UTEX LB 367). After non-destructive
iodine staining, an average of 20 fractions were visualized for each lipid sample, as shown in Figure
1.
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Figure 1. Two-dimensional separation of total lipids of A: Chlamydomonas reinhardtii, B: Auxenochlorella
protothecoides, and C: Euglena gracilis, stained by iodine vapor. Annotations of some lipid classes are shown.

Next, each lipid fraction was scraped, re-extracted and analyzed with high resolution LC-QTOF
MS/MS. As expected, each spot yielded several lipid molecules, all from the same class (except for
some specific cases, which will be pointed out) (Figure 1). Resulting lipids were annotated by the
LipidBlast in-silico MS/MS library and MS2Analyzer software. Figure 2 demonstrates how
MS2Analyzer used characteristic neutral losses, product ions and precursor ions to annotate lipids
such as DGTS, PC and MGDG. For comparison, crude lipid extracts of the three lipid species were
injected into LC-MS directly, without 2D-TLC pre-fractionation. Table 1 shows the summary of all
the lipid classes and their corresponding TLC spots. More detailed information for individual lipids
annotated from each spot, including precursor m/z and retention times, can be found in Tables 51-S3.
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Figure 2. Examples of MS/MS spectra from TLC fractions annotated by MS2Analyzer using characteristic
neutral losses and product ions. A: DGTS 34:2(16:0/18:2) [M+H]* in Chlamydomonas reinhardtii. B: PC 36:4
[M+H]*in Auxenochlorella protothecoides . The acyl chain lengths and composition for sn1 and sn2 fatty acids
remained undetermined due to the lack of characteristic fragment ions. C: MGDG 34:3(16:0/18:3) [M+NH4]* in
Euglena gracilis.

With respect to lipid classes, glycerolipids (MGDG, DGDG and SQDG), neutral lipids (DG and
TG) and some phospholipids (PG, PI) were present in the lipidomes of all three algal species. In C.
reinhardtii, betaine lipid DGTS was found to be a major lipid com-ponent, completely replacing
phospholipid PC as previously reported by us [27] and others [28]. On the other hand, DGTS was not
observed in UTEX 2341, whether using 2D-TLC or direct LC-MS/MS analysis. The absence of DGTS
in UTEX 2341 (previously identified at Chlorella minutissima) was contrary to a report published in
1996 [29]. This fact turned out to be one of the major lines of evidence that the current UTEX 2341
strain is actually Auxenochlorella protothecoides which we have recently confirmed by 18S gene
sequencing [16]. Besides, it has been shown that UTEX 2341 can only produce DGTS under certain
growth conditions, e.g., when grown on complex solid medium [16,30].
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Table 1. Summary of lipids annotated in 2D-TLC of Chlamydomonas reinhardtii, Auxenochlorella protothecoides,
and Euglena gracilis, presenting fraction number. lipid fraction numbers for reference are included in Table S1,
Table S2, Table S3.

Chlamydomonas Auxenochlorella Euclena eracilis
reinhardtii protothecoides gtena g
MGDG 13 13 13
DGDG 7 8 8
DGTS 10 ND ND*
LysoDGTS 3,10 ND ND*
DG 21 19 13
TG 19,20,21 19,20 17
PA ND ND ND*
PC ND 4 6
lysoPC ND ND* 6
PE ND* 9 9
plasmenyl-PE ND ND 9
LysoPE ND ND* 9
PI 2 3 3
SQDG 4 7 5
PG 5 6 8
TOTAL 123 158 212

Among the three photosynthetic species, E. gracilis was found to be richest in lipid classes, with
15 identified lipid classes. Besides the lipids found in the two algal species, phosphatidic acid (PA)
and plasmenyl-PE were only found in E. gracilis crude lipid extracts. Wax esters, which were reported
to be produced by E. gracilis under anaerobic conditions [31], were not detected in our sample, due
to the use of aerobic growing conditions at the UTEX center.

In accordance with our initial aims, 2D-TLC reduced the complexity of biological samples,
enabling to easily profile lipid classes in algal samples, although obviously inferior to classic LC-
MS/MS analysis. Direct analysis by LC-MS/MS was able to detect some lipid classes that were not
found by 2D TLC in certain algal species (Tables S1-S3). Specifically, PE was not detected in 2D TLC
fractions in C. reinhardtii, lyso PC and lyso PE were absent from A. protothecoides and DGTS, lyso
DGTS and PA were not identified in E. gracilis but were found by direct LC-MS/MS analysis (Tables
51-S3). In addition, in some specific cases TLC spot contained more than one lipid class, or one lipid
class appeared in more than one spot: lysoDGTS were detected in both spot 3 and spot 10 of C.
reinhardtii, and thus spot number 10 contained both DGTS and lysoDGTS (Table 1). In E. gracilis, spot
number 9 contained PE, lysoPE and plasmenyl-PE. In C. reinhardtii and A. protothecoides TG were
spread between three and two spots (19, 20, 21 and 19, 20, respectively), and mixed with DG (spots
21 and 19, respectively). This might be partially due to the fact that TG and DG were present in large
quantities in both these species, but not in E. gracilis (Tables 51-5S3).

Compared to 2D TLC, analyses of crude lipid extracts by LC-MS/MS yielded a higher number
of identified species (Tables S1-53), and coverage of algal lipidomics did not improve if 2D-TLC
fractionation was used prior to classic LC-QTOF MS/MS analysis. The limited coverage of 2D TLC
may be due to problems with losses and overall sensitivity of the method, e.g., resulting from possible
reactions between unsaturated lipids and iodine vapor during the staining. Therefore, relatively low-
abundance lipids in the samples might not have been detected. To reduce degradation of sensitive
lipids, iodine staining time should be minimized. In addition, some fractions in the TLC plates still
remained unknown after LC-MS/MS annotation (Figure 1). The investigation of those unknown
components might require more comprehensive MS/MS databases, but these fractions could also
contain species that are not very amenable to electrospray ionization, such as pigments and
xanthophyll cycle intermediates.

Although the overall coverage of 2D-TLC was limited in comparison to that of LC-QTOF MS/MS,
it allowed us the annotation of lipid classes in C. reinhardtii, A. protothecoides and E. gracilis. 2D-TLC
patterns provide an intuitive overview of the distribution of lipid classes in complex samples, and
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this classic method is inexpensive, independent and adds orthogonal piece of information to the
biological understanding. As a classic, non-expensive separation method, 2D-TLC is also widely used
in the discovery or confirmation of new lipid classes induced by certain experimental conditions [32].
In light of our results, we recommend using it as a routine method for lipidomic evaluation in a wide
range of samples, not limited the organisms evaluated in this work or even to algal samples in
general, for profiling lipid classes. This way, thanks to the similarity between algal and plant lipids,
this method is also suggested for plant lipid class profiling. For example, it might be useful in
profiling the lipid classes of specific species, e.g., in the case of PC absence from C. reinhardtii, in
evaluating new algal or plant varieties, in studying the effect of cultivation conditions on the lipid
class profile of food crops and algae, or quickly evaluating the effect of certain treatments on the
observed lipid profile. It may also serve as a preliminary step before a more thorough comprehensive
LC-QTOF MS/MS analysis, to initially screen plant and algal samples. It might be regarded as the
lipidomic parallel of other simple methods suggesting general information about the sample, e.g., its
total polyphenol content, using spectrophotometric methods, rather than (or before) using advanced
separation methods for profiling.

4. Conclusions

We hypothesized that applying 2D-TLC lipidomics would allow lipid class identification in C.
reinhardtii, A. protothecoides and E. gracilis. A total of 15 lipid classes were annotated using LipidBlast
MS/MS library match and MS2Analyzer software. Results revealed that the suggested method was
sensitive enough to detect the differences in the lipidomes of the three algal species, including the
absence of PC in C. reinhardtii and DGTS in A. protothecoides. Among the three algal species, Euglena
gracilis was the richest in lipid classes. This technique might best be used if the appearance of novel
lipid classes is hypothesized, which would be easily detected as new spots in 2D TLC assays.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Detailed Information of all lipids annotated in Chlamydomonas reinhardtii
(CC-125); Table S2. Detailed Information of all lipids annotated in Auxenochlorella protothecoides (UTEX 2341);
Table S3. Detailed Information of all lipids annotated in Euglena gracilis (UTEX LB 367).
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