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Polar lipids from the diatoms Diadesmis gallica and Navicula atomus were separated and their structures were
determined using high resolution tandem MS HILIC-LC/ESI. This method allowed us to identify 34 classes of
lipids, each containing dozens of molecular species, including regioisomers. The largest differences were found in
two sulfur-containing lipids, sulfoquinovosyldiacylglycerol and phosphatidylsulfocholine caused probably by the
remodeling of lipid species. These diatoms have been found to use several mechanisms to resolve growth in
extreme environments, i.e. silica starvation. The presence of insoluble nano-SiO; leads to the replacement of
cellular phospholipids with sulfolipids. Regioisomer ratios also vary depending on the concentration of nano-
SiO3 in the culture medium, i.e. the biosynthesis of polar lipids via the prokaryotic (plastidial) and/or eukaryotic
(explastidial) pathways. Complex analyses of polar lipids using high resolution HILIC-LC/ESI-tandem, as used for
diatoms, can also be used for other photosynthetic microorganisms.

1. Introduction

Diatoms (Bacillariophyceae = Diatomophyceae) are unicellular or
colonial coccoid algae encased in a siliceous cell wall called a frustule.
Both marine and freshwater diatoms contain fatty acids (FA) from C14
to C22, i.e. from myristic to docosahexaenoic acids (Cramer et al.,
2011), and the FA content is usually up to 20% dry weight, but can also
be up to 65% of the dry weight of cells (Taguchi et al., 1987). They have
also been examined for use as a feedstock for biofuel (Popovich et al.,
2012). The content of fatty acids in the genus Navicula is very variable,
for example, in N. gregaria the content of palmitoleic acid was more than
half of the total FA (Anisimov et al., 2011) and the eicosapentaenoic acid
content in the phospholipid fraction was over 27% of total FA. In
N. pelliculosa, palmitoleic and eicosapentaenoic acids were identified as
the majority, but also hexadecatrienoic acid (18.3% of total FA) (Bell
et al.,, 2012) Also in N. perminuta, palmitic, palmitoleic, and eicosa-
pentaenoic acids were identified as the major FAs, while poly-
unsaturated C16 and C18 were minor components (Schaub et al., 2017).
Conversely (Lang et al. (2011) found predominantly palmitic, palmito-
leic, and hexadecatrienoic acids in the genus Navicula, but not C20 or
longer polyunsaturated fatty acids (PUFA) such as arachidonic, eicosa-
pentaenoic, and docosahexaenoic acids.
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The polar lipid fraction of diatoms mainly consists of monogalacto-
syldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), sulfo-
quinovosyldiacylglycerol  (SQDG), phosphatidylcholine  (PC),
phosphatidylinositol (PI), phosphatidylglycerol (PG) and other, minor
lipids (Stonik and Stonik, 2015). Some diatoms contain less common
sulfolipids, such as phosphatidylsulfocholine (PSC), i.e. the sulfonium
analog of PC, 1-deoxyceramide-1-sulfate or 24-methylene cholesterol
sulfate.

One of the first papers describing diatom lipids, including polar lipids
from the fresh water diatom N. pelliculosa, was published over 50 years
ago (Kates and Volcani, 1966). Phosphatidic acid (PA), phosphatidyl-
ethanolamine (PE), phosphatidylserine (PS), cardiolipin (CL, i.e.
diphosphatidylglycerol), PC, PI, PG, DGDG, MGDG and SQDG, including
minor polar lipids such as phosphatidyl-N-methyl ethanolamine
(MMPE) or three sulfolipids were identified based on TLC of native
lipids, incorporation of labeled compounds (**CO,, 3°S03~ and
H32P03"), deacylation of lipids and subsequent paper chromatography
of water-soluble compounds originating from the head of polar lipids.
One of them was later identified as PSC (Bisseret et al., 1984). Another
method used for the determination of PC and PSC mixtures was
ammonia desorption chemical ionization mass spectrometry (Bisseret
et al., 1985).
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Total lipids of the benthic diatom N. perminuta were separated and
quantified by silica gel HPLC (Schaub et al., 2017). The major neutral
lipids such as triacylglycerol (TAG) and free fatty acids (FFA), including
minor diacylglycerols (DAG) and cholesterol were analyzed. Commonly
occurring polar lipids such as SQDG, DGDG, MGDG, ceramides, PI,
lysophosphatidylcholine (LPC), PE, and PC were also identified. Further,
polar lipids with unknown structures, i.e. two major and three minor
peaks were also noted.

Based on the above examples, it is obvious that the content of indi-
vidual FA and lipids, including polar lipids (phospholipids and/or gly-
colipids) of diatoms is very variable. Depending on the different
cultivation conditions, e.g. temperature of cultivation, lack of nutrients
in culture medium (starvation), or in diatoms after mutagenesis or ge-
netic modifications, the content of FA and lipids in diatoms vary
dramatically.

The results of using an alternative source of Si were published; the
commonly used NaySiO3.9H;0 was replaced by nano-silica particles at
the same concentration (Li et al., 2017). Individual diatoms behaved
differently, e.g. in Synedra sp. the change in Si form show no effect on
growth, whereas in Navicula sp. the addition of nano-SiO; resulted in a
significant reduction in biomass production.

The influence of different sources of silica on the growth of three
diatoms (Cylindrotheca fusiformis, Navicula sp., and Skeletonema cos-
tatum) was investigated; the best source of silica was quartz particles
with a diameter of about 1.7 pm, but with different levels of hydrophi-
licity (Penna et al., 2003). The diatom Thalassiosira pseudonana was
cultivated under silicate and nitrate starvation (Zendejas et al., 2012).
The authors noted that the content of palmitic and palmitoleic acids
were higher during silicate digestion, while the content of EPA was
higher during nitrate starvation. Similarly, in other publications, e.g.
(Adams and Bugbee, 2014; Avato et al., 1987) the effect of silica star-
vation on biomass and lipid production was investigated. Wei et al.
(2010) reported the toxic effect of SiO, nanoparticles on growth of
Scenedesmus obliquus. Their results confirm that the effect of nano-SiO,
can have an effect on growth inhibition and pigment content. Following
our earlier article (Padrova et al., 2015) describing the effect of nano-Fe
on the production of fatty acids and lipids, we focused on explaining the
effect of nano-SiO5 on the production of lipids and fatty acids in diatoms.

As in our previous publications, we used hydrophilic interaction
liquid chromatography (HILIC) with high-resolution electrospray mass
spectrometry in both positive and negative modes. Two fresh water di-
atoms (Diadesmis gallica and Navicula atomus) grown in a medium with
different concentrations of nano-SiO, were analyzed by this method and
several dozen lipid classes were identified, including PSC and SQDG,
which contained several dozen molecular species of lipids. During Si
starvation, the greatest changes in eicosapentaenoic acid content were
found in PSC, eicosapentaenoic acid and PUFA, generally being in the sn-
1 position.

2. Results and discussion
2.1. Production of biomass and lipids

All 3 diatom strains, i.e. strain Navicula atomis (CCALA 383) and
strains Diadesmis gallica (CCALA 765 and CCALA 766), were cultured in
both a medium containing 1 mM sodium metasilicate and a medium
with 0.5 mM nano-SiO», and two diatom strains (CCALA 765 and CCALA
766) also had concentrations of 1.0 and 2.0 mM nano-SiO», calculated as
Si. Biomass production (lyophilized cells) as well as lipid production is
shown in Table 1. In both strains of Diadesmis gallica (strains CCALA 765
and 766), biomass and the percentage of lipids versus control (diatoms
were cultured in sodium silicate) always increased, except for 2 mM
nano-SiOy, which showed a decrease. Diatoms did not grow at higher
concentrations of nano-SiO,. Navicula atomis (CCALA 383) did not grow
at a concentration of 1 mM nano-SiO; in the medium. The total lipid
content increased after the addition of nanoparticles, see Table 1.
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Table 1
Biomass and lipid content in diatoms. The diatom strains were cultivated:
N. atomus (383) 43 days, D. gallica (765) 29 days, D. gallica (766) 18 days.

Sample® dry biomass (mg/L)" lipids (%)
383 (1 mM metasilicate) 2.775 + 0.026° 27.4 + 0.20°
383 (0.5 mM nano-SiO5) 2.785 + 0.031 25.2 £0.17
765 (1 mM metasilicate) 2.553 + 0.029 15.8 + 0.24
765 (0.5 mM nano-SiO5) 2.885 + 0.024 18.3 £ 0.18
765 (1 mM nano-SiO5) 2.733 + 0.031 13.7 £ 0.22
765 (2 mM nano-SiO5) 2.116 + 0.025 119+ 0.21
766 (1 mM metasilicate) 2.674 + 0.027 17.7 £ 0.16
766 (0.5 mM nano-SiO5) 2.641 + 0.022 17.8 £0.19
766 (1 mM nano-SiO-) 2.945 + 0.028 23.8 £0.15
766 (2 mM nano-SiO3) 1.839 £+ 0.030 22.7 £0.15

@ Both nano-SiO5 and sodium metasilicate concentrations are reported as mM
of silicone.

b Biomass was determined gravimetrically.

¢ Data are presented as arithmetic means from 3 measurements + standard
deviations (S. D.).

However, at a concentration of 2 mM, lipid production decreased and
the yield was always lower than that of the control.

The following publications describe the effect of silica starvation on
biomass and lipid production. For example, in Cylindrotheca fusiformis,
the neutral lipid content increased more than two fold (Avato et al.,
1987). Another example is the marine diatoms of Chaetoceros gracilis and
Thalassiosira pseudonana, the total lipid production in the latter being
24% higher than under nitrogen limitation. The effect of silica type was
tested in three marine diatoms (Cylindrotheca fusiformis, Navicula sp.,
and Skeletonema costatum), which were cultivated in the presence of
various sources of silica and found to grow better in the presence of
crystalline substrates, i.e. quartz sand and/or particles (Penna et al.,
2003). The influence of P and Si on the production of lipid classes in the
marine diatom Chaetoceros gracilis was investigated (Lombardi and
Wangersky, 1991). TLC/FID analysis on an Iatroscan instrument showed
that the content of acetone-extractable mobile polar lipids and phos-
pholipids decreased slightly in the silicon-starved cells. Conversely, in
most diatoms, silicon is one of the key components of the cell wall
structure and its lack reduces biomass production (Bozarth et al., 2009).

Zhang et al. (2018) found an overproduction of PUFA after insertion
of the SOD1 gene to thraustochytrid Schizochytrium sp. Overexpression
of the SOD1 gene resulted in attenuation of reactive oxygen species
(ROS). This means that the low concentration of ROS increases the
production of PUFAs, which is entirely consistent with our results,
where low concentrations of nano-SiO2 create a stressful situation,
probably contributing to the formation of ROS. In addition, the lack of
water-soluble Si compounds induced a phenomenon similar to silica
starvation. The combination of these phenomena resulted in higher
biomass and lipid production and influenced changes in the represen-
tation of fatty acids and consequently lipid classes, including their mo-
lecular species (plastidial versus explastidial pathway biosynthesis of
PSQ).

The following findings can be drawn from the above published data
and from experimental results obtained. The production of biomass and
lipids is mainly influenced by strains of diatoms; see for example the
various responses described in Synedra versus Navicula, or even Navicula
versus Diadesmis. The effect of the type of silicon source (Si compound),
i.e. water-soluble silicate versus nano-SiO,, was also observed and
confirms that results depend on the concentration of the silicon com-
pound in the culture medium.

The increase in lipid production by nanoparticles was effective
(Table 1), however, only at lower concentrations (0.5, 1.0 and 2.0 mM),
similar to sodium metasilicate (1.0 mM) in control cultures, but nano-
SiO9 suppressed cell growth at higher concentrations, i.e. above 2.0 mM.
This could be related to the formation of ROS and/or aggregation of cell
algae. It is also possible that the toxicity of nano-SiO» is manifested due
to their uptake on the algal cell surface. The potential production of ROS
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would correspond to increased production of eicosapentaenoic acid,
which acts as an antioxidant. Nanoparticles can therefore be considered
as an auxiliary tool for increasing lipid production.

2.2. Analysis of fatty acids

Fatty acids including PUFAs (Table 2) were identified by GC/MS of
fatty acid methyl esters (FAME) on a polar capillary column. The posi-
tions of the double bonds were determined from the fragmentation of
FAME, where an abundant ion at m/z 108 was formed in mass spectra of
n-3 PUFA methyl esters, whereas n-6 methyl esters of PUFA produced an
ion at m/z 150 (Fellenberg et al., 1987). The structure of PUFA was
confirmed by 3-pyridylcarbinol esters (formerly called picolinyl esters).
The mass spectra of these derivatives was characterized by the fact that,
in addition to the ions present in all 3-pyridylcarbinol esters (ions at m/z
92, 108, 151 164 Da, etc.), other diagnostic ions were also present. The
structure can be determined based on ions for which the interval of 14
Da (methylene group) is mistaken for the gap of 26 or 40 Da (-CH—CH-
or —CH,-CH—CH-). An example is the mass spectrum of the 3-pyridyl-
carbinyl ester of 20:5n-3 acid (Fig. 1). The ions at m/z 204, 244, 284,
324, and 364 exhibit gaps of 40 Da. Based on these values it can be
clearly seen that the given mass spectrum corresponds to the structure of
3-pyridylcarbinol 5,8,11,14,17-eicosapentaenoate (20:5n-3), see also
the relevant www pages (Christie). Other fatty acids were identified
similarly.

The maximum lipid production was achieved at a concentration of 1
mM nano-SiO; in the medium. Table 2 shows the fatty acid content of
diatom biomass grown under different conditions, i.e., with different
sources and at different concentrations of silicon. From Fig. 2, in which 3
major FAs (palmitoleic, palmitic and eicosapentaenoic (EPA)) were
selected, it is clear that with increasing nano-SiO, concentration, the
content of palmitoleic acid initially increased and then decreased,
whereas the trend with EPA was the opposite. Similar results were
observed in two diatoms described in the literature (d’Ippolito et al.,
2015). In Thalassiosira weissflogii under Si limitation, the palmitoleic
acid content decreased to 75% of the control, while the EPA content
increased to 131% of the control. Similarly, in Cyclotella cryptica, the
EPA content rose to 116% of the control cultivation.

Palmitoleic acid was proven to be the major FA in all three diatom
strains as well as in biomass obtained from all cultivations. Its majority
representation has been previously described (Roessler, 1988; Stonik
and Stonik, 2015). The change in silicon source was particularly re-
flected in the 20:5n-3 content, which was determined to be lower at 0.5
mM nano-silica, but up to 2 fold higher compared to the control
(water-soluble sodium metasilicate). We suggest this phenomenon is due
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Fig. 2. Production of three major fatty acids (palmitoleic, palmitic and eico-
sapentaenoic acids) by 3 strain of diatoms (Navicula atomis (CCALA 383) and
Diadesmis gallica (CCALA 765 and CCALA 766)) during cultivation in medium
containing sodium metasilicate and/or different concentrations of nano-SiO,.
Data are presented as arithmetic means from 3 measurements + standard de-
viations (S. D.).

to oxidative stress to which the diatoms were exposed. A similar phe-
nomenon has been observed previously with a-Fe3O3 and MgO nano-
particles (He et al., 2017). However, it should be noted that in their case,
the nanoparticles caused a decrease in the production of PUFA. A similar

Table 2

Fatty acid content of diatom biomass grown under different conditions.
Fatty 383" (1 mM 383 (0.5 765 (1 mM 765 (0.5 765 (1 mM 765 (2 mM 766 (1 mM 766 (0.5 766 (1 mM 766 (2 mM
acid sodium silicate) mM nano sodium silicate) mM nano nano Si) nano Si) sodium silicate) mM nano nano Si) nano Si)

Si) Si) Si)

14:0 2.0 +0.2" 1.3+0.2 2.7 £0.2 29+0.2 2.7+0.3 22+0.3 1.3+0.2 1.1 +0.2 1.4 +0.2 1.2+0.2
i15:0 0.3+0.1 0.2+ 0.1 0.3+0.1 0.4+ 0.1 0.3+0.1 0.3+0.1 0.3+0.2 0.3+0.1 0.2+ 0.1 0.4+ 0.1
15:0 0.2+0.1 0.3+0.1 0.4+0.1 0.2+0.1 0.4+0.1 0.6 £ 0.2 0.2+0.1 0.3+0.1 0.3+0.1 0.2+0.1
16:107 58.8 +1.8 58.9 £ 0.9 53.6 + 1.4 58.6 £ 1.0 448 +£1.3 36.8+1.4 57.2+1.1 61.2+ 1.6 545+ 1.0 444+ 15
16:0 18.1 £ 0.8 21.2+1.2 124+ 0.8 13.2+ 0.7 18.6 + 0.9 13.7 £ 0.9 21.3+15 20.0 £1.9 19.6 + 1.2 16.6 + 1.4
18:3w6 0.3+0.1 0.3+0.1 0.3+0.1 0.2+0.1 0.2+0.1 0.7 £0.1 0.1+0.1 0.2 +1.0 0.2+0.1 0.1+0.1
18:406 29+0.3 3.2+04 2.6 +£0.2 2.6 +£0.2 2.2+0.2 22+0.3 24+0.3 2.0+0.2 29+0.2 2.6 +£0.2
18:206 1.1+0.2 0.8+ 0.3 1.1+0.2 0.5+ 0.1 0.7 £ 0.2 0.8 +0.2 0.6 + 0.1 0.6 +£0.1 0.2+ 0.1 0.6 + 0.2
18:109 0.9+0.1 0.8 £0.2 0.8 +£0.1 0.7 £ 0.2 0.7 £ 0.1 0.6 £ 0.2 0.6 £ 0.1 0.6 +0.2 0.7 £0.2 0.6 £ 0.1
18:1w7 0.7 £0.1 0.8 +£0.3 1.9+0.3 1.0+0.3 0.8 +0.3 3.5+04 0.7 £0.2 1.0 £ 0.2 0.6 +£0.1 0.6 £0.1
18:0 0.6 +£0.1 0.6 £ 0.1 1.5+0.2 1.2+0.1 1.6 £0.1 1.7 £0.1 1.0 £0.1 0.7 £0.1 0.7 £ 0.1 0.6 £ 0.1
20:406 0.2+0.1 0.5+ 0.1 0.3+0.1 0.2+0.1 0.4 +0.1 0.3+0.1 0.0 £ 0.0 0.2+0.1 0.0 £ 0.0 0.1+0.1
20:503 13.7 £ 0.4 11.0 £ 0.5 21.5+ 0.7 18.0 £ 0.6 26.2 + 0.5 36.3+1.6 14.0 £1.2 11.6 £ 0.8 18.6 £ 0.9 31.4+0.8
20:403 0.2+0.0 0.1 £0.1 0.6 £ 0.1 0.3+0.2 0.4+ 0.1 0.3+0.1 0.3+0.1 0.2+0.1 0.1 £0.1 0.6 £ 0.1

@ Strain 383 is Navicula atomus CCALA 383, strain 765 is Diadesmis gallica CCALA 765, strain 766 is Diadesmis gallica CCALA 766.
b Data are presented as arithmetic means from 3 measurements + standard deviations (S. D.).
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decrease was observed in the case of silicon-deficient cultivation me-
dium (Roessler, 1988). The results of the analyses can be interpreted as a
response to changes in membrane fluidity. PUFAs in membranes are
important for adjusting to ROS-induced fluidity.

2.3. HILIC separation of lipid classes

Lipid classes were separated by HPLC, i.e. by HILIC under the con-
ditions described previously (Rezanka et al., 2011; Vitova et al., 2016).
As can be seen from Fig. 3, most lipid classes were separated on the base
line, and their abundance is shown in Fig. 1S (heat maps, Supplementary
data); the same applied to lipids containing a sulfur atom in the mole-
cule. A total of 34 lipid classes were separated, of which 25 were fully
characterized in less than 1-h analysis. Their structures were tentatively
determined based on the characteristics of their retention times (tgr)
compared with those of standards. Additional identification of lipid
classes was performed by MS but only incomplete separation of molec-
ular species within the class was achieved (Fig. 3). Therefore, single ion
monitoring (SIM) was used in both negative and positive ESI to identify
SQDG (at m/z 225.0075, i.e. [C¢HyO7S]") and at m/z 184.0733 for PSC;
for the ion structure see Table 1S. The most intensive changes in the
proportion of individual lipid classes were observed in lipids from our
cultivations of diatoms having sulfur in the molecule, i.e. SQDG and
PSC. For instance, a change in the silicon source (2 mM nano-SiO3)
increased its production of PSC up to 56% relative to the control, see
below.

In addition to common lipid classes (PC, PG, PI, MGDG, DGDG, and
SQDG) in the marine oleaginous diatom Fistulifera solaris (Liang et al.,
2014), three minor and two major peaks were found but not identified
by HPLC in the diatom Navicula cf. perminuta (Schaub et al., 2017). In
the diatom Phaeodactylum tricornutum, MGDG, DGDG, SQDG, and PC
were determined (Yongmanitchai and Ward, 1993) by the classical
method, i.e. RP-HPLC. Polar head biosynthesis in PSC is assumed to
proceed analogously to that of PC (Anderson et al., 1979). The above
data suggests that our three strains (CCALA 383, 765, and 766) do not
differ in their lipid composition from other diatoms. Changes in the
quantitative representation of lipid classes depending on the culture
conditions (sources of silica) are discussed below. Similar physical
properties of PC and PSC e.g. transitional temperatures or permeability
of membranes, have been described (Kates and Tremblay, 1982).
Therefore, we believe that, as described for other eukaryotic cells (Liu
et al.,, 2007), although taxonomically distant, diatoms also exhibit
silica-stimulated induction of phosphatidylcholine-specific phospholi-
pase C. This increased activity results with an up to 20 fold increase in
PC content after 30 days of quartz administration, as described
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Fig. 3. Separation of lipid classes of diatom Diadesmis gallica (CCALA 766) by
HILIC-HPLC under different modes (total ion current, single ion monitoring).
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(Grunspan et al., 1973). Obviously, this is only one of the possible
mechanisms for increasing the PSC content, since it has also been shown
in organisms taxonomically very distant, but always in eukaryotic cells.

2.4. Molecular species of phospholipids

Individual fractions of lipid classes were collected and the fractions
with a tg of 23.05 min were further analyzed by flow injection analysis
(FIA) in positive ESI (Fig. 4). Identification of molecular species of PSC is
listed in Table 3.

Mass spectra of PSC are not measured frequently, probably due to the
small distribution of these phospholipids in nature. As an isolated
example, two publications describe the use of desorption chemical
ionization (DCI-MS) (Bisseret et al., 1985) and field desorption (FD-MS)
(Wood et al., 1980). Both ionizations belong to soft ionization and it can
be assumed that spectra measured by DCI-MS, FD-MS, and ESI-MS will
be similar, although not identical. The positive ion ESI of a group of
peaks with a retention time of ~23.05 min is presented in Fig. 4. The MS
showed that one of the major ions at m/z 789.5075 formed an ion
[M+Li]*. Both the synthesized standard (18:0/20:4-PSC), see above,
and the most natural phosphatidylsulfocholines, have almost identical
mass spectra, see Tables 1S and 28

The structures shown in these tables were designed based on the
similarity of PC structures previously published (Hsu and Turk, 2003,
2009bib_Hsu_and_Turk_2003bib_Hsu_and_Turk_2009) and PSC. Some of
the PSC ions were structurally identical to those generated by tandem
MS of the respective PC, but only when the polar moiety of the ion was
cleaved. Major ions in ESI" are mainly those that lose a polar head, i.e.
[M + Li-S(CH2)21™, [M + Li-S(CHg)-ethylene phosphate] ™ (base peak)
ions; this ion has an analogous structure to the ion of PC ([M + Li-N
(CH3)s-ethylene phosphate]™) arising in positive ESI, see Hsu et al. (Hsu
and Turk, 2009). Furthermore, an abundant ion was present, which is
believed to have the structure of [M + Li-S(CHy)2-CoH4LiO4P]". A
group of other ions arose from the loss of acyls, either as fatty acids or as
ketenes, e.g. ions in Tables 1S and 2S ([M + Li-S
(CH3)2-CoH504P-C1gHo7CH=C=0]"). We also assume that the same
rule (Hsu and Turk, 2009) describing the preference of the ions in tan-
dem MS of PC can be applied to PSC, i.e. that the loss of a carboxylic acid
esterified to sn-1 glycerol results in a more abundant peak than that
generated by cleavage of the fatty acid at the sn-2 position. Therefore,
we assume that the representation of structures of PSC, i.e.
16:0/20:5-PSC versus 20:5/16:0-PSC is different and depends on the
conditions of cultivation (the silicon source) (Fig. 5). This finding is
based on the abundance of the respective ions of molecular species
containing palmitic and eicosapentaenoic acids, as compared to the
abundance of the respective ions of the synthetic standard
18:0/20:4-PSC. Analysis of the major molecular species, i.e.
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Fig. 4. Positive ion ESI of a group of peaks with a retention time of ~23.05 min
(HILIC), i.e. phosphatidylsulfocholines.
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Table 3

Identification of molecular species of PSC.
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Molecular species [M+Li]* mol specl abund14SD* mol spec2 abund2+SD mol spec3 abund3+SD mol spec4 abund4 sum of abund
PSC 28:0 687.4605 M/M 0.65 + 0.18 0.65
PSC 29:0 701.4762 M/X 0.36 £ 0.11 0.36
PSC 30:1 713.4762 M/Po 8.40 + 0.86 8.40
PSC 30:0 715.4918 M/P 3.22 + 0.57 X/X 0.18 + 0.07 3.40
PSC 31:1 727.4918 X/Po 4.96 + 0.48 4.96
PSC 31:0 729.5075 X/P 1.89 £+ 0.23 1.89
PSC 32:4 735.4631 M/St 0.65 + 0.14 0.65
PSC 32:3 737.4764 M/Ln 0.31 +0.10 0.31
PSC 32:2 739.4916 M/L 0.33 £ 0.13 Po/Po 99.67 + 1.67 100.00
PSC 32:1 741.5083 M/O 1.07 + 0.22 Po/P 38.85 + 1.03 39.92
PSC 32:0 743.5245 M/S 0.54 + 0.09 P/P 15.06 + 0.69 15.60
PSC 33:4 749.4762 X/St 0.36 + 0.14 0.36
PSC 33:3 751.4918 X/Ln 0.16 + 0.08 0.16
PSC 33:2 753.5075 X/L 0.17 + 0.07 0.17
PSC 33:1 755.5231 X/0 0.61 + 0.31 0.61
PSC 33:0 757.5388 X/S 0.29 + 0.09 0.29
PSC 34:5 761.4802 M/E 8.29 + 0.84 Po/St 8.40 +0.12 16.69
PSC 34:4 763.4945 M/A 0.29 £ 0.10 Po/Ln 4.43 £ 0.31 P/St 3.22 £ 0.41 7.94
PSC 34:3 765.5078 Po/L 4.70 + 0.52 P/Ln 1.68 + 0.17 6.38
PSC 34:2 767.5230 Po/O 13.43 + 0.96 P/L 1.78 + 0.24 15.21
PSC 34:1 769.5397 Po/S 7.08 £ 1.02 P/O 5.18 £0.33 12.26
PSC 34:0 771.5544 P/S 2.71 + 0.57 2.71
PSC 35:5 775.4918 X/E 4.89 + 0.69 4.89
PSC 35:4 777.5075 X/A 0.14 + 0.07 0.14
PSC 36:8 783.4610 St/St 0.65 + 0.26 0.65
PSC 36:7 785.4767 Ln/St 0.31 + 0.14 0.31
PSC 36:6 787.4924 Po/E 98.68 + 1.33 Ln/Ln 0.13 + 0.09 St/L 0.33 + 0.07 99.14
PSC 36:5 789.5075 Po/A 4.17 £ 0.75 P/E 38.33 +£1.84 Ln/L 0.14 £ 0.05 St/0 1.07 +£ 0.30 43.71
PSC 36:4 791.5232 P/A 1.58 £ 0.21 Ln/O 0.54 + 0.10 St/S 0.54 + 0.20 L/L 0.16 + 0.08 2.82
PSC 36:3 793.5396 Ln/S 0.25 + 0.10 L/O 0.57 £ 0.13 0.82
PSC 36:2 795.5546 L/s 0.27 £ 0.11 0/0 1.75 + 0.09 2.02
PSC 36:1 797.5719 0o/S 0.89 £+ 0.26 0.89
PSC 36:0 799.5857 S/S 0.44 + 0.14 0.44
PSC 38:9 809.4762 St/E 8.29 + 0.83 8.29
PSC 38:8 811.4905 Ln/E 4.37 £ 0.36 St/A 0.29 £+ 0.08 4.66
PSC 38:7 813.5061 Ln/A 0.12 + 0.07 L/E 4.63 + 0.64 4.75
PSC 38:6 815.5217 L/A 0.13 + 0.09 O/E 13.25 + 1.42 13.38
PSC 38:5 817.5373 O/A 0.50 + 0.15 S/E 6.98 + 0.63 7.48
PSC 38:4 819.5529 S/A 0.23 + 0.10 0.23
PSC 38:10 835.4918 E/E 97.37 £ 1.29 97.37
PSC 40:9 837.5061 A/E 4.11 £ 0.35 4.11
PSC 40:8 839.5217 A/A 0.11 + 0.07 0.11

@ Data are presented as arithmetic means from 3 measurements =+ standard deviations (S. D.).

20:5/16:0-SQDG, is described in Supplementary data, and the tandem
mass spectrum is shown in Fig. 6.

It should be noted at this point that the results published so far
describing esterification at sn-1 and/or sn-2 positions, i.e. positional
isomers (regioisomers) of phospholipids, are not unambiguous. As can
be seen from both our results and published data, the proportion of
phospholipid regioisomers containing at least one PUFA in a molecule
depends on the ratio of efficacies of plastidial versus explastidial path-
ways. Their influence will be discussed below.

The plastidial pathway uses acyl-ACP for the synthesis of PA and is
similar to that found in photosynthetic prokaryotes (Lohden and Frent-
zen, 1988). Two enzymes are important for the biosyn
thesis of PA, i.e. glycerol-3-phosphate acyltransferase and mon
oacylglycerol-3-phosphate acyltransferase, as previously described
(Frentzen et al., 1983). The plastidial pathway differs from the explas-
tidial pathway by the presence of C16 fatty acids at the sn-2 position of the
glycerol backbone. The explastidial pathway leads to the formation of
two types of molecular species, one of which contains PUFAs at both
glycerol positions and the other molecular species contains PUFAs at the
sn-2 position and palmitate at the sn-1 position. This pathway requires
collaboration between plastids and the endoplasmic reticulum in the
formation of glycerolipids in chloroplasts (Roughan and Slack, 1981;
Sato and Murata, 1982).

The fraction of molecular species of PC that contain C16 fatty acids at
sn-1 are formed by the “prokaryotic or plastidial pathway”. In contrast,

C18 acids (synthezised by the “eukaryotic or explastidial pathway”)
were identified in position sn-2; they were gradually elongated and
desaturated to form eicosapentaenoic acid (Stonik and Stonik, 2015).
These reactions, including polar head exchange, are essential for the
biosynthesis of phospholipids, glycolipids and TAG.

Based on tandem MS, it was found that the sn-2 position of major
molecular species from F. solaris, i.e. MGDG, DGDG, SQDG, PG and PI,
was preferentially esterified with C16 fatty acids. This finding also ap-
plies in part to PC and TAG. However, molecular species of PC con-
taining PUFA, i.e. arachidonic and eicosapentaenoic acids, at the sn-2
position have also been identified. This suggests that both the plastidial
pathway in chloroplasts and the explastidial pathway in the endo-
plasmatic reticulum may occur during PC biosynthesis (Liang et al.,
2014).

After collection of the appropriate individual molecular species
eluted from HPLC, enzymatic hydrolysis with lipase and phospholipase
A, was used to determine the FAs at both the sn-1 and sn-2 positions in
P. tricornutum. For example, 20:5/16:4-MGDG, 20:5/16:1-DGDG, and
16:1/16:1-SQDG were identified as the major molecular species, sug-
gesting that, with some exceptions, PUFAs (arachidonic and eicosa-
pentaenoic acids) were located in the sn-1 position (Yongmanitchai and
Ward, 1993).

Liang et al. (2014) reported that “the sn-2 position of all chloroplast
lipids and a proportion of PC species was occupied by C16 fatty acids.” in
marine oleaginous diatom Fistulifera solaris, while in another publication
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Fig. 5. Different abundancies of ions by tandem MS of molecular species of
phosphatidylsulfocholine, i.e. 16:0/20:5-PSC versus 20:5/16:0-PSC under
different cultivation conditions (i.e., the source of silicon).
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spectrum of 16:0/20:5-SQDG

(Xu et al., 2010), the authors reported that “PG and SQDG had a typical
mixed biosynthetic pathway (both prokaryotic and eukaryotic path-
ways)" in the marine diatom Stephanodiscus sp.. The published results
show that biosynthesis by both plastidial (in the chloroplast) and
explastidial (in the endoplasmic reticulum) pathways occurs with PC
and probably also PSC.
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The same applies to other algae, for example, according to da Costa
et al. (2019), in the brown macroalga Fucus vesiculosus, the galactolipid
MGDG was found to contain the regioisomer 20:4/16:0 while PG con-
tained the regioisomer 16:0/20:4. Both lipids should contain the same
regioisomers, since they should be biosynthesized by the plastidial
pathway.

Reverse phase HPLC of DAG, as a derivative of 3,5-dinitrophenylur-
ethanes of the red alga Gracilaria vermiculophylla, made it possible to
separate the molecular species of MGDG, DGDG, SQDG and PC (Honda
etal., 2016). For example, it was found that the ratio of 20:4/16:0 versus
16:0/20:4 of SQDG was 58.4:0.2, while for PCs the ratio was 0.0:26.3.
The results clearly indicate that while glycolipids are biosynthesized by
the plastidial pathway, PC is biosynthesized by the explastidial pathway.

3. Conclusion

Diatoms were cultured both in sodium metasilicate-containing cul-
ture medium and in the presence of nano-silica (nano-SiOy). Analysis of
total lipids from three strains of diatoms Diadesmis gallica and Navicula
atomus by means of HILIC-LC/high resolution ESI-tandem MS resolved
34 classes of lipids, including identification of tens of molecular species
of lipids and their regioisomers. Addition of nano-SiOy caused an in-
crease in the production of polyunsaturated fatty acids (PUFAs) and an
increase in the production of sulfur-containing lipids, i.e. sulfoquino-
vosyldiacylglycerol and phosphatidylsulfocholine. A change in the rep-
resentation of molecular species of phosphatidylsulfocholine (PSC)-
containing fatty acids in the sn-1 versus sn-2 position was observed,
which signified an effect on their biosynthesis by the plastidial rather
than the explastidial pathway. These results can be used both to increase
the production of PUFAs and also to prepare structured phospholipids.

4. Materials and methods
4.1. Chemical and standards

1,2-Dipalmitoyl-diacylglyceryltrimethylhomoserine (DGTS), di-all
cis-4,7,10,13,16,19-docosahexaenoyl-PC, and 1,2-dioleoyl PI (ammo-
nium salt) were purchased from Avanti Polar Lipids, Alabaster, AL, USA.
DGDG, MGDG, and sulfoquinovosyldiacylglycerol (SQDG) (plant leaf
lipids), cholesteryl linoleate, 1,2-di-all  cis-4,7,10,13,16,19-
docosahexaenoin, 1,2-dioleoyl- phosphatidic acid (PA), 1,2-dioleoyl-
PC, 1,2-dioleoyl-PE, 1,2-dioleoyl-phosphatidylglycerol (PG) (Na-salt),
tri-all cis-4,7,10,13,16,19-docosahexaenoin, and 1,2-dimyristoyl-phos-
phatidylserine (PS) (Na-salt) from Larodan (Malmo, Sweden). All
other chemicals were purchased from Sigma-Aldrich (Prague, CR). Silica
nanoparticles (nano-SiOs, average diameter 10 nm) were purchased
from Cabot (Leuven, Belgium).

4.2. Cultivation of microalgal strains

The diatoms Navicula atomus (Kiitzing) Grunow (CCALA 383) (class
Bacillariophyceae, order Naviculales, family Naviculaceae) and two
strains of Diadesmis gallica W. Smith (CCALA 765 and CCALA 766) (class
Bacillariophyceae, order Naviculales, family Diadesmidaceae) were
purchased from the Culture Collection of Autotrophic Organisms
(CCALA) at the Institute of Botany, the Czech Academy of Sciences,
Trebon, Czech Republic.

The strains were cultivated under the laboratory conditions in units
consisting of glass cylinders (V = 300 mL) in a water bath (15 °C), and
continuously illuminated by a panel of dimmable fluorescent lamps
(DULUX L55W/950 Daylight, OSRAM, Milano, Italy) with an incident
light intensity of 300 pmol m? s™. The cultures were aerated with air
containing 2% (v/v) carbon dioxide. Silicon was added either in the
form of a solution of sodium metasilicate nonahydrate - Na3SiOs . 9H0
(control cultures, final concentration 1 mM) or as nano-SiO, to the
mineral medium used for experimental cultures (Vitova et al., 2011).
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The strains were cultivated until the control cultures reached the Abs;sg
= 1.00, N. atomus 43 days, D. gallica (765) 29 days and D. gallica (766)
18 days.

The nano-SiO, was resuspended in distilled water (1.16 g/20 mL)
and sonicated using a SONOPULS, (BANDELIN electronics, Berlin,
Germany) for 1 min, at 40%. Strains were inoculated at Absysg = 0.02.
Water glass (1 mL/100 mL) was added to each control culture and nano-
SiO5 was added to each strain to achieve final sodium metasilicate
nonahydrate concentrations of 0.5 mM, 1 mM and 2 mM. The strains
were not able to grow without addition of silicate, thus this type of
control culture was not included in the experimental design.

4.3. Synthesis of 1-stearoyl-2-arachidonoyl-sn-3-phosphatidyl
sulfocholine

Synthesis of 18:0/20:4-PSC is fully described in the Supplementary
data.

4.4. Isolation of lipids

Isolation and pretreatment of lipids was carried out according to
Bligh and Dyer (1959), with modifications as described previously
(Kates and Volcani, 1966). For full description of the experiments see the
Supplementary data.

4.5. FAME and 3-pyridylcarbinol esters analysis

Analysis of fatty acids in the form of methyl esters (FAME) was
described previously (Rezanka, 1990; Vancura et al., 1988) A complete
description of all conditions of FAME and 3-pyridylcarbinol esters
analysis by GC-MS is in the Supplementary data.
4.6. HILIC/MS-ESI

After purification by Sep-Pak Vac Silica cartridge (Waters Gesell-
schaft m.b.H., Czech Republic), the lipids were identified and quantified
by LC/MS. A detailed description of both positive and negative ion ESI is
again in the Supplementary data.
4.7. Statistical analysis

The statistical analysis was performed using the IBM SPSS Statistics
(Statistical Package for the Social Sciences; IBM Corp, 2013) Statistics
software, version 26 (IBM® Corporation, Armonk, NY, USA), to explore
the metabolic relationships between control and treated cultivations.
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