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Abstract: Diatoms are capable of accumulating substantial amounts of triacylglycerides in their cells,
which differ in the composition of fatty acids depending on the conditions of cultivation, making
them attractive subjects in biotechnology. In the present study, we characterized the structural
features of lipid bodies in the diatom Entomoneis cf. paludosa (W. Smith) Reimer strain 8.0727-B and
revealed the peculiarities of fatty acid composition in cultures during the stationary and exponential
growth phases. Laser scanning confocal microscopy revealed an increased number of lipid bodies
in the cytoplasm during the stationary phase of culture growth. Electron microscopy of ultrathin
sections showed that an extreme increase in the number and size of plastoglobules in the cells occurs
in the stationary phase of culture growth. The gas chromatography with mass spectrometric detection
method revealed differences in the fatty acid composition depending on the growth phase. The
studied strain can be recommended as a source of hexadecanoic and octadecanoic fatty acids from the
culture during the stationary growth phase, as well as eicosapentaenoic fatty acid from the culture
during the exponential growth phase.

Keywords: diatoms; lipid bodies; plastoglobules; chloroplast ultrastructure; fatty acid composition

1. Introduction

Diatoms are one of the largest groups of Heterokonta organisms that dominate in
the oceans. Due to their ability to fix a considerable amount of atmospheric carbon (over
20% of primary production in the world oceans) and its global importance in the silicon
cycle [1], diatoms attract the attention of specialists in various fields. In the cells of diatoms,
assimilated carbon accumulates as triacylglycerides (TAGs), which constitute between
25% [2] and 50% [3] of their dry weight. Diatoms can be a potential source of both biofuel
and polyunsaturated w-3, w-6 fatty acids, vitamins, and other substances [4,5].

Diatoms, like other microalgae, accumulate neutral lipids (TAGs) under stressful
conditions [6,7], especially a deficiency of nitrogen [8], phosphorus [9], and silicon [10].
The fatty acid composition of diatom TAGs can vary depending on the cultivation condi-
tions [11]. TAGs of diatoms accumulate in special lipid bodies, which are also repositories
of other biological macromolecules and various biologically active substances [12]. The
location of lipid bodies in the cytoplasm and their quantity can be species-specific [12].

Plastoglobules, lipoprotein particles in the chloroplast stroma, are other sites of lipid
accumulation. These particles were discovered as early as 1963 [13] and are found in
many autotrophic organisms [14]. Plastoglobules are highly osmiophilic structures because
of the unsaturated fats they contain [13]. Plastoglobules are enriched in free fatty acids,
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carotenoids, tocopherols, and plastoquinones and can change their size and quantity
in response to stressful conditions [14-17]. In diatoms, plastoglobules have long been
known as osmiophilic globules [18]. Apart from a publication that appeared in 2016, these
structures in diatoms have been overlooked by researchers [19].

In connection with the development of biotechnological industries, the study of the
ultrastructure and composition of various microalgae, which produce a wide range of
biologically active substances, precursors, etc., is currently an urgent task. In this work,
a comparative study was conducted on the ultrastructure of lipid bodies and the fatty
acid composition of the diatom Entomoneis cf. paludosa (W. Smith) Reimer (strain 8.0727-
B) in the laboratory culture during the stationary and exponential growth phases. This
species previously attracted the attention of researchers as an object of the study of the
sexual reproduction of diatoms [20] and as a source of fatty acids (FAs) [11]; however, its
ultrastructure remains unexplored.

2. Materials and Methods
2.1. Algae Cultivation

Entomoneis cf. paludosa (W. Smith) Reimer (strain 8.0727-B) was obtained from the Col-
lection of Diatoms of Karadag Scientific Station (southeast coast of the Crimean Peninsula),
named after T.I. Vyazemsky [21]. The cells were grown in a medium that was similar in
composition to the Enriched Seawater, Artificial Water (ESAW) medium [22] with modifi-
cations [23] and diluted with distilled water to the required salinity (18 %.) at 20 °C and
under native illumination. To obtain growth curves, cells were grown in the 96-well plates
over 62 days according to the method described earlier [24]. The total number of cells was
counted in wells with a volume of 200 pL in four replicates on days 1, 4, 5, 8, 11, 20, 30, 45,
and 62 of growth.

For microscopy analysis, cells were grown in 0.1-0.2 L glass flacks, as described above,
for 14 days (the exponential stage of growth) and 62 days (the stationary stage of growth).
Upon inoculation, the cell density was 127 + 14.35 cells/mL. For fatty acid analysis, the
cells were cultivated during periods of 14 and 62 days in 10L glass bottles. The cells were
filtered through 2.5 um membrane filters and centrifuged at 2500 rpm for 20 min.

2.2. Microscopy

To visualize the chloroplasts, unfixed cells were studied with a laser-scanning mi-
croscope LSM 710 (Zeiss) equipped with a Plan-Apochromat 63x/1.40 Oil DIC M27
immersion lens (Zeiss). Chloroplast autofluorescence was excited with a 561 nm laser;
emission was registered in the range of 650-723 nm. For visualization of lipid bodies,
cells were stained with BODIPY 505/515 (Thermo Fisher Scientific, Waltham, MA, USA)
according to the protocol proposed by the manufacturer. In brief, the working stain solution
BODIPY 505/515 (0.5 mM) was added to the cells in the medium to a final concentration of
2 uM. After 30 min, the cells were washed with 0.1 M phosphate buffer (pH 7.4) and fixed
with 4% paraformaldehyde solution. Samples were embedded in Mowiol™ and examined
with an LSM 710 microscope. The fluorescence of BODIPY 505/515 was excited with a laser
at 488 nm; emission was registered in the range of 476-556 nm. All images were obtained
with ZEN 2010 software (Zeiss). Three-dimensional reconstructions were obtained for cells
located relatively horizontally from 120 optical sections (each with a thickness on the z-axis
of 0.12 um).

For transmission electron microscopy, cells were fixed, and sections were made as
described previously [25]. Preparations were examined in a Leo 906 E transmission electron
microscope (Carl Zeiss, Jena, Germany) at 80 kV and imaged with a MegaView II digital
camera (Olympus Soft Imaging Solutions, Miinster, Germany).

2.3. Fatty Acid Analysis

The sample humidity was calculated according to gravity measurements. The Folch
mixture (chloroform—nethanol, 2:1, by volume) was used to extract lipids from repli-
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cate samples (~0.02 g of wet weight). The samples were placed in plastic 2 mL tubes,
and fatty acids were extracted by shaking and sonication (1.2 mL x 3 x 5 min) using a
50 Hz ultra-sonication bath. The three extracts were combined in glass centrifuge test-tubes.
The distilled water (1.2 mL) was added to the extract. The mixture was emulsified and
centrifuged at 13,000x g rpm for 3 min. The chloroform extracts were transferred to 10 mL
glass vials, and the solvent was evaporated using an argon stream.

Fatty acid methyl esters (FAMEs) were derived through the acid esterification of fatty
acids as described earlier [26]. First, 4.5 mL of 2% H>SOy solution in methanol was added to
the dry fraction. The bottles were covered with aluminum foil caps and kept for 1.5 h at 55 °C.
Next, 0.8 mL of n-hexane was added to the FAME solutions, and the samples were cooled to
room temperature. FAMEs were extracted twice with n-hexane (3 mL x 2 min). Extracts were
dried with anhydrous Na,;SO, and concentrated using an argon stream to ~1 mL volume. An
internal standard (1 mg L' of dodecyl ether solution in n-hexane) was added.

Qualitative analysis of FAMEs by gas chromatography with mass spectrometric de-
tection (GC-MS) was carried out using an Agilent 6890B GC System coupled to a 7000C
GC/MS Triple Quad mass spectrometer (Agilent, Santa Clara, CA, USA). The conditions
were as follows: injector temperature, 290 °C; quadrupole temperature, 150 °C; injection
into the column of 2 pL of sample in the splitless regime. FAME chromatogram peaks
were identified by retention times and their full mass spectra using the NIST Mass Spectral
Search Program for the NIST/EPA /NIH Mass Spectral Library software (V. 2.2).

Quantitative analysis of FAMEs was carried out using a Shimadzu GC-2010 Plus GC
(Shimadzu, Kyoto, Japan) coupled to a flame ionization detector (FID). The conditions
were as follows: injector and FID temperature, 340 °C; injection into the column of 2 uL of
sample in the splitless regime; pressure, 75.5 kPa; column flow rate, 0.88 mL min~1!; linear
velocity, 23 mL s~ L; full flow rate, 50 mL min~1; hydrogen flow rate, 40 mL min~!; and air
flow rate, 400 mL min~".

An Optima-17MS GC column (30 m x 0.25 mm, SGE Macherey Nagel, Diiren, Ger-
many) was used. The temperature regime was the following: retention for 0.5 min at 80 °C;
heating from 80 °C to 290 °C (2 °C min~!); heating from 290 °C to 300 °C (5 °C min!);
retention for 5 min. at 300 °C; and heating from 300 °C to 310 °C (5 °C min~!).

In the study, all FAs samples were analyzed as two independent replicates, including
the whole-sample preparation stage. It was shown that these techniques allow for the
correct determination of total FAME content and the analysis of individual FAMEs. The
laboratory precision of FAME determinations was estimated by calculating the relative
standard deviations (RSD) of the two replicate results from the average value using a
degree of freedom number (f) of 22. The homogeneity of variations for selected subgroups
was verified using the Fisher and Cochran tests. The repeatability of the technique was
characterized by V = 6% for total FAME content. The accuracy of the determination of
individual C18 =+ C22 FAMEs with one to six double bonds was estimated using the
“Input-Found” method (n = 2, p = 0.95) [27].

3. Results

The cells were grown for 62 days in microvolume to obtain data on the rate and growth
phases of Entomoneis cf. paludosa strain 8.0727-B. The doubling of the cells occurred once
every three days. Two weeks after inoculation, the culture was in the exponential growth
phase; at the end of the experiment, the culture was at the beginning of the stationary phase
(Figure 1).
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Figure 1. Growth of E. cf. paludosa cells during 62 days.

As revealed by laser scanning confocal microscopy, the cells contained one single
flattened chloroplast capable of forming large lobes (Figure 2A,B). When cultured for two
weeks, no lipid droplets were observed in the cells after staining with BODIPY 505/515,
whereas, after 62 days of cultivation, numerous lipid bodies were observed per cell. These
lipid bodies had diameters of 0.3 to 2.15 um, adhered to the chloroplasts, and often formed
clusters (Figure 2C).

Figure 2. Chloroplasts in the cells of E. cf. paludosa of 14-day culture (A,B) and 62 days of culti-
vation (C); note lipid bodies stained with BODIPY 505/515 (LSCM). (A)—optical slice; (B,C)—3D-
reconstruction. Scale bars: (A)—100 um; (B,C)—5 um.

Transmission electron microscopy revealed that the cells have a pyramidal nucleus
adjacent to the chloroplast and surrounded by dictyosomes (Figure 3A). Many small oval
mitochondria were located, mainly on the periphery of the cell (Figure 3A). The chloroplasts
in the cells of the 14-day culture (Figure 3A,B) contained small plastoglobules (40-50 nm).
The pyrenoid was penetrated with one lamella composed of two thylakoids (Figure 3B);
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in some sections of chloroplasts, heterogeneity of the thylakoid morphology was visible
because of the accumulation of single thylakoids near the pyrenoid (Figure 3A).

Figure 3. Cell ultrastructure of E. cf. paludosa (TEM). Lipid droplets of cells at exponential (A,B)

and stationary (C-G) stages are marked by short white arrows (B,D). The lamella penetrating the
pyrenoid (B) is marked by long white arrow. The lipid droplet located on the bound of chloroplast
and cytoplasm is marked by long black arrow. Legend: Chl—chloroplast; G—Golgi apparatus;
m—mitochondrion; N—nucleus. Scale bars: (A,D)—1 um; (B,F,G)—500 nm; (C)—5 um; (E)—2 pum.

Clusters of large (up to 1 um in diameter) plastoglobules were found on sections of
chloroplasts from the cells of the 62-day culture (Figure 3C-G). In some cases, morphologically
similar structures to plastoglobules were observed in the cytoplasm (Figure 3D,G).

The qualitative and quantitative analysis of E. cf. paludosa FAs was carried out with
a mid-polar column Optima-17MS using GC methods. The peaks of the dominant FAs
and the internal standard on the chromatogram are marked (Figure 4A,B). Twenty-one
FAME peaks were identified on chromatograms (Table 1). The total FAs in the cell culture
varied from 16 mg g~! (exponential phase) to 40 mg g~ ! (stationary phase) of dry weight
(d.w.). The average FA content is presented in Table 1. The PUFA percentage of cells in
the exponential phase of growth (~33%) was higher than the percentage of cells in the
stationary phase of growth (~10%).
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Figure 4. E. cf. paludosa FAMESs extract GC-FID-chromatogram fragment. (A)—stationary phase of growth; (B)—exponential stage.
Table 1. The results of E. cf. paludosa FAMEs analysis by GC-FID.
FAs Content at Two Phases of Growth
FAs Nos FAs Structure Retention Times (tg), Min Stationary Exponential
mg g1 % mgg1 %
1 C12:0 17.68 416 £04 10.47 0.143 £+ 0.013 0.9
2 C14:0 24.69 246 £0.22 6.27 2.36 £0.21 14.74
3 iso-C15:0 26.94 0.49 £ 0.04 1.25 0.071 £ 0.006 0.45
. 0.0047 £
4 aiso-C15:0 27.24 0.064 £ 0.006 0.16 0.0004 0.03
5 C15:0 28.69 0.198 £ 0.018 0.5 0.087 £ 0.008 0.54
6 C16:1 (9) 32.49 31+£03 7.9 3.04 +0.27 19.01
7 C16:0 32.65 102 £ 0.9 26 3.25 +0.29 20.33
8 C16:3 (1-6,9,12) 33.16 0.50 & 0.04 1.29 0.37 £ 0.03 2.28
9 C16:2 (1-9,12) 33.24 0.37 +0.03 0.95 0.32 +0.03 2.02
10 C16:4 (n-6,9,12,15) 33.56 0.13 £ 0.12 0.34 0.12 +0.011 0.75
11 C18:1 (13) 39.81 0.86 £ 0.08 213 0.293 £ 0.026 1.83
12 C18:1 (9) 40.04 1.30 £0.12 3.34 0.36 £+ 0.03 2.23
13 C18:2 (9, 12) 40.06 n.d. n.d. 0.27 + 0.024 1.7
14 C18:0 40.16 11.0 £1.0 28.19 0.54 £+ 0.05 341
15 C18:4 (6,9,12,15) 40.90 0.34 £+ 0.03 0.86 0.83 & 0.07 5.19
16 C18:3 (9,12,15) 41.04 0.24 £ 0.02 0.6 0.157 £+ 0.014 1.0
17 C20:5 (5,8,11,14,17) 47.61 2.21+0.20 5.7 35+03 21.84
18 C20:4 (8,11,14,17) 47.89 0.036 & 0.003 0.09 0.052 £ 0.005 0.33
19 C22:0 53.37 121 £0.11 3.14 0.115 £ 0.010 0.72
20 C24:1(9) 59.48 0.190 £ 0.017 0.19 0.063 +£ 0.006 0.39
21 C24:0 59.60 0.125 £+ 0.011 0.33 0.054 £ 0.005 0.43
YFAs 39 16
Saturated FAs (SFA) 30 76 6.6 41
Monounsaturated FAs (MUFA) 5.4 14 3.8 23
Polyunsaturated FAs (PUFA) 3.8 10 53 33

4. Discussion

Despite the peculiarities of the valve morphology, the cell ultrastructure of the studied
species does not have any distinctive features and is typical of most pennate diatoms [25,28].
One notable finding was the heterogeneity in the structure of the thylakoids, which can
consist of either three or two lamellae. In the latter case, a thylakoid has one short lamella, the
length of which does not reach the pyrenoid, which implies that lamellae in the thylakoid
in the pyrenoid region are less densely packed. Such a structure is likely important for the
functioning of the chloroplast; in Phaeodactylum tricornutum, the segregation of photosystems
I'and II on thylakoid domains was previously demonstrated using biochemical analysis and
immunolocalization [29].

In most cases, TAGs accumulation in the deficiency of nutrients, which is observed
during the ageing of the culture, occurs in lipid bodies (or lipid droplets) in the cytoplasm
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of all of the studied diatoms, including E. cf. paludosa and other microalgae [6]. According
to recent studies, the lipid bodies of microalgae are not long-term reserves of carbon
and energy but temporary reservoirs for a quick response to environmental changes [12].
The stored lipids (mainly TAGs) are used to quickly regenerate microalgae cells when
conditions are favorable.

A feature of the ultrastructure of E. cf. paludosa is the increased number and large size
of plastoglobules in the chloroplasts of cells during the stationary growth phase, which
has not been previously described for diatoms. Interestingly, on ultrathin sections, the
morphological features of enlarged plastoglobules are similar to those of lipid bodies
in the cytoplasm (Figure 3D,E,G). In previous publications, such ultrastructural changes
were not observed in any of the species of microalgae [15]. A small number of works on
morphological changes in lipid accumulations in the various cell regions are associated,
in our opinion, with the uniformity of such changes. As mentioned above, the most
common cell morphological changes in response to stressful conditions, including nutrient
deficiency, is an increase in the size and number of lipid droplets in the cytoplasm [6]. For
the first time, in our work, we were able to show that nutrient deficiency can also cause
a dramatic increase in plastoglobules in chloroplasts. These data clearly demonstrate the
relationship between cell and chloroplast metabolism at the level of lipid metabolism.

Currently, there are a number of studies and reviews on the lipid accumulation in
diatoms under different growth conditions [4,12]. In some cases, data are given on the total
lipid content, including pigments, TAGs, membrane lipids, free fatty acids (Table 2), and
other lipid substances, which can significantly increase or decrease depending on lighting
conditions and the presence of nitrates [11,30,31]. The more common and clear evidence of
the involvement of TAGs in the response of microalgae cells (not only diatoms) to stress is
a change in the composition of FAs (Table 2), which can change significantly with nutrient
deficiencies and the growth stage of a laboratory culture. It is known that microalgae, and
especially diatoms, are the primary producers of a wide range of FAs, including saturated
FAs (SFAs); monounsaturated FAs (MUFAs); and essential polyunsaturated FAs (PUFAs),
such as eicosatetraenoic C20: 4 w-6, eicosapentaenoic C20: 5 w-3, and docosahexaenoic
C22: 6 w-3, among others, where w characterizes the double bond position from the tail
of the alkyl chain of the molecule [32]. These FAs significantly affect the functioning and
energy potential of cells [33,34].

This work demonstrates that the investigated strain of E. cf. paludosa has a high
potential for the synthesis of FAs, including SFA. The culture E. cf. paludosa in the station-
ary growth phase can be a source of biofuel, synthesizing ~80% of saturated fatty acids,
and E. cf. paludosa produces a number of valuable polyunsaturated essential w-3 acids,
including a-linolenic (C18: 3), octadecatetraenoic (C18: 4), eicosatetraenoic (C20: 4), and
eicosapentaenoic (C20: 5) FAs. Interestingly, the studied E. cf. paludosa strain is distin-
guished by the maximum content of essential eicosapentaenoic acid along with the marine
diatoms Odontella aurita, Attheya longicornis, Porosira glacialis (Table 2). This acid provides
antimicrobial [35] and antitumor activity [36]. E. cf. paludosa can be considered a model
organism in studies of the structure, chemical composition, functions of plastoglobules,
and the relationship in the chloroplast and cell TAG metabolism in diatoms.
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Table 2. Comparison of the fatty acid composition in different species of diatoms.
Fatty Acid Content (% of the FAs Total)
C18:3
Diatom ca1 Cl62 Cle3  Clea cig1  C181 n—  C184 Qo o8 e
Species C12:0 C14:0 (n— C15:0 C16:0 C16:1 n— n— n— C17:0 C18:0 N n— C18:2 9,12,15) n— C20:0 C22:0 C22:1 C24:0
5) 9,12) 6,9,12) 6,9,12,15) ©0) 3) or 6,9,12,15) 8,11, 5811, 47,10,
! e i [ 14,17) 14,17) 13,16,19)
(6,9,12)
Entomoneis
paludosa
stationary
phase of 10.5 6.3 - 0.5 26 10.1 0.95 1.3 0.34 - 28 3.34 213 0 0.6 0.86 - 0.09 5.7 3.14 - - 0.33
growth
(this publi-
cation)
Entomoneis
paludosa
exponen-
tial phase 0.9 14.7 - 0.54 20 19 2.02 2.3 0.75 - 3.4 223 1.83 1.69 0.98 52 - 0.33 21.9 0.72 - - 0.34
of growth
(this publi-
cation)
Entomoneis 2.6
paludosa - x - - 3042 1249 - - - - 1877i 8'293i - 1‘110i - - - - - - - - -
MLN+ [11] 13.4 : : :
Entomoneis 99
paludosa . 0.7 £ 4.0 £+ 19+ 12+
MLN— S - 01 YET o6 - B - - laE2 088 - 18 - - 0.6 - - B - - B
[11] '
Fistulifera
sp. under
nutrition - 5.0 - - 34 38 1.6 1.7 - - 0.4 0.7 - - 0.01 0.01 0.2 - - - - - -
sufficient
[3]
Fistulifera
sp under
nutrition - 5.0 - - 36 47 0.3 0.4 - - 0.4 0.4 - - 0.01 0.01 0.2 - - - - - -
deficient
Ni o hi 1.5
itzschia .
alexandrina - + - 0'051i 24+1 26£3 2'196i - - - 11+4 9;16i - - - - O'ngi 107; O.éili 3'179i - 1'073i
[11] MLN+ 05 : : : - : : : -
Nitzschia
alexandrina 3.7 0.7 + 9.5+ 6.6 = 57+ 47 + 0.6 + 0.8+ 09 £+
MLN-— B +1 - 0.1 39 +4 2l+4 2 - - B 0.9 2.2 B 1.3 B B 0.2 B B - 0.3 B 0.1
[11]
f;”‘]‘\z"il’\’ﬁ ~ 17 ~ 05+ 418+ 351+ 46+ _ ~ ~ 90+ 33+ ~ _ ~ ~ 06+ ~ ~ _ ~ ~ 03+
. 0.2 24 10 29 10.2 0.4 0.2 0.3
[1] 0.8
sif”ﬁis’l\ﬁ _ ¥ 03+ eex 69: 95+ ) B 46+ 30+ B . B 02+ B B ) B B )
0l s 03 6.0 2.1 07 16 2.0 03
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Table 2. Cont.
Fatty Acid Content (% of the FAs Total)
C18:3
Diatom c1a1 Cl62  Cl63  Clea cigq  C181 n—  C184 Qo 08 e
Species C12:0 C14:0 (n— C15:0 C16:0 C16:1 n— n— (n— C17:0 C18:0 N (n— C18:2 9,12,15) n— C20:0 C22:0 C22:1 C24:0
5) 912)  69,12)  6,9,12,15) 9c) 3) or 6,9,12,15) 811, 5811, 47,10,
’ 2 e 2 14,17)  14,17) 13,16,19)
(6,9,12)
Nitzschia
closterium - 54 - - 21.8 475 22 24 - - 0.9 7.1 - 031 025 - - - 104 - - 022 -
[37]
9.6
Odontella 14+ 91+ 11+ 41+
aurita [38] 2is - - 43 lo+1 - - - - 0.2 08 - - - 0.2 - 34+2 01 -
Phaeodactylum
tricornu- 6.7
+ - - 31 52 - - - - - 36 - - - - - - 5.4 - - - -
tum 11
[12,30]
Thalassiosira
pseudonana - 5.98 - - 30 29 - - - - 0.36 2.0 - - - - - - 7.5 - - 0.69 -
[12,30]
Chactoceros ¢ 7 - - 2 | 27 15 - - 11 - - - - - - - 39 - - - -
gracilis [39]
Atthey
alongicor- 85+ 88+ 60+ 38+ 35+ 42+ 1.0 + 40+
i - 8.8 - - 03 25 o1 o1 o1 - 03 ) - 3.4 2.63 01 - 0.07 19.1 - 0.13 03 -
[31]
Porosira 39
St 12.0 £ 52+ 57+ 96+ 274+ 17+ 48+ 42+ 39+
glacialis - £ - - 10 7£2 o6 0.2 1.0 - 0.6 0.1 - 0-25 02 0.6 - - 27+2 - - 0.4
[31] 04
Sy”["fgf P+ 18 52 6.5 02 31 101 - - 6.4 221 - - 0 3.6 - 0.9 - 118 - - - -
Naoieula 5 g 44 22 0.1 33 24 - - - 12 113 - - 12 31 - 15 - 152 - - - -
sp. [40]
Cyelotella 9 13 39 0.1 32 29 - - - 0.1 17.9 - - 24 21 - 11 - 8.7 - - - -

sp. [40]
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