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Abstract⎯The short-day plant stevia (Stevia rebaudiana) was earlier reported to produce electron-dense
thylakoids in the chloroplasts under long-day conditions. In the present work, such thylakoids were analyzed
by transmission electron microscopy and gas chromatography–mass spectrometry. It was found that they
contain glyceryl tricaprate, which belongs to triacylglycerols. A hypothesis is advanced that glyceryl tricaprate
acts as a photoprotector for short-day plants against redundant solar radiation.
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INTRODUCTION
Stevia (Stevia rebaudiana Bertoni, Asteraceae) is

an endemic Paraguayan plant; its critical day length
for f lowering is 12–14 h. Its leaves contain diterpene
steviol glycosides (SGs) (Chalapathi, 1997; Brandle
et al., 1998; Soejarto, 2002). Under a long day, the
plant intensively vegetates without a transfer to f lower-
ing. It was earlier shown by us that electron-dense
thylakoids are present in the stevia leaves under these
conditions (Sukhanova et al., 2007; Ladygin et al.,
2008; Bondarev et al., 2010). Such thylakoids were
earlier observed in such species as the perilla and
potato (Kashina et al., 1981; Semenova, 1985), i.e., in
the introduced plants. It should be noted that perilla is
also a short-day plant, similar to stevia in this regard.
It was found that the electron-dense thylakoids appear
in perilla under constant illumination, while typical
electron-transparent thylakoids were observed under a
short day (Kashina et al., 1981). Danilova and Kashina
(1999) have hypothesized that the revealed thylakoid
dimorphism in perilla chloroplasts (the electron-
transparent thylakoids as a regular type and the elec-
tron-dense ones as a modified type) is the structural
basis for the contribution of chloroplasts to photoperi-
odical light reactions. However, repeated experimen-
tal attempts have failed both to identify the electron-
dense stuff inside thylakoids and to propose its nature
so far.

The objective of this study was to elucidate the nature
and physiological role of the electron-dense compounds
in the chloroplast thylakoids of Stevia rebaudiana that
emerge upon its growing under a long day.

MATERIALS AND METHODS

Plants of S. rebaudiana Bertoni were grown in a
glass greenhouse under natural illumination on a soil
mixture of equal parts of turf soil, sand, and peat at 30 ±
5°C. The material for transmission electron micros-
copy was prepared as previously described (Bondarev
et al., 2010).

The intact chloroplasts and thylakoids were iso-
lated from stevia leaves to examine the content of the
electron-dense thylakoids. Leaves (100 g) were
homogenized in A buffer (0.33 M sorbitol, 2 mM
EDTA, 5 mM β-mercaptoethanol, and 50 mM tri-
cine, pH 8). The homogenate was filtered through one
layer of gauze and two layers of Miracloth (Calbio-
chem-Behring, United States) followed by centrifuga-
tion. The pellet of organelles was resuspended in
A buffer and fractionated in a percoll step gradient 40
to 70% upon 30-min centrifugation at 4000 g. The
intact chloroplasts were harvested from the border
between 40 and 70% percoll, washed with A buffer,
sedimented, and resuspended in the same buffer.
Afterward, they were lysed by hypoosmotic shock and
the thylakoids were sedimented by centrifugation.
After disruption of the thylakoid membranes, their
content was isolated and its chemical composition was
analyzed by gas-liquid chromatography–mass spec-
trometry. For this purpose, an Agilent Technologies
(United States) device was used. It consisted of a 7890
gas chromatographer (HP-5 column 50 m × 320 μm ×
1.05 μm) and a 5975C mass-selective detector with a
quadrupole mass analyzer.
31



32 BONDAREV et al.

Fig. 1. Thylakoids of the chloroplasts of stevia leaf paren-
chyma filled with an electron-dense material.

Fig. 2. Chromatogram of the sample isolated from the
content of electron-dense thylakoids of stevia.
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Conditions of chromatography. The temperature
program was a succession of an isotherm at 40°C for
2 min, a programmed heating up to 250°C at
5°C/min, an isotherm at 250°C for 15 min, a pro-
grammed heating to 320°C at 25°C/min, and an iso-
therm at 320°C for 5 min. The sample volume was
1 μL. The injector separated the f low 1 : 50, the injec-
tor temperature was 250°C, the interface temperature
was 280°C, and the carrier gas was helium at a f low
rate of 1 mL/min. Sample chromatograms were drawn
by the full ionic current. The ChemStation E 02.00
software was used.

Conditions of mass spectrometry. Electron ionization
proceeded at the energy of ionizing electrons 70 eV, and
registration of mass-spectra in positive ions was at
m/z = 20–450, where m is the mass of a particle and z
is its charge. The scan rate was 2.5 scans/s. Identifica-
tion of the component content (qualitative analysis)
was performed with the help of the NIST-05 library of
complete mass-spectra.

RESULTS AND DISCUSSION
Transmission microscopy showed that the entire

intrathylakoid space of the chloroplasts of stevia leaves
was filled with electron-dense matter (Fig. 1). In this
regard, the electron-dense thylakoids were isolated by
the technique described above and their content was
analyzed by chromatography–mass spectrometry.

Figure 2 represents the resulting chromatogram.
The presence of glyceryl tricaprate (GTC) or glyceryl
tridecanoate, which belongs to triacylglycerols
(TAGs), was found in this sample. The mass-spectrum
obtained by detection of the compound corresponding to
the peak (with a retention time of 61.88 min) is given in
Fig. 3. Comparison of the obtained mass-spectrum
with that of GTC taken from the NIST-05 database
found a fairly good coincidence of both sets of the
fragment ions and the relative intensities of the corre-
sponding peaks.
It should be highlighted that GTC, as a component
of essential oils, may fulfill adaptive functions in the
plant organism. It comprises residues of a saturated
fatty acid (FA)—n-capric acid—possessing ten carbon
atoms in the molecule. It was shown that the cell is
prone to accumulation of the TAGs bearing residues of
saturated FAs because their transformation into the
necessary polyunsaturated FAs requires less energy,
whereas on the contrary, oxidation of these com-
pounds liberates more energy (Solovchenko, 2012).

TAGs are known to be essential storage com-
pounds—sources of energy and carbon—in higher
plants. There are two biosynthetic pathways yielding
TAGs in plants. One path is situated in plastids (Banaš
et al., 2000; Lung and Weselake, 2006; Durrett et al.,
2008), and glycero-3-phosphate is a source of the
glycerol residue in this case (Weselake et al., 2009).

The specificity of acyl transferases—the enzymes
participating in TAG biosynthesis—may be a key fac-
tor determining biosynthesis of TAGs involving
unusual FAs with an intermediate chain length (10 to
14 carbon atoms) (Frentzen, 1993). In particular, the
specificity of glycerol-3-phosphate acyl transferase
may be employed by plants in their responses to the
stress caused, for example, by a sharp decrease in the
ambient temperature (Turnbull et al., 2001). In addi-
tion, different plant species may have different iso-
forms of lysophosphatidic acid acyl transferases,
which may be specific to acyls with an intermediate
chain length. For instance, the microsomes of
embryos of the cigar f lower (Cuphea lanceolata) syn-
thesize dicaprinoil-diacylglycerols in a culture in vitro
(Bafor et al., 1990). A similar incorporation of the
above-mentioned FAs into TAGs was also found in
different plant species in vitro (Wiberg, 1994). These
data suggest that such a biosynthetic specificity is a
stress response to conditions in vitro.

Importantly, higher plants deposit TAGs in the
cytoplasmic oleosomes or lipid globules (Athenstaedt
and Daum, 2006). Microalgae also accumulate TAGs
in similar structures (Solovchenko, 2012), but some-
times TAG-containing lipid globules appear in the
interthylakoid space (Hu et al., 2008). In stevia, in
BIOLOGY BULLETIN  Vol. 45  No. 1  2018
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Fig. 3. Mass-spectrum of glyceryl tricaprate in the sample isolated from the content of electron-dense thylakoids of stevia.
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addition to the GTK in thylakoids identified here, we
earlier observed roundish electron-dense lipid glob-
ules in the cytoplasm (Sukhanova et al., 2007).

Oleosomes have been discovered in many types of
plant cells. Details of TAG biosynthesis in tissues
other than seeds have not been satisfactory disclosed.
It is most likely that they are synthesized in response to
stresses or attacks of pathogens (Chapman et al.,
2012). It was reported that the oil content in seeds of
soybean, rapeseed, and Arabidopsis increases under
excessive illumination (Ruuska et al., 2004; Goffman
et al., 2005).

It is important to say that eukaryotic microalgae
also broadly use TAGs in the processes of adaptations
to the environment. Thus, in cells of many species of
microalgae, stress factors, such as intense photosyn-
thetically active radiation (PAR), entail TAG accumu-
lation (Merzlyak et al., 2007). Biosynthesis of TAGs
creates a sink for photoassimilates. This prevents pho-
tooxidative damage conferred by those stresses, which
reduce the cell potential of utilization of photosynthe-
sis products (Hu et al., 2008; Lemoine and Schoefs,
2010). Carotenoids are well-known potent antioxi-
dants functioning as free radical scavengers and singlet
oxygen quenchers (Ladygin and Shirshikova, 2006).
In this regard, TAGs create a depot of secondary
carotenoids that act as an optical shield against exces-
sive PAR and protect against photodamage as a conse-
quence (Solovchenko, 2012). A tight relation is estab-
lished between syntheses of secondary carotenoids
and TAGs (Solovchenko, 2013).

It is interesting that accumulation of SGs is also
significantly increased in leaves of stevia under redun-
dant light (Bondarev et al., 2008, 2012). This may be
interpreted to mean that surplus PAR often elevates
levels of reactive oxygen species (Ort, 2001), while
diterpene glycosides of stevia have a strong antioxidant
capacity as revealed recently (Stoyanova et al., 2011).
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Therefore, the intense biosyntheses of GTK and
SGs in leaves of stevia, presumably, hinder develop-
ment of photooxidative damage. The latter may be
associated with an increased level of reactive oxygen in
the short-day plants when they are exposed to a long-
day regimen. In addition, accumulation of GTK, as well
as different TAGs, in plant cells entails depot formation
of secondary carotenoids that screen an intense PAR
and, hence, protect against photodamage.
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