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We studied the effect of exogenous antioxidants dithiothreitol and lipoic acid on the
contents of photosynthetic pigments, including total chlorophyll and carotenoids, in
the leaves of regenerated shoots of the oilseed rape cultivars Mirakel, Lagonda and
Menthal (Brasisca napus L.). The shoots were obtained from hypocotyl segments
cultured for six weeks on in vitro regeneration media supplemented with
dithiothreitol and lipoic acid at concentrations of 1 mg.dm= and 10 mg.dm?,
respectively. The application of DTT and LA resulted in a significant increase in the
content of total chlorophyll and carotenoids, maintaining or increasing the
Chl/carotenoids ratio in the cultivars Mirakel and Menthal. Unlike the cultivar
Menthal, the frequency of explant regeneration significantly decreased in the
cultivar Mirakel, which may be attributed to genotype-specific responses. Mirakel
exhibited a higher frequency of regeneration under control conditions compared to
Lagonda and Menthal. In the leaves of the cultivar Lagonda regenerated in the
presence of DTT, there was a significant reduction in chlorophyll and carotenoid
contents, along with a decrease in the Chl a/Chl b ratio, suggesting a conversion of
Chl b to Chl a and a biphasic effect of DTT.
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Introduction

Oilseed rape (Brassica napus L.) is one of the most
widely cultivated oilseed crops. It represents an
allotetraploid hybrid species formed through
interspecific breeding between Brassica rapa L.
and Brassicaoleracea L. (Raza et al. 2021).
Oilseed rape is primarily cultivated for edible oil,
animal feed, and biofuels (McVetty et al. 2016;
Woodfield and Harwood 2017). Improving the fatty
acid composition or enhancing abiotic stress
tolerance in oilseed rape can be achieved through
breeding, which is a time-consuming process, or

through modern biotechnology approaches using
recombinant DNA (McVetty et al. 2016; Raza et
al. 2021).

The successful genetic modification of oilseed rape
relies on the in vitro regeneration capacity of plant
cells, which is influenced by the explant type and
cultivation conditions (Park et al. 2012; Kong et
al. 2020). One of the major obstacles to genetic
modification is the in vitro recalcitrance of oilseed
rape. The regeneration process of oilseed rape is
highly dependent on the genotype (Maheshwari et
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al. 2011, Hnatyuk et al. 2020). Recalcitrance is
associated with an increased production of reactive
oxygen species (ROS) such as singlet oxygen
(102), hydrogen peroxide (H202), superoxide anion
(O2-), and hydroxyl radical (HO-). Factors such as
the concentration and ratio of plant growth
regulators in culture media, inappropriate
cultivation conditions, or mechanical injury of plant
tissues can potentially trigger ROS formation (Dan
2008). Excessive ROS can lead to oxidative stress,
tissue browning or necrosis, and cell death. Plants
deal with excessive ROS generation using
an antioxidant mechanism consisting of enzymatic
(superoxide  dismutase,  ascorbate peroxidase,
catalase, etc.) and non-enzymatic (proline,
glutathione, phenolic compounds, ascorbic acid,
etc.) antioxidants (Soares et al. 2019). Several
studies have demonstrated that the application of
exogenous antioxidants in regeneration media
(e.g., cysteine, dithiothreitol, glutathione,
tocopherol, or lipoic acid) can improve in vitro
regeneration (Dan 2008; Das and Roychoudhury
2014). However, the intention is not only to
achieve the best possible plant cell regeneration
efficiency but also to obtain healthy plants that can
be evaluated by their content of photosynthetic
pigments, as they serve as important indicators of
the physiological state of plants.

The objective of this study was to assess the impact
of exogenous antioxidants, namely dithiothreitol
(DTT) and lipoic acid (LA), on the chlorophyll and
carotenoid content in leaves of in vitro regenerated
shoots from the oilseed rape cultivars Mirakel,
Lagonda, and Menthal (Brassica napus L.).
Additionally, we examined their effect on the
frequency of explant regeneration. Antioxidants
DTT and LA are sulphur-containing compounds
with free sulfhydryl groups or thiol bonds. DTT
acts as an antioxidant by maintaining a reducing
environment, which helps protect chlorophylls and
carotenoids from oxidative damage. It also
maintains the activity of enzymes involved in their
biosynthesis by preventing the formation of
disulfide bonds. Lipoic acid is a naturally occurring
compound that serves as a cofactor for several
enzymes involved in energy metabolism. As an
antioxidant, LA can reduce oxidative stress in
plants, thereby preventing the degradation of
photosynthetic pigments, including chlorophylls

and carotenoids (Dan 2008; Rand and Grant 2006;
Xiao et al. 2018).

Experimental
Plant material

Seeds of the oilseed rape (Brassica napus L.)
cultivars Mirakel, Lagonda and Menthal were
obtained from Norddeutsche Pflanzenzucht,
Hohenlieth-Hof, Germany. Surface-sterilized seeds
were germinated on the medium described by
Boszoradova et al. (2011) in the dark, at 23 °C for
5 — 6 days.

In vitro regeneration of oilseed rape

Regeneration of oilseed rape hypocotyls as a source
of explants was performed according to Al
Ramadan et al. (2021). The 5 — 6 days-old
hypocotyls were pre-cultivated for 24 h in the dark
in liquid callus inducing (CIM) medium (Gamborg
B5 medium with vitamins, Duchefa Biochemie
G0210), 2 % (w/v) sucrose, 250 mg.dm= NHsNOs3,
750 mg.dm? CaCl,-2H,0, 250 mg.dm™ xylose, 1
mg.dm= 2.4 D, 0.1 mg.dm IAA, pH 5.8). The pre-
cultivated hypocotyls were cut into 0.5 — 1 cm
segments and transferred to solid CIM medium
supplemented with i) 1 mg.dm® DTT, ii) 10
mg.dm?® LA, or iii) without antioxidants.
Hypocotyl segments (25 segments/Petri
dish/cultivar; 100  explants/replication; 3
replication) were incubated at 23 °C and 16h/8h
light/dark photoperiod under 50 pE m?2s? light
intensity.

After 2 weeks, the segments were transferred to
shoot-inducing SIM  medium (Gamborg B5
medium with vitamins, 2 % (w/v) sucrose, 250
mg.dm= NH4NOz, 750 mg.dm™ CaCl,-2H,0, 250
mg.dm= xylose, 5 mg.dm® AgNOsz, 2 mg.dm
BAP, and 1 mg.dm™ zeatin, 0.6 % (w/v) agar, pH
5.8) and supplemented with or without of
antioxidants. Every 2 weeks, the explants were
transferred to fresh SIM medium.

The frequency of shoot formation (%) was
calculated as the number of explants producing at
least one shoot.

Determination of photosynthetic pigments
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1,000 mg of plant material (cut off leaves after 6
weeks of in vitro regeneration on the media with 1
mg.dm? DTT and 10 mg.dm3LA and without
antioxidants) was homogenized with sea sand and
5 mL of 80 % (v/v) acetone in a mortar and pestle.
The extract was centrifuged for 2 min. at 4,000 rpm
at room temperature. The absorbance of the
supernatant was measured at wavelengths of 663
nm, 646 nm, and 470 nm. The contents (mg.g*
fresh weight, FW) of chlorophyll a (Chl a),
chlorophyll b (Chl b) and carotenoids were
calculated using the specific extinction coefficient
and equations by the method of Lichtenthaler and
Wellburn (1983):

Chl a: 12.21 X Ass3z — 2.81 X Asss

Chl b: 20.13 X Agas — 5.03 X Ass3

Carotenoids: (1000 X A47o — 3.27 X Cchia— 104 X
Cehib) / 229)

The contents of Chl a, Chl b, total Chl (Chl a + Chl
b) and carotenoids were expressed as mg per g of
fresh weight (FW).

Statistical analyses

The data are the means of three replications. All the
data were examined using a two-way analysis of
variance (ANOVA) followed by a post hoc
comparison with the use of Duncan's multiple
range test (P <0.05). All the statistical analyses
were performed using STATISTICA version 12
(Stat Soft Inc., Tulsa, OK, USA).

Results and Discussion

We studied the effect of exogenous antioxidants
DTT and LA on the contents of Chl a, Chl b,
carotenoids, and on the ability of explants to
produce shoots. The 5 — 6-days-old hypocotyl
segments germinated in the dark, were regenerated
on the media supplemented with antioxidants i) 1
mg.dm= DTT, ii) 10 mg.dm= LA or iii) without the
presence of antioxidants as a control (Fig. 1). Our
preliminary experiments suggested that applied
concentrations might be suitable (data not shown).

Besides the growth regulators, the regeneration
media contained an ethylene inhibitor AgNO3s at

standard (5 mg.dm) concentration for oilseed rape
(Boszoradova etal. 2011; Al Ramadan et al.
2021). AgNOs stimulates in vitro regeneration of
plant cells (Prem Kumar et al. 2016).

The first calli were observed after two weeks of
regeneration on the media with and without the
antioxidants DTT and LA and after 4 — 6 weeks,
the first shoots started to develop (Fig. 1A). Our
analysis revealed that the explants of the cultivar
Mirakel formed shoots with significantly lower
frequency (at least 2.2-fold) in the presence of both
DTT and LA antioxidants, while the antioxidants
did not significantly affect the shoot-producing
capacity of the explants of the cultivars Lagonda
and Menthal (Fig. 1B).
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Fig. 1. An example of in vitro regeneration of the cultivar
Menthal after 2, 4, and 6 weeks of regeneration on the media
in the presence of 1 mg.dm-3 DTT, 10 mg.dm-3 LA and
without antioxidants (JAOX) (A). The frequency of shoot
formation of cultivars Mirakel, Lagonda, and Menthal (B).
The frequency of shoot formation was evaluated after 6
weeks of regeneration on the media with 1 mg.dm-3 DTT and
10 mg.dm-3 LA; and without the presence of antioxidants
(OAOX). The frequency of shoot formation was calculated as
the number of explants regenerating at least one shoot. Data
are means = SE. Different letters indicate statistically
significant differences at P <0.05.
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Some authors indicated a dose-dependent effect of
antioxidants on in vitro regeneration (Wtodek
2001; Mehta et al. 2021). At low concentrations,
they can have a positive effect, but at higher
concentrations, their effectiveness might decrease,
or they could even inhibit in vitro regeneration.
Moreover, the in vitro regeneration response of
oilseed rape is highly genotype-specific (Farooq et
al. 2019).

Photosynthetic ~ pigments  chlorophyll  and
carotenoids play an irreplaceable role in plant
growth and development and a decrease in their
content is considered the first symptom of
unfavourable conditions (Wang and Grimm 2021;
Sherin et al. 2022). Total chlorophyll (Chl a and
Chl b) and carotenoids were determined in the
leaves of developed shoots after 6 weeks of in vitro
regeneration with and without the presence of the
antioxidants DTT and LA in the media (Fig. 2).
Although the frequencies of shoot formation in the
cultivar Mirakel were reduced, DTT and LA
showed a stimulatory effect on total chlorophyll
accumulation. Chlorophyll is one of the main
components of stress biology, and its increased
content in response to the presence of DTT and LA
may contribute to better ability of plants to
withstand stress. It was hypothesized that plants
can use chlorophyll as a defence system
(Agathokleous et al. 2020). ROSs at certain levels
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are necessary for triggering the in vitro
regeneration process, however, their too-low or
too-high levels can result in inhibition of
regeneration (Farooq et al. 2019). Our analyses
showed that both antioxidants, DTT and LA,
significantly increased the contents of total
chlorophyll in shoots of the cultivar Mirakel at least
2.3-fold and 1.8-fold, respectively (Fig. 2A).
Similarly, the content of total chlorophyll increased
at least 1.8-fold and 1.3-fold in the leaves of the
cultivar Menthal regenerated on the media
supplemented with DTT and LA, respectively. The
presence of DTT in the regeneration media resulted
in a decrease (0.7-fold) in the content of total
chlorophyll, while in the presence of LA, the total
chlorophyll content significantly increased, at least
1.7-fold, in the leaves of the cultivar Lagonda (Fig.
2A). Chl a and Chl b are two primary pigments in
the chloroplasts (Hu et al. 2021). Under standard
conditions, the ratio Chl a/Chl b is relatively stable
and usually around 3 (Lichtenthaler et al. 1981).
However, when plants are exposed to stress, there
can be alterations in this ratio. An increased Chl
a/Chl b ratio was observed in shoots of the cultivar
Lagonda regenerated in the presence of DTT (Fig.
2B). This might indicate the conversion of Chl b to
Chl a, and thus chlorophyll degradation
(Trifunovi¢-Momc¢ilov et al. 2021).
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Fig. 2. The determination of the contents of total chlorophyll (A), Chl a/Chl b ratio (B), carotenoids (C) and total
chlorophyll/carotenoids ratio (D) in leaves of the oilseed rape cultivars Mirakel, Lagonda and Menthal after 6 weeks of in vitro
regeneration in the presence of 1 mg.dm3DTT, 10 mg.dm=3LA and without antioxidants (JAOX), Data are mean + SE.
Different letters indicate statistically significant differences at P <0.05.



Nova Biotechnol Chim (2023) 22(2): 1869

Carotenoids play a vital role in protecting against
oxidative damage, optimizing light capture, and
regulating stress responses (Sun et al. 2022). The
content of carotenoids significantly increased (at
least 1.7-fold) in the shoot of the cultivar Mirakel
regenerated in the presence of DTT and LA (Fig.
2C). The carotenoid content was significantly
lower in leaves of the cultivar Lagonda regenerated
on the DTT-containing media, while an opposite
pattern was observed in leaves regenerated on the
media supplemented with LA. The presence of
DTT and LA did not have a significant effect on
the carotenoid contents in the leaves of the cultivar
Menthal.

The ratio of total chlorophyll and carotenoids can
be used as an indicator of the photosynthetic
capacity and overall health of plants. A decrease in
ratio of Chl/carotenoids may indicate physiological
changes  associated  with  stress  response
(Lichtenthaler et al. 2007). The addition of DTT to
regeneration media increased the ratio of
Chl/carotenoids in the leaves of the cultivars
Mirakel and Menthal indicating a dominant
presence of chlorophyll. Chlorophyll is responsible
for capturing light energy during photosynthesis,
and a higher ratio suggests a greater capacity for
light absorption and utilization. In other samples,
the ratio of Chl/carotenoids remained unchanged
(Fig.  2D). In  healthy and actively
photosynthesizing plants, the Chl/carotenoids ratio
tends to be relatively high.

Conclusion

Our findings revealed a significant impact of both
genotype and exogenous antioxidants
(1 mg.dm3DTT and 10 mg.dm3LA), on the
contents of photosynthetic pigments in the leaves
of the cultivars Mirakel, Lagonda, and Menthal.
The application of DTT and LA led to a significant
increase in total chlorophyll and carotenoid
contents in the cultivars Mirakel and Menthal,
while maintaining or increasing the Chl/carotenoids
ratio, indicating healthy plant growth. Nevertheless,
the frequency of shoot formation in the cultivar
Mirakel significantly decreased, which may be
attributed to genotype-specific responses. The
cultivar Mirakel showed a higher frequency of
regeneration under control conditions compared to

Lagonda and Menthal. LA in the regeneration
media increased the levels of chlorophyll and
carotenoids in the leaves of the cultivar Lagonda
without negatively affecting the frequency of
regeneration. Unlike LA, antioxidant DTT caused a
significant reduction in chlorophyll and carotenoid
levels, along with a decrease in the Chl a/Chl b
ratio, suggesting a conversion of Chl b to Chl a and
a biphasic effect of DTT.
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