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Abstract:

Haploid technologies are used to create homozygous lines for accelerated breeding. We aimed to optimize the technology for
using the isolated microspore culture in vitro to obtain doubled haploids of the carrot (Daucus carota L.).

We studied two carrot varieties with different responsiveness to embryogenesis, Altajskaya lakomka and Breeding line 17. Carrot
microspores were isolated from buds and cultivated in liquid nutrient media supplemented with an antibiotic and activated carbon
in vitro. They were exposed to different thermal treatments.

The experiment showed the benefits of combining cold pre-treatment of buds (5°C for 1 day) with heat shock of isolated
microspores in vitro (32°C for 2 days). The induction of embryogenesis on the NLN-13 medium was twice as high as on the
MSm-13 medium. The use of 1% activated carbon in 0.5% agarose increased the yield of embryoids by more than 1.5 times.
100 mg/L of ampicillin was found to be the most efficient concentration. After 30 days of cultivation under optimized conditions,
the yield was 161.3 and 44.0 embryoids per Petri dish for the cultivar Altajskaya lakomka and Breeding line 17, respectively.

The induction of carrot embryogenesis is determined by the type and duration of thermal stress, the composition of the nutrient
medium, the use of activated carbon as a sorbent, the addition of -lactam antibiotics, and the type of explant exposed to thermal
treatment. Our technology enabled us to obtain homozygous doubled haploid lines of carrots during a year, and these lines were
included in the breeding process to create F, hybrids.
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INTRODUCTION

The carrot (Daucus carota L.) is an economically
important root vegetable of the Apiaceae Lindley
(Umbelliferae Juss.) family. It is rich in carotene
(provitamin A) and contains an essential oil. Since the
carrot is a cross-pollinated biennial crop, it takes a lot of
time and effort to obtain inbred lines and select parental
pairs for crossing. Moreover, it is difficult to achieve a
high level of homozygosity by using traditional breeding
methods.

Over the last 100 years, scientists have looked
for ways to create genetic diversity by using doubled
haploids. So far, they have described protocols for
obtaining doubled haploids for 384 species, inc-
luding the culture of isolated microspores in vitro for
Apiaceae vegetables. This technology is based on the
ability of microspores to switch from gametophytic
to sporophytic development under conditions in vitro.
Exposed to various stress factors, they form emb-
ryoids from which doubled haploids are obtained.

Copyright © 2023, Romanova et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
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This approach speeds up the creation of initial
homozygous material (doubled haploid lines) for
selection and expands the range of genetic recombinant
forms, including those with recessive traits, thus
facilitating the search for rare genotypes [5].

Embryogenesis induction protocols have been
developed to obtain haploid and doubled haploid plants
of the Apiaceae family (cumin, carrot, celery, fennel,
and dill) using the cultures of unpollinated ovules,
anther, and isolated microspores [6—10].

However, the practical application of unpollinated
ovules and anther cultures is limited by the low
efficiency of embryogenesis [11]. Moreover, there is
a risk of obtaining callus and embryoids from so-
matic tissues during the cultivation of anthers and
unpollinated ovules [12]. Therefore, isozyme or DNA
analysis is required to confirm homozygosity [7].
Yet, the culture of isolated microspores excludes the
interference of somatic tissues during embryogenesis.

The callus culture obtained from isolated carrot
microspores was first described by Matsubara et al.
in 1995, followed by studies on the regeneration of
doubled haploids in the carrot [10, 13, 14]. Federal
State Budgetary Scientific Institution Federal Scienti-
fic Vegetable Center (Russia) studied the process of
embryogenesis and developed a method for obtaining
doubled haploid plants from the culture of isolated carrot
microspores [15, 16].

Many factors affect the efficiency of embryogenesis
in the microspore culture in vitro, including genotype,
microspore development stage, donor plant growth
conditions, medium composition, and cultivation
conditions [5].

Stress factors such as cold and heat treatment have
a direct influence on microspores and can stimulate
the induction of embryogenesis. Nitsch and Norreel
first described the use of cold pre-treatment for
Datura innoxia L. anthers [17]. Its positive effect was
presumably associated with slowing down degradation
in anther tissues. Such treatment protects microspores
from toxic compounds released by degrading anthers
and ensures the survival of most embryogenic
microspores. Cold pre-treatment of buds has also been
shown to increase the frequency of endoreduplication.
This stimulates the spontaneous doubling of haploid
plants and significantly enhances the efficiency of
doubled haploid production. Lowering the temperature
by 10°C prior to the isolation of microspores from the
donor plants of the Brassica species slows down the
plant’s growth and allows for a longer time when buds
can be selected at a certain stage of development. Cold
treatment of donor plants improves the embryogenic
responsiveness of microspores. A similar phenomenon
was observed in plants of the Brassica family [18].

Cold pre-treatment is mainly used for buds, while
heat treatment (33-37°C) is often used to induce

microspores in the culture in vitro. In anther culture,
cold (4°C) and heat (32°C) pre-treatments had a positive
effect on callus formation and embryogenesis of some
carrot genotypes [11]. Various cold treatment schemes
(1-3 days at 4°C) had a negative effect on most carrot
varieties, increasing the induction of embryogenesis in
only some of them [14, 15].

The composition of the nutrient medium affects
embryogenesis efficiency. Such media as % NLN-13,
NLN-13, MSm-13, %2 MS, and B5 were used to obtain
embryoids from carrot microspores. Matsubara et al.
supplemented 2 MS with 2,4-D (1 mg/L), BAP (1 mg/L),
sucrose (100 g/L), and NLN-13 [13]. Gorecka et al.
and Kiszczak et al. used the nutrient medium BS
supplemented with L-glutamine (500 mg/L), L-serine
(100 mg/L), 2,4-D (0.1 mg/L), NAA (0.1 mg/L), and suc-
rose (100 g/L) [10, 19]. Li et al. obtained carrot plants
on the NLN-13 medium containing 2,4-D (0.1 mg/L),
NAA (0.1 mg/L), and activated carbon [14]".

High concentrations of ethylene released during
microspore cultivation can have a toxic effect on the
normal development of embryoids. According to lite-
rature, activated carbon is used as an adsorbing
agent for ethylene [20]. In addition, it can absorb some
phenols produced by damaged tissues. Shumilina et al.
reported a positive effect of activated carbon on the
development of somatic embryoids of the Brassica
family [18].

Endogenous and exogenous microbial conta-
mination of the culture is one of the main problems
that can occur during androgenesis, which may
result in the loss of valuable and rare specimens
in vitro. f-lactam antibiotics are most commonly
used to prevent that. They inhibit the synthesis of
peptidoglycan, the main component of the bacterial
cell wall, thereby exerting a bactericidal effect. Some
antibiotics can have a regenerative effect, like plant
growth regulators. This ability is associated with
the similarity of their chemical structure with that
of some phytohormones [21]. f-lactam antibiotics
are similar to auxins, since their molecular struc-
tures contain four-membered (f-lactam ring) and five-
membered (pyrrole) nitrogenous heterocycles [22, 23].

The microspore culture in vitro is an advanced
technology that speeds up the seclection process by
rapidly generating homozygous doubled haploid li-
nes. However, it requires further research to ensure
a high level of efficiency. We aimed to study the effect
of various factors on the yield of carrot (D. carota L.)
embryoids in the microspore culture in vitro. The factors
included cold and heat treatment of explants and isolated
microspores, the composition of nutrient media, as well
as the presence of an antibiotic and activated carbon in
the medium.

'MSm — modified Murashige and Skoog medium [1], NLN — Nitsch, Lichter and Nitsch medium [2], MS — Murashige and Skoog medium [3],
BS — Gamborg medium [4], 2,4-D — 2,4-dichlorophenoxyacetic acid, BAP — 6-benzylaminopurine, NAA — I-naphthaleneacetic acid.



Romanova O.V. et al. Foods and Raw Materials. 2023,11(1):25-34

STUDY OBJECTS AND METHODS

Plant material and growth conditions. Experi-
mental samples of the carrot (Daucus carota L.)
included those of the cultivar Altajskaya lakomka and
Breeding line 17.

The roots were vernalized at 4°C for 4 months
and then planted in a climatic chamber with 9000 lux
illumination, a 16/8 h (day/night) photoperiod, and a
permanent temperature of 19°C.

Umbels were collected from each sample at
the beginning of flowering at an optimal stage of
development according to their morphology (flat).
To determine the stage of microspore development,
buds from the two outer rows of umbels were placed
in a mixture of 96% ethanol and glacial acetic acid
(3:1 by volume) for 1-2 h and then washed with 70%
ethanol. The fixed anthers were crushed in a drop of
2% acetocarmine on a glass slide and quickly heated
over a burner flame (not boiled). When all the tissues
were removed, they were covered with a glass slide and
examined under an Axio Imager A2 light microscope
(Carl Zeiss Microscopy GmbH, Germany). The stage
of development was determined by the arrangement
of vacuoles and nuclei. For cultivation, buds were
selected with microspores mainly at the late vacuolized
mononuclear stage and pollen grains at the early two-
celled stage (a moderate amount) [15].

Microspore culture. Carrot buds from the two outer
rows of umbels were sterilized in 96% ethanol (30 s)
and then in a 50% aqueous solution of the Belizna
preparation (containing 5% sodium hypochlorite)
with 2-3 drops of Tween-20 (5 min). After that, they
were washed three times in sterile distilled water.
Microspores were isolated and cultivated according
to an optimized method developed for the Brassica-
ceae family [24]. The microspore suspension density
was determined using a Goryaev counting chamber
(MiniMed, Bryansk, Russia). The suspension with a
density of 2x10* was used for incubation.

The isolated microspores were cultivated in
6-cm disposable Petri dishes (filled with 3—4 drops
of agarose with activated carbon) on a 5-cm® liquid
nutrient medium, NLN-13 or MSm-13 (pH = 5.8), contai-
ning 13% sucrose [1, 2]. The medium was supplemen-
ted with ampicillin (100 mg/L) and plant growth regu-
lators, 1-naphthaleneacetic acid and 2,4-D (1 mg/L). The
cultivation took place in the dark in a Binder BF 260
incubator (Tuttlingen, Germany) at a temperature ac-
cording to the experimental plan.

We counted the number of embryoids (per Petri dish)
formed on days 2832 of cultivation.

Effect of thermal treatment on isolated micro-
spores. The culture of isolated microspores in vitro
on NLN-13 was exposed to cold treatment at 5°C for
1-3 days, heat treatment at 32°C for 1-2 days, and joint
treatment with cold at 5°C for 2 days and heat at 32°C
for 2 days [2]. The experiment included seven samples
and was performed under different conditions in three
repetitions:
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1. 25°C throughout the entire period (control);
2. 5°C for 1 day, then 25°C;

3. 5°C for 2 days, then 25°C;

4. 5°C for 3 days, then 25°C;

5.32°C for 1 day, then 25°C;

6. 32°C for 2 days, then 25°C; and

7. 5°C for 2 days, 32°C for 2 days, then 25°C.

Effect of thermal treatment on explants and
isolated microspores. Two types of explants were
obtained from four umbels of each carrot sample — buds
separated from inflorescences and whole inflorescen-
ces. They were pre-treated with cold at 5°C for 1-
2 days. Then, the culture of isolated microspores in
vitro on NLN-13 was exposed to heat shock at 32°C for
2 days [2].

The experiment was performed in seven repetitions
and three replicates, namely:

1. 32°C for 2 days, then 25°C (control);
2. 5°C for 1 day, 32°C for 2 days, then 25°C; and
3. 5°C for 2 days, 32°C for 2 days, then 25°C.

Effect of the nutrient medium composition.
Two liquid nutrient media were used for the experi-
ments, NLN-13 and MSm-13 (pH = 5.8), containing
13% sucrose and supplemented with ampicillin
(100 mg/L) and plant growth regulators NAA and
2.4-D (1 mg/L) [1, 2].

The experiment was performed in seven repetitions.

Effect of activated carbon. 0.5 g of agarose and
1 g of activated carbon were dissolved in 100 cm?® of
distilled water. The preparation was autoclaved and
dropped into Petri dishes, 3—4 drops each. Carrot buds
were pre-treated with cold at 5°C for 1 day. Then the
culture of isolated microspores in vitro on NLN-13 was
subjected to heat treatment at 32°C (2 days) and then at
25°C [2].

The experiment was performed in two biological
replicates: without activated carbon (control) and with
activated carbon.

Three analytical replicates were performed for each
experimental variant.

Effect of antibiotics. Ampicillin (Biosintez, Russia),
cefotaxime (Sintez, Russia), and penicillin (Biosintez,
Russia) were used in a lyophilized injection form in
sterile 1-g vials. To prepare an antibiotic solution, sterile
water (10 cm®) was added to a sterile antibiotic (1 g).
Then, the solution was aliquoted by 1 c¢cm?® and stored
at —20°C. Carrot buds were pre-treated with cold at 5°C
for 1 day. The culture of isolated microspores in vitro on
NLN-13 was subjected to heat treatment at 32°C (2 days)
followed by 25°C [2]. The antibiotics were added to the
nutrient medium according to the experimental plan.

The phytotoxicity of antibiotics was determined in
four replicates, namely: without antibiotic (control), cefo-
taxime (100 mg/L), ampicillin (100 mg/L), and penicillin
(100 mg/L).

The optimal concentration of ampicillin was determi-
ned in five replicates, namely: without antibiotic (cont-
rol), ampicillin (50 mg/L), ampicillin (100 mg/L),
ampicillin (200 mg/L), and ampicillin (1000 mg/L);
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Table 1 Carrot embryoids per Petri dish at various heat treatments of isolated microspore culture in vitro

Sample Thermal treatment LSD *
a b c d
1 day 2 days 3 days 1 day 2 days
Breeding line 17 0 2.0+0.6 2.0+0.6 1.0+0.6 0.7+0.7 0.7+0.7 0 F <Ft
Altajskaya lakomka 15.0+1.2° 22.0+1.7° 247+0.9° 67+1.5 7.0£12* 167+0.7° 150+2.0° 4.0

a—25°C (control); b — 5°C; ¢ — 32°C; d — 5°C for 2 days, then 32°C for 2 days

values marked with different letters are significantly different at p < 0.05

*least significant difference (p < 0.05)

Table 2 Carrot embryoids per Petri dish during cold treatment
of explants and heat treatment of isolated microspore culture
in vitro

Sample Thermal treatment LSD,*
a b c
Breeding line 17 0.5+0.1*° 28.9+6.5* 0° 10.6

Altajskaya 3894470 582+52° 422427 122

lakomka

a — 32°C for 2 days (control); b — 5°C for 1 day, then 32°C for 2 days;
¢ — 5°C for 2 days, then 32°C for 2 days

values marked with different letters are significantly different
atp <0.05

*least significant difference (p < 0.05)

Three analytical replicates were performed for each
experimental variant.

All the reagents, except for the antibiotics, were
produced by Sigma-ALDRICH (USA) and were labeled
as “suitable for the plant cell culture”.

Statistical data analysis. Experimental data were
processed in Microsoft Excel 2010. One-way and two-
way analysis of variance (ANOVA) was performed
on the basis of the Fisher test. The least significant
difference (LSD) was evaluated using Student’s t-test
with a probability of 0.95. Experimental data are given
as means = error of the mean.

RESULTS AND DISCUSSION

Effect of cold and heat treatment of isolated
carrot microspores and explants on the induction
of embryogenesis in culture in vitro. The process
of primary and secondary embryogenesis in the
microspore culture of the carrot (Daucus carota L.)
was described earlier by Shmykova et al. [15]. The
technology for obtaining doubled haploids in the
microspore culture in vitro has been developed for
individual carrot genotypes [5, 14]. However, due to
a large number of factors that influence embryoge-
nesis and regeneration, these processes need to be
continuously reviewed, taking into account innovations
and genotypes.

In 2020-2021, we conducted an experiment in two
stages to assess carrot microspore responsiveness to
embryogenesis at different temperatures. At the first
stage (2020), isolated microspores in the culture in vitro
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were subjected to heat treatment (Table 1). At the second
stage (2021), explants were pre-treated with cold and
then isolated microspores in the culture in vitro were
exposed to heat (Table 2).

At the first stage of the experiment in 2020, we
studied the effect of cold and heat treatments, as well
as their combinations, on the embryogenic induction of
microspores by the carrot samples (Table 1). We found
that cold treatment at 5°C stimulated the formation
of carrot embryoids. The best results were obtai-
ned by cold treatment during 1 and 2 days (22.0 and
24.7 embryoids per Petri dish, respectively). However,
longer cold treatment (up to 3 days) reduced the induc-
tion of embryogenesis to 6.7 embryoids per Petri dish,
which was half the control number of 15.0 embryoids per
Petri dish.

The heat stress at 32°C did not have a positive
effect on the induction of embryogenesis in the
microspore culture in vitro. In particular, 1 and
2 days of heat treatment produced only 7.0 and
16.7 embryoids per Petri dish, respectively, which
corresponded to the control level. A combination
of cold (5°C) and heat (32°C) treatments during
2 days had no significant effect either, with the
number of embryoids reaching the control level
(15.0 per Petri dish). According to Table 1, the
Breeding line 17 samples showed little responsiveness
to the experimental conditions (0-2.0 embryoids
per Petri dish) and produced results with no statisti-
cally significant differences (F <Ft). The Altajskaya
lakomka samples were much more responsive, with 6.7—
24.7 embryoids per Petri dish. In particular, we found
this cultivar responsive to cold treatment at 5°C for 1—
2 days. Therefore, this treatment regime was used at the
next stage of the experiment the following year.

At the second stage of the experiment in 2021, we
combined cold pre-treatment of explants (5°C for 1 and
2 days) with heat treatment of isolated micros-
pores (32°C for 2 days). This combination increased
embryogenic induction to 28.9 and 58.2 embryoids per
Petri dish for the Breeding line 17 and cultivars Altajs-
kaya lakomka, respectively. A longer cold pre-treatment
of explants (2 days) resulted in the embryogenic
induction at the control level (Table 2).

The cultivar Altajskaya lakomka showed high res-
ponsiveness to the experimental conditions at the
second stage, while the Breeding line 17 samples formed
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Table 3 Carrot embryoids per Petri dish depending on nutrient
medium composition

Table 4 Carrot embryoids per Petri dish at cold treatment of
various types of explants

Sample Nutrient medium LSD,* Sample Explants LSD j*#*
MSm NLN Buds* Inflorescences™*

Breeding line 17 5.8+2.0 13.8+4.8 F <Ft Breeding line 17 0.2+0.1* 19.4+4.8° 9.5

Altajskaya lakomka 28.2+2.0° 64.6+2.9° 7.0 Altajskaya lakomka 50.7+3.7 42.1+3.7 F <Ft

values marked with different letters are statistically significant
atp <0.05

* ]east significant difference (p < 0.05)

Table 5 Carrot embryoids per Petri dish in the isolated
microspore culture in vitro on the media with and without
activated carbon

Sample Samples LSD,*
Without activated ~ With activated
carbon (control)  carbon
Breeding line 17 12.0 £ 1.2° 18.6 +1.5° 4.8
Altajskaya 51.3+5.4 933+12.8" 358
lakomka

values marked with different letters are statistically significant
atp <0.05

* least significant difference (p < 0.05)

embryoids only after a 1-day cold pre-treatment of
explants. Yet, even with cold pre-treatment, Breeding
line 17’s embryogenic activity was twice as low as that
of the Altajskaya lakomka (28.9 and 58.2 embryoids per
Petri dish, respectively). Moreover, a 2-day cold pre-
treatment of Breeding line 17 explants at 5°C was totally
ineffective, producing 0 embryoids per Petri dish.

Cold stress can stimulate embryogenic induction. In
our experiments, however, its positive effect at 5°C was
short-lived. In particular, only one day of cold treatment
increased the yield of embryoids, with longer treatments
leading to decreased embryogenic induction. This is
probably associated with the fact that microspores
quickly reached a stage of development optimal for
embryogenesis. Our results were consistent with those
from studies on carrot anthers [11, 14].

Responsiveness to microspore embryogenesis greatly
depends on the genotype of a donor plant. Differences
in embryogenic induction are also determined by the
year of the study [14]. In our experiment, the cultivar
Altajskaya lakomka proved highly responsive to
embryogenesis, while Breeding line 17 revealed low
embryogenic potential. We believe it was due to the fact
that Breeding line 17 microspores were at an unsuitable
stage of development at the time of the experiment. It
may also be that the 24-h duration of the cold stress
(5°C) was too long for the carrot buds and it needs to be
shortened.

In addition, the genotype of a donor plant affected
embryogenic induction. In particular, a combination of
cold treatment of the Altajskaya lakomka buds at 5°C for
2 days and the subsequent heat treatment at 32°C for
2 days produced different numbers of embryoids

29

* buds cut from carrot inflorescences;
** buds left on carrot inflorescences;
*** least significant difference (p < 0.05)

values marked with different letters are statistically significant
at p <0.05

in 2020 and 2021 (15.0 and 42.2 per Petri dish, res-
pectively) (Tables 1 and 2). This could be because the
experiments were carried out during mass flowering and
inflorescences were collected from different donor plants.

Effect of the nutrient medium composition. We
found that embryogenetic induction differed depending
on the composition of the nutrient medium. Both carrot
varieties, Breeding line 17 and Altajskaya lakomka
(Table 3), showed a twice higher induction potential on
the NLN-13 medium (13.8 and 64.6 embryoids per Petri
dish, respectively) than on the MSm-13 medium (5.8 and
28.2 embryoids per Petri dish, respectively).

The differences in the composition of the nutrient
medium for Breeding line 17 samples were statistically
insignificant.

The choice of the nutrient medium has a signifi-
cant effect on the efficiency of embryogenesis.
Matsubara et al. were the first to observe the division
of carrot microspores on a liquid nutrient medium
%2> MS supplemented with 2,4-D (1 mg/L) and BAP
(I mg/L) [3, 13]. However, no embryoids were obtai-
ned in that study. Gorecka ef al. successfully used the
BS medium supplemented with glutamine (500 mg/L),
L-serine (100 mg/L), 2,4-D (0.1 mg/L), and NAA
(0.1 mg/L) for the microspore culture [10]. Li et al
induced carrot microspores on the NLN-13 medium
supplemented with 24-D (0.1 mg/L) and NAA
(0.1 mg/L) [2, 4, 14]. Vjurtts et al. reported a succes-
sful formation of carrot embryoids on the 2 NLN-13
and MS-13 media with various additives [2, 3, 16]. In
later studies, Shmykova et al. observed the induction
of embryogenesis in carrots on the 4 NLN-13 medium
supplemented with 2,4-D (0.2 mg/L) and kinetin
(0.2 mg/L) [2, 15].

In our study, the NLN-13 medium yielded twice as
many embryoids per Petri dish as the MSm-13 medium.
This pattern was observed for both varieties. In earlier
experiments conducted on other carrot genotypes, the
NLN-13 medium also showed the highest induction of
embryogenesis [16]. These results are due to the fact that
NLN-13 was developed directly for cultivating rapeseed
microspores, with stress effects taken into account. For
this, the medium contained reduced glutathione and an
increased content of boron ions, which triggered cell
division. The MSm-13 medium, however, was used to
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B Factor A ®Factor B ®AxB Errors

Figure 1 Two-way analysis of variance with repetitions:
effects of nutrient medium (Factor A) and thermal treatment
(Factor B) on the efficiency of carrot embryogenesis

in the isolated microspore culture in vitro for the cultivar
Altajskaya lakomka

Figure 3 Formation of embryoids in carrot samples of the
varieties Breeding line 17 (a and c) and Altajskaya lakomka
(b and d) on the medium with and without activated carbon
(6 cm Petri dishes)

induce gynogenesis and obtain carrot embryoids from
callus cells [1, 12]. Therefore, it is better suited for
further cultivation of the embryoids obtained on NLN-13
and for growing seedlings of carrot plants [2].

Effect of the explant type. We used two types
of explants: buds separated from inflorescences and
whole inflorescences cut and placed in a glass of water
(Table 4). The explants were pre-treated with cold, after
which microspores were isolated and introduced into the
culture in vitro.

The effect of cold pretreatment on the induction
of embryogenesis depended on the carrot geno-
type. Particularly, the Altajskaya lakomka samples
showed the best results when microspores were
isolated from carrot buds (50.7 embryoids per Petri
dish). Yet, the influence of the explant type was
insignificant for this cultivar. As for the Breeding
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Figure 2 Adhesion of particles of powdered activated carbon
to microspores of carrot: (a) general view of Petri dishes
with activated carbon; (b) carrot microspores with adhering
particles of activated carbon

line 17 samples, the largest number of embryoids
(19.4 per Petri dish) was produced by the microspores
isolated from inflorescences. The differences between
the two types of explants were significant for this
cultivar.

According to the two-way analysis of variance
with repetitions, the composition of the nutrient me-
dium had the biggest effect on the efficiency of car-
rot embryogenesis in the microspore culture in vitro,
accounting for 57% (Fig. 1). The effect of thermal
treatment amounted to 12%, while the combined effect
of these two factors was only 6%.

The influence of these factors on the efficiency of
embryoid formation was not unambiguous, which may
be due to differences in the carrot genotypes. However,
the one-way analysis of variance revealed no significant
differences. A larger number of samples and factors
to be studied might give a better understanding of
how different types of explants affect the induction of
embryogenesis.

Effect of activated carbon. Adding activated car-
bon powder to a liquid nutrient medium causes carrot
microspores to stick together and impairs their further
development (Fig. 2). Therefore, we used a preparation
of activated carbon with agarose.

The use of activated carbon as an adsorbing agent in
the lower layer of the liquid nutrient medium increased
the formation of embryoids in the microspore culture in
vitro 1.5-1.8 times, compared to the carbon-free control
(Table 5, Fig. 3). The cultivar Altajskaya lakomka proved
more responsive and yielded 4—5 times more embryoids
that Breeding line 17.

The one-way analysis of variance showed that the
addition of activated carbon to the nutrient medium
was a significant factor, the data belonging to different
groups.

Earlier studies reported that adding activated
carbon to the bottom layer of a two-layer nutrient
medium increased the rate of embryoid formation in
Brassica napus. Gland et al. suggested that activated
carbon removes toxic substances released by inactive
microspores, stimulating embryoids to develop [25]. In
addition, it may adsorb phenolic compounds that are



Romanova O.V. et al. Foods and Raw Materials. 2023,11(1):25-34

Table 6 Influence of ampicillin concentration on embryogenic activity in the isolated carrot microspore culture in vitro

Sample

Ampicillin concentration, mg/L

0 (control) 50

100 200 1000

Altajskaya lakomka 0° 16.0 £ 1.6

130.5 £22.4° 11.8+1.9° 0

Values marked with different letters are statistically significant at p < 0.05, LSD ;= 31.1

Figure 4 Carrot microspore culture on day 3. Cultivation:
(a) uninfected medium with ampicillin; (b) microbial infection
in the medium without ampicillin

Figure 6 Petri dishes with carrot embryoids visible to the
naked eye after 30 days of cultivation: (a) Altajskaya lakomka;
(b) Breeding line 17

released from damaged tissues during cultivation. In
a study on embryogenesis and regeneration of wheat
seedlings (Triticum aestivum L.), activated carbon
increased the percentage of morphogenic callus and the
number of green meristematic foci. The largest number
of green shoots was obtained on the medium containing
activated carbon (0.5 g/L) [26].

We found that supplementing the nutrient medium
with a 1% suspension of activated carbon in 0.5%
agarose intensified embryogenesis in the carrot
microspore culture in vitro. Guo and Pulli showed
a positive effect of adding activated carbon in aga-
rose [27]. In a study by Prem ef al., activated carbon was
added without agarose and had a negative effect [28].
The authors suggested that carbon particles stuck to the
microspores and embryoids, thereby preventing their
growth and development, which was confirmed by our
experiments.

According to our results, using activated carbon in
the microspore culture of more responsive genotypes
significantly increases the formation of embryoids. Even
the less responsive Breeding line 17 showed a slight
increase in embryoids compared to the control (without
activated carbon).

31

180
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Number of embryoids per Petri dish, pcs.

Figure 5 Effect of antibiotics (100 mg/L) on carrot
embryogenesis (cultivar Altajskaya lakomka) in the
microspore culture in vitro (values marked with different
letters are statistically significant at p <0.05, LSD , = 27.8):
1 — control (without antibiotic); 2 — cefotaxime (23.3 £ 4.4%);
3 —ampicillin (161.3 + 17.5%); 4 — penicillin (0%)

Effect of f-lactam antibiotics. When using the
standard protocol for the cultivation of microspores,
we found a serious loss of starting material in some
samples due to endogenous microbial contamination in
vitro. In the experiments without antibiotics, microbial
contamination and a total loss of starting material in
some samples were observed on the third day. Yet,
adding ampicillin to the nutrient medium, even at the
lowest concentration of 50 mg/L, prevented microbial
contamination (Fig. 4).

The phytotoxicity of various antibiotics (cefotaxime,
ampicillin, penicillin) was determined in the microspore
culture in vitro of the highly responsive cultivar
Altajskaya lakomka according to previous studies on
cabbage crops [23]. The sample without antibiotics
(control) had bacterial contamination (no embrioids),
which led to complete inhibition of the microspore
culture. Ampicillin provided the largest number of
carrot embryoids (161.3 per Petri dish), while cefotaxime
reduced this number 7 times (23.3 embryoids per Petri
dish). The addition of penicillin suppressed the division
of microspores and the formation of embryoids (Fig. 5).

To study the induction effect of f-lactam anti-
biotics on the embryoid yield, we carried out an
experiment with various concentrations of ampicil-
lin as the least phytotoxic antibiotic. We found the
largest number of carrot embryoids (130.5 per Petri
dish) on the nutrient medium with 100 mg/L of ampi-
cillin (Table 6). The minimum concentration of
50 mg/L did not stimulate the embryogenesis signifi-
cantly (16.0 embryoids per Petri dish). Yet, concentra-
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tions exceeding 100 mg/L suppressed the development
of carrot embryoids (11.8 per Petri dish).

The p-lactam antibiotics proved effective in the
culture of isolated carrot microspores in vitro. Except
for their high antibacterial activity, they should not
have a negative effect on the induction and development
of embryoids. Earlier studies showed that antibiotics
can induce regeneration, but at high concentrations
they inhibit the development of explants due to their
toxicity [22, 23, 29].

Grzebelus and Skop, who studied the effect of
p-lactam antibiotics on regeneration in the carrot proto-
plast culture, found that cefotaxime had a stimulating
effect at a concentration of 400-500 mg/L [21].
According to Meng et al., ampicillin and cefotaxime
had a selective effect on the frequency of regeneration of
Chinese cabbage somatic embryoids [22]. In particular,
cefotaxime inhibited re-differentiation of shoots and
roots, while ampicillin stimulated their differentiation.
In a study by Gerszberg and Grzegorczyk-Karolak,
ampicillin at concentrations of 100—400 mg/L not only
had an antimicrobial effect, but also regenerated tomato
buds, while cefotaxime at a concentration of over 200
mg/L had a negative effect [29].

Despite the widespread application of antibiotics
in various methods, their use in the microspore
culture in vitro is an innovation. Therefore, it is
not included in the standard protocol for producing
doubled haploid plants by androgenesis. Yet, we have
found a few studies on wheat, triticale, and rapeseed.
Asif et al. found that cefotaxime at a concentra-
tion of 100 mg/L had a stimulating effect on the
embryogenesis of wheat and triticale in the microspore
culture in vitro [30]. Other authors reported its
inducing effect on the embryogenesis and regeneration
of rapeseed at certain concentrations and treatment
times [31].

According to our results, ampicillin at a concent-
ration of 100 mg/L was the most effective of all the
p-lactam antibiotics under study in inducing carrot
embryogenesis in the microspore culture in vitro. It not
only controlled unwanted microbial infection, but also
significantly increased embryoid yield. Similar results
were obtained earlier for cabbage crops [24].

CONCLUSION

The induction of embryogenesis in the culture of
isolated microspores in vitro is determined by many
factors. Although there is a protocol for obtaining
haploid and doubled haploid carrot plants, this process
is highly dependent on the sample and microspore
cultivation conditions. Therefore, this technology needs
to be improved for specific genotypes.

In our study, the following factors determined
the efficiency of carrot embryogenic induction: a
responsive donor plant genotype (Altajskaya la-
kombka), cold treatment of plant buds at 5°C for 1 day
and heat treatment of isolated microspores at 32°C
for 2 days, the NLN-13 nutrient medium with acti-
vated carbon as an adsorbent, and ampicillin at
a concentration of 100 mg/L. We optimized the
technology to increase the induction of embryogenesis
not only in the highly responsive sample Altajskaya
lakomka, but also Breeding line 17 with low
responsiveness (157.3 and 44.0 embryoids per Petri dish,
respectively, after 30 days of cultivation) (Fig. 6).
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