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Rooting technique of double 
haploids obtained in culture 
of microspore in vitro
for European radish 
Abstract
Relevance. Doubled haploids (DH-plants) are excellent material for genetic research and breeding
due to their complete homozygosity. The genus Raphanus from the Brassicaceae family is the tough-
est to produce doubled haploid plants through isolated microspore culture in vitro (IMC). The study
of the causes of disturbed root formation and the development of elements of this stage of technol-
ogy will significantly increase the effectiveness of the IMC technology for European radish.
Methods. The study included three varieties from the collection of the Federal State Budgetary
Scientific Institution Federal Scientific Vegetable Center (FSBSI FSVC): Teplichny Gribovsky,
Rozovo-krasniy s belim konchikom and Rhodes. The experiments used a standard protocol for
obtaining DH plants using IMC technology in a standard form and with a modification of the rooting
stage. The solid MS medium (with agar 7g/L): MS without hormones, MS medium supplemented with
IAA at concentrations of 0.5; 1 and 2 mg / L and liquid MSm medium supplemented with 0.1 mg / L
kinetin were used for rooting of regenerated plants. All media were supplemented with 20 g/L
sucrose. We used three types of techniques for transplanting plant explants onto a solid hormone-
free MS medium: planting micro-shoots with their basal part immersed by 2-3 mm into the medium;
planting in a well made in a nutrient medium using tweezers under sterile conditions; and landing on
the surface of the medium without embedment.
Results. In this work, we studied the features of the stage of rooting of regenerated European radish
plants in vitro conditions. The transplant technique has been proven to be important for the success-
ful establishment of radish micro-shoots. Plant explants must be planted strictly on the surface of a
solid hormone-free nutrient medium MS, without embedment. The use of tubes with bridges made of
filter paper and MSm liquid medium with the addition of 0.1 mg/L kinetin for the induction of root for-
mation also showed high efficiency. For plants prone to the formation of root-like structures (RLS)
with secondary tumors (ST), multiple dissection of abnormal formations with successive transplants
is necessary. Modification at the rooting stage of micro-shoots growing has increased the percent-
age of successfully adapted DH plants in vivo conditions from 0-14% to 95-98%.
Keywords: DH plants, Raphanus sativus, culture of isolated microspores in vitro, regeneration in cul-
ture in vitro, rooting in vitro conditions, phytohormones, root-like structures (RLS) with secondary
tumors (ST).

Технология укоренения удвоенных гап-
лоидов редиса европейского, получен-
ных в культуре микроспор in vitro
Резюме
Актуальность. Удвоенные гаплоиды (DH-растения), являются превосходным материалом для
генетических исследований и селекции за счет полной гомозиготности. Род Rathanus в семей-
стве Brassicaceae является самым не отзывчивым к технологии получения удвоенных гаплои-
дов с помощью культуры изолированных микроспор in vitro (IMC). Изучение причин нарушения
корнеобразования у растений-регенерантов и отработка элементов этого этапа технологии,
позволит значительно повысить эффективность IMC технологии для редиса европейского.
Методы. В исследование были включены три сортообразца из коллекции ФГБНУ
«Федеральный научный центр овощеводства» (ФГБНУ ФНЦО): Тепличный Грибовский,
Розово-красный с белым кончиком и Родос. В ходе экспериментов использовали стандарт-
ный протокол получения DH-растений с помощью IMC технологии в стандартном виде и с
модификацией этапа укоренения. Для укоренения использовали твердую (агар 7 г/л) среду
MS: безгормональная и MS с добавлением ИУК (в концентрациях 0,5; 1 и 2 мг/л) и жидкая пита-
тельная среда MSm с 0,1 мг/л кинетина. Концентрация сахарозы во всех средах составляла 20
г/л. Использовали три вида техники пересадки растительных эксплантов на агаризованную
безгормональную среду MS: посадка микропобегов с погружением их базальной части на 2-3
мм в среду; посадка в лунку, сделанную в питательной среде с помощью пинцета в стериль-
ных условиях; и посадка на поверхность среды без заглубления. 
Результаты. В настоящем исследовании изучены особенности этапа укоренения растений-
регенерантов редиса европейского в условиях in vitro. Показано, что для успешного укорене-
ния микропобегов редиса важна техника пересадки. Растительные экспланты необходимо
высаживать строго на поверхность твердой безгормональной питательной среды MS без
заглубления. Использование для индукции корнеобразования жидкой среды MSm с добавле-
нием 0,1 мг/л кинетина в пробирках с мостиками из фильтровальной бумаги также показала
высокую эффективность. Для растений, склонных к образованию корнеплодоподобных струк-
тур (КС) с вторичными опухолями (ВО), необходима многократная диссекция аномальных
образований с последовательными пересадками. Модификация этапа укоренения микропо-
бегов повысила процент успешной адаптации DH-растений в условиях in vivo с 0-14% до 95-
98%. 
Ключевые слова: DH-растения, Raphanus sativus, культура изолированных микроспор in vitro,
регенерация в культуре in vitro, укоренение in vitro, фитогормоны, корнеплодоподобные струк-
туры (КС) с вторичными опухолями (ВО).
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СЕЛЕКЦИЯ И СЕМЕНОВОДСТВО СЕЛЬСКОХОЗЯЙСТВЕННЫХ РАСТЕНИЙ

Introduction

Biotechnological methods of cell cultivation have

made a breakthrough in various fields of science,

opened up new horizons both for replenishing fundamen-

tal theoretical knowledge and for improving practical pro-

duction. Thus, DH plants obtained in cell culture are an

excellent material for genetic research and selection due

to their complete homozygosity. Such plant material facil-

itates gene screening and genome sequencing, as well as

the creation of mapping populations and collections of

mutant forms. This increases the efficiency and speeds

up the breeding process by increasing biodiversity, iso-

lating rare forms of plants with recessive alleles, and

quickly obtaining consistent material for further crosses

(Forster, Thomas, 2005).

There are several haploid technologies that can be

used to produce DHs. They are described in detail in

reviews: Maluszynski et al., 2003; Dunwell, 2010; Asif,

2013. Isolated microspore culture in vitro (IMC) is an

advanced haploid technology for producing DH – plants.

It is based on the ability of cells of an immature male

gametophyte (microspores) under the influence of exter-

nal controlled conditions to change the path of develop-

ment from gametophyte to sporophyte and, due to totipo-

tency, form a full-fledged plant. Unlike other haploid

technologies, somatic diploid cells are absent in

microspore culture. This makes it possible to avoid the

need for additional confirmation of the origin of the

obtained tissues and to be sure that the obtained materi-

al is a product of embryogenesis of haploid microspore

cells.

For a number of cultures, the IMC has been developed

and is actively used in practical tasks. But due to the fact

that the biodiversity of plants is extensive and has individ-

ual characteristics, the technology for obtaining DH-

plants cannot be universal. Thus, the Brassicaceae family

includes crops both with a high sensitivity to embryogen-

esis (rapeseed, white cabbage) and those for which an

effective technology for the production of DH plants has

not been developed. One of these crops is the European

radish, which is considered the least responsive  in the

cabbage family, and the development of an effective

technology for producing doubled haploids for this crop is

of great practical and scientific interest.

There are separate articles in the literature describing

attempts to obtain DH- plants of the genus Raphanus

(Takahata et al., 1996; Chun et al., 2011; Han et al., 2014,

2018; Tuncer, 2017), but the full cycle of obtaining of

doubled haploids in the culture of microspores in vitro

ended only for the Chinese radish variety - daikon.

The method of obtaining doubled haploids in vitro

microspore culture includes many stages, each of which

significantly affects the final result. Therefore, the devel-

opment of an effective technology is associated with a

detailed study and development of each of them. The first

successes of obtaining DH plants of European radish

using IMC were described in our previous study (Kozar et

al., 2020). In it, attention was paid to determining the

most optimal parameters: the size of the buds, the dura-

tion of heat treatment, the composition of nutrient media

for cultivation and regeneration. The influence of these

factors and their interaction on the effectiveness of the

technology was also analyzed. However, a high yield of

DH- plants has not yet been achieved. In this regard, fur-

ther study of the characteristics of the radish culture and

the identification of the reasons for the low yield of regen-

erant plants remains relevant. In our previous work, the

greatest losses of radish regenerant plants were noted at

the stage of rooting. The study of the causes of disturbed

root formation and the development of elements of this

stage of technology will significantly increase the efficien-

cy of the IMC technology for European radish.

Materials and methods

Plant material and growing conditions for donor plants

In the work, we used samples of European radish from

the collection of the laboratory of breeding and seed pro-

duction of table root crops of the Federal State Budgetary

Scientific Institution Federal Scientific Vegetable Center

(FSBSI FSVC): "Rozovo-krasniy s belim konchikom" (DH-

line No. 1,2), "Teplichny Gribovsky" (DH-line No. 3), and

"Rhodes "(DH-line No. 4). Donor plants were grown in a

growing chamber with additional illumination lamps

(Osram plantstar 600 W) at a constant temperature of

19°C, illumination of 9000 lux, and a 16-hour photoperiod

to stimulate flowering.

Culture of isolated microspores in vitro.

The induction of the androgenesis process and the

production of embryoids in the culture of isolated

microspores were carried out according to the protocol

developed in the laboratory of reproductive biotechnolo-

gy in the selection of agricultural plants for cultures of the

Brassicaceae family (Domblides et al., 2016) with a mod-

ification of the rooting stage.

Root formation in vitro

For rooting, a solid (agar 7 g/L) hormone-free nutrient

medium MS (Murashige, Skoog, 1962), MS was used with

the addition of 3-indoleacetic acid (IAA) at concentrations

of 0.5, 1, and 2 mg/L.

In experiments to study the process of root formation

on a liquid medium, we used a nutrient medium MSm

(Masuda et al., 1981) with the addition of 0.1 mg/L of

kinetin. The cultivation was carried out in test tubes 20 cm

in height and 2 cm in diameter on filter paper bridges

placed in 10 ml of medium and covered with a foil lid.

The sucrose concentration for all regeneration media

was 20 g/L.

We used three types of techniques for transplanting

plant explants onto an agar hormone-free MS medium:

planting micro-shoots with their basal part immersed by

2-3 mm into the medium; planting in a hole made in a

nutrient medium using tweezers under sterile conditions;

landing on the surface of the medium without deepening.

The cultivation was carried out on shelves with fluores-

cent lamps, with a photoperiod of 16 h, illumination of

2500 lux at a constant temperature of 25°C.
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BREEDING AND SEED PRODUCTION OF AGRICULTURAL CROPS

Fig. 1. Types of root system of DH-plants of European radish
A, B – normal root system – type I; C, D – root-like structures (RLSs) with secondary tumors (STs) with a weak root system – type II;
E,  F – RLSs with STs without roots – type III

Рис. 1. Типы корневой системы DH-растений редиса европейского
A, B – нормальная корневая система – I тип;  C, D – корнеплодоподобные структуры (КС) с вторичными опухолями (ВО) со
слабой корневой системой – II тип; E,  F – КС с ВО без корней – III тип
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Growing of regenerant plants.

Plants with normally developed leaves and root sys-

tems were transferred to vegetation vessels filled with a

mixture of peat and perlite (7: 3) and covered with perfo-

rated plastic cups for plant adaptation to in vivo condi-

tions. After the appearance of two or three new leaves,

the cups were removed. The regenerated plants were

grown in a growing chamber at a constant temperature of

23°C, 8000 lux illumination and a 16 hour light period.

After the beginning of flowering, the plants were placed

under individual isolators. We carried out pollination in

buds to obtain offspring from DH plants with control for

self-incompatibility in flowers.

Results

According to the standard IMC protocols for cultures of

the Brassicaceae family, hormone-free MS or B-5 media

are used at the rooting stage, while the regenerated

plants form a normal root system, after which they suc-

cessfully adapt when transplanted into in vivo conditions

(Custers, 2003; Ferrie A. 2003; da Silva Dias J.C., 2003;

Shumilina, et al., 2020). However, in our experiments

using the standard rooting technology, DH plants of

European radish formed a normal root system (Fig. 1,

type I) in a maximum of 6% of cases, depending on the

genotype (Fig. 2, type I). In other cases, the basal part of

the micro-shoots grew, forming abnormal structures that

outwardly resemble an irregular root crop. In what fol-

Fig. 2. Percentage of root system types 
in DH-lines of European radish
Type I – normal root system; 
Type II – root-like structures (RLSs) 
with secondary tumors (STs) with a root system; 
Type III – RLSs with STs without roots
Рис.2. Процентное соотношение типов 
корневой системы у DH-линий редиса европейского
I тип – нормальная корневая система; 
II тип – корнеплодоподобные структуры (КС) 
с вторичными опухолями (ВО) с корневой системой; 
III тип – КС с ВО без корней 

Table 1. Results of rooting micro-shoots of European radish using 
the standard method on solid hormone-free MS medium

Таблица 1. Результаты укоренения micro-shoots редиса европейского 
при стандартной методике на твердой безгормональной среде MS

Number of
DH-line

DH-plants

received in total

including:

with normal roots (I type)

with RLSs and STs structures

in vitro 
pcs.

rooted
in vivo

with roots 
(II type)

without roots 
(III type)

pcs. % in vitro 
pcs.

of them 
rooted
in vivo,

%

in vitro
pcs.

of them 
rooted
in vivo,

%

in vitro 
pcs.

of them 
rooted
in vivo,

%

1 50 6 12 2 100 15 27 33 0

2 57 8 14 1 100 20 35 36 0

3 34 4 12 2 100 10 20 22 0

4 17 1 6 0 - 3 33 14 0

average 11 100 29 0
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lows, such structures will be called root-like structures

(RLS) with secondary tumors (ST). If RLS with ST were

formed, then the root system was either completely

absent (Fig. 1, type III), or was weak and consisted of sin-

gle roots formed on the surface of these structures (Fig.

1, type II). When adapting in vivo, plants of the third type

always died. Among plants of the second type, during

adaptation, from 0 to 35% survived, depending on the

genotype.

Such low rates are associated with the fact that tumors

and the areas of RLSs covered by them, during growth,

form spiral, wavy, unevenly distributed vessels (data not

shown; consistent with data from other researchers – Ilina

et al. 2006; Lebedeva et al. 2015). Therefore, plant nutri-

tion through roots formed on the surface of RLSs with STs

is impaired and is unable to provide regenerant plants

with everything necessary when transplanted into soil

under in vivo conditions. This means that for the success-

ful rooting of regenerated plants of European radish, it is

necessary to induce the process of root formation by

passing or minimizing the formation of RLSs and tumors,

since their tissues are a buffer zone that prevents direct

contact between the cells of the vascular system of the

roots and the basal part of micro-shoots of regenerants.

Table 1 shows the results of rooting four DH-lines of

radish obtained in IMC culture. For them, the percentage

of regenerated plants that could be adapted in vivo condi-

tions from the total amount of microplants in the experi-

ment varied from 6 to 14%. The remaining DH radish lines

were lost due to problems in the in vitro rooting stage, so

no statistical data could be obtained on them.

Since the control of cell division and differentiation is

directly or indirectly affected by the balance of phytohor-

mones, usually the solution to problems at all stages of

regeneration of DH-plants comes down to modifying solid

media for regeneration by adding auxins, cytokinins and

/or gibberellins. It is known that the induction of shoot

formation is observed when the balance of phytohor-

mones shifts towards cytokinins, and induction of root

formation - towards auxins. In our experiments, the roots

of DH-plants were rarely formed, while the formation of

shoots was quite intensive. From this, it can be concluded

that the balance of phytohormones in our case is shifted

towards cytokinins and an increase in the concentration

of auxins is required to induce root formation.

For these reasons, an experiment was conducted on

the cultivation of micro-shoots on MS / B-5 media with the

addition of IAA and NAA at concentrations of 0.5, 1, and 2

mg/l. Unfortunately, no significant differences from the

cultivation of regenerant plants on hormone-free media

were found (data not shown). In view of this, it became

necessary to find other ways to solve the problem of

induction of root formation.

After numerous experiments, we were able to notice

that in some micro-shoots the basal part was bent during

growth, so that its area of contact with the nutrient medi-

um rose above the surface of the medium. As a result, the

root part of the micro-shoots was exposed to air, and the

tissues in this area dried up locally. In such micro-shoots,

an increase in RLS with ST was less often observed, and a

normally developed root system was more often formed.

In this regard, we hypothesized that the area of contact

with the nutrient medium, good aeration, and local drying

of tissues in the root part of micro-shoots may play an

important role in the successful induction of root forma-

tion during the regeneration of European radish explants.

To test our hypothesis, we conducted an experiment

using various micro-shoots transplantation techniques.

We also drew attention to the method of rooting regener-

ated plants on liquid media with bridges, which is used for

carrots. On the one hand, carrots are also a root crop,

and on the other hand, cultivation of micro-shoots on

bridges provides the necessary conditions - a small area

of contact of explants with a nutrient medium, good aera-

tion of the basal zone of micro-shoots, and the possibility

of partial drying of its surface. Experiments on various

techniques for transplanting European radish and culti-

vating micro-shoots on bridges in a liquid nutrient medi-

um were carried out in parallel. Below are the results for

each series of experiments.

Influence of different techniques of transplanting

micro-shoots of European radish when cultivated on solid

hormone-free MS media.

In the experiment, three variants of transplantation

were used: planting micro-shoots with the immersion of

Fig. 3. Variants of transplanting micro-shoots of European radish on solid hormone-free MS medium
1– planting micro-shoots with a 2-3mm hypocotyl immersion in solid MS medium;
2 – planting in a well made in a nutrient medium using tweezers under sterile conditions;
3 – planting on the surface of a solid nutrient medium for regeneration without deepening

Рис.3. Варианты пересадки micro-shoots редиса европейского на твердую безгормональную среду MS
1 – посадка micro-shoots с погружением гипокотиля на 2-3 мм в твердую питательную среду MS; 2 – посадка в лунку, сделанную
в питательной среде с помощью пинцета в стерильных условиях; 3 – посадка на поверхность твердой питательной среды для
регенерации без заглубления
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the hypocotyl by 2-3 mm in solid nutrient medium MS

(Fig. 3 – 1 variant); planting in a hole made in a nutrient

medium using tweezers under sterile conditions (Fig. 3 –

2 variant); and planting on the surface of a solid nutrient

medium for regeneration without deepening (Fig. 3 – 3

variant). For the experiment, we used three DH-lines of

European radish (No. 1,2,3) with intensive shoots forma-

tion, which made it possible to micro-propagate micro-

shoots of these lines in the amount required for the exper-

iment. For each variant of the experiment, 10 micro-

shoots of each DH-line were taken. The experiment was

carried out in three replications, which were prolonged in

time (autumn, winter, spring).

As a result of the study, it was shown that in the first

and second variants of micro-shoots transplantation into

the MS culture medium, the formation of RLSs with TSs

was observed in 96% and 90.3% of cases, respectively

(Table 2).

The third method of transplanting promoted the formation

of a powerful root system directly from the basal part of micro-

shoots in 60-80% of plants, depending on the genotype

(Figure 4 - A, B, C, E). Moreover, in the latter variant of the

transplantation of regenerant plants, in which abnormal devel-

opment of the basal part was observed, RLSs with TSs were

formed of a small size (up to 3-4 mm in diameter, Fig. 4 - D)

and roots on their surface were formed more vigorously than in

similar structures with a large size in other variants of the

experiment (Fig. 1 - С, D; 4 - F). Accordingly, plants with small

RLSs with TSs and a more developed root system were more

likely to take root after planting in the soil. Thus, the third

method of transplanting micro-shoots of European radish

increased the proportion of plants that successfully underwent

adaptation and rooted in vivo to 80-90% (Fig. 5), which means

that it can be argued that the technique of transplanting micro-

shoots plays a decisive role in the induction of root formation in

European radish.

Table 2. Types of root formation for different variants of in vitro micro-shoots transplantation. Plant survival under 
in vivo conditions depending on the type of root formation (average over three independent series of experiments)

Таблица 2. Типы корнеобразования при различных вариантах пересадки micro-shoots in vitro и приживаемость растений 
в условиях in vivo в зависимости от типа корнеобразования (среднее по трем независимым сериям опытов)

DH-line

The number of DH plants with different types of root formation in different variants 
of in vitro micro-shoots transplantation, pcs.

1st method 2nd method 3rd method

I type II type III type I type II type III type I type II type III type

1 1.2±0.2 3.1±0.5 5.7±0.3 1.6±0.6 5.8±0.3 2.6±0.4 6.1±0.7 3.9±0.3 0.0±0.0

2 0.0±0.0 2.6±0.3 7.4±0.7 1.3±0.2 2.0±0.1 6.7±0.5 7.4±0.6 2.4±0.3 0.2±0.1

3 0.0±0.0 3.7±0.6 6.3±0.5 0.0±0.0 4.6±0.1 5.4±0.6 8.8±0.8 1.2±0.4 0.0±0.0

average, 
pcs. 0.4±0.7 3.1±0.6 6.5±0.9 1.0±0.7 4.1±1.3 4.9±1.4 7.4±1.2 2.5±1.3 0.1±0.1

average, 
% 4.0 31.3 64.7 9.7 41.3 49.0 74.3 25.0 0.7

of which took root in vivo

1 1.2±0.2 0.0±0.0 0.0±0.0 1.6±0.6 1.4±0.4 0.0±0.0 6.1±0.7 3.0±0.2 0.0±0.0

2 0.0±0.0 0.0±0.0 0.0±0.0 1.3±0.2 1.0±0.1 0.0±0.0 7.4±0.6 1.6±0.6 0.0±0.0

3 0.0±0.0 1.4±0.1 0.0±0.0 0.0±0.0 1.5±0.2 0.0±0.0 8.8±0.8 1.2±0.4 0.0±0.0

average, 
pcs. 0.4±0.7 0.5±0.6 0.0±0.0 1.0±0.6 1.3±0.3 0.0±0.0 7.4±1.2 1.9±1.1 0.0±0.0

average, 
% 4.0 4.7 0.0 9.7 13.0 0.0 74.7 19.3 0.0

Note: Type I – normal root system; 
Type II – root-like structures (RLSs) with secondary tumors (STs) with a root system; 
Type III – RLSs with STs without roots.
Примечание: I тип- нормальная корневая система; II тип - корнеплодоподобные структуры (КС) с вторичными
опухолями (ВО) с корневой системой; III тип - КС с ВО без корней
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Fig. 4. Root systems of DH-plants of European radish in the third variant of transplantation on solid hormone-free medium MS.
A, B, C, E – normal root system; D – structure of RLSs with TSs of small size 3-4 mm in diameter, with a developed root system, suit-
able for in vivo adaptation; F – structure of RLSs with TSs larger than 4 mm in diameter with an underdeveloped root system that is
not suitable for survival in vivo; G – complete dissection of RLSs with TSs before replanting

Рис.4. Корневые системы DH-растений редиса европейского 
при третьем варианте пересадки на твердую безгормональную среду MS
A, B, C, E – нормальная корневая система; D – структура КС с ВО маленького размера 3-4 мм в диаметре, с развитой корне-
вой системой, пригодной для адаптации in vivo; F– структура КС с ВО размером более 4 мм в диаметре со слаборазвитой
корневой системой, не пригодной для выживания в in vivo; G – полная диссекция КС с ВО перед повторной пересадкой

Fig.5. Percentage of regenerants of DH-lines established in vivo depending on the variant of in vitro micro-shoots transplantation (aver-
age over three independent series of experiments)
1 – planting micro-shoots with a 2-3mm hypocotyl immersion in solid MS medium; 
2 – planting in a well made in a nutrient medium using tweezers under sterile conditions; 
3 – planting on the surface of a solid nutrient medium for regeneration without deepening
Рис.5.  Процент укоренившихся регенерантов DH-линий в условиях in vivo в зависимости от варианта пересадки микропобегов in
vitro (среднее по трем независимым сериям опытов)
1 – посадка микропобегов с погружением базальной части на 2-3мм в твердую питательную среду MS; 2 – посадка в лунку, сде-
ланную в питательной среде с помощью пинцета в стерильных условиях; 3 – посадка на поверхность твердой питательной среды
для регенерации без заглубления

BREEDING AND SEED PRODUCTION OF AGRICULTURAL CROPS
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СЕЛЕКЦИЯ И СЕМЕНОВОДСТВО СЕЛЬСКОХОЗЯЙСТВЕННЫХ РАСТЕНИЙ

Nevertheless, even with the third type of transplanta-

tion, the proportion of micro-shoot remained, which

formed rather large RLSs with TSs with weak or no roots.

In view of this, in order to increase the efficiency of root

formation, it was of interest to develop a technique for

rooting regenerated plants with already formed RLSs and

TSs, including those obtained during transplantation by

two other methods. Since, even during long-term cultiva-

tion, no changes in the power or induction of the root sys-

tem were observed in the regenerated plants with RLSs

and TSs, we assumed that complete (Fig. 4 - G), dissec-

tion of abnormal structures is necessary for a repeated

attempt to initiate root formation. For this, we removed

plant explants with abnormal development from incuba-

tion vessels and under sterile conditions dissected RLSs

and TSs partially or completely (Fig. 4-F), leaving 1-2 mm

of the basal part of micro-shoots below the growth point.

Thereafter, the plant explants were placed on the surface

of the induction medium using the developed method

without deepening (3rd variant).

As a result of the experiments, it was noted that with

partial dissection, the tissues of RLSs continued to grow

without changing their specification; no root formation

occurred. In plant explants, where the tissues of RLSs

with STs were completely removed, the formation of a

root system was observed in about 50% of cases, regard-

less of which method they were transplanted onto nutrient

media before (Fig. 6).

For plants in which RLSs with TSs were re-formed, the

procedure was repeated for the complete excision of

abnormal structures with further cultivation on solid nutri-

ent medium in the third way. It was found that in plants in

which the basal part of the micro-shoots was prone to

regrowth, multiple dissection of RLS and TSs with trans-

plantation to the surface of a hormone-free nutrient medi-

um still led to the formation of a normal root system. The

number of transplantations varied from one to six,

depending on the genotype and the individual plant

explant (if, after the sixth transplantation, the formation of

abnormal structures was repeated, then such explants

were classified as non-responsive to root formation and

were excluded from the work).

As a result of such transplants, about 90% of all plant

explants prone to basal part overgrowth have formed a

powerful root system and have been successfully rooted

in vivo conditions (Fig. 6). Thus, the developed transplan-

tation technique, together with dissection, improved root

formation in micro-shoots of European radish and

increased the percentage of plants that successfully

underwent adaptation in vivo from 12-14% to 95-98%.

The proposed transplantation technique, together with

dissection, was also effective for the fourth DH-line,

which did not participate in a series of experiments on the

development of technological stages of rooting. Nine out

of eleven plants were able to root and adapt in vivo condi-

tions. For DH-lines, previously lost due to rooting prob-

Fig.6. The number of micro-shoots with a normally developed root system of DH lines in vivo, depending on the number of transplanta-
tions after successive dissections of regenerants with RLSs and STs structures (the total number of rooted plants in the sample after six
successive transplants is indicated as a percentage)
Рис.6. Число микропобегов с нормально развитой корневой системой DH-линий в условиях in vivo в зависимости от числа пере-
садок после проведения последовательных диссекций регенерантов с КС с ВО структурами (в процентах указано общее число
укоренившихся растений в образце после шести последовательных пересадок)
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lems, it was not possible to test the effectiveness of our

modifications. Therefore, the likelihood of both an

increase and a decrease in the effectiveness of the devel-

oped technique of transplanting DH-regenerants in other

genotypes of European radish is not excluded.

Rooting of micro-shoots of European radish on

paper bridges in MSMm liquid medium.

Micro-shoots of European radish were cultivated on

paper bridges in test tube with a liquid MSm medium con-

taining 0.1 mg/L kinetin, recommended for the regenera-

tion and rooting of carrots (Tyukavin et al., 1999; Vjurtts

et al., 2017). The present study involved four DH-lines of

European radish. It was shown that cultivation of micro-

shoots on paper bridges in liquid medium actually

reduced the percentage of RLSs and TSs formation

towards normal root formation (Table 3).

Moreover, RLSs with TSs on the bridges were mostly

small, often formed a developed root system (Fig. 7, A),

due to which they were able to adapt in vivo. The effects

that we obtained when cultivating on the bridges were

similar to the results that we obtained when we cultivated

micro-shoots on solid hormone-free MS medium with

transfer in the recommended way (on the surface of the

nutrient medium without burying).

For plants that did not show the development of a root

system suitable for adaptation in vivo, as well as plants

with RLSs and TSs without roots, we also used the dissec-

tion technique with re-cultivation, until a normal root sys-

tem was formed (Fig. 7, B). However, in micro-shoots on

liquid media with paper bridges, a pronounced apical

dominance and elongation of internodes was observed

(Fig.7, C). Therefore, during dissection, not only the over-

grown basal part of the micro-shoots was removed, but

also all parts of the plant explant 2-3 mm below the

growth point (Fig. 7, C). As a result of multiple dissections

(up to six times), ten out of twelve regenerant plants were

able to root, which initially formed RLSs and TSs with

weak or no roots. Thus, the efficiency of rooting of regen-

erated plants of European radish during cultivation using

multiple dissection, both on solid hormone-free media

with the technique of planting regenerated plants without

burying, and on paper  bridges in a liquid medium, reach-

es 95-98%, depending on the genotype of the donor

plant.

Advantages and disadvantages of cultivating micro-

shoots of European radish on MS agar medium with

micro-shoots planting on the surface of the medium with-

out burying and on paper bridges in test tube with liquid

MSm medium.

Table 3. Types of root formation during in vitro micro-shoots cultivation on paper bridges in test tube with a liquid MSm medium con-
taining 0.1 mg / L of kinetin and plant survival in vivo, depending on the type of root formation

DH-line Number of DH-plants with different types of root formation

Total rooted,
%

total 
planted 

micro-shots, 
pcs.

I type II type III type

pcs. % pcs % pcs. %

1 19 10 52.6 7 36.8 2 10.5

2 20 10 50.0 6 30.0 4 20.0

3 15 8 53.3 7 46.7 0 0.0

4 8 5 62.5 1 12.5 2 25.0

total 62 33,0 53.2 21 33.9 8 12.9

of which took root in vivo

1 19 10 52.6 5 26.3 0 0.0 78.9

2 20 10 50.0 5 25.0 0 0.0 75.0

3 15 8 53.3 6 40.0 0 0.0 93.3

4 8 5 62.5 1 12.5 0 0.0 75.0

total 62 33 53.2 17 27.4 0 0.0 80.6

Note: Type I – normal root system; Type II – root-like structures (RLSs) with secondary tumors (STs) with a root sys-
tem; Type III – RLSs with STs without roots
Примечание: I тип – нормальная корневая система; II тип – корнеплодоподобные структуры (КС) с вторичны-
ми опухолями (ВО) с корневой системой; III тип – КС с ВО без корней
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As we noted earlier, these two ways of cultivating micro-

shoots of European radish were comparable in the efficien-

cy of root formation of regenerant plants and allow us to

solve the main problem – rooting of DH plants.

Nevertheless, they have their own characteristics that

deserve attention, starting from the stage of preparing envi-

ronments. Working with a solid medium is not as laborious

as with a liquid medium, where the process of cutting

bridges from filter paper and placing them in test tubes

takes a lot of time. However, as we assume, on liquid media

with bridges, plant nutrition occurs more evenly. Nutrients

are in a more accessible liquid form for plants, and due to

their gradual rise along filter paper, there is no local

decrease in the concentration of nutrients in the area of

contact between the medium and the basal part of the plant.

This makes it possible to cultivate plants in one test tube

without transplanting for up to three months. In a solid medi-

um, nutrients are not so mobile and are in a less accessible

form, and are also absorbed by the plant only in the immedi-

ate vicinity of it. As a result, the concentration of nutrients

around plants is locally reduced, which can lead to starva-

tion and a general deterioration in the condition of plants.

Therefore, cultivation of regenerated plants on a solid medi-

um without transplanting is possible for no more than three

to four weeks.

Another significant difference between the analyzed cul-

tivation methods is their effect on the ability of DH plants to

form shoots. Thus, on solid media, a more intensive second-

ary shoot formation was noted, due to which regenerant

plants can be effectively propagated microclonally and a

large number of identical explants can be obtained. It is con-

venient for carrying out various experiments and is also nec-

essary for the applied use of DH-plants in the breeding

process. Cultivation in a liquid medium does not allow the

multiplication of plants in large quantities, due to the more

pronounced apical dominance.

It is also worth noting the differences between agar and

liquid media in terms of damage to the root system of plants

during transplantation, including in vivo. When the agar is

removed from the nutrient medium, the roots are damaged

more, especially in the absorption zone, which causes

stress in the plant, and after transplantation, it takes more

time for adaptation. In addition, during in vivo rooting, if the

roots are poorly cleaned of agar / phytogel, problems may

arise due to poor contact of the roots with the soil. And also

with the fact that the remains of the nutrient medium serve

as a favorable substrate for the intensive development of

soil microbiota, including the pathogens present in its com-

position. As a result, plants can be affected by root rot and

other diseases. In the case of liquid media, these problems

are not observed. Even if the root system of the plant has

grown into the lintel, the plant can be planted without sepa-

rating it from the filter paper, since this does not affect the

success of rooting and adaptation.

A B C

Fig.7. Root systems of European radish DH-plants on paper bridges 
in test tube with a liquid MSm medium containing 0.1 mg / L of kinetin
A – structure of RLSs with small TSs with well developed root system;
B – micro-shoots after dissection of all parts of the plant explant 2-3 mm below the growth point; 
C – regenerant plant with pronounced apical dominance and elongation in internodes

Рис.7. Корневые системы DH-растений редиса европейского в пробирках 
на мостиках из фильтровальной бумаги в жидкой среде MSm c 0,1мг/л кинетина
А – структура КС с ВО маленького размера с хорошо развитой корневой системой;
B – микропобег после диссекции всех частей растительного экспланта ниже точки роста на 2-3 мм;
С – растение-регенерант с ярко выраженным апикальным доминированием и удлиненными междоузлиями
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Considering the above, we suggest combining the two

types of cultivation to optimize the rooting stage. At the first

stage of rooting, we recommend planting plants on solid

nutrient media in order to be able to propagate them micro-

clonally. Rooted plants should then be planted on bridges

with liquid media to reduce the number of transplants before

the plant is ready for rooting in vivo and to reduce mechani-

cal damage and damage to the root system when the regen-

erant plant is transferred to the soil.

Discussion

Our research demonstrates that when developing

biotechnology methods for previously unresponsive crops,

it is possible to encounter their diverse and truly amazing

features. In view of what, difficulties arise at those stages at

which other cultures have long been worked out and do not

present surprises. The search for solutions to overcome

problems within a specific species, in the early stages, most

often occurs empirically and the results obtained have yet to

be studied to understand the mechanisms of their action.

Earlier, we reported that for the first time we were able to

complete the full cycle of obtaining DH-plants of European

radish in the culture of isolated microspores in vitro (Kozar

et al., 2020); nevertheless, the effectiveness of the technol-

ogy remains low and requires significant improvement. The

stage of rooting of regenerated plants of European radish

was noted as one of the most difficult (Kozar et al., 2020).

This is due to the physiological characteristics of the radish.

Moreover, the point is not only that radish is a root crop,

unlike the bulk of the Brasseaceae family crops (rapeseed,

white cabbage, etc.), for which the IMC technology has

already been developed, but also that the wild ancestors of

radish did not have a root crop. This means that the edible

root crop of the cultivated radish is a rather young trait that

appeared as a result of the selection of mutant forms with

impaired control of cell division (Buzovkina, Lutova, 2007).

Accordingly, all cultivars and hybrids of radish are saturated

with various mutations, and during inbreeding, and even

more so in DH-plants, the manifestation of unexpected devi-

ations in development of the phenotype is quite natural.

The first records of root anomalies in inbred radish lines

date back to 1967, when spontaneous formation of tumors

on the roots was noted after 2-3 generations of inbreeding

(Narbut, 1967). Subsequently, the rarity of such an anomaly

for the Brasseaceae family made radish a convenient model

culture for studying the genetic regulation of cell differenti-

ation and proliferation. In this regard, at the moment there is

information and hypotheses about possible mechanisms of

induction of such formations, which are described in

reviews: Lutova, Dodueva, 2019; Dodueva et al., 2020.

Interpretation of our data in this aspect is somewhat compli-

cated by the fact that, as a result of studying the material

presented in the literature, we did not come to a consensus

on what criteria can be used to visually distinguish RLS from

TS formed in structures in vitro. In some articles, structures

that outwardly resemble those that we observed in our stud-

ies were described as RLS with secondary TSs, while in

other sources they were described as RLS structures with-

out indicating the presence of secondary TSs on their sur-

face. Interestingly, there are no data in the literature on the

spontaneous formation of RLS or TS on hormone-free

media in vitro. The formation of such structures was noted

only as a response to media with high concentrations of

cytokinins (Buzovkina et al., 1993; Il'ina et al., 2006;

Buzovkina and Lutova, 2007). Only the formed TS, cut off

from the donor plant, were capable of hormone-independ-

ent growth in a hormone-free environment. This means that

the induction and subsequent growth of RLS and / or TS

occur under different conditions, and the abnormalities that

we observed in DH plants of European radish when cultivat-

ed on a hormone-free medium are described for the first

time.

According to a number of researchers, the formation of

RLSs and TSs structures is regulated by different genes

(Buzovkina et al., 1993). Nevertheless, both of these

processes are associated with impaired differentiation and

proliferation of cells against the background of an imbal-

ance of phytohormones, therefore, all hypotheses about the

causes of such formations that we proposed and described

in the literature can be considered suitable for both types of

anomalies.

Several possible reasons for the spontaneous formation

of tumors and other abnormal structures in radishes are

described in the literature (Ilyina et al., 2006; references).

Among them, the most common version is an imbalance of

endogenous hormones with a shift towards cytokinins, as

well as their high absolute content (Matveeva et al., 2004).

We are also inclined to such assumptions about the reasons

for the formation of RLS and tumors in our experiments. In

accordance with the theory set forth by Ilyina and other

researchers (2006), if the level of endogenous hormones in

plants is increased, then when cytokinins are added to the

nutrient medium, necrosis of cotyledonous explants occurs,

which we observed in our earlier studies, where the regen-

eration of embryoids on a medium with TDZ led to their

necrosis within 3-5 days (Kozar et al., 2020). Moreover, in

our experiments, in micro-shoots of radish obtained in IMC

culture, RLS with tumors were formed on hormone-free

media, which means that endogenous imbalances in the

phytohormones were so pronounced that exogenous inter-

vention was not required. Accordingly, for the formation of a

normal root system, it is necessary to shift the balance of

phytohormones towards auxins. Based on this, we were able

to put forward some ideas about the possible mechanisms

of the influence of the technological methods and modifica-

tions developed by us on the effect of rooting of regenerat-

ed plants.

As a result of our experiments, it was found that the nor-

mal rooting of DH-plants under in vitro conditions is facilitat-

ed by planting micro-shoots strictly on the surface of a hor-

mone-free nutrient medium, without burying them. In this

regard, it is possible to distinguish three necessary parame-

ters for the successful rooting of radish micro-shoots: a

small area of contact of the basal part with the surface of a

solid nutrient medium; good aeration of the tissues of the

basal part of the micro-shoots; as well as partial drying of
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the basal part of the micro-shoots. It is not yet known what

exactly, how, and to what extent each of them affects the

root formation processes of DH-plants of radish, but togeth-

er they ensure the successful implementation of the rooting

of doubled haploids obtained in the IMC culture.

Cytokinin is known to be the root hormone of well-being,

which means that it signals the body that the root system is

working well and does not require reorganization. In our

case, due to a decrease in the area of contact of the root

part of microplants with a solid nutrient medium, a deficien-

cy of water and nutrients is likely to occur in the tissues of

regenerated plants. Such conditions can contribute to the

suppression of cytokinin synthesis as a natural response to

deterioration of conditions. Accordingly, the balance of phy-

tohormones shifts towards auxins, which contributes to the

induction of root formation. On the contrary, with a large

area of contact between the basal part of micro-shoots and

the environment, its tissues can be oversaturated with nutri-

ents, against which the cells begin to divide chaotically and

form RLS with TS.

The second condition for rooting is good aeration of the

tissues of the basal part of micro-shoots. When the basal

part is immersed in a nutrient medium (method 1 of trans-

plantation) or in a hole (method 2 of transplantation), hypox-

ic conditions may form locally around the tissues. Whereas,

the position of the basal part on the surface of the nutrient

medium without deepening into it contributes to an increase

in the level of exogenous oxygen around the tissues, which

can indirectly increase the level of oxygen in the tissues of

the basal part. If we consider the problem of the formation of

RLSs with tumors as a result of an imbalance in phytohor-

mones, it can also be assumed that the position of the basal

part of the micro-shoot on the surface of the nutrient medi-

um, due to an increase in the level of aeration, enhances

auxin signals, thereby somewhat leveling the phytohormon-

al imbalance. These assumptions are based on recent stud-

ies on the effect of hypoxic conditions on secondary root

formation, where it was shown that the level of exogenous

and endogenous oxygen can influence the transmission of

auxin signals. This is due to the oxygen-sensitive ERF-VII

transcription factors, which, under hypoxic conditions, bind

to the auxin-induced genes LBD16 and LBD18 and suppress

their expression, thereby inhibiting the initiation of root pri-

mordia formation (Licausi et al., 2011; Gibbs et al. , 2015;

Shukla et al., 2019).

And finally, an element of partial drying of the basal part

of the micro-shoots. It is known that auxin is synthesized in

the apical meristems of the shoots and transported from top

to bottom. Then it can be assumed that due to the drying out

of the basal part, between living cells and the environment,

a barrier is formed from a layer of dead tissue. When moving

from top to bottom, auxin can accumulate locally in tissues

adjacent to such a barrier, without being able to diffuse into

the external environment, which in turn contributes to a shift

in the balance of phytohormones towards auxins.

All conclusions and assumptions are similar for the culti-

vation of micro-shoots of radish, with regeneration on liquid

MSm medium with bridges.

As a result, the following logical chain can be built: a

small area of contact with the nutrient medium reduces the

production of cytokinins and “causes” the influx of auxins

from the apical meristem of the shoots. Drying of tissues

promotes local accumulation of auxins in the basal part of

micro-shoots. And good aeration enhances the gene

response to auxins, so that even small concentrations

have a tangible effect. As a result of the combination of all

these factors, the balance of phytohormones shifts

towards auxins and which induces root formation.

As for the efficiency of complete dissection of RLSs for

rooting of regenerated plants, there is evidence in the lit-

erature that during tissue dissection in the area of injury

due to the self-organizing interaction of auxin and

cytokinin, the settings for the identity of wound cells can

be “reset” and new positional signals can be given to the

remaining dividing cells (Efroni at el., 2016). Also, during

dissection, a wound surface is formed, in the cells of

which, in response to stress, jasminic acid (JA) begins to

actively produce. JA is known to promote root formation in

Arabidopsis leaf explants (Zhang et al., 2019). JA is acti-

vated within 10-30 minutes after injury, after which the

ERF109 gene is detected, which is identified as a key fac-

tor in de novo root regeneration. In addition, the ERF109

gene activates ANTHRANILATE SYNTHASE α1 (ASA1),

which in turn encodes one of the enzymes involved in tryp-

tophan biosynthesis, and tryptophan is a precursor of

auxin (Liu et al., 2014; Zhang et al., 2019; Zhou et al.,

2019). Which means that wounding by dissecting RLSs

with TSs increases the synthesis of auxin and thereby

brings us closer to the main task of restoring the balance

of phytohormones. It is also worth noting that, when ana-

lyzing the content of cytokinins in tumor and non-tumor

lines of radish, it was found that the greatest differences in

the concentration of cytokinins were in plant roots

(Matveeva et al., 2004). This suggests that cutting off

parts with an increased cytokinin content may have a pos-

itive effect, temporarily reducing their concentration in the

basal part of micro-shoots.

Thus, as a result of the work carried out, the stage of

regeneration of microspores in vitro obtained in the cul-

ture of regenerated plants of European radish was worked

out. As a further direction of research, it would be interest-

ing to determine the endogenous content of hormones in

abnormal formations of RLS with TS, depending on the

method of their cultivation. This will help to better under-

stand the mechanism of the influence of the proposed

modifications on the formation of roots in vitro and rooting

in vivo. This will also give an idea of what endogenous con-

tent and balance of phytohormones corresponds to the

appearance of deviations in the plant phenotype in the

form of RLS with TS. Among other things, our main global

task is still the development of an effective technology for

obtaining doubled haploids of European radish in the cul-

ture of IMC, therefore, it is necessary to continue research

on the characteristics of the radish culture and to work out

other problematic stages of the technology in accordance

with them.
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