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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).

TexHonorvis ykopeHeHws yOBOEHHbIX rar-
JIoM00B peayca eBPONenckoro, noay4eH-
HbIX B KyNbTYPE MMKPOCIOP In Vitro

Pesiome

AxtyanbHocTb. YaBoeHHble rannongbl (DH-pacTeHus), SBRSI0TCS NPEBOCXOAHBIM MaTepUanom ans
reHeTUYecKkuUx MccneA0BaHNA U cenekLumm 3a cHeT NosHo romoaurotHocTu. Pop Rathanus B cemeit-
cTBe Brassicaceae SBngeTCs CamMbIM He OT3bIBYMBbIM K TEXHONOMMM MOJTY4E€HUS YABOEHHbIX ransiou-
[I0B C MOMOLLbIO KYNIbTYPbl U30/IMPOBaHHbIX MUKpocnop in vitro (IMC). U3y4yeHue npuymH HapyLieHus
KOpPHeoOpa30BaHuUs Y pacTeHUI-pereHepPaHToB M 0TPaGoTKka 3/1IeMEHTOB 3TOro 3Tana TEXHOJIOMUK,
NO3BOJIUT 3HAYUTESILHO NOBbICUTL 3 PekTuBHOCTL IMC TexHONOrMK ANS peanuca eBponencKoro.
Metogbl. B uccnepoBaHue ObLiM BKIOYEHbI Tpu copTooOpasua u3 kosuekuun OrBEHY
«@epepanbHblii Hay4Hblil LEeHTp oBoweBoacTBa» (PFBHY ®HLIO): TennuuHbiii FpnbGoBCKMUiA,
P030B0-KpacHbIil ¢ GenbiM KOH4YMKOM 1 Popoc. B xope aKkcnepuMeHTOB MCMONb30BanN CTaHJapT-
Hblil NnpoTokon nonyyexus DH-pactenuii ¢ nomowwbio IMC TexHonorum B CTaHAapTHOM BUAE U C
moanbuKaumein atana ykopeHenus. [ns ykopeHeHus UCnosib30Banu TBepAaylo (arap 7 r/n) cpepy
MS: GesropmoHanbHas u MS ¢ po6aenenunem UYK (B koHueHTpauusx 0,5; 11 2 mr/n) uxuakas nuta-
TenbHas cpeaa MSm ¢ 0,1 mr/n kuHeTuHa. KoHueHTpaLus caxapo3bl BO BCeX cpeaax coctaensnia 20
r/n. Ucnonb3oBanu Tpu BUAA TEXHUKU NEepPecajKn pacTUTENbHbIX SKCMJIAHTOB Ha arapu3oBaHHYI0
OesropmoHanbHylo cpepy MS: nocagka MUKPONoGeros ¢ Norpy)XeHuem ux 6a3anbHoii YacTv Ha 2-3
MM B Cpeay; NocaaKa B IYHKY, CAENaHHYI0 B MMTaTeNbHON CpeAe C MOMOLLbIO NUHLETa B CTEPUb-
HbIX YCJIOBUSX; U MOCaAKA Ha NOBEPXHOCTb cpeAbl 0e3 3arnyoneHus.

Pesynbratel. B HacTosweM nccnefoBaHMM U3y4eHbl 0COOEHHOCTU 3Tana YKOPeHeH sl pacTeHuii-
pereHepaHToB peanca eBponeinckoro B ycnoBusx in vitro. MokasaHo, 4To ANs YCNELIHOro yKOpeHe-
HUS MUKponoGeroB peavca BaxHa TeXHUKa nepecapku. PacTutenbHble 3KcnnaHTbl He06X0AMMO
BbICAXMBaTb CTPOro Ha MOBEPXHOCTb TBEPAOil Ge3ropMoHanbHOi nuTatenbHoi cpeabl MS Ges
3arny6nexus. Mcnonb3oBaHue Anis MHAYKLMM KOPHEOoOpa3oBaHus XuaKoii cpeabl MSm ¢ no6aene-
Huem 0,1 Mr/n KMHeTMHa B NPoOMpKax ¢ MOCTUKaMK U3 GUNLTPOBANbLHO GyMaru Takke nokasana
BbICOKYI0 3((EKTMBHOCT. [1/11 pacTeHuiA, CKNOHHbIX K 00pa30BaHUI0 KOPHENOA0NOA06HbIX CTPYK-
Typ (KC) ¢ BTOpUuYHBIMK onyxonsmu (BO), HeoOXoauma MHOroKpaTHas AMCCEKLMS aHOMAsbHbIX
o0pa3oBaHuii c nocnepoBatenbHbIMM Nepecapkamu. Mogudukaumsa atana ykopeHeHUs MUKpono-
0eroB noBbICKNA NPOLEHT ycnewHoi apantauuu DH-pacTenuii B ycnosusx in vivo ¢ 0-14% po 95-
98%.

Kniouegble cnosa: DH-pacTenuns, Raphanus sativus, KynbTypa n30JMpoBaHHbIX MUKPOCHOP in vitro,
pereHepauys B KybType in vitro, ykopeHeHue in vitro, GUToropmoHbl, KOPHENIOA0N0A06HbIE CTPYK-
Typbl (KC) ¢ BTOPUYHBIMYU onyxonsmu (BO).
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Introduction

iotechnological 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,
20183. 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
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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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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 Il
Puc. 1. Tunel kopHeBo¥ cuctemsl DH-pacTeHuii peaguca eBponeickoro

A, B — HopmanbHas kopHeBasi cuctema — | Tun; C, D — kopHensnoaonono6Hsie cTpykTypsi (KC) ¢ BTOpn4HbiMu onyxonsmu (BO) co
cnabovi kopHeBowi cuctemori — Il Tun; E, F— KC ¢ BO 6e3 kopHevi — Il Tun
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Fig. 2. Percentage of root system types

in DH-lines of European radish

Type I — normal root system;

Type Il — root-like structures (RLSs)

with secondary tumors (STs) with a root system;

Type Illl — RLSs with STs without roots

Puc.2. NMpoueHTHoe COOTHOLLUEHNE TUIMOB

KopHeBowi cuctembl y DH-nuHuii peauca esporneickoro
| TN — HopMasibHass KOPHeBasi cucTema;

Il Tun — kopHennogonoaobHsie cTpykTypsbi (KC)

C BTOpuYHbIMU ornyxosisimu (BO) ¢ kopHeBoOVi cUCcTeMoii;
Ill Tun — KC ¢ BO 6e3 kopHevi

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 1) in @ maximum of 6% of cases, depending on the
genotype (Fig. 2, type ). In other cases, the basal part of
the micro-shoots grew, forming abnormal structures that
outwardly resemble an irregular root crop. In what fol-

Table 1. Results of rooting micro-shoots of European radish using
the standard method on solid hormone-free MS medium
Tabnuuya 1. PeaynbTatbl ykopeHeHus micro-shoots peguca eeponeickoro
npu cTaHgapTHOW MeToAuKe Ha TBepAoli 6e3ropMoHanbHol cpege MS

DH-plants
including:
received in total
with RLSs and STs structures
Number of
DH-line with normal roots (I type)
rooted with roots without roots
in vivo (I type) (111 type)
in vitro
RESE of them of them of them
oo % in vitro rooted in vitro rooted in vitro rooted
BCSy ° pcs. in vivo, pcs. in vivo, pcs. in vivo,
% % %
1 50 6 12 2 100 15 27 33 0
2 57 8 14 1 100 20 85 36 0
3 34 4 12 2 100 10 20 22 0
4 17 1 6 0 - & 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 Ill), or was weak and consisted of sin-
gle roots formed on the surface of these structures (Fig.
1, type Il). 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 - llina
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

BREEDING AND SEED PRODUCTION OF AGRICULTURAL CROPS

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

A

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

Puc.3. BapuaHtel nepecaaku micro-shoots peaunca esponerickoro Ha Teepayto 6e3ropmoHasbHyto cpegy MS
1 — nocagka micro-shoots c norpy>xeHmnem rurnokoTvnisa Ha 2-3 MM B TBEPAYIO nNuTartesibHyto cpegy MS; 2 — nocagka B 1yHKY, cAeNaHHYo
B NATaTeJsIbHOV cpeAe C MOMOLLbIO NMUHLETa B CTEPUIIbHbIX YCJI0BUSIX; 3 — Nnocaaka Ha NoBepXHOCTb TBEPAOV NUTaTesIbHOM cpeabl AJis
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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).

CEJIEKUMA N CEMEHOBOACTBO CEJIbCKOXO3ANCTBEHHbLIX PACTEHU

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 - C, 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)
Tabnuya 2. Tunbi KOPHeoBpa3oBaHUS NPU Pa3INYHbIX BapuaHTax nepecagku micro-shoots in vitro n npuxunsaemocTb pacTeHuii
B YCJ/IOBUSIX in Vivo B 3aBUCUMOCTH OT TUMNa KOpHeobpa3oBaHus (CpegHee Mo TpeM He3aBUCUMbIM CEePUSIM OfbITOB)

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

DH-line
1st method 2nd method 3rd method
I type Il type 1l type I type Il type 1l type I type Il type Il type
1 1.2+0.2 3.120.5 5.740.3 1.6%0.6 5.840.3 2.640.4 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 1.30.2 2.040.1 6.7+0.5 7.4%0.6 2.4+0.3 0.2+0.1
3 0.0+0.0 3.740.6 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
a"ggﬁ’e' 0.440.7 3.1%0.6 6.5+0.9 1.0£0.7 4.141.3 4.9%1.4 7.4%1.2 2.5+1.3 0.1+0.1
AXELRESs 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
a"::.?e’ 0.4+0.7 0.5£0.6 0.0£0.0 1.0£0.6 1.3+0.3 0.00.0 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 | — normal root system;

Type Il — root-like structures (RLSs) with secondary tumors (STs) with a root system;

Type Il —= RLSs with STs without roots.

MpumeyaHue: | Tun- HopmaabHas kKopHesas cuctema; Il Tun - kopHennoaonoaobHbie cTPykTypbl (KC) ¢ BTOPUYHLIMY
onyxonsamu (BO) ¢ kopHesoti cuctemoli; Il Tun - KC ¢ BO 6e3 kopHeti
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BREEDING AND SEED PRODUCTION OF AGRICULTURAL CROPS

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

Puc.4. KopHesbie cuctembl DH-pacTeHnii peanca esporneickoro

npu TpeTbeM BapuaHTe nepecanku Ha TBepayio 6e3ropmoHasbHyio cpeany MS

A, B, C, E — HopmasnbHasi kopHeBasi cuctema; D — ctpykrypa KC c BO maneHbkoro paamepa 3-4 MM B AnameTpe, C pa3BUTON KOPHe-
BOJi cUCTeMoWi, NpUroAHow Ans agantayuu in vivo; F— cTpyktypa KC ¢ BO paamepom 6osiee 4 MM B gnamMeTpe co caabopa3BuTon
KOPHEBOW CUCTEMOW, He NPUroaHONV AJ1s1 BbhKUBaHUs B in vivo; G — nonHas gnccekumsi KC c BO nepen noBTOPHOV rnepecaskon

%
100 — .
W 1 variant
2 variant
B 3 variant
75 =1
50 —
25
|l

I | I
1 2 3

number of DH-line

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
Puc.5. MpoueHT ykopeHunBLLUnxcs pereHepaHToB DH-nuHnii B ycioBuUsIX in vivo B 3aBUCUMOCTHY OT BapuaHTa nepecankv MUKpornoberos in
vitro (cpegHee o Tpem He3aBUCUMbIM CEPUSIM OrbITOB)

1 — nocagka MUKpPorob6eros c norpyxexHnemM 6a3asnbHON 4acTy Ha 2-3MM B TBEPAYIO NUTaTesnbHyio cpeay MS; 2 — nocanaka B 1yHKY, cae-
JIAaHHYIO B TUTaTeJIbHOV cpeae C MOMOLLbIO MUHLEeTa B CTePUJIbHbIX YCJIOBUSIX; 3 — nocaaka Ha moBepXHOCTb TBEPAO0N NUTaTesIbHON cpeabl
A4S pereHepaunmn 6e3 3arnyoneHus
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CEJIEKUMA N CEMEHOBOACTBO CEJIbCKOXO3ANCTBEHHbLIX PACTEHU

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-

pcs.
91%
20 — 90%
94%
15 —
10 —
N '
0| e LLﬁ
DH-1 DH-2 DH-3
total amount of micro-shoots 20 23 17
M 1 transplantation 10 11 9
2 transplantation 6 3 )
W 3 transplantation 1 0 2
B 4 transplantation 0 2 0
M 5 transplantation 0 5 1
W 6 transplantation 1 0 0
B total amount of micro-shoots rooted in vivo 18 21 16

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)

Puc.6. Yucno mukponoberos c HOpMasibHO Pa3BUTON KOPHEBOI cuctemori DH-nuHwii B ycsioBusix in vivo B 3aBUCUMOCTY OT Yucaa nepe-
cafok rnocJie rnpoBeaeHUsl NocsIeA0BaTe IbHbIX AUCceKuni pereHepaHToB ¢ KC ¢ BO cTpykTypamu (B NpoLeHTax yka3aHo obLyee YUCJio
YKOPEHUBLLUXCS PaCTeHuii B 06pa3ue rnocJie LWeCcTU rnocef0BaTeslbHbIX Nepecanok)
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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).

BREEDING AND SEED PRODUCTION OF AGRICULTURAL CROPS

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
liguid 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
migrlg?stﬁgts, I type Il type Il type
pcs.
pcs. % pcs % pcs. %
1 19 10 52.6 7 36.8 2 105 Totalrooted,
2 20 10 50.0 6 30.0 4 20.0
3 15 8 583 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 &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 | — normal root system; Type Il — root-like structures (RLSs) with secondary tumors (STs) with a root sys-

tem; Type Ill - RLSs with STs without roots

MpumeyaHue: | Tun — HopmasbHas KkopHeBas cuctema; Il Tun — kopHennoaononobHbie cTPykTypbl (KC) ¢ BTOPUYHbI-
mu onyxonsmm (BO) ¢ kopHeBoi cuctemolii; Il tun — KC ¢ BO 6e3 kopHeri
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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

Puc.7. KopHeBbie cuctembl DH-pacTeHnii peguca eBponeickoro B npobupkax

Ha MOCTUKax u3 puibTPOBasIbHOM Bymaru B xugkov cpege MSm c 0, 1Mr/n knHeTuHa

A — cTpykTypa KC ¢ BO maneHbKOro paamepa c XopoLuo pa3BUTON KOPHEBOI CUCTEMO;

B — mMukpornob6er nocse AucceKkyny BCex YacTen pacTUTE/IbHOIro 3KCIJIaHTa HUXXe TOYKM poCcTa Ha 2-3 MMm;

C — pacTeHue-pereHepaHT C SiPKO BbIPa)>X€HHbIM anukasabHbIM LOMUHUPOBaHUEM U YAJTMHEHHbIMU MEXA0Y3/INIMN

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. Itis 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.
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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-

BREEDING AND SEED PRODUCTION OF AGRICULTURAL CROPS

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 (llyina 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 llyina 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) orin 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.

CEJIEKUMA N CEMEHOBOACTBO CEJIbCKOXO3ANCTBEHHbLIX PACTEHU

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 a1 (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, itis 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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