
Introduction

Breeding of carrot (Daucus carota L.) has been

dominated by F1 hybrids. Obtaining parental lines

for deriving heterozygous hybrids by means of tra-

ditional inbreeding methods is time-consuming

and expensive (Bajaj 1990). The lack of full

homozygosity in parental lines means that the po-

tential of the technique for deriving hybrids cannot

be fully utilized. It is possible to obtain fully ho-

mozygous lines by using biotechnological meth-

ods to produce haploids and then doubled

haploids. Haploidization through gynogenesis or

androgenesis is a fast and only method of full

homozygotization (Hervé 1977). Anther and

microspore cultures are 2 ways of obtaining dou-

bled haploids. Carrot anther cultures, however, are

technically very difficult because of the very small

size of flower buds and anthers (Górecka et al.

2005a; Kiszczak et al. 2005). Microspore culture

is a more advanced technique, which eliminates

the difficulties mentioned above and is free from

the confusions connected with embryo origin

(Duijs et al. 1992). According to Cegielska-Taras

et al. (2002), the increase in the effectiveness of

androgenesis in rape occurred only after isolated

microspore culture was used. This is a relatively

new issue and there are no publications in the liter-

ature world-wide about successes in using carrot

microspore cultures. Only Matsubara et al. (1995)

report that they carried out isolated microspore

cultures of carrot. They observed divisions of

microspores and obtained multicellular structures

but not embryos.
The aim of the experiments presented here

was: (1) to conduct microscopic observations of
the stages of microspore development and the pro-
cesses occurring in microspore cultures; (2) to ob-
tain embryoids from microspores; (3) to
regenerate plants from the embryoids; (4) to
achieve adaptation of plants after their removal
from glassware; and (5) to carry out preliminary
assessments of their ploidy level.
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Materials and methods

In this study we used the carrot cultivar ‘Feria F1’,

which had proved to be the most embryogenic in

anther cultures (Górecka et al. 2005b). After ver-

nalization, carrot roots were put into a mixture of

peat and sand (1:2, v/v), with the addition of chalk

(8 kg m-3 of peat), and of complete fertilizer

Azofoska (1.2 kg m–3 of peat), containing 13.6%

N, 1.9% P, 16.0% K, and the microelements Mg,

Cu, Zn, Mn, B, and Mo. Next, the potted roots

were placed in a growth chamber at 20°C during

the day and 16°C at night, with 16 h of day light.

The procedure of obtaining androgenetic carrot

plants in isolated microspore cultures is summa-

rized in Figure 1. From the main umbel of the do-

nor plants, when the flower buds were still closed,

about 30 outermost umbellets were taken, from

which microspores were next isolated. The

umbellets with the flower buds mostly 0.7–1.3

mm in length were selected for microspore isola-

tion. In anther cultures this provides a majority of

microspores at the uninucleate stage (Kiszczak

et al. 2005). Five series (1–5) of isolated

microspore cultures were established (from one

donor plant each). The plant material was steril-

ized by means of 70% ethanol for 2 min and by

rinsing with sterile distilled water twice for 5 min.

The microspore culture was set up according to

the procedure devised by Coventry et al. (1988)

for oilseed rape (Brassica napus), on the B5 liquid

medium (Gamborg et al. 1968), which was modi-

fied by Keller and Armstrong, (1978) and used by

Andersen et al. (1990) for carrot anther cultures,

containing 2,4-D (2,4 dichlorophenoxyacetic

acid, 0.1 mg L–1), NAA (�-naphthaleneacetic

acid, 0.1 mg L–1), L-glutamine (500 mg L–1),

L-serine (100 mg L–1) and sucrose (100 g L–1). The

medium was sterilized by filtering through a

Millipore set with 0.22-µm filters.

The umbellets were homogenized immediately

after sterilization in 30 mL of the medium and fil-

tered through a 38-µm filter with pores. The fil-

trate was centrifuged at 1100 rpm (200 g) for

10 min. The microspores were then rinsed 3 times

with a fresh medium to eliminate somatic tissues.

The rinsed microspores were suspended in the me-

dium with the addition of colchicine (0.5 g L–1).

The density of microspores was adjusted to

1.2 × 105 microspores per mL and they were trans-

ferred into sterile Petri dishes (diameter 90 mm,

total height 16 mm; 20 mL per dish). They were

incubated in darkness at 27°C for 24 h. Next, the

cultures were rinsed with a fresh medium without

colchicine, centrifuged again, and resuspended in

the medium at a final density of 4 × 104 micro-

spores per mL. Such a suspension was poured into

Petri dishes of the same size (20 mL per dish) and

placed again in the incubator, in darkness at 27°C.

Five series of dishes were set up. The number of

dishes depended on the number of the isolated

microspores (2 dishes in series 1; 12 in series 2; 13

in series 3; 4 in series 4; and 8 in series 5).

All the series of the isolated microspore cul-

tures were set up by using the same procedures of

sterilizing the plant material, the same conditions

for stimulating microspore division (the same me-

dium with a high sucrose content, and the same

culturing conditions, until embryos had appeared).

The cultures were regularly examined under the

microscope every few days. The observations con-

cerned the sterility of the cultures, the stages of

microspore development, and microspore divi-

sions. Structures visible with the naked eye ap-

peared 3 weeks to 6 months after the culture

initiation. The dishes with such structures were ex-

posed to continuous light of 30 �mol m–2 sec–1 at

the same temperature (27°C). The dishes of se-

ries 1 were kept in such conditions for about

6 weeks, after which the embryoid structures were

transferred onto the hormone-free B5 regeneration

medium containing sucrose (20 g L–1). In series

2–5, already after about 2 weeks of exposure to

continuous light, the developed structures of ap-

propriate size (about 1 mm in diameter, or larger)

were transferred one by one onto the regeneration

medium in test tubes and placed in a growth cham-

ber at 20°C and 16 h of light.

As the dishes of series 1 had been exposed to

continuous light for as long as 6 weeks before the

embryoids forming in them were transferred, the

obtained results had not been placed in Tables 1

and 2, but are discussed in the text.
After about 6 weeks, another transfer was

made, during which the plant material obtained
was classified and calculated. The following mor-
phological classes were distinguished: clusters of
secondary embryos, non-rooted rosettes, complete
normal plants, deformed plants, and callus-like
structures. Transfers were repeated several times
to obtain complete plants. Large plants with nor-
mal leaves and well-developed roots obtained in
the course of 5 consecutive transfers were planted
in peat containing the compound fertilizer
Azofoska (1.2 kg m–3) and chalk (10 kg m–3). Plant
acclimatization was carried out on an irrigation
mat in a temperature-controlled growth chamber.
Ploidy of the obtained plants was determined by
means of a flow cytometer according to the proce-
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dure recommended by the manufacturer (Partec
GmbH), as follows. Young leaves of the plants re-
generated from embryos obtained in the
microspore cultures were chopped with a razor
blade. Large pieces of tissue were removed using

30-�m filters. A sample thus prepared was placed
inside a PARTEC PA-II cytometer, and the data
obtained were analysed to determine the ploidy of
the plants.

Results

In the isolated microspore population, various de-
velopmental stages were observed, but the
uninucleate stage predominated (Figure 2A). First
divisions of microspores were observed under the
light microscope about 2 weeks after culture initi-
ation. Formation of binuclear structures was thus
observed. Further divisions occurred successively
and structures consisting of several cells were
formed. After that, structures consisting of about a
dozen and later of several dozens of cells were
formed (Figure 2B,C). Further divisions leading to
the formation of multicellular structures visible
with the naked eye (Figure 1D) occurred in Petri
dishes of only very few series. Formation of
embryoids was then observed. They were obtained
in 28 dishes in 5 series (in 100% of the dishes in
series 1; 80% in series 2; 38.5% in series 3; 75% in
series 4; and 100% in series 5). More embryos
emerged in the dishes containing numerous micro-
spores in the tetrad stage. In the first series, a large
number of embryoid structures was obtained, but

they were very small. The amount of these struc-
tures increased very quickly during the incubation
period of 6 weeks under continuous light. These
structures transferred onto the regeneration me-
dium after this period increased their volume sig-
nificantly, as more and more embryoid structures
developed. However, after 3 consecutive transfers
there was no evidence of organogenesis taking
place.

In the case of the subsequent series, after about
2 weeks of exposure to continuous light, the
embryoids grew sufficiently and reached the size
appropriate for regeneration medium transfer. The
structures that were too small to be transferred
were left for another 2 weeks, after which they
reached the right size for transfer. Successive for-
mation of new structures was also observed. Their
formation took a long time – they were still form-
ing 24 weeks after the cultures were set up. There
were so many embryoids forming in each Petri
dish that only part of them were transferred onto
the B5 regeneration medium: 110 embryos from
series 2 and 3 each; 20 from series 4; and 11 from
series 5 (Table 1).

Six weeks after the embryoids were transferred

onto the regeneration medium, they developed

into complete plants (Figure 2E,F). They also

formed secondary embryos, deformed plants, and

callus-like rosettes. The separate series of cultures

differed from one another in terms of the regenera-

tion process. For example, in one series very inten-

sive formation of secondary embryos could be

seen, while in another, formation of complete

plants predominated. In series 5, no secondary em-
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Figure 1. Procedure of obtaining androgenetic carrot plants in isolated microspore culture

Isolation of microspores from umbels

Rinsing (3×) of isolated microspores in B5 liquid medium

B5 liquid medium with colchicine (0.5 g L
-1

) for 24 h, in darkness, 27°C

B5 liquid medium, darkness, 27°C, until embryos visible with naked eye appear

Cultures under continuous light, 27°C, for 2 weeks

Transfer of embryos >1 mm onto regeneration medium B5 without hormones

Induction of secondary embryogenesis and regeneration of plants from embryos

Acclimatization of androgenetic plants
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Table 1. Androgenesis in microspore cultures of carrot

Series Petri dishes (no.) Embryos
transferred

total with no

contamination

with
embryos

with embryos
used for transfer

2 12 10 10 10 110

3 13 5 5 5 110

4 4 3 3 3 20

5 8 8 8 5 11

Figure 2. Development of carrot plants in an isolated microspore culture: uninucleate microspores (A); first divisions of

microspores (B-1, B-2, B-3); multicellular embryoid structures (C-1, C-2); androgenetic embryos (D-1, D-2);

conversion of embryos (E); complete plants (F).



bryos, deformed plants or non-rooted rosettes

were formed, but it regenerated the highest num-

ber of complete plants per embryo (10 plants). The

number of regenerated callus-like structures per

embryo was the highest in series 1 (4.5 callus-like

structures), whereas the number of deformed

plants per embryo was the highest in series 3 (Ta-

ble 2). Plant acclimatization, was carried out on an

irrigation mat in a temperature-controlled growth

chamber so that it would be possible to improve its

effectiveness. Out of the 90 plants planted, 42

plants had adapted, which is 46.6%. During the

next stage of the experimental work, it will be nec-

essary to work out more accurately the right com-

position of the substrate and an effective method

of making the rooted plants stronger, so that they

can withstand the removal from glassware better.

All androgenetic plants obtained in the isolated

microspore cultures proved to be diploids in

cytometric tests.

Discussion

Carrot anther cultures are technically very diffi-

cult because of the exceptionally small size of

flower buds and anthers. This problem can be

solved with a method in which microspores are

obtained by homogenizing the whole umbels and

suspending them in a liquid medium. Matsubara et

al. (1995) were the first to describe attempts to ob-

tain embryos in isolated microspore cultures of

carrot. They succeeded in obtaining the first divi-

sions of microspores, but they did not obtain any

embryos, let alone any plants. Ferrie, in hear two

publications (Ferrie et al. 2005; Ferrie 2007) re-

ports on successful regeneration of plants in iso-

lated microspore cultures of 10 species of the

family Apiaceae (including the carrot), but does

not give any details on the procedure of setting up

and conducting the cultures, or the regeneration of

plants and their assessment. This paper, therefore,

is the first detailed description of how to obtain

carrot plants in microspore cultures. For this rea-

son, in this section we refer to the work on isolated

microspore cultures of other plant species.

In this study, the first divisions in carrot

microspore cultures took place 2 weeks after cul-

ture initiation. Matsubara et al. (1995) inform in

their work that they observed divisions in isolated

microspore cultures of carrot and called the ob-

tained structures “colonies”, but they do not give

the period of time in which they managed to obtain

those “colonies”. Cegielska-Taras et al. (2002)

were able to observe the first divisions in isolated

microspore cultures of rape already in the first

3 days after isolation. The development of em-

bryos from carrot microspores has been observed

and described in detail by Tyukavin et al. (1999).

However, they carried out anther cultures, and not

isolated microspore cultures. They found that the

first embryoid structures formed after a week of

culture, and the most intense formation of em-

bryos was observed after 3–4 weeks of culture.

Those authors considered the late uninucleate

stage of microspore development as the most suit-

able for changing the developmental path to a

sporophytic one, although they also obtained em-

bryos at the binucleate or tetrad stage.

When beginning work on a new procedure for a

given species, the usual practice is to follow the

example of one that has been developed and

proven for another species. The work presented

here was based on a procedure developed for rape

(Coventry et al. 1988; Cegielska-Taras 2002). It

requires the use of a medium with colchicine for

the first 24 h of isolated microspore culture.

Colchicination of isolated microspores of rape

is a highly efficient method of doubling the num-

ber of chromosomes. Chen et al. (1994) reported a

90% efficacy of that method of diploidization in

oilseed rape. A colchicine-containing medium

used for 24 h of culture also produced an increase

in the number of emerging embryos in comparison

with the control (Hansen and Andersen 1996).

Zhao et al. (1996) induced formation of embryos

in microspore cultures of the rape cultivar ‘Topas’

using a medium with colchicine. Those authors
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Table 2. Effectiveness of regeneration of androgenetic embryos in carrot

microspore cultures.

Series Embryos
transferred

Complete
plants*

Rosettes without
roots*

Deformed
plants*

Secondary em-
bryos*

2 110 1.3 0.4 0.5 0.2

3 110 1.6 0.1 0.8 0.1

4 20 1.8 0.1 0 0.1

5 11 10.1 0 0 0

* per 1 embryo transferred



found that the high-temperature shock needed to

induce androgenesis proved to be unnecessary in

this case. Möllers and Iqbal (2009) claim that

treating microspores with colchicine eliminates its

adverse effect on plants, which causes them to die

or hinders their development. That is why we de-

cided to use a medium with colchicine for the first

24 h of isolated microspore cultures of carrot.

In the experiments presented here, the large

differences in the embryogenicity of microspores

observed in each series of cultures may have also

been caused by the effect of genotype. Each series

of the carrot microspore cultures was established

by using flower buds taken from a different donor

plant of the cultivar ‘Feria F1’. In our earlier study

(Górecka et al. 2005a), we showed the great im-

portance of genotype for the effectiveness of

androgenesis in carrot anther cultures. We ob-

served significant differences in the number of

embryos obtained in cultures of carrot anthers

taken from various cultivars, and also from sepa-

rate plants of the same cultivar.

In our opinion, also in the present study the se-

lection of an embryogenic cultivar and probably

the addition of colchicine to the medium enabled

us to succeed in producing androgenetic embryos

and converting them into plants. The cultivar

‘Feria F1’, used in this study, proved to be excep-

tionally embryogenic in anther cultures and was

notable for a high intensity of secondary

embryogenesis at all the stages of formation of

androgenetic plants. There were probably numer-

ous anomalies in the division of chromosomes

during mitosis, and perhaps the plants with ploidy

other than 2n did not survive. In our experiments,

ploidy was not determined until after successful

adaptation. At present, we are using other cultivars

to study androgenesis in carrot in isolated

microspore cultures, but ploidy levels of the ob-

tained plants have not been determined yet.

Tyukavin et al. (1999) observed changes in

ploidy during the regeneration of carrot plants

from androgenetic embryos, and during their sub-

sequent development in vitro. While growing and

developing, the plants became diploid. The em-

bryos and the androgenetic carrot plants develop-

ing from them were predominantly mosaics, as

their cells were found to contain metaphases with

a variable number of chromosome pairs (from 4 to

18). Various anomalies in terms of ploidy could

also be seen during secondary embryogenesis.

The medium used for carrot plant regeneration

in the presented work was successfully used by us

earlier for the regeneration of carrot plants from

embryos obtained in anther cultures (Górecka

et al. 2009). On this medium, regeneration of com-

plete carrot plants from microspore-derived em-

bryos and adaptation of 46.6 % of them was

successful. Cegielska-Taras and Sza³a (1998)

found that 3-week-old microspore embryos of

rape could be stimulated to develop into plants by

a low–temperature treatment. Subjecting them to a

temperature of 1°C for 14 days caused 70–80% of

embryos to undergo transformation into plants.

Zhou et al. (2002) subjected embryos of spring and

winter rape developed in microspore cultures to a

constant temperature of 2°C for 10 days immedi-

ately after their transfer onto a regeneration me-

dium in order to obtain quick, direct regeneration

of plants. In our investigations described above the

influence of low temperature on plant develop-

ment from microspore embryos of carrot was not

examined. Currently it is advisable to confirm

homozygosity of carrot plants obtained trough

androgenesis. The analysis of isoenzymes, which

enables to prove the gametic origin of received

plants has been started. Preliminary analysis has

shown that most of the carrot plants obtained in

isolated microspore cultures were homozygotes in

respect of 2 isoenzymatic systems studied: PGI

(phosphoglucose isomerase) and AAT (aspartate

aminotransferase). We have been working on im-

proving these techniques and are about to begin

DNA studies aimed at finding markers that will

confirm homozygosity of the carrot plants devel-

oped from embryos obtained in isolated

microspore cultures. Our next paper will present

information about it.
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