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Abstract
Doubled haploid lines of carrot can be obtained through androgenesis in anther 
cultures and in isolated microspore cultures. The two methods were compared using 
three carrot cultivars (‘Kazan F1’, ‘Feria F1’, and ‘Narbonne F1’) at the androgenesis 
induction stage, during plant regeneration from embryos, and during acclimatization 
of androgenetic plants as well as their characterization. It was found that cultivar 
was the main factor affecting the efficiency at each stage of plant production in both 
anther and isolated microspore cultures. The efficiency of androgenesis in anther 
cultures of ‘Feria F1’ was considerably higher in comparison with isolated microspore 
cultures, and more plants were obtained from the embryos of androgenesis-cultured 
plants. In ‘Kazan F1’ and ‘Narbonne F1’, more acclimatized androgenetic plants 
were produced from anther cultures. Ploidy assessment of acclimatized plants of 
‘Narbonne F1’ showed that the majority of the plants in the population derived 
from anther cultures had a doubled chromosome (DH) set. On the other hand, the 
majority of plants obtained from isolated microspore cultures were haploids. When 
assessing homozygosity, it was found among plants obtained in anther cultures that 
the percentage of homozygotes for phosphoglucose isomerase (PGI) and aspartate 
aminotransferase (AAT) depended on the cultivar. In contrast, the majority of plants 
derived from isolated microspore cultures were homozygous regardless of cultivar.
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Introduction

Haploid plants are used in various studies, including those involving genome mapping, 
genetic analysis, mutations, transformation, somatic hybridization, and biochemical and 
physiological analysis, and in the production of artificial seeds [1]. Most often, however, 
double haploids are used in plant breeding programs. It is estimated that more than 280 
varieties worldwide have been obtained from plant materials derived through in vitro 
androgenesis in anther cultures or isolated microspore cultures [2]. The most advanced 
work has been conducted with oilseed rape, barley, and rice. Because of the small size 
of flower buds and anthers in some species such as carrot (Daucus carota L.), anther 
cultures are classified as technically difficult and thus inefficient [3]. A more efficient 
method of deriving haploids in tissue culture of various plants such as oilseed rape 
(Brassica napus L. ssp. napus) involves the technique of isolated microspores [4]. As 
reported by Babbar et al. [5], isolated microspore cultures of rapeseed are 10-fold more 
efficient than anther cultures in producing plants. However, the use of this technique 
has not produced satisfactory results in every tested species. For example, among 20 
species of the Apiaceae family, only 10 species underwent androgenesis from isolated 
microspores [6].
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The use of doubled haploid (DH) lines in breeding can significantly shorten the time 
to derive homozygous parental components. In carrot, in order to obtain homozygous 
lines it is necessary to conduct self-pollination for at least six generations, and the 
homozygosity of these lines does not exceed 98% [7].

The first reports on obtaining androgenetic embryos of carrot date back to the 1990s, 
when Andersen et al. obtained the first embryos using anther cultures [8]. Three years 
later, Hu et al. [9] obtained 18 carrot plants (16 plants with a chromosome number 
of 2n = 9 and two aneuploids) using the same method. Several hundred androgenetic 
plants were subsequently obtained in anther cultures by Tyukavin et al. [10].

Górecka et al. [3,11], Kiszczak et al. [12], and Krzyżanowska et al. [13] examined and 
described the influence of various factors, such as genotype, microspore development 
stage, medium, and condition of the donor plant, on the effectiveness of androgenesis 
in carrot anther cultures. Kowalska et al. [14] carried out selection of regenerants from 
embryos obtained through androgenesis in anther cultures to obtain plants tolerant 
to increased concentrations of copper ions. The following year, Górecka et al. [11] 
described the formation of secondary embryos and the direct conversion of embryos 
into plants derived from anther cultures, which accelerated and simplified the procedure 
for obtaining androgenetic plants. In 2011, Kiszczak et al. [15] analyzed the ploidy 
and homozygosity in a population of carrot plants obtained through androgenesis in 
anther cultures. In these experiments, 90% of the carrot plants obtained from anther 
cultures were DH. The percentage of homozygotic DH plants ranged from 94 to 100% 
for phosphoglucose isomerase (PGI) and for aspartate aminotransferase (AAT) from 
89 to 100%. Matsubara et al. [16] used the technique of isolated microspores for the 
first time, from which carrot embryos were obtained. Ferrie [6] obtained embryos in 
isolated microspore cultures of carrot and regenerated plants but did not provide detailed 
methodological information. In 2010, Górecka et al. [17] experimented with isolated 
microspore cultures of carrot and developed a complete androgenesis procedure, and Li 
et al. [18] confirmed the genetic determinants of the capability for producing embryos. 
A number of factors have been previously tested that affect the most important stages 
in deriving DH lines of carrot in anther and isolated microspore cultures. These stages 
include the induction of embryos, regeneration of plants from embryos, acclimatiza-
tion, and ploidy levels. The goal of this study was to determine which of the two culture 
methods was more efficient in obtaining DH lines of three carrot cultivars.

Material and methods

Plant material

Three hybrid cultivars of carrot, ‘Feria F1’ (Rijk Zwan; De Lier, Holland), ‘Kazan F1’, and 
‘Narbonne F1’ (Bejo Zaden B.V.; Warmenhuizen, Holland), were used in this study.

Donor plants

After harvest, carrot roots of field-grown plants were placed into boxes in alternating layers 
covered with peat. For vernalization, the carrot roots were placed into a cold chamber 
at +4°C for 3 months. Afterward, two roots were planted in one plastic container with 
10 dm3 of substrate consisting of 1:2 (v/v) peat and sand. To ensure the proper pH of 
the substrate, chalk was added at a rate of 8 kg m−3 of substrate. The complex fertilizer 
Azofoska (Inco Veritas, Poland) was used at a rate of 1.2 kg m−3 of peat. Planted roots 
were placed in the greenhouse or in a growth chamber under strictly controlled growth 
conditions of +20°C during the day and +16°C at night, with a 16-h photoperiod at 
30 μmol m−2 s−1. One month after planting, the plants in the greenhouse and growth 
chamber were irrigated at 14-day intervals with a 0.3% solution of Hydrovit 300 liquid 
fertilizer (Hydrokomplet S.C, Poland). At the end of April or the beginning of May, the 
roots were planted in the field.
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Anther cultures

After the formation of inflorescences by het-
erozygous donor plants, flower buds at the 
uninucleate stage of microspore development 
were collected from developed umbels [8,10]. 
Buds were then disinfected for 2 min in 70% 
(v/v) ethanol and rinsed twice with sterile 
distilled water. Anthers were isolated, and 
48 pieces were placed in 100-mL Erlenmeyer 
flasks containing approximately 30 mL of 
media for androgenesis induction. The me-
dium consisted of B5 [19] (Tab. 2, Tab. 3), as 
modified by Keller and Armstrong [20]. This 
medium was applied by Andersen et al. [8] 
for carrot anther cultures and contained 0.1 
mg L−1 each of 2,4-dichlorophenoxyacetic 
acid (2,4-D) and α-naphthaleneacetic acid 
(NAA), 500 mg L−1 L glutamine, 100 mg L−1 
L serine, and 100 g L−1 sucrose. Flasks with 
anthers were placed in the dark at +27°C. 
After embryo formation (Fig. 1a), the flasks 
were exposed to continuous light [cool white 
lamps, L18W/77 Fluora (OSRAM, Germany)] 
at 30 μmol m−2 s−1 while maintaining the same 
temperature.

Isolated microspore cultures

The same donor plants as described above were also used to establish isolated microspore 
cultures. Approximately 30 of the outermost umbellules were collected from the main 
umbel. The umbellules contained closed flower buds 0.7 to 1.8 mm in length. Thirty 
umbellules were examined, and there were 79.3 anthers in each umbellule on average, 
which means that approximately 2380 anthers were used to establish isolated microspore 
cultures. The culture protocol was identical to that previously published by Górecka et 
al. [17]. The microspores were cultured in B5 liquid modified with 0.5 g L−1 colchicine 
(Sigma-Aldrich, USA) for 24 h at +27°C in darkness. The cultures were subsequently 
rinsed with fresh media without colchicine, centrifuged again and resuspended in the 
media at a final density of 4 × 104 microspores mL−1.

Regeneration and acclimatization of plants

Plant regeneration and acclimatization were conducted according to the method 
described by Górecka et al. [21]. When embryos in flasks (Fig. 1a) and in Petri dishes 
turned green (Fig. 1b), their shape, size, and color were noted; the embryos were 
then counted and transferred to regeneration media in order to obtain plants. The 
efficiencies of plant regeneration in anther cultures and isolated microspore cultures 
were compared on B5-1 media [19] containing plant growth regulators (PGRs) and 
supplemented with 20 g L−1 sucrose, as described by Andersen et al. [8]. Results were 
collected after 12 weeks of culture.

Regenerated carrot plants were potted in a peat substrate with the addition of the 
multicomponent complex fertilizer Azofoska (Inco Veritas).

Assessments of ploidy and homozygosity

The ploidy of the acclimatized plants was determined by an indirect method involving 
measurements of the amount of nuclear DNA with a flow cytometer as described by 

Fig. 1 Anther and isolated microspore cultures of carrot. a Androgenetic 
embryos formed on anthers (flask). b Androgenetic embryos formed on 
microspores (Petri dish). c Different types of androgenetic regenerants ob-
tained through the regeneration process (anther culture). d Different types 
of androgenetic regenerants obtained through the regeneration process 
(microspore culture).
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Kiszczak et al. [15] and by following a modified version of Galbraith’s procedure [22]. 
The analysis was conducted with the use of a Partec CA-II flow cytometer (Partec 
GmbH, Germany). The control samples were collected from plants of the ‘Narbonne 
F1’ commercial variety that were grown from seed in the greenhouse.

The analysis of homozygosity of the donor plants and DH lines was performed 
using two isoenzymes, phosphoglucose isomerase (PGI, EC 5.3.1.9) and aspartate 
aminotransferase (AAT, EC 2.6.1.1), following the extraction protocol described by 
Kiszczak et al. [15]. Electrophoresis was performed in 10% starch gel as described 
by Gottlieb [23]. Separation of enzymes was performed according to the methods of 
Selander et al. [24].

Statistical analyses

The data were subjected to non-parametric analyses, including the Mann–Whitney U 
test and the Kruskal–Wallis test (with Conover–Inman post hoc tests) using Statistica 
v. 8.0. software for Windows (Statsoft Inc., USA).

Results

In anther cultures, the most embryogenic cultivar was ‘Feria F1’, in which 338 embryos 
were obtained from 100 plated anthers. In ‘Kazan F1’, there were 8.1 embryos, and in ‘Nar-
bonne F1’ 3.1. In isolated microspores, ‘Feria F1’ produced only 0.8 embryos (calculated 
per 100 plated anthers), while ‘Kazan F1’ generated 8.3 embryos and ‘Narbonne F1’ 2.0. 
Regarding the cultivar ‘Feria F1’, at the induction stage of androgenesis, anther cultures 
were more effective than microspore cultures, but the differences between the results 
in these two techniques observed for the other two cultivars were small (Tab. 1).

After being transplanted to the regeneration medium from one embryo obtained in 
anther culture, 1.5 plants, 2.7 rosettes (i.e., unrooted plants), and 0.7 secondary embryos 
were produced. Embryos obtained from isolated microspore cultures on regeneration 
media generated an average of 0.7 plants, 1.3 rosettes, 3.5 secondary embryos, and 
2.1 compact callus clumps (Tab. 2). Based on these results, we concluded that culture 
using whole anthers was better with respect to the number of regenerated plants per 
embryo.

The regenerated plants had a phenotype typical for carrot seedlings: 3–6 leaves 
that were two-fold or three-fold pinnate and 5–8 cm in length and a normal taproot 
system with numerous small lateral roots. The plants obtained from anther cultures of 

Tab. 1 Effect of culture type on the effectiveness of androgenesis for three carrot cultivars.

Cultivar Culture type
No. of anthers 
plated

No. of embryos 
obtained

No. of embryos 
per 100 anthers

Kazan F1 Anther 309 25 8.1 b

Microspore 11900 994 8.3 b

Narbonne F1 Anther 621 21 3.1 a

Microspore 11900 241 2.0 ab

Feria F1 Anther 782 3036 388.0 c

Microspore 11900 96 0.8 a

Numbers followed by the same letter are not statistically different from each other at a significance 
level of α = 0.05 (Mann–Whitney U test).
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‘Kazan F1’ had acclimatization success rates of 63.9% and of ‘Narbonne F1’ of 67.6%. 
Acclimatization success rates for plants from anther cultures was 58.7% for ‘Kazan 
F1’ and 38.6% for ‘Narbonne F1’. This suggested that androgenetic plants of cultivars 
derived from anther cultures acclimatized better than plants derived from isolated 
microspores (Tab. 3).

Among plants derived from anther cultures, plants with a haploid (1n) number 
of chromosomes represented 7.2% of all tested plants, whereas 89.1% of plants had a 
diploid chromosome number (2n) (Fig. 2). There were also 3.6% that were tetraploids. 
Among plants derived from isolated microspores, 41.8% were haploids, and 38.2% 
were diploids. More tetraploids, up to 20.0% of all plants, were identified in isolated 
microspores than in anther cultures (Tab. 4). There was a clear difference in ploidy levels 
among the androgenetic plants produced using these two techniques.

Tab. 2 Effect of culture type on the regeneration of plants, rosettes and secondary embryos in ‘Feria 
F1’, 2010. The numbers are per one embryo.

Culture type Plants (seedling type) Rosettes Secondary embryos

Anther 1.5 b 2.7 b 0.7 a

Microspore 0.7 a 1.3 a 3.5 b

Numbers followed by the same letter are not statistically different from each other at a significance 
level of α = 0.05 (Mann–Whitney U test).

Tab. 3 Effect of the method of deriving androgenetic plants on acclimatization in 
two carrot cultivars.

Cultivar

Anther cultures Isolated microspore cultures

planted acclimatized planted acclimatized

No. No. % No. No. %

Kazan F1 36 23 63.9 218 128 58.7

Narbonne F1 34 23 67.6 57 22 38.6
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Fig. 2 Histograms of flow cytometric DNA analysis of androgenetic carrot plants derived from anther and isolated microspore 
cultures of carrot: 1x – androgenetic plants; 2x – control plants.
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In anther cultures, the percentage of PGI and AAT homozygotes (Fig. 3) depended 
on the cultivar. For the PGI isoenzyme, the percentage was 94% in ‘Narbonne F1’ and 
13% in ‘Kazan F1’. With respect to AAT, 100% of homozygotes were found in ‘Narbonne 
F1’ and 89% in ‘Kazan F1’.

The majority of plants obtained from isolated microspores were homozygous, 
regardless of cultivar. In ‘Narbonne F1’, 92.1% were homozygous for PGI, and 100% 
were homozygous for AAT. In ‘Kazan F1’, 97.9% were homozygous for PGI, and 100% 
were homozygous for AAT.

Discussion

Induction of androgenesis is the first stage in the process of deriving androgenetic plants 
in anther and isolated microspore cultures. To assess the efficiency of the two methods at 
this stage, it is necessary to consider the methodological differences. To establish anther 
cultures, one person can excise on average approximately 240 anthers in 8 hours from 
a given number of flower buds. However, for isolated microspore cultures, the flower 
buds are bulked, and the microspores are isolated en masse for a total of approximately 
2300 anthers. Aside from the homozygous genetic profile, one of the main reasons for 
the use of androgenesis to obtain plants is the emergence of new genetic variation that 
allows selection of DH lines with the desired traits for breeding. The use of a larger 
number of anthers increases the likelihood that such variation will appear.

In carrot anther cultures, the incubation period for induction of embryos varies 
considerably. Embryos were observed 2 weeks at the earliest after establishing anther 

Fig. 3 Zymograms of carrot plants derived from anther and isolated microspore cultures. 
a Example of PGI isoenzyme zymogram with graphic reflection of bands (right side), plant 
number 1 and 2 – homozygotes, plant number 3 and 4 – heterozygotes. b Example of AAT 
isoenzyme zymogram with graphic reflection of bands (right side), plant number 1, 2, and 
3 – homozygotes, plant number 4 – heterozygote.

Tab. 4 Ploidy level of androgenetic plants of the carrot cultivar ‘Narbonne F1’.

Ploidy level

Anther cultures Isolated microspore cultures

No. of plants % No. of plants %

1n 4 7.2 23 41.8

2n 49 89.1 21 38.2

4n 2 3.6 11 20.0

∑ 55 100.0 55 100.0
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cultures, but most embryos were produced after approximately 1–3 months. In a study 
by Andersen et al. [8], the embryos appeared after 2–4 months of anther incubation, 
whereas Matsubara et al. [16] observed induction of embryos after 4 weeks. In contrast, 
Tyukavin et al. [10] described in detail embryo formation in the first week of anther 
culture. However, the majority of embryos were formed after 3–4 weeks of culture. 
Górecka et al. [21] reported that embryos appeared after 2 weeks from the onset of 
an experiment, and their formation was observed until the third month. In isolated 
microspore cultures, the appearance of the first structures was recorded after 2 weeks, 
but they were not yet visible to the naked eye. Well-developed embryos were distin-
guishable after 1 month, and their formation lasted up to 6 months. A similar time to 
obtain initial embryos (from 3 weeks to 6 months) was reported by Górecka et al. [17]. 
Li et al. [18] confirmed the presence of embryos in isolated microspore cultures after 
about 1 month. The last embryos were observed after 4 months.

In the present study, the induction of androgenesis and embryo formation in both 
types of culture was the first stage at which the efficiency of both techniques was 
compared (Tab. 5). Matsubara et al. [16] had conducted both types of culture with 
one cultivar but obtained embryos only in anther cultures, at a rate of 2.8 embryos per 
100 anthers. Several times more embryos, equal to an amount of 21.4 per 100 anthers, 
were obtained by Hu et al. [9] on MS medium with 1 mg L−1 2,4-D. In contrast, on the 
same medium but with 0.2 mg L−1 2,4 D, Tyukavin et al. [10] obtained an average of 
156.14 embryos per 100 anthers in anther cultures. In each case, those experiments 
were conducted with a single cultivar. In our study, the two methods were compared 
at the induction stage using three cultivars on the same medium. In ‘Kazan F1’ and 
‘Narbonne F1’, the efficiency of androgenesis was at a similar level regardless of the 
technique used. In contrast, in ‘Feria F1’, far more embryos were obtained in anther 
cultures. An earlier study conducted by Górecka et al. [3,17] had confirmed higher 
efficiency of that cultivar in anther cultures.

When comparing the efficiency of plant regeneration in anther cultures and isolated 
microspore cultures, differences between the two techniques were not pronounced, 
as the plant regeneration proceeded methodically and in the same technical manner. 
Nevertheless, in anther cultures, after the twelfth week of regeneration, twice as many 
complete plants and three times as many non-rooted rosettes were obtained. By tak-
ing advantage of the phenomenon of secondary embryogenesis, Górecka et al. [25] 
obtained 100 plants from one embryo of ‘Feria F1’ in anther cultures. In the present 
study, secondary embryos appeared in both types of cultures, but more embryos were 
obtained from isolated microspore cultures. Tyukavin et al. [10] had observed the 

Tab. 5 Efficiencies of the following stages of anther and microspore cultures.

Stages of androgenesis

Culture type*

anther microspore

Induction – No. of embryos per 100 anthers 99.7 11.0

Regeneration – plants (seedling type) per one embryo 1.5 0.7

Acclimatization – % of plants 65.8 48.7

Ploidy – % of 1n plants 7.2 41.8

Ploidy – % of 2n plants 89.1 38.2

Homozygosity of PGI – % 53.5 96.0

Homozygosity of AAT – % 94.5 98.9

Time from embryo induction to acclimatized plants in weeks 26–46 27–48

* The values are the means of all three cultivars.
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formation of secondary embryos from androgenetic embryos of carrot that had not 
yet emerged from anthers and also during regeneration on the regenerating plants. 
Möllers and Iqbal [26] reported that only very few androgenetic embryos of oilseed 
rape regenerated directly into plants, and the majority of embryos those plants formed 
secondary embryos. In isolated microspore cultures, Li et al. [18] obtained between 
0.6 and 3.8 plants, depending on the breeding line of carrot. The low end of this range 
is a value close to the number of plants obtained from secondary embryos in the pres-
ent study. This suggests that comparison of the two methods at this stage depends on 
endogenous and exogenous factors that strongly influence the efficiency of androgenesis 
from season to season.

Assuming the uniformity of these endogenous and exogenous factors, it can be 
concluded that during a short period of time (4–8 weeks) the anther culture technique 
is more efficient during the plant regeneration stage. However, during a long period of 
time (12–24 weeks), a larger number of regenerated plants can be obtained in isolated 
microspore cultures through secondary embryogenesis.

Andersen et al. [8] planted androgenetic carrot plants in a peat substrate and 
maintained high humidity levels for 4 weeks. Of the 54 plants of the cultivar ‘Nantes 
Topschoor’, 25 survived the acclimatization process. Górecki et al. [27] found that carrot 
plants that regenerated from androgenetic embryos in two stages (obtaining shoots, 
rooting plants) were not very effective at adapting. To achieve better adaptation success, 
Tyukavin [28] used a hydroponic system, but only 14.8% of plants became acclima-
tized. To acclimatize carrot plants derived from androgenesis in isolated microspore 
cultures, Górecka et al. [21] used a peat-based substrate, which resulted in 70% plant 
survival. On the other hand, Li et al. [18] potted two lines of carrot plants in perlite 
and obtained 76% and 81% survival. Considering the effect of the type of culture on 
plant acclimatization, our results indicate that a higher percentage of plants obtained 
from anther cultures survived this stage. No major effect of the cultivar on the process 
of acclimatization was found in the plants obtained in anther cultures. The plants of 
the tested cultivars acclimatized at more than 60% success.

Andersen et al. [8] conducted a 3-year study of anther cultures with two carrot 
cultivars and determined the number of chromosomes of the plants in the regenerated 
population. They determined that plants with 2n chromosomes dominated, constituting 
59.5%, 79.1%, and 86.4% of the regenerated plants in each of the 3 years. Haploid plants 
were also detected at 33.3% but only in one season. Hu et al. [9] obtained 18 plants in 
anther cultures of carrot; 16 of those plants were haploid, and two were aneuploid.

In our study, 55 androgenetic plants from each type of culture were tested. The 
distribution of ploidy level depended on the technique used. In anther cultures, 89.1% 
of the obtained plants were diploid; in isolated microspore cultures, only 38.2% were 
diploids, while haploids made up 41.8%. In their study with isolated microspore cul-
tures, Li et al. [18] showed that the percentage of diploids is correlated with genotype. 
They obtained, depending on the line, 81.4%, 57.1%, and 33.3% diploids. During the 
regeneration of androgenetic carrot embryos into plants, Tyukavin et al. [10] observed 
changes in ploidy level even under in vitro conditions; the plants became diploid. These 
researchers observed cells with a variable number of chromosome pairs (from 4 to 18) 
during their development and also various anomalies in the number of chromosomes 
during secondary embryogenesis. Germana et al. [2] provided a few reasons for the 
emergence of non-haploid individuals in a population of androgenetic plants: fusion 
of nuclei, endomitosis within the pollen grain, or irregular microspores formed by 
meiotic irregularities. This explains the 20% share of tetraploids in the population of 
plants obtained in isolated microspore cultures and the 3.6% share in anther cultures. 
On the basis of ploidy distribution, it can be concluded that isolated microspore cultures 
are less effective than anther cultures.

In the present study, 94% of the ‘Narbonne F1’ plants obtained in anther cultures 
were PGI homozygotes as were 92.1% of ‘Narbonne F1’ plants obtained from isolated 
microspore cultures. Regarding ‘Kazan F1’, 97.9% of the plants obtained from isolated 
microspore cultures were homozygous for PGI, whereas in the case of anther culture 
only a 13% share of PGI homozygotes was found in the population of the ‘Kazan F1’ 
plants tested. Such a low percentage of homozygotes may result from the action of 
embryogenesis genes. Foisset et al. [29] obtained a population of androgenetic plants 
of Brassica napus (L.), of which an isoenzymatic analysis for ACO, LP, PGM, and TPI 



9 of 10© The Author(s) 2017 Published by Polish Botanical Society Acta Soc Bot Pol 86(2):3547

Kiszczak et al. / Comparison of methods for obtaining carrot double haploid

Acknowledgments

The authors give special thanks to Dr. Krystyna Klimaszewska (Natural Resources Canada, 
Canadian Forest Service) for contributions to the editing of the article.

References

1. Maraschin SF, de Priester W, Spaink HP, Wang M. Androgenic switch: an example of 
plant embryogenesis from the male gametophyte perspective. J Exp Bot. 2005;56:1711–
1726. https://doi.org/10.1093/jxb/eri190

2. Germana MA. Anther culture for haploid and doubled haploid production. Plant Cell 
Tissue Organ Cult. 2011;104(3):283–300. https://doi.org/10.1007/s11240-010-9852-z

3. Górecka K, Krzyżanowska D, Kiszczak W, Górecki R. Embryo induction in anther 
culture of Daucus carota L. Vegetable Crops Research Bulletin. 2005;63:25–32.

4. Cegielska-Taras T, Tykarska L, Szała L,  Kuraś J, Krzymański J. Direct plant development 
from microspore-derived embryos of winter oilseed rape Brassica napus L. ssp. oleifera 
(DC.) Metzger. Euphytica. 2002;124–341. https://doi.org/10.1023/A:1015785717106

5. Babbar SB, Agarwal PK, Sahay S, Bhojwani SS. Isolated microspore culture of Brassica: 
an experimental tool for developmental studies and crop improvement. Indian Journal of 
Biotechnology. 2004;3:185–202.

6. Ferrie AMR. Doubled haploid production in nutraceutical species. Euphytica. 
2007;158:347–357. https://doi.org/10.1007/s10681-006-9242-0

7. Ferrie AMR, Möllers C. Haploids and doubled haploids in Brassica spp. for 
genetic and genomic research. Plant Cell Tissue Organ Cult. 2011;104:375–386. 
https://doi.org/10.1007/s11240-010-9831-4

8. Andersen SB, Christiansen I, Farestveit B. Carrot (Daucus carota L.). In vitro production 
of haploids and field trials. In: Bajaj YPS, editor. Haploids in crop improvement I. 
Berlin: Springer; 1990. p. 393–402. (Biotechnology in Agriculture and Forestry; vol 12). 
https://doi.org/10.1007/978-3-642-61499-6_20

9. Hu KL, Matsubara S, Murakami K. Haploid plant production by anther culture in 
carrot (Daucus carrota L.). Journal of the Japanese Society for Horticultural Science. 
1993;62(3):561–565. https://doi.org/10.2503/jjshs.62.561

10. Tyukavin GB, Shmykova NA, Monakhova MA. Cytological study of embryogenesis in 
cultured carrot anthers. Russ J Plant Physiol. 1999;46(6):767–773.

11. Górecka K, Krzyżanowska D, Górecki R. The influence of several factors on the efficiency 
of androgenesis in carrot. J Appl Genet. 2005;46(3):265–269.

12. Kiszczak W, Górecka K, Krzyżanowska D, Kowalska U. Size of flower buds in carrot 
(Daucus carota L.) as an indicator of a stage of microsporogenesis and its suitability for 
induction of androgenesis. Vegetable Crops Research Bulletin. 2005;62:81–90.

13. Krzyżanowska D, Górecka K, Kiszczak W, Kowalska U. The effect of genotype and 
medium on plant regeneration from androgenic embryos. Journal of Fruit and 
Ornamental Plant Research. 2006;14(1):121–127.

14. Kowalska U, Rybaczek D, Krzyżanowska D, Kiszczak W, Górecka K. Cytological 
assessment of carrot plants obtained in anther culture. Acta Biol Crac Ser Bot. 
2008;50(2):7–11.

15. Kiszczak W, Krzyżanowska D, Strycharczuk K, Kowalska U, Wolko B, 
Górecka K. Determination of ploidy and homozygosity of carrot plants 

showed that molecular factors manifesting themselves during in vitro androgenesis 
interfered with the Mendelian segregation of isoenzymes.

The analysis of ‘Narbonne F1’ showed that plants from anther cultures and isolated 
microspore cultures were 100% homozygous for the AAT isoenzyme. In the case of 
‘Kazan F1’, a similar distribution of homozygosity was obtained, with 89% homozygotes 
observed in anther cultures and 100% in isolated microspore cultures. Such a distribu-
tion of PGI and AAT homozygosity is desirable and meets the expectations held for the 
two techniques, whose main goal is to obtain homozygous plants.

https://doi.org/10.1093/jxb/eri190
https://doi.org/10.1007/s11240-010-9852-z
https://doi.org/10.1023/A:1015785717106
https://doi.org/10.1007/s10681-006-9242-0
https://doi.org/10.1007/s11240-010-9831-4
https://doi.org/10.1007/978-3-642-61499-6_20
https://doi.org/10.2503/jjshs.62.561


10 of 10© The Author(s) 2017 Published by Polish Botanical Society Acta Soc Bot Pol 86(2):3547

Kiszczak et al. / Comparison of methods for obtaining carrot double haploid

obtained from anther cultures. Acta Physiol Plant. 2011;33(2):401–407. 
https://doi.org/10.1007/s11738-010-0559-x

16. Matsubara S, Dohya N, Murakami K, Nishio T, Dore C. Callus formation and 
regeneration of adventitious embryos from carrot, fennel and mitsuba microspores 
by anther and isolated microspore cultures. Acta Hortic. 1995;39(2):129–137. 
https://doi.org/10.17660/ActaHortic.1995.392.15

17. Górecka K, Kowalska U, Krzyżanowska D, Kiszczak W. Obtaining carrot (Daucus 
carota L.) plants in isolated microspore cultures. J Appl Genet. 2010;51(2):141–147. 
https://doi.org/10.1007/BF03195722

18. Li JR, Zhuang FY, Ou CG, Hu H, Zhao ZW, Mao JH. Microspore embryogenesis and 
production of haploid and doubled haploid plants in carrot (Daucus carota L.). Plant Cell 
Tissue Organ Cult. 2013;112:275–287. https://doi.org/10.1007/s11240-012-0235-5

19. Gamborg OL, Miller RA, Ojima K. Nutrient requirements of suspension 
cultures of soybean root cells. Exp Cell Res. 1968;50:148–151. 
https://doi.org/10.1016/0014-4827(68)90403-5

20. Keller WA, Armstrong KC. Embryogenesis and plant regeneration in Brassica napus 
anther cultures. Can J Bot. 1977;55:1383–1388. https://doi.org/10.1139/b77-160

21. Górecka K, Krzyżanowska D, Kiszczak W, Kowalska U. Plant regeneration from carrot 
(Daucus carota L.) anther culture derived embryos. Acta Physiol Plant. 2009;31(6):1139–
1145. https://doi.org/10.1007/s11738-009-0332-1

22. Galbraith DW. Flow cytometric analysis of the cell cycle. In: Vasil IK, editor. Cell culture 
and somatic cell genetics of plant. Orlando, FL: Academic Press; 1984. p. 765–777. 
https://doi.org/10.1016/b978-0-12-715001-7.50090-1

23. Gottlieb LD. Enzyme differentiation and phylogeny in Clarkia 
franciscana, C. rubicunda and C. amoena. Evolution. 1973;27:205–214. 
https://doi.org/10.1111/j.1558-5646.1973.tb00666.x

24. Selander RK, Smith MH, Yang SY, Johnson, WE, Gentry JB. Biochemical polymorphism 
and systematics in the genus Peromyscus. I. Variation in the old-field mouse (Peromyscus 
polionotus). Austin, TX: University of Texas; 1971. (Studies in Genetics; vol 6).

25. Górecka K, Krzyżanowska D, Kiszczak W, Kowalska U, Górecki R. Obtaining 
homozygous carrot plants with the aid of androgenesis in anther cultures. 
Biotechnologia. 2008;2(81):142–152.

26. Möllers C, Iqbal MCM. Doubled haploids in breeding winter oilseed rape. In: Touraev 
A, Forster BP, Mochan Jain S, editors. Advances in haploid production in higher plants. 
Dordrecht: Springer; 2009. p. 161–169. https://doi.org/10.1007/978-1-4020-8854-4_13

27. Górecki R, Górecka K, Krzyżanowska D, Kozik E, Nowak R, Adasik B. Rooting and 
adaptation of androgenetic carrot plants. Vegetable Crops Research Bulletin. 2001;54:25–
28.

28. Tjukavin GB. Osnovy biotehnologii morkovi. Moscow: VNIISSOK; 2007.

29. Foisset N, Delourme R, Lugas MO, Renard M. Segregation analysis of isozyme markers 
on isolated microspore-derived embryos in Brassica napus L. Plant Breed. 1993;110:315–
322. https://doi.org/10.1111/j.1439-0523.1993.tb00595.x

https://doi.org/10.1007/s11738-010-0559-x
https://doi.org/10.17660/ActaHortic.1995.392.15
https://doi.org/10.1007/BF03195722
https://doi.org/10.1007/s11240-012-0235-5
https://doi.org/10.1016/0014-4827(68)90403-5
https://doi.org/10.1139/b77-160
https://doi.org/10.1007/s11738-009-0332-1
https://doi.org/10.1016/b978-0-12-715001-7.50090-1
https://doi.org/10.1111/j.1558-5646.1973.tb00666.x
https://doi.org/10.1007/978-1-4020-8854-4_13
https://doi.org/10.1111/j.1439-0523.1993.tb00595.x

	Abstract
	Introduction
	Material and methods
	Plant material
	Donor plants
	Anther cultures
	Isolated microspore cultures
	Regeneration and acclimatization of plants
	Assessments of ploidy and homozygosity
	Statistical analyses

	Results
	Discussion
	Acknowledgments
	References

		2017-06-30T09:56:13+0100
	Piotr  Otręba




