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ABSTRACT. Doubled haploid (DH) technology, which is used for
rapidly purifying genetic resources, is a key technology in modern maize
breeding. The present study evaluated the tissue culture characteristics
of maize haploid coleoptile sections, in order to provide a new way of
haploid doubling. With 20 combinations of haploid coleoptile sections,
obtained by hybridization within Reid, Tangsipingtou, and Term-tropical
groups, as explants, we analyzed the induction and differentiation rate
of callus, observed the number of root tip chromosomes in regenerated
plants, and analyzed the pollen fertility. In addition, we used 47 SSR
markers to analyze the genotypes of regenerated plants. The Reid
and Tangsipingtou groups had significantly higher induction rates of
haploid coleoptile callus compared to the Term-tropical group. Fifteen
haploid plants were obtained which had 10 chromosomes in the root
tips as assessed by I-Kl staining. It was also noticed that the pollen of
pollinated anthers were partially fertile. The haploid plants had genetic
stability and showed no variation. The Reid and Tangsipingtou groups
had good culture characteristics of haploid coleoptile sections, while
the Term-tropical group had poor culture characteristics. Genotypes
of haploid plants generated by tissue culture were evidenced to come
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from recombinant types of parents. Thus, this study established a
tissue culture system of maize haploid coleoptile.
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INTRODUCTION

Maize (Zea mays L.) is one of the world’s most valuable crops being an important source
of food, fodder and materials of industrial use. Characterized by high yield and adaptability to a
variety of conditions, maize is preferred over other crops for planting in many countries (Geiger and
Gordillo, 2009). To meet the future demand for maize and of maize-based industries, the production
of the crop needs to be increased. This can be achieved through two important ways, namely
resource-conserving cropping system and use of improved crop varieties. Under modern agricultural
conditions, peasants often choose two maize varieties namely hybrid variety and open pollination
variety (OPV); their choice relying more on the prevailing environmental and economy conditions
as well as the availability of right varieties for purchase (Pixley and Banziger, 2004). Hybrids of two
mutually independent homozygous inbred lines are more widely used. Most of the world’s commercial
maize varieties come from the hybridization of two or more inbred or pure lines. Usually, breeding
of homozygous inbred lines requires continuous inbreeding for 6-10 generations, which requires 3-5
years on the premise of two assured generations per year (Hallauer et al., 2010).

With climate change and growing population, effective breeding strategies can optimize
the selection of breeding materials for each generation to a maximum degree. Among the methods
of maize haploid breeding and recurrent selection, biological induction of haploids is the most
effective one (Rdber et al., 2005; Gallais and Bordes, 2007). By inducing the generation of haploid
and double haploid chromosome sets, pure lines (doubled haploid (DH) lines) can be obtained in
only two generations, thereby, accelerating the progress of variety improvement. There are two
traditional methods for obtaining fertile haploids: the spontaneous haploid doubling, for which
doubling rates ranging from 0 to 21.4% have been reported in various maize genotypes (Chase,
1952; Barnabas et al., 1999; Han et al., 2009; Jiang et al., 2014) and the artificial chromosome
doubling, which can duplicate the chromosome set of haploid plants effectively using doubling
agents (Hantzschel and Weber, 2010; Wu et al., 2014). DH lines have been widely used in many
fields of breeding and research (Presterl et al., 2007; Wilde et al., 2010; Martin et al., 2011).

DH plants can be obtained by treating microspore, anther, haploid callus, haploid stem
tip or haploid young embryos with colchicine or herbicides. However, due to genotypic limitation,
breeding of maize microspore and anther has a long culture cycle and a low differentiation rate.
Besides, doubling technologies of haploid stem tip and young embryos are under patent protection.
Treatment of 6-leafed haploid maize plants with N,O induced 44% haploid plants to inbreed and
set seed (Kato and Geiger, 2002); this doubling strategy is, however, not feasible in field breeding.
At present, type-I callus can be successfully induced using maize coleoptile sections as explants
(Soriano et al., 2007), but to the best of our knowledge tissue culture of haploid coleoptile sections
has not been attempted culture characteristics of these explants from heterotic groups have not
been reported from China or abroad. The present study was, therefore, undertaken to analyze the
induction and differentiation rate of callus produced from 20 combinations of haploid coleoptiles
obtained by hybridization of maize groups Reid, Tangsipingtou, and Term-tropical. The tissue
culture characteristics of the haploid coleoptiles were also studied with an aim of devising a feasible
method for maize haploid breeding.
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MATERIAL AND METHODS
Plant materials
JAAS3 was used as the haploid inducer line (Cai et al., 2007). Twenty F. hybrids were
generated from inbred lines of Reid, Tangsiptou, and Term-tropical groups, based on the principle

of combination within heterotic groups (Table 1), and along with haploid inducer lines, they were
allocated and planted in Changchun Breeding Base of Jilin Agricultural University in June 2014.

Table 1. Material list of 20 hybrids and their parents.

Group Materials

Reid C8605-2/Zheng58, Zheng58/7922, X73/Zheng58, Shen5003/1216, Shen5003/9137, Zheng58/B73,
Shen5003/Dan9046, C8065-2/Liao8160

Tangsipingtou 444/482, Chang7-2/Dan5026, Ji854/Chang7-2, Ji853/LX9801, Ji853/Hangzao4, 482/Chang7-2

Term-tropical P178/Dan599, Shen137/Dan599, Qi319/Dan599, P178/Dan988, P178/Qi319, Shen137/P178

Medium composition

Five different culture medium, namely MSVS34 germination medium (Sidorov et al., 2006),
MSWS57 induction medium (Sidorov et al., 2006), N6 subculture medium, and differentiation and
rooting medium, were used in the experiment. Components of each medium were as follows:
MSVS34 germination medium: Murashige and Skoog’s (MS) macroelements, microelements, and
organic matter, 40 g/L maltose, 0.1 g/L casein hydrolysate, 1.95 g/L MES, 0.75 g/L magnesium
chloride, 0.5 g/L glutamine, 0.1 g/L ascorbic acid, 10 mg/L picloram, 3 mg/L BAP, and 8 g/L agar,
pH 5.8; MSW57 induction medium: MS macroelements, microelements, and organic matter, 0.5
mg/L thiamine hydrochloride, 0.5 g/L casamino acid, 30 g/L sucrose, 1.38 g/L proline, 3.4 mg/L
silver nitrate, 0.5 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D), 2.2 mg/L picloram, 8 g/L agar, pH
5.8; N6 subculture medium: N6 macroelements, microelements, and organic matter, 0.5 g/L casein
hydrolysate, 0.7 g/L proline, 2 mg/L 2,4-D, 30 g/L sucrose, 2.7 g/L gelatin, pH 5.8; Differentiation
medium: MS macroelements, microelements and organic matter, 100 mg/L inositol, 0.5 g/L proline,
0.5 g/L casein hydrolysate, 250 mg/L glutamine, 25 mg/L succinic acid, 30 g/L sucrose, 3.0 g/L
gelatin, pH 5.8; Rooting medium: MS macroelements, microelements and organic matter, 0.5 mg/L
1-Naphthaleneacetic acid (NAA), 30 g/L sucrose, 1.2 g/L gelatin, pH 5.8.

Simple sequence repeat (SSR) primers

Primers from Maize Genetics and Genomics Database (MaizeGDB; http://www.
maizeGDB.org) were selected so as to uniformly cover the whole maize genome. The primers were
synthesized by Beijing Augct Biotechnology Limited Liability Company (Beijing, China, http://www.
augct.com). For genomic analysis of the haploid plants, 47 pairs of SSR primers were selected.
The names and genomic locations of primers are provided in Table 2.

Grain treatment

Twenty F, hybrids used as female parents were hybridized with haploid inducer lines.
After seeds matured and dried, 100 grains with purple top and white embryo were selected from
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each plant, placed into envelopes, and dried in an incubator with the envelope mouths open. A
250-mL beaker was filled with 200 mL 5.25% sodium hypochlorite solution and 2 mL concentrated
hydrochloric acid was added to it. Thereafter, the beaker was placed in the middle of a dryer for
8-15 h for closed treatment. Grains were taken out, placed in a beaker, and treated with 70% ethyl
alcohol on a clean bench for 1 min; these grains were soaked in 2% sodium hypochlorite solution
for 20 min after removing the 70% ethyl alcohol and then washed with sterile water for 4-5 times
before soaking in sterile water overnight. Mature embryos were peeled off, inoculated on MSVS34
medium, and cultured for 7-10 days at 25°C under 2000 lux illumination provided 16 h per day.

Table 2. Simple sequence repeat (SSR) markers and their genomic locations.

SSR marker Genomic SSR marker Genomic SSR marker Genomic SSR marker Genomic

location location location location
bnig1017 1.12 bnlg1533 3.12 bnlg2405 5.07 phi080 8.08
bnlg449 1.13 phi063 3.15 bnlg151 6 phi2376 8.09
umc2122 1.14 umc1146 3.2 bnlg259 6.01 umc2084 9.01
umc1345 1.16 phi082 4.1 bnlg1712 6.05 phi065 9.03
umc1157 1.17 bnlg491 4.14 phi299852 6.07 umc1493 9.04
bnlg1681 1.2 bnlg2297 4.16 umc1545 7 umc1221 9.05
bnlg2341 1.21 umc1999 4.19 umc1066 7.01 phi043 10.00
phi96110 3 umc1940 4.19 umc1125 7.04 umc1442 10.02
umc2017 2.14 umc2118 5.02 phi328175 7.04 bnlg1732 10.03
bnig1950 2.18 umc1705 5.03 phi116 7.06 umc2153 10.04
bnig1530 219 umc1422 5.03 bnlg2235 8.02 umc1516 10.05
umc2115 3.04 mmc0081 5.05 umc1741 8.03

Callus induction from haploid coleoptile section and subculture

After germination of mature embryos, purple parts of radicle, embryo and germ were removed,
while the colorless haploid parts were selected. About 1 cm coleoptile (0.5 cm from the upper and
lower stem nodes, respectively) was cut when haploid seedling grew to 5-6 cm; it was equally divided
using a scalpel and then inoculated on MSW57 callus induction medium with sections sticking closely
to the medium. The culture was performed at 25°C under 2000 lux illumination (provided 16 h per
day) for 21 days. Callus induced from coleoptiles was transferred to N6 subculture medium for culture
under dark conditions at 25°C. Subculture was performed every 21 days.

Regeneration and transplantation of haploid plants

Haploid callus was transferred to differentiation medium and cultured at 25°C under 2000
lux illumination (provided 16 h per day); the regenerated shoots were transferred to rooting medium
when they attained a height of 3-5 cm. Plantlets with good roots were transplanted to flowerpots
and grown in greenhouse for 7-10 days. The plantlets that survived transplantation were finally
planted in the greenhouse.

Observation of the number of chromosomes

When transplanting regenerated plants to flowerpots, 1-2 root tips were cut and fixed in
Carnoy'’s fluid (absolute ethyl alcohol:glacial acetic acid = 3:1) for over 2 h. After washing with
double-distilled water (ddH,O) several times, an appropriate amount of a mixture of cellulase and
pectinase was added to the fixed root tips and enzymolysis was performed for 2 h followed by
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tablet forming. The number of chromosomes in the cut root tips was observed under a microscope
and photographed.

lodine-potassium iodide (I-KIl) staining of maize pollen

After heading of regenerated plants, some tassels could be pollinated. The pollinated
anther was taken and placed on a glass slide. It was mounted after addition of one drop of 0.2%
I-KI solution and was finally observed under a microscope and photographed.

Haploid plant doubling

Colchicine (0.05%) solution was prepared in 1% detergent. At 4-leaf and 6-leaf stage of
regenerated plants, a little colchicine solution was dropped on the heartleaf.

DNA extraction from haploid leaves

Maize genomic DNA was extracted from flag leaves at flowering using the CTAB procedure
(Saghai-Maroof et al., 1984). The concentration and quality of DNA was evaluated. The DNA
sample was diluted to 10 ng/uL and stored at 4°C until further use.

Genotypic analysis of regenerated plants

Forty-seven pairs of SSR primers were selected for genotypic analysis of regenerated
haploid plants. Polymerase chain reaction (PCR) was performed in a 25-yL mixture containing 2.5
pL 10X Taq buffer (Transgen Biotech, China), 2 yL 2 mM dNTPs (Transgen Biotech), 0.2 pyL Taq
enzyme (5 U/uL; Transgen Biotech), 1 uL forward and reverse primers (0.1 uM), 5 uL template
DNA (10 ng/uL), 13.3 uL ddH, O, and one drop of saxoline. PCR amplification protocol was: 3 min
at 95°C; 35 cycles of 30 s at 95°C, 30 s at 60°C, and 1 min at 72°C; 10 min at 72°C; and final hold
at 4°C. PCR amplification products were electrophoresed on a 4% low melting-point agarose gel at
130 V for 2 h followed by observation and photography using a gel imaging system.

RESULTS

Statistics of induction and differentiation rates of callus from haploid coleoptile
section

A total of 610 pieces of callus were obtained from 904 haploid coleoptile sections and
1808 explants. All the pieces of induced callus demonstrated a weak growing trend. Induction and
differentiation rates of calli are shown in Table 3.

There was substantial difference in the callus induction rate among the heterotic groups.
The Reid group had the highest induction rate (41.55%), followed by Tangsipingtou (39.37%) and
Term-tropical (17.25%). Moreover, the induction rates differed significantly even within the same
heterotic group. In Reid, the maximum induction rate was 76.8% (Zheng58/B73), while the minimum
was only 20.3% (Shen5003/Dan9046). The induction rates of X73/Zheng58 and Shen5003/9137
were both above 40%, while those of other materials were above 30.0%. In the Tangsipingtou group,
Ji854/Chang7-2 had the highest induction rate (65.6%), followed by Chang7-2/Dan5026 (46.0%);

Genetics and Molecular Research 14 (4): 16265-16275 (2015) ©FUNPEC-RP www.funpecrp.com.br



L. Jiang et al. 16270

Ji853/LX9801 and Ji853/Huangzao4 had very low induction rates of about 25.0%; 444/482 and
482/Chang7-2 had induction rates above 30.0%. Callus induction was poor in materials of Term-
tropical group with maximum induction rate of only 31.6% (Shen137/Dan599); the induction rates
of other materials being lower than 20%. Evaluation using ¢ test revealed significant differences in
haploid coleoptile callus induction rates between the Reid and Term-tropical groups (P = 0.003) as
well as between the Tangsipingtou and Term-tropical groups (P = 0.04). However, no significant
difference was observed between Reid and Tangsipingtou groups (P = 0.395; Table 3).

Differences in haploid callus differentiation rates were noticed among the heterotic groups.,
Haploid regenerated plants were obtained in the Reid and Tangsipingtou groups (Figure 1A) while
no differentiation was observed in the Term-tropical group. In the Reid group, the differentiation
rates of Zheng58/B73, Shen5003/1216, Shen5003/9137, and X73/Zheng58 were 14.3, 11.1, 7.3,
and 4.5%, respectively. Eighteen haploid plants differentiated in this group, of which 8 survived.
In the Tangsipingtou group, differentiation rates of Ji854/Chang7-2 and Chang7-2/Dan5026 were
11.9 and 6.5%, respectively, and 10 haploid plants differentiated, of which 7 survived. No haploid
plants differentiated in 6 materials in the Term-tropical group (Table 3).

Table 3. Induction and differentiation rates of haploid coleoptile section callus derived from 20 hybrids.

Group Combination No.of  No.of Induction Average No. of regenerated plants Differentiation Average

explants callus rate (%) inductionrate Total plants Survive plants rate (%) differentiation rate

Reid group C8605-2/Zheng58 86 33 384 41.55** 0 0 0 4.65
Zheng58/7922 122 49 40.2 0 0 0
X73/Zheng58 106 44 415 2 0 45
Shen5003/1216 110 36 327 4 2 111
Shen5003/9137 82 41 50.0 3 0 7.3
Zheng58/B73 82 63 76.8 9 6 14.8
Shen5003/Dan9046 74 15 20.3 0 0 0
C8065-2/Liao8160 80 26 325 0 0 0
Tangsipingtou  444/482 88 32 36.4 39.37* 0 0 0 3.07
Chang7-2/Dan5026, 100 46 46.0 3 2 6.5
Ji854/Chang7-2 90 59 65.6 7 5 11.9
Jig53/LX9801 76 21 276 0 0 0
Ji853/Hangzao4 66 18 273 0 0 0
482/Chang7-2 90 30 333 0 0 0
Term-tropical ~ P178/Dan599 114 17 14.9 17.25* 0 0 0 0.00
Shen137/Dan599 98 31 316 0 0 0
Qi319/Dan599 106 18 17.0 0 0 0
P178/Dan988 66 10 15.2 0 0 0
P178/Qi319 82 13 15.9 0 0 0
Shen137/P178 90 8 8.9 0 0 0

*and **indicate significant differences at 0.05 and 0.01 levels, respectively.

Chromosome number in regenerated plants and identification of pollen fertility

Root tip cells of all the 15 regenerated plants contained 10 chromosomes each (Figure 1B),
indicating that these plants were haploid. Microscopic examination of pollen from the regenerated
plants revealed that 9 male flowers had completely sterile pollen, while 6 had partially pollinated
anthers (Figure 1C) with a fraction of pollen that was fertile (stained with I-Kl)and the other that was
sterile (not stained with I-KI; Figure 1D). These observations suggested that only a part of pollen
grains in the pollinated anther were successfully doubled.
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Figure 1. Identification of chromosome number and pollen fertility of regenerated plants: regenerated plant (A),
shedding anther (B), partial fertile pollen (C), chromosome number in root tip cells of regenerated plants (D).

Genotypic analysis of regenerated haploid plants

Analysis of diversity in haploid parents with SSR markers indicated that the genotypes
of haploid plants were all from parents’ recombinant types. The number of polymorphic
sites detected in Zheng58 and B73, Shen5003 and 1216, Ji854 and Chang7-2, Chang7-2
and Dan5026 were 29, 21, 16, and 14, respectively. Polymorphic SSR markers were further
used to detect the genotypes of the regenerated plants. The results obtained revealed the
following: 6-10 sites in 6 haploid plants with genetic background of Zheng58/B73 came from
Zheng58, while 19-23 sites came from B73; in 2 haploid plants with the genetic background
of Shen5003/1216, 9 and 8 sites were from Shen5003, while 12 and 13 sites were from 1216,
respectively; 4-12 sites in haploid materials of Ji854/Chang7-2 were the same with Ji854, while
4-12 sites were the same with Chang7-2; in 2 haploid plants with the background of Chang7-2/
Dan5026, 6 and 5 sites came from Chang7-2, while 8 and 9 sites came from Dan5026,
respectively. The coefficients for genetic similarity of the 6 haploid plants with Zheng58/B73
background to B73 were above 0.80, while those for similarity to Zheng58 were lower than 0.6
and showed distorted segregation (Table 4).

As is evident from the analysis in Figure 2, SSR banding patterns of the detected
polymorphic sites in 15 haploid plants were identical to male or female parents of hybrids, and no
hybrid or missing banding patterns were observed, indicating that the regenerated haploid plants
did not have somaclonal variation and were genetically stable.
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Table 4. Genotypic analysis of regenerated haploid plants.

Combinations No. Polymorphic SSR makers Genetic similarity coefficients (%)
P1 P2 P1 P2
Zheng58/B73 1 6 23 51.06 87.23
2 9 20 57.45 80.85
3 6 23 51.06 87.23
4 10 19 59.57 78.72
5 8 21 55.19 82.98
6 8 21 55.32 82.98
Shen5003/1216 1 9 12 74.47 80.85
2 8 13 72.34 82.98
Ji854/Chang7-2 1 10 6 87.23 78.72
2 6 10 78.72 87.23
3 5 11 76.60 89.36
4 12 4 91.49 74.47
5 4 12 74.47 91.49
Chang7-2/Dan5026 1 6 8 82.98 87.23
2 5 9 80.85 89.36

P1 - female, P2 - male.

Zheng58/B73

Shen5003/1216

Ji854/Chang7-2

I N S L - 2 N SIS S

Chang7-2/Dan5026

Figure 2. Genotypic analysis of 15 haploid plants: P1 - maternal chromosome segment, P2 - paternal chromosome
segment.

DISCUSSION
Influence of genotypes on coleoptile section haploid callus culture

Induction of callus from young embryos in maize is affected by the genotype, while
that of type-ll callus is confined to a few genotypes including A188, B73, and Hi-ll (Songstad et
al., 1991; Bronsema et al., 1997; Vega et al., 2008). There is a great difference among maize
materials of different heterotic groups in terms of callus induction and differentiation rate, and
so it is among different genotypes in the same heterotic group. Zhang et al. (2004) studied 19
inbred lines in 3 heterotic groups including Reid, Tangsipingtou, and another germplasm and
observed that Huangye4, Jing24, and Ji853 in 4 inbred line materials of Tangsipingtou group had
poor differentiation ability and could not regenerate, while Huangzao4 green plantlet differentiation
rate was only 0.5%. Guo et al. (2007) studied 19 inbred lines of 5 heterotic groups, and reported
that young embryos of inbred lines in Reid group had good tissue culture characteristics and
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B73, HuangC, and 478 had high young embryo callus induction rates and thus could be useful in
genetic transformation as acceptor materials. In their study, no materials with good tissue culture
characteristics were screened in Lancaster and Tangsipingtou groups. This study revealed that
induction and differentiation of haploid coleoptile section callus were greatly affected by genotypes,
and that Reid and Tangsipingtou groups had better induction and differentiation than Term-tropical
group. Zheng58/B73 in the Reid group had high induction and differentiation rate, which was
consistent with the results obtained in diploid maize (Zhang et al., 2004; Guo et al., 2007) signifying
that B73 had good tissue culture characteristics. Ji854/Chang7-2 in Tangsipingtou group had high
induction rate, and its differentiated regenerated plants were good acceptor materials. However,
Ji853/LX9801 and Ji853/Huangzao4 had low induction rates, and could not differentiate into
regenerated plants. This might have been caused by poor tissue culture characteristics of Ji853
and Huangzao4, as was also reported by Zhang et al. (2004). Six materials in the Term-tropical
group had poor tissue culture characteristics and low callus induction rate, and did not differentiate
into regenerated plants, probably because of their unsuitability for tissue culture.

In this study, 884 haploid coleoptile sections were inoculated, but only 15 haploid plants
differentiated and 6 tassels were pollinated. Not many haploid plants differentiated from each explants,
because induction and differentiation of haploid coleoptile section callus were greatly influenced by
genotypes. Thus, future research should also focus on improving induction and differentiation culture
media and enhancing induction and differentiation rates of haploid coleoptile section callus.

Utilization of tissue culture of haploid coleoptile sections in maize breeding

Quick and massive acquisition of maize DH lines can shorten the breeding cycle and
improve breeding efficiency. Inducer lines from the Stock6 had haploid induction rates generally
between 2 and 8%, and some were above 10% (Eder and Chalyk, 2002; Li et al., 2009; Zhao et al.,
2013). It is quite easy to obtain coleoptile sections through germination of haploid grains without
any influence of season; coleoptile sections are thus a kind of fine explants. In this study, the mean
induction rates of haploid callus in Reid, Tangsipingtou, and Term-tropical groups were determined
to be 40.24, 37.85, and 15.13%, respectively, which were far higher than those obtained in anther
and microspore culture (Szarka et al., 2001; Jager et al., 2005), thereby favoring haploid callus
formation. Zhao et al. (2007) treated young haploid embryos or the callus with herbicide that
improved the doubling efficiency. Gordon-kamm et al. (2007) treated young haploid embryos with
herbicide and doubled haploid stem tip successfully. Haploid young embryos are influenced by
season, and this study demonstrated that it was very difficult to distinguish the size of young haploid
and diploid embryos and such judgments were often inaccurate. Although haploid stem-tip tissues
are fine explants un-influenced by season, it is difficult to peel the stem tip off, and thereby breeding
requirements can hardly be met. It is very convenient to obtain haploid coleoptile sections, and
some genotypes have high callus induction and differentiation rates. Maize haploid callus treated
with certain concentration of colchicine or herbicide solution, differentiated and regenerated, and
then double haploid plants were obtained (Petersen et al., 2003). Therefore, doubling of haploid
callus or regenerated plants based on further improvements in induction and differentiation rate
of haploid coleoptile section callus could be one of the effective ways to improve maize haploid
doubling efficiency and to obtain DH lines.

Reid and Tangsipingtou maize groups had high induction rates for haploid coleoptile
section callus, and differentiated into 8 and 7 haploid plants respectively while the Term-tropical
group had low haploid callus induction rate and could not differentiate into haploid plants. To the
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best of our knowledge, this is the first study that used haploid stem nodes as explants for obtaining
maize haploid plants through tissue culture.
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