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Abstract Two haploid-inducing lines, MHI and M741H,
were used for the production of maternal haploids.
Haploids were obtained from all maternal genotypes in-
volved in the experiment, including dent, flint and
flintxdent maize. The maternal genotype had a signifi-
cant influence on the frequency of haploids obtained.
The frequency ranged from 2.7% to 8.0%. For chromo-
some-doubling seedlings were treated with colchicine
solution, and 49.4% of the haploid plants produced fer-
tile pollen, 39.0% could be selfed and 27.3% produced
seeds after selfing. Synthetic populations, improved by
haploid sib recurrent selection, were tested in afield tri-
a. The results show that the utilization of maternal hap-
loid plants has great potential for maize breeding and
maize genetics.
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Introduction

The development of homozygous lines is an important
part of maize breeding. Traditionally, homozygous lines
are obtained by 5-6 selfings of heterozygous material, a
time-consuming and expensive process.

Here, maternal haploids based on the availability of
special genotypes related to the line Stock 6 (Coe 1959)
are used in obtaining doubled-haploid lines (DH lines).
For identifying haploids, a system of dominant anthocya-
nin marker genes is used, described and widely applied
by Nanda and Chase (1966) and Chase (1969). In this
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system, the R1-nj gene is used to distinguish haploid and
diploid plants. The expression of this gene provides an
anthocyan pigmentation of the embryo and the endo-
sperm. Kernels with a pigmented endosperm and a non-
pigmented embryo were selected as haploids. The proce-
dure for the production of maternal haploids allows ob-
taining haploids from different genotypes on a large
scale (Tyrnov and Zavalishina 1984; Zabirova et al.
1996; Deimling et al. 1997; Chalyk 1999).

Since DH lines are of interest, several methods of
chromosome doubling in haploid maize plants have been
developed (Zabirova et al. 1996; Deimling et al. 1997).

Doubled-haploid lines have been used for recurrent
selection in winter barley (Foroughi-Wehr and Wenzel
1993). Several schemes were developed and tested. Re-
current selection altering with haploid steps was very ef-
fective for combining agronomic traits. Hence, it was
suggested to use haploid plants also for recurrent selec-
tion in maize (Chalyk and Rotarenco 1999).

The mechanism of haploid-inducing capacity in
maize has not been understood untill now. It was as-
sumed that in lines inducing haploids two sperms are de-
veloped with a different speed (Bylich and Chalyk
1996). As a result one of the sperms develops to a state
ready for fertilization, but the other one does not. The
existence of only a single normal sperm in apollen grain
would be the reason for a broken doubled fertilization
and the development of kernels with a haploid embryo
(Enaleeva et al. 1996), but Mahendru and Sarkar (2000)
could not find any difference between the two spermsin
alineinducing haploids.

Since utilization of the technology for inducing maize
haploids in vivo is very promising, our intention was to
check it's efficiency in obtaining haploids from geno-
types that are widely used in maize breeding in Central
Europe.
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Materials and methods
Haploid-inducing lines

Two haploid-inducing lines were tested, MHI (Moldovian Haploid
Inducer), created at the Institute of Genetics, Moldova (Chalyk
1999), and M741H, provided by the Maize Genetics Cooperation-
Stock Center, USDA/ARS. To compare the effectiveness of the
two inducers five maternal genotypes were pollinated with pollen
of MHI and M741H.

The isolation of haploids was performed by means of the an-
thocyanin marker gene, R1-nj (Chase 1969). The final identifica-
tion of haploid plants was done visualy in the field and green-
house, and by counting chromosome numbers.

Line MHI was grown under two different conditions, field and
greenhouse, to evaluate the environmental effect on the frequency
of haploids obtained. In the greenhouse temperatures, light and
water supply were managed optimally for maize growth. In the
field, the temperatures during tasseling, flowering and seed forma-
tion, were much lower than optimum. Twelve maternal genotypes
were pollinated with pollen of the MHI line that grew in the two
different environments.

Maternal genotypes

The effect of the maternal genotype on the frequency of haploid
induction was evaluated. Twenty different genotypes were includ-
ed in the experiment, listed in Table 1. These were synthetic popu-
lations, single crosses and three-way crosses including five flint
genotypes, 11 dent genotypes and four flintxdent hybrids. They
were pollinated with pollen of the MHI line. During the isolation
of haploids, R1-nj gene expression on the kernels' embryo and en-
dosperm of each ear was evaluated.

Chromosome doubling

Two methods were used for chromosome doubling in haploid
plants. One has been developed by Deimling et al. (1997), method
I, and the other by Zabirova et al. (1996), method Il. According to
method |, haploid seedlings were treated in the stage when their
coleoptile was at least 1 cm long. The seeds were germinated at
26°C during 4 days. Then a small tip of the coleoptile was cut and
the seedlings were placed into 0.06% colchicine solution with
0.5% dimethyl sulfoxide (DM SO) for 12 h. The treatment was car-
ried out at room temperature. Thereafter the seedlings were
washed in tap water for 20 min and then planted in the field.

According to method 11, haploid seedlings were grown untill
the 34 leaf stage. Then an injection of a 0.125% colchicine solu-
tion with 0.5% DM SO was made into a point 3-5 mm above the
apex. After the treatment, the haploids were planted both in the
field and the greenhouse.

Haploids obtained from the hybrid MK0O1yxA619 were used
for the evaluation of different methods of colchicine treatment.
The effect of the treatment was considered to be successful if at
least several anthers with fertile pollen appeared on the tassel of a
haploid plant. The fertility of pollen was evaluated visually as sug-
gested by Deimling et a. (1997).

Haploid sib recurrent selection

The procedure of haploid sib recurrent selection (HSRS) was pre-
viously described by Chalyk and Rotarenco (1999). Each cycle of
selection consists of two steps. The first step is to obtain maternal
haploids from a synthetic population. The second step is growing
haploid plants, the selection of haploid plants with desired traits
and pollination with a mixture of pollen collected from diploid
plants of the same synthetic population at the same cycle of selec-
tion. Seeds harvested from haploids are used for carrying out the
next cycle of recurrent selection. For the evaluation of its efficien-

¢y two synthetic populations, SP and SA, and the results of differ-
ent cycles of HSRS were tested in the field. Untill the year 2000
two cycles of selection were completed in synthetic SP and three
cyclesin synthetic SA. In the field trial arandomized block design
with four replications of two rows was used, plot size was 10 m2,
plant density 6 per m2. Plant characteristics were measured after
flowering, when plants stopped their growth. Ears were harvested
by hand from each plant separately. After drying they were mea-
sured, shelled and the productivity of each plant was evaluated.
The maturity of seeds was calculated as the difference of the
weight before and after drying.

Statistical analyses

Standard algorithms were applied for statistical analyses. Evalua-
tion of the efficiency of the haploid sib recurrent selection was
done on the basis of algorithms provided by Hallauer and Miranda
(2988).

Results
Freguency of haploids obtained

The frequency of haploids induced was compared for
the two paternal lines, MHI and M741H. Five different
maternal genotypes produced on average 4.4% kernels
with haploid embryos after pollination with pollen of
the MHI line. The use of the M741H line resulted in the
production of 2.2% of kernels with a haploid embryo
(Table 1).

The second factor investigated was the growth condi-
tion of haploid-inducing lines. The MHI line was planted
in two different environments, in the greenhouse and in
the field. The two different conditions tested had no ef-
fect on the frequency of haploids. When the MHI line
was planted in the field, it induced 5.4% of haploids out
of atotal of 14,471 seeds, and when it was planted in the
greenhouse, the frequency of haploids was 5.1% out of
8,331 seeds.

The third factor tested was the maternal genotype. It
had a significant effect on the frequency of haploids ob-
tained (Table 1). Synthetic populations, single crosses
and three-way crosses were used as maternal material.
The frequency of haploids induced in different maternal
genotypes ranged from 2.7% in Hybrid 5 to 8.0% in
LBP1446 x LBP 8006. The average rates of haploids
produced from dent and flintxdent genotypes were about
the same (5.3% and 4.8%, respectively). For the example
of Pop 33/00 the possibility to obtain haploids from flint
maize in asufficient rate (5.7%) is demonstrated.

R1-nj gene expression and embryo-missing seeds

In Table 2 the average score of expression of the antho-
cyanin marker gene, R1-nj, evaluated during the isola-
tion of haploids in embryo and endosperm is presented
for the dent, flint and flintxdent genotypes. Regarding all
the ears of the three groups, the anthocyan pigmentation
was between scores 3 and 4 on a scale from 5 for perfect
pigmentation to 1 for no pigmentation. The pigmentation
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Table 1 Frequency of haploids

induced by two lines, MHI and ~ Genotype Origin Seeds

M741H, and the effect of the .

maternal genotype on the pro- Total Haploid, % Embryo-less, %

duction of haploid

vetion ot hapiolds Effect of haploid-inducing line2

MHI Moldova 4,251 4.4+0.3 2.0+£0.2
M741H USA 1,712 2.2+04 0.6x0.2
Effect of maternal genotype®
Pop 33/00 Europ. Flint 859 5.7+0.8 0.9+0.3
LBP9047xPop 31/99 Europ. Flint 1,853 3.0£04 1.0+£0.2
(UPJ 125xW 9040)xL BP369 Europ. Flint 2,835 3.5+0.3 2.7+0.3
Pop 30/99 Europ. Flint 1,457 4.2+0.5 1.6+0.3
Flint total/average 7,004 3.6+0.2 1.8+0.2
LBP 1446xLBP 8006 Dent 557 8.0£1.2 5.6£1.0
Pop 32/99 LBP Dent 2,150 6.2+0.5 2.2+0.3
Pop. 9049 LBP Dent 1,832 4.0£0.5 3.0+0.4
L BP8001xL BP8003 Dent 2,049 5.8+0.5 1.3+0.2
Synthetic 2000-2 LBP Dent 2,854 6.8+0.5 2.2+0.3
Synthetic 2000-3 LBP Dent 1,741 5.6+£0.6 2.1+0.3
LBP8999xL BP9039 Dent 1,909 2.9+04 1.9+0.3
LBP1446xLBP9039 Dent 2,704 7.6£0.5 3.3x0.3
Hybrid 2 Dent 2,244 6.1+0.5 2.3+0.3
Hybrid 5 Dent 2,606 2.7+0.3 2.8+0.3
Hybrid 6 Dent 1,527 3.0£0.4 1.1+0.3
Dent total/average 22,173 5.3+0.2 2.4+0.1
Hybrid 1 Flint x dent 3,092 3.5£0.5 2.0+0.2
Hybrid 3 Flint x dent 1,734 5.7+0.6 3.0+0.4
Hybrid 4 Flint x dent 1,686 7.1+0.7 2.5+0.4
Pop 29/98xLBP 8014 Flint x dent 1,649 3.7£0.5 2.3+04

aFive maternal genotypeswere  LBP 9040xLPB 8014 Flint x dent 1,466 3.5+0.3 2.9+0.4

included in the experiment Flintxdent total/average 9,627 4.4+0.2 2.4+0.2

> The MHI line was applied for  oyer all maternal genotypes 38,804 4.8+0.1 2.3:0.1

the induction of haploids

Table 2 R1-nj gene expression in flint, dent and flintxdent seeds

Genotypes Number Average rating of pigmentationa
of ears
Endosperm Embryo
Europ. flint 89 35 4.3
Dent 156 37 38
Flintxdent 71 3.6 3.6

aThe following score was used:
5 — excellent pigmentation

4 — good pigmentation

3 — poor pigmentation

2 —bad pigmentation

1 —no pigmentation

of the embryos in the flint genotypes was even better
than in the dent and flintxdent genotypes. The average
score of pigmentation in flint maize was 4.3, in dent it
was 3.7.

After pollination with haploid-inducing lines, some
seeds of the maternal genotypes developed without an
embryo (Table 1). Considering all maternal genotypes
examined, the rate was 2.3%.

Obtaining doubled-haploid lines

One of the main advantages of using haploid plants in
maize breeding is the acceleration of the production of
new homozygous lines. They can be obtained after chro-
mosome doubling and the selfing of haploids. Chromo-
some doubling is usually done by colchicine treatment.
In Table 3 the effectiveness of the two methods applying
colchicineis given.

Method | was only tested in the field. In spite of unfa-
vorable conditions in the season 2000, it produced good
results; 49.4% of the haploids had fertile pollen, 39.0%
were selfed and 27.3% out of al haploids produced
seeds after selfing. Thus utilization of method | allowed
the production of DH-lines from about each third haploid
plant.

Method Il was tested in two environments: in the
greenhouse and in the field. In the greenhouse, it resulted
in 42.4% of the haploids having pollen and 30.5% of all
haploid plants could be selfed. The rest of the fertile
haploids, 11.9%, showed a delayed shedding of silks and
selfing was impossible. In the field, 16.1% haploids were
male-fertile. We selfed 11.3% of all haploids and after-
wards 8.1% of all haploids produced seeds. This was
about three-times less compared to the results obtained
in the greenhouse. We suppose that the reduction of the
effectiveness of chromosome doubling in the field is the
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Table 3 Chromosome doubling in haploid plants under field and greenhouse conditions

Parameter Field Greenhouse
Control Method | Method |1 Method 11
Number % Number % Number % Number %
Haploids planted 140 100 106 100 140 100 65 100
Haploids alive 131 93.6 772 72.6 124 88.6 59 90.8
Haploids fertile 3 2.3 38 49.4 20 16.1 25 42.4
Haploids selfed 1 0.8 30 39.0 14 11.3 18 30.5
Haploids produced seeds 0 0 21 27.3 10 8.1 18 30.5

aThe high rate of haploids that died was the result of afungal attack

Table 4 Observed mean ear traits for each of the cycles of selection and response to selection in SP and SA synthetic populations

Synthetic  Traits Cycle of selection Coefficient of regression2  Gain, %
population
Cco C1l Cc2 C3 by b, Per Per
year cycle
SP Yield, g/plant 134.7 144.5 148.7* - 135.6 7.00£1.62 2.6 5.2
Ear length, cm 15.8 16.3* 16.9***  — 15.78 0.55+0.02° 1.6 33
Ear diameter, cm 4.55 453 4.78*** — 453 0.10+0.11 12 25
Kernel rows, no. 15.7 15.7 17.1%** 15.47 0.70+0.40 2.2 4.5
Kernels per row, no. 29.3 29.7 31.2%* 29.12 0.95+0.32 16 3.2
Seed set, % 83.7 82.6 83.9 - 83.3 0.10+0.69 005 01
Weight of 1,000 kernels, g 256.1 259.9 254.1 - 257.7 -1.00+£2.77 -02 04
Seed humidity, % 43.5 44.8 45.4* - 43.62 0.95+0.20 11 2.2
Plant height, cm 2443  260.5%** 266.3*** — 246.05  10.99+2.98 225 450
Ear height, cm 94.8 104.3***  102.1*** — 96.74 3.64+3.40 192 384
Leaf length, cm 75.2 76.7% 78.9%**  — 75.08 1.84+0.21 122 244
SA Yield, g/plant 106.4  129.6*** 122.8** 1185 114.9 2.95+4.92 19 3.8
Ear length, cm 15.7 16.4** 16.5%** 16.4** 15.92 0.22+0.13 0.7 14
Ear diameter, cm 4.10 4.23** 4.18* 4.23** 4.13 0.03+0.02 0.5 10
Kernel rows, no. 13.8 14.5%* 14.6** 14.9*** 13.94 0.34+0.08 1.3 2.7
Kernels per row, no. 28.9 31.3***  31.8*** 206 30.01 0.26+0.73 0.4 0.9
Seed set, % 82.4 83.0 82.7 82.0 82.75 -0.15+0.21 -0.05 -01
Weight of 1,000 kernels, g 267.1 251.0** 251.4** 258.4 260.83 —-2.57+3.72 -05 -11
Seed humidity, % 39.1 40.7 409 43.0*** 39.14 1.19+0.25b 16 33
Plant height, cm 223.3 236.5%** 244 4x**  Q57.3+** 223.90  10.99+0.72° 254 507
Ear height, cm 69.5 83.8*** 84.4%** 87.5%** 73.15 5.44+2.12 430 859
Leaf length, cm 71.9 73.9%* 74.4%* 76.2x** 72.04 1.36+0.190 101 202

ap, —isan estimate of the CO mean; b, is an estimate of the average rate of response per cycle; *, **, *** gignificant difference from CO
at the 0.05, 0.01 and 0.001 probability levels, respectively
b Significant response at the 0.05 probability level

result of unusual low temperatures in the season 2000 re-
garding the requirements of maize. Control haploid
plants were mostly male sterile. Just three plants out of
140 investigated in the field produced fertile pollen. It
was possible to self one of them but it did not produce
seeds.

Efficiency of selection in haploid plants

Generally, haploid and doubled-haploid plants can be
used for the detection and selection of genotypes that
contain favorable genes (Foroughi-Wehr and Wenzel
1993). Therefore, a study about the utilization of haploid
plants in recurrent selection for the improvement of two
synthetic populations, SP and SA, has been launched by

Chalyk and Rotarenco (1999). The trait selected at the
haploid level was ear size.

Testing of synthetic populations in a field tria
showed that the selection of favorable genotypes at the
level of haploid plants was effective (Table 4). The grain
yield in the synthetic SP was increased from 134.7
g/plant in theinitial synthetic to 148.7 g/plant in the syn-
thetic of the second cycle of selection. This means that
after just two cycles of selection the average productivity
of aplant wasincreased by 14.0 g. Thisisagain of 5.2%
per cycle of selection or of 2.6% per year. Simultaneous-
ly, traits like ear length, ear diameter, the number of rows
per ear and the number of kernels per row were im-
proved. The selection of big ears at the level of haploid
plants resulted in an increase of ear size of diploid plants
and their grain productivity. It is important to note that



by the selection of ears the grain moisture was aso in-
creased. In the initial synthetic, the grain moisture con-
tent was 43.5%, and in the synthetic of the second cycle
of selection, it was 45.4%. It is possible that, by increas-
ing the grain productivity plants of later maturity were
selected.

HSRS in synthetic population SA increased the grain
productivity as well. This improvement was not the same
in different cycles of selection. In the synthetic of the first
cycle of selection, the grain productivity was improved
greatly compared to the initial synthetic. The grain yield
of the initial synthetic was 106.4 g/plant. After the first
cycle of selection, the yield was 129.6 g/plant, a gain in
productivity of 23.2 g per plant after just one cycle of se-
lection. After the following cycles of selection, C2 and
C3, there was no further increase; the grain yield de-
creased somewhat but not significantly to 122.8 g/plant
and 118.5 g/plant respectively.

The moisture of seeds was raised in the synthetic SA
following the increase of the grain yield. In the initia
synthetic SA, the moisture of seeds at harvesting was
39.1%, and after the first, second and third cycles of se-
lection was 40.7%, 40.9% and 43.0%.

Furthermore, the selection of ear size in haploid
plants resulted in an increased size of diploid plants (Te-
ble 5). In the synthetic SP, the plant height increased
from 244.3 cm in the initial synthetic to 266.3 cm in the
second cycle of selection. Ear height and leaf length
were increased as well. The same changes were found in
plants of the synthetic SA. After three cycles of selec-
tion, the plant height was increased from 223.3 cm for the
initial synthetic to 257.3 cm in the population of the sec-
ond cycle of selection. Ear height increased from 71.9 cm
to 76.2 cm. The coefficient of regression in the synthetic
SA was significant for plant height and leaf length.

Discussion

The line MHI had a haploid-inducing capacity rate twice
as high as line M741H. We suppose this differenceis ge-
netically determined and further breeding can be carried
out to develop new lines with increased hapl oid-inducing
capacity. Presently both inducers, MHI and M741H, of-
fer the possibility to obtain maternal haploids on a large
scale from different genotypes.

Difficulties to isolate haploids from flint genotypes
are related to dominant genes existing in maize, C1-l,
C2-Idf and In1-D, which inhibit anthocyanin synthesis of
the marker for the selection of haploids (Coe 1994).
When there is at least one of the genes present in a ma-
ternal genotype, the isolation of haploids is very difficult
due to alack of pigmentation of endosperm and embryo.
Genes, that inhibit anthocyanin synthesis, are rather rare
in dent maize. Therefore, anthocyanin marker genes in
dent maize mostly are well expressed (Roéber 1999). Pre-
viously, we supposed that the inhibitor genes of anthocy-
anin production exist in flint maize at a much higher rate
than in dent maize. Therefore it was assumed that there
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would be a problem to select haploids from flint maize.
The same was expected for flintxdent hybrids. Haploids
were obtained from all maternal genotypes included in
the experiment. The expression of the R1-nj gene in em-
bryos of flint maize was even better than in dent and
flintxdent genotypes. This is very important, since flint
lines have a significant value for maize breeding in Cen-
tral Europe. For commercial purposes it is hecessary to
develop homozygous lines from both dent and flint
maize.

To acertain extent seeds produced by pollination with
pollen of a haploid-inducing line did not produce any
embryos. We suppose that embryo-less seeds are the re-
sult of afailurein egg cell development without fertiliza-
tion. Furthermore, embryo-less seeds can be the result of
the existence of lethal mutant genes in the maternal gen-
otype, from which haploids were obtained. In this case,
embryo-less seeds can reflect the frequency of lethal mu-
tant genes existing in the maternal genotype.

After producing haploids, the next step is chromo-
some doubling in order to produce new homozygous
lines. For this purpose two methods were tested. Both
methods were effective and allowed us to obtain new
doubled-haploid lines. Nevertheless, the method devel-
oped by Deimling et al (1997) was more convenient for
use on a large scale due to lower labor requirements.
Moreover, using this technique, very encouraging results
were produced even under the unfavorable climatic con-
ditions of the year 2000 in Freising and therefore it can
be expected to gain even better results when weather
conditions are optimal .

Haploid plants are a perfect tool for the rapid produc-
tion of homozygous lines, and at the same time they can
be used for an efficient improvement of quantitative
traits important for breeding. Our tests showed that the
selection of haploid plants, obtained from two synthetic
populations, SP and SA, caused an increase of the grain
yield and influenced some other traits of diploid plants.
We suppose that this is the result of the following two
factors. Firstly, the selection of large ears in haploid
plants possibly increased the frequency of genes that
have a significant contribution to plant vigor and plant
viability. Secondly, haploid plants that have unfavorable
harmful genes, either die or are weak and sterile and do
not form seeds. Thus, the frequency of harmful genesis
reduced by means of natural selection. Haploid plants
can therefore be considered as a natural filter that dis-
cards harmful genes from a population, or any other
breeding material, from which haploids were obtained.
We suppose that clearing our synthetic populations from
harmful genes leads to a positive effect on some plant
and ear traits. Even some traits were improved which
were not selected during HSRS.

Thus, we conclude that all the elements of the in vivo
haploid inducing technology tested were effective. The
utilization of maternal haploid plants has great potential
for maize breeding and maize genetics.
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