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experiments. This haploid plant produced four kernels on 
the ear after selfing. These kernels were germinated and 
produced ears with full seed set after selfing. The haploid 
plants induced from PP1-50 diploids also exhibited high 
pollen fertility. In situ hybridization studies showed that 
meiocytes in PP1-50 haploid anthers underwent first divi-
sion restitution at a rate of 48  % and produced equally 
divided dyads. We designated the genetic factor respon-
sible for this high pollen fertility as fdr1. PP1-50 haploid 
ears exhibited high levels of sterility, as seen for regular 
haploids. Diploid PP1-50 meiocytes in the anther under-
went normal meiosis, and all selfed progenies were nor-
mal diploids. We concluded that the fdr1 phenotype is only 
expressed in the anthers of haploid plants and not in the 
anthers of diploid plants.

Introduction

The main purpose of this mutagenesis work was to induce 
a maize line with a higher rate of spontaneous chromo-
some doubling in the haploid state. Haploids of a maize 
inbred line, B73, undergo spontaneous chromosome dou-
bling at a higher rate in both tassel branches and ovules. 
About a quarter of haploid B73 plants carries doubled tas-
sel branches and produces 5–25 kernels after self-pollina-
tion. Haploid plants induced from W23 × W22 also exhib-
ited higher rates of spontaneous chromosome doubling of 
both the tassel and ear (Kato 2002). There are a few reports 
on maize lines with higher rates of spontaneous chromo-
some doubling in the haploid state (Chase 1969; Kleiberab 
et  al. 2012), and it is apparent that these higher rates are 
controlled genetically. Here, we screened for “highly fertile 
haploids” in sodium azide-treated maize lines by observing 
anthesis and pollen production at the haploid stage.
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In maize, ionizing radiation is not an effective method 
for mutagenesis, because ionizing radiation frequently 
induces chromosomal breaks instead of point mutations 
(Bird and Neuffer 1987). EMS (methane sulfonic acid 
ethyl ester) has been utilized extensively as a mutagen for 
maize. Pollen grains suspended in mineral oil were treated 
with EMS (Neuffer and Coe 1978), and oil-suspended pol-
len was used to pollinate the recipient silks. The resulting 
point mutation frequencies were quite high (24 % seedling 
mutation rate, Bird and Neuffer 1987). Although EMS is a 
potent mutagen, it is volatile and carcinogenic. Great care 
has to be taken in the handling, storage, and disposal of this 
chemical: wearing a gasmask and a coverall are mandatory 
(Kato 2000) and the treatment has to be done in an isolated 
area. EMS can be neutralized in a 10 % sodium thiosulfate 
solution, and in this sense the chemical is easier to handle 
than a radioactive substance. Many universities are located 
in highly populated areas, and the use of EMS put students, 
staffs, and surrounding residents at risk. In many cases, 
there is no highly specialized or isolated facility suitable 
for the use of EMS.

Consequently, we attempted to use sodium azide (NaN3) 
to treat haploid maize kernels to induce mutations. Sodium 
azide is a solid, non-volatile salt that has been used as a 
mutagen in plants and is known to induce point mutation 
by a base change (Conger and Carabia 1977; Olsen et  al. 
1993), although far less often than EMS. Before conduct-
ing large-scale mutagenesis experiments, we evaluated the 
potency of sodium azide as a mutagen in maize.

Recently, the application of mutagens to haploids and 
subsequent chromosome doubling have been attempted in 
many plant species for the rapid fixation of mutations (Sza-
rejko and Forster 2007). Haploids also offer advantages for 
evaluating the potency of certain mutagens in a very short 
period. In maize, there are good haploid inducers avail-
able, e.g., Stock 6 (Coe 1959; Sarkar and Coe 1966), WS14 
(Lashermes and Beckert 1988) and RWS (Rober et  al. 
2005). The haploid inducing character is controlled by a 
few QTL loci (Barret et  al. 2008; Prigge et  al. 2012; Xu 
et al. 2013). By using these inducers, the generation of dry 
kernels with haploid embryos is relatively easy. Maize is 
a monoecious plant species, and its male and female flow-
ers emerge at different positions. Because of this trait, two 
rounds of self-pollination are necessary to reveal recessive 
mutations. The use of haploids in mutation work in maize 
is highly advantageous, and in this study, we utilized maize 
haploids in various ways to facilitate the progression of our 
research.

In recent decades, to facilitate the production of dou-
bled haploid maize lines for breeding purpose, attempts 
have been made to double the haploid chromosome num-
ber using colchicine or nitrous oxide gas (Eder and Cha-
lyk 2002; Kato 2002; Kleiberab et al. 2012). However, the 

success rates of obtaining DH progenies have been in the 
range of 10–20 %. The main problem in haploid chromo-
some doubling in maize arises from its monoecious nature 
and the single shoot plant form. The chromosome sets of 
both male and female flowers have to be doubled without 
injury, and once the single shoot is injured, successful self-
pollination becomes impossible. In nitrous oxide gas treat-
ment on maize haploids, the doubling efficiency is strongly 
influenced by the genotype. A discussion of the current 
situation in the production of doubled haploid maize was 
made by Geiger and Gordillo (2009). The authors of this 
study believe that improving the rate of spontaneous chro-
mosome doubling through mutagenesis is another possi-
bility for the successful production of doubled haploids in 
maize. The objective of this work was to induce mutated 
line that haploids produce fertile pollen grains without any 
chemical treatments, and we have successfully induced 
such a mutation.

Materials and methods

Haploid induction

We obtained a haploid inducer RWS line (Rober et  al. 
2005) from H.H. Geiger (Germany), and we introduced 
C1-I (a dominant color inhibitor gene) by backcrossing for 
six times. A maize inbred line, B55 (R1-scm2/R1-scm2), or 
a hybrid line, Oh43 × B55 (R1-scm2/R1-scm2), were polli-
nated with RWS pollen. The gene R1-scm2 induces a deep 
purple pigmentation in both the aleurone and scutellum. 
The dominant gene C1-I inhibits expression of the purple 
color in both the scutellum and aleurone, resulting in color-
less kernels. Haploid kernels were separated as kernels 
with purple embryos and a colorless aleurone. The rates of 
haploid induction were 3–5 %.

Sodium azide treatment

Five grams of kernels with haploid embryos (24–30 ker-
nels) were soaked in ice-cold water for 1 day, soaked ker-
nels were then placed on a thick, moist cloth and covered 
with another moist cloth at room temperature for 14–16 h. 
Next, the kernels were placed in a plastic beaker. Ten mil-
liliters of buffer solution (100  mM potassium phosphate, 
pH  3.0, with 0.1  % Tween-20 or 0.1  % detergent) and 
20–100  μl of 100  mM sodium azide were added to the 
beaker. The beaker was placed on a shaker (approximately 
100  rpm) for 2  h. A thin plastic film was used to cover 
the beaker to prevent evaporation. Then, the solution was 
removed and 20–30  ml of tap water was added. The ker-
nels were washed twice for 1  h each on the shaker, with 
the tap water changed between washes. The treated kernels 
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were coated with the fungicide captan and embedded in 
moist vermiculite at 30 °C for 2–3 days to induce germina-
tion. The germinated plants were transplanted to small pots 
(7.5 cm diameter) and grown for a few weeks in a green-
house. The seedlings were then planted in a field to reach 
maturity.

The hybrid kernels of B55 × Oh43 (R1-scm2/R1-scm2) 
were treated in a similar way but with increased quantities. 
For the hybrid, 50  g of kernels (about 200–250 kernels) 
and 100 ml of buffer solution were used. A shallow plas-
tic tray was used. The hybrid seeds were more tolerant to 
sodium azide than B55 haploids and they were treated with 
1.5, 2.0, 2.5, and 3.0 mM sodium azide solutions for 2 h. 
The treated plants (125 plants in each treated plot) were 
planted in a field, and after silk emergence, they were pol-
linated with pollen collected from the RWS (C1-I/C1-I) 
line to induce haploids to evaluate the rates of chlorophyll 
mutation.

Slide preparation

Meiocytes were collected from the anthers of pre-emer-
gence tassels of B55 haploid, PP1-50 haploid, PP1-50 
diploid, and KYS diploid plants. Two plants were used in 
each genotype. They were fixed in 90 % acetic acid for 1 h 
and then stored in 70 % ethanol at −20 °C until examina-
tion. Anthers were collected from glumes, and one anther 
was stained with acetic orcein and examined using a light 
microscope. Once the stage of the anther was determined, 
the remaining two anthers were treated with 10 μl pectol-
yase Y-23 (1 %) (Kikkoman Co., Tokyo, Japan) and cellu-
lase Onozuka R-10 (2 %) (Yakult Honsha Co., Ltd., Tokyo, 
Japan) in citric buffer (5 mM sodium citrate, 5 mM EDTA, 
pH 5.5). The tube was transferred to a water bath at 37 °C, 
and the anthers were digested for 45–60 min. After diges-
tion, the anthers were washed in TE buffer (10  mM Tris 
HCl, 1  mM EDTA, pH 7.6). After aspiration of the TE 
buffer, 50 μl of 70 % ethanol was added to the tube. Then, 
the tube was agitated several times to disperse the digested 
cells into a suspension of single cells. The tube was cen-
trifuged at 5,000  rpm for 1  min to collect the cells. The 
70 % ethanol was discarded and the cells were washed with 
100 % ethanol to remove any remaining moisture. The cells 
were again spun down and the ethanol was aspirated. The 
cells were resuspended in 30 μl of 100 % acetic acid.

Clean glass slides were placed in a humid cham-
ber consisting of a small open top cardboard box 
(10 × 10 × 20 cm) with moistened paper towels at the bot-
tom and with two wooden rods inside. Four droplets (0.5 μl 
each) of the acetic acid cell suspension were dropped 
onto a clean glass slide in two lines of two droplets. The 
slides were allowed to dry slowly in the humid chamber. 
The meiocyte spreads on the slides were fixed with a 10 % 

formaldehyde solution for 5 min by dropping the solution 
onto the slide and covered with parafilm. The 10 % formal-
dehyde solution on the slides was washed away using drops 
of 70 % ethanol followed by 100 % ethanol.

Chromosome number determinations of PP1-50 hap-
loids were achieved by the nitrous oxide air-drying method 
(Kato 1999) on root tips of germinating kernels followed by 
acetic orcein staining. For the ploidy determinations of the 
anthers of haploid PP1-50, the FISH procedure described 
below was utilized. In haploid cells, the fluorescent signal 
numbers are half that of the diploid counterparts.

Fluorescence in situ hybridization analysis

The FISH procedure was essentially as described previ-
ously (Kato et al. 2006). A probe mixture (e.g., fluorescein-
labeled knob 5 ng/μl and Texas red-labeled TAG micros-
atellite 2 ng/μl, total volume 2 μl) was dropped onto the 
slide and a plastic cover slip was applied. The slide was 
maintained at 100  °C for 5  min in humid conditions to 
denature the chromosomal DNA and the probes. The slide 
was incubated in a sealed storage container with a moist 
paper towel for 3 h at 55 °C.

After a stringent washing (55  °C, 2× SSC, 1  mM 
EDTA, 20 min), the slides were allowed to drain. A drop 
of Vectashield mounting medium with DAPI (Vector Labo-
ratories, Inc., Burlingame, CA, USA) was applied and the 
cells were covered with a 24 ×  32  mm cover slip. Fluo-
rescent signals from each of the three channels (DAPI, 
fluorescein and Texas red) were captured using a 100× 
plan apochromatic oil objective and a BX60 epifluores-
cence microscope (Olympus, Tokyo, Japan) with an EOS 
Kiss X2 camera (Canon, Tokyo, Japan) and a camera adap-
tor provided by MeCan Imaging, Inc. (Saitama, Japan, 
http://www.mecan.co.jp/index.html).

Staining of pollen grains in the anther

Anthers of PP1-50 diploid, PP1-50 haploid, and Oh43 hap-
loid lines were fixed in 70 % ethanol and stored at −20 °C. 
The anthers were submerged in 3  % iodide solution for 
1  h to stain starch in the pollen grains. The anthers were 
washed in 70 % ethanol and embedded in one drop of glyc-
erol on a slide to make the anther wall translucent, and a 
cover slip was applied. Images were captured using a light 
microscope and camera system.

Statistical analyses

Analyses of variance and Tukey’s multiple range tests 
were performed to evaluate the effects of the treat-
ment on plant height and root length. The numbers of 
mutated sectors were not normally distributed; therefore, 

http://www.mecan.co.jp/index.html
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Kruskal–Wallis tests were applied to evaluate the signifi-
cance. In the ratios, i.e., germination ratio, ratio of pol-
len sample with defective pollen grains, mutated seedling 
ratio, early failure of the shoot meristem ratio, a method 
of approximation to normal distribution (e.g., Chi-square 
test) was applied if the expected value was more than 
five. If the expected value was less than five, the probabil-
ity was calculated from the binomial distribution of the 
expected value.

Results

Effect of sodium azide on haploid and diploid maize plants

The B55 haploid seedlings treated with sodium azide solu-
tion (0.2–1.0  mM) at seed stage exhibited numerous sec-
tors with chlorophyll mutations in the leaves (Fig. 1a). The 
sizes of the sectors were smaller on lower leaves, and fewer 
and larger on the upper leaves (Fig. 1b–d). We counted the 

Fig. 1   Chlorophyll mutant 
sectors observed in B55 haploid 
plants after the sodium azide 
treatment (0.5 mM) of seeds.  
a Sectors observed in the 
seedling state; numerous small 
sectors are seen on the leaves. 
b The juvenile stage; the sec-
tors are getting larger but the 
numbers have become smaller. 
c, d Albino sectors observed on 
multiple leaves. Note that the 
colors are different. e Albino 
sector observed on an ear shoot. 
f A quarter of the tassel exhibits 
albino coloration
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numbers of mutated sectors and found that 0.5–1.0  mM 
sodium azide was optimal for inducing mutations in maize 
B55 haploid seedlings (Table  1). At a concentration of 
1.0  mM, plant growth was more retarded, and the occur-
rence of early failure of the shoot meristem was more fre-
quent (12 %); however, the difference was not statistically 
significant. We conducted similar examinations of haploids 
induced from other inbred lines, i.e., Oh43 and B73, and 
found that in these inbred lines, 0.5 mM sodium azide was 
also optimal for the induction of sectors with chlorophyll 
mutations (data not shown). A sodium azide treatment 
(0.5  mM) at higher pH (pH 5.0) also induced numerous 
chlorophyll mutation sectors (Table  1). Mutated sectors 
were also observed on the ear shoot and tassels of treated 
B55 haploids (0.5 mM) (Fig. 1e, f), indicating that repro-
ductive organs could carry the mutation, which is essen-
tial for successful mutagenesis. In the hope of producing a 
mutated line with a higher rate of spontaneous chromosome 
doubling, we treated 300 haploid B55 kernels with 0.5 mM 
sodium azide. There were 15 plants with doubled sectors 

on the tassels among the 300 haploids (M1), and the pollen 
grains obtained from the tassels were used to pollinate dip-
loid B55 plants (M2). Next year we induced haploids from 
the M2 plants. The haploids plants (M3) were planted in 
the greenhouse but none of them exhibited a higher rate of 
spontaneous chromosome doubling on the tassel.  

We tried sodium azide treatment (0.5–1.0 mM) on maize 
inbred lines B55 and B73, but the treated plants frequently 
became barren (up to 80 % with no seed set). We also tried 
the treatment on hybrid plants (Oh43 × B55, R1-scm2/R1-
scm2); our preliminary experiments indicated that they are 
more tolerant to sodium azide and produced seeds even 
after severe damage caused by the chemical. The hybrid 
kernels were treated with 1.5–3.0  mM sodium azide and 
planted in the field (Table  2). The treated plants showed 
various abnormalities during growth, such as, early failure 
of shoot development, wrinkled leaves, bent stalks, and 
various dominant color sectors on the developing leaves. 
The pollen samples collected from a branch of the tassels 
showed segregation of defective pollen grains. In treatment 

Table 1   Growth and leaf sector mutation incidents after sodium azide (pH 3.0) treatment of maize B55 haploids

Treatment was carried out on moistened kernels just before germination

ns not significant

** Significantly different at P < 0.01 from each control
a  Numbers with the same letter are not significantly different

Sodium azide 
concentration 
(mM)

Germination rate (%) 
(no. germinated/ 
no. planted)

No. of chlorophyll mutation  
sectors (per leaf)

Root length at 72 h 
after germination  
(cm)a

Plant heights at 
flowering stage 
(cm)a

Early failure of shoot 
meristem (%) (no. 
failure/no. planted)

4th leaf 5th leaf

0 92 (25/27) 2.0 1.2 6.4 a 135 a 0 (0/25)

0.2 93 (24/26) ns 16.7** 3.0 ns 5.9 a 127 a 0 (0/22) ns

0.5 96 (23/24) ns 24.0** 6.9** 4.4 b 75 b 0 (0/23) ns

1.0 92 (23/25) ns 28.6** 8.0** 3.1 b 76 b 12 (2/17) ns

0.5 (pH 5.0) 89 (24/27) ns 27.9** 12.5** – – –

Table 2   Growths and mutation rates of sodium azide-treated hybrid maize kernels (Oh43 × B55 R1-scm2/R1-scm2)

The treatment was carried out on the moistened kernels just before germination. Haploid seedlings were obtained by pollinating the sodium 
azide-mutagenized hybrids with RWS pollen

ns not significant

** Significantly different at P < 0.01 from each control
a  Numbers with the same letter are not significantly different

Sodium azide  
concentration 
(mM)

Germination rate (%) 
(no. germinated/ 
no. plated)

Root length at 72 h 
after germination 
(cm)a

Plant height at 
flowering stage 
(cm)a

Rates of pollen samples (%) that 
segregate defective pollen grains 
(no. of samples with defective  
pollen/no. examined)

Chlorophyll mutation 
rate observed in haploid 
seedlings (%) (no. of 
mutants/no. examined)

0 95 (119/125) 9.6 a 283 a 0 (0/58) 0 (0/107)

1.5 90 (112/125)ns 6.5 b 201 b 7.0 (4/57) ns 2.9 (3/103) ns

2.0 81 (101/125)** 5.6 b 193 bc 18.3 (11/60)** 3.4 (4/116) ns

2.5 76 (95/125)** 5.1 b 193 bc 16.9 (10/59)** 15.3 (13/85)**

3.0 50 (63/125)** 4.5 b 180 c 25.0 (14/56) ** –
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with 2.0–3.0 mM sodium azide, 17–25 % of samples con-
tained defective pollen grains (Table  2). After pollination 
with RWS, we successfully harvested mature ears from 
the treated hybrid plants except for the plants treated with 
3.0  mM sodium azide, where the plants were severely 
deformed. Haploid kernels were separated and after germi-
nation of the haploid kernels in a greenhouse, the numbers 
of seedlings with chlorophyll mutations were counted. The 
highest rate of mutation (15.3 % [13/85]) was recorded in 
the seedlings treated with 2.5 mM sodium azide.

In hybrid maize, sodium azide treatment at 2.5 mM was 
the optimum concentration to induce mutations. We tried 
treatments (2.0–2.5 mM sodium azide) on the Oh43 × B55 
hybrid three times after the initial trial result and found that 
results varied from year to year considerably. The main 
problem was early failure of the shoot meristem, although 
even when this occurred, another shoot developed into tas-
sel seeds and harvesting of kernels was possible. However, 

the amount of seeds was decreased significantly. Some-
times 50–90 % of plants ceased shoot growth. In the ini-
tial trial, only 4 % of plants exhibited early shoot growth 
failure.

Fertility of PP1‑50 haploids and their meiotic behavior

During preliminary studies of sodium azide treatment 
(1.5 mM for 2 h) of the maize hybrid Oh43 × B55 (R1-
scm2/R1-scm2) and the induction of haploids, we found 
a haploid plant that extruded anthers from the whole tas-
sel and shed pollen grains among 100 haploids planted 
in summer 2009. We designated this plant as PP1-50 
(purple aleurone and purple scutellum, a derivative of 
Oh43  ×  B55 hybrid, the 50th haploid plant from the 
edge). Fortunately, we obtained four selfed kernels of the 
PP1-50 haploid and planted two of them in a greenhouse. 
The two PP1-50 doubled haploid plants produced normal 

Fig. 2   Chromosome number and ploidy determined by acetic orcein 
staining or FISH. a Metaphase chromosomes of a PP1-50 diploid 
root tip after acetic orcein staining. b Metaphase chromosomes of a 
PP1-50 diploid root tip observed by FISH; five interphase cells are 
also observed. The red signals are TAG microsatellites and the green 
signals are knobs. c Metaphase chromosomes of a PP1-50 haploid 

root tip after acetic orcein staining. d Metaphase chromosomes of a 
PP1-50 haploid root tip observed by FISH; seven interphase cells are 
observed. The number of FISH signals is exactly half of the diploid 
counterparts. The ploidy is clearly determined from interphase cells. 
Bar 10 μm
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plump kernels after self-pollination. Next year, we trans-
ferred RWS pollen to PP1-50 doubled haploid plants and 
obtained more than 100 kernels with haploid embryos. 
Nineteen kernels of putative PP1-50 haploids (purple 
embryos with a colorless aleurone) were germinated, and 

after chromosome counts all of them were proved to be 
haploids (chromosome number = 10, Fig. 2). Field obser-
vations showed that haploid PP1-50 protruded anthers on 
hot sunny days, and a small amount of fertile pollen was 
obtained (Fig. 3a, c, d). The pollen grains were transferred 

Fig. 3   The fertility of PP1-50 haploids. a PP1-50 haploids at flower-
ing stage; many fertile anthers have been extruded. b B55 haploids; 
no anthers are extruded. c Tassel branches of B55 haploid (left), PP1-
50 haploid (center) and PP1-50 diploid (right). The anther size of 
the haploid PP1-50 is smaller than the diploid counterpart. e Pollen 

grains in the anthers; Oh43 haploid (left) and PP1-50 haploid (right). 
d Pollen grains obtained from a PP1-50 haploid plant; many pollen 
grains remain in the anther. f An ear pollinated by the pollen shown in 
d. Plump kernels were obtained at maturity
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Fig. 4   Fluorescence in situ hybridization pictures of meiocytes 
observed in B55 haploids and PP1-50 haploids. The red signals are 
TAG microsatellites and the green signals are knobs. a Dyad of a B55 
haploid plant; all red signals are present in the left daughter cell. b 
Tetrad of a B55 haploid; signals are unequally distributed. Five hap-
loid anther cells surround the tetrad. c Meiocyte of a PP1-50 haploid 

plant. The chromosomes failed to separate in late metaphase of meio-
sis I. d–e Restituted meiocytes after FDR observed in PP1-50 haploid 
plants. f A dyad after the division of a restituted nucleus. The signals 
are equally distributed. A haploid anther cell is observed at the bot-
tom. Bar 10 μm
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onto the silks of a Oh43 × B55 plant, and plump kernels 
were produced on the ear (Fig.  3f). On rainy or cloudy 
days, they protruded smaller numbers of anthers and pol-
len grains were retained within the anther with no pollen 
being shed. The anther size was smaller than PP1-50 dip-
loid counterparts (Fig.  3c). Iodide staining showed that 
anthers of PP1-50 haploids contained abundant pollen 
grains. In the anthers of haploid PP1-50, an average 288 
pollen grains were observed using a microscope (an aver-
age of 5 anthers, range 212–381, Fig.  3e). On the other 
hand, the anthers of haploid Oh43 plants contained 15 pol-
len grains per anther (an average of 5 anthers, range 6–32), 
anthers of diploid PP1-50 contained 1170 pollen grains 
per anther (an average of 3 anthers). The open-pollinated 
ears of haploid PP1-50 produced 0–3 kernels on the ears 
and no indication of higher fertility at the female site. We 
attempted self-pollination of 14 PP1-50 haploids, but only 
two plants produced 1–2 kernels. We planted 50 diploid 
PP1-50 plants and they were morphologically identical 
because of their doubled haploid nature. All of these plants 
produced abundant pollen grains and plump kernels after 
pollination, and there was no sign of elevated chromosome 
numbers (triploidy, etc.). We crossed pollen produced by 
the diploid PP1-50 plant with B55 R1-scm2 and Oh43 R1-
scm2 and induced haploids; 55 haploid plants were grown 
in a greenhouse and the fertile/sterile haploid ratio was 
recorded. A total of 27 haploids were male fertile and 28 
were male sterile, this ratio fits the 1:1 segregation ratio 
after Chi-square test (p  >  0.89). From FISH analyses of 
meiotic-stage anthers, it was found that B55 haploid meio-
cytes routinely underwent irregular meiosis compared with 
diploids. There are no homologous chromosomes in the 
meiocytes of haploids, with ten univalent chromosomes 
observed in the metaphase of meiosis I. FISH analyses 
revealed that these univalent chromosomes separated ran-
domly and produced an unbalanced dyad after unequal 
division (Fig. 4a; Table 3). In meiosis II, the dyad divided 
and produced a tetrad composed of four unbalanced 
daughter cells (Fig.  4b). In PP1-50 haploids, half of the 
meiocytes followed unequal division at meiosis I, resulting 
in unbalanced dyads or tetrads (49 + 164 = 213, Table 3). 

However, the other half (48  ±  2.5  %) of the meiocytes 
failed to separate during meiosis I and produced resti-
tuted nuclei (Fig. 4c–e). These restituted nuclei underwent 
meiosis II and produced a dyad with two balanced daugh-
ter cells (Fig.  4f) (77 +  123 =  200, Table 3) after equal 
division. The results were consistent between two anther 
samples from different individual haploid PP1-50 plants 
(restituted  +  balanced:unbalanced, 102:108 and 98:105, 
respectively, statistically not significant between the two 
samples after Chi-square test, p > 0.9). In PP1-50 diploid 
meiocytes, meiotic division was normal as was that of the 
control line (KYS, Table 3).

The parental lines of PP1-50 are B55 and Oh43, and 
B55 and Oh43 haploids are highly sterile. Sodium azide 
mutagenesis generated a mutation that makes haploid 
anthers fertile and can be maintained in a homozygous state 
in diploid PP1-50 plants. The 1:1 fertile/sterile plant seg-
regation ratio indicated that there is a single factor that is 
responsible for high anther fertility in the haploid state. We 
designated the mutated genetic factor as fdr1. The mutant 
phenotype is expressed only in the haploid state, and in 
diploid plants homozygous for fdr1, the meiotic behavior 
was normal.

Discussion

In this study, a valuable mutant, PP1-50 carrying fdr1, 
was obtained. This line undergoes first division resti-
tution in males during meiosis I at a rate of 48  % and 
produces high numbers of fertile pollen grains. The fer-
tility rate is extremely high for a haploid; however, its 
pollen-shedding ability was not as high. The rate of pol-
len grain formation was lower than that in normal plants 
because PP1-50 haploids undergo FDR meiosis at a rate 
of 48  % (52  % reduction compared with 100  % FDR) 
and produce dyads as the final product meiotic division 
instead of tetrads. In normal meiotic divisions, if there 
are 100 meiocytes 400 pollen grain will be produced. In 
PP1 haploids, if there are 100 meiocytes, 48 meiocytes 
undergo FDR and 48 dyads will be produced. These 

Table 3   Examination of meiotic division behavior from the end of meiosis I to the tetrad by in situ hybridization

Two sequences, TAG microsatellite (red) and knob repeat (green) were used to detect FISH signals. If the daughter cells of tetrad or dyad had 
the same number of signals, they were considered to be balanced; if they were different, unbalanced

Genotype No. of restituted nuclei No. of dyads No. of tetrads

Balanced Unbalanced Balanced Unbalanced

PP1-50 haploid 77 123 49 0 164

B55 haploid 0 0 56 0 91

PP1-50 diploid 0 88 0 81 0

KYS diploid 0 36 0 39 0
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dyads develop into 96 pollen grains. Hence, the number 
of pollen grains contained in an anther is about 24  % 
(0.48 × 0.5 = 0.24) of a diploid counterpart. In maize, 
a 24 % pollen fertility rate is semi-sterile and generally 
such plants do not shed pollen easily. Therefore, it is 
desirable to obtain a new mutant with a 100 % FDR rate 
in the haploid state.

Meiotic mutations that skip the meiotic process have 
been discovered in maize (Singh et  al. 2011) and Arabi-
dopsis (Ravi et al. 2008); those mutations exhibit effects 
in the diploid state and show elevated chromosome num-
bers after fertilization. Unlike those mutations, the fdr1 
mutation does not show any abnormality in the diploid 
state. In this sense, the phenomenon is similar to FDR 
shown by wheat haploids, where doubled plants show no 
mutated phenotype (Jauhar 2007). This factor is impor-
tant for the utilization of the fdr1 mutation for breeding 
purposes to generate doubled haploids. In order to gen-
erate superior maize hybrid cultivars, diploid inbred lines 
and hybrid plants must be absolutely normal; any further 
elevation of chromosome number in the diploid state will 
make cultivar unusable. The fdr1 mutation carried by 
PP1-50 has a desirable character that can be utilized as 
part of breeding programs, i.e., doubled haploid produc-
tion and fixing mutations in one generation. The poor pol-
len-shedding ability and low seed set on the female side 
are limitations for the use of this mutation. The female 
side fertility can be improved by crossing B73 to PP1-50, 
because B73 routinely produces 5–25 kernels after pol-
lination in the haploid state (Kato 2002). The male side 
fertility may be improved by inducing another new muta-
tion, or combining different mutations into one line by 
crossing.

The chemical agent EMS has been used extensively 
to generate mutations in maize (Bird and Neuffer 1987). 
Compared with the mutation rate of EMS (24 %), the rate 
of chlorophyll mutations resulting from sodium azide 
treatment (2.5 mM) was 15 % (Table 2), which was con-
sidered adequate for these studies. Sodium azide-treated 
haploids exhibited numerous sectors with chlorophyll 
mutations and they provided numerically similar concrete 
data within 4  weeks. Haploid maize kernels can be uti-
lized to evaluate the mutagenic effects of potentially haz-
ardous chemicals in a short period of time. The possible 
causes of the variable results in sodium azide treatment 
could be (1) slight differences in room temperature dur-
ing treatment and (2) the intensity of washing after the 
treatments.
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