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Abstract A quantitative genetic analysis was conducted
to determine the inheritance of androgenetic response in

hexaploid triticale. One highly-responsive genotype (Do 1

triticale) and three low-responding advanced CIMMYT
lines (Rhino, Juanillo 97 and Ira Drira) were used as par-
ents to produce a complete set of reciprocal F,, F, and back-
cross generations. Estimates for genetic effects were de-
termined using a generation-mean analysis following the
method of Mather and Jinks. Both embryo induction and
plant regeneration potential fitted well with the simple
three-parameter additive-dominance (AD) model indicat-
ing the absence of any significant epistatic effects. Highly
significant additive effects were detected for embryo in-
duction, suggesting that breeding and selection can be ef-
fective in improving the induction response of triticale. The
high [d]/[4] ratio indicates dominance of the alleles caus-
ing high embryo induction. The production of regenerant
plants from embryos appeared to be a more complex trait
because of its high sensitivity to environmental factors.
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Introduction

The rapid development of homozygous lines from segre-
gating populations is greatly facilitated by the anther-cul-

Communicated by G. Wenzel

C. H. Balatero (=)' - N. L. Darvey
Plant Breeding Institute, The University of Sydney,
Cobbitty Road, Cobbitty, NSW 2570, Australia

D. J. Luckett
NSW Agriculture, Agricultural Research Institute,
Wagga Wagga, NSW 2650, Australia

Present address:
Institute of Plant Breeding, University of the Philippines at Los
Bafios, Laguna 4031, The Philippines

ture technique used to produce doubled haploids. The ef-
ficiency of anther-culture response is determined by both
genetic and non-genetic (environmental) factors and their
interactions. In triticale, most anther-culture experiments
have focused on environmental factors, such as those de-
termining the optimum culture conditions for induction and
regeneration (Sozinov et al. 1981; Chien and Kao 1983;
Wang and Hu 1984; Lukjanjuk and Ignatova 1986; Schu-
mann 1990).

The genetic component of anther-culture response has
received less attention despite being one of the most im-
portant factors limiting the widescale application of an-
ther-culture technology in breeding programmes. The re-
sponse of anthers in vitro is significantly influenced by the
genotype and this has restricted the general applicability
of the system.

Genetic analyses of anther-culture response have been
carried out in other cereals such as wheat (Bullock et al.
1982; Lazar et al. 1984; Deaton et al. 1987; Agache et al.
1989; Becraft and Taylor 1992), barley (Foroughi-Wehr et
al. 1982), rye (Wenzel et al. 1977), rice (Miah et al. 1985),
and maize (Petolino and Thompson 1987). Embryo or cal-
lus induction and plant regeneration were found to be quan-
titatively and independently inherited (Foroughi-Wehr et
al. 1982; Lazar et al. 1984).

In triticale, genetic studies of anther-culture response
are limited. So far, only one extensive study has been made
using the method of diallel analysis (Charmet and Bernard
1984). The present study was therefore conducted in order
to further elucidate the genetics of anther-culture response
in triticale through the analysis of different generation
means derived from crosses between a highly-responding
line and three low-responding genotypes.

Materials and methods
Experimental materials

Three advanced CIMMYT spring triticale lines (Rhi=Rhino, Jua=Ju-
anillo 97, and Ira=Ira Drira) were reciprocally crossed to “Do 1 tri-
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ticale” from July to October 1990. The “Do 1 triticale” was synthe-
sized from the cross “Do 1 (4x wheat)xH (2x rye)” and was provid-
ed by Dr. Lukaszewski of the University of California, Riverside,
USA. The three F; s (excluding reciprocals) were backcrossed to each
of the original parents from January to May 1991 to produce two sets
of backcross populations (B, and B,). F, populations were also har-
vested from each of the three selfed F;s. The complete set of: par-
ents, F;, reciprocal F,, F, and backcross generations (B, and B,) were
used as donor plants for anther-culture. The Do 1 triticale was cho-
sen as a high-responding parent while the three CIMMYT lines were
chosen as low-responding parents.

The number of plants grown from each generation was: 15 plants
from each of the four parental lines and the six reciprocal Fs, 30
from each of the six backcross generations, and 45 from each of the
three F, populations. The number of plants were equally divided over
three sowing dates in order to spread the work. Plants were grown
in 254-mm pots (five plants per pot) and completely randomized
within each sowing date.

The donor plants were grown from August to December 1991
under glasshouse conditions with mean minimum and maximum air
temperatures of 16 °C and 28 °C, respectively. Nutrient solutions (hy-
droponic or foliar fertilizers) were applied at weekly intervals. On-
ly spikes with microspores at the uninucleate stage were cultured.
The developmental stage was initially determined through cytolog-
ical examination of different microspores from sample spikes and
then correlating these stages with the spike’s morphological appear-
ance. Seventy-percent ethanol was used to surface-sterilize the
spikes.

One spike was cultured from each donor plant to equally repre-
sent the variability present in each of the generations. Fifty to sixty
anthers were taken from each spike for culture. However, the actual
number of plants tested for each generation was affected by fungal
contamination which destroyed some of the cultures taken from the
second and third sowings. Consequently, a non-orthogonal analysis
of deviance (ANODE) was carried out using generalized linear re-
gression methods in the GENSTAT V computer package (Genstat V
Reference Manual 1987) to determine differences among the gener-
ations.

The response of anthers in vitro was measured in terms of the
number of embryos formed (induction) and green plants regenerat-
ed. The following variables were analyzed: (1) the proportion of an-
thers responding; (2) the number of embryos developed per 100 an-
thers; (3) the green plants regenerated per 100 embryos, and (4) the
green plants regenerated per 100 anthers. The first variable was an-
alyzed as a binomial distribution variate (i.e., 0<x<1) while vari-
ables 2, 3 and 4 were analyzed as Poisson distribution variates (i.e.,
0<x <o),

Media and culture conditions

Anthers at the uninucleate stage were plated using a semi-solid MC17
medium (Luckett et al. 1991) with minor modifications. Glutamine
was used at 150 mg I™'; kinetin was added at 0.5 mg 1I!; and Sigma
Type 1A agarose (2.1 g 1"!) was used instead of Sea Plaque or Sea-
kem LE agarose. Fifty to sixty anthers were plated onto 35-mm di-
ameter disposable Petri dishes containing 3 mi of medium. The an-
thers were then incubated in the dark at 28+1°C to promote embryo-
genesis. For plant regeneration, the embryos were transfetred to
a solid MS medium with vitamins (Murashige and Skoog 1962)
supplemented with 1 mg 1! TAA and 1 mg I"* BAP. The transferred
embryos were kept in a separate room (24-28°C) with a 16-h
photoperiod (80-100 uE s™' m™2) provided by white fluorescent
lamps.

Model for genetic analysis

Estimates for genetic effects were determined using a generation-
mean analysis following the method of Mather and Jinks (1982). The
model used can be expressed as:

Y=[mlthy [d)+ky ]

[T

where “Y” is the generation mean, “m” is the mid-parent value, “[d]”
is the additive genetic effect, “[A]” is the dominance genetic effect
and “k;” and “k,” are coefficients specific for each generation.

In the simple three-parameter AD model, non-allelic interactions
(epistasis), linkage, and genotypexenvironment interactions are as-
sumed to have no significant effects. The validity of such assump-
tionsis tested using individual (Mather 1949) and joint (Cavalli 1952)
scaling tests. The scaling tests also determine the adequacy of the
simple AD model within the limits of accuracy set by the sampling
errors with which the various estimates of the generation means were
obtained.

An attempt to use transformed values did not improve the preci-
sion of the estimates of the various parameters, hence the actual raw
data were used throughout this analysis.

The joint scaling test was also used to estimate the parameters
[m], [d], and [h] using the weighted least-squares method. If the joint
scaling test or one of the individual scaling tests showed a signifi-
cant deviation from zero, then the AD model was extended to in-
clude estimates of non-allelic interactions (additivexadditive, addi-
tivexdominance, and dominancexdominance). In this case, estimates
of six genetic effects could be obtained using the perfect fit formu-
lae of Jinks and Jones (1958).

Where applicable, an estimate of narrow-sense heritability was
obtained following the method described by Warner (1952) as:

hi = [2Vey — (Vg 1+ V)l Vi,

where h’, = narrow-sense heritability, and Vg,, Vg, and Vy,=vari-
ances of the F,, B; and B, generations.

The inheritance of green-plant regeneration was determined from
the proportion of green plants regenerated per 100 transferred em-
bryos (instead of green plants regenerated per 100 anthers) since em-
bryo induction and plant regeneration were found to be independent-
ly-inherited traits. The number of green plants regenerated per 100
anthers, however, was also taken since this represented the overall
green-plant regeneration efficiences of the different generations.

Results
Embryo induction

Induction response in this study was expressed both in
terms of the proportion of anthers responding and the mean
number of embryos produced per 100 anthers. ANODE
showed highly significant differences (< 0.001) among
the generations tested for both parameters. The perfor-
mance of the different generations in terms of embryo in-
duction is summarized in Table 1. The better parent (Do 1
triticale) resulted in 63.3% responding anthers compared
to less than 30% responding anthers in the three CIMMY'T
lines. A similar trend was also observed in terms of the
number of embryos produced per 100 plated anthers. The
performance of the reciprocal F;s, F, and backcross gen-
erations was generally close to or better than Do 1 triticale,
indicating dominance and even over-dominance of the al-
leles causing high embryo induction.

The t-test showed no significant differences between
the F;s and their reciprocals in all three crosses in terms of
the proportion of anthers responding, indicating the ab-
sence of maternal influence. The same trend was observed
for the number of embryo per 100 anthers, except that in
JuaxDo 1, the reciprocal cross gave considerably higher
embryo than the F;. The t-test, however, did not show any
significant difference at the 5% level of probability.
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Table 1 Mean (and standard

fand
error of mean) for embryo in- goxsli ) Generation
duction of parents, reciprocal 1702
Fis, Fy, ané)backcross generati- P, P P, F[R) B, B, F
ons (B, and B,) from three triti- }
cale(cré)sses. Rzk)li, Rhino; Jua, Anthers responding (%)
Juanillo 97; Ira, Ira Drira; Do 1, RhixDo 1 13.8 63.3 59.1 47.1 37.4 54.9 47.1
Do 1 triticale (3.2) (8.3) (2.8) 6.5) (3.7 (8.5) (5.6)
JuaxDo 1 25.0 63.3 61.2 71.3 36.6 60.7 55.4
9.4) (8.3) (4.7) (7.3) (7.4) 6.1) 4.9)
IraxDo 1 11.2 633 48.2 57.1 32.8 70.6 55.1
(6.3) (8.3) (6.2) (6.2) 7.0) (5.1 (5.2)
Embryos per 100 anthers
RhixDo 1 14.5 112.2 90.1 81.5 48.8 88.9 79.1
(3.7) (18.9) 9.5) (16.8) (5.0 (18.5) (12.0)
JuaxDo 1 34.0 112.2 84.4 129.2 60.5 98.8 85.9
(16.3) (18.9) (15.4) (18.8) (15.2) (10.8) 9.5)
IraxDo 1 18.0 112.2 70.0 82.4 35.5 105.6 81.4
(10.8) (18.9) (14.1) (14.1) 9.5) (10.2) (11.5)
# P =low-responding parent (female)
P,=high-responding parent (male)
F=PxP,
F1(R)=P,xP,
F,=selfed (P;xP,)F,
B,=PX(P;XP,) F,
B,=P,x(PxP,)F,
Table 2 Results of individual
and joint scaling tests and esti- 168t Cross
mates of genetic effects for the -
proportioi of anthers respon- RhixDo 1 JuaxDo 1 IraxDo 1
ding from three triticale crosses )
Scaling tests
A 1.97+ 8.58 -13.09x18.20 6.35+16.68
B -12.65+19.15 -3.0 £15.49 29.65+14.45
C —7.00+24.93 10.81+24.96 49.73£26.52
Joint® %’ 3=0.54 *3=1.09 X 3=5-61

Genetic effects®
m

[d]

(7]

Heritability

37.27+3.85%**
—23.19£3.91***
21.69 £5.02%**

0.45

43.68 +5.00%**
—20.27£5.24%**
17.29+7.65%

+

43.47 +4 45%%*
—30.79 £4.37%**
12.29+8.05™

+

® Critical value for % (3 df) at P=0.05=7.81

® Genetic effects: m, mid-parent value; [d], additive genetic effects; [A], dominance genetic effects
k=P 0.001; *=0.05>P>0.01; "=P>0.05

* Heritability values could not be calculated

The results of both individual and joint scaling tests
showed that the simple three-parameter additive-domi-
nance (AD) model was adequate within the limits of the
sampling error (Tables 2 and 3). The results of the individ-
ual scaling tests agreed very well with the results of the
joint scaling test for both variables. Estimates of the dif-
ferent genetic effects showed the preponderance of highly
significant additive genetic effects ([d]) over dominance
genetic effects ([A]) (Tables 2 and 3). The relatively high
[1]/]d] ratio, particularly in the cross “RhixDo 17, showed
partial dominance of the alleles causing high embryo in-
duction present in Do 1 triticale.

Narrow-sense heritability estimates ranged from 0.27
(RhixDo 1) to 0.58 (IraxDo 1). No reliable heritability es-

timate was obtained from JuaxDo 1. The estimate obtained
in this cross was outside the theoretical expectation, prob-
ably as a consequence of the reduction in the number of
sample plants from the backcross generations due to fun-
gal contamination.

Green plant regeneration

ANODE showed highly significant differences (P< 0.001)
for the number of green plants regenerated per 100 em-
bryos among the different generations (Table 4).

Among the four parental lines used, Juanillo 97 gave
the highest proportion of green plants per 100 anthers
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Table 3 Results of individual

and joint scaling tests and esti-

mates of genetic effects for em-
bryo production from three tri-

ticale crosses

Table 4 Mean (and standard
error of mean) for green plant
regeneration of parents, reci-
procal F s, F, and backcross
populations (B; and B,) from
three triticale crosses

Table 5 Results of individual
and joint scaling tests and esti-
mates of genetic effects for
green-plant regeneration per
100 embryos from three triti-
cale crosses

est Cross
RhixDo 1 JuaxDo 1 IraxDo 1
Scaling tests
A -7.07+14.30 2.60+£37.84 -17.12+26.05
B —24.52+42.65 0.92+£32.59 28.82x31.15
C 9.51£54.93 28.58 +£54.81 55.17+58.21
Joint® *’(3=0.67 X’ (31=0.34 X (3=2.49

Genetic effects®

m 62.11+ 8.28%**
[d] —47.96+ 8.22%%x
[A] 24.93+11.80%**
Heritability 0.27

75.14+10.54%%*
~38.66+10.19%**
12.53+£19.51™

+

71.16% 9.06%**
—56.47+ 8.43%%*
1.79+16.92™

0.58

* Critical value for %> (3 df) at P=0.05=7.81

b Genetic effects: m, mid-parent value; [d], additive genetic effects; [/], dominance genetic effects

*#%=Pc 0.001; "=P>0.05
* Heritability value could not be calculated

Cross Generation
(PxPy)
P, P, F, Fi(R) B, B, Fy
Green plants/100 embryos
RhixDo 1 2.59 1.13 8.80 15.64 7.47 3.82 4.65
(2.02) (0.52) (4.18) (5.24) (2.50) (2.62) (3.12)
JuaxDo 1 13.19 1.13 8.37 397 19.05 1.36 5.17
(6.96) (0.52) (3.22) (1.77) (9.66) 0.97) (1.47)
IraxDo 1 0.62 1.13 3.54 8.08 4.04 3.42 4.75
(0.62) (0.52) (1.56) (4.83) (2.67) (1.80) 2.07)
Green plants/100 anthers
RhixDo 1 0.42 1.29 7.36 5.46 3.65 1.11 2.86
(0.28) (0.69) (3.19) (1.64) (1.23) (0.69) (1.71)
JuaxDo 1 2.07 1.29 5.00 3.41 6.45 0.63 393
(1.28) (0.69) (1.64) (1.34) (2.04) (0.30) (1.07)
IraxDo 1 0.50 1.29 2.14 3.83 1.01 3.44 2.24
(0.50) (0.69) (0.82) (1.94) (0.53) (1.59) (0.87)
Test Cross
RhixDo 1 JuaxDo 1 IraxDo 1
Scaling tests
A 3.55+ 6.83 16.53+20.66 3.91x5.59
B 231+ 6.72 ~6.79+x 2.97 2.18+3.96
C -2.75+15.17 -10.39+10.13 10.17+8.88
Joint? *’(37=0.69 X*(37=6.54 Ya=1.76
Genetic effects®
m 2.06+0.99* 6.89+2.35%% 0.95x0.40%
[d] 0.95+0.99"¢ 5.98+2.34% —-0.24+£0.40™
[A] 6.75+3.00% ~2.37+3.14% 3.61+1.41%
Heritability 0.96 + 0.76

2 Critical value for %2 (3 df) at P=0.05=7.81
® Genetic effects: m, mid-parent value; [d], additive genetic effects; [#], dominance genetic effects

*%=0.01>P>0.001; *=0.05>P>0.01; *=P>0.05

* Heritability value could not be calculated



(2.07) and green plants regenerated per 100 embryos
(13.19). The two other CIMMYT lines produced only 0.42
(Rhino) and 0.50 (Ira Drira) green plants per 100 anthers
while Do 1 triticale produced 1.29 green plants per 100 an-
thers. Green-plant regeneration efficiencies of the F; and
subsequent generations (F, and backcrosses) clearly indi-
cated overdominance effects for this character since the
mean green-plant regeneration efficiency exceeded that of
the parents.

There were no significant differences observed between
the F;s and their reciprocals in terms of green-plant regen-
eration for all three crosses as revealed by t-tests. This in-
dicated the absence of maternal effects.

The individual and joint scaling tests showed no signif-
icant deviation from zero within the limits of the sampling
error (Table 5), hence the simple AD model was adequate.
Estimates of genetic parameters varied among the three
crosses (Table 5). Significant additive and dominance ge-
netic effects (0.05>P>0.01) were obtained from JuaxDo 1
while only the dominance genetic effect was significant
(0.05>P>0.01) in RhixDo 1 and IraxDo 1. Plant regener-
ation seems to be highly influenced by environmental fac-
tors making it difficult to obtain precise estimates of the
genetic components of this trait.

Discussion

The genetic analysis of quantitatively inherited characters
provides plant breeders with useful information for deter-
mining the applicability of various selection and breeding
procedures. Estimates of the genetic components of vari-
ation will also lead to a better understanding of the mode
of inheritance involved.

In cereals, embryo induction and plant regeneration
from anthers shows continuous variation and the two traits
were found to be independently inherited (Foroughi-Wehr
etal. 1982; Lazar et al. 1984). Earlier work on the genetic
analysis of anther-culture response showed the predomi-
nance of additive genetic effects for embryo production
(Charmet and Bernard 1984; Lazar et al. 1984; Miah et al.
1985; Deaton et al. 1987).

In the present study, highly significant additive genetic
effects were also greater than dominance genetic effects.
These results indicated that embryo induction is a highly
heritable character. The alleles causing high induction
(present in Do 1 triticale) are dominant in their effects rel-
ative to alleles present in the three low-responding CIM-
MYT lines. These results, however, contradict the findings
of Miah et al. (1985) who observed that “callus induction
ability” in rice anther-culture was inherited as a recessive
character.

The inheritance of embryo-production ability fits the
simple three-parameter AD model suggesting that there
were no significant effects due to non-allelic interactions
and linkage. When the model was extended to include es-
timates of epistatic effects (six-parameter model), using
the method of Jinks and Jones (1958), no significant epis-
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tatic effects were obtained confirming the adequacy of the
three-parameter AD model. This indicated that the inher-
itance of embryo induction is relatively simple and does
not involve significant digenic interactions.

Estimates of the genetic effects for green regenerants
per 100 embryos did not yield highly significant additive
and dominance effects in some crosses. This may be attrib-
uted to the compounding effects of the environment on
plant regeneration, an observation also made by Charmet
and Bernard (1984). However, the simple three-paramater
AD model was adequate in the three crosses suggesting the
absence of any significant non-allelic interactions. This
implies that the inheritance of plant-regeneration ability in
the present material may be simple and that alleles for high
green-plant regeneration can be successfully transferred to
lines with low-green plant regeneration capacity. Provided
the non-genetic components of variation can be kept at a
minimum, heritability of the trait can be improved and se-
lection will be more effective.

The correlation between the level of embryo production
and plant regeneration has been reported to be very low
{(Foroughi-Wehr et al. 1982; Deaton et al. 1987). Likewise,
in the present study, no correlation was found between em-
bryo induction and green-plant regeneration (r=-0.108;
P=0.660; n=19). This clearly indicates that high embryo
production does not necessarily result in high green-plant
regeneration. This observation is relevant since the final
measure of efficiency in anther-culture is the proportion of
green plants that can be recovered per 100 anthers cultured.

The simple inheritance of embryo induction and green-
plant regeneration, and the significance of both additive
and dominance effects (particularly for embryo produc-
tion), have two important implications for the usefulness
of anther-culture in triticale breeding. First, the results sug-
gest that high embryo induction and green-plant regener-
ation can be easily transferred and fixed in non-responsive
or low-responsive lines through breeding and selection.
Second, the anther-culture of F;, F, and backcross popu-
lations, requires only that one parent be responsive to the
culture system in order to obtain a reasonable level of re-
sponse, since both characters show partial or complete
dominance.
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