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Summary. From an F, hybrid between the two barley
(Hordeum vulgare L.) cultivars ‘Golden Promise’ and
‘Mazurka’ a series of doubled haploid (DH) lines were
generated both from microspores by anther culture and
from immature zygotic embryos after hybridization
with H. bulbosum. The DH lines from both sources
were used to monitor the segregation of the five major
genes, rachilla hair length, DDT susceptibility, height,
C hordein polymorphism and mildew resistance.
Whereas the microspore-derived samples showed signifi-
cant departures from the expected 1: 1 ratio for three of
the five genes, the H. bulbosum lines showed deviation
for only one gene. Analysis of linkage data also showed
differences between the two series of DH lines. Cyto-
genetic analysis revealed a mean chiasma frequency in
the H. bulbosum lines which was very similar to the F,
hybrid. In contrast, four of the ten microspore derived
lines examined showed a reduced chiasma frequency.
One showed evidence of translocation heterozygosity.
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Introduction

Haploidisation and subsequent chromosome doubling
to produce doubled haploids allows the development of
completely homozygous lines from heterozygous par-
ents in a single generation. Hence, the production of
doubled haploids in large numbers is of great value to
plant breeders and geneticists.

In cultivated barley, Hordeum vulgare, there are four
principal methods of isolating haploids: the culture of micro-
spores (Dunwell 1985), the culture of embryos following the
interspecific hybridisation of H. vulgare with H. bulbosum,
ovule culture, and the use of the haploid initiator gene (Kasha
and Reinbergs 1982). However, only the bulbosum technique
has been used in cultivar production (Choo etal. 1985).
Although anther culture has been used in programmes to
produce genotypes resistant to barley yellow mosaic virus
(Foroughi-Wehr and Friedt 1984) its use in cultivar produc-
tion is limited by a number of factors. These include the low
frequency of regenerated plants and the high proportion of
albinos amongst the regenerants (Day and Ellis 1985). Howev-
er, the recent increases in efficiency achieved as a result of
improvements in precultural and cultural methods (Huang
and Sunderland 1982; Shannon et al. 1985; Lyne et al. 1986)
suggest that this technique may be sufficiently advanced to be
tested in barley breeding programmes.

The culture of barley anthers involves the induction of
microspore derived callus, followed by the regeneration of
plants, many of which are diploid. These non-haploids will be
homozygous if they are derived from a single haploid cell but
plants produced from unreduced gametes have been reported
in many species including rye and potato (Wenzel et al. 1976).
Furthermore, the anther is a complex structure consisting of
both sporophytic and gametophytic tissues and the source of
regenerating structures must be verified. Isozyme analysis
(Corduan 1975; Zamir et al. 1981) is one method used for this
purpose. It is also desirable that doubled haploids produced
by anther culture represent a random sample of the parental
gametes. Two studies (Chen et al. 1982, 1983), using a number
of heterozygous lines of rice with either linked or unlinked
markers, showed that the segregation ratios were as expected.
However, there is evidence from barley (Kao etal. 1983;
Foroughi-Wehr and Friedt 1984) for non random segregation
and analogous data exist in Brassica (Orton and Browers 1985).

The present study on barley was conducted to
examine the segregation ratios in microspore derived
lines from an F, hybrid heterozygous for a number of
major gene loci. These ratios were also examined in a
similar series of lines produced by the H. bulbosum
technique.
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Materials and methods

Plant material

The F, hybrid of the cross ‘Golden Promise’ X ‘Mazurka’ was
used in this study. The genetic markers segregating from this
cross, their chromosomal locations and symbols used to
represent them are given in Table 1.

Tissue culture methods

The methods of anther culture and the H. bulbosum tech-
niques were those described previously (Huang etal. 1984;
Powell etal. 1986). If the original doubled haploid plants
produced from each technique are designated as generation 1,
the material used for the analyses below were taken from
generation 4.

DDT testing

Lines were tested for their reaction to DDT by spraying, at the
two leaf stage, 16 plants from each family with a 0.2% aqueous
emulsion of DDT (Hayes and Rana 1966). One week later, the
plants were scored as being either resistant or susceptible to
DDT.

Mildew testing

Plants were grown in a spore proof greenhouse to the 3—4 leaf
stage. Two segments, 35 mm in length, were cut from the
middle of the youngest, fully expanded leaf on each plant and
placed adaxial side uppermost on 0.5% agar containing 100
mg/] benzimidazole. The duplicate leaf segments from each
line were arranged at random in a series of polystyrene boxes.
The segments were inoculated in a settling tower with spores
blown from an infected leaf segment. The culture CC/35
(virulent on Mlg and Mlk only) was used to score the
segregation of the resistance gene Mla7 among the F, doubled
haploid derivatives. Following inoculation, leaf segments were
incubated for 8 days at 17°C with 12 h illumination per day.
At the end of this period, the number of mildew colonies per
leaf was counted and each family recorded as resistant or
susceptible (resistant lines being identified by the absence of
powdery mildew colonies).

Cytology

Seed of the microspore-derived lines and control plants were
germinated on filter paper and primary roots sampled. Roots
were pretreated in cold water (4°C) 16 h before fixation in
ethanol: glacial acetic acid (3:1), hydrolysis in 1 N HCI at
60°C for 10 min, and staining in feulgen. Meiosis was exam-
ined in pollen mother cells, using inflorescences fixed, hy-
drolysed and stained as above. Estimates of chiasma frequency
were made by scoring the number of arms bound by chias-
mata at metaphase L.

Hordein analysis

a) Sample preparation. The embryo and a small part of the
endosperm were dissected from the seed and retained for
germination. The remainder of the endosperm was finely
ground using a pestle and mortar and the resulting meal
suspended in 0.2 ml of 55% v/v propan-2-ol containing 1%
w/v dithiothreitol. The suspension was then placed in a heated
water bath at 60°C and periodically shaken. After 30 min the
mixture was centrifuged at 5X10°rpm for 10 min and an
aliquot of the supernatant removed and subsequently analy-
sed.

b) Protein separation. The B and C hordeins were separated
by high pressure liquid chromatography using a Gilson dual
pump gradient chromatograph fitted with a 6.0 mm X4.1 mm
precolumn packed with Synchoprep RP-P (30 um diameter,
Anachem Ltd) and a 250 mm X 4.1 mm column packed with
Synchropak RP-P [reversed phase (C,s) support 6.5 pm parti-
cle diameter, 300 A pore diameter, Anachem Ltd.]. Column
temperature was maintained at 25°C and the elutant moni-
tored at 210 nm (AUFS 0.5). Peak areas were integrated using
a Shimadzu C-R3A chromatapac programmed for area nor-
malisation.

The elution profile used for the separation of the proteins
was as outlined by Marchylo and Kruger (1984) and consisted
of a two-solvent system: A, 15% v/v acetonitrile containing
0.1% v/v trifluoroacetic acid; B, 80% v/v acetonitrile con-
taining 0.1% v/v trifluoroacetic acid. The concentration of
solvent B was increased from 25% to 60% over a period of
105 min and reduced gradually back to 25%. A regeneration
time of 15 min was allowed between sample loading (20 ul)
and the column regenerated daily by employing a steep linear
gradient from 25% to 80% over a period of 10 min followed by
a reduction to 25% over a further 10 min. All solvents used
were of HPLC grade and degassed prior to use. Flow rate was
maintained at 1.0 ml/min.

Ninety-six microspore-derived lines were screened for the
five major gene markers. Since these progenies originated
from 14 distinct calli, analyses for segregation at a single
heterozygous locus and for the detection of linkage were based
on these 14 values.

Results

Doubled haploids (DH) produced from the F; will
segregate for rachilla hair type, reaction to DDT,
growth habit, polymorphism at the C hordein locus
(the B locus pattern did not differ in the parents) and
mildew reaction. Variation between these DH lines is
equivalent to that expected from a backcross of the F,
to the double recessive parents. In the absence of

Table 1. Summary of genetic markers, their chromosomal location and gene symbol designations

used in the linkage tests

Character pair Gene Symbol Chromosome location (ref)

1. Long vs Short haired rachilla S v s 7 (Nilan 1964)

2. DDT susceptibility vs resistance Dd: v ddt 7 (Hayes and Rana 1966)

3. Tall vs dwarf Ert v ert 7 (Thomas et al. 1984)

4. C hordein polymorphism A v B 5 (Shewry et al. 1980)

5. Mildew resistant v susceptible Mia; v O 5 (Wolfe and Schwarzbach 1978)
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Table 2. Data from Fo, samples from M and Hb doubled haploids showing segregation ratios for genetic markers located on chro-

mosome 5 and 7

Sample Marker and j’ value
ert Ert e S s I Ddt  ddt xr A B I Mia, 0 21

M 4 10 2.57 3 11 457% 11 3 457* 11 3 457* 8 6 0.29
Hb 49 53 0.16 41 61 3.92% 47 38 0.95 6 5 009 18 16 0.12
Total 53 63 273 4 72 8.49* 53 41 552 17 8 466 26 22 041
* P<0.05
Table 3. Linkage tests for gene loci on chromosomes 5 and 7
a Chromosome 7
Sample

ert/S ert/s Ert/S Ert/s ert/ddt ert/ Ddt Ert/ddt Ert/Ddt
M 1 3 1 2 2 1 9
Hb 29 20 12 41 31 14 7 33
Total 30 23 13 50 33 16 8 42

Segert/Ert  SegS/s Linkage Segert/Ert  Seg Ddt/ddt  Linkage
M 2.57 4.57* 2.57 2.57 4.57* 4.57*
Hb 0.16 3.92+% 14.16*** 0.29 0.95 2]1.75%%*
Total 273 8.49%* 16,73 **x 2.86 5.52 26.32
b Chromosome 5
Sample

A/0 A/Mia, B/o B/mia,
M 6 5 0 3

Seg A/B Seg Mla,/O  Linkage
M 4.57* 0.29 1.14

* P<0.05; ** P<0.01; *** P<0.001

linkage, equal frequencies of the phenotypic classes are
expected (Mather 1938). The individual segregation
ratios for the 5 loci studied are given in Table2 for
both the microspore derived and Hordeum bulbosum
(Hb) samples. Individual segregation ratios are signifi-
cantly different from 1:1 at three of the five loci in the
microspore derived sample. In the Hb sample, only one
locus, that for rachilla hair, differs significantly from the
expected ratio.

The results of the linkage tests for rachilla hair type,
DDT reaction and the ert locus are given in Table 3.
Also given are segregation data for the hordein loci and
mildew reaction which are located on chromosome 5.
Considering data from the microspore derived sample
it can be seen that there is a significant departure
from the 1:1:1:1 ratio for the ert gene and rachilla
hair (y}3)=9.71 P=0.05-0.01). Linkage was not de-

tected and the deviation from the 1:1:1:1 ratio was
therefore due to abnormal segregation at the rachilla
hair locus. Similarly, there was a significant departure
from the expected ratio in the case of DDT reaction
(x%3)=11.7, P=0.01-0.001). Linkage and aberrant se-
gregation at the DDT reaction locus were responsible
for this departure. Hb-derived doubled haploid lines
have been used previously in combination with F, and
translocation stocks to locate the ‘Golden Promise’
ert locus on chromosome 7 (Thomas et al. 1984). The
relevant data from that experiment have been tabu-
lated (Table 3) and it is of interest to compare segrega-
tion ratios from the Hb and microspore-derived sam-
ples. The Hb data clearly indicate linkage of the ert
locus to the rachilla hair and DDT reaction loci.
Linkage between the ert locus and rachilla hair was not
detected in the microspore derived sample, whereas
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Table 4. Phenotypic correlations for the M (n = 14) and Hb (n=20) samples

Character Correlation coefficient
Single plant Earlength  Grain no. Height Main stem  Thou-
yield wt sand
grain wt
Ear length M 0.0818
Hb 0.0832
Grain no. M 0.7747 -0.4227
Hb 0.4089 0.1767
Height M 0.8769 0.3325 0.6069
Hb 0.7697 0.4871 0.1426
Main stem M 0.8347 -0.1778 0.8682 0.6887
wt Hb 0.8171 0.2315 0.6049 0.7181
Tiller no. M 0.8623 0.2856 0.5215 0.7964 0.4669
Hb 0.7802 —-0.0308 0.0373 0.5403 0.3502
Thousand M -0.2237 —-0.5216 -0.1411 -0.3214 -0.1793 —-0.3046
grain wt Hb -0.1197 -0.0782 0.1014 —0.2425 —0.3524 0.1322

linkage was detected between the DDT reaction and
the ert locus. Furthermore, the M/a locus is known to
be linked to the hordein loci on chromosome 5 (Shewry
etal. 1980). However, a significant departure from a
1:1:1:1 ratio was not observed for alleles at these two
loci in the microspore derived sample (Table 3, x73,=
6.0, P=0.3-0.1) and hence caution should be exercised
when attempting to use anther culture for linkage and
gene mapping purposes.

The phenotypic correlations between all pairwise
combinations of characters were obtained for the M
and Hb samples and are given in Table 4. A correlation
greater than 0.4973 for the M sample or 0.4227 for the
Hb sample is significant (P <0.05). In the absence of
differential survival or selection, the phenotypic distri-
butions of inbred populations derived by anther culture
and the H. bulbosum technique should be identical.
Similarly, the relationship between quantitatively vary-
ing characters should not differ significantly in these
two samples. However, inspection of Table 4 indicates
that the phenotypic correlations between: GN and EL,
Ht and GN and TN and GN, although not formally
significant, differ in the two samples. These differences
are associated with the character grain number which is
a fertility character. Indeed, a previous study (Powell
et al. 1986) has shown that the means of the M sample
were significantly Jower than the mid-parental values
for fertility charcters. These lower mean scores may be
associated with cytological abnormalities.

Genetic markers have been used to determine
whether regenerants from anther culture are of sporo-
phytic or gametophytic origin. The 96 M lines used in
this study may be traced back to 14 distinct calluses
(see “Materials and methods™); all the regenerants

examined were homozygous for the gene loci studied
and are therefore of gametophytic origin.

A preliminary chromosome count allowed the clas-
sification of families according to their ploidy level.
With the exception of one tetraploid family derived
from callus number?2 all the other progenies were
diploid.

Meiosis was examined in progenies derived from 10
of the 14 calluses. Pairing in the tetraploids (from callus
2) was largely a mixture of bivalent and quadrivalent
configurations. Translocation heterozygosity was found
amongst families from callus no. seven (Fig. 1). Proge-
ny from the remaining eight calluses formed seven
bivalents.

Mean chiasma frequency in the Hb progeny (13.90)
was very similar to that of the F, hybrid (13.92).
Therefore, there is no reason to suspect that there has
been any reduction of chiasma frequency induced by
the Hb technique. If this Hb chiasma frequency is used
as a control and compared with the values obtained for
M derivatives (Table 5), it can be seen that lines from
callus numbers 3, 6 and 9 have a reduced chiasma
frequency. However, chiasma frequency in callus lines
7, 12 and 13 are quite similar to that of the control.

Genetical analyses of the hordeins (alcohol soluble
storage proteins) have indicated that the two main
groups of hordein polypeptides are controlled by single
loci (hor 1 controlling the C polypeptides and hor 2 the
B hordein polypeptides) (Shewry etal. 1980). The
segregation of these major gene loci may be monitored
by unidirectional SDS polyacrylamide gel electropho-
resis (PAGE). More recently, a reversed phase HPLC
system has been used to separate the hordeins (Mar-
chylo and Kruger 1984) and this system was applied to
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Fig. 1a,b. Cytologically abnormal cells in the progeny of microspore-derived plants. a Mitosis in root tip cell of plant derived from
callus 2 (2n=4X— 1=27); b Meiosis in a translocation heterozygote from callus 7, showing five ring bivalents, and one quadrivalent
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Fig. 2. HPLC elution profiles for B and C hordeins for ‘Mazur-
ka’, ‘Golden Promise’

the M progenies in an attempt to provide a qualitative
and quantitative assessment of segregation at the hor-
dein loci.

A (qualitative examination of the HPLC elution
profiles of the B and C hordeins of ‘Golden Promise’
and ‘Mazurka’ (Fig. 2) revealed that both varieties had
identical B hordein profiles, with six major peaks
eluting between 50 and 70 min after injection. In
contrast, major differences with regard to the C hordein
profiles were observed. The ‘Mazurka’ profile is domi-
nated by a major peak at 32 min. The C hordein profile
of ‘Golden Promise’ consists of a less well defined
group of peaks with broadly similar intensities spread
over 29 to 33min as well as an additional peak at
37 min after injection. No trace of a peak with a similar
retention was observed in the ‘Mazurka’ C hordein
profile. Single seeds from M plants were analysed and
the results (Table 6) revealed that of the fourteen plants
examined eleven had protein profiles identical to ‘Gol-
den Promise’ and three identical to ‘Mazurka’. The ratio
of B hordein to C hordein was also determined and is
shown in Table 6. The majority of the seed analysed
had ratios similar to those found in ‘Mazurka’ and
‘Golden Promise’, although one line from callus num-
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Table 5. Mean chromosome pairing at first metaphase of meiosis in the parents, their F, hybrid and
Hb and M Lines

Genotype Configurations Mean chiasma  No. of
frequency cells
ring rod ring  chain
I I II v v
‘Golden Promise’ 693 007 13.93 195
‘Mazurka’ 6.67 033 13.67 139
F, 692 008 13.92 176
Hb 690 010 13.90 309
M lines
Callus Line Ploidy
no. no.
3 1 (2x) 6.57 043 13.57 7
2 (2x) 510 190 12.10 29
6 1 (2x) 627 073 13.27 200
2 (2x) 002 557 142 12.55 183
9 1 (2x) 525 175 12.25 8
12 1 (2x) 685 015 13.85 65
2 (2x) 6.84 0.16 13.84 113
3 2x) 6.66 034 13.66 241
13 1 (2x) 686 0.14 13.86 135
2 (2x) 6.86 0.14 13.86 100
3 (2x) 6.86 0.14 13.86 149
Lines with aberrant meiosis
2 1 (4x) 013 720 127 233 040 26.19 15
2 " (4x) 725 125 275 26.75 4
7 1 (2x)* 494 006 087 0.13 13.81 148
2 (2x)® 489 012 095 004 13.85 259

® Plants with a translocation

Table 6. The relative area of B and C hordein peaks in the M lines

Sample Relative area Ratio Type
C hordein B hordein C:B

‘Mazurka’ 15.09 2293 1:1.5 -

‘G. Promise’ 15.01 24.63 1:16 -

Callus line

1 17.72 30.56 1:17 ‘Golden Promise’ (A)
2 21.19 29.79 1:14 ‘Mazurka’ (B)
3 21.01 28.93 1:14 ‘Golden Promise’ (A)
4 20.81 3258 1:1.6 ‘Golden Promise’ (A)
5 1147 17.19 1:15 ‘Golden Promise’ (A)
6 15.65 35.51 1:2.3 ‘Golden Promise’ (A)
7 10.51 16.82 1:16 ‘Golden Promise’ (A)
8 27.87 38.95 1:1.4 ‘Golden Promise’ (A)
9 16.95 30.79 1:1.8 ‘Golden Promise’ (A)
10 17.38 26.90 1:1.5 ‘Golden Promise’ (A)
11 17.18 17.11 1:1.0 ‘Golden Promise’ (A)
12 29.30 41.53 1:1.4 ‘Golden Promise’ (A)
13 25.36 28.80 1:1.1 ‘Mazurka’ (B)
14 31.14 4173 1:1.6 ‘Mazurka’ (B)




ber 6 appeared to have a considerably increased ratio
of 1:23 as compared with the average value of
approximately 1:1.4.

Discussion

The 96 anther culture families examined in this study
were homozygous for all five marker genes tested.
Hence, the plants were of microspore origin and the
haploid chromosome complement had doubled during
in vitro development.

It is also of interest to determine whether random
assortment and survival of gametophytes occurs during
the anther culture process. Evidence from the homo-
zygous diploids for deviations in the segregation of
genes from the expected 1: 1 ratio suggests non random
survival during the production and/or differentiation of
microspore derived plants. The gene markers used were
located on chromosome 5 and 7.

Previous linkage studies using H. bulbosum derived dou-
bled haploids, translocation stocks and conventional breeding
have provided precise map distances for these 5 loci (Thomas
etal. 1984; Shewry et al. 1980). With the exception of rachilla
hair type the doubled haploid sample produced by the
H. bulbosum technique segregated in the expected 1:1 ratio
and the linkage data obtained by this method were consistent
with that obtained from F, samples (Thomas etal. 1984).
Those gynogenetically produced haploids therefore reflect the
random segregation products of meiosis. The microspore
products in the present study displayed distorted segregation
ratios and caution should therefore be exercised when using
anther culture as an alternative to traditional genetical meth-
ods. There are at least two previous cases of distorted segrega-
tion ratios being observed in microspore derived lines of
barley (Kao etal. 1983; Foroughi-Wehr and Friedt 1984).
Both reports indicate an excess of 6 row progenies arising from
2 rowX 6 row crosses. Although a random assortment of ga-
metes is essential for genetical investigations, such distortions
for major genes may prove to be advantageous in breeding
programmes. For example, in the study of Foroughi-Wehr and
Friedt (1984) an excess of virus resistant gengtypes was
observed in the microspore progenies (79R: 538, x(1=35.62)*.
In other words, differential survival or selection during the
in vitro phase, resulting in an excess of desirable recombinants,
would prove advantageous to the barley breeder. However, a
recent study on a number of quantitative characters in barley
(Powell etal. 1986) has indicated that the mean of the
microspore sample was significantly lower than the cor-
responding control samples.

The present protocol for barley anther culture in-

volves regeneration from callus (Sunderland and
Huang 1985). Such regeneration is genetically deter-
mined and it is conceivable that the excess of certain
phenotypes in M progenies may be due to linkage of
these loci to genes responsible for regeneration capaci-
ty. Genetic changes occur in tissue culture and these
may be associated with a prolonged callus phase
(Larkin and Scowcroft 1981). This phenotypic variabili-
ty may also be associated with chromosomal changes
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(Edallo et al. 1981). The cytological examination of the
M progenies in this study revealed changes both in
chromosome number and more subtle changes as
revealed by lower chiasma frequencies in the M lines
than in the controls. It is possible that disruption of the
barley genome during callus culture may be useful in
obtaining introgression of genetic material following
wide crosses (Orton 1979). A previous study on tomato
has shown increased frequencies of recombination in
plants regenerated from cotyledons (Sibi et al. 1984).

In the present study M lines were monitored for B
and C hordein content using reversed-phase HPLC, a
system which as well as being more sensitive than SDS-
PAGE also allowed a quantitative analysis. The results
showed a non random distribution amongst the M
derivatives with an excess of the ‘Golden Promise’
phenotype.

When considering the potential applications of an-
ther culture in barley improvement it is necessary to be
aware of possible non-random segregation of gametes
and the induction of genetic variation. However, the
production of such somaclonal variation does not
necessarily mean that it will be of value in barley
breeding. Lack of genetic variability is not usually the
limiting factor in barley breeding; the chief constraint
is the difficulty of identifying and isolating desirable
recombinants. In order to meet this objective, elimina-
tion of the callus phase and the formation of diploid
embryoids direct from haploid pollen (Lyne et al. 1986)
would be advantageous. Such a system would shorten
the culture procedure and reduce the dangers of chro-
mosomal change and plastid mutation (Day and Ellis
1985).
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