
Introduction

Transgressive segregation may be a key to the im-
provement of cultivated plants. According to
Rieseberg et al. (1999), transgressive segregation
is the production of F2 or later-generation hybrid
progeny with phenotypes that can fall outside the
phenotypic range of the parental populations from
which they were derived. The improvement of
self-pollinated crops, including barley, is con-
nected with production of homozygous selections
superior to parental genotypes (Barbacki et al.
1978a,b). Transgressive individuals observed in
early generations (F2, F3) may be heterozygous
and their superiority will not be maintained in suc-
cessive generations. It is widely known that the
frequency of transgression effects in homozygous
populations depends on cross combinations, i.e.,
on genotypes of crossing parents. Breeders of
self-pollinated crops are still looking for methods
of effective choice of parental genotypes. In this
paper the occurrence of transgressions in

agronomically important characters in barley is
discussed. Special attention is paid to relationships
between transgressive segregation and general
combining ability (GCA) of parents, and to pre-
dicting and increasing the frequency of
transgressive lines in homozygous populations.

Transgression effects

In barley, transgressions in both directions have

been observed for most of quantitative traits, e.g.,

for yield and its components, plant height, days to

heading, malting quality, etc. The frequency of

transgression and symmetry/asymmetry in num-

bers of (+) and (–) segregants in a given population

of homozygous lines depends both on trait and on

cross combination. From a breeder’s point of

view, transgression in grain yield is of consider-

able significance. In the literature there is limited

information on transgressive segregation in bar-

ley. Rutger et al. (1966) analysed the distribution

of grain yield and malting quality characters in the
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F4 progeny of a cross between cultivars Atlas and

Kindred. They showed that yield of the 102 exam-

ined progenies was shifted toward that of the

lower-yielding parent (Kindred). Transgressive

segregation was observed only for yield lower

than that of Kindred. A tendency for lower yield-

ing of barley segregants was also noted in other

studies. Barbacki et al. (1978a), among 42 ad-

vanced breeding lines from the cross Burea

× Brown, found 26 lines that yielded similarly or

less than the lower parent and only 5 lines that

yielded at the level of the better parent. Song et al.

(1978) compared the performance of 280 lines de-

veloped from 2 crosses by a doubled haploid (DH)

system and the bulk method (BK). They reported

that in selection trials no line yielded higher than

the higher-yielding parent. Additionally, it ap-

peared that the BK lines had a higher mean yield

than the DHs in both crosses, and that the BK pop-

ulations had a smaller number of lines yielding

less than the lower-yielding parent. Friedt and

Foroughi-Wehr (1983) examined 134 DH lines

derived from 28 hybrids of spring barley. They

also found that the distribution of yield in all DHs

was shifted towards the lower-yielding parent and

that no DH line transgressed significantly the best

parent in yielding. Interesting results were shown

by Choo and co-workers (1986). Among 398 DH

lines derived from 21 crosses, they found only

7 lines (1.7%) that yielded significantly better than

their higher-yielding parents, and 95 lines (23.9%)

that yielded less than their lower-yielding parents.

Similar results were reported by Surma (1996):

out of 145 studied DH lines, only 2 (1.4%) ap-

peared to be superior to the better parent in grain

yield and 15 (10.3%) were inferior to the

lower-yielding parent.

In the past decade, homozygous barley lines are

intensively examined in programmes connected

with localisation of quantitative trait loci (QTLs) on

chromosomes. In those studies, among other traits,

grain yield and its components are analysed. Tinker

et al. (1996) observed transgressive segregants for

yield in a population of DH lines derived from the

cross Harrington × TR306: transgressive lines dif-

fered from both parents by approximately 2 stan-

dard deviations. Transgressive segregants in both

directions were also observed by Thomas et al.

(1995) in a population of DH lines derived from

Blenheim × E224/3 hybrids and Backes et al.

(1995) in androgenetic lines originating from Igri

× Danilo hybrids. This short review of reports on

yielding of homozygous barley lines shows that it

is difficult to improve yield in barley and other

crops. It is clear that yield cannot increase ad infi-

nitum because of some genetical, physiological

and morphological limitations. A low frequency

of transgression effects may by caused by linkage

in the coupling phase in parents. Predominance of

lines with (–) transgressions can be a result

of complementary additive × additive epistasis

(Choo et al. 1986).
Grain yield is a complex character. In barley,

3 main traits influence plant yield: number of
spikes, number of grains per spike, and grain
weight (Grafius 1959). Among these yield compo-
nents, grain weight [measured singly or as
100-grain or 1000-grain weight (TGW)] appears
to be considered in experiments more frequently
than other yield traits. Transgressive segregants
for TGW were observed in numerous studies. Pos-
itive and negative transgressions occurred in homo-
zygous populations derived from crosses between
2-rowed, 2-rowed × 6-rowed, and also between na-
ked × hulled barley genotypes (Barbacki et. al.
1978a,b; Friedt and Foroughi- Wehr 1983;
Adamski 1993; Thomas et al. 1995; Tinker et al.
1996; Surma 1996; Surma et al. 2000; Warzecha
et al. 2000). It is interesting that although trans-
gressions in both directions were observed, TGW
in homozygous barley populations clearly showed
a tendency for increased values; the frequency of
lines with a positive transgression was usually
higher than that of lines with a negative effect
(Barbacki 1978a; Friedt and Foroughi-Wehr 1983;
Adamski 1993; Surma 1996). For example, Surma
(1996), among 145 studied DH lines, found
22 (15.2%) lines that had a higher TGW than the
better parent and only 9 (6.2%) lines that had
a lower TGW than the lower-scoring parent.
A similar tendency was observed for plant height
and days to heading (Barbacki et al. 1978a,b; Song

et al. 1978; Kj�r et al. 1991). For example,
Barbacki et al. (1978a) found 16.7% of segregants
(F6–F7) with positive transgression in plant height
and 4.8% in days to heading, but none with a nega-
tive effect.

Prediction of the frequency of transgressive

segregants

The first step in breeding of line cultivars is the
choice of parents for crossing. If breeders could
predict the potential of crosses for line develop-
ment, this would increase the efficiency of breed-
ing programmes by concentrating the efforts on
the most promising cross combinations.

Thus a question of considerable importance is

how the occurrence and frequency of transgressive

segregants in a homozygous population can be
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predicted. Since the 1960s, along with the prog-

ress in biometric methods (particularly those con-

nected with diallel crossing systems), information

on the general combining ability (GCA) of paren-

tal genotypes seemed to be promising for solving

this problem. It was shown that under some as-

sumptions (no linkage, no epistasis and no mater-

nal effects), GCA effects estimated on the basis of

diallel crosses are a result of additive gene action.

Since additive effects are connected with homozy-

gous loci, they could be fixed in breeding

of self-pollinated crops (Griffing 1956; Dobek

et al. 1977, 1978; Mather and Jinks 1982). From

this point of view, crosses between parents with

positive and significant GCA for given traits

should be the most promising for occurrence of

transgressive segregants. In barley, numerous ex-

periments have been performed to estimate vari-

ances and effects of GCA on the basis of diallel

crosses (e.g., Johnson and Aksel 1959, 1964;

Briggs 1974; Surma 1978; Surma and Adamski

1982; Fejer and Fedak 1984; Hockett et al. 1993).

Unfortunately, there is limited information on re-

lationships between the combining ability of par-

ents and frequency of transgressive, homozygous

segregants. Surma (1996) analysed the occurrence

of transgression effects in populations of DH lines

in relation to GCA of parental genotypes.

She found that positive or negative segregants oc-

curred more frequently in crosses between parents

with positive or negative GCA effects, respec-

tively. For example, in a barley cross Havila

× A35, where positive GCA for parents in TGW

and grain weight per ear (GWE) were found,

15.4% of DH lines showed (+) transgression in

TGW and 11.5 % in GWE, and only 3.4% showed

(–) transgression in both traits. However, this rela-

tion appeared to be not so clear in all the studied

crosses and traits. In the same cross, line A35 had a

positive GCA effect for protein content but no DH

line transgressing the parental line A35 in this trait

was found. On the other hand, in some crosses, in

which parental genotypes were observed to have

a negative GCA effect for this trait, only (+) trans-

gressions occurred. This indicates that informa-

tion on GCA of parental cultivars is not sufficient

for prediction of the cross potential. Moreover, for

estimation of GCA it is necessary to perform an

experiment with a set of F1 (or F2) hybrids from

crosses made in diallel or line × tester systems.

In self-pollinated crops it is a time-consuming pro-

cess and obtained information is usually delayed.

For this reason, evaluation of parental genotypes

in respect of their combining ability has not been

applied in barley breeding.

In 1976, Jinks and Pooni suggested a formula

for calculating the probability of occurrence of

transgressive segregants in a random sample of all

possible homozygous lines derived from a cross

between 2 homozygous parents. They showed that

if the distribution of a homozygous population is

normal, then the probability of occurrence of

transgressive segregants is close to the 2-tail nor-

mal probability integral corresponding to the value

[d]/�D, where [d] is a sum of additive effects over

k segregating loci multiplied by the coefficient of

gene distribution (r) in parental genotypes ([d] =

rkd, see Mather and Jinks 1982), and D is additive

variance. The estimator of [d] is ½(P1 – P2), where

P1 and P2 are the means for better- and

lower-scoring parents, respectively. Additive vari-

ance, D, can be estimated from early generations

(F1, F2, and first backcrosses B1 and B2) of a cross

between 2 homozygous parents P1 and P2 (Mather

and Jinks 1982). It could be noticed that the lower

values of the [d]/D quotient, the higher probability

of transgression. It means that transgressive segre-

gation occurs more frequently when the difference

between parents is small and the additive variance

is high. This prediction can be done, however, un-

der the assumptions of no genotype × environment

interaction, no epistasis, and no linkage of genes

responsible for studied biometric traits (these as-

sumptions are needed for estimation of additive

variance on the basis of early generations). Thus

for prediction of transgressions, data from experi-

ments covering parents P1, P2, and F2, B1 and B2

hybrid families are needed. It is easy to notice that

in the case of self-pollinated species, including

barley, establishing such an experiment is a

time-consuming procedure and for this reason it is

rarely applied in breeding practice.

As mentioned above, transgression should be

considered in a homozygous population. In barley,

as in other self-pollinated crops, a number of gen-

erations must be grown before the plants reach

homozygosity. For that reason, breeders are inter-

ested in methods that allow reaching

homozygosity rapidly. A method used in barley

breeding to derive homozygous lines is

haploidization of hybrids (most often F1) and pro-

duction – in this way – of doubled haploids (DHs)

(see, e.g., Kasha and Kao 1970; Fedak 1976;

Pickering and Devaux 1992; Caligari et al. 1985).

It has been shown that in the case of no linkage in

a population of DH lines derived from F1 hybrids,
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the frequency of lines with desirable alleles in k in-

dependently segregating loci is (0.5)k (Snape

1997). Thus, the frequency of transgressive

segregants seems to be easy to predict, but the

problem is in evaluation of k for quantitative traits.

In a classical approach, the number of genes (ef-

fective factors) can be obtained first of all on the

basis of a DH population (Choo 1981; Kaczmarek

et al. 1988). In the molecular approach, likewise,

information on the number and localisation of

QTLs is usually obtained from experiments with

DH lines (e.g., Hayes et al. 1993; Backes et al.

1995; Thomas et al. 1995; Tinker et al. 1996).

Thus the information, similarly to GCA effects, is

not useful for breeders, because it is obtained post

factum (DH lines should be directly utilised to

breed cultivars, as evaluation of the frequency of

transgressive homozygous lines on the basis

of DH lines would be ‘postdiction’ rather than

‘prediction’). Additionally, the number and local-

isation of QTLs for the same traits in various cross

combinations is not the same (see, e.g., Kleinhofs

and Han 2002). Both in the classical and molecu-

lar approach, the number of estimated QTLs is

specific only for the population on the basis of

which it was evaluated. Different QTLs or effec-

tive factors have been found in different popula-

tions because: different alleles segregate,

experiments that use different samples from the

same populations can detect different subsets of

QTLs, experiments in which different molecular

markers and different maps are used, may localise

QTLs in different regions of the genome (Tinker

et al. 1996).

The above-mentioned Jinks and Pooni’s

(1976) formula indicates that superior progeny ge-

notypes occur when both parents are similar in

performance but differ in genetic background,

which results in a small estimate of [d] and great

additive genetic (D) variance. Thus, genetic diver-

sity between parental genotypes that are similar in

phenotypic performance is needed for deriving

transgressive progenies. As the measure of paren-

tal divergence, the coefficient of parentage (COP)

has been used, which measures the probability of

alleles in 2 individuals being identical by descent

(Martin et al. 1991; Souza and Sorrells 1991;

Burkhamer et al. 1998). Unfortunately, a weak or

no association between genetic distance of parents

based on COP and number of superior genotypes

(hybrids or lines) was observed.

Recently, parental divergence evaluated on the

basis of molecular marker data seemed to be

promising in prediction of progeny performance.

Burkhamer et al. (1998) examined the association

between genetic similarity/distance of parents

based on molecular markers (STS-PCR, AFLP)

and genetic variance of the progeny (F3/5 SSD

lines) for 12 hard red wheat crosses. They con-

cluded that genetic distance was not a good predic-

tor of progeny genetic variance and number of

transgressive segregants. Similar studies on 30

wheat SSD populations were performed by Bohn

et al. (1999). They also found no relationship be-

tween genetic similarity of parental genotypes and

progeny variance. Kuczyñska et al. (2007) studied

the relationship between the frequency of

transgressive segregants in barley DH populations

and parental diversity evaluated by RAPD mark-

ers and they found only weak correlations for

grain yield and protein content. Similarly, no or a

weak correlation between parental diversity and

early hybrid performance was observed in wheat

(Martin et al. 1995; Barbosa-Neto et al. 1996;

Corbellini et al. 2002); oats (Moser and Lee 1994);

rice (Saghai Maroof et al. 1997; Xu et al. 2002);

triticale (Góral et al. 2005), and maize

(Melchinger et al. 1990; Shieh and Thseng 2002).

Thus predicting the progeny performance remains

an unsolved problem.

How to increase the frequency of transgressive

segregants?

In modern breeding programmes of cereal crops,

including barley, the DH system for deriving ho-

mozygous lines is applied (Pickering and Devaux

1992). For shortening the breeding process,

DH lines have been usually derived from F1 hy-

brids. However, in this approach the frequency of

recombinants is limited when genes conditioning a

given metrical trait are linked. Snape (1976)

showed for 2 linked genes that the frequency of re-

combinant lines in the F1DH population is equal

to the value of the recombination coefficient. It is

postulated that DH lines should be derived from

later generations.
Choo (1981) showed that in the presence of

linkage, the production of DHs should be delayed
until the F2 generation, because a DH population
derived from F2 hybrids may contain 50% more of
the best recombinant lines than the one derived
from the F1 generation (F2 plants get one more
chance of recombination). Since the frequency of
recombinants increases with increasing numbers
of rounds of recombination, the most efficient
method seems to be the single-seed descent (SSD)
technique or the bulk method (BK). Snape (1976)
showed that the frequency of recombinant lines
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produced by SSD is always greater than that of
F1DH populations. Surma et al. (2006) found
a similar frequency in transgressive segregants in
DH and SSD barley populations. The transgressive
recombinant lines may occur if desirable alleles
are linked in parental genotypes in the repulsion
phase or in mixed coupling and repulsion phases.

Theoretically, the choice of the most effective
breeding method is easy and should be done on the
basis of information on the presence/absence of
linkage of genes determining biometric traits.
However, that is not simple in practice, because
information on linkage for quantitative traits is
still difficult to obtain rapidly, i.e. at the beginning
of a breeding programme. In all the methods de-
veloped for detection of linkage data, a set of early
generations is needed, for example: F2 and F3

(Mather 1949); F2, B1 (F1 × P1), B2 (F1 × P2), L1 (F2

× P1), L2 (F2 × P2), and L3 (F2 × F1) (Jinks 1978); or
P1, P2, F2, F2, F3, B1 and B2 (Surma 1996; Thomas
1987). Linkage can also be detected by compari-
son of means and variances of F1DH and F2DH,
or F1DH and SSD populations (Riggs and Snape
1977; Choo and Reinbergs 1979; Choo 1981;
Surma et al. 1991; Kaczmarek et al. 1994) or after
localisation of QTLs (e.g. Kleinhofs and Han
2002). However, such experiments are time-con-
suming and their results are rather not to be appli-
cable in breeding.

Another method that permits to increase the

frequency of transgressive segregants is recurrent

selection (RS) – a cyclic scheme of plant selection.

RS allows breeders to accumulate favourable

genes, to break linkage, and to broaden the genetic

base of breeding populations (Hallauer 1968).

For that reason the chance of recovering

transgressive genotypes is higher in such popula-

tions. Indeed, RS has been employed mainly in

cross-pollinated plants, but has also been applied

in self-pollinated crops (Compton 1968; Patel

et al. 1985; Strahwald and Geiger 1988; Surma

et al. 1998). Several types of recurrent selection

can be applied: half-sib family recurrent selection,

full-sib family recurrent selection, half-sib prog-

eny recurrent selection, and recurrent selection

based on DHs (Gallais 1993). Common steps in

each type of RS are: selection of superior geno-

types from a population, and intercrossing of the

selected genotypes to form an improved popula-

tion (selection and intercrossing of are repeated in

each next cycle). Because the production of

half-sib and full-sib families is difficult to carry

out in self-pollinated crops, only selection

schemes based on selfed progenies or pure lines

(mainly DH lines) have been of interest. A theoret-

ical comparison of RS methods performed by

Goldringer et al. (1996) showed that the most effi-

cient method is RS based on DHs. [It should be

noted that the use of DHs in the recurrent selection

was first suggested by Chase (1952).] Superiority

of DH selection over conventional RS methods in

barley was shown by Strahwald and Geiger

(1988). Effects of recurrent selection in DH popu-

lations of barley were presented by Patel et al.

(1985). They compared DH lines from cycle 0

(C0) with lines from cycle 1 (C1) with respect to

yield and yield-related characters. Although no

lines with remarkably improved yield were found

in the C1 population, a reduction in the proportion

of lower-yielding lines in C1 was observed. Simi-

lar results were recorded by Surma et al. (1998):

in barley DH populations derived from the C1 hy-

brids, no transgressive lines for yield and yield

structure characters occurred, whereas in popula-

tions obtained from C2 hybrids, some lines trans-

gressed parental genotypes (unfortunately, mainly

the lower-scoring parents). Among 113 examined

lines, only 1 line yielded significantly higher than

the better parent. In that study a relationship be-

tween the frequency of transgressive segregants

and gene dispersion in parents was observed.

The greatest frequency of transgression effects oc-

curred for the traits whose coefficient of gene dis-

tribution was close to 0.

The relationship between occurrence of trans-

gression and heterosis effects in barley and disper-

sion of favourable alleles between parental

genotypes was also reported by Powell and

Thomas (1992) and Surma (1996). Tinker et al.

(1996) in their studies on QTL localisation in a DH

population of a Harrington/TR306 barley cross,

observed transgressive DH segregates that differ

substantially from both parents (by 2 or more stan-

dard deviations) for the traits whose values in par-

ents differed by less than 1 standard deviation,

which attests to dispersion of alleles in parental

genotypes.

Conclusions

Most of agronomically important characters show

a continuous variation and are considered to be

quantitatively inherited traits. An improvement of

these traits in cultivated plants is the main goal of

breeding. In spite of theoretical achievements in

quantitative genetics, there is still no rapid and

simple method for evaluation of parental geno-

types in respect of predicting the progeny perfor-
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mance in a given cross combination. The main

reason is the nature of metrical traits: they are con-

ditioned by many genes with major or minor ef-

fects, which are influenced by environmental

conditions. In experiments we can detect and

localise not all genes responsible for a given trait

but only those that segregate in the studied popula-

tion. Thus results of quantitative studies are true

only for the population on the basis of which these

results were obtained. Additionally, biometrical

methods used for prediction of the cross potential

need a set of different generations or populations

of homozygous lines; and in practice these meth-

ods have not been frequently used. Although the

prediction of transgressive segregation is still an

unsolved problem, it seems promising to apply

an approach measuring the performance of paren-

tal genotypes (needed for estimation of additive

effects) and estimating their genetic distance with

the use of molecular markers. In our opinion, in-

tensive research in this field should be done.
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