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Methods of cross prediction have been developed by workers in the Genetics Department of the University of
Birmingham. The frequency of families whose mean deviate from m by any specified amount can be estimated from m
and fi using the normal probability integral (Jinks and Pooni, 1976).

In the present paper it is shown that satisfactory estimates of the genetical parameters for cross prediction in
spring barley can be obtained from either F3 or doubled haploid families. Furthermore, both systems provide a reliable
way of ranking crosses but on average the doubled hloid system gave closer agreement between observed and
expected. It is shown that estimates of both m and 1D are needed for accurate predictions. However, when data from
an earlier TIC experiment were examined it was clear that genotype x environment interactions need to be taken into
account if such predictions are to be of value in plant breeding.

INTRODUCTION

Jinks, Pooni and co-workers (1976, 1978) have
shown that estimates of genetical parameters, from
mating schemes involving early generations of
crosses between inbred lines, can be used to predict
the distributions of the recombinant inbred lines
that can be obtained. The F2 Triple Test Cross
(Kearsey and Jinks, 1968; Jinks and Perkins, 1970)
provides satisfactory estimates of the additive
genetical variance necessary for cross prediction
and has been used both in wheat (Snape 1982)
and barley (Thomas and Tapsell, 1983; Tapsell
and Thomas, 1983). However, this mating design
is labour intensive and therefore its practical use
in plant breeding is somewhat limited. An alterna-
tive approach to an extensive crossing programme
has been suggested by Jinks and Pooni (1980).
They advocate growing samples of random F3 lines
and using twice the component of variance of F3
family means as a measure of the additive genetical
variance. In barley this scheme would have the
advantage that no cross pollinations would be
required after the development of the Fl and plots

rather than individual plants would form the basic
unit of assessment. Other workers (Reinbergs, Park
and Song, 1976; Simpson and Snape, 1979) have
indicated that small numbers of doubled haploid
lines produced from different crosses may be used
for cross prediction. Doubled haploid generations
provide a way of estimating the population mean
and additive genetical variance and hence, the
distribution of inbred lines that would be expected
from a cross. In this paper the usefulness of the
F3 and doubled haploid systems for predicting the
frequency of transgressive segregants is compared.

MATERIALS AND METHODS

Twenty doubled haploids (DH) were produced
from Fl hybrids of the following five spring barley
crosses:
Golden Promise x Mazurka (YT I)
Universe x Mazurka (1T2)
Golden Promise xArk Royal (T13)
BH4/143/2xArk Royal (TT4)
ClipperxYmer (1T5)
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In addition 20 F3 families were produced
together with a sample of 40 single seed descent
lines (SSD) from each cross. The five pair-crosses
examined were those originally included in the
Triple Test cross experiment described by Tapsell
(1984).

The seven parents, F3 families, DH lines and
SSD lines were grown in a replicated experiment
in 1983 at the Murrays Farm, East Lothian. The
experimental design used was a randomised com-
plete block with two replicates. Within a block
each family was represented by a row of up to 10
seeds, sown at 5 cm spacings, with a wheat guard
at each end of the row. Rows were spaced 225cm
apart and the whole experiment was netted to
prevent bird damage.

Nine characters of agronomic importance were
scored on the material. Details of the scoring pro-
cedures can be found in Powell, Hayter, Wood,
Dunwell and Huang (1984). The nine characters
scored were:
1) Final plant height in cm (Ht).
2) Yield of grain on the main stem in g x l0_2

(MSW).
3) Number of grains on the main stem (GN).
4) Thousand grain weight (TGW) obtained from

2 and 3.
5) Number of fertile tillers (TN).
6) Grain yield of the whole plant, single plant

yield (SPY).
7) Awn emergence, measured as days from the 1st

June until the awns emerged from the flag leaf
sheath of the main stem (AE).

8) Maturity scored on a I to 9 scale (1 = early,
9=late maturity) (Mat).

9) The length of the ear in cm (EL).

RESULTS AND DISCUSSION

The means of the F3 and DH generations were
used to estimate m, the mean of all possible
homozygotes. In the case of the F3 system it was
necessary to assume that h] and [1]were negli-
gible. The additive genetical variance D or D+1
for the DH population was calculated from the
between lines mean square using the appropriate
expected mean squares for the experiment. Esti-
mates of ,JD were also obtained for the F3's but
in this case it must be assumed that H is negligible.
Estimates of rn and ,JD for the F3 and DH gener-
ations are given in table 1 together with the parental
means for the nine variates scored. From these
estimates it was possible, using the method ofJinks
and Pooni (1976), to calculate the proportion of

recombinant inbred lines expected to transgress
the parental range. The probability of such trans-
gressive lines was estimated as the sum of the
normal probability integrals:

-. p1

corresponding with the value of

P1-rn rn—P2
— or —

The SSD lines used in this experiment were at
the F7 generation and since the material was
bulked from a single F4 plant the expected variance
of recombinant inbred lines in D or (D+I).
Therefore, when calculating the expected
frequency of transgressive segregants D was sub-
stituted in the above formulae. The calculated
frequencies for each character in the five crosses
are given in table 2. It should be noted that where
no significant D was detected the expected
frequencies were obviously not calculated.

Using the expected frequencies shown in table
2, the expected numbers were calculated by multi-
plying the frequency by the number of lines grown
i.e. 40 and rounding off to a whole number. These
are presented in table 3 along with the observed
number of transgressive lines observed among the
40 SSD lines. In general the observed numbers of
lines agree reasonably well with those predicted
by the F3 and DH systems. However, there are
some cases where no significant additive genetical
variation was detected in the DH while there was
in the F3 and, of course, vice versa. In such cases
no expected numbers could be calculated for the
one system, for example, single plant yield in 112,
ear length in 1T3 and thousand grain weight in
114, The results would appear to confirm that both
the F3 and DH systems can be used for cross
prediction. Simple inspection of table 3, however,
does not give a clear impression of one system
being superior to the other. Correlating the
observed and expected numbers of lines trans-
gressing the parental range gave coefficients for
the F3 and DH systems of 05l84 and 0609l
respectively.

While a plant breeder is interested in being able
to predict the proportion or number of inbreds
which will be superior to the initial pair of parents
from which they were derived, a more important
comparison is usually between the possible inbred
lines and a standard variety which it is wished to
better. Thus, it would be desirable to rank the
crosses on this criterion i.e., discriminate between
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Table I Parental means, F3 and DH means for the nine variates scored together with estimates of -ID from DH and F3 families

Ht MSW EL GN SPY TGW AE Mat TN

TTI Golden promise 45-70 14439 9-99
Mazurka 5991 172-89 1166
F3m 51-12 16112 10-48
DH rn 55-29 169-87 1067
F3 ID 6-67 8-07 1-49
DH 4-57 2523 1-47

29-99
32-13
30-75
3153

163
3-11

861
9-38
879

1081
—
—

47-80 10-90
5334 12-44
5180 1154
53-SI 1081
329 1-14
3-57 1 -51

4-40
525
4-56
4-20
0-31
1-34

887
803
7-62
8-48

—
—

112 Universe 51-19 153-60 1054
Mazurka 5991 17289 11-66
F3 m 55-97 164-91 11-30
DH in 51-91 145-60 1074
F3 -/.. 486 — —
DH —ID 5-52 — —

29-58
32-13
3168
28-29
—
—

10-82
9-38
9-52
977

—
—

5196 1370
53-44 1244
51-30 1136
49-15 12-66
— 234
— 1-31

456
525
408
442
1-69
0-35

8-62
8-03
7-78
941

—
—

113 Golden promise 4570 14439 9-99
Ark Royal 6658 16179 1090
F3 m 5463 16198 10-34
DH in 5703 16065 1101
F3 -ID 684 10-36 —
DH -../D 7-81 1716 1-09

2999
3006
2076
3090
—
—

861
13-06
10-63
1109
278
244

4780 1090
5388 1590
5274 1503
5164 15-22

3-08 213
17-16 3-10

440
730
587
518
096
180

887
1054
894
961
271
269

TT4 BH4/143/2 43-99 14299 1029
Ark Royal 6658 16179 10-90
F3 in 5531 152-34 10-48
DH in 6l-34 163-93 1091
F3 -ID 853 2755 1-55
DH —ID 757 1716 106

29-17
3006
3023
31-10
3-94
084

837
1306
984

1295
461

—

46-90 11-90
5388 15-90
50-21 14-51
5563 1411
4-39 095

— 238

450
730
531
5-58
1-02
091

817
1054
1075
1002

3-02
—

115 Clipper 4836 8650 638
Ymer 5919 168-28 1212
F3 m 5257 11051 1007
DH in 56-59 13102 942
F3 ID 1189 3870 219
DH ./D 736 2440 181

1615
3122
1931
2453
562
4-37

698
1124
692
991
086
232

5671 100
5376 1270
5647 405
5319 869
229 159
173 548

288
430
215
361
130
l-07

985
931
676
981

—
—

Table 2 Expected frequency of transgressive segregants

Ht MSW EL GN
>'I <2 >' <2 > <'2 >Pl <2

SPY
>' <F'2

TGW
>"l <"2

AE Mat
>Pl <'p2 >' <P2

TN
>"i <P2

111 F3 0-08 0-19 0-06 0-01 0-26 0-40 0-18 0-31
DH 014 001 045 014 024 031 0-42 030

— —
— — 0-31

050
0-10
004

006 0-27 0-09
019 031 020

0-29
050

—
— —

TT2 F3 0-01 0-15
DH 0-06 0-44

0-14 0-50 0-23
0-19 0-43 0-01

0-50
0-50

— —
— —

TT3 F3 0-03 0-10 0-50 0-04 — — — —
DH 014 007 0-47 016 050 016 — —

0-19 0-22
021 014

0-34
044

0-04
040

0-26 0-02 0-06
040 007 010

0-05
0-32

0-26 0-49
036 039

114 F3 008 008 037 037 0-39 0-45 050 039
DH 023 001 050 022 050 026 050 001

0-24 037
— —

020
—

023
—

006 0-00 001
021 0-16 002

020
010

— —
— —

115 F3 0-27 0-35 0-05 027 0-16 004 001 027
DH 0-35 0-12 0-05 0-03 0-05 004 0-05 002

000 0-50
0-27 009

0-46
0-01

0-10
050

000 0-02 004
022 007 0-24

0-05
0-23

— —
— —

crosses having the highest and lowest potential to
exceed a standard variety. With this in mind the
five crosses used have been ranked in terms of their
ability, as predicted by the F3 and DH systems, to
generate inbreds exceeding the highest scoring
parent amongst the seven used. Furthermore, using
the data from the Triple Test Cross experiment

1978 with the same
crosses, predictions were also made (Tapsell,
1984).

One way to compare the three systems is to
correlate the predicted rankings from F3, DH and
TTC with those observed in the SSD lines. For this
purpose Spearman's rank correlation was used

which was carried out in
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Table 3 The observed and expected numbers of lines predicted by the 1 3 and Dli methods

TT2 >P Il 8 2

<P, 8 6 18

F>P 21 26 2))

TT3 -'P1 3 5

<P2 4 4 3

<P1<'2 33 30 7

TTS <P1 12 II 14
<P, 15 14 5

P>P2 13 IS 21

1T4 -"P1 16 8
5 9 —

<>1>2 19 23 —

5 20 19
IS I 6
10 9 15

0 2 9
9 (1 6

21 38 25

13 — 20 — —- —
IS — 6 — — —
II 40 14 — —

18 9 0
IS 20 20
4 II 20

4 I
9 8 4

27 31 35

2 8 8
2 9 (

26 23 26

Table 4 ihe rank correlation coefficients for the three predic-
tion systems

Ht MSW ON SPY TOW Ah Mat

F3 —0325 010)) 0575 0125 0575 000 0575
DH 0675 0500 0675 0575 02(10 1000 0975
1'R 0075 — —OIl))) 0575 0225 1000 —

(Snedecor and Cochran, 1980). The rank correla-
tion coefficients for the three systems are given in
table 4, hut it should be noted that each coefficient
is based on only four df. Comparison of the corre-
lations for F3 and DH shows that for five of the
seven characters the DH's have a higher coefficient
than do the F3's, for one they are equal and smaller

only for single plant yield. It should be noted that
for this character no significant D was detected in
the DH populations for three of the crosses. Thus,
on average, in this experiment the DH must he
regarded as giving a better prediction. Turning to
the correlations for the TTC it is clear they are
generally very small and indicate a very poor agree-
ment between observed and predicted rankings.
However, the predictions from the TIC are based
on data collected in 1978 while the observed rank-
ings are from 1983. Thus, the poor agreement is
almost certainly due to differences between the
two environments which include seasons and hus-
bandry, in other words to genotype xenvironment
interactions.

HI MSW EL (iN SPY

OHS ExF3 E-xDH OHS ExF3 ExDH OBS Exl3 ExDH OBS ExF3 FxDI-1 OHS ExF3 ExDH

Tn :>P1 5 3 6 10 2 18 8 10 9 13 7 17 — —
<P, 8 8 I 13 I 6 16 16 12 (4 12 2 — — —
<P1<P2 27 29 34 17 37 17 16 4 18 3 20 II —

Ff4 >i' 3 3 9

3 3 0

P'I' 34 34 3!

14 (5 20
II 15 9
(5 10 II

19 IS 20
12 18 II
9 7 9

7 20 20
6 IS 0
7 5 20

8 10
14 IS —
22 22 —

3 2 2 I 6 2 I I 2 6 0 II
S II I 3 1 I 2 II I 10 20 4

32 27 37 36 33 37 37 28 37 24 20 25

TOW AE Mat TN

OHS ExF3 FxF3 OHS ExF3 ExI)H OBS ExF3 ExDH OBS Fx13 ExDH

TTI <P1 18 12 20 II 3 8 7 4 8 — —
14 4 2 0 11 12 27 2 20 — ._ —

<P>!'2 8 24 18 19 27 20 6 24 12 — —

TT2 >P1 — --- 15 6 8

-P2 — — IS 2)) 17
— - — 10 4 IS

Ff3 -.' P1 (2 14 18
<P 12 2 16

P>P. 16 24 8

6 II 16 7 2 4 9 Il 13

6 I 3 8 2 12 23 20 IS
28 28 21 25 36 24 8 9 Il

'Ff5 >P 8 18 1 9 0 9 12 2 10 — -- —
<P2 18 4 20 10 I 3 3 20 9 — —

P1 <17 14 18 19 21 39 28 5 18 2! — — —
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Having established that both the F3 and DH
systems may be used to successfully rank crosses
within any one environment it is of both theoretical
and practical significance to compare the relative
importance of m and JD in the prediction
equation. For this purpose linear regression analy-
ses were used. Estimates of m and JD obtained
from the F3 and DH generations were regressed
against the predicted rankings of the crosses. In
addition the multiple regression of m and .JD was
also calculated. For ease of presentation the
coefficients of determination (R2) for eight of the
characters scored are given in table 5. R2 indicates
the extent to which the rankings of the crosses can
be predicted for any value of m or /D and was
calculated as the percentage of the regression item
to the total sums of squares in the regression analy-
sisof variance. It can be seen from table 5(a) that
.JD is of far greater importance relative to m in
terms of predicting the ranking of crosses. Further-
more, accurate estimates of both genetic param-
eters are needed from both prediction systems to
provide the best method of ranking crosses. A
number of barley breeding programmes now
include the examination of F2 bulk populations.
Such predictions rely simply on the mean as a
predictor, which we have already seen for DH and
F3's does not on average give a very powerful
prediction. This can be examined here by estimat-
ing the coefficients of determination for the DH,
F3 and F2 means and the observed rankings
obtained from the SSD population. These
coefficients are presented in table 5(b). As can be
seen the DH and F3 are in general greater than
the F2 and it is clear that an estimate of D is

required for predictions to be useful in ranking the
crosses used here.

CONCLUSIONS

The results indicated that both the F3 and DH
systems gave reasonable agreement of predicted
numbers of inbred lines transgressing the parental
range with those actually observed among the SSD
lines. When the crosses were ranked according to
their ability to better a standard variety the DH
system gave, on average, the closest correspon-
dence between observed and predicted ranking.
This was perhaps to be expected since, as already
noted, the estimates from the DH's are based on
D while the F3 estimates require the assumption
that H is negligible. It has been established that
accurate estimates of both genetical parameters (rn
and ,JD) are needed to provide a meaningful rank-
ing of crosses and therefore caution should be
exercised if only estimates of m are used in predic-
tion. When results from a TTC experiment carried
out in 1978 were used for predictions they corre-
lated very poorly with the observed values in the
1983 experiment. Thus the results support the con-
clusion that both F3 and DH can be used in predic-
tions within an environment. But the results from
the earlier TIC show, very clearly, that genotype x
environment interactions need to be taken into
account if such predictions are going to be of value
in plant breeding. In this context it is likely that
DH's will have an advantage over the uSe of F3's.
The DH's can readily be multiplied to enable trials
to be carried out over different seasons and sites,

Table 5(a) Coefficients of determination for estimates of m and JD obtained from the DH and F3 systems onto the predicted
cross rankings

Ht MSW EL GN SPY TGW AE Mat

DH m_ 6413 6680 1260
JD — 8302 4543 2657
m+./D 9029 9657 8706

880 3.99 0•00 5986
3361 9520 7221 8195
8311 95.79 739! 9778

9119
000

9389
F3 rn 000 337 2546

ID 5093 720 8920
m+JD 5966 8860 8991

059 5448 5535 8546
3858 6723 1764 013
9043 8250 8562 8568

7640
2457
8005

Table 5(b) Coefficients of determination for F2, DH and F3 means onto the observed cross rankings

Ht MSW EL GN SPY TCIW AE Mat

F2 2275 1789 2427
DU 281 7311 425
F3 6574 2816 5950

3324 2355 413 8046
8181 123 1518 5986
4263 6931 1311 8546

2356
7593
3331
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as is necessary, in order to take environmental
sensitivity into account in such prediction work.

Acknowledgements The advice and encouragement of Dr
A. M. Hayter during the early stages of this work are gratefully
acknowledged. We acknowledge the technical assistance of Mr
G. R. Drabble and Mr W. Wood and thank Mr M. S. Phillips
for help with certain aspects of the computing.

REFERENCES

JINKS, J. L AND PERKINS, J. M. 1970. A general method for
the detection of additive, dominance and epistatic com-
ponents of variation, lii. F2 and hackcross populations.
Heredity, 25, 4 19-429.

JINKS, J. I,. AND POONI. i-i. s. 1976. Predicting the proper
ties of recombinant lines derived by single seed descent.
Heredity, 36, 253-266.

JINKS, J. L. ANI) POONI, H. S. 1980. Comparing predictions of
mean performance and environmental sensitivity of recom-
binant inbred lines based upon F3 and triple test cross
families. Heredity, 45, 305—3 12.

KEARSEY, M. J. ANI) JINKS, J. L. 1968. A general method of
detecting additive, dominance and epistatic variation for
metrical traits. I. Theory. Heredity, 23, 403-409.

POONI, II. S. ANI) JINKS, .i. i.. 1978. Predicting the properties
of recombinant inbred lines derived by single seed descent
for two or more characters simultaneously. Heredity, 40,
349-361.

POWELL, W., HAYTITR, A. M., WOOF), W., DUNWELL, J. M. ANt)
HUANC;, . 1984. Variation in the agronomic characters of
microspore derived plants of Hordeurn vulgare cv. Sabarlis.
Heredity, 52, 19—23.

REINBERGS, K., PARK, S. J. ANI) SONG, L. s. P. 1976. Early
identification of superior barley crosses by the doubled
haploid technique. Z. Planzenzucht., 76, 2 15-224.

SIMPSON. E. AND SNAPE, .r. w. 1979. Cross prediction for yield
using doubled haploid lines. Barley Genet. News., 9,95—97.

SNAPE, .j. w. 1982. Predicting the frequencies of transgressive
segregants for yield and yield components in wheat. Theor.
Appl. Genet., 62, 127-134.

SNEDEC.OR, (1. W. AN!) COCHRAN, W. o. 1980. Statistical
methods, 7th edition, Iowa State Univ. Press.

1APSITI.L., C. R. 1984. Cross Prediction Studies on Spring Barley.
Ph.D. Thesis. Univ. of Birmingham.

TAPSELL, C. R. AND THOMAS, w. T. B. 1983. Cross prediction
studies on spring barley 2. Estimation of genetical and
environmental control of yield and its component charac-
ters. Theor. AppL Genet., 64, 353—358.

THOMAS, W. T. B. AND TAPSELL, CT. R. 1983. Cross prediction
studies on spring barley. I. Estimation of genetical and
environmental control of morphological and maturity
characters. Theor. App!. Genet., 64, 345-352.


	The use of doubled haploids in barley breeding 2. An assessment of univariate cross prediction methods
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS AND DISCUSSION
	CONCLUSIONS
	REFERENCES


