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ABSTRACT - Selection in F, zs selection in advanced
gencerations of F, random mating (F,Syn,) differ in de-
gree of linkage disequilibrium in the initial population
and in time required for the obtainment of this popula-
tion. Expected and realized responses to mass selection
on stalk thickness were compared when selection was
applied to F, and F,Syny populations. Four successive
generations of random m'a:ting were performed on mater-
ial obtained from crossing the adapted inbred of maize
Mol7 with the exotic population Across 8443 La Posta. In
the second and fifth generations (F, und F,Syn;) the ge-
netic variance of the traits stem thickness, days to pollen
shedding, and grain yield was studied by means of a
family analysis. A 5% selection pressure for increasec
stem thickness was applied simultaneously in both F,
and F,Syn; to obtain two selected populations (F,, and
F.,Synyg). Analysis of the genetic structure and compari-
son of the expected and realized responses to selection
indicated that there are no appreciable changes in genet-
ic structure between F, and F,Syn; of the semiexotic for
stem thickness or days to pollen shedding. However, dif-
ferences in grain yield were found between the two pop-
ulations, apparently due to linkage disequillibrium in F,,
with groups in repulsion phase. In both generations, no
differences were seen between the expected and realized
responses to selection for stem diameter. Likewise, the
correlated response to selection in days to pollen shed-
ding occurred as predicted. A significant correlated re-
sponse in grain yield with selection for stem thickness
was estimated in F,Syns. Therefore, to breed for grain
yield directly or indirectly through stem diameter in this
semiexotic population, several generations of intermating
are needed to reach linkage equilibrium. In the present
study, four were sufficient.
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INTRODUCTION

Maize breeders have shown interest in
germplasm of tropical or subtropical origin, also
known as exotic germplasm (HALLAUER, 1978), be-
cause it is 4 major source of genetic variability
(GoobMaN and BrownN, 1988; RacoT er al., 1995,
GOUESNARD et al., 1996). The possibility of including
exotic germplasm in maize adapted to temperate cli-
mates to broaden its genetic base and develop supe-
rior inbreds has been studied from the mid-twentieth
century (Bruce and LinDsTROM, 1954; KraMmEr and
ULLstrup, 1959) to the present (OYERVIDES-GARCGIA ef
al., 1985; Muncoma and PorLak, 1988; BoscH et al.,
1994; HAMEED et cil., 1994; HOLLAND et al., 1996; SELG
et al., 1999; BiasutTi et al., 2000). The main difficulty
arising from this breeding strategy is the time need-
ed, and it is commonly considered a long-term way
of improvement in temperate areas like the Corn
Belt (HALLAUER, 1990; HOLLAND ef al., 1996).

Currently, the first problem to be overcome is the
adaptation of the exotic germplasm to a given area,
mainly in order to correct the response to the new
photoperiod (HaLLAUER, 1978). To shorten this adap-
tation process it may be convenient to cross the ex-
otic material with an adapted inbred or variety and
to use the resulting semiexotic population as the
starting point for the breeding program (ALBRECHT
and Dubptey, 1987a, 1987b; BoscH et al, 1994;
Casanas ef al., 1994, HOLLAND er al., 1996). The pres-
ence of adapted germplasm can also enhance the
heterotic response when the semiexotic lines de-
rived are crossed with adapted lines to produce hy-
brids. To save time in such a program, it is very im-
portant to evaluate the expected response to selec-
tion that will be found in the F, and successive ran-
dom mating generations (F,Syn,)) of the semiexotic
population, as linkage could interfere in the process.
In practice, a minimum number (one or two) of gen-
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erations of intermating is used in most recurrent se-
lection programs. HaLtater and MIraxpa (1988) and
LATTER (1965, 1966a, 1966b) examined the effects of
linkage on the limits of selection and concluded that
reduction in total response was minor unless the re-
combination probability among loci was less than
0.1. Although according to Hanson (1939) four gen-
erations of intermating may be sufficient to reach
linkage equilibrium, semiexotic populations have
enough particularities to make previous studies ad-
visable to establish in which generation it is most
convenient to start with selection.

A more general problem when selecting for grain
yield is the low heritability of this trait (HaLLaUER and
Miranpa, 1988), and the difficulty of an improve-
ment process based only on yield (vield is a trait
measured after flowering, so the selected plants can-
not be crossed), makes indirect selection strongly
recommended when possible. Among traits with a
reasonable heritability and good additive genetic
correlation with yield, stem diameter appears to be a
useful one, both in adapted maize, where it has
been successfully used to drag increased ear yield
(Casaras ef al., 1998) and in semiexotic maize (Mas
et al., 1998). In the latter study, recurrent selection to
improve the population Mo17 x Across 8443 La Pos-
ta itself or for its combining ability with the B73 in-
bred appeared to be a promising strategy in the de-
velopment of hybrids for mild Mediterranean areas.

In this context we conducted several experiments
in order to: 1) analyse the genetic structure and ex-
pected response to selection for the semiexotic pop-
ulation of maize Mol7 x Across 8443 La Posta in F,
and F,Synsz (obtained from F,, after three successive
generations of random mating), i) compare the ex-
pected and achieved responses to selection, together
with the correlated variations in earliness and grain
yvield after a generation of selection in F; and F,Syns
for thickness of the stem diameter. ‘

MATERIAL AND METHODS

Germplasm

The exotic population Across 8443 La Posta was provided by
the International Maize and Wheat Improvement Centre (CIM-
MYT). Across 8443 La Posta was obtained from population +3
Across 8443 La Posta. a rropical late dent Tuxpeno synthetic com-
posed of 16 inbred lines. after four cycles of family selection Tor
vield and ear height based on the International Progeny Test Tri-
als conducted by CIMMYT (CIMMYT, 1984: PANDEY ef al., 1986),

Family analysis
In order to obtain the semiexotic Mo17 X Across 8443 la
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Posta (F)), one hundred randomly chosen plants of the exotic
population were crossed to the inbred line Mol17. The F, popula-
tion was obtined by intercrossing a set of two hundred F,
plants. Three subsequent generations of random mating were
carried out to develop the F,5vn; population.

To generate half and full-sib families, randomly chosen ¥,
plants (Mas ef ¢l 1998) were used as male parents and crossed
to six female parents of the same population: the same was done
within the F,Syn; population. After harvesting, three ears with
adequate seed set, representing a cross with a particular male
plant, were randomly chosen to constitute a single male group
(half-sib family). A total of 30 such half-sib groups were obtained
giving 150 full-sib families for the study of genetic variances and
correlations. These familics were grown in N.E. Spain. between
41 ands42°N, with a mild Mediterranean climate, at a density of
62,500 plants/ha. Irrigation was available with a minimum water
supply of 30 mm per week. In each trial 12 plants per full-sib
family were studied throughout three blocks (four randomly dis-
tributed plants per block). Fy offspring were studied at a single
location (Mas ef al., 1998) in a two year trial (the same full-sib
families were used each year), and F,Syn; offspring were studied
in a single year in a three-location trial.

All experimental data were recorded for individual plants.
Before harvest the following traits were considered: the thinnest
diameter in the central part of the first clongated internode of the
stem in mm, davs to pollen shedding, and grain yield in g of dry
matter per plant.

The methods used in this study were based on assumptions
of the nested mating design (North Carolina Design 1) from Coa-
sTock and ROBINSON (1948): random muating, regular diploid be-
haviour, no reciprocal effects, no linkage disequilibrium, and no
epistasis. Linkage disequilibrium might affect estimates of genetic
variunces and correlations. Furthering knowledge on this point is
one of the aims of this study.

The estimates of the components of variance were computed
using the VARCOMP procechure (method Restricted-Maximum
Likelihood, REML) of the SAS program (SAS INsTITUTE, 1990; SAS
Instrerre, 1997) following the linear model:

Nkl = M+ ¥+ Dygy oy + B+ rme + D+ €

where X, is the observed value of the individual plant with k
male parent and 1(k) female parent in the (i) block during the i
year of study in F, progenies or i location of study in the F,Syn,
progenies; U is the overall mean; y, b, m, and f refer to the
sources of variation (year in F, and location in Fy8yn,, blocks.
males and females); e is the error associated with observa-
tion ijklr. Effects of all sources of variation were considered at
random. Their asymptotic standard errors were computed by tak-
ing the square root of the estimated asymptotic covariances of
the components of variance.

Estimates of 62y and 62 were used to estimate additive ge-
netic variances (62, = 407%y). dominance variances (62, = K02 -
62y} and their interactions with environments, Narrow-sense
heritability was estimated as h’= ¢2,,/62, . where 02, is the total
phenotypic variance estimated on an individual basis. The as-
ymptotic standard errors of genetic variances and heritabilities
were computed according to the d method (Rio, 1973) using the
asymptotic covariance maurix of the components of variance, and
components of variance, estimated using the REML-method ac-
cording to the lineal model above described,

Responses to selection (R) per unit of applied intensity (i) were
computed according to the expression R, i=h?a, (Farconer, 1989),
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Following the same linear model and using the GLM proce-
dure of the SAS program [(SAS Instirite, 1990; SAS INSTITUTE,
1997) with Ranpom and Maxova options, multiple analysis of vari-
ance was compitited to obtain cross-mean products and additive
covariances needed to obtain additive genetic correlations (ry).

Correlated response to selection in the trait 3 (CR) per unit
of applied intensity of selection in the trait & (i) was computed
according to the expression CR, =h,r,G, (FALCONER, 1989),
where h is the square root of the heritability of the x trait, ry the
additive genetic correlation between the involved traits, and 6,
the square root of the additive genetic variance of the trait 3.

Selection in Mol 7xAcross 8443 La Posta F,and FoSyn; geperations

Two thousand competitive plants of Mol7xAcross 8443 La Pos-
ta F, and F,Syny generations, with an effective density of 62.500
plants/ha, were used in each selection process. The smallest diam-
eter of the central part of the first elongated internode of each plant
was measured when the earliest plants shed pollen. The female in-
florescences of the 100 plants with greatest diameter were covered
before silking. When silks were receptive on 15 plants, pollination
was performed by collecting the pollen of all selected plants, mix-
ing it together, and using it to pollinate all the receptive plants. This
process was repeated every two days until all 100 selected plants
were pollinated. The applied selection pressure of 5% corresponds
to a selection intensity of i=2.06 (FALCONER, 1989), as normal distrib-
utions were assessed in our populations. Kernels were removed
from the cobs of the resulting ears and mixed together to produce
the seeds for the compuarative trial. All generations of selection
were carried out in N.E. Spain, between 41° and 42° N, with a mild
Mediterranean climate in 1999, Irrigation was available with a mini-
mum water supply of 30 mm per week.

The comparative study of Mol7xAcross 8443 La Posta, Fs,
FySyns, Fr selected (F,) and FSyny selected (F,Syns,) popula-
tions was performed from July through October 2000, under irri-
gation at three different locations, all in N.E. Spuain. An experi-
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mental design of randomised blocks with six replications was

used at each location. Each block consisted of four rows (one for

each population). Each row (plot) consisted of 34 competitive
plants (density 62,500 pl/ha).
The following traits were recorded:

—~  Stem diameter in millimetres. The thinnest diameter in the
central part of the first elongated internode of the stem,
recorded plant by plant.

—  Days to flowering. Recorded as the number of days from
planting to 50% of plants in a plot shedding pollen.

~  Grain yield per plant (in g). Ears were harvested long after
the appearance of the black layer.

Data were analysed according to the linear model,
Nigg = B &+ 1+ Dy + g8l + ey

where,

g; = population effect

I = location effect

byy;y = block effect within location

ey = residual effect (plot within generation, block and location).
Calculations were performed using the GLM procedure of the

SAS statistical package (SAS INSTITUTE, 1990; SAS INSTITUTE, 1997).

RESULTS AND DISCUSSION

In generation F, the variances owing to environ-
mental factors (year and block) were not significant
for any trait, and neither were the interactions of
these factors with the male and female effects
(Table 1). The male and female effects were, how-
ever, significantly different from zero for all traits
except male in the trait grain yield (Table 1).

TABLE 1 - Estimates of variance components of year (0y) or location (02;), bloc (02y), male (G2, female (02) | year or location x male
(02430 08 69) yp). and year or location x female (G2y or 62,0 in Fy and FSyn,, and their asympiotic standard errors.

F, oy o’y Ty o SOy Cyp
Days to pollen shedding 21.055 0.3120 4.524* 4.3589* 0.0142 0
£2.22 £0.241 +1.28 +0.721 £0.103
Stem diameter (mny) 0.9136 0.0500 0.736* 1.040* ¢ 0
£0.936 £0.046 £0.251 £0.198
Grain yield (g/plant) 128.72 50.47 71.93 318.39* 44.36 0
£149.27 +40.22 £95.09 £08.10 +32.22
FaSyny o’y oy Oy o STy ST
Days to pollen shiedding 0.7250 0.0026 3.6901* 2.0330" 0 0
£0.613 £0.025 £0.94006 +0.3973
Stem diameter (mm) I}l 0.3517* (.5283* 0.6200" 0 0.0162
£0.1741 +0.1679 +6.1228 £0.0577
Grain yield (g/plant) 694.13 0 331.08* 137 487 0 37.858
+575.3 +95.42 +063.94 £535.92

* Variance component significantly different from zero at p<g0.05.
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TABLE 2 - Estimates of additive variances (02 ). dominance variances (62p), narrow-sense heritabilities (h2), expected response to selection
(R/1) and expected percent increase (%inc) achieved in each trait per unit of applied selection, in F, and F,Syn ; generations.

E, o, 25 h? R/ 9binc
Days to pollen shedding 18.10" 0 0.69" 3.54* 4.44*
+5.12% +0.18% +0.68 +0.85

Stem diameter (mm) 2.94" 1.22 0.29~ 0.926* 3.29*
+1.01 +1.43 +0.10 +0.20 +0.73

Grain vield (g/plant 287.73 985.86" 0.09 5.08 3.68
+236.37 +422.27 +0.07 16.67 +4.84

F,Syn; G2, o2 h? R/i %inc
Days to pollen shedding 14.76" 0.78" 3.39* 4.12*
£3.76 +0.16 +0.79 +0.96

Stem diameter (mm) 2,11 0.29" 0.79* 3.20"
+0.67 +0.09 +0.24 +0.99

Grain yield (g/plant) 1324.31* 0.28* 19.15* 11.27*
+381.69 +0.08 +5.47 +3.22

* Variance component significantly different from zero at p<0.05.
* 624, 62y or h% asymptotic standard error.

In generation F,Syns, the variances due to envi-
ronmental factors (location and block) were not sig-
nificant except block for the trait stem diameter,
which falls near the limit of significance (Table 1).
The interactions of the environmental factors with
the male and female effects were not significant, ei-
ther (Table 1). Male and female effects were signifi-
cantly different from zero in all traits (Table 1).

Genetic structure in F, and FySyn;

Small differences were found between F, and
F,Syn; for the heritability of stem diameter (Table 2).
Similar values for both generations were also estimat-
ed for the expected response to selection per unit of
applied intensity of selection for this trait (Table 2).
Thus it seems that the genetic structure that controls
stem thickness has not undergone radical changes
between generation F, and F,Syns;. The presumed
linkage disequillibrium in F; is not important and the
deviations in the estimates of 62, and 62 caused by
it are small, and not significant (Table 2).

The situation for the trait days to flowering is
similar. Neither the estimates of 62, and &4, nor
the heritability and the response to selection per
unity of applied intensity of selection are signifi-
cantly different between F, and F,Syn; (Table 2).

Grain yield showed no significant additive vari-
ance in F,, with the one due to dominance being
the most important genetic source of variation (31%

of total phenotypic variance). Although not very
common (HaLLAUER and MIRANDA, 1988), similar situ-
ations were reported in adapted germplasm by
CaSANAS et al. (1988), GOUESNARD et al. (1989) and
MaLvAR et al. (1996). We can suppose that for this
trait the Mol7 x Across 8443 La Posta had not
reached equilibrium, so that linkage bias would
cause underestimations of additive variance and
overestimations of dominance variance (HALLAUER
and MIrRANDA, 1988).

In F,Syns the additive variance is very high with
respect to F,, while the dominance equal to 0
(Table 2), with the consequence that heritability and
the response to selection per unity of applied inten-
sity of selection are statistically significant.

The results show that three additional genera-
tions of intermating do not modify the expected re-
sponse to selection for thickness of the stem and
days to flowering; this will enable us to save time
and start the process in F,. It seems that in this pop-
ulation the main loci involved in variation of each
of these traits are not linked (or if they are, they
have a very high frequency of recombination).

The situation is different for grain yield. Some of
the loci involved in the control of this trait are pre-
sumably linked (linkage between quantitative loci
involved in grain yield was reported in several stud-
ies, e.g., GraHAM ef al. 1997); moreover, the
genomes of Mol7 and Across 8443 La Posta are
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complementary for heterosis. In both Mol7 and
Across 8443 La Posta. the loci involved in yield
would show heterogeneity for dominant and reces-
sive linked alleles, so that in F,. in linkage disequi-
librium, states of repulsion would predominate. In
F, of B73 x Mol7. Wotr et al. (2000) reported a 62,
> ¢2, which they attributed to linkage disequilibri-
um, while epistatic variance was of little impor-
tance. HanzetiN (1998), in an introgression of exotic
gerniplasm into elite Brazilian populations found a
reduction in the genetic variances for grain yield,
which he attributed to changes in linkage equilibri-
um and epistatic interactions. This kind of interac-
tions could also contribute to explain the differ-
ences between F, and F,Syns in our experiment.

The genetic variances aftfect the values of the ad-
ditive genetic correlations between traits and the ex-
pected correlated responses to selection for stem di-
ameter. In F, and F,Syn; the additive genetic corre-
lations between stem diameter and days to pollen
shedding are significantly different from zero but
are not significantly different from each other (Table
3). This leads to correlated responses in dayvs to
pollen shedding per unity of applied intensity of se-
lection in stem diameter significantly different from
zero but not significantly different between F, and
F,Syn; (Table 3). On the other hand, as the yield in
F, shows negligible additive genetic variance, the
expected correlated response to selection in grain
yield per unity of applied intensity of selection in
stem diameter is not significantly different from zero
(Table 3). In F,Syn,, with a significant additive ge-
netic correlation between both traits, the corrrelated
response in grain yield per unity of applied intensi-
ty of selection in stem diameter is significanly differ-
ent from zero (Table 3).

The comparison of the values of the genetic para-
meters of Mol7 x Across 8443 La Posta with the val-
ues obtained in an adapted variety such as Lancaster,
which is supposedly in a state of linkage equilibrium,
shows that the differences in generation F,Syns of
Mol7 x Across 8443 La Posta with respect to the
structure of Lancaster are minimal (in Lancaster, heri-
tability of stem diameter =0.36+0.12, pollen shedding
=0.08+0.16, grain vield =0.2120.12; and expected %
increase per unit of selection intensity applied
=4.35%, 2.5% and 6.91% respectively — ALMIRALL ef al.,
199G -). Thus, after four generations of intermating
the semiexotic population generated by crossing the
adapted inbred Mol7 with the exotic population
Across 8443 La Posta shows similar heritabilities to
those found in an adapted population in equilibrivin.

3%
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TABLE 3 - 4) Estimates of additive genetic correlations aniong
traits with significant additive rariance in Fy and FoSyn,. B) Ex-
pected correlated responses in days to pollen shedding and grain
vield per unit of applied intensity of selection in stem diamerer.

Traits F> F,Syny

A) Stem diameter-days

to pollen shedding 0.53520.147 0.390+0.151
Stem diameter-grain yield 0 0.51220.156
Days to pollen

shedding-grain yield 0 0.376£0.152

B) Days to pollen shedding (days) 1.2320.39 0.8120.2+4

3.07+0.50F 1.97+0.30
Grain yield (g) 0 10.07+ 2.69
O 11.86£.2.80

7 Percentage expected increase with a pressure of selection of 5%.

Achieved versus expected response to selection
Performing a single cvcle of selection for stem
thickness in F, and F,Syn; has generated two new
populations (F,, and F,Syns ) that do no differ signif-
icantly from one another (p<0.05) for this trait (Table
4). The two initial generations (F, and F,Syn;) also
showed no significant difference (p<0.05) for this

TABLE 4 - Results of the field comparison trial among nnselected
Fo and FSyng and popudations derived from selection for thick
stem diameter.

Stem diameter Pollen shedding®  grain vield

Generation

mm days g/plant
F)Syns 27 .49 86.71a 1154
Fa, 2732 85.61h 89h
F,Syny 25.73b 84.41c 106ab
E, 25.41b 84.18¢ 97ab

* Interval from planting.
* Figures followed by the same letter are not significantly differ-
ent according to the Newman-Keuls test (p<0.03).

TABLE 5 - Comparison of expected and achieved increase in
thickness of the stem diameter it Fs and F.Syn . The same for
correlated response in days to pollen shedding and grain yield.

Stem diameter  Days to pollen Grain vield

(mm) shedding (g/planD
F, expected 1.68+0.37 2.58+0.42 0
F, achieved 1.91£0.30 1.44£0.36 7562
FySyn; expected  1.65£0.50 1.67+0.25 12.6£29
FySvn, achieved  1.76£0.30 2.3020.30 9£8.9
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trait (Table 4), as would be expected given the ge-
netic structure of F, and the fact that no selection
had been carried out to develop F,Syn;. Comparison
of the achieved and expected responses to selection
for the thickness of the stem diameter reveals that
both in generation F, and generation F,Syn; the ex-
pected and realized responses coincide and the dif-
ferences are within the limits of the estimation error
(Table 5). The results confirm that the main loci re-
sponsible for variation in the stem thickness in the
semiexotic population are not strongly linked.

A significant delay in pollen shedding with respect
to the starting populations was seen to parallel the
thickening of the stem, in both population F,, and
F,Syns,. Moreover, values for this trait are significantly
higher in F,Syn;¢ than in F,, (Table 4). Comparison of
the expected and realized values for days to pollen
shedding after selection for stem thickness shows no
significant difference in either F,; and F,Syns¢ (Table
5). Our knowledge of the genetic structure of popula-
tions F, and F,Syns enabled us to accurately predict
their behaviour after undergoing selection.

With respect to grain yield, the values obtained in
the four populations studied overlap (Table 4). The
population F;Syns, is the most productive, but it is
not statistically different from either F, or F,Syn;. No
correlated response to selection for stem diameter
thickness is expected in F,, though it is expected in
F,Syns. Although this response was observed, it was
not statistically different from zero (Table 4). As was
stated above, the lack of correlated response in F,
can be attributed to linkage disequilibrium in repul-
sion phase. When equilibrium has been reached and
the expected correlated response becomes significant
(12.622.9 g/plant, with a selection pressure of 5% for
stem thickness — Table 5 —), a value of 9+8.9 g is re-
alized, which is not statistically different from zero,
but which is also not significantly different from the
expected response of 12.6 g (Tables 4 and 5). Data
suggest that a real advance is achieved, but due to
the high resicdual of the ANOVA for grain yield, the
increase is not statistically significant (p<0.05). This
would mean that the correlated response in grain
yvield on performing selection for stem thickness pre-
viously found in the Lancaster variety (CASaNaS et al.,
1998) could also be obtained in the semiexotic popu-
lation Mol17 x Across 8443 La Posta. Nevertheless, to
take advantage of this situation for breeding for high-
er grain yield in the semiexotic population, several
generations of intercrossing are needed to reach link-
age equilibrium for this trait. In the present study
four generations of intermating were sufficient.
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