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SUMMARY

Seed vigour traits correlated with field emergence speed in cool conditions and with acceptable coefficients
of variation were determined in hybrids and selfs from public inbred lines of maize and grain sorghum. Controlled
tests showed less environmental variation than field measurements. In maize, there were significant parental
effects in all traits except mean time to field emergence in cool conditions (FEI).  Germination percentage after
12 days at 10 oC, alone (LT) or related to a 25 oC control (LTC), and FEI, showed hybrid vigour. In LT, LTC and
FEI, EZ18o2 and CM105 were the lines with the highest general combining ability (GCA) effects. No trait sho-
wed significant mean heterosis in sorghum, where Ks22 was the line with highest GCA in LTC, LT and FEI. Maize
germination at low temperatures was better than that of sorghum, and its field emergence in cool conditions was
also higher and faster.

KEY WORDS: Seed vigour 
Combining ability 
Zea mays
Sorghum bicolor

INTRODUCTION

The introduction of productive, long cycle varieties of maize (Zea mays L.) and grain
sorghum (Sorghum bicolor L. Moench) in cool regions is frequently hampered by cold
spring temperatures at sowing time, which reduce field emergence of these summer cere-
als. Low temperature increases the mean time of seed germination and seedling emergen-
ce through soil, due to an insufficient heat sum (Benjamin, 1990).

Many authors have detected quantitative genetic differences in maize at low tempera-
tures for percentage and speed of germination and emergence, and for seedling growth rate.
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Gene action included additivity, positive heterosis and epistasis (in the embryo) and mater-
nal effects (mainly in the endosperm due to nuclear gene dosage, but some in the cyto-
plasm, due to mitochondrial DNA) (McConnell and Gardner, 1979a; Eagles, 1982; AOSA,
1983; Maryam and Jones, 1983). Selection for cold tolerance was carried out succesfully
in the maize synthetic BSSS (Mock and Bakri, 1976). However, McConnell and Gardner
(1979b) found it difficult to meet adequate field temperatures in early sowing, for selection
of emergence in two maize populations, and therefore controlled seed vigour tests are use-
ful tools in breeding programs.

García and Lasa (1990, 1991) used contrasting public inbred lines and commercial
hybrids of maize and grain sorghum to choose, between several seed vigour  tests simula-
ting various stresses, those correlated with quick field emergence in cool conditions. A fac-
torial NCII genetic mating design between the sorghum lines was used by Mason et al.
(1996) to calculate specific (SCA) and general (GCA) combining ability effects for kernel
weight, coleoptile diameter and length, and emergence potential in crusted soils (piston dis-
placement in vitro). The line which displaced most the piston and had the thickest coleop-
tile in their experiment (Ia9) was the same which emerged best through a gravel layer as
found by García and Lasa (1991).

In the present study, the tests selected by García and Lasa (1990, 1991) (correlated with
speed of field emergence in early sowing, with good genotype discrimination and accepta-
ble coefficients of variation) are applied to mating designs in order to know general and
specific combining ability effects. 

MATERIAL AND METHODS

In 1989, a complete 6x6 diallel cross was effected with six maize lines, two of high
field emergence (CM105, from Canada; W64A, from USA), two of medium (EZ7o2 and
EZ18o2, Spanish lines homozygous for the opaque-2 gene) and two of low field emergen-
ce (EZ19o2, from Spain; B14dec, USA line homozygous for the decussate gene). A facto-
rial design North Carolina II plus selfs was effected with eight USA grain sorghum lines,
four of high (Ia33, Ks22, Ks3, Ia17) and four of low (Ia9, N4692, Ks24, Ks33) percentage
of seedlings with first leaf, when germinating on saline conditions (Igartua, 1990). Four of
the lines had cytoplasmic male sterility (A lines) (Ia33, Ks22, Ks24 and N4692). Their
inflorescences were bagged and crossed with bagged inflorescences of the four fertility res-
toring lines (R lines) (Ia9, Ia17, Ks3 and Ks33). Selfed A seed was obtained bagging inflo-
rescences of isogenic male sterility maintainers (B lines).

Inbred lines and their F1s were evaluated for seed vigour characters chosen by García
and Lasa (1990, 1991), under both controlled and field conditions. All experiments were
done following a randomised complete block design. 

Controlled conditions

Three replications of 25 seeds each were put on a filter paper into plastic trays covered
with a film, in different solutions and temperature conditions. The percentage of germina-
tion was evaluated. Treatments for the different tests were:
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a) Saline solution with an osmotic tension of -0.2 MPa during 30 days in dark at 25 oC
(SALT2).

b) Saline solution with an osmotic tension of -0.6 MPa during 30 days in dark at 25 oC
(SALT6).

c) Distillate water during 12 days in dark at 10 oC (LT).
d) Distillate water during 12 days in dark at 25 oC (control).

In order to isolate the factor “low temperature”, the percentage of germination LT was
divided by that of the control to give the parameter LTC. Since SALT2 and SALT6 were
not correlated with field emergence at low temperature in sorghum (García and Lasa,
1991), they were not used in this species.

Field conditions

The experimental plot in maize was four rows of 5 m with 0.75 m between rows and
18 cm between seeds, and in sorghum three 3 m rows with 0.5 m between rows and  8 cm
between seeds. The sowing was done on the 18 April 1990 for maize and on the 19 April
1990 for sorghum. The field was ploughed and harrowed before sowing. No fertilizer was
added. The soil was a Haplic Calcisol of clay loam texture, and soil temperature during the
first 10 days of the trial ranged from 11.5 to 15 oC. Field emergence percentage (%FE) was
evaluated, as well as arithmetic mean time to seedling field emergence, measuring field
precocity (FEI=field emergence index: Smith and Millet, 1964).

Combining ability effects were calculated in the hybrids following Hallauer and
Miranda (1988). SCA effect=hybrid mean minus mother mean of that cross minus father
mean of that cross plus overall hybrid mean; GCA effect=mean of each half-sib family
minus overall hybrid mean. Selfed lines were used to estimate mean heterosis (overall
hybrid mean - overall inbred lines mean), whose significance is obtained with a contrast in
an analysis of variance (Tables 1 and 4).

RESULTS AND DISCUSSION

Maize

Mean squares from the analysis of variance of the traits in selfed lines and their F1
hybrids are shown in Table 1. Field measurements (% FE and FEI) did not show differences
between inbred lines, and their block effects were greater. The higher CV of %FE compared
with the rest of the traits makes it less suitable for selection of seed vigour. Reciprocal dif-
ferences were significant for all traits except FEI, probably indicating maternal effects. All
controlled tests showed differences between F1 genotypes, except SALT2, probably due to
its low percent of explained variation (R2). Germination at 10 oC (LTC and LT) showed posi-
tive mean heterosis (hybrid vigour), measured as the overall mean difference between inbred
lines and F1s. Mean heterosis was the only significant effect in FEI (F1 hybrids germinated
more at low temperature and emerged earlier in the field than inbred lines).
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TABLE 1 

ANALYSIS OF VARIANCE FOR SEED VIGOUR TRAITS ON A 6X6 DIALLEL
CROSS ON MAIZE INBRED LINES

Análisis de varianza de caracteres de vigor de nascencia en un dialelo 6x6 de maíz

Source of Mean squares 

Variation df SALT2 LTC LT SALT6 % FE FEI

Genotypes (G) 35 140.4*** 593.7*** 607.3*** 205.3*** 155.2** 2.7**
Inbred lines (IL) 5 248.8** 1929.9*** 1432.3*** 347.1** 82.5 2.5
F1s Genotypes 14 77.6 367.8*** 388.3*** 138.5*** 92.3* 1.7
F1s D vs Ra 15 125.6** 187.0* 302.8*** 203.7*** 206.9*** 1.2
IL vs F1s 1 700.0 3175.1** 4114.6** 453.7 622.1 40.8*

Blocks 2 88.3 41.0 11.9 178.2* 1479.1*** 107.2***

GxBlocks (G error) 70 48.1 77.6 27.0 42.2 74.9 1.2 
ILxBlocks (IL error) 10 42.5 79.5 21.9 50.3 167.4 2.0
F1sxBlocks (F1 error) 58 48.6 79.4 28.0 40.7 46.4 1.0
(ILvsF1s)xBlocks 2 61.0 15.9 22.3 45.5 441.0 2.0

R2 0.60 0.79 0.92 0.72 0.62 0.79
CV (%) 9.0 11.5 7.4 8.9 16.3 7.0
Genotype mean 93.7 90.7 84.0 89.6 63.7 15.6
IL mean 88.0 73.5 64.2 84.2 54.8 17.0
F1s mean 94.8 94.1 88.0 90.7 65.5 15.4

SALT2, SALT6: % germination in a saline solution of -0.2MPa and -0.6MPa, respectively. LTC, LT: % germi-
nation after 12 days at 10 oC, related or not to a 25 oC control, respectively. % FE, FEI: % field emergence and
field emergence index in April 1990, respectively. Means are percentages, except FEI (days). 
a Direct versus reciprocal crosses.
SALT2, SALT6: % germinación en solución salina de -0,2MPa y -0,6MPa, respectivamente. LTC, LT: % ger-
minación después de 12 días a 10 oC, relativo o no a un control a 25 oC, respectivamente. % FE, FEI: % emer-
gencia e índice de emergencia en campo en abril 1990, respectivamente. Medias en porcentajes, salvo FEI (días).
a Cruces directos versus recíprocos.

TABLE 2

GENERAL COMBINING ABILITY EFFECTS OF SEED VIGOUR TRAITS 
ON SIX MAIZE INBRED LINES

Efectos de aptitud combinatoria general de vigor de nascencia 
en seis líneas de maíz

Inbred SALT2 LTC LT SALT6 % FE FEI 

line ➁ ❹ ➁ ❹ ➁ ❹ ➁ ❹ ➁ ❹ ➁ ❹

EZ7o2 2.7 0.0 -5.6 -0.7 -3.2 -0.3 4.7 -1.0 7.6 -2.3 0.5 0.1
W64A -2.7 3.0 -0.8 3.8 -2.1 7.5 -3.8 0.5 -7.9 -1.2 0.4 -0.2
EZ18o2 2.7 -1.9 4.4 1.9 7.5 -3.7 3.1 -5.5 7.4 -3.6 -0.5 0.1
EZ19o2 -5.4 2.2 -4.8 -8.7 -13.1 -7.2 -10.3 4.6 -15.5 9.3 0.0 0.1
CM105 2.2 -3.8 4.3 3.4 6.4 2.9 3.1 1.7 3.9 -0.3 -0.3 -0.1
B14Dec 0.5 0.5 2.5 0.3 4.5 0.8 3.2 -0.3 4.5 -1.9 -0.1 0.0
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TABLE 3

LINEAR PEARSON CORRELATION COEFFICIENTS BETWEEN 
SEED VIGOUR TRAITS IN MAIZE AND SORGHUM

Coeficientes de correlación lineales de Pearson entre caracteres 
de vigor de semilla en maíz y sorgo

Maize

SALT2 SALT6 LT % FE FEI

LTC 0.23 0.25** 0.91*** 0.21** -0.45**
SALT2 0.71** 0.48*** 0.66** -0.35**
SALT6 0.52*** 0.76** -0.41**
LT 0.44** -0.60**
% FE -0.45**

Sorghum

LT % FE FEI

LTC 0.99*** 0.17 -0.50**
LT 0.21 -0.51**
% FE -0.44**

SALT2, SALT6: % germination on saline solution at -0.2MPa and-0.6MPa. LTC, LT: % germination in 12
days at 10 oC, related or not to 25 oC control. % FE, FEI: % field emergence and emergence index in April
1990.
SALT2, SALT6: % germinación en solución salina de -0,2MPa y -0,6MPa, respectivamente. LTC,LT: % germi-
nación después de 12 días a 10 oC, relativo o no a un control a 25 oC, respectivamente. % FE,FEI: % emergen-
cia e índice de emergencia en campo en abril 1990.

SALT2 and FEI results show that their conditions are not idoneous to evaluate seed
vigour. Therefore, GCA discussion will centre on the other traits. For LTC, LT and FEI,
EZ18o2 had the highest GCA effect of all lines, when acting as mother (Table 2). EZ19o2
had the highest GCA as father in % FE. EZ7o2 had the highest GCA as mother in SALT6.
From the results, EZ18o2 and CM105 seem interesting lines for seed vigour breeding at
low temperatures.

The highest SCA effect was presented by EZ18o2 x CM105 in SALT2 (4.5),
W64A x EZ18o2 in SALT6 (10.8), EZ7o2 x B14Dec in LTC (10.7), B14Dec x EZ19o2
in LT (15.3), EZ19o2 x EZ7o2 in % FE (19.2) and W64A x EZ7o2 in FEI (0.9). 

SALT2 and SALT6 were significantly correlated with % FE, FEI and LT; but SALT2,
SALT6 and % FE were not correlated with LTC (germination at low temperature “per
se”) (Table 3). These correlations were not due to salinity in the field, because irrigation
water was not saline and the electric conductivity of the saturated soil extract 1:5 was
only 0.22 dS*m-1. Correlations between % FE, SALT2, SALT6 and LT could indicate a
common set of genes involved in the germination under low temperature and salinity
conditions. 
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TABLE 4

ANALYSIS OF VARIANCE FOR SEED VIGOUR TRAITS IN A 4X4 FACTORIAL
CROSS (NCII) PLUS SELFS ON GRAIN SORGHUM

Análisis de varianza de vigor de nascencia en un cruce factorial
4x4 (NCII) más autofecundaciones en sorgo

Source ofvariation df LTC LT % FE FEI

Genotypes (G) 23 357.7*** 325.3*** 287.9*** 8.3*** 
Inbred lines (IL) 7 584.2*** 531.1*** 497.0* 9.3** 
F1s Mothers (M) 3 729.6*** 757.5*** 143.3** 25.4*** 
F1s Fathers (F) 3 322.2*** 285.4*** 225.0*** 6.8* 
F1s MxF 9 107.4* 68.1** 221.6*** 3.4 

IL vs F1s 1 15.4 23.4 43.6 0.002

Blocks 2 5.8 6.4 284.5* 0.7

GxBlocks (G error) 46 40.1 25.8 69.2 2.1 
ILxBlocks (IL error) 14 36.1 31.9 149.1 1.5 
F1sxBlocks (FIs error) 30 36.7 19.5 29.7 2.2 

(ILvsF1s)xBlocks 2 120.1 76.6 101.0 5.5

R2 0.82 0.86 0.69 0.66
CV (%) 14.8 12.5 24.3 8.6
Genotype mean 46.2 42.7 32.0 17.0
IL mean 48.0 45.4 34.8 17.0
F1s mean 45.7 42.1 31.3 17.0

LTC, LT: % germination in 12 days at 10 oC, related or not to 25 oC control. % FE,FEI: % field emergence and
emergence index in April 1990, respectively. Means are percentages, except FEI (days).
LTC, LT: % germinación después de 12 días a 10 oC, relativo o no a un control a 25 oC, respectivamente. %
FE,FEI: % emergencia e índice de emergencia en campo en abril 1990, respectivamente. Las medias están en
porcentajes, excepto FEI, en días. 

Sorghum

Mean squares from the analysis of variance of the traits with acceptable CV measured
in selfed lines and their F1 hybrids are shown in Table 4. There were significant differen-
ces in all traits between inbred lines, maternal and paternal half-sib hybrid families. In con-
trast with maize results, no trait presented significant mean heterosis, probably because
sorghum is mainly an autogamous species. FEI was the only trait without significant SCA
effects (mothers x fathers interaction). 

Hybrids whose common parent was Ks22 had the highest germination (GCA) at 10 oC
(LT and LTC) and the fastest field emergence in cool conditions (Table 5). Ks3 had the hig-
hest GCA for % FE. Thus, Ks22 is an interesting line for seed vigour breeding at low tem-
peratures. Ks22 x Ks3 had the highest SCA effect in LTC (14.2) and in LT (11.1). Ks24 x
Ia17 had the highest SCA in % FE (22.0).
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Although LTC and LT were negatively correlated with FEI (Table 3), they were not sig-
nificantly correlated with % FE, probably because field temperatures were not as low as
desired. % FE was also the trait with highest CV (Table 4). Therefore, as in maize, the use
of controlled seed vigour tests is justified.

Maize vs sorghum

Maize germination at low temperatures was better than that of sorghum, and its
field emergence in cool conditions was also higher (Tables 1 and 4), probably because
its geographic origins include relatively high altitudes and because it has bigger endos-
perm and embryo. Time to emergence was the same in the inbred lines, but maize
hybrids emerged faster than sorghum’s, and that could be due to heterotic effects in
maize. In both species % FE was the trait with highest CV. In neither species was there
significant correlation between LTC (which only takes into account the effect of low
temperature) and % FE. In LTC, LT and FEI, the same line showed the highest GCA in
each species. 

TABLE 5

GENERAL COMBINING ABILITY EFFECTS OF SEED VIGOUR TRAITS 
ON FOUR SORGHUM INBRED LINES

Efectos de aptitud combinatoria general del vigor de nascencia 
en cuatro líneas puras de sorgo

Inbred line LTC LT % FE FEI

Mother
Ks22 19.1 18.6 0.5 -1.3
Ks24 -10.4 -12.5 0.9 0.4
Ia33 -6.2 -6.3 -7.2 1.9
N4692 -2.5 -0.2 5.8 -1.0

Father
Ia9 -2.4 -2.9 -5.0 1.1
Ks3 -0.7 -0.9 8.1 -0.3
Ia17 -8.9 -7.7 3.7 -0.5
Ks33 12.0 11.5 -6.8 -0.3

LTC, LT: % germination in 12 days at 10 oC, related or not to 25 oC control. % FE, FEI: % field emergence and
emergence index in April 1990, respectively. 
LTC, LT: % germinación después de 12 días a 10 oC, relativo o no a un control a 25 oC, respectivamente. % FE,
FEI: % emergencia e índice de emergencia en campo en abril 1990, respectivamente.
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CONCLUSIONS

In maize and grain sorghum, controlled seed vigour tests correlated with field emer-
gence are more useful than field emergence itself. Controlled tests showed specific combi-
ning ability and, in maize, parental effects. EZ18o2 (in maize) and KS22 (in sorghum) are
interesting parental donors for low temperature emergence. Finally, maize germinates bet-
ter than sorghum at low temperature. 
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RESUMEN

Efectos de aptitud combinatoria para caracteres de vigor de semilla relacionados 
con la emergencia en bajas temperaturas en maíz y sorgo para grano

Se han determinado ensayos de vigor de semilla con aceptables coeficientes de variación y correlacionados
con la precocidad de emergencia en campo en condiciones frías, en híbridos y autofecundaciones de líneas puras
cruzadas según un diseño dialelo 6x6 en maíz y según un diseño North Carolina II 4x4 en sorgo para grano: por-
centaje de germinación en soluciones salinas con tensiones osmóticas de -0,2 y -0,6 MPa, porcentaje de germi-
nación después de 12 días a 10 oC, bruta (LT) o con respecto a un control a 25 oC (LTC), porcentaje de germi-
nación (%FE) y tiempo medio de emergencia en condiciones frías (FEI). Los ensayos controlados mostraron
menor variación ambiental que las medidas de campo. En maíz, hubo efectos parentales significativos en todos
los caracteres salvo FEI. LTC, LT y FEI mostraron vigor híbrido. En esos tres caracteres, EZ18o2 y CM105 fue-
ron las líneas con mayores efectos de aptitud combinatoria general (GCA). Ningún parámetro mostró heterosis
media significativa en sorgo, donde Ks22 fue la línea con mayor GCA en LTC, LT y FEI. La germinación del
maíz a bajas temperaturas fue mejor que la del sorgo, y su emergencia en campo en condiciones frías fue tam-
bién mayor y más rápida.
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Combining ability 
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Sorghum bicolor
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