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Two improved tropical maize composites, TZL COMP3 and TZL COMP4; representing 
complementary heterotic pools have been subjected to four cycles of reciprocal recurrent 
selection (RRS) for two decades to enhance varietal cross performance. The objectives of 
this study were to evaluate the effect of selection on genetic gain in heterosis for grain yield 
and other agronomic traits of these composites. Ten parental populations representing the C0 
to C4 of each composite and their crosses plus a varietal check were evaluated in a trial at 
eight environments in Nigeria. Grain yield of the varietal crosses increased with selection by 
3.1% cycle–1. Mean grain yields of the C4 × C4 varietal cross exceeded that of a popular 
improved reference variety by 23%. Selection also reduced anthesis-silking interval, 
improved ear characteristics, phenotypic appeal and resistance to foliar diseases. Mid-parent 
heterosis (MPH) increased from 4% at C0 × C0 to 24% at C4 × C4. The average rate of genet-
ic gain in heterosis for grain yield in population crosses was 3.1% possibly because of pres-
ence of non-additive gene effects. The results of our study present the potential usefulness 
of the advanced selection cycle as sources of diverse inbred lines with improved combining 
ability as well as improved varietal crosses that can be multiplied and deployed in areas with 
limited market access.
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Introduction

Maize (Zea mays L.) is a major staple food and primary source of daily calorie for hu-
mans in several countries in sub-Saharan Africa (Olaniyan 2015). Increasing maize pro-
ductivity per unit area will lead to more food, reduced food prices for the urban and rural 
poor and extra produce for sale. The development and commercialization of maize varie-
ties and hybrids with high yield potential is therefore important for increased productiv-
ity in the diverse production environments (Menkir et al. 2006). This can be achieved 
through improvements in breeding efficiency to accelerate the rate of genetic gains. 
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In hybrid maize breeding programs, interpopulation improvement methods are used to 
exploit heterosis in grain yield and other traits (Ordas et al. 2012). Comstock et al. (1949) 
describes reciprocal recurrent selection (RRS) as one of the cyclical breeding methods 
that exploits additive and nonadditive genetic effects in the population cross involving 
two genetically diverse populations that serve as reciprocal tester for each other. Such 
complementary source population can be used by breeders after improvement for grain 
yield and other traits (Lamkey and Hallauer 1987). Reciprocal recurrent selection were 
thus designated to gradually increase the frequency of favorable alleles in complementary 
populations that allow the development of divergent populations and inbred lines from 
advanced selection cycles to maximize heterosis (Hallauer and Miranda 1995; Betrán and 
Hallauer 1996). Breeders at the International Institute of Tropical Agriculture (IITA) have 
then created two late maturing tropical maize composites, designated as TZL COMP3 and 
TZL COMP4, for a long-term RRS program to maximize expression of heterosis in hy-
brids. These composites have been subjected to four cycles of RRS to boost agronomic 
performance of hybrids formed from inbred lines and varieties developed from advanced 
selection cycles (Falconer and Mackay 1996).

Several studies have shown that the level of heterosis expressed in population crosses 
for grain yield and other desirable agronomic traits has been enhanced through RRS 
(Menz and Hallauer 1997; Menz et al. 1999; Carena and Hallauer 2001). Such improve-
ment in heterosis through RRS allow the development of superior hybrids (Reis et al. 
2013) and population crosses that can be used as commercial varieties (Carena 2005; 
Carena and Wicks III 2006). These hybrids may exhibit heterosis as a consequence of 
genetic divergence and partial to complete dominance of genes controlling grain yield 
and other traits (Hallauer and Miranda 1995). When population crosses are used as com-
mercial hybrids that can be profitable alternatives to single-cross hybrids (Carena 2005; 
Souza Jr et al. 2010; Jenweerawat et al. 2010), yield depression which occurs with the 
recycling of seed is lower in the former than in the latter (Paliwal 2000). Likewise, the 
ease of seed production and low seed price of improved varietal crosses may be of interest 
to small holder farmers’ (Mosisa et al. 2009) in remote rural areas with limited market 
access. Several studies involving populations improved through RRS documented in-
creases in heterosis for grain yield varying from 2.5% at C0 to 42.5% at the advanced 
selection cycle (Souza Jr and Pinto 2000; Santos et al. 2007; Romay et al. 2011; Reis et 
al. 2013). 

Although TZL COMP3 and TZL COMP4 had undergone four cycles of RRS, however, 
the gain in heterosis in these composites has not been assessed to determine the develop-
ment of both non-conventional and conventional hybrids attractive to indigenous seed 
companies depending on their technical skills to produce and market hybrids. This study 
was, therefore, conducted to evaluate the effect of selection on genetic gain in heterosis 
for grain yield and other agronomic traits in varietal crosses of the original and advanced 
selection cycles of the two tropical maize composites.
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Materials and Methods

Genetic materials

Details about the components and the steps followed to constitute the two composite TZL 
COMP3 C0 and TZL COMP4 C0 have been described in detail in the Maize Improvement 
Program report (MIP, 1996). Also, the selection procedures used to improve the first (C1) 
to the fourth (C4) selection cycles has been described in detail by Menkir et al. (2015). In 
2013, the original (C0) and advanced (C1, C2, C3 and C4) selection cycles of TZL COMP3 
and TZL COMP4 were increased using 1000 plant-to-plant crosses in each selection cycle. 

Trial evaluation

The two original (C0) and eight advanced selection cycles (C1, C2, C3 and C4) of the two 
composites and their 5 varietal crosses plus a popular improved reference variety (IWD 
C2 SYN) were evaluated in 2014 and 2015 (Table S1*) at Ikenne (forest, 3°42′E, 6°54′N, 
altitude 30 m), Saminaka (savanna mid-altitude transitional zone, 8°39′E, 10°34′N, alti-
tude 760 m), Zaria (Northern Guinea savanna, 7°21′E, 11°7′N, altitude 640 m)) and Kad-
awa (Sudan savanna, 8°19′E, 12°2′N, altitude 520 m) in Nigeria. The trial was arranged 
in a 4 × 4 lattice design with three replicates. At each location, a genotype was planted in 
a two-row plot, 5 m long with 0.75 m spacing between rows and 0.50 m spacing between 
hills. Three maize seeds were sown per hill and later thinned to two plants per hill at two 
weeks after sowing (2 WAS) in order to leave 22 plants in each row.  A compound ferti-
lizer was applied at the rates of 60 kg N ha–1, 60 kg P ha–1 and 60 kg K ha–1 at the time of 
sowing. An additional 60 kg ha–1 N was applied in the form of urea for top dressing four 
weeks later. In each trial, gramoxone and primextra were applied as pre-emergence her-
bicides, followed by manual weeding to keep the trials weed-free. 

Collection of agronomic data

In each plot, days to anthesis and silking were recorded as the number of days from plant-
ing to when 50% of the plants shed pollen and had emerged silks, respectively. The anthe-
sis-silking interval (ASI) was computed as the interval in days between anthesis and 
silking. Plant and ear heights were recorded in cm as the average measurements on 20 
competitive plants per plot and were measured after anthesis from the base of the plant to 
the height of the first tassel branch and the node bearing upper ear, respectively. Husk 
cover was rated on a scale of 1 to 5, where 1 = husks tightly arranged and extended be-
yond the ear tip and 5 = ear tips exposed. Plant aspect was rated on a scale of 1 to 5 based 
on overall phenotypic appeal, where 1 = excellent phenotypic appeal and 5 = poor pheno-
typic appeal. Ear aspect was scored on a 1 to 5 scale, where 1 = clean, uniform, large and 
well-filled ears and 5 = rotten, variable, and small ears. Ears per plant were recorded as 
the number of ears with fully developed grain divided by the number of harvested plants. 

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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Symptom severity of southern corn leaf rust caused by Puccinia polysora, Curvularia 
leaf spot caused by Curvularia lunata and Maize streak virus transmitted by Cicadulina 
leaf hoppers were scored at Ikenne, which is a hot spot location for disease screening, in 
2014 and 2015 on a scale of 1 to 5, where 1 = slight leaf infection and 5 = severe leaf 
infection. Southern corn leaf blight caused by Bipolaris maydis was also scored at Ikenne 
just for one season, as symptoms were not observed in the second season. All ears har-
vested from each plot were shelled to determine percentage moisture and grain yield ad-
justed to 15% moisture content was computed.

Statistical analysis

A combined analysis of variance (ANOVA) for each trait was computed using PROC 
GLM in SAS (SAS Institute 2010), for all location-year combination which were consid-
ered environments. In this analysis, parental populations and varietal crosses were con-
sidered as fixed effects whereas replications, blocks and environments were considered as 
random effects. Least-squares means for varietal crosses and their parent populations 
were calculated across environments. The levels of significance between means were 
determined using Fishers protected least significant difference test (LSD) at (P < 0.05). 
Direct response to selection was calculated by regressing means of each trait of the vari-
etal crosses or parental population within each composite as a dependent variable on the 
number of selection cycles (0–4) as independent variable (Eberhart 1964). The linear re-
gression coefficient (b-value) provided an estimate of the gain per cycle, which was di-
vided by the intercept and multiplied by 100 to obtain percent response per cycle of selec-
tion (Hallauer and Miranda 1995). Mid-parent heterosis (MPH) was calculated for each 
trait using the formula of Falconer and Mackay (1996). Tests for significance in heterosis 
were calculated for each trait using a t-test (Singh and Chaudhary 2006). Genetic gains in 
heterosis for each trait were calculated by regressing MPH of the varietal crosses on the 
number of selection cycles.

Results

Agronomic performance of parental populations and varietal crosses

In the combined analyses of variance, environment significantly (P < 0.00l) affected grain 
yield and other agronomic traits, except southern corn leaf rust and southern corn leaf 
blight (Table S2). The variance among genotypes was significant for all traits, except for 
ASI, ears per plant and foliar diseases. Partitioning of genotypes sum of squares into pa-
rental populations and varietal crosses also showed significant (P < 0.00l) differences in 
grain yield and other agronomic traits. The genotypes × environment interaction mean 
squares were significant (P < 0.00l) for grain yield, husk cover and ear aspect but not for 
other traits. The parental population × environment interaction was significant (P < 0.00l) 
for grain yield and ear aspect whereas the varietal cross × environment interaction was 
significant for husk cover, ear aspect and maize streak virus disease (Table S2). 
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Response to selection in parental populations and varietal crosses 

This trial was conducted in eight test environments with diverse physical properties and 
growing conditions that resulted in average grain yields varying from 4,375 to 6,056 kg 
ha–1 for parental populations (Table 1). The changes in grain yield and most other agro-
nomic traits from C0 to C4 did not follow any consistent trend for each composite. Days 
to silking, plant height, plant aspect and maize streak virus disease showed the highest 
improvement at C4 for TZL COMP3 whereas, grain yield, days to silking, husk cover and 
ears per plant showed the highest improvement at C4 for TZL COMP4 (Table 1). A nega-
tive percent gain per cycle for grain yield and a positive percent gain per cycle for ears per 
plant were obtained in TZL COMP3, whereas a positive percent gain per cycle were ob-
tained for both grain yield and ears per plant in TZL COMP4. Linear regression coeffi-
cients of the parental populations over selection cycles were significant (P < 0.05) only 
for plant height, ear aspect, ears per plant and southern corn leaf rust. Three out of ten of 
the various selection cycles of the two composites had higher grain yields and were sig-
nificantly (P < 0.05) different from the popular improved reference variety having a mean 
yield of 5,028 kg ha–1 (Table 1). 

Mean grain yields of varietal crosses varied from 5,616 to 6,545 kg ha–1 (Table 2). 
Grain yield increased by 16.5% from C0 × C0 to C4 × C4. Relative to C0 × C0, ears per plant 
increased, whereas, flowering traits, plant height, husk cover, ear aspect, plant aspect and 
foliar diseases scores decreased after four selection cycles (Table 2). Linear regression 
coefficients of varietal crosses were significant (P < 0.05) for plant height, ear aspect and 
southern corn leaf rust scores but not for other traits. RRS was effective in attaining a 
genetic gain of 3.1% cycle–1 for grain yield and 0.5% cycle–1 for ears per plant. These 
improvements were associated with a reduction of 1.2 to 4.8% cycle–1 in anthesis-silking 
interval, husk cover, ear aspect, plant aspect, maize streak virus disease, southern corn 
leaf rust and southern corn leaf blight (Table 2). The linear model for grain yield ac-
counted for 69% of the total variation among cycles of selection. 

Changes in mid-parent heterosis (MPH)

The varietal crosses showed positive MPH for grain yield and ears per plant. MPH for 
grain yield increased from 4% in C0 × C0 to 24% in C4 × C4, with an average MPH of 
16%. In contrast, MPH for ears per plant decreased from 4% in C0 × C0 to 2% in C4 × C4 
(Table 3). MPH was negative and varied widely from –0.8% in C0 × C0 to –25.5% in  
C4 × C4 for other agronomic traits. Nonetheless, only MPH for plant aspect changed con-
sistently from –0.4% in to –3.8% in C4 × C4. The improved varietal crosses (C1 × C1,  
C3 × C3 and C4 × C4) produced significantly higher grain yield than their mid-parent. Ge-
netic gains in heterosis were evident for grain yield, anthesis-silking interval, ear and 
plant aspects and southern corn leaf blight, but the linear responses for all measured traits 
were not significant. The changes in heterosis for grain yield and other agronomic traits 
were described by R2 values varying from 1 to 59% (Table 3).
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Discussion

In this study, significant environmental effect was observed for all traits measured, except 
for southern corn leaf blight and southern corn leaf rust diseases, which reveals variations 
in climatic and edaphic factors during evaluations of our trial. The significantly different 
means squares for grain yield and other agronomic traits observed after partitioning of the 
genotypes into parental population and varietal crosses indicate that genotypic variability 
exists in the two tropical maize composites and genetic gains may be achieved from con-
tinuous improvement of the composites. The observed interaction between genotypes and 
environments for grain yield, husk cover and ear aspect were caused mainly by the large 
climatic difference among test environments. 

Responses to selection in the various selection cycles of the two composites in the 
present study were inconsistent for most traits while others remained unchanged until C4, 
which agrees with the reports of Souza Jr (1999) and Romay et al. (2011). Grain yield 
improved in TZL COMP4 at a rate of 0.9% per cycle, although the largest mean perfor-
mance was reached during the third selection cycle, whereas, the improvement for grain 
yield was not consistent in TZL COMP3 resulting in a negative response, consistent with 
the negative, positive or lack of response observed in one or two populations improved 
through RRS in other breeding programs (Butruille et al. 2004; Moreno-Perez et al. 2004; 
Peña-Asin et al. 2013; Reis et al. 2013). A plausible explanation for negative response of 
TZL COMP3 could be because it was formed by crossing an orange maize variety from 
Thailand (Suwan 1-SR) with an adapted variety (TZB-SR) developed at IITA (Menkir et 
al. 2015). As the objective of the long-term RRS program was to develop a pair of source 
populations for white maize inbred lines with superior combining ability, only white lines 
with desirable agronomic traits were selected for testcross evaluation and recombination 
beginning with the formation of C2 in TZL COMP3. The selection against ears with yel-
low to orange kernel color may have led to elimination of an array of alleles, contributing 
to the observed inconsistent changes in grain yield from cycle to cycle. 

The response in the varietal crosses for grain yield and other agronomic traits was 
greater than the response of the various selection cycles of the two composites, suggest-
ing that dominance was the major type of gene action involved (Keeratinijakal and Lam-
key 1993; Souza Jr and Pinto 2000). Inconsistent trends in grain yield observed in varietal 
crosses in the present study was consistent with the results reported in other studies  
(Romay et al. 2011; Peña-Asin et al. 2013). The linear response obtained for grain yield 
in our program was similar to the response obtained in other RRS programs (Coors 1999; 
Peña-Asin et al. 2013). This increase in grain yield was accompanied by improvements in 
number of ears per plant, shorter ASI, desirable plant height, husk cover, plant and ear 
characteristics and better resistance to foliar diseases. Increase in number of ears per plant 
observed in this present study was desirable as this trait is desirable for increased grain 
yield (Martin and Hallauer 1980). Similarly, the observed reduction in ASI in the present 
study could be described as sign of increased partitioning of assimilates to ears around 
flowering time (Edmeades et al. 1993). The changes in several traits of varietal crosses 
suggest that our selection procedure was effective in changing the frequencies of alleles 
with dominance effects (Falconer and Mackay 1996; Hallauer 1999). 
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The observed increase in MPH for grain yield in our study was comparable to the find-
ings reported in other studies (Souza Jr and Pinto 2000; Santos et al. 2007). MPH for 
grain yield was lowest at C0 and highest at C1 after which there was a consistent increase 
from C2 to C4, consistent with other studies (Eyherabide and Hallauer 1991; Ochieng and 
Kamidi 1992; Peña-Asin et al. 2013). The significant and desirable levels of heterosis 
over mid-parents obtained in the advanced selection cycle varietal crosses for grain yield, 
husk cover, ear and plant aspects and southern corn leaf bight, indicate that those varietal 
crosses have great potential as sources of elite and divergent inbred lines that can maxi-
mize heterosis in hybrids. Furthermore, positive mean MPH for grain yield (16%) in the 
present study is comparable to the results obtained by Hallauer and Miranda (1995) and 
Carena (2005). Hence, the various selection cycles of the two composites were character-
ized by complementary improvement in favorable allelic frequencies and genetic diver-
gence at loci with dominance effects which enhanced heterosis for grain yield and other 
agronomic traits, consistent with results in other studies (Falconer and Mackay 1996; 
Reis et al. 2014; Kolawole et al. 2017).

In conclusion, Our RRS program effectively improved the mean performances of the 
various selection cycles, genetic gain in heterosis for grain yield, resistance to foliar dis-
eases and other agronomic traits of the varietal crosses. Once productive lines from ad-
vanced selection cycles of varietal crosses are identified they can become alternative 
profitable sources of seed. The advanced selection cycles of the two composites could be 
certified for seed quality and marketed in areas with limited market access. 
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