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RESEARCH

As the world population is growing, total crop production 
globally is not meeting the rising demand for food. The rate 

of growth in global crop production is below what was recom-
mended to cope with the rising demand (Pingali and Pandey, 
2001; Ray et al., 2013). In Sub-Saharan Africa (SSA), where >300 
million people, mostly resource-poor farmers, rely on maize (Zea 
mays L.) for food, feed, and livelihood (Bänziger and Aurus, 2007; 
M’mboyi et al., 2010; Rovere et al., 2010; Tefera et al., 2011), grain 
yield is estimated at <1.8 t ha−1, which is among the lowest in the 
world (Smale et al., 2011; Cairns et al., 2012; FAO, 2013). Such 
low production is a result of a number of bottlenecks, including 
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ABSTRACT
Genetic gain within the CIMMYT Eastern and 
Southern Africa (ESA) hybrid maize (Zea mays 
L.) breeding program from 2000 to 2010 was 
recently estimated at 0.85 to 2.2% yr−1 under 
various environmental conditions. Over 100 
varieties were disseminated from CIMMYT 
to farmers in ESA, hence the need to check 
genetic diversity and frequency of use of par-
ents to avoid potential narrowing down of the 
genetic base. Fifty-five parents from CIMMYT 
ESA used in the hybrids were fingerprinted 
using genotyping-by-sequencing. Data analy-
sis in TASSEL and MEGA6 generated pairwise 
genetic distances between parents of 0.004 to 
0.4005. Unweighted pair group method with 
arithmetic mean (UPGMA) analysis produced 
two clusters (I and II) with two subclusters each 
(A and B) and two sub-subclusters (IAi and IAii). 
Principal coordinate analysis produced three 
clusters where IAi and IIA from the UPGMA 
analysis formed independent clusters while IAii, 
IB, and IIB clustered together. Lines were sepa-
rated by pedigree and origin. Ninety-five per-
cent frequency of pairwise genetic distances 
ranged between 0.2001 and 0.4000. However, 
only four of the 55 parents (CML444, CML395, 
CML312, and CML442) were each used in 15 
to 30 of the 52 hybrids evaluated in the genetic 
gain study. The remaining 51 were used in one 
to four hybrids. Frequent use of the four parents 
gave 29 to 58% of the hybrids a narrow genetic 
base, posing risk in case of pest or disease out-
breaks. Parents evaluated do not represent the 
genetic base of CIMMYT ESA but parents of the 
best-performing hybrids selected from 2000 to 
2010. Breeders should ensure a wide genetic 
base for released varieties to avoid breakdown 
in case of pest or disease outbreaks.
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periodic drought, high incidence of biotic stresses (dis-
eases, insect pests, and weeds), poor soil fertility, scarcity 
and high cost of irrigation, and farmers’ inability to access 
and afford quality seeds and fertilizers (Semagn, 2014).

The CIMMYT maize breeding program in SSA, using 
conventional pedigree methods, has been developing both 
inbred lines that are used as parents for hybrid develop-
ment and open-pollinated varieties (OPVs) as byproducts 
of the hybrid breeding pipeline. The CIMMYT germ-
plasm is a public good and is freely available to all partners. 
Breeders from the National Agricultural Research Sys-
tems (NARS) and the private sector in several countries 
in SSA use CIMMYT inbred lines for developing, testing, 
and releasing hybrids in their own countries. Over 150 
maize hybrids and OPVs have been released by CIMMYT 
and partners in several countries in the region (CIMMYT, 
2015; Fisher et al., 2015).

Genetic gain within the CIMMYT ESA maize breed-
ing program was recently estimated. The annual genetic 
gain in grain yield over a period of 11 yr (2000–2010) 
was 109 kg ha−1 yr−1 or 1.4% under optimal conditions, 
20.9  ha−1 yr−1 or 0.6% under low-nitrogen conditions, 
141.3 ha− yr−1 or 2.2% under maize streak virus (MSV) 
conditions, and 22 and 32.5 ha−1 yr−1 or 0.9% under 
both managed and random drought stress, respectively 
(Masuka et al., 2017a). The CIMMYT produces OPVs 
as byproducts of the hybrid breeding pipeline; therefore, 
the genetic gain for OPVs was also evaluated and recently 
reported. Genetic gains in the early maturity group OPVs 
under optimal, random drought, low N, and MSV were 
estimated at 1.76, 1.21, 3.11, and 4.62% yr−1. In the inter-
mediate to late maturity OPVs group, genetic gains under 
optimal, random drought, low N, and MSV were esti-
mated at 1.35, 2.09, 1.74, and 2.32% yr−1. In terms of actual 
yield, gains per year yield progress in the early maturity 
OPVs group was 109.9, 25.3, 84.8, and 192.9 kg ha−1 yr−1 
under optimal, random drought, low N, and MSV, respec-
tively. In the intermediate to late maturity OPVs group 
yield, progress was estimated to be 79.1, 51.1, 53.0, and 
108.7 kg ha−1 yr−1 under optimal, random drought, low 
N, and MSV (Masuka et al., 2017b). To help explain such 
considerable annual increase in genetic gain, it is essential 
to understand the extent of genetic differences and pat-
terns of relationships of the parental lines used to make the 
hybrids that contributed towards heterosis in these crosses 
and the population byproducts.

Genetic diversity is important in a breeding program. 
A wide genetic base provides variation that enables breed-
ing for solutions when problems like pest and disease 
outbreaks arise. When the genetic base narrows down, 
variation becomes limited and breeders may fail to find 
relevant variation to address the new or arising problems. 
It is therefore essential to maintain a wide genetic base and 
constantly check for diversity in a breeding program.

For the CIMMYT ESA program, hybrids are pro-
duced by crossing lines from different heterotic groups for 
maximum heterotic groups for maximum heterosis. There 
are three main heterotic groups used in CIMMYT ESA: 
A, B, and AB. Grouping is done by crossing new (intro-
duced or developed) materials to know A and B testers. 
Based on observed combining ability, the new material 
is classified as A or B if they combine well with testers B 
and A, respectively, or AB if they combine well with both 
the A and B testers. Information on heterotic grouping is 
available in the CIMMYT maize line (CML) handbook 
(CIMMYT, 2005).

Single-nucleotide polymorphism (SNP) mark-
ers are a powerful tool for many genetic applications, 
including genetic diversity, genetic relationships, and 
population structure. Single-nucleotide polymorphism 
data can be obtained using one of the numerous uniplex 
or multiplex SNP genotyping platforms or using genotyp-
ing-by-sequencing (GBS). Advances in next-generation 
sequencing technologies have significantly reduced the 
costs of DNA sequencing that allows the development of 
GBS, which is being increasingly adopted for discovery 
applications (Elshire et al., 2011; Poland and Rife, 2012). 
Genotyping-by-sequencing is a 96 to 384 multiplexed 
system for constructing reduced representation libraries 
for the Illumina next-generation sequencing platform. It 
reduces sample handling by multiplexing up to 384 samples 
using unique and inexpensive barcoding, which in turn 
reduces polymerase chain reaction (PCR) and purifica-
tion steps and avoids size fractionation. The method uses 
restriction enzymes to reduce genome complexity, avoids 
the repetitive fraction of the genome, and produces huge 
marker data points (Elshire et al., 2011). The objective of 
this study was to determine the genetic distance and rela-
tionship of parental lines of 52 hybrids released in SSA from 
2000 to 2010 and understand why some of the inbred lines 
were more frequently used in hybrid formation than others.

MATERIALS AND METHODS
DNA Extraction and Genotyping
Fifty-five parents—53 inbred lines and two F2 populations listed 
in Table 1—that were used as parents in developing 52 of the 67 
three-way and double-cross hybrids released in SSA between 
2000 and 2010, recently evaluated for genetic gain (Masuka et 
al., 2017a), were analyzed in this study. Parents analyzed could 
further be classified according to the program in which they 
were developed; that is, CKL for CIMMYT Kenya prerelease 
CML lines developed in Kenya, CZL for CIMMYT Zimbabwe 
prerelease CML lines developed in Zimbabwe, and CML for 
released CIMMYT Maize Lines developed or introduced in 
the Kenya or Zimbabwe breeding programs. Each parent was 
submitted for analysis from the program that developed them, 
except for CKL05003 sourced from the Mexico genebank and 
CML539c from the Zambia National Programme that were 
already in the GBS database (analyzed), for which data was 
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Table 1. Pedigrees, heterotic grouping, source, heterogeneity, and frequency of use of parental lines and F2 populations in 52 
of the 67 hybrids studies in the genetic gain study of the CIMMYT Eastern and Southern Africa maize breeding program for 
the 2000 to 2010 era.

No. Line or population Heterotic group† Source
Percentage 

heterogeneity
Proportion of hybrids 

with line
————————— % —————————

1 CML444 B Zimbabwe 4.7 58
2 CML144 Zimbabwe 0.2 2
3 CML181 Zimbabwe 10.5 2
4 CML202 Zimbabwe 0.9 6
5 CML312 A Zimbabwe 0.4 31
6 CML395 B Zimbabwe 0.1 31
7 CML442 A Zimbabwe 3.0 29
8 CML443 AB Zimbabwe 4.5 2
9 CML445 AB Zimbabwe 4.2 6
10 CML488 AB Zimbabwe 1.1 6
11 CML489 B Zimbabwe 0.7 4
12 CZL00001‡ Zimbabwe 7.6 8
13 CZL00003 Zimbabwe 12.6 4
14 CZL02012 Zimbabwe 2.6 4
15 CZL03002 Zimbabwe 13.3 2
16 CZL03003 Zimbabwe 0.3 2
17 CZL03004 Zimbabwe 1.4 2
18 CZL03007 Zimbabwe 1.1 2
19 CZL03018 Zimbabwe 3.7 2
20 CZL03021 Zimbabwe 0.4 2
21 CZL04001 Zimbabwe 20.1 2
22 CZL04002 Zimbabwe 3.1 2
23 CZL04006 Zimbabwe 1.9 6
24 CZL04021 Zimbabwe 0.6 4
25 CZL054 A Zimbabwe 3.9 2
26 CZL057 Zimbabwe 0.5 2
27 CZL0610 B Zimbabwe 1.7 2
28 CZL0617 Zimbabwe 0.2 2
29 CZL0619 A Zimbabwe 2.8 2
30 CZL0713 B Zimbabwe 2.2 2
31 CZL99014 Zimbabwe 2.6 2
32 CML539b A Zimbabwe 25.0 2
33 CML181-dent Zimbabwe 2.6 2
34 CML536 A Zimbabwe 0.8 2
35 CML159 Zimbabwe 0.3 2
36 CML440 AB Zimbabwe 0.3 8
37 CKL05003§ B Mexico 2.2 6
38 CZL00002 B Mexico 0.1 2
39 CKL08001 A Kenya 1.2 2
40 CKL08006 A Kenya 2.2 2
41 CML216 AB Kenya 0.1 4
42 CZL04005 Kenya¶ 0.4 2
43 CML539c A Kenya 0.3 2
44 CKL05004 B Kenya 0.3 4
45 CKL05007 B Kenya 0.3 6
46 CKL05019 A Kenya 0.5 2
47 P100C6–200 Kenya 2.1 4
48 CML78 A Kenya 0.4 4
49 ZEWBc1F2 B Kenya 25.5 2
50 CML197 Kenya 0.7 4
51 CKL05017 A Kenya 0.3 2
52 CKL05018 A Kenya 0.5 4
53 CKL05022 A Kenya 0.4 4
54 ZEWAc1F2 A Kenya 0.6 2
55 CML539 A Zambia 0.7 2

† Heterotic group A combines well with B, B with A, and AB with both A and B. Where group is not indicated, the grouping was not reported in the official CIMMYT maize 
line (CML) handbook.

‡ CZL, CIMMYT Zimbabwe Line (advanced line developed in Kenya that may be released as a CML).

§ CKL, CIMMYT Kenya Line (advanced line developed in Kenya that may be released as a CML).

¶ CZL04005 was developed in Zimbabwe but submitted for analysis by the Kenyan program as one of the parents in their breeding program. Likewise, some CZL and CKL 
lines were submitted from the CIMMYT Mexico gene bank along with other materials from this study or earlier for other studies, and the genotyping-by-sequencing data 
was retrieved from the library for analysis.
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retrieved from the library for analysis. Each parent was repre-
sented by bulking of approximately equal amounts of leaf tissue 
from 10 greenhouse-grown seedlings at the three- to four-leaf 
stage. Genomic DNA was extracted using a modified version 
of the cetyl trimethyl ammonium bromide (CTAB) method of 
CIMMYT protocol, as described elsewhere (Semagn, 2014). 
DNA concentration was measured using the Quant-iT Pico-
Green dsDNA assay kit (Invitrogen) and the Tecan Infinite 
F200 Pro Plate Reader and normalized to 50 ng mL−1 by adding 
the required volume of 0.1 TE (10 mM Tris-HCl, pH 7.5 and 
0.1 mM ethylenediaminetetraacetic acid [EDTA], pH 8.0). The 
quality of the extracted DNA was checked by digesting 250 ng 
of the genomic DNA from eight randomly selected samples with 
3.6 units of ApeKI restriction enzyme (New England Biolabs) 
at 75°C for 3 h. Digested DNA samples, along with Lambda 
DNA digested with Hind III, were run on a 1% agarose gel 
containing 0.3 mg mL−1 GelRed (Biotium) and visualized. Fifty 
microliters of the normalized DNA was transferred into a twin.
tec PCR 96-well plate (Eppendorf, Hauppauge) and shipped to 
the Institute for Genomic Diversity (Cornell University, Ithaca, 
NY) for genotyping. DNA samples were genotyped using GBS 
at Cornell University as described by Elshire et al. (2011).

Data Analysis
Imputed GBS data was received from the Institute for Genomic 
Diversity, Cornell University, for 955,690 loci per line. Since 
GBS generates a large percentage of uncalled genotypes, the 
missing data were imputed by the Institute for Genomic Diver-
sity using an algorithm that searched for the closest neighbor 
in small SNP windows across the maize database available at 
the Institute for Genomic Diversity (Romay et al., 2013). The 
GBS data were filtered using a minor allele frequency of 0.01 
and a minimum count of 50 lines using trait analysis by associa-
tion, evolution, and linkage (TASSEL) version 5.0.8 software 
(Bradbury et al., 2007). This filtering resulted in 258,038 poly-
morphic markers (27.0% of the initial loci) for further analyses. 
The proportion of heterogeneity (the number of markers that 
were not homozygous due to mixture of two homozygous 
genotypes or heterozygosity) and missing data after imputation 
were computed for each line. Identity-by-state-based genetic 
distance was calculated between each pair of lines using TASSEL 
and used for neighbor-joining clustering analysis implemented 
in molecular evolutionary genetics analysis (MEGA) version 6 
(Tamura et al., 2013). Principal coordinate analysis (PCoA) was 
performed on the genetic distance matrix using DARwin ver-
sion 5 (Perrier and Jacquemoud-Collet, 2006), and the first two 
principal components were plotted for visual examination of 
the clustering pattern of the lines.

RESULTS
The number of polymorphic markers per chromosome 
varied from 18,086 on chromosome 10 to 41,139 on chro-
mosome 1, with a mean of 25,804 (Fig. 1). The proportion 
of missing data per line across the 258,038 polymorphic 
markers varied from 0.4 to 12.8% and the average was 
3.5% (Table 1).

Heterogeneity per parent varied from 0.1 to 25.5% 
and the average was 3.3% (Table 1). Approximately 87.3% 

of the parents (48 out of 55 entries) had heterogeneity 
<5%. The remaining 12.7% of the entries that included 
one Zimbabwe maize (ZM) F2 population used in one of 
CIMMYT Kenya’s top-cross hybrids (ZEWBc1F2), four 
prerelease CZLs (CZL00003, CZL03002, CZL04001, 
and CZL00001), and two released CMLs (CML539b and 
CML181) had heterogeneity ranging from 7.6 to 25.5%. 
For the F2 populations including ZEWBc1F2, high het-
erogeneity is expected, as they are constituted from at 
least 10 parents. Relatively high heterogeneity recorded 
among four CZL and two CML lines could be due to the 
bulk genotyping, a result of either residual heterozygosity 
or a combination of two homozygous SNPs, and can be 
reduced by selfing and selection to purify the lines.

Genetic distance between pairwise comparisons of 
the 55 parents ranged from 0.004 to 0.4005 (Table 2), 
with an overall average of 0.294. For 97.7% of the pairs 
of parents, genetic distance fell within 0.2001 and 0.3000. 
Only 0.5% of 1485 pairwise comparisons had genetic dis-
tances <0.1000. The six pairs of lines that showed <0.1000 
genetic distance were CM144 vs. CML159, CZL04021 
vs. CZL057, CKL08001 vs. CKL08006, CML539c vs. 
CZL539, CKL05017 vs. CKL05018, and CKL05017 
vs. CKL05022. All the pairs with very low genetic dis-
tance (<0.1000) are of sister lines except for CML539 and 
CML539c. In this case, CML539 and CML539c are the 

Fig. 1. The distribution of single-nucleotide polymorphism (SNP) 
markers per chromosome.

Table 2. Distribution of pairwise genetic distance calculated 
for 53 inbred lines and two F2 populations

Pairwise genetic distance Frequency
%

0.000–0.1000 0.5

0.1001–0.2000 1.7

0.2001–0.3000 63.1

0.3001–0.4000 34.6

0.4001–0.5000 0.1

Total 100.0

Summary

  Minimum distance 0.004

  Maximum distance 0.4005

  Mean distance 0.2944
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The neighbor-joining tree generated from the dis-
tance matrix grouped the 53 inbred lines and two F2 
populations into two main clusters (I and II, Fig. 2) with 
two subclusters each (A and B).

Lines in subcluster IA further subclustered to IAi and 
IAii. Cluster IA had lines from both CIMMYT’s Eastern 
(Kenya) and Southern (Zimbabwe) Africa maize breeding 
program, whereas IB had the two populations ZEWAc1F2 
and ZEWBc1F2 (prefixes stand for Zimbabwe Early White 

same line but sourced from different breeders or breed-
ing programs, that is from Zambia National and Kenya, 
respectively. It would be expected that CML539b, sourced 
from the Zimbabwe program where CML539 was devel-
oped, would have the same pairwise genetic distance 
as CML539 and CML539c of <0.1000. CML539b had 
higher pairwise genetic distances of 0.236 and 0.241 from 
CML539 and CML539c, respectively, mainly because it 
was from an old stock that was still segregating.

Fig. 2. Nearest-neighbor joining tree for the 53 inbred lines and two F2 populations.
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A and B Populations). There were three sister lines from the 
Kenya program, CKL05017, CKL05018, and CKL05022, 
selected from a cross of CML387 to CML 390 that clus-
tered together in IAi. CKL05019 shared the same parent 
and belonged to the same cluster IAi. CML489, CZL03021, 
CZL04021, CKL05007, CKL05003, and CKL05004, all in 
cluster IAi, shared the common parent CML202.CML144 
and CML159 were extracted from the same populations. 
CZL0619, CZL03012, CZL99014, and CZL03018 were 
selections of crosses from different lines. In cluster IAii, 
CZL03002 and P100C6-200 were sister lines and clustered 
together. One of the parents in CZL0610 is a sister line to 
CML445. For CML536 as well, one of the parents is a sister 
line to CML445, and a single-cross parent has CML197. In 
cluster IB, ZEWAc1F2 and ZEWBc1F2 were F2 popula-
tions used to form top-cross hybrids.

In Cluster IIA, CZL00002 was a sister line to 
CZL00003. The rest of the lines in the cluster are 
CML312 and those developed with CML312 as one of the 
parents (CZL0617 and CML539). CML539, CML539b, 
and CML539c are the same line from different sources—
Zambia, Kenya, and Zimbabwe, respectively. The reason 
for testing the different stocks sourced from different 
breeders was because they appeared in different hybrids 
presented with different names, as CZL03014 in Kenyan 
hybrids, CML312-SR from the Zambian breeding pro-
gram, and SYN312SR from the Zimbabwean program 
hybrids. CML539c was sourced from an old stock that 
was still segregating, hence the greater distance between 
the source and the other two CML539 sources, Zimba-
bwe and CZL03014 from Kenya. CML440 clustered close 
to CML312, and the CML312-derived linML312 and 
CML440 were extracted from populations.

In cluster IIB, CKL08001 and CKL08006 lines from 
Kenya clustered with a sister line CZL00001. All three 
lines had an INTA background or parents. The two lines 
from South Africa, CML181 and CML181, dent clustered 
together. The third subcluster had lines developed from 
ZM populations, that is, ZM621, ZM607, and ZM523 
developed and released by CIMMYT Zimbabwe.

The first three principal components (PCs) from prin-
cipal coordinate analysis (PCoA) explained 25.2% of the 
total SNP variation among samples. A plot of PC1 (12.3%) 
and PC2 (6.8%) formed three major groups (Fig. 3). In 
the PCoA, lines separated mainly based on parental mate-
rial or the pedigree. Two of the groups were made up of 
pedigree lines developed through pedigree selections after 
crosses of different lines, whereas the other cluster was 
made up of OPVs and lines developed from OPVs.

Lines from Cluster IAi in the nearest neighbor cluster 
analysis formed the first cluster (top left) in the PCoA. The 
lines in the first PCoA cluster further subclustered accord-
ing to origin and pedigree. Lines from Kenya in the first 
PCoA cluster formed two groups clustered according to 

pedigree. The third subcluster had lines from Zimbabwe. 
The second cluster (top right) in the PCoA was made up 
of the lines from Clusters IAii, IB, and IIB in the near-
est neighbor cluster analysis. Most of the lines clustered 
together despite their origin, but lines from Kenya were 
still close to each other.

CZL04001, CZL04002, CML144, and CML159 
formed a subcluster in the PCoA. Even though CZL00002 
and CZL00003 appeared in Cluster IIA in the nearest-
neighbor cluster analysis, they were in Cluster II of the 
PCoA, subclustering along with lines CZL02012 and 
CZL04006 from Cluster IIB. CZL00002 and CZL00003 
were extracted from the drought-tolerant populations that 
are coded as DTPs that were developed and screened spe-
cifically for drought tolerance, whereas CZL02012 and 
CZL04006 were extracted from the ZM populations. 
The third PCoA cluster (bottom right) had CML312 and 
lines developed from CML312 (CML539, CML539b, 
CML539c, and CZL0617) that clustered due to pedigree, 
as well as CML440, all from Cluster IIA in the nearest-
neighbor analysis. A few parents—CML395, CKL05019, 
CZL03021, and CZL0713—were lying outside the clus-
ters but were aligned towards clusters with other parents 
that belonged to the same cluster as them in the near-
est-neighbor analysis. Principal coordinate analysis more 
clearly separated the lines compared with the nearest-
neighbor cluster analysis, but both methods separated lines 
based on their pedigrees and origin.

From an analysis of the frequency of use of parents 
in the 52 CIMMYT ESA hybrids, the lines CML444, 
CML395, CML312, and CML442 were used in 30, 16, 
16, and 15 hybrids respectively (i.e., in 58, 31, 31, and 
29% of the 52 hybrids, Table 1), whereas most of the lines 
were used in one (2%) to three hybrids (6%). The four 
lines CML444, CML395, CMZL442, and CML312 all 
had distances of >0.25 for all possible pairs among them. 
This is because CIMMYT ESA lines are classified into 
three main heterotic groups (A, B, and AB; Table 1) based 
on combining ability with testers from the A, B, or AB 
group, and lines are combined across heterotic groups for 
maximum heterosis. There are some established A, B, and 
AB line and single-cross testers used for classifying lines, 
as well as hybrid development. The single-cross CML444 
and CML395 were used as a B tester, since both lines are 
in heterotic Group B. Lines with good combining ability 
with the CML444 and CML395 single cross are classi-
fied into heterotic Group A. The CML442 and CML312 
single cross was commonly used as the A tester. CML442 
and CML444, as well as CML312 and CML444 single 
crosses, were used as AB testers. Hence, these four lines 
dominated in the best-performing 52 CIMMYT ESA 
hybrids released from 2000 to 2010.

The frequently used lines, however, belonged to dif-
ferent clusters both in the nearest-neighbor analysis and 
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PCoA, with CML395 in cluster IAi, CML444 in IAii, 
CML312 in IIA, and CML442 in IIB. The four lines also 
had reasonable genetic distances ranging from 0.266 to 
0.282 (Table 3).

DISCUSSION
The 53 parental lines and two F2 populations assessed 
in this study were all from the CIMMYT ESA breed-
ing program. The stations have a mid-altitude tropical 
environment. The Southern Africa (Zimbabwe) station 
experiences a unimodal rainfall pattern (October–April), 
whereas the Eastern Africa (Kenya) station experiences a 
binomial rainfall pattern and lies close to the equator. All 
lines used in this program are improved for yield and adap-
tation to the mid-altitude environment. Unweighted pair 
group method with arithmetic mean (UPGMA) analysis 
separated lines into two clusters, each with two subclus-
ters. Separation was mostly based on pedigrees and origin, 

Fig. 3. Principal coordinate analysis 
for the 53 inbred lines and the two F2 
populations.

Table 3. Pairwise genetic distances for the four commonly 
used lines.

CML444 CML395 CML442 CML312

CML444

CML395 0.271

CML442 0.266 0.282

CML312 0.272 0.270 0.276
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with lines developed using an OPV or from OPVs sub-
clustering on their own. Some lines, including CML312, 
CML445 and its sister lines, CML202, CML216, 
CML442, and INTA, were used in line development as 
parents and influenced clustering with lines subclustering 
according to lines they were developed from (pedigree).

Pairwise genetic distances were all <0.4500 for all 
the lines evaluated. Average diversity or genetic distance 
recorded was 0.2944, which was relatively low compared 
with findings reported by Legesse et al. (2007) and Li et 
al. (2004), but comparable with findings by Beyene et al. 
(2013). From an analysis of genetic distances and relation-
ship among 703 doubled haploid lines using GBS, Beyene 
et al. (2013) reported distances ranging from 0.070 to 0.475 
with an average of 0.355. Less than 5% of the distances 
were <0.100, whereas 69% were 0.300 to 0.475. Legesse 
et al. (2007) reported an average diversity of 59% (0.590) 
in an evaluation of lines from CIMMYT Zimbabwe and 
Ethiopia using simple sequence repeat (SSR) markers. In 
an evaluation of popcorn lines in China using SSR mark-
ers, genetic distances ranged from 0.125 to 0.730, averaging 
0.477 (Li et al., 2004). Studies reported higher-diversity 
evaluated lines from different geographical regions with 
different climates, as in the study by Legesse et al. (2007) 
that evaluated highland maize materials from Ethiopia and 
mid-altitude materials from Zimbabwe, as well as Li et al. 
(2004) that analyzed materials from China and Italy. Dif-
ferent genotyping methods were used in all of these studies 
that could have, among other factors, contributed to the 
differences among the different studies. For instance, SSR 
markers do not cover the whole genome like GBS and 
may show higher distances, unlike GBS, which covers the 
whole genome and will pick all similarities and differences 
that may be missed when SSR analysis is used. Breeding 
objectives like the target quality and use of the grain may 
have contributed to these differences as well.

This study analyzed parental lines and populations of 
hybrids developed in a specific environment for adaptation 
to specific biotic and abiotic conditions and to meet speci-
fied grain quality preferences. The focus on quality was 
mainly on kernel color and texture, that is, flint to semi-
flint or semi-dent for mainly flour and other products like 
samp (dehusked maize grain served as part of the main 
course of a meal or as a snack). Biotic factors commonly 
selected for included MSV, gray leaf spot [Botryosphaeria 
zeae (G.L. Stout) Arx & E. Müller], and Exserohilum turci-
cum (Pass.) K.J. Leonard & E.G. Suggs disease resistance, 
while abiotic factors included low N and drought stress 
tolerance. Selection pressure for defined traits can result in 
the narrowing down of the genetic base of a breeding pro-
gram. This may not be immediately noted since, according 
to Duvick (1990), maize is so diverse that narrowing down 
of germplasm has not been noted to seriously affect per-
formance or breeding efficiency. Challenges of a narrow 

germplasm base occur when there are new disease or pest 
outbreaks, like more recently the development of maize 
lethal necrosis (MLN) disease in East Africa (CIMMYT, 
2012a, 2012b). If most hybrids share common parents, 
they may succumb to such outbreaks.

Even though the pairwise genetic distance among the 
lines was high with 97.8% between 0.2001 and 0.4000, a 
few of the studied lines (CML444, CML395, CML312, 
and CML442) were used in most of the hybrids, giving 
the hybrids a narrow genetic base. This was mainly due 
to stability and adaptation of the lines or single-cross tes-
ters to the mid-altitude environments, as well as their 
good agronomic and stress tolerance traits that were 
opted for by breeders for use in hybrid formation over 
other traits. The lines and testers were also older than 
the new lines like CZL0617, CZL0713, and CKL05003 
that were released later in 2006, 2007, and 2005, respec-
tively. Hence, despite preference, the old lines were used 
in both old and new hybrids evaluated for genetic gain, 
released from 2000 to 2010. The slow turnover of female 
lines probably also resulted in the lines being used in a 
relatively high number of hybrids before new lines got 
into the system or pipeline.

The use of a few lines in most of the hybrids in a breed-
ing program or region poses a risk of reducing diversity in 
the genepool of the parental lines, population, and hybrids 
that are cultivated in a region, exposing the varieties to 
common natural disasters such as disease outbreaks. The 
diversity of parental lines, populations, and hybrids there-
fore might have been restricted by the pedigree breeding 
method and preferential use of material adapted to the 
mid-altitude tropical environments, posing risk in cases 
of disease or pest outbreaks. The frequently used lines, 
however, belonged to different heterotic groups as well 
as different clusters, both in the nearest-neighbor analysis 
and PCoA, and had reasonable genetic distances.

Despite all four lines belonging to different clusters, 
the genetic base of the released hybrids is narrow, ren-
dering susceptibility to disease or pest outbreaks that may 
arise in the region. The genetic base of the best 52 hybrids 
in this study released in the CIMMYT ESA program 
from 2000 to 2010, some of which have been dissemi-
nated to farmers throughout ESA through collaborators, 
could be narrow in terms of line use in hybrid formation 
and genetic distance among the lines used. There is need 
to ensure that, during selection of the best-performing 
varieties, the genetic base is not narrowed down. It is 
important that these commonly used lines be improved 
whenever they show weaknesses, like in the case of MLN 
outbreak in Eastern Africa in 2012 (CIMMYT, 2012a, 
2012b), since they are already adapted to the geographical 
region. Improved versions of these lines like CML539, an 
improved MSV-resistant version of CML312, can be used 
in addition to the older varieties. Such improved lines add 
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diversity to the genetic base. Combining the commonly 
used old and adapted lines in single-cross testers with new 
lines from different clusters will provide a wider range of 
testers and a wider genetic base for hybrids that are devel-
oped and released.

CONCLUSIONS
Diversity was low. Pairwise genetic distances were <0.4500 
with an average of 0.2944. Four parents (CML312, 
CML395, CML442, and CML444) were each used in 15 
to 30 hybrids (29–58%) out of the 52 hybrids. The rest (51) 
of the parents were each used in one to three (2–6%) of the 
52 hybrids. This evaluation focused on a selected subset of 
all the CIMMYT ESA hybrids, as it evaluated the best-per-
forming genotypes from each year. The best-performing 
hybrids are usually passed onto the farmers through col-
laborators. The sample of parental lines analyzed does 
not represent the entire germplasm of CIMMYT ESA 
program, and therefore these findings should not be gen-
eralized for the whole program. However, because these 
best-performing hybrids are disseminated to farmers in 
the region, implications of disease or pest outbreaks can be 
devastating if the hybrids have common susceptible par-
ents, like the outbreak of MLN in Eastern Africa in 2012. 
If the same lines are commonly used or a few testers are 
used in hybrid formation, most or all of the hybrids will 
succumb to problem outbreaks. Therefore, it is better for 
breeders to create a wide range of single-cross testers used 
in hybrid formation and consciously incorporate a wide 
range of parental lines. The results give an indication of 
the danger of eventually narrowing down the germplasm 
base and the need to maintain a large or wide genetic base 
for the whole program.
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