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Abstract
The use of temperate maize (Zea mays L.) inbreds with expired Plant Variety

Protection in tropical maize breeding programs could enhance the combining abil-

ity for grain yield among tropical heterotic groups. We used DNA markers from the

DArTseq genotyping-by-sequencing platform to investigate the genetic structure of

lines with expired U.S. Plant Variety Protection (ex-PVP) relative to the Interna-

tional Maize and Wheat Improvement Center’s (CIMMYT’s) maize heterotic groups.

Neighbor-joining cluster analysis revealed two major groups: CIMMYT and ex-PVP.

The CIMMYT lines clustered according to their pedigree relationships and adapta-

tion, but not according to their heterotic groups. In contrast, ex-PVP lines clustered

according to the Stiff Stalk Synthetic (BSSS) and non-Stiff Stalk Synthetic (NSSS)

heterotic groups, except for a few lines that were considered to be mixed. The genetic

divergence, estimated as Wright’s fixation index (FST), between BSSS and NSSS

(FST = .053, P < .01) was four times as large as the divergence between CIMMYT

Tuxpeño and non-Tuxpeño heterotic groups (FST = .013, P = .068). Estimates of

genetic divergence marginally favored breeding with BSSS in Tuxpeño and NSSS in

non-Tuxpeño. However, CIMMYT breeders may still exploit the ex-PVP heterotic

structure fully only by ensuring that the temperate heterotic groups are placed on

opposite sides of the Tuxpeño and non-Tuxpeño heterotic pattern. We also showed

how estimates of admixture from model-based clustering could be used to avoid

ex-PVP lines of mixed heterotic background when selecting lines to maximize the

genetic divergence and combining ability of CIMMYT heterotic groups.

Abbreviations: AMOVA, analysis of molecular variance; BSSS, Iowa Stiff

Stalk Synthetic; CIMMYT, International Maize and Wheat Improvement

Center; CML, CIMMYT maize line; GRIN, Germplasm Resources

Information Network; MPH, midparent heterosis; MRD, modified Roger’s

distance; NSSS, non-Iowa Stiff Stalk Synthetic; PAV, present–absent

variation; PCA, principal component analysis; PVP, Plant Variety

Protection; SNP, single nucleotide polymorphism.
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1 INTRODUCTION

The International Maize and Wheat Improvement Center

(CIMMYT) hybrid maize (Zea mays L.) breeding programs

for the lowlands (0–900 m asl), mid-altitudes (900–2,000 m

asl), and highlands (>2,000 m asl) were started in the early

1990s using populations of mixed racial origin as source

germplasm (Vasal, et al., 1999; Vasal & McLean, 1994).

Therefore, an initial objective of CIMMYT’s hybrid maize
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breeding program was to identify heterotic patterns among

the populations and inbred lines using cross-classified mating

designs (Vasal, et al., 1992; Vasal, et al., 1993). Vasal et al.

(1999) listed at least 15 heterotic patterns that were identified

from the combining ability studies. The lowland tropical pro-

gram used five heterotic patterns based on the combing abil-

ity among the source populations: Population 21 × Population

32, Population 22 × Population 43, Population 23 × Popula-

tion 49, Population 28 × Population 36, and Population 27 ×
Population 24. The mid-altitude program used Population 33

× Population 45, Population 44 × Population 42, Population

501 × Population 502, and Population 500 × Population 43,

whereas the highland program used primarily Population 902

× Population 903 (CIMMYT, 1998; Vasal et al., 1999).

Heterotic groups and patterns are important because they

determine how germplasm is organized, managed, and used

to achieve genetic gain from selection in hybrid breeding

programs (Melchinger & Gumber, 1998). Quantitative genet-

ics theory for heterosis shows that in the absence of epista-

sis, and assuming two alleles per locus, midparent heterosis

(MPH) between two random-mating populations is a func-

tion of dominance and the square of the difference in allele

frequencies at loci controlling the trait of interest (Falconer

and Mackay, 1996; Lamkey & Edwards, 1999; Melchinger &

Gumber, 1998; William & Pollak, 1985). Heterosis is there-

fore maximized when the difference in allele frequencies at

loci associated with the trait of interest in the parents is max-

imized (Melchinger, 1999).

Genetic structure analysis of CIMMYT germplasm using

simple sequence repeat (SSR) and single nucleotide poly-

morphism (SNP) markers did not detect genetic divergence

according to heterotic groups among inbred lines (Semagn

et al., 2012; Wu et al., 2016; Xia et al., 2004, 2005). The

results observed among CIMMYT lines were similar to the

results of Duvick, Smith, and Cooper (2004) that showed

apparent clustering by heterotic groups for modern Pioneer

Hi-Bred lines and lack of structure for lines from the U.S.

preheterotic group era. Although heterotic patterns discovered

based on phylogenetic and geographical isolation exist (e.g.,

B73 × Mo17, or the case of Iodent and the French inbred

line F2 in Europe), empirical evidence suggests that heterotic

groups are created and enhanced by breeders through selec-

tion (Barrière et al., 2006; Duvick et al., 2004; Hallauer, 1999;

Tracy & Chandler, 2006). Studies of the heterotic structure

of germplasm are done to guide germplasm organization and

management for breeding purposes. To be informative, there-

fore, the studies of the heterotic structure of CIMMYT lines

should be done with lines that have been widely used in breed-

ing or as parents of successful hybrids, as opposed to the full

set of CIMMYT maize lines (CMLs) as was done in previous

studies (Wu et al., 2016; Xia et al., 2004; Xia et al., 2005).

Breeding with several heterotic groups can be expensive

and inefficient as hybrid development often requires the use

Core Ideas
∙ Genetic diversity was higher among CIMMYT

than among US ex-PVP inbreds.

∙ The heterotic structure of US ex-PVP was more

developed than that of CIMMYT inbreds.

∙ Ex-PVP lines can be used to increase the genetic

diversity between CIMMYT heterotic groups.

∙ Increasing the genetic divergence between CIM-

MYT heterotic groups could increase heterosis.

of cross-classified mating designs to identify new hybrids and

superior inbred lines (Pswarayi & Vivek, 2008). The use of a

singular overarching heterotic pattern is desirable because it

simplifies inbred and hybrid development and saves resources

through the use of one to a limited number of testers to iden-

tify new superior inbred lines and hybrids. The CIMMYT

maize inbred lines were classified based on the predominant

racial origin of the source population and combining ability

with established heterotic testers as either Tuxpeño (Group A;

e.g., Population 21) or non-Tuxpeño (Group B; e.g., Popula-

tion 32), but the groups are still indistinguishable (Wu et al.,

2016). Reciprocal recurrent pedigree selection (Lee & Tol-

lenaar, 2007) with existing lines can be effective in driving

allele frequencies in opposite directions in the long term; how-

ever, introgression of exotic germplasm with a diverged het-

erotic structure could be a complementary strategy to enhance

CIMMYT’s heterotic groups.

The Iowa Stiff Stalk Synthetic (BSSS) and non-Stiff Stalk

Synthetic (NSSS) heterotic pattern has been in use in the U.S.

Corn Belt since the late 1940s (Hallauer, 1999; Tracy & Chan-

dler, 2006; Troyer, 2004) and is probably the most developed

in maize breeding globally. In the United States, proprietary

maize inbred lines are protected by either the U.S. Plant Vari-

ety Protection Act, a U.S. utility patent, or both. As the pro-

tections expire after 20 yr, these inbred lines become avail-

able to the public. The heterotic relationship and structure

of inbred lines with expired Plant Variety Protection certifi-

cates and U.S. patents (ex-PVP) have been extensively studied

(Lorenz & Hoegemeyer, 2013; Mikel & Dudley, 2006; Nel-

son et al., 2008; White, Mikel, de Leon, & Kaeppler, 2020).

Consistent with the theoretical expectations for a recipro-

cal pedigree recurrent selection program (Comstock, Robin-

son, & Harvey, 1949; Lee & Tollenaar, 2007), all the stud-

ies have shown clearly that allele frequencies between the

BSSS and NSSS heterotic groups have significantly diverged

and that this divergence has resulted in increased combining

ability and grain yield of BSSS × NSSS hybrids in the U.S.

Corn Belt (Duvick, 2005a, 2005b; Duvick & Cassman, 1999).

The heterotic divergence in the BSSS and NSSS heterotic
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pattern could be exploited to increase genetic divergence and,

as a result, combining ability between the Tuxpeño and non-

Tuxpeño heterotic groups. In addition to enhancing the het-

erotic structure, ex-PVP lines can also be used to improve

other important traits such as reduced inbreeding depression

and time to maturity, increased yield potential and stalk and

root strength, adaptation to higher planting densities, and fast

grain dry down.

Understanding the genetic composition of ex-PVP lines and

their relationship with CIMMYT germplasm is necessary to

effectively exploit the heterotic structure of the BSSS and

NSSS heterotic pattern to improve the combining ability of

the Tuxpeño and non-Tuxpeño heterotic pattern. We assessed

the genetic structure of ex-PVP lines relative to the CMLs

and other elite and special trait inbred lines using SNPs and

present–absent polymorphisms (PAVs) from the DArTseq-

based genotyping (Edet, Gorafi, Nasuda, & Tsujimoto, 2018;

Ren et al., 2015; Sansaloni et al., 2011). We narrowed our

objective to focus only on the genetic structure of CIMMYT

elite lines widely used for breeding and hybrid development

and the most recombined ex-PVP lines (Mikel, 2011; Mikel

& Dudley, 2006). Specifically, we (a) assessed the degree of

genetic divergence between BSSS and NSSS relative to CIM-

MYT Tuxpeño and non-Tuxpeño, (b) determined the ideal

heterotic alignment of BSSS and NSSS with CIMMYT Tux-

peño and non-Tuxpeño lines (i.e., determine in which CIM-

MYT heterotic group to introgress the BSSS or the NSSS

lines), and (c) identified the most genetically pure sources of

BSSS or NSSS ex-PVP lines to use in CIMMYT breeding

programs.

2 MATERIALS AND METHODS

2.1 Plant material

Seed of 244 U.S. ex-PVP lines genotyped in this study

was obtained through the Germplasm Resource Information

Network (GRIN) (http://www.ars-grin.gov/npgs; accessed 11

July 2020) from the U.S. North Central Regional Plant Intro-

duction Station (Ames, IA) in 2014. Information from the

PVP certificates obtained from the GRIN data system and

from published studies (Mikel, 2011; Mikel & Dudley, 2006;

Nelson et al., 2008; White et al., 2020) was used to classify

lines as either BSSS or NSSS. In addition, a total of 570 trop-

ical, mid-altitude, and highland CMLs and other elite inbred

lines from CIMMYT’s breeding programs were also geno-

typed. The 244 temperate lines represented about 80% of the

lines in the ex-PVP database in 2014; the 570 CIMMYT lines

represented most of the diversity in CIMMYT germplasm.

Because not all CMLs were widely used in CIMMYT and

other private and public breeding programs, we performed

genetic diversity and structure analyses on a subset of 147

lines (Table 1) representing the core set of lines used in CIM-

MYT breeding programs in 2014, and the most recombined

ex-PVP lines (Mikel, 2011; Mikel & Dudley, 2006). The CIM-

MYT subset had 76 lines that consisted of 43 Tuxpeños and

33 non-Tuxpeños. The ex-PVP subset had 71 lines: 45 NSSS

and 26 BSSS. Although the majority of the selected ex-PVP

lines were among the most recombined (Mikel, 2011; Mikel

& Dudley, 2006), others were selected based on recommen-

dations from some U.S. breeders that were familiar with the

germplasm and our field observations.

2.2 Sequencing and SNP calling

Leaf tissue was collected for each CIMMYT inbred line from

12 plants grown in a greenhouse at the CIMMYT headquar-

ters in Texcoco, State of Mexico, Mexico. For the ex-PVP

lines, leaf tissue was obtained from 10 plants per inbred line

in a nursery planted at the El Batán Research Station (19˚32′

N, 98˚50′ W; 2,282 m asl) in Texcoco, State of Mexico, Mex-

ico. The DNA was extracted from a composite of equal area

(28 mm2) of leaf tissue from each plant using a modified

CTAB (cetyltrimethylammonium bromide) method (Saghai-

Maroof, Soliman, Jorgenson, & Allard, 1984). The DNA

was then quantified and diluted to an equal concentration of

200 ng μl−1 before performing high-throughput genotyping

in 96 plex using DArTseq technology following methods

described in earlier studies (Chen et al., 2016; Ren et al., 2015;

Sansaloni et al., 2011). The genomic DNA of all the samples

was digested with restriction enzymes PstI (CTGCAG) and

HpaII (CCGG) prior to ligating barcoded adaptors to identify

each sample. For each 96-well plate, 16% of the samples were

replicated to assess the data reproducibility. Amplification

products of equal molar concentration for each sample were

pooled by plate and amplified with c-Bot (Illumina) bridge

PCR, followed by fragment sequencing using Illumina Hiseq

2500 (http://www.illumina.com; accessed 11 July 2020).

Sequence analysis was done to align reads with the

sequence tag-based maize meta-genome, and SNPs and

present–absent variations (PAVs) were called using the DArT-

soft analytical pipeline. A search was conducted on the B73

reference genome (B73 RefGen_v3; Andorf et al., 2016) to

look for the positions of the SNPs. The SNP position search

was conducted using the Basic Local Alignment Search Tool

(BLAST; Altschul, et al., 1990; Ye, et al., 2006) with a

maximum 4-bp mismatch threshold. The marker locations

and tiled regions were mapped to the B73 reference genome

from the Gramene database (ftp://ftp.ensemblgenomes.org;

accessed 11 July 2020), but some SNPs and PAVs could not

be mapped to a chromosome. A total of 616,967 unimputed

SNPs and 18,936 present–absent variations (PAVs) were suc-

cessfully identified on each inbred line. After removing mark-

ers with >25% missing data and minor allele frequency <5%,

http://www.ars-grin.gov/npgs
http://www.illumina.com
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T A B L E 1 The subset of 147 lines consisting of the most widely used for breeding and hybrid development in the International Maize and

Wheat Improvement Center (CIMMYT) breeding programs and some of the most recombined lines with expired Plant Variety Protection (Mikel &

Dudley, 2006) that were used for genetic diversity and structure analyses. The lines were divided into four heterotic groups: CIMMYT heterotic

group A (Tuxpeño), CIMMYT heterotic group B (non-Tuxpeño), Iowa Stiff Stalk Synthetic (BSSS), and non-Iowa Stiff Stalk Synthetic (NSSS)

Adaptation Group Linesa

Tropical Tuxpeño (A) CML573, CLWN216, CML264, CML286, CML401, CML438, CML495, CML531,

CML532, CML498, CML534, CML500, CML491, CML503

non-Tuxpeño (B) CML224, CML225, CML227, CML330, CML331, CML332, CML269, CML436,

CML439, CML450, CML451, CML449, CML494, CML530, CML576

Mid-altitude Tuxpeño (A) CML78, CML197, CML206, CML311, CML312, CML327, CML373, CML375,

CML379, CML380, CML390, CML440, CML442, CML445, CML463, CML464,

CML486, CML487, CML505, CML536, CML537, CML538, CML539

non-Tuxpeño (B) CML202, CML321, CML323, CML324, CML383, CML384, CML394, CML395,

CML444, CML483, CML488, CML489, CML510

Highland Group A CML457, CML460, CHWE133, CHWE227, CHWE237, CHYL10

Group B CML459, CML461, CML462, CHYE140, CHYL22

U.S. ex-PVP BSSS DKFBLL, PHW52, LH132, PHHB9, DK2FACC, PHG39, PHP38, PHK29, LH194,

DK2FADB, LH208, LH202, LH196, LH205, LH195, DK87916W, H8431, LH198,

PHAA0, PHRE1, PHJ40, PHBW8, PHT11, PHMK0, LH200, CARG2369, PHMK0

NSSS PHR03, PHP02, LH184, DK3IIH6, LH123HT, LH216, LH214, PHG47, LH212Ht,

DK3IBZ2, LH213, LH172, PHR25, LH59, PHTD5, DKMM501D, PHN46, PHN82,

PHK76, DKMM402A, LH210, DK78551S, DKIBC2, PHG29, PHJ90, LH181,

PHM10, LH284, PH207, PHK56, PHK46, LH211, PHR63, PHP55, PHM57, PHJ31,

PHT60, DKIBB14, CARG11430, PHV78, PHZ51, PHG84, DKIB014, LH85, PHG35

aInbred lines with expired U.S. Plant Variety Protection and patent certificates (ex-PVP) were from Pioneer Hi-Bred (prefix PH), Dekalb Genetics (prefix DK), Holden

Foundation Seeds (prefix LH), and Cargill (prefix CARG). The BSSS line H8431was from Novartis Seeds.

T A B L E 2 Summary statistics for markers across the genome: number of markers per chromosome, percentage heterozygosity, minor allele

frequency (MAF), and percentage missing marker data in the filtered dataset of 21,081 markers

Chromosomea No. of markers MAF Heterozygosity Missing data
%

0 3,599 .28 2.00 8.12

1 2,862 .25 1.78 7.12

2 2,123 .25 1.70 7.12

3 2,002 .25 1.81 7.32

4 1,872 .24 1.69 7.21

5 2,034 .24 1.75 7.10

6 1,411 .25 1.73 7.27

7 1,419 .24 1.64 7.07

8 1,395 .25 1.67 7.27

9 1,238 .25 1.59 7.27

10 1,126 .25 1.61 7.36

Total 21,081 – – –

Avg. 1,916 .25 1.76 7.35

aChromosome 0 consists of markers that could not be mapped to the B73 reference genome.

the 8,690 unimputed SNPs and 12,391 PAVs (21,081 mark-

ers) that remained had an average of 7.35% missing data

(Table 2). The 21,081 markers or subsets with ≤5% missing

data, depending on the type of analysis, were used for subse-

quent genetic diversity analyses.

2.3 Statistical analyses

Summary statistics for markers, including heterozygosity, per-

centage missing data, and the effective number of alleles per

locus, were computed across the 21,081 markers using R
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(R Core Team, 2019). The effective number of alleles (Ae)

for each marker was calculated as

1
𝑙

𝑙∑
𝑗=1

1
1 −𝐷𝑗

where Dj is the gene diversity of the jth of l loci.

Standard χ2 tests were used to test for genetic homogene-

ity between pairs of heterotic groups (Table 1), with a null

hypothesis of equal allele frequencies between groups. The

χ2 tests were done using a subset of 10,413 markers with ≤5%

missing data and minor allele frequency ≥.01. A Bonferroni-

corrected probability value of .05/n, where n is the number

of loci, was used to adjust for multiple testing. The number

of significant markers for each pair of populations was then

expressed as a proportion of the total number of markers ana-

lyzed. The standard errors for the percentages of significant

markers were calculated using standard formulae, according

to the Bernoulli distribution (Evans, et al., 2000). Data of

the subset of 10,413 markers coded as codominant geno-

types were also subjected to analysis of molecular variance

(AMOVA) (Excoffier, et al., 1992). The AMOVA was con-

ducted using GenAlEX (Peakall & Smouse, 2012) to estimate

Wright’s fixation index, FST (Wright, 1965). Statistical signif-

icance for pairwise FST values was determined by permutation

across the dataset.

Private alleles (the number of alleles unique to a subpopu-

lation) were estimated in R from 5,000 random samples of 26

(the smallest subset) lines drawn without replacement from

the Tuxpeño, non-Tuxpeño, and the NSSS subsets using the

full set of 21,081 markers. Private alleles between the full

CIMMYT and ex-PVP sets was estimated from the average

of 1,000 random samples of 244 drawn without replacement

from the CIMMYT group. A resampling approach was used

to estimate the number of private alleles to avoid bias due to

differences in sample size.

Principal component analysis (PCA) was also done using

the 21,081 markers on the CIMMYT, ex-PVP, and the sub-

set of 147 inbred lines with the prcomp package in R. The

first three principal components were plotted using the scat-
terplot3d package in R. The genetic distance between each

pair of inbred lines was estimated across the 21,081 markers

using Rodger’s modified genetic distance (MRD). The MRD

was calculated as

𝑀𝑅𝐷 =

√√√√ 1
2𝑚

𝑚∑
𝑖=1

𝑎𝑖∑
𝑗=1

(
𝑝𝑖𝑗 − 𝑞𝑖𝑗

)2

where pij and qij are the alleles frequencies of the jth allele

at ith locus in each pair of inbred lines, ai is the number

of alleles at the ith locus, and m is the number of loci. The

MRD matrix was used to perform cluster analysis using the

T A B L E 3 Pairwise Wright’s fixation index (FST) values (above

diagonal) and Roger’s modified genetic distance (MRD, below

diagonal) for the four germplasm groups: Tuxpeño, non-Tuxpeño, Iowa

Stiff Stalk Synthetic (BSSS), and non-stiff Stalk Synthetic (NSSS)

Subgroup Tuxpeño non-Tuxpeño NSSS BSSS
Tuxpeño – .013 .082** .091**

non-Tuxpeño .11 – .085** .093**

NSSS .26 .26 – .053**

BSSS .32 .32 .29 –

**Significant at the .01 probability level.

neighbor-joining method with the hclust package in R. The

MRD was preferred because its square (MRD2) is linearly

correlated with MPH (Melchinger, 1999). The dendrogram

was produced using the software Figtree 1.4.0 (http://tree.bio.

ed.ac.uk/software/figtree/; accessed 11 July 2020). To assess

whether PAV and SNP markers gave similar results on the

genetic relationships among the lines, we created two MRD

distance matrices for the full set of 814 lines: one based on

the 8,690 SNPs and another based on the 12,391 PAVs. The

two distance matrices were then converted to vectors that were

then used to calculate Pearson’s linear correlation coefficient

between the SNP and PAV genetic distances.

The population structure of the subset of 147 lines was

evaluated using model-based clustering using the program

STRUCTURE 2.3.4 (Pritchard, et al., 2000; Hubisz, et al.,

2009). STRUCTURE was run with a subset of 7,994 mark-

ers that had<5% missing data and minor allele frequency ≥.1.

The program was run with the number of populations, K, rang-

ing from 1 to 10, with five runs for each value of K, a burn-

in period of 30,000, and 30,000 replications. The model with

the optimal population number was selected using the ad hoc

statistic delta K (ΔK), which is based on the rate of change in

the log probability of the model between successive K values

(Evanno, et al., 2005).

3 RESULTS

3.1 Genetic diversity

The MRD matrices for PAV and SNP markers were highly

correlated (r = .78, P < .01), indicating that combining the

two marker datasets for the statistical analyses conducted in

this study was appropriate. The AMOVA detected a signif-

icant genetic divergence (FST = .16, P < .01) among the

four groups. Pairwise FST estimates were significant for all

comparisons, except for between Tuxpeño and non-Tuxpeño

(Table 3). The FST between BSSS and NSSS was about

four times as large as the FST between Tuxpeño and non-

Tuxpeño. Estimates of FST between CIMMYT and ex-PVP

heterotic groups showed that BSSS was more diverged from

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
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F I G U R E 1 The proportion of markers with heterogenous allele

frequencies based on χ2 tests across 10,414 single nucleotide polymor-

phism (SNP) and present–absence variation (PAV) loci on selected pairs

of subpopulations from six groups: all International Maize and Wheat

Improvement Center lines (CIMMYT), all 244 lines with expired Plant

Variety Protection (ex-PVP), CIMMYT Tuxpeño (CIMA), CIMMYT

non-Tuxpeño (CIMB), Stiff Stalk Synthetic (BSSS), and non-Stiff Stalk

Synthetic (NSSS)

Tuxpeño and non-Tuxpeño (FST ≈ .09, P < .01) than NSSS

was diverged from the CIMMYT heterotic groups (FST ≈ .08,

P < .01) (Table 3).

Similarly, BSSS and the CIMMYT heterotic groups had an

average of 16% more loci with heterogenous allele frequencies

than between the CIMMYT germplasm and NSS (Figure 1).

Further, only 0.30% of the loci had heterogenous allele fre-

quencies between Tuxpeño and non-Tuxpeño, compared with

24.4% between the BSSS and NSS (Figure 1). The percent-

age of loci with heterogeneous allele frequencies between the

Tuxpeño and BSSS (42.5%) was larger than that between Tux-

peño and NSSS (27.1%). The difference in mean percentage of

heterogeneous loci between the Tuxpeño and BSSS pair and

between the non-Tuxpeño-BSSS pair (1.35% or 141 loci) was

statistically significant (t > 200, P < .001), suggesting that

BSSS was genetically closer to Tuxpeño than to non-Tuxpeño.

Also, the difference in percentage heterogenous loci between

the Tuxpeño and NSS, and the non-Tuxpeño and NSS pairs

(0.95%), although too small to be of practical significance,

suggested that NSSS was genetically closer to non-Tuxpeño

than to Tuxpeño (Figure 1). Although the largest number of

significant markers (68%) was observed between the full sets

of 570 CIMMYT lines and 244 ex-PVP lines (Figure 1), the

largest heterotic group divergence based on allele frequencies

was observed between non-Tuxpeño and BSSS (Figure 1).

The average MRD among individual lines was highest

within the full CIMMYT set and the subsets of Tuxpeño and

T A B L E 4 Genetic diversity estimated with the modified Roger’s

distance (MRD), number of effective allele alleles (Ae), and the number

of private alleles within subsets of Tuxpeño and non-Tuxpeño lines, the

Iowa Stiff Stalk Synthetic (BSSS) heterotic group, the non-Iowa

Synthetic (NSSS) heterotic group, and the full sets of all CIMMYT

lines and lines with expired Plant Variety Protection (ex-PVP)

Subgroup
No. of
lines MRD Ae

Privatea

alleles
Tuxpeño 43 .29 1.56 39.7

non-Tuxpeño 33 .29 1.55 19.9

BSSS 26 .24 1.35 1.3

NSSS 45 .27 1.46 17.2

All CIMMYT 570 .29 1.57 708.9

All ex-PVP 244 .28 1.49 11.4

aThe four heterotic groups were analyzed together; thus, private allele comparisons

are valid only for the four groups. The full CIMMYT and expired Plant Variety

Protection (ex-PVP) groups were analyzed as a pair, and comparisons are valid

only for the two groups.

non-Tuxpeño lines, suggesting that the CIMMYT germplasm

pool had more genetic diversity than the ex-PVP set. Average

MRD among the 244 ex-PVP lines was similar to the CIM-

MYT subsets, but the NSSS subset had a higher average MRD

than the BSSS subset (Table 4). The CIMMYT group and its

subsets also had higher genetic diversity when diversity was

expressed as either the average number of effective alleles per

locus or the average number of private alleles (Table 4). In

addition, the trend in all three measures of genetic diversity

suggested that the BSSS subset had lower genetic diversity

than the NSSS subset (Table 4). Based on the number of pri-

vate alleles in each heterotic group, the Tuxpeño group, with

an average of 39.7 private alleles, was the most dissimilar of

the four heterotic groups (Table 4).

Trends in the group pairwise average genetic distances were

in agreement with FST estimates showing no genetic diver-

gence between Tuxpeño and non-Tuxpeño (Table 3). In con-

trast, the distance (MRD) between BSSS and NSSS was more

than twice as large as the distance between Tuxpeño and

non-Tuxpeño. (Table 3). In addition, estimates of MRD sug-

gest that both Tuxpeño and non-Tuxpeño heterotic groups

had equal genetic distances to NSSS and BSSS. Collectively,

these results suggest a lack of genetic divergence between

the CIMMYT heterotic groups and the presence of genetic

divergence between the CIMMYT germplasm pool and the

ex-PVP lines and between the BSSS and NSSS heterotic

groups.

3.2 Cluster analysis: Neighbor-joining

Cluster analysis of the subset of 147 inbred lines revealed

two main clusters: the CIMMYT and the ex-PVP clusters
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F I G U R E 2 Neighbor-joining tree of 76 International Maize and Wheat Improvement Center (CIMMYT) and 71 U.S. lines with expired

Plant Variety Protection (ex-PVP) based on the Rodgers modified genetic distance (MRD) across 21,081 present–absent variation (PAV) and sin-

gle nucleotide polymorphism (SNP) markers. CIMMYT germplasm subgroups by adaptation (highland, tropical, and subtropical) and by source

population (Suwan) are highlighted

(Figure 2). The 76 CIMMYT inbred lines clustered accord-

ing to their source populations and the breeding program

from which they were developed, but not according to their

heterotic groups. Four weak subclusters were inferred in the

CIMMYT cluster: inbred lines from the highland breeding

program, mid-altitude, and lowland, and a mixed cluster of

lowland and mid-altitude lines (Figure 2). The highland clus-

ter consisted of all the 11 lines (Table 1), with no overlap with

germplasm from the lowland tropical and mid-altitude pro-

grams (Figure 2). The lowland tropical cluster consisted of

seven lines that can be traced back to the Tuxpeño Popula-

tion 21: CML264, CML401, CML498, CML503, CML500,

CLWN216, and CML573. The rest of the lines in the lowland

tropical cluster were not related to Population 21 by pedigree;

however, CML450, CML451, and CML495 have a common

parent that may be related to Population 21.

The mid-altitude cluster consisted of lines from the mid-

altitude programs in Mexico, Kenya, and Zimbabwe, whereas

the mixed cluster consisted of lines from the lowland and mid-

altitude programs. The inbred line CML444 clustered with

CML494, CML576, and CML373 (Figure 2), all extracted

from Population 43. The inbred line CML312 clustered with

related lines from Zimbabwe (CML539 and CML537) and

its sister line CML311, as would be expected based on pedi-

gree information (Figure 2). Additional subgroups of lines

related by pedigree included the Suwan subgroup of CML224,

CML225, CML227, and CML510. The lines CML489 and

CML440 also clustered with Suwan lines despite having no

evidence of Suwan germplasm in their pedigree. The close

clustering of CML330, CML331, and CML332 is also con-

sistent with pedigree information, indicating that all three

were extracted from a population that was 50% Suwan. The



GUO ET AL. 1673Crop Science

clustering of lines of the same heterotic group was also

observed for CML78, CML375, CML505, and CML491,

which all belonged to Tuxpeño.

The clustering of lines based on their source population

and association of sister lines such CML311 and CML312,

CML383 and CML384, and CML379 and CML380 showed

that our data were able to detect real genetic relation-

ships among the lines. However, some inconsistencies were

observed: CML537 (CML312 × CML206) clustered with

CML202 instead of CML206. Further, CML483 clustered

with CML78 instead of the related lines from Population 502:

CML321, CML383, and CML384.

The BSSS and the NSSS heterotic groups were clearly sep-

arated in the ex-PVP cluster (Figure 2). Within the BSSS clus-

ter, a subcluster of lines from Pioneer Hi-Bred and another

consisting of lines of Holden Foundation Seeds and Dekalb

lines were detected (Figure 2). The NSSS cluster consisted of

three distinct subclusters of Iodent, Oh07-Midland, and Oh43

or M017. The Iodent (PH207 and others) cluster consisted

primarily of lines from Pioneer Hi-Bred and lines that were

derived out of Pioneer hybrids. The Oh7-Midland (PHR03

and others) cluster consisted entirely of Pioneer lines, sug-

gesting that this germplasm was unique to Pioneer Hi-Bred.

The Oh43/Mo17 or Lancaster cluster was made up mainly of

Holdens and Dekalb lines, with PHT60, PHG47, and PHK76

from Pioneer Hi-Bred also clustering with the Lancaster lines

(Figure 2).

3.3 Principal component analysis

Principal component analysis for the 570 CIMMYT lines sep-

arated inbred lines from the highland breeding program from

the lowland tropical and tropical mid-altitude inbred lines on

PCA1 (Figure 3). No clear separation of groups was observed

on the other two principal components. The first three prin-

cipal components explained 5.7% of the genetic variation,

consistent with the general lack of structure in CIMMYT

germplasm (Figure 3). In contrast, PCA for the 244 ex-PVP

lines separated the lines into at least five subgroups (Figure 4).

The first principal component (PC1) for all the ex-PVP lines

separated the BSSS from the NSSS lines; BSSS lines were on

the positive end and NSSS lines on the negative end of the PC1

axis (Figure 4). Lines that had a mixed NSS and BSS back-

ground, such as PHJ40, PHRE1, and PHAA0, were near the

origin of the PCA1 axis. Iodents were on one end, and Mo17

and Oh43 lines were on the other end of the PCA2 axis, with

BSSS, Oh7-Midland, and other NSS lines (e.g., Minnesota 13

and the French lines F2 and F7) at the origin. Along PCA3,

the most extreme groups were mixed: one cluster consisting

of Mo17 and B73 lines on one end, and B14, B37, and some

Iodent lines on the other end. In general, PCA3 separated B73

and Mo17 types from B14 and B37 types. The first three prin-

F I G U R E 3 Scatter plot of the first three principal components

(PCA1, PCA2, and PCA3) for 570 CIMMYT inbred lines grouped

according to their heterotic groups and adaptation: highland heterotic

group A (HL-A), highland group B (HL-B) lowland tropical Tux-

peño (LT-A), lowland tropical Tuxpeño Population 21 (LT-A-P21), low-

land tropical non-Tuxpeño (LT-B), mid-altitude Tuxpeño (MA-A), mid-

altitude non-Tuxpeño (MA-B), and lines of unknown heterotic grouping

(unknown). The three principal components explained 5.7% of the total

genetic variation across 21,081 single nucleotide polymorphism (SNP)

and present–absent variation (PAV) markers

F I G U R E 4 Scatter plot of the first three principal components

(PCA1, PCA2, and PCA3) for 244 U.S. inbred lines with expired

Plant Variety Protection showing the Iowa Stiff Stalk Synthetic (B14,

B37, and B73) and the non-Stiff Stalk synthetic (Iodent, Mo17, Oh43,

Oh7-Midland, and other non-stiff stalk subgroups [other-NS]) heterotic

groups. The first three principal components explained 23.8% of the

total variation across 21,081 single nucleotide polymorphism (SNP) and

present–absent variation (PAV) markers
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F I G U R E 5 Scatter plot of the first three principal components

(PCA1, PCA2, and PCA3) for the subset of 147 International Maize and

Wheat Improvement Center (CIMMYT) and temperate inbreds showing

the heterotic groups Iowa Stiff Stalk Synthetic (BSSS), non-Stiff Stalk

Synthetic (Iodent, Mo17, Oh43, and Oh7-Midland), CIMMYT Tuxpeño

(CIMA), and CIMMYT non-Tuxpeño (CIMB). The first three princi-

pal components explained 19.8% of the total genetic variation across

21,081 present–absent variation (PAV) and single nucleotide polymor-

phism (SNP) markers

cipal components for the ex-PVP lines explained 23.8% of the

genetic variation among the lines (Figure 4).

For the subset of 147 lines, the first three principal compo-

nents explained 19.8% of the genetic variation. The first prin-

cipal component (PCA1) separated CIMMYT lines from ex-

PVP lines. On one extreme of PCA1 were the lowland tropical

lines from Population 21, and on the other extreme were the

B73-derived BSSS lines. The highland, Oh43, and the Oh7-

Midland lines were close to the origin of PCA1 (Figure 5).

The second principal component separated the BSSS from

the NSSS lines, with Iodent lines on one extreme of PCA2

and B73 lines on the other; CIMMYT lines were close to the

origin of the PCA2 axis (Figure 5). Finally, the third princi-

pal component had Iodent lines on one extreme and Mo17 and

Oh43 lines on the other of PCA3. The CIMMYT lines were at

the origin of PCA3, and highland lines CHWE237, CHYL22,

and CML460 were close to the Oh7-Midlands lines and the

Mo17 or Oh43 lines (Figure 5).

3.4 Population structure

Model-based clustering results for the subset of 147 ex-

PVP and CIMMYT lines are shown in Figure 6 and Fig-

ure 7. The ad-hoc statistic ΔK peak was observed when

K = 2 (ΔK = 807.6), with the second highest peak at K = 3

F I G U R E 6 The number of inferred optimal populations (K) in the

subset of 147 International Maize and Wheat Improvement Center (CIM-

MYT) and lines with expired Plant Variety Protection (ex-PVP) esti-

mated using the ad hoc statistic delta K (ΔK) based on the rate of change

in the log probability of the model between successive K values (Evanno

et al., 2005). The graph shows two peaks; one at K = 2 and the other at

K = 3

(ΔK = 373.8). With K = 2, the lines were assigned to two pop-

ulations (CIMMYT and ex-PVP), with no recognition of the

BSSS and NSSS heterotic groups among the ex-PVP lines.

With K = 3, inbred lines were assigned membership to CIM-

MYT, BSSS, and NSSS populations. Although the model-

inferred optimum was K = 2 (CIMMYT and ex-PVP), we

chose the model with K = 3 (CIMMYT, BSSS, and NSSS)

because the results were more informative than the results for

K = 2 for the use of ex-PVP lines in CIMMYT breeding pro-

grams. Despite the lack of subpopulations within CIMMYT

germplasm, the results showed a trend towards an increase in

the proportion (Q) of temperate (ex-PVP) genome with alti-

tude (adaptation) from lowland to highland (Figure 7). The

proportion of temperate genome for lowland tropical lines

ranged from Q = 0 (for inbred lines from Population 21) to

Q = .16 (for CML534), with an average of .07. The mid-

altitude lines had an average Q = .16 from the ex-PVP lines,

with a range of Q = .03 (for CML379 and CML380) to

Q = .36 (for CML486). The proportion of the genome origi-

nating from temperate lines was highest among highland lines

with an average Q = .32 and a range of .29 (CML459) to .40

(CHWE237) (Figure 7). The results also suggest a higher pro-

portion of NSSS alleles in CIMMYT lines than BSSS alleles

(Figure 7).

Most ex-PVP lines were assigned to the BSSS or the NSSS

heterotic group, except PHMK0 and LH85, that were consid-

ered mixed because they had membership probability (Q) < .5

in all three populations (Figure 7). Among the BSSS lines,

the majority of the Dekalb and Holden lines and the Cargill

line 2369 had Q ≥ .9 within the BSSS group (Table 5). In

contrast, the only BSSS lines from Pioneer Hi-Bred that had

Q ≥ .9 within the BSSS population were PHHB9 and PHW52

(Table 5). For the NSSS group, 19 lines had Q ≥ .9 within the
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F I G U R E 7 Bar plot of inbred admixture values, Q, which estimate the proportion of each individual’s genome that originated from each of three

inferred populations: Iowa Stiff Stalk Synthetic (BSSS), non-Iowa Stiff Stalk Synthetic (NSSS), and International Maize and Wheat Improvement

Center (CIMMYT)

NSSS, including key Iodents from Pioneer Hi-Bred: PH207,

PHG29, PHJ90, PHN82, and PHP02. The list of lines with

high membership probability within NSSS also includes three

lines selfed out of Pioneer hybrids (DK3IIH6, DKIBO14, and

LH123Ht), three lines of Mo17 background (LH181, LH213,

and LH284), and two lines of Oh43 background (LH211 and

LH212) (Table 5). The lines with high membership proba-

bility (Table 3) in their assigned group were considered the

purest for that group.

4 DISCUSSION

4.1 Genetic structure of CIMMYT lines

It is clear from the results of our study using all CIMMYT

lines and the subset of lines that were widely used for breed-

ing and as parents of successful hybrids that CIMMYT maize

lines do not cluster according to their heterotic groups. These

results were consistent with the finding of previous studies

that used the full set of lines (Wu et al., 2016). The lack of

genetic divergence between CIMMYT makes it challenging

to choose testers to evaluate the combining ability of new

inbred lines. However, the clusters of families of lines that

were derived out of the same populations, such as Suwan

1, Population 21, Population 43, Population 500 (CML311

and CML312), and Population 502, could form the base

germplasm that can be used to refine and enhance CIMMYT

heterotic groups via both a pedigree-based recurrent selection

scheme for combining ability and targeted introgression of ex-

PVP germplasm. The Suwan germplasm (Sriwatanapongse,

Jinahyon, & Vasal, 1993), for example, is a major heterotic

group in subtropical and tropical breeding programs (Fan

et al., 2015; Wu et al., 2019), but it is relatively underused in

CIMMYT’s breeding programs. Inbred lines of Suwan back-

ground could also be targeted for breeding in the non-Tuxpeño

group because they did not cluster with lines from Popula-

tion 21—the primary source of Tuxpeño in the CIMMYT

germplasm pool.

The CIMMYT inbred lines also clustered by adaptation; the

highland lines formed a unique group, whereas the tropical

and mid-altitude groups were mixed. This genetic structure of

CIMMYT germplasm can be exploited to enhance heterotic

groups by moving germplasm across adaptation zones, at least
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T A B L E 5 Summary of the inferred populations from genetic structure analysis of the subset of 147 International Maize and Wheat

Improvement Center (CIMMYT) and expired Plant Variety Protection (ex-PVP) lines

Populationa Linesb

CIMMYT: Q ≥ .9 CLWN216, CML264, CML394, CML401, CML450, CML451, CML495, CML498, CML500, CML503,

CML573, CML379, CML380, CML384, CML311, CML576, CML312, CML494, CML383, CML532,

CML537, CML444, CML449, CML531, CML436, CML286, CML488, CML530, CML269, CML330,

CML321, CML332, CML373

CIMMYT: .5 ≥ Q < .9 CML539, CML491, CML331, CML438, CML225, CML224, CML439, CML440, CML375, CML227,

CML534, CML483, CML510, CML487, CML206, CML202, CML489, CML395, CML197, CML78,

CML390, CML442, CML505, CML536, CML538, CML323, CML463, CML464, CML460, CML445,

CML324, CML457, CML459, CHYL22, CML461, CML462, CML327, CHWE227, CHYL10,

CHWE133, CHYE140, CML486, CHWE237

BSSS: Q ≥ .9 LH194, CARG2369, LH132, LH196, LH198, LH200, LH202, LH205, LH195, PHHB9, PHW52,

DKFBLL, DK2FADB, DK2FACC

BSSS: .5 ≥ Q < .9 LH208, DK87916W, PHP38, PHG39, PHT11, PHK29, PHBW8, H8431

NSSS: Q ≥ .9 DKIBC2, PHG29, PHJ90, LH214, PH207, PHN82, PHP02, LH213, PHTD5, CARG11430, DK3IIH6,

LH284, LH123HT, PHP55, DKIBO14, LH181, LH211, LH212Ht, PHR25

NSSS: .5 ≥ Q < .9 PHR03, PHK56, LH216, PHV78, PHR63, PHG35, PHM10, DK3IBZ2, DKMM501D, LH59, DK78551S,

DKIBB14, PHG47, LH172, PHK76, PHN46, LH210, DKMM402A, LH184, PHK46, PHG84, PHT60,

PHZ51, PHJ40, PHAA0, PHRE1, PHM57, PHJ31

Mixed PHMK0, LH85

aThe populations inferred from structure analysis using the software Structure 2.3.4 (Pritchard et al., 2000): CIMMYT, Iowa Stiff Stalk Synthetic (BSSS), non-Stiff Stalk

Synthetic (NSSS) subdivided based on admixture values (Q) of each of the lines. The mixed group consisted of lines that did not have group membership >.5 in any of

the three inferred populations.
bInbred lines with expired U.S. Plant Variety Protection (ex-PVP) were from Pioneer Hi-Bred (prefix PH), Dekalb Genetics (prefix DK), Holden Foundation (prefix LH),

and Cargill (prefix CARG). The BSSS line H8431was from Novartis Seeds.

on one side of the Tuxpeño–non-Tuxpeño heterotic pattern,

given the limited variation among heterotic groups. Pedigree

records of CMLs show that there has been little movement

of germplasm between the highland program and tropical or

mid-altitude breeding programs. Similarly, Population 21 has

been a rich source of lines in Latin America, but it has not

been used for breeding in Africa. In the same vein, unique

germplasm from Africa (e.g., the N3 and SC heterotic pattern

from Zimbabwe; Derera & Musimwa, 2015) has not been used

for breeding in the lowland tropical and highland programs in

Mexico.

Because the genetic diversity among the CIMMYT het-

erotic groups was low, it is especially crucial that germplasm

exchange and use be complemented by a breeding strategy

that is designed to increase genetic divergence and combin-

ing ability between the heterotic groups (Duvick et al., 2004;

Lee & Tollenaar, 2007). DNA markers can be used, not just to

aid selection but also to help assign lines to heterotic groups

and avoid making breeding crosses between lines that are sup-

posed to belong in different heterotic groups. The absence

of DNA marker-based quality control for breeding crosses

could contribute to unintended mixtures and hinder progress

in the divergence of heterotic groups. The mixture of het-

erotic groups resulting from breeding with the wrong crosses

could explain the inconsistency observed in the pedigree of

CML537. The inconsistency in the pedigree of CML537 was

also detected in an independent study by Wu et al. (2016),

suggesting that it was a case of the wrong cross being made

rather than resulting from sampling errors during genotyping.

On the other hand, the inconsistency detected for CML483

suggests a sample handling error because CML483 clustered

with related lines from Population 502 in the study by Wu

et al. (2016).

A trend towards a higher proportion of temperate alleles in

mid-altitude and highland than in lowland tropical germplasm

was consistent with the genetic constitution of the source

populations from which the lines were extracted. The inbred

CML486, which had the highest ex-PVP population member-

ship probability among the mid-altitude lines, was extracted

from Population 45, whose background included lines from

Purdue University, BSSS, hybrids from Dekalb Genetics, and

inbred lines from Nebraska (CIMMYT, 1998). Further, sev-

eral highland populations contained up to 25% of U.S. Corn

Belt germplasm (CIMMYT, 1998). In contrast, only a few of

the tropical populations contained U.S. Corn Belt germplasm

(e.g., Populations 19 and 26) (CIMMYT, 1998), and most of

them did not result in widely used CMLs probably because the

selection pressure against temperate alleles was higher in low-

land tropical environments than in mid-altitude and highland

environments.

Evidently, CIMMYT germplasm is still in the preheterotic

group era relative to the BSSS and NSSS heterotic pattern



GUO ET AL. 1677Crop Science

(Duvick et al., 2004; Tracy & Chandler, 2006). However,

despite the limited genetic divergence between the CIMMYT

heterotic groups, there were enough clustering patterns that

could be used to optimize the heterotic grouping through

reclassification of some of the lines, moving germplasm

across breeding programs, and use of a breeding approach

that aims to increase allele frequency divergence and com-

bining ability. Introgression of BSSS lines in one heterotic

group and NSSS in the other could be a complementary strat-

egy to increase the combining ability between the CIMMYT

heterotic groups.

4.2 Genetic structure of ex-PVP lines

Our results confirmed the genetic divergence between the

BSSS and NSSS heterotic groups among ex-PVP lines (Nel-

son et al., 2008; Lorenz & Hoegemeyer, 2013; Beckett,

Morales, Koehler, & Rocheford, 2017; White et al., 2020).

In addition, the subgroups identified in the BSSS heterotic

group were consistent with historical pedigree information

indicating that the BSSS heterotic group of Pioneer Hi-Bred

consisted of B14, B37, Maiz Amargo, and Iodent, whereas

that of Dekalb Genetics and Holden Foundation Seeds con-

sisted predominantly of B73 (Mikel, 2011 Mikel & Dudley,

2006; Troyer, 2004). The NSSS subgroups of Lancaster, Oh7-

Midland, and Iodent were also in agreement with pedigree

information indicating that Mo17 was prominent in Holden

Foundation Seeds and that it was rare in Pioneer Hi-Bred

International (Tracy & Chandler, 2006).

Cluster analysis, PCA, and model-based clustering placed

the majority of the lines in the BSSS or NSSS heterotic groups

and subgroups as expected according to pedigree informa-

tion (Beckett et al., 2017; Mikel, 2011; Mikel & Dudley,

2006; Nelson et al., 2008; White et al., 2020). However, there

were a few exceptions: PHJ40, PHAA0, and PHRE1 were

declared BSSS by Mikel and Dudley (2006), but our results

from model-based clustering assigned them to NSSS. It is

important to note that the results depend on the set of lines

analyzed and that the clustering pattern may be different for

a different set of lines. Still, we suspect that the clustering of

PHJ40, PHAA0, and PHRE1 closer to NSSS than BSSS could

have been caused by the Maiz Amargo genetic background,

which was not accounted for in the model-based clustering

in this study, and their Iodent background (Mikel & Dudley,

2006).

The lines PHMK0 and LH85 were declared mixed because

they did not have membership probability >.5 in any of

the three populations inferred using model-based clustering.

PHMK0 can be traced back to B14, B37, Maiz Amargo,

and Iodent; the Iodent component could explain the NSSS

membership, whereas the Maíz Amargo component could

have been lumped into the CIMMYT group. The other mixed

inbred line LH85 was selfed out of Pioneer hybrid 3978 with

unknown background information (Mikel & Dudley, 2006).

The results of model-based clustering suggest that Pioneer

3978 was a BSSS × NSSS hybrid, and LH85 was, there-

fore, of mixed genetic background. By contrast, DK3IIH6,

DKIBO14, and DKIBC2, which were also selfed out of Pio-

neer hybrids, clustered with Iodent lines, whereas LH123

from Holden Foundation clustered with Oh43 lines; all four

lines had NSSS membership probability ≥.9, suggesting that

they were all derived out of NSSS × NSSS hybrids.

The lines with the highest membership probability in either

BSSS or NSSS should have the most substantial allele fre-

quency divergence between the two groups. Breeding with the

purest BSSS lines in one of the CIMMYT heterotic groups

and NSSS in the other would maximize allele frequency

divergence and, possibly, combining ability for grain yield

between the Tuxpeño and non-Tuxpeño heterotic groups. In

addition, the results showed that our data could be used

to resolve unclear pedigree information, and, as a result,

the heterotic grouping of the ex-PVP lines used in this

study.

4.3 Use of ex-PVP lines in CIMMYT
breeding programs

The results showed a lack of genetic divergence between

the CIMMYT heterotic groups and large genetic divergence

between BSSS and NSSS. The genetic divergence between

the BSSS and NSSS heterotic groups could be exploited to

enhance the genetic divergence and combining ability of the

CIMMYT Tuxpeños and non-Tuxpeños. Evidence from tests

of genetic divergence using FST and χ2 tests for homogeneity

allele frequencies between heterotic groups, although weak,

suggested that BSSS should be placed in the Tuxpeño group

and that NSS should be used in the non-Tuxpeño group. It

is important to note that other factors such as seed yield and

pollen production may determine in which CIMMYT het-

erotic group the BSSS and NSSS lines are placed. When only

male and female seed production traits were considered, it

was deemed appropriate to align BSSS with Tuxpeño and

non-BSSS with non-Tuxpeño (Whitehead, Caton, Hallauer,

Vasal, & Cordova, 2006). The decision to group BSSS with

Tuxpeño and NSSS with non-Tuxpeño is therefore consistent

with the results of this study and is supported by empirical

data (Cupertino-Rodrigues, Dhliwayo, Trachsel, Guo, & San

Vicente, 2020).

According to quantitative genetic theory for heterosis

and empirical evidence, increased genetic divergence at loci

associated with the trait of interest should result in increased

combining ability. The findings of this study could be used

in conjunction with pedigree information to select the most

heterotically pure BSSS or NSSS lines to use in CIMMYT
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breeding programs to maximize the divergence of heterotic

groups. The BSSS inbred lines such as LH132, LH198,

and LH195 that had the least membership probability in

NSSS (e.g., Q ≥ .9; Table 5) should have a higher priority

for CIMMYT breeding than lines with higher membership

probability in NSSS heterotic group. Likewise, NSSS lines

with the lowest membership probability in BSSS, such

as PHG29, PHN82, and LH213 (Table 5), should also be

included in the list of lines to use for CIMMYT breeding,

together with other highly recombined lines such as PHR03

and PHK56 (Mikel, 2011; Mikel & Dudley, 2006).

Introgression of BSSS into Tuxpeño and NSSS into non-

Tuxpeño can increase the performance of CIMMYT hybrids

only if the genetic divergence observed between the NSSS and

BSSS heterotic groups is associated with grain yield in tropi-

cal environments. Genetic divergence is a prerequisite for het-

erosis to occur. The results of previous studies indicated that

heterosis increased with an increase in genetic divergence but

within a restricted range of genetic divergence (Moll, Lon-

nquist, Fortuno, & Johnson, 1965; Moll, Salhuana, & Robin-

son, 1962; Paterniani & Lonnquist, 1963). Further, studies

that assessed the relationship of DNA marker-based genetic

distance with MPH and F1 hybrid yield reported moderate

to high correlation coefficients, but these studies were con-

ducted within adapted germplasm pools (Melchinger, 1999;

Reif et al., 2003). The presumption that the genetic divergence

between BSSS and NSSS is associated with hybrid perfor-

mance in temperate environments is supported by empirical

evidence. The genetic divergence between NSSS and BSSS

resulted from a pedigree breeding strategy akin to reciprocal

recurrent selection that resulted in increased combining abil-

ity and grain yield of BSSS × NSSS hybrids (Duvick, 1984,

2005b; Duvick et al., 2004; Hallauer, 1999; Lee & Tollenaar,

2007).

The genetic divergence between BSSS and NSSS is thus

associated with increased grain yield in temperate environ-

ments; the question, therefore, is whether the ex-PVP lines are

not so extremely diverged from tropical lines that the favor-

able alleles in temperate lines are masked by a lack of adap-

tation to tropical environments. Cupertino-Rodrigues et al.

(2020) evaluated BSSS × non-Tuxpeño and NSSS × Tuxpeño

hybrids in the mid-altitude tropical environments in Mexico

and reported that several hybrids had grain yield equal or

superior to that of the adapted check hybrids. The NSS inbred

lines PHR03 and PHN82 combined well for grain yield with

Tuxpeño testers, and the BSSS lines PHG39 and PHK29 com-

bined well with non-Tuxpeño testers. It is therefore likely that

the favorable alleles for grain yield in temperate environments

are expressed in tropical environments. However, Cupertino-

Rodrigues et al. (2020) evaluated only 10 BSSS and 11 NSS

lines in mid-altitude (>900 m asl) environments where dis-

ease pressure is lower than in lowland tropical environments

(<900 m asl). Hence, more studies involving more lines across

more tropical environments may be needed to assess fully

the usefulness of ex-PVP lines for tropical maize breeding.

Nevertheless, the results of this study should help breed-

ers increase the genetic divergence between Tuxpeños and

non-Tuxpeños by avoiding ex-PVP lines of mixed heterotic

origin and by maintaining BSSS and NSSS lines in sepa-

rate heterotic groups when forming breeding populations with

ex-PVP lines.

Disease resistance and general adaptation to tropical envi-

ronments have to be addressed before the yield potential of

temperate germplasm is fully expressed. Further, for mar-

kets that prefer white grain, selection for grain and cob color

is necessary because most of the ex-PVP lines have yel-

low grain and red cob. These considerations influence the

breeding approach and the size of segregating populations

when breeding with temperate germplasm in tropical envi-

ronments. Two general approaches can be proposed: a con-

servative approach that aims to introduce small (≤25%) pro-

portions of temperate germplasm through backcrossing, or an

aggressive approach using populations that have 50% or more

temperate germplasm. The aggressive approach in both het-

erotic groups would result in a higher frequency of temper-

ate alleles and greater genetic divergence between the BSSS-

derived Tuxpeños and NSS-derived non-Tuxpeños. Based on

evidence from Cupertino-Rodrigues et al. (2020), the aggres-

sive approach might be successful in the mid-altitude trop-

ics and perhaps in the highlands. In contrast, the conservative

approach or the recycling of temperate-derived mid-altitude

inbreds seems appropriate for the lowland tropics when dis-

ease pressure is high.

The probability of success when selecting in populations

with a high proportion of temperate germplasm might be

improved by intermating each population for one or two

generations before extracting lines using the traditional

pedigree selection (Goodman, 2004). Intermating would

reduce linkage drag and improve the recovery of favorable

temperate alleles; however, the benefits of intermating may

be offset by an increase in the breeding cycle time, especially

if no more than two generations can be completed per year.

The CIMMYT mid-altitude maize breeding programs in

sub-Saharan Africa and Mexico have begun breeding with

ex-PVP lines that have shown superior combining ability

(e.g., PHR03, PHN82, PHK29, and PHG39) and other

highly recycled related lines using a combination of both

the conservative and aggressive approaches. Future studies

could investigate the genetic divergence and combining

ability between the resulting BSSS-derived Tuxpeño and the

NSS-derived non-Tuxpeño lines to assess the effectiveness

of the breeding strategy and the usefulness of ex-PVP lines.

Finally, the introgression of ex-PVP lines to increase the

divergence of CIMMYT’s heterotic groups can only succeed

if it is accompanied by a sound breeding strategy, sustained

investment, and germplasm management standards that are
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adhered to by all breeders. Efforts to create the current BSSS

and NSSS heterotic groups started in the 1940s, about 50 yr

before Plant Variety Protection certificates of the current ex-

PVP lines were issued in the mid-1980s to mid-1990s (Duvick

et al., 2004; Hallauer, 1999; Tracy & Chandler, 2006). It

should take the same time or at least the same effort for CIM-

MYT to develop heterotic groups that are as diverged as the

BSSS and NSSS heterotic pattern. However, modern breed-

ing tools, the availability of ex-PVP lines, and the retrospec-

tive lessons learned in temperate maize breeding programs

may help reduce the time and effort it should take to develop

divergent heterotic groups in CIMMYT breeding programs.

Divergence of allele frequencies and increase in combining

ability between heterotic groups could be expedited by uncou-

pling hybrid development from population improvement, then

apply reciprocal recurrent genomic selection (Gaynor et al.,

2017; Rembe, Zhao, Jiang, & Reif, 2018) to improve com-

bining ability and to drive divergence in allele frequencies

between heterotic populations.
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