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Abstract 

Maize (Zea mays L.) is an important food crop throughout the world and is also one of the earliest crops to use het-
erosis. In this study, we evaluated the genetic diversity, population structure, and selective sweep of 100 elite inbred 
maize lines collected from the current breeding program in Sichuan province, Southwest China, using 5,261,175 
high-quality single nucleotide polymorphisms (SNPs). We discovered an abundance of genetic diversities and classi-
fied them into four groups. By combining kinship relationships, these groups were further divided into Tropic-local A, 
Improved-tropic, Tropic-local B, and Improved-local. Genomic differentiation was assessed using Fst values (0.21–0.44) 
as well as genetic diversity (π = 6.07 × 10−4 − 6.61 × 10−4). We generated 900 (90 × 10) hybrids using 90 and 10 inbred 
maize lines from 100 diverse maize germplasms. All hybrids were evaluated for 10 traits in three replicate tests 
across two locations. We found that the patterns of G1 × G3, G1 × G4, G2 × G3, and G3 × G4 exhibited significant het-
erosis in yield-related traits and have been used in commercial breeding. In addition, we also explored the relationship 
between 10 traits of hybrid offspring and the number of heterozygous SNP. Under most heterosis modes, the best 
linear unbiased estimation (BLUE) value of the trait was highly consistent with the trend of deleterious SNPs, but there 
was a deviation in the G1 × G3 mode. Taken together, the results provide insight into the utilization of the current 
maize germplasm in Sichuan province to improve hybrid breeding.
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Introduction
Maize stands as a crucial global food crop with signifi-
cant implications for food security worldwide. Accord-
ing to the National Bureau of Statistics of China, maize 
ranks as the country’s largest grain crop, cultivated across 
43.324 million hectares (https://​www.​stats.​gov.​cn/). In 
the mountainous regions of Southwest China, maize 
productivity faces substantial challenges due to complex 
topography, dynamic ecological conditions, and low soil 
fertility [27, 36], particularly evident in Sichuan Prov-
ince where cultivation occupied 1.849 million hectares in 
2021 (http://​www.​china​westa​gr.​com/). As both a model 
organism for genomic studies [1, 2] and a pioneer crop 
for heterosis utilization [5], maize holds dual signifi-
cance in agricultural and biological research. Heterosis, 
manifested as enhanced stress tolerance, adaptability, and 
yield in F1 hybrids relative to parental lines [12, 15, 21], 
is typically exploited through heterosis breeding popu-
lations comprising genetically diverse inbred lines with 
superior combining ability. These populations, shaped 
by successive rounds of natural and artificial selec-
tion, exhibit extensive genetic recombination and broad 
adaptability to various ecological conditions [41]. Among 
established heterosis patterns, the Reid × Lancaster 
model remains predominant in temperate regions due to 
its proven effectiveness [42, 43].

Recent advances in bioinformatics and genome 
sequencing have transformed heterosis research. Whole-
genome resequencing analyses of 1,604 maize lines 
revealed a positive correlation between heterozygosity 
and heterotic performance [39]. Subsequent studies dem-
onstrated that structural variations between parental 
lines significantly influence hybrid vigor [35], while large-
scale genetic analyses of 5,360 hybrid progenies identified 
628 loci governing yield-related traits [24]. These findings 
collectively support the prevailing hypothesis that heter-
osis arises from complementation of recessive deleterious 
alleles through hybridization [3], a phenomenon exten-
sively documented in plant genomes [8, 46].

Despite progress in molecular marker-assisted clas-
sification of heterotic groups [38, 41] and pedigree 
analysis [14, 25, 31] research gaps persist regarding del-
eterious mutation dynamics in Southwest China’s maize 
breeding programs. Our study addresses this limita-
tion through comprehensive genomic and phenotypic 
analyses of 100 core inbred lines from Southwest China 
ecological region. We established a 90 × 10 incomplete 
diallel cross population and evaluated 10 yield-related 
traits: ear length, ear diameter, cob diameter, ear tip bar-
renness, row number per ear, kernel number per row, ear 
weight, cob weight, hundred-kernel weight, and kernel 
thickness. Whole-genome sequencing of parental lines 
enabled identification of deleterious mutations, followed 

by comparative analysis of allelic frequencies across het-
erotic subgroups to determine optimal combinations for 
the mountainous regions of Southwest China.

Materials and methods
Plant material
A panel of 100 maize inbred lines used in this study for 
genome-wide sequencing. The panel was consisted of 
52 lines obtained from the Mianyang Academy of Agri-
cultural Sciences (MAAS) and 48 lines from the current 
breeding program of Sichuan province in Southwest 
China. Based on the precise delineation of population 
structure and thorough observations of the field perfor-
mance of inbred lines, we selected 90 inbred lines from 
100 maize inbred lines as female parents and 10 inbred 
lines with excellent performance as male parents. The 
900 (90 × 10) NC II hybrids generated between the 
100 inbred lines mentioned above that are applied for 
sequencing.

DNA extraction and qualification
All 100 lines of maize were cultivated at the MAAS in 
Mianyang, China in 2022. The extraction of maize DNA 
for illumina sequencing was carried out using the cetyltri-
methylammonium bromide (CTAB) method from young, 
freshly harvested leaves. The quality of the genomic DNA 
was assessed by monitoring DNA degradation and con-
tamination using 1% agarose gels. The concentration of 
DNA was determined using the Qubit® DNA Assay Kit 
with a Qubit® 2.0 Fluorometer (Life Technologies, CA, 
USA).

Library preparation, clustering and sequencing
A genomic DNA sample was obtained and then enzy-
matically fragmented to a size of 350 bp. Afterwards, 
the DNA fragments were subjected to end polishing, 
A-tailing, and ligation with the full-length adapter for 
Illumina sequencing. These libraries were then analyzed 
for size distribution using agarose gels and quantified 
through real-time PCR. The index-coded samples were 
clustered using a cBot Cluster Generation System with 
the Novaseq6000 S4 Reagent Kit (Illumina) following the 
manufacturer’s instructions. Once clustering was com-
plete, the DNA libraries were sequenced on the Illumina 
NovaSeq 6000 platform, generating 150 bp paired-end 
reads.

To eliminate reads that possess artificial bias, such as 
low-quality paired reads resulting from base-calling 
duplicates and adaptor contamination, we removed the 
following types of reads: (i) reads with 3nt unidenti-
fied nucleotides (N); (ii) reads containing the adaptor; 
(iii) reads with ≥ 20% of bases having phred quality ≤ 5. 
All subsequent bioinformatics analyses were conducted 

https://www.stats.gov.cn/
http://www.chinawestagr.com/
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using the high quality clean data, which were retained 
after performing these steps.

Reads mapping
The paired-end clean reads were aligned to the B73 Ref-
Gen_V4 genome were downloaded directly from genome 
website (http://​www.​grame​ne.​org/) using BWA [17]. 
When one or both reads from a pair mapped to multiple 
positions, BWA selected the most probable placement. If 
there were multiple equally likely placements, BWA ran-
domly chose one. Samtools [18] and Picard-tools (http://​
broad​insti​tute.​github.​io/​picard/) were subsequently uti-
lized to sort BAM files and mark duplicates. This was 
done to calculate the sequence depth of the entire exome, 
as well as the coverage and depth of each individual 
chromosome.

Variation detection
In this study, we utilized Picard-tools(http://​broad​insti​
tute.​github.​io/​picard/) and samtools [18] to organize, 
identify duplicate reads, and reorganize the bam align-
ment results for each sample. Subsequently, SNPs and 
Indels were detected using the GATK software [6] and 
annotated using ANNOVAR software [37].

Clustering and population structure analyses
The population’s genetic structure was analyzed using 
the ADMIXTURE (v1.3.0) software, and multiple K lev-
els (K = 2 to 6) were calculated to determine the optimal 
number of subpopulations based on the cross validation 
(CV) error. Ultimately, K = 4 was identified as a reason-
able number for grouping the population. To confirm 
the rationality of the 4 subgroups, a principal compo-
nent analysis (PCA) was performed using filtered SNPs 
and the GCTA software. Initially, the genetic relationship 
matrix was generated using the parameter’make-grm’and 
subsequently, the top three principal components were 
estimated using the parameter’PCA3’. Additionally, an 
individual-based neighbor-joining tree was estimated 
based on the p-distance using the TreeBest software 
(v.1.9.2) with 1000 bootstrap replications.

Analysis of linkage disequilibrium
To estimate the linkage disequilibrium (LD) for all sam-
ples, we calculated the squared correlation coefficient 
(r2) between pairwise SNPs using the software PopLD-
decay. The program parameters were set as MaxDist 
= 1000, MAF = 0.05, Miss = 0.2 to calculate the average r2 
between two SNPs in 1000 kb windows.

Prediction of deleterious mutations
The SIFT4G [34] software was used to predict the puta-
tively deleterious SNPs. For this analyses, when a SNP was 

normalized probability is < 0.05, this SNP was considered 
as a deleterious SNP (dSNP), and an SNP was considered as 
tolerated SNP (tSNP) if it show the SIFT score ≥ 0.05.

Genome diversity and selection sweeps
Fst and π in 20 kb sliding windows with a step size of 10 kb 
to quantify genomic differentiation using VCFtools. Sliding 
windows with the top 5% Fst and π values were considered 
as selected region. Cross population composite likelihood 
ratio (XP-CLR) score in 20 kb sliding windows with a step 
size of 10 kb to quantify genomic differentiation using XP-
CLR python script. The windows with the top 5% of XP-
CLR scores were considered as candidate sweeps region.

Field experiments and data collection
In 2023, the NC II hybrids were phenotyped in Mianyang 
(MY) and Chongzhou (CZ), located in Sichuan Province. 
Here, all hybrids were cultured in a completely random 
design in three independent replications completed in agri-
cultural fields with uniform soil distribution. In each repli-
cation, each hybrid was planted with one 3-m rows with 25 
cm between plants and 50 cm between rows, and the field 
management applied during the experiment was similar to 
the management practiced by farmers. At harvesting stage, 
10 yield-related traits were collected, including ear length 
(EL, cm), ear diameter (ED, cm), cob diameter (CD, cm), 
ear tip barrenness (ETP, cm), row number per ear (RNPE), 
kernel number per row (KNPR), ear weight (EW, g), cob 
weight (CW, g), hundred-kernel weight (HKW, g), and ker-
nel thickness (KT, cm). KT was measured using a vernier 
caliper, measuring the total thickness of ten kernels at the 
middle position. HKW was measured with five samples of 
100 kernels randomly selected from the total kernels. Five 
similar ears out of ten within each hybrid were sampled, 
to eliminate possible outliers within hybrids, and all traits’ 
means were taken.

Statistical analysis
Phenotypic descriptive statistics was analyzed using R soft-
ware. The general combing ability (GCA) and specific com-
bining ability (SCA) were performed by DPS software [32]. 
Best linear unbiased estimator (BLUE) was used to calcu-
late phenotypic traits across multiple environments based 
on a linear model and evaluated by R software. Broad-sense 
heritability (H2) were calculated as follows:

(I) Vg =
σ 2
gi + σ 2

gj

σ 2
gi + σ 2

gj + σ 2
sij

× 100

(II) Vs =
σ 2
sij

σ 2
gi + σ 2

gj + σ 2
sij

× 100

http://www.gramene.org/
http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
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where, (I) and (II) σ 2
gi and σ 2

gj represented genetic factor of 
the i th and j th inbred line, respectively. σ 2

sij represented 
the interaction variance between genetic factor between 
gi and gj . (III) µ is the mean of each trait, Gi is the genetic 
factor of the i th inbred line, Ej is environmental factor 
of the j th environment, E×Gij is the interaction factor 
between environmental and genetic factors, R(E)jk is fac-
tor of k th replication within environments, and εijk is the 
residual error. (IV) σ 2

g  , σ 2
e  , and σ 2

ge were genetic variance, 
residual error variance and the variance of genetic × envi-
ronmental interaction, respectively [22].

Results
Genomic characterization of 100 maize inbred lines
The 100 maize inbred lines was performed whole-genome 
sequencing against the B73 reference genome, achieving 
an average sequencing depth of 12.7 × (range: 10.4–20.4 
×) with 98.68% genome coverage (97.36%–99.20%) after 
data filtering (Table  S1). Analysis of aligned clean reads 
identified 124,726,264 genome-wide SNPs, comprising 
114,077,235 (91.46%) intergenic SNPs, 3,821,037 (3.06%) 
intronic SNPs, and 1,456,186 (1.17%) coding-region 
SNPs. Among coding region SNPs, 609,089 (41.83%) 
were synonymous substitutions while 809,093 (55.57%) 
caused amino acid changes (Fig. S1 A). Transition muta-
tions (C > T and G > A) predominated the SNP spectrum 
(Fig. S1B). This comprehensive genomic variation profile 
establishes a critical foundation for subsequent genetic 
analyses.

SNP‑based phylogenetic analysis reveals distinct groups 
and genetic divergence
A phylogenetic tree constructed from 5,261,175 high-
quality SNPs revealed substantial genetic divergence 
among the 100 inbred lines. Genetic clustering analy-
sis identified four distinct groups (Fig.  1A, Table  S2). 
Group A comprised 24 ZNC442-derived improved lines, 
including 0151 NY65, 18 T- 1603–1, 20 T- 1908–1, IND, 
Mian705, and Mian722. Group B contained 31 lines pre-
dominantly from Southwest-adapted germplasm (Y9614, 
SCML0849, RP125, R08) combined with foreign lines 
(PH6 WC, LH224, PHR31), along with tropical/sub-
tropical-derived materials such as Chang 7–2, C8210, 
and 18 T- 1657–1. Group C consisted of 27 lines devel-
oped from local germplasm, while Group D included 18 
lines introduced by the International Maize and Wheat 

(III) yijk = µ+ Gi + Ej + R(E)jk + E × Gij + εijk

(IV) H2
=

σ 2
g

σ 2
g +

σ 2
ge

e +
σ 2
e
er

Improvement Center (CIMMYT). This result reflects 
genomic variations under different breeding back-
grounds, geographical origins, or selection pressures, 
providing a genetic basis for the classification and utiliza-
tion of maize germplasm resources.

The genetic landscape of 100 maize inbred lines using 
ADMIXTURE
Population structure analysis of 100 maize inbred lines 
using filtered SNPs (Fig. 1A-C) revealed distinct genetic 
clustering patterns, while the ADMIXTURE results were 
further visualized through PCA plots at K = 2, 3, and 4 
(Fig.  2). Linkage disequilibrium analysis showed Group 
3 exhibited the fast decay rate, contrasting with the slow 
decay pattern in Group 2. The coefficient of variation 
error rate was minimized at K = 4 (Fig. S2), the division 
boundary of the population became notably distinct, pro-
viding a clearer representation of the genetic structure.

Genetic structure clustering (Table  S2) revealed that 
Group 1 (G1) consisted of 15 inbred lines. Half of these 
originated from both the Sichuan Agricultural University 
and the MAAS. Their genetic backgrounds were not uni-
form and exhibited several differences, such as ZNC442, 
SCML7275, S0906, and Mian755. Group 2 (G2) consisted 
of 21 inbred lines, and nearly half were sourced from the 
CIMMYT. These inbred lines exhibited tropical and sub-
tropical genetic backgrounds and included S37, S273, 
YA8201, and Mian1604, which were cultivated from 
tropical or subtropical germplasms. Group 3 (G3) was 
the largest and featured 48 inbred lines, the majority of 
which originated from the current breeding program in 
Sichuan province, followed by the MAAS, and a few lines 
from the Pioneer. Similar to G2, the majority of the lines 
in the third group belonged to tropical and subtropical 
germplasms. Group 4 (G4) consisted of 16 inbred lines, 
which were mostly improved by the MAAS. These lines 
were primarily based on tropical germplasms, were com-
bined with elite local germplasms, underwent multiple 
back- and self-crosses with the introduced tropical germ-
plasm from foreign lines, and showed combining ability 
differences in their heterotic patterns.

Based on population structure and known pedigree 
information, we established four breeding groups: Local-
tropic A (G1) and Local-tropic B (G3) representing 
tropical introgressed lines (CIMMYT/Pioneer/Suwan 
derivatives), Improve-tropic (G2) for tropical-adapted 
lines, and Improve-local (G4) highlighting locally 
enhanced germplasm. This classification elucidates the 
genetic improvement pathways via introgression of tropi-
cal germplasm and processes of local adaptation in maize 
germplasm from Southwest China.
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Fig. 1  A The neighbor-joining tree of 100 maize inbred lines based on the pairwise distance matrix using filtered SNPs. B The LD decay of SNPs. 
C The subgroup assignment by ADMIXTURE software for 100 maize inbred lines when K = 2,3,4,5,6
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Genetic differentiation and diversity among inbred maize 
line groups
To evaluate genetic differentiation among the groups and 
genetic diversity within groups of each line, we calcu-
lated pairwise fixation indices (Fst) and π values among 
the groups of different lines,  respectively. As shown in 
Fig. 3, the Fst value was greater than 0.2, indicating that 
there was a significant genetic difference among the 
inbred line groups, particularly between the Improved-
tropic and Improved-local groups (Fst = 0.33), whereas 
there was significant genetic differentiation. In addition, 
we observed siginificant genetic diversity within each 
inbred line group, as indicated by the π value. The SNP 
diversity of Improve-local (π = 6.61 × 10−4) was greater 
compared with that of Tropic-local A (π = 6.47 × 10−4), 
Tropic-local B (π = 6.07 × 10−4) and Improve-tropic (π = 
6.09 × 10−4). The results suggest that during the process 
of genetic improvement, the other three subgroups were 
mixed with the local germplasm genetic background in 
the Improve-local group, which resulted in the highest 
SNP diversity.

Selective sweep detection in 100 inbred lines using XP‑CLR
Population structure-based selective sweep analysis 
of 100 inbred lines identified distinct selection pat-
terns across four subgroups (Fig.  4, Table  S3). Com-
parative XP-CLR analysis revealed the Tropic-local 
A/B subgroups contained 3,278 selected genomic 

intervals harboring 2,045 annotated genes with the 
highest among six comparison groups. In contrast, 
the Improve-tropic/local subgroups showed 2,968 
selection intervals with only 1,523 genes, represent-
ing the lowest gene density. Functional enrichment of 
candidate genes (Fig. S3 and S4) demonstrated differ-
ential adaptation strategies, tropical subpopulations 
(Tropic-local A/B) exhibited strong enrichment in 
jasmonate signaling and immune activation, cell wall 
organization, and water stress response. Improved 
subgroups (Improve-tropic/local) displayed predomi-
nant selection signatures in developmental regulation. 
Notably, the tropical subgroups’genomic architecture 
showed intensive selection on biotic stress resistance 
genes (jasmonate-mediated defense pathways) and 
abiotic adaptation genes (cell wall biosynthesis). The 
improved subgroups’selection patterns emphasized 
light signaling and carbohydrate metabolism. These 
differential selection characteristics between tropical 
and improved subgroups could reflect distinct evolu-
tionary pressures, with the former maintaining broad 
genetic diversity for environmental adaptation, while 
the latter underwent intensive selection for agronomic 
optimization.

Heterosis pattern evaluation for yield‑related traits
Descriptive statistics and broad-sense heritability (H2) 
analysis of 10 yield-related traits across Mianyang (MY) 

Fig. 2  The 2-D PCA plots of the ADMIKXTURE results for 100 maize inbred lines created by filtered SNPs. (A, D) K = 2; (B, E) K = 3; (C, F) K = 4
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Fig. 3  Diversity and the genetic differentiation among subgroups

Fig. 4  Genome-wide selection sweep between among subgroups. Manhattan plot of the genome-wide distribution of XP-CLR scores 
among different subgroups by a 20 kb window size and a 10 kb step size (A, B, C, D, E, F)
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and Chongzhou (CZ) environments demonstrated sub-
stantial heritable variation (H2 = 0.62–0.68) for most 
traits (Table  1). Variance analysis revealed significant 
genotype × environment interactions for all traits except 
row number per ear (RNPE), indicating environmental 
sensitivity of yield components. The correlation analy-
sis of 10 traits carried out for MY and CZ is shown in 
Table  S6. ADMIXTURE-based classification of 100 
inbred lines into four genetic groups (excluding mixed 
group) generated nine heterosis patterns through dial-
lel combinations. Best linear unbiased estimates (BLUE) 
analysis of hybrid performance across patterns revealed 

significant trait-specific differentiation (Fig.  5). The ear 
diameter (ED) trait demonstrated the highest propor-
tion of significant differences among all patterns, which 
accounted for approximately 72% of the total. The row 
number (RN) trait followed closely with a significant 
difference of 61%. In contrast, kernel number per row 
(KNPR) and kernel thickness (KT) exhibited the lowest 
proportion of the significant differences. We propose the 
potential assessment of hybrids created through diverse 
heterosis patterns, which may be effectively done by 
focusing on various yield-related traits. For example, the 
G2 × G3 pattern significantly outperforms the G1 × G4 

Fig. 5  The BLUE value of traits of hybrids with different heterosis patterns. Same letters are not significant at P < 0.01
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pattern in the ED, indicating that hybrids derived from 
the G2 × G3 pattern likely exhibit superior performance 
for this trait compared with those from the G1 × G4 pat-
tern. These results provide valuable insight for the selec-
tion of appropriate heterosis patterns in the creation of 
hybrid maize varieties.

Genetic potential and heterosis patterns in maize hybrids
Based on the heterosis patterns classification, nine dis-
tinct heterosis patterns were identified through crosses 
within the four groups. The general combining abil-
ity (GCA) and specific combining ability (SCA) of these 
hybrids were systematically calculated by using DPS 
software (Tables S7 and S8), revealing highly significant 
GCA and SCA effects across all hybrid traits. Most traits 
exhibited high broad-sense heritability ranging from 0.62 
to 0.68 (Table 1), except for TBN (0.22), indicating sub-
stantial genetic contributions to phenotypic variation in 
maize grain quality and yield-related traits. Furthermore, 
there were significant differences in GCA among the 
various traits (Table S7). For G1, five inbred lines exhib-
ited negative GCA effects for both HKW and ET, point-
ing to the genetic potential of these lines to reduce maize 
yield-related traits. Moreover, three inbred lines (P041, 
P052, and P089) exhibited positive GCA effects for all 10 
measured traits. Notably, inbred line P032 demonstrated 

a negative GCA effect on the EW, but showed positive 
GCA effects on the EL and ED. For G2, in which most 
inbred lines are from CIMMYT, they exhibited strong 
GCA effects for the EL, ETB, and CW traits. G3 was 
primarily composed of American germplasm and their 
improved lines, and exhibited superior GCA effects 
for the EW, HKW, KT, KNPR, and RNPE traits. Finally, 
in G4, many inbred lines demonstrated positive GCA 
effects for most traits, such as P038 and P080, which 
exhibited high GCA effects and may be widely used by 
breeders for hybrid breeding.

Heterotic patterns contribute to the advantages of trait 
characteristics in heterosis
The strength of heterosis is primarily determined by the 
self-crossing compatibility of maize. For maize breed-
ing, the successful cultivation of significant heterosis in 
practice depends on the creation of superior self-cross-
ing compatibility. Among the hybrids derived from vari-
ous heterosis groups, the G3 × G3 hybrids exhibited the 
lowest SCA effect in several traits (Fig. 6 and Table S8). 
Conversely, the G2 × G3 hybrids exhibited the highest 
SCA effect for all traits, except for EL and HKW. Nota-
bly, the G1 × G3, G1 × G4, G2 × G3, and G3 × G4 hybrids 
showed favorable SCA effects in all traits compared with 
other heterosis patterns, except for ETB. After further 

Table 1  The descriptive statics and broad heritability estimates (H2) of 10 yield-related traits in Mianyang (MY) and Chongzhou (CZ)

**Significant at P < 0.01; ns Not significant

Trait Environment Mean Sd Min Max Skew Kurtosis H2 F-value
(Environment)

EL CZ 17.99 1.272 10.67 29.06 0.04873 0.3188 0.66 1.099**

MY 17.6 1.334 12.2 34.2 0.05311 2.805

ED CZ 5.075 0.2918 4.286 6.075 0.01117 -0.04947 0.68 81.01**

MY 4.990 2.627 38.5 57.7 0.1046 -0.07348

CD CZ 2.981 0.2568 2.329 3.756 0.009834 0.2267 0.66 52.33**

MY 2.874 1.858 22.8 35.5 0.07395 0.04381

ETB CZ 0.789 0.6273 0 7.333 0.02402 2.433 0.22 1.780**

MY 0.7021 0.4702 0 3.1 0.01872 0.8736

RNPE CZ 17.29 1.381 11.56 21.33 0.05287 0.2237 0.62 1.055ns

MY 17.45 1.344 14 20.9 0.0535 0.04541

KNPR CZ 37.57 2.571 22.33 45.17 0.09846 -0.8405 0.67 2.912**

MY 35.8 4.388 17.3 44.8 0.1747 -0.5803

KT CZ 0.439 0.02714 0.3372 0.5325 0.001039 -0.03736 0.67 1.743**

MY 0.4081 0.03583 0.3 1 0.001426 8.345

HKW CZ 33.39 2.313 18.94 38.9 0.08856 -0.9099 0.66 1.326**

MY 33.69 2.663 21.6 41.4 0.106 -0.4557

EW CZ 233.2 26.84 75.82 307.7 1.028 -0.7994 0.64 1.007**

MY 235.4 26.93 130.7 311.7 1.072 -0.4073

CW CZ 36.38 5.884 11.93 61.23 0.2253 0.3313 0.62 1.261**

MY 33.42 5.241 18.6 53 0.2086 0.2453
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analysis of the parents of the officially approved hybrids 
(Table 2) and their corresponding heterosis pattern clas-
sification based on ADMIXTURE analysis, we discovered 
that these hybrids were specifically bred through the four 
heterosis patterns: G1 × G3, G1 × G4, G2 × G3, and G3 
× G4. This result demonstrates that dividing the popula-
tion into four subgroups using ADMIXTURE analysis of 
SNPs from a population of 100 inbred maize lines is rea-
sonable. Furthermore, it also suggests the applicability of 
the heterosis group division in the Southwestern maize 
ecological region, thus providing useful information for 
future maize breeding.

The impact of deleterious mutations on heterosis in maize
Deleterious mutations can affect the phenotype of 
crops and their adaptability to the environment and 
are also one of the critical perspectives for explain-
ing the phenomenon of heterosis [11, 46]. We used 
SIFT4G software to conduct a deleterious mutation 
analysis of high-quality SNPs across 100 inbred lines. 
A total of 6746 deleterious SNPs (SNPs) were identified 
(Table S9). Of these, non-synonymous dSNPs were the 
most prominent, totaling 4490, followed by 40 start-
lost dSNPs. Conversely, synonymous dSNPs were the 
least abundant, with only six detected. In addition, 

Fig. 6  The specific combing ability of traits of hybrids with different heterosis patterns
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within the category of tolerant SNPs (tSNPs), a total of 
14,380 such SNPs were detected. Subsequently, we ana-
lyzed the degree and quantity of heterozygosity among 
the identified dSNPs within the nine heterosis pat-
terns. In terms of quantity and frequency of heterozy-
gosity, the dSNPs in the heterosis patterns among the 
same subgroups (G1 × G1, G3 × G3, G4 × G4) exhibited 
a relatively dispersed distribution, suggesting a lower 
degree of heterozygosity for these SNPs (Fig. 7). In con-
trast, heterosis patterns between different subgroups 
exhibited pronounced SNP clustering. These findings 
strongly suggest that hybrids generated from the same 
subgroup generally exhibit lower dSNP heterozygo-
sity levels, a characteristic that may have non-negligi-
ble implications on individual phenotypes and genetic 
mechanisms.

We delved deeper into the correlation between ten key 
phenotypic values related to the ear yield of hybrids for 

nine heterosis patterns and the number of heterozygous 
SNPs. For most heterosis patterns, the BLUE value of the 
phenotypes and the trend of heterozygous dSNPs exhib-
ited a high degree of consistency, except for the G1 × G3 
patterns, in which a deviation was observed. Notably, 
under the G2 × G4 heterosis patterns, the number of het-
erozygous dSNPs exhibited a consistent trend with spe-
cific phenotypic traits, including HKW, EL, ETB, KNPR, 
and CW, whereas this phenomenon was absent in other 
phenotypes. Furthermore, when focusing on the SCA 
exhibited by different heterosis combinations, a striking 
pattern emerged. The trends in SCA for all phenotypes 
were highly consistent with the heterozygous frequency 
of dSNPs. This discovery not only enhances our under-
standing of the interplay between heterosis and genetic 
complexity, but also provides critical theoretical grounds 
for subsequent genetic improvements aimed at enhanc-
ing crop disease resistance and yield.

Table 2  The list of modern commercial hybrids which were bred from inbred lines cross in our study

Hybrids Female parent Male parent Officially approved 
number

Heterotic pattern in this study

Chuandan 428 R08 YA8201 2007001 Group 3 (♀) × Group 2 (♂)

Yunrui 4 YR4M YR4 F 200602 Group 3 (♀) × Group 2 (♂)

Miandan 232 Mian7897 S0906 20180331 Group 4 (♀) × Group 1 (♂)

Huiyu 366 HF19 - 1 HF09B 2019085 Group 3 (♀) × Group 2 (♂)

Rongyufengzan Y9614 ZNC442 20200422 Group 3 (♀) × Group 1(♂)

Xieyu 901 CTN3297 CTN2622 20206236 Group 4 (♀) × Group 3 (♂)

Miandan 53 S6338 CTN2622 20212054 Group 4 (♀) × Group 3 (♂)

Miandan 23 Mian787 S6338 20220003 Group 3 (♀) × Group 4(♂)

Chuandan 99 ZNC442 SCML0849 20220504 Group 1 (♀) × Group 3 (♂)

Miandan 903 Mian7247 S6338 20230009 Group 3 (♀) × Group 4 (♂)

Fig. 7  The number and level of heterozygosity of dSNPs in hybrids with different heterosis patterns. Same letters are not significant at P < 0.01
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Discussion
Exploring genetic diversity of SNP loci polymorphisms
The significant advantages of high-throughput sequenc-
ing technology have been demonstrated in previous 
studies, accelerating our understanding and exploration 
of the maize genome [3, 11, 12, 23, 25, 46]. In this study, 
we identified 5,261,175 high-quality SNPs in 100 maize 
inbred lines through high-throughput sequencing. These 
SNPs were evenly distributed across 10 chromosomes 
with a reference genome mapping rate exceeding 98%. 
This scale significantly surpasses the 955,120 SNP mark-
ers using GBS technology [38], demonstrating the accu-
racy of genetic variation analysis in this study. Compared 
with the population structure analysis in specific Chinese 
ecological regions [45], our genome-wide SNP profiling 
and discovery of recurrent CG to TA mutation patterns 
enhance genetic diversity characterization while reveal-
ing putative functional mutations underlying maize envi-
ronmental adaptation. Additionally, the LD decay rate 
(r2 = 0.44 at 400 kb) observed here was faster than that 
reported by previous stduy in heterosis pattern analysis 
[14]. This discrepancy may stem from differences in pop-
ulation genetic backgrounds or improved marker density. 
This study further demonstrates the feasibility and signif-
icance of genome-wide SNP marker analysis in marker-
assisted breeding.

Population structure and heterotic group assignment 
assessed by SNPs
Traditional breeding relies on pedigree records to infer 
genetic relationships. However, this study found that 
only 18% of inbred lines had clear pedigrees, and pedi-
gree-based relationships failed to capture genomic-level 
changes in gene flow caused by selection pressure. To 
address this, SNP-based ADMIXTURE and PCA analy-
ses classified 100 southwestern maize inbred lines into 
four genetically distinct subgroups (Fst = 0.21–0.33), 
overcoming pedigree limitations. This classification 
aligns with Wright’s [40] Fst criteria for population dif-
ferentiation and reveals clear subgroup boundaries with 
minimal admixture. Unlike traditional heterotic group 
classification based on phenotypic performance, this 
study quantified genetic divergence using SNPs, estab-
lishing a genomic standard for predicting heterosis. For 
example, crosses between subgroups with high Fst val-
ues (G2 × G3) may exhibit stronger dominant comple-
mentary effects, while low-divergence combinations (G3 
× G3) show reduced SCA due to genetic redundancy. 
Therefore, combining molecular markers with tradi-
tional pedigree breeding techniques provides an effective 
approach to analyzing genetic relationships within popu-
lations and to classify heterosis groups, thus improving 
genetics in modern maize breeding.

The difference between population structure 
and phylogenetic clustering
There are distinct boundaries among different groups and 
few overlapping regions indicating that ADMIXTURE 
could be the optimal method in cluster classification. By 
combining the findings of the genetic correlation and 
population structure analysis, we discovered that only 73 
inbred lines were consistent with the results of the phy-
logenetic cluster. The remaining 27 inbred lines exhib-
ited differences in population structure and phylogenetic 
cluster. The results of population structure revealed that 
26 inbred lines were classified into three groups based on 
a phylogenetic cluster, with 11, 5, and 11 lines assigned 
to Group 1, Group 2, and Group 4, respectively. Notably, 
Group 3 did not include inbred lines from the phyloge-
netic cluster, but 33% of the differences between cluster 
analysis and structure were attributed to Group 3. These 
results suggest that genetic exchange is common among 
inbred lines in Group 3, thereby enhancing the genetic 
diversity of this group. The phylogenetic clustering effec-
tively resolved genetic backgrounds of unspecified lines 
(1599 A/1719 A grouping with RP125 in Group3; Ye478 
clustering with Mian7897) (Table S2). Structure-derived 
clusters demonstrated inter-group communication pat-
terns. Notably, commercial hybrids (Table  2) derived 
from single crosses between lines from distinct heterotic 
groups, highlighting the importance of genetic charac-
terization for optimizing heterotic group assignment and 
hybrid selection with superior combining ability.

Functional enrichment analysis of genes in selected 
regions
Through selection sweep analysis, mutations occurring 
in the genome of this population during genetic improve-
ment were identified [9, 19]. By detecting genomic 
regions with reduced polymorphism due to strong selec-
tion pressure, researchers can locate favorable muta-
tions fixed during evolution. For example, in this study, 
XP-CLR analysis revealed that genes in tropical sub-
groups (Tropic-local A/B) were significantly enriched 
in key functional categories related to disease resistance 
and environmental adaptation, such as jasmonic acid 
signaling pathways, immune activation, and water stress 
response. These genes may play critical roles in helping 
maize cope with biotic and abiotic stresses. Additionally, 
selective sweep analysis showed that genes in improved 
subgroups (Improve-tropic/local) were concentrated 
in developmental regulation, light signaling, and car-
bohydrate metabolism, reflecting artificial selection 
preferences for high-yield and quality traits. However, 
long-term selection pressures may have reduced genetic 
diversity in these improved varieties, leading to fewer 
genes related to disease resistance and environmental 
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adaptability. Therefore, integrating selective sweep analy-
sis results allows breeders to strategically introduce dis-
ease- and stress-resistant genes from tropical germplasm 
into improved varieties, enhancing hybrid performance 
in complex ecological environments.

The potential use of heterotic populations in hybrid 
breeding
Modern maize breeding relies on distinct heterotic 
groups (maternal groups like SS and PA, and paternal 
groups like NSS, Iodent, SPT, and PB), which exhibit 
complementary genetic divergence that enhances hetero-
sis. Maternal groups (SS and PA) are typically selected for 
traits like early maturity, reduced tassel branching, and 
efficient grain dehydration, which align with maternal 
roles in seed production. Paternal groups (NSS and SPT) 
often contribute to traits such as increased ear diameter, 
kernel row number, and cob weight, optimizing pollen 
dispersal and hybrid yield [15, 21].

The primary pattern of heterosis in the Southwest 
China maize ecological region is the use of “self-breed-
ing” and “foreign-introduced” lines, including foreign 
and self-bred germplasms. Initially, the heterotic groups 
were established based on the origin of maize, with lit-
tle improvement. In the early 1990 s in Northern China, 
Lancaster, Reid, SPT, Zi330, and E28 were introduced 
[33],however, the common heterotic patterns used in 
Northern China were not suitable for the Southwest 
China maize ecological region, such as the Sichuan prov-
ince [16, 19, 20]. Based on the breeding practices and 
molecular marker research results in the Southwestern 
maize ecological region, the hybrid varieties and their 
parental inbred lines extensively planted in the South-
west ecological region may be classified into two pat-
terns: temperate germplasm and tropical germplasm 
[29]. Moreover, the Southwest ecological region has 
abundant local germplasms, prompting studies on the 
heterotic groups and models of the local maize. Because 
many local varieties have yielded traits that are close to 
or exceed those of famous heterotic groups, they have 
great potential for the development and use of local 
germplasms. As shown in Table S2, there are four sub-
groups were composed of excellent self-crossed lines 
that combine local superior germplasms with intro-
duced tropical, temperate, and subtropical germplasm, 
which have been continuously improved through genetic 
modification, such as Mian7247 (Mian724 × Reid), 
Mian722 (Syngenta tropical germplasm), CTN2622 
(local germplasms × hybrid with American temperate), 
and SCML7275 (F06 × hybrid with Lancaster). In prac-
tical maize breeding programs, the determination of an 
inbred line’s suitability as maternal and paternal parent 
is guided by its classification within heterotic groups 

and the evaluation of key traits, including ear height, 
ear length, kernel weight, pollen shedding duration, and 
tassel branch number. For instance,"Chuandan 99,"cur-
rently the most extensively cultivated and commercially 
influential maize hybrid in Southwestern China, exem-
plifies this strategy [30]. Its maternal parent, ZNC442, 
exhibits superior maternal characteristics such as large 
ear size, excellent kernel set, and a high kernel output 
ratio. In this study, ZNC442 was categorized into Group 
A based on its heterotic pattern. Conversely, the paternal 
parent, SCML0849, demonstrates paternal advantages 
including abundant pollen production and photoper-
iod-insensitive flowering behavior, and was classified 
into Group C within the heterotic grouping framework. 
These findings underscore the necessity to clarify genetic 
relationships between local germplasms and elite inbred 
lines, establish heterotic groups, and develop rational 
hybrid heterotic models.

Combining ability and heterosis in hybrid maize breeding
The observed differences in SCA among heterotic groups 
provide crucial genetic insights for maize breeding in the 
Southwest China ecological region. The low SCA effects 
observed in G3 × G3 hybrids across multiple traits sug-
gest potential genetic redundancy within subgroup G3, 
likely caused by reduced allelic diversity due to long-term 
directional selection. This finding highlights the need to 
avoid excessive intra-group crosses in practical breed-
ing and instead introduce exotic germplasms (tropical 
and temperate materials) to break genetic homogene-
ity within subgroup G3. For example, priority should be 
given to inbred lines with demonstrated genetic com-
plementarity, such as CTN2622 (local × temperate) and 
SCML7275 (Lancaster-derived lines), for hybridization 
with G3 lines to restore heterotic potential. The SCA 
performance of the G2 × G3 combination except for EL 
and HKW traits, suggests dominant-overdominant syn-
ergistic effects between these subpopulations. In breed-
ing practice, G2 population (Mian722 containing tropical 
germplasm) could compensate for genetic deficiencies 
in G3 population. Simultaneously, individuals in the G3 
group with maximum genetic distance from G2 can be 
selected through SNP markers to maximize heterosis. 
The subpopulation classification results from ADMIX-
TURE analysis enable prediction of SCA potential for 
hybrids. Priority testing combinations like G1 × G4 and 
G3 × G4 can be proposed while bypassing inefficient G3 
× G3 pairings, thereby shortening the breeding cycle.

Heterosis patterns suitable for the Southwest China maize 
ecological region
Analyzing heterosis patterns tailored for the South-
west China maize ecological region is critical for maize 
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breeding because of its complex and diverse climatic and 
soil conditions. Researchers have achieved remarkable 
success in identifying heterosis patterns for this region, 
which integrate the traits of the local germplasms with 
exotic germplasm disease resistance, stress tolerance, and 
other beneficial genes to enhance maize yields and qual-
ity [10, 14, 16, 28, 44]. In this study, using 526,117,5 high-
quality SNPs, we were able to categorize inbred maize 
lines into distinct subgroups using ADMIXTURE. A thor-
ough analysis of the SCA of hybrids resulting from com-
binations of different heterosis patterns among subgroups 
revealed four suitable heterosis patterns (G1 × G3, G1 
× G4, G2 × G3, and G3 × G4) for this ecological region. 
These patterns exhibit significant advantages with respect 
to yield and quality, such as EL, ED, EW, and CW. This fur-
ther confirmed that hybrids derived from these heterosis 
patterns can maintain stable genetic gains and yield advan-
tages, even in complex ecological environments. This clas-
sification is not only based on the similarity of genetic 
information, but also takes into full account ecological 
adaptability and phenotypic traits, resulting in higher 
genetic consistency within each subgroup. By conducting 
hybrid combinations among different subgroups, we can 
screen out hybrids with strong heterosis and cultivate new 
high-yielding, high-quality maize hybrids suitable for the 
Southwest China maize ecological region. This subgroup 
classification method based on molecular markers not 
only improves the efficiency and accuracy of heterosis, but 
provides further insight into modern maize breeding.

Exploring the important role of deleterious mutations 
in maize genetics and breeding underlying heterosis
Deleterious non-synonymous SNPs (dSNPs) directly dis-
rupt gene function, altering crop phenotypes and envi-
ronmental adaptability [26]. Reducing these mutations 
is critical for improving maize yield and quality during 
breeding. Hybrids from crosses between different sub-
groups showed higher dSNP heterozygosity, which may 
enhance heterosis. This phenomenon likely arises from 
increased genetic diversity and complementary effects, 
improving hybrid growth, development, and stress toler-
ance [7]. A significant correlation between hybrid phe-
notypic values and heterozygous dSNP counts further 
supports the role of genetic variation in shaping pheno-
types. However, deviations in the G1 × G3 hybrid pattern 
suggest that heterosis mechanisms involve interactions 
between genetic and environmental factors. Therefore, a 
comprehensive approach that considers multiple factors 
is necessary when elucidating the heterosis phenomenon.

Optimizing breeding strategies requires prioritiz-
ing crosses between genetically distinct subgroups to 
maximize heterozygosity and reduce deleterious allele 

transmission. Molecular marker-assisted selection can 
further enhance hybrid genetic quality by minimizing 
dSNP inheritance. Future research should explore dSNP 
effects across diverse crops and genetic backgrounds, 
including interactions with genome structure and epige-
netic modifications. Advances in sequencing technolo-
gies will deepen understanding of heterosis mechanisms, 
enabling precise genetic improvements for complex eco-
logical environments.

Conclusion
This study delved into the genetic landscape of 100 
elite maize inbred lines from Sichuan province, China, 
using 5,261,175 high-density SNP markers. The analysis 
revealed rich genetic diversity among these lines, cat-
egorized into four distinct groups. By examining kinship 
relationships, genomic differentiation, and Fst values, we 
assessed the population structure and genetic diversity 
of these maize lines. Additionally, 900 hybrids generated 
from these inbred lines were evaluated for ten agronomic 
traits, showing significant heterosis patterns in yield-
related traits, particularly in G1 × G3, G1 × G4, G2 × G3, 
and G3 × G4 combinations, which have been successfully 
utilized in commercial breeding. Furthermore, the study 
explored the correlation between hybrid offspring traits 
and the number of heterozygous SNPs, finding a general 
consistency with the trend of deleterious SNPs under 
most heterosis modes. In conclusion, these findings 
offer valuable insights into the potential of current maize 
germplasm in Sichuan province for enhancing hybrid 
maize breeding programs.
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