
INTRODUCTION

Wheat is a vital food crop, supplying 
approximately 20% of daily caloric intake and 
21% of protein needs (Tadesse et al., 2019; Li et 
al., 2020). Wheat productivity should be increased 
based on genetic improvements to cope with the 
increasing demand globally and enhance food 
security, particularly under climate change (e.g., 
global warming) (Godfray et al., 2010; Melonek et 
al., 2021; El Hanafi et al., 2022). Among various 
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Hybrid breeding is a promising technology for improving wheat yield potential 
and stability, especially in marginal environments. However, creating hybrids 
with strong heterosis is challenging. This study screened T307 restorer lines 
and seven thermo-photosensitive genic male sterile (TPGMS) lines genotyped 
by a 15K SNP array. Subsequently, based on the genetic distances (GDs) 
among parental lines, two male sterile lines and 16 restorer lines representing 
close, middle, and distant genetic distances relative to each sterile line 
were selected for production of 18 hybrids. The hybrids were subjected to 
a two-year field trial for assessment of 27 agronomic and end-use quality 
characteristics. We found that the GDs among the selected 2 sterile lines and 
16 restorer lines ranged from 0.04 to 0.66, with an average of 0.47. The 18 
parental lines are divided into five groups based on the phylogenetic tree. 
The relationship between GDs and the mid-parent heterosis showed a weak 
negative correlation for a majority of characteristics. Likewise, for the grain 
yield per plant, non-significant negative correlations were observed between 
GDs and the mid-parent heterosis (MPH), better parent heterosis (BPH), and 
commercial check heterosis (CCH). However, hybrid S003*R080 with the 
genetic distance of 0.36 and hybrid S005×R084 with the genetic distance 
of 0.44, demonstrated superior performance across all tested attributes. This 
study suggests that SNP marker based genetic distance is a poor predictor of 
heterosis and high heterosis can be obtained in hybrids of moderately distant 
parental lines.
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breeding strategies for genetic improvement of 
wheat, hybrid wheat is a promising choice for 
improving yield potentiality and stability across 
different environments. Although the exploitation 
of hybrid wheat remains a global challenge, 
wheat researchers worldwide continue to strive 
towards this goal, making this breeding strategy 
one of the hot topics in global research. During 
the past sixty years, hybrid wheat systems based 
on cytoplasmic male sterility (CMS), chemical 
hybridization agent (CHA), photoperiod-sensitive 
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cytoplasmic male sterility (PCMS), and thermo-
photo sensitive genic male sterility (TPSGMS) 
have been established worldwide for utilizing 
heterosis in wheat (Hoagland et al.,1953; Godfray 
et al., 2010; Basnet et al., 2018; Tadesse et al., 
2019; Melonek et al., 2021; El Hanafi et al., 
2022). At present, among these hybrid wheat 
breeding strategies, the “two-line hybrid wheat” 
based on thermo-photo sensitive or photo-thermo 
sensitive male sterile lines has been implemented 
on a large scale and has effectively increased yield 
per unit area, making China the only country to 
commercialize hybrid wheat using sterile lines (Li 
et al., 2022; Zhao, 2022). This strategy comprises 
male sterile lines cultivated under short-day 
and low-temperature conditions for hybrid seed 
generation, whereas the same male sterile line 
subjected to long-day and high-temperature 
conditions performs as fertile lines in the event of 
self-crossing. This strategy is considered a main 
technology for the utilization of wheat heterosis 
in the future (Zhao, 2022). Despite the release of 
18 hybrid wheat varieties since 2002 employing 
this strategy, the efficiency of generating strong 
heterosis hybrid wheat combinations remain 
relatively low compared to other crops such as 
rice, corn, and rapeseed. One important reason 
is that the method for selecting strong heterosis 
combinations in hybrid wheat still relies on 
randomly creating a large number of hybrid 
combinations for yield evaluation. This breeding 
strategy is not only time-consuming and labor-
intensive but also has a low efficiency. Conducting 
heterosis prediction and subsequent classification 
of heterotic groups in the current predicament 
is an effective approach to overcoming the 
aforementioned challenges.

In recent years, numerous researchers have 
employed molecular markers to ascertain the 
genetic distances (GDs) of wheat parents and 
predict wheat heterosis, yielding some promising 
research outcomes. For instance, Al-Ashkar et 
al. (2020) calculated the GDs among 16 wheat 
parents using 60 SSR markers and discovered 
that heterosis in terms of grain filling period, 
thousand-grain weight, kernel number per 
spike, harvest index, grain yield, and filling rate 
was significantly positively correlated with the 
GDs between parents. Conversely, there was a 
significant negative correlation with the growth 
period, indicating the potential to predict wheat 
hybrids with high grain yield and early maturity. 
Liu et al. (1999) calculated the GDs among 20 
wheat parents based on a limited number of RAPD 

markers, but they found no significant correlation 
between the heterosis for grain yield and the GDs 
among the parents. As stated by Nie et al. (2019), 
the wheat genome is vast, and the use of a limited 
number of molecular markers to assess the GDs 
in wheat is inaccurate; further employment of 
high-density molecular markers is necessary for 
precise evaluation. As wheat genome sequencing 
efforts continue to advance, an increasing number 
of high-density wheat SNP arrays with various 
application objectives are being developed and 
utilized, such as: 9KiSelect, 90KiSelect, 820K 
Axiom array, 35K Axiom array, 50K Trait Breed, 
15K, 660K Axiom array, 55K, etc. (Sun et al., 
2020). These SNP arrays have been extensively 
applied in the fields of wheat genetic diversity 
and population structure analysis (Joukhadar et 
al., 2017), QTL mapping (Li et al., 2021; Jia et 
al., 2024), and trait association analysis (Ye et 
al., 2024). However, the application of SNP array 
technology for predicting heterosis in hybrid 
wheat is rarely reported. Nie et al. (2019) utilized 
the 90K SNP chip to assess the GDs among 
20 wheat genotypes and further analyzed the 
relationship between GDs and the F1 heterosis. 
The study found that there was a non-significant 
positive correlation between grain yield’s mid-
parent heterosis and better-parent heterosis with 
the GDs among parents; a non-significant negative 
correlation was observed for the mid-parent 
heterosis and better-parent heterosis of kernel 
number per spike and effective spike number with 
the GDs among parents; a significant positive 
association was found between the mid-parent 
heterosis of thousand-kernel weight and the GDs 
among parents, while the better-parent heterosis 
of thousand-kernel weight showed a significant 
correlation. Chen et al. (2022) utilized a wheat 
660K SNP chip to assess GDs among 32 wheat 
genotypes, and further analyzed the relationship 
between GDs and heterosis in their F1 hybrids. 
It was found that both mid-parent heterosis and 
over-parent heterosis in single-plant grain yield 
were not significantly positively correlated with 
the GDs between parents. In summary, the varying 
research outcomes concerning the relationship 
between genetic distance and heterosis in wheat 
parents exhibit certain discrepancies, which may 
be associated with the types and quantities of 
molecular markers utilized, as well as the types 
and numbers of wheat parental resources studied.

In this study, we collected 307 restorer lines 
from different geographical origins and seven 
thermo-photoperiod-sensitive genic male sterile 
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(TPSGMS) lines, and genotyped these lines 
using the 15K SNP chip to determine the genetic 
distances among lines. Subsequently, we selected 
two representative TPSGMS lines were selected to 
cross with three groups of restorers with far, middle, 
and near genetic distances, resulting in 18 hybrid 
combinations. In the field trials conducted during 
the 2021/22 and 2022/23 seasons, we evaluated 
27 agronomic and quality traits of these hybrids 
and their parents. This study aimed to assess the 
feasibility of heterosis prediction by using SNP 
marker based genetic distance in two-line hybrid 
wheat breeding program.

MATERIALS AND METHODS
The wheat germplasm

Seven wheat thermo-photosensitive genetic male 
sterility lines, including S001(K456S), S002 
(K43S), S003 (K64S), S004 (K78S), S005 (K47S), 
S006 (K66S), and S007 (K63S) were bred by the 
Food Crops Research Institute, Yunnan Academy 
of Agricultural Sciences (YAAS), Yunnan, China. 
Restorer 307 lines have diverse sources, mainly 
from Yunnan province and others from different 
provinces in China and CIMMYT (Supplementary 
Tables 1).

Genotyping of restorer and sterile lines by single 
nucleotide polymorphism (SNP)

During the 2019/20 cropping season, whole wheat 
genotypes comprising seven male sterile lines and 
307 restorer lines were sown at the Songming 
experimental farm (altitude 1882.2m, east 
longitude 103° 6′ 41″, north latitude 25° 21′ 18″) of 

the Yunnan Academy of Agricultural Sciences. The 
genotypes were employed to obtain DNA samples 
prior to the jointing growth stage by individually 
collecting fresh leaves. The DNA extraction 
procedure utilizing CTAB was conducted as per 
the methodology outlined by Rogers & Bendich 
(1985). The DNA purity was estimated by UV 
spectrophotometer at the absorbance wavelengths 
of A260-280 nm. The purity ranged between 1.8-
2.0, and the DNA concentration adjusted to 
approximately 100 ng/μL. The Zhongyujin 
Biotechnology laboratory (Co., Ltd., Beijing, 
China) labeled DNA samples from male sterile 
and restorer lines. The Axiom platform genotyped 
all lines using the Zhongmaixin No.1, a 15K 
SNP array for wheat breeding in Affimatrix®. 
Zhongmaixin 1 chip consists of 13,702 SNP 
markers, including 1272 functional markers, with 
a uniform distribution of markers, and the average 
physical distance between the two markers on each 
chromosome is about 1M (Table 1).

The primary genotypic data analysis using Axiom 
Analysis Suite software was performed. First, 
SNP site quality control is performed on samples 
with a data quality control (DQC) of > 0.82 and 
a marker detection rate (CR) of > 95%. The 
remaining 11,198 markers were then filtered to 
remove the markers with a deletion rate (Miss) 
of< 10% and a minimum allele frequency (MAF) 
of > 0.05%, then the total remaining were 10198 
markers. Two restorer lines, R085 and R181, were 
excluded from the SNP study due to inferior DNA 
purity.

Table 1. SNP Marker distribution and the average physical distance per marker in 21 chromosomes of common wheat

Chromosome 
code

Number of  SNP 
markers

Average physical 
distance

Chromosome 
code

Number of  SNP 
markers

Average physical 
distance

1A 625 950563 5B 795 897044

2A 932 837767 6B 802 898988

3A 606 1239016 7B 657 1142497

4A 782 952159 1D 370 1339063

5A 713 995475 2D 634 1028159

6A 480 1287665 3D 536 1148419

7A 760 969350 4D 265 1923989

1B 685 1007083 5D 550 1029238

2B 755 1061267 6D 428 1106525

3B 1025 810566 7D 697 916336

4B 605 1113417
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Genetic distance

Computing whole genetic distances (GDs) 
between 307 restorers and seven male sterile lines, 
selected genotypes according to near, moderate, 
and far GDs. Two sterile lines were pointed on 
the same cluster, whereas the 16 selected restorers 
were distributed on several evolutionary tree 
branches and divided into three groups according 
to their GDs from sterile lines (Supplementary 
Figure S1). 

Focusing on GD between S003 (awned type) and 
S005 (awnless type) male sterile lines and their 
mating restorer lines, including The 16 selected 
restorer lines, R065, R068, R080, R084, R129, 
R139, R155, R159, R162, R192, R199, R202, 
R220, R228, R269, and R299, were calculated. 
The relationship between far, middle, and near 
genetic distances with heterosis performance 
was separately calculated (GDs) to discover their 
relationship.

Each sterile line was pollinated with nine restorer 
lines to produce 18 hybrids, i.e., three near lines, 
three moderate, and three lines far from GDs. 
These restorer lines, male sterile lines, and their 

crossing combinations (F1 hybrids) were evaluated 
in the open field trials to examine the hybrid yield 
superiority in appropriate conditions for two-line 
hybrid wheat production.

Field experiments and estimated traits 

The hybrid seeds were harvested and replanted in 
October 2021/22 and 2022/23 cropping seasons 
at the Jiajing experimental farm (1615.2m above 
sea level, 102 ° 17 ′ 52 ″ E, 24 ° 10 ′ 3 ″ N) of 
the Yuxi Academy of Agricultural Sciences in 
Yanhe Town, Yuxi City, Yunnan Province. The 
experimental soil type is sandy loam with flat 
terrain and uniform soil fertility, and the previous 
crop was rice. 

Thirty-seven-wheat genotypes comprised 16 
restorer lines, two male sterile lines (parents), 18 
hybrids, and the commercial check Yunmai 56 are 
shown in Table 2. Each genotype was planted in 
one row of 105cm with plants spaced 15cm (e.g., 
sown seven plants per row) and rows spaced 
25cm. Experiments were designated with three 
replicates in a randomized complete block design 
(RCBD) in both cropping seasons. 

Table 2. Genotype number, hybrid combination, parent name, and check.

Genotype Hybrid Genotype Parent/check name

1 S005/R065 19 R065

2 S005/R068 20 R068

3 S005/R084 21 R080

4 S005/R129 22 R084

5 S005/R155 23 R129

6 S005/R159 24 R139

7 S005/R192 25 R155

8 S005/R220 26 R159

9 S005/R299 27 R162

10 S003/R068 28 R192

11 S003/R080 29 R199

12 S003/R129 30 R202

13 S003/R139 31 R220

14 S003/R162 32 R228

15 S003/R199 33 R269

16 S003/R202 34 R299

17 S003/R228 35 S003 (K64S)

18 S003/R269 36 S005 (K47S)

- - 37 Yunmai 56 (Check)
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Agronomic traits were determined, such as 
growth period (GP, days), plant height (PH, 
cm), tillers number per plant (TNP), effective 
spikes per plant (ESP), spikelets number (SN), 
number of degenerated spikelets (NDS), number 
of filling spikelets (NFS), spike length (SL, 
cm), grains number per spike (GNS), single 
spike weight (SSW, g), grains number per plant 
(GNP), thousand-grain weight (TGW, g), and 
three represented plants (without the bordered 
plants) were randomly harvested from each row to 
investigate grain yield per plant average (GYP, g).

The grain shape attributes were tested by an 
automatic seed analysis system (Wanshen SC-G, 
Hangzhou, China). More than 200 grains were 
measured for each genotype, including grain area 
(GA, mm2), grain circumference (GC, mm), grain 
length (GL, mm), grain width (GW, mm), and 
length-to-width ratio (LWR, %). For more details 
for each trait, the technical regulations for regional 
trials of crop varieties (wheat) were followed, and 
the traits of sterile lines were estimated for their 
outcrossing plants (Ding et al., 2022).

The grain quality characteristics were determined 
using a DA7200 near-infrared quality analyzer 
(Perten Instruments, Huddinge, Sweden). The 
estimated traits were water absorption rate (WAR, 
%), protein content (PC, %), bulk density (BD, 
g/l), wet gluten (WG, %), stability time (ST, min), 
formation time (FT, min), hardness value (HV, 
%), settlement value (SV, ml) and flour yield (FY, 
%). For more details, refer to Ling et al. (2020).

The hybrid heterosis evaluation

The mid-parent heterosis, better-parent heterosis, 
and commercial check heterosis for all estimated 
traits in each hybrid combination verify the 
accuracy of the heterosis group divided by the 
genetic distances computed. The calculation 
formulas are listed as follows: Mid-parent 
heterosis (%) = (F1 mean - mid-parents mean)/
mid-parents mean × 100; High parent heterosis 
(%) = (F1 mean- high parent mean)/high parent 
average × 100; Commercial check heterosis (%)= 
(F1 mean- commercial check mean)/commercial 
check mean × 100. 

Statistical analyses

The evolutionary tree of all studied genotypes (307 
restorers plus seven sterile lines) was inferred by 
a hierarchical neighbor-joining method utilizing 
DARwin 6.0.21 software (Dissimilarity Analysis 
and Representation for Windows) (Perrier et al., 
2003). 

Genetic distances (GDs) between the parental 
lines of hybrids were calculated based on the SNP 
markers using Pairwise Distance from section/
ribbon of Distances in MEGA 11 software Tamura 
et al. (2021). The model was used according to the 
methods of Tajima & Nei (2000), and the Neighbor 
Jointed Tree from the section of Phylogeny was 
utilized to compute and construct the phylogenetic 
tree. The bootstrap (1000 replicates) and p-distance 
methods were used to identify the evolutionary 
distances (Nei & Kumar, 2000).

The agronomic and quality characteristics data of 
field trials were subjected to analysis of variance 
(ANOVA) of randomized complete block design 
(RCBD). For each season, then mutual (combined) 
analysis over 2021/22 and 2022/23 seasons using 
GenStat 23rd edition (VSN International Ltd., 
Hemel Hempstead, UK). 

Moreover, the mean performance of predicted 
characteristics for all parents and hybrids, 
aggregated across seasons, was employed 
in genotyping yield*trait (GYT) biplot 
methodologies, as per Yan & Frégeau-Reid 
(2018). The GenStat program finalized the data 
standardization and visualization processes. To 
ascertain the optimal genotype based on trait 
combinations. The data of studied traits of parents 
and hybrids were averaged over seasons and 
subjected to calculate the heatmap dendrogram. 
In contrast, the correlation plot employed all 
studied traits’ mid-parent heterosis (MPH) with 
GDs. Additionally, to generate a radar chart, traits’ 
data were normalized by minimum and maximum 
values to convert their values to unitless traits. The 
heatmap dendrogram, correlation plot, and radar 
chart were computed by Origin (Pro), version 
2021 (Origin Lab Corporation, Northampton, MA, 
USA).

RESULTS

Parental selection and genetic distance of 
hybrid parents

Based on genetic distances (GDs) obtained from 
15K SNP markers analysis for 307 restorers and 
seven sterile lines, we selected two sterile lines 
and 16 restorers according to the near, middle, and 
far GDs between sterile lines and restorers from 
the evolutionary tree (Supplementary Figure S1). 
Two sterile lines include S003 (awned type) and 
S005 (awnless type) in the same cluster, while 16 
restorers R065, R068, R080, R084, R129, R139, 
R155, R159, R162, R192, R199, R202, R220, 
R228, R269, and R299 are distributed on five 
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clusters (Figure 1). Meanwhile, the GDs between 
these selected parents ranged from 0.04 to 0.66, 
with an average of 0.47(Supplementary Table 
2). As listed in Table 3, hybrids S003×R139, 
S003×R080, S003×R068, and S005×R159, 
S005×R068, S005×R192 have closer GDs 
between their male and female parents, with GDs 
ranged from 0.18 to 0.36, while S003×R269, 
S003 × R129, S003 × R199, and S005 × R129, 
S005 × R299 are distant GDs combinations, with 
GDs ranged from 0.54 to 0.64. Others are middle 
GDs combinations.

among parents and mid-parent heterosis for most 
traits. The Pearson’s correlation plot for genetic 
distances and mid-parent heterosis (MPH), better 
parents (BPH) and commercial check heterosis 
(CCH) of the 18 hybrids for grain yield are shown 
in Figure 4. Likewise, for the significant trait of 
per plant grain yield, non-significant negative 
correlations are observed between its mid-parent 
heterosis (MPH), better parent heterosis (BPH), 
commercial check heterosis (CCH), and the genetic 
distances among parents.

Genotype by yield*traits (GYT) biplot and 
rankings

The genotype by yield traits (GYT) analysis of 
37 genotypes and their grain yield, multiplied by 
various attributes (combinations), is depicted in 
Figure 5. The principal component analysis (PC1 
and PC2) accounts for 89.6% of the overall variation 
in the GYT biplot. Genotype 11 is a hybrid wheat 
(S003×R080) situated on the vertices of the polygon 
containing most of the trait’s combinations, and 
hybrid 3 is located in the other sector containing 
combinations such as GYP*NDS, GYP*GNP, and 
GYP*ESP. These results indicated the superiority 
of hybrid S003×R080 and S005×R084.

Figure 6 displays the genotype ranking of all 
assessed genotypes and trait combinations in 
the GYT biplot. Genotype 11 (S003×R080) is 
regarded as the superior hybrid, succeeded by 
genotypes 3 (S005×R084). The lowest rating was 
attributed to genotype 25 (restorer line). Moreover, 
genotypes 11 and 3 are proximate to the average 
tester coordination (ATC) line (i.e., a line with an 
arrow) and exhibited brief projections. The brief 
projection indicates that the stable genotypes in 
both examined environments are oriented away 
from the ATC line in contrast to genotypes 1 
and 33. Therefore, Among all evaluated hybrid 
wheat combinations and their parents, the two 
hybrid combinations with the best comprehensive 
performance are Genotype 11 (S003×R080) and 
Genotype 3 (S005×R084), which demonstrates 
that the heterosis in hybrid wheat is indeed 
real. Interestingly, the genetic distance between 
the parents of the best-performing hybrid 
wheat combinations, S003×R080 (0.36) and 
S005×R084 (0.44), is less than or equal to the 
average GD of S003 (0.48) and S005 (0.44) with 
all their respective restorer lines. This suggests 
that a moderate genetic distance between parents 
is conducive to the expression of heterosis when 
formulating hybrid wheat combinations using the 
thermo-photoperiod sensitivity two-line system.

 

 

Figure 1. The phylogenetic tree of two sterile lines, S003, S005, and 16 restorers based on SNP 
markers. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The phylogenetic tree of two sterile lines, 
S003, S005, and 16 restorers based on SNP markers

Mid-parent, better Parent, and commercial 
check heterosis 

Figure 2 represents the mean performance of 18 
wheat hybrids in mid-parent, better parents, and 
commercial heterosis, relying on the estimated traits 
over both seasons. The mid-parent heterosis for all 
hybrids was common and the values were higher 
than those of better parents heterosis, specifically 
for hybrids 11 (S003*R080) and 3 (S005*R084). 
Among all 18 hybrids, hybrid 11 (S003*R080) had 
the highest performance of three types of heterosis, 
it has a near parental GD at 0.36. However, hybrid 
4 has the smallest mid-parent heterosis, and better 
parents heterosis, and hybrid 5 has the smallest 
commercial check heterosis.

Correlation between genetic distance and three 
heterosis types

The Pearson’s correlation plot for genetic distances 
and mid-parent heterosis of the 18 hybrids for 
agronomic and quality traits are shown in Figure 
3. Except for traits such as tillers number per plant 
(TNP) and protein content (PC), a non-significant 
negative correlation is observed between GDs 
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Table 3. 18 hybrids and their parental genetic distance of selected sterile lines and restorer based on SNP marker analysis

Genotype Hybrid Genetic distance Genotype Hybrid Genetic distance

1 S003 × R139 0.18 10 S005 × R068 0.29

2 S003 × R068 0.32 11 S005 × R159 0.29

3 S003 × R080 0.36 12 S005 × R192 0.35

4 S003 × R162 0.54 13 S005 × R084 0.44

5 S003 × R202 0.54 14 S005 × R155 0.48

6 S003 × R228 0.55 15 S005 × R065 0.51

7 S003 × R269 0.60 16 S005 × R220 0.51

8 S003 × R129 0.63 17 S005 × R129 0.54

9 S003 × R199 0.64 18 S005 × R299 0.54

 

 

Figure 2. Radar chart of mid-parent (MPH), better parents (BPH), and commercial check 
heterosis (CCH) (estimated heterosis values) of all agronomic and grain quality characteristics 
for 18 hybrids estimated during two cropping seasons of 2021/22 and 2022/23.  
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Figure 2. Radar chart of mid-parent (MPH), better parents (BPH), and commercial check heterosis (CCH) (estimated 
heterosis values) of all agronomic and grain quality characteristics for 18 hybrids estimated during two cropping seasons 
of 2021/22 and 2022/23
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Figure 3. Person correlation plot for mid-parent heterosis performance and genetic distance (GD) for 18 hybrid wheat 
of agronomic and quality traits [e.g., GP, growth period; PH, plant height; TNP, tillers number per plant; ESP, effective 
spikes per plant; SN, spikelets number; NDS, number of degenerated spikelets; NFS, number of filling spikelets; SL, 
spike length; GNS, grains number per spike; SSW, single spike weight; GNP, grains number per plant; TGW, thousand-
grain weight; GYP, grain yield per plant; GA, grain area; GC, grain circumference; LWR, length to width ratio; GL, grain 
length; TGW, total grain width; WAR, water absorption rate; PC, protein content; BD, bulk density; WG, wet gluten; 
ST, stable time; FT, formation time; HV, hardness value; SV, settlement value; FY, flour yield estimated from the two 
seasons average]

 

Figure 4. Pearson's correlation plot for mid-parent heterosis (MPH), better parents (BPH) and 
commercial check heterosis (CCH) performance and genetic distance (GD) for 18 hybrid wheat 
of grain yield. 
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Figure 4. Pearson's correlation plot for mid-parent heterosis (MPH), better parents (BPH) and commercial check heterosis 
(CCH) performance and genetic distance (GD) for 18 hybrid wheat of grain yield
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Figure 5. Which own where of GYT view for agronomic and quality traits [GP, growth period; PH, plant height; TNP, 
tillers number per plant; ESP, effective spikes per plant; SN, spikelets number;  NDS, number of degenerated spikelets; 
NFS, number of filling spikelets; SL, spike length; GNS, grains number per spike; SSW, single spike weight; GNP, grains 
number per plant; TGW, thousand-grain weight; GYP, grain yield per plant; GA, grain area; GC, grain circumference; 
LWR, length to width ratio; GL, grain length; GW, grain width; WAR, water absorption rate; PC, protein content; BD, 
bulk density; WG, wet gluten; ST, stable time; FT, formation time; HV, hardness value; SV, settlement value; FY, flour 
yield of 37 genotypes including 18 hybrids and their parents evaluated during 2021/22 and 2022/23 seasons]

Figure 6. Genotypes ranking of GYT view for agronomic and quality traits [GP, growth period; PH, plant height; TNP, 
tillers number per plant; ESP, effective spikes per plant; SN, spikelets number;  NDS, number of degenerated spikelets; 
NFS, number of filling spikelets; SL, spike length; GNS, grains number per spike; SSW, single spike weight; GNP, grains 
number per plant; TGW, thousand-grain weight; GYP, grain yield per plant; GA, grain area; GC, grain circumference; 
LWR, length to width ratio; GL, grain length; GW, grain width; WAR, water absorption rate; PC, protein content; BD, 
bulk density; WG, wet gluten; ST, stable time; FT, formation time; HV, hardness value; SV, settlement value; FY, flour 
yield of 37 entries including 18 hybrids and their parents evaluated during 2021/22and 2022/23 seasons]
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DISCUSSION

Based on the near, middle, and far genetic 
distances (GDs) of two TPGMS lines from 16 
restorer lines utilizing 15K of SNP markers, 
hybrid combinations were produced to evaluate 
the heterosis in field multi-trials. This selection 
reflects the hybrid breeding programs’ main 
target: identifying genotypes with broad genetic 
diversity. Hence, it is expected to generate strong 
heterosis performance, precise DNA level, and 
field experimental verification (Boeven et al., 
2016; Al-Ashkar et al., 2020; Wu et al., 2021). 
This study utilized various amounts of GDs, as 
presented in Table 2 and Figure 1, to develop hybrid 
wheat combinations. This selection criterion and 
approach align with other prior studies, including 
those on wheat (Chen et al., 2010; Nie et al., 2019; 
Al-Ashkar et al., 2020; Semagn et al., 2021), 
maize (Masuka et al., 2017; Dermail et al., 2020; 
Jiang et al., 2023), and pearl millet (Sattler et al., 
2019). Most of these studies utilized different 
genotyping techniques in computing the GDs and 
predicting F1 performance for several agronomic, 
physiological, and end-use quality characteristics. 

Moreover, the GDs among the selected 2 sterile 
lines and 16 restorer lines varied from 0.04 to 
0.66 in our study, with a mean value of 0.47 as 
presented in Table 1S. This range indicates the 
extent of variation in genetic distances, despite 
the different geographical origins of the wheat 
germplasm. Similarly, our estimated genetic 
dissimilarities are less than those studied by 
SSR markers on wheat, i.e., Huang et al. (2002) 
stated that the genetic diversity ranged from 0.43-
0.94 with an average of 0.77, applied for 998 
bread wheat genotypes. However, our estimated 
GDs are greater than the GDs determined by 
Nie et al. (2019) using a wheat 90K SNP chip 
for genotyping among 20 wheat parents, where 
the GD among all parents ranged from 0.008 to 
0.276, with an average of 0.212. This indicates 
that the wheat parents selected in our study have 
a favorable GDs, and the combinations prepared 
are representative for evaluating the relationship 
between GD and heterosis. Consequently, we 
choose close, moderate, and far GDs of restorers 
from sterile lines to forecast superior heterotic 
performance. Indeed, our study has produced 
hybrid combinations with varying levels of 
heterosis, with genotype 11 (S003/R080) 
and genotype 3 (S005/R084) being the most 
advantageous. However, the former has a closer 
GD, while the latter has a middle GD.

Genotypes can be categorized into heterotic and 
genetic groups based on phylogenetic tree and 
cluster analysis. In the current research, the 
parental lines are divided into five distinct groups, 
especially the sterile lines categorized in Group 
V in Figure 1. These findings align with the prior 
results reported by Hussain et al. (2022) in rice 
that identified heterotic groups. Additionally, in 
wheat and based on SSR markers coupled with 
an evolutionary tree, three main groups and six 
subsets of eight parental genotypes are reported 
by Al-Ashkar et al. (2020). However, in the same 
way, Sang et al. (2022) divided 41 inbred lines 
into five heterotic groups in maize. Besides, 
cluster analysis was performed to classify 20 
wheat genotypes into five groups matching 
their pedigree (characteristics) (Boeven et al., 
2016). It is noteworthy that the parents of the 
two best-performing combinations for both 
mid-parent heterosis and over-parent heterosis 
are concentrated in Group V, which is part of 
the heterosis group. This also indicates that the 
parents of thermo-photo-sensitive two-line hybrid 
wheat with relatively closer GDs may be more 
likely to produce high heterosis.

Plant breeders have devised methods to predict the 
performance of heterosis, including the assessment 
of genetic distance between parents using 
various DNA technologies, thereby clarifying 
the relationship between GDs and heterosis, and 
subsequently guiding the formulation of hybrid 
combinations. This method has been effectively 
applied in crops such as hybrid corn (Jiang et al., 
2023), hybrid rice (Zhang et al., 2022), and upland 
cotton (Geng et al., 2021). Our research indicates 
that a negative correlation was observed between 
GDs and most traits except for traits such as tiller 
number per plant (TNP) and protein content (PC). 
Concurrently, for the significant trait of per plant 
grain yield, non-significant negative correlations 
are observed between its mid-parent heterosis 
(MPH), better parent heterosis (BPH), commercial 
check heterosis (CCH), and the genetic distances 
among parents. Our research results are consistent 
with previous studies by Nie et al. (2019) and Liu 
et al. (1999) on wheat, both considering that there 
is a very weak correlation between GDs among 
parents and heterosis. Although the correlation 
between GDs calculated based on SNP chip 
technology and heterosis is weak and cannot well 
predict heterosis, it can still be used to classify the 
heterosis groups of thermo-photo-sensitive two-
line hybrid wheat parents and guide the testing 
and matching of hybrid combinations.
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The GYT biplot model enables graphical 
selection of genotypes in plant breeding. This 
technique facilitates the collection of grain yield 
and associated parameters, along with genotypes 
shown in a visible biplot, thereby aiding plant 
breeders in the selection of superior genotypes (Yan 
& Frégeau-Reid, 2018). For example, researchers 
Elfanah et al. (2023a, b) utilized agronomic 
and physiological traits and spectral reflectance 
indices in the GYT model to identify and select 
wheat genotypes’ salinity tolerance. Similarly, 
other authors applied the GYT biplot to select 
the wheat drought tolerance based on agronomic 
and physiological attributes and spectroscopy 
indices (Darwish et al., 2023). Our study hybrid 
combinations (S003×R080 and S005×R084) 
are superior hybrid wheat from the GYT biplot 
view (Figure 6). However, the genetic distances 
between the parents of the two combinations are 
neither the maximum nor the minimum. Despite 
the combinations (S003×R080 and S005×R084) 
exhibiting genetic distances that are less than or 
equal to the average genetic distance between the 
two sterile lines and all tested restorer lines, they 
demonstrate the best performance in mid-parent, 
better-parent, and commercial check heterosis. 
Therefore, an appropriate level of genetic distance 
may more readily result in high heterosis. Although 
genetic distance is necessary for the occurrence 
of heterosis, it is not the case that the greater the 
genetic distance, the higher the heterosis will be. 
In fact, there exists an optimal genetic distance, 
beyond which heterosis may decline due to an 
increase in genetic incompatibilities (Würschum 
et al., 2023). This relationship is sometimes 
described as “hump-shaped,” meaning that at a 
certain optimal point of genetic distance, heterosis 
reaches its maximum value, and it decreases 
before and after this optimal point (Würschum 
et al., 2023). Therefore, breeders need to find a 
balance, that is, a moderate genetic distance, to 
maximize heterosis when conducting hybrid 
breeding. 

CONCLUSIONS

In this study, we conclude that SNP chips can be 
used for wheat genotyping and can accurately 
assess the genetic distance between wheat parents. 
The GDs among the selected 2 sterile lines and 16 
restorer lines ranged from 0.04 to 0.66, with an 
average of 0.47. Except for traits such as tillers 
number per plant (TNP) and protein content (PC), 
a non-significant negative correlation is observed 
between genetic distance (GD) among parents and 
mid-parent heterosis for most traits. Concurrently, 

for the significant trait of per plant grain yield, 
non-significant negative correlations are observed 
between its mid-parent heterosis (MPH), better 
parent heterosis (BPH), commercial check 
heterosis (CCH), and the genetic distances among 
parents. However, hybrid S003*R080 with the 
genetic distance of 0.36 and hybrid S005×R084 
with the genetic distance of 0.44, demonstrated 
superior performance across all tested attributes. 
This study suggests that SNP marker based 
genetic distance is a poor predictor of heterosis 
and high heterosis can be obtained in hybrids of 
moderately distant parental lines.
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