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Introduction
Willows (Salix) are dioecious, catkin-bearing woody 
plants, together with poplars (Populus), which comprise 
the Salicaceae family. Willows consist of more than 300 
species, including shrubs and trees, which are widely dis-
tributed in diverse ecological niches, particularly in tem-
perate and arctic zones. Asia is considered the centre of 
origin for Salix, with China alone harbouring around 270 
species [1, 2]. The physiological adaptations and ecologi-
cal resilience of willows make them ideal candidates for 
ecological conservation and restoration projects across 
various climatic zones [3, 4]. Moreover, willows have a 
significant commercial impact, especially in wood pro-
duction. Their rapid growth and short generation period 
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Abstract
Salix suchowensis is an important species of Salix, known for its rapid growth property and wide application in 
environmental construction, ecological restoration, wicker production, and biomass energy production. Due to 
its significance as a sustainable biological resource, S. suchowensis has been the centre of intensive breeding. 
However, rapid improvement of growth and biomass has been hindered by a lack of genomic resources. To 
address this limitation, we designed a liquid-phase probe array by genotyping by target sequencing technology. 
Using whole-genome resequencing data, a total of 39,076 SNPs were selected for the array panel, consisting 
of trait-associated SNPs, intragenic SNPs, and intergenic SNPs. This panel was validated by genotyping 550 new 
samples, demonstrating high call rates and effective capture of the population structure. Genome-wide association 
analysis identified 72 SNPs associated with plant height and ground diameter. Additionally, the array panel shows 
a high potential for genomic selection, with high prediction accuracy for various traits. These results highlight the 
efficiency of this panel in capturing genomic variations that are highly valuable for future genetic research and 
breeding applications.
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make them an ideal renewable biological resource for 
biomass production, with additional economic value in 
manufacturing, medicinal use, and ornamental cultiva-
tion [3–6]. Although willows have a long breeding his-
tory, genetic improvement has been limited by a lack 
of genomic resources and a poor understanding of the 
genetic basis of growth traits [7–12]. Recently, genomics-
informed breeding strategies have been widely applied to 
a variety of crops [13–16]. Adopting this approach in wil-
low breeding could facilitate rapid genetic improvement 
of key growth traits.

Salix suchowensis  is a diploid (2n = 12x = 38) species 
with the first high-quality reference genome in this gens 
and around 30,000 protein-coding genes were annotated 
in the assembled 356 Mb genome [7, 11]. This species 
grows naturally in rivers and stream-sides of northern 
China. Growth traits are key agronomic characteristics 
that directly affect biomass production and are primary 
targets for genetic improvement [17]. This makes it an 
ideal model for functional genomics and genetic studies 
in willows. Previous studies have identified quantitative 
trait loci (QTLs) underlying growth traits in S. suchowen-
sis using amplified fragment length polymorphism mark-
ers and genotype by sequencing [18]. However, there is 
an urgent need for a high-throughput, cost-effective, 
time-saving, and accurate genotyping method for large-
scale population research in  S. suchowensis. Targeting 
by sequencing is a promising method to provide high-
resolution single-nucleotide polymorphisms (SNPs), 
which can be used for genome-wide association studies 
(GWAS), genomic selection(GS), and population genetic 
studies [19–23]. The up-to-date technology is genotyping 
by target sequencing (GBTS), which enhances flexibility 
and scalability since the designed probes can be easily 
updated and expanded [24]. The GBTS SNP panel has 
been successfully applied in various species, including 
rice, maize, and soybean, proving its efficiency in genetic 
research [24, 25]. Thus, the development of a GBTS SNP 
panel for S. suchowensis would be a valuable resource for 
genetic research and breeding programs.

In this research, we designed a 40k GBTS SNP panel 
for  S. suchowensis  based on whole-genome resequenc-
ing data. This SNP array panel was designed to capture 
the genetic diversity for genetic research and breeding 
applications. We validated this SNP panel by genotyp-
ing 550 new samples and conducting GWAS to identify 
candidate genes associated with growth traits. Finally, 
we assessed the prediction accuracy of the SNP panel for 
plant height and ground diameter in S. suchowensis.

Materials and methods
Selection of 40k SNPs from WGS
A total of 4,531,211 SNPs obtained from whole-genome 
resequencing in our previous study were used. All SNPs 

are bi-allelic variants with a call rate above 90% and 
a minor allele frequency (MAF) greater than 0.05. In 
2023, 600 rooted cuttings from 8 full-sib families were 
planted in Leshan (LS; N29.55°, E103.77°), Pengzhou (PZ; 
N30.99°, E103.96°), and Yibin (YB; N28.75°, E104.64°). 
Phenotypic data for plant height (PH) and ground diame-
ter (GD) were collected from all three locations, and tran-
scriptome data were gathered in LS to perform GWAS 
and expression quantitative trait loci (eQTL) mapping. 
In total, 25 SNPs associated with growth traits and 938 
SNPs associated with gene expression were prioritised in 
the SNP panel design. All genetic data, phenotype data, 
and research results from our previous study were reused 
in this study [26].

Moreover, we categorised these SNPs based on their 
relative genomic position with gene annotation. Consid-
ering the potential significant influence of SNPs located 
at the start and stop codons, such SNPs were included in 
the SNP panel design (239 at the start codon and 82 at 
the stop codon).

Then, 3,235,172 SNPs located within gene regions 
(including gene body, 3 kb flanking region of upstream 
and downstream) were further filtered to ensure at least 
one SNP per gene, thereby maximising the coverage of 
regions with annotated genes. For each gene, SNPs inside 
the gene region were used to calculate pairwise R2 values. 
After that, SNPs with the top 10 largest number of tagged 
SNPs (R2 > 0.6) were retained. The threshold we selected 
under the consideration that these SNPs could best rep-
resent the genetic variations inside corresponding genes. 
Next, the SNP with the highest MAF was chosen for each 
gene, for its high occurrence rate in this population.

Furthermore, for the 1,296,039 SNPs located outside 
the gene region, linkage disequilibrium (LD) filtering was 
performed to obtain representative SNPs. Using PLINK 
with a 200 kb window, a 10 kb stepsize, and an R2 thresh-
old of > 0.1, we identified 124,192 SNPs. These SNPs were 
subsequently down-sampled to 12,419 SNPs [27].

Based on the preliminary selection of SNPs, we 
designed the liquid-phase probe sequences located 
within the upstream and downstream regions of the SNP 
loci. The probe sequences were designed using Novo-
gene's SNP array algorithm based on thermodynamic 
stability principles to ensure high capture efficiency. The 
probe length was set between 80–120 bp with an average 
of approximately 100 bp, while maintaining GC content 
within 20%−70%. The number of SNPs in probe capture 
regions was restricted to fewer than 5. The SNPs of the 
panel that do not meet the standards will be filtered. This 
step ensured high capture efficiency of this SNP panel. 
Finally, 39,076 SNPs—nearly 40k—were retained as the 
final SNP panel.
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Plant materials
After designing the 40k SNP panel, we randomly selected 
two samples from each of the previously researched 
samples, resulting in a total of 16 samples, to validate the 
quality of the SNP panel. These samples were collected 
from an experimental field in 2023, which contained 600 
samples. The youngest, most recent leaves from the tips 
of the main stems were collected and immediately frozen 
in liquid nitrogen for DNA extraction.

In this study, 550 additional samples from 8 new full-
sib families (subfamily 1: 95, subfamily 2: 66, subfamily 
3: 103, subfamily 4: 61, subfamily 5: 59, subfamily 6: 56, 
subfamily 7: 75, subfamily 8: 35) of S. suchowensis were 
selected to perform GBTS and genetic investigation. The 
rooted cuttings with the same growth were planted at 
two locations, Yibin (YB; N28.75°, E104.64°) and Peng-
zhou (PZ; N30.99°, E103.96°), in Sichuan province, China, 
in 2024. The field soil of each location was smoothed to 
be equal for all soil compositions. After being planted, 
we immediately watered all cuttings evenly to ensure 
their establishment. During the growth period, weeds 
were removed manually, and no additional fertilization 
was applied. Fifteen days after planting, two to three 
fresh leaves were collected from each sample to serve as 
material for DNA extraction. The collected leaves were 
immediately frozen in liquid nitrogen to preserve DNA 
integrity. Phenotypic data collection began 30 days after 
planting, at a point when plants exhibit measurable dif-
ferences in growth traits. At this stage, we take measure-
ments of plant height (PH) and ground diameter (GD) 
at 15-day intervals at both YB and PZ locations until 
the end of the growing season (a total of five measuring 
point). PH was measured as the vertical distance from 
the soil surface to the tip of the main stem (apical meri-
stem). GD was determined as the diameter of the stem 
at approximately 5 cm above the soil surface. These two 
traits measured the vertical and horizontal growth of the 
plant, capturing major traits related to biomass accumu-
lation. The phenotypic value used for analysis was the 
growth measurement at each point.

Validation of the 40k SNP panel
All samples were sequenced using GBTS, with an aver-
age of 2 Gb raw reads per sample. The raw data were 
processed using Fastp to filter out low-quality reads and 
adapters [28]. Clean data were then aligned to the refer-
ence genome of S. suchowensis using BWA-MEM [29]. 
The aligned data were processed with SAMBAMBA to 
sort and remove duplicate reads. Genome coverage was 
calculated using SAMtools [30, 31]. Genetic variants 
were detected using BCFtools [32]. The genotyping data 
were filtered with the following parameters: QUAL > 30, 
F_MISSING < 0.5, DP > 2, and "-m2 -M2". SNPs located 
at the designed positions were extracted for further 

analysis, including the calculation of the sample call rate 
and site call rate. The sample call rate is defined as the 
average SNP call rate across all SNPs for a given sample, 
while the site call rate refers to the SNP call rate across all 
samples. For further analysis, SNPs with MAF < 0.05 were 
excluded using PLINK [27].

Principal component analysis
The population structure of the 600 S. suchowensis  indi-
viduals was evaluated using principal component analy-
sis (PCA) based on the whole-genomic SNPs and the 
40k selected SNPs. PCA was performed using the GCTA 
software [33]. For whole-genomic SNP data, we select all 
SNPs from the previous study as input to perform PCA 
analysis. For the 40k selected SNPs data, we extracted 
these SNPs from whole-genomic SNPs as input to per-
form PCA analysis. The PCA results were visualised by 
the plot function of the R language.

Genetic analysis
The kinship heritability for each trait was estimated by 
fitting a mixed linear model using GCTA software [33].

	 y = µ + Zu + e� (1)

Here, y is the phenotype value, µ is the intercept of the 
model. Z  is the corresponding design matrix that satis-

fies ZZT /
m = G, where G is the kinship matrix, m 

is the SNP number. Therefore, the distribution of u is 
N(0, Iσ2

g). e is the residual with e ∼ N
(
0, Iσ2

e

)
. The kin-

ship heritability was calculated as h2 = σ2
g

σ2
g+σ2

e
. For com-

parison, the genomic kinship matrix G was calculated 
based on the whole-genome SNPs and the 40k selected 
SNPs separately. Phenotypic data were collected from 
previous study. After planting 550 new samples in YB 
and PZ, PH and GD were collected to perform a genome-
wide association study (GWAS). GWAS was performed 
using GEMMA with a mixed linear model [34]. A Bonfer-
roni-corrected genome-wide significance threshold (0.05 
divided by the number of SNPs) was used for genome-
wide significance. The significantly associated SNPs were 
annotated using the S. suchowensis genome annotation 
file. Genes within a 10 kb flanking region upstream and 
downstream of the associated SNPs were extracted for 
gene ontology (GO) enrichment analysis using the clus-
terProfiler package in R [35].

Genomic selection
To assess the quality of this SNP panel in GS, the 
Genomic Best Linear Unbiased Prediction (GBLUP) 
method was employed. This method, described in model 
1, integrates additive genetic effects into a mixed linear 
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model framework, enabling the estimation of genomic 
estimated breeding value (GEBV) based on SNP-derived 
relationships. This model was implemented in the hglm 
package in R [36]. The G matrix was calculated based 
on the 40k selected SNPs. To evaluate the accuracy of 
genomic selection, five-fold cross-validation was used to 
split the dataset into training and testing sets. For each 
fold, GEBVs were calculated for individuals in the testing 
set based on the G matrix and model parameters derived 
from the corresponding training set. The correlation 

between the calculated and predicted breeding values 
across the five test sets was used to assess the accuracy of 
genomic selection.

Results
Probe design of S. suchowensis
A total of 4,531,211 high-quality SNPs from 600  S. 
suchowensis  F1 individuals were obtained for probe 
design. Four selections were applied to select the SNP 
panel (Fig.  1): (1) SNPs associated with growth traits 

Fig. 1  Schematic representation of the probe design workflow. Each box denotes the number of SNPs after each selection step. The abbreviated selec-
tion steps can be found in the materials and methods
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(25 SNPs) and molecular traits (938 SNPs) identified 
through GWAS and eQTL mapping were prioritised for 
their functional relevance. (2) SNPs located in the start 
and stop codons (239 and 82 SNPs, respectively) were 
included due to their potential role in gene regulation. 
(3) At least one SNP per gene within the gene body were 
selected to ensure maximum gene space coverage. (4) 
SNPs were evenly distributed in intergenic regions to 
account for the even genome distribution of SNP panel. 
Finally, after filtering SNPs by their phychemical prop-
erties (see materials and methods), we retained 39,076 
probes for the final SNP panel (Supplementary Table 1), 
which were evenly distributed across the genome 
(Fig. 2A). The number of SNPs per chromosome is highly 
correlated with chromosome length (Pearson correlation 
coefficient = 0.96,  p-value = 1.07e-10), with the highest 
number of SNPs on chromosome 1 (4,401 SNPs) and the 

lowest number on chromosome 9 (938 SNPs) (Fig.  2B). 
With MAF higher than 0.05 as the selection criterion, the 
median MAF of the 40k SNP panel was 0.43 (Fig.  2C), 
which ensured the selected SNP panel SNPs were wide-
spread in the population. These SNPs are located in dif-
ferent genomic regions, including the gene body and 
intergenic region (Fig. 2D). Following our selection crite-
ria, most of the selected SNPs are distributed within the 
gene structure, with the most SNPs located in the exon 
region (11,728 SNPs).

40k SNPs captured the population structure of S. 
suchowensis
To evaluate whether the 40k selected SNPs could capture 
genetic relatedness and diversity of the  S. suchowensis 
population, we compared the population structure of the 
600 S. suchowensis captured by whole-genomic SNPs and 
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the 40k selected SNPs. PCA analysis indicated a similar 
population structure in each family (Fig.  3A, B). In the 
PCA plots, clear separations along the first and second 
principal components reveal distinct genetic signals for 
each family, with clusters displaying consistent internal 
distribution and minimal overlap. Consistent with that, 
the 600 individuals from eight families, individuals can 
be clearly separated into eight groups in the PCA plot, 
both by the whole-genomic SNPs and 40k selected SNPs. 
This suggests that the selected SNPs are highly efficient 
in capturing genomic relationships among the studied 
individuals.

Furthermore, we compared the estimated kinship heri-
tability of measured growth traits (PH and GD at YB, PZ, 
and LS) to assess the quality of selected SNPs in genetic 
research. This comparative analysis was performed 
across multiple environments and traits, ensuring a com-
prehensive evaluation under a wide range of scenarios. 

Similarly, the estimated heritability of growth traits from 
the whole-genome sequenced SNPs and 40k selected 
SNPs was highly correlated (Pearson correlation coeffi-
cient = 0.99,  p-value = 2.82e-93, Fig.  3C). For instance, at 
Pengzhou, the difference in heritability median between 
whole-genome sequenced SNPs and 40k selected SNPs 
was just 5.68e-3. Such subtle differences highlighted 
the high quality of the 40k SNP SNP panel in captur-
ing the genetic variance of studied traits, making it an 
ideal approach for future genetic research and breeding 
applications.

Validation of the probe efficiency
Here, we selected two individuals from each family to 
validate the capture ability of synthetic DNA probes. As 
illustrated in Fig. 4A, the SNP panel showed a high call 
rate across all selected samples, with a minimal call rate of 
96.95%, and the combined SNP call rate reached 99.91%. 
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Then we applied this SNP panel in a breeding popula-
tion with 550 samples from eight additional families by 
performing GBTS. With ~ 2 Gb raw sequencing reads 
per individual, 50% of samples showed an average cover-
age of 219.70X at targeted positions (Fig.  4B). The high 
sequencing, with minimal fluctuations in coverage across 
targeted probe regions, ensured robust SNP calling for 
downstream analysis. For each probe, the sequence depth 
showed a normal distribution, with a median depth of 
88.49X, and gradually decreased towards flanking region 
(Fig.  4C). These results demonstrated that the designed 
probes could bind DNA with high accuracy and specific-
ity. After SNP calling, a high call rate (median 97.05%) 
across all samples was achieved (Fig. 4D). Moreover, for 
designed probes, 50% of probes showed a high call rate 
across all sites (median 99.82%) (Fig.  4E). Altogether, 
these results indicated a high efficiency of the designed 
SNP panel.

Applying the SNP panel in GWAS to identify candidate 
genes for growth traits
To explore the implementation ability of this SNP panel 
in dissecting the genetic architecture of growth traits, we 
measured the phenotype of PH and GD on 550 samples 
at 15-day intervals in YB and PZ from one month after 

planting (Supplementary Table 2), and performed GWAS 
analysis. A total of 72 SNPs were significantly associated 
with growth traits (Fig.  5A-D, Supplementary Table  3). 
There were 63 SNPs distributed inside the body of 50 
genes, and nine SNPs were located at intergenic regions 
(Fig. 5E). We noticed that there were three SNPs located 
in the stop codon, which may introduce gene expression 
change and further influence the growth traits. These 
results highlighted the significance of the SNP panel in 
dissecting the genetic basis of growth traits. For instance, 
SNP 4:16980574 (G → A) is located in the stop codon 
of  IMY05_004G0170200. IMY05_004G0170200  is anno-
tated as a vacuolar-sorting receptor, which recognises 
specific protein sorting signals. Such variation may affect 
plant growth by mediating the sorting and trafficking of 
proteins to vacuoles [37]. Within 10 kb flanking region of 
all associated SNPs, 169 genes were detected. GO enrich-
ment analysis indicated that these genes were enriched in 
the biological process of cell division, cell development, 
and growth (Fig.  5F), suggesting they were promising 
candidates for future validation.
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The designed SNP panel enables accurate genomic 
selection in S. suchowensis
GS is an efficient approach in rapid genetic improvement 
of livestock, crop and forest trees. It could significantly 
improve breeding efficiency by selecting the elite indi-
vidual without measuring phenotype. After using five-
fold cross-validation to split the training and testing sets, 
the Pearson correlation of the calculated and predicted 
breeding value in five test sets was visualised. As shown 
in Fig.  6, all the traits measured at different plant loca-
tions and times showed a high prediction accuracy, with 
a median of 0.90.

Discussion
The design and performance of the SNP panel
Common strategy for SNP panel design typically focuses 
on evenly distributing SNPs across the genome, aiming at 
maximizing the genome coverage [19]. In this study, we 
adopted a strategy that prioritizes the biological func-
tion of SNPs, while maintaining even distribution across 
the genome. As described above, these selection crite-
ria consider candidate SNPs that may influence growth 
traits and gene expression, SNPs that may have an 
effect on gene translation, the most representative SNPs 
located within gene body, and SNPs that fill gaps of the 
selected SNPs in terms of genome coverage. Ultimately, 
39,076 SNPs were selected. The consistent population 
structure and high kinship heritability captured by both 

whole-genome SNPs and the SNP panel indicate a high 
quality of the designed SNP panel. The SNP panel’s per-
formance was further validated by genotyping 550 sam-
ples of  S.suchowensis, yielding a high call rate across all 
samples (median 97.05%) and all sites (median 99.82%). 
These high call rates demonstrate the efficiency of the 
SNP panel in genotyping. However, the SNP panel and 
probe sequence that were designed for GBTS may not 
be suitable for other sequencing platforms. Despite this, 
when compared to solid-phase gene chips, the GBTS 
SNP panel enhances the flexibility of probe design and 
provides more comprehensive information [24, 38], mak-
ing it a valuable tool for genotyping applications. For 
instance, additional SNPs can be easily incorporated 
into probe designs for further population studies. More-
over, the target sequencing can capture a wide range of 
genomic variants in the probe region, offering many 
kinds of molecular marker data, such as SNPs, SSRs, and 
InDels, and providing a much larger number of markers 
than that obtained from multiplex PCR [24].

Application of SNP panel in genetic research and breeding
As genetic research in willow has not progressed as rap-
idly as in other crops, and the first high-quality reference 
genome for the model species  S.suchowensis  was only 
published five years ago, the molecular mechanisms and 
genetic architecture of S.suchowensis remain unclear. The 
40k SNP panel designed in this study provides a valuable 
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resource for advancing genetic research in this species. 
The SNP panel was successfully applied in GWAS to 
identify QTL associated with growth traits. A total of 
72 SNPs significantly associated with growth traits were 
identified, and genes around these SNPs were enriched 
in biological processes such as cell division, cell develop-
ment, and growth. These findings lay the foundation for 
unravelling the genetic architecture of growth traits in S. 
suchowensis. In future research, in addition to experi-
mentally verifying these 72 SNPS to confirm their biolog-
ical functions, it is also necessary to introduce multiple 
environmental factors to discover the effect of the envi-
ronment on the phenotypic variation and consider using 
continuously updated and iterated GWAS models and 
software to obtain more accurate results.

The Omnigenic model is proposed for the genetic 
mechanism of complex traits, which describes that com-
plex traits are not only directly affected by a few core 
genes from the core pathways, but also indirectly regu-
lated by a large number of peripheral genes [39, 40]. Core 
genes are usually located at the central nodes of biological 
networks and play a key regulatory role in phenotypes, 
while peripheral genes regulate the topological struc-
ture of the network by influencing or being affected by 
core genes. These genes collectively shape the variation 
of phenotype. In the GWAS analysis results, the genetic 
structure of the ground diameter and plant height traits 

embody this model in S. suchowensis. Although some 
genes near SNP loci are functionally candidate genes for 
regulating growth and development, there are still some 
SNP loci significantly related to traits distributed in inter-
genic regions or other functional genes. These core genes 
may have regulatory relationships with a large number of 
peripheral genes, influencing the core growth pathway 
through a complex gene network. However, the limited 
sample size and trait phenotype in this study may not 
provide sufficient statistical power to detect the minor 
yet important associations.

In future research, implementing this SNP panel could 
enable large-scale SNP genotyping at a lower cost, facili-
tating the genetic dissection of growth traits. The high 
accuracy of genomic selection noted in this study, with 
a median correlation of 0.90, further supports the fea-
sibility of using this SNP panel for GS, underscoring its 
potential in future breeding applications. Although GS is 
still in its early stages for S. suchowensis, it has emerged 
as a key technology for breeding improvement [41–43]., 
addressing the challenges of long breeding cycles. With 
ongoing updates to SNP panels, the accumulation of 
genotype–phenotype data, and enhanced plant environ-
ments, prediction models can be further refined [44, 45]. 
This progress is expected to improve GS accuracy and 
accelerate the genetic enhancement of S. suchowensis."

T1 T2 T3 T4 T5

0.
80

0.
85

0.
90

0.
95

Measure time

Br
ee

di
ng

 V
al

ue
 C

or
re

la
tio

n

T1 T2 T3 T4 T5

0.
80

0.
85

0.
90

0.
95

Measure time

Br
ee

di
ng

 V
al

ue
 C

or
re

la
tio

n

T1 T2 T3 T4 T5

0.
80

0.
85

0.
90

0.
95

Measure time

Br
ee

di
ng

 V
al

ue
 C

or
re

la
tio

n

T1 T2 T3 T4 T5

0.
80

0.
85

0.
90

0.
95

Measure time

Br
ee

di
ng

 V
al

ue
 C

or
re

la
tio

n

A B

C D

YB PH YB GD

PZ PH PZ GD

Fig. 6  The accuracy of genomic selection in S. suchowensis. A-D The boxplot of correlation of calculated and predicted breeding value in five test sets 
for plant height (PH) and ground diameter (GD) in Yibin (YB) and Pengzhou (PZ). Each measurement point from the first to the fifth is represented as T1 
to T5, respectively

 



Page 10 of 11Han et al. BMC Genomics          (2026) 27:355 

Conclusion
We designed a 40k SNP panel for S. suchowensis by 
including trait-associated SNPs, gene body SNPs, intra-
genic SNPs, and intergenic SNPs, which are evenly 
distributed across the genome. We performed a com-
prehensive evaluation analysis and revealed its high 
quality in capturing population structure. The designed 
SNP panel was successfully applied in GWAS to identify 
candidate genes for growth traits. Furthermore, the SNP 
panel enabled accurate genomic selection, demonstrat-
ing its potential for future genetic research and breeding 
applications. Overall, this SNP panel provide a valuable 
resource for S. suchowensis.
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