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Abstract: Cucumber is one of the most important vegetables, and nitrogen is essential for the growth
and fruit production of cucumbers. It is crucial to develop cultivars with nitrogen limitation tolerance
or high nitrogen efficiency for green and efficient development in cucumber industry. To reveal the
genetic basis of cucumber response to nitrogen starvation, a genome-wide association study (GWAS)
was conducted on a collection of a genetically diverse population of cucumber (Cucumis sativus L.)
comprising 88 inbred and DH accessions including the North China type, the Eurasian type, the
Japanese and South China type mixed subtype, and the South China type subtype. Phenotypic
evaluation of six traits under control (14 mM) and treatment (3.5 mM) N conditions depicted the
presence of broad natural variation in the studied population. The GWAS results showed that there
were significant differences in the population for nitrogen limitation treatment. Nine significant
loci were identified corresponding to six LD blocks, three of which overlapped. Sixteen genes
were selected by GO annotation associated with nitrogen. Five low-nitrogen stress tolerance genes
were finally identified by gene haplotype analysis: CsaV3_3G003630 (CsNRPD1), CsaV3_3G002970
(CsNRT1.1), CsaV3_4G030260 (CsSnRK2.5), CsaV3_4G026940, and CsaV3_3G011820 (CsNPF5.2).
Taken together, the experimental data and identification of candidate genes presented in this study
offer valuable insights and serve as a useful reference for the genetic enhancement of nitrogen
limitation tolerance in cucumbers.

Keywords: cucumber; genome-wide association study (GWAS); nitrogen limitation

1. Introduction

Cucumber is one of the most widely cultivated vegetables worldwide. According to
data from Faostat, the global production of cucumbers in 2020 was approximately 90 million
tons, of which China produced approximately 80%. Whether fresh or frozen, China’s cu-
cumbers and gherkins represent significant export commodities in terms of export volume
and foreign exchange earnings. Notably, the export value of these commodities reached an
impressive 63.321 million USD in 2019. This underscores the critical importance of these
vegetables to the agricultural sector and the economy of China. As a high-yield vegetable
variety, the application of nitrogen fertilizer is very important in the cultivation process
of cucumber. Nitrate, which is the primary source of nitrogen fertilizer for cucumbers,
not only has an effect on the growth [1] and the amount of fruit production [2], but it also
plays an essential role in the resistance of cucumbers to disease [3]. Since it is difficult for
nitrate to remain in the soil for an extended period of time, regular topdressing is required,
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which not only increases planting costs but also has negative environmental effects such
as eutrophication of water bodies [4,5]. Improving cucumber tolerance to low-nitrogen
stress and boosting nitrogen use efficiency are effective solutions to this issue [6]. However,
low-nitrogen stress tolerance and nitrogen efficiency are governed by numerous metabolic,
developmental, and environmental signaling networks throughout the plant life cycle.
To increase nitrogen efficiency and improve tolerance to low-nitrogen stress, nitrogen
uptake, transport, and assimilation, as well as a series of signaling networks should be
considered [7].

Increasing tolerance to low-nitrogen stress and enhancing nitrogen usage efficiency
have been extensively studied in rice and other essential food crops, and many important
QTLs and key functional genes have been unearthed. By evaluating the absorption effi-
ciency of nitrate and ammonium in indica and japonica rice, Chu’s team uncovered the
high-nitrate utilization gene NRT1.1b [8], and discovered that NRT1.1b boosts nitrogen
efficiency via rice rhizosphere microflora [9]. Using genome-wide association analysis,
Wan’s group revealed a nitrate transporter OsNPF6.1HapB that promotes rice nitrate uptake
and increases rice yield under low-nitrogen conditions [10]. OsTCP19 works as a regu-
latory factor to block the expression of the tiller-promoting gene DLT, thereby realizing
the regulation of rice tiller development [11]. Through a comparative investigation of
the transcriptome and metabolome of maize and rice leaf tissue, Zhou’s team identified
the gene OsDREB1C, which increases photosynthesis and nitrogen efficiency; OsDREB1C
overexpression lines displayed a phenotype of increased grain production as a result of
improved photosynthetic capacity and more effective carbon and nitrogen transfer from
source to sink [12]. However, few investigations have been conducted on cucumber’s
low-nitrogen tolerance and nitrogen-efficient genes. Qiu et al. [1] discovered that CsIVP
adversely regulates high-nitrate-affinity transporters NRT2.1 and NRT2.5 and redistribu-
tion transporters NRT1.7, NRT1.9, and NRT1.12 in the presence of low-nitrogen stress. The
transgenic strain CsIVP-RNAi is resistant to low-nitrogen stress [13]. Gao et al. discovered
that cucumber nitrate transporter CsNRT2.1 knockout lines had a decreased number and
length of lateral roots, as well as impaired constitutive and inducible high-affinity nitrate
transport systems at low nitrate concentrations [14]. Exploring genes for low-nitrogen
stress tolerance and nitrogen efficiency will greatly help to create new germplasms and
cultivars with high nitrogen efficiency.

GWAS is an efficient technique for identifying genes related to trait variation [15]. By
integrating genotype and phenotype, statistical analysis is performed at the population
level, and the genetic variation markers that are most likely to influence the characteristic
are screened out on the basis of statistics or significant p-values [16]. With the development
of GWAS technology, GWAS analysis models have been further developed and optimized,
such as EMMA, GEMMA, and other models that are optimized to improve the calculation
speed, MLMM and SUPER models that are optimized to improve the calculation accuracy,
and the FarmCPU and BLINK models that increase accuracy on the basis of computing
speed [17]. In recent years, GWAS has been utilized extensively to investigate genes
related with complex traits in rice [13], cotton [18], corn [19], and other plant species.
Currently, there is no research on mining cucumber genes for low-nitrogen stress resistance
or nitrogen efficiency using GWAS. We conducted GWAS using the resequencing data of 88
inbred cucumber materials and the phenotypes of cucumbers grown under low-nitrogen
and normal-nitrogen circumstances to identify candidate genes for low-nitrogen stress
resistance in cucumber.

2. Materials and Methods
2.1. Plant Materials and Treatment

A total of 88 DH and inbred cucumber lines from Cucumber Research Institute of
Tianjin Academy of Agricultural Sciences (P R China) were used as genetic material. The
lines primarily consisted of North China type, South China type, Eurasia type, and Japanese
type cucumbers. The seeds were soaked at 55 ◦C for 15 min, and then at room temperature
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for 3 h, before being placed in a germination incubator at 28 ◦C for 12 to 18 h to germinate.
Germinated seeds were sown in the 50-hole seedling tray with peat substrate and cultured
in greenhouse conditions in February of 2020. After the first genuine leaf fully unfurled,
the plants were transplanted into vermiculite-filled flowerpots. The size of the flowerpot
was 19 cm × 18 cm (diameter and height), the void density of vermiculite was 2.5 g/cm3,
and one seedling was transplanted to each flowerpot. The plants were irrigated with
Yamazaki cucumber culture fluid and low-nitrogen culture fluid based on the Yamazaki
cucumber culture formula. For the nutrient solution, see Table S1. Three plants were grown
in triplicate for treatment.

2.2. Phenotype Measurement and Parameter Calculation

Phenotypic data including plant height, dry weight, and total N content were mea-
sured 25 days after nutrient solution treatment. The dry weight of the aboveground part
was measured by cutting the aboveground plant before subjecting it to a high temperature
treatment at 103 ◦C in an oven for 30 Min, and then further drying in the oven at 80 ◦C
to a constant weight. The dried plant aboveground parts were fully ground, and the
total amount of nitrogen was assayed through the Kjeldahl method by the Institute of
Agricultural Resources and Environment of Tianjin Academy of Agricultural Sciences [20].
The nitrogen accumulation level (NA), nitrogen uptake efficiency (NUpE), and nitrogen
utilization efficiency (NUtE) of the plant were calculated through the dry weight and
nitrogen content of the plant and the nitrogen used in the irrigation nutrient solution, as
shown in the following formulas [21,22]:

NA = Total N content o f plant × Dry weight o f plant,

NUpE = Total N content o f plant ÷ N supplied,

NUtE = Dry weight o f plant ÷ Total N content o f plant.

The GGally package 21 was used to analyze and visualize the correlation of phenotypic
data. The normality analysis of the selected phenotypes was performed using SPSS (v26.0.)
and the normality was mainly determined by the Shapiro–Wilk test, the Kolmogorov–
Smirnov test, and the Z-score of kurtosis and skewness. FactoMineR (v2.7) were used for
principal component analysis of phenotypes [23].

2.3. SNP Genotype Data Acquisition

The genotype data of 88 cucumber accessions with an average sequencing depth
of 30.673× were completed by Beijing Novogene Corporation Inc. through the Illumina
system. There were 4,218,416 SNPs in the genotype data of 88 materials. SNPs were called
using GATK software [24], after alignment to the Cucumis sativus L. cv. 9930 reference
genome [25]. SNP data were filtered by VCFtools (v0.1.16), allowing max-missing 0.9, maf
0.05, minDP 2, maxDP 1000, minQ 30, minGQ 0, min-alleles 2, and max-alleles 2. After
filtering, there were a total of 583,718 SNPs on the seven chromosomes for downstream
analyses. The filtered data were annotated and analyzed using Snpeff [26].

2.4. Population Genetic Evolution

Iqtree2 was used to construct a phylogenetic tree using the maximum likelihood
method for the filtered SNP files [27]. The base substitution model was the GTR model,
and the step size was set to 1000. Plink [28] was used for principal component analysis and
group structure analysis on a population. The number of principle components was set
to 10, with the first principal component’s explanation ratio being 56.2% and the second
principal component’s explanation ratio being 9.48%. Two to ten components were set
for population structure analysis, and the ideal component was chosen on the basis of the
cross-validation error. Population genetic evolution methods were performed following
protocols [29].
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2.5. GWAS

The genome-wide association study was implemented with model BLINK [30] in
GAPIT package [31]. The above ground part dry weight ratio (DWR), plant height ratio
(HR), NA ratio (NAR), NupE ratio (NupER), NutE ratio (NutER), which were the ratios of
their values under low nitrogen to the values under normal-nitrogen conditions, respec-
tively, and the nitrogen content under low-nitrogen conditions (LNC) were used as the
phenotypic traits for GWAS. Due to the complexity of the phenotypes, the significance
threshold was set to 1 × 10−5 to avoid false negatives caused by high thresholds.

2.6. Candidate Gene Selection

LDBlockShow was used to determine the LDBLOCK associated with significant SNPs
and the genes in the interval [32]. The candidate genes were annotated using eggNOG-
mapper [33] while referring to the function of the homologous genes of the candidate
genes in Arabidopsis. The genes involved in nitrate or amino-acid metabolism, assimilation,
and absorption were chosen. Candihap [34] was used to perform haplotype analysis on
candidate genes, and genes with differences in different haplotypes were selected. Gene
structure mapping was performed using IBS 1.0.2 [35].

3. Result
3.1. SNPs Characteristics in Cucumber Genome and Cucumber Population Distribution

After the sequencing results of 88 inbred cucumbers were called, genome files with
583,718 SNPs were obtained, and the results were annotated with snpEff, which showed
that the average rate of the total SNPs was 361; the rate of chromosome 5 was the highest,
and the rate of chromosome 3 was the lowest (Table S2, Figure S1). Furthermore, 31.569%
of SNPs were located in the intergenic region, followed by the upstream and downstream
regions of the gene, accounting for 28.957% and 25.962%, respectively. The exon region
contained 2.141% of the SNPs, the SNPs that caused missense mutations accounted for
43.684% of the total number of SNPs in the exon region, and the SNPs that caused changes
in the start codon and stop codon accounted for 1.031%.

Using iqtree to construct a phylogenetic tree, it was determined that the population
of cucumbers was classified into four subtypes: the North China type, the Eurasian type,
the Japanese and South China type mixed subtype, and the South China type subtype
(Figure 1a). The results of the PCA analysis were consistent with those of the phylogenetic
tree (Figure 1b). Population structure analysis revealed that four population clusters (K = 4)
represented the optimal model, although the difference with K3 was modest.

3.2. Evaluation of Cucumber Population Tolerance to Low Nitrogen

The aboveground part dry weight, plant height, and nitrogen content of plants under
different nutrient solution treatments were measured, and the nitrate assimilation ratio
(NAR), the nitrogen uptake efficiency ratio (NupER), and the nitrogen use efficiency ratio
(NutER) of all treatments were calculated (Table 1). There existed significant variations in
nitrogen content, dry weight, and plant height between the low-nitrogen treatment and
normal-nitrogen control (Figure S3 and Figure 2b). The nitrogen content of plants under
low-nitrogen treatment (LNC), DWR, HR, NAR, NUpER, and NUtER were used to eval-
uate the low-nitrogen tolerance level of 88 cucumber lines. The results indicated that the
phenotypic variation coefficients of 88 cucumber lines ranged from 8.048% to 23.940%, with
NAR having the highest value. As shown in Figure 2a, the low-nitrogen stress tolerance
traits of all 88 lines conformed to the normal distribution verified by Kolmogorov–Smirnov
(K–S) test and Shapiro–Wilk (S–W) test; although the K–S value of NUtER was less than
0.05, the Z-scores of skewness and kurtosis were 1.89 and 0.49, which conformed to normal
distribution. The scatter distribution of the phenotypes is represented by the lower triangle
area of Figure 2a, whereas the upper triangle region indicates the correlation. The data indi-
cated that all the traits except for NUtER exhibited positive correlations of varied degrees.
The correlation values were comparable to those of phenotypic PCA (Figure 2e). Princi-
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pal component analysis was performed using coordinates for the variables, correlations
between variables and dimensions, and Cos2 for the variables as the principal components.
The variables NAR, NupER, NAR, LNC, and DWR were the most prominent main compo-
nents. The contribution of NUtER and DWR was greater in the second major component.
HR was the primary variable in the third principal component. The contribution of HR,
NUtER, NupER, NAR, and DWR was relatively substantial when combined with the three
primary components (Figure 2d). In addition, eight low-nitrogen sensitive lines (LNS) and
11 low-nitrogen tolerant lines (LNT) were screened on the basis of the phenotypic data.
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Figure 1. Genetic diversity and population structure of the studied cucumber accessions. (a) Phylo-
genetic trees constructed based on maximum likelihood method for 88 lines. (b) PCA of 88 cucumber
lines, where the y-axis quantifies subgroup membership, and the x-axis shows the different accessions.
(c) Cross-validation error value of K = 2–10 in population structure analysis. (d) Population structure
composition of 88 cucumber lines at K = 3–5.

Table 1. Phenotypic variation of 88 cucumber lines.

Trait Min Max Mean SD CV (%)

DWR 0.510 0.840 0.6697 0.073 10.936
HR 0.460 0.870 0.6658 0.081 12.206

LNC 0.030 0.050 0.0347 0.004 11.297
NAR 0.090 0.260 0.1637 0.039 23.940

NUtER 0.680 1.260 0.9655 0.136 14.111
NUpER 2.340 3.440 2.7947 0.225 8.048
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Figure 2. Phenotypic analysis of 88 cucumber lines. (a) Phenotypic correlation and normality analysis
of cucumber lines, where the number in the upper triangle is the Pearson correlation coefficient;
* p ≤ 0.05, **, *** = Significant Pearson correlation coefficient at 0.01 and 0.001 probability levels.
(b) The density distribution of dry weight, plant height, and nitrogen content of 88 cucumber lines
under low-nitrogen and normal-nitrogen nutrient conditions. (c) Principal component explanation
rate of dimensions, where the first four are coordinates for the variables, correlations between
variables and dimensions, Cos2 for the variables, and contributions of the variables. (d) Contribution
of variables to dimensions 1-3. (e) PCA of variables.

3.3. GWAS

GWAS was performed using SNP data and six traits (Figure 3). The filtered SNPs
with allele frequencies less than 0.05 were used for GWAS analysis in the BLINK model.
The BLINK model identified nine significant SNPs associated with traits, respectively.
Significant SNPs were found on chromosomes 3, 4, and 6, with chromosome 3 having the
highest number, followed by chromosome 4 and finally chromosome 6. These significant
loci were classified as six LDBLOCKs (Table 2), with DWR_8554 from the DWR trait
and NAR_8554 from the NAR trait co-locating to a repeating LD block, HR_1572 and
NAR_1572 co-locating to the same LD block, NupER_9227 and NAR_9227 classified as the
same LD block.

3.4. Analysis of Candidate Genes by GO Annotation

A total of 61 candidate genes involved in 6 LDBLOCKs (File S1) were functionally
annotated using eggNOG-MAPPER (File S1). Furthermore, 32 genes were annotated by
GO, and a total of 16 genes involved in nitrate transport, metabolism, and synthesis were
screened. The detailed information was shown in Table 3.
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Table 2. Details of Lead SNPs and LD BLOCK.

Lead SNP
Name

LD
Block Pos Chr PVE Maf LD Block Range SNPs

Number
Genes

Number

DWR_8554 8554 3,048,554 chr3 9.84 × 10−6 0.31 3,046,071–3,048,993 27 3
HR_1572 1572 2,541,572 chr3 3.88 × 10−6 0.28 2,413,014–2,613,011 870 13

LNC_6476 6476 9,146,476 chr3 4.34 × 10−6 0.26 9,132,044–9,168,717 123 9
LNC_2639 2639 15,992,639 chr4 7.19 × 10−6 0.16 15,910,369–16,009,194 176 6
NAR_1572 1572 2,541,572 chr3 8.40 × 10−6 0.28 2,413,014–2,613,011 870 13
NAR_8554 8554 3,048,554 chr3 9.06 × 10−6 0.31 3,046,071–3,048,993 27 3
NAR_9927 9927 20,009,927 chr4 3.49 × 10−7 0.22 19,970,542–20,024,272 462 5

NUpER_9927 9927 20,009,927 chr4 1.58 × 10−6 0.22 19,970,542–20,024,272 462 5
NUpER_5252 5252 1,255,252 chr6 8.91 × 10−6 0.39 1,060,742–1,260,725 621 25

The table above shows the nine lead SNPs of LDBLOCK, as well as their positions, chromosomes, Maf, PVE, the
block range, and the number of SNPs and genes included.

3.5. Analysis of Candidate Genes in LD blocks

We first selected the LD blocks which were repeatedly localized: BLOCK 8554, block
1572, and block 9227. Block 8554 was colocalized by DWR_8554 and NAR_8554, block
1572 was colocalized by HR_1572 and NAR_1572, and block 9927 was colocalized by
NAR_9227 and NupER_9927. Genes from each block were analyzed according to the
distribution of LNT and LNS in different haplotypes combined with functional annotation.
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Table 3. Candidate genes by GO annotation.

Gene ID LD Block Description GO Annotation

CsaV3_3G002970 1572 Nitrate transporter GO:0010167, GO:0015112, GO:0015706,
GO:0071705, GO:1901698

CsaV3_3G002990 1572 Adenine phosphoribosyltransferase GO:0006807, GO:0009308, GO:0034641,
GO:0044271, GO:1901564, GO:1901566

CsaV3_3G003050 1572 NAC domain-containing protein GO:0051171

CsaV3_3G003630 8554
DNA-dependent RNA polymerase catalyzes the
transcription of DNA into RNA using the four

ribonucleoside triphosphates as substrates

GO:0006807, GO:0034641, GO:1901698,
GO:1901699

CsaV3_3G011740 6476 U-box domain-containing protein GO:0006807, GO:0034641, GO:1901564
CsaV3_3G011750 6476 Prp19/Pso4-like GO:0006807, GO:0034641, GO:1901564

CsaV3_3G011820 6476 Protein NRT1 PTR FAMILY 5.2-like GO:0010243, GO:0042886, GO:0042887,
GO:0071705, GO:1901698

CsaV3_4G026760 2639 - GO:0051171, GO:0051173

CsaV3_4G026950 2639 Regulatory-associated protein of TOR
(RAPTOR1)

GO:0010243, GO:0051171, GO:0051173,
GO:0071417, GO:1901698, GO:1901699

CsaV3_4G030260 9927 Belongs to the protein kinase superfamily
(SNRK2.1) GO:0006807, GO:1901564

CsaV3_6G001670 5252 WUSCHEL-related homeobox (WOX5) GO:0051171

CsaV3_6G001680 5252

component of the eukaryotic translation
initiation factor 3 (eIF-3) complex, which is

involved in protein synthesis of a specialized
repertoire of mRNAs and, together with other

initiation factors, and stimulates binding of
mRNA and methionyl-tRNAi to the 40S

ribosome. The eIF-3 complex specifically targets
and initiates translation of a subset of mRNAs

involved in cell proliferation

GO:0006807, GO:0034641, GO:0044271,
GO:1901564, GO:1901566

CsaV3_6G001760 5252

Involved in the post-translational conjugation of
arginine to the N-terminal aspartate or

glutamate of a protein. This arginylation is
required for degradation of the protein via the

ubiquitin pathway

GO:0006807, GO:1901564, GO:1901565

CsaV3_6G001800 5252 Anthranilate synthase (ASA1)
GO:0006807, GO:0009308, GO:0009309,
GO:0034641, GO:0044106, GO:0044271,

GO:1901564, GO:1901566

CsaV3_6G001850 5252 NF-X1-type zinc finger protein GO:0006807, GO:0034641, GO:0044271,
GO:0051171, GO:0051172

CsaV3_6G001860 5252 Dual specificity
tyrosine-phosphorylation-regulated kinase GO:0006807, GO:1901564

3.5.1. Candidate Gene Analysis in LD block 8554

For block 8554, the candidate region (Chr.3: 3,046,071–3,048,993 bp) contained three
candidate genes (F4a), including CsaV3_3G003630, CsaV3_3G003640, and CsaV3_3G003650.
Haplotype analysis revealed that the two SNPs of CsaV3_3G003630 were located in the
upstream promoter region and intron region of the gene, respectively. There mainly existed
four haplotypes (Figure 4c). Analysis of the LNT and LNS contained in different haplotypes
of CsaV3_3G003630 revealed that LNT:LNS was 8:1 in Hap_2 and 1:3 in Hap_3 (F4b). There
was a significant difference between Hap_2 and Hap_3 in DWR, whereby Hap_2 tended
to be more tolerant to low-nitrogen stress, while haplotype Hap_3 was more sensitive to
low-nitrogen stress (Figure 4d). CsaV3_3G003630 was described as a DNA-directed RNA
polymerase subunit. The homologous gene of CsaV3_3G003630 in Arabidopsis is AtNRPD1,
which plays a role in plant immunity through DNA methylation [36]. DNA methylation
plays a crucial role in response to environmental stimuli [37–39]. Whether CsNRPD1
plays a role in cucumber low-nitrogen stress tolerance through DNA methylation needs
further research.
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(c) SNP variation of the candidate gene CsaV3_3G003630 among four haplotypes. (d) Haplotype
difference of CsaV3_3G003630, different letters meant there was significant difference among groups
(p < 0.05).

3.5.2. Candidate Gene Analysis in LD Block 1572

For BLOCK 1572, the candidate region (Chr.3: 2,413,014–2,613,011 bp) contained 13 can-
didate genes (Figure 5a). CsaV3_3G002970 was annotated as an Arabidopsis NFP6.3/NRT1.1
homologous protein. As the first discovered nitrate transporter and nitrate sensor in plants,
NPF6.3/NRT1.1 can detect varying levels of exogenous nitrate signals [40], participate in
the primary nitrate response (PNR), and activate plant hormone synthesis and signaling of
cytokinins and auxins, allowing for rapid nitrate uptake and assimilation [41,42]. There
are seven SNPs in the CsaV3_3G002970 gene, four of which are located in the CDS, all
of which are synonymous mutations. Cucumber populations are mainly divided into
two haplotypes, Among the 88 cucumber populations (Figure 5c), 49 lines are hap_1, and
three lines are hap_2. Analysis of the LNT and LNS contained in different haplotypes
of CsaV3_3G002970 revealed that the LNT:LNS ratio is 7:3 in Hap_1 and 0:1 in Hap_2
(Figure 5b), although there is no significant difference in the DWR value between Hap_1
and Hap_2 (Figure 5d).
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Figure 5. Identification of the low-nitrate tolerance gene at block 1572. (a) Manhattan map (top) and
LD heatmap (bottom) of the block 1572. (b) Raf and Alt of CsaV3_3G002970 in LNS and LNR. (c) SNP
variation of the candidate gene CsaV3_3G002970 among 2 haplotypes. (d) Haplotype difference of
CsaV3_3G002970, different letters meant there was significant difference among groups (p < 0.05).

3.5.3. Candidate Gene Analysis in LD Block 9927

For block 9927, the candidate region (Chr.4: 19,970,542–20,024,272 bp) contained
five candidate genes (Figure 6a): CsaV3 4G030250, CsaV3 4G030260, CsaV3 4G030270,
CsaV3 4G030280, and CsaV3 4G030290. There existed four haplotypes (Hap_1–4) of
CsaV3_4G030260; the promoter region of Hap_1–2 is the same as that of the reference
genome, while the promoter region of Hap_3–4 had a completely different SNP distribution
in the reference genome (Figure 6c). In order to explore the influence of the promoter region
on the gene, Hap_1–2 were classified as the Ref group, and Hap_3–4 were classified as the
Alt group. Analysis of the LNT and LNS contained in different groups of CsaV3_4G030260
revealed that the LNT:LNS ratio was 5:1 in the Alt group. The DWR value of the two
groups was significantly different, which means that the change in the promoter region of
CsaV3_4G030260 may increase the tolerance of cucumber populations to low-nitrogen stress.
CsaV3_4G030260 is a homologous gene of Arabidopsis AtSnRK2.5. SnRK is a kind of Ser/Thr
protein kinase with high conservation. According to sequence similarity, structure, and
function, it can be divided into three subfamilies: SnRK1, SnRK2, and SnRK3, among which
SNRK2 is involved in osmotic stress and the abscisic acid response, and plays an important
role in stress signal transduction [43]. Elena Baena-González et al. found that ABA promotes
the interaction between SnRK1 and TOR protein, triggering the inhibition of TOR activity.
Further experiments proved that PP2C mediates the protein interaction between SnRK1
and SnRK2, while ABA inhibits the SnRK2–PP2C–SnRK1 protein interaction. These results
suggest that SnRK2, an important regulator of the ABA signaling pathway, may indirectly
regulate TOR function by regulating the activity of SnRK1 [44]. Yu’s group found that
CsSnRK2.5 in Camellia was strongly induced by ABA [45], and the role of SnRK2.5 in salt
stress tolerance was reported successively [46,47].
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3.5.4. Candidate Gene Analysis in LD Block 2639

For block 2639, the candidate region (Chr.4: 15,910,369–16,009,194 bp) contained
six candidate genes (Figure 6a): CsaV3_4G026750, CsaV3_4G026760, CsaV3_4G026920,
CsaV3_4G026930, CsaV3_4G026940, and CsaV3_4G026950. There were four SNPs in the
CDS region of CsaV3_4G026940, and the three SNPs caused missense mutations. The
dry weight of two types of haplotype in CsaV3_4G026940 showed a significant difference
under low-nitrogen conditions, which reflected that the Hap_2 haplotype of this gene was
more sensitive to low-nitrogen stress (Figure 7d). CsaV3_4G026940 was annotated as the
protein PLANT CADMIUM RESISTANCE like. Homologous genes of CsaV3_4G026940 in
Arabidopsis include PLAC8 family proteins such as AT3G18470. Through a comparison of
gene expression differences between the Arabidopsis nitrogen limitation adaptation mutant
(nla) and wildtype, Zhu et al. found that the expression of AT3G18470 only changes in NLA
nitrogen deficiency but not in wildtype [48].

3.5.5. Candidate Gene Analysis in LD Block 6476

For block 6476, the candidate region (Chr.3: 9,132,044–9,168,717 bp) contained nine
candidate genes (Figure 8a). There existed four haplotypes (Hap_1–4) of CsaV3_3G011820
(Figure 8c). To explore the effects of differences from the reference genome, Hap_1 was
classified as the Ref group, which was the same as the reference genome, while the Alt
group totally differed from the reference genome. Analysis of the LNT and LNS contained
in different groups of CsaV3_3G011820 revealed that the LNT:LNS ratio was 10:5 in the
Ref population, but 1:3 in the Alt population (Figure 8b), although there was no significant
difference in DWR values between the two groups (Figure 8d). The Arabidopsis homolog of
this gene is peptide transporter AtNPF5.2, which is involved in responses to wounding,
virulent bacterial pathogens, and high NaCl concentrations [49].



Genes 2023, 14, 662 12 of 17Genes 2023, 14, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 7. Identification of the low-nitrate tolerance gene at block 2639. (a) Manhattan map (top) and 
LD heatmap (bottom) of the block 2639. (b) Raf and Alt of CsaV3_4G026940 in LNS and LNR. (c) 
SNP variation of the candidate gene CsaV3_4G026940 among 2 haplotypes. (d) Haplotype differ-
ence of CsaV3_4G026940, Different letters meant there was significant difference among groups (p 
< 0.05). 

3.5.5. Candidate Gene Analysis in LD Block 6476 
For block 6476, the candidate region (Chr.3: 9,132,044–9,168,717 bp) contained nine 

candidate genes (Figure 8a). There existed four haplotypes (Hap_1–4) of CsaV3_3G011820 
(Figure 8c). To explore the effects of differences from the reference genome, Hap_1 was 
classified as the Ref group, which was the same as the reference genome, while the Alt 
group totally differed from the reference genome. Analysis of the LNT and LNS contained 
in different groups of CsaV3_3G011820 revealed that the LNT:LNS ratio was 10:5 in the 
Ref population, but 1:3 in the Alt population (Figure 8b), although there was no significant 
difference in DWR values between the two groups (Figure 8d). The Arabidopsis homolog 
of this gene is peptide transporter AtNPF5.2, which is involved in responses to wounding, 
virulent bacterial pathogens, and high NaCl concentrations [49].  

Figure 7. Identification of the low-nitrate tolerance gene at block 2639. (a) Manhattan map (top) and
LD heatmap (bottom) of the block 2639. (b) Raf and Alt of CsaV3_4G026940 in LNS and LNR. (c) SNP
variation of the candidate gene CsaV3_4G026940 among 2 haplotypes. (d) Haplotype difference of
CsaV3_4G026940, Different letters meant there was significant difference among groups (p < 0.05).

Genes 2023, 14, x FOR PEER REVIEW 13 of 17 
 

 

 
Figure 8. Identification of the low-nitrate tolerance gene at block 2639. (a) Manhattan map (top) and 
LD heatmap (bottom) of the block 2639. (b) Raf and Alt of CsaV3_3G011820 in LNS and LNR. (c) 
SNP variation of the candidate gene CsaV3_3G011820 among 4 haplotypes. (d) Haplotype differ-
ence of CsaV3_3G011820, Different letters meant there was significant difference among groups (p 
< 0.05). 

4. Discussion 
Nitrogen is a critical component of several vital plant components, including chloro-

phyll, amino acids, and nucleic acids, making it one of the most crucial elements for plant 
growth and development [50–52]. Nitrate nitrogen is lost from the soil due to plant ab-
sorption, irrigation or rainwater [53], resulting in low nitrogen use efficiency. Enhancing 
plant resistance to low-nitrogen stress and nitrogen use can minimize planting expenses 
and nitrate pollution. For the genetic basis of cucumber tolerance to low-nitrogen stress, 
we treated seedling cucumber populations with low nitrogen. Eleven LNT and 8 LNS 
were screened by phenotypic data evaluation; these extreme materials can provide genetic 
materials for subsequent omics research. Sixteen candidate genes were annotated relative 
to nitrate by GO annotation, and five genes were further selected. CsaV3_3G003630 
(CsNRPD1), CsaV3_3G002970 (CsNRT1.1), CsaV3_4G030260(CsSnRK2.5), 
CsaV3_4G026940, and CsaV3_3G011820(CsNPF5.2) were identified through haplotype 
analysis, according to the ratio of LNS and LNR in the cucumber population.  

To investigate the genetic basis of cucumber’s low-nitrogen stress tolerance, we sub-
jected cucumber seedlings to low-nitrogen and normal-nitrogen circumstances. The 
height, dry weight, and nitrogen content were measured, and the corresponding values 
of NA, NUpE, and NUtE were calculated. Subsequently, to accurately reflect the pheno-
typic response to low-nitrogen stress, the ratio of low nitrogen to normal nitrogen was 
selected as the trait for GWAS. The nitrogen concentration of the low-nitrogen nutrient 
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4. Discussion

Nitrogen is a critical component of several vital plant components, including chloro-
phyll, amino acids, and nucleic acids, making it one of the most crucial elements for
plant growth and development [50–52]. Nitrate nitrogen is lost from the soil due to
plant absorption, irrigation or rainwater [53], resulting in low nitrogen use efficiency.
Enhancing plant resistance to low-nitrogen stress and nitrogen use can minimize plant-
ing expenses and nitrate pollution. For the genetic basis of cucumber tolerance to low-
nitrogen stress, we treated seedling cucumber populations with low nitrogen. Eleven
LNT and 8 LNS were screened by phenotypic data evaluation; these extreme materials
can provide genetic materials for subsequent omics research. Sixteen candidate genes
were annotated relative to nitrate by GO annotation, and five genes were further se-
lected. CsaV3_3G003630 (CsNRPD1), CsaV3_3G002970 (CsNRT1.1), CsaV3_4G030260
(CsSnRK2.5), CsaV3_4G026940, and CsaV3_3G011820 (CsNPF5.2) were identified through
haplotype analysis, according to the ratio of LNS and LNR in the cucumber population.

To investigate the genetic basis of cucumber’s low-nitrogen stress tolerance, we sub-
jected cucumber seedlings to low-nitrogen and normal-nitrogen circumstances. The height,
dry weight, and nitrogen content were measured, and the corresponding values of NA,
NUpE, and NUtE were calculated. Subsequently, to accurately reflect the phenotypic
response to low-nitrogen stress, the ratio of low nitrogen to normal nitrogen was selected
as the trait for GWAS. The nitrogen concentration of the low-nitrogen nutrient solution
used in the experiment was formulated to be 3.5 mM, whereas that of the normal-nitrogen
nutrient solution was 14 mM, thus providing the basis for NUpE calculations. However,
it is imperative to note that the actual nitrogen supply levels were slightly below these
values. Additionally, this highlights why the ratio of nitrogen content between low nitrogen
and normal nitrogen was not considered as the trait for GWAS analysis, as it is similar
to NUpER.

The gene CsaV3_3G002970 (CsNPF 6.3) has garnered extensive attention in the field
of biology due to its potential impact on nitrogen efficiency. In this study, we performed
a haplotype analysis to examine the potential influence of this gene on phenotypic traits.
Unfortunately, our findings did not reveal any significant differences in these traits. This
lack of significant results may be due to the limited sample size, which resulted in the
absence of certain haplotype varieties in our statistical analysis. The differences in the
distribution of the main haplotypes Hap_1 and Hap_2 between LNT and LNS indicate to
a certain extent that expanding the material population may help reveal the influence of
SNPs at different positions on CsNPF 6.3. CsaV3_4G030250 (CsSnRK2.5), a member of the
SnRK2 family, plays a critical role in plant stress response. In this study, we performed a
haplotype analysis of the four main haplotypes of CsaV3_4G030250. Our results showed
no significant differences among these haplotypes. However, on the basis of the promoter
region analysis, we found that Hap_1 and Hap_2 were similar and were classified as the
“Ref” group, due to their consistency with the reference genome sequence. Conversely,
Hap_3 and Hap_4 showed consistency in their promoter regions and contained SNPs that
were different from the reference genome sequence; they were, thus, classified as the “Alt”
group. A haplotype analysis of these two groups revealed that the DWR value of the Alt
group was significantly higher than the Ref group, suggesting that changes in the promoter
region SNP may have altered the regulation of CsSnRK2.5 by an unknown transcription
factor. Further studies are required to fully understand the underlying mechanisms of this
regulation. CsaV3_4G026940 including three missense mutations in its coding region and
the resulting haplotypes exhibited significant differences in DWR value. These differences
may be attributed to the substitution of Ile to Thr at position 327. A SMART domain
analysis revealed that this amino acid is located in the transmembrane domain. Further
investigation is required to determine whether this substitution is indeed the underlying
cause of the observed differences in DWR value. CsaV3_3G011820 (CsNPF5.2), a key player
within the peptide transporter family, plays a crucial role in mediating plant responses
to stress. In this study, we conducted a haplotype analysis of this gene and found that
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there were no significant differences among its haplotypes. However, based on consistency
with the reference genome, we divided the haplotypes into two groups: “Ref” and “Alt”.
The Ref group comprised 57 lines and was represented by Hap_1, while the Alt group
contained six haplotype varieties among 27 lines. Our results revealed differences in the
distribution of LNT and LNS between these two groups. The insignificant difference in
haplotype analysis may have been due to insufficient sample size.

The regulation in response to low-nitrogen stress is a very complex regulatory network
involving not only the absorption, transport, and assimilation of nitrate, as well as the
regulatory network associated with plant abiotic stress. The low-nitrogen stress tolerance
network can be studied using a multi-omics approach. In addition to genome-wide asso-
ciation studies (GWAS), RNA-Seq, a typical omics research tool, is widely employed in
the investigation of low-nitrogen stress tolerance [1,54,55]. On the basis of genome-wide
analysis and the combination of the transcriptome, metabolome, and proteome, it is feasible
to examine the low-nitrogen stress network in greater depth [56,57].

5. Conclusions

In this study, we identified nine loci in six LD blocks that are associated with low-nitrogen
stress tolerance in cucumber through GWAS analysis. We also annotated 16 candidate genes
using GO analysis, and further explored five putative cucumber genes related to low-
nitrogen stress through haplotype analysis. Among these candidate genes, the homologs
of CsaV3_3G002970 (CsNRT1.1) and CsaV3_3G011820 (CsNPF5.2) in Arabidopsis or rice
have been previously studied as members of the nitrate transporter family. Additionally,
the homolog of CsaV3_4G026940 in Arabidopsis is known to be involved in the response to
low-nitrogen stress, while CsaV3_3G003630 (CsNRPD1) and CsaV3_4G030260 (CsSnRK2.5)
are involved in plant response to abiotic stress. However, the specific role of these genes in
cucumber low-nitrogen stress tolerance requires further experimental verification.

Our results were obtained using GWAS analysis of 88 cucumbers, which provided
valuable insights into the genetic basis of cucumber low-nitrogen stress tolerance. However,
due to the complexity of the nitrogen metabolism network, further research combining other
omics methods may identify additional genes related to low-nitrogen stress. Additionally,
expanding the number of species used for GWAS analysis may help optimize these results.
Our findings have significant application value for developing new cucumber varieties
with tolerance to low-nitrogen stress and high yield potential.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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Author Contributions: Conceptualization, S.D.; Methodology, A.W. and N.N.W.; Software, M.L.; For-
mal analysis, B.L.; Investigation, X.T., H.Y. and H.W.; Resources, Y.H., N.L. and Z.C.; Writing—original
draft, B.L. and A.W.; Supervision, S.D.; Project administration, S.D.; Funding acquisition, A.W. All
authors have read and agreed to the published version of the manuscript.

Funding: The work was supported by the National Key Research and Development Program of
China (2016YFD0101900).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw Illumina sequence reads have been deposited into the National
Genomics Data Center (https://bigd.big.ac.cn/) under accession number CRA004282.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/genes14030662/s1
https://www.mdpi.com/article/10.3390/genes14030662/s1
https://bigd.big.ac.cn/


Genes 2023, 14, 662 15 of 17

References
1. Zhao, W.; Yang, X.; Yu, H.; Jiang, W.; Sun, N.; Liu, X.; Liu, X.; Zhang, X.; Wang, Y.; Gu, X. RNA-Seq-Based Transcriptome Profiling

of Early Nitrogen Deficiency Response in Cucumber Seedlings Provides New Insight into the Putative Nitrogen Regulatory
Network. Plant Cell Physiol. 2015, 56, 455–467. [CrossRef] [PubMed]

2. Zhang, X.; Yu, H.J.; Zhang, X.M.; Yang, X.Y.; Zhao, W.C.; Li, Q.; Jiang, W.J. Effect of nitrogen deficiency on ascorbic acid
biosynthesis and recycling pathway in cucumber seedlings. Plant Physiol. Biochem. 2016, 108, 222–230. [CrossRef]

3. Wang, M.; Sun, Y.; Gu, Z.; Wang, R.; Sun, G.; Zhu, C.; Guo, S.; Shen, Q. Nitrate Protects Cucumber Plants Against Fusarium
oxysporum by Regulating Citrate Exudation. Plant Cell Physiol. 2016, 57, 2001–2012. [CrossRef]

4. Schulte-Uebbing, L.F.; Beusen, A.H.W.; Bouwman, A.F.; de Vries, W. From planetary to regional boundaries for agricultural
nitrogen pollution. Nature 2022, 610, 507–512. [CrossRef]

5. Galloway, J.N. The global nitrogen cycle: Past, present and future. Sci. China. Ser. C Life Sci. 2005, 48, 669–678.
6. Liu, Q.; Wu, K.; Song, W.; Zhong, N.; Wu, Y.; Fu, X. Improving Crop Nitrogen Use Efficiency Toward Sustainable Green Revolution.

Annu. Rev. Plant Biol. 2022, 73, 523–551. [CrossRef]
7. Li, S.; Tian, Y.; Wu, K.; Ye, Y.; Yu, J.; Zhang, J.; Liu, Q.; Hu, M.; Li, H.; Tong, Y.; et al. Modulating plant growth-metabolism

coordination for sustainable agriculture. Nature 2018, 560, 595–600. [CrossRef] [PubMed]
8. Hu, B.; Wang, W.; Ou, S.; Tang, J.; Li, H.; Che, R.; Zhang, Z.; Chai, X.; Wang, H.; Wang, Y.; et al. Variation in NRT1.1B contributes

to nitrate-use divergence between rice subspecies. Nat. Genet. 2015, 47, 834–838. [CrossRef] [PubMed]
9. Zhang, J.; Liu, Y.-X.; Zhang, N.; Hu, B.; Jin, T.; Xu, H.; Qin, Y.; Yan, P.; Zhang, X.; Guo, X.; et al. NRT1.1B is associated with root

microbiota composition and nitrogen use in field-grown rice. Nat. Biotechnol. 2019, 37, 676–684. [CrossRef]
10. Tang, W.; Ye, J.; Yao, X.; Zhao, P.; Xuan, W.; Tian, Y.; Zhang, Y.; Xu, S.; An, H.; Chen, G.; et al. Genome-wide associated study

identifies NAC42-activated nitrate transporter conferring high nitrogen use efficiency in rice. Nat. Commun. 2019, 10, 5279.
[CrossRef]

11. Liu, Y.; Wang, H.; Jiang, Z.; Wang, W.; Xu, R.; Wang, Q.; Zhang, Z.; Li, A.; Liang, Y.; Ou, S.; et al. Genomic basis of geographical
adaptation to soil nitrogen in rice. Nature 2021, 590, 600–605. [CrossRef] [PubMed]

12. Wei, S.; Li, X.; Lu, Z.; Zhang, H.; Ye, X.; Zhou, Y.; Li, J.; Yan, Y.; Pei, H.; Duan, F.; et al. A transcriptional regulator that boosts grain
yields and shortens the growth duration of rice. Science 2022, 377, eabi8455. [CrossRef] [PubMed]

13. Yano, K.; Yamamoto, E.; Aya, K.; Takeuchi, H.; Lo, P.; Hu, L.; Yamasaki, M.; Yoshida, S.; Kitano, H.; Hirano, K.; et al. Genome-wide
association study using whole-genome sequencing rapidly identifies new genes influencing agronomic traits in rice. Nat. Genet.
2016, 48, 927–934. [CrossRef] [PubMed]

14. Li, Y.; Li, J.; Yan, Y.; Liu, W.; Zhang, W.; Gao, L.; Tian, Y. Knock-Down of CsNRT2.1, a Cucumber Nitrate Transporter, Reduces
Nitrate Uptake, Root length, and Lateral Root Number at Low External Nitrate Concentration. Front. Plant Sci. 2018, 9, 722.
[CrossRef]

15. Balding, D.J. A tutorial on statistical methods for population association studies. Nat. Rev. Genet. 2006, 7, 781–791. [CrossRef]
16. Gupta, P.K.; Kulwal, P.L.; Jaiswal, V. Association mapping in plants in the post-GWAS genomics era. In Advances in Genetics;

Elsevier: Amsterdam, The Netherlands, 2019; Volume 104, pp. 75–154. ISBN 978-0-12-817161-5.
17. Tibbs Cortes, L.; Zhang, Z.; Yu, J. Status and prospects of genome-wide association studies in plants. Plant Genome 2021, 14, e20077.

[CrossRef]
18. Yasir, M.; Kanwal, H.H.; Hussain, Q.; Riaz, M.W.; Sajjad, M.; Rong, J.; Jiang, Y. Status and prospects of genome-wide association

studies in cotton. Front. Plant Sci. 2022, 13, 1019347. [CrossRef]
19. Xiao, Y.; Liu, H.; Wu, L.; Warburton, M.; Yan, J. Genome-wide Association Studies in Maize: Praise and Stargaze. Mol. Plant 2017,

10, 359–374. [CrossRef]
20. Jones, J.B. Laboratory Guide for Conducting Soil Tests and Plant Analysis, 1st ed.; CRC Press: Boca Raton, FL, USA, 2001; ISBN

978-0-429-13211-7.
21. Tiwari, J.K.; Buckseth, T.; Devi, S.; Varshney, S.; Sahu, S.; Patil, V.U.; Zinta, R.; Ali, N.; Moudgil, V.; Singh, R.K.; et al. Physiological

and genome-wide RNA-sequencing analyses identify candidate genes in a nitrogen-use efficient potato cv. Kufri Gaurav. Plant
Physiol. Biochem. 2020, 154, 171–183. [CrossRef]

22. Liang, J.; Chen, X.; Guo, P.; Ren, H.; Xie, Z.; Zhang, Z.; Zhen, A. Grafting improves nitrogen-use efficiency by regulating the
nitrogen uptake and metabolism under low-nitrate conditions in cucumber. Sci. Hortic. 2021, 289, 110454. [CrossRef]

23. Lê, S.; Josse, J.; Husson, F. FactoMineR: An R Package for Multivariate Analysis. J. Stat. Softw. 2008, 25, 1–18. [CrossRef]
24. Van der Auwera, G.A.; O’Connor, B.D. Genomics in the Cloud: Using Docker, GATK, and WDL in Terra; O’Reilly Media: Newton,

MA, USA, 2020; ISBN 978-1-4919-7519-0.
25. Li, Q.; Li, H.; Huang, W.; Xu, Y.; Zhou, Q.; Wang, S.; Ruan, J.; Huang, S.; Zhang, Z. A chromosome-scale genome assembly of

cucumber (Cucumis sativus L.). GigaScience 2019, 8, giz072. [CrossRef] [PubMed]
26. Cingolani, P.; Platts, A.; Wang, L.L.; Coon, M.; Nguyen, T.; Wang, L.; Land, S.J.; Lu, X.; Ruden, D.M. A program for annotating

and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain
w1118; iso-2; iso-3. Fly 2012, 6, 80–92. [CrossRef] [PubMed]

27. Nguyen, L.-T.; Schmidt, H.A.; von Haeseler, A.; Minh, B.Q. IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating
Maximum-Likelihood Phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [CrossRef]

http://doi.org/10.1093/pcp/pcu172
http://www.ncbi.nlm.nih.gov/pubmed/25432971
http://doi.org/10.1016/j.plaphy.2016.07.012
http://doi.org/10.1093/pcp/pcw124
http://doi.org/10.1038/s41586-022-05158-2
http://doi.org/10.1146/annurev-arplant-070121-015752
http://doi.org/10.1038/s41586-018-0415-5
http://www.ncbi.nlm.nih.gov/pubmed/30111841
http://doi.org/10.1038/ng.3337
http://www.ncbi.nlm.nih.gov/pubmed/26053497
http://doi.org/10.1038/s41587-019-0104-4
http://doi.org/10.1038/s41467-019-13187-1
http://doi.org/10.1038/s41586-020-03091-w
http://www.ncbi.nlm.nih.gov/pubmed/33408412
http://doi.org/10.1126/science.abi8455
http://www.ncbi.nlm.nih.gov/pubmed/35862527
http://doi.org/10.1038/ng.3596
http://www.ncbi.nlm.nih.gov/pubmed/27322545
http://doi.org/10.3389/fpls.2018.00722
http://doi.org/10.1038/nrg1916
http://doi.org/10.1002/tpg2.20077
http://doi.org/10.3389/fpls.2022.1019347
http://doi.org/10.1016/j.molp.2016.12.008
http://doi.org/10.1016/j.plaphy.2020.05.041
http://doi.org/10.1016/j.scienta.2021.110454
http://doi.org/10.18637/jss.v025.i01
http://doi.org/10.1093/gigascience/giz072
http://www.ncbi.nlm.nih.gov/pubmed/31216035
http://doi.org/10.4161/fly.19695
http://www.ncbi.nlm.nih.gov/pubmed/22728672
http://doi.org/10.1093/molbev/msu300


Genes 2023, 14, 662 16 of 17

28. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P.I.W.; Daly, M.J.;
et al. PLINK: A Tool Set for Whole-Genome Association and Population-Based Linkage Analyses. Am. J. Hum. Genet. 2007, 81,
559–575. [CrossRef] [PubMed]

29. Qi, J.; Liu, X.; Shen, D.; Miao, H.; Xie, B.; Li, X.; Zeng, P.; Wang, S.; Shang, Y.; Gu, X.; et al. A genomic variation map provides
insights into the genetic basis of cucumber domestication and diversity. Nat Genet 2013, 45, 1510–1515. [CrossRef]

30. Huang, M.; Liu, X.; Zhou, Y.; Summers, R.M.; Zhang, Z. BLINK: A package for the next level of genome-wide association studies
with both individuals and markers in the millions. GigaScience 2019, 8, 1–12. [CrossRef]

31. Wang, J.; Zhang, Z. GAPIT Version 3: Boosting Power and Accuracy for Genomic Association and Prediction. Genom. Proteom.
Bioinform. 2021, 19, 629–640. [CrossRef]

32. Dong, S.-S.; He, W.-M.; Ji, J.-J.; Zhang, C.; Guo, Y.; Yang, T.-L. LDBlockShow: A fast and convenient tool for visualizing linkage
disequilibrium and haplotype blocks based on variant call format files. Brief. Bioinform. 2021, 22, bbaa227. [CrossRef]

33. Huerta-Cepas, J.; Forslund, K.; Coelho, L.P.; Szklarczyk, D.; Jensen, L.J.; von Mering, C.; Bork, P. Fast Genome-Wide Functional
Annotation through Orthology Assignment by eggNOG-Mapper. Mol. Biol. Evol. 2017, 34, 2115–2122. [CrossRef]

34. Li, X.; Shi, Z.; Qie, Q.; Gao, J.; Wang, X.; Han, Y. CandiHap: A toolkit for haplotype analysis for sequence of samples and fast
identification of candidate causal gene(s) in genome-wide association study. bioRxiv 2020. [CrossRef]

35. Liu, W.; Xie, Y.; Ma, J.; Luo, X.; Nie, P.; Zuo, Z.; Lahrmann, U.; Zhao, Q.; Zheng, Y.; Zhao, Y.; et al. IBS: An illustrator for the
presentation and visualization of biological sequences. Bioinformatics 2015, 31, 3359–3361. [CrossRef]

36. Zhang, Y.; Shi, C.; Fu, W.; Gu, X.; Qi, Z.; Xu, W.; Xia, G. Arabidopsis MED18 Interaction With RNA Pol IV and V Subunit NRPD2a
in Transcriptional Regulation of Plant Immune Responses. Front. Plant Sci. 2021, 12, 692036. [CrossRef] [PubMed]

37. Rajkumar, M.S.; Shankar, R.; Garg, R.; Jain, M. Bisulphite sequencing reveals dynamic DNA methylation under desiccation and
salinity stresses in rice cultivars. Genomics 2020, 112, 3537–3548. [CrossRef] [PubMed]

38. Van Dooren, T.J.M.; Silveira, A.B.; Gilbault, E.; Jiménez-Gómez, J.M.; Martin, A.; Bach, L.; Tisné, S.; Quadrana, L.; Loudet,
O.; Colot, V. Mild drought in the vegetative stage induces phenotypic, gene expression, and DNA methylation plasticity in
Arabidopsis but no transgenerational effects. J. Exp. Bot. 2020, 71, 3588–3602. [CrossRef]

39. Ma, Y.; Min, L.; Wang, M.; Wang, C.; Zhao, Y.; Li, Y.; Fang, Q.; Wu, Y.; Xie, S.; Ding, Y.; et al. Disrupted Genome Methylation
in Response to High Temperature Has Distinct Affects on Microspore Abortion and Anther Indehiscence. Plant Cell 2018, 30,
1387–1403. [CrossRef]

40. Tsay, Y.F.; Schroeder, J.I.; Feldmann, K.A.; Crawford, N.M. The herbicide sensitivity gene CHL1 of Arabidopsis encodes a
nitrate-inducible nitrate transporter. Cell 1993, 72, 705–713. [CrossRef]

41. Naulin, P.A.; Armijo, G.I.; Vega, A.S.; Tamayo, K.P.; Gras, D.E.; de la Cruz, J.; Gutiérrez, R.A. Nitrate Induction of Primary Root
Growth Requires Cytokinin Signaling in Arabidopsis thaliana. Plant Cell Physiol. 2020, 61, 342–352. [CrossRef]

42. Liu, K.-H.; Niu, Y.; Konishi, M.; Wu, Y.; Du, H.; Sun Chung, H.; Li, L.; Boudsocq, M.; McCormack, M.; Maekawa, S.; et al.
Discovery of nitrate-CPK-NLP signalling in central nutrient-growth networks. Nature 2017, 545, 311–316. [CrossRef]

43. Yoshida, T.; Mogami, J.; Yamaguchi-Shinozaki, K. ABA-dependent and ABA-independent signaling in response to osmotic stress
in plants. Curr. Opin. Plant Biol. 2014, 21, 133–139. [CrossRef]

44. Belda-Palazón, B.; Adamo, M.; Valerio, C.; Ferreira, L.J.; Confraria, A.; Reis-Barata, D.; Rodrigues, A.; Meyer, C.; Rodriguez, P.L.;
Baena-González, E. A dual function of SnRK2 kinases in the regulation of SnRK1 and plant growth. Nat. Plants 2020, 6, 1345–1353.
[CrossRef] [PubMed]

45. Zhang, Y.-H.; Wan, S.-Q.; Wang, W.-D.; Chen, J.-F.; Huang, L.-L.; Duan, M.-S.; Yu, Y.-B. Genome-wide identification and
characterization of the CsSnRK2 family in Camellia sinensis. Plant Physiol. Biochem. 2018, 132, 287–296. [CrossRef] [PubMed]

46. Zhang, Y.; Wan, S.; Liu, X.; He, J.; Cheng, L.; Duan, M.; Liu, H.; Wang, W.; Yu, Y. Overexpression of CsSnRK2.5 increases tolerance
to drought stress in transgenic Arabidopsis. Plant Physiol. Biochem. 2020, 150, 162–170. [CrossRef]

47. Song, X.; Yu, X.; Hori, C.; Demura, T.; Ohtani, M.; Zhuge, Q. Heterologous Overexpression of Poplar SnRK2 Genes Enhanced Salt
Stress Tolerance in Arabidopsis thaliana. Front. Plant Sci. 2016, 7, 612. [CrossRef]

48. Peng, M.; Bi, Y.-M.; Zhu, T.; Rothstein, S.J. Genome-wide analysis of Arabidopsis responsive transcriptome to nitrogen limitation
and its regulation by the ubiquitin ligase gene NLA. Plant Mol. Biol. 2007, 65, 775–797. [CrossRef] [PubMed]

49. Komarova, N.Y.; Thor, K.; Gubler, A.; Meier, S.; Dietrich, D.; Weichert, A.; Suter Grotemeyer, M.; Tegeder, M.; Rentsch, D. AtPTR1
and AtPTR5 Transport Dipeptides in Planta. Plant Physiol. 2008, 148, 856–869. [CrossRef] [PubMed]

50. Wen, B.; Xiao, W.; Mu, Q.; Li, D.; Chen, X.; Wu, H.; Li, L.; Peng, F. How does nitrate regulate plant senescence? Plant Physiol.
Biochem. 2020, 157, 60–69. [CrossRef]

51. Luo, L.; Zhang, Y.; Xu, G. How does nitrogen shape plant architecture? J. Exp. Bot. 2020, 71, 4415–4427. [CrossRef] [PubMed]
52. Mur, L.A.J.; Simpson, C.; Kumari, A.; Gupta, A.K.; Gupta, K.J. Moving nitrogen to the centre of plant defence against pathogens.

Ann. Bot. 2017, 119, 703–709. [CrossRef]
53. Wang, X.; Zou, C.; Gao, X.; Guan, X.; Zhang, Y.; Shi, X.; Chen, X. Nitrate leaching from open-field and greenhouse vegetable

systems in China: A meta-analysis. Environ. Sci. Pollut. Res. 2018, 25, 31007–31016. [CrossRef]
54. Yang, Y.; Gao, S.; Su, Y.; Lin, Z.; Guo, J.; Li, M.; Wang, Z.; Que, Y.; Xu, L. Transcripts and low nitrogen tolerance: Regulatory and

metabolic pathways in sugarcane under low nitrogen stress. Environ. Exp. Bot. 2019, 163, 97–111. [CrossRef]
55. Curci, P.L.; Aiese Cigliano, R.; Zuluaga, D.L.; Janni, M.; Sanseverino, W.; Sonnante, G. Transcriptomic response of durum wheat

to nitrogen starvation. Sci. Rep. 2017, 7, 1176. [CrossRef] [PubMed]

http://doi.org/10.1086/519795
http://www.ncbi.nlm.nih.gov/pubmed/17701901
http://doi.org/10.1038/ng.2801
http://doi.org/10.1093/gigascience/giy154
http://doi.org/10.1016/j.gpb.2021.08.005
http://doi.org/10.1093/bib/bbaa227
http://doi.org/10.1093/molbev/msx148
http://doi.org/10.1101/2020.02.27.967539
http://doi.org/10.1093/bioinformatics/btv362
http://doi.org/10.3389/fpls.2021.692036
http://www.ncbi.nlm.nih.gov/pubmed/34691090
http://doi.org/10.1016/j.ygeno.2020.04.005
http://www.ncbi.nlm.nih.gov/pubmed/32278023
http://doi.org/10.1093/jxb/eraa132
http://doi.org/10.1105/tpc.18.00074
http://doi.org/10.1016/0092-8674(93)90399-B
http://doi.org/10.1093/pcp/pcz199
http://doi.org/10.1038/nature22077
http://doi.org/10.1016/j.pbi.2014.07.009
http://doi.org/10.1038/s41477-020-00778-w
http://www.ncbi.nlm.nih.gov/pubmed/33077877
http://doi.org/10.1016/j.plaphy.2018.09.021
http://www.ncbi.nlm.nih.gov/pubmed/30245342
http://doi.org/10.1016/j.plaphy.2020.02.035
http://doi.org/10.3389/fpls.2016.00612
http://doi.org/10.1007/s11103-007-9241-0
http://www.ncbi.nlm.nih.gov/pubmed/17885809
http://doi.org/10.1104/pp.108.123844
http://www.ncbi.nlm.nih.gov/pubmed/18753286
http://doi.org/10.1016/j.plaphy.2020.08.041
http://doi.org/10.1093/jxb/eraa187
http://www.ncbi.nlm.nih.gov/pubmed/32279073
http://doi.org/10.1093/aob/mcw179
http://doi.org/10.1007/s11356-018-3082-z
http://doi.org/10.1016/j.envexpbot.2019.04.010
http://doi.org/10.1038/s41598-017-01377-0
http://www.ncbi.nlm.nih.gov/pubmed/28446759


Genes 2023, 14, 662 17 of 17

56. Brandes, N.; Linial, N.; Linial, M. PWAS: Proteome-wide association study-linking genes and phenotypes by functional variation
in proteins. Genome Biol. 2020, 21, 173. [CrossRef] [PubMed]

57. Zhou, D.; Jiang, Y.; Zhong, X.; Cox, N.J.; Liu, C.; Gamazon, E.R. A unified framework for joint-tissue transcriptome-wide
association and Mendelian randomization analysis. Nat. Genet. 2020, 52, 1239–1246. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1186/s13059-020-02089-x
http://www.ncbi.nlm.nih.gov/pubmed/32665031
http://doi.org/10.1038/s41588-020-0706-2

	Introduction 
	Materials and Methods 
	Plant Materials and Treatment 
	Phenotype Measurement and Parameter Calculation 
	SNP Genotype Data Acquisition 
	Population Genetic Evolution 
	GWAS 
	Candidate Gene Selection 

	Result 
	SNPs Characteristics in Cucumber Genome and Cucumber Population Distribution 
	Evaluation of Cucumber Population Tolerance to Low Nitrogen 
	GWAS 
	Analysis of Candidate Genes by GO Annotation 
	Analysis of Candidate Genes in LD blocks 
	Candidate Gene Analysis in LD block 8554 
	Candidate Gene Analysis in LD Block 1572 
	Candidate Gene Analysis in LD Block 9927 
	Candidate Gene Analysis in LD Block 2639 
	Candidate Gene Analysis in LD Block 6476 


	Discussion 
	Conclusions 
	References

