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Abstract: Candidate genes related to first pod height (FPH) traits in faba bean plants are crucial for
mechanised breeding. However, reports on quantitative trait locus (QTL) mapping related to the FPH
of faba bean are few, thus limiting the high-quality development of the faba bean industry to a certain
extent. The identification and screening of candidate genes related to FPH is extremely urgent for
the advancement of mechanised breeding for faba bean. In this study, a high-density genetic linkage
map was constructed using genotyping-by-sequencing (GBS) of an F3 population and QTLs (genes)
related to FPH were identified. The genetic linkage map contained seven linkage groups with 3012
SNP markers with an overall length of 4089.13 centimorgan (cM) and an average marker density of
1.36 cM. Thirty-eight QTLs for the first pod node (FPN) and FPH were identified (19 each for FPN
and FPH). The 19 QTLs associated with FPN were located on chromosomes 1L, 1S, 2, 3, 4, 5, and 6;
the 19 QTLs associated with FPH were located on chromosomes 1L, 1S, 2, 3, 5, and 6. There was a
co-localisation interval of gFPN6-1 and gFPH6-1 on chromosome 6. By annotating the QTL gFPH6-1
interval, 36 genes that may be related to FPH were identified, these genes are related to plant growth
and development. The results provide a basis for the precise location of QTLs related to FPH and
could accelerate the breeding of faba bean varieties adapted to mechanised harvesting.
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1. Introduction

Faba bean (Vicia faba L.) is a widely planted cold-season legume crop and an important
legume crop with abundant protein, vitamins, and mineral nutrients. Therefore, faba
bean consumption can help maintain a balanced diet [1,2]. Faba bean can be applied as
green manure because of its effective nitrogen fixation effect, providing approximately
90% of the plant nitrogen demand and increasing soil fertility and crop yield during
crop rotation with other crops [3]. It also plays an important role in the sustainable
development of the agricultural economy [4]. Faba bean is a diploid plant (2n = 12) with a
“giant genome” (approximately 13 Gb) [5], which restricts the progress of genetic linkage
mapping, quantitative trait loci (QTL) mapping, and gene mining [6]. Therefore, basic
research on faba bean is not as advanced as that on other crops with well-defined genomes,
such as Oryza sativa L., Glycine max L., and Triticum aestivum L. [7].

Molecular markers have been widely applied in botanical research to construct genetic
maps, QTL location, marker-assisted breeding, species phylogenetic relationships, and
genetic diversity analysis [8,9]. The first faba bean molecular linkage map was constructed
by Van De Ven et al. [10]. Recently, significant progress has been made in identifying
molecular markers of faba bean. It is beneficial to construct high-density genetic maps and
contribute to the gene mining of faba bean using single-nucleotide polymorphism (SNP)
markers [11,12]. For example, Sudheesh et al. [13] combined a published genetic map with
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a newly constructed genetic map based on SNP markers and constructed an integrated
map containing six linkage groups and 1850 markers. The total coverage length was
1439 cM, and the average marker density was 0.8 cM. This study identified two QTLs for
resistance to ascochyta blight of faba bean and explained a total of up to 49% of phenotypic
variance. Carrillo-Perdomo et al. [14] constructed a map incorporating 1728 markers using
1819 SNP markers that exhibited polymorphism in three F3 populations; the length of the
faba bean genetic map is 1547.71 cM, with an average genetic distance of 0.89 ¢cM. This was
a SNP marker developed based on transcriptome sequencing. Li et al. [15] constructed an
integrated SNP molecular map of 6895 SNPs with an overall length of 3324.48 cM from two
F, populations. A total of 98 QTLs for 14 agronomic traits related to the flowers, pods, plant
types, and grains were identified. Zhao et al. [16] constructed the first genetic map of ultra-
high-density faba bean, containing 12,023 SNP markers with a length of 1182.65 cM and
an average distance of 0.098 cM. A total of 65 QTLs for seed-related traits were identified.
High-quality genetic map construction for the faba bean can considerably accelerate related
gene studies and breeding processes. It can establish molecular marker development and
QTL locations related to economically important traits [17,18]. The faba bean genome
contains 13 billion bases, more than four times that of the human genome. An article
published in Nature on 8 March 2023, reported the first high-quality, chromosome-sized
genome of faba bean, which is crucial for functional research and cloning of faba bean
genes [19].

Currently, the cultivation of leguminous crops generally relies on mechanised har-
vesting, which limits the production of leguminous crops. Therefore, breeding optimised
varieties suitable for mechanised harvesting has become a critical challenge for breeders [20].
FPH is an important trait that is relevant for mechanically harvested varieties. Varieties
with lower FPH may be overcut, destroyed, or lost during mechanised harvesting [21].
Zdravkovic et al. [22] studied a genetic model and found that the genes related to FPH were
recessive. FPH is an important factor affecting yield in soybean breeding and is negatively
correlated with plant density and nitrogen application [23]. Recently, few studies have been
conducted on QTL mapping of leguminous crops for FPH. Jiang et al. [21] conducted a QTL
mapping analysis on 147 recombinant inbred lines (RILs) and identified 11 major QTLs
based on the molecular maps of 5308 SLAF markers. Among these, eight candidate genes
controlled soybean FPH, and seven candidate genes were highly expressed in soybean
stems. Research on QTL location in faba bean has mainly focused on biological and abiotic
stresses, including brown spot resistance and cold tolerance [11,24]. Other studies have
mainly focused on QTL mapping of agronomic characteristics in faba bean associated with
flowers, pods, plant types, and seeds [15,16]. However, reports on QTL mapping related to
the FPH of faba bean are limited.

The aim of this study was to construct a high-density SNP genetic linkage map with
the F3 population (Qinghail3 x Qingcan19) using GBS. This technology is beneficial for
exploring related markers and their applications in faba bean breeding.

2. Materials and Methods
2.1. Population and Phenotypic Data Measurement

The female parent, Qinghail3, had a low FPN and FPH, whereas the male parent
had a high FPN and FPH. The F; population was generated by crossing ‘Qinghail3’ and
‘Qingcan19’. The parents and F; progeny were planted in 2021, and F; seeds were produced.
All the F; seeds were planted for observation of phenotypic traits in 2022, and F3 family
seeds were thus produced. In 2023, the parents and F3 populations were planted in three
environments, including Xining (XN, 36.72° N, 101.75° E, 2309 m), Gonghe (GH, 36.23° N,
99.57° E, 2880 m), and Huzhu (HZ, 36.84° N, 101.96° E, 2550 m) in Qinghai Province,
China. Due to the low reproductive rate of faba bean, the number of seeds per plant is
relatively small. Each variety was planted in a row with 10-12 plants, with no duplicates.
Field management was performed according to the planting standards of the native region
throughout the growing season. At the mature stage, the FPN and FPH of the F3 population
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and parents were measured. FPN is the node where the lowest pod on the main stem is
located [25]. FPH is the distance from the ground to the bottom of the first pod over the
cotyledon node [21].

2.2. DNA Extraction and SNP Genotyping

At the seedling stage, leaves were collected from the parental and F3 populations for
DNA extraction. The leaves were frozen in liquid nitrogen and stored at —80 °C.

DNA was extracted using a CretMag Power Plant Pro DNA Kit (CretBiotech Co. Ltd.,
Suzhou, China). GBS technology (Oebiotech Co. Ltd., Shanghai, China) was used to
develop SNP markers. The restriction endonuclease selection of GBS is carried out by pre-
dicting the fragment sizes produced by various enzyme combinations, and a combination
of Msel and Nlalll was selected to construct the GBS library. Each sample was subjected to
multiple amplifications, and the required fragments were selected for library construction.

The raw data were analysed using the performance standard. Dual-ended, i.e., paired-
end (PE), 150 sequencing was performed using the Illumina HiSeq TM sequencing platform
(Ilumina, San Diego, CA, USA). Based on the analysis of raw data, advanced analysis and
assembly of the DNA library were performed, and HiSeq sequencing was performed to
eliminate low-quality readings due to the presence or absence of base calls [26].

To ensure the reliability of the reads, three strict filtering criteria were used to filter the
original reads, removing the following: (1) reads with unrecognised nucleotides > 10%,
(2) reads with a Phred quality score < 5 >50% bases, and (3) reads with more than 10 nu-
cleotides aligned with the adapter, allowing for <10% mismatch.

Finally, in the offspring GBS analysis, we analysed the number of reads cleaved by
Msel at both ends of each screened read; reads that did not include these restrictive inlier
sites were discarded [26]. Finally, GBS analysis of the later generation was performed to
analyse the number of Msel reads at each end of the filter reading and discard the reading
without these limiting cut parts. Simultaneously, we recorded the ratio of specific and total
reads to enzyme-captured reads. The selected tags were subjected to end-to-end sequencing
using the [llumina high-throughput sequencing platform (Oebiotech Co. Ltd., Shanghai,
China), followed by SNP genotyping and evaluation.

2.3. Statistical Analysis

The phenotypic data were analysed using SPSS 27.0 software (SPSS, Chicago, IL,
USA) to generate descriptive statistics, including the mean, minimum, maximum, standard
deviation (SD), coefficient of variation (CV), skewness, and kurtosis. The frequency distri-
butions of phenotypic data were checked using SPSS 27.0 software as well. The kurtosis
and skewness were used to estimate the frequency distribution normality [27], and the
correlation between FPN and FPH was obtained with Pearson’s correlation analyses using
SPSS 27.0 software.

2.4. Comparison with Reference Genome

The parents and 242 offsprings were sequenced and compared with a reference genome
to perform GBS. The Burrows—Wheeler aligner (BWA) [26,28] was used to compare the
readings of the parents and F; generations with the faba bean genome. Gene sequences
were compared with reference genomics (Hedin2 genome v1) in the gene spectra (https:
/ /projects.au.dk/fabagenome/genomics-data accessed on 2 March 2024).

2.5. Genetic Linkage Map Construction

The comparison of multiple types of fuel tanks for Qinghail3 x Qingcanl9 F3 yielded
a consistent x? score greater than 10, and these were excluded from the analysis (p < 0.05).
Before constructing a genetic map, genotype screening was performed on the harvested
samples. According to the screened genotypes, the individual codes for each locus were
“A” (same as parent Qinghail3), “B” (same as parent Qingcan19), “H” (heterozygotes that
contain two alleles from each parent), or “missing” (all other cases). The discarded loci
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included (1) loci that were heterozygous in either parent or (2) loci with a missing rate
above 20% in the population [29]. Abandoned gene loci include (1) genetic loci in which
one of the parents is mixed and (2) loci of gene loss in the population [16]. QTL IciMapping
(version 4.2) was used to construct a genetic linkage map [30].

The additive effect of QTLs on a single allele was measured using the inclusive com-
posite interval mapping (ICIM) add plot (ICIM-ADD) function. Using 1000 sequences, type
I error determined the logarithm of the remarkable QTL odds (LOD) value to be less than
0.05. The step size of the QTL scan was one cM, and the step regression (PIN) probability
was 0.001. Subsequently, a visual link graph was drawn using MapChart 2.2 [31].

2.6. QTL Mapping

Based on the phenotypic data and genetic linkage maps, the BIP function of the QTL
positioning of the separated population was determined using QTL IciMapping Software
(version 4.2) [15,30]. The positioning method includes the ICIM and sets the LOD detection
threshold to 2.5 [32,33]. The QTL name was constructed as follows: q + trait name + LG or
LG number + “—" + QTL number.

2.7. Candidate Gene Prediction for the QTLs of FPH

The faba bean genome was released in 2023, facilitating the annotation of
44,410 genes [19]. The candidate genes were homologously compared with Arabidopsis
thaliana, Glycine max L., and Medicago truncatula. Genes were annotated within the QTL
interval to screen candidate genes related to the growth and development of faba bean.

3. Results
3.1. Phenotypic Analysis and Correlation Analysis

Statistical analysis was performed using SPSS 27.0. The FPN and FPH phenotypic data
of Qinghail3, Qingcan19, and F; populations in the three environments (Table 1) showed
that the two traits were significantly different between parents, and the FPN and FPH of
Qingcanl19 were significantly higher than those of Qinghail3. The range of FPN in the F3
population in the three environments is 3.00-11.50, and the range of FPH is 8.33-63.25. The
average value of the F; population tended to be low, and the coefficient of variation of the
three environments was 22.99-38.70%. This indicated that there was a large variation in
FPN and FPH in the F3 population. The normality test results showed a p < 0.05, and the F3
population followed a skewed normal distribution in all three environments, which was
consistent with the genetic characteristics of quantitative traits and was suitable for QTL
mapping analysis (Table 2 and Figure 1). The correlation between FPN and FPH in the
three environments was studied, with values of 0.857 **, 0.871 **, and 0.826 **, respectively.
Two traits showed highly significant correlations with each other.

Table 1. Phenotypic data of FPN and FPH based on the F3 populations in the three environments.

Parents F3 Population
Trait Evn. h2/%
Qinghail3 Qingcanl19  Min Max Mean SD CV/%  Skewness Kurtosis

FPN XN 5.11** 9.70 ** 3.00 11.50 5.67 1.45 25.57 1.44 2.30
GH 5.00 ** 9.40 ** 4.00 11.00 5.48 1.26 22.99 2.14 5.24 87.67

HZ 5.20 ** 10.40 ** 3.67 11.25 5.46 1.37 25.09 2.07 5.08

FPH/cm XN 27.89 ** 64.65 ** 10.00 61.00 22.95 8.59 37.43 1.72 3.59
GH 17.70 ** 46.20 ** 11.20 63.25 21.37 8.27 38.70 2.12 5.37 81.53

HZ 14.90 ** 39.10 ** 8.33 47.50 18.11 5.55 30.65 1.56 4.59

Env, environment; Min, minimum; Max, maximum; SD, Standard deviation; h?, broad-sense heritability; CV,
coefficient of variation (%); ** denotes the significance of the parents at the 0.01 level.
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Table 2. Tests of normality in F3 populations in three environments.

E Kolmogorov-Smirnov Shapiro-Wilk
vn.
Statistic df Sig. Statistic df Sig.
XN 0.168 240 <0.001 0.881 240 <0.001
GH 0.195 232 <0.001 0.783 232 <0.001
HZ 0.177 241 <0.001 0.798 241 <0.001
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Figure 1. Frequency distribution of FPN and FPH based on F3 population in three environments.

3.2. Genotyping-by-Sequencing

In total, 1,716,981,024 clean reads were obtained from 242 individuals, 12,180,704 clean
reads were obtained from the maternal parent, ‘Qinghail3’, and 12,398,160 clean reads
were obtained from the paternal parent, ‘Qingcan19’. The number of clean reads obtained
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from the 244 samples ranged from 5.31 to 12.40 M, with an average of 7.14 M reads
(Supplementary Materials), and 99.23% of the clean reads were matched with the faba
bean genome.

3.3. Construction of High-Density Genetic Map

The F3 population contained 11,340 SNP markers after screening, of which 3012 SNP
markers were obtained via progeny and heterozygous screening and were selected to
construct a genetic linkage map. SNP filtering was performed using the ‘SNP” and ‘BIN’
functions of QTL IciMapping (version 4.2). After partial separation, filtration, and chain
distribution, 3012 markers covered seven LGs, corresponding to seven chromosomes of
faba bean (Figure 2).

LG1L LG1S LG2 LG3 LG4 LG5 LG6

Figure 2. High-density genetic linkage map of faba bean.

The overall length of the genetic map was 4089.13 cM, and the average marker density
was 1.36 cM. LG2 had the maximum number of markers at 565 SNPs. The genetic distance
of LG1L was the longest (783.26 cM), whereas the shortest length of LG1S was 382.64 cM
and 335 SNPs (Table 3). During the assembly of the faba bean genome, because of the
length of chromosome 1, it was divided into long and short arms, resulting in two LGs.

Table 3. Distribution of high-density SNP markers in the linkage groups.

Chr SNP Genetic Distance (c(M)  Mean Gap (cM)  Max. Gap (cM)
1L 509 783.26 1.54 110.40

1S 335 382.64 1.14 18.85

2 565 736.17 1.30 77.81

3 363 570.82 1.57 90.60

4 355 589.40 1.66 88.06

5 546 534.95 0.98 66.19

6 339 491.89 1.45 104.08

Total 3012 4089.13 1.36
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distance between markers and the overall length of the map.

Table 4. Distribution of SNP marker intervals on the genetic linkage groups.

All SNP markers were anchored to seven LGs, with 3005 gaps between adjacent
markers. Among them, 2038 gaps were less than 1 cM, and 886 gaps were within the range
of 1 cM < D <5 cM. Additionally, 2924 gaps were less than 5 cM, with a ratio of >97%, and
2038 gaps were less than 1 cM, with a ratio of >67% (Table 4). The total number of gaps
greater than 20 cM was 15, and the maximum gap was 110.40 cM in LG1L. Additionally,
each genetic linkage map had gaps greater than 15 cM, thereby increasing the genetic

Chr <1 1-5 <5 5-10 10-20 >20 Ratio Ratio
(cM) (cM) (cM) (cM) (cM) (cM) <5 (cM) <1 (cM)
1L 359 133 492 8 3 5 96.85 70.67
1S 220 106 326 7 1 0 97.60 65.87
2 389 158 547 9 5 3 96.99 68.97
3 250 99 349 8 3 2 96.41 69.06
4 211 131 342 8 1 3 96.61 59.60
5 391 146 537 6 1 1 98.53 71.74
6 218 113 331 4 2 1 97.93 64.50
Total 2038 886 2924 50 16 15 97.30 67.82
3.4. QTL Mapping of FPN and FPH
Using the ICIM method, a total of 38 QTLs related to FPN and FPH of faba bean were
mapped on seven chromosomes in three environments. There were 19 QTLs associated
with FPN and FPH, and nine QTLs were detected repeatedly in two or more environments,
involving eight chromosome segments (Table 5 and Figure 3).
LG1L LG1S LG2 LG3 LG4 LG5 LG6
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Figure 3. Locations of quantitative trait loci in LGs. FPN QTLs are in red, and FPH QTLs are in green.

QTLs identified in two or more environments are shown in black.

The 19 QTLs associated with FPN were located on chromosomes 1L, 1S, 2, 3, 4, 5,
and 6. Two important QTLs (gFPN1L-1 and gFPN6-1) on chromosomes 1L and 6 were
detected in three environments, with maximum LOD values of 6.54 and 7.39, respectively,

and the maximum phenotypic variation rates that could be explained were 12.37% and
12.47%, respectively. The gFPN5-3 on chromosome 5 was detected repeatedly in two

environments, with the maximum LOD value and phenotypic contribution rate of 7.21%
and 1.7%, respectively. The 19 QTLs associated with FPH were located on chromosomes
1L, 1S, 2, 3, 5, and 6. Six QTLs were detected in two environments, and the maximum LOD
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value and phenotypic contribution rate were 11.21% and 13.44%, respectively (Table 5).
Nine QTLs were detected in two or more environments, five of which were in larger marker
intervals. There was a co-localisation interval of gFPN6-1 and gFPH6-1 on chromosome 6,
which was located between markers chr6_SNP630 and chr6_SNPS, and the genetic distance
was 15.44-119.52 cM. Ultimately, we selected gFPH6-1 for subsequent analysis.

Table 5. Quantitative trait loci analysis of FPN and FPH in the F3 population.

Genetic

Trait Chr. QTL Env. Pos./cM Marker Interval Distance/cM LOD PVE/% Add
FPN 1L gqFPN1L-1 GH 79.0 chrl1l._SNP937—chr1l_SNP1943 65.5-92.5 3.36 0.89 0.02
HZ 83.0 chrlL_SNP937-chr1L_SNP1943 67.5-94.5 7.39 5.83 —0.01

XN 87.0 chr1L_SNP937-chr1L_SNP1943 68.5-98.5 3.25 1237  —0.04

qFPN1L-2 XN 399.0 chr1L_SNP1308—chr1L_SNP1302 397.5-400.5 4.22 241 —0.40
gFPNI1L-3 HZ 650.0 chr1L_SNP81-chr1L_SNP243 648.5-654.5 6.37 5.81 —0.01
qFPN1L-4 HZ 699.0 chr1L_SNP249-chr1L_SNP1011 687.5-705.5 791 5.84 0.01

1S qFPN1S-1 XN 36.0 chr1S_SNP138-chrlS_SNP154 32.5-37.5 2.50 1.34 0.23
gFPN1S-2 XN 352.0 chr1S_SNP1127—chrlS_SNP1133 351.5-353.5 5.31 3.16 0.49

2 gFPN2-1 HZ 31.0 chr2_SNP1828-chr2_SNP1816 27.5-32.5 2.57 0.57 —0.30
3 gFPN3-1 GH 201.0 chr3_SNP664—chr3_SNP645 197.5-206.5 2.58 0.67 0.19
gFPN3-2 XN 239.0 chr3_SNP540-chr3_SNP526 238.5-244.5 2.73 1.59 0.35
gFPN3-3 GH 424.0 chr3_SNP4—chr3_SNP113 399.5-440.5 5.38 6.59 —0.07

4 qFPN4-1 XN 129.0 chr4_SNP1080-chr4_SNP1062 128.5-130.5 4.15 2.30 0.34
5 gFPNb5-1 HZ 29.0 chr5_SNP1020-chr5_SNP996 26.5-33.5 2.63 0.55 0.07
gFPNb5-2 GH 58.0 chr5_SNP956—chr5_SNP966 56.5-59.5 3.07 0.80 0.04
gFPN5-3 GH 270.0 chr5_SNP436—chr5_SNP435 269.5-272.5 6.49 1.70 0.43

HZ 270.0 chr5_SNP436—chr5_SNP435 269.5-272.5 721 1.55 0.54

gFPN5-4 XN 311.0 chr5_SNP305—-chr5_SNP304 310.5-312.5 12.39 7.55 0.77
gFPN5-5 GH 490.0 chr5_SNP148—chr5_SNP1096 487.5-493.5 2.93 5.18 —0.05

6 gFPN6-1 HZ 39.0 chr6_SNP630-chr6_SNP8 35.5-41.5 2.92 4.07 —0.01
XN 41.0 chr6_SNP630-chr6_SNP8 30.5-73.5 3.57 12.47 0.04

GH 41.0 chr6_SNP630-chr6_SNP8 31.5-70.5 6.54 6.63 0.08

gFPNG6-2 XN 398.0 chr6_SNP1256—chr6_SNP1266 396.5-399.5 443 2.55 —0.01
gFPN6-3 XN 458.0 chr6_SNP1460-chr6_SNP1466 455.5-458.5 3.54 1.98 —0.11

FPH 1L gqFPH1L-1 HZ 79.0 chrl1L._SNP937-chr1l_SNP1943 63.5-78.5 2.97 5.02 0.12
gqFPHIL-2 XN 399.0 chr1L_SNP1308-chrl1l_SNP1302 397.5-400.5 7.11 5.35 —3.36

1S qFPH1S-1 HZ 213.0 chr1S_SNP636—chrlS_SNP635 210.5-214.5 3.28 0.69 1.06
gFPH1S-2 GH 328.0 chrl1S_SNP1026—chr1S_SNP1038 325.5-328.5 2.95 0.34 2.08
gqFPH1S-3 XN 352.0 chr1S_SNP1127—chrlS_SNP1133 351.5-353.5 6.46 4.88 3.20

2 gFPH2-1 HZ 229.0 chr2_SNP940—chr2_SNP916 226.5-232.5 2.85 0.67 0.31
XN 230.0 chr2_SNP940-chr2_SNP916 225.5-233.5 2.54 1.73 0.94

gFPH2-2 XN 702.0 chr2_SNP1857-chr2_SNP1869 694.5-707.5 2.54 1.77 1.46

3 gFPH3-1 GH 200.0 chr3_SNP664—chr3_SNP645 197.5-203.5 2.70 0.30 1.10
gFPH3-2 XN 301.0 chr3_SNP407-chr3_SNP404 297.5-305.5 2.71 1.85 1.37
gFPH3-3 GH 423.0 chr3_SNP4—chr3_SNP113 411.5-437.5 9.89 3.32 —0.09

HZ 431.0 chr3_SNP4-chr3_SNP113 417.5-443.5 2.90 5.11 —-0.22

qFPH3-4 HZ 491.0 chr3_SNP113—chr3_SNP1599 480.5-493.5 2.93 5.04 —0.49

GH 528.0 chr3_SNP113-chr3_SNP1599 526.5-533.5 10.04 3.35 —0.80

5 gFPHS5-1 XN 55.0 chr5_SNP971-chr5_SNP958 52.5-56.5 5.21 3.87 —0.45
gFPH5-2 XN 159.0 chr5_SNP704—chr5_SNP701 158.5-161.5 5.46 3.94 —2.78
gFPH5-3 HZ 178.0 chr5_SNP655-chr5_SNP651 176.5-178.5 2.69 0.60 0.34
gFPH5-4 XN 311.0 chr5_SNP305—-chr5_SNP304 310.5-312.5 12.46 9.76 4.57
gFPH5-5 GH 323.0 chr5_SNP277-chr5_SNP278 321.5-323.5 3.08 0.35 2.08

HZ 323.0 chr5_SNP277-chr5_SNP278 321.5-323.5 6.03 1.37 1.92

gFPHS5-6 XN 353.0 chr5_SNP234—chr5_SNP222 350.5-354.5 2.51 1.77 —-0.76
gFPH5-7 GH 505.0 chr5_SNP148—chr5_SNP1096 490.5-514.5 10.58 341 —0.99

HZ 507.0 chr5_SNP148-chr5_SNP1096 494.5-517.5 297 495 —0.09

6 gFPH6-1 XN 43.0 chr6_SNP630—chr6_SNP8 29.5-73.5 2.62 13.44 0.34
GH 46.0 chr6_SNP630-chr6_SNP8 33.5-52.5 11.21 3.35 0.61

GH 63.0 chr6_SNP630-chr6_SNP8 61.5-71.5 10.88 3.34 0.52

Chr, chromosome number; Env, environment; Pos, position; PVE, phenotypic variation rate; Add, additive effect.
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3.5. Mining of Candidate Genes

A total of 1657 genes were screened in the gFPH6-1 interval. Through gene annotation,
36 genes that may be related to FPH were screened (Table 6). These genes involve plant
hormones and signal transduction pathways, including auxin response factors and proteins,
serine, and threonine-protein kinases, which are related to plant growth and development.
The results provide a basis for the study of FPH candidate genes and the breeding of faba
bean varieties adapted to mechanised harvesting.

Table 6. Annotation of candidate genes.

Gene ID

Annotation

Vfaba.Hedin2.R1.6§005240.1
Vfaba.Hedin2.R1.6§010640.1
Vfaba.Hedin2.R1.6g010760.1
Vfaba.Hedin2.R1.6§010960.1
Vfaba.Hedin2.R1.6§017960.1
Vfaba.Hedin2.R1.6g018200.1
Vfaba.Hedin2.R1.6g018240.1
Vfaba.Hedin2.R1.6§026360.1
Vfaba.Hedin2.R1.6g027040.1

Vfaba.Hedin2.R1.6§027480.1

Vfaba.Hedin2.R1.6§028040.1

Vfaba.Hedin2.R1.68032960.1
Vfaba.Hedin2.R1.6g037560.1
Vfaba.Hedin2.R1.6g040280.1
Vfaba.Hedin2.R1.65040680.1
Vfaba.Hedin2.R1.6g042000.1
Vfaba.Hedin2.R1.6§042600.1
Vfaba.Hedin2.R1.6g045520.1
Vfaba.Hedin2.R1.6g046360.1
Vfaba.Hedin2.R1.6§047520.1
Vfaba.Hedin2.R1.6g048160.1
Vfaba.Hedin2.R1.6g048200.1
Vfaba.Hedin2.R1.6§048640.1
Vfaba.Hedin2.R1.6g048920.1
Vfaba.Hedin2.R1.6§053960.1
Vfaba.Hedin2.R1.6§056240.1
Vfaba.Hedin2.R1.6g058160.1
Vfaba.Hedin2.R1.6§062480.1
Vfaba.Hedin2.R1.6§064920.1
Vfaba.Hedin2.R1.6g065000.1
Vfaba.Hedin2.R1.6§067520.1

Vfaba.Hedin2.R1.6§071920.1

Vfaba.Hedin2.R1.6§075760.1
Vfaba.Hedin2.R1.6g079880.1
Vfaba.Hedin2.R1.6g086080.1
Vfaba.Hedin2.R1.6§087120.1

Phosphatase 2c
G-type lectin S-receptor-like serine threonine-protein kinase
G-type lectin S-receptor-like serine threonine-protein kinase
G-type lectin S-receptor-like serine threonine-protein kinase
Belongs to the protein kinase superfamily. Ser Thr protein kinase family
Serine threonine-protein kinase Nek5-like
Serine threonine-protein kinase Nek5-like
Auxin-responsive protein
Receptor-like serine threonine-protein kinase
Auxin response factors (ARFs) are transcriptional factors that bind specifically to the DNA
sequence 5'-TGTCTC-3' found in the auxin-responsive promoter elements (AuxREs)
Auxin response factors (ARFs) are transcriptional factors that bind specifically to the DNA
sequence 5'-TGTCTC-3' found in the auxin-responsive promoter elements (AuxREs)
Serine threonine-protein kinase
Serine threonine-protein kinase
May act as a component of the auxin efflux carrier
Serine threonine-protein kinase
Serine threonine-protein kinase
Serine threonine-protein kinase-like protein
Inactive leucine-rich repeat receptor-like serine threonine-protein kinase
Auxin transporter-like protein
Serine threonine-protein kinase
Auxin-induced protein
Auxin-induced protein
G-type lectin S-receptor-like serine threonine-protein kinase
Auxin-responsive protein
Belongs to the protein kinase superfamily. Ser Thr protein kinase family
G-type lectin S-receptor-like serine threonine-protein kinase
Serine threonine-protein kinase
Auxin-responsive protein
Serine threonine-protein kinase sepA-like
Serine threonine-protein kinase sepA-like
Serine threonine-protein kinase
Auxin response factors (ARFs) are transcriptional factors that bind specifically to the DNA
sequence 5'-TGTCTC-3' found in the auxin-responsive promoter elements (AuxREs)
Checkpoint serine threonine-protein kinase
Serine threonine-protein kinase
G-type lectin S-receptor-like serine threonine-protein kinase
Belongs to the protein kinase superfamily. Ser Thr protein kinase family

4. Discussion
4.1. High-Density Genetic Linkage Map of Faba Bean

There are many methods for constructing genetic maps based on SNPs, such as restric-
tive site-associated DNA sequencing (RAD-seq), invented by Baird et al. [34], genotyping-
by-sequencing [35], specific length amplification fragment sequencing (SLAF-seq) [36],
and targeted next-generation sequencing [37]. Four high-density genetic linkage maps
were constructed for faba bean (Table 7). High-density genetic linkage maps are based
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on transcriptome data or liquid-phase gene chips developed using transcriptome data
for genotyping. The faba bean genome is currently the largest leguminous plant to be se-
quenced and contains many non-coding DNA sequences. Although the faba bean genome
is complex, the number of genes is relatively small (approximately 44,410), indicating that
the functional regions of the faba bean genome are relatively concentrated, making it easier
for researchers to conduct relevant research [19]. Recently, a high-density map of faba
bean was constructed using 12,023 SNP markers based on the Faba_bean_130 K-targeted
next-generation sequencing genotyping platform [16]. This map was the first ultra-dense
genetic map for the faba bean with an average gap of <0.1 cM (0.098 cM) between adjacent
markers. This map’s quantity, density, and distribution quality were significantly improved
compared with the genetic maps used by previous researchers. When comparing the posi-
tions of chromosomes and genes in the faba bean reference genome, only approximately
60% of the genes in each LG were located on the corresponding chromosomes. Due to the
large genome size of faba bean, the cost of re-sequencing is very high, and applying GBS can
help reduce the price of high-density genetic maps [38]. In the present study, we used GBS
technology to screen for SNP markers and constructed a map by comparing it with the faba
bean reference genome. A genetic linkage map with a length of 4089.13 cM was constructed
using 3012 SNP markers, which was longer than that used in previous studies; however,
the marker distribution was relatively uniform. The linkage map had 15 gaps greater than
20 cM, possibly due to random enzyme digestion in GBS-simplified sequencing. The gap
ratio of less than 5 cM exceeded 97%, and the gap ratio of less than 1cM exceeded 67%. The
quality of the constructed map was high and suitable for QTL mapping. This resulted in
significant missing data for some markers due to low sequencing depth and insufficient
genome coverage. Because the resequencing of faba bean is expensive, it is a good choice
to use GBS for QTL mapping. We hope our results will provide some reference significance
for fine mapping, gene mining, and cloning.

Table 7. High-density genetic linkage map based on SNP markers in faba bean.

Number of Number of Map Length Average
No. Name of Parent Progenies Markers (cM) Distance (cM) LG References
1 Nura 9 x Farah F4 (145) 1850 1439 0.8 6 [13]
HIVERNA, NOVA GRADISKA,
2 SILIAN, and QUASAR F3 (345) 1728 1547.71 0.89 6 [14]
3 Yundou 8137, H0003712, H000572 F, (371) 6895 3324.48 0.48 6 [15]
4 WY7 x TCX7 F, (121) 12,023 1182.65 0.098 6 [16]

4.2. Analysis of QTL for FPN and FPH

The distance from the bottom soil of the plant to the first pod or the FPH is a crucial
characteristic when using a mechanical combination harvester [39,40]. When the FPH is too
low, the joint harvesting opportunity is cut off, causing damage, or even missing the bottom
pod and decreasing grain yield and resulting in unnecessary losses. Furthermore, pod
height affects the quality of bottom pods. Pods that are too low and come in contact with
soil in high-humidity environments can decay and are affected by diseases and pests [22].
Compared to other agronomic traits of faba bean, most breeders did not initially consider
FPH important, and research on FPH is limited. However, with the development of
agricultural mechanisation, the importance of FPH has become increasingly apparent.

Consequently, FPH has gradually become an important trait for breeders. Pod height
has also become a criterion for measuring the suitability of faba bean varieties for mech-
anised harvesting and examining whether they can be widely promoted. Cultivating
excellent varieties of faba bean suitable for mechanical harvesting is an urgent requirement
for breeders. Identifying QTLs related to FPH is important for guiding faba bean molecular-
assisted breeding, improving mechanical harvesting efficiency, and ultimately increasing
faba bean yield.
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Reports on the QTLs of FPH have mainly focused on soybean and common bean,
with very few studies focusing on faba bean. Liang et al. [41] tested QTLs on the main
agronomic traits of 447 RIL populations. They detected five QTLs highly correlated with
FPH in four linkage groups in A2, C2,]J_1, and J_2. Yuan [42] constructed a genetic map
based on 138 RIL strains and conducted QTL testing on soybean FPH traits. Three QTLs
related to FPH were detected in the D1b linkage group. Cheng [43] used composite interval
mapping (CIM) to conduct a QTL analysis of FPH traits in RIL populations and detected
11 major QTLs in six linkage groups. Jiang et al. [21] conducted a QTL analysis on the
8-year base FPH data of 147 RILs and obtained 11 QTLs related to soybean FPH on five
chromosomes. Delfini et al. [44] used the GBS method and detected four quantitative
trait nucleotides (QTN) related to FHP in 178 Brazilian common beans, which showed a
phenotypic variation (PVE) of 3.03-10.05%.

Avila et al. [45] constructed a genetic map using the RIL population and found four
QTLs for FPH in faba bean located on four different chromosomes. Li et al. [15] identified
10 QTLs for FPN using two F, populations in six LGs. QTLs associated with FPH were
located in the two populations in LG2, LG5, and LG6. In our study, 19 QTLs associated with
FPN were located on chromosomes 1L, 1S, 2, 3, 4, 5, and 6, and 19 QTLs associated with
FPH were located on chromosomes 1L, 1S, 2, 3, 5, and 6. FPN and FPH are also within a
common interval between LG1 and LG6 [15]. We speculate that a single QTL might control
traits related to FPN and FPH. This is consistent with the results of Li et al. [15], with a QTL
controlling FPH on chromosome 6.

This study provides useful benchmark information concerning high-density genetic
mapping and QTL identification related to the FPH of the faba bean. This will accelerate
fine mapping and cloning of related genes. The limitations of this study include the limited
number of markers obtained via GBS and the inadequate density of the constructed genetic
map. However, except for a few large gaps, the marker density was relatively uniform,
which holds a substantial reference value for future QTL mapping and gene mining.

4.3. Candidate Genes Associated with FPH of Faba Bean

Currently, there is no report on the FPH gene of faba bean. To screen candidate genes
related to FPH in faba bean, we annotated 1657 genes in gFPH6-1 intervals and observed
that 36 genes may be involved in the formation of FPH. Eight genes were identified to
be associated with FPH in soybean, and four were related to signal transduction path-
ways. These includes auxin response factors, small auxin (AUX) up RNA (SAUR) family
proteins, serine/threonine protein kinases, and transmembrane amino acid transporter
family proteins. The homologous genes of these genes in Arabidopsis are involved in plant
growth and development pathways, indicating that FPH may be regulated by AUX [21].
The FPH is directly related to the number of nodes and the length of internodes. The length
of internodes is related to the process of cell elongation and division, and the length of
internodes is determined by elongation [46]. The number of nodes of the first flower (or
pod) is not the only factor that determines the height of the first pod. It affects the height
of the first pod together with the length of the internode [47]. The number of nodes and
internode length were also regulated by AUX [48,49], and AUX had a negative regulatory
effect on the formation of soybean pods [50]. Plant height and internode length could
also be controlled by other genes related to GA signal transduction [46]. Research has
shown that gibberellin plays an important role in internode elongation, and a decrease in
gibberellin content or inhibition of related gene synthesis can lead to internode shortening
and reduced HFP [51,52]. A study on peas shows that gibberellin and auxin work together
to cause internode elongation [53]. A recent report demonstrated that overexpression of
GmGAMYB, an R2R3-MYB transcription factor, promoted plant height and elongated intern-
odes in soybean plants via positive regulation of the GA-biosynthesis gene GrnGA200x [54].
Research has indicated that the regulatory mechanism of mutual antagonism between
jasmonic acid and brassinosteroids during maize internode elongation and overexpression
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of ZmbHLH154 resulted in longer internodes [55]. Therefore, our next task is to study the
role of gibberellin synthesis-related genes in controlling internode elongation.

5. Conclusions

In this study, we constructed a high-density linkage map of faba bean using SNP
markers obtained via GBS. The genetic linkage map consisted of 3012 SNP markers covering
4089.13 cM, with an average distance between adjacent markers of 1.36 cM. Based on this
genetic map, 38 QTLs were identified for FPN and FPH, including 19 QTLs each for FPN
and FPH. Through gene annotation of the co-location gFPH6-1 interval, 36 genes that may
be related to FPH were identified.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy14092013/s1, Table S1: Distribution of read num-
bers in the parents and F3 populations; Table S2: Genotyping by sequencing in the parents and
F3 populations.

Author Contributions: Conceptualisation, Y.L. and C.T.; formal analysis, S.L., WH., X.Z. and H.Z,;
writing—original draft preparation, S.L. and Y.L.; writing—review and editing, Y.L. and C.T.; funding
acquisition: Y.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the China Agriculture Research System of MOF and MARA—
Food Legumes (CARS-08) and Laboratory for Research and Utilization of Qinghai Tibet Plateau
Germplasm Resources (2023-Z]-Y01).

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding author.

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

References

1.

10.

11.

12.

13.

Benayad, A.; Taghouti, M.; Benali, A.; Aboussaleh, Y.; Benbrahim, N. Nutritional and technological assessment of durum wheat-
faba bean enriched flours, and sensory quality of developed composite bread. Saudi J. Biol. Sci. 2021, 28, 635-642. [CrossRef]
[PubMed]

Bjornsdotter, E.; Nadzieja, M.; Chang, W.; Escobar-Herrera, L.; Mancinotti, D.; Angra, D.; Xia, X.; Tacke, R.; Khazaei, H.; Crocoll,
C.; etal. VC1 catalyses a key step in the biosynthesis of vicine in faba bean. Nat. Plants. 2021, 7, 923-931. [CrossRef] [PubMed]
Hauggaard-Nielsen, H.; Mundus, S.; Jensen, E.S. Nitrogen dynamics following grain legumes and subsequent catch crops and
the effects on succeeding cereal crops. Nutr. Cycl. Agroecosyst. 2009, 84, 281-291. [CrossRef]

Stagnari, F.; Maggio, A.; Galieni, A.; Pisante, M. Multiple benefits of legumes for agriculture sustainability: An overview. Chem.
Biol. Technol. Agric. 2017, 4, 2. [CrossRef]

Cooper, ].W.; Wilson, M.H.; Derks, M.EL.; Smit, S.; Kunert, K.J.; Cullis, C.; Foyer, C.H. Enhancing faba bean (Vicia faba L.) genome
resources. J. Exp. Bot. 2017, 68, 1941-1953. [CrossRef]

Cruz-Izquierdo, S.; Avila, C.M.; Satovic, Z.; Palomino, C.; Gutiérrez, N.; Ellwood, S.R.; Phan, H.T.T.; Cubero, J.I; Torres, A.M.
Comparative genomics to bridge Vicia faba with model and closely-related legume species: Stability of QTLs for flowering and
yield-related traits. Theor. Appl. Genet. 2012, 125, 1767-1782. [CrossRef] [PubMed]

Wang, H.E; Zong, X.X,; Guan, ].P; Yang, T.; Sun, X.L.; Ma, Y.; Redden, R. Genetic diversity and relationship of global faba bean
(Vicia faba L.) germplasm revealed by ISSR markers. Theor. Appl. Genet. 2012, 124, 789-797. [CrossRef]

Yan, M.; Byrne, D.H.; Klein, PE.; Yang, J.; Dong, Q.; Anderson, N. Genotyping-by-sequencing application on diploid rose and a
resulting high-density SNP-based consensus map. Hortic. Res. 2018, 5, 17. [CrossRef]

Yin, Y.; An, W.; Zhao, J].H,; Li, Y.L,; Fan, Y.E; Chen, ].H.; Cao, Y.L.; Zhan, X.Q. Constructing the wolfberry (Lycium spp.) genetic
linkage map using AFLP and SSR markers. |. Integr. Agric. 2022, 21, 131-138. [CrossRef]

Van De Ven, W.T.G.; Waugh, R.; Duncan, N.; Ramsay, G.; Powell, W. Development of a genetic linkage map in Vicia faba using
molecular and biochemical techniques. Aspects Appl. Biol. 1991, 27, 49-54.

Sallam, A.; Arbaoui, M.; El-Esawi, M.; Abshire, N.; Martsch, R. Identification and verification of QTL associated with frost
tolerance using linkage mapping and GWAS in winter faba bean. Front. Plant Sci. 2016, 7, 1098. [CrossRef]

Ocafia-Moral, S.; Gutiérrez, N.; Torres, A.M.; Madrid, E. Saturation mapping of regions determining resistance to ascochyta blight
and broomrape in faba bean using transcriptome-based SNP genotyping. Theor. Appl. Genet. 2017, 130, 2271-2282. [CrossRef]
[PubMed]

Sudheesh, S.; Kimber, R.B.E.; Braich, S.; Forster, ].W.; Paull, ].G.; Kaur, S. Construction of an integrated genetic linkage map and
detection of quantitative trait loci for ascochyta blight resistance in faba bean (Vicia faba L.). Euphytica 2019, 215, 42. [CrossRef]


https://www.mdpi.com/article/10.3390/agronomy14092013/s1
https://www.mdpi.com/article/10.3390/agronomy14092013/s1
https://doi.org/10.1016/j.sjbs.2020.10.053
https://www.ncbi.nlm.nih.gov/pubmed/33424350
https://doi.org/10.1038/s41477-021-00950-w
https://www.ncbi.nlm.nih.gov/pubmed/34226693
https://doi.org/10.1007/s10705-008-9242-7
https://doi.org/10.1186/s40538-016-0085-1
https://doi.org/10.1093/jxb/erx117
https://doi.org/10.1007/s00122-012-1952-1
https://www.ncbi.nlm.nih.gov/pubmed/22864387
https://doi.org/10.1007/s00122-011-1750-1
https://doi.org/10.1038/s41438-018-0021-6
https://doi.org/10.1016/S2095-3119(21)63610-9
https://doi.org/10.3389/fpls.2016.01098
https://doi.org/10.1007/s00122-017-2958-5
https://www.ncbi.nlm.nih.gov/pubmed/28791437
https://doi.org/10.1007/s10681-019-2365-x

Agronomy 2024, 14, 2013 13 of 14

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

Carrillo-Perdomo, E.; Vidal, A.; Kreplak, J.; Duborjal, H.; Leveugle, M.; Duarte, J.; Desmetz, C.; Deulvot, C.; Raffiot, B.; Marget,
P; et al. Development of new genetic resources for faba bean (Vicia faba L.) breeding through the discovery of gene-based SNP
markers and the construction of a high-density consensus map. Sci. Rep. 2020, 10, 6790. [CrossRef] [PubMed]

Li, M\W,; He, YH.; Liu, R;; Li, G.; Wang, D.; Ji, Y.S.; Yan, X.; Huang, S.; Wang, C.; Ma, Y.; et al. Construction of SNP genetic maps
based on targeted next-generation sequencing and QTL mapping of vital agronomic traits in faba bean (Vicia faba L.). ]. Integr.
Agric. 2023, 22, 2648-2659. [CrossRef]

Zhao, N.; Xue, D.; Miao, Y.; Wang, Y.; Zhou, E.; Zhou, Y.; Yao, M.; Gu, C.; Wang, K.; Li, B.; et al. Construction of a high-density
genetic map for faba bean (Vicia faba L.) and quantitative trait loci mapping of seed-related traits. Front. Plant Sci. 2023, 14,
1201103. [CrossRef]

Aguilar-Benitez, D.; Casimiro-Soriguer, I.; Maalouf, E; Torres, A.M. Linkage mapping and QTL analysis of flowering time in faba
bean. Sci. Rep. 2021, 11, 13716. [CrossRef]

Carrillo-Perdomo, E.; Magnin-Robert, ].B.; Raffiot, B.; Deulvot, C.; Floriot, M.; Lejeune-Hénaut, I.; Marget, P; Burstin, J.; Tayeh, N.;
Aubert, G. A QTL approach in faba bean highlights the conservation of genetic control of frost tolerance among legume species.
Front. Plant Sci. 2022, 13, 970865. [CrossRef]

Jayakodi, M.; Golicz, A.A.; Kreplak, J.; Fechete, L.I,; Angra, D.; Bednédt, P.; Bornhofen, E.; Zhang, H.; Boussageon, R.; Kaur, S.; et al.
The giant diploid faba genome unlocks variation in a global protein crop. Nature 2023, 615, 652—-659. [CrossRef]

Paixao, C.S.S.; Da Silva, R.P; Voltarelli, M.A.; Cassia, M.T.; Tavares, T.O. Efficiency and losses in mechanical harvesting of
soybeans due to the plots format. Aust. ]. Crop Sci. 2016, 10, 765-770. [CrossRef]

Jiang, H.; Li, Y,; Qin, H.; Li, Y,; Qi, H,; Li, C.; Wang, N.; Li, R.; Zhao, Y.; Huang, S.; et al. Identification of major QTLs associated
with first pod height and candidate gene mining in soybean. Front. Plant Sci. 2018, 9, 1280. [CrossRef] [PubMed]

Zdravkovic, M.; Zdravkovic, ].; Stankovic, L.; Pavlovic, N. Combining Abilities of inheriting first pod height of some French bean
lines—Phaseolus vulgaris L. Genetika 2005, 37, 65-70. [CrossRef]

Mehmet, O. Nitrogen rate and plant population effects on yield and yield components in soybean. Afr. ]. Biotechnol. 2008, 7,
4464-4470.

Roman, B.; Satovic, Z.; Avila, C.M.; Rubiales, D.; Moreno, M.T.; Torres, A.M. Locating genes associated with ascochyta fabae
resistance in Vicia faba. Aust. ]. Agric. Res. 2003, 54, 85-90. [CrossRef]

Zong, X.X; Bao, S.Y,; Guan, ].P; Wang, X.O.; Wang, Z.G. Descriptors and Data Standard for Faba Bean (Vicia faba L.); China Agriculture
Press: Beijing, China, 2006; pp. 9-23. (In Chinese)

Qi, HK.; Wang, N.; Qiao, W.Q.; Xu, Q.H.; Zhou, H.; Shi, ].B.; Yan, G.T.; Huang, Q. Construction of a high-density genetic map
using genotyping by sequencing (GBS) for quantitative trait loci (QTL) analysis of three plant korphological traits in upland
cotton (Gossypium hirsutum L.). Euphytica 2017, 213, 83. [CrossRef]

Tisne, S.; Reymond, M.; Vile, D.; Fabre, J.; Dauzat, M.; Koornneef, M.; Granier, C. Combined genetic and modeling approaches
reveal that epidermal cell area and number in leaves are controlled by leaf and plant developmental processes in Arabidopsis.
Plant Physiol. 2008, 148, 1117-1127. [CrossRef] [PubMed]

Li, H,; Durbin, R. Fast and accurate short read alignment with burrows-wheeler transform. Bioinformatics 2009, 25, 1754-1760.
[CrossRef]

Cloutier, S.; Edwards, T.; Zheng, C.; Booker, HM.; Islam, T.; Nabetani, K.; Kutcher, H.R.; Molina, O. You FM. Fine-mapping of a
major locus for Fusarium wilt resistance in flax (Linum usitatissimum L.). Theor Appl Genet. 2024, 137, 27. [CrossRef] [PubMed]
[PubMed Central]

Meng, L.; Li, H.; Zhang, L.; Wang, J. QTL IciMapping: Integrated software for genetic linkage map construction and quantitative
trait locus mapping in biparental populations. Crop J. 2015, 3, 269-283. [CrossRef]

Voorrips, R.E. MapChart: Software for the graphical presentation of linkage maps and QTLs. ]. Hered. 2002, 93, 77-78. [CrossRef]
Yang, M.].; Wang, C.R.; Hassan, M.A.; Wu, Y.Y,; Xia, X.C.; Shi, S.B.; Xiao, Y.G.; He, Z.H. QTL Mapping of seedling biomass and
root traits under different nitrogen conditions in bread wheat (Triticum aestivum L.). |. Integr. Agric. 2021, 20, 1180-1192. [CrossRef]
Xiong, H.; Li, Y,; Guo, H.; Xie, Y.; Zhao, L.; Gu, J.; Zhao, S.; Ding, Y.; Liu, L. Genetic mapping by integration of 55K SNP array and
KASP markers reveals candidate genes for important agronomic traits in hexaploid wheat. Front. Plant Sci. 2021, 12, 628478.
[CrossRef] [PubMed]

Baird, N.A.; Etter, PD.; Atwood, T.S.; Currey, M.C.; Shiver, A.L.; Lewis, Z.A.; Selker, E.U.; Cresko, W.A.; Johnson, E.A. Rapid SNP
discovery and genetic mapping using sequenced RAD markers. PLoS ONE 2008, 3, e3376. [CrossRef] [PubMed]

Elshire, RJ.; Glaubitz, J.C.; Sun, Q.; Poland, J.A.; Kawamoto, K.; Buckler, E.S.; Mitchell, S.E. A robust, simple genotyping-by-
sequencing (GBS) approach for high diversity species. PLoS ONE 2011, 6, €19379. [CrossRef]

Sun, X; Liu, D.; Zhang, X.; Li, W.; Liu, H.; Hong, W,; Jiang, C.; Guan, N.; Ma, C.; Zeng, H.; et al. SLAF-Seq: An efficient method of
large scale de novo SNP discovery and genotyping using high-throughput sequencing. PLoS ONE 2013, 8, e58700. [CrossRef]
[PubMed]

Wang, C.; Liu, R;; Liu, Y,; Hou, W.; Wang, X.; Miao, Y.; He, Y;; Ma, Y,; Li, G.; Wang, D.; et al. Development and application of the
faba_bean_130k targeted next-generation sequencing snp genotyping platform based on transcriptome sequencing. Theor. Appl.
Genet. 2021, 134, 3195-3207. [CrossRef]

Poland, J.A.; Brown, PJ.; Sorrells, M.E.; Jannink, J.L. Development of high-density genetic maps for barley and wheat using a
novel two-enzyme genotyping-by-sequencing approach. PLoS ONE 2012, 7, €32253. [CrossRef]


https://doi.org/10.1038/s41598-020-63664-7
https://www.ncbi.nlm.nih.gov/pubmed/32321933
https://doi.org/10.1016/j.jia.2023.01.003
https://doi.org/10.3389/fpls.2023.1201103
https://doi.org/10.1038/s41598-021-92680-4
https://doi.org/10.3389/fpls.2022.970865
https://doi.org/10.1038/s41586-023-05791-5
https://doi.org/10.21475/ajcs.2016.10.06.p6678
https://doi.org/10.3389/fpls.2018.01280
https://www.ncbi.nlm.nih.gov/pubmed/30283463
https://doi.org/10.2298/GENSR0501065Z
https://doi.org/10.1071/AR02034
https://doi.org/10.1007/s10681-017-1867-7
https://doi.org/10.1104/pp.108.124271
https://www.ncbi.nlm.nih.gov/pubmed/18701672
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1007/s00122-023-04528-2
https://www.ncbi.nlm.nih.gov/pubmed/38245903
https://www.ncbi.nlm.nih.gov/pmc/PMC10800302
https://doi.org/10.1016/j.cj.2015.01.001
https://doi.org/10.1093/jhered/93.1.77
https://doi.org/10.1016/S2095-3119(20)63192-6
https://doi.org/10.3389/fpls.2021.628478
https://www.ncbi.nlm.nih.gov/pubmed/33708233
https://doi.org/10.1371/journal.pone.0003376
https://www.ncbi.nlm.nih.gov/pubmed/18852878
https://doi.org/10.1371/journal.pone.0019379
https://doi.org/10.1371/journal.pone.0058700
https://www.ncbi.nlm.nih.gov/pubmed/23527008
https://doi.org/10.1007/s00122-021-03885-0
https://doi.org/10.1371/journal.pone.0032253

Agronomy 2024, 14, 2013 14 of 14

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Kowalczuk, J. Pattern of seed losses and damage during soybean harvest with grain combine harvesters. Int. Agrophys. 1999, 13,
103-107.

Fratini, R.; Durdn, Y.; Garcia, P.; Pérez de la Vega, M. Identification of quantitative trait loci (QTL) for plant structure, growth
habit and yield in lentil. Span. ]. Agric. Res. 2007, 5, 348-356. [CrossRef]

Liang, H.Z.; Yu, Y.L,; Yang, H.Q.; Zhang, H.Y.; Dong, W.; Li, C.Y.; Du, H.; Gong, P.T.; Liu, X.Y.; Fang, X.J. Soybean yield and main
agronomic properties analysis of epistatic and environmental interactions of QTLs in crops. Acta Agron. Sin. 2014, 40, 37—44.
[CrossRef]

Yuan, B.Q. QTL Analysis of Yield Related Traits in Soybean. Master’s Thesis, Shenyang Agricultural University, Shenyang, China,
2018.

Cheng, C.G. Development and Utilization of Soybean Pod Height Markers. Master’s Thesis, Northeast Agricultural University,
Harbin, China, 2018.

Delfini, J.; Moda-Cirino, V.; dos Santos Neto, J.; Zeffa, D.M.; Nogueira, A.F,; Ribeiro, L.A.B.; Ruas, PM.; Gepts, P.; Gongalves,
L.S.A. Genome-wide association study identifies genomic regions for important morpho-agronomic traits in Mesoamerican
common bean. Front. Plant Sci. 2021, 12, 748829. [CrossRef] [PubMed]

Avila, CM.; Ruiz-Rodriguez, M.D.; Cruz-Izquierdo, S.; Atienza, S.G.; Cubero, ].I.; Torres, A.M. Identification of plant architecture
and yield-related QTL in Vicia faba L. Mol. Breed. 2017, 37, 88. [CrossRef]

McKim, S.M. Moving on up-controlling internode growth. New Phytol. 2020, 226, 672—-678. [CrossRef]

Kuzbakova, M.; Khassanova, G.; Oshergina, I; Ten, E.; Jatayev, S.; Yerzhebayeva, R.; Bulatova, K.; Khalbayeva, S.; Schramm, C;
Anderson, P; et al. Height to First Pod: A review of genetic and breeding approaches to improve combine harvesting in legume
crops. Front. Plant Sci. 2022, 13, 948099. [CrossRef] [PubMed]

Walsh, T.A.; Neal, R.; Merlo, A.O.; Honma, M.; Hicks, G.R.; Wolff, K.; Matsumura, W.; Davies, ].P. Mutations in an auxin receptor
homolog AFB5 and in SGT1b confer resistance to synthetic picolinate auxins and not to 2,4-dichlorophenoxyacetic acid or
indole-3-acetic acid in Arabidopsis. Plant Physiol. 2006, 142, 542-552. [CrossRef]

Wilson, P.A.; Hanan, J.S.; Room, PM.; Chakraborty, S.; Doley, D. Using lindenmayer systems to model morphogenesis in a tropical
pasture legume Stylosanthes scabra. Can. J. Bot. 1999, 77, 394—403. [CrossRef]

Nonokawa, K.; Kokubun, M.; Nakajima, T.; Nakamura, T.; Yoshida, R. Roles of auxin and cytokinin in soybean pod setting. Plant
Product. Sci. 2007, 10, 199-206. [CrossRef]

Huyghe, C. Genetics and genetic modifications of plant architecture in grain legumes: A review. Agronomie 1998, 18, 383—411.
[CrossRef]

Goémez, G.E,; Ligarreto, G.A. Analysis of genetic effects of major genes on yield traits of a pea (Pisum sativum L.) cross between
the Santa Isabel x WSU 31 Varieties. Agron. Colomb. 2012, 30, 317-325.

Ross, ].J.; O'Neill, D.P,; Rathbone, D.A. Auxin-gibberellin interactions in pea: Integrating the old with the new. J. Plant Growth
Regul. 2003, 22, 99-108. [CrossRef]

Yang, X.; Li, X.; Shan, J.; Li, Y.; Zhang, Y.; Wang, Y.; Li, W.; Zhao, L. Overexpression of GmGAMYB accelerates the transition to
flowering and increases plant height in soybean. Front. Plant Sci. 2021, 12, 667242. [CrossRef] [PubMed]

Wang, X.; Ren, Z.; Xie, S.; Li, Z.; Zhou, Y.; Duan, L. Jasmonate mimic modulates cell elongation by regulating antagonistic bHLH
transcription factors via brassinosteroid signaling. Plant Physiol. 2024, 195, 2712-2726. [CrossRef] [PubMed]

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.


https://doi.org/10.5424/sjar/2007053-255
https://doi.org/10.3724/SP.J.1006.2014.00037
https://doi.org/10.3389/fpls.2021.748829
https://www.ncbi.nlm.nih.gov/pubmed/34691125
https://doi.org/10.1007/s11032-017-0688-7
https://doi.org/10.1111/nph.16439
https://doi.org/10.3389/fpls.2022.948099
https://www.ncbi.nlm.nih.gov/pubmed/36186054
https://doi.org/10.1104/pp.106.085969
https://doi.org/10.1139/b98-217
https://doi.org/10.1626/pps.10.199
https://doi.org/10.1051/agro:19980505
https://doi.org/10.1007/s00344-003-0021-z
https://doi.org/10.3389/fpls.2021.667242
https://www.ncbi.nlm.nih.gov/pubmed/34040624
https://doi.org/10.1093/plphys/kiae217
https://www.ncbi.nlm.nih.gov/pubmed/38636101

	Introduction 
	Materials and Methods 
	Population and Phenotypic Data Measurement 
	DNA Extraction and SNP Genotyping 
	Statistical Analysis 
	Comparison with Reference Genome 
	Genetic Linkage Map Construction 
	QTL Mapping 
	Candidate Gene Prediction for the QTLs of FPH 

	Results 
	Phenotypic Analysis and Correlation Analysis 
	Genotyping-by-Sequencing 
	Construction of High-Density Genetic Map 
	QTL Mapping of FPN and FPH 
	Mining of Candidate Genes 

	Discussion 
	High-Density Genetic Linkage Map of Faba Bean 
	Analysis of QTL for FPN and FPH 
	Candidate Genes Associated with FPH of Faba Bean 

	Conclusions 
	References

