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Abstract

Background Lodging, a crucial agronomic trait linked to soybean yield, poses a significant challenge in soybean
production. Nevertheless, there has been less research on soybean lodging compared to other important agronomic
traits, hindering progress in breeding high-yield soybeans. Our goals were to investigate lodging, pinpoint
quantitative trait loci (QTL) linked to lodging, and forecast potential candidate genes linked to this trait. To achieve
this, we employed a recombinant inbred line (RIL) population derived from a cross between Guizao 1 and B13 (GB)
across various environments.

Results The lodging score of the RIL population was found to be significantly positively correlated with flowering
time, maturity time, plant height, number of main stem nodes, stem diameter, and internode length, with correlation
coefficients ranging from 0.457 to 0.783. A total of 84 QTLs associated with soybean lodging and related traits were
identified using the GB population. The contribution of phenotypic variance ranged from 1.26 to 66.87%, with LOD
scores ranging from 2.52 to 69.22. Additionally, within these QTLs, a stable major QTL associated with lodging was
newly discovered in the GB population. Out of the ten major QTLs associated with other related traits, nine of them
were situated within the gLD-4-1 interval of the major lodging score locus, displaying phenotypic variations ranging
from 12.10 to 66.87%. Specific alterations in gene expression were revealed through the analysis of resequencing data
from the two parental lines, potentially indicating their significant roles in lodging. Subsequently, it was determined
through gRT-PCR that four genes are likely to be the major genes controlling soybean lodging.

Conclusions This study’s findings offer valuable insights into the genetic underpinnings of soybean lodging
resistance traits. By comprehending the potential genetic factors associated with lodging, this research lays the
groundwork for breeding high-yield soybeans with improved lodging resistance.
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Background

Soybean (Glycine max [L.] Merr.) is a significant oil and
protein crop with origins dating back approximately
5,000 years to ancient China [1, 2]. Given the rising global
population and improving living standards, there is an
expectation that soybean production will need to meet
consumer demands by 2050 [3]. Consequently, the aim of
crop breeding is to develop agricultural plants with desir-
able traits [4].

In recent decades, numerous studies have employed
molecular markers and QTL analysis to investigate and
identify desired agronomic traits in crops [5-8]. The
rapid advancement of molecular biology technology has
facilitated the widespread adoption of DNA molecu-
lar marker techniques in various domains, including
gene mapping and identification [9-11]. Conventional
molecular markers include restriction fragment length
polymorphism (RFLP), random amplified polymorphic
DNA (RAPD), amplified fragment length polymorphism
(AFLP), and simple sequence repeat (SSR) markers [12—
16]. With the ongoing advancement of molecular biology
technology, a novel molecular marker known as SNP has
emerged, demonstrating rich and stable genetic varia-
tions within the genome [17, 18]. The creation of high-
density genetic linkage maps through high-throughput
SNP genotyping platforms is of paramount importance
for precise QTL mapping and the exploration of essential
agricultural traits [19, 20]. Subsequently, many scholars
have identified a total of 27 QTLs using RFLP and SSR
molecular markers.

Crop lodging represents an agronomic trait influenced
by multiple factors, including genetics, cultivation prac-
tices, climate, and ecology. It is closely linked to plant
height, stem thickness, stem strength, root weight, root
length, and root volume [21-24]. Numerous QTLs asso-
ciated with soybean lodging have been identified in prior
research. Mansur et al. [25] detected a QTL on chromo-
some 19 closely linked to RFLP markers using an F,;
population resulting from a cross between PI27890 x
PI27890. Subsequently, Lee et al. [26] successfully iden-
tified 18 lodging QTLs employing F, populations and
RFLP molecular markers. Orf et al. [27] discovered two
QTLs on chromosome 6 tightly linked to RFLP mark-
ers using a recombinant inbred line (RIL) population
derived from a cross between Minsoy X Archer. Specht et
al. [28] found five QTLs on chromosomes 6, 12, and 19,
using SSR and RFLP markers in an F.,;; population from
a Minsoy X Noir1 cross. Chapman et al. [29] uncovered a
QTL on chromosome 11 closely linked to SSR markers in
an F,¢ population from an Essex X Essex cross. Wang et
al. [30] identified a QTL on chromosome 9 closely linked
to SSR markers in a BC2F4 population from an 1A2008
% PI1468916 cross. Zhang et al. [31] identified eight QTLs
on chromosomes 6 and 13, using SSR and RFLP markers
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in an F,,; population from a Kefeng No.1 X Nannong
1138-2 cross. Subsequently, SSR molecular markers
became widely adopted by scholars for detecting 15 lodg-
ing QTLs on various chromosomes [32-36]. Additionally,
some scholars successfully detected lodging QTLs using
SNP molecular markers [37]. Lee et al. [22] identified
five QTLs on chromosomes 4, 6, and 19 closely linked to
SNPs in an F, population from crosses between Wyandot
x PI567301B. In summary, previous research has identi-
fied 20 chromosomes containing QTLs associated with
soybean lodging, utilizing various molecular markers.

This study aims to utilize the GB populations and high-
density genetic linkage maps to pinpoint the locus asso-
ciated with lodging across multiple environments and
to identify stable major-effect QTLs related to soybean
lodging. Furthermore, we aim to identify candidate genes
responsible for regulating soybean lodging. The lodging
QTLs and genes identified in this study may contribute
to a deeper understanding of the genetic mechanisms
underlying lodging and provide valuable guidance for
future efforts to improve soybean yields.

Materials and methods

Plant materials

The RIL populations were created through a cross
between two distinct soybean accessions, Guizao 1 X B13,
and comprised 248 Fg.;; lines [38]. Guizao 1 belongs to
the early-maturing soybean varieties of southern China,
selected by the Guangxi Zhuang Autonomous Region
Academy of Agricultural Sciences. B13 is an imported
variety from Brazil. Both the parental lines and the 248
RILs were cultivated in three replicates in July of 2020,
2021, and 2022 and in March of 2021 at the Teaching and
Research Base of Zengcheng (23°14’'N, 113°38’E), and also
in July 2020 at the Experimental Teaching Base of Guang-
zhou (23°10'N, 113°22'E), denoted as 20ZC, 21ZC-2,
227C, 21ZC-1, and 20GZ, respectively. The experimental
planting followed a completely randomized block design,
with one row allocated per line, a row length of 1.5 m, a
row spacing of 0.5 m, and a plant spacing of 0.1 m. Field
management adhered to conventional practices, and no
occurrences of pests or diseases were observed during
the growth period.

Phenotypic statistics and analysis

The improvement in lodging score is categorized into five
levels, and during the soybean R8 phase, it is required
that a minimum of 80% of the plants display a tilted
angle [22, 25]. These levels are defined as follows: Level
1: Nearly all plants are upright. Level 2: The angle of plant
inclination does not exceed 15°. Level 3: The tilt angle
ranges from 15° to 45°. Level 4: The tilt angle ranges from
45° to 85°. Level 5: The tilt angle exceeds 85°. Other key
traits measured include: Flowering time: The presence of
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an open flower on any section of the main stem. Maturity
time: When 95% of the pods achieve maturity based on
pod color. Plant height: The distance from the cotyledon
to the top of the plant stem, excluding the inflorescence.
Number of main stem nodes: The count of nodes starting
above the cotyledon node, excluding the apical inflores-
cence and cotyledon nodes. Stem diameter: The diameter
of the first internode of the stem. Internode length: The
ratio of plant height to the number of main stem nodes.
Grain weight per plant: The weight of seeds produced per
plant. Among these traits, plant height, stem diameter,
and the number of main stem nodes were assessed using
two plants for each repetition [32, 33, 39, 40].

The mean of the phenotypic data collected from the
GB RIL population across five natural environments was
computed to represent the phenotypic data of the com-
bined environment. These data encompassed lodging
score, flowering time, maturity time, plant height, num-
ber of main stem nodes, stem diameter, internode length,
and grain weight per plant across various natural envi-
ronments. Statistical parameters for lodging and related
traits were computed between the parental lines and
their respective RIL individuals in each environment and
for the combined environment using IBM SPSS Statistics
26.0 (SPSS, Inc., Chicago, IL, USA). Descriptive statistics
of phenotype data were obtained through analysis of vari-
ance (ANOVA), including measures such as maximum,
minimum, mean, range of variation, standard deviation,
coefficient of variation (CV), kurtosis, and skewness for
the two RIL populations.

Analysis of variance (ANOVA) and the estimation of
broad-sense heritability (h?) were performed on the phe-
notypic data collected from the five natural environments
utilizing Genstat 12th Edition software. The formulae
[41] were as follows:

h*=0, =(0°+ 0%, /n+0°, /n).

where ng denotes genotype variance, GQge denotes
genotype X environment interaction variance, and o2,
denotes variance error. “n” denotes the number of envi-
ronments, and “r” denotes the number of replicates per
environment.

Linkage map construction and QTL mapping

The construction of genetic maps for the RIL populations
in this study followed previously described methods [38].
These maps encompassed 3,748 bin markers identified
in the 248 individuals, covering a total of 3,031.93 cM.
The average genetic distance between adjacent bin mark-
ers on each chromosome within the GB RIL popula-
tion ranged from 0.60 to 1.03 cM. These high-density
linkage maps provided enhanced resolution compared
to traditional maps. To identify the positions of QTLs,
we employed the Composite Interval Mapping (CIM)
method using WinQTLCart 2.5 software. The threshold
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for LOD (logarithm of odds) scores for different traits
was set at 2.5, corresponding to the 5% significance level.
LOD scores exceeding 2.5 were considered indicative of
the presence of QTLs. The distribution of all identified
QTLs on the linkage map was visualized using MapChart
software. Each detected QTL was denoted by a combi-
nation of one or more letters representing trait abbre-
viations and chromosome numbers [42]. Specifically, “q”
represented QTL, LD represented lodging score, FT rep-
resented flowering time, MT represented maturity time,
PH represented plant height, SD represented stem diam-
eter, NMSN represented the number of main stem nodes,
IL represented internode length, and GWPP represented
grain weight per plant. The number immediately follow-
ing indicated the chromosome number, followed by the
sequence number [43].

Prediction of candidate genes in the major stable QTL
interval

For this analysis, information regarding the Glyma.
Wm82.a2.vl gene model was sourced from SoyBase
(http://www.soybase.org), focusing on the physical inter-
vals of both stable and novel QTLs. Functional gene
annotation information for candidate genes within these
QTLs was assigned based on the Glyma.Wm82.a2.v1 ref-
erence genome sequence available at (https://phytozome.
jgi.doe.gov) and SoyBase. To further elucidate the roles
of these candidate genes, an online data analysis plat-
form and cloud-based tools (https://www.omicstudio.cn/
tool/22) were utilized to conduct Gene Ontology (GO)
annotation, categorizing the functions associated with all
genes found within the stable and novel QTLs. In addi-
tion to functional annotation, reference gene expression
data were obtained from the ePlant database (https://
bar.utoronto.ca/eplant_soybean/), which includes RNA-
seq data from various soybean samples, specifically from
Shoot Apex, Hypocotyl, and Stem, all located within the
major and stable QTL interval. To provide insights into
tissue-specific expression patterns, an online resource
(https://www.omicstudio.cn/tool/59) was employed to
generate heat maps depicting the expression patterns of
candidate genes [44]. Moreover, an assessment of genetic
variation among candidate genes between the parental
lines was conducted based on resequencing data of the
parental lines. Whole-genome sequencing of Guizao 1
and B13 was performed using the Illumina HiSeq X Ten
platform, with an average sequencing depth of 8x [45].
High-quality sequencing data from these parental lines
were analyzed to predict structural variations in the
genes.

Quantitative real-time PCR (qRT-PCR) analysis
Root and stem tissues from the two parental lines
(Guizao 1 and B13) were preserved at -80 °C. Total RNA
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extraction from the roots and stems was performed using
the Plant Total RNA Purification Kit (Promega (Beijing)
Biotech Co., Ltd). Subsequently, one microgram of RNA
underwent genomic DNA removal and reverse transcrip-
tion using the TransScript One-Step gDNA Removal
and cDNA Synthesis SuperMix kit (Novoprotein). Gene
expression levels were assessed through qRT-PCR analy-
sis conducted with the CFX96 Real-Time System (Bio-
Rad). The PCR cycling conditions were as follows: an
initial denaturation step at 95 °C for 1 min, followed by
40 cycles of denaturation at 95 °C for 10 s, annealing
at 55.0-60.0 °C (depending on the gene) for 10 s, and
extension at 72 °C for 30 s [46]. The soybean ACT3 gene
[47] was amplified as a reference control. The resulting
expression data were calculated using the comparative
cycle threshold method (2~ALY, and the experiments
were independently repeated three times [48]. Specific
primer sequences for each gene used in this analysis can
be found in Table S1.
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Results

Correlation analysis of lodging score and related traits

The box plots displaying phenotypic data for various
environmental traits (Fig. 1) indicate minimal variation in
the data across the years. Consequently, the mean values
of the data for each trait were employed in the correlation
analysis (Table 1). In the GB population, the lodging score
displays highly significant positive correlations with sev-
eral traits, including flowering time, maturity time, plant
height, number of main stem nodes, stem diameter, and
internode length. The correlation coefficients for these
relationships range from 0.457 to 0.783. However, there
is no significant correlation observed between lodging
score and grain weight per plant. The correlation coeffi-
cients between lodging score and each of the correlated
traits are as follows: Flowering time: 0.698 Maturity time:
0.483 Plant height: Highest correlation at 0.783 Number
of main stem nodes: 0.749 Stem diameter: 0.457 Inter-
node length: 0.564 In contrast, grain weight per plant
exhibits no significant correlation, with a correlation
coefficient of 0.050. These findings indicate that the cor-
relations between soybean lodging and other agronomic
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Fig. 1 Box Plot of Lodging and Related Traits. (A) Lodging Score, (B) Flowering Time, (C) Maturity Time, (D) Plant Height, (E) Number of Main Stem Nodes,
(F) Stem Diameter, (G) Internode Length, (H) Grain Weight per Plant. Environments: Guangzhou 2020 (20GZ), Zengcheng 2020 (20ZC), Zengcheng Spring
2021 (21ZC-1), Zengcheng Summer 2021 (21ZC-2), Zengcheng 2022 (227C), Combined Environment (CE)



Chen et al. BMC Genomics

(2024) 25:900

21ZC-2
120 i
g % 2
3 H
S ¢ s
5 5
548 * H
€ €
5 5
z 2 H
0

1.2 3 4 5
Lodging score

@
kS

IS
%

©
9

B3

o

227C
| G B
) 2 3 4 5

Number of values

Lodging score

Page 5 of 16

Combined

120 G B
96
72
48
24
o
1 2 3 4 5

Lodging score

A 20GZ 20zC 21ZC1
B
80 1509 G 120 G
64 @ 120 2 96
g GB 2 H
S a8 E 90: B S 72
s S s
3 32 2 60 S 48
H E £
H H 5
Z 16 Zz 30 z 2
o 0 0
1.2 3 4 5 1. 2 3 4 5 1.2 3 4 5
Lodging score Lodging score Lodging score
B
202C 212C-1 21zC-2
70 B
409 G 50 B
56
g g 32 @ 40 *
s E] 5 G
£ a2 S $ 30
2 s 5
S 28 ] 5
2 16 20
£ G B H £
3 3 ]
Z 14 ‘ z g Z 10
0 [ 0
32 36 40 44 48 52 36 40 44 48 52 56 60 64 34 38 42 46 50 54
Flowering time Flowering time Flowering time
21ZC-2 227C Combined
120 50 0
3 9 g 40 §4o
2 3 2
2 72 £ 30 3 30
5 5 s
£ v E v 2
z 2 Z 10 i 10
T T T T T T T T T T T T J J ! L v !
80 86 92 98 104 110 116 80 86 92 98 104 80 86 92 98 104 110
Maturity time Maturity time Maturity time
E
21ZC-2 227C Combined
60 G B 35: 50 B
vy i
g 48 o 28 B gad ¢ v
H £ e * 3
S 36 $ 21 * E 30
s S °
324 314 220
£ H £
E El 3
Z 12 z 7 Z 10
T T T T 1) T T T T T T L T T T T T T T T
9 11 13 15 17 19 21 10 12 14 16 18 20 22 10 12 14 16 18 20
Number of main stem nodes Number of main stem nodes Number of main stem nodes
212C-2 227C Combined
B
40 50 .
GB @ 40
32 g 40 + 4 G
E] E] 2
$ 24 G S 30 < ‘30
s B 5 3
2 M 5
R0 £ 20 SF20
: E =
z g Z 10 =40
0 [}

24 3.0 3.6 42 48 54
Internode length(cm)

22 2.8 3.4 4.0 46 5.2

Internode length(cm) Internode length(cm)

24 30 36 42 48 54

Combined

60
B
G
o
34 38 42 46 50 54
Flowering time

Number of values
X 8 &

N

Number of values
o 5 8 8 &8 8
®
§
w O

32 36 40 44 48 52 56

Flowering time

212C-2 227C Combined
G
50 40 50
g4 B g %2 8 w1 ¢ B
N 2] o lis 2w
s 5 * s
2 20 216 2 20
: : s
Z 10 ERN Z 10
0 0 o
30 40 50 60 70 80 90 25 35 45 55 65 75 85 95 30 40 50 60 70 80 90
Plant height(cm) Plant height(cm) Plant height{cm)
21ZC-2 227C Combined
40 50 B 50
40
g% g 40 H
s g g
> > 30 > 30
Su cB - 3 B
£ 16 £ 2 20
£ £ £
5 5 H
z 8 Z 10 Z 10
0 0 0
0.44 0.52 0.60 0.68 0.76 0.44 0.56 0.68 0.80 0.92 0.50 0.58 0.66 0.74 0.82
Stem diameter(cm) Stem diameter(cm) Stem diameter(cm)
H

21zC-2 Combined

3

E3

kS

Number of values
Number of values

GB

N

222C
cB

50 6
40 4
30 36
20 2
10 1

0 0

B
8 12 16 20 24 28 32 10 14 18 22 26
Grain weight per plant(g) Grain weight per plant(g)

Number of values
2w A& @ @
o @» & & & S

6 10 14 18 22 26
Grain weight per plant(g)

Fig. 2 Frequency Distribution of Lodging-Related Traits in the GB Population Across Multiple Environments. Environments: Guangzhou 2020 (20GZ),
Zengcheng 2020 (20ZC), Zengcheng Spring 2021 (21ZC-1), Zengcheng Summer 2021 (212C-2), Zengcheng 2022 (227C), Combined Environment (CE).
"G"represents the female parent Guizao1, and “B"represents the male parent B13. Figures A to H indicate the lodging score, flowering time, maturity time,
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traits can serve as valuable references for selecting high-
yield varieties in field-based breeding programs.

Descriptive statistical analysis of soybean lodging related
traits and estimates of broad-sense heritability

Descriptive statistical analysis was conducted on the
phenotypic data (Table 2). The results revealed that
both parental lines exhibited mild lodging scores. How-
ever, the RIL populations displayed a wide range of

family variation, with coefficients of variation ranging
from 28.44 to 51.94%. This wide variation encompasses
extreme traits, providing a solid foundation for QTL
mapping of lodging. Similar patterns were observed in
other lodging-related traits within the RIL population,
indicating parental segregation and laying the ground-
work for QTL mapping. The coefficients of variation for
various traits are as follows: 11.34—13.00% for flowering
time, 5.99-7.00% for maturity time, 20.20-28.51% for



Chen et al. BMC Genomics (2024) 25:900 Page 6 of 16

Table 1 Correlation Analysis between Lodging Score and Related Traits in the GB Population

Trait # LD PH NMSN FT L MT sD GWPP
LD 1

PH 0.783" 1

NMSN 0.749" 0.849" 1

FT 0.698" 0818" 0819” 1

IL 0.564" 079" 0.387" 0.540" 1

MT 0483" 0696 0.648" 0.801" 0.503" 1

SD 0457" 0625 0677" 0698 0.353" 0614 1

GWPP 0.050 0077 0.057 0.025 0.081 0.041 0.191™ 1

#Lodging score (LD), Plant height (PH), Number of main stem nodes (NMSN), Flowering time (FT), Internode length (IL), Maturity time (MT), Stem diameter (SD), Grain
weight per plant (GWPP)

" Significant at the 0.01 probability level

Table 2 Descriptive statistical table for lodging and related traits of parents and the GB Population in various environments
Trait # Env.? Parents® RILs

G¢ Bd Range Mean+SD ¢ V(%) f Skewness Kurtosis
LD 20ZC 2.00 2.00 1.00-5.00 3.13£1.30 41.68 -0.234 -1.079
20GZ 1.00 2.00 1.00-5.00 1.79+0.93 51.94 0.802 -0.640
217C-1 233 267 1.00-5.00 260+0.74 2844 -0.115 -0.609
217C-2 1.60 1.75 1.00-5.00 246+£1.13 46.00 0.577 -0482
227C 1.75 217 1.00-5.00 298+1.27 42.92 -0.020 -1.331
CE 1.74 212 1.00-5.00 2.60+0.85 32.68 0.115 -1.056
FT 207C 33.00 49.00 31.00-53.00 41.04+4.65 11.34 0.039 -0.811
217C1 3843 50.82 36.00-64.33 46.51+7.24 15.57 -0.042 -1.167
217C-2 3440 46.15 33.00-56.00 42.73+£5.58 13.00 -0.097 -1.040
227C 33.50 45,08 32.67-56.33 43.14+540 1251 0.284 -0.666
CE 34.83 47.76 33.17-56.42 4336+544 12.55 -0.030 -1.088
MT 217C-2 7945 109.85 80.67-115.00 100.794+7.19 7.00 -1.090 0.571
227C 80.58 106.83 80.33-108.67 96.57+5.79 5.99 -0.358 -0.538
CE 80.02 108.34 80.50-111.33 98.71+6.31 6.39 -0.787 0.110
PH 217C-2 40.07 60.27 28.83-96.17 49.08+9.92 20.20 0611 1.254
227C 35.80 58.70 26.92-98.00 59.56+16.98 28.51 0.073 -1.038
CE 3793 5948 28.54-90.42 5427+12.74 2348 0.125 -0.729
NMSN 217C-2 13.07 15.20 8.67-20.67 13.65+1.84 13.51 0.145 0.290
227C 10.60 17.20 9.67-22.83 1533+£3.27 2135 0.298 -0.904
CE 11.83 16.20 9.67-20.58 14454222 1533 0.073 -0.743
SD 217C-2 0.63 0.65 0.43-0.78 0.58+0.07 12.00 0.291 -0.309
227C 043 0.77 0.45-0.95 0.71£0.10 14.45 0.016 -0474
CE 0.53 0.71 0.49-0.83 0.65+0.07 10.80 -0.019 -0459
IL 217C-2 3.07 3.96 2.16-5.66 3.62+0.62 1717 0.383 0.148
227C 346 344 246-542 3.85+0.52 1348 0.174 0.246
CE 3.27 3.70 240-5.46 3.74+0.50 13.31 0.229 0.216
GWPP 217C-2 7.08 7.37 5.68-2647 13.38+3.13 2340 0.608 0.948
227C 15.40 18.08 8.63-33.66 18.96+4.63 2442 0.597 0423
CE 11.24 12.73 10.15-25.86 16.17+£2.95 18.25 0.722 0.524

#Lodging score (LD), Flowering time (FT), Maturity time (MT), Plant height (PH), Number of main stem nodes (NMSN), Stem diameter (SD), Internode length (IL), Grain
weight per plant (GWPP)

2 Environment; Guangzhou in 2020 (20GZ), Zengcheng in 2020 (20ZC), Zengcheng Spring in 2021 (21ZC-1), Zengcheng Summer in 2021 (21ZC-2), Zengcheng in 2022
(22ZC), Combined Environment (CE)

b Parents of GB RIL population

€ Female parent of GB RIL population (Guizao 1)
9 Male parent of GB RIL population (B13)

€ Standard deviation

fCoefficient of variation
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plant height, 13.51-21.35% for the number of main stem
nodes, 10.80-14.45% for stem diameter, 13.31-17.17%
for internode length, and 18.25-24.42% for grain weight
per plant.

Several traits, including lodging score, flowering time,
maturity time, and plant height, exhibit kurtosis and
skewness values greater than 1. These values indicate
the presence of numerous influential factors influencing
these traits. The segregation of these traits in the RILs is
governed by multiple genes, aligning with the character-
istics of quantitative genetic traits. Conversely, the abso-
lute values of kurtosis and skewness for the number of
main stem nodes, stem diameter, internode length, and
grain weight per plant are all less than 1, signifying that
these traits follow a normal or approximately normal
distribution and are consistent with quantitative genetic
traits. Additionally, the frequency distribution map
(Fig. 2) vividly illustrates the continuous variations in the
phenotypic data of lodging score and its related traits.
These findings collectively suggest that the lodging score
and associated traits within the GB population conform
to a normal or partially normal distribution, aligning with
the characteristics of the RIL population and categoriz-
ing as quantitative genetic traits. In summary, the results
indicate that lodging and related traits in the GB popula-
tion adhere to a normal distribution pattern, consistent
with the characteristics of the RIL population and indi-
cating their classification as quantitative genetic traits.

ANOVA results for the lodging score of the GB RIL
population across five natural environments demonstrate
significant effects of genotype, environment, and the
interaction between genotype and environment on lodg-
ing and related traits of the GB population (Table 3). The
lodging trait in the GB population exhibited a substan-
tially high heritability estimate (h?) of 93.18%, indicating
that the lodging phenotype in soybean is primarily influ-
enced by genotype.
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Identification of QTLs for lodging score and related traits

In total, 84 QTL loci were identified, accounting for phe-
notypic variation ranging from 1.26 to 66.87% across
six environments. These QTLs were distributed across
various traits, with 20, 11, 11, 12, 9, 10, 6, and 5 QTLs
detected for lodging score, flowering time, maturity time,
plant height, number of main stem nodes, stem diameter,
internode length, and grain weight per plant, respectively
(Fig. 3; Table S2). All of these QTLs displayed LOD values
exceeding 2.5. The major and stable QTL locus, named
qLD-4-1, associated with lodging score was identified. It
is positioned within the physical interval of 3,513,907—
5,769,624 bp on chromosome 4, spanning between bin15
to bin39 markers. This QTL was consistently detected in
all six environments and exhibited phenotypic variation
ranging from 15.38 to 38.68%, with LOD values rang-
ing from 10.36 to 34.70. Additionally, nine out of the ten
primary QTLs for other related traits (gF7-4, qgMT-4-1,
qMT-4-2, qPH-4, qPH-19-2, gNMSN-4, qSD-4-1, qSD-
4-2, qlL-4-1, gqIL-4-2) were found within the physical
region of the primary QTL, gLD-4-1, for lodging score
(Table 4). These QTLs exhibited phenotypic variation
ranging from 55.93 to 66.87% for flowering time, 31.58—
48.70% for maturity time, 41.41-51.32% for plant height,
20.46-48.39% for the number of main stem nodes,
12.10-29.12% for stem diameter, and 13.60-30.07% for
internode length. The stable QTLs mentioned above pro-
vide valuable insights for the exploration of genes that
regulate soybean lodging and related agronomic traits.

Candidate gene prediction within stable and major QTL
interval

To identify potential genes associated with lodging within
the QTL region (gLD-4-1), a search was conducted for
271 gene models located within this interval. Subse-
quently, 225 gene functions linked to gLD-4-1 under-
went GO annotation and were categorized through GO
annotation analysis, providing functional annotations

Table 3 Analysis of Variance and Broad-Sense Heritability for the GB Population across Five Natural Environments

Trait® Sources ° Df€ ssd Ms ¢ Pf vce h?(%) "
LD Genotype 247 213467 8.64 <0.0001 0.53 93.18%
Environment 4 217.36 5434 <0.0001 0.07
Interaction 988 1028.06 1.04 <0.0001 013
Error 2480 1598.67 0.64
Total variation 3719 497876 1.34

? Lodging score (LD)

b Sources of variation

¢ Degree of freedom

4 Sum of deviation squares

€ mean square

fThe P value of the F-test (join t hypotheses test)

9 Variance components for different sources of variation

P Broad-sense heritability



Chen et al. BMC Genomics (2024) 25:900

Chr02 Chr03 Chr04 Chr05 Chr07  Chr08 Chr09
a a a a a = s

T

101001810

£L-arh

Page 8 of 16

r12  Chrl6

hr19

UMM

Fig. 3 Distribution of QTLs for Lodging and Related Traits on Soybean Chromosomes The left ruler indicates the physical distance between markers in
cM.The right side of the chromosome shows the position of QTLs for lodging-related traits. The eight colors in the upper right corner of all chromosomes

represent different traits

spanning cellular composition, biological processes, and
molecular function (Fig. 4). The majority of genes within
qLD-4-1 were found to be involved in processes such as
the regulation of DNA-templated transcription, plasma
membrane, chloroplast, membrane, and ATP bind-
ing. In order to narrow down the list of candidate genes
associated with lodging, a comparison was made of dif-
ferentially expressed genes across various soybean tissues
(Fig. 5) during three specific periods: Shoot Apex, Hypo-
cotyl, and Stem. Through gene GO annotation analysis,
followed by gene expression screening and functional
annotation, a total of 13 candidate genes were identi-
fied (Table 5), indicating their potential roles in critical
processes governing soybean lodging. In the high-qual-
ity resequencing data, seven out of the 13 genes exhib-
ited structural variation between the parental lines of
the RIL population (Guizao 1 and B13). These genes are
Glyma.04g050200, Glyma.04g050800, Glyma.04g051300,
Glyma.04g052100, Glyma.04g053600, Glyma.04g056200,
and Glyma.04g063800 (Table 6).

Expression for the identification of candidate genes

This study conducted a comprehensive analysis of the
expression levels of candidate genes in the root and stem
tissues of the two parental lines. The genes exhibited dif-
ferential expression in the stems and leaves of the two par-
ents, as determined by qRT-PCR analysis (Fig. 6). Among
these genes, Glyma.04g051300, Glyma.04g053600,
Glyma.04g056200, and Glyma.04g063800 demonstrated
significant differences in expression between Guizao
1 and B13 in both root and stem tissues, and these dif-
ferences were highly significant. These findings strongly
suggest that these four genes are the primary candidates
responsible for regulating soybean lodging.

Discussion

Improvement of evaluation method for lodging score

The grain weight measurement conducted by our
research institute specifically applies to seeds with
smooth surfaces. However, due to the prolonged maturity
of the populations studied, lodging plants experienced
seed mold and rot issues. This led to a significant decrease
in the data related to grain weight per plant, resulting in
data errors that rendered the results less meaningful.
The recombinant inbred lines exhibited diverse pheno-
typic variations, and relying solely on a single indicator
has certain limitations. This approach may overlook the
influence of other traits on lodging. To comprehensively
evaluate the lodging phenomenon, it is essential to detect
specific morphological and physiological indicators in
plants. These indicators often involve assessing traits like
stem bending resistance and stem composition [49, 50].
Currently, the most commonly employed method for
lodging assessment is intuitive observation [22, 25]. This
method assesses the degree of lodging based on actual
conditions, capturing the combined effects of various fac-
tors. It is a straightforward approach, providing authentic
and easily interpretable results, all while avoiding damage
to the plants. To address the potential differences result-
ing from various degrees of edge lodging, adjustments
can be made to enhance the suitability of this method for
the studied population. Therefore, in this study, lodging
scores were determined based on the intuitive method
and the inclination of the main stem. Additionally, the
proportion of lodging plants was calculated in relation
to the total number of plants. These modifications aimed
to facilitate data analysis and improve the visualization of
lodging distribution within the population.

Comparisons of QTLs localization with previous results

The primary objective of crop breeding is to develop agri-
cultural plants with desirable traits, such as increased
grain yield, improved nutritional quality, and enhanced
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Table 4 Key QTLs Associated with Lodging and related traits in the GB Population across different environmental conditions

QrL# Chr.? Interval Cl(bp)® Position (cM) LOD ¢ Add.d PVE (%) © Env.f
qLD-4-1 4 Bin15~Bin39 3,513,907-5,769,624 224-265 1036 053 1538 20GZ
13.16 045 17.69 207C
21.95 043 29.28 217C1
17.30 -0.54 22.20 217C2
3343 -0.82 37.28 227C
34.70 -0.56 3868 CE
qFT-4-1 4 Bin19 4,069,992-4,097,410 242 59.90 -3.80 59.89 20ZC
50.37 -5.66 55.93 217C1
69.22 481 66.87 217C2
55.88 429 56.60 227C
68.07 -4.68 66.74 CE
GMT-4-1 4 Bin18~Bin19 4,033,995-4,097,410 238-242 3176 453 35.90 21722
46.88 -4.24 4870 227C
4113 438 4357 CE
GMT-4-2 4 Bin31 4,820,821-4,871,065 28.1 26.80 421 3158 212C2
GPH-4 4 Bin18~Bin19 4,033,995-4,097,410 238-242 32.38 671 4141 217C2
52.10 -12.81 51.32 227C
4880 951 50.14 CE
GPH-19-2 19 Bin139 45,022,952-45,248 245 1076 511 2.20 489 217C2
17.25 5.86 11.79 227C
15.11 418 1063 CE
GNMSN-4 4 Bin17~Bin18 3,979,305-4,069,991 233-238 1321 -0.86 2046 217C2
46.48 -237 4723 227C
4419 -163 4839 CE
qSD-4-1 4 Bin16 3,904,813-4,097,410 22.9-24.2 763 -0.03 12.10 217C2
2248 -0.06 29.11 227C
22.72 -0.04 29.12 CE
qSD-4-2 4 Bin31 4,820,821-4,871,065 28.1 20.82 -0.06 27.35 227C
qll-4-1 4 Bin14~Bin21 3,371,562-4,180,494 19.4-24.9 92,02 -0.24 1360 217C2
22.38 031 30.07 227C
2232 029 30.07 CE
qll-4-2 4 Bin36 ~Bin40 5461,549-5,817,504 333-347 11.53 022 17.54 CE
407 -0.16 6.42 217C2
#The name of each QTL

2 Chromosome

® Physical position
¢ Logarithm of odds
4 Additive effect

€ Phenotypic variance

fEnvironment; Guangzhou in 2020 (20GZ), Zengcheng in 2020 (20ZC), Zengcheng Spring in 2021 (21ZC-1), Zengcheng Summer in 2021 (21ZC-2), Zengcheng in 2022

(22ZC), Combined Environment (CE)

adaptability to changing environmental conditions, with
grain yield being a predominant factor [4, 51]. Lodging
significantly impacts crop yield, making it essential to
study lodging characteristics in soybeans to reduce pro-
duction costs and enhance yield. In this study, a total of
20 QTLs were identified for lodging score, including a
previously unreported lodging QTL (gqLD-4-1). Compar-
ing the results of this study with previous research, it was
discovered that the Glyma.04G050200 gene within the
major QTL (gLD-4-1) for lodging score has been previ-
ously associated with controlling the growth period. Its
physical location corresponds to a range of 4,075,901 to

4,081,260 bp, suggesting a potential link between genes
regulating lodging and those governing the growth
period [52-54]. Furthermore, QTLs for three lodg-
ing scores (qLD-4-2, gLD-7-2, and gLD-19-2) overlap
or coincide with loci related to growth stage traits from
previous studies [39, 55, 56]. Additionally, gLD-7-2, gLD-
11-1, and gLD-19-2 are associated with QTLs for grain
weight per plant, number of pods per plant, stem diam-
eter, and plant height, as reported in previous research
[21, 57, 58]. Comparing the 64 QTLs related to other
traits with previous studies (Table 3), it was observed that
25 of them overlap or fall within the range of previously
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identified QTL locations. Notably, the primary QTLs
for these traits consistently align with the main QTL for
lodging score (qLD-4-1). In summary, many QTLs asso-
ciated with lodging identified in this study show cor-
relations with prior research results [21, 22, 30, 35, 37,
52-56, 59-70]. The presence of shared QTL loci for vari-
ous traits, such as growth period, seed type, grain weight
per plant, number of pods per plant, stem diameter, and
plant height, suggests the reliability of the QTL mapping
in this study. It is plausible that soybean lodging may be
associated with genes controlling the growth period, a
trait influenced by multiple genes.

Putative genes for the lodging resistant trait in soybean

Lodging resistance in soybean is influenced by various
factors. One key factor is wheat lignin production, which
plays a critical role in countering lodging [71, 72]. Wheat
modifies the structure of its cell walls through the regu-
lation of pathways related to hormones, reactive oxygen
species, and nitrogen assimilation. This process limits cell
wall loosening, restricts cell elongation, and enhances
lodging resistance [73]. Wheat that is sensitive to gibber-
ellin exhibits improved lodging resistance due to its semi-
dwarf stature [74]. The mechanical strength of sorghum
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Table 5 Candidate genes in the gLD-4-1 region of the Population
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Gene IDs ? Start Stop Homolog in Gene descriptions PFAM descriptions © Panther descriptions ¢
Arabidoposis®
Glyma.04g042900 3,452,611 3,454,681 AT4G24210.1 F-box family protein NA NA
Glyma.04g050200 4,075,901 4,081,260 AT72G25930.1 Hydroxyproline-rich gly- ~ NA NA
coprotein family protein
Glyma.04g050800 4,128,984 4,133,372 AT4G32980.1 Homeobox gene 1 Homeobox domain; Associ- Homeobox protein tran-
ated with HOX scription factors
Glyma.04g051300 4,162,013 4,163,673 AT4G26150.1 Cytokinin-responsive GATA zinc finger Transcription factor GATA
GATA factor 1 (GATA binding factor)
Glyma.04g052100 4,228,426 4,236,655 AT2G26170.1 Cytochrome P450, family ~ Cytochrome P450 NA
711, subfamily A, poly-
peptide 1
Glyma.04g053600 4,354,294 4,355,060 AT4G01800.2 Albino or Glassy Yellow 1 SecA Wing and Scaffold NA
domain
Glyma.04g056200 4,548,094 4,559,223  AT2G26330.1 Leucine-rich receptor- Protein kinase domain; Leu- Leucine-rich repeat recep-
like protein kinase family  cine Rich Repeat; Leucine rich  tor-like protein kinase
protein repeat N-terminal domain
Glyma.04g056600 4,593,407 4,599,841 AT2G26300.1 G protein alpha subunit 1 G-protein alpha subunit GTP-binding protein alpha
subunit
Glyma.04g060800 4,961,252 4,966,129 AT4G31820.1 Phototropic-responsive BTB/POZ domain; NPH3 family NA
NPH3 family protein
Glyma.04g062400 5,134,682 5,156,284 AT2G25170.1 Chromatin remodeling SNF2 family N-terminal SWI/SNF-related matrix-as-
factor CHD3 domain; Helicase conserved sociated actin-dependent
C-terminal domain; Chromo regulator of chromatin
(CHRromatin Organisation subfamily-related; chroma-
MOQdifier) domain; PHD-finger  tin remodeling 4 protein
Glyma.04g063800 5,293,426 5,299,847 AT4G18780.1 Cellulose synthase family  Cellulose synthase X-box transcription
protein factor-related
Glyma.04g066300 5,525,939 5,528,040 AT4G32280.1 Indole-3-acetic acid AUX/IAA family NA
inducible 29
Glyma.04g067900 5,686,681 5,692,676 AT4G32410.1 Cellulose synthase 1 Cellulose synthase X-box transcription

factor-related

2 Genes IDs from the Williams 82 soybean reference genome Wm82.a2.v1
b Genes IDs of Arabidopsis orthologs were obtained from the Phytozome 12

€PFAM (Protein families database of alignments and hidden Markov models) descriptions were obtained from the Soybase

d panther (Protein analysis through evolutionary relationships) descriptions were obtained from the Soybase

stems may be linked to the production of secondary cell
wall cellulose [75]. In corn, an increase in ethylene con-
tent leads to reduced plant height, thereby strengthening
lodging resistance [76, 77]. Additionally, various plant
hormones, including auxin, abscisic acid, jasmonic acid,
and salicylic acid, may play roles in maize lodging resis-
tance [78]. Rice employs dwarfing breeding techniques to
reduce plant height and enhance lodging resistance [79].
Mutations at the CESA4 site in rice impact cell wall char-
acteristics, particularly cellulose structure, resulting in
improved biomass digestion and lodging resistance [80].
In Arabidopsis, gibberellin (GA) biosynthesis may also be
involved in lodging control [81]. Furthermore, the accu-
mulation of lignin and cellulose in soybeans can inhibit
lodging [50].

We identified gene models within the gLD-4-1 inter-
val using publicly available data from Soybase. Within
the physical interval of gLD-4-1, we found a total
of 271 genes. Using high-quality resequencing data,
we identified structural variations in 7 out of the 13

candidate genes among the parents in the RIL popula-
tion. These seven candidate genes are as follows: (1)
Glyma.04g050200, which is homologous to Arabidop-
sis ELF3 (AT2G25930.1), and control of soybean flow-
ering genes and gibberellin biosynthesis [82, 83]; (2)
Glyma.04g050800, which is homologous to Arabidop-
sis ATHI (AT4G32980.1), and inhibiting stem growth
and affecting lodging [84]; (3) Glyma.04g051300, which
is homologous to Arabidopsis CGAI (AT4G26150.1),
and involved in influencing internal plant hormones,
including cytokinins and gibberellin (GA) [85]; (4)
Glyma.04g052100, which is homologous to Arabidop-
sis CYP711A1 (AT2G26170.1), and inhibition of axillary
bud growth may be achieved by regulating flavonoid
dependent auxin retention in buds and stems [86]; (5)
Glyma.04g053600, which is homologous to Arabidopsis
AGY1 (AT4G01800.2), and AtcpSecA plays a crucial role
in the biogenesis of chloroplasts, as its deletion triggers
retrograde signaling, ultimately leading to chloroplast
weight programming and mitochondrial gene expression



Chen et al. BMC Genomics (2024) 25:900

Page 12 of 16

Table 6 Information on candidate genes in gLD-4-1 in the Population

Number GeneID Loci Ref? Alt® Guizao 1 B13 Region

1 Glyma.04g050200  4,074911  TC T T TC downstream
4077171 AT A AT A exonic frameshift deletion
4,083,007 G GA GA G Intergenic
4,083,045 AT A A AT Intergenic
4,084,083 G GTT, GT GT G Intergenic
4084277 T TAA TAA T Intergenic
4,086,985 T TTC TTC T Intergenic
4,087,396 AT A A AT Intergenic

2 Glyma.04g050800 4,132,841  GATTC G G GATTC UTR5
4133337 CA C C CA UTR5
4134036 TTTC T T TTTC upstream
4135015 T TA TA T Intergenic

3 Glyma.04g051300 4,162,474 G GC GC G intronic
4,165,298 A AAC AAC A Intergenic

4 Glyma.04g052100 4,231,206  GA G G GA intronic
4,233,151 A ATG ATG A intronic
4,234,057 TTATA T T TTATA intronic
4234943  C CTAG, CTAGTAG  CTAGTAG C exonic nonframeshift insertion

5 Glyma.04g053600 4,355,043  CG C C CG UTR3
4355492 A ATC ATC A downstream

6 Glyma.04g056200  4,548436 T TCTCTCC TCTCTCC T UTR5
4548811 T TG TG T intronic
4,550,545 GT G G GT intronic

7 Glyma.04g063800 5,293,286  TTA T T TTA downstream
5,293,287 TA T T TA downstream
5293380 TA T T TA downstream
5295813 CT C C cT intronic
5296,757  TTAGCTTTATA T T TTAGCTTTATA  intronic
5298299 G GTT, GT GTT G intronic
5302,171  C CAA CAA C Intergenic
5304243 T TATG TATG T Intergenic
5,304,264 C cT cT C Intergenic
5304351 C CGATTGCATAGT ~ CGATTGCATAGT  C Intergenic
5,304,501 CG C C CG Intergenic
5304614 C CG CG C Intergenic
5304796 T1C T T TC Intergenic
5305881 T TA TA T Intergenic

? Reference indicates the genotype of from the soybean reference genome Wm82.a2.v1

b Alt indicates the genotype of alter
€ Female parent of GB RIL population
4 Male parent of GB RIL population

€ Region of variation in genes

[87]; (6) Glyma.04g056200, which is homologous to Ara-
bidopsis ER (AT2G26330.1), and the important role of
soybean native genes (GmER and GmERL) in soybean
growth and stress response, and the truncation of Arabi-
dopsis ERECTA gene can be used to regulate the growth
and stress response of different crop varieties [88, 89]; (7)
Glyma.04g063800, which is homologous to Arabidopsis
IRX1 (AT4G18780.1), and Arabidopsis xylem is the CesA
gene synthesized by cellulose in the secondary wall of
cotton fibers, which is used in different ways to construct

specific specialized cell walls [90]. Further analysis is nec-
essary to validate the specific functions of these 7 genes.
Subsequently, it was determined through qRT-PCR that
four genes are likely to be the major genes controlling
soybean lodging. The findings of this study will provide
valuable insights for future research. To determine the
true controlling gene of lodging, this study consulted the
expression information of different genes in public data-
bases and conducted qRT-PCR experiments on the pre-
sumed candidate genes. The relative expression level of
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Fig. 6 Expression of Seven Candidate Genes in Root and Stem Tissues of the Two Parent Plants Detected by gRT-PCR. The y-axis represents the relative
expression levels of candidate genes compared to the expression in the roots of Guizao 1. A to G denote the relative expression of different candidate
genes, respectively. The female parent of the GB RIL population is Guizao 1, and the male parent is B13. Error bars indicate standard deviation (n=3).
Asterisks indicate significant differences determined by Student’s t test (¥, P<0.05; **, P<0.01; ***, P<0.001; **** P<0.0001)

Glyma.04g063800 is the highest. Therefore, we believe
that this gene is most likely the gene controlling lodging.

Conclusions

In conclusion, this study employed high-density genetic
linkage maps for QTL mapping and conducted corre-
lation analysis between lodging traits and other traits
across six different environments. The lodging score dis-
played a strong and significant correlation with various
traits, except for single plant grain weight. A total of 84
QTLs were identified, comprising 20 QTLs associated
with lodging score, 11 with flowering time, 11 with matu-
rity time, 12 with plant height, 9 with the number of main
stem nodes, 10 with stem diameter, 6 with internode

length, and 5 with grain weight per plant. These QTLs
contributed to a phenotypic variation ranging from 1.26
to 66.87%, with LOD scores ranging from 2.52 to 69.22.
Furthermore, this study placed particular emphasis on
the consistent detection of the QTL gLD-4-1 across all
six environments and identified seven new candidate
genes related to lodging. Subsequent qRT-PCR analysis
revealed that four of these genes are likely to play a major
role in controlling soybean lodging. The findings from
this research provide valuable insights for a better under-
standing of lodging in soybeans and hold promise for
future investigations aimed at enhancing soybean yield
and lodging resistance through breeding efforts.
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QrL Quantitative trait loci

RIL Recombinant inbred line

LOD  Logarithm of odds

GO Gene Ontology
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