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Heterophylly, the existence of different leaf shapes and sizes on the same 

plant, has been observed in many flowering plant species. Yet, the genetic 

characteristics and genetic basis of heterophylly in soybean remain unknown. 

Here, two populations of recombinant inbred lines (RILs) with distinctly 

different leaf shapes were used to identify loci controlling heterophylly in 

two environments. The ratio of apical leaf shape (LSUP) to basal leaf shape 

(LSDOWN) at the reproductive growth stage (RLS) was used as a parameter for 

classifying heterophylly. A total of eight QTL were detected for RLS between the 

two populations and four of them were stably identified in both environments. 

Among them, qRLS20 had the largest effect in the JS population, with a 

maximum LOD value of 46.9 explaining up to 47.2% of phenotypic variance. 

This locus was located in the same genomic region as the basal leaf shape QTL 

qLSDOWN20 on chromosome 20. The locus qRLS19 had the largest effect in 

the JJ population, with a maximum LOD value of 15.2 explaining up to 27.0% 

of phenotypic variance. This locus was located in the same genomic region as 

the apical leaf shape QTL qLSUP19 on chromosome 19. Four candidate genes 

for heterophylly were identified based on sequence differences among the 

three parents of the two mapping populations, RT-qPCR analysis, and gene 

functional annotation analysis. The QTL and candidate genes detected in this 

study lay a foundation for further understanding the genetic mechanism of 

heterophylly and are invaluable in marker-assisted breeding.
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Introduction

Multiple leaf morphologies may exist in a single plant, which is 
known as heterophylly. It is well known that leaf morphology can 
be affected by many factors. Due to the temporal development of 
the shoot apical meristem, changes of leaf morphology may occur 
during plant development, thus it can be  used as a marker of 
juvenile-to-adult phase transition in some plant species (Telfer 
et al., 1997; Beydler et al., 2016; Silva et al., 2019). The development 
of distinct types of juvenile and adult foliage is referred as 
heteroblasty, and it is one of the most intriguing mechanisms 
contributing to leaf shape diversification (Chitwood and Sinha, 
2016). Different leaf morphologies may also be the result of a rigid 
development program (Kerstetter and Poethiq, 1998) or a plastic 
response of plants to different habitat conditions (Titus et al., 2001). 
In addition, both light intensity and quality modulate leaf shape, 
size, and thickness (Givnish, 1988; Yano and Terashima, 2001).

Previous studies have shown that the different forms of leaves 
themselves in a plant may affect light absorption, CO2 fixation, 
and photosynthetic efficiency. For example, it was reported that 
different leaves of Sabina vulgaris have different photosynthetic 
rates, light compensation points, respiration rates, and water use 
efficiency (Tanaka-Oda et  al., 2010). It was also reported the 
photosynthetic rate of serrated ovoid leaves was higher than that 
of ovate and lanceolate leaves and the broad oval leaves have a 
stronger osmotic capacity than lanceolate leaves in Populus 
euphratica (Liu et al., 2015).

It is also well-known that leaf morphology is a key contributor 
to canopy structure and affects light distribution, ventilation 
permeability, and light energy utilization efficiency of a population 
(Bhagsari and Brown, 1986; Sarlikioti et al., 2011). Heterophylly 
can allow more efficient use of light energy by affecting canopy 
structure, gas exchange, and light interception of the lower canopy 
(Hejnák et  al., 2014; Beyschlag and Zotz, 2017). For example, 
relatively narrow leaves on top of a plant allow more light through 
to the middle and lower leaves, leading to increased photosynthetic 
activity throughout the canopy. Relatively bigger and rounder 
leaves in the middle and lower nodes facilitate absorption of 
scattered light. Available results strongly suggest that breeding 
crop varieties for high yield and better quality through 
optimization of leaf morphology is a feasible strategy (Eshed and 
Zamir, 1995; Chitwood et al., 2014; Rowland et al., 2020).

Soybean (Glycine max L. Merr), one of the most economically 
important leguminous crops, is a crucial source of plant proteins 
and oil for both humans and domesticated animals (Graham and 
Vance, 2003). Due to the increase in market demands, breeding 
soybeans for higher yields is an urgent priority. Crop yield is  
an aggregate of complex traits, which is affected by many 
morphological, physiological, and agronomic traits. Leaves are the 
major photosynthetic organs in plants, and leaf shape is a major 
component of plant architecture. It follows, therefore, that suitable 
leaf shapes may significantly enhance the photosynthetic capacity 
of soybean plant, and thereby increase yields and potentially 
improve specific quality traits (Reinhardt and Kuhlemeier, 2002).

Leaf morphologies in soybean can be mainly classified into 
two categories: ovate and lanceolate (Baldocchi et al., 1985; Jun 
et al., 2014; Xia et al., 2018; Wang et al., 2019). More than 70 
quantitative trait loci (QTL) associated with soybean leaflet shape 
have been reported.1 One single recessive gene ln was found to 
control lanceolate leaf formation, and its dominant allele, Ln, 
encodes ovate leaf formation (Fang et  al., 2013). In addition, 
several genes have been predicted to regulate leaf morphology 
(Liu et al., 2019; Wang et al., 2019). However, available reports are 
all focused on studying single types of leaf morphology and none 
has considered the genetic mechanism of heterophylly. In the 
study reported here, we investigated the genetics of heterophylly 
in soybean by analyzing two populations of recombinant inbred 
lines (RILs). There were three main objectives in this study, and 
they included: (1) to clarify the genetic characteristics of 
heterophylly; (2) to identify major QTL controlling heterophylly; 
and (3) to predict candidate genes responsible for heterophylly 
in soybean.

Materials and methods

Plant materials

Two RIL populations (F6:10) were generated and used in this 
study. They were generated from three cultivars with 
contrasting leaf morphology phenotypes: Jidou17 (JD17, 
heterophylly), Jidou12 (JD12, ovate leaves), and Suinong14 
(SN14, lanceolate leaves). JD17 is a high-yielding cultivar from 
the Institute of Cereal and Oil Crops at the Hebei Academy of 
Agricultural and Forestry Sciences. It is adapted to the Huang-
Huai-Hai region. This variety displays a remarkable diversity in 
leaf shape within single plants at the full seed reproductive 
growth stage (R6), with the leaf shape from bottom to top on 
the main stem gradually changing from oval to narrow 
(Figure 1A).

The two RIL populations were constructed with JD17 as a 
common parent. JD12 from Hebei Province is characterized by 
ovate fractures of leaflets at R6. SN14 from Heilongjiang Province 
is characterized by narrow fractures of leaflets at R6. The two  
RIL populations were designated as JJ (JD17 × JD12) and JS 
(JD17 × SN14), respectively. Both populations were derived by 
advancing F2 lines to six generations using the method of single 
seed descent (SSD). JJ and JS consisted of 191 and 271 RIL lines, 
respectively.

Field trials and trait evaluation

The two RIL populations and the three parents were planted 
in Shijiazhuang of Hebei Province for two consecutive seasons, 

1 https://www.soybase.org/sitemap.php
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in 2017 and 2018, respectively. All the RILs in each population 
were arranged in a randomized complete block design with three 
replicates. Each plot contained three rows of 2.0 m in length with 
a row-spacing of 0.5 m. Planting density was 20 seeds per row. To 
control experimental error, each of the replicates was sown in a 
square block and three adjacent blocks were used for each of the 
populations. The block sizes were about 750 and 1,050 square m 
for the JJ and JS populations, respectively.

At R6, three plants in the middle row were harvested from 
each plot. Leaf characteristics were measured based on the three 
most basal leaflets and the top three fully developed leaflets on the 
main stem from each plant. The leaf length (LL) and leaf width 
(LW) of the top and basal leaves of each plant were measured. Leaf 
shape index of the top leaf (LSUP) and leaf shape index of the base 
leaf (LSDOWN) were obtained separately by calculating the ratio 
of LL to LW (Dinkins et al., 2002). The ratio of the leaf shape index 
(RLS), and that of LSUP to LSDOWN was calculated to quantify 
the heterophylly of each RIL and the parents.

Statistical analysis

The average values from the nine plants (3 plant/plot × 3 
replicates) for each RILs were employed in the subsequent analysis. 
Statistical analysis was performed using SPSS Statistics 17.0. The 
phenotypic data of the two populations were analyzed using 
ANOVA. A mixed procedure was used with genotype and location 
included as fixed effects in estimating heritability. A post hoc Turkey’s 
test was used to compare means. The broad-sense heritability of 
single environments was then calculated with the following formula:

 
H G G GE n E nr2 2 2 2 2= + +( )s s s s/ / /

where σ2G is the genotypic variance; σ2e the error variance, 
σ2GE is genotype x environment interaction variance, n being the 
number of environments and r the number of replications (Smith 
et al., 1998).

A

B C

FIGURE 1

Phenotypic variation in leaf shape among the three parental genotypes at the developmental stage of R6. (A) Trifoliate leaves of the first ten leaves 
(1st trifoliate leaves on the left); (B) the distribution of leaf shape index (LS); and (C) leaf shape ratio of whole plants.
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GBS library construction and SNP 
identification

Genomic DNA was extracted using the NuClean Plant 
Genomic DNA Kit (CWBIO, Beijing, China) following the 
manufacturer’s protocol. SNP genotyping was performed using a 
GBS approach. The GBS library was constructed as previously 
described (Cheng et  al., 2015). Paired-end sequencing was 
performed on selected tags using the Illumina 2,500 platform 
(Illumina, United States) at the Novogene Bioinformatics Institute, 
Beijing, China.

The Burrows-Wheeler Aligner (BWA), SAMtools, and a 
custom Perl script were used to identify SNPs in the RIL 
populations (Zhou et al., 2016). The software ANNOVAR (Wang 
et al., 2010) was used to align and annotate SNPs or InDels based 
on the GFF3 files of the soybean genome annotations in the 
Phytozome database.2

Bin map construction and QTL analysis

High-quality SNP markers were identified using the 
following criteria: (i) average sequence depths should 
be >10-fold in the parents and (ii) markers with more than 
20% missing data were excluded. Parental allele assignment 
and imputation were performed using the Window LD 
function of FsFHap (Swarts et al., 2014) incorporated into 
TASSEL 5.0.

After filtering the GBS data, redundant markers were 
binned based on segregation patterns deciphered in the RIL 
populations using the BIN function in IciMapping 4.1 (Li 
et al., 2008; Meng et al., 2015). Markers segregating with at 
least one other marker were retained, and one marker was 
selected to represent each bin (Zeng et al., 2019). The selected 
markers were used for linkage map construction using the 
MAP foundation for statistical computing using the 
IciMapping Version 4.1 software.3

Additive QTL was detected using inclusive composite interval 
mapping (ICIM) in the BIP (bi-parental populations) model of 
QTL IciMapping software v4.1, with the p values for entering 
variables (PIN) = 0.01. The threshold of the logarithm of the odds 
(LOD) score for evaluating the statistical significance of QTL 
effects was determined using 1,000 permutations at the 
significance level of 0.05 (Pei et al., 2018).

QTL-by-environment interaction analysis was conducted 
using the MET functional module in QTL IciMapping V4.1 with 
the following parameters: Step was 5.0 cM, PIN was 0.0001, and 
Type I error was 0.05 in 1,000 permutation tests (Times). These 
were used to estimate the interactive effects between additive QTL 
and environments, as described by Meng et al. (2015).

2 https://phytozome-next.jgi.doe.gov/info/Gmax_Wm82_a2_v1

3 https://www.isbreeding.net/software/

Parental resequencing and candidate 
gene annotation

The genomic DNA of JD17, JD12, and SN14 were 
extracted from the young leaves of 4-week-old soybean 
plants. DNA extraction was performed using the 
cetyltrimethylammonium bromide (CTAB) method. Libraries 
for each of the varieties were constructed using the TruSeq 
Library Construction Kit (Illumina Inc., United States) with 
an insert size of approximately 350 bp. Sequencing was 
conducted on the Illumina HiSeq platform by Novogene, 
Beijing, China. The original image data generated by the 
sequencing machine were converted into sequence data via 
base calling (Illumina pipeline CASAVA v1.8.2) and then 
subjected to a quality control (QC) procedure to remove 
unusable reads: (1) Reads contain the Illumina library 
construction adapters; (2) reads contain more than 10% 
unknown bases (N bases); and (3) one end of the reads 
contains more than 50% of low-quality bases (sequencing 
quality value ≤5). Reads were aligned to the Wm82. a2. v1 
(soybean reference /genome) from SoyBase4 using BWA with 
default parameters (Li and Durbin, 2009). Subsequent 
processing, including duplicate removal, was performed using 
SAMtools and PICARD5 (Li et al., 2009). The raw SNP/InDel 
sets are called by SAMtools with the parameters as ‘-q 1 -C 50 
-m 2 -F 0.002 -d 1000’. We then filtered the data using the 
following criteria: (1) The mapping quality >20; and (2) The 
depth of the variate position >4.

RNA isolation and RT-qPCR

Soybean cultivars JD17, JD12, and SN14 were planted in 
Shijiazhuang of Hebei Province in 2021, and the terminal 
buds at vegetative growth stage (V2) and R6 were used for 
RNA extraction. Total RNAs were isolated using FastPure® 
Plant Total RNA Isolation Kit (Vazyme, Nanjing, China). 
Then, 1,000 ng RNA was used for cDNA synthesis with 
HiScript®IIQRT SuperMix (Vazyme, Nanjing, China). 
Primers were designed using Primer Premier 5 
(Supplementary Table S7), and those for the Ln gene were 
described earlier (Fang et al., 2013). Actin2 was used as the 
internal reference. The qRT-PCR was performed using 
ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, 
China) on a Bio-Rad CFX96 Touch real-time detection 
system (Bio-Rad, United  States). Each experiment was 
performed in triplicates. The expression levels of candidate 
genes were analyzed using the 2−△△CT method (Livak and 
Schmittgen, 2001).

4 http://www.soybase.org/

5 http://picard.sourceforge.net
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Results

Phenotypic evaluation of the parents

To accurately evaluate differences in leaf morphology among 
the three parents, a representative leaf from each node was 
selected and used to calculate the parameters of leaf length to 
width ratio (LS). As expected, leaf morphology contrasted 
between JD12 and SN14, as indicated by their respective LS 
indices ranging from 1.28 to 1.58 and from 2.90 to 3.49, 
respectively. These results agree with the categorization that JD12 
and SN14 have ovate and lanceolate leaves, respectively. 
Interestingly, the LS indices of JD17 ranged from 1.40 to 3.80, with 
the bottom 3 ~ 4 leaves being ovate leaves (LS: 1.48 ~ 1.55), and 
most of the top 3 ~ 4 leaves being lanceolate leaves (LS: 2.63 ~ 3.44). 
These results showed considerable heterophylly in JD17 
(Figure 1B).

Values derived from measurements of at least ten 
representative plants revealed RLS indices of 1.96 for JD17, 0.99 
for JD12, and 1.14 for SN14 (Figure 1C). These results further 
confirmed the strong heterophylly of JD17.

Phenotypic variation among RILs

Phenotypic variations of LSUP, LSDOWN, and RLS from the 
two RIL populations are summarized in Table 1. Coefficients of 
variation (CV) values for these traits ranged from 0.07 to 0.32. 
Transgressive segregation was apparent for each of the traits in 
both populations assessed. The mean values for either of the RIL 
populations fell between the average parent values, and the 
maximum and minimum values fell beyond the extremes of the 
parent values. Broad-sense heritability (H2) for RLS estimated 
from the JJ and JS populations was 0.62 and 0.92, respectively. For 
LSUP, the H2 estimated from the two populations was 0.70 and 
0.91, respectively; and the H2 for LSDOWN estimated from the 
two populations was 0.75 and 0.99, respectively. These results 
indicated that the phenotypic variation observed in both 
populations was mainly caused by genetic variation, especially in 
the JS population (Table  1). Based on values of Kurtosis and 
Skewness, all tested traits, except for LSDOWN in JS, fit into 
normal distributions, indicating that they were quantitative traits 
(Table 1, Figure 2).

Construction of high-density linkage 
maps

Based on the GBS sequences obtained, 14,858 high-
quality SNPs were detected for the JJ population, which 
contained 2,491 SNPs that were significantly distorted 
(p < 0.05). These markers formed 2,041 bins. With the use of 
one representative marker from each of these bins, a linkage 
map covering a total length of 2,592.6 cM was obtained for T
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FIGURE 2

Frequency distributions of leaf-related characteristics obtained from the two RIL populations in the two cropping seasons.

this population. The numbers of makers on each of the 
linkage groups varied from 133 (chromosome 18) to 63 
(chromosome 11) with an average of 102.1. Linkage distances 
covered by these markers varied between 229.9 cM 
(chromosome 06) and 80.9 cM (chromosome 01) with an 
average of 129.6 cM. The average distance between adjacent 
markers was 1.3 cM.

The GBS sequence data produced 12,845 high-quality SNPs in 
the JS population (including 800 significantly distorted ones), and 
they formed 2,109 bins. With the use of one representative marker 
from each of these bins, a linkage map covering a total length of 
2,564.4 cM was obtained for JS. The numbers of makers on each 
of the linkage groups varied from 55 (chromosome 12) to 175 
(chromosome 13) with an average of 105.5. Linkage distances 
covered by these markers varied from 95.7 cM (chromosome 14) 
and 175.8 cM (chromosome 13) with an average of 128.2 cM. The 
average distance between adjacent markers was 1.3 cM 
(Supplementary Table S1).

Identification of QTL for heterophylly 
and leaf shape

Eight QTL for heterophylly (RLS) were detected from the 
two populations over two consecutive seasons (Table  2; 
Figure 3). Five of them were identified in the JJ population, 
and they were located on chromosomes 1, 6, 12, 15, and 19, 
respectively. Phenotypic variances explained by these loci 

ranged from 5.0 to 27.0% and favorable alleles for all these 
loci were derived from JD17 except that for qRLS6. qRLS1, 
qRLS6, qRLS15, and qRLS19 were identified in 2017 and they 
explained a total of 43.2% phenotypic variance. qRLS1, 
qRLS12, and qRLS19 were identified in 2018 and they 
explained a total of 40.4% phenotypic variance. Both qRLS1 
and qRLS19 were detected in both cropping seasons, and 
qRLS19 with a maximum LOD value of 15.2 and explained up 
to 27.0% of phenotypic variance. Three QTL (qRLS13, 
qRLS18, and qRLS20) for RLS were detected in the JS 
population. Phenotypic variances explained by them varied 
from 2.7 to 47.2%. Favorable alleles for those loci were all 
derived from JD17 except that for qRLS13. Both qRLS18 and 
qRLS20 were identified in two consecutive seasons. qRLS20 
explained the highest phenotypic variance (R2 = 47.2%).

The numbers of loci detected for LSUP and LSDOWN were 8 
and 4, respectively. In the JS population, qRLS20 was located in the 
same chromosomal interval with qLSDOWN20, and qRLS18 was 
located in the same chromosomal interval with qLSUP18 which 
controls apical leaf shape. In the JJ population, qRLS1 and qRLS19 
were located in similar intervals with qLSUP1 and qLSUP19, 
respectively.

Results from the interaction analysis showed that the 
contributions of Q × E were comparable to those of additive 
contribution for qRLS01 and qRLS18. The additive 
contributions of qRLS19 and qRLS20 were higher than those 
of interactive effects between additive effects and 
environments (Supplementary Table S8).
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Whole genome resequencing of the 
parents

Three parental lines were resequenced at the whole-genome 
scale. The numbers of high-quality reads obtained from JD17, 
JD12, and SN14 were 144.3, 140.1, and 147 million, respectively. 
About 97.7% of reads were mapped to the reference genome 
Wm82.a2.v16 for JD17, 97.7% for JD12, and 97.9% for SN14. The 
average depths of JD17, JD12, and SN14 were 16.7×, 16.1×, and 
17.3×, respectively.

A total of 1,445,750 high-quality single-nucleotide variants 
(SNVs; except intergenic regions) were identified between JD17 
and JD12. Of these, 36,952 were non-synonymous mutations, 
1,000 were stop-gain, and 246 were stop-loss mutations. Of the 
224,799 InDels identified, 2,725 were in coding sequences. 706,626 
high-quality SNVs (except intergenic regions) were identified 
between JD17 and SN14. Of these, 58,792, 813, and 199 were 

6 http://www.soybase.org/

non-synonymous, stop-gain and stop-loss mutations, respectively. 
Of the 288,824 InDels identified, 3,004 of which were in 
coding sequences.

Candidate genes for stable QTL 
controlling heterophylly

Based on the Williams 82 soybean reference genome (Glyma.
Wm82. a2. v1), 23, 49, 17, and 7 annotated genes were discovered 
in the four major QTL intervals located on chromosomes 1, 18, 
19, and 20, respectively (Supplementary Table S2). Among the 96 
annotated genes, 81 were found to have at least one GO 
annotation, which were predicted to be  related to various 
biological processes (Supplementary Table S3).

To identify candidate genes underlying QTL for heterophylly, 
we re-sequenced the three parents. Differences in sequences within 
the four targeted QTL intervals between the parents for both 
populations were identified. A total of 205 SNPs were identified and 
99 of them were non-synonymous mutations. Six InDels were 

TABLE 2 QTL identified for three leaf shape related traits under two-environments based on bin markers genetic map.

Chr QTL Traitsa Pop. Years Marker interval LODb PVEc

(%) Addd Novele Reported 
QTLs

1 qRLS1 RLS JJ 2017/2018 Gm01:49026799-Gm01:49131130/

Gm01:49432006-Gm01:49761132

6.66/4.21 9.08/6.50 0.08/0.08 Yes

qLSUP1 LSUP JJ 2017 Gm01:49432006-Gm01:49761132 8.17 13.22 0.13 Yes

3 qLSDOWN3 LSDOWN JJ 2017/2018 Gm03:38132250-Gm03:38684678/

Gm03:38892480-Gm03:39013184

3.60/3.99 8.19/9.47 0.02/0.03 No Wang et al. (2019)

6 qRLS6 RLS JJ 2017 Gm06:19380218-Gm06:19486680 5.04 6.92 −0.07 Yes

qLSDOWN6 LSDOWN JJ 2017 Gm06:19788772-Gm06:34621845 4.55 11.28 0.03 Yes

9 qLSUP9 LSUP JS 2018 Gm09:6518464-Gm09:6766079 3.53 2.53 0.11 Yes

10 qLSUP10-1 LSUP JS 2018 Gm10:39068771-Gm10:39093320 4.42 3.19 −0.12 Yes

qLSUP10-2 LSUP JS 2017/2018 Gm10:45004437-Gm10:45159991 6.58/6.98 4.55/5.17 0.13/0.16 No Kim et al. (2005)

qLSDOWN10 LSDOWN JS 2018 Gm10:50330569-Gm10:50355968 3.79 1.5 0.08 Yes

12 qRLS12 RLS JJ 2018 Gm12:3549384-Gm12:3738868 4.21 6.5 0.08 Yes

13 qRLS13 RLS JS 2017 Gm13:42147756-Gm13:42659163 3.37 2.71 −0.05 Yes

14 qLSUP14 LSUP JS 2018 Gm14:32009-Gm14:277700 5.26 3.84 0.14 Yes

15 qRLS15 RLS JJ 2017 Gm15:8280651-Gm15:9085621 3.63 5.01 0.06 Yes

qLSUP15 LSUP JJ 2017 Gm15:8280651-Gm15:9085621 3.61 5.4 0.08 Yes

18 qRLS18 RLS JS 2017/2018 Gm18:55570282-Gm18:55724732/

Gm18:55804271-Gm18:56171564

14.57/13.08 11.74/10.22 0.11/0.15 Yes

qLSUP18 LSUP JS 2017/2018 Gm18:55570282-Gm18:55724732/

Gm18:55804271-Gm18:56171564

12.86/25.02 9.61/22.44 0.20/0.33 No Kim et al. (2005)

19 qRLS19 RLS JJ 2017/2018 Gm19:45157936-Gm19:45286223 14.53/15.20 22.17/27.02 0.12/0.17 Yes

qLSUP19 LSUP JJ 2017/2018 Gm19:45157936-Gm19:45286223 10.55/16.07 17.08/28.87 0.14/0.29 No Kim et al. (2005)

20 qRLS20 RLS JS 2017/2018 Gm20:35767199-Gm20:35910712 44.49/46.85 46.39/47.16 0.22/0.33 No Sawada (1988)

qLSDOWN20 LSDOWN JS 2017/2018 Gm20:35767199-Gm20:35910712 99.14/86.99 76.78/72.72 −0.61/−0.56

aRLS, leaf shape ratio; LSUP, top pinnate leaf shape; LSDOWN, basal ternate pinnate leaf shape.
bLOD, logarithm of odds.
cPVE, phenotypic variation estimated from marker regression against phenotype.
dAdd, additive effect of QTL. + and−: Positive values indicate that the JD17 allele increased the trait value and negative values indicate that the JD12 or SN14 allele increased the trait 
value.
eNovel QTL were determined based on Soybase (http://Soybase.org).
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FIGURE 3

QTL controlling leaf shape characteristics in the two RIL populations. (A) QTL hotspots of leaf characteristics in the two RIL populations. The color 
intensity of the bar chart represents marker density. The number on the left indicates genetic distances in centimorgan (cM). QTL names are 
shown on the right. (B) LOD curves of the four QTL for the ratio of the leaf shape index (RLS). Different colors represent different environments. 
The curve for data from the 2017 cropping season is in red and that from 2018 in blue. The dashed line indicates the threshold LOD score. The 
x-axis shows genetic positions in the chromosome.

detected in the exons regions (Supplementary Tables S4, S5). Within 
the qRLS01 interval, 44 SNPs in the exon sequences of 11  
genes were identified. Of these, 36 were non-synonymous  
mutations, and one of them was a stop-gain mutation in  
Glyma.01G153900 (Supplementary Tables S4, S6). One InDel 
located in Glyma.01G151800 caused a frameshift mutation 
(Supplementary Table S5). Within the qRLS18 interval, 103 SNPs 
in the exon sequences of 30 genes were identified. Of these, 61 were 
non-synonymous mutations (Supplementary Table S4). The SNPs 
in Glyma.18G277000, Glyma.18G277400, and Glyma.18G279000 
were stop-gain mutations (Supplementary Table S6). Within the 
qRLS19 interval, 25 SNPs in the exon sequences of 11 genes were 
detected. Of these, 12 were non-synonymous mutations and they 
were located in nine genes (Supplementary Table S4). Five InDels 

were identified in three genes (Supplementary Table S5). Within 
the qRLS20 interval, three SNPs occurred in the exon sequences 
of three genes. One of them was a non-synonymous mutation 
(G → C transversion) in exons of Glyma.20G116200, producing 
an amino acid substitution (Aspartic acid→Histidine; Figure 4A; 
Table 3).

To further determine whether candidate genes play a  
role in heterophytosis, we  compared the expression of 
Glyma.01G151800, Glyma.18G279500, Glyma.18G279600, 
Glyma.19G194100, Glyma.19G194300, and Glyma.20G116200 
in the shoot of JD17 at different developmental stages. The 
results showed that the expression of Glyma.18G279500, 
Glyma.19G194300, and Glyma.20G116200 was significantly 
downregulated in terminal buds at R4 compared with those at 
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V2 stage. Glyma.01G151800 was significantly upregulated at R4 
compared with that at V2 stage, and the expressions of 
Glyma.18G279600 and Glyma.19G194100 were not significantly 

different between these two developmental stages (Figure 4B). 
Combined with the data from gene annotation analysis, 
we  believe that Glyma.01G151800, Glyma.18G279500, 

A

B

FIGURE 4

Sequence differences of the four candidate genes among the three parental genotypes and their transcript levels at different developmental 
stages of JD17. (A) Gene structures and genome sequence alignments (non-synonymous SNPs) of the four candidate genes among the three 
parental genotypes; and (B) Expression of the four candidate genes at vegetative growth stages V2 and R4 in JD17. **indicates significant 
difference at p < 0.01, ***significant at p < 0.001, and ****significant at p < 0.0001.

TABLE 3 Candidate genes for heterophylly in soybean.

QTL name Candidate gene GO biological process 
descriptions

GO molecular function 
descriptions

Homologous genes in 
Arabidopsis

qRLS1 Glyma.01G151800 Regulation of shoot system  

development

Extracellular region; nucleus;  

cytoplasm

AT5G45300, BETA-AMYLASE 8 

(BAM8)

qRLS18 Glyma.18G279500 Cell differentiation; cell division Protein binding; ubiquitin protein  

ligase activity;

AT2G20000, HOBBIT (CDC27)

qRLS19 Glyma.19G194300 Vegetative to reproductive phase 

transition of meristem; cell  

differentiation; meristem  

determinacy

Transcription coregulator activity; AT5G03840, TERMINAL FLOWER 1 

(TFL1)

qRLS20 Glyma.20G116200 Leaf morphogenesis; specification  

of floral organ identity; abaxial cell  

fate specification; carpel development; 

stamen development; anther  

development; flower development;

Nucleic acid binding; DNA-binding 

transcription factor activity; protein 

binding; metal ion binding;

AT1G68480, JAGGED (JAG)
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Glyma.19G194300, and Glyma.20G116200 were candidate genes 
for heterophylly in soybean.

Discussion

Plant architecture is a critical and complex trait that could 
significantly influence crop yield. Leaves are the main organs for 
photosynthesis and synthesize chemical compounds needed 
throughout crop development. As a major component of plant 
architecture, it is not surprising that leaf morphology and their 
arrangements in the canopy affect the efficiencies of light capture 
and photosynthesis (Chitwood and Sinha, 2016). As such, they 
have attracted increasing attention from breeders. Heterophylly 
refers to two or more types of leaves on the same plant. It may 
be the result of a rigid development program or a plastic response 
of plants to different habitat conditions (Kerstetter and Poethiq, 
1998; Titus et  al., 2001; Hejnák et  al., 2014). Few studies on 
heterophylly have been reported in soybean, and the genetic and 
molecular mechanisms remain unknown. In order to investigate 
the genetic characteristics of heterophylly, we constructed two RIL 
populations, one by crossing JD17 (heterophylly) with JD12 (ovate 
leaves) and the other between JD17 and SN14 (lanceolate leaves). 
Assessments of phenotypes for two consecutive cropping seasons 
revealed that the heritability of heterophylly in these two 
populations was 62.40 and 92.37%, respectively, (Table 2), and the 
segregations of the RLS fit normal or skew-normal distribution 
models (Figure 2).

To understand the genetics of heterophylly, we  identified 
QTL associated with leaf shape in this study. We detected 18 QTL 
for LSUP, LSDOWN, and RLS. We compared the QTL detected 
in this study with those reported previously. Based on their 
physical positions in the soybean reference genome, 6 leaf shape-
related QTL identified in this study co-localized with QTL or 
genes reported in previous studies. For example, qLSDOWN20, 
the major QTL for basal leaf shape in the JS population, had the 
same position with Ln (Sawada, 1988; Fang et al., 2013). QTL 
controlling the shapes of the top three leaves, qLSUP10-2, 
qLSUP18, and qLSUP19, were in the same genetic region as the 
QTL reported by Kim et al. (2005). qLSDOWN3 was at a similar 
position as the qLS3h reported by Wang et al. (2019). qLSUP1, 
qLSUP9, qLSUP10-1,qLSUP14, qLSUP15, qLSDOWN6, and 
qLSDOWN10 were novel QTL (Table 2). As this study is the first 
to examine QTL related to heterophylly, all eight QTL (five 
detected in JJ population and three in JS population) were 
identified for the first time relative to heterophylly. Of these QTL, 
the intervals of qRLS12, qRLS18, qRLS19, and qRLS20 overlap 
with reported QTL for leaf shape. The intervals of qRLS1 and 
qRLS15 have not been reported to be associated with leaf shape 
in any previous studies.

Due likely to gametophytic competition or sporophytic 
selection (O’Donoughue et al., 1992), segregation distortions of 
molecular markers are a phenomenon widely reported in 
various plant species (Liu et al., 1996; Konduri et al., 2000). 

With the concern that they may cause issues, distorted loci were 
sometimes discarded in QTL detection (Su et  al., 2017). 
However, the effects of distorted loci on QTL detection may not 
be as negative as these authors assumed. In fact, many studies 
found that they have little effects on QTL detection (Hackett 
and Broadfoot, 2003; Ma et al., 2022). Some studies even found 
that their inclusion may benefit QTL detection (Xu, 2008; 
Zhang et al., 2010; Zuo et al., 2019). Deleting such loci may 
cause potential QTL to be missed, or a change in QTL location 
(Shah et al., 2014). We thus included all distorted loci in linkage 
map construction and in QTL detection in the study 
reported here.

The difference in leaf shape between JD17 and JD12 is mainly 
in the apical leaves. The difference between JD17 and SN14 (which 
has lance-leaved shape) is mainly in the basal leaves. By comparing 
the QTL for LSUP, LSDOWN, and RLS between the two 
populations, it was found that the QTL on chromosomes 1 and 19 
affected both apical leaf shape and heterophylly in the JJ 
population. In the JS population, the QTL on chromosome 20 
affected both basal leaf shape and heterophylly, and the QTL on 
chromosome 18 affected both apical leaf shape and heterophylly. 
Therefore, we have concluded that qRLS20 regulates basal leaf 
shape at an early stage (nutritional growth), that qRLS1, qRLS18, 
and qRLS19 regulate apical leaf shape, and that JD17 possesses 
superior allelic variation at these QTL loci in producing 
heterophylly phenotype.

Based on gene annotations, sequence analysis of parental 
genes, and qRT-PCR, we  identified six candidate genes for 
heterophylly in the intervals of the stable QTL. One of them, 
Glyma.01G151800 was homologous to AtBMY8 (BETA-
AMYLASE 8) that was related to leaf growth and development in 
Arabidopsis thaliana. Compared with the wild type, AtBAM8-OE 
plants have short petioles and rounded, dark-green, and 
hyponastic leaves (Reinhold et al., 2011). Glyma.20G116200 (Ln), 
which encodes GmJAGGED1 (GmJAG1), is a major gene 
regulating leaf shape in soybean. A single base substitution of the 
Ln gene from guanine (G) to cytosine (C) led to an amino acid 
change in the conserved EAR motif of GmJAG1, resulting in the 
loss of function of the gene (Jeong et al., 2012; Fang et al., 2013) 
and the leaves change from round to lanceolate (Cai et al., 2021). 
The comparison of parental gene sequences showed that JD17 
contained Ln allelic variation and SN14 contained ln allelic 
variation. In Arabidopsis, an increase in the length/width ratio of 
the leaf blade is a marker for vegetative phase change (Telfer et al., 
1997). The change in leaf morphology is a marker for phase 
transition from juvenile to adult, due mainly to the temporal 
development of the shoot apical meristem (Silva et al., 2019). 
Glyma.19G194300 (Dt1) is a homolog of the TERMINAL 
FLOWER1 (TFL1) gene in Arabidopsis which plays diverse roles 
related to signaling pathways controlling growth and 
differentiation (Thompson et  al., 1995; Liu et  al., 2010). In 
Arabidopsis, TFL1 participates in the transition from vegetative 
to reproductive phases. Glyma.18G279500 was also involved in 
cell differentiation and cell division.
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In summary, this report elucidated the genetic characteristics 
and identified QTL and candidate genes underlying the 
characteristics of heterophylly. Results obtained in this study 
provides preliminary information on potential roles for genetic 
mechanism associated with heterophylly. These results lay the 
foundation for further efforts to identify valuable genetic 
resources for MAS breeding programs.
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