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ABSTRACT

Pod coloration is a domestication-related trait in soybean, with modern cultivars typically displaying brown

or tan pods, while their wild relative, Glycine soja, possesses black pods. However, the factors regulating

this color variation remain unknown. In this study, we cloned and characterized L1, the classical locus

responsible for black pods in soybean. By using map-based cloning and genetic analyses, we identified

the causal gene of L1 and revealed that it encodes a hydroxymethylglutaryl-coenzyme A (CoA) lyase-like

(HMGL-like) domain protein. Biochemical assays showed that L1 functions as a eucomic acid synthase

and facilitates the synthesis of eucomic acid and piscidic acid, both of which contribute to coloration of

pods and seed coats in soybean. Interestingly, we found that L1 plants are more prone to pod shattering

under light exposure than l1 null mutants because dark pigmentation increases photothermal efficiency.

Hence, pleiotropic effects of L1 on pod color and shattering, as well as seed pigmentation, likely contrib-

uted to the preference for l1 alleles during soybean domestication and improvement. Collectively, our study

provides new insights into the mechanism of pod coloration and identifies a new target for future de novo

domestication of legume crops.
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INTRODUCTION

Soybean (Glycine max) is one of the primary sources of plant-

based protein and oil for human consumption, animal feed, and

industrial processing (Sá et al., 2020). It is believed that

soybean was domesticated from annual, wild G. soja in East

Asia 5000–9000 years ago (Zhou et al., 2015; Sedivy et al.,

2017). Humans have selectively modified the physical and

genetic characteristics of G. soja throughout the complex

evolutionary process of soybean domestication and genetic

improvement to cultivate desirable traits (Doebley et al., 2006).

Therefore, a deeper understanding of the morphological and

genetic alterations from wild G. soja to domesticated soybean
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provides an excellent window into soybean domestication as

well as valuable information for improving soybean yield and

quality (Lu et al., 2020; Wang et al., 2020).

The process of soybean domestication has involved the selection

of a wide range of traits, including coloration of the mature pods

and seed coats (Gillman et al., 2011; Gao et al., 2021). Wild G.

soja pods are typically black, whereas domesticated soybean

pods tend to be brown or tan (Woodworth, 1923). In addition, it
ttp://creativecommons.org/licenses/by-nc-nd/4.0/).
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has been reported that black pods are often accompanied by

smudged seeds. This may result from the pigment in black

pods permeating the parenchymatous cells of the seed coat,

leading to a commercially unattractive appearance (Owen,

1927, 1928; Williams, 1952). Classically, genetic research has

shown that the color of soybean pods is controlled by the

epistatic interaction of two loci, L1 and L2. The L1 allele results

in black pods, while the l1 alleles cause brown or tan pods

in the L2 or l2 background, respectively (Woodworth, 1923;

Bernard, 1967; Shoemaker and Specht, 1995). However, the

genes responsible for pod color remain unknown.

Genes responsible for pigmentation often demonstrate close

linkage or pleiotropic effects on key traits (Cieslak et al., 2011;

Paauw et al., 2019). In soybean, pod color is possibly

associated with pod shattering, a critical trait in the process of

domestication (Dong et al., 2014; Funatsuki et al., 2014; Sedivy

et al., 2017). In a natural environment, pod shattering is

essential in seed dispersal, providing sufficient space for the

offspring to grow and increasing their chances of survival

(Parker et al., 2021). However, uncontrolled pod dehiscence

before harvest can result in devastating yield losses in

agriculture, particularly in tropical regions (Tiwari and Bhatia,

1995; Tukamuhabwa et al., 2002). Hence, during soybean

domestication, humans tend to select plants that are resistant

to pod shattering. Pod shattering is a complex trait influenced

by several inherent factors, including the chemical composition,

morphology, and anatomical structures of the pods, as well

as the architecture of the plant (Bara et al., 2013; Dong et al.,

2014). Furthermore, environmental factors such as high

temperatures, rapid temperature fluctuations, low humidity,

and light-intensity levels have a strong impact on pod

shattering (Krisnawati and Adie, 2019; Liu et al., 2022).

Therefore, pod shattering in soybean depends on the

complicated interactions between genes and the environment,

making it challenging to detect and identify genes related to

pod shattering that are influenced by environmental factors

under field conditions.

In this study, we utilized map-based cloning to discover the L1

gene, which encodes a Fabaceae-specific hydroxymethylglu-

taryl-coenzyme A (CoA) lyase-like (HMGL) domain protein that

is necessary for the biosynthesis of eucomic acid and piscidic

acid in soybean pods. Furthermore, our findings show that the

L1 gene has pleiotropic effects on the coloration of pods and

seed coats, as well as pod shattering under light conditions,

compared with l1 null mutants, suggesting that L1-mediated

dark pod pigmentation intensifies the impact of photothermal ef-

fects on pod shattering.
RESULTS

Map-based cloning of the L1 candidate gene

To understand the molecular mechanisms underlying the change

from black to non-black pods, we performed a cross between

two near-isogenic lines (NILs), R171-BLk with black pods

and R171-LBn with light-brown pods. These NILs were derived

from recombinant inbred line (RIL) R171 that was created by

crossing ZP03-5373 and ZhongHuang 13 (Supplemental

Figure 1). Genetic analysis of the F2 population revealed a 3:1
M

segregation of black-podded and light-brown-podded plants

(c2(1:3) = 0.05 < c2 0.05 = 3.84) (Figure 1A), suggesting that

dark pigmentation of the pod is controlled by a single dominant

gene. Previous studies have shown a correlation between black

pods and smudged seed coats in soybeans (Owen, 1928).

Consistent with these findings, we observed smudged seed

coats in R171-BLk but not in R171-LBn (Supplemental

Figure 1). Additionally, the smudged seed coats cosegregated

with black pods in the F2 and F2:4 populations (Figure 1A),

suggesting that the L1 locus contributes to both black pod

pigmentation and the smudged appearance of seed coats.

To identify the causal gene responsible for black pod coloration in

soybeans, we performed bulked segregant RNA sequencing

(BSR-seq) using the leaves of 30 black-podded and 30 light-

brown-podded plants from the F2 population. After stringent

quality control and data filtration, we identified a total of

149 157 high-quality SNPs. Employing an allele frequency differ-

ence >0.8 and a linkage probability >0.05 as filtration criteria, we

found 229 SNP markers that displayed high probability in associ-

ation with black pod coloration (Supplemental Table S1). Of

these, 185 SNP markers (80.8%) were localized to a 1.7-Mb

genomic interval spanning the 36.5–38.2 Mb region of chromo-

some 19, which overlaps with the L1 locus (Figure 1B) (Bandillo

et al., 2017; Chang et al., 2021).

To further narrow down the location of the L1 locus, we conducted

recombinant screening of the F2:4 population (n = 2662) and identi-

fied a 16.2-kb region between markers M5 and M8 that contains

only a part of a putative gene, Glyma.19G120400 (Wm82.a2.v1)

(Figure 1C). We sequenced Glyma.19G120400 in two parental

lines and identified a C-to-T variant at the 91st nucleotide in

the first exon, leading to an amino acid substitution from arginine

to cysteine (p.R31C) (Figure 1C). Real-time reverse transcription–

PCR (qRT‒PCR) analysis showed that Glyma.19G120400

was predominantly expressed in pods and that its expression

level increased gradually as the pods developed and matured

(Figure 1D). However, expression of this gene was not

significantly different between the NILs (R171-BLk and R171-

LBn) (Supplemental Figure 2A), suggesting that the C91T variant

may affect gene function at the post-transcriptional level. These

findings indicate that Glyma.19G120400 is a strong candidate

gene for the L1 locus.
Genetic confirmation of the L1 gene responsible for
black pod coloration

To test the role of this candidate gene, we utilized CRISPR‒
Cas9 technology to knock out Glyma.19G120400 in the

R171-BLk background. We obtained multiple independent

mutant lines, including l1-cr1 with a single-base insertion and

l1-cr2 with a 68-base insertion in the first exon. Phenotypic

analysis revealed that dysfunction of the Glyma.19G120400

gene led to a change in pod color from black to light brown

(Figure 2A and 2B), indicating that Glyma.19G120400 is the

causal gene for the L1 locus. Hereafter, we refer to

Glyma.19G120400 in R171-BLk as L1 and its loss-of-function

variant in R171-LBn as l1-1. Interestingly, knockout of the L1

gene also eliminated the smudged seed coat phenotype

(Figure 2A), supporting the idea that the L1 gene affects both

pod and seed coat color.
olecular Plant 16, 1178–1191, July 3 2023 ª 2023 The Author. 1179



Figure 1. Identification of the L1 gene by map-based cloning.
(A)Segregation of soybean pod and seed coloration in the population derived from a cross between the NILs R171-BLk (black pods) and R171-LBn (light-

brown pods).

(B) Bulked segregant RNA sequencing (BSR-seq) analysis of the two extreme pools containing leaves from 30 black and 30 light-brown podded plants.

The dashed line indicates the threshold association probability value (0.25) for the putative L1 locus.

(C) TheM5 andM8markers delimit the L1 locus to a 16.2-kb region on chromosome 19, which contains a nucleotide variant in theGlyma.19g120400 gene

between R171-BLk and R171-LBn. The letter A denotes L1 homozygous, and the letter B denotes l1 homozygous.

(D) The expression pattern of Glyma.19g120400 in R171-BLk was determined by qPCR. Data are presented as the mean ± SD of three biological

replicates, with GmActin as the internal control.
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To further examine the effects of the L1 gene, we amplified the L1

coding DNA sequence (CDS) from R171-BLk and transformed

TL1, a cultivar with light-colored pods, with the L1 CDS under

the control of the CaMV 35S promoter. Phenotype analysis

showed that two independent transgenic overexpression

lines, L1-OE1 and L1-OE2, produced black pods instead of the

light-brown pods observed in wild-type TL1 plants (Figure 2C

and 2D). This further confirmed that Glyma.19G120400 is the

L1 gene.
L1 encodes an HMGL-like domain protein

Upon analysis of the protein sequence, we discovered that the

L1 protein features a highly conserved N-terminal HMGL-like

domain accompanied by a C-terminal LeuA regulatory domain

(Supplemental Figure 2B) (Chen and Frantom, 2019). The HMGL-

like domain proteins are categorized as part of the DRE-TIMmetal-

lolyase superfamily, which facilitate cleavage or condensation

reactions ofC–Cbonds and can be further divided into four distinct
1180 Molecular Plant 16, 1178–1191, July 3 2023 ª 2023 The Author.
subgroups: Claisen-condensation-like (CC-like), carboxylase-like,

lyase-like, and aldolase-like (Conte and Frantom, 2020).

We generated a phylogenetic tree containing 203 members

by aligning L1 homologous proteins from several Archaeplastida

species (Figure 2E). The analysis revealed that the L1 protein

is closely related to a-isopropylmalate synthase (IPMS) and

methylthioalkylmalate synthase (MAM), which belong to the CC-

like subgroup (Felnagle et al., 2012). Within this subgroup,

enzymes catalyze a condensation reaction between acetyl-CoA

and various a-keto acids, resulting in the production of a 2-

malate derivative and CoA (Conte and Frantom, 2020). Notably,

this subgroup exhibits significant functional diversity, with at least

six enzymes showing distinct substrate specificities to date. Our

analysis revealed that the 203 taxa in the phylogenetic tree were

predominantly classified into three subgroups, each potentially

possessing different substrate specificities (Figure 2E). For

instance, IPMS1/2 is an essential enzyme in leucine biosynthesis,

as it catalyzes the formation of 2-isopropylmalate from



Figure 2. Characterization of the L1 gene.
(A) The pod and seed phenotype of the wild-type plant (R171-BLk) and CRISPR‒Cas9-engineered Glyma.19g120400 mutants (l1-cr1 and l1-cr2).

(B) Schematic diagram showing the genomic structure of the Glyma.19g120400 gene. The orange letters indicate two, single guide RNAs targeting the

first exon of the candidate gene L1. The red letters above the lines indicate the positions of the nucleotide insertions in the CRISPR‒Cas9-mediated l1

mutants. Light-blue boxes represent 50 untranslated regions (UTRs); white boxes denote exons; black lines are introns.

(C) Pod color of the wild-type plant (TL1) and two transgenic Glyma.19g120400.1-overexpression lines.

(D) Expression levels of the L1 gene in the leaves of the indicated plants. Data are presented as themean ±SD of three biological replicates, withGmActin

as the internal control. Statistically significant differences were determined by a two-tailed Student’s t-test (***p < 0.001).

(E) Neighbor-joining phylogenetic tree of L1 and its homologs from Archaeplastida. The scale bar represents branch length.

(F) The protein domain of L1 and its homologs from rice and Arabidopsis. The red boxes represent chloroplast transit peptide (CTP); the blue rectangles

denote the HMGL-like domain; the yellow rectangles indicate the LeuA dimerization domain.

(G) Subcellular localization of L1-GFP fusion proteins in Nicotiana benthamiana protoplasts. Red fluorescent protein (RFP) alone was used as a cyto-

plasmic marker, and MYB29-RFP was used as a nuclear marker. Scale bars represent 10 mm.
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2-ketoisovalerate and acetyl-CoA (De Kraker et al., 2007; He et al.,

2019). Additionally,MAM1/3contributes toglucosinolate formation

by condensingu-methylthio-2-oxoalkanoic acids with acetyl-CoA

(Knill et al., 2008).

Despite sharing 59%–67%sequence identity with itsArabidopsis

and rice homologs, the L1 protein forms a separate subgroup that
M

comprises members solely derived from Fabaceae species

(Figure 2E). In contrast to its homologs, the L1 protein lacks

chloroplast transit peptides and is localized in the cytoplasm

(Figure 2F and 2G; Supplemental Figure 2C) (Field et al., 2004;

Textor et al., 2007). These observations suggest that the L1

protein evolved differently, possibly resulting in distinct

substrate specificities for the condensation reaction in soybean.
olecular Plant 16, 1178–1191, July 3 2023 ª 2023 The Author. 1181



Figure 3. Analysis of metabolites in soybean pod.
(A) LC‒MS analysis of extracts derived from immature pods of two parent lines (R171-BLk and R171-LBn), l1mutant (l1-cr1), wild-type plant (TL1), and

L1-overexpression transgenic line (L1-OE1).

(B) Comparative LC‒MS extracted ion chromatograms (EICs) of R171-BLk, R171-LBn, l1-cr1, and L1-OE1 extracts with piscidic acid and eucomic acid

standards.

(C) The content of piscidic acid and eucomic acid detected in pod extracts from two parent lines (R171-BLk and R171-LBn), l1mutant (l1-cr1), wild type

(TL1), and L1-overexpression transgenic line (L1-OE1).

(D) Pigmentations are derived from piscidic acid and eucomic acid. PE stands for piscidic acid and eucomic acid.
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Piscidic acid and eucomic acid are responsible for pod
pigmentation

To investigate the compounds responsible for diverse pod

colors, we utilized an ultra-performance liquid chromatography

quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-

MS) system to analyze and compare the metabolites in imma-

ture pods with different alleles. Our metabolomic profiling re-

vealed the presence of two major components (C1 and C2) in

R171-BLk and L1-OE1 pod extracts, which were absent in

R171-LBn, l1-cr1, or TL1 pod extracts (Figure 3A). Through

fragmentation analysis, we deduced C1 to be piscidic acid

with a mass-to-charge ratio (m/z) of 255.0534 ([M-H]�), while

C2 was identified as likely eucomic acid with an m/z ratio of

239.0586 ([M-H]�) (Supplemental Figure 3A–3D). For further
1182 Molecular Plant 16, 1178–1191, July 3 2023 ª 2023 The Author.
validation, we compared the column retention times and MS

data of these two compounds to commercially available

standards, which unequivocally confirmed them as piscidic

acid and eucomic acid (Figure 3B; Supplemental Figure 3E

and 3F).

Piscidic acid and eucomic acid were first isolated from the bark

of the Jamaica dogwood tree and the bulbs of Eucomis punc-

tata, respectively (Bridge et al., 1948; Heller and Tamm, 1974).

We found that these compounds were abundant in black

pods but absent from tan or brown pods (Figure 3C). These

compounds are phenolic acids with antioxidant properties.

Certain phenolic acids and their by-products can undergo

polymerization, resulting in the formation of pigmented



Figure 4. L1 is required for eucomic and piscidic acid biosynthesis.
(A) Polyacrylamide gel electrophoresis showing the purified His-tagged L1 and l1R31C proteins.

(B) LC‒MS analysis of the products obtained from the enzymatic reactions of wild-type L1 and lR31C using acetyl-CoA and 4-hydroxyphenylpyruvic acid

(4-HPP) as substrates.

(C) The L1 protein follows Michaelis–Menten kinetics. L1 activity was measured in Tris–HCl buffer (pH 8.0) containing 1.5 nmol L1 protein, 5 mM acetyl-

CoA, and different concentrations of 4-HPP. Data are presented as the mean ± SD of three biological replicates.

(D) Proposed pathway for the biosynthesis of black pigments in soybean pods. Enzymes used for pathway reconstitution are shown in bold. TAT rep-

resents tyrosine aminotransferase. The enzyme responsible for the oxidation of eucomic acid to piscidic acid is unknown.
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compounds such as lignin and tannin. These acids can also act

as potential agents for protein crosslinking, resulting in phenol–

protein interactions and corresponding color changes (Rohn

et al., 2006; Prodpran et al., 2012; Insaward et al., 2015). It is

likely that the dark color of R171-BLk and L1-OE1 pods is

due to the abundance of piscidic acid and eucomic acid.

Consistent with this hypothesis, we observed that the light-

green extraction solution obtained from the immature R171-

BLk pods became progressively darker over 3 days, while the

extract solution from l1-cr1 pods retained its light-green color

(Figure 3D).

To investigate the effect of piscidic acid and eucomic acid on pod

color, we supplemented these compounds in the l1-cr1 pod

extraction solution at a concentration equivalent to that in the

R171-BLk pod extraction solution, while water was used as a

negative control. The results demonstrate that adding piscidic

and eucomic acids led to progressive darkening of the l1-cr1

pod extraction solution over a period of 3 days, reminiscent of

the black pod extraction solution (Figure 3D). Conversely, no

color change was observed when these compounds were

added to water (Figure 3D). These results indicate that eucomic

acid and piscidic acid are crucial in the development of black

pigmentation in mature soybean pods.
M

L1 functions as a eucomic acid synthase

Considering that eucomic acid is a 2-malate derivative, we postu-

lated that the L1 protein might be capable of synthesizing this

compound via a Claisen condensation reaction involving 4-

hydroxyphenylpyruvate (4-HPP), a 2-oxo-monocarboxylic acid

intermediate in the tyrosine metabolic pathway, and acetyl-

CoA. To test this hypothesis, we conducted in vitro assays to

assess the activity of the L1 protein. In brief, we cloned the

CDS of the L1 and l1-1 genotypes into the pCold-TF vector, trans-

formed the constructs into Escherichia coliBL21, and purified the

recombinant proteins using nickel–nitrilotriacetic acid (Ni-NTA)

agarose (Figure 4A).

The purified recombinant L1 protein exhibited effective eucomic

acid synthase activity in an assay mixture containing 4-HPP and

acetyl-CoA, as expected (Figure 4B). In contrast, the l1R31C

protein was inactive, indicating that the amino acid changes

(p.R31C) disrupted the function of the L1 protein (Figure 4B).

Furthermore, biochemical characterization of L1 revealed that its

Km for 4-HPP was 53.19 ± 3.91 mM, and its catalytic efficiency

(kcat/Km) was 13.9 ± 1.8 mM�1 s�1 (Figure 4C; Supplemental

Figure 4A and 4B). These values are similar to the catalytic

efficiencies reported for 4-hydroxyphenylpyruvate dioxygenase

and 4-hydroxyphenylpyruvate reductase, which are responsible
olecular Plant 16, 1178–1191, July 3 2023 ª 2023 The Author. 1183



Figure 5. Haplotypes of the L1 gene and their relation to soybean domestication.
(A) Structure and haplotypes of the L1 gene. In the top panel, the linear gene structure displays the UTRs, CDS, and introns. The vertical solid lines

represent the SNP loci across 563 soybean varieties. The dotted lines link the SNPs to their physical positions and nucleotides in the bottom panel. The

functional SNPs are highlighted in red.

(B) The structures of proteins are encoded by four L1 haplotypes. The amino acid abbreviations before and after slashes represent the reference (L1 in

R171-BLk) and the alternative amino acids, respectively. Frameshift refers to a shift in the reading frame during protein translation.

(C) From top to bottom, the pie charts are for G. soja, landraces, and improved cultivars. The different colored portions in each pie chart represent the

percentages of plants with different haplotypes.
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for the oxidation and reduction of 4-HPP, respectively (H€ausler

et al., 1991; Wang et al., 2017). Piscidic acid is notably difficult to

generate directly from a-keto acid and acetyl-CoA condensation.

Given the high structural similarity between piscidic and eucomic

acids (Heller and Tamm, 1974), we argue that piscidic acid might

be derived from eucomic acid by an unknown mechanism

(Figure 4D). Taken together, our data demonstrate that L1 is

essential for the biosynthesis of piscidic and eucomic acids, both

of which contribute to the black pigmentation of soybean pods.
Artificial selection of l1 alleles during domestication

Next, we investigated natural variation of the L1 gene in soybean

by analyzing its CDS from 1407 sequenced accessions (Li et al.,

2022). Despite synonymous mutations, we found seven

polymorphisms, including five SNPs that led to amino acid

substitutions (p.R31C, p.G40D, p.T196S, p.V276A, and

p.N418D) and two InDels that resulted in either amino acid

deletion or protein truncation (p.L54delinsLRI and p.K403fs). A

total of four common variants, with a minor allele frequency

(MAF) over 3%, were identified, which formed four haplotypes

(H1 to H4) among 563 of 1407 accessions without missing data

on these four variants (Figure 5A).

Haplotypes H1 and H2 respectively corresponded to the L1 and

l1-1 alleles. Variants p.L54delinsLRI and p.T196S are present in

haplotypes H3 and H4, respectively. Haplotype H4 also contains

another InDel (p.K403fs), which results in CDS frameshifts

(Figure 5A). These SNPs and InDels in haplotypes H2, H3, and
1184 Molecular Plant 16, 1178–1191, July 3 2023 ª 2023 The Author.
H4 affect highly conserved residues on the N-terminal HMGL-

like domain, which is essential for L1 function (Figure 5B). After

analyzing the relationship between the haplotypes and

phenotypes of 563 accessions, we observed that all 127

accessions featuring black pods possess the H1 haplotype. On

the other hand, 89.7% (418 out of 466) of the accessions with

non-black pods harbored the H2, H3, or H4 haplotypes

(Figure 5A). Additionally, after including three rare variants that

fell below 3% MAF, we discovered that all six accessions with

a T-to-C transition at the 827th nucleotide in the fourth exon car-

ried non-black pods (Supplemental Table 2). In conclusion, these

five variants of Glyma.19G120400 account for 97.9% of the

phenotypic variation in 563 soybean accessions. These results

demonstrate a strong association between L1 alleles (H1

haplotype) and black pods and between l1 alleles (five variants)

and non-black pods.

Our analysis of 1407 accessions revealed that all wild G. soja had

black pods, while approximately 14.7% of landraces and only

3.3% of the improved cultivars exhibited black pods

(Supplemental Figure 5A). To further understand the evolutionary

history of the L1 gene, we analyzed the four haplotypes in 593

soybean accessions. Our results showed that all wild G. soja

possessed the H1 haplotype. However, the proportion of H1 was

reduced to 17.3% (56 of 324) in landraces and further decreased

to 5.7% (9 of 159) in cultivars (Figure 5C). Furthermore, we

investigated the selection on the L1 gene at the sequence level

by utilizing FST and nucleotide diversity (p). Our findings showed

that sweep signals within the L1 gene surpass the top 5%



Figure 6. L1-mediated dark pod pigmentation intensifies photothermal-induced pod shattering.
(A) Infrared image of wild-type pods (R171-BLk) and two mutant pods (l1-cr1 and l1-cr2) under simulated sunlight conditions.

(B) Temperaturemeasurements of wild-type pod (R171-BLk) and twomutant pods (l1-cr1 and l1-cr2) under simulated sunlight conditions for the first 60 s.

(C) Temperature of the wild-type pod (R171-BLk) and two mutant pods (l1-cr1 and l1-cr2) at stabilized stages under simulated sunlight conditions.

(D)Representative image of a wild-type plant (R171-BLk) and two L1mutant lines (l1-cr1 and l1-cr2) under field conditions after fully maturing for 3weeks.

(E and F) Percentage of plants with shattered pods per plot and percentages of shattered pods per plant for wild type (R171-BLk) and L1mutants (l1-cr1

and l1-cr2) at the full maturity stage. Data are presented as the mean ± SD, and n represents biological replicates.

(G and H) Percentage of plants with shattered pods per plot and percentages of shattered pods per plant for wild type (R171-BLk) and L1mutants (l1-cr1

and l1-cr2) after 3 weeks at full maturity. Data are presented as the mean ± SD, and n represents biological replicates.
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threshold observed throughout the whole genome sequence.

These signals were consistently observed in both the comparison

of G. soja versus landrace and landrace versus improved cultivar

(Supplemental Figure 5B and 5C). These results indicate that l1

alleles have undergone strong artificial selection during the

domestication and genetic improvement of soybean.

L1 intensifies the impact of photothermal effects on pod
shattering

Objects can absorb light and convert it to thermal energy through a

process commonly known as the photothermal effect (Terazima

et al., 2004). This effect is particularly pronounced for dark-

colored objects. However, little research has explored the photo-

thermal effect on soybean pods of different colors. To address

this, we compared the temperatures of black pods (R171-BLk)

with those of light-brown pods from L1 gene-edited lines (l1-cr1

and l1-cr2) under simulated sunlight (photosynthetically active radi-

ation, approximately 1000 mmol m�2$s�1). Our analysis of infrared

images revealed that during the first 30 s of light exposure, black

podsexhibitedasignificantlymoresubstantial temperaturechange

than light-brown pods (Figure 6A and 6B). After 1 min, the

temperature of the black pods rose from 25�C to 50�C, while that
M

of the light-brown pods only increased by 17�C (Figure 6B).

Moreover, after 5 min, the temperature of the black soybean

pods stabilized at 61�C, constituting an 11�C difference from the

light-brown pods (Figure 6C). These results indicate that black-

colored soybeanpodsundergo a rapid and intense temperature in-

crease with short-term light exposure and that their temperature

exceeds that of non-black pods when exposed to prolonged light.

Temperature is a critical factor influencing pod shattering in soy-

bean plants (Tsuchiya, 1987). This observation raises an

intriguing question regarding the contribution of the L1 gene to

pod shattering under light conditions. Thus, we compared the

pod-shattering tendency of R171-BLk with that of two L1 gene-

edited lines under simulated sunlight conditions. Our results indi-

cate that black pods of R171-BLk were more susceptible to shat-

tering than those of the l1-cr1 and l1-cr2 lines (Supplemental

Video 1). These results suggest an association between L1-

mediated pod pigmentation and photothermal-induced pod

shattering in soybeans.

To investigate the impact of L1 on soybean pod shattering in

agricultural practice, we conducted field experiments in Hainan
olecular Plant 16, 1178–1191, July 3 2023 ª 2023 The Author. 1185



Figure 7. A proposed model illustrating how the
domestication-associated L1 gene modulates pod color and
shattering in soybean.
L1 functions as a eucomic acid synthase, facilitating the synthesis of

eucomic acid and piscidic acid, and leading to black pods in G. soja. The

dark coloration of the pods enhances the photothermal conversion effi-

ciency, promoting the shattering of pods and contributing to the survival of

G. soja. The loss-of-function alleles l1H2, l1H3, and l1H4with light pod color

and resistance to pod shattering were selected during soybean domes-

tication and improvement.
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Province, China. We measured the pod-shattering rate at full

plant maturity (when all pods had reached their mature color)

and 3 weeks later (Figure 6D). Field tests demonstrated that

only a small proportion of mutant plants (l1-cr1, 1.31%; l1-cr2,

0.41%) produced shattering pods at the full maturity stage,

compared to over 38.73% of the R171-BLk line (Figure 6E).

Consistently, the percentages of shattered pods per plant for

mutants (l1-cr1, 0.39%; l1-cr2, 0.05%) were significantly lower

than for the R171-BLk line (6.44%) (Figure 6F).

Delayed harvesting can exacerbate pod shattering in soybean

(Zhang and Bellaloui, 2012). After 3 weeks of maturity,

approximately 50% of the mutant lines had at least one

shattering pod, yet this rate was still much lower than that of

the R171-BLk line (96.24%) (Figure 6G). The light-brown pods

exhibited significant resistance to shattering (l1-cr1, 13.61%;

l1-cr2, 11.52%), whereas the ratio of pod shattering in the black

pods was as high as 62.98% (Figure 6H). These results

demonstrate that precise genomic editing of L1 can notably

enhance pod-shattering resistance in the field by reducing pod

pigmentation in soybean. Therefore, it is likely that the preference
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for pod-shattering resistance has contributed to the artificial se-

lection of l1 alleles in cultivated soybean varieties (Figure 7).

DISCUSSION

Plant coloration, or pigmentation, is an age-old subject in botan-

ical sciences (Willmer et al., 2009; Zhu et al., 2010; Samanta et al.,

2011; Aviezer and Lev-Yadun, 2015; Wang et al., 2018; Nelson

and Whitehead, 2021; Roy et al., 2022). In 1865, Mendel’s

pioneering experiments on pea characteristics, specifically

the colors of cotyledons, flowers, and pods, unveiled the

foundational principles of genetics and marked the beginning

of modern genetics. However, the mechanism behind pod

coloration in legumes, including soybeans, remains elusive

to this day (Shirasawa et al., 2021). Despite identifying that the

L1 locus governs black pod coloration in soybeans over a

century ago, the gene accountable for this trait continues

to be a subject of ongoing debate. He et al. (2015) proposed

Glyma19g27460 (equivalent to Glyma.19G101700 in Wm82.

a2.v1), which encodes an MYB DNA-binding domain protein, as

the most likely candidate for L1. However, other researchers

have located the L1 locus in a region situated approximately

2.7 Mb downstream of Glyma19g27460 (Bandillo et al., 2017;

Chang et al., 2021). In this study, we employed a map-based

cloning strategy and transgenic plants to identify and verify that

Glyma.19g120400 corresponds to the L1 gene.

We discovered that the L1 gene encodes a cytoplasmic protein

with an HMGL-like domain, which is a member of the CC-like

subgroup of the DRE-TIM metallolyase superfamily. This sub-

group of enzymes is responsible for catalyzing condensation re-

actions between various a-keto acids and acetyl-CoA and is

involved in the biosynthesis of branched-chain amino acids or

secondary metabolites in plants (Kumar et al., 2016). We found

that L1 functions as a eucomic acid synthase, catalyzing the

condensation reaction between 4-HPP and acetyl-CoA to pro-

duce eucomic acid and possibly piscidic acid. Notably, L1 be-

longs to a distinct subgroup consisting only of members derived

from Fabaceae species in the phylogenetic tree, which is consis-

tent with the observation that eucomic and piscidic acids are

abundant in Fabaceae species, including pigeonpea, faba

bean, and Lotus japonicus (Ae et al., 1990; Okada et al., 2009;

Valente et al., 2018). We further demonstrated that the

presence of eucomic and piscidic acids is necessary for dark

pigmentation in pods. These compounds are thought to be

involved in the process of oxidation or polymerization of other

compounds, but the precise mechanism remains unclear and

requires further investigation (Owen, 1928).

Our research indicates that L1 alleles underwent strong artificial

selection during the process of soybean domestication and

improvement. This is consistent with a previous study indicating

that L1was in a selective sweep region (with a Tajima’sD score of

>2) (Zhou et al., 2016). However, the selection pressure against

the black pod trait in soybean remains unclear. It is possible

that the black pod trait potentially conflicts with human cultural

preferences or is associated with other characteristics that

negatively affect agricultural production. For instance, the green

seed coat was eliminated during soybean domestication

because it was positively linked with uneven emergence times

of seedlings (Wang et al., 2018). Indeed, during the process of
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crop domestication, pigmentation traits that lacked agronomic

value were frequently subjected to negative selection, leading

to their elimination from the cultivated varieties (Paauw

et al., 2019).

Black pods are usually accompanied by smudged seeds due

to the presence of ‘‘oxidation pigments’’ that are different from

anthocyanins (Owen, 1928; Williams, 1952; Bernard, 1967).

Interestingly, the quantitative trait loci responsible for the total

antioxidant content of seeds precisely overlap with the L1 and

L2 loci (Qi et al., 2014; Li et al., 2016). Our study provides

evidence of the pleiotropic effects of the L1 locus, which

regulates pigmentation, involving oxidation or polymerization, in

black pods and smudged appearance in the seed coat. Seed

coloration typically acts as an adaptive feature that provides

protective camouflage, thus helping seeds evade predators

(Porter, 2013; Aviezer and Lev-Yadun, 2015). However, modern

agricultural practices consider smudged seeds undesirable

because they lead to reduced soybean seed quality and lower

market prices (Sinclair, 1992). According to the United States

Standards for Soybeans, the No. 1 yellow soybean must

contain no more than 1% soybeans of other colors (SBOC),

with seeds classified as ‘‘mixed’’ if SBOC exceeds 10%. The

unsightly appearance of soybean seeds could therefore

have been a contributing factor in the selection of l1 alleles

during soybean domestication and improvement, motivated by

aesthetic or cultural reasons (Doebley et al., 2006). This, in turn,

could indirectly influence the artificial selection of pod color in

soybean.

Moreover, we showed that black pods exhibit a more prominent

photothermal effect, resulting in a rapid and significant increase

in temperature even with brief exposure to intense light. High

temperatures and rapid thermal fluctuations can lead to alter-

ations in the structure and moisture content of soybean pods,

making the pods more susceptible to shattering (Tukamuhabwa

et al., 2002). Indeed, Prine et al. (1964) have reported that

soybean pods on the south side of east–west rows, which receive

the most sunlight, experience the highest rate of pod shattering.

Additionally, in tropical regions, where sunlight is particularly

strong, soybeans are more vulnerable to pod shattering (Fasusi

et al., 2022). These agricultural practices emphasize the

significant impact of the photothermal effect on soybean pod

shattering. Our studies demonstrated that L1-mediated dark

pigmentation intensifies photothermal-induced pod shattering

in soybean. The L1 plants were more susceptible to pod

shattering under light conditions than l1 null mutants. This

phenomenon highlights the importance of selecting light-

colored pods during soybean domestication and agricultural

practices to minimize yield losses caused by pod shattering

(Figure 7). Therefore, our findings suggest that targeting L1

could potentially provide a solution to this issue.

In summary, we have identified L1 as a crucial synthase of eu-

comic acid, thereby enhancing our knowledge of the enzymatic

activity of the HMGL-like domain family. Our findings also shed

light on the multifaceted regulatory role of L1 in the pigmentation

of soybean pods and seeds and its indirect facilitation of pod

shattering. Consequently, L1 can be considered a potential target

for the de novo domestication of G. soja to strengthen resistance

against pod shattering and enhance seed quality.
M

METHODS

Plant materials and growth conditions

R171-BLk andR171-LBnare twoNILswith different pod colors segregated

in an F10:11 RIL, R171, by crossing Zhonghuang13 (ZH13) and Zhongpin03-

5373 (ZP03). CRISPR–Cas9-engineered mutants were generated on the

background of R171-BLk. Transgenic overexpression lines were gener-

ated on the background of the elite soybean cultivar Tianlong1 (TL1), which

was provided by the Oil Crops Research Institute, Chinese Academy of

Agricultural Sciences. Plants were cultivated at the experimental station

in Beijing (40.1�N, 116.7�E) and Sanya City (18.3�N, 109.6�E).

BSR-seq

Leaves of 30 black-podded and 30 light-brown-podded plants from the

F2 population were sampled to isolate RNA. Total RNA was quantified

with a bioanalyzer and subjected to RNA sequencing using an Illumina

HiSeq2500 platform with a 125-bp paired-end sequencing strategy. The

sequenced reads were first scanned for trimming of low-quality bases.

Bases with PHRED quality values <15 (i.e., error rates < �3%) were

removed, and the remaining reads were filtered with a minimum length

of 60 bp. The trimmed reads were then aligned to the Wm82 reference

genome (a2.v1) with GSNAP (Wu and Nacu, 2010). The uniquely aligned

reads were used for SNP calling while ignoring the first 3 and last 3 bp

of each read and only used sites with a PHRED score R20. The biallelic

SNPs having alleles different from those of the reference genome were

identified for those two poolings using an in-house script (Liu et al.,

2012). Raw SNPs were filtered with at least five reads in each pooled

sample. The 45 684 retained SNPs were used for BSR-seq mapping,

with an empirical Bayesian approach. SNPs with an association probabil-

ity of >0.05 were defined as associated with the trait.

Map-based cloning of L1 locus

We used a classical map-based cloning strategy to identify the L1 locus.

First, we crossed the two NILs, R171-BLk (L1) and R171-LBn (L1), in 2013.

F1 plants were grown at the Beijing Experimental Station in 2014, and F2
populations were derived from self-fertilization. Subsequently, an F2:4
population of 2662 individuals was used to screen recombinants with

different breakpoints at the L1 locus using nine InDel and SNP markers

in 2015 at the Shunyi Experimental Station of the Institute of Crop Sci-

ences of the Chinese Academy of Agricultural Sciences (40.1�N, 116.7�E).

Primers, accession numbers, and vector construction

Supplemental Table 3 lists the primers used in this study. The L1 gene

sequence was obtained from the Phytozome database (Wm82.a2.v1)

with accession number Glyma.19G120400. The CDS of the dominant L1

allele was amplified from the R171-BLk cDNA and cloned into the binary

vector p0641-FLAG under the control of the CaMV 35S promoter. Subse-

quently, the 35S::L1-FLAG construct was introduced into Agrobacterium

strain EHA105 and transformed into cultivar TL1 using theAgrobacterium-

cotyledonary node transformation system.

The CRISPR‒Cas9 knockout construct for L1 was designed to create a

mutant in the first exon using two guide RNAs (gRNAs). The gRNAs

were designed using the CRISPRdirect web tool (http://crispr.dbcls.jp/)

(Naito et al., 2015). At least four different gRNAs were selected to

construct the CRISPR‒Cas9 expression vectors. According to the soy-

bean hairy root system, each candidate gRNA was evaluated for editing

efficiency, and two efficient gRNAs were selected. The soybean cotyle-

donary explants were then infected with the EHA105 strain containing

CRISPR‒Cas9 constructs. A pair of gene-specific primers (L1-CR,

Supplemental Table 3) was designed to amplify DNA fragments

comprising the target sites in the transgenic T1 plants and their progenies.

Sample collection, RNA extraction, and qRT‒PCR

We collected various tissues of R171-BLk plants at 16:00 under field con-

ditions, including roots, hypocotyls, cotyledons, epicotyls, unifoliolate
olecular Plant 16, 1178–1191, July 3 2023 ª 2023 The Author. 1187
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leaves, trifoliolate leaves, stems, flowers, and pods. Total RNA was ex-

tracted from the samples using TRIzol reagent. First-strand cDNA was

synthesized with 1–3 mg total RNA in a 20-ml volume using an oligo(dT)18
primer. Gene transcription levels were determined by qRT‒PCR using

the gene-specific primer on the qTOWER3G platform (Analytik Jena) ac-

cording to the manufacturer’s instructions. In brief, 2 ml of 10-fold diluted

cDNA was used as a template and amplified using ChamQ Universal

SYBR qPCRMaster Mix (Vazyme) in a volume of 20 ml. Cycling conditions

included 30 s of predenaturation at 95�C, followed by a 40-cycle program

(95�C for 10 s, 60�C for 30 s, per cycle). The expression level of soybean

actin (Glyma.18G290800) was measured as an endogenous control (Lyu

et al., 2021). For each set of experiments, the transcription levels of

genes were calculated using the 2�DCt method, and at least three

biological replicates were used.

Soybean transformation

The Agrobacterium-cotyledonary node transformation method was used

to develop the CRISPR‒Cas9-mediated l1 mutants and the L1 overex-

pression lines. Seeds of TL1 or R171-BLk were placed in a vacuum

desiccator containing chlorine gas for 16–18 h and then placed in sterile

water overnight. The seed coat was carefully removed, and two cotyle-

donary explants were prepared by making a horizontal incision through

the hypocotyl and a vertical incision between the cotyledons. After a 30-

min immersion in Agrobacterium EHA105 inoculum containing the con-

structs, the explants were transferred to a cocultivation plate for 3

days at 25�C in darkness. The explants were then cultured on shoot initi-

ation medium at 25�C under photoperiodic conditions (12-h light/12-h

dark) and subcultured on fresh medium every 2 weeks. After the shoot

initiation phase, the elongated shoots were moved to the rooting

medium.

Subcellular localization

To verify the subcellular localization of the L1 protein, the CDS of the L1

gene was cloned into the pTF101 vector with green fluorescent protein

(GFP) at the C terminus. We introduced the 35S::L1-GFP construct into

Agrobacterium strain EHA105 and infiltrated it into young Nicotiana ben-

thamiana leaves. After incubation under light for 36 h, leaves were cut

into strips and incubated in enzyme solutions (1% Cellulase R-10, 0.5%

Macerozyme R-10, 0.5 M mannitol, 50 mM 2-(N-morpholino)ethanesul-

fonic acid [pH 5.8]) to isolate protoplasts. Protoplasts were then examined

using a Zeiss LSM780 confocal laser scanning microscope and pro-

cessed using ZEN 2009 Light Edition software.

Protein domain and phylogenetic analysis

The homologs of L1 were found in Phytozome using BLAST. The amino

acid sequences of homologs were downloaded and then aligned with

COBALT (NCBI) tools. A phylogenetic tree was constructed using the

neighbor-joining method with 1000 bootstrap replicates. Conserved do-

mains were obtained from the HMMER web server (https://www.ebi.ac.

uk/Tools/hmmer/).

Metabolite extraction and analysis

Pods of two parental lines, R171-BLk and R171-LBn, as well as l1-cr1,

TL1, and L1-OE1, were harvested and ground to a fine powder. Subse-

quently, each powdered sample was subjected to extraction with sol-

vent (water/methanol/acetonitrile = 1:2:2) in a rotator at 4�C overnight.

After centrifugation at 15 000 g for 20 min, the supernatant was filtered

using ultrafiltration with a 3-kDa molecular weight cutoff and subjected

to UPLC-QTOF-MS analysis (Thermo Vanquish F-AB SCIEX 6600)

equipped with an Acquity UPLC HSS T3 column (1.8 mm, 2.1 mm inter-

nal diameter [ID] 3 100 mm, Waters) eluting at a flow rate of 0.4 ml/min.

Mobile phase A was water/formic acid (1000:1, v/v), and mobile phase B

was acetonitrile/formic acid (1000:1, v/v). The UPLC separations were

25 min/sample using the following scheme: (1) 0–1 min, 5% B; (2)

5 min, 25% B; (3) 15–18 min, 100% B; and (4) 18.1–25 min, 5% B. All

the changes were linear, and the flow rate was set at 0.4 ml/min. Tar-
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geted metabolomics analysis of LC‒MS data was performed using

SCIEX OS 2.0.1 software.

Purification of the expressed His-tag protein

CDSs of the genes (L1 and l1-1) were amplified from the R171-BLk and

R171-LBn cDNA and cloned into the pCold-TF vector with a His

tag. The constructs were then induced in E. coli BL21 (DE3) cells. A

single colonywas inoculated into 10ml of Luria-Bertani (LB) liquidmedium

and grown overnight at 37�C to produce a seed culture. An aliquot of 3 ml

of the seed culture was transferred to 300 ml of LB liquid medium

and shaken at 37�C for approximately 4 h until the OD600 reached 0.6.

The culture was then cooled and induced with 1 mM isopropyl-b-D-1-

thiogalactopyranoside at 16�C for 24 h. Cells were harvested by centrifu-

gation at 8000 g for 5 min at 4�C and then resuspended in lysis buffer

(50 mM Tris–HCl [pH 8.0], 500 mM NaCl, 0.25 mM dithiothreitol, 1 mM

phenylmethylsulfonyl fluoride, and 0.2% lysozyme) on ice for 30 min. Bac-

terial cells were lysed using a sonicator and centrifuged at 12 000 g at 4�C
for 20 min. The supernatant was collected using a sterile 0.25-mm filter. A

volume of 1 ml of 50% Ni-NTA agarose (Qiagen), rinsed three times with

lysis buffer, was added to the supernatant and placed in a rotator for

8 h at 4�C to allow the His-tag protein to bind to the resin. The lysate–

Ni-NTA mixture was collected by centrifugation at 700 g for 2 min at

4�C and washed more than six times with wash buffer (50 mM Tris–

HCl [pH 8.0], 500 mM NaCl, 20 mM imidazole). His-tag protein was then

eluted with 3 ml of elution buffer (50 mM Tris–HCl [pH 8.0], 500 mM

NaCl, 500 mM imidazole). Subsequently, the eluent was filtered through

an Amicon Ultra 0.5-ml centrifugal filter with 10 kDa molecular weight

and desalted in 4 ml of a 50 mM Tris buffer (pH 8.0) containing 1 mM

MgCl2 and 10% glycerol.

Enzyme assay

L1 and l1R31C enzyme assays were performed according to the methods

of De Kraker et al. (2007) with minor modifications. In brief, a 150-ml

reaction mixture contained 1 nm purified recombinant enzyme, 500 mM

acetyl-CoA, 1 mM 4-HPP, 4 mM MgCl2, and 100 mM Tris–

HCl (pH 8.0). Incubation was performed at 37�C for 10 min and termi-

nated by the addition of 50 ml of ethanol. After centrifugation at

15 000 g for 20 min, 5 ml of the supernatant was subjected to triple-

quadrupole LC–MS (Agilent 1290-6460) analysis equipped with an Acq-

uity UPLC HSS T3 column (1.8 mm, 2.1 mm ID 3 100 mm, Waters)

eluting at a flow rate of 0.4 ml/min. Mobile phase A was water/formic

acid (1000:1, v/v), and mobile phase B was acetonitrile/formic acid

(1000:1, v/v). The UPLC separations were 12 min/sample using the

following scheme: (1) 0–1 min, 5% B; (2) 5 min, 25% B; (3) 7–9 min,

100% B; and (4) 9.1–12 min, 5% B. All the changes were linear, and

the flow rate was set at 0.4 ml/min. For the determination of Km and

Vmax, different concentrations of 4-HPP ranging from 0.01 mM to 1 mM

were used in the presence of 500 mM acetyl-CoA, 4 mM MgCl2,

100 mM Tris–HCl (pH 8.0), and equal amounts of purified recombinant

proteins. Km and Vmax were determined by nonlinear fitting to the

Michaelis‒Menten equation using GraphPad Prism v8.0.0. Triplicate

assays were performed for all data points.

Gene diversity analysis

To identify potential selective signals of Glyma.19G120400 during soy-

bean domestication and improvement breeding, we used a sliding-win-

dow approach (10-kb windows sliding in 5-kb steps) to quantify the levels

of nucleotide diversity (p) and genetic differentiation (FST) betweenG. soja,

landrace, and improved cultivars using VCFtools (v0.1.14) (Danecek et al.,

2011). The windows with the top 5% of FST, p ratio (ppop1/ppop2) were

considered as candidate sweeps.
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