Su et al. BMC Plant Biology (2025) 25:714
https://doi.org/10.1186/512870-025-06298-z

BMC Plant Biology

. . ®
Loss of phytochromobilin synthase activity =
leads to larger seeds with higher protein

content in soybean
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Abstract

for this important crop.

Seed weight is an important agronomic trait that is related to seed size and determines yield in soybean (Glycine
max). We previously identified a spontaneous soybean mutant with light green leaves called ygl2. Here, we cloned
YGL2, which encodes a phytochromobilin (POB) synthase involved in synthesizing the chromophore of the photo-
receptor phytochrome. The lesion in ygl2 is a 10-bp deletion, causing a frameshift mutation and a premature stop
codon that truncates the encoded protein. In contrast to the wild type, yg/2 lacks POB synthase activity and func-
tion. This appears to promote cell expansion, thus increasing seed weight. Surprisingly, the ygl2 mutant also exhibits
excellent traits including early maturity and high protein content. Moreover, under the condition of dense planting
(3 cm), the yield of YGL2 mutant was significantly increased. Mutants harboring yg/2 mutations that we generated
via gene editing had enlarged seeds with high protein content. Moreover, the expression levels of the photoperiod
sensitive genes (1, FT2a, FT5a) were lower in the ygl2 mutant than in the wild type. Mutating the YGL2 gene resulted
in increased biliverdin content and decreased heme content. We determined that Lhcb4, a chlorophyll a/b bind-
ing protein in photosystem I, interacts with YGL2 but not with the mutant version of the protein. We thus identified
a mutation in a POB synthase gene that enhances seed weight in soybean, providing a promising breeding target
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Introduction

Soybean (Glycine max) is an economically important
crop that provides edible oil, protein, and other nutri-
ents for humans and feed for animals worldwide [60, 61,
67]. Soybean seeds have a balanced composition of many
essential amino acids, with protein representing 37-48%
of seed weight and fat representing another 16.3-25%,
making soybean a high-quality protein source. Large
seeds have typically been selected during crop domes-
tication [14, 60, 61]. Larger seeds accumulate plentiful
nutrients that confer better stress tolerance and/or better
seed germination rates and early seedling development
compared to smaller seeds [41]. But if the seeds are too
large, they also usually have problems in germination and

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-025-06298-z&domain=pdf

Su et al. BMC Plant Biology (2025) 25:714

development. Thus, seed size and weight are important
traits for adaptation and crop domestication.

Seed size and weight are precisely regulated by inter-
nal genetic information and environmental signals. The
ubiquitin—proteasome pathway, G-protein signaling,
mitogen-activated protein kinase (MAPK) signaling, and
transcriptional regulators control seed development via
various physiological pathways [30]. Several factors that
regulate seed size and weight have been identified in soy-
bean. For instance, the phytohormones auxin and ethyl-
ene play diverse roles in plant growth and influence seed
size and weight [34]. Similarly, the gibberellin biosynthe-
sis enzyme GIBBERELLIN 3-OXIDASE 1 (GmGA30X1)
promotes hundred-seed weight in soybean by increasing
cell size [20]. PROTEIN PHOSPHATASE 2C-1 (PP2C-1)
interacts with and dephosphorylates BRASSINAZOLE-
RESISTANT 1 (GmBZRI) to activate brassinosteroid
signaling and regulate seed size and weight [39]. Sign-
aling from the jasmonic acid and cytokinin pathways is
integrated through JASMONATE-ZIM-DOMAIN PRO-
TEIN 3 (GmJAZ3) to positively regulate hundred-grain
weight in soybean [15, 22]. GmGA20x and GmGA3ox1
regulate seed weight by catalyzing the biosynthesis of
bioactive gibberellin [20]. The SUGARS WILL EVEN-
TUALLY BE EXPORTED TRANSPORTER (SWEET)
gene family and CELL WALL/VACUOLAR INHIBITOR
OF FRUCTOSIDASE 1 (GmCIFI) influence seed weight
because they encode proteins that regulate sugar trans-
port and metabolism [60, 61]. In addition, Glycine max
Soybean Seed Size 1 (GmSSSI,Hundred-seed weight
(HSW,Protein, Oil, Weight, Regulator 1 (POWRI,Seed
Thickness 1 (ST1,GmST0S5 (also named MOTHER OF
FT AND TFL1 [GmMFT)); and FATTY ACID DESATU-
RASEs (GmFADs) control seed-related traits in soybean
(6,9, 12, 16, 31, 53, 64, 76].

Plant perception of neighbor proximity or canopy
shading is primarily mediated by the red/far-red light
phytochromes [33]. Photoactive phytochromes con-
sist of a PHY apoprotein covalently attached to a linear
tetrapyrrole chromophore (phytochromobilin, 3E-POB)
[56]. POB synthase, a ferredoxin-dependent biliverdin
(BV) reductase encoded by LONG HYPOCOTYL 2 (HY2)
in Arabidopsis (Arabidopsis thaliana), plays an impor-
tant role in phytochrome biosynthesis [25, 28]. Mutants
defective in phytochrome function display changes in
leaf color and have been extensively studied in the con-
text of light perception. For example, the Arabidopsis /y1
and /y2 mutants [27, 42] and the tomato (Solanum lyco-
persicum) yellow-green-2 (yg-2) mutant [8, 13] exhibit an
early flowering phenotype due to blocked phytochrome
biosynthesis. Agronomic traits such as plant height, grain
number, and seed set are significantly reduced in the rice
(Oryza sativa) mutants pale yellow revertible 1 (pyrl)

Page 2 of 16

and yellow-green leaf 98 (ygl98) relative to their wild-type
parents [10, 55], and so on.

Compared to model plants such as Arabidopsis and
rice, few studies have focused on soybean mutants with
leaf color phenotypes. Of the 28 such soybean mutants
reported to date, only 16 mutations have been mapped
to genomic regions [25, 35, 36, 46] . Only the YELLOW
LEAF 1 (YLI), YL2, YELLOW 11 (Y11), Mg-chelatase
subunit Chllla, TRANSLOCON AT THE INNER ENVE-
LOPE MEMBRANE OF CHLOROPLASTS 110 (Tic110),
psbP, and YELLOW GREEN LEAF (YGL) genes have
been cloned [7, 35, 36, 59, 63, 65]. Of these, the gene
mutated in the mutant line NJ9903-5 encodes a trans-
porter localized to the chloroplast membrane whose loss
of function has negative effects on plant height, main
stem node number, grain number per plant, and single
plant pod number but has little effect on hundred-seed
weight, protein content, or oil content [26]. The role of
P®B synthase in seed weight has not yet been reported.

In this study, we mapped a QTL controlling hundred-
seed weight using the spontaneous yg/2 mutant, which
shows yellow-green leaves in the field. We identified a
10-bp deletion leading to a frameshift mutation in a gene
encoding POB synthase. While the mutant protein lost
its original enzymatic role, it also acquired a new func-
tion in promoting seed size that has been selected during
soybean domestication and genetic improvement. These
findings illustrate a new evolutionary and developmental
mechanism whereby seed weight and size can be con-
trolled by the phytochrome signaling pathway, revealing
new genetic variation and mechanisms during soybean
domestication and evolution and providing new ideas for
crop breeding.

Materials and methods

Plant materials and growth conditions

The original soybean yg/2 mutant was identified in the
field. In 2017, this plant was crossed to wild-type soy-
bean variety YGL2 to construct a mapping population.
All F1 plants showed a normal green leaf phenotype,
whereas the leaf color trait segregated in the F2 popu-
lation. Of the 567 F2 plants examined, 412 had normal
green leaves and 155 had yellow-green leaves. A Chi-
squared test (Table S1) showed that the segregation ratio
between plants with normal green vs. yellow-green leaves
matched a segregation ratio of 3:1 (P>0.05), indicating
that the yellow-green leaf trait of yg/2 is controlled by a
single recessive nuclear gene. In the same year (October),
F1 seeds were planted in Hainan, and an F2 population
was obtained; these plants were propagated continuously
from 2017 to 2022 at the Chinese Academy of Agricul-
tural Sciences, China.
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Morphological and physiological analysis

Flowering time was measured at the R1 stage, which
is defined as the time from seedling emergence to the
opening of the first flower [2]. Plant height and inter-
node length were recorded at maturation (R8 stage),
while grain protein content and hundred-seed weight
were measured after harvest. Agronomic traits were
studied at the mature stage using conventional meth-
ods. The contents of chlorophyll, other pigments, heme,
and biliverdin IXa were determined in leaves using
targeted metabolomics (LC-QQQ-MS, conducted by
Allwegene Company). Starch, sucrose, fructose, and
glucose contents were measured using a Solybo reagent
kit. Chloroplasts in the leaves of 15-day-old seedlings
were examined by transmission electron microscopy
(Hitachi, H-600, Tokyo, Japan), and samples were pre-
pared as described previously [77]. Semi-thin cross
Sects. (1 um) were obtained from the seeds of 138-day-
old YGL2 and yg/2 plants at the R8 stage for cell obser-
vation. The sections were stained with 1% toluidine
blue. The inner surfaces of cotyledons from mature dry
seeds were observed under a scanning electron micro-
scope (SEM), and the cells in the middle region were
observed and analyzed. Three seeds (one cotyledon per
seed) were analyzed for each genotype. The cell num-
ber and cell area from each 600X SEM image (3.26E-2
mm?) were measured, and the total number of cells
per cotyledon area was calculated. Cell and cotyledon
areas were measured using AxioVision Rel. 4.7 imaging
software (Carl Zeiss AG, Oberkochen, Germany). Sta-
tistical significance was assessed by Student’s ¢-test or
Duncan’s test.

Map-based cloning of YGL2

Based on the initial mapping results [62], individual F2
plants heterozygous across chromosome 2 were selected
and allowed to self. A set of 1440 F3 plants was previously
obtained for fine-mapping of the YGL2 locus, which
was mapped to a region between markers RM02104
and RM02107 on chromosome 2, with nine annotated
genes in the interval. In the current study, genes within
this interval were screened for single nucleotide poly-
morphisms (SNPs) and insertion/deletion (InDel) poly-
morphisms to identify the candidate gene, revealing the
presence of nonsynonymous mutations in the YGL2
(Glyma.02g304700) gene.

Prediction of protein structure

The 3D structures of wild-type YGL2 and mutant ygl2
proteins were predicted using SWISS-model (https://
swissmodel.expasy.org/).

Page 3 of 16

Vector construction for CRISPR/Cas9-mediated editing

and transformation

The clustered regularly interspaced short palindromic
repeat (CRISPR)/CRISPR-associated nuclease 9 (Cas9)
system was used to knock out YGL2. The sequence and
other information about the YGL2 gene was downloaded
from the Phytozome website (www.phytozome.net/).
The single-guide RNA (sgRNA) was designed using the
web tool CRISPR-P (http://cbi.hzau.edu.cn/crispr/). One
sgRNA that targets the second exon of YGL2 was used in
this study. Two DNA oligonucleotides were synthesized
by Sangon Biotech (Beijing, China) and cloned into the
CRISPR/Cas9 vector. The resulting construct was trans-
formed into Agrobacterium (Agrobacterium tumefaciens)
strain EHA105 and used for soybean transformation [3].
The primers used in this study are listed in Table S2.

Subcellular localization of ygl2

The vector 35S-pCEPO1-GFP was selected for cloning,
and KnplI and Xbal restriction sites were used for cloning.
Primers were designed to amplify the full-length cod-
ing sequence of ygl2, with the forward primer contain-
ing a Knpl restriction site before the start codon (ATG).
To detect the subcellular localization of ygl2 protein, the
open reading frame of ygl2 without the stop codon was
cloned into pSuperl1300 containing the GFP reporter
gene driven by the CaMV35S to generate the 35S::ygl2-
GFP construct. The CaMV 35S::GFP empty vector was
used as a control. The constructs were transformed into
Agrobacterium strain EHA105. The Agrobacterium cells
were injected into the epidermal cells on the abaxial
surfaces of Nicotiana benthamiana leaves. The GFP sig-
nals were observed 48 h after injection under a confo-
cal laser-scanning microscope (Olympus, Tokyo, Japan).
The excitation laser wavelength for GFP was 488 nm.
The sequences of the 35S-pCEP01-GFP-ygl2-F and
35S-pCEPO1-GFP-ygl2-R primers are listed in Table S3.
The fluorescent signals from GFP were observed under a
confocal laser-scanning microscope (Nikon, Al, Tokyo,
Japan) at 48 h after infiltration.

Yeast two-hybrid assay

The yeast two-hybrid assay was performed using the
Yeastmaker Yeast Transformation System 2 (Takara)
according to the manufacturer’s instructions. The
full-length coding sequences of GmYGL2, Gmygl2,
and GmLchb4 were amplified using wild-type YGL2
c¢DNA as a template and cloned into the pGBKT7 and
pGADT7 vectors. Different combinations of pGADT7
and pGBKT?7 vectors carrying the target genes were co-
transfected into yeast strain AH109. The yeast cells were
grown on Leu and Trp drop-out plates and transferred to
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X-a-Gal and Leu, Trp, His, Ade drop-out plates at 28 °C.
The primers used for vector construction are listed in
Table S4.

Bimolecular fluorescence complementation (BiFC) assay
The full-length coding sequences of GmYGL2 and
Gmygl2 were individually cloned into the pCAM-
BIA2300-nYFP vector; the full-length coding sequence
of GmLhcb4 was cloned into the pCAMBIA2300-cYFP
vector. These vectors were transfected into Agrobac-
terium strain EHA105 and transiently expressed in N.
benthamiana leaves. Fluorescent signals were observed
under a Zeiss LSM 780 confocal laser-scanning micro-
scope. Primers used for vector construction are listed in
Table S5.

Luciferase complementation imaging (LCI) assays

To test the interaction between GmYGL2 and GmL-
hcb4, LCI assays were performed using the leaves of
4-week-old N. benthamiana plants. The full-length cod-
ing sequences of GmYGL2 and Gmygl2 were cloned
into the pCAMBIA1300-NLUC vector, and the full-
length coding sequence of GmLhcb4 was cloned into
the pCAMBIA1300-CLUC vector between the Kpnl and
Xbal restriction sites [74]. The recombinant plasmids
were introduced into Agrobacterium strain EHA105 and
co-infiltrated into N. benthamiana leaves as described
previously [74]. LUC activity was analyzed by chemilu-
minescence imaging (4600SF,Tanon, China at 48 h after
infiltration. The primers used for the LUC assay are listed
in Table S6.

RNA extraction and reverse-transcription quantitative PCR
(RT-qPCR)

GmYGL2 was previously shown to be expressed in all
soybean tissues [62]. To analyze the expression patterns
of flowering- and photoperiod-related genes in wild-
type YGL2 and yg/2 plants, seedlings were exposed to
continuous dark conditions (DD), continuous light con-
ditions (LL), and long-day (LD, 16 h light/8 h dark) and
short-day (SD, 12 h light/12 h dark) conditions starting
20 days after emergence at 25 °C. Fully expanded trilobed
leaves were collected every 4 h starting on day 15. The
leaves were immediately frozen in liquid nitrogen after
harvest. RNA was extracted from the leaves using TRI-
zol reagent (Ambion) and from other organs using CTAB
buffer as previously described [39]. A Maxima H Minus
First Strand cDNA Synthesis Kit with dsDNase (Thermo
Fisher) and SYBR Green PCR Master Mix (Takara) were
used for reverse transcription and the detection of gene
expression, respectively, according to the manufacturers’
instructions. The primers used in this study are listed in
Table S7.
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RNA-seq analysis

Total RNA was extracted from three independent bio-
logical samples of leaves from YGL2 and yg/2 soybean
plants at the V3 stage. Seeds were harvested from YGL2
and yg/2 plants with three biological repeats and quickly
frozen in liquid nitrogen. Total RNA was isolated from
the samples using the cetyltrimethylammonium bromide
(CTAB) method as previously described [39] and sub-
jected to RNA sequencing by BioMarker (Beijing, China).
HISAT2 (v2.1.0) was used to map the clean data to the
soybean reference genome (https://phytozome-next.
jgi.doe.gov/), and SAMtools (v1.9) was used to sort and
convert the resulting files [24, 29]. FPKM (Fragments
per kilobase of transcript sequence per million mapped
reads) values were calculated to measure gene expres-
sion levels [57]. DESeq2 was used to identify differen-
tially expressed genes (DEGs) [37]. The changes in gene
expression were analyzed by principal component anal-
ysis (PCA) using the stats package in R. Gene Ontology
(GO) annotation was performed using SoyBase (https://
soybase.org). The R package clusterProfiler (version 4.0.5)
was used to perform Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis.

Results

Phenotypic analysis of ygl2

We previously identified the yg/2 mutant as a reces-
sive mutant that arose spontaneously in the field [60,
61]. Phenotypic analyses at multiple locations and years
revealed that the hundred-seed weight, seed length, and
seed width were significantly larger for yg/2 plants than
for the wild-type parental line YGL2 (Yellow Green Leaf
2) (Fig. 1A-D). Analysis of transverse sections showed
that ygl2 seeds were larger than the wild type due to lon-
gitudinal cell elongation (Fig. 1E). As previously noted,
ygl2 produced yellow-green leaves throughout its growth
period compared to the dark green leaves observed in
the wild type (Fig. 1F). We investigated the changes in
chloroplast ultrastructure in yg/2 vs. the wild type using
transmission electron microscopy. The yg/2 mutant pre-
sented an abnormal chloroplast structure, with fewer and
thinner grana than the wild type; the mutant grana con-
tained fewer layers and had an irregular size and shape
(Fig. 1G).

Mapping the locus contributing to hundred-seed weight

Our earlier mapping efforts [60, 61] narrowed down the
target interval of yg/2 to a 56.1-kb region on chromo-
some 2 containing nine annotated genes (Fig. 2A). We
looked for nonsynonymous mutations in the coding
regions of all nine genes in this region using resequenc-
ing data from the wild type and yg/2 (Table S1). Nota-
bly, we detected a 10-bp deletion in the coding region
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or Hainan in 2021-2023 (Beijing) or 2022-2023 (Keshan, Hainan). B, C Seed length (B) and seed width (C) of WT and ygl2 plants grown in Beijing,
Keshan, or Hainan in 2021-2023 (Beijing) or 2022-2023 (Keshan, Hainan)(SD, n=5). D Seed morphology of WT and yg/2 plants. Scale bars, 7 mm. E
Transverse sections of WT and yg/2 seeds at the R6 stage. F Representative photographs of 15-day-old WT and yg/2 plants. G Electron micrographs
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of Glyma.02G304700 in yg/2 compared to the wild type,

introducing a frameshift mutation leading to early ter-
mination of translation (Fig. 2B-D).

To confirm the identity of YGL2, we generated trans-

genic soybean lines in the Jack cultivar background tar-

geting the YGL2 gene for genome editing via CRISPR/
Cas9. We generated 30 independent positive transgenic
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and the ygl2 mutant (right). (E) Diagram showing the location of the sgRNA targeting YGL2. (F) Genotyping results of two gene-edited mutants
in YGL2.The green inverted triangles indicate the 1-bp deletion in YGL2%"" and the 1-bp insertion in YGL2%2

individuals in the Jack background in the TO genera-
tion, from which 26 transgenic lines exhibited pheno-
types consistent with yg/2 up to the T4 generation. We
chose two independent transgenic lines for characteri-
zation. Sequencing of the genomic region targeted by
the single guide RNA (sgRNA) used for editing revealed
a 1-bp deletion and a 1-bp insertion in the two mutant
lines relative to the wild type (Fig. 2E). Both mutations
led to a frameshift that produced premature termina-
tion of translation, resulting in non-functional proteins
consisting of only 65 amino acids (aa) or 39 aa com-
pared to 329 aa for wild-type YGL2 (Fig. 2F).

The two independent gene-edited yg/2 mutants had
significantly larger grains compared to the wild type
(Fig. 3) and significantly higher hundred-seed weight
(Fig. 4). In addition, the protein content in seeds of
these edited mutants was higher than that of the wild
type (Fig. 4). The mutants produced yellow-green
leaves, as did the original spontaneous yg/2 mutant
(Fig. 4). We conclude that Glyma.02g304700 is the gene
mutated in the yg/2 mutant and that its loss-of-function
alleles increase hundred-seed weight in soybean.
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ygl2 lacks phytochromobilin synthase activity

YGL2 (Glyma.02g304700) is annotated as a phy-
tochromobilin (P®B) synthase and is associated with
the biosynthesis of the chromophore for the photo-
receptor phytochrome (Table S8). In the yg/2 mutant,
Glyma.02g304700 was predicted to yield a truncated pro-
tein of 98 aa (Fig. 2C) with a much simpler structure than
the wild type (Fig. 2D). We tested the subcellular localiza-
tion of the mutant ygl2 protein by cloning the full-length

YGL2CR
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Glyma.02g304700 coding sequence derived from the ygl2
mutant in-frame and upstream of the sequence encoding
green fluorescent protein (GFP). We expressed the result-
ing construct in the leaves of N. benthamiana plants via
Agrobacterium-mediated infiltration. This truncated
protein still localized to the chloroplast (Fig. 5).

We also measured chlorophyll (Ch), carotenoid, heme,
and biliverdin contents in wild type and yg/2 plants.
The levels of total Chl, as well as Chl 4 and Chl b, were

YGL2CR

Fig. 3 Seed morphology of wild-type soybean and two independent transgenic lines. A Length and width of seeds from the transgenic lines (top)
and wild type (bottom). Scale bars, 1 cm (B) Leaf color of the wild type (left) and one transgenic line (right). Scale bars, 5 cm
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significantly lower in the yg/2 mutant compared to the
wild type, along with a higher Chl a/Chl b ratio in the
mutant (Fig. 6A). These results are consistent with the
leaf color phenotype observed in the mutant. The carot-
enoid contents were similar between the wild type and
ygl2. In agreement with its role as a POB synthase, we
detected lower levels of biliverdin IXa, the substrate of
P®B synthase, and lower levels of heme in the mutant
compared to the wild type (Fig. 6B).

The mutation of YGL2 positively affects the accumulation
of seed storage compounds

Plant storage tissues store assimilates or other sub-
stances, while sink tissues use these substances to sup-
port their growth. The grain is the most important sink
tissue in soybean and other seed plants, providing the
nutrients necessary for early seedling growth and devel-
opment [4]. To explore the effect of the yg/2 mutation
on the sink—storage balance, we evaluated the levels of
photosynthetic metabolites in leaves and seeds of wild
type and ygl2 plants. We observed a significant increase
in glucose contents in yg/2 seeds compared to the wild
type, with a concomitant decrease in glucose levels in
ygl2 leaves. We also noticed a decrease in fructose lev-
els in yg/2 leaves, but this drop was not accompanied by
an increase in fructose levels in yg/2 seeds. There was no
significant difference in sucrose content between the two
genotypes in either tissue. Importantly, compared to the
wild type, the starch content in ygl/2 increased by 52.23%
in leaves and 37.91% in seeds (Fig. 7A, B).

In addition to changes in photosynthetic metabolites,
flowering time was also significantly affected by the
mutation of YGL2 (Fig. 7C). We investigated the flower-
ing times of wild-type YGL2 and yg/2 plants under dif-
ferent photoperiod conditions (long day [LD] conditions:

16 h light/8 h dark; and short day [SD] conditions: 12 h
light/12 h dark). Under LD conditions, the flowering time
of the yg/2 mutant was 37 £0.84 days, while that of the
wild type was 45+ 0.84 days, thus flowering 8 days later
than the mutant (Fig. 7C). When grown under SD condi-
tions, both wild type and ygi2 plants flowered at ~ 30 days
(Fig. 7C).

In addition to flowering time, the yg/2 mutant showed
increased plant height and higher protein content in
seeds vs. the wild type and all of the mutants had a pre-
cocious phenotype(LD conditions) (Fig. 7D, E, F). Also,
we found that the 100-seed weight of the yg/2 mutant
increased, but the yield per plant decreased (Compared
with YGL2) (Figure S1A). Therefore, we conducted
field yield measurement experiments under three den-
sity conditions of 3/4/5 cm, and the research results
showed that, under the density condition of 3 cm plant
spacing, the yield of the yg/2 mutant plot significantly
increased(Figure S1B), indicating that the yg/2 mutant
can increase yield through dense planting, thereby com-
pensating for the yield reduction caused by high 100-seed
weight. Under the density condition of 3 cm, the yield
of the ygl2 mutant plot significantly increased, thereby
compensating for the yield reduction caused by high
100-seed-weight.

Loss of photoperiod sensitivity in the ygl2 mutant

We performed transcriptome deep sequencing (RNA-
seq) of wild-type YGL2 and yg/2 plants at the V3 stage.
This analysis yielded 165 upregulated differentially
expressed genes (DEGs) and 279 downregulated DEGs in
ygl2 relative to wild type (Table S9). We conducted KEGG
enrichment analysis of the DEGs (upregulated DEGs and
downregulated DEGs), finding significant enrichment for
genes associated with photosynthesis. All DEGs involved
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in photosynthesis-related pathways were downregulated
in ygl2, including genes encoding light harvesting chlo-
rophyll a/b binding proteins (LHCs) and photosystem II
proteins, among others (Fig. 8A). Lhcb4, encoding a com-
ponent of photosystem II (PSII), was downregulated in
the mutant (Fig. 8B).

We asked whether the expression of YGL2 and ygl2 are
regulated by the circadian clock. Accordingly, we grew
plants under LD conditions for 20 days before transfer-
ring them to continuous light (LL) or continuous dark
(DD) conditions. We then collected samples every 4 h
over 48 h. In the wild type, YGL2 expression was initially
higher in LL than in DD but gradually decreased in LL
(Fig. 8C), Whereas no obvious pattern was observed
in the mutants (Fig. 8D). Suggesting that yg/2 mutant
expression may not be regulated by the circadian clock.
In addition, we observed no clear circadian rhythms in
YGL2 transcript levels. Moreover, we tested the expres-
sion of the photoperiod-sensitive genes EI, FLOWER-
ING LOCUS T 2a (GmFT2a), and GmFT5a in wild type
and ygl2 plants grown under LD or SD conditions. Their
expression levels were lower in the mutant than the wild
type under both photoperiods (Fig. 8E-]).

ygl2 does not bind to Lhcb4

To better understand the underlying molecular mecha-
nism of YGL2, we conducted a yeast two-hybrid screen
to look for proteins that interact with YGL2. Among the
potential interactors, we identified the PSII-localized
protein Lhcb4. LHCs are membrane proteins that bind
to pigment molecules in plant photosystems. In addition
to capturing and transmitting light energy, LHCs are also
widely involved in regulating the distribution of excita-
tion energy between PSI and PSII, maintaining thylakoid
membrane structure, photoprotection, and responses
to various environmental conditions. We confirmed the
interaction between YGL2 and Lhcb4 in a targeted yeast
two-hybrid assay (Fig. 9A), a bimolecular fluorescence
complementation (BiFC) assay (Fig. 9B), and a luciferase
(LUC) complementation imaging assay (Fig. 9C). Impor-
tantly, the truncated YGL2 protein produced by the ygi/2
mutant was no longer able to interact with Lhcb4 in any
of these assays.

YGL2 allele was domesticate during soybean improvement
We used resequencing data from 2533 soybean acces-
sions to analyze the YGL2 sequence and its haplotypes.
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We detected single nucleotide polymorphisms (SNPs)  hundred-seed weight was identified in Hap2 (GG/AA,

at four sites, representing a total of five haplotypes.
Among these, accessions carrying Hap3 (including
the soybean reference cultivar Williams 82 [Wm82])
and Hap2 showed substantially different seed weight
(Fig. 10C). A sequence significantly associated with

47,977,820) (Fig. 10C). We counted the number of wild
accessions, landraces, and cultivars that harbor Hap2
or Hap3 (Fig. 10B). Hap2 was selected during the evo-
lution of wild accessions to landraces, while Hap3 was
selected during the evolution of landraces to cultivars.
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The 100-seed weight of accessions with Hap2 was
33.3% higher than that of Hap3 (Fig. 10C). Moreover,
the hundred-seed weight of accessions carrying Hapl
or Hap3 was higher than that of the other three haplo-
types, but the hundred-grain weight of lines harboring
Hap1 was not significantly different from that of Hap3
(Fig. 10C). Hap 2 and Hap 3 show significant differ-
ences in the haplotypes of 100 seed weights (Fig. 10D),
indicating that the YGL2 allele was domesticate during
soybean improvement.

Discussion

Loss of phytochromobilin synthase function affects seed
weight and size

Soybean seed size is a major domestication trait associ-
ated with high yield. However, the genetic basis behind
variation in seed size in soybean is largely unknown. In
this study, we cloned the gene that is impaired in the
recessive mutant ygl2, which encodes a truncated PO®B
synthase due to a 10-bp deletion in the gene. The sub-
strate for POB synthase, biliverdin 1Xa, accumulates in
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the yg/2 mutant, indicating that this truncated enzyme
has no enzymatic activity. Although YGL2 and Lhcb4
proteins were both localized to chloroplasts, this study
found that their colocalization occurred in the nucleus,
which may be due to the presence of nuclear localization
signal peptides in Lhcb4 protein, which was originally
masked after the interaction of the two proteins to form
a complex, resulting in the transport of the complex to
the nucleus, while still relying on the chloroplast locali-
zation signal when it exists alone. Jin et al. [23] found
that CDNI is a dual-localized protein that can localize
to both the nucleus and chloroplasts. It contains chloro-
plast signal peptide (cTP) and nuclear localization signal
sequence (NLS), which are similar to the results of this
study. Therefore, the next step in this study will be to per-
form a knockout experiment on the Lhcb4 gene, knock
out the nuclear localization signal sequence of Lhcb4,
and observe whether the subcellular localization of the
two proteins changes.

POB synthase is a ferredoxin-dependent biliverdin
reductase and a key enzyme in the biosynthesis of the
chromophore that confers phytochrome its ability to per-
ceive changes in environmental light conditions to regu-
late plant growth and development [25]. Mutants of POB
synthase genes have been identified in many species, the
first of which was Arabidopsis long hypocotyl 2 (hy2),
which exhibits long hypocotyls when grown in red or
white light due to a defect in phytochrome function [27].
Subsequently, mutants in orthologs of Arabidopsis HY2
have been described in many crops, including tomato,
maize (Zea mays), rice, and cucumber (Cucumis sativus)
[8, 21, 50]. Zhu et al. [75] and Zhang et al. [73] found that
HY2a deletion mutants would lead to the obstruction of
photochromin synthesis and reduce photoperiod sensi-
tivity, which was consistent with the results of this study.
These mutants are all characterized by the absence of
biosynthesis of the chromophore of phytochrome, lead-
ing to partial or complete photoperiod insensitivity and
a loss of light-mediated regulation of growth and devel-
opment. Indeed, we observed that flowering time in the
ygl2 mutant is largely photoperiod insensitive (SD), in
contrast to the strong photoperiod sensitivity displayed
by the wild type. Surprisingly, the loss of YGL2 function
also resulted in larger and heavier seeds. This was con-
firmed in lines with editing of YGL2 (Fig. 3), which pro-
duced even shorter versions of the YGL2 protein than
that in the original spontaneous yg/2 mutant. We estab-
lished that the larger seeds of ygl2 are due to enhanced
cell elongation (Fig. 1).

Induced loss-of-function mutations dramatically alter
plant physiology and morphology, with loss-of-function
mutations being either neutral or deleterious. Likewise,
naturally occurring mutations can have diverse effects
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on plant development and adaptation [66]. Natural loss-
of-function mutations, particularly those that induce
frameshifts, can also lead to the functional divergence of
duplicated genes [43, 47] or alter the biochemical proper-
ties of the proteins they encode [1]. These evolutionary
events might contribute to morphological and physi-
ological variation. Mutations that modify the functions
of genes from a duplicated pair have occurred during
soybean domestication. For example, a polymorphism
in a CC dinucleotide pair in the GmSWEET39 coding
sequence affects seed oil and protein contents [38, 40,
69, 70]. On the contrary, the results of the current study,
the loss-of-function of GmSSSS1 via gene editing led to
a decrease in the 100-seed weight of soybean [17, 76].
Variation at GmSSSI might thus represent a rare case of
“gain by loss” of a neomorphic mutation during soybean
domestication to increase seed weight. Here we demon-
strated that the yg/2 mutant is defective in POB synthase
activity but that the mutant protein somehow acquired a
new role in controlling seed size. In the next step, we will
take a deep dive into whether mutants have an impact on
shade, and the results will have a positive impact on the
production application of mutants.

Using the pleiotropy of YGL2 to cultivate high-protein
soybeans in high-latitude regions

Soybean seeds contain high-quality protein; consuming
25 g of soy protein per day could reduce the risk of heart
disease (1999, Food and Drug Administration, FDA).
Therefore, high-protein soybeans are attractive to both
soybean growers and end-users. Meal produced from
soybean seeds after pressing and extracting oil contains
high-quality protein. The United Nations Food and Agri-
culture Organization [32] called soybean meal “the most
important preferred source of high-quality plant protein
for animal feed” Globally, nearly 98% of soybean meal is
used as animal feed, indicating that soybean protein is
highly valued.

Soybean protein content is greatly affected by the envi-
ronment, with more rain and higher temperatures asso-
ciated with higher protein content [19]. Protein content
also shows clear geographical distribution, with lower
protein content at higher latitudes [68]. The major genes
related to protein content that have been cloned to date
are GmSWEET39 [69, 70] and Glyma.20g085100 [51].
The role of GmSWEET39 was revealed in a segregating
population derived from a cross between Wm82 and
wild soybean (Glycine soja) accession P1479752 [69, 70].
Variation in Glyma.20g085100 was shown to be related
to protein content, with plants harboring the allele asso-
ciated with high seed protein content maturing 0-5 days
earlier than plants with low seed protein content [5, 45,
51], with no reported effects on flowering time. Enrei
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(a variety cultivated in Japan) is late flowering and late
maturing, but its protein content is relatively high [52].
In the current study, the yg/2 mutant had a high seed pro-
tein content and matured 4-8 days earlier than the wild
type (Fig. 7).

Any phenotypic effects mediated by the ripening
period may show genotype-specific responses to the
environment in different regions. In the current study,
the high-protein-content yg/2 mutant flowered signifi-
cantly earlier than wild type when grown at both high
latitudes (Beijing) and low latitudes (Hainan). We sug-
gest that the POB synthase encoded by Glyma.02g304700
somehow regulates protein content, but further studies
are needed to investigate the nature of this relationship,
and we will continue to further study the regional yields
of mutants under different photoperiod conditions.
Changes in protein content often have pleiotropic effects.
The ygl2 mutant showed significantly increased protein
content (by 4.65%) compared to the wild type, with the
hundred-seed weight increasing by 26.8%, suggesting
that YGL2 has pleiotropic effects and may provide addi-
tional beneficial traits for farmers.

YGL2 is an excellent resource for increasing hundred-seed
weight and protein content at high latitudes

The seeds of cultivated crops are generally larger than the
seeds of their wild ancestors, underscoring the parallel
artificial selection trajectories these crops have followed
[11]. To date, although some QTLs controlling seed size
and seed weight have been identified in soybean, few
such genes have been cloned [73]. The GmPP2C-1 allele
from wild soybean line ZYD7 significantly increased
hundred-seed weight in soybean [39]. After introducing
the superior GmST1I allele into soybean cultivar KeFeng
1, the hundred-seed weight increased significantly, but
the seed length/thickness ratio decreased significantly
[31]. GmSTOS5 positively regulates soybean grain size
and increases hundred-seed weight [12]. According to
The Annals of Chinese Soybean Cultivars, soybean seeds
weighing 25.0-29.9 g per 200 grains are considered to be
large. The Japanese soybean variety ‘Danish’ produces the
largest seeds worldwide, with its hundred-seed weight
surpassing 30 g; the Korean soybean cultivars ‘Huayan,
‘Huacheng; and ‘Xiliang’ also have hundred-seed weights
of over 30 g. Due to different tillage systems and different
meteorological conditions, the sowing period of soybean
in different regions varies greatly in northern China and
is relatively short [72].

Wang et al. [58] analyzed the ecological distribution
of soybean varieties in China and found that the hun-
dred-seed weight varies widely across different regions.
The hundred-seed weight was approximately 18-22 g in
northeast China but only 13-16 g in the arid saline-alkali
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region of northeast China [58]. Zhang et al. examined
the cultivation of soybean varieties in China and found
that the hundred-seed weight of soybean varieties in
northeast China was 17-23 g, while that in the Huang-
Huai-Hai region was approximately 14-22 g [71]. In
the current study, the hundred-seed weight of the ygi2
mutant was as high as 34 g and did not change with lati-
tude (Fig. 10C), making the mutant genotype suitable for
the directional cultivation of new soybean varieties with
large grains and the appropriate characteristics for differ-
ent regions, especially high-latitude regions (Fig. 10C, D).

The source-sink theory was proposed by Mason and
Maskell in 1928 and gradually developed into the guid-
ing theory of physiological research on crop yield. Source
tissues with net photosynthate output capacity (such
as mature leaves) produce and supply photosynthates,
which are consumed and stored in sink tissues. Plants
undergoing growth and development are the main res-
ervoirs for the accumulation of photosynthetic products.
Crop yield involves the coordination of the structures
and functions of sink and storage tissues, with large
storage tissues being at the core of high yields [54]. The
coordinated source—sink relationship was shown to pro-
mote photosynthesis in leaves, improve the efficiency of
assimilate transport, and improve yield in cucumber [73],
regulate the accumulation of the photosynthetic prod-
uct sucrose in sugarcane (Saccharum officinarum) [49],
balance carbon distribution in sunflower (Helianthus
annuus) [44], improve stress tolerance in crops [48], and
regulate the composition of the soil microbiome [18].

In the current study, the starch contents of leaves and
seeds of the yg/2 mutant increased significantly com-
pared to the wild type (Fig. 5A, B). The storage and
transport of carbohydrates in soybean seeds are mainly
driven by the degradation of starch in leaves. In ygi2, the
starch contents in leaves and seeds significantly increased
compared to the wild type, but there was no significant
difference in sucrose content, indicating that starch grad-
ually accumulates in ygl2 leaves and that sugar is trans-
ported to seeds and converted to starch. When the seeds
mature, some of the sugar in the stems and leaves forms
starch, while the rest is ultimately used to produce pro-
tein. Therefore, the protein content in ygl/2 seeds also
significantly increased (Fig. 7F). We also suggest that the
starch content is maintained at a relatively stable level to
maintain the source—sink balance. Sucrose is the main
photosynthate used for long-distance transport, with
different concentrations at either end of the source-sink
resulting in a change in the flow from source tissue to
sink tissue. In the current study, the sucrose contents in
the leaves and seeds of the ygl2 mutant were compara-
ble to the levels measured in the wild type (Fig. 7A and
Fig. 7B). The mutation of YGL2 resulted in significant
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increases in soluble sugar and protein contents, indicat-
ing that the high carbohydrate level is beneficial for the
accumulation of seed storage materials, ultimately pro-
moting grain size. Therefore, this mutation could serve as
a genetic resource for soybean breeding for large grains
and high protein content. In the next step, we will deeply
analyze the adaptability mechanism of 100-seed weight
genes in different ecological environments, and cultivate
high-yielding varieties with strong adaptability and stable
yield.

In conclusion, we cloned a key gene that controls the
weight of soybean grains. POB is an important plant
pigment that is commonly involved in light signal-
ing and plant development processes. Loss of function
of this gene may affect grain development and pro-
tein accumulation in soybean. Therefore, this trait can
be used to improve soybean varieties to show excel-
lent traits in both grain weight and protein content.
Furthermore, we will further study how YGL2 gene
affects grain weight and protein content of soybean by
regulating optical signaling and protein synthesis path-
ways, which is of great significance to meet the global
demand for high-protein soybeans.
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