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Abstract

Background Leaves are important sites for photosynthesis and can convert inorganic substances into organic
matter. Photosynthetic performance is an important factor affecting crop yield. Leaf colour is closely related to
photosynthesis, and leaf colour mutants are considered an ideal material for studying photosynthesis.

Results We obtained a yellow-green leaf mutant jym165, using ethyl methane sulfonate (EMS) mutagenesis.
Physiological and biochemical analyses indicated that the contents of chlorophyll a, chlorophyll b, carotenoids, and
total chlorophyllin the jym165 mutant decreased significantly compared with those in Jiyu47 (JY47). The abnormal
chloroplast development of jym165 led to a decrease in net photosynthetic rate and starch content compared with
that of JY47. However, quality traits analysis showed that the sum of oil and protein contents in jym165 was higher
than that in JY47. In addition, the regional yield (seed spacing: 5 cm) of jym165 increased by 2.42% compared with
that of JY47 under high planting density. Comparative transcriptome analysis showed that the yellow-green leaf
phenotype was closely related to photosynthesis and starch and sugar metabolism pathways. Genetic analysis
suggests that the yellow-green leaf phenotype is controlled by a single recessive nuclear gene. Using Mutmap
sequencing, the candidate regions related of leaf colour was narrowed to 3.44 Mb on Chr 10.

Conclusions Abnormal chloroplast development in yellow-green mutants leads to a decrease in the photosynthetic
pigment content and net photosynthetic rate, which affects the soybean photosynthesis pathway and starch

and sugar metabolism pathways. Moreover, it has the potentiality to increase soybean yield under dense planting
conditions. This study provides a useful reference for studying the molecular mechanisms underlying photosynthesis
in soybean.
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Background

Leaves are important sites for photosynthesis and are
crucial for plant growth and development [1, 2]. The
photosynthetic pigments in the chloroplasts convert
light energy into chemical energy, providing a mate-
rial source for plant growth and development. Abnor-
mal chloroplast development and chlorophyll synthesis
metabolism can alter plant leaf colour [3-5]. Leaf colour
mutants are closely related to chlorophyll content and
photosynthesis; thus, the study of leaf colour mutants has
important implications for a better understanding of the
molecular mechanisms of light use efficiency. Over the
past few decades, various leaf colour mutants have been
discovered in different plants, such as albino [6], yellow
[7], yellow-green/pale green [8], and purple [9]. Among
these, yellow-green leaf mutants are considered an ideal
material for studying light-use efficiency. In agricultural
production, the full green crop variety decreases photo-
synthesis in the lower leaves by limiting the penetration
of photosynthetically active radiation, which results in
a decrease in overall light use efficiency [10-12]. How-
ever, pale green crops can make the distribution of effec-
tive photosynthetic radiation more uniform, resulting in
the increasing of overall light use efficiency [5, 10, 13].
Therefore, yellow-green mutants have been extensively
researched in various plants. For example, in rice, the
mutation of OsYS83 gene, a yellow-green leaf gene, leads
to leaf yellowing by decreasing photosynthetic pigment
content and delaying chloroplast development [14]. In
cotton, the mutant GaCHLH protein (glycine by a ser-
ine at the 517th amino acid) cannot bind to GaCHLD
hindering chlorophyll synthesis and leading to a yellow
leaf phenotype [15]. In Brassica napus, a mutation in a
cytochrome P450-like gene (BnCDEI) inhibit chloro-
phyll synthesis, resulting in yellow leaf phenotype [16].
In wheat, the yellow-green mutant Ygm exhibits reduced
chlorophyll contents and abnormal chloroplast develop-
ment. Transcriptome analysis showed that CHLH and
BCH are key enzymes for yellow-green leaf color pheno-
type [17].

Soybeans, an important grain crop, are used as a raw
material for the production of high-quality protein and
healthy plant oils [18, 19]. With improved quality of
life, the demand for soybeans is increasing every day. In
recent years, the annual soybeans consumption in China
has exceeded 100 million tons. However, over 80% of
China’s needs for soybean are imported (83.6% in 2020,
85.4% in 2021, and 81.8% in 2022), which significantly
affects food security in China. Therefore, it is particularly
important to improve China’s soybean production. In tra-
ditional breeding, breeders mainly focus on plant archi-
tecture, adversity resistance, and nutrient assimilation
rather than on photosynthesis-related traits [10, 20, 21].
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In this study, we obtained a yellow-green leaf mutant
jym165, using ethyl methane sulfonate (EMS) mutagen-
esis. The photosynthetic pigment content, net photo-
synthetic rate, and starch content of jyml165 decreased
compared with Jiyud7 (JY47). Genetic analysis suggests
that the yellow-green leaf phenotype is controlled by a
single recessive nuclear gene. Furthermore, the differ-
entially expressed genes between JY47 and jym165 were
analyzed using transcriptome analysis. The photosyn-
thetic pathways and starch and sugar metabolism path-
ways in jym165 were affected. The study could provide a
useful reference for investigating the molecular mecha-
nisms underlying soybean photosynthesis.

Materials and methods

Plant materials and ethyl methane sulfonate (EMS)
mutagenesis

Three thousand high-quality seeds of JY47 were imbibed
in 0.5% EMS in the dark for 6 h. The treated seeds were
washed with 0.2 mol/L Na,S,05 and then with running
water for 2 h. Mutagenic seeds were sown in experimen-
tal fields at Jilin Agricultural University (125°24'25"N,
43°48'9"E). Approximately 10-20 M2 seeds were har-
vested from each individual M1 plant. Visual phenotypic
variations in leaf colour, leaf morphology, plant height,
branching, and seed size were recorded at M2 and M3.

The soybean stable genetic yellow-green mutant
jyml165 was identified from the ethyl methane sulfonate
(EMS)-induced mutagenesis population of Jiyud7 (JY47).
In order to quickly obtain M5 seeds, M4 seeds of jym165
were sowed in experimental fields of the School of Breed-
ing and Multiplication, Hainan University (109°9'20"N,
18°22'56"E). Hybridization of jyml165 (M5) and JY47
was used to construct a segregating population. The leaf
colour separation ratio was counted for the F2 segregat-
ing population. The hybridization and phenotype iden-
tification experiments were completed in experimental
fields of Jilin Agricultural University (125°24'25"N,
43°48'9"E).

Soybeans were planted in a mixture of vermiculite and
soil (400 g) and cultivated in a climate-controlled room
with a 16/8 h light/dark cycle at 26 °C and 50% relative
humidity. Soybeans were subjected to drought treatment
(no irrigation) at the two-week stage. Excessive watering
(900 mL/pot) was performed which caused water-satu-
rated soil before the drought treatment. After nine days
without water, rehydration was implemented.

Measurement of photosynthetic pigment content and
photosynthetic parameters

The leaves of JY47 and jym165 were collected to measure
the photosynthetic pigment content at VC and R5 stages.
At the VC stage, we collected 0.2 g shredded leaves
from a real soybean leaf. At R5 stage, we collected 0.2 g



Zhao et al. BMC Plant Biology (2024) 24:1009

shredded leaves from the third ternately compound leaf
at the top of the soybean plant. The sample locations of
JY47 and jym165 were consistent. Shredded leaves (0.2 g)
was extracted in 20 ml of 80% (v/v) acetone in the dark
for 36 h. The absorbances of extracting solution were
measured using microplate photometer (Multiskan™ FC,
Thermo Fisher Scientific, USA) at 470 nm, 646 nm, and
663 nm. The chlorophyll a (Chl a), chlorophyll b (Chl b),
carotenoid (Car), and total chlorophyll contents were cal-
culated according to the method described by Wellburn
[22].

The net photosynthetic rate (A), intercellular CO,
concentration (Ci), stomatal conductance (gs), transpi-
ration rate (E), and water use efficiency (WUE) of JY47
and jyml165 were measured using a CIRAS-3 portable
photosynthesis system (Hansatech, USA). Regarding
parameters of CIRAS-3 portable photosynthesis system
are as follows: CO, reference, Ambient (remove chemi-
cals); H,O reference, Fixed % of reference; Cuvette Flow,
250 cc/min; Analyser Flow, 100 cc/min; Light Source,
1500 pumol/m2/s LED; Temperature Sensor Measure-
ment, Energy Balance; Temperature Control Type, Track
cuvette to ambient. Photosynthesis-related parameters
were measured on a sunny day (09:00-11:00, 23-28 °C)
for 15 individual plants of JY47 and jym165.

lodine potassium iodide (12-Kl) staining, starch content and
soluble sugar content measurement

The mesophyll and leaf vein cell tissues of JY47 and
jym165 were collected at R5 stages for tissue sectioning
and I,-KI staining. We collected 0.4 cm x 0.5 cm sec-
tions from the third ternately compound leaf at the top
of soybean plant for I12-KI staining (three biological rep-
licates). For starch and sugar analyses, the third ternately
compound leaf from the top of the plant was collected
from three individual soybean plants. Simultaneously, the
leaves were stained with I,-KI solution for 20 min under
vacuum conditions. The starch content and soluble sugar
contents were measured using a starch content assay kit
(BCO0705, Solarbio, Beijing) and a plant soluble sugar con-
tent assay kit (BC0035, Solarbio, Beijing), respectively.

Ultrastructural analysis of chloroplast

The fresh leaves of JY47 and jym165 at R5 stages were
cut into 0.2 cm x 0.3 cm sections and fixed with 2.5%
glutaraldehyde overnight at 4 °C (three biological repli-
cates). The samples were washed with phosphate buf-
fer three times and water one time, and then post-fixed
with 1% osmium tetroxide for 3 h at 4 °C. The post-fixed
samples were washed three times with phosphate buffe
and dehydrated with 30%, 50%, 70%, 80%, 95%, 100%, and
100% ethanol. The dehydrated samples were immersed
in a mixture of acetone and epoxy resin (3:1, 3 h; 1:1,
3 h; 1:3, 3 h; ), and embedded in epoxy resin. Sections
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were prepared using a Leica EM UC7 ultramicrotome
(Leica, Germany), and the chloroplast ultrastructure
was observed using a transmission electron microscope
(HT7800, Hitachi, Japan).

Yield traits and quality traits analysis of the jym165

The grain yield per plant, grain number per plant, and
hundred-grain weight of soybeans were analyzed using
an intelligent test analyzer (TPKZ-3, TPYN, Zhejiang).
The oil and protein contents of soybean seeds were
detected using a Multifunctional near-infrared analyzer
(NIRS DS2500, FOSS, Beijing). Ten biological replicates
were used to assess the yield traits. Five biological repli-
cates were used to assess the quality traits. To evaluate
yield traits under different planting densities, the regional
yield test (area: 4 m x 1.5 m) of high density (seed spac-
ing: 5 cm) and low density (seed spacing: 10 cm) were
conducted in experimental fields at Jilin Agricultural
University (125°24'25"N, 43°48'9"E), with three repli-
cates for each density.

Transcriptome analysis

The third ternately compound leaves at the top of the
soybean from three individual plants were collected
for RNA isolation (leaves were pooled). We performed
sequence by Biomarker Technologies Co., Ltd (Beijing,
China) (http://www.biomarker.com.cn/). The qualified
library was sequenced using the PE150 mode (layout:
paired; read length: 150 bp) on an Illumina NovaSeq6000
sequencing platform. High-quality clean data were
obtained by filtering raw data, which were then mapped
to the Zhonghuangl3 reference genome (https://ngdc.
cncb.ac.cn/gwh/Assembly/652/show)  using HISAT2
[23]. Fragments Per Kilobase of transcript per mil-
lion fragments mapped (FPKM) was used to quantify
the expression level of a transcript. The genes with Fold
Change (FC)>2 and False Discovery Rate (FDR)<0.01
were regarded as differentially expressed genes (DEGs)
between the two samples. We used DESeq2 [24] software
for DEGs analysis The biological functions of DEGs were
identified using Gene Ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis.

Total RNA extraction and qRT-PCR analysis

The total RNA of JY47 and jym165 leaves were extracted
using the RNAiso Plus (9108, Takara, DaLian, China).
The cDNA was synthesized using M5 Sprint qPCR RT
kit with gDNA remover (MF949-01, Mei5bio, Beijing,
China). The qRT-PCR analysis with three biological rep-
licates were completed using 2X M5 HiPer Realtime PCR
mix (MF015-05, Mei5bio, Beijing, China). The GmEFla
gene [25] was used as the reference gene. Relative expres-
sion levels were calculated using the 2788Ct method [26].
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The primers of qRT-PCR were list in Supplementary
Table 1.

Genetic mapping of jym165 mutant

Leaves of 30 yellow-green phenotype in F2 segregating
population and JY47 were collected for Mutmap analysis
[27], which was implemented by Biomarker Technologies
Company. High-quality clean data were mapped onto
Zhonghuangl3 reference genome to provide essential
information for downstream variant analysis. SNP can-
didates were identified using GATK [28] and filtered to
generate final SNP sets. Then, the SNP-index of all high-
quality SNPs between parents and mixed pool were cal-
culated based on reference genome, which was used for
linkage analysis. The 99% of fitted SNP-index of all sites
was taken as the linkage threshold.

VC stage

Y47 jyml165

RS stage

Y47

Jjyml65
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Results

Phenotypic characterization of the yellow-green leaf
mutant

A vyellow-green leaf mutant jymil65 was identified in
a population of EMS-mutagenized Jiyud7 (JY47). The
mutant leaves were light-green at the VC stage and dis-
tinct yellow-green at the R5 stage (Fig. 1A, C). Chloro-
phyll content is a major determinant of leaf colour. The
chlorophyll content of mutants was measured at the VC
and R5 stages. The results showed that, compared with
JY47, the chlorophyll content of jym165 was significantly
lower, especially at the R5 stage (Fig. 1B, D). Compared
with JY47, the total chlorophyll content of jym165 was
significantly reduced by 54.30%, the Chl a content was
significantly reduced by 51.13%, the Chl b content was
significantly reduced by 53.57%, and the Car content was
significantly reduced by 41.72% at the R5 stage (Fig. 1D).
In addition, the chl a/chl b ratio of jym 165 was lower than
that of JY47 (Fig. 1B, D), which suggest that jym165 may
adapt to low light condition by reducing the waste of
light energy.
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Fig. 1 Plant phenotypes of JY47 and jym165 at the VC and R5 stages. A. Plant phenotypes at the VC stage. B. Photosynthetic pigment content of JY47
and jym165 at the VC stage. C. Plant phenotypes at the R5 stage. D. Photosynthetic pigment content of JY47 and jym165 at the R5 stage. These values
represent means+ SDs of three biological replicates. Asterisks indicate significant differences according to the Student’s t-test (*P < 0.05, **P<0.01)
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To further investigate the influence of reduction in
photosynthetic pigment content on photosynthesis,
photosynthesis-related parameters were examined. The
net photosynthetic rate (A) and water use efficiency
(WUE) of jyml165 were significantly lower than those of
JY47 (Fig. 2A, E). The intercellular CO, concentration
(Ci) of jym165 was significantly higher than that of JY47
(Fig. 2B). And there was no significant difference in tran-
spiration rate (E) and stomatal conductance (gs) between
the mutant jymI65 and the control JY47 (Fig. 2C, D).
These results indicated that a reduction in photosyn-
thetic pigment content may lead to a lower net photosyn-
thetic rate by decreasing the utilization rate of CO,.

Ultrastructural analyses of chloroplast and starch content
analyses

Plant leaf yellowing is typically caused by abnormal
chloroplast development. Therefore, we examined the
chloroplast ultrastructure of jymi65 and JY47 using a

A

B
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transmission electron microscopy (TEM). The chlo-
roplasts of JY47 are larger and plumper than jymi6S5,
and contain more starch granules than that in jymi165
(Fig. 3A-C). In addition, a large number of grana lamel-
las were observed in the chloroplast of JY47; however,
relatively few grana lamellae were observed in the chlo-
roplast of jym165 (Fig. 3D-F). These results indicate that
the chloroplast development of jym165 was abnormal.
Based on these results, we speculate that the starch
content of jymlI65 is lower than that of JY47. There-
fore, iodine-potassium iodide staining was performed.
The result of iodine-potassium iodide staining showed
that the starch content in mesophyll and leaf vein cell of
jym165 was obviously lower than that of JY47 (Fig. 4A,
B). Further starch content determination showed that
starch content of jymlI65 was significantly reduced by
24.63% compared with that of JY47 (Fig. 4C). In addition,
the soluble sugar content of jymlI65 was significantly
lower than that of JY47 (Fig. 4D). These results indicate
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Fig. 2 Photosynthesis-related parameters of JY47 and jym165 at R5 stages. A. Net photosynthetic rate (A). B. Intercellular CO, concentration (Ci). C. Tran-
spiration rate (E). D. Stomatal conductance (gs). E. Water use efficiency (WUE). These values represent means + SDs of ten biological replicates. Asterisks
indicate significant differences according to the Student’s t-test (*? <0.05, **P<0.01)
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Fig. 3 Chloroplast ultrastructure of JY47 and jym165. A-C. Chloroplast ultrastructure of JY47. D-F. Chloroplast ultrastructure of jym165. sg, starch granules;
0g, osmiophilic granules; sl, stroma lamellae; gl, grana lamellae. A, D. Bar: 5.0 um; B, C, E, F. Bar: 1.0 um

that the abnormal chloroplast structure of jym165 leads
to a decrease in chlorophyll content and net photosyn-
thetic rate, which, in turn, results in a decrease in starch
accumulation.

Yield and quality traits analysis

In recent years, breeding yellow-green crop which
improves light use efficiency of high-density monocul-
tures to enhance crop yield has become a topic of gen-
eral interest. Quality traits, like yield traits, are important
indicators for variety breeding. Quality trait analyses
revealed that the oil content of jym165 was 1.47% lower
than that of JY47, the protein content of jymi165 was
3.33% higher than that of JY47, and the sum of oil and
protein contents of jym165 was 60.54%, which was 1.86%
higher than that of JY47 under the same moisture con-
ditions (Fig. 4E-H). After confirming that the quality
of jym165 mutant had not decreased, we evaluated its
yield traits under different planting densities. Under low
planting density, compared with JY47, the grain yield
per plant and grain number per plant of jym165 were
reduced by 17.93% and 22.52%, respectively (Table 1).

Under high planting density, the grain yield per plant and
grain number per plant of jyml165 were slightly higher
than those of JY47, but the difference was not significant.
(Table 1). The results of regional yield test (area: 4 m x
1.5 m) showed that the yield of jym165 was 1.923 kg and
2.833 kg under low and high planting densities, respec-
tively; whereas that of JY47 were 2.380 kg and 2.766 kg,
respectively (Table 1). This indicates that the regional
yield of jym165 increased by 2.42% compared with that of
JY47 under high planting density. These results suggested
that jym165 mutant can be used as an ideal material for
improving grain yield under high-density cultivation.

Transcriptome analysis

In order to better explain physiological phenotypes, com-
parative transcriptome analysis of JY47 and jyml165 was
performed. After trimming adapter contaminations and
removing nucleotides with low-quality score, the clean
data for each sample reaches 5.70 Gb, which map ratio
ranged from 94.55 to 96.55%. The comparative transcrip-
tome results showed a good correlation between repeated
samples (Fig. 5A), and a total of 2261 differentially
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Table 1 The yield traits of jym165 mutant under different
planting densities

JY47 jym165

10 cm 5cm 10cm 5cm
Numberof 103.9+1797 56.80+11.08 80.50+£16.89 59.20+541
grains per
plant
Grainyield 23.19+286  1227+289 19034375 1295+1.30
per plant
()
Hundred-  21.75+097  2146+144  2381+£237 2195+2.18
grain
weight (g)
Regional 2380+025 2766+£026  1.923+023  2.833+0.29
yield
(kg/6m?)

expressed genes (DEGs) were identified between jym165
and JY47, of which 952 genes were upregulated, and 1309
genes were downregulated in jym165 (Fig. 5B and Sup-
plementary Table 2). To validate the reliability of DEGs
expression, we selected 12 DEGs (six upregulated genes
and six downregulated genes) for qRT-PCR analysis. The
qRT-PCR and RNA-Seq results show similar expression
patterns and an excellent Pearson correlation (r>0.92),
indicating that the RNA-seq results were reliable (Fig. 5C,
D and Supplementary Fig. 1).

We performed Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) analysis
on these DEGs (Fig. 6). In the biological process cat-
egory (Fig. 6A), the DEGs were significantly enriched
in photosynthetic electron transport in photosys-
tem II (GO:0009772), protein-chromophore linkage
(G0O:0018298), and response to herbicide (GO:0009635).
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In the cellular component category (Fig. 6B), the
DEGs were significantly enriched in photosystem II
(GO:0009523), thylakoid membrane (GO:0042651),
photosystem 1 (G0O:0009522). In the molecular func-
tion category (Fig. 6C), the DEGs were significantly
enriched in electron transporter, transferring electrons
within the cyclic electron transport pathway of pho-
tosynthesis activity (G0:0045156), chlorophyll bind-
ing (GO:0016168), oxidoreductase activity, acting on
diphenols and related substances as donors, and oxygen
as acceptor (GO:0016682). In general, all the significant
enrichment terms were associated with photosynthe-
sis. The top there enriched KEGG pathways were pho-
tosynthesis (ko00195), starch and sucrose metabolism
(ko00500), flavonoid biosynthesis (ko00941) (Fig. 6D).

These results suggest that the yellow-green leaf phe-
notype is closely related to photosynthesis, and that
the decrease of starch content in yellow-green mutants
is caused by abnormal starch and sugar metabolism
pathways.

Identification of the candidate region for yellow-green leaf
mutant

To investigate the inheritance pattern of yellow-green leaf
mutant, the hybridization experiment (jym165 x JY47)
was conducted. All F1 plants exhibit green leaf pheno-
type. Among 235 F2 plants, 185 plants showed a green
leaf phenotype, and 50 plants showed a yellow-green
leaf phenotype, which fitted a 3:1 segregation ratio by
the Chi-square test (X.’=1.5447 <X?) 15 ,=3.84) (Table 2).
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Table 2 Genetic inheritance analysis of yellow-green leaf

mutant
Observations Expecta- O-E (|O-E|-
of F2(0) tions of F2 0.5)%/E
(E)
Green leaf 185 176.25 8.75 0.3862
Yellow-green 50 5875 -8.75 1.1585
leaf
Total 235 235 0 1.5447

These results suggested that the yellow-green leaf pheno-
type is controlled by a single recessive nuclear gene.

To quickly identify candidate genes for regulating leaf
color, we conducted Mutmap sequencing. In this proj-
ect, a total of 70.47Gbp clean data were obtained, and
the average sequencing depth is 33.50x with a genome
coverage of 97.78% (Min: 1X). Linkage analysis showed
that eight trait-linked candidate regions with total length
of 3.44 Mb on Chr 10 were related to leaf colour (Sup-
plementary Fig. 2). These regions contain a total of 127
genes, 43 of which were non-synonymous mutated genes
(Supplementary Table 3).

Discussion

The yellow-green mutant is closely related to
photosynthesis

Leaves are the primary organs for plant photosynthesis,
and their colour is mainly determined by chlorophyll
content. Leaf colour mutants have been used as ideal
materials for researching photosynthesis of plants over
recent years. Researchers have found that the chlorophyll
content and net photosynthetic rate of most leaf colour
mutants declined [14-16, 29]. Similarly, in the present
study, the chlorophyll content and net photosynthetic
rate of the yellow-green mutant jym165 were significantly
lower than those of the control JY47.

The light-harvesting chlorophyll a/b binding proteins
family is a key protein family involved in photosynthetic
reactions and is a mainly responsible for light energy
capture and transfer [30, 31]. The transcriptome analy-
sis showed that the expression level of the chlorophyll
a/b binding protein (SoyZH13:08G070600) in jyml165
mutant was significantly lower than that in the control
JY47, which may be one of the reasons for decrease of
photosynthesis. Previous studies have suggested that
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most photosynthesis-related genes in yellow-green
mutant were downregulated [1, 17, 32]. However, in this
study, all photosynthesis-related genes acquired by GO
and KEGG enrichment analysis were upregulated in
jyml165 mutant, except for chlorophyll a/b binding pro-
tein (SoyZH13:08G070600). This was probably because
the abnormal chloroplast development and low expres-
sion of chlorophyll a/b binding protein in jym165 led to
a decrease in photosynthesis, and plant provide energy
by improving the expression of photosynthesis-related
genes to maintain growth. In addition, researchers have
found that chlorophyll a/b binding protein can regu-
late the chlorophyll content and net photosynthetic rate
of plants [31, 33-35]. For example, the chlorophyll a/b
binding proteins of Actinidia chinensis, AcLhcb3.1/3.2,
can increase the chlorophyll content of plants [34]. The
chlorophyll a/b binding proteins of wheat, TaLhc2, can
promote plant photosynthesis by increasing the chloro-
phyll content and net photosynthetic rate [35]. Thus, we
speculate that the mutation of candidate gene results in a
low expression of chlorophyll a/b-binding protein, which
leads to the yellow-green phenotype.

In addition, transcriptome analysis revealed that mul-
tiple cytochrome P450 family member genes were regu-
lated. Cytochrome P450 proteins belong to a superfamily
and play important roles in the synthesis and metabo-
lism of pigments, antioxidants, and phytohormones
[16, 36]. The cytochrome P450 proteins CYP97A3 and
CYP97C1 participate in lutein biosynthesis [37]. In addi-
tion, Yang et al. found that mutation of the cytochrome
P450-like gene (BnCDE1) inhibits chlorophyll synthesis,
resulting in a yellow-leaf phenotype. In our study, seven
cytochrome P450 genes were down-regulated [16]. We
speculate that the mutation of candidate genes results in
the low expression of some cytochrome P450 proteins,
which leads to a yellow-green phenotype.

There is a difference in drought tolerance between jym165

mutant and JY47

The WUE of plant leaves and soluble sugar content play
important roles in plant stress resistance [38—42]. Many
studies have shown that improving WUE and soluble
sugar content can enhance drought tolerance. For exam-
ple, under drought stress, the TaPYLI-1B gene, ABA
receptor gene, can enhance drought tolerance of wheat
by increasing WUE [43]. Pu-miR172d can enhances
drought tolerance of poplar by targeting PuGTLI to reg-
ulate water use efficiency [44]. The cotton DRE-binding
transcription factor gene, GEDREB, can enhance drought
tolerance of plants by increasing the content of soluble
sugars [45]. The novel small signaling peptide of rice,
OsDSSR1, promoted the accumulation of soluble sugars
and free proline to enhance drought tolerance in plants
[46]. In the present study, the photosynthetic parameters
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of field-grown soybeans showed that the WUE of jym165
was significantly lower than that of JY47 (Fig. 2E), and
the soluble sugar content of jymlI65 was significantly
lower than that of JY47 (Fig. 4D). Therefore, we specu-
late that the jym165 mutant is more sensitive to drought
stress than the control JY47. However, we found that
the jym165 has a stronger drought tolerance than JY47.
After nine days without watering, the foliar damage
of JY47 was more serious than that in jymI65 (Supple-
mentary Fig. 3). Similarly, barley breeders at the Interna-
tional Center for Agricultural Research in the Dry Areas
(ICARDA, Aleppo, Syria) found that the barley variety
Tadmor, with pale green leaves, is more adaptable to
high-temperature and drought environments [47]. Tardy
et al. [48] speculated that pale green leaves limit the heat-
ing effects of light by decreasing the light absorptance of
the leaf under drought conditions, resulting in Tadmor
being more adaptable to high-temperature and drought
environments. In our study, we found that the E and gs of
jym165 were lower than those of JY47. Thus, we specu-
late that the lower E and gs values of jym165 may reduce
water loss, enhancing drought tolerance. In future stud-
ies, we will further investigate this molecular mechanism.

Yield traits and quality traits are difference between
jym165 mutant and JY47
Photosynthesis is an important factor affecting crop
yield. Breeders have proposed that improving canopy
photosynthesis by reducing the leaf pigment content can
increase the yield of high-density monocultures [10, 49].
In our study, the grain yield per plant and grain num-
ber per plant of jym165 were slightly higher than those
of JY47 at high planting densities. This may be because
the canopy leaves of JY47 limited the penetration of light,
which resulted in a decrease in the overall light use effi-
ciency; however, the jym165 mutant makes the distribu-
tion of effective photosynthetic radiation more uniform,
resulting in an increase in the overall light use efficiency.
In addition, the regional yield of jyml165 increased by
2.42% compared to that of JY47 under high planting den-
sity. These results suggest that the jym165 mutant could
be used as an ideal material for studying photosynthesis
to improve grain yield under high-density cultivation.
Quality traits are important indicators in variety breed-
ing, especially seed protein and oil content. Studies have
shown a negative correlation between protein content
and oil content [50, 51]. In our study, the oil content of
jym165 was lower than that in JY47, and the protein con-
tent of jym165 was higher than that in JY47. Transcrip-
tome analysis revealed 62 differentially expressed genes
involved in lipid metabolism, among them, 41 genes
were down-regulated and 21 genes were up-regulated
(Supplementary Tables 2 and Supplementary Table 4).
The change in lipid metabolism profile may be caused
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by the mutation of candidate gene causing yellow-green
phenotype, or it may be caused by the mutation of a gene
related to lipid metabolism affecting the lipid metabolism
profile, which leads to a decrease in seed oil content and
an increase in protein content.

RNA-binding protein CP33 may be the gene of regulating
leaves color

Chloroplasts development is crucial for the growth and
development of plants. When chloroplast development
is abnormal, the leaf colour of plants will change, and
in severe cases, it can lead to plant death. Chloroplast
development is jointly regulated by nuclear and plastid
genes. Among them, the nuclear-encoded chloroplast
RNA binding protein plays an important role in chlo-
roplast RNA metabolism and chloroplast biogenesis.
In Arabidopsis thaliana, the chloroplast RNA binding
protein mutants ¢p33a can only survive as albino seed-
lings on media containing sucrose [52]. The cp29a and
¢p31a mutants fail to develop normal chloroplasts and
exhibit bleaching of newly emerging tissues under cold
conditions [53, 54]. The chloroplast-targeted S1 RNA-
binding domain protein mutant sdp displays dwarf and
pale-green phenotypes [55]. Similarly, the tomato RNA
binding protein SIRBP1 maintains chloroplast develop-
ment by interacting with the eukaryotic translation ini-
tiation factor SleIF4A2 to promote its binding to RNA
targets related to photosynthetic metabolic pathways.
Loss-of-function of SIRBP1 results in dwarf tomato
plants with yellow leaves [56]. In Nicotiana benthamiana,
the chloroplast RNA-binding protein PRBP is involved in
chloroplast RNA processing and chloroplast biogenesis.
The PRBP-silenced plant displayed a pale-green to yel-
low phenotypes [57]. In our study, the candidate regions
related of leaf color contain a chloroplast RNA-binding
protein CP33 gene (SoyZH13_10G078400). Therefore,
we speculate that the chloroplast RNA-binding protein
CP33 may regulate leaf colour.

Conclusions

The abnormal chloroplast development in soybean yel-
low-green leaf mutants leads to a decrease in the photo-
synthetic pigment content and net photosynthetic rate,
affecting soybean photosynthesis and starch and sugar
metabolism pathways. Moreover, it has the potentiality
to increase soybean yield under dense planting condi-
tions. The study provides a useful reference for studying
the molecular mechanisms underlying photosynthesis in
soybeans.
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