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Abstract 

Background: Broomcorn millet is highly tolerant to drought and barren soil. Changes in chlorophyll content directly 
affect leaf color, which subsequently leadsleading to poor photosynthetic performance and reduced crop yield. 
Herein, we isolated a yellow leaf mutant (YX-yl) using a forward genetics approach and evaluated its agronomic traits, 
photosynthetic pigment content, chloroplast ultrastructure, and chlorophyll precursors. Furthermore, the molecular 
mechanism of yellowing was explored using transcriptome sequencing.

Results: The YX-yl mutant showed significantly decreased plant height and low yield. The leaves exhibited a yellow-
green phenotype and poor photosynthetic capacity during the entire growth period. The content of chlorophyll a, 
chlorophyll b, and carotenoids in YX-yl leaves was lower than that in wild-type leaves. Chlorophyll precursor analysis 
results showed that chlorophyll biosynthesis in YX-yl was hindered by the conversion of porphobilinogen to protopor-
phyrin IX. Examination of chloroplast ultrastructure in the leaves revealed that the chloroplasts of YX-yl accumulated 
on one side of the cell. Moreover, the chloroplast structure of YX-yl was degraded. The inner and outer membranes of 
the chloroplasts could not be distinguished well. The numbers of grana and grana thylakoids in the chloroplasts were 
low. The transcriptome of the yellowing mutant YX-yl was sequenced and compared with that of the wild type. Nine 
chlorophyll-related genes with significantly different expression profiles were identified: PmUROD, PmCPO, PmGSAM, 
PmPBDG, PmLHCP, PmCAO, PmVDE, PmGluTR, and PmPNPT. The proteins encoded by these genes were located in 
the chloroplast, chloroplast membrane, chloroplast thylakoid membrane, and chloroplast matrix and were mainly 
involved in chlorophyll biosynthesis and redox-related enzyme regulation.

Conclusions: YX-yl is an ideal material for studying pigment metabolism mechanisms. Changes in the expression 
patterns of some genes between YX-yl and the wild type led to differences in chloroplast structures and enzyme 
activities in the chlorophyll biosynthesis pathway, ultimately resulting in a yellowing phenotype in the YX-yl mutant. 
Our findings provide an insight to the molecular mechanisms of leaf color formation and chloroplast development in 
broomcorn millet.
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Background
The leaves are the main organs for photosynthesis and 
are vital for plant growth and development. Leaf traits, 
especially leaf color, are considered important morpho-
logical traits that are relevant to photosynthesis potential 
and grain yield. Leaf color is mainly determined by the 
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content of chlorophyll and carotenoids, which are pho-
tosynthetic pigments. In higher plants, photosynthetic 
pigments fix light energy and convert it into chemical 
energy to synthesize carbohydrates. Chlorophyll is the 
primary photosynthetic pigment that harvests light and 
drives electron transport in reaction centers [1]. Leaf 
color mutants with photosynthetic pigment deficiency or 
abnormal chloroplast structures can serve as a subject for 
systematic investigation of the mechanisms of photosyn-
thesis and photosynthetic pigment biosynthesis or degra-
dation in plants [2].

Recently, leaf-color mutants of different crops or 
plants, such as rice [3–6], wheat [7], foxtail millet [8], 
Arabidopsis thaliana [9], and Chinese cabbage [10], 
have been used to identify steps associated with chloro-
phyll metabolism or chloroplast development. Studies 
have elucidated the molecular mechanisms of leaf-color 
mutants, especially the yellowing phenotype, which is 
most commonly observed in higher plants. Yellow-leaf 
mutants usually have shorter plant height, lower grain 
yield, deficiency in photosynthetic pigments, and abnor-
mal chloroplast ultramicrostructures compared with 
the wild type [7, 11–14]. For example, the yellowish-leaf 
mutant ydl of rice has photosynthetic pigment deficien-
cies, degraded chloroplasts, and disordered matrix [4]. 
Genes that regulate leaf color formation and chloroplast 
development have been identified in numerous plants 
[2, 4, 5, 8–11, 13]. More than 70 genes corresponding to 
leaf color variations have been cloned [15]. Mutations in 
the BC12/GDD1 gene resulted in low chlorophyll con-
tent and short plant height in rice, and a mutation in the 
EMBRYO DEFECTIVE (EMB1923) gene promoter is 
associated with chlorophyll deficiency in Chinese cab-
bage [4, 10]. A novel gene SiYGL1 in foxtail millet is 
responsible for a deficiency in chlorophyll content [8]. An 
incomplete dominant gene Y1718 in a yellow-green leaf 
mutant (Ygm) contributed to yellow, yellow-green, and 
green leaf phenotypes from the jointing to adult stage [7]. 
Virus-induced gene silencing of the Mg chelatase CHL1 
and CHLD (CHL1 and CHLD) genes both resulted in a 
yellow leaf phenotype in pea [16]. A single base mutation 
in the AtCHL1 gene led to a yellow-green or white phe-
notype in Arabidopsis [17].

Moreover, both internal and external factors, such as 
temperature, salt, and biotic and abiotic stresses, can 
influence photosynthetic pigment content and chloro-
plast development through alterations in gene expression 
or post-translational modification of proteins involved 
in chlorophyll metabolism [3, 4, 18–21]. For example, 
in common vegetable crops, photosynthetic pigment 
metabolism and chloroplast development are disrupted 
under drought stress [22]. An Arabidopsis mutant defi-
cient in stay-green2 (SGR2) exhibited early leaf yellowing 

under age-, darkness-, and stress-induced senescence 
conditions [9]. Chloroplast development is also con-
trolled by several hormones, including brassinosteroids, 
cytokinins, auxins, and gibberellins, which control chlo-
roplast development, particularly during the early stages 
of plant development [23]. Several BR-related mutants 
in Arabidopsis have fewer grana stacks than the wild 
type [24–26]. In addition, CTK promotes several steps 
in chlorophyll biosynthesis, including the formation of 
5-aminolevulinic acid (ALA; the first step in the bio-
synthesis pathway of tetrapyrroles) and light-dependent 
conversion of protochlorophyllide (Pchlide) into chloro-
phyllide [27–29]. In Arabidopsis, 29 chloroplast-related 
proteins, including CAB (LHCB1), LSU, and LHCB2, 
respond to auxin treatment [30]. Overexpression of 
AUXIN RESPONSE FACTOR 10 (SlARF10) and SlARF6A 
results in increased chlorophyll content and photosyn-
thesis rate in the leaves, whereas SlARF10-RNAi and 
SlARF6A knockdown lines have less chlorophyll content 
than the wild type [31, 32]. Moreover, gibberellin affects 
the development of the cellular chloroplast compartment 
by controlling both cell expansion and cell division [33]. 
Deficiency in gibberellin biosynthesis results in a low 
number of cells and small cell size in Arabidopsis and rice 
plants, which leads to a decrease in chloroplast division 
and total chloroplast number at the whole-leaf level [34].

Broomcorn millet (Panicum miliaceum L.), one of the 
world’s oldest cultivated crops, has excellent water use 
efficiency and is mainly used for dryland farming, where 
most other crops fail to survive [35]. Before the domesti-
cation of rice and wheat, broomcorn millet was the major 
food in many semiarid regions of Asia, including China, 
Korea, India, Russia, Japan, and even the entire Eurasian 
continent [36]. Broomcorn millet performs  C4 photosyn-
thesis, which is more efficient than  C3 photosynthesis. 
Much effort has been made to engineer  C4 traits in  C3 
crops, such as rice. This requires a clear understanding 
of the molecular mechanisms underlying  C4 chlorophyll 
metabolism and photosynthesis. Currently, a yellow-leaf 
phenotype mutant (YX-yl) is isolated from the Yi Xuan 
Da Hong Mei cultivar (YX) mutant library. YX-yl exhib-
ited a yellow phenotype throughout the growth stage 
(Fig. 1). However, the molecular mechanisms underlying 
this phenotype remain unclear.

In the present study, the agronomic traits, photosyn-
thetic pigments and characteristics, water use efficiency, 
chlorophyll fluorescence dynamic parameters, chloro-
plast ultrastructure, intermediate metabolites, and tran-
scriptome-level changes in YX-yl and YX were analyzed. 
Based on phenotypic, physiological, and bioinformatic 
analyses, we identified nine genes related to chlorophyll 
biosynthesis and chloroplast development. Our results 
illustrate the mechanism of leaf yellowing in broomcorn 
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millet and provide insights into the molecular mecha-
nisms underlying chlorophyll metabolism and chloro-
plast development.

Results
Phenotypic performance of YX‑yl mutant
Compared with those of the wild type (YX), the plant 
height (PH), spike weight per plant (SWPP), and grain 
weight per plant (GWPP) of YX-yl were significantly 
decreased by 21.4%, 81.1%, and 79.5%, respectively 
(P < 0.01). Additionally, the flag leaf width (FLW), basal 
stem diameter (BSD), and peduncle length (PL) of YX-
yl were significantly shorter than those of YX, show-
ing decreases of 29.1%, 31.3%, and 30.5%, respectively 
(Table 1).

Chlorophyll biosynthesis analysis
Assessment of chlorophyll and carotenoid content in YX-
yl and YX leaves at different growth stages showed that 
the yellow phenotype was probably due to deficiency in 
photosynthetic pigments (Fig. 2 and Table S1). Compared 

with that of YX, the total chlorophyll content of YX-yl 
was significantly reduced by 41.0%, 31.6%, and 44.5% 
at the seedling, heading, and mature stages, respec-
tively. Upon further analysis, the Chl b content showed 
a greater decreasing trend than the Chl a content during 
the entire growing stage (Fig. 2A). The Chl b content of 
YX-yl significantly decreased by 60.6%, 50.0%, and 53.6% 
at the seedling, heading, and mature stages, respec-
tively (p < 0.05), whereas the Chl a content of YX-yl was 
reduced by 31.3% (seedling stage), 25.7% (heading stage), 
and 41.8% (mature stage) compared to that of YX.

The stability of chlorophyll could be maintained by 
carotenoids in the chloroplast. Therefore, we investigated 
the Car content of YX and YX-yl. The results showed that 
the Car content of YX-yl significantly decreased at the 
seedling, heading, and mature stages compared with that 
of YX (Fig.  2B). All these reductions in chlorophyll and 
carotenoid levels led to the yellow-leaf phenotype in the 
YX-yl mutant.

Furthermore, we investigated the biochemical steps 
of chlorophyll biosynthesis to determine the step whose 

Fig. 1 Phenotype characterization of yellow-leaf mutant YX-yl and wild-type YX. YX-yl and YX at the (A) seedling stage (scale bar: 5 cm) and (B) 
harvesting stage (scale bar: 10 cm)
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disruption caused the yellow-leaf phenotype. Five inter-
mediate products related to chlorophyll biosynthesis 
metabolic processes were compared (Fig. 3). The results 
showed that protoporphyrin IX (Proto IX), Mg-proto-
porphyrin IX (Mg-Proto IX), and Pchlide content in the 
leaves of the YX-yl mutant were significantly lower than 
that in YX leaves, whereas the porphobilinogen (PBG) 
content of the YX-yl mutant was much higher than that 
of YX plants. The levels of PBG, Proto IX, Mg-Proto IX, 
and Pchlide in the YX-yl mutant were 143.43%, 15.99%, 
12.91%, and 9.09% of those in YX, indicating that inhibi-
tion of the biosynthesis step between PGB and Proto IX 
might be the reason for the reduction in the chlorophyll 
content of YX-yl.

Chloroplast ultrastructure analysis
Chloroplasts are important organelles for photosynthesis 
in plants; therefore, we assessed the chloroplast ultra-
structure of YX and YX-yl using transmission electron 
microscopy (Fig.  4). No differences were found in the 

Table 1 Comparison of major agronomic traits between the YX-yl mutant and YX wild-type

Data are presented as the mean ± SD based on three individuals. Asterisks indicate a significant difference between YX and YX‑y l: n = 3, Welch’s two-sample t-test, 
*P < 0.05, **p < 0.01

Agronomic traits YX YX‑yl Reduction rate/%

Plant height/cm 167.12 ± 2.417 131.36 ± 2.048** -21.40%

Stem diameter/mm 6.56 ± 0.087 4.51 ± 0.473* -31.30%

Peduncle length/mm 34.79 ± 1.578 24.18 ± 1.607* -30.50%

Flag leaf length/cm 38.06 ± 0.91 31.57 ± 1.325 -17.10%

Flag leaf width/cm 2.34 ± 0.118 1.66 ± 0.107* -29.10%

Panicle length/cm 33.18 ± 0.330 36.51 ± 1.618 10.00%

Spike weight per plant/g 6.5 ± 0.052 1.23 ± 0.053** -81.10%

Grain weight per plant/g 5.33 ± 0.035 1.09 ± 0.066** -79.50%

Fig. 2 Comparison of pigment (chlorophyll and carotenoid) content in the yellow-leaf mutant YX-yl and wild-type YX. The content of chlorophyll 
a (Chl a) (A), chlorophyll b (Chl b) (A), and carotenoid (Car) (B) in the leaves were measured. Error bars represent ± SD. * and ** indicate significant 
differences (p < 0.05, p < 0.01)

Fig. 3 Comparison of the relative content of chlorophyll precursors. 
Three individuals were measured for each chlorophyll precursor. Error 
bars represent ± SD. * and ** indicate significant differences (p < 0.05, 
p < 0.01). ALA, 5-aminolevulinic acid; PBG, porphobilinogen; Proto 
IX, protoporphyrin IX; Mg-Proto IX, Mg-protoporphyrin IX; Pchlide, 
protochlorophyllide
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number and size of chloroplasts between YX and YX-yl 
plants (Table 2). However, the chloroplast distributions in 
mesophyll cells were different. Chloroplasts were evenly 
distributed in the mesophyll cells of YX, but only on one 
side of the mesophyll cell of the YX-yl mutant. Further-
more, the chloroplast ultrastructures of YX and YX-yl 

leaves were assessed. Compared to that in YX, chloro-
plast development was inhibited in YX-yl, and the outer 
and inner membranes of chloroplasts in YX-yl could not 
be clearly distinguished. A lower number of grana and 
grana thylakoids and almost no stromal thylakoids were 
observed in the chloroplasts of YX-yl leaves.

Photosynthetic characterization and fluorescence kinetic 
parameter assessment
To investigate whether the reduction in the content 
of chlorophyll pigments and chloroplast development 
defects affected photosynthesis in YX-yl mutants, we 
examined photosynthesis-related parameters and chlo-
rophyll fluorescence (Figs.  5 and 6). During the entire 
growth stage, the net photosynthetic rate (Pn) of the 
YX-yl mutant was even lower than that of YX. The 
Pn of YX-yl was only 36.4%, 38%, 92.6%, and 69.5% of 
that of YX at the seedling, shoot, heading, and mature 
stages, respectively. Compared with YX, YX-yl showed 

Fig. 4 Transmission electron micrograph of chloroplasts from mutant (YX-yl) and wild-type (YX) broomcorn millet. Structure of chloroplasts in YX (A 
and C) and YX-yl (B and D). sg, starch grains; sl, stroma lamellae; gl, grana lamellae; og, osmiophilic granules. Bar: 2 μm (A and B) and 1 μm (C and D)

Table 2 Comparison of chloroplasts between the YX-yl mutant 
and YX wild-type

Data are presented as mean ± SD based on 30 replications or a range of values. 
ns indicates no significant difference between YX and YX‑yl. Asterisks indicate a 
significant difference between YX and YX‑yl: n = 30, Welch’s two-sample t-test, 
*P < 0.05, **p < 0.01

Characters YX YX‑yl

Length(μm) 5–9 8–14

Width(μm) 3–7 2–5

Number 4.5 ± 0.025 5.4 ± 0.024 ns

Shape oval or circle long strip shape
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Fig. 5 Photosynthetic performance of YX and YX-yl broomcorn millet. Each condition includes measurements for three plants. Error bars 
represent ± SD. * and ** indicate significant differences (p < 0.05, p < 0.01). Pn; Net photosynthetic rate; Ci, intercellular  CO2 concentration; Tr, 
transpiration rate; Gs, stomatal conductance; WUE, water use efficiency

Fig. 6 Fluorescence kinetic parameters in YX and YX-yl. Each condition includes measurements for three plants. Error bars represent ± SD. * and 
** indicate significant differences (p < 0.05, p < 0.01). PhiPS2, the proportion of light quantum absorbed by PSII that is used for photochemical 
reactions; qN, non-photochemical quenching coefficient; Fo, minimal fluorescence; Fm,: maximal fluorescence under dark adaptation; Fv/Fm, 
maximum energy conversion efficiency in PSII centers; qP, photochemical quenching coefficient; ETR, photosynthetic electron transport rate; Fv, 
variable fluorescence
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significant decreases in stomatal conductance to  CO2 
(Gs) and transpiration rate (Tr) during the entire growth 
stage, except during the shooting stage. We also found 
that the intercellular  CO2 concentration (Ci) of YX-yl in 
the four growth stages was higher than that of YX, which 
indicated that the lower Pn of the YX-yl mutant might be 
partially due to a decrease in the  CO2 assimilation rate.

Plants with high water use efficiency (WUE) are essen-
tial for maintaining growth and grain yield in drought 
environments. We examined the WUE of YX and YX-yl 
leaves, and the results showed that YX-yl had an even 
lower WUE during the whole growth stage, and the big-
gest difference was observed in the shooting stage, where 
the WUE of YX-yl was only 29.4% of that of YX (Fig. 5).

Fluorescence kinetic parameters reflect the ability of 
plants to absorb and transfer light. Eight parameters were 
investigated to evaluate light transfer efficiency (Fig. 6). A 
significant reduction was observed in the PhiPS2 of YX-
yl leaves, which indicated a relatively lower proportion of 
light absorbed by PSII that was used for photochemical 
reactions (p < 0.01). The non-photochemical quenching 
coefficient (qN, percentage of PSII efficiency loss due to 
heat dissipation) was also lower in YX-yl plants (p < 0.05), 
indicating a decrease in its photoprotection ability. Other 
parameters such as minimal fluorescence (Fo, related to 
chlorophyll concentration in the leaf ), maximal fluores-
cence under dark adaptation (Fm, reflecting the electron 
transfer through PSII), maximum energy conversion 
efficiency in PSII centers (Fv/Fm), and photochemical 
quenching coefficient (qP, suggesting that the proportion 
of PSII reaction centers that are active) did not signifi-
cantly change. These results indicate that the reduction 
in chlorophyll and carotenoid content, as well as the 
lower qN and PhiPS2, might be the reasons for the low 
photosynthetic rate and light-use efficiency in the YX-yl 
mutant.

Transcriptome sequencing and unigene annotation
To explore the molecular mechanism of the yellow-leaf 
phenotype of the YX-yl mutant, cDNA libraries of YX 
and YX-yl plants were constructed based on three bio-
logical replicates (Table S2). The total number of paired-
end reads in the three replicates of YX-yl was 31,285,839, 
32,403,426, and 31,314,942, respectively, whereas that in 
YX was 35,356,911, 33,846,844, and 34,511,262, respec-
tively. Moreover, the three samples of YX and YX-yl 
showed a strong correlation (Fig. S1). Clean reads were 
obtained by removing adapters, low-quality reads, poly 
N reads, and empty reads. The final yield was approxi-
mately 59.38 G, with a GC percentage ranging from 59.41 
to 60.60%. The Q30 values of the raw data were all above 
94.96%, indicating a high read-confidence level.

Owing to the lack of reference genomes with high 
mapped ratios, higher-quality reads were used to con-
struct unigene libraries. The total number of unigenes 
was 100,737, and the N50 of unigenes was 1071, indi-
cating that unigenes had a high assembly integrity. 
Sequence alignment was performed between clean and 
unigene libraries (Table S3). More than 59.23% (59.39 to 
62.77%) of clean reads in the three biological replications 
of YX and YX-yl were mapped to the unigene libraries. 
Moreover, seven databases, including NR, Swiss-Prot, 
GO, COG, KOG, eggNOG4.5, and KEGG, were used to 
annotate the unigene libraries using the BLAST software. 
A total of 63,501 unigenes with annotation information 
were obtained, accounting for 63.04% of the Unigene 
database (Table S4).

Identification of differentially expressed gene (DEGs)
A total of 1035 DEGs between YX-yl and YX were iden-
tified, including 720 upregulated and 315 downregu-
lated genes (Fig. 7A and B). Hierarchical clustering of the 
DEGs was conducted to assess gene expression patterns. 
The expression level was calculated using the FPKM of 
the genes in YX and YX-yl (Fig. 7C). Furthermore, 1035 
DEGs were mapped with NR, Swiss-Prot, GO, COG, 
KOG, eggNOG4.5, and KEGG using the BLAST soft-
ware, and 912 of the 1035 DEGs had annotation informa-
tion (Table S4).

GO and KEGG analyses of DEGs
To explore the DEGs involved in leaf etiolation in the YX-
yl mutant, GO assignments were conducted to classify 
the functions of the DEGs. In total, 912 DEGs were clas-
sified into biological processes, cellular components, and 
molecular functions. Some DEGs were annotated with 
more than one GO term, and many DEGs were anno-
tated to biological processes and cellular components 
(Fig.  8A). In the biological process category, numerous 
genes belong to “metabolic process (GO:0,008,152),” 
“cellular process (GO:0,009,987),” and “single-organism 
process (GO:0,044,699).” Other genes were related to 
cellular components, namely “cell (GO:0,005,623),” “cell 
part (GO:0,044,464),” and “intracellular (GO:0,005,622)”. 
The molecular function category mainly included “bind-
ing (GO:0,005,488),” “catalytic activity (GO:0,003,824),” 
“organic cyclic compound binding (GO:0,057,159),” and 
“heterocyclic compound binding (GO:1,901,363).”

KEGG pathway analysis was conducted to categorize 
gene functions, with an emphasis on biochemical path-
ways that are active in the leaves of YX-yl and YX plants 
(Fig.  8B). In total, 13,704 unigenes and 176 DEGs were 
annotated and assigned to 93 pathways (Table S5). The 
most enriched pathways were “aminoacyl-tRNA biosyn-
thesis,” “purine metabolism,” “pyrimidine metabolism,” 
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“biotin metabolism,” and “porphyrin and chlorophyll 
metabolism.” These results indicate that the yellow-leaf 
phenotype was mainly due to differences in metabolic 
processing.

Identification of DEGs related to chlorophyll metabolism
On the basis of the above annotations, we performed 
further analysis on DEGs related to chlorophyll 

metabolism and chloroplast development, and our 
resuls revealed that eight genes were upregulated, 
including PmUROD, PmCPO, PmGSAM, PmPBGD, 
PmGluTR, PmLHCP, PmVDE, and PmPNPT, whereas 
one gene, PmCAO, was downregulated (Table  3). Six 
genes were involved in chlorophyll biosynthesis and 
REDOX biological processes, and one gene (PmVDE) 
was involved in the chlorophyll metabolism pathway. 

Fig. 7 Transcriptome analysis of DEGs in YX-yl and YX. A Comparison of DEGs in YX-yl and YX. B Volcano plot showing the DEGs between two 
different libraries. PDR < 0.01 and FC ≥ 2 were used to determine the significance of DEGs. Red and green dots represent up- and downregulated 
genes, respectively, and black dots indicate transcripts that did not significantly change in YX-yl compared to that in YX. C Hierarchical clustering of 
all DEGs was based on the FRKM values

Fig. 8 GO and KEGG pathway enrichment analyses of DEGs between YX and YX-yl. A GO enrichment analysis with 30 most-enriched GO terms in 
the three categories shown. B KEGG enrichment analysis with 20 most-enriched KEGG terms shown
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Two genes, PmLHCP and PmPNPT, were involved 
in the regulation of chloroplast development. These 
results indicate that the yellow leaves have largely dif-
ferent metabolic activities than the wild-type leaves 
(Fig. 9).

Quantitative reverse‑transcription PCR (qRT‑PCR) analysis
To validate the reliability of DEG expression, nine DEGs 
were verified via qRT-PCR assay. These DEGs were 
involved in chlorophyll biosynthesis (PmUROD, PmCPO, 
PmPBGD, PmGSAM, PmCAO, and PmGluTR), chloro-
phyll metabolism (PmVDE), and chloroplast development 
(PmLHCP). The expression patterns revealed by qRT-PCR 
analysis were similar to those obtained by RNA-seq for the 
same genes (Fig. 10), indicating that the RNA-seq results 
of the present study were reliable for all kinds of analyses.

Discussion
Chloroplast biogenesis, chlorophyll biosynthesis, and chlo-
rophyll metabolism in crops are important for biomass 
production and economic yield. Many studies have focused 
on the molecular mechanisms of chlorophyll metabolism 
and chloroplast development in Arabidopsis, rice, wheat, 
and foxtail millet [3–9]. Leaf color mutants are ideal models 
for understanding photosynthetic pigment metabolism and 
functional chloroplast development.

Tolerance to poor-quality soil and drought as well 
as high photosynthetic rate are important features of 
broomcorn millet. To date, no leaf-color mutants or gene 
mapping data have been reported for broomcorn millet. 
Therefore, we developed a yellow-leaf mutant (YX-yl) 
with ethyl methanesulfonate treatment, and a yellow-leaf 
phenotype was observed during the entire growth stage. 
In this study, physiological and biochemical analyses 

Table 3 Function analysis of chlorophyll-related genes

Gene ID Genes Function log2FC Up/Down

PmCPO Coproporphyrinogen III oxidase activity 1.319 up

PmUROD uroporphyrinogen decarboxylase activity 1.348 up

PmGSAM glutamate-1-semialdehyde 2,1-aminomutase activity 1.707 up

PmPBGD protoporphyrinogen IX biosynthetic process 1.258 up

PmLHCP Chlorophyll A-B binding protein 1.223 up

PmCAO Chlorophyllide a oxygenase -1.165 down

PmVDE violaxanthin de-epoxidase activity 1.398 up

PmGluTR tRNA binding glutamate-tRNA ligase activity 1.232 up

PmPNPT Probable polyribonucleotide nucleotidyltransferase 1 1.662 up

Fig. 9 DEGs involved in the chlorophyll biosynthesis pathway. A Chlorophyll biosynthesis pathway. B Expression profile clustering of the 
chlorophyll biosynthesis pathway. Expression ratios are based on  log2 fragments per kilobase of transcript per million mapped reads (FPKM) values, 
where each vertical solid circle represents a sample (YX-1, YX-2, and YX-3; YX-yl-1, YX-yl-2, and YX-yl-3), and each horizontal row represents a single 
gene
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integrated with transcriptome profiling were performed 
to elucidate the molecular mechanisms of the leaf-color 
mutant and explore the candidate genes controlling 
the mutant phenotype. The results will lay material and 
molecular foundations for further analysis of the photo-
synthetic mechanism of  C4 plants.

The yellow‑leaf phenotype is closely associated 
with chlorophyll and carotenoid pigment biosynthesis
Leaf color variation is a common phenomenon in plants, 
and the main reason for an abnormal leaf color is an increase 
or decrease in chlorophyll content in the leaves. Our results 
revealed that the leaves of the YX-yl mutant exhibited much 
lower chlorophyll content, especially Chl b content, com-
pared with the wild type, which played an important role in 
harvesting light and energy conversion. We hypothesized 
that the yellow phenotype of YX-yl leaves is caused by a 
deficiency in chlorophyll content, especially Chl b content, 
which has also been reported in cabbage [2], wheat [7], rice 
[6], cucumber [13], foxtail millet [8], and Arabidopsis [9].

Chlorophyll and carotenoid biosynthesis are determined 
by complex biological processes, and blockage of any step 
in this process can lead to a decrease in chlorophyll or 
carotenoid content, which in turn results in a change in 
leaf color. For example, the synthesis of ALA, Proto IX, 
and Chl a/b is regulated by glutamine-tRNA reductase, 
Mg-chelatase, and chlorophyllide A oxidase, respectively. 
If the synthesis process is inhibited or the activities of these 
enzymes change, we can analyze the reason for the block-
age of the biosynthetic process of chlorophyll according to 
the accumulation of chlorophyll precursors. A previous 
study implied that the absence of or damage to enzymes 
responsible for converting Chl a into Chl b in barley might 

be the reason for the decrease in Chl b content [37]. Many 
of the reported chlorotic mutants exhibit reduced chloro-
phyll biosynthesis because of the lower activity of Mg-che-
latase [38–40]. In the present study, comparative analysis 
of precursor content in the leaves of YX and YX-yl plants 
revealed that the PBG content was much higher, whereas 
Proto IX, Mg-Proto IX, and Pchlide were lower in YX-yl. 
We inferred that the blockage of the step between PBG 
and Proto IX led to a decrease in chlorophyll content, 
finally resulting in a yellow-leaf phenotype.

The yellow‑leaf phenotype is closely related 
to photosynthesis and chloroplast development
The photosynthetic rate and chloroplast ultrastructure are 
directly affected by leaf color mutations [4, 8, 13, 14, 41]. 
In a leaf-color mutant of rice, the chloroplasts are degrade, 
the matrix is disordered, and the thylakoids almost com-
pletely disappear [4]. In a novel leaf-color mutant of fox-
tail millet, disorganized thylakoids and considerably fewer 
starch granules have been observed [8]. Moreover, a green-
yellow leaf mutant of wucai exhibited fewer chloroplasts 
per cell and looser stromal lamellae [41]. Similar results 
were found in the present study: compared with that in the 
wild type (YX), chloroplast development was inhibited in 
the YX-yl mutant owing to degeneration of the chloroplast 
ultrastructure, with fewer grana thylakoids and almost no 
stroma thylakoids, which might result in poor chloroplast 
function and accelerated leaf yellowing.

The lower content of photosynthetic pigments, com-
bined with poorly developed chloroplasts, might be the 
reason for the poorer photosynthetic performance and 
light transfer efficiency through the photosynthetic elec-
tron transport chain. The results of both photosynthetic 
performance and fluorescence kinetic parameter analyses 
revealed that yellow color had a negative impact on the 
photosynthetic machinery of YX-yl leaves compared with 
the wild-type green leaves. In previous studies, a lower 
chlorophyll content was found to occur independently of 
the photosynthetic rate and light-use efficiency. For exam-
ple, in foxtail millet, the leaf-color mutant maintains a rel-
atively higher Pn and light-use efficiency [8]. Furthermore, 
in rice, the leaf-color mutant ygl7 has high light energy 
conversion efficiency and solar energy capture efficiency 
[42]. The contrasting results might be due to the different 
gene backgrounds or different levels of chlorophyll defi-
ciency and chloroplast development inhibition.

The expression pattern of genes related to chlorophyll 
biosynthesis and chloroplast development may be 
the reason for the yellow‑leaf phenotype
Previous results suggested that changes in genes related 
to chlorophyll metabolism and chloroplast development 

Fig. 10 qRT-PCR of nine DEGs in YX-yl and YX leaves. Error bars 
represent ± SD. * and ** indicate significant differences (p < 0.05, 
p < 0.01)
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might result in a yellow-leaf phenotype. In rice, differ-
ential expression of the OsDVR gene, which encodes 
8-vinyl reductase, between a leaf-color mutant and 
the wild type causes a decrease in chlorophyll content 
and chloroplast defect, thereby resulting in a yellow-
green leaf phenotype [43]. In foxtail millet, the SiYGL1 
gene, which encodes a magnesium-chelatase D subu-
nit (CHLD), is responsible for the mutant phenotype 
[8]. Our study revealed that the upregulated expression 
of PmGSAM and PmGluTR might be the reason for the 
higher PBG content. Although upregulated expression 
was observed for PmPBGD, PmUROD, and PmCPO, 
which encode key enzymes for chlorophyll biosynthe-
sis, the content of Proto IX, Mg-Proto IX, and Pchlide 
severely decreased in the YX-yl leaf-color mutant, indi-
cating that inhibition of the biosynthesis step between 
hydroxymethylbilane and uroporphyrinogen might be 
the major reason for the reduction in Proto IX and Mg-
Proto IX content. Further studies should be conducted 
focusing on the genes or enzymes involved in this biosyn-
thesis step. Only one downregulated gene was observed, 
namely PmCAO, which is involved in the biosynthesis 
step between Chl a and Chl b; therefore, we hypothesized 
that the decrease in Chl b content might be due to the 
downregulated expression of PmCAO. The PmVDE gene 
encodes a key enzyme in the lutein cycle in higher plants, 
which is considered the main mechanism to protect the 
photosynthetic apparatus from excess light energy. The 
development of chloroplast was inhibited in the YX-yl 
mutant, and from transcriptome analysis, we found that 
two genes (PmLHCP and PmPNPT) involved in chloro-
plast development were upregulated in the YX-yl mutant. 
These results showed that chlorophyll metabolism, chlo-
roplast development, and chloroplast transcription were 
impaired in YX-yl plants, leading to chloroplast thylakoid 
degradation, reduced chlorophyll content, and yellow-
ish leaves. Further research will be required to confirm 
which candidate genes play a vital role in chlorophyll 
metabolism or chloroplast development in YX-yl mutants 
and to explore the gene-dependent processes involved in 
these metabolic pathways.

Conclusions
Phenotypic, photosynthetic, and transcriptome analyses 
were conducted for yellow-leaf mutant (YX-yl) and wild-
type (YX) broomcorn millet. The yellow-leaf phenotype 
had lower SWPP and GWPP values, which had negative 
effects on grain yield. The lower Chl a and Chl b con-
tents, abnormal chloroplast structures, and lower pho-
tosynthetic performance in the leaves of YX-yl indicated 
that chlorophyll biosynthesis (biosynthesis step between 
PGB and Proto IX) and chloroplast development were 

partially inhibited. Furthermore, we performed transcrip-
tome analysis using RNA-seq to elucidate the molecular 
mechanisms underlying the yellow-leaf phenotype. We 
identified nine DEGs related to chlorophyll metabo-
lism and chloroplast development. Among these genes, 
six genes related to chlorophyll biosynthesis, including 
PmUROD, PmCPO, PmPBGD, PmGSAM, and PmGluTR, 
were upregulated, whereas PmCAO was downregulated. 
In addition, PmVDE and PmLHCP, which are related to 
chlorophyll metabolism and chloroplast development, 
were upregulated in YX-yl. The findings of this study pro-
vide molecular evidence for the development of leaf color 
and chloroplasts in broomcorn millet.

Methods
Plant materials
The broomcorn millet yellow leaf mutant YX-yl was iso-
lated from the Yi Xuan Da Hong Mei cultivar (YX), which 
was extensively cultivated in China. YX seeds were muta-
genized with 1.0% (v/v) ethyl methanesulfonate solution. 
One  M2 line, carrying the yellow-green leaf phenotype, 
was identified. YX (wild type) and YX-yl (mutant type) 
were used as materials for phenotypic and genetic analy-
ses in the present study.

Growth conditions and agronomic traits evaluated
For the YX cultivar (wild type) and YX-yl (mutant type), 
all plants were grown at the experimental station of 
Shanxi Agricultural University (Shanxi, China). Three 
uniformly developed plants were collected at the flower-
ing stage or after harvest for phenotyping: plant height 
(PH), peduncle length (PL), panicle length (PaL), basal 
stem diameter (BSD), flag leaf length (FLL) and width 
(FLW), spike weight per plant (SWPP), and grain weight 
per plant (GWPP).

PH, PL, BSD, PaL, FLL, and FLW were measured at the 
flowering stage. PH was determined as the distance from 
the soil surface to the top of the spike. PL was measured 
from the base of the spike to the ligule of the flag leaf. BSD 
was determined as the midpoint of the basal stem from the 
soil surface. FLL and FLW were determined from the base 
to the top or midpoint of the flag leaf, respectively.

Yield components were investigated after harvest. Pani-
cle length (PaL) was measured from the base to the top of 
the spike. SWPP was determined as the total spike weight 
per plant. The GWPP was determined as the total grain 
weight per plant.

Photosynthetic pigments and chlorophyll fluorescence
The leaves of YX and YX-yl were collected to measure 
the photosynthetic pigment content at the seedling, 
booting, heading, and mature stages, with three bio-
logical replicates tested for each sample. The leaves were 
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obtained from the flag leaves without the main leaf vein. 
Approximately 0.2  g of fresh leaves was immersed in 
95% ethanol for 48 h until the leaves turned white. The 
absorbance of each leaf extract was measured using a 
UV-1800 ultraviolet/visible spectrophotometer (UV-
1800pc; MAPADA, Shanghai, China) at 470, 649, and 
665  nm. Chlorophyll a (Chl a), chlorophyll b (Chl b), 
carotenoid, and total chlorophyll content was calculated 
according to the following formula:

where Chl a is chlorophyll a content; Chl b is chloro-
phyll b content; Car is carotenoid content; and Chl is the 
total chlorophyll content.

The net photosynthetic rate (Pn), intercellular  CO2 
concentration (Ci), transpiration rate (Tr), stomatal con-
ductance (Gs), and chlorophyll fluorescence dynamic 
parameters were monitored using a Li-6400 portable 
photosynthesis system (LI-COR, Nebraska, USA). Pho-
tosynthesis-related experiments were conducted from 
08:30 to 11:00 on clear days using the flag leaf (count-
ing from the apex) of each plant. Three individual plants 
were used in each experiment.

The WUE of YX and YX-yl was calculated using the fol-
lowing formula:

Chloroplast microstructure
Fresh leaves of YX and YX-yl at the fifth-leaf stage were 
collected, cut into 1 × 0.5  cm2 sections, and fixed over-
night in a solution of 2.5% glutaraldehyde. The sam-
ples were washed with 0.1  M phosphate-buffered saline 

Chla
(

mg/g
)

= (13.95A665 − 6.88A649)× 0.01/0.2

Chlb mg/g = (24.96A649 − 7.32A665)× 0.01/0.2

Car
(

mg∕g
)

=
(

1000A470 − 3.27 × Chl a − 104 × Chl b
)

× 0.01∕0.2∕229

Chla
(

mg/g
)

= Chla + Chlb

WUE = Pn/Tr

(pH = 7.4) three times for 15 min and then post-fixed in 
1% osmium tetroxide for 2 h. The fixed leaf samples were 
washed with 0.1 M phosphate-buffered saline (pH = 7.4) 
three times for 15 min and then dehydrated in gradient 
ethanol solutions twice for 20  min. The dehydrated tis-
sue was immersed in a 1:1 mixture of embedding agent-
acetone for 1  h and then immersed in a 3:1 mixture of 
embedding agent-acetone for 3 h. Subsequently, the tis-
sues were embedded in resin. Ultrathin sections were 
made from the embedded leaf samples using a Leica UC7 
Ultra-wave slicer (Leica UC7; Leica, Japan), stained with 
uranium lead, and examined using a JEM 1230 transmis-
sion electron microscope (Jeol, Tokyo, Japan).

Content of precursor substances for chlorophyll synthesis
The flag leaves of YX and YX-yl at the seedling stage were 
collected to analyze the content of precursor substances. 
Each sample contained three biological replications. 
ALA, PBG, Proto IX, Mg-Proto IX, and Pchlide levels 
were measured using a UV-1800 ultraviolet/visible spec-
trophotometer (UV-1800pc; MAPADA). Proto IX, Mg-
Proto IX, and Pchlide content was calculated using the 
following formula:

RNA extraction, library construction, and RNA‑seq
Total RNA was extracted from YX and YX-yl leaf sam-
ples using a TRIzol RNA isolation kit (Invitrogen, USA). 
The purity, concentration, and integrity of the extracted 
RNA were assessed using a Nanodrop spectrophotom-
eter (ND-1000; Name-drops Technologies, Wilmington, 
DE, USA), a Qubit 2.0 Fluorometer (Thermo Fisher Sci-
entific, USA), and an Agilent 2100 bioanalyzer (Agilent 
Technologies, Santa Clara, CA, USA).

A sequencing library was prepared using the Illu-
mina TruSeq RNA Sample PreKit. Briefly, mRNA 
was purified from the total RNA using poly T oligo-
attached magnetic beads, fragmented, and reverse-
transcribed into cDNA. Adapters were then ligated 
onto the cDNA molecules, and the fragments were 
amplified by PCR. Sequencing was performed on 
paired-end reads (2 × 150 bp) using an Illumina HiSeq 
2500 sequencing platform. mRNA sequencing and 
analysis were conducted by Biomarker Biotechnology 
Co., Ltd. (Beijing, China).

CMg−ProtoIX

(

ng/g
)

= 0.06077A590 − 0.01937A575 − 0.003423A628

CMg−ProtoIX

(

ng/g
)

= 0.1806A575 − 0.04036A628 − 0.04515A590

CPchlide

(

ng/g
)

= 0.03563A575 − 0.007225A590 − 0.02955A575



Page 13 of 15Wang et al. BMC Plant Biology          (2022) 22:463  

Raw data were processed to remove low-quality reads 
and adapters. Next, clean data were assembled using the 
Trinity software (Broad Institute, Cambridge, MA, USA) 
[44] to obtain the unigene library of broomcorn millet. 
The unigene library was mapped with NR, Swiss-Prot, 
GO, COG, KOG, eggNOG4.5, and KEGG databases using 
the BLAST software [45] to obtain the annotation infor-
mation of unigenes. Next, functions of unigenes were 
obtained using the HMMER software [46] to map uni-
genes with the Pfam database.

Gene expression analysis and detection of differentially 
expressed genes
Clean reads were mapped with the Unigene library using 
the Bowtie2 software [47] and then combined with RSEM 
[48] for evaluation of gene expression levels. The expres-
sion level of unigenes is represented by the FPKM value 
[49].

Gene expression analysis was performed using the 
DESeq2 software [50] (www. bioco nduct or. org). Genes 
with false discovery rate (FDR) < 0.01 and fold change 
(FC) ≥ 2 were considered as DEGs between YX and YX-
yl. GOseq enrichment analysis of DEGs was performed 
using the GOseq R package. Enrichment analysis of 
DEGs with annotation information between YX and YX-
yl was conducted using the TopGO software (Version 
2.18.0). Significantly enriched GO terms in DEGs were 
defined as GO terms with a corrected p-value of ≤ 0.05.

The enrichment of DEGs in KEGG pathways was 
assessed using the KOBAS software [51, 52], and signifi-
cantly enriched KEGG pathways were defined as those 
with FDR ≤ 0.05.

Validation of DEGs by qRT‑PCR
To validate the sequencing data, we first selected nine 
DEGs for qRT-PCR. Total RNA was extracted from the 
leaf tissues of YX and YX-yl. The PrimeScript™ RT rea-
gent Kit with gDNA Erase (Takara, Dalian, China) was 
used to synthesize first-strand cDNA. qRT-PCR was per-
formed using gene-specific primers in a total volume of 
10 μL comprising 5 μL of SYBR Premix Ex Taq II, 3 μL 
of  ddH2O, 1 μL of primer mix (1:1 mix of forward and 
reverse primers at 10 μmol/μL each), and 1 μL of cDNA 
as a template. The reaction conditions were as follows: 
30 s at 95 °C, followed by 39 cycles of 5 s at 95 °C, 30 s at 
the annealing temperature, and 5 s at 60 °C to 95 °C. The 
primers used for qRT-PCR analysis are listed in Table S6. 
The actin gene was used as an internal standard. Relative 
expression levels were calculated as  2−△△ct [53].

Abbreviations
Chl a: Chlorophyll a; Chl b: Chlorophyll b; PH: Plant height; PL: Peduncle 
length; PaL: Panicle length; BSD: Basal stem diameter; FLL: Flag leaf length; 
FLW: Flag leaf width; SWPP: Spike weight per plant; GWPP: Grain weight per 
plant; SD: Standard deviation;; Pn: Net photosynthetic rate; Ci: Intercellular  CO2 
concentration; Tr: Transpiration rate; Gs: Stomatal conductance; WUE: Water use 
efficiency; ALA: 5-Aminolevulinic acid; PBG: Porphobilinogen; Proto IX: Proto-
porphyrin IX; Mg-Proto IX: Mg-protoporphyrin IX; Pchlide: Protochlorophyllide; 
DEGs: Differentially expressed genes; NR: Non-redundant protein sequence 
database; Swiss-Prot: A manually annotated, non-redundant protein sequence 
database; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and 
Genomes; COG: Clusters of Orthologous Groups of proteins; KOG: EuKaryotic 
Orthologous Groups of proteins; eggNOG: Evolutionary genealogy of genes, 
Non-supervised Orthologous Groups; qRT-PCR: Quantitative real-time poly-
merase chain reaction; PSII: Photosystem II; FDR: False Discovery Rate; FC: Fold 
change; FPKM: Fragments Per Kilobase of transcript per Million mapped reads; 
BP: Biological process category; CC: Cellular component process; MF: Molecular 
function; PhiPS2: The proportion of light quantum absorbed by PSII that is used 
for photochemical reactions; qN: Non-photochemical quenching coefficient; 
Fo: Minimal fluorescence; Fm: Maximal fluorescence under dark adaptation; Fv/
Fm: Maximum energy conversion efficiency in PSII centers; qP: Photochemical 
quenching coefficient; ETR: Photosynthetic electron transport rate; Fv: variable 
fluorescence; BR: Brassinosteroid; CTK: Cytokinin; GA: Gibberellin; N50: Length 
of contig whose cumulative length exceeds half of the total assembled length.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12870- 022- 03843-y.

Additional file 1. 

Additional file 2. 

Additional file 3. 

Additional file 4. 

Additional file 5. 

Additional file 6. 

Additional file 7. 

Acknowledgements
We thank the students and teachers for conducting ethyl methanesulfonate 
mutagenesis and screening and identifying the yellow leaf mutant from the 
mutant library of broomcorn millet. We would like to thank Editage (www. 
edita ge. cn) for English language editing.

Authors’ contributions
Bin Zhang and Hongying Li conceived of and designed the study. Chen, 
Xiaowei Meng, Xiaoxi Zhen, Yinpei Liang, and Junjie Wang performed the 
experiments. Wang and Chen analyzed the data. Xiaowei Meng prepared the 
figures. Yushen Wang prepared the manuscript. All authors have read and 
approved the manuscript.

Funding
This research was funded by the Ministerial and Provincial Co-Innovation 
Centre for Endemic Crops Production with High-quality and Efficiency 
in Loess Plateau (SBGJXTZX-13, SBGJXTZX-14), National Natural Science 
Foundation of China (No.3197190), Shanxi Province Science Foundation for 
Excellent Young Scholar (201901D211382), the Scientific and Technologi-
cal Innovation Foundation of Higher Education Institutions in Shanxi 
(2021L113, 2021L131), the Scientific and Technological Innovation Pro-
grams of Shanxi Agricultural University (2017YJ01), and excellent doctors 
from Shanxi to reward scientific research projects (SXYBKY201714). The 
funding agencies had no role in the experimental design, data analysis, or 
preparation of the manuscript.

http://www.bioconductor.org
https://doi.org/10.1186/s12870-022-03843-y
https://doi.org/10.1186/s12870-022-03843-y
http://www.editage.cn
http://www.editage.cn


Page 14 of 15Wang et al. BMC Plant Biology          (2022) 22:463 

Availability of data and materials
All data generated or analyzed during this study are included in this pub-
lished article and its supplementary information files. Illumina sequencing 
data are available at the Sequence Read Archive (SRA) under accession 
PRJNA839699.

Declarations

Ethics approval and consent to participate
Ethical approval was not required for this study. Broomcorn millet plants were 
grown at the experimental station of Shanxi Agriculture University (Shanxi, 
China) for sample collection. No specific permits were required for the field 
studies. The research conducted in this study did not require approval from an 
ethics committee nor did it involve any human or animal subjects.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 College of Agriculture, Shanxi Agricultural University, Taigu, Shanxi, China 
030801. 2 Shanxi Key Laboratory of Germplasm Innovation and Molecular 
Breeding of Minor Crop, Taigu, Shanxi, China 030801. 3 Ministerial and Provincial 
Co-Innovation Centre for Endemic Crops Production With High-Quality and  
Efficiency in Loess Plateau, Shanxi Agricultural University, Taigu, Shanxi, China 
030801. 4 Institute of Agricultural Bioengineering, Shanxi Agricultural University, 
Taigu, Shanxi, China 030801. 

Received: 9 July 2022   Accepted: 12 September 2022

References
 1. Tanaka A, Tanaka R. Chlorophyll metabolism. Curr Opin Plant Biol. 

2006;9(3):248–55.
 2. Chong Y, Yang-yong Z, Zhi-yuan F, Yu-mei L, Li-mei Y, Mu Z, Pei-tian S. 

Photosynthetic Physiological Characteristics and Chloroplast Ultrastruc-
ture of Yellow Leaf Mutant YL-1 in Cabbage. Acta Horticulturae Sinica. 
2014;41(6):1133–44.

 3. Huang QN, Shi YF, Yang Y, Feng BH, Wei YL, Chen J, Baraoidan M, 
Leung H, Wu JL. Characterization and genetic analysis of a light- and 
temperature-sensitive spotted-leaf mutant in rice. J Integr Plant Biol. 
2011;53(8):671–81.

 4. Hu B, Chen W, Guo L, Liu Y, Pu Z, Zhang G, Tu B, Yuan H, Wang Y, Ma 
B, et al. Characterization of a novel allele of bc12/gdd1 indicates a 
differential leaf color function for BC12/GDD1 in Indica and Japonica 
backgrounds. Plant Sci. 2020;298:110585.

 5. Khan A, Jalil S, Cao H, Tsago Y, Sunusi M, Chen Z, Shi C, Jin X. The Purple 
Leaf (pl6) Mutation Regulates Leaf Color by Altering the Anthocyanin and 
Chlorophyll Contents in Rice. Plants (Basel). 2020;9(11):1477.

 6. Ma X, Sun X, Li C, Huan R, Sun C, Wang Y, Xiao F, Wang Q, Chen P, Ma F, 
et al. Map-based cloning and characterization of the novel yellow-
green leaf gene ys83 in rice (Oryza sativa). Plant Physiol Biochem. 
2017;111:1–9.

 7. Wu H, Shi N, An X, Liu C, Fu H, Cao L, Feng Y, Sun D, Zhang L. Candidate 
Genes for Yellow Leaf Color in Common Wheat (Triticum aestivum L.) and 
Major Related Metabolic Pathways according to Transcriptome Profiling. 
Int J Mol Sci. 2018;19(6):1594.

 8. Li W, Tang S, Zhang S, Shan J, Tang C, Chen Q, Jia G, Han Y, Zhi H, 
Diao X. Gene mapping and functional analysis of the novel leaf color 
gene SiYGL1 in foxtail millet [Setaria italica (L.) P. Beauv]. Physiol Plant. 
2016;157(1):24–37.

 9. Sakuraba Y, Park SY, Kim YS, Wang SH, Yoo SC, Hortensteiner S, Paek NC. 
Arabidopsis STAY-GREEN2 is a negative regulator of chlorophyll degrada-
tion during leaf senescence. Mol Plant. 2014;7(8):1288–302.

 10. Li X, Huang S, Liu Z, Hou L, Feng H. Mutation in EMB1923 gene promoter 
is associated with chlorophyll deficiency in Chinese cabbage (Brassica 
campestris ssp. pekinensis). Physiol Plant. 2019;166(4):909–20.

 11. Yu Y, Zhou Z, Pu H, Wang B, Zhang Y, Yang B, Zhao T, Xu D. OsSIG2A is 
required for chloroplast development in rice (Oryza sativa L.) at low 
temperature by regulating plastid genes expression. Funct Plant Biol. 
2019;46(8):766–76.

 12. Sun J, Tian Y, Lian Q, Liu JX. Mutation of DELAYED GREENING1 impairs 
chloroplast RNA editing at elevated ambient temperature in Arabidopsis. 
J Genet Genomics. 2020;47(4):201–12.

 13. Zhang K, Li Y, Zhu W, Wei Y, Njogu MK, Lou Q, Li J, Chen J. Fine Mapping 
and Transcriptome Analysis of Virescent Leaf Gene v–2 in Cucumber 
(Cucumis sativus L.). Front Plant Sci. 2020;11:570817.

 14. Yang S, Overlander M, Fiedler J. Genetic analysis of the barley variegation 
mutant, grandpa1.a. BMC Plant Biol. 2021;21(1):134.

 15. Chen H, Cheng Z, Ma X, Wu H, Liu Y, Zhou K, Chen Y, Ma W, Bi J, Zhang X, 
et al. A knockdown mutation of YELLOW-GREEN LEAF2 blocks chlorophyll 
biosynthesis in rice. Plant Cell Rep. 2013;32(12):1855–67.

 16. Luo T, Luo S, Araujo WL, Schlicke H, Rothbart M, Yu J, Fan T, Fernie AR, 
Grimm B, Luo M. Virus-induced gene silencing of pea CHLI and CHLD 
affects tetrapyrrole biosynthesis, chloroplast development and the 
primary metabolic network. Plant Physiol Biochem. 2013;65:17–26.

 17. Soldatova O, Apchelimov A, Radukina N, Ezhova T, Shestakov S, Ziemann 
V, Hedtke B, Grimm B. An Arabidopsis mutant that is resistant to the pro-
toporphyrinogen oxidase inhibitor acifluorfen shows regulatory changes 
in tetrapyrrole biosynthesis. Mol Genet Genomics. 2005;273(4):311–8.

 18. Zhang Y, Zhang A, Li X, Lu C. The role of chloroplast gene expression in 
plant responses to environmental stress. Int J Mol Sci. 2020;21(17):6082.

 19. Hu H, Hua W, Shen A, Zhou H, Sheng L, Lou W, Zhang G. Photosynthetic 
rate and chlorophyll fluorescence of barley exposed to simulated acid 
rain. Environ Sci Pollut Res Int. 2021;28(31):42776–86.

 20. Park SY, Yu JW, Park JS, Li J, Yoo SC, Lee NY, Lee SK, Jeong SW, Seo HS, Koh 
HJ, et al. The senescence-induced staygreen protein regulates chlorophyll 
degradation. Plant Cell. 2007;19(5):1649–64.

 21. Zhang Y, Shi S-Q, Li Y-P, Gao T-P, Yang Y-L. Osmotic regulation and chlo-
rophyll fluorescence characteristics in leaves of wheat seedlings under 
different salt stresses. Chin J Appl Ecology. 2021;32(12):4381–90.

 22. Razi K, Muneer S. Drought stress-induced physiological mechanisms, 
signaling pathways and molecular response of chloroplasts in common 
vegetable crops. Crit Rev Biotechnol. 2021;41(5):669–91.

 23. Cackett L, Luginbuehl LH, Schreier TB, Lopez-Juez E, Hibberd JM. 
Chloroplast development in green plant tissues: the interplay 
between light, hormone, and transcriptional regulation. New Phytol. 
2022;233(5):2000–16.

 24. Azpiroz R, Wu Y, LoCascio JC, Feldmann KA. An Arabidopsis Brassinos-
teroid-Dependent Mutant Is Blocked in Cell Elongation. Plant Cell. 
1998;10:219–30.

 25. Fujioka S, Li J, Choi Y-H, Seto H, Takatsuto S, Noguchi T, Watanabe T, Kuriy-
ama H, Yokota T, Chory J, et al. The Arabidopsis deetiolafed2 Mutant 1s 
Blocked Early in Brassínosteroid Biosynthesis. Plant Cell. 1997;9:1951–62.

 26. Li J, Nam KH, Vafeados D, Chory J. BIN2, a New Brassinosteroid-Insensitive 
Locus in Arabidopsis. Plant Physiology. 2001;127:14–22.

 27. Yaronskaya E, Vershilovskaya I, Poers Y, Alawady AE, Averina N, Grimm B. 
Cytokinin effects on tetrapyrrole biosynthesis and photosynthetic activity 
in barley seedlings. Planta. 2006;224(3):700–9.

 28. Cortleven A, Schmulling T. Regulation of chloroplast development and 
function by cytokinin. J Exp Bot. 2015;66(16):4999–5013.

 29. Cortleven A, Marg I, Yamburenko MV, Schlicke H, Hill K, Grimm B, Schaller 
GE, Schmulling T. Cytokinin Regulates the Etioplast-Chloroplast Transi-
tion through the Two-Component Signaling System and Activation of 
Chloroplast-Related Genes. Plant Physiol. 2016;172(1):464–78.

 30. Xing M, Xue H. A proteomics study of auxin effects in Arabidopsis thali-
ana. Acta Biochim Biophys Sin (Shanghai). 2012;44(9):783–96.

 31. Yuan Y, Mei L, Wu M, Wei W, Shan W, Gong Z, Zhang Q, Yang F, Yan F, 
Zhang Q, et al. SlARF10, an auxin response factor, is involved in chloro-
phyll and sugar accumulation during tomato fruit development. J Exp 
Bot. 2018;69(22):5507–18.

 32. Yuan Y, Xu X, Gong Z, Tang Y, Wu M, Yan F, Zhang X, Zhang Q, Yang F, Hu X, 
et al. Auxin response factor 6A regulates photosynthesis, sugar accumula-
tion, and fruit development in tomato. Hortic Res. 2019;6:85.



Page 15 of 15Wang et al. BMC Plant Biology          (2022) 22:463  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 33. Martin G, Leivar P, Ludevid D, Tepperman JM, Quail PH, Monte E. Phy-
tochrome and retrograde signalling pathways converge to antagonistically 
regulate a light-induced transcriptional network. Nat Commun. 2016;7:11431.

 34. Jiang X, Li H, Wang T, Peng C, Wang H, Wu H, Wang X. Gibberellin 
indirectly promotes chloroplast biogenesis as a means to maintain the 
chloroplast population of expanded cells. Plant J. 2012;72(5):768–80.

 35. Habiyaremye C, Matanguihan JB, D’Alpoim Guedes J, Ganjyal GM, White-
man MR, Kidwell KK, Murphy KM. Proso millet (Panicum miliaceum L.) and 
its potential for cultivation in the Pacific Northwest, U.S.: a review. Front 
Plant Sci. 1961;2016:7.

 36. Miller NF, Spengler RN, Frachetti M. Millet cultivation across Eurasia: 
Origins, spread, and the influence of seasonal climate. The Holocene. 
2016;26(10):1566–75.

 37. Rudoi AB, Shcherbakov RA. 16-Analysis of the chlorophyll biosynthetic 
system in a chlorophyll b-less barley mutant. Photosynthesis Res. 
1998;58:71–80.

 38. Braumann I, Stein N, Hansson M. Reduced chlorophyll biosynthesis 
in heterozygous barley magnesium chelatase mutants. Plant Physiol 
Biochem. 2014;78:10–4.

 39. Zhang H, Li J, Yoo JH, Yoo SC, Cho SH, Koh HJ, Seo HS, Paek NC. Rice Chlo-
rina-1 and Chlorina-9 encode ChlD and ChlI subunits of Mg-chelatase, a 
key enzyme for chlorophyll synthesis and chloroplast development. Plant 
Mol Biol. 2006;62(3):325–37.

 40. Campbell BW, Mani D, Curtin SJ, Slattery RA, Michno JM, Ort DR, Schaus 
PJ, Palmer RG, Orf JH, Stupar RM. Identical substitutions in magnesium 
chelatase paralogs result in chlorophyll-deficient soybean mutants. G3 
(Bethesda). 2014;5(1):123–31.

 41. Nie L, Zheng Y, Zhang L, Wu Y, Zhu S, Hou J, Chen G, Tang X, Wang C, Yuan 
L. Characterization and transcriptomic analysis of a novel yellow-green leaf 
wucai (Brassica campestris L.) germplasm. BMC Genomics. 2021;22(1):258.

 42. Deng XJ, Zhang HQ, Wang Y, He F, Liu JL, Xiao X, Shu ZF, Li W, Wang GH, 
Wang GL. Mapped clone and functional analysis of leaf-color gene Ygl7 
in a rice hybrid (Oryza sativa L. ssp. indica). PLoS One. 2014;9(6):e99564.

 43. Wang P, Gao J, Wan C, Zhang F, Xu Z, Huang X, Sun X, Deng X. Divinyl 
chlorophyll(ide) a can be converted to monovinyl chlorophyll(ide) a by a 
divinyl reductase in rice. Plant Physiol. 2010;153(3):994–1003.

 44. Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit I, Adiconis 
X, Fan L, Raychowdhury R, Zeng Q, et al. Full-length transcriptome assem-
bly from RNA-Seq data without a reference genome. Nat Biotechnol. 
2011;29(7):644–52.

 45. Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W, Lipman 
DJ. Gapped BLAST and PSI-BLAST: a new generation of protein database 
search programs. Nucleic Acids Res. 1997;25(17):3389–402.

 46. Nastou KC, Tsaousis GN, Papandreou NC, Hamodrakas SJ. MBPpred: 
proteome-wide detection of membrane lipid-binding proteins using pro-
file Hidden Markov Models. Biochim Biophys Acta. 2016;1864(7):747–54.

 47. Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome. 
Genome Biol. 2009;10(3):R25.

 48. Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq 
data with or without a reference genome. BMC Bioinformatics. 2011;12:323.

 49. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, 
Salzberg SL, Wold BJ, Pachter L. Transcript assembly and quantification by 
RNA-Seq reveals unannotated transcripts and isoform switching during 
cell differentiation. Nat Biotechnol. 2010;28(5):511–5.

 50. Anders S, Huber W. Differential expression analysis for sequence count 
data. Genome Biol. 2010;11(10):R106.

 51. Kanehisa M, Araki M, Goto S, Hattori M, Hirakawa M, Itoh M, Katayama 
T, Kawashima S, Okuda S, Tokimatsu T, et al. KEGG for linking genomes 
to life and the environment. Nucleic Acids Res. 2008;36(Database 
issue):D480-484.

 52. Altermann E, Klaenhammer TR. PathwayVoyager: pathway mapping 
using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. 
BMC Genomics. 2005;6:60.

 53. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the compara-
tive C(T) method. Nat Protoc. 2008;3(6):1101–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Identification and function analysis of yellow-leaf mutant (YX-yl) of broomcorn millet
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Phenotypic performance of YX-yl mutant
	Chlorophyll biosynthesis analysis
	Chloroplast ultrastructure analysis
	Photosynthetic characterization and fluorescence kinetic parameter assessment
	Transcriptome sequencing and unigene annotation
	Identification of differentially expressed gene (DEGs)
	GO and KEGG analyses of DEGs
	Identification of DEGs related to chlorophyll metabolism
	Quantitative reverse-transcription PCR (qRT-PCR) analysis

	Discussion
	The yellow-leaf phenotype is closely associated with chlorophyll and carotenoid pigment biosynthesis
	The yellow-leaf phenotype is closely related to photosynthesis and chloroplast development
	The expression pattern of genes related to chlorophyll biosynthesis and chloroplast development may be the reason for the yellow-leaf phenotype

	Conclusions
	Methods
	Plant materials
	Growth conditions and agronomic traits evaluated
	Photosynthetic pigments and chlorophyll fluorescence
	Chloroplast microstructure
	Content of precursor substances for chlorophyll synthesis
	RNA extraction, library construction, and RNA-seq
	Gene expression analysis and detection of differentially expressed genes
	Validation of DEGs by qRT-PCR

	Acknowledgements
	References


