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Abstract

For green plants, variations in the leaf color, which are closely related to chlorophyll metabolism and photosynthesis, can
reduce photosynthetic capacity and efficiency. However, the regulatory mechanism of leaf color formation, especially for
sesame, is still not clear. Leaf color mutants are an ideal material to explore regulatory pathways associated with chlorophyll
synthesis and photosynthesis. In this study, the green (yy type) and the yellow (YY type) leaf color progenies of the sesame
mutant (Siyl -1) were compared by RNA sequencing and physiological analysis. Physiologically, the yellow colored mutant
leaves had lower chlorophyll content and almost no photochemical conversion efficiency. Of the 540 differentially expressed
genes (DEGS) identified, 320 were up-regulated and 220 down-regulated. Of these, 7 DEGs were involved in chlorophyll
biosynthesis (CAQ), photosynthesis (Lhca2, Lhcb3, and Lhcb6) and carbon fixation in photosynthetic organisms (ALDO,
PckA, and rpiA). The expression of these genes, except ALDO and rpiA, was significantly suppressed in the yellow leaf color
mutant. Moreover, the DEGs included transcription factor and heat shock protein genes that might be important for the
regulation of gene expression in the aspect of chlorophyll synthesis and chloroplast development. Thus, results might provide
a more integrated picture about the regulatory mechanism of leaf color formation for sesame. © 2020 Friends Science
Publishers
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Introduction

In higher plants, leaf color mutation is a common
phenomenon in nature and has received widespread
attention from both researchers and the general public
because of the obvious features and ease of distinguishing
different leaf colors (Li et al. 2018). There are numerous
leaf color mutants that have been stratified into different
categories (Gustafsson 1942) such as albino, xantha, viridis,
virescent and zebra; these variations in leaf color are
attributed to the loss of balance between the biosynthesis
and degradation of pigments in plants (Wu et al. 2018).
Mechanism of yellow formation, which are generally
closely related to chlorophyll biosynthesis and chloroplast
development, have been investigated in various crop
varieties (Petersen et al. 2004; Schippers et al. 2008; Sang et
al. 2010; Guan et al. 2016) such as Arabidopsis, maize,
wheat, rice and barley.

Chlorophyll is an important photosynthetic pigment in
plants; it is embedded in the antenna protein complexes and
is responsible for the absorption of light energy and its
transmission and transduction to the chloroplasts (Tanaka
and Tanaka 2006). Chlorophyll synthesis is regulated by
more than 15 enzymes and 20 genes (Nagata et al. 2005). A
decrease in the expression levels of these genes could inhibit
synthesis of chlorophyll (Adhikari et al. 2011; Li et al.
2016), leading to reduced chlorophyll content and variation
in leaf color in higher plants (Rebeiz 2014). For the rice
(ygl-1) mutant with yellow-green leaf, the expression of
CAO and cablR genes encoding the light-harvesting
chlorophyll-protein complex (LHC) family proteins were
severely suppressed, leading to the blockage of chlorophyll
biosynthesis and chloroplast development (Xu et al. 2006;
Wu et al. 2007). In Lagerstroemia indica, the yellow leaf
color mutation induced the expression of genes involved in
chlorophyll  degradation and suppressed the genes
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expression of chlorophyll biosynthesis (Li et al. 2015b). In
addition, in wheat, genes related to photosynthesis and
carbon fixation were found to be responsible for the changes
in leaf coloration (Wu et al. 2018). Thus, several reports
have confirmed that chlorophyll biosynthesis and
chloroplast development are affected in leaf color mutants.

Sesame (Sesamum indicum L.), as an oil seed crop,
referred as the “queen of oil seed crops” (Anilakumar et al.
2010). Previously, it had been reported that yellow-green
leaf color sesame mutant (Siyl-1) provides an ideal
germplasm to understand the mechanisms of chlorophyll
metabolism, photosynthesis, and chloroplast development
(Gao et al. 2019). Thus far, few studies have focused on
sesame leaf color mutants. Our previous studies on the
sesame leaf color mutant only focused on phenotypic traits,
physiological and biochemical characteristics, and genetic
analysis. However, the underlying regulatory mechanism on
leaf color mutation for sesame remains poorly understood.

In this study, the phenotypic traits of sesame with
normal green leaves (yy) and mutant yellow leaves (YY)
were compared and analyzed for physiological, biochemical
characteristics and transcriptome profile. Several DEGs
involved in chlorophyll synthesis, photosynthesis and
carbon fixation, as well as encoding transcription factor
(TF) family members were identified and responsible for the
regulation of the expression of genes related to
photosynthesis and pigment synthesis. These results could
form the basis to understand the complex metabolic
networks for yellow leaf color mutation in sesame.

Materials and Methods
Plant materials

The sesame yellow-green leaf mutant (Siyl-1) was produced
from the sesame cultivar yuzhi 11 with a common leaf color
by ethyl methane sulfonate (EMS) mutagenesis. In our
previous study, the Siyl-1 mutation in sesame was
determined to be controlled by an incompletely dominant
nuclear gene, which produced three leaf color phenotypes
(yellow-green leaf (Yy), yellow leaf (YY) and normal green
leaf (yy)) upon selfing (Gao et al. 2019). The cotyledons of
the three leaf color phenotypes were used for physiological
experiments. The yellow leaf (YY) and normal green leaf
(yy) were sampled for RNA-seq and quantitative real-time
PCR (qRT-PCR). All collected samples were rapidly frozen
in liquid nitrogen before stored in a cryogenic refrigerator
(—80°C). Three replicates were performed for each sample.

Analysis of chlorophyll fluorescence parameters

The chlorophyll  fluorescence parameters  [Fv/Fm,
photochemical efficiency of PSII; ETR (Il), electron
transport rate of PSII] were measured using a two-channel
modulated chlorophyll fluorescence analyzer (Dual-PAM-
100; Zealquest Scientific Technology Co., Ltd., Shanghai,

China). After the plants were acclimated to the dark for 30
min, the initial fluorescence (F) and maximum fluorescence
(Fm) were measured, and chlorophyll fluorescence
parameters were measured according to manufacturer
instructions. The fluorescence parameters were calculated
using a built-in analysis software of the chlorophyll
fluorescence analyzer (Dual-PAM, v. 1.18).

RNA extraction, library preparation, and RNA-seq

The cDNA libraries were constructed using 6 samples with
normal green leaves (yy) and yellow leaves (YY) designated
asyy-1, -2, -3 and YY-1, -2, -3. For each sample, Total RNA
extraction was performed by a plant RNA extraction kit
(TaKaRa, Dalian, China), following its instructions. The
concentration of RNA was confirmed using the NanoDrop
2000 (Thermo, Wilmington, D.E., U.S.A). The RNA
integrity was performed by the Agilent Bioanalyzer 2100
system (Agilent Technologies, C.A., U.S.A.). The library of
cDNA was constructed and sequenced by Biomarker
Technologies Co., Ltd. (Beijing, China).

Sequence alignment and functional annotation

Data were processed by eliminating adapter sequences and
ploy-N-containing and low-quality reads from the raw data.
The clean reads were aligned with the sesame reference
genome sequences available on NCBI. The following
databases were used for functional annotation, including: Nr,
NCBI non-redundant protein sequence database; Pfam
protein  family database; KOG/COG, Clusters of
Orthologous Groups of protein database; Swiss-Prot, a
manually annotated and reviewed protein sequence database;
KO, KEGG Ortholog database; GO, Gene Ontology.

DEG analysis

The expression levels of genes were assessed according to
FPKM by cuffquant and cuffnorm software software (Li et
al. 2015b). The FDR (false discovery rate) < 0.05 and |log,
(fold change) | = 1 was defined as significant DEGs.

GO analysis of the DEGs was performed by the GO
seq R packages (Young et al. 2010). KOBAS software was
used to analyzed the statistical enrichment of the DEGs in
the KEGG pathways (Mao et al. 2005).

Verification of gene expression by gqRT-PCR

The accuracy of the RNA-seq data was validated by
randomly selecting several leaves color-related DEGs. All
specific primers of DEGs were designed with Primer
Premier 5.0 software (Table S1). The cDNA was
synthesized using a PrimerScript™ RT reagent kit
(TaKaRa, Dalian, China). The gRT-PCR analysis was
conducted according to manufacturer’s instructions using a
SYBR Premix Ex TaqTM Il Kit (TaKaRa, Dalian, China)
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equipped with a QuantStudio® 7 Flex Real-Time PCR
system (Applied Biosystems, Shanghai, China). The results
were normalized using the SiTUB gene as an endogenous
standard (Wei et al. 2013). Expression level of the genes
was analyzed using the 27 method (Livak and
Schmittgen 2001). All analyses were performed three times
for all biological replicates.

Statistical analysis

Data analysis was performed by one-way analysis of
variance, and figures were plotted using GraphPad Prism 5
(GraphPad Software, U.S.A.). All data are presented as the
means + standard deviation (SD, n = 3). The least
significant difference test was used to test significance.

Results

Changes in  phenotypic  characterization and
physiological parameters in mutant leaves

Three phenotypes—normal green (YY), yellow-green (Yy),
and yellow (yy) types—were obtained by the segregation of
the yellow-green leaf color mutant (Yy) in a self-pollinated
progeny (Fig. 1A). The yy type has similar agronomic traits
as those of the wild type (WT, Yuzhi 11), and type Yy was
also not different from the WT except for the variation in
leaf color. Interestingly, the YY type was extremely yellow
and rapidly died after germination. No significant change in
chlorophyll fluorescence parameters was noted for normal
green (yy) and WT. However, compared with those of the
normal green (yy) type, the Fv/Fm and ETR (1) of the Yy
type were reduced by 55.7 and 36.6%, respectively. The
chlorophyll  fluorescence parameters were extremely
reduced for the YY type (Fig. 1B, C).

RNA-Seq analysis

The potential molecular basis for color formation in the
yellow leaf color mutant was further understood using the
cotyledon of the YY and yy types to construct cDNA
libraries using the Illumina HiSeqTM X10 platform
(lumina, San Diego, C.A., U.S.A.). After removing low-
quality reads, a total of 35.97 Gb clean data was obtained
(Table 1). For each sample, 5 GB or above clean data were
obtained. The clean paired end reads ranged from
21,368,657 to 22,261,358 for the YY type and from
17,048,612 to 19,701,252 for the yy type. For each sample,
the GC content varied from 48.80 to 49.62%, and the Q30
base was 93.03% or above. Clean reads of each sample
were sequentially aligned with the sesame reference
genome, with the efficiency ranging from 94.81 to 95.84%.
The correlation values between the replicates of the samples
ranged from 0.97 to 0. 99 (Fig. S1). 92.54% or above clean
reads were mapped to the exon region of the genome (Table
S2), confirming that the sequencing quality was reliable for
subsequent analysis.

=

Fv/Fm

(o]

ETR(IT)

Fig. 1: Measurements of phenotypic and physiological indices in
YY, Yy, and yy progeny of sesame leaf color mutant (Siyl™) and
Yuzhi 11 (WT). (A) Phenotypes of the progeny of Siyl-1 and
Yuzhi 11 (WT). (B) Measurements of Fv/Fm for the WT and
progeny of Siyl -1. (C) Measurements of ETR (l1) for the WT and
progeny of Siyl-1. Two (**) and three asterisks (***) were used
to indicate significant (P < 0.01) and extremely significant (P <
0.001) differences, respectively. YY, yellow leaf color in the
progeny of Siyl-1; Yy, yellow-green leaf color in the progeny of
Siyl -1; yy, normal green leaf color in the progeny of Siyl -1; WT,
Yuzhi 11

Overview of DEGs between the yy and YY types

In all, 15261 and 15,368 genes were quantitated,
respectively, from yy and YY leaves (Fig. 2A). The DEGs
were identified between yy and YY types, and 540 DEGs
were identified, of which 320 and 220 were up- and down-
regulated, respectively (Fig. 2B, C). Hierarchical clustering
revealed significantly different DEG expression between the
yy and YY types (Fig. 2D).

Annotated analysis of DEGs

The DEGs functions were annotated according to the GO
database by the Blast2GO software suite. For biological
process, the 540 DEGs were principally enriched in
metabolic process, cellular process, and single-organism
process. For cellular component, the DEGs were enriched in
cell part and organelle. For molecular function, the DEGs
were enriched in catalytic activity, binding, and transporter
activity (Fig. S2). In addition, the DEGs were analyzed and
assigned to 71 KEGG pathways, some of which are shown
in Fig. 3A. Further enrichment analysis revealed the DEGs
associated with protein processing in ER and
photosynthesis-antenna proteins (Fig. 3B).

DEGs regulating chlorophyll  metabolism and
photosynthesis are involved in yellow leaf color
formation

The key DEGs involved in the yellow leaf color formation
were further investigated by identifying some DEGs related
to chlorophyll metabolism and photosynthesis by the KEGG
pathways analysis (Fig. 4). One DEG (CAO) in the
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Table 1: Descriptive statistics of the transcriptome sequencing data for the yellow leaves of YY types and green leaves of yy types in

sesame

Samples Clean reads’ Clean bases " GC Content %>Q30" Mapped Reads ¥
yy-1 22,261,358 6,656,006,414 48.80% 93.91% 41,180,208 (95.46%)
yy-2 21,368,657 6,386,365,320 49.10% 94.03% 42,670,653 (95.84%)
yy-3 21,569,434 6,454,682,306 49.11% 93.61% 40,805,506 (95.48%)
YY-1 18,339,669 5,483,145,836 49.62% 93.76% 37,513,493 (95.21%)
YY-2 19,701,252 5,884,235,364 49.33% 93.03% 34,774,099 (94.81%)
YY-3 17,048,612 5,100,971,244 49.12% 93.63% 32,587,834 (95.57%)

'Clean reads: Amount of pair-end reads in clean data;
"Clean bases: The total number of bases in clean data;

f“GC content: The percentage of two bases (G and C) of the total base in clean data;
"Q30%: The percentage of bases with a mass value greater than or equal to 30 in clean data;
"Mapped Reads: The number of reads to the reference genome and the percentage of clean reads
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Fig. 2: Overview of transcriptome data obtained from YY and yy
types. (A) Venn diagrams of genes identified in YY and yy types.
The numbers of specific genes and shared genes be counted if one
or more of the three replicates in each sample is quantified. (B) the
volcano plots comparing gene expression between YY and yy
types. (C) Number of differentially expressed genes (DEGs). (D)
Heat map of the hierarchical cluster for DEGs

chlorophyll synthesis pathway was down-regulated in the
mutant YY type compared to the normal green leaf (yy) type.
Moreover, the expression levels of three DEGs, i.e., Lhca2,
Lhcb3, and Lhcb6, in the LHC family associated with
photosynthesis-antenna proteins were significantly down-
regulated in the mutant. Moreover, three DEGs associated
with carbon fixation in photosynthetic organisms were
identified. Among them, two DEGs (ALDO and TKTA)—
were up-regulated in the mutant YY type, whereas tRpiA was
down-regulated.

DEGs encoding TF and heat shock proteins in the
mutant YY type

TFs play important roles to activate or repress gene
expression. In all, 99 TFs were found among the 25 DEGs
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Fig. 3: KEGG pathway analysis of DEGs between YY and yy
types. a KEGG classification analysis of DEGs between YY and yy
types. b Pathway enrichment analysis of DEGs

identified in the mutant YY type; these were further divided
into 13 TF families. The majority of the TFs were members
of the AP2/ERF family (16%), followed by the C2C2
family (16%), MYB family (16%), GRAS family (8%),
C2H2 family (8%), and NAC family (8%; Fig. 5A, Table
S3). Four TFs of the AP2/ERF family were up-regulated,
and four DEGs associated with C2C2 TFs were down-
regulated in the mutant YY type. The expression levels of the
TFs associated with MYB, GRAS, and C2H2 family are
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Fig. 4: Differences in the expression profiles of DEGs involved in
chlorophyll metabolism and photosynthesis between YY and yy
types in sesame

shown in Table S3. Moreover, a total of 32 heat shock
proteins (HSPs) were identified in the DEGs of the mutant
YY type, of which 23, 2, and 7 were associated with SHSP,
HSP70, and HSP90 family members, respectively, and
showed higher expression in the YY type (Fig. 5B).

Validation of RNA-seq data by gRT-PCR

The accuracy of the RNA-seq result was verified by
quantifying the expression levels of 10 identified DEGs
related to chlorophyll metabolism, TFs, HSPs, and
photosynthesis using gRT-PCR analysis (Fig. 6). Among
these DEGs mentioned above, 3 genes were associated with
TF families and 3 with HSPs; 1 gene (CAO) was involved in
chlorophyll metabolism; and 3 genes (ALDO, TKTA, and
RpiA) were involved in photosynthesis. The expression
pattern of these 10 DEGs detected using gRT-PCR was
found to be the same as that revealed by the RNA-seq data.
In general, the expression trend of the selected genes by
gRT-PCR was in line with that of RNA-seq except for the
difference in the expression level, indicating the reliability
of the RNA-seq data.

Discussion
The measurements of chlorophyll contents and chloroplast

ultrastructure revealed that the chlorophyll a and b contents
of the Yy and YY types were significantly lower than green
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Fig. 5: Differences in the expression profiles of DEGs associated
with transcription factors (TFs) and heat shock proteins (HSPs)
between YY and yy types. (A) Analysis of DEGs encoding TFs.
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leaves (yy), and the chloroplast structure varied evidently

(Gao et al. 2019). The chlorophyll fluorescence
measurements showed that the Fv/Fm and ETR (Il) of the
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Yy and YY types showed similar variations as those in
chlorophyll contents, unlike in the normal green leaf (yy)
type. These results showed that the leaf color mutations in
sesame are most likely related to chlorophyll synthesis and
photosynthesis. The critical regulatory pathways of leaf
color mutation in the yellow-green leaf sesame mutant Siyl-
1 were further explored by analyzing the transcriptomes of
the normal green (yy) and yellow (YY) types by RNA-seq.
Several DEGs involved in Chl biosynthesis, photosynthesis,
and TFs were identified in the mutant YY type.

The balance of chlorophyll content in plants depends
on chlorophyll synthesis and degradation (Tanaka and
Tanaka 2006). Some studies have shown that the
chlorophyll deficient mutant was mainly formed owing to
the lack of enzymes in the chlorophyll synthesis process
(Wu et al. 2007; Li et al. 2015a; Zhao et al. 2016). In
present study, the expression of the CAO gene
(LOC105159469) was significantly downregulated in the
yellow (YY) types; this gene encodes chlorophyllide, a
oxygenase that catalyzes the conversion of chlorophyll a to
chlorophyll b. The CAO gene is essential for the regulation
of chlorophyll  biosynthesis and maintenance of
photosynthetic antenna size (Sakuraba et al. 2007). The
absence of CAO gene results in declined chlorophyll content
and deficient phenotypes. In Arabidopsis thaliana, the ch1-1
mutant containing a deletion of the CAO gene exhibited
phenotypic characteristics of chlorosis and showed
photodamage (Yamasato et al. 2005). In addition, in rice,
the mutant of pgl gene encoding chlorophyllide an
oxygenase 1 induced chlorophyll degradation, disorderly
arrangement of chloroplast, reactive oxygen species
accumulation, and leaf premature senescence (Yang et al.
2015b). Moreover, the over-expression of OsCAO1 can
induce chlorophyll b accumulation and inhibit leaf
senescence in plants (Sakuraba et al. 2012). The present
study physiological and biochemical results further support
this conclusion. This evidence indicates that the CAO gene
plays important roles in chlorophyll biosynthesis to regulate
leaf color formation.

The chloroplast comprises the membrane, thylakoid,
and matrix; among them, the thylakoid membrane is the key
site for light absorption and energy transfer (Mirkovic et al.
2016). Photosynthesis proceeds methodically owing to the
multi-subunit pigment—protein complexes embedded in the
thylakoid membranes. The complexes consist mainly of
PSII, PSI, light-harvesting complexes, cytochrome b6/f, and
ATP synthase (Dekker and Boekema 2005). More studies
have shown that color formation of leaf is closely associated
with chloroplast development (Yu et al. 2007; Yang et al.
2015a). The previous studies on chloroplast structure
showed that the formation of yellow leaf color was affected
by impaired chloroplast. In plant leaves, LHCs mainly
consist of chlorophyll and apoproteins required for
assembling chlorophyll, which play an important role in the
transfer of the captured light energy to the photosynthetic
reaction center (Jansson 1994). Decrease in LHC levels has

been known to cause changes in the size of photosynthetic
antenna and induce photodamage. In a chlorina mutant of A.
thaliana, the expression of the LHC gene was significantly
suppressed, or even completely absent, resulting in the
disorganization of grana stacking in the chloroplast (Kim et
al. 2009). In this study, three DEGs (Lhca2, Lhcb3, and
Lhcb6) identified are associated with the LHC gene family,
and these genes were downregulated in the YY type mutant.
Furthermore, the expression of one DEG (ATPF1G)
encoding F-type H'-transporting ATPase subunit gamma
involved in ATP synthesis was inhibited in the mutant, and,
of the three DEGs associated with carbon fixation in
photosynthetic organisms, one was downregulated (pckA)
encoding phosphoenolpyruvate carboxykinase (ATP) and
two were upregulated (ALDO and rpiA) encoding fructose-
bisphosphate aldolase, class | and ribose 5-phosphate
isomerase A, respectively. The gRT-PCR results further
confirmed the accuracy of the data. In the wheat yellow leaf
color mutants, several DEGs were also identified, such as
PsaC, PsbB, and ATPase, which significantly
downregulated compared to those in the normal green color
type, leading to reduced photosynthetic capacity (Wu et al.
2018). Along with the reduction of chlorophyll fluorescence
parameters, the changes in the gene expression levels
showed that the DEGs involved in photosynthesis affected
the structure of chloroplasts and reduced photosynthetic rate
and decreased chlorophyll content, resulting in the yellow
phenotype formation.

TFs regulate the gene expression by binding to various
specific DNA elements upstream of target genes, thereby
activating or inhibiting the transcriptional activity of target
genes and regulating their spatiotemporal specific
expression (Riechmann and Ratcliffe 2000; Yamasaki et al.
2013). Many studies have shown that TFs are involved in
the regulation of the expression of genes related to
photosynthesis and chlorophyll metabolism, which lead to
the wvariations in plant leaf color. The photosensitive
pigment interaction factor PIFs belong to the basic helix-
loop-helix TF family can regulate the development of
chloroplast and content of chlorophyll (Hug et al. 2004).
The arcuate nucleus TF family can interact with the FtsZ
gene, regulate chloroplast division, and affect chlorophyll
content (Maple and Mgller 2006). SINAP2 belongs to the
NAC TF family and can activate SISAG113 gene associated
with chlorophyll degradation to promote leaf senescence in
tomato (Huq et al. 2004). The AP2/ERF family members
were induced by abiotic stress and involved in plant stress
response (Xing et al. 2017). In present study, 25 TF family
members identified, includes AP2/ERF, C2C2, MYB, and
GRAS and these TFs may influence leaf coloration.
Similarly, DEGs associated with AP2-EREBP, MYB, and
C2H2 family TFs were identified in Ginkgo biloba with
golden leaf coloration (Li et al. 2018). Many WRKY family
and C2C2 TFs were enriched in the wheat mutant (m68)
with a premature leaf senescence characteristic (Zhang et al.
2018). These results suggest that TFs can regulate gene
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expression associated with chlorophyll synthesis to affect it
and cause a change in leaf color.

Moreover, 32 DEGs annotated to the HSP family were
found to be related to protein processing in ER. Interestingly,
all these genes were upregulated in the mutant. HSPs are
known to play vital roles in stress resistance processes.
Numerous HSP-encoding genes were induced to express
during abiotic stress to repair damaged proteins. Therefore, it
is speculated that HSPs act as a stress response regulator and
were induced to avoid excessive photosynthetic damage and
maintain cell homeostasis in the mutant YY type.

Conclusion

The results showed that lower chlorophyll contents and
almost no photochemical conversion efficiency in the
yellow colored mutant leaves. Gene expression differed
considerably between the green (yy) and the mutant yellow
(YY) leaves, according to the transcriptional sequence
analysis. Many DEGs and TFs were involved in chlorophyll
synthesis and photosynthesis, were identified. Changes in
gene expression led to less chlorophyll content, abnormal
structure of chloroplasts, and reduced photochemical
efficiency, which might have been closely related to the
formation of yellow leaf color mutant. Overall, a rough
outline was formed to speculate the possible regulation
mechanism for the formation of yellow leaf phenotype in
sesame (Fig. 7). The findings might help explain the
mechanism of yellow color leaf formation in sesame and
facilitate the improvement of selective breeding for leaf
color varieties.
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