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Abstract Malus spectabilis ‘Duojiao’ is a spontaneous
delayed-green leaf color mutant of M. spectabilis ‘River-
sii” and has chloroplasts with irregularly arranged vesicles
and indistinct stromal lamellae. The yellow leaves of mutant
have less chlorophyll (Chl), carotenoids, and flavonoids.
Measurement of photosynthetic gas exchange indicated that
the mutant has lower photosynthetic activity than ‘Riversii’
plants. Transcriptome sequencing with the Illumina plat-
form was used to characterize differences in gene expres-
sion between the leaves of plants with yellow and green
colors and elucidate the molecular mechanisms responsible
for variation in leaf color in ornamental crabapple. In the
comparison group of mutant yellow leaves and the maternal
green leaves, 1848 differentially significant expressed genes
(DEGs) were annotated by transcriptomic analysis. Many
DEGs and transcription factors were identified related to
chloroplast development, Chl synthesis and degradation,
photosynthesis, carotenoid biosynthesis, flavonoid biosyn-
thesis and other pathways related to plant leaf color forma-
tion. Among these, the Chl biosynthesis-related copropor-
phyrinogen gene, oxidative decarboxylase gene, and Chl a
oxygenase gene were down-regulated, indicating that Chl
biosynthesis was blocked. GLK, which regulates chloro-
plast development, was down-regulated in yellow leaves.
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Parallel experiments showed that the content of the Chl syn-
thesis precursors, protoporphyrinogen IX, chlorophyllide a,
and chlorophyllide b and the activity of chlorophyllogen III
oxidase and chlorophyllide a oxygenase in the yellow leaves
of ‘Duojiao’ were lower than those in the green leaves of
‘Riversii’. Thus, leaf color formation is greatly affected by
Chl metabolism and chloroplast development. The reliability
of the RNA-sequencing data was confirmed by quantitative
real-time PCR analysis with 12 selected DEGs.
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Introduction

Leaf color is a phenotypic trait of plants that is affected by
internal genetic factors and external environmental condi-
tions and plays an important role in enhancing the aesthetics
of urban landscapes (Zhao et al. 2020). Leaf color mutants in
particular have received increased research attention. Some
leaf color mutants have special excellent characteristics and
can be used as a marker to simplify the breeding of improved
varieties and the production of hybrid varieties. (Walles
1971; Yan et al. 2019; Zhao et al. 2010). Some leaf color
mutants have advantageous properties that provide high-
quality germplasm resources for genetic breeding (Gan and
Amasino 1995); these mutants can also be used to analyze
and characterize gene function (Hansson et al. 1999) and
interactions (Lopez-Juez et al. 1998), as well as for breeding
(Reyes-Arribas et al. 2010). These mutants have thus been a
major focus of plant epigenetics research and have received
much attention from plant breeders (Sinkkonen et al. 2012).
The new variety ‘Duojiao’ is a rare germplasm resource.
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The study of its leaf color characteristics has theoretical
and practical significance, which can not only enrich the
landscape hierarchy and diversity in China, but also pro-
vide high-quality resources for cultivating new varieties with
independent property rights (Zhang et al. 2020).

Ornamental crabapples (Rosaceae: Malus Mill.) are the
most popular small trees used as ornamentals in the temper-
ate zone (Zhou et al. 2019). Applications of crabapple germ-
plasm are still limited to traditional cultivars; there is thus
a need to enhance the domestication of wild resources and
the selection and breeding of new varieties (Wu et al. 2015).
The new variety of delayed-green-leaved ‘Duojiao’ is a rare
germplasm resource. Exploration of its leaf color traits has
theoretical and practical significance, as such studies could
help enrich landscapes and provide high-quality resources
that could be used to cultivate new varieties.

Transcriptome sequencing (RNA-Seq) is an efficient,
comprehensive and quick research method in molecu-
lar biology (Wang et al. 2009a, b). It can accurately and
quickly obtain almost all the transcripts of the samples to
be tested, provide comprehensive transcriptome informa-
tion, and understand the gene function and gene structure
of plants at a specific stage from the overall level. It can also
study non-model plants lacking genome sequences at the
omics level and find unknown transcripts (Kristiansson et al.
20009; Li et al. 2018); RNA-seq is also used to study chloro-
phyll (Chl) biosynthesis in plants such as Populus deltoides
Marsh (Zhang et al. 2019b), hot peppers (Ma et al. 2016),
and wheat (Wu et al. 2018).

Here, we conducted an experiment that combined cyto-
logical and physiological measurements and transcriptome
sequencing to clarify the mechanism underlying the leaf col-
oration of a delayed-green leaf crabapple mutant (‘Duojiao’).
The results of this study provide new insight that could aid
the future use of this cultivar; the valuable molecular data
provided by our study could also aid future studies of the
coloring mechanism in other plant species. Understanding

Fig. 1 Phenotypes of mutant
leaves from the same shoot of
‘Duojao’ in June
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the mechanism of leaf coloration will help horticulturists
cultivate ornamental trees better.

Materials and methods
Experimental materials

The delayed-green leaf mutant ‘Duojiao’ was obtained
through a bud mutation in 2014 that occurred on the branch
of ‘Riversii’ with green leaves showing normal growth at
Zhendong Nursery (Tai’an, Shandong Province, China, 36°
15’ N, 117° 16" E; temperate monsoon climate). Two-year-
old plants of the cultivar Malus spectabilis ‘Riversii’ and
its mutant M. spectabilis ‘Duojiao’ were used to clarify
the mechanism underlying the yellow leaf coloration of
‘Duojiao’.

A total of 100 plants of ‘Duojiao’ and ‘Riversii’ with
similar growth and tree strength were selected in the nurs-
ery in June 7th, 2019, and a large number of leaves on the
new shoots were randomly selected and mixed, including the
yellow leaves of ‘Duojiao’, yellow leaves with green spots
of ‘Duojiao’, green leaves of ‘Duojiao’, and green leaves of
‘Riversii’. Three biological replicates were used when sam-
pling the leaves for chloroplast ultrastructure observations
and transcriptome sequencing. After harvest, partial samples
were immediately frozen in liquid nitrogen and stored at
—80 °C for transcriptome sequencing, another part of the
samples were cut into 1 cmX1 cm pieces and fixed overnight
with 2.5% (v/v) glutaraldehyde (Solarbio).

The leaf color of the mutant delayed-green leaf crabap-
ple changes throughout the growing season (Fig. 1); in our
experiments, we examined changes in the color of delayed-
green crabapple leaves at different time points in 2020. A
total of 100 grafted seedlings were sampled at fixed leaf
positions, and one new shoot was identified at the periphery
of each tree canopy in four directions. The tenth leaves from
the lower part of the new shoots of ‘Duojiao’ and ‘Riversii’
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were used to investigate changes in the content of Chl, fla-
vonoids, and Chl precursors and the activity of enzymes
in the Chl biosynthesis pathway of the delayed-green leaf
mutant; there were three biological replicates for each assay.
The leaves of ‘Duojiao’ were yellow in May, yellow with
green spots in June, light green in early July, and all green
in August, September, and October. The leaves of ‘Riversii’
were a healthy green color, and biological characters were
normal over the entire growth period. After harvest, samples
were immediately frozen in liquid nitrogen and stored at
—80 °C.

Determination of chl, carotenoid, and flavonoid content

According to the method of Lichtenthaler (1983), fresh
leaves of ‘Duojiao’ and ‘Riversii’ were collected in the
growing season and used to measure the content of various
pigments. Chl and carotenoids (Car) were extracted in the
dark with 96% ethanol at room temperature for 24 h and then
were calculated from an absorbance of 665 nm, 649 nm, and
470 nm in a visible-ultraviolet spectrophotometer (UV2600,
SHIMADZU, Japan). The content of Chl a (mg/g), Chl b
(mg/g), and Car (mg/g) was calculated using the equation of
Gang (2019). The content of coproporphyrinogen III, pro-
toporphyrinogen IX, chlorophyllide a, and chlorophyllide b
and the activity of the key enzymes coproporphyrinogen oxi-
dative decarboxylase and chlorophyllide a oxygenase were
measured according to Wen et al. (2019). Specifically, 50 pl
of standards of different concentration gradients and 50 pl
of samples diluted 5 times were added with 100 ul of HRP-
conjugate detection antibody, incubated at 37 °C for 60 min,
then discarded and added 50 pl each of chromogen solution
A and chromogen solution B. The samples were incubated
at 37 °C for 15 min, protected from light, then 50 pl of ter-
mination solution was added and the absorbance values were
measured at 450 nm within 15 min. The sample concentra-
tion was calculated according to the standard curve.

The flavonoid content was determined using an UV-2600
spectrophotometer at 510 nm according to the method
described by Jia (1999). Briefly, 0.5 g of leaves were cut
(removing the main veins of leaves) and ground in liquid
nitrogen. Five ml of 65% pre-cooled ethanol was then added;
extraction took place for 4 h at 4 °C in the dark, followed
by centrifugation at 12,000 rpm for 20 min. Next, 0.5 ml of
supernatant was placed in a test tube. After adding 0.5 ml of
5% NaNO;, 0.5 ml of 10% AI(NO;);, and 2 ml of 4% NaOH,
the solution was left to stand for 15 min; 65% ethanol was
used as the blank control, and the absorbance was measured
by Shimadzu UV-2600 ultraviolet spectrophotometer spec-
trophotometer at 510 nm. The mean from three measure-
ments was used in analyses.

Ultrastructural observation of chloroplast

The chloroplasts ultrastructure of ‘Duojiao’ leaves and ‘Riv-
ersii’ leaves was observed by transmission electron micros-
copy (TEM) following the modified methods of Li (2016).

Tissue samples were cut into small pieces of 1 cmx1 cm,
immersed in 2% (v/v) paraformaldehyde 2.5% (v/v) glutar-
aldehyde fixative (Solarbio) and pumped so that the leaf tis-
sues were completely soaked by the fixative and fixed over-
night at 4 °C. Then the pre-fixed samples were washed with
0.1 M phosphate buffer (pH 7.0) for three times for 15 min
each, fixed with 1% (v/v) OsO, fixative for 1-1.5 h, trans-
ferred to 0.1 M phosphate buffer (pH 7.0) and rinsed three
times for 15 min each. The fixed samples were dehydrated in
a series of concentration gradients (50%, 70%, 90%, 100%,
v/v) of acetone solution for 15 min each time and finally in
pure acetone (100%) three times for 15-20 min each time.
At room temperature, the dehydrated samples were placed
in the mixture of pure acetone and Epon812 resin (2:1, v/v)
for 0.5 h, then placed in the mixture of pure acetone and
Epon812 resin (1:2, v/v) for 1.5 h, and finally placed in the
pure Epon812 resin for 24 h at 37 °C, 45 and 60 °C respec-
tively. Sections were cut using a Reichert-Jung ULTRACUT
Eultrathin sectioning machine (Austria). Uranyl acetate
staining for 15 min and lead citrate for 15 min were done.
The sections were observed and photographed with an elec-
tronic JEM 1200 electron microscope (JEOL Ltd., Tokyo,
Japan).

Measurement of photosynthetic characteristics

Photosynthetic parameters were measured from the yellow
and green leaves of ‘Duojiao’ and green leaves of ‘River-
sii’ on July 16, August 14, and September 9, 2019, using
a CIRAS-3 portable photosynthesizer (PP System, USA).
Using the built-in LED light source, the light intensity was
set to 1000-1200 pmol m~2s~!, and the intercellular CoO,
concentration (Ci), stomatal conductance (Gs), net photo-
synthetic rate (A) and transpiration rate (E) were read after
the instrument was stable. All measurements were carried
out between 9 and 11 am on a clear day. The means from the
five measurements were used in analyses.

RNA isolation, transcriptome sequencing,
and qRT-PCR analysis

Total RNA was extracted by using the FastPure® Plant Total
RNA Isolation Kit (Polysaccharides and Polyphenolics-
rich) (Vazyme Biotech Co., Ltd.) from tissues of ‘Duojiao’
and ‘Riversii’. The integrity, concentration, and purity of
extracted RNA samples were examined using an Agilent
2100 Bioanalyzer (Agilent, Palo Alto, CA, USA). The con-
struction and sequencing of cDNA library were completed
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by Annoroad Gene Technology Co. Ltd. (Beijing, China).
The raw reads obtained by Illumina sequencing (Illumina
HiSeq™ 2500 sequencer, San Diego, CA, USA) were fil-
tered to obtain clean reads, and the subsequent analyses were
based on clean reads. The process of sequencing information
analysis is mainly divided into three main parts: sequenc-
ing data quality control, comparative data analysis, and
transcriptome analysis (Kim et al. 2015). Differentially
expressed genes (DEGs) were determined using the fol-
lowing criteria: llog2 Foldchangel>1 and q<0.05. Kyoto
Encyclopedia of Genes and Genomes (KEGG) (http://www.
genome.jp/kegg/) pathway enrichment analyses and Gene
Ontology (GO) analysis (http://geneontology.org/) were
then conducted to determine the biological functions of the
DEGs.

The qRT-PCR unigene-specific primers (Table S1) for
testing gene expression were designed using IDT (https://
sg.idtdna.com/PrimerQuest) based on the nucleotide data-
base of the National Center for Biotechnology Information.
HiScript® III 1st Strand cDNA Synthesis Kit (Vazyme
Biotech Co., Ltd.) was used to reverse-transcribe RNA into
cDNA. The amplification reactions were run in a Gene9600
real-time PCR detection system (Bioer) with the following
cycling parameters: 94 °C for 30 s, 94 °C for 40 cycles for
10 s, and 72 °C for 30 s. Actin was selected as the internal
reference genefor the gene relative expression level deter-
mined using the 2724C method (Livak and Schmittgen
2002).

Statistical analysis

Statistical analyses were performed using SPSS 25.0 Win-
dows software (SPSS Inc., Chicago, IL, USA). Independent-
sample ¢-test and variance analysis were conducted after the
normal distribution and variance homogeneity test of the
data. The variables were log-transformed when necessary
to ensure that residuals were normal. GraphPad Prism 8
(GraphPad Software Inc., San Diego, CA, USA) and Micro-
soft Excel 97-2003 (Microsoft Corporation, Redmond, WA,
USA) were to draw plots and tables.

Results
Phenotypic characteristics

The delayed-green leaf mutant of crabapple was derived
from a bud mutation that occurred on the branch of a plant
with green leaves showing normal growth. New, unfolded
leaves of ‘Duojiao’ were initially reddish-yellow and then
gradually lightened to a bright yellow with a high degree
of glossiness. The tender leaves changed from yellow to
yellowish-green, with irregular green spots in the center of
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Fig. 2 Growth of M. spectabilis ‘Duojiao’

the veins, and finally matured into dark green (Fig. 1). The
characteristics of these foliage remained stable and consist-
ent over six years of observation (Fig. 2).

Content of different pigments in chl-deficient mutants

Next, we measured the content of various pigments of ‘Duo-
jiao’ and ‘Riversii’. Specifically, we measured the Chl, Car,
and flavonoid content from May to October. From May to
August, the pigment content of Chl a, Chl b, and Car in
the leaves of ‘Duojiao’, was increased (Fig. 3). However,
all pigment content in the leaves of ‘Duojiao’ was lower
than in the leaves of ‘Riversii’. In May, Chl a, Chl b, and
carotenoid contents were 77%, 90%, and 27% lower in the
yellow leaves of ‘Duojiao’ than in those of ‘Riversii’, respec-
tively. Similarly, Chl a/b in the yellow leaves of ‘Duojiao’
was higher in May, June, and July compared with those of
‘Riversii’. The Chl/Car ratio in yellow leaves was markedly
decreased. Parallel experiments showed that the contents
of Chl synthesis precursors protoporphyrinogen IX, chloro-
phyllide a, and chlorophyllide b and the activity of chloro-
phyllogen III oxidase (CPOX) and chlorophyllide a oxyge-
nase (CAO) were lower in the yellow leaf growth period of
‘Duojiao’ compared with the green leaves of ‘Riversii’. The
content of coproporphyrinogen III was higher in ‘Duojiao’
than in ‘Riversii’ in May and June; differences in protopor-
phyrinogen IX, chlorophyllide a, and chlorophyllide b were
also observed between ‘Duojiao’ and ‘Riversii’ (Fig. 4).
Additionally, the total flavonoid content in ‘Duojiao’ was
lower than that in ‘Riversii’ during the entire growth period
(Fig. 5).

Anatomical and photosynthetic changes in mutant
leaves

Next, we compared the ultrastructure of chloroplasts of
‘Riversii’ and ‘Duojiao’; as chloroplasts are the sites of
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Fig. 3 Determination of the pigment content in ‘Duojiao’ and ‘Riversii’ leaves. **, * indicate significant differences at Pvalue <0.01 and

Pvalue <0.05, respectively, as determined by t-test

photosynthesis, carbon fixation, and energy conversion
(Douzery et al. 2004; Li et al. 2009; Jiang et al. 2012),
changes in the anatomical structure of chloroplasts can affect
photosynthetic and physiological activity. In the mesophyll
cells of normal ‘Riversii’ green leaves, chloroplasts are
full ellipsoidal or spherical, scattered in cells and arranged
close to the cell membrane, with uniform grana distribu-
tion, well-developed thylakoids, orderly stacking and close
arrangement. Their arrangement direction is parallel to the
long axis of chloroplasts, and they contain starch without
osmiophilic granules (Fig. 6G, H). In contrast, chloroplasts
in etiolated leaves were clustered, scattered, and irregularly
shaped; they also contained irregularly arranged vesicles
and a greater number of osmiophilic granules. The thyla-
koid layer structure was destroyed (Fig. 6A, B), which was
related to the reduction of Chl Zhu et al. (2014), Yang et al.
(2015b), Zhang et al. (2017). The chloroplasts in the yellow
leaves with green spots of ‘Duojiao’ were irregular in shape,
contained more osmiophilic granules, had fewer and smaller
starch granules, and had scattered grana (Fig. 6C, D). In the
green leaves of ‘Duojiao’, chloroplasts were mostly arranged
along the direction of the cell membrane and were regular
in shape (mostly long ovals or spindle-shaped); however,

they were not uniform in size, the grana lamellae of chlo-
roplasts were neatly arranged but not highly stacked, and
they were arranged parallel to the long axis of chloroplasts,
with more osmiophilic granules and fewer, smaller starch
granules (Fig. 6E, F).

To study the effect of the low pigments content on pho-
tosynthesis of mutant, we measured the photosynthetic rate
of yellow leaves and green leaves of the mutant ‘Duojiao’
and the green leaves of ‘Riversii’. The A, Gs, and E were
decreased, but the Ci was increased in the mutant yellow
leaves (Fig. 7). Abnormal chloroplast structure impaired
photosynthetic efficiency.

Transcriptome sequencing
Sequencing quality evaluation

Based on the above chloroplasts ultrastructure and physi-
ological characteristics, we hypothesized that the expres-
sion model of genes responsible for chloroplast develop-
ment and pigment biosynthesis had changed in the yellow
leaves of ‘Duojiao’ (DS). We performed Illumina sequenc-
ing using the yellow and green leaves (DX) of the mutant

@ Springer
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Fig. 4 The content of chlorophyll biosynthetic precursors in the leaves of M. spectabilis ‘Riversii’ and M. spectabilis ‘Duojiao’. * indicate sig-

nificant differences: *P value <0.05, **P value <0.01
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and green leaves of ‘Riversii’ (XS, XX) and the apple
genome (ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/
148/765/GCF_000148765.1_MalDomGD1.0/GCF_00014
8765.1_MalDomGD1.0_genomic.fna.gz) as the reference
genome to clarify the molecular mechanisms of mutants
delayed-green leaves formation.

The twelve samples were divided into four groups:
DS, DX, XS and XX. A total of 37.56 Gb of clean data
were produced. The lowest Q30 values obtained for each
group were 95.25% (DS), 94.84% (DX), 95.26% (XS) and
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94.78% (XX), indicating high sequencing quality. The
ratio of sample to the reference genome sequence was
between 82.89% and 86.53% (Table S2). These results
show that the quality of obtained RNA-Seq data were high
enough to proceed with subsequent analyses.

qRT-PCR verification

To investigate the reliability of the RNA-seq data, 12 genes
with important functions and representativeness were
selected, which were verified by qRT-PCR, including three
up-regulated genes and nine down-regulated genes. The
results of qRT-PCR and transcriptome sequencing showed
that the expression patterns of these genes were similar. The
correlations between the qPCR and RNA-seq data were as
high as 99% (Fig. 8), which indicated that the transcriptome
data were accurate.

DEG identification and GO and KEGG enrichment
analyses

The criteria llog2(FoldChange)l>1 and q <0.05 were used
to identify DEGs (Figure S1A). Comparison of the DS with
those of XS revealed 1,848 DEGs (983 up-regulated, 865
down-regulated). Hierarchical clustering of DEGs was car-
ried out, and the abundances of DEGs was visually described
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Fig. 6 Chloroplast ultrastructure of ‘Duojiao’ leaves and ‘Riversii’
leaves. A, B Yellow leaf of ‘Duojiao’. C, D Yellow leaf with green
spots of ‘Duojiao’. E, F Green leaf of ‘Duojiao’. G, H Green leaf of

by FPKM and color combination (Figure S1B). Most of the
DEGs were up-regulated.

To characterize the primary biological functions of the
mutant unigenes of yellow leaves, GO and KEGG analyses
were conducted. In the GO functional classification, 1,848
DEGs were annotated into three GO categories: cellular
component, molecular function and biological process (Fig-
ure S1C). Most DEGs were enriched in cellular process (864
DEGs, 46.75%) in biological process. In cellular component,
DEGs were mostly enriched in cell part (1,108, 59.96%)
and organelle (573, 31.01%). In molecular function, DEGs
were mostly enriched in binding (862, 46.65%) and cata-
lytic activity (858, 46.43%), and these DEGs may be closely
tied to the differences in leaf color between ‘Duojiao’ and
‘Riversii’.

All DEGs were assigned to 102 KEGG pathways, and
most of them were involved in metabolic pathways and the
secondary metabolites biosynthesis. The main enriched
pathways were ‘Isoquinoline alkaloid biosynthesis,” ‘Zeatin
biosynthesis’, and ‘Phenylpropanoid biosynthesis’ (Figure
S1D). In mutant delayed-green leaves, many down-regulated
DEGs were enriched in ‘Secondary metabolites biosynthe-
sis’, ‘Porphyrin and chlorophyll metabolism’, and ‘Carot-
enoids biosynthesis’ pathways, which were likely involved
in determining the leaf coloration of crabapple.

Vie WV | Mag THIBLEHE
JEM-T200EX50 KVS00 8 -

‘Riversii’. CH Chloroplast, CW Cell wall, G Grana, GL Grana lamel-
lae, O Osmiophilic granules, SG Starch granule, Th Thylakoid, V
Vesicles. Bars=5 pm (A, C, E, G); Bars=500 nm (B, D, F, H)

Identification and expression analysis of genes involved
in chl, carotenoid, and flavonoid metabolism

Color of plant leaves are ultimately determined by their
pigment composition. Changes in leaf color are often also
caused by Chl mutations, which directly or indirectly affect
Chl metabolic pathway, leading to the changes in Chl con-
tent in plants and eventually lead to a yellowing phenotype.
Six unigenes related to Chl biosynthesis and one unigene
associated with Chl degradation were detected, and their
expression levels were visualized by hierarchical cluster
analysis (Fig. 9). The expression levels of DEGs involved
in the transformation of Coprogen III and Protogen IX were
lower in ‘DS’ than in ‘XS’, indicating that the conversion
between Coprogen III and Protogen IX was lower in ‘DS’.
In addition, the expression levels of CAO were significantly
decreased in ‘DS’, indicating that the rate of biosynthesis
of Chl b was lower in ‘DS’; this might reduce the efficiency
of Chl biosynthesis. The up-regulation of the expression of
Chl degradation-related PPH in mutant yellow leaves indi-
cated that the Chl degradation was more rapid in ‘DS’ than
in ‘XS’. After ‘Duojiao’ was turned green (DX) compared
with ‘XX, the expression of all differentially expressed
genes that were significantly expressed in yellow leaves in
the porphyrin and chlorophyll metabolism pathways, except
for SUMT, returned to normal in the mutant turned green
leaves (Table S3).
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Fig. 7 Photosynthetic characteristics of the yellow leaf mutant M.
spectabilis ‘Duojiao’ and M. spectabilis ‘Riversii’. Different low-
ercase letters above the bars indicate significant differences among

Four DEGs related to carotenoid metabolism were iden-
tified. Compared with normal green leaves, the expression
levels of CCD4 (probable carotenoid cleavage dioxygenase
4) and ZEP (zeaxanthin epoxidase) in the mutant were
lower, while the expression levels of BCH (beta-carotene
hydroxylase 2) and PLD (protein LUTEIN DEFICIENT 5,
chloroplastic) in the mutant yellow leaves were higher com-
pared with normal green leaves of ‘Riversii’ (Table S4). The
expression of genes involved in the carotenoid metabolism
pathway of ‘Duojiao’ after turning green (DX) returned to
normal, and there was no significant difference in expression
compared with the genes in the green leaves of ‘Riverssii’
(XX) (Table S5).

According to the KEGG analysis and GO annotations,
10 unigenes associated with flavonoid metabolism were
detected (Fig. 10). Compared with the XS, one DEG (ANR)
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groups at each time point (P <0.05) according to Duncan’s multiple
range test. A, net photosynthetic rate; Ci, intercellular CO, concentra-
tion; Gs, stomatal conductance; E, transpiration rate

in the flavonoid synthesis pathway in DS was down-regu-
lated. The expression levels of four DEGs (e.g., UFGT and
CYP75B1) associated with flavonoid metabolism were sig-
nificantly down-regulated in the mutant type.

DEGs related to chloroplast development
and photosynthesis

Next, we explored the pathways of chloroplast development
and photosynthesis-antenna proteins in more detail. Com-
pared with ‘Riversii’, the expression levels of GLK (chloro-
plast development), PGT (plastidic glucose transporter), and
CHUPI (chloroplast unusual positioning 1) in the mutant
yellow leaves were down-regulated (Table S6), indicating
that the decrease of these genes may be related to the yel-
low leaves in mutant. After the yellow leaves of the mutant
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Fig. 8 Comparison of qRT-PCR and RNA-seq to verify the accuracy
of transcriptome data

returned to green, the differential gene expression related to
chloroplast development returned to normal level (Table S7).

Five DEGs associated with photosynthesis biosynthesis
were annotated in this database (Table S8). Four of these
DEGs were significantly down-regulated in ‘DS’. The down-
regulated DEGs were PsbR (photosystem II, 10 kDa poly-
peptide), GBSS (granule-bound starch synthase 1), PPase
DSP4 (phosphoglucan phosphatase DSP4), and FtsH6
(ATP-dependent zinc metalloprotease); ELIP (early light-
induced protein) was significantly up-regulated.

Discussion

The yellow leaf phenotype is closely related to chl
metabolism

The change in the type and proportion of pigments was the
direct cause of the change in the color of the leaves of the
mutants (Zhao et al. 2020). The delayed greening mecha-
nisms of leaf mutants had been systematically studied,
including physiological properties, absorption spectra,
genetic characteristics, fluorescence, and microstructures
(Runge et al. 1995; Falbel et al. 1996). Different from green
leaf varieties, cultivars with yellow leaves had lower Chl
concentrations, higher Chl a/b and Car/Chl ratios, and their
chloroplasts lacked grana and stroma (Fu et al. 2013).

In our study, the young leaves of the mutant had a yel-
low phenotype, and older leaves turned green with the accu-
mulation of Chl during the mature stage. The Chl a, Chl
b, and Car contents in the yellow leaves of mutant plants

were significantly lower than those of the green leaves of
wild-type plants. The Chl a content in yellow leaves was
approximately two-ninths of that in ‘Riversii’, the Chlb con-
tent was approximately one-eighth of that in ‘Riversii’, and
the Car content was approximately three-fourths of that in
‘Riversii’. Many chlorotic forms of leaf color mutants show
reduced Chl content ( Wang et al. 2016; Wu et al. 2018). As
the mutant leaves turned green, the difference of pigments
content between the mutant and the green leaves decreased;
when the mutant leaves were green, the pigments content
of the mutant was slightly lower than that of ‘Riversii’.
The total Chl/Car of crabapple leaf color mutant increased
significantly at first and then decreased with leaf develop-
ment, indicating that the proportion of carotenoids in pig-
ment composition gradually decreased with leaf develop-
ment, and then increased (the leaves have turned green),
indicating that in the yellow leaf stage, the decrease of
leaf chlorophyll is much greater than that of carotenoids,
resulting in the increase of relative content of carotenoid
content and affecting leaf coloration. The Chl a/b ratio of
the mutant (7.58) was highest at the yellow-leaf stage, most
likely because Chl b synthesis was more likely to decrease
than Chl a synthesis, which indicated damageto the light-
collecting antenna complexes and photosystems in yellow
leaves (Zhang et al. 2017). The leaves then turned green, and
the Chl a/b ratio of the mutant decreased until it reached the
level of the green leaves of ‘Riversii’. A novel rice (Oryza
sativa) mutant was identified as a low Chl b mutant with a
Chl a/b ratio of 4.7 (Chen et al. 2007). Most of the currently
known mutants are deficient in Chl b. these mutants can
be classified into two major groups according to the Chl
a/b ratio (Falbel et al. 1996). One is a mutant without Chl
b, such as the Arabidopsis thaliana mutant and the barley
(Hordeum vulgare L.) mutant chlorina f2(Bellemare et al.
1982; Murray and Kohorn 1991), which fails to accumulate
sufficient amounts of light-harvesting Chl a/b-binding pro-
teins under any growth conditions compared with the wild
type (Harrison et al. 1993); in addition, the stacking of the
thylakoid membrane is altered (Staehelin 1986). Another
group of mutants shows a significant reduction in Chl b con-
tent, but the total Chl content and Chl a/b ratio are altered
by changes in light intensity and temperature in the growth
environment (Yang et al. 1990). An appropriate Chl a/b ratio
is critical for photosynthetic antenna size and maintaining
pigment function).

The Chl content in plants depends on the balance between
Chl synthesis and degradation (Masuda and Fujita 2008).
Some studies revealed that Chl-deficient mutants are mainly
caused by the deficiency of enzymes during Chl synthesis
process (Cui et al. 2001; Wu et al. 2007; Zhao et al. 2016).
The transcriptome sequencing of the ‘DS’ and the ‘XS’ was
conducted in order to explore the basic molecular mecha-
nism underlying the unique phenotype of ‘Duojiao’. One
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DEG related to coproporphyrinogen III oxidase (CPOX,
LOC103426997) was identified based on KEGG analysis,
and the expression level of LOC103426997 was significantly
reduced in DS compared with XS. This suggests that the
Protogen IX stage of Chl biosynthesis was blocked, and this
blockage might reduce the efficiency of Chl a biosynthesis.
The expression of CAO (LOC103431681) was significantly
down-regulated in DS; this gene encodes chlorophyllide a
oxygenase to oxidize methyl formyl group of C7 side chain
of Chl a to convert Chl b (Wang et al. 2009a, b). Biochemi-
cal and genetic analyses have shown that CAO is the only
enzyme that converts Chl a to Chl b (Oster et al. 2000; Riidi-
ger 2002). CAO plays an important role in the the regulation
of Chl biosynthesis (Sakuraba et al. 2007; Li et al. 2014)
conducted genetic identification on rice 507ys yellow-green
leaf mutant obtained by treatment with chemical mutagen
ethyl methylsulfonate (EMS), and found that OsCAOI
(LOC_Os10g41780), which codes for chlorophyllin a oxy-
genase, had a single-site base mutation in the coding region,
resulting in inactivation of CAO enzyme, blocked synthesis
of Chl b, and yellow-green leaves. This finding indicate that
CAO is essential for Chl biosynthesis and regulates leaf color
formation. In our study, the decrease of Chl a and b further
confirmed this result.

Leaf color mutants may also arise if the Chl degradation
process is accelerated (Li et al. 2018). The expression of
CHL?2 and RCCR, which encode Chl-degrading enzymes,
is significantly higher in Murray mutants than in wild-type
plants, which results in accelerated Chl degradation and
reduced Chl content and may explain the yellow mutation
in Cymbidium sinense leaves (Zhu et al. 2015). The gene
encoding Chl b reductase (NOL) is up-regulated in the light
green stripe mutant in Oncidium ‘Milliongolds’, which
increases the accumulation and activity of Chl b reductase
(NOL), accelerates Chl b degradation, reduces the Chl b
content in the mutant, and eventually leads to leaf chlorosis
(Tian 2016). In our study, a gene involved in the regulation
of demagnetizing chlorophyllase (PPH) was significantly
up-regulated in DS_XS, which promoted Chl degradation
in mutant yellow leaves.

Any step of Chl biosynthesis that is blocked can affect
the Chl content (Li et al. 2018). The blockage of Chl bio-
synthesis in the rice leaf color mutants Chlorina-1 and
Chlorina-9 occurred at the step involving the conversion
of protoporphyrinogen IX to magnesium protoporphyrin
(Zhang et al. 2006). A previous study examining the differ-
ences between green and white leaves in pineapple found
that the step involving the conversion of porphobilinogen to
uroporphyrinogen III is blocked, and this results in changes
in leaf color (Li et al. 2017). All of these above research
shows that as long as Chl biosynthesis is blocked in one
step, the content of the products before blocking step will
increase, and the content of all products after blocking step

will decrease; this leads to impaired Chl biosynthesis and
decreased leaf greenness (Cui et al. 2001). During the yel-
low leaf stage of the mutant, coprogen III accumulated; the
content of protogen IX, chlorophyllide @, and chlorophyllide
b was significantly lower in ‘Duojiao’ than in ‘Riversii’, and
the activity of CPOX and CAO was significantly lower in
‘Duojiao’ leaves than in ‘Riversii’ green leaves, suggesting
that the step of Chl biosynthesis was blocked in the mutant
might be the conversion of coprogen III to protogen IX.

The content of Car decreased significantly in the yel-
low leaves of the mutant compared with the green leaves
of ‘Riversii’. In previous studies, the Car content of yellow
leaf mutant pylm and the yellow-green winter wheat mutant
Ygm was significantly reduced (Zhang et al. 2017; Wu et al.
2018). The ratio of Car to Chl underlies yellow leaf colora-
tion (Zhang et al. 2019b). In addition, the ratio of Car-to-Chl
increased in both the Populus deltoides Marsh mutant and
pylm mutant (Zhang et al. 2017, 2019b). Consistent with
these findings, in our study the ratio of Car to Chl was 3.73
times higher in yellow leaves than in green leaves. Therefore,
the increase in the ratio of Car to Chl was related to the yel-
low phenotype of M. spectabilis ‘Duojiao’.

Compared with ‘Riversii’, the photosynthetic pigments
content in the mutant yellow leaves decreased significantly.
The content of Chl b in ‘Riversii’ green leaves was 10.18
times higher than in yellow leaves of ‘Duojiao’. These results
showed that the yellow foliage phenotype was the result of
a deficiency of photosynthetic pigments, which alterd the
ratios of Chl a/b and Car/Chl.

The yellow leaf phenotype is closely related
to chloroplast development

The biosynthesis of Chl was related to the formation of thy-
lakoid membrane and coordinated with the development of
chloroplast (Yu et al. 2007). Through literature review, it
was found that chloroplasts in mesophyll cells of most leaf-
colored mutants were poorly developed and have abnormal
ultrastructure. Compared with the control, chloroplasts of
leaf-colored mutants usually contained fewer, thinner and
irregularly arranged grana lamellae, and thylakoids usually
expanded at different levels (Yoo et al. 2009; Yang et al.
2015b). The normal development of chloroplasts in higher
plants required the coordination of nuclear genes and chlo-
roplast genes (Li et al. 2018). Changes in transcription and
expression levels of any gene type may affect the biogenesis
of normal chloroplasts, and the resulting destruction of Chl
metabolism and chloroplast assembly will lead to abnormal
leaf color (Li et al. 2015; Yang et al. 2015a).

We examined the anatomical characteristics of ‘Duojiao’
and ‘Riversii’ and identified marked differences in leaf struc-
ture. The chloroplasts of the yellow leaves of the mutant
have a high-density vesicular structure that is severely
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disintegrated internally; small, clustered osmiophilic gran-
ules; no grana lamellae; and no starch granules, indicating
that the development of chloroplasts is abnormal in this
mutant. By consulting the literature, it was found that chlo-
roplasts in most leaf color mutant chloroplasts were poorly
developed and had abnormal ultrastructure, and compared
to controls, chloroplasts in leaf color mutants usually con-
tained fewer, thinner and irregularly arranged grana lamel-
lae, and thylakoids were usually expanded at different levels
For example, the ultrastructure of the chloroplasts in mutant
Lagerstroemia indica leaves is characterized by ruptured
thylakoid membranes and indistinct or absent stromal lamel-
lae (Li et al. 2015); the ultrastructure of the chloroplasts in
mutant Capsicum annuum L. contain fewer thylakoid grana,
irregular and unclear thylakoid grana, and more osmiophilic
globules (Ma et al. 2016); the chloroplast ultrastructure of a
novel rice mutant (Oryza sativa L. var. Zhenhui 249Y) had
fewer grana lamellae and slightly swollen thylakoids (Chen
et al. 2007). Similar results were obtained for the Arabidop-
sis Chl b-deficient mutant: the chloroplasts were smaller in
size and had fewer grana lamellae early during leaf growth.
TOC33, a component of the protein transport machine on
the chloroplast outer envelope, was not expressed; thus,
chloroplast protein transport was blocked, which ultimately
blocked chloroplast development (Jarvis et al. 1998). These
structural changes might lead to the decrease in Chl content,
abnormal Chl a/b ratios, and delayed greening of leaves (Liu
et al. 2016). These results were consistent with the observed
changes in transcript abundance. As the ‘Duojiao’ leaves
developed, the leaves turned green, the structure of the chlo-
roplasts was gradually restored, and the thylakoids began
to stack and form their characteristic grana structure; these
findings were in line with the increases in the Chl content.
Studies in rice (Fitter et al. 2002) and tomato (Powell
et al. 2012) have shown that GLK genes affect chloroplast
development and photosynthetic gene expression. GLK,
originally identified in maize, encodes an important TF that
regulates chloroplast development (Hall et al. 1998). In a
study of the mechanism underlying leaf color variation of
the new species Acer buergerianum Miq. ‘Golden Qilw’, the
expression of 17 GLK transcription-regulated genes in the
mutant was reduced, the structure of the thylakoid mem-
brane in the leaves of ‘Golden Qilu’ was broken or missing,
and the stroma and grana lamellae were loose (Chu 2020).
A transcriptome study of Ginkgo biloba variegata leaves and
normal green leaves revealed that in addition to the down-
regulated expression of GbGLK in Ginkgo biloba variegata
yellow leaves, the structural development of the chloroplast
was altered; this observation leads to the prediction that
down-regulation of the expression of GbGLK inhibits nor-
mal chloroplast development in the leaves (Li et al. 2018).
GLK]I (LOC103444434) in the yellow leaves of the orna-
mental crabapple mutant ‘Duojiao’ also showed significantly
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down-regulated expression, which was confirmed by qRT-
PCR. The thylakoid structure of the yellow leaves of ‘Duo-
jiao’ was not well developed, the grana lamellae were not
stacked, and the chloroplasts were filled with vesicles. The
down-regulated expression of GLK]I in the yellow leaves of
the crabapple mutant may have inhibited the normal devel-
opment of chloroplasts in the leaves and resulted in struc-
tural differences compared with normal green leaves.

In chloroplasts, starch was the major energy storage
compound; it is mainly stored in the form of granules to
store excess carbohydrates produced during photosynthesis
(Liu et al. 2016). We identified two down-regulated DEGs
associated with starch metabolism that differed in abun-
dance, including granule-bound starch synthase (GBSS,
LOC103439436) and phosphoglucan phosphatase DSP4
(PPase DSP4,1.0C103401524). GBSS is a SS and a key
enzyme for amylose formation in starches (Visser et al.
1991). The decreased of the abundance of GBSS and PPase
DSP4 might indicate that the energy storage level in the
yellow leaves of ‘Duojiao’ is low. The ultrastructure of chlo-
roplast supports this conclusion: compared with ‘Riversii’,
starch grain accumulation was rare in ‘Duojiao’ (Fig. 4A-D).

CHUP]1 is involved in the chloroplast movement signal-
ing process, which is necessary for chloroplast localization;
it also plays an important role in avoiding light damage and
improving photosynthetic efficiency in plants (Kodama et al.
2008; Oikawa et al. 2008). The significantly down-regulated
CHUPI gene was annotated in DS_XS, and electron micros-
copy showed that chloroplasts in mutant crabapple yellow
leaves were disordered, suggesting that the down-regulation
of CHUP] affected chloroplast movement. Chloroplasts
develop from protoplasts. The plastid undifferentiated
(PUN) mutant in maize inhibited the biogenesis of plastid
in mesophyll cells and vascular bundle sheath, resulting in
the decrease of proteins encoded by chloroplast (Roth et al.
2001). Thus, variation in leaf color is related to the abnormal
development and distribution of chloroplasts.

Leaf color changes in mutants may be caused by the
abnormal development of plastids in mutated leaves (Li et al.
2018). The gene expression pattern shows that the DEGs
involved in determining chloroplasts structure affected chlo-
roplast development and decreased the content of photo-
synthetic pigments, which resulted in the development of a
yellow phenotype.

Conclusion

The major mechanisms underlying leaf color variation in the
mutant crabapple ‘Duojiao’ were studied by physiological
characterization and transcriptome sequence analysis. The
contents of Chl a, Chl b, and Car in the yellow leaves of
‘Duojiao’ were significantly lower than in the green leaves
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Fig. 11 The proposed pathway
by which the mutant leaf colora-
tion in ‘Duojiao’ is formed
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of ‘Riversii’. The Car/Total Chl ratio was high in the mutant
yellow leaves, and the content of Chl was reduced more in
the mutant yellow leaves; thus, the relative content of carot-
enoids in yellow leaves was high. The Chl a/b ratio was high
in the mutant yellow leaves, and the content of Chl b was
reduced more in the mutant yellow leaves; thus, the delayed-
green leaf mutant ‘Duojiao’ is a Chl b-deficient mutant. The
disruption of thylakoid stacking in the yellow leaf mutant
hindered pigment synthesis, changed the proportion of pig-
ment, which explained the change in leaf color.

Three key candidate genes involved in pigment synthesis,
chloroplast development, and degradation were identified by
transcriptome sequencing, including genes involved in the
synthesis of CPOX enzyme metabolism (LOC103426997);
the gene encoding chlorophyllide a oxygenase, which cata-
lyzes the conversion of Chl a to Chl b; and the gene GLK1,
which affects chloroplast development. The down-regulation
of chloroplast degeneration and the Chl biosynthesis-related
unigenes together may contribute to the yellowing pheno-
type of ‘Duojiao’. We proposed a possible mechanism by
which the yellow leaf phenotype in ‘Duojiao’ is formed in
Fig. 11.

These findings provide new insight into the formation
mechanism of the yellow leaves of ‘Duojiao’ and will facili-
tate improvements in the selective breeding of leaf color
varieties. In addition, the leaf transcriptome data increases

the existing data set in the databases of crabapple transcrip-
tome and could contribute to ornamental crabapple breeding
in the future.
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