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Transcriptomic and metabolomic analyses =

reveal how girdling promotes leaf color
expression in Acer rubrum L

Yan Yangyang %', Liu Qin"?", Yan Kun'? Wang Xiaoyi* and Xu Pei'?"

Abstract

Background: Acerrubrum L. (red maple) is a popular tree with attractive colored leaves, strong physiological adapt-
ability, and a high ornamental value. Changes in leaf color can be an adaptive response to changes in environmental
factors, and also a stress response to external disturbances. In this study, we evaluated the effect of girdling on the
color expression of A. rubrum leaves. We studied the phenotypic characteristics, physiological and biochemical charac-
teristics, and the transcriptomic and metabolomic profiles of leaves on girdled and non-girdled branches of A. rubrum.

Results: Phenotypic studies showed that girdling resulted in earlier formation of red leaves, and a more intense red
color in the leaves. Compared with the control branches, the girdled branches produced leaves with significantly
different color parameters a*. Physiological and biochemical studies showed that girdling of branches resulted in
uneven accumulation of chlorophyll, carotenoids, anthocyanins, and other pigments in leaves above the band. In

the transcriptomic and metabolomic analyses, 28,432 unigenes including 1095 up-regulated genes and 708 down-
regulated genes were identified, and the differentially expressed genes were mapped to various KEGG (kyoto encyclo-
pedia of genes and genomes) pathways. Six genes encoding key transcription factors related to anthocyanin metabo-
lism were among differentially expressed genes between leaves on girdled and non-girdled branches.

Conclusions: Girdling significantly affected the growth and photosynthesis of red maple, and affected the metabolic
pathways, biosynthesis of secondary metabolites, and carbon metabolisms in the leaves. This resulted in pigment
accumulation in the leaves above the girdling site, leading to marked red color expression in those leaves. A transcrip-
tome analysis revealed six genes encoding anthocyanin-related transcription factors that were up-regulated in the
leaves above the girdling site. These transcription factors are known to be involved in the regulation of phenylpropa-
noid biosynthesis, anthocyanin biosynthesis, and flavonoid biosynthesis. These results suggest that leaf reddening is a
complex environmental adaptation strategy to maintain normal metabolism in response to environmental changes.
Overall, the results of these comprehensive phenotype, physiological, biochemical, transcriptomic, and metabolomic
analyses provide a deeper and more reliable understanding of the coevolution of red maple leaves in response to
environmental changes.
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Highlights

Metabolomics

1. Comparisons between leaves on girdled and non-girdled branches of red maple showed that leaf color change is a
coevolutionary phenomenon of maple in response to abiotic stress.

2.C108619.graph_c0 of Pkinase family regulates the color change of A. rubrum leaf by participating in the synthesis of
anthocyanins, which has the high homology with c45897.graph_c0 and OsEDR1 of Lagerstroemia indica.
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Background

Acer rubrum L. (red maple) is native to the eastern part
of North America and is mainly distributed in Canada
and the United States. It has strong physiological adapt-
ability and a high ornamental value. Consequently, it is
a very popular landscape plant [1]. It was introduced
into China in the 21st century [2], first to botanical
gardens and arboretums, then into research and germ-
plasm conservation facilities at scientific research insti-
tutes and universities, and finally into horticultural
companies for sale to the general public. Breeders and
researchers have aimed to select and breed garden cul-
tivars with excellent performance under local environ-
mental conditions, and to promote their cultivation
in Chinese gardens [3, 4]. However, in Chongqing and
other southern regions, the coloration time and quality
of red maple are not ideal because of certain environ-
mental conditions such as low light levels and tempera-
tures in autumn.

Many studies have shown that environmental con-
ditions such as light, temperature, and soil conditions
strongly affect leaf color change in colored-leaf plants.
This is because such conditions affect the synthesis and
accumulation of pigments in plants [5]. In nature, leaf
color change is affected by the combined actions of mul-
tiple factors, but changes in any one factor can also cause
the leaf color to change [6]. In recent years, researchers
have studied the regulation of plant leaf color from the
perspectives of gene regulation, light intensity regulation,
and the effects of exogenous nutrients applied by spraying
[7-9]. The genes involved in the anthocyanin synthesis
pathway can be divided into two types [10, 11]: structural
genes, which are found in all plants and directly encode
anthocyanin biosynthetic enzymes; and regulatory
genes, which encode proteins that regulate the activity
structural genes, and therefore, the accumulation of pig-
ments, in space and time. As one of the most important
environmental factors involved in anthocyanin synthesis,
light regulates the synthesis and quantity of anthocyanins
via photoreceptors and light-signal transduction factors
[12]. In general, strong light induces the expression of
anthocyanin structural and regulatory genes, leading to
anthocyanin accumulation, while darkness or weak light

inhibits or down-regulates the expression of those genes,
thus inhibiting anthocyanin synthesis [13].

Anthocyanin synthesis is also related to the sugar con-
tent in plants. Previous studies have shown that exog-
enous sucrose treatment can significantly increase the
sugar content in plant leaves, promote anthocyanin accu-
mulation, and affect the appearance of leaf color [14]. It
was reported that sucrose could promote anthocyanin
synthesis in suspension cell cultures [15]. Spraying leaves
of safflower maple with 0.2 mol/L sucrose solution did
not markedly affect the chlorophyll content, but signifi-
cantly increased the anthocyanin content, confirming
that exogenous sugar could promote leaf color develop-
ment [16]. In another study, ring-cutting not only pro-
moted the accumulation of sucrose, glucose, and fructose
in leaves of maple, but also increased the anthocyanin
content in red leaves from 50.4 to 66.7%, and that in orig-
inal yellow leaves from 11.7 to 54.2%, which significantly
enhanced leaf color expression [14]. Girdling has been
used in plant research for a long time, but it has mainly
been used to promote fruiting performance in fruit trees.
Many studies have focused on the changes in nutrient
transport and distribution after ring-cutting. However,
few reports have focused on the use of ring-cutting to
regulate leaf color [17, 18].

A. rubrum is a non-model plant, and consequently, its
genome has not been fully sequenced and bioinformatics
information is very scarce. With the increasing maturity
of sequencing technology, high-throughput sequencing
technology can detect transcripts in all species with-
out the requirement for genomic information. Thus, it
can be used to study the leaf coloration mechanisms of
A. rubrum. RNA-Seq sequencing technology can yield
a large amount of genetic information, which can shed
light on the biochemical and regulatory aspects of plant
secondary metabolism. Thus, this technology can pro-
vide new opportunities to study changes in leaf color in
colored-leaved plants [19, 20].

In this study on A. rubrum, the leaf color param-
eters and related physiological indexes were compared
between girdled and non-girdled branches to reveal the
physiological mechanism of the red coloration of the
leaves in autumn. At the same time, a high-throughput
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sequencing platform (Illumina HiSeq) was used to ana-
lyze the transcriptome of leaves from girdled and non-
girdled branches. Differentially expressed genes were
identified and mapped to KEGG pathways. These analy-
ses provide new information about the molecular mecha-
nism and theoretical basis of leaf color variation in red
maple.

Results

Chlorophyll and carotenoid concentrations in leaves
collected from three different positions

Leaves were collected from non-girdled branches (CK)
and from above and below the girdling site on girdled
branches. Girdling affected color formation in leaves of
A. rubrum. Leaves from above the girdling site turned
uniformly red, while leaves below the girdling site and
on control branches remained green (Fig. 1A, B, C, D).
Statistical analyses (ANOVA and Tukey—Kramer test
results) of L a* b* values of leaves on treated and con-
trol branches revealed significant differences, especially
in parameters a* (Fig. 1E). Although leaves from CK
and those below the girdling site had the same color
and carotenoid concentrations, the leaves from below
the girdling site had higher chlorophyll a, chlorophyll
b, and anthocyanin contents, compared with CK leaves
(Table 1), and the differences were significant for chlo-
rophyll b and chlorophyll (a+b) (P=0.02). The leaves
above the girdling site were bright red, and contained
much higher contents of anthocyanins and significantly
lower contents of chlorophyll a, chlorophyll b, and carot-
enoids, compared with leaves below the girdling site and
those from CK (P<0.05) (Table 1; Fig. 1F).

The pigment ratios were not significantly differ-
ent between leaves from the below the girdling site and
leaves from CK (P>0.05) (Fig. 1A, B, C, D). Neverthe-
less, the ratio of chlorophyll/carotenoids to anthocyanins
was lower in the leaves below the girdling site than in CK
leaves (P < 0.05). Compared with the CK leaves and leaves
from below the girdling site, the red leaves above the gir-
dling site had lower ratios of all the pigment parameters,
but the differences in chlorophyll a:b and chlorophyll:
carotenoid ratios were not significant. The highest ratio
of anthocyanins to chlorophyll was in the leaves above
the girdling site (Table 2).
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Soluble sugars and flavonoid concentrations in leaves

from three positions

Disruption of phloem transport by girdling resulted in
measurable increases in soluble sugars concentrations
in the leaves (Fig. 2A). Compared with leaves from CK,
those from above and below the girdling site on gir-
dled branches showed increased soluble sugars con-
tents (Fig. 2A). Although the soluble sugars content was
slightly lower in the leaves below the girdling site than in
the leaves above the girdling site, the levels were compa-
rable. The flavonoid concentrations did not differ signifi-
cantly among the CK leaves, the leaves from above the
girdling site, and the leaves from below the girdling site
(Fig. 2B).

Transcript profiles of leaves from girdled and non-girdled
branches

The RNA extracted from leaves of six CK samples (CK)
and six girdled-branch samples (TT) was sequenced,
yielding RNA a total of 7.31 Gb of clean data. There were
1803 differentially expressed genes (DEGs) between CK
and the girdled group, including 1095 up-regulated genes
and 708 down-regulated genes (Fig. 3).

A total of 28,432 unigenes were mapped to KEGG
pathways. The three pathways with the largest number
of unigenes were metabolic pathways (ko01100, 12,563
unigenes, 49.54%), biosynthesis of secondary metabolites
(ko01110, 5864 unigenes, 27.79%), and carbon metabo-
lism (ko01200, 1695 unigenes, 6.03%) (Figs. 4 and 5).

In a gene ontology (GO) functional enrichment analy-
sis, the top five significantly enriched functional cat-
egories were photosynthesis, light reaction (2.76%),
oxidoreductase activity (acting on paired donors with
incorporation or reduction of molecular oxygen, NAD(P)
H as one donor, and incorporation of one atom of oxy-
gen) (2.49%), hormone transport (2.34%), auxin transport
(2.34%), and symporter activity (2.09%) (Fig. 6).

There were 28,536 DEGs between CK and TT,
including 5556 up-regulated and 3054 down-regu-
lated unigenes. Flavonoids are important secondary
metabolites, and many pigments are synthesized via
the flavonoid biosynthesis pathway. In the comparison
of CK vs. TT, several DEGs were enriched in the fla-
vonoid biosynthetic pathway (14 up-regulated and two

Table 1 Chlorophyll a, b, a+b and carotenoid, anthocyanin concentrations of leaves from upper, lower and control stems
(means = SE). Different letters (a, b and c) behind the data indicate significant (P < 0.05) differences between leaf positions

Leaf position Chlorophyll a (mg/g) Chlorophyll b (mg/g) chlorophyll (a+b) (mg/g) Carotenoid (mg/g)
Upper stem 198.64+27.85b 140.57 +30.26¢ 339.214£32.12¢ 69.50+20.61b
Lower stem 1889.76 £437.50a 624.14472.54a 2077.90+108.70a 276.85+12342a
Control branch 130546+ 15.74a 432.54+£12.84b 1738.01+19.24b 279.65+8.84a
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Fig.1 A, B, C, D show the repeated experiments, which the change of foliar color between the treated bunches and control branches. Based
on the selection, a branch from the tree was ligated tightly with plastic strip in middle part of the branch and tagged on each tree. E shows the
variation of parameters L, a, b. F shows the difference in the leaf anthocyanin between the treated bunches and control branches. (US represents
the upper stem; LS represents the lower stem; CB represents the control branch)
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Table 2 Ratios between pigments in different leaf positions (means= SE). Different letters (3, b and c) behind the data indicate

significant (P < 0.05) differences between leaf positions

Leaf position Chlorophyll a/b

Chlorophyll/carotenoid

Carotenoid/
Anthocyanin

Chlorophyll/anthocyanin

Upper stem 157+£0.66a 6.62+297a
Lower stem 3.08+1.23a 6.18+1.70a
Control branch 302+0.17a 6.234+0.18a

4.64+£0.58¢ 094+027b
81.91+£1.82b 15.65+4.48a
162.12+£1892a 26.25+3.71a

down-regulated unigenes). In the eukaryotic ortholo-
gous groups (KOG) analysis, 69,181 unigenes (55.15%)
were grouped into 25 KOG classifications. Group R
(general function prediction only) was the most highly
represented category. Large proportions of unigenes
were in Group T (signal transduction mechanisms) and

Group O (post-translational modification, protein turn-
over, chaperones) (Fig. 7).

Metabolomic characteristics of leaves on girdled branches
Untargeted metabolomics analysis of A. rubrum
leaves from CK and TT was conducted using liquid
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Fig. 2 Soluble sugar and flavonoid concentrations of leaves collected from upper stem, lower stem and control branch. Standard error bars
represent £ 1 SE. Different letters (a and b) behind the data indicate significant (P < 0.05) differences between leaf positions. (US represents the
upper stem; LS represents the lower stem; CB represents the control branch)
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Fig. 5 Statistical analysis of KEGG pathway enrichment of up-regulated DEGs. Each circle represents a KEGG pathway, the ordinate represents the
pathway name, and the abscissa is the enrichment factor. The larger the enrichment factor is, the greater the degree of enrichment is. The circle
color represents g-value, the smaller the g-value is, the more reliable the enrichment significance is. The size of circle indicates the number of genes
enriched in the pathway, and the larger the circle, the more abundant the genes is

chromatography- mass spectrometry (LC-MS). A total
of 442 compounds were identified, including saccha-
rides, flavonoids, carbohydrates, and amino acids and
their derivatives. The results of the orthogonal partial
least squares discriminant analysis (OPLS-DA) in anion
and cation mode revealed 79 differentially accumulated

metabolites between CK and TT, of which 63 were up-
regulated and 16 were down-regulated (filtering crite-
ria: P<0.05 and variable importance in projection value
(VIP)>1) (Fig. 8). Multivariate analysis of the VIP val-
ues from the OPLS-DA model further identified differ-
entially accumulated metabolites between CK and TT.
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genes

This method, combined with the Fold Change method,
identified 10 metabolites with significant differences and
VIP > 1 between CK and T'T, of which eight were up-reg-
ulated and two were down-regulated.

Effects of girdling on transcriptional factors related

to anthocyanin metabolism

Six genes encoding transcription factors related to
anthocyanin metabolism were among the DEGs
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Fig. 8 OPLS-DA S-plot (The abscissa represents the covariance between principal components and metabolites, and the ordinate represents the
correlation coefficient between principal components and metabolites. The metabolites closer to the upper right corner and lower left corner in
the figure indicate more significant differences. Red dots indicate that the VIP of these metabolites is > 1, while green dots indicate that the VIP of
these metabolites is < 1.)

between CK and TT. They encoded members of
kinase Pkinase (c108619.graph_c0), UDPGT(c117950.
graph_c0), Metallophos (c115191.graph_c0), amp-
binding (c109312.graph_cO0), UDP-GT(C122287.
graph_c0), and DIOX_N (C105756.graph_c0) families
that are known to regulate leaf color in A. rubrum via
modulation of phenylpropanoid biosynthesis, antho-
cyanin biosynthesis, and flavonoid biosynthesis. To
explore the transcriptional patterns of these six tran-
scription factors during leaf coloration in red maple,
we analyzed their transcript levels in girdled and CK
branches. The results showed that C105756.graph_cO0,
C109312.graph_c0, and C117950.graph_c0 were most
highly expressed in red leaves, and C122287.graph_c0,
c115191.graph_c0, and c108619.graph_cO were most
highly expressed in leaves and flowers. These findings
indicated that these six transcription factors play a key
role in leaf color change in red maple (Table 3).

Discussion

Effect of girdling on leaf color expression

The color of upper leaves differed significantly between
girdled and non-girdled branches. The color of upper
leaves on girdled branches changed to red in mid-Octo-
ber and the branches defoliated in mid-November, while
leaves on branches below the girdling site and on con-
trol branches turned red in mid-November and defoli-
ated in mid-December. Stem girdling with a glass fiber
shortened the duration of the red coloration of the leaves,
but enhanced its uniformity and brilliancy. This may be
because girdling interfered with photosynthesis and pro-
moted pigment formation and accumulation. Consist-
ent with this, our results show that girdling resulted in
the accumulation of anthocyanins. Phloem disruption
in branches of red maple caused the uneven accumula-
tion of pigments including chlorophyll, carotenoids,
and anthocyanins, in the leaves above the girdle. The
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Table 3 The DEGs associated with anthocyanin and GO annotation

Gene ID Gene length/bp Gene family GO annotation FC P value
c108619.graph_c0 4952 Pkinase Regulation of anthocyanin biosynthetic process -1.5749 0.0016
€122287.graph_c0 5984 UDPGT Anthocyanin-containing compound biosynthetic process -1.4082 0.0060
c105756.graph_c0 2674 DIOX_N Anthocyanin-containing compound biosynthetic process -1.6534 0.0001
c109312.graph_c0 2804 AMP-binding Anthocyanin-containing compound biosynthetic process -1.9340 0.0001
c115191.graph_c0 1742 Metallophos Regulation of anthocyanin metabolic process 3.0563 0.0004
c117950.graph_c0 3485 UDPGT Anthocyanin 5-O-glucosyltransferase activity -1.8209 0.0003

anthocyanin contents were significantly higher in leaves
above the girdling site than in those below the girdling
site, consistent with patterns observed in other trees [21,
22]. Anthocyanins are water-soluble pigments that are
responsible for the red, blue, and purple colors of various
organs in diverse plants. In addition to conferring color,
anthocyanins can function to alleviate photoinhibition
and oxidative stress, and mitigate the effects of drought
[23, 24]. This suggests that the accumulation of antho-
cyanins in girdled branches may be a protective response
to external disturbances (e.g., light protection). Antho-
cyanins are stable and display a red color at lower pH,
but become unstable and display blue or purple colors
at higher pH [25]. Green leaves from control and lower
branches had high chlorophyll a concentrations, suggest-
ing that they were in the stage of accumulating carbohy-
drate reserves and needed chlorophyll for photosynthesis
during autumn [26, 27].

Girdling not only affected anthocyanin contents, it also
led to the decrease of chlorophyll b and total chlorophyll
in the leaves above the girdling site (compared with CK),
which would inhibited photosynthesis. Girdling also
increased the soluble sugars content in leaves. There is
a source—sink balance in plants. In trees, the starch con-
tent is highest in autumn and during the dormant sea-
son, decreases in spring during bud break, and is then
replenished during summer and early autumn [28-30].
As observed in this study, girdling interfered with the
transport of assimilates toward the roots through the
phloem, leading to the accumulation of soluble sugars in
branches above the girdling site, as observed previously
[31]. In this study, girdle bands were applied to primary
or secondary branches of 4-year-old A. rubrum. Leaves
were harvested from control branches from top to bot-
tom while the girdled branches were divided into two
parts by the glass fiber. Leaves from the lower part were
shaded by upper and control branches, and so they may
have accumulated chlorophyll b as a response to shading,
to capture more light for photosynthesis. Significantly
high chlorophyll b and total chlorophyll concentra-
tions in leaves on lower branch sites may improve light-
interception efficiency [32]. As well as external shading,

leaves may be subject to interior shading of mesophyll
chloroplasts by anthocyanins. In addition, anthocyanin
accumulation has a photosynthetic cost resulting from
the competition between anthocyanins and chlorophylls
to capture light [33]. As a result, compared with green
leaves, red leaves have lower maximum CO, assimilation
rates, lower chlorophyll a/b ratios, and a smaller pool of
xanthophyll cycle components [32, 34]. In this study, the
chlorophyll a/b ratios were slightly lower in red leaves
than in green leaves, but the difference was not signifi-
cant (Table 2). The chlorophyll b concentration was lower
in red leaves than in green leaves, suggesting that exter-
nal shading had a stronger effect on leaf photosynthesis
than did interior shading.

Changes in leaf color may be indicative of coevolution

of red maple and the environment

The color change in red maple leaves is affected by both
genetic and environmental factors. Together, these fac-
tors regulate the change to deep red in autumn and under
low temperature in winter, and the color change of new
leaves from green to red in spring [35, 36]. The results
of the present study show that girdling can also promote
the red color formation in leaves. The contents of chlo-
rophyll, carotenoids, and anthocyanins significantly dif-
fered among the leaves in different treatments, indicating
that leaf color may be an indicator of plant adaptation
to external disturbances and environmental changes. At
present, the mainstream interpretation of the ecological
significance of changes in leaf color is that it represents
adaptation to biotic or abiotic stress, and has a photo-
protective function [37]. It has been hypothesized that
anthocyanins in red leaves block certain wavelengths of
strong light and reduce damage caused by oxygen free
radicals and superoxides produced via photosynthesis
[38, 39]. In this study, girdling also led to premature leaf
discoloration and significantly enhanced photosynthesis,
suggesting a possible trade-off between leaf reddening
and leaf mechanical protection. This study also supports
the coevolutionary hypothesis of red leaves and other
organisms.
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Effects of girdling on transcriptomic and metabolomic
profiles of red maple leaves

Changes in leaf color can affect the ecological function of
trees. To explore this topic in more detail, we analyzed
the transcriptomic and metabolomic profiles of leaves
from girdled and non-girdled branches. The results indi-
cated that the leaf color change caused by girdling was
mainly a result of changes in the carbon metabolic path-
way in the leaves. The girdling disrupted the sieve tubes
in the phloem, blocking the flow of assimilates, which
caused carbohydrates to accumulate above the girdle
band [40]. At the same time, assimilates accumulated
in leaves. The accumulation of assimilates in tobacco
leaves was shown to enhance carbon metabolism in
tobacco plants, similar to the results of our study [41].
Photosynthetic pigments play a key role in the primary
light reaction of photosynthesis, and changes in their
concentrations are related to leaf physiological activity,
plant adaptation to the environment, and responses to
stresses [42]. On the one hand, the synthesis of photo-
synthetic pigments in plants is affected by stress. On the
other hand, a feedback regulation mechanism operates to
reduce the photosynthetic rate. In this study, compared
with control branches, the girdled branches produced
leaves with significantly lower contents of chlorophyll
a, chlorophyll b, total chlorophyll and carotenoids. A
decrease in photosynthetic pigment content reduces the
photosynthetic rate of plants, and stress on the phloem
can cause serious damage in the short term. Murakami
et al. performed ring-cutting on maple trees with two leaf
colors and found that mechanical damage not only pro-
moted the accumulation of sucrose, glucose, and fructose
in maple trees, but also increased the anthocyanin con-
tent in red leaves from 50.4 to 66.7%, and that in original
yellow leaves from 11.7 to 54.2% [14]. Thus, girdling has a
significant promoting effect on leaf color expression. The
results of that study and our study suggest that leaf color
is a morphological change representative of plant adapta-
tion to the environment.

GO function enrichment results shows that differen-
tially expressed genes associated with biological pro-
cess is mainly enriched in metabolic processes, cellular
processes. KEGG analysis showed that the differentially
expressed genes were mainly enriched in metabolic path-
ways, biosynthesis of secondary metabolites, ribosomes,
carbon metabolism, amino acid biosynthesis, glycolysis/
gluconeogenesis, purine metabolism, flavonoid biosyn-
thesis, glutathione metabolism, plant hormone signal
transduction, and plant pathogen interaction. These met-
abolic pathways involved in energy, carbohydrate, amino
acid and polysaccharide biosynthesis, metabolism, and
some signal transduction process of life activity, further
illustrates the obtained a lot of information through the
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transcriptome sequencing, benefit from molecular level
to the A. rubrum leaf color change of a variety of meta-
bolic and information processing ways were analyzed. In
this study, 43.21% of the annotated unigenes were longer
than 1000 bp, and 32.10% were between 300 and 1000 bp.
In the biological process category, the subcategory most
enriched with DEGs was metabolic process, indicating
that girdling affected biological functions in red maple.
Transcriptome analysis of leaves from girdled branches
revealed up-regulation of ¢45897.graph_c0, which
encodes a transcription factor in the Pkinase gene fam-
ily that is involved in the regulation of leaf color change.
In rice, OSEDRI encoding a protein in the Pkinase family
was found to be related to a spotted-leaf phenotype [43].
In this study, c108619.graph_c0, also encoding a member
of the Pkinase gene family, was identified as one of the
factors involved in the regulation of anthocyanin accu-
mulation during leaf color change in red maple.

Conclusions

The growth and photosynthesis of red maple were signifi-
cantly inhibited by girdling, but protective mechanisms were
activated to maintain normal metabolism in girdled branches.
The results of transcriptomic and metabolomic analyses
revealed significant changes in the metabolic pathways, bio-
synthesis of secondary metabolites, and carbon metabolisms
in red maple leaves after girdling. Girdling impaired the sieve
tubes in the phloem, resulting in the blocking of downward
transport of assimilates. This resulted in the accumulation of
carbohydrates in the upper part of girdled branches, which
provided the material basis for the formation of anthocyanins
in leaves. At the same time, photosynthesis was weakened
by girdling, while pigments accumulated above the girdling
site and the red coloration of leaves was particularly promi-
nent. The GO and KEGG annotation and enrichment analy-
ses showed that the differentially expressed genes in leaves
between girdled and non-girdled branches were involved in
biological processes such as primary metabolism, second-
ary metabolism, and carbon metabolism. Six anthocyanin-
related transcription factors were up-regulated in leaves
above the girdling site, and these transcription factors are
known to regulate phenylpropanoid biosynthesis, anthocya-
nin biosynthesis, and flavonoid biosynthesis. These six tran-
scription factors were found to be highly expressed in red
or mosaic leaves, providing further evidence for their role
in regulating color change in red maple leaves. These results
suggest that leaf reddening is a complex environmental adap-
tation strategy to maintain normal metabolism in response to
environmental changes. Overall, this study provides deeper
and more reliable insights into the coevolution of red maple
leaves in response to environmental change through a com-
bination of phenotypic, physiological, biochemical, transcrip-
tome, and metabolomic analyses.
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Materials and methods

Plant materials and experimental design

This study involved materials were A. rubrum container
seedlings introduced from the United States in March 2011,
and planted in the south Campus of Southwest University
(106°25'45"E, 29°49’ 18"N), with row spacing of 1 mx1 m.
All seedlings are managed uniformly. The research area
belongs to the subtropical monsoon humid climate, with
the annual average temperature of 16 ~18°C and the annual
average precipitation of 1000~1350 mm, most of which
is concentrated in May to September. The annual average
relative humidity is 70%~80%. The annual sunshine dura-
tion is 1000 ~ 1400 h, and the sunshine percentage is only
25%~35%, with less sunshine in winter and spring. Thirty
3-year-old open-grown A. rubrum L. (var. Brandywine)
trees at the Forest Experimental Field at Southwest Univer-
sity, Chongqing, China, were randomly selected, and gir-
dled on one of their main branches with glass fiber (width
about 2 cm) in March 2013. Five girdled branches with leaf
colors reaching peak red intensity in the 3 days from 6th to
8th November 2016 were selected for subsequent analyses.
On each selected tree (height 160-190 cm, trunk diameter
at ground height about 3-4 cm), the girdled branch was
divided into upper stem and below stem by string, and a
nearby stem of similar growth conditions was measured
as control. All measurements were conducted at harvest.
The foliar coloration (parameters L*, a* b*) was measured
by Photoshop CS3 program (Adobe Systems, CA, USA),
which were photographed with a D7000 digital camera
(Nikon Corporation, Tokyo, Japan) [44].

Analyses of photosynthetic pigments

The photosynthetic pigments (chlorophyll 4, chlorophyll
b, chlorophyll(a+5), and carotenoid) contents were
measured in foliar methanol extracts as described [45].
The chlorophyll content of leaf was extracted with 95%
(v/v) methanol. The extract was assessed at three wave
length (A =665 nm, A =649 nm, A =470 nm) (uv-spectro-
photometer, T6 New Century, Purkinje General, Beijing,
China), which was filtrated and diluted with deionized
water to 25mL. Chlorophyll a, chlorophyll b and carot-
enoid were based on the equations:

C, = 13.95A4; — 6.88A4,9, C, = 24.96A 50 — 7.32A 45

10004470 — 2.05Ca — 114.8Cb
Cx.-c= YT

Measurement of anthocyanin and flavonoid were fol-
lowing the method of Zhang [46]. The anthocyanin was
extracted by 1% (v/v) acidic alcohol under 32°C water
bath for four hours, then separated at 5000r/min for
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ten minutes. Flavonoid was measured at 367 nm (DU
series 730 spectrophotometers, Beckman Coulter, USA),
which was extracted with 70% methanol by ultrasound
and create complexes with 10% aluminium nitrate under
mixed liquor (60% alcohol, 5% sodium nitrate and 4%
sodium hydroxide). Soluble sugar was extracted with
deionized water in boiling water bath for twice (three
minutes each time), and measured at 630 nm (uv-
spectrophotometer(New Century T6), Shanghai child
analysis instrument co., LTD, Beijing, China) [47].

Sample preparation and extraction

The freeze-dried leaf was crushed using a mixer mill
(MM 400, Retsch) with a zirconia bead for 1.5 min at
30 Hz. 100 mg powder was weighted and extracted over-
night at 4°C with 0.6 ml 70% aqueous methanol. Follow-
ing centrifugation at 10, 000 g for 10 min, the extracts
were absorbed (CN'WBOND Carbon-GCB SPE Car-
tridge, 250 mg, 3ml; ANPEL, Shanghai, China, www.
anpel.com.cn/cnw) and filtrated (SCAA-104, 0.22 pm
pore size; ANPEL, Shanghai, China, http://www.anpel.
com.cn/) before UPLC-MS/MS analysis.

UPLC conditions

The sample extracts were analyzed using an UPLC-ESI-
MS/MS system (UPLC, Shim-pack UFLC SHIMADZU
CBM30A system, www.shimadzu.com.cn/; MS, Applied
Biosystems 4500 Q TRAP, www.appliedbiosystems.com.
cn/). The analytical conditions were as follows, UPLC:
column, Agilent SB-C18 (1.8 pm, 2.1 mm*100 mm).
The mobile phase consiste of solvent A, pure water with
0.1% formic acid, and solvent B, acetonitrile. Sample
measurements were performed with a gradient program
that employed the starting conditions of 95% A, 5% B.
Within 9 min, a linear gradient to 5% A, 95% B was pro-
grammed, and a composition of 5% A, 95% B was kept
for 1 min. Subsequently, a composition of 95% A,5.0% B
was adjusted within 1.10 min and kept for 2.9 min. The
column oven was set to 40 °C; The injection volume was
4 pl. The effluent was alternatively connected to an ESI-
triple quadrupole-linear ion trap (QTRAP)-M.

ESI-Q TRAP-MS/MS

LIT and triple quadrupole (QQQ) scans were acquired
on a triple quadrupole-linear ion trap mass spectrom-
eter (Q TRAP), API 4500 Q TRAP UPLC/MS/MS Sys-
tem, equipped with an ESI Turbo Ion-Spray interface,
operating in positive and negative ion mode and con-
trolled by Analyst 1.6.3 software (AB Sciex). The ESI
source operation parameters were as follows: ion source,
turbo spray; source temperature 550°C; ion spray volt-
age (IS) 5500 V (positive ion mode)/-4500 V (negative
ion mode); ion source gas I (GSI), gas II(GSII), curtain
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gas (CUR) were set at 50, 60, and 30.0 psi, respectively;
the collision gas(CAD) was high. Instrument tuning and
mass calibration were performed with 10 and 100 umol/L
polypropylene glycol solutions in QQQ and LIT modes,
respectively. QQQ scans were acquired as MRM experi-
ments with collision gas (nitrogen) set to 5 psi. DP and
CE for individual MRM transitions was done with fur-
ther DP and CE optimization. A specific set of MRM
transitions were monitored for each period according to
the metabolites eluted within this period.

RNAseq

Quantitative samples were homogenized with TRIzol
reagent (Invitrogen, USA). After centrifugation and shak-
ing, sodium acetate solution, water-saturated solution
and chloroform/isoamyl alcohol were added, centrifuging
and extracting at low temperature for 15 min. The total
RNA solution was obtained by rinsing with 75% ethanol,
collecting the precipitate and adding DEPC treated water.

Transcriptomics

The mRNA separated with magnetic bead method was
interrupted by TruseqTM RNA Sample Prep Kit (Illu-
mina, USA) reagent ions. After synthesis, complement-
ing, and amplification of the double-stranded cDNA,
the target bands were recovered using 2% agarose gum
(Certified Low Range Ultra Agarose, BIO-RAD, USA).
The obtained target bands were sequenced quantitatively
with Illumina Hiseq sequencing platform (2 x 150 bp) to
obtain clusters. The sequencing data were analyzed by
DAVID online analysis tool for GO, KEGG, NR, Swiss-
Prot and other functional cluster analysis.

Metabolomics

To obtain target gene groups and main differential
metabolites regulating leaf discoloration, fresh samples
were selected for low temperature extraction (at -20°C
for 30 min and then melted (4°C), the frozen methanol/
water (1:1) palliative solution was added, the Tissue Lyser
was ground for 5 min and centrifuged at low tempera-
ture). The extract was analyzed by liquid chromatograph
(Liquid phase parameters: ACQUITY UPLC BEH C18
Column (100 mmx2.1 mm, 1.7 pm, Waters, UK), col-
umn temperature: 50 °C, flow rate: 0.4 mLemin~!, 2777 C
UPLC System, Waters, UK). Small molecules eluted from
the column were collected in MSE mode with a High res-
olution Tandem Mass Spectrometer (Xevo G2-XS QTOF,
Waters, UK). After format transformation, noise filtering,
peak matching and peak extraction, the obtained original
data was analysed with partial least squares discriminant
method.
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Statistics

All charts were drawn with mean value and standard
error of parameters by Origin Pro 8.0. Tables were
made by Microsoft Office Excel 2007 (Microsoft, Red-
mond, WA). Significance of differences in the meas-
ured parameters among upper stem, lower stem and
control branch was tested by Duncan(D) test of one-
way ANOVA analysis. All statistical analyses were
performed with SPSS 17.0 statistics software (SPSS
Inc., Chicago, IL).

Hierarchical cluster analysis and Pearson correlation
coefficients

The HCA (hierarchical cluster analysis) results of samples
and metabolites were presented as heatmaps with den-
drograms, while pearson correlation coefficients (PCC)
between samples were caculated by the cor function in
R and presented as only heatmaps. Both HCA and PCC
were carried out by R package pheatmap. For HCA, nor-
malized signal intensities of metabolites (unit variance
scaling) are visualized as a color spectrum.

Differential metabolites selected

Significantly regulated metabolites between groups
were determined by VIP>1 and absolute Log2FC
(fold change)>1. VIP values were extracted from
OPLS-DA result, which also contain score plots and
permutation plots, was generated using R package
MetaboAnalyst R. The data was log transform (log2)
and mean centering before OPLS-DA. In order to
avoid overfitting, a permutation test (200 permuta-
tions) was performed.

Differential expressed genes selected

Differential gene expression gene sets were obtained by
analysis of differences between sample groups, which The
screening conditions for differential genes were Log2FC
(fold change)>1 and FDR<0.05. After the difference
analysis, the Benjamini-Hochberg method was used
to conduct multiple hypothesis testing correction for
hypothesis testing probability (P value).

KEGG annotation and enrichment analysis

Identified metabolites were annotated using KEGG Com-
pound database (http://www.kegg.jp/kegg/compound/),
annotated metabolites were then mapped to KEGG Path-
way database (http://www.kegg.jp/kegg/pathway.html).
Pathways with significantly regulated metabolites mapped
to were then fed into MSEA (metabolite sets enrichment
analysis), their significance was determined by hypergeo-
metric test’s p-values.
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