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Abstract: Canna glauca, an ornamental plant widely cultivated in aquatic habitats, is notable for
its long florescence and showy flowers. The flower of this species is distinguished by its petaloid
staminodes, which comprise the majority of the overall floral display. Flavonoids have been reported
to be the predominant pigment groups that determine most flower colors. However, the influence
of flavonoid metabolic pathways on the flower color of C. glauca remains to be investigated. In
this study, comprehensive floral transcriptomes and metabolite profiles of the wild type (yellow
flower) and ‘Erebus’ cultivar (pink flower) of C. glauca were analyzed. We identified 432 flavonoid
metabolites, including 20 anthocyanins. ‘Erebus” accumulated higher levels of 18 anthocyanins than
the wild type, including 10 cyanidins, 4 pelargonidins, and 4 peonidins. The wild type accumulated
higher levels of two malvidins. Through the joint analysis of transcriptomics and metabonomics,
we observed a notable association between the expression of three DEGs and eleven anthocyanin
levels. Furthermore, we analyzed the expression patterns of key genes that determine flavonoid
biosynthesis, such as CHS, CHI, F3'H, and DFR. These findings provide enlightenment on the
anthocyanin accumulation of Canna glauca, serving as a basis for exploring biochemical and molecular

mechanisms underlying flower coloration.
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1. Introduction

The order Zingiberales comprises plants predominantly distributed in subtropical
and tropical regions. It can be further classified into two subgroups: the “ginger group”
and the “banana group”. The former includes Marantaceae, Cannaceae, Costaceae, and
Zingiberaceae families, while the latter consists of Musaceae, Strelitziaceae, Heliconiaceae,
and Lowiaceae families [1-3]. One notable characteristic shared by families within the
ginger group is the presence of petaloid staminodes. In the mature flowers of these plants,
these petaloid staminodes replace most of the stamens [4,5]. Canna glauca, a perennial
herb in the Cannaceae family, is renowned for its long florescence and showy flowers,
particularly in aquatic environments. The unconventional petaloidy among the androecial
members, comprising a fertile stamen and multiple staminodes, contributes to the floral
manifestation in C. glauca. C. glauca is composed of four floral whorls (Figure 1a); the
outer perianth consists of three sepals, while the inner perianth is made up of three petals.
The androecial whorl contains one fertile stamen and four staminodes, which can be
further divided into two trimerous whorls. The lateral staminode in the outer androecial
whorl develops into two laminar (petaloid) floral organs, while the other staminode ceases
development shortly after initiation [4,5]. The inner whorl comprises a curved staminode,
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namely the ‘labellum’, a petaloid staminode, and a fertile stamen bearing a one-theca
fertile anther and a sterile petaloid appendage. The innermost whorl of the flower is a
tricarpellary pistil. The morphological anatomy of the native species with yellow flowers
(Figure 1b) and the cultivar “Erebus’ with pink flowers (Figure 1c) are respectively shown
in Figure 1d,e and Figure 1f,g. These staminodes with vibrant colors usually constitute
the visually striking part of the overall floral display, serving as optic signals to attract
pollinators. Currently, the native species with yellow flowers and the cultivar ‘Erebus’ with
pink flowers are extensively cultivated in aquatic habitats, and the formation mechanism
of color difference between these two is still poorly understood.

Figure 1. Floral morphology of C. glauca. (a) Floral diagram of C. glauca; (b) inflorescence of the C.
glauca wild type; (c) inflorescence of the C. glauca ‘Erebus’ cultivar; (d,e) morphological anatomy of
C. glauca wild-type flowers; (f,g) morphological anatomy of C. glauca ‘Erebus’ flowers. p: petal, Se:
sepal, Ps: petaloid staminode, L: labellum, sty: style, A: anther, st: stamen, Pa: petaloid appendage, C:
carpel. The asterisk indicates the degenerated abaxial staminode.



Horticulturae 2024, 10, 372

30f15

Floral coloration in most flowering plants is primarily determined by the accumulation
of natural pigments, including anthocyanins, flavonoids, and their derivatives. Among
these, flavonoids play a vital role, exhibiting a diverse array of colors such as orange,
blue (through anthocyanins), and yellow (through chalcones, aurones, and flavonols),
making them the predominant pigment groups responsible for flower color [6]. The specific
combination and concentration of anthocyanins in the petals contribute to the wide variety
of colors we see in nature. These pigments not only attract pollinators but also serve as a
protective mechanism against UV radiation and other environmental stresses [7]. Among
the six primary anthocyanins in plants—pelargonin, delphinidin, malvidin, peonidin,
petunidin, and cyanidin—peonidin is generated through cyanidin methylation, whereas
petunidin and malvidin are formed through different forms of delphinium methylation [6,8].
Peonidin and cyanidin display hues spanning from purple to red, whereas pelargonin
manifests as a brick-red hue. Delphinidin, malvidin, and petunidin display hues falling
between blue and purple. These compounds modify plant pigmentation and induce shifts
from pink to blue [9,10].

The core flavonoid biosynthetic pathway is well understood [11-13]. It involves a chain
of enzymatic reactions that transform phenylalanine into various flavonoid compounds,
including anthocyanins, flavonols, and flavones. This pathway has been extensively in-
vestigated and characterized across diverse plant species [14-17]. The key enzymes in
this pathway are phenylalanine ammonia-lyase (PAL), chalcone synthase (CHS), chalcone
isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid 3’-hydroxylase (F3'H), antho-
cyanidin synthase (ANS), and dihydroflavonol 4-reductase (DFR) [18,19]. These enzymes
catalyze specific reactions and give rise to specific pigmentation patterns like stripes or
spots, ultimately determining the flower color and pattern in plants. While there have
been numerous reports explaining flower color at the molecular level via the flavonoid
biosynthetic pathway [20-22], it is necessary to consider the variation among different plant
species as there are no universal rules. Each plant species may have different metabolic
processes and genes that regulate pigments; therefore, a personalized analysis is necessary
for understanding the flower color of C. glauca. UPLC/ESI-Q TRAP-MS/MS, as a highly
effective technique for metabolite identification and analysis, has been widely applied
in different plants like lily, tree peony, tomato, and strawberry [23-26]. To analyze the
differences in pigmentation patterns between the wild type and the ‘Erebus’ cultivar, we in-
tegrated flavonoid metabolomics and transcriptomics to elucidate the underlying metabolic
pathways and potentially identify key genes or enzymes responsible for the observed vari-
ations in C. glauca flower coloration. This study identified the major anthocyanin categories
in the petaloid staminodes of the wild type and ‘Erebus’ cultivar of C. glauca, established
the flavonoid metabolomic profile and transcriptomic library of C. glauca, and identified
key candidate genes and transcription factors involved in the differential accumulation of
anthocyanins, which enhance our comprehension of the molecular mechanisms underlying
flower color variations, offering guidance for further research into plant genetics and the
horticultural breeding of Canna.

2. Materials and Methods
2.1. Plants

C. glauca was grown at Guangdong Eco-engineering Polytechnic, Guangzhou, China.
Fresh petaloid staminodes of the wild type (CgpsY) and ‘Erebus’ cultivar of C. glauca were
gathered in 2023 from May to June. Three biological replicates of petaloid staminodes of
the wild type and “Erebus’ cultivar were collected, flash-frozen in liquid nitrogen for over
30 min, and preserved at —80 °C.

2.2. Flavonoid Metabolite Extraction and Analysis

Petaloid staminode tissues were crumbled using a lyophilizer (Scientz-100F, Scientz,
Ningbo, China) and pulverized for 1.5 min at 30 Hz into powder form. Subsequently,
50 mg of the powder was resuspended in 1.2 mL of 70% methanol aqueous solution, mixed
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vigorously for 30 s every 30 min, repeating the process six times, and then centrifuged
at 12,000 rpm for 3 min. The resulting supernatants were then filtrated via a 0.22 um
microporous membrane (SCAA-104; ANPEL, Shanghai, China).

For UPLC-ESI-MS/MS analyses (SCIEX, ExionLC™ AD, Scientz, Ningbo, China), 2 pL
of the filtrated sample was injected onto an Agilent SB-C18 column (1.8 pm, 2.1 mm x 100 mm)
and segregated at 40 °C in a mobile phase composed of pure water with 0.1% formic acid
and acetonitrile with 0.1% formic acid at 0.35 mL/min under a gradient program configured
at 95:5 at 0 min, 5:95 at 9 min, and 95:5 at 11.1 min. The resulting effluent was alternatively
subjected to ESI-triple quadrupole linear ion trap mass with a source temperature at 500 °C,
an ion spray voltage (IS) at 5500 V (positive ion mode)/—4500 V (negative ion mode),
an ion source gas I at 50 psi, gas II at 60 psi, and curtain gas at 25 psi, and collision-
activated dissociation at a high level. Triple quadrupole (QQQ) scans were obtained
through multiple reaction monitoring experiments with medium collision nitrogen gas.
Declustering potential and collision energy were optimized for single multiple reaction ion
monitoring mode (MRM) transitions.

2.3. Differential Metabolite Identification

Differential metabolites between the two groups were determined based on the criteria
of variable importance in projection (VIP) > 1 and |Log2FoldChange| > 1.0. VIP values
were derived from OPLS-DA comprising score plots and permutation plots generated
by the R package MetaboAnalystR. Prior to OPLS-DA, data were log2-transformed and
mean-centered. A total of 200 permutations were used in the permutation test to prevent
overfitting. The heatmap depicting differentially accumulated flavonoid metabolites was
generated using TBtools v2.010 [27].

2.4. Transcriptome Sequencing

RNA samples were obtained from CgpsY and CgpsP using the RNA plant plus kit
(TIANGEN, Beijing, China) and purified with oligo(dT) magnetic beads. After fragmenta-
tion via divalent cations at high temperatures, nRNA was converted to double-stranded
cDNA with random hexamer primers, DNA polymerase I, and Rnase H. The obtained
cDNA was purified with the QiaQuick PCR extraction kit (Qiagen, Venlo, The Netherlands),
end-repaired, and added to poly(A) tails [28]. The libraries were prepared via Illumina
sequencing adapter ligation, agarose gel electrophoresis, and PCR amplification [28] and
sequenced on the Illumina platform to generate 150 bp paired-end raw reads. After elim-
inating adapters, unknown nucleotides, and poor-quality sequences, clean reads were
obtained and assembled using Trinity v2.4.0 [29].

2.5. Gene Annotation and Differentially Expressed Gene Identification

BLASTx against NCBI non-redundant protein sequences (NR), Swiss-Prot, Protein
family (Pfam), euKaryotic Ortholog Groups (KOG), and Kyoto Encyclopedia of Genes and
Genomes (KEGG) was used for gene functional annotation. The Blast2GO 2.3.5 program
was used for Gene Ontology (GO) annotations [30]. TransDecoder was used for coding
DNA sequence (CDS) prediction to identify candidate coding regions with transcript
sequences. Transcription factor analysis was conducted using iTAK software (https://
omictools.com /itak-tool, accessed on 25 August 2023). Relative gene expression was
evaluated using the fragments per kilobase of transcript per million mapped reads (FPKM)
approach [31]. edgeR package was utilized to identify differentially expressed genes (DEGs),
with selection criteria of at least 2-fold change and a false discovery rate < 0.05 [32].

2.6. Real-Time Quantitative PCR

The levels of 9 selected unigenes (Cluster-17340.2, Cluster-16437.0, Cluster-13713.0,
Cluster-15881.0, Cluster-16437.1, Cluster-34059.0, Cluster-23068.0, Cluster-19592.3, and
Cluster-20066.0) were confirmed via qRT-PCR using specific primers designed with the
Integrated DN A Technologies PrimerQuest tool (Supplementary Table S1). qRT-PCR was
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performed with three parallel replicates in 20 pL solution containing 10 uL of Hieff® gPCR
SYBR Green Master Mix (Yeasen Biotech, Shanghai, China), 0.5 pL of 10 pM of each primer,
and 4 pL of cDNA template on a LongGene Q2000B Real-time PCR Detection system
(LongGene Instruments, Hangzhou, China) under 40 cycles of 10 s at 95 °C and 30 s at
60 °C after 3 min at 95 °C. The level of each gene was normalized to the 3-actin gene
(Cluster-20989.10) using the Ct method [33]. Statistical significance was analyzed through
an independent-samples f-test in SPSS Statistics 17.0.

2.7. Correlation of DEGs with Metabolites

The correlation analyses were performed with the quantitative values of metabolites
and genes in total samples as the basis. The cor function in R was applied to compute the
Pearson correlation coefficient of DEGs with metabolites and to select the correlation result
with the criterion of an absolute value > 0.8 and a p-value < 0.05.

3. Results
3.1. Flavonoid Metabolic Differences between the Wild Type and the ‘Erebus’ Cultivar of C. glauca

The flavonoid metabolite differences between the petaloid staminode of the wild type
(CgpsY) and ‘Erebus’ cultivar (CgpsP) were investigated in this study with three biological
replicates to reduce the impact of individual variations. A total of 432 flavonoid metabo-
lites were uncovered (Supplementary Table S2), including 20 anthocyanins, 11 biflavones,
13 chalcones, 20 flavanols, 35 flavanones, 10 flavanonols, 142 flavones, 154 flavonols,
8 proanthocyanidins, 18 tannin, and 1 other flavonoid. Using the identification criteria
of VIP > 1 and |Log2FC| > 1.0, 238 flavonoid metabolites showed statistically signifi-
cant differences in CgpsP vs. CgpsY (see Supplementary Table S3), of which 187 demon-
strated significantly higher accumulation and 51 displayed significantly lower accumulation
(Supplementary Figure S1), indicating that flavonoid compounds in petaloid staminodes
of the “Erebus’ cultivar are more abundant than those of the wild type. A total of 20 an-
thocyanins, including cyanidin, peonidin, pelargonidin, malvidin, and their derivatives,
demonstrated a significant difference in CgpsP vs. CgpsY. Eighteen anthocyanins were
up-accumulated in CgpsP, mainly cyanidin (10 compounds), pelargonidin (4 compounds),
and peonidin (4 compounds). Malvidin-3-O-galactoside and malvidin-3-O-glucoside were
the only two anthocyanins to exhibit significant downregulation in CgpsP. The differen-
tially accumulated flavonoids (DAFs) with | Log2FC| > 4 are demonstrated in Figure 2.
Biflavones (7 out of 8 compounds), flavones (16 out of 52 compounds), and flavonols (21
out of 97 compounds) detected in DAFs displayed significant down-accumulation in Cg-
psP. However, significant up-accumulation of chalcones (all 10 compounds), flavanols (all
10 compounds), flavanones (19 out of 21 compounds), flavanonols (5 out of 6 compounds),
flavones (36 out of 52 compounds), and flavonols (76 out of 97 compounds) in CgpsP vs.
CgpsY was observed.

According to the fold change value, the top three up-accumulated metabolites in
CgpsP vs. CgpsY are cyanidin-3-O-arabinoside, cyanidin-3-O-xyloside, and peonidin-3-O-
rutinoside (Figure 3). These metabolites are significantly increased in CgpsP, suggesting
that they may contribute to the accumulation of pink pigments. 8-prenyl-7,4’-dihydroxy-
5-methoxydihydroflavonol, gossypetin-8-O-glucoside, and Tricin-4'-O-glucoside showed
a significant reduction in CgpsP (Figure 3), indicating their possible involvement in the
accumulation of yellow pigments. These DAFs might be the major metabolites that affect
the different coloration patterns of the wild type and ‘Erebus’ cultivar of C. glauca.
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Figure 2. Heatmap of differentially accumulated flavonoid metabolites (DAFs) in CgpsP vs. CgpsY.

The figure only shows the differential flavonoid compounds with |Log2FC| > 4. The leftmost

color bars represent the different flavonoid classes. Each class was assigned a specific color for easy

identification (legend right). The up-accumulated and down-accumulated flavonoid compounds

are respectively represented in pink and gray bars in the second column from the left. The asterisk

denotes the detection of the compound’s isomer.

The metabolic compounds implicated in flavonoid biosynthesis (KEGG number:
ko00941), anthocyanin biosynthesis (ko00942), and flavone and flavonol biosynthesis
(ko00944) were filtered. The most dramatically enriched differentially accumulated metabo-
lite pathways in CgpsP vs. CgpsY were flavonoid biosynthesis (21 compounds out of 28)
and flavone, flavonol biosynthesis (14 compounds out of 22), and anthocyanin biosynthesis
(11 out of 11).
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Figure 3. The top 5 upregulated (a) and downregulated (b) DAFs in CgpsP vs. CgpsY based on the
fold change value. The asterisk denotes the detection of the compound’s isomer.

3.2. Transcriptome Overview

The transcriptome for the petaloid staminodes of the C. glauca wild type (CgpsY) and
“Erebus’ cultivar (CgpsP) was sequenced to identify genes related to pigmentation. In total,
46.12 G clean bases were acquired with an average Q30 of 93%. Six RNA-seq libraries (three
for CgpsY and three for CgpsP) generated 316,126,394 raw reads of 2 x 150 bp. By elimi-
nating adapters and low-quality reads, 307,540,890 clean reads were acquired for assembly,
generating 69,362 unigenes. These unigenes were 1850 bp on average, with an N50 of 2607
bp. Additionally, 24,940 unigenes with a sequence length of at least 2000 bp were identified.
These assembled unigenes were annotated using the KEGG, Nr, Swiss-Prot, TTEMBL, KOG,
GO, and Pfam, revealing 53,001 unigenes in at least one database. Specifically, 31,995 genes
were annotated in KEGG, 52,270 genes were annotated in N1, 39,081 genes were annotated
in Swiss-prot, 52,143 genes were annotated in TrTEMBL, 31,483 genes were annotated in the
KOG, 44,762 genes were annotated in GO, and 37,922 genes were annotated the in Pfam
database. Based on species similarity analysis, the top four similar species, Musa acuminata
(31.44%, 16,436 unigenes), Musa troglodytarum (17.91%, 9359), Musa balbisiana (11.69%, 6108),
and Zingiber officinale (10.61%, 5547), from the same order (Zingiberales) were observed as
C. glauca.

3.3. Differentially Expressed Genes (DEGs) and Transcription Factors Related to Flavonoid
Biosynthesis in Petaloid Staminodes of the Wild Type and Cultivar of C. glauca

The transcriptomic analyses of CgpsP vs. CgpsY provided an overview of alterations in
gene expression. In total, 12,057 DEGs, including 6121 upregulated and 5936 downregulated
DEGs, were identified with the criterion of two-fold change at p < 0.05 (Figure 4a), and the
details are available in Supplementary Table S4. These DEGs were enriched in 139 KEGG
pathways, including phenylpropanoid biosynthesis (ko00940), flavonoid biosynthesis
(ko00941), anthocyanin biosynthesis (ko00942), and flavone and flavonol biosynthesis
(ko00944), all of which are associated with flavonoids (Supplementary Table S5). GO
enrichment showed that upregulated unigenes outnumbered downregulated unigenes
in most of the GO terms (Figure 4b). In particular, 105, 101, 97, 79, and 35 DEGs were
respectively enriched in the phenylpropanoid metabolic process, pigment biosynthetic
process, secondary metabolite biosynthetic process, phenylpropanoid biosynthetic process,
and anthocyanin-containing compound biosynthetic process pathways (Supplementary
Figure 52).
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Figure 4. DEGs between the wild type and ‘Erebus’ cultivar of C. glauca. (a) The volcano plot
illustrating DEGs between CgpsP and CgpsY; (b) GO enrichment of DEGs; (c) expression pattern of
DEGs co-enriched in both transcriptome and metabolome KEGG pathways. The genes were clustered
by FPKM value with the color scale representing the logy-transformed FPKM value. The leftmost
pink and orange bars indicate upregulated and downregulated DEGs, respectively. The second
column from the left shows the different pathways. Each pathway was assigned a specific color for

easy identification (legend right).

For better visualization of the connections between genes and metabolites in spe-
cific pathways, the differential genes and metabolites of the same comparative group
were concurrently plotted on the KEGG pathway map. In CgpsP vs. CgpsY, biosynthe-
sis of secondary metabolites (ko01110, 22 metabolites, 776 genes), metabolic pathways
(ko01100, 13 metabolites, 1467 genes), anthocyanin biosynthesis (ko00942, 11 metabolites,
3 genes), flavonoid biosynthesis (ko00941, 21 metabolites, 17 genes), and flavone and
flavonol biosynthesis (ko00944, 14 metabolites, 4 genes) pathways were co-enriched in the
flavonoid metabolome and transcriptome KEGG pathways. Figure 4c depicts the expres-
sion pattern of DEGs involved in flavonoid biosynthesis enriched by both transcriptome
and metabolome pathways.
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Flavonoid biosynthesis is primarily controlled by external factors and transcription
factors (TFs), mainly including MYB and bHLH TFs [34,35]. A total of 3625 TFs were
identified, with 783 showing differential expression in CgpsP vs. CgpsY, including bHLH,
WRKY, MYB, NAC, MADS-MIKC, MADS-M-type, and AP2/ERF-ERF. Twenty-six TFs
were annotated as being in the MYB family, including MYB5, MYB17, MYB23, MYB44
and MYB60. Forty-eight genes encode bHLH TFs. The expression pattern of differentially
expressed TFs with the 110g2FC| > 4.0 is illustrated in Figure 5, and the details can be
found in Supplementary Table S6.

700 Regulation

. down
6.00 ik

5.00

- TF-Family
4.00 MADS-M-type
AP2/ERF-ERF
3.00 bHLH
MYB
2.00 B WRKY

MADS-MIKC
1.00 I NAC

0.00

Cluster-36149.¢
TSETRE-IASLD)

Figure 5. Heatmap illustrating the expression profile of differentially expressed TFs related to
the biosynthesis of flavonoid metabolites. TFs with |1og2FC| > 4.0 are presented in a color scale
reflecting the log-transformed FPKM value, with the color in the innermost circle indicating different
TF families and each color in the legend on the right denoting their family identity. Upregulated and
downregulated TFs are depicted by blue and red bars, respectively.

Through the analysis of unigenes associated with flavonoids, with a specific em-
phasis on the anthocyanin biosynthesis pathway, structural genes involved in flavonoid
biosynthesis were identified, including PAL (1 transcript), 4CL (2), C4H (1), CHS (1), CHI
(3), F3H (1), F3’H (1), DFR (1), ANS (1), UFGT (10), FLS (3), and AOMT (1). Figure 6
illustrates the putative genes associated with the flavonoid biosynthesis, along with their
expression pattern; the details are shown in Supplementary Table S7. The expression level
of CHS (Cluster-17340.2), F3H (Cluster-16437.0), DFR (Cluster-20066.0), UFGT (Cluster-
36254.1, Cluster-36254.7, Cluster-13799.0, and Cluster-13713.0), and FLS (Cluster-26011.0)
was significantly upregulated in CgpsP. In contrast, the expression level of C4H (Cluster-
32574.0), CHS (Cluster-17340.1), and UFGT (Cluster-36254.0, Cluster-36254.2 and Cluster-
27682.0) was significantly downregulated in CgpsP. The levels of these critical genes in
the flavonoid biosynthesis pathway dictate the ultimate composition and content of antho-
cyanins and flavonoids.



Horticulturae 2024, 10, 372

10 of 15

Phenylalanine gy Cgpsp

1 PAL D G Cluster-8955.0

Cinnamic acid

12.00

A 4

[ Cluster-20040.0
4CL - Cluster-14320

p-coumaric acid

10.00

8.00

A 4

@D @ Cluster-19355.0
C4H QD @D Cluster-32574.0 %
@D 3D Cluster-32574.1

6.00 4-Coumaroyl-CoA

4.00

2.00 v

Cluster-17340.0
CHS (D @D Cluster-17340.1 %
@D @D Cluster-17340.2 %
@D @G Cluster-4150.0

Tetrahydroxychalcon

0.00

A 4

Cluster-19019.0
CHI @D @D Cluster-26459.0
@ Cluster-26459.1

Naringenin

A 4

FLS DFR

Cluster-18596.0 L |
@D @D Cluster-23704.0 cucopelar
@D (D Cluster-26011.0 % ANS
‘r A 4
Flavonols Pelargo

(Kaempferol)

A 4

GT

v

Dihydroflavonols —>—_ Dihydroq

F3H D@D Cluster-12247.0

Cluster-16437.0 *

D Cluster-20066.0 x | DFR

A4

gonidin Leucocyanidin

@D @8 Cluster-30952.0 | ANS

v

nidin Cyanidin
@D G Cluster-36254.0 s
GD G Cluster-36254.1 *
@D G Cluster-36254.2 sk
D @G Cluster-36254.4 % |GT
@D @D Cluster-36254.5
[ ] Cluster-36254.6
D G Cluster-36254.7 %
@D @D Cluster-13799.0 %

(D @IS Cluster-27682.0
@ @y Cluster-13713.0 *

Pg3G5G Cy3G/Cy3G5G

@D @GS Cluster-31247.0 lA OoMT
Pn3GS5G

uercetin

Figure 6. Expression pattern of predicted unigenes implicated in flavonoid biosynthesis in the wild

type and ‘Erebus’ cultivar of C. glauca. The final flavonoid or anthocyanin metabolites are marked in

green. The putative genes are marked in red. The heatmap depicts the expression pattern of each

gene corresponding to each step of the pathway in a color scale reflecting the log-transformed FPKM

values, where red stands for enhanced expression and blue indicates reduced expression in CgpsP vs.
CgpsY. The asterisks indicate the DEGs.
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3.4. Correlation between DEGs and Anthocyanins

The anthocyanin 3-O-glucosyltransferase (UFGT) is pivotal in the final step of antho-
cyanin synthesis, converting unstable anthocyanins into stable anthocyanins [24,36]. In
CgpsP vs. CgpsY, a significant association was observed between the levels of three puta-
tive UFGTs (Cluster-13713.0, Cluster-13799.0, and Cluster-27682.0) and 11 anthocyanins
(Figure 7, Supplementary Table S8). The expression levels of Cluster-13713.0 and Cluster-
13799.0, which were upregulated in CgpsP vs. CgpsY, showed marked positive corre-
lations with the levels of five cyanidins (cyanidin-3,5-O-diglucoside, cyanidin-3-O-(6"-
O-malonyl)glucoside, cyanidin-3-O-glucoside, cyanidin-3-O-rutinoside, and cyanidin-3-
O-sambubioside), four pelargonidins (pelargonidin-3,5-O-diglucoside, pelargonidin-3-O-
(6”-O-malonyl)glucoside, pelargonidin-3-O-glucoside, and pelargonidin-3-O-rutinoside),
and one peonidin (peonidin-3-O-glucoside). However, the levels of Cluster-13713.0 and
Cluster-13799.0 demonstrated a notable negative correlation with the level of malvidin-3-O-
glucoside. Conversely, the level of Cluster-27682.0, which was downregulated in CgpsP vs.
CgpsY, exhibited a notable negative correlation with the levels of 10 anthocyanins except
for malvidin-3-O-glucoside.

(Cyanidin-3,5-O-diglucoside) (Cyanidin-3-O-rutinoside)
Zbid001957 yanidin-3-O-rutinoside
el Zbep002823

(Pelargonidin-3,5-O-diglucoside)

pmel793

pme3392
Pelargenidin-3-O-glucoside

(Cyanidin-3-O-glucosidc)

pmb0550

Cly
Cliistei@y 35, ;;"13799.0 Zbip002396

Peonidin-3-O-glucoside

Clustef§$27682.0

(Pelargonidin-3-0-(6"-O-malenyl)gluceside)

pmb05354

LmjpO01877
Cyanidin-3-O-sambubioside

Zbsp002256
Pelargonidin-3-O-rutinoside pme0444
prib0542 Malvidin-3-O-glucoside (Ocnin)*

Cyanidin-3-0-(6"-O-malonyl)glucoside

Figure 7. Network diagram of the correlation between 3GT-like genes and anthocyanins. Solid lines
indicate positive correlations, while dashed lines represent negative correlations with their thickness
reflecting the degree of correlation. The red circles represent the DEGs. The green blocks represent the
different types of anthocyanins. The asterisk indicates that the isomer of the compound was detected.

3.5. Real-Time Quantitative PCR Validation

To validate DEGs in the wild type and cultivar of C. glauca, we selected nine DEGs
related to flavonoid biosynthetic pathways and confirmed their expression using qRT-
PCR. Overall, their expression pattern was consistent with the FPKM values obtained
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through transcriptome analysis (Supplementary Figure S3), indicating that the measured
transcriptome was reliable and effective.

4. Discussion

Flavonoids, including anthocyanins, flavonols, flavones, and proanthocyanidins, are
essential for the pigmentation processes of different plants and contribute to the diverse
array of colors visible in flowers and fruits. Among them, anthocyanins, produced via
the flavonoid biosynthesis pathway, contribute to the vibrant red, purple, and blue hues
in plants. Plants produce six major types of anthocyanins, namely cyanidin, delphinidin,
peonidin, malvidin, pelargonin, and petunidin, which can impart colors ranging from
pink to blue violet [8,9]. C. glauca, a horticultural plant with petaloid staminodes as the
main ornamental organ, has been widely cultivated in aquatic habitats due to its vibrant
flowers and long florescence. In this study, we discovered that the pigment composition
in the petaloid staminodes of C. glauca mainly comprise 412 flavonoids and 20 antho-
cyanins. Four types of anthocyanins and their derivatives, mainly including cyanidin,
pelargonin, peonidin, and malvidin, were detected in this study. Differential metabolite
analysis uncovered a significantly increased abundance of flavonoid compounds in the
petaloid staminodes of the ‘Erebus’ cultivar compared to the wild type. Specifically, the
concentration of anthocyanins in ‘Erebus’ is markedly higher, with greater levels of cyani-
din, pelargonidin, peonidin, and their derivatives, whereas the wild type exhibits higher
levels of malvidins. Notably, the ‘Erebus’ cultivar produces over 100 times higher concen-
trated cyanidins and peonidins than the wild type, whereas the wild type produces over
10 times higher malvidins than the ‘Erebus’ cultivar. The difference in pigment content
accounts for the variation in flower color between the wild type and ‘Erebus’ cultivar.
The overall amount of cyanidins and peonidins dictates the color intensity of the petaloid
staminodes of the ‘Erebus’ cultivar, while the ratio of cyanidins and peonidins governs
the hue of the flower color. A recent study in Alpinia revealed that the yellow pigments
in the labellum were produced by the joint action of flavonoids and carotenoids [14]. The
levels of 8-prenyl-7,4’-dihydroxy-5-methoxydihydroflavonol, gossypetin-8-O-glucoside,
and tricin-4’-O-glucoside were substantially increased in yellow tissues than in pink tissues,
implying their possible participation in the accumulation of yellow pigments. Given the
higher total flavonoid content in pink tissue compared to yellow tissue, we propose that
flavonoids may not be the main contributor to forming yellow flowers in the wild type of
C. glauca. In addition to flavonoids, carotenoids could also be involved in the development
of yellow pigments, but further investigation is needed.

The modulation of gene expression and enzymatic activities pertaining to flavonoid
biosynthesis is essential in determining the types and quantities of flavonoids generated
in different plant tissues. One key enzyme in this pathway is CHS, which converts 4-
coumaroyl-CoA to tetrahydroxy-chalcone. Variations in CHS expression levels give rise to
the formation of color polymorphism in the flowers of crabapple and arctic mustard [37,38].
We revealed a dramatic enhancement in the CHS transcript in the ‘Erebus’ cultivar com-
pared to the wild type and its correlation with anthocyanin content. CHI is another key
enzyme in the early stages of flavonoid synthesis. Out of the three CHI transcripts identified,
only one transcript exhibited a high expression level, with little difference in expression
between the pink and yellow tissues. This implies that CHI does not have a decisive impact
on the flower color variation between the wild type and ‘Erebus’ cultivar. This finding
aligns with a report showing no marked difference in CHI expression between the peels of
non-red and red apples [39]. F3’'H emerges as a critical determinant, governing the number
of hydroxyls in the B-ring of the anthocyanin aglycon and converting dihydroflavonol
to dihydroquercetin [40]. The notably higher expression level of F3'H in CgpsP could be
responsible for the increased accumulation of cyanidin/peonidin derivatives in the petaloid
staminodes of the ‘Erebus’ cultivar. DFR, recognized as a vital enzyme in the late stages of
anthocyanin biosynthesis, converts dihydroquercetin into leucoanthocyanins, thus serving
as a flavonoid source for the anthocyanin pathway. Variations in DFR levels have been
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associated with differences in anthocyanin contents and pigmentation patterns in plants
including Dianthus caryophyllus, crabapples, and Cymbidium sinense [41-43]. The elevated
expression of DFR in CgpsP likely contributes to the higher accumulation of pelargonidin
derivatives in the petaloid staminodes of the ‘Erebus’ cultivar. Glycosylation and methy-
lation processes could enhance anthocyanin stability and water solubility, consequently
impacting flower coloration in many plants, such as peach, purple celery, blueberries,
and blue chrysanthemums [44—47]. Metabolomic analysis revealed peonidins and mal-
vidins as the predominant anthocyanins in CgpsP and CgpsY, respectively, suggesting that
methylation occurred in both the ‘Erebus’ cultivar and the wild type.

This study functions as a basis for exploring the biochemical and molecular mecha-
nisms underlying anthocyanin accumulation, offering a theoretical framework for further
examination of the gene regulatory network governing anthocyanin biosynthesis in Canna.
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com/article/10.3390/horticulturae10040372/s1. Figure S1 (The volcano plot illustrating DAFs be-
tween CgpsP and CgpsY); Figure S2 (The barplot of GO enrichment of DEGs); Figure S3 (FPKM
validation by qRT-PCR); Table S1 (qQRT-PCR primers); Table S2 (The flavonoid metabolites detected in
the petaloid staminodes of C. glauca); Table S3 (The differentially accumulated flavonoids in CgpsP vs.
CgpsY); Table S4 (The differentially expressed genes in CgpsP vs. CgpsY); Table S5 (DEGs enriched in
the KEGG pathway pertaining to flavonoid biosynthesis in CgpsP vs. CgpsY); Table S6 (Differentially
expressed TFs related to the biosynthesis of flavonoid metabolites); Table S7 (Expression pattern of
predicted unigenes implicated in flavonoid biosynthesis in the wild type and ‘Erebus’ cultivar of
C. glauca); Table S8 (The correlation between DEGs and anthocyanins).
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