
Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Yuhui Liu,
Gansu Agricultural University, China

REVIEWED BY

Xiwen Li,
China Academy of Chinese Medical
Sciences, China
Nan Chao,
Jiangsu University of Science and
Technology, China

*CORRESPONDENCE

Anqi Ding
angeldaq@126.com

RECEIVED 11 November 2025
REVISED 15 January 2026
ACCEPTED 27 January 2026
PUBLISHED 17 February 2026

CITATION

Qiao S, Ding A, Wang J, Li M, Deng L,
Lin H, Hu H, Tang M, Tang S, Xia D, Jin H
and Wang G (2026) Integrated
metabolomic and transcriptomic
analyses reveal distinct �avonoid
biosynthetic pathways underlying petal
color diversity in Meconopsis.
Front. Plant Sci. 17:1743820.
doi: 10.3389/fpls.2026.1743820

COPYRIGHT

© 2026 Qiao, Ding, Wang, Li, Deng, Lin,
Hu, Tang, Tang, Xia, Jin and Wang. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

TYPE Original Research
PUBLISHED 17 February 2026
DOI 10.3389/fpls.2026.1743820
Integrated metabolomic and
transcriptomic analyses reveal
distinct �avonoid biosynthetic
pathways underlying petal color
diversity in Meconopsis
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Introduction: Flower color is a key ornamental and ecological trait that in�uences
both aesthetic appeal and pollinator interactions. Although the biosynthetic and
regulatory mechanisms of �oral pigmentation are well characterized in several
model species, they remain poorly understood in Meconopsis, an alpine genus
renowned for its striking color diversity. Elucidating the molecular basis of petal
coloration is crucial for the genetic improvement and conservation of this unique
ornamental resource.
Methods: Here, we combined metabolomic and transcriptomic analyses to
investigate the molecular mechanisms underlying �ower coloration in three
Meconopsis species—M. balangensis (blue), M. punicea (red), and M. integrifolia
(yellow)—using M. argemonantha (white) as a control.
Results: Metabolite pro�ling revealed strong correlations between color
parameters and pigment composition, particularly �avonoids and anthocyanins.
Blue and red pigmentation were primarily attributed to cyanidin- and delphinidin-
based anthocyanins, while yellow coloration resulted from quercetin derivatives.
Transcriptome analysis identi�ed key structural genes (F3’H, DFR, ANS, UFGT,
CHS, F3H, and FLS) and regulatory transcription factors (MYB and bHLH) that
collectively modulate �avonoid biosynthesis across species.
Discussion: Our �ndings demonstrate that divergence in the regulation of the
�avonoid biosynthetic pathway drives color differentiation among Meconopsis
species. This study provides new insight into the metabolic and transcriptional
control of alpine �ower coloration and establish a theoretical foundation for the
molecular breeding of novel Meconopsis cultivars.
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Introduction
Flower color is one of the most visually striking traits in plants
and plays crucial ecological and evolutionary roles by attracting
pollinators and in�uencing reproductive success (Yin et al., 2021;
Sagheer et al., 2022). The molecular mechanisms governing �oral
pigmentation have been extensively studied in several model and
ornamental plants; however, they remain poorly understood in
Meconopsis, an alpine genus celebrated for its remarkable diversity
of �ower colors. Meconopsis is a rare and ecologically important
genus distributed primarily in the high-altitude regions of China
(2,500stitud m) (Xiao and Simpson, 2017). Owing to its vibrant
yellow, red, purple, blue, and occasionally white �owers, Meconopsis
holds great ornamental value and is also recognized for its
medicinal and ecological signi�cance (Chen et al., 2023). The
vibrant petal coloration and dense pubescence on the leaves and
stems of Meconopsis are critical adaptations to high-altitude
environments, contributing to UV radiation resistance,
mechanical protection, and thermal insulation (Qu et al., 2019).
Moreover, a long-term adaptive relationship has evolved between
�oral color and pollinator behavior. Different pollinator groups
display distinct color preferences. For example, bees predominantly
forage on blue to purple �owers, while �ies exhibit a marked
preference for yellow-�owered plants (Nie et al., 2025). These
adaptive traits confer Meconopsis with signi�cant potential for
horticultural improvement and landscape use (Yu et al., 2020).

The development of �oral coloration is regulated by multiple
factors, including petal epidermal morphology, anthocyanins,
�avonoids, pH levels, metal ions, and environmental conditions
(Zhao and Tao, 2015). Flavonoids, carotenoids, and alkaloids are
the primary metabolites contributing to petal coloration
(Grotewold, 2006). Among these, �avonoid pigments are the
most extensively studied secondary metabolites. Flavonoids
mainly comprise �avones, �avonols, and anthocyanin glycosides,
which together produce a wide range of petal colors (Winkel
Shirley, 2001; Iwashina, 2015). Anthocyanins generally produce
red to blue pigmentation, whereas �avonols and �avones contribute
to white and yellow hues in petals (Masahiro et al., 2024). In
Pericallis hybrida, blue petals primarily accumulate delphinidin
with trace amounts of cyanidin (Jin et al., 2016). The yellow
pigmentation of Camellia nitidissima mainly results from
quercetin-3-O-b-D-glucoside and quercetin-7-O-b-D-glucoside
(Zhou et al., 2013).

The accumulation of anthocyanins and �avonols affects both
�ower development and color variation (Weiss, 2000; Wang et al.,
2021). Anthocyanin and �avonol biosynthesis together form the
core pathway of �avonoid metabolism (Tan et al., 2018). The
�avonoid biosynthetic pathway has been well characterized in
Arabidopsis thaliana, Petunia hybrida, and Antirrhinum majus
(Martin et al., 1991; Koes et al., 2005; Grotewold, 2006;
Nakatsuka et al., 2014). Flavonoid metabolism begins with
enzymatic reactions from phenylalanine, ultimately producing
�avones, �avonols, and anthocyanins (Liu et al., 2021). Early
�avonoid biosynthesis involves genes such as chalcone synthase
(CHS), chalcone isomerase (CHI), � avanone 3-hydroxylase (F3H),
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� avonoid 3’-hydroxylase (F3’H), and � avonoid 3�,5�-hydroxylase (F3�
5�H). Late anthocyanin biosynthesis is governed by dihydro� avonol
reductase (DFR), anthocyanidin synthase (ANS), and UDP-glucose:
� avonoid 3-O-glucosyltransferase (UFGT) (Fraser and Chapple,
2011; Peng et al., 2021).

Flavonoid biosynthesis is transcriptionally regulated by
transcription factors (TFs) that bind to speci�c cis-acting
elements within target gene promoters. The regulatory
mechanism of �avonoid biosynthesis has been well established,
with the conserved MBW complex—comprising MYB, basic helix–
loop–helix (bHLH), and WD40-repeat proteins—playing a central
role (Antonio et al., 2008). Other transcription factor families,
including bZIP, WRKY, and ERF, have also been implicated in
regulating �avonoid biosynthesis (An et al., 2018; Gu et al., 2024).
Among these, MYB and bHLH are the most extensively studied (Liu
et al., 2025).

Several studies have examined the �oral coloration and
environmental adaptability of Meconopsis (Qu et al., 2022).
Flavonoids are the primary pigments in Meconopsis, and key
biosynthetic genes such as UFGT and FLS have been identi�ed
(Tanaka et al., 2001; Qu et al., 2019; Wang et al., 2024).
Additionally, �oral color formation in Meconopsis has been
shown to depend on multiple factors, including petal pH, metal
ions (Mg�+ and Fe�+), and UV radiation (Yoshida et al., 2006; Ou
et al., 2024). However, Meconopsis includes diverse species with a
broad spectrum of �ower colors. The developmental, regulatory,
and biochemical mechanisms underlying petal color variation
remain poorly understood. Therefore, M. balangensis, M. punicea,
and M. integrifolia, bearing blue, red, and yellow petals respectively,
were selected to investigate the molecular mechanisms of petal
coloration. Petals at three developmental stages were analyzed for
epidermal cell morphology, phenotypic traits, pigment
composition, pH, and major pigments contributing to coloration,
to elucidate potential transcriptional regulatory mechanisms. This
study identi�es candidate genes and provides a theoretical
foundation for the molecular breeding of Meconopsis.
Materials and methods

Plant materials

The sampling of Meconopsis petals was approved by the
Administration Bureau of Sichuan Wolong National Nature
Reserve. Petals of M. balangensis, M. punicea, and M. integrifolia
were used as experimental materials. Samples were selected at �ve
�owering stages (S1–S5) (Figure 1A) in June 2023 from
approximately 4,000 m elevation in the Balang Mountain, Xiaojin
County, Sichuan Province, China (102°53�E, 30°55�N). The �ve
developmental stages included the early bud (S1), late bud (S2),
early �owering (S3), full bloom (S4), and late �owering (S5) stages.
A portion of the fresh petals was used to measure color parameters
(L*, a*, b*, C*) and for scanning electron microscopy (SEM)
observation. Remaining samples were immediately frozen in
liquid nitrogen and stored at �80 °C.
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Petals of M. argemonantha at full bloom (Figure 1B) were collected
from approximately 4,200 m elevation on Zhari Mountain, Longzi
County, Shannan City, Tibet Autonomous Region, China (92°58�E, 28°
40�N) Samples were immediately frozen in liquid nitrogen after
collection, transported to the laboratory, and stored at �80 °C. The
four species were abbreviated as Mb, Mp, Mi, and Ma, respectively.

Measurement of phenotypic parameters

Color phenotypes of Meconopsis tepals at three developmental
stages were measured using a colorimeter (CM-2600d, Konica Minolta,
Japan). Lightness (L*) and hue values (a* and b*) were recorded for
each petal sample. L*, a*, and b* represent the three coordinates in the
CIE Lab color space, collectively describing color appearance. L*
represents brightness ranging from black (0) to white (100); a*
ranges from red (positive) to green (negative); b* ranges from yellow
(positive) to blue (negative). Chroma (C*) was calculated using the
formula C* = (a� + b�)�/�, representing color saturation (Gonnet, 2001).
Five petals from each plant were measured three times. The mean of
�ve plants was used as the representative color value for each species.

Scanning electron microscopy observation
of petals

Petals at full bloom were cut into 5 mm × 5 mm squares and
immediately immersed in 3% glutaraldehyde �xative. Fixed samples
were washed three times with ultrapure water (UP) for 10 min each.
After post-�xation with 1% osmium tetroxide for 1 h, the samples
were again washed three times with UP water for 10 min each.
Samples were dehydrated through a graded ethanol series (30%,
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50%, 70%, 80%, 90%, 95%, 100%), with each step lasting 15 min.
Samples were dried using a critical-point dryer, mounted on stubs
with conductive adhesive and sputter-coated using an ion coater.
Finally, the samples were examined and imaged using a scanning
electron microscope (SEM) (He et al., 2021).

Quanti�cation of chlorophyll, carotenoid,
�avonoid, and total anthocyanin contents

Chlorophyll and carotenoid contents in Meconopsis tepals were
quanti�ed using a plant chlorophyll content detection kit
(Jiancheng, Nanjing, China) according to the manufacturer’s
protocol. Fresh petals were ground into �ne powder under liquid
nitrogen, and 0.05 g of the powder was used. Anhydrous ethanol
and acetone were mixed at a 1:2 (v/v) ratio to prepare the extraction
solution. To the prepared sample, 0.5 mL distilled water and 50 mg
of Reagent 1 were added and mixed thoroughly. The total volume
was adjusted to 2.5 mL, and samples were extracted in the dark for
approximately 3 h until the residue turned white, indicating
complete extraction. The mixture was centrifuged at 4,000 rpm
for 10 min. Using the extraction solution as a blank, absorbance
values were measured at 470, 663, and 645 nm, denoted as A470,
A663, and A645, respectively. Three biological replicates were
conducted for each sample. Chlorophyll and carotenoid contents
were calculated as follows:

Ca�(mg=g) = (12:7 � A663 � 2:46 � A645) � V � F ÷ W ÷ 1000;

Cb(mg=g) = (22:9 � A645 � 4:68 � A663) � V � F ÷ W ÷ 1000;
FIGURE 1

Petal developmental stages, distribution of hue values and �ve physiological indice values of different Meconopsis species. (A) Five stages petals of
three Meconopsis species. (B) Petals in full bloom of four Meconopsis species. (C) Distribution of hue a* and b* values among three �ower colors of
Meconopsis. (D) Five physiological indices of petals for three Meconopsis species across three developmental stages: (a) Chlorophyll content (mg/g);
(b) Carotenoid content (mg/g); (c) Flavonoid content (mg/g); (d) Total anthocyanin content (mg/g); (e) pH value. Different letters (a, b, c) indicate
signi�cant differences among the three developmental stages (p < 0.05).
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