
Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Pedro Garcia,
University of Almeria, Spain

REVIEWED BY

Cam Chau Nguyen,
Kansas State University, United States
Kaizheng Lu,
Central South University Forestry and
Technology, China

*CORRESPONDENCE

Tongbing Su
sutongbing@nercv.org

Shuancang Yu
yushuancang@nercv.org

RECEIVED 29 April 2026
REVISED 25 June 2026
ACCEPTED 02 July 2026
PUBLISHED 27 July 2026

CITATION

Zheng M, Li P, Xin X, Wang W,
Zhao X, Zhang D, Yu Y, Wang J,
Zhang F, Su T and Yu S (2026)
Integrated transcriptomic and
hormonal analysis suggests a trade-off
between salt/drought tolerance and
thermotolerance in Brassica rapa.
Front. Plant Sci. 17:1868194.
doi: 10.3389/fpls.2026.1868194

COPYRIGHT

© 2026 Zheng, Li, Xin, Wang, Zhao,
Zhang, Yu, Wang, Zhang, Su and Yu. 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 27 July 2026

DOI 10.3389/fpls.2026.1868194
Integrated transcriptomic
and hormonal analysis
suggests a trade-off between
salt/drought tolerance and
thermotolerance in Brassica rapa

Mei Zheng1,2,3,4, Peirong Li1,2,3,4, Xiaoyun Xin1,2,3,4,
Weihong Wang1,2,3,4, Xiuyun Zhao1,2,3,4, Deshuang Zhang1,2,3,4,
Yangjun Yu1,2,3,4, Jiao Wang1,2, Fenglan Zhang1,2,3,4,
Tongbing Su1,2,3,4* and Shuancang Yu1,2,3,4*

1State Key Laboratory of Vegetable Biobreeding, Beijing Vegetable Research Center (BVRC), Beijing
Academy of Agriculture and Forestry Science (BAAFS), Beijing, China, 2Key Laboratory of Biology and
Genetic Improvement of Horticultural Crops (North China), Ministry of Agriculture, Beijing, China,
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Introduction: Brassica rapa plants often face combined or sequential abiotic

stresses, but the potential negative association between salt/drought tolerance

and thermotolerance remains poorly understood. Most studies have focused on

individual stress responses, leaving the regulatory networks that may constrain

broad-spectrum resilience largely unexplored.

Methods:Here, we propose a hormone- and anthocyanin-centered framework for

understanding this apparent negative association in B. rapa, based on integrated

physiological, transcriptomic, hormonal and metabolic analyses across diverse

inbred lines.

Results: Physiological characterization of 11 lines revealed an apparent negative

association (salt vs. heat: r = –0.555; drought vs. heat: r = –0.339). Time-resolved

transcriptomics uncovered stress-specific temporal patterns: a triphasic response

under salt stress, a 'rapid response–readjustment–reactivation' pattern under

drought, and a biphasic mechanism under heat stress. Hormonal profiling

identified ABA and ethylene biosynthesis-related metabolites as correlates of

osmotic adaptation. The chalcone synthase gene BraA10g024990.3C (CHS)

showed genotype- and stress-specific expression and correlated with

anthocyanin accumulation. Exogenous hormone treatments indicated that ABA

and ethylene induce, while GA represses,CHS-mediated anthocyanin production.

Discussion: Despite the correlative nature of these data, this study provides a

candidate regulatory axis and suggests that hormone-directed anthocyanin

metabolism may contribute to the negative association between osmotic

tolerance and thermotolerance in B. rapa, offering targets for breeding multi-

stress-resilient crops.
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1 Introduction

Brassica rapa L. (B. rapa), is a globally significant vegetable crop

and a cornerstone species within the economically and nutritionally

vital Brassicaceae family. However, its widespread cultivation is

increasingly threatened by the escalating prevalence and intensity of

abiotic stresses, particularly salinity (Irulappan et al., 2023; Bano

et al., 2022), drought (Johnson and Rieseberg, 2022; Muthusamy

et al., 2020; Zhang et al., 2023), and high-temperature (heat) stress

(Quan et al., 2023; Zhang et al., 2022; Wang et al., 2024; Cao et al.,

2023). These environmental constraints not only occur indepen-

dently but frequently manifest in combination or succession within

dynamic agricultural ecosystems, imposing complex and often

antagonistic demands on plant adaptation (Zandalinas and

Mittler, 2022). The concurrent or sequential occurrence of such

stresses poses a formidable challenge for sustainable crop produc-

tivity, especially under climate change, where the frequency and

severity of these events are projected to increase (Reynolds

et al., 2015).

Decades of research have yielded substantial insights into the

physiological and molecular mechanisms underlying plant re-

sponses to individual abiotic stresses. For example, osmotic stress

tolerance, crucial for surviving salinity and drought, typically

involves abscisic acid (ABA)-mediated stomatal closure (Mishra

et al., 2006; Chen et al., 2020; Liu et al., 2022), accumulation of

compatible osmolytes (Yang and Guo, 2017; Wang et al., 2019), and

enhanced antioxidant defense systems (Laxa et al., 2019). In

contrast, thermotolerance often relies on rapid induction of heat

shock proteins (HSPs) (Mondal and Singh, 2023), maintenance of

membrane fluidity (Higashi and Saito, 2019), and activation of

specific transcriptional networks involving heat shock factors

(HSFs) (Ohama et al., 2017). While these pathways are reasonably

well-characterized in isolation, a less understood aspect is how

plants prioritize resource allocation and signaling pathways when

confronted with multiple, potentially conflicting stresses. This

phenomenon, often referred to as a physiological or molecular

‘trade-off,’ implies that robust adaptation to one stressor may come

at the expense of tolerance to another. Evidence suggests that the

molecular machinery optimized for osmotic stress (e.g., high ABA

signaling, energy-intensive osmolyte synthesis) might inherently

conflict with the requirements for effective heat dissipation and

protein stability maintenance under high temperature, potentially

constraining broad-spectrum resilience (Xu et al., 2025; Kan et al.,

2023; Yu and Li, 2024).

Plant hormone signaling networks, acting as central orchestrators

of stress adaptation, are prime candidates for mediating such negative

associations. Key hormones including ABA, jasmonic acid (JA),

cytokinins (CTK), brassinosteroids (BR), ethylene (ETH), and gib-

berellins (GA) dynamically interact to fine-tune stress responses

(Verma et al., 2016;Waadt et al., 2022).While ABA is well established

as a master regulator of drought and salt responses, and ethylene

plays roles in various stress adaptations, their specific interplay with

hormones like CTK and BR (implicated in growth and potentially

heat responses) remains poorly resolved in the context of cross-stress

tolerance trade-offs. Furthermore, secondary metabolites, including
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flavonoids and anthocyanins, contribute to stress mitigation through

antioxidant activity (Di Ferdinando et al., 2012), UV protection

(Ferreyra et al., 2021), and osmoregulation (Dabravolski and

Isayenkov, 2023). Their biosynthesis is tightly regulated by hormonal

and environmental cues (Zheng et al., 2025;Patil and Sharma, 2024),

but how their production is differentially prioritized under contrast-

ing stresses, and whether this contributes to observed trade-offs,

requires deeper investigation, particularly in B. rapa.

In this study, we employed an integrated physiological,

transcriptomic, hormonal and metabolic approach across a panel

of B. rapa inbred lines with contrasting stress responses. We

hypothesized that an apparent negative association between os-

motic tolerance and thermotolerance exists at the molecular level,

driven by distinct hormonal signatures and metabolic regulation.

Our objectives were: (1) to physiologically characterize the negative

association between salt/drought tolerance and thermotolerance;

(2) to delineate the temporal transcriptional programs underlying

salt, drought and heat responses; (3) to profile hormonal changes

associated with stress-specific adaptation; and (4) to identify can-

didate genes and metabolic pathways, particularly in anthocyanin

biosynthesis, that may contribute to this association. Through time-

course transcriptome sequencing, targeted hormone quantification,

and exogenous hormone treatments, we identified a candidate

regulatory axis linking hormone-directed anthocyanin metabolism

to the observed negative association. These findings provide mo-

lecular insights and potential targets for future breeding of multi-

stress-resilient B. rapa.
2 Results

2.1 Physiological characterization reveals
an apparent negative association between
salt/drought tolerance and
thermotolerance

Screening of 11 B. rapa inbred lines revealed an apparent

negative association between salt/drought tolerance and thermotol-

erance (Supplementary Figures 1A–C). To quantify this relation-

ship, we performed Pearson correlation analysis using wilting rates

under salt, drought and heat stress. A strong positive correlation

was observed between salt and drought stress responses (r = 0.921)

(Supplementary Figure 1D), indicating that lines with higher salt

tolerance also tended to possess higher drought tolerance. In

contrast, negative correlations were detected between salt and

heat stress (r = –0.555) and between drought and heat stress (r =

–0.339) (Supplementary Figure 1D), supporting the existence of a

negative association between osmotic (salt/drought) tolerance and

thermotolerance. Furthermore, based on the integrated tolerance

scores (salt, drought and heat tolerance), the 11 lines were clustered

into two distinct groups. Group I (thermotolerant: 240, 16A-1, JL,

R0–18 and WJ006) exhibited high heat tolerance but low salt/

drought tolerance, whereas Group II (salt/drought tolerant: 32, 37,

49, 123, 129 and 16N-1132) showed the opposite pattern
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(Supplementary Figure 1E). Within each group, the stress tolerance

traits were highly consistent, further corroborating the divergent

adaptive strategies among B. rapa germplasm.

To further investigate this apparent negative association, we

selected four representative lines (129, 49, 16A-1, and R0-18) from

the two groups and subjected them to salt, drought, and heat stress,

respectively. Lines 129 and 49 demonstrated robust salt tolerance

under 250 mMNaCl, as evidenced by a low wilting rate (~20%) and

stable chlorophyll content (no significant difference vs. control, P >

0.05), despite a 50% reduction in aboveground fresh weight

(Figures 1A–D). Similarly, under drought stress (20% PEG6000),

line 129 exhibited minimal inhibition of aboveground biomass,

while line 49 displayed the lowest wilting rate (~15%) and main-

tained chlorophyll levels comparable to controls (Figures 1E–H). In

stark contrast, both lines showed extreme sensitivity to heat stress

(40°C), with nearly complete wilting (95% wilting rate), a 62%

reduction in chlorophyll content, and significant declines in above-

ground fresh weight after 48 h (Figures 1I–L). Conversely, lines

16A-1 and R0–18 exhibited superior thermotolerance, retaining

high chlorophyll stability (only 15% degradation) and a low wilting

rate (~15%) under heat stress (Figures 1I–L). However, these heat-

tolerant lines displayed weakened salt/drought adaptability, with

pronounced growth inhibition and wilting under salinity and

drought conditions (Figures 1A–H). These physiological metrics
Frontiers in Plant Science 03
are consistent with a negative association between salt/drought

tolerance and thermotolerance in the tested B. rapa germplasm.

2.2 Dynamic transcriptional
reprogramming under salt, drought, and
heat stress

2.2.1 Salt stress response

Time-course transcriptome analysis of four B. rapa inbred lines

under 250 mM NaCl stress revealed temporal changes in gene

expression. The number of shared differentially expressed genes

(DEGs) across all lines progressively increased from 274 at 12 h to

1,688 at 48 h. Salt-tolerant genotypes (129 and 49) showed greater

transcriptional plasticity, with DEGs expanding from 409 to 1,530

over the same period (Figures 2A–C; Supplementary Figure 2;

Supplementary Table 1). Phase-specific GO enrichment indicated

a temporal cascade: at 12 h, enrichment of ROS scavenger genes

(APX, SOD) suggested early oxidative defense (Figure 2D;

Supplementary Figures 3A, B); at 24 h, genes involved in acid

chemical response pathways were overrepresented, pointing to mid-

phase cellular homeostasis (Figure 2E); and at 48 h, root develop-

ment regulators (WOX5, LBD16) were enriched, implying late

structural adaptation (Figure 2F; Supplementary Figures 3C, D).
FIGURE 1

Phenotypic and physiological characterization of four B. rapa inbred lines under salt, drought, and heat stresses. (A) Phenotypes of seedlings after 7 days of
250 mM NaCl treatment. (B–D) Shoot fresh weight (B), chlorophyll content (C), and wilting rate (D) under salt stress. (E) Phenotypes of seedlings after 7 days
of 20% PEG6000 treatment. (F–H) Shoot fresh weight (F), chlorophyll content (G), and wilting rate (H) under drought stress. (I) Phenotypes of seedlings after
12 h of 40°C heat stress followed by 7 days of recovery at 22°C. (J–L) Shoot fresh weight (J), chlorophyll content (K), and wilting rate (L) under heat stress.
Salt/drought tolerant lines (129 and 49) and thermotolerant lines (16A-1 and R0-18) are indicated. Data are presented as mean ± SD (n = 3 biological
replicates, each with 10 plants). Different lowercase letters above bars indicate significant differences among genotypes under the same stress condition
(one-way ANOVA, Duncan’s multiple range test, P < 0.05).
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KEGG analysis further identified pathways related to hormone

signaling crosstalk (ABA-JA-ethylene) (Figures 2G–I ;

Supplementary Figure 4), endoplasmic reticulum stress adaptation

(BiP, PDIL) (Figure 2G; Supplementary Figures 3E, F), and nitrogen

metabolic reprogramming (GS/GOGAT) (Figure 2I; Supplementary

Figure 3G). Together, these temporal patterns are consistent with a

multi-stage response: early (0–12 h) activation of ABA-mediated

and ROS-scavenging pathways, followed by metabolic optimization

involving MAPK and nitrogen networks (12–24 h), and later

(>24 h) changes in root development-associated transcripts.

2.2.2 Drought stress response

Under drought stress, the common DEGs across the four lines

showed a dynamic pattern of ‘rapid response-readjustment-
Frontiers in Plant Science 04
reactivation’, with numbers of 3,038 at 12 h, 1,189 at 24 h, and

2,883 at 48 h (Figures 3A–C; Supplementary Figure 5;

Supplementary Table 2). Drought tolerant lines 129/49 showed a

time-specific DEG changes (12 h/420→24 h/732→48 h/663) com-

pared with the sensitive lines (Figures 3A–C). Functional enrich-

ment analysis showed that at 12 h, drought-tolerant lines activated

genes involved in ‘response to reactive oxygen species’, including

photoprotection (HY5) and ROS scavenging (APX1) (Figure 3D;

Supplementary Figures 6A, B). At 24 h, enrichment of mitotic

cytokinetic process genes (CYCB) suggested cell cycle regulation,

possibly reflecting resource allocation (Figure 3E; Supplementary

Figure 6C). At 48 h, ‘response to organic substance’ was enriched,

with accumulation of transcripts for osmoregulatory substances

(P5CS) and secondary metabolites (DODA) (Figure 3F;

Supplementary Figures 6D, G). KEGG analysis pointed to pathways
FIGURE 2

Transcriptomic dynamics of B. rapa under salt stress (250 mM NaCl). (A–C) Venn diagrams showing the numbers of differentially expressed genes (DEGs)
identified at 12 h (A), 24 h (B) and 48 h (C) versus 0 h (control) in the four genotypes (129, 49, 16A-1 and R0-18). The overlapping regions indicate DEGs
shared among genotypes, while non−overlapping regions represent genotype−specific DEGs. (D–F) Gene Ontology (GO) enrichment analysis of DEGs
specifically upregulated in salt−tolerant lines (129 and 49) at 12 h (D), 24 h (E) and 48 h (F). Only the top 15 enriched GO terms are shown (P < 0.05). (G–I)
KEGG pathway enrichment analysis of DEGs specifically upregulated in salt−tolerant lines (129 and 49) at 12 h (G), 24 h (H) and 48 h (I). The size of the dots
represents the number of genes, and the color gradient indicates the significance level (P-value). Pathways related to hormone signaling are highlighted.
DEGs were defined as |log2FC| ≥ 1 and adjusted P < 0.05 (Benjamini−Hochberg correction).
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including endoplasmic reticulum protein processing (BIP),

brassinosterol synthesis (DWF5), and betalain metabolism

(Figures 3G–I; Supplementary Figures 6E, F, 7). Notably, a

DODA-encoding gene, which in other plant families functions in

betalain synthesis, was induced under drought; however, since

Brassicaceae do not produce betalains, the specific role of this

gene in B. rapa drought response remains unknown and requires

further investigation.

2.2.3 Heat stress response

Transcriptomic profiling under 40°C heat stress revealed dy-

namic changes in gene expression. At 3 h post-treatment, 2,726

genes were commonly induced across all four genotypes, while 668

genes were specifically upregulated in thermotolerant lines (16A-1,
Frontiers in Plant Science 05
R0-18) (Figure 4A). GO enrichment analysis of these 668 genes

showed significant associations with “nicotinamide nucleotide met-

abolic process” and “pyridine nucleotide metabolic process”

(Figure 4C). KEGG pathway analysis identified enrichment in

“sulfur metabolism” and “glutathione metabolism” (Figure 4D).

The early induced genes included heat shock factors (HSFs),WRKY,

and NAC family members, suggesting a conserved early transcrip-

tional response (Supplementary Figures 8, 9A–E; Supplementary

Table 3). By 12 h, the total number of heat-induced genes increased

to 3, 694, with thermotolerant genotypes exhibiting 639 unique

DEGs (Figure 4B). Functional enrichment analysis of these late-

phase DEGs revealed associations with ‘hyperosmotic response’

and, ‘response to endogenous stimulus’, while KEGG analysis

implicated ‘beta-Alanine metabolism’ and the ‘alpha-Linolenic

acid metabolism’ (Figures 4E, F). Notably, several genes, including
FIGURE 3

Transcriptomic dynamics of B. rapa under drought stress (20% PEG6000). (A–C) Venn diagrams showing the numbers of differentially expressed
genes (DEGs) identified at 12 h (A), 24 h (B) and 48 h (C) versus 0 h (control) in the four genotypes (129, 49, 16A-1 and R0-18). The overlapping
regions indicate DEGs shared among genotypes, while non-overlapping regions represent genotype-specific DEGs. (D–F) Gene Ontology (GO)
enrichment analysis of DEGs specifically upregulated in drought tolerant lines (129 and 49) at 12 h (D), 24 h (E) and 48 h (F). Only the top 15
enriched GO terms are shown (P < 0.05). (G–I) KEGG pathway enrichment analysis of DEGs specifically upregulated in drought tolerant lines (129
and 49) at 12 h (G), 24 h (H) and 48 h (I). The size of the dots represents the number of genes, and the color gradient indicates the significance level
(P-value). DEGs were defined as |log2FC| ≥ 1 and adjusted P < 0.05 (Benjamini-Hochberg correction).
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PMEI7, PHOS34, GGT3 and JAR1, showed significant expression

differences, with markedly higher upregulation in thermotolerant

lines than in heat-sensitive lines (Supplementary Figures 9F–I).
Frontiers in Plant Science 06
2.3 Hormonal crosstalk underlies stress-
specific responses

KEGG pathway enrichment analysis indicated that plant hor-

mone signal transduction pathways were involved in the responses

to salt, drought and heat stress in B. rapa. Time-course profiling of

hormone dynamics revealed that cytokinin (CTK), jasmonic acid

(JA) and brassinosteroid (BR) showed notable changes under all

three stress conditions, whereas other hormones exhibited more

stress specific patterns (Table 1, Supplementary Figures 4, 7, 10). To

validate the hormone-related signaling pathways identified by

transcriptome analysis, we measured ABA, GA, and the ethylene

biosynthesis-related metabolites (SAM and ACS) in four genotypes

(129, 49, 16A-1, R0-18) under salt, drought and heat stress

(Figure 5). ABA content initially increased and then decreased

under all three stresses. However, significant genotypic differences

were observed only under salt and drought stress. Under salt stress

at 24 h, ABA levels of 129 and 49 were significantly higher than in

16A-1 and R0-18 (Figure 5A). Under drought stress, ABA levels in

129 and 49 remained higher at both 24 h and 48 h, whereas no

genotypic difference was detected under heat stress (Figures 5B, C).

GA content decreased under salt stress, but the reduction did not
FIGURE 4

Transcriptional regulation of thermotolerance in B. rapa under heat stress (40°C). (A) Venn diagram showing the numbers of differentially expressed genes
(DEGs) identified at 3 h versus 0 h (control) in the four genotypes (129, 49, 16A-1 and R0-18). The overlapping regions indicate DEGs shared among
genotypes, while non-overlapping regions represent genotype-specific DEGs. (B) Venn diagram of DEGs identified at 12 h versus 0 h. (C, D) Gene Ontology
(GO) enrichment analysis (C) and KEGG pathway enrichment analysis (D) of DEGs specifically upregulated in thermotolerant lines (16A-1 and R0-18) at 3 h.
(E, F) Gene Ontology (GO) enrichment analysis (E) and KEGG pathway enrichment analysis (F) of DEGs specifically upregulated in thermotolerant lines (16A-1
and R0-18) at 12 h. Only the top 15 enriched GO terms are shown (P < 0.05). The size of the dots represents the number of genes, and the color gradient
indicates the significance level (P-value). DEGs were defined as |log2FC| ≥ 1 and adjusted P < 0.05 (Benjamini-Hochberg correction).
TABLE 1 KEGG pathway enrichment of plant hormone signal transduction

under salt, drought and heat stress at different time points.

Stress
type

Time point
Enriched hormone signaling

pathways

Salt stress

12 h vs 0 h JA

24 h vs 0 h CTK, ABA, JA, ETH, BR

48 h vs 0 h CTK, ABA, JA, ETH, BR

Drought
stress

12 h vs 0 h CTK, BR

24 h vs 0 h CTK, BR

48 h vs 0 h CTK, GA, ABA, BR, JA, SA

Heat stress 12 h vs 0 h CTK, BR, JA, SA
Hormone related pathways enriched in DEGs specifically upregulated in salt tolerant lines
(129 and 49) under 250 mMNaCl (12, 24 and 48 h vs 0 h), drought tolerant lines (129 and 49)
under 20% PEG6000 (12, 24 and 48 h vs 0 h), and thermotolerant lines (16A-1 and R0-18)
under 40°C heat stress (12 h vs 0 h) are summarized. Only pathways with P < 0.05 (Benjamini-
Hochberg corrected) are shown. CTK, cytokinin; JA, jasmonic acid; ABA, abscisic acid; ETH,
ethylene; BR, brassinosteroid; GA, gibberellin; SA, salicylic acid.
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differ significantly among genotypes (Figure 5D). Under heat stress,

GA levels remained comparable to the control (Figure 5F). Notably,

under drought stress, GA content was significantly down-regulated

in lines 129 and 49 but remained stable in 16A-1 and R0-18

(Figure 5E). For ethylene, we measured the content of its biosyn-

thetic precursor S-adenosylmethionine (SAM) and the activity of

the key enzyme 1-aminocyclopropane-1-carboxylic acid synthase

(ACS). Under salt stress, both SAM and ACS accumulated in a

time-dependent manner in lines 129 and 49, reaching a peak at 24 h,

with levels significantly higher than those in 16A-1 and R0-18

(Figures 5G, J). This temporal pattern was similar to that of ABA.

Under drought and heat stress, no significant differences in SAM or

ACS levels were observed among the four lines (Figures 5H, I, K, L).
Frontiers in Plant Science 07
2.4 Anthocyanin biosynthesis is associated
with stress responses via
BraA10g024990.3C (CHS)

To investigate the molecular responses to salt, drought, and heat

stress across four genotypes (16A-1, R0-18, 49, and 129), we

performed DEG analysis comparing 12 h stress-treated samples

with untreated controls (0 h). A total of 37 genes were consistently

differentially expressed across all four genotypes under the three

stress conditions (Figure 6A). Gene Ontology (GO) enrichment

analysis revealed that these genes were primarily associated with

‘long-day photoperiodism’, ‘response to high light intensity’ and

‘flavonoid biosynthetic process’ (Figure 6B). Given the well-
FIGURE 5

Hormonal dynamics of four B. rapa inbred lines under salt, drought and heat stress. (A–C) ABA content under salt (A), drought (B) and heat stress (C). (D–F)
GA content under salt (D), drought (E) and heat stress (F). (G–I) ACS content under salt (G), drought (H) and heat stress (I). (J–L) SAM content under salt (J),
drought (K) and heat stress (L). Salt/drought tolerant lines (129 and 49) and thermotolerant lines (16A-1 and R0-18) are indicated by different line colors. Data
are presented as mean ± SD (n = 3 biological replicates, each with 10 plants). Asterisks indicate significant differences between tolerant and sensitive lines at
the same time point (**P < 0.01, ***P < 0.001; one-way ANOVA, Duncan’s multiple range test). SAM, S-adenosylmethionine; ACS, 1-aminocyclopropane-1-
carboxylic acid synthase.
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documented role of flavonoids in plant stress adaptation, we

focused on the three genes annotated to the ‘flavonoid biosynthetic

process’ pathway. Among these genes, BraA10g024990.3C exhibited

distinct expression profiles under different stresses (Figure 6C).

Under salt and drought stress at 12 h, BraA10g024990.3C showed

significant upregulation in stress-tolerant genotypes 129 and 49

(2.1- to 5.5-fold vs. control, P < 0.01), whereas heat stress induced

pronounced upregulation in thermotolerant genotypes 16A-1 and

R0-18 (3.5- to 7.8-fold, P < 0.001) (Figures 6D–F). Temporal

expression analysis further demonstrated that BraA10g024990.3C

was predominantly upregulated during salt and drought stress, with
Frontiers in Plant Science 08
stronger induction in 129 and 49 (peak 10.3-fold at 48 h, P < 0.001)

(Figures 6D–F). Conversely, under heat stress, its expression was

markedly elevated in 16A-1 and R0-18 (7.8-fold at 12 h, P < 0.001)

(Figures 6D–F). These expression patterns indicate that

BraA10g024990.3C responds to multiple stresses in a genotype-

and stress-dependent manner.

Bioinformatic analysis identified BraA10g024990.3C encodes

chalcone synthase (CHS), a key enzyme catalyzing anthocyanin

biosynthesis in leaves and stems. The protein comprises 395 amino

acids, featuring conserved Chalcone and stilbene synthases (CHS/

STS) domains at both N- and C-termini (Supplementary Figure 11).
FIGURE 6

Integrated functional characterization of common DEGs and temporal expression of flavonoid biosynthesis genes under salt, drought and heat
stress. (A) Venn diagram showing common DEGs identified across salt, drought and heat stress at 12 h versus 0 h. The overlapping region indicates
37 genes that were consistently differentially expressed across all three stress conditions. (B) GO enrichment analysis of the 37 common DEGs. Only
the top 15 enriched GO terms are shown (P < 0.05). (C) Heatmap of expression profiles of flavonoid biosynthesis-related genes among the 37
common DEGs in the four genotypes (129, 49, 16A-1 and R0-18) under salt, drought and heat stress. Red and blue indicate high and low expression
levels, respectively. (D–F) Temporal expression patterns of BraA10g024990.3C (CHS) under salt (D), drought (E) and heat stress (F). Data are
presented as mean ± SD (n = 3 biological replicates, each with 10 plants). Different lowercase letters indicate significant differences among
genotypes at the same time point (one-way ANOVA, Duncan’s multiple range test, P < 0.05). DEGs were defined as |log2FC| ≥ 1 and adjusted
P < 0.05 (Benjamini-Hochberg correction).
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Amino acid sequence alignment analysis revealed high homology

(88.55% sequence similarity) with Arabidopsis thaliana CHS

(AT5G13930), suggesting functional conservation (Supplementary

Figure 12). Through cis-regulatory element prediction analysis of

the CHS promoter region (–2000 bp relative to TSS), we identified

both phytohormone-responsive motifs (ABRE, ERE, MYB/MYC-

binding sites, and TCA-element) and abiotic stress-responsive cis-

elements (MBS, STRE, and LTR) (Supplementary Figure 13). The

cis-element profiling is consistent with a potential role of CHS in

stress adaptation in B. rapa.

Quantification of anthocyanin levels under stress treatments

showed that salt- and drought-tolerant genotypes 129 and 49

exhibited about 1.4- and 1.6-fold higher anthocyanin accumulation

compared to 16A-1 and R0–18 after 48 h treatment (P < 0.01)

(Figures 7A, B). Conversely, thermotolerant genotypes 16A-1 and

R0–18 showed 2.1- to 2.8-fold elevated anthocyanin levels under

heat stress relative to 129 and 49 after 12 h heat stress (P < 0.001)

(Figure 7C). These results indicate that anthocyanin accumulation

is positively correlated with stress resilience in the tested genotypes

under the respective stress conditions.

2.5 Differential responsiveness of the CHS-
anthocyanin pathway to exogenous
hormones

Consistent with established phytohormonal regulation of flavo-

noid biosynthesis, exogenous hormone treatments were applied to

four B. rapa inbred lines to examine their effects on

BraA10g024990.3C (CHS) expression and anthocyanin accumula-

tion. ABA pretreatment upregulated CHS expression and anthocy-

anin content across all lines (P < 0.01). The induction was

significantly higher in salt/drought-tolerant lines 129/49 than in

thermotolerant lines 16A-1/R0-18 (CHS: 11.6 – 12.3-fold vs. 7.21 –

7.76-fold; anthocyanins: 4.01 – 4.28-fold vs. 2.20 – 2.51-fold

(Figures 8A, D). Ethephon (an ethylene-releasing agent) also

enhanced CHS and anthocyanins in all inbred lines (CHS:3.59 –

5.79-fold; anthocyanins: 2.15 – 3.54-fold), with no significant

genotypic difference observed (Figures 8B, E). In contrast, GA
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anthocyanins: 0.33 – 0.72-fold) (Figures 8C, F).

In summary, exogenous ABA and ethylene (ethephon) both

promoted CHS expression and anthocyanin accumulation, whereas

GA suppressed these parameters. The magnitude of ABA-induced

CHS upregulation and anthocyanin increase was significantly

greater in the salt/drought−tolerant lines (129 and 49) than in the

thermotolerant lines (16A−1 and R0−18), whereas ethylene induced

comparable responses across all four genotypes. These results

indicate that the responsiveness of the CHS−anthocyanin pathway

to specific hormones differs between genotypic groups and stress

adaptation types.
3 Discussion

3.1 An apparent negative association
between salt/drought tolerance and
thermotolerance in B. rapa

This study provides evidence for an apparent negative associ-

ation between salt/drought tolerance and thermotolerance across

diverse B. rapa inbred lines. Physiological validation using four

representative lines (salt/drought-tolerant: 129, 49; thermotolerant:

16A-1, R0-18) supported this observation (Figure 1). Salt/drought-

tolerant lines maintained low wilting rates, stable chlorophyll

content, and minimized biomass loss under high salinity (250

mMNaCl) or osmotic stress (20% PEG6000), yet exhibited extreme

susceptibility to heat stress (40°C), manifesting as near-complete

wilting and severe chlorophyll degradation (62% reduction)

(Figure 1). Conversely, thermotolerant lines displayed robust chlo-

rophyll stability (only 15% degradation) and low wilting under heat

stress but suffered significant growth inhibition under salt/drought

conditions (Figure 1). Correlation analysis across 11 lines further

supported this negative association, with Pearson correlation coef-

ficients of r = –0.555 between salt and heat stress responses and r =

–0.339 between drought and heat stress responses (Supplementary
FIGURE 7

Anthocyanin accumulation in B. rapa under salt, drought and heat stress. (A) Anthocyanin content under salt stress (250 mM NaCl) at 12, 24 and 48 h
post-treatment. (B) Anthocyanin content under drought stress (20% PEG6000) at 12, 24 and 48 h post-treatment. (C) Anthocyanin content under
heat stress (40°C) at 3 and 12 h post-treatment. Salt/drought-tolerant lines (129 and 49) and thermotolerant lines (16A-1 and R0-18) are indicated by
different line colors. Data are presented as mean ± SD (n = 3 biological replicates, each with 10 plants). Asterisks indicate significant differences
between tolerant and sensitive lines at the same time point (**P < 0.01, ***P < 0.001; one-way ANOVA, Duncan’s multiple range test).
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Figure 1D). This physiological divergence may reflect different

resource allocation priorities: salt/drought-adapted genotypes

invest in osmotic adjustment and reactive oxygen species (ROS)

detoxification, whereas thermotolerant genotypes prioritize main-

taining protein conformational stability and membrane integrity.

Such inherently different strategies may create a potential

conflict when plants face contrasting stresses sequentially

or simultaneously.

3.2 Dynamic transcriptional
reprogramming and hormonal patterns
associated with stress-specific adaptation

3.2.1 Triphasic transcriptional patterns in salt
stress adaptation

Salt stress elicited a time-dependent increase in DEGs in

tolerant lines (129, 49). The temporal patterns were consistent

with a multi-stage response: at 12 h, activation of ROS scavengers

(e.g., APX, SOD) was observed (Figure 2D; Supplementary

Figures 3A, B); at 24 h, enrichment of cellular homeostasis pathways

occurred; and at 48 h, changes in root development regulators (e.g.,

WOX5, LBD16) were evident (Figure 2F; Supplementary

Figures 3C, D). KEGG analysis identified pathways related to

hormone signaling crosstalk (ABA-JA-ethylene), endoplasmic re-

ticulum stress adaptation (BiP, PDIL) (Figure 2G; Supplementary

Figures 3E, F), and nitrogen metabolic reprogramming (GS/

GOGAT) (Figure 2I; Supplementary Figure 3G). While aspects of

this response are conserved (e.g., ABA signaling (Lamers et al.,

2025), ER stress (Liu et al., 2007)), the coordinated changes in

nitrogen metabolism and root developmental-associated transcripts

in B. rapa may represent a distinct strategy for long-term salin-

ity resilience.
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3.2.2 Temporal modules associated with drought
stress response

The drought response exhibited a distinct ‘rapid response -

readjustment - reactivation’ DEG pattern. Tolerant lines (129/49)

showed stage-specific changes: (i) at 12 h, enrichment of

photoprotection (HY5) and ROS clearance (APX1) genes

(Figure 3D; Supplementary Figures 6A, B); (ii) at 24 h, cell cycle

regulat ion (CYCB)-associated transcripts (Figure 3E;

Supplementary Figure 6C); and (iii) at 48 h, accumulation of

transcripts for osmolytes (P5CS) and secondary metabolites genes

(Figure 3F; Supplementary Figure 6D). KEGG analysis highlighted

pathways including ER protein processing (BiP), brassinosteroid

synthesis (DWF5), and betalain metabolism (Figures 3G–I;

Supplementary Figures 6E, F). Notably, a DODA-encoding gene,

which in other plant families functions in betalain synthesis, was

induced under drought in the tolerant lines (Supplementary Figure

6G). However, since Brassicaceae do not produce betalains

(Timoneda et al., 2019), the specific function of this DODA-

homolog in B. rapa remains unknown and warrants fur-

ther investigation.

3.2.3 Temporal patterns in heat stress response

Heat stress triggered a conserved early response across all

genotypes at 3 h, characterized by rapid induction of approximately

2, 726 genes, predominantly transcription factors (HSFs (Guo et al.,

2016), WRKY (Li et al., 2010), NAC (Ren et al., 2021)) (Figure 4A;

Supplementary Figures 8, 9A–E). By 12 h, thermotolerant lines

(16A-1, R0-18) exhibited 639 unique DEGs, enriched in hormone

signal transduction (Figures 4E, F, Supplementary Figures 9F–I).

This temporal shift suggests that sustained thermotolerance may

involve genotype-specific metabolic reprogramming beyond the
FIGURE 8

Hormonal regulation of CHS expression and anthocyanin biosynthesis. (A–C) Relative expression of BraA10g024990.3C (CHS) under exogenous ABA (A),
ethylene (ethylene-releasing agent, (B)), and GA3 (C) treatments. (D–F) Anthocyanin content under ABA (D), ethylene (E), and GA3 (F) treatments. Four
genotypes (129, 49, 16A-1 and R0-18) were treated with 100 µM ABA, 200 µM ethephon, or 100 µM GA3, with distilled water as the control. Samples were
collected at 12 h post-treatment. Data are presented as mean ± SD (n = 3 biological replicates, each with 10 plants). Asterisks indicate significant differences
compared to the corresponding control (**P < 0.01, ***P < 0.001, ****P < 0.0001; Student’s t-test). CHS expression was normalized to the internal reference
gene BraActin. Anthocyanin content was measured as absorbance at 530 nm and normalized to fresh weight (FW).
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initial HSP-dominated shock response commonly observed in

models like Arabidopsis (Yamada et al., 2007).

3.2.4 Hormonal signatures associated with stress
specificity

Integrated hormone profiling revealed distinct spatio-temporal

patterns. ABA levels were significantly higher in salt/drought-

tolerant lines under salt and drought stress. CTK and BR showed

dynamic changes across all three stresses. Under salt stress, the

ethylene biosynthesis-related metabolites SAM and ACS activity

increased predominantly in tolerant lines. Under drought stress,

GA levels decreased. These observations suggest that different

hormones or their biosynthesis pathways are associated with

specific stress conditions. However, given the correlative nature of

these data (e.g., ethylene gas was not directly measured), the

proposed regulatory relationships require further experimen-

tal validation.

3.3 Chalcone synthase as a candidate gene
associated with stress responses via
anthocyanin metabolism

3.3.1 Genotype- and stress-specific expression of
BraA10g024990.3C (CHS)

The gene BraA10g024990.3C, encoding chalcone synthase (CHS),

a key anthocyanin biosynthetic enzyme, showed significant genotype-

specific upregulation: under salt/drought stress in tolerant lines (129,

49) and under heat stress in thermotolerant lines (16A-1, R0-18). CHS

expression correlated with the observed stress-specific anthocyanin

accumulation patterns (Sun and Liang, 2019). Its high sequence

similarity (88.55%) and conserved CHS/STS domain with

Arabidopsis CHS (AT5G13930) suggest functional conservation. This

genotype-and stress-specific expression profile identifies CHS as a

candidate regulator that may direct metabolic flux toward protective

anthocyanin synthesis in a context-dependent manner. However,

direct functional evidence is needed to confirm its causal role.

3.3.2 A hormone-anthocyanin axis potentially
associated with the negative association

Exogenous hormone treatments and endogenous profiling

revealed a regulatory pattern for CHS and anthocyanins: ABA

and ethylene (or its biosynthetic precursors) act as inducers, while

GA functions as a repressor. The induction by ABA/ethylene was

greater in inbred lines naturally tolerant to the corresponding stress

(ABA/ethylene in salt/drought-tolerant lines; ethylene in

thermotolerant lines under heat). Under salt/drought stress, toler-

ant lines exhibited elevated ABA coupled with GA depletion,

correlating with increased CHS expression and anthocyanin medi-

ated antioxidant/osmotic protection. Under heat stress,

thermotolerant lines showed ethylene biosynthetic precursors ac-

cumulation, which was associated with CHS induction and antho-

cyanin accumulation, potentially contributing to photoprotection

and membrane stabilization. These correlative findings suggest that
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hormone directed reprogramming of anthocyanin metabolism may

contribute to a metabolic partition, channeling resources either

toward osmotic/oxidative defense (under salt/drought via ABA) or

toward thermoprotection (under heat via ethylene), consistent with

the observed negative association between salt/drought tolerance

and thermotolerance. Future studies employing genetic approaches,

such as CRISPR/Cas9-mediated knockout or overexpression of

BraA10g024990.3C in B. rapa, are essential to establish its causal

role in mediating this negative association.
4 Conclusion

Based on the integrated physiological, transcriptomic, hor-

monal and metabolic analyses, we propose a tentative working

model. In this model, divergent hormonal signatures—ABA and

ethylene dominance under salt/drought stress versus CTK/BR

prominence and ethylene induction under heat stress—are associ-

ated with stress specific transcriptional reprogramming (Figure 9).

This pattern appears to converge on the differential regulation of the

CHS dependent anthocyanin biosynthesis pathway, which may

contribute to partitioning metabolic resources between osmotic/

oxidative defense and thermotolerance. Such a resource allocation

pattern is consistent with the observed negative association between

salt/drought tolerance and thermotolerance in the tested B.

rapa germplasm.

The hormone-transcriptome-metabolite correlations identified

in this study provide a candidate regulatory framework for under-

standing this negative association. While the correlative nature of

these data precludes definitive causal conclusions, the framework

highlights several promising targets for future functional validation

—including the CHS gene, key hormonal nodes (ABA, ethylene and

GA signaling components), and stage-specific response modules.

Genetic approaches such as CRISPR/Cas9 mediated knockout or

overexpression, combined with metabolomic profiling, will be

essential to establish causal relationships and to evaluate the

potential of these targets for designing next generation Brassica

crops with enhanced resilience to multiple abiotic stresses.
5 Materials and methods

5.1 Plant materials and growth conditions

Eleven B.rapa inbred lines were maintained at the Beijing

Academy of Agriculture and Forestry Sciences. Based on prelimi-

nary screening (Supplementary Figures 1A–C), four representative

genotypes were selected for detailed analyses: salt/drought tolerant

lines (129, 49) and thermotolerant lines (16A-1, R0-18). Seeds were

surface-sterilized, germinated on moist filter paper at 28°C for 48 h,

and transplanted into pots containing a 1:1 mixture of peat and

perlite. Plants were grown in a growth chamber at 22 ± 2°C with a

16 h light/8 h dark cycle. Seedlings at the four-leaf stage (25-day-old

seedlings) were used for stress treatments.
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5.2 Stress treatments and sampling

Seedlings of the four selected genotypes at the four-leaf stage

were subjected to salt, drought and heat stress treatments. For salt

stress, plants were irrigated with 250 mM NaCl solution every three

days. This concentration was selected as it has been widely used for

salt stress treatment in B. rapa transcriptomic studies (Lee et al.,

2008). For drought stress, plants were watered once with 20%

PEG6000 solution (applied to saturation, with no subsequent re-

watering), following the protocol established for Brassica species

(Ta et al., 2026). For heat stress, seedlings were directly transferred

to a growth chamber pre-set at 40°C, a temperature commonly

employed for heat stress treatment in B. rapa and related species

(Zhang et al., 2022).

For salt and drought stress, leaf samples were collected at 0, 12,

24 and 48 h post-treatment for molecular and hormonal analyses.

For phenotypic observation (wilting rate, chlorophyll content and

shoot fresh weight), a separate batch of plants was treated identi-

cally and measured after 7 days of continuous stress. For heat stress,

leaves were harvested at 0, 3 and 12 h for molecular analyses; a

separate batch of plants was exposed to 40°C for 12 h and then

returned to 22°C for 7 days of recovery before phenotypic mea-

surements were taken. The different sampling intervals reflect the

distinct temporal dynamics of each stress: salt and drought
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responses develop relatively slowly (over days), whereas heat

stress triggers rapid transcriptional changes within hours, followed

by recovery-associated phenotypic changes.

Control groups were treated with distilled water (for salt and

drought stress) or maintained at 22°C (for heat stress). All treat-

ments were conducted in a growth chamber with a 16 h light/8 h

dark cycle at 22 ± 2°C. For each treatment and each time point,

three independent biological replicates were established, each con-

sisting of 10 plants grown in separate pots. Samples for molecular

and hormonal analyses were immediately frozen in liquid nitrogen

and stored at –80°C until use. Samples for phenotypic measure-

ments were processed fresh immediately after harvest.

5.3 Correlation and clustering analysis

Pearson correlation analysis was performed using wilting rates

of the 11 B. rapa inbred lines under salt, drought and heat stress

(Pearson, 1895). Stress tolerance scores for each line were calculated

as 1 − wilting rate for each stress condition. To quantify the

relationships among stress responses, Pearson correlation coeffi-

cients (r) were calculated for all pairwise combinations of salt,

drought and heat stress responses. In addition, to evaluate the

associations among salt, drought and heat tolerance across the 11

lines, Pearson correlation analysis was performed using the
FIGURE 9

A schematic model of the regulatory network underlying the negative association between salt/drought tolerance and thermotolerance in B. rapa.
This model integrates key findings from physiological, transcriptomic, hormonal and metabolic analyses of four representative lines (salt/drought-
tolerant: 129, 49; thermotolerant: 16A-1, R0-18). Salt and drought stresses trigger ABA accumulation and ethylene biosynthesis, which promote CHS
expression and anthocyanin accumulation, contributing to osmotic and oxidative protection. Heat stress induces ethylene-related signals and
distinct transcriptional programs (HSFs, WRKY, NAC), driving CHS upregulation and anthocyanin accumulation in thermotolerant lines, potentially
contributing to photoprotection. GA acts as a repressor of the CHS-anthocyanin pathway. The differential activation of this pathway under
contrasting stresses is associated with the observed negative association between salt/drought tolerance and thermotolerance. Solid arrows indicate
experimentally supported relationships; dashed arrows represent inferred connections. ABA, abscisic acid; ETH, ethylene; GA, gibberellin; CHS,
chalcone synthase; ROS, reactive oxygen species.
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integrated tolerance scores. Based on the resulting correlation

patterns, the 11 lines were classified into two distinct groups

according to their stress tolerance profiles.

5.4 Physiological index measurements

5.4.1 Shoot fresh weight

Shoots were harvested, rinsed, blotted dry, and weighed. Three

replicates, each replicate containing 10 seedlings.

5.4.2 Chlorophyll content

Leaf discs (0.2 g) were extracted with 80% acetone, and

absorbance was measured at 645 nm and 663 nm using a spectro-

photometer (UV-2600, Shimadzu) (Arnon, 1949). Chlorophyll

content was calculated as:

Chlorophyll(mg=g)

=
(20:2� A645 + 8:02� A663)� extraction volume (mL)

sample weight(g)

5.4.3 Wilting rate quantification

The wilting rate of each individual leaf and the total number of

leaves per seedling were separately assessed, followed by statistical

analysis to determine the overall wilting rate for each plant. Leaf

wilting severity was scored using a 5-tier scale:

0: absence of symptoms;

0.25: slight curling or yellowing at the leaf margins only;

0.5: localized leaf deformation or yellow wilting;

0.75: significant shrinkage and deformity of entire leaves or

widespread yellow wilting;

1: complete yellowing and death of the whole leaf. The whole-

plant wilting rate was calculated as:

Wilting Rate = o(Individual leaf scores)

Total leaf number

5.4.4 Anthocyanin quantification

Fresh plant tissues were harvested at time points determined

according to the distinct temporal dynamics of each stress: 12 h,

24 h, and 48 h for salt and drought stress; 3 h and 12 h for heat

stress. For each sample, 0.25 g of rinsed and blotted-dry tissue was

weighed, cut into small pieces, and transferred to a mortar.

Following this, 2–3 mL of Anthocyan Assay Buffer was added,

and the sample was ground thoroughly. The homogenate was

transferred to a 10 mL centrifuge tube. The mortar was rinsed

with additional buffer, and the rinse was combined with the

homogenate. The total volume was adjusted to 8 mL using the

same buffer, and the mixture was incubated at 4°C in the dark for
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20 min. After centrifugation at 8,000 rpm for 3 min, the supernatant

was collected as the crude anthocyanin extract. A 1–2 mL aliquot of

the extract was transferred to a 1 cm cuvette, and absorbance was

measured at 530 nm using a spectrophotometer, with the

Anthocyan Assay Buffer as a blank. Three technical replicates

were performed per sample, and three independent biological

replicates (each composed of tissues pooled from 10 seedlings)

were analyzed. The Anthocyan Assay Buffer was purchased from

Suzhou Grace Biotechnology Co., Ltd (Zou et al., 2025). The

anthocyanin content was calculated as:

Anthocyanin(mg=g) =
A530(measure) − A530(blank)

sample weight(g)

5.5 Transcriptome sequencing and analysis

Total RNA was extracted from 0.5 g of leaf tissues using TRIzol

reagent (Invitrogen, USA) following the manufacturer’s protocol

(Lee, 2016). Genomic DNA contamination was removed by DNase

I (Thermo Fisher Scientific) treatment. RNA integrity was verified

by 1% agarose gel electrophoresis, and RNA concentration and

purity were assessed using a NanoDrop ND-1000 spectrophotom-

eter (A260/A280 ratio of 1.8–2.0).

For each sample, 3 mg of high-quality RNA was used for cDNA

libraries construction with the NEBNext Ultra II RNA Library Prep

Kit (NEB, USA). The library preparation included RNA fragmen-

tation (300–500 bp), reverse transcription, adapter ligation, and

PCR amplification (15 cycles). The resulting libraries were se-

quenced on an Illumina HiSeq X Ten platform (2 × 150 bp

paired-end reads) at Novogene (Beijing, China), generating at

least 30 Gb clean data per sample.

Raw reads were filtered to remove adapter sequences and low-

quality reads (Q score< 20) using Trimmomatic v0.39 (Bolger et al.,

2014). Clean reads were aligned to the B. rapa reference genome

(v3.0) with HISAT2 v2.2.1, allowing up to two mismatches (Thakur,

2024). Gene expression levels were quantified with featureCounts

v2.0.1 (Liao et al., 2014). DEGs were identified using DESeq2

v1.34.0 (Love et al., 2014), with thresholds of |log2FC| ≥ 1 and

adjusted P < 0.05 (Benjamini-Hochberg correction).

GO enrichment analysis was performed using the

clusterProfiler v4.2.2 package in R (Yu et al., 2012), with significance

defined as P < 0.05 and FDR<0.05. KEGG pathway enrichment

analysis was conducted against the KEGG database, and the results

were visualized using TBtools v1.0987.

5.6 Hormone profiling

For quantification of ABA, GA, ACS, and SAM, enzyme-linked

immunosorbent assays (ELISAs) were performed using commercial

kits (Ruixinbio, Quanzhou, China) following the manufacturer’s

protocols. Briefly, samples and standard solutions were added to 96-

well microplates pre-coated with specific antibodies. After washing

with PBS-Tween 20 (0.05%), horseradish peroxidase (HRP)-conju-

gated secondary antibodies were added, and the plates were incubated
frontiersin.org

https://doi.org/10.3389/fpls.2026.1868194
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zheng et al. 10.3389/fpls.2026.1868194
at 37°C for 30 min. Substrate solution (tetramethylbenzidine, TMB)

was added to develop the color reaction, which was terminated with 2

M sulfuric acid. Absorbance was measured at 450 nm using a

microplate reader (Multiskan FC, Thermo Fisher Scientific), and

hormone concentrations were calculated from standard curves.

Total protein concentration in the extract was determined using

a Bradford Protein Assay Kit (Sigma-Aldrich, USA) according to

the manufacturer’s instructions, with bovine serum albumin (BSA)

as a standard. Absorbance was measured at 595 nm, and protein

concentration was calculated as mg/mL. Hormone concentrations

were normalized to total protein content and expressed as ng/mg

protein (ng/mg.pro). Each sample was assayed in triplicate, and

data quality was validated by blank controls and spike recovery

tests, with recovery rates ranging from 85% to 115%.

Statistical analysis was performed using one-way ANOVA

followed by Duncan’s multiple range test (P< 0.05) in SPSS 26.0.

5.7 Gene expression validation

Quantitative real-time PCR (qRT-PCR) was performed for

BraA10g024990.3C (CHS) using the SYBR Green Master Mix

(Roche). Primers (5’-ATGGTGATGGGTACACCGTC-3’ and 5’-

GTCATGTGTTCGCTGTTGGT-3’) were designed with Primer3.

Reactions were run on a CFX96 Real-Time System (Bio-Rad),

and gene expression was normalized to the Actin gene, with relative

expression calculated by the 2-(DDCt) method (Livak and

Schmittgen, 2001).

5.8 Bioinformatics analysis

CHS protein sequences were aligned using DNAMAN.

Conserved domains (CHS/STS) were identified using the Pfam

database (http://pfam.xfam.org/) (Bateman et al., 2004). Analysis

of promoter cis-acting elements was performed using PlantCARE

(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/)

(Lescot et al., 2002).

5.9 Exogenous hormone treatments

To investigate the regulatory effects of phytohormones on CHS

expression and anthocyanin accumulation, exogenous hormone

treatments were applied to four B. rapa inbred lines (129, 49,

16A-1 and R0-18). Seedlings at the four-leaf stage were sprayed

with 100 μM ABA, 200 μM ethephon (an ethylene-releasing agent),

or 200 μM GA3, based on previously reported concentrations in B.

rapa (Bai et al., 2016; Thiruvengadam et al., 2015; Zheng et al.,

2019). Distilled water sprayed on seedlings served as the control.

Leaf samples were collected at 12 h post-treatment for RNA

extraction and anthocyanin quantification. For each treatment,

three independent biological replicates were performed, each con-

sisting of 10 plants.

Total RNA was extracted and CHS expression was quantified by

qRT-PCR as described above. Anthocyanin content was measured

following the protocol described in the Anthocyanin quantification
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section. Statistical analysis was performed using one-way ANOVA

followed by Duncan’s multiple range test (P < 0.05) in SPSS 26.0 to

compare hormone treatments and genotypic differences.

5.10 Statistical analysis

Data were analyzed using one-way ANOVA followed by

Duncan’s multiple range test (P < 0.05) in SPSS 26.0 (Permanasari

and Santosa, 2010). Graphs were generated with GraphPad Prism

8.0.2 (Mitteer and Greer, 2022), and heatmaps were plotted using the

pheatmap package in R (Kolde, 2025).
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