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Abstract 

Tanacetum coccineum is an ornamental plant capable of producing pyrethrins, natural in-

secticidal metabolites. Salinity restricts plant growth, but its effects on stress responses 

and pyrethrin-related metabolism remain poorly understood in this species. In this study, 

seedlings were treated with 0, 100, or 200 mM NaCl for 7 days, followed by physiological 

measurements and transcriptome analysis of leaf and root. Salt stress caused progres-

sively more severe leaf injury and distinct antioxidant responses in the two tissues. Tran-

scriptome analysis revealed extensive tissue-dependent transcriptional changes, includ-

ing differential expression of genes associated with antioxidant defense, ABA biosynthesis, 

and pyrethrin metabolism. Several pyrethrin biosynthesis-related genes were upregu-

lated under moderate salinity, whereas their expression patterns became more variable at 

higher NaCl concentrations. Meanwhile, spectrophotometrically estimated leaf pyrethrin 

content increased with NaCl concentration. WGCNA and PPI network analyses identified 

candidate hub genes associated with ion homeostasis, oxidative defense and carbon me-

tabolism. Further analysis identified 19 candidate transcription factors and significant co-

expression associations with ABA- and pyrethrin-related genes, suggesting potential tran-

scriptional links between salt-stress responses and specialized metabolism. Collectively, 

these findings reveal tissue-dependent responses to salinity and provide insights into the 

transcriptional complexity of pyrethrin-related metabolism in T. coccineum. 
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1. Introduction 

Tanacetum coccineum (syn. Chrysanthemum coccineum), also known as Persian pyre-

thrum, is an herbaceous perennial in the Asteraceae family. It is widely cultivated as an 

ornamental for its large, vibrant pink to red flower heads and as a source of natural pyre-

thrins with insecticidal properties [1]. The species has a long history of use as a botanical 

insecticide, with pyrethrin-related applications dating back to ancient Persia as early as 

400 BC [2]. However, its current utilization differs substantially from that of the closely 

related T. cinerariifolium. Because T. cinerariifolium generally accumulates considerably 

higher levels of pyrethrins, it has become the principal species used for modern 
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commercial pyrethrin production, whereas T. coccineum is primarily valued as an orna-

mental plant [3]. Previous studies of T. coccineum have mainly focused on the tissue-spe-

cific distribution and biosynthesis of pyrethrins during floral development [4]. In contrast, 

relatively little is known about its physiological and transcriptional responses to adverse 

environmental conditions, particularly salinity, or whether salinity affects pyrethrin me-

tabolism. 

Soil salinity is an important environmental constraint that can impair plant establish-

ment, vegetative growth, and ornamental quality through osmotic stress, ionic imbalance, 

and oxidative damage [5,6]. Salt stress drives reactive oxygen species (ROS) accumulation, 

which can lead to membrane lipid peroxidation, while antioxidant enzymes such as cata-

lase (CAT), peroxidase (POD), and superoxide dismutase (SOD) contribute to maintaining 

cellular redox homeostasis [7,8]. These physiological responses are often accompanied by 

extensive transcriptional and metabolic adjustments. In addition to affecting primary me-

tabolism, salinity can alter secondary metabolism, although the direction and magnitude 

of these changes vary among species, tissues, metabolites, and stress intensities [9,10]. 

Among the hormonal pathways involved in these responses, abscisic acid (ABA) is an 

important regulator linking salt-stress signaling with transcriptional and metabolic ad-

justments. ABA-associated signaling has been linked to changes in flavonoid and phe-

nylpropanoid metabolism in species such as Glycyrrhiza uralensis and rice [11,12]. Tran-

scriptomic analysis of Melilotus albus further identified ABA-responsive gene modules as-

sociated with secondary metabolism, including a module containing the hub gene 4CL1, 

suggesting a potential connection between ABA-mediated stress responses and secondary 

metabolism [13]. Salt stress and ABA can also alter the expression of genes involved in 

carotenoid and ABA biosynthesis, including phytoene synthase and 9-cis-epoxycarotenoid di-

oxygenase (NCED), thereby contributing to ABA-associated stress responses and metabolic 

adjustments [14,15]. Collectively, these studies suggest that antioxidant defense, ABA-as-

sociated signaling, and secondary metabolism are closely interconnected components of 

plant responses to salinity. 

Pyrethrin biosynthesis and its transcriptional regulation have been studied more ex-

tensively in the commercial pyrethrum species T. cinerariifolium. Several transcription fac-

tors involved in hormonal regulation of pyrethrin biosynthesis have been functionally 

characterized. For instance, TcbZIP60 directly binds to the promoters of TcCHS and 

TcAOC and activates their expression in response to methyl jasmonate (MeJA) and ABA 

[16], whereas TcWRKY75 positively regulates key genes involved in pyrethrin biosynthe-

sis [17]. TcMYC2 and TcMYB8 have also been implicated in jasmonic acid (JA)-mediated 

regulation of pyrethrin production [18,19]. These studies demonstrate that pyrethrin bio-

synthesis is subject to complex transcriptional and hormonal regulation. More recently, 

physiological and transcriptomic analyses of T. cinerariifolium showed that drought stress 

induced pronounced antioxidant and ABA-related transcriptional responses and was ac-

companied by substantial changes in pyrethrin biosynthesis [20], indicating that pyrethrin 

metabolism can also respond to abiotic stress. However, despite these advances in T. cin-

erariifolium, studies on T. coccineum remain limited. In particular, it remains unclear how 

T. coccineum responds physiologically and transcriptionally to salinity, whether leaves 

and roots exhibit distinct responses, and whether salt stress affects pyrethrin metabolism. 

In this study, T. coccineum seedlings were exposed to different NaCl concentrations, 

and physiological responses were examined separately in leaves and roots to characterize 

tissue-specific oxidative stress and antioxidant responses. Transcriptome profiling was in-

tegrated with weighted gene co-expression network analysis (WGCNA) and predicted 

protein–protein interaction (PPI) network analysis to identify salt-responsive co-expres-

sion modules and candidate hub genes associated with salt stress responses. Additionally, 

transcript levels of ABA- and pyrethrin-related genes and leaf pyrethrin contents were 
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measured to evaluate the effect of salinity on pyrethrin metabolism. Specifically, this 

study aimed to address three questions: whether salinity induces distinct physiological 

responses in leaves and roots of T. coccineum; which transcriptional modules and candi-

date genes are associated with these responses; and whether salt stress alters pyrethrin-

related gene expression and pyrethrin accumulation. The results provide a tissue-resolved 

characterization of salinity responses in T. coccineum and identify candidate genes poten-

tially linked to salt-stress response and stress-responsive pyrethrin metabolism. 

2. Results 

2.1. Phenotypic and Physiological Responses of T. coccineum to Salt Stress 

After 7 days of NaCl treatment, T. coccineum seedlings exhibited progressively more 

severe visible injury with increasing NaCl concentration. Plants exposed to 100 mM NaCl 

showed chlorosis on approximately 1–2 leaves, whereas those treated with 200 mM NaCl 

developed chlorosis on 3–4 leaves, accompanied by necrosis on 1–2 leaves. In contrast, 

control plants maintained green foliage without visible chlorosis or necrosis (Figure 1a). 

 

Figure 1. Phenotypic and physiological responses of T. coccineum to NaCl stress. (a) Representative 

photographs of plants after 7 days of treatment with 0 (CK), 100, and 200 mM NaCl. (b–e) 
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Antioxidant enzyme activities and MDA content: (b) SOD activity; (c) POD activity; (d) CAT activ-

ity; (e) MDA content. CKL, S100L, and S200L represent leaf samples treated with 0, 100, and 200 

mM NaCl, respectively; CKR, S100R, and S200R represent the corresponding root samples (L = leaf, 

R = root). Data are shown as means ± SD. Different lowercase letters indicate significant differences 

among all six experimental groups, as determined by one-way ANOVA followed by Tukey’s HSD 

post hoc test (p < 0.05). 

To characterize physiological responses to salinity, POD, CAT, and SOD activities 

and MDA content were measured separately in leaves and roots (Figure 1b–e). In leaves, 

SOD activity decreased significantly at 100 mM NaCl and increased again at 200 mM NaCl 

(Figure 1b). In contrast, POD and CAT activities increased with increasing NaCl concen-

tration (Figure 1c,d). Leaf MDA content increased at 100 mM NaCl and subsequently de-

creased at 200 mM NaCl, although it remained higher than that of the control (Figure 1e). 

Roots exhibited different response patterns. Root SOD activity increased at 100 mM 

NaCl and then decreased at 200 mM NaCl (Figure 1b), whereas POD activity decreased at 

100 mM NaCl and increased again at 200 mM NaCl but remained lower than that of the 

control (Figure 1c). CAT activity increased with increasing NaCl concentration (Figure 1d). 

Root MDA content increased at 100 mM NaCl and subsequently decreased at 200 mM 

NaCl (Figure 1e). Taken together, these results demonstrate that the antioxidant enzyme 

activities and MDA accumulation responded differently to salinity in leaves and roots. 

2.2. Transcriptome Assembly, Functional Annotation, and Sample Quality Assessment 

Eighteen RNA-seq libraries were generated from leaves and roots of T. coccineum un-

der control and NaCl treatments (CKL, S100L, S200L, CKR, S100R, and S200R), with three 

biological replicates per group. After quality filtering, each library yielded more than 38.9 

million clean reads and 5.29 Gb of clean sequence data. Q30 values exceeded 98.17% for 

all libraries, and the mean GC content was 41.19%, indicating high sequencing quality. 

De novo transcriptome assembly generated 202,517 unigenes, with a mean length of 

808.47 bp, an N50 of 1036 bp, and an overall GC content of 41.69%. BUSCO analysis indi-

cated that 80.3% of the expected orthologs were complete. In total, 112,581 (55.59%) uni-

genes were annotated from at least one of these databases, among which 19,581 (9.67%) 

unigenes were annotated in all five databases (Figure 2a). The numbers of uniquely anno-

tated unigenes were 17,945 (NR), 2485 (GO), 43 (KEGG), 1945 (Swiss-Prot) and 2791 

(Pfam). Among NR-annotated sequences, Artemisia annua accounted for the largest pro-

portion of top sequence matches (39.65%), followed by Quercus suber (19.27%) and 

Carpinus fangiana (6.32%). Other frequently represented species included Helianthus an-

nuus (2.56%), Cynara cardunculus var. scolymus (2.31%), Rhodamnia argentea (2.29%), and 

Lactuca sativa (1.53%), whereas the remaining species were grouped as “others” (26.07%) 

(Figure 2b). 

Subsequent PCA of leaf and root transcriptomes showed that the first two principal 

components explained 40.56% and 43.02% of the total variance in leaves and roots, respec-

tively (Figure 2c,d). Biological replicates generally clustered within their corresponding 

treatment groups, whereas the three NaCl treatments were separated in PCA space, indi-

cating treatment-associated differences in transcriptomic profiles. Pearson correlation 

analysis likewise showed higher correlations among biological replicates within the same 

treatment than among different treatments (Figure 2e,f). These results collectively indicate 

good consistency among biological replicates and validated the dataset for subsequent 

differential expression analyses. 
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Figure 2. Functional annotation and quality assessment of the T. coccineum transcriptome. (a) Venn 

diagram of unigene annotations across five databases; (b) species distribution of NR-annotated uni-

genes; (c,d) PCA of leaf (c) and root (d) samples; (e,f) correlation heatmaps for leaf (e) and root (f) 

samples. CKL/R, S100L/R, and S200L/R represent leaves and roots treated with 0, 100, and 200 mM 

NaCl, respectively. 

2.3. DEG Statistics and Functional Enrichment Under Salt Stress 

To characterize transcriptomic changes induced by salt stress, DEGs were identified 

separately in leaves and roots across three pairwise comparisons among the control, 100 

mM NaCl, and 200 mM NaCl treatments (Figure 3a,b). In leaves, 9769 DEGs (5758 upreg-

ulated and 4011 downregulated) were detected between S100L and CKL, whereas 2896 

DEGs (1494 upregulated and 1402 downregulated) were identified between S200L and 

CKL. Comparison between S200L and S100L identified 7290 DEGs, including 2565 upreg-

ulated and 4725 downregulated genes (Figure 3a). In roots, 6614 DEGs (3784 upregulated 
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and 2830 downregulated) were detected between S100R and CKR, and 9592 DEGs (4925 

upregulated and 4667 downregulated) were identified between S200R and CKR. In addi-

tion, 8649 DEGs (3040 upregulated and 5609 downregulated) were detected between 

S200R and S100R (Figure 3b). Notably, the number of DEGs differed markedly between 

tissues and salt concentrations: leaves had more DEGs than roots at 100 mM NaCl, 

whereas roots exhibited substantially more DEGs than leaves at 200 mM NaCl. 

 

Figure 3. DEGs and functional analysis in leaves and roots of T. coccineum under NaCl treatment. 

(a,b) Number of upregulated (purple) and downregulated (blue) DEGs in leaves (a) and roots (b) 

https://doi.org/10.3390/plants15213496


Plants 2026, 15, 3496 7 of 23 
 

https://doi.org/10.3390/plants15213496 

under different NaCl treatments. CKL/CKR, S100L/S100R, and S200L/S200R represent control, 100 

mM NaCl, and 200 mM NaCl treatments in leaves (L) and roots (R), respectively. (c,d) Venn dia-

grams showing the overlap of DEGs across treatments in leaves (c) and roots (d). (e,f) GO enrich-

ment analysis of DEGs in leaves (e) and roots (f). (g,h) KEGG pathway enrichment analysis of DEGs 

in leaves (g) and roots (h). The bar length indicates the number of genes enriched in each pathway 

category. 

Venn diagrams were used to examine shared and comparison-specific DEGs across 

the three pairwise comparisons in leaves and roots (Figure 3c,d). In leaves, 252 DEGs were 

shared among all three comparisons, whereas substantial numbers of DEGs were specific 

to individual comparisons (Figure 3c). In roots, 524 DEGs were shared among all three 

comparisons, together with substantial numbers of DEGs unique to individual pairwise 

comparisons (Figure 3d). 

To explore the potential functions of salt-responsive DEGs, we carried out GO and 

KEGG enrichment analyses. GO enrichment analysis identified several enriched terms as-

sociated with response to stimulus, detoxification, metabolic process, catalytic activity, 

and transporter activity (Figure 3e,f), suggesting that common transcriptional programs 

related to stress perception, detoxification, and metabolic adjustment may be activated in 

both tissues under NaCl treatment. KEGG enrichment analysis further revealed that 

shared DEGs were assigned to categories including signal transduction, biosynthesis of 

other secondary metabolites, cell growth and death, amino acid metabolism, and immune-

related pathways (Figure 3g,h). Overall, these findings suggest that salt stress elicits both 

shared and tissue-specific transcriptional responses in T. coccineum, primarily involving 

stress signaling, transport, and primary and secondary metabolism. 

2.4. WGCNA Module Construction and Functional Annotation 

To identify co-expression modules associated with salt treatment and salt-responsive 

physiological, metabolic, and gene expression traits, WGCNA was performed on 15,000 

genes retained after expression and variation filtering. A soft-thresholding power of 11 

and a merge threshold of 0.3 were applied to construct the network, producing 16 co-

expression modules. Two modules, tan (78 genes) and brown (466 genes), displayed dis-

tinct correlation patterns with the detected phenotypic and molecular traits and were 

therefore selected for subsequent functional analysis. The tan module strongly correlated 

with salt treatment and multiple salt-responsive physiological indicators, suggesting a 

close association with transcriptional responses to salinity. By contrast, the brown module 

was positively associated with the transcript abundance of pyrethrin biosynthetic genes, 

the ABA biosynthesis-related gene TcABA2b, and MDA content (Figure 4a). These corre-

lations suggest that the brown module is associated with pyrethrin-related gene expres-

sion, TcABA2b expression, and lipid peroxidation under salt stress. 

We then performed GO and KEGG enrichment analyses to annotate the functional 

roles of the two modules. In the brown module, enriched GO terms were primarily linked 

to chloroplast components and stress responses, including salt stress, water deprivation, 

cadmium ions, and blue light. KEGG analysis further indicated significant enrichment in 

alpha-linolenic acid metabolism, secondary metabolite biosynthesis, metabolic pathways, 

and carbon fixation in photosynthetic organisms. In the tan module, enriched GO terms 

included ATPase activity, ATPase-coupled transmembrane transporter activity, and pro-

teasome-mediated ubiquitin-dependent protein catabolism, while KEGG analysis re-

vealed enrichment in alpha-linolenic acid metabolism, metabolic pathways, arginine and 

proline metabolism, and secondary metabolite biosynthesis. Taken together, these enrich-

ment patterns suggest that the brown module is primarily linked to stress responses and 

secondary metabolism, whereas the tan module is associated with transport, protein 
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turnover, and metabolic functions. These functional associations are consistent with dis-

tinct components of the salinity response but do not establish direct regulatory roles. 

 

Figure 4. WGCNA module–trait relationships and functional enrichment analyses of the brown and 

tan modules. (a) Correlation heatmap between module eigengenes and salt stress traits. (b,c) GO 

and KEGG enrichment analyses of the brown module. (d,e) GO and KEGG enrichment analyses of 

the tan module. 

2.5. Identification of Candidate Hub Genes and TF-Associated Co-Expression Networks 
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PPI networks were constructed for genes in the brown and tan modules based on 

their A. thaliana homologs. Genes were ranked according to degree centrality, and the 

eight highest-ranking nodes in each network were identified as candidate hub genes for 

subsequent expression profiling (Figure 5a–c). 

 

Figure 5. PPI and co-expression networks of candidate genes in the brown and tan modules. (a,b) 

PPI networks of candidate hub genes from the brown (a) and tan (b) modules. For the network 

nodes, the color depth (from light yellow to dark red) represents the degree of connectivity, with 

darker red indicating a higher degree. (c) Expression heatmap of candidate hub genes. FPKM values 

were log2-transformed and row-normalized. (d) Tissue-adjusted TF-centered co-expression network. 

Orange, blue, and green nodes represent TFs, ABA-related genes, and pyrethrin-related genes, re-

spectively. Red and blue edges indicate positive and negative correlations, respectively, with thick-

ness representing the absolute partial correlation coefficient. Only significant associations are shown 

(BH-adjusted p ≤ 0.05). 

Several candidate hub genes in the brown module were annotated as being related 

to stress response and metabolic adjustment. The highly connected candidate hub 

ALDH7B4 (aldehyde dehydrogenase 7B4) encodes an aldehyde dehydrogenase that has 

been associated with aldehyde detoxification and oxidative stress responses in plants [21], 
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suggesting a possible role in mitigating salt-induced oxidative damage (Figure 5a). TKL-1 

(transketolase-1) and PGM2 (phosphoglucomutase 2) are involved in primary carbon me-

tabolism and may contribute to the supply or redistribution of metabolic intermediates 

under salt stress. GLN1-1 (glutamine synthetase 1;1) is associated with nitrogen assimila-

tion, whereas HSP90-7 (heat shock protein 90-7) encodes a molecular chaperone that may 

participate in protein stabilization under stress conditions. Other hub genes, including 

PETs (plastid-specific ribosomal protein 7), MLS (malate synthase) and PIN3 (auxin efflux 

carrier component 3), were annotated as being related to photosynthetic processes, or-

ganic acid metabolism, or hormone transport. Taken together, these annotations suggest 

that the brown module may contribute to oxidative stress response, primary metabolic 

adjustment, and stress-related metabolic regulation under salinity, but their direct roles 

in ABA metabolism or pyrethrin biosynthesis require further validation. 

In the tan module, AHA4 (plasma membrane H+-ATPase 4), RPN5A (26S proteasome 

regulatory subunit RPN5a) and RPN5B (26S proteasome regulatory subunit RPN5b) were 

among the highly connected candidate hub genes. AHA4 encodes a plasma membrane H+-

ATPase and may be associated with ion transport and cellular ion homeostasis under salt 

stress. RPN5A and RPN5B encode regulatory subunits of the 26S proteasome, suggesting 

that protein turnover is potentially associated with the salt-stress response of T. coccineum. 

Other candidate hub genes, such as KAS_III (3-ketoacyl-acyl carrier protein synthase III), 

F14M4.15 (peptide chain release factor 1), ALATS (alanine-tRNA ligase), RPL10 (50S ribo-

somal protein L10) and EMB2369 (leucine-tRNA ligase), were mainly annotated as being 

related to lipid metabolism, translation, or plant development. These results suggest that 

the tan module may be linked to ion homeostasis, protein metabolism, and general cellu-

lar adjustment under salt stress. 

Expression heatmap analysis showed that, in the brown module, ALDH7B4 and MLS 

were detected in both roots and leaves; in leaves, their expression was detected only under 

the 200 mM NaCl treatment. The other candidate hub genes were expressed predomi-

nantly in leaves and generally showed their highest relative expression at 100 mM NaCl. 

In the tan module, all candidate hub genes were detected in both roots and leaves. Most 

showed relatively high expression in leaves under 100 or 200 mM NaCl, whereas their 

relative expression in roots was generally highest at 200 mM NaCl (Figure 5c). 

To further explore the potential associations between the selected modules and ABA- 

and pyrethrin-related pathways, 18 putative TFs belonging to 14 families were identified 

in the brown module, whereas only one bHLH TF was identified in the tan module. 

Among the brown-module TFs, two bZIP genes were annotated as ABF2-like and ABF4-

like. Tissue-adjusted Pearson partial correlation analysis identified 20 significant associa-

tions among 247 possible pairs between the 19 TFs and 13 ABA- or pyrethrin-related genes 

(BH-adjusted p ≤ 0.05; Figure 5d). The network included both positive and negative cor-

relations. Notably, ABF2-like was positively correlated with ZEP (r = 0.796), whereas a B3-

family TF showed a positive correlation with ZEP (r = 0.796) but a negative correlation 

with PYS (r = −0.761). A Trihelix TF was also positively correlated with CHH (r = 0.809). 

These findings reveal distinct co-expression patterns between candidate TFs and ABA- or 

pyrethrin-related genes, suggesting their potential involvement in transcriptional re-

sponses to salt stress. 

Together, the PPI and TF-centered co-expression analyses identified candidate hub 

genes and potential transcriptional associations related to salt-stress responses and ABA- 

and pyrethrin-related metabolism. However, these network-based associations do not es-

tablish direct regulatory interactions and require further experimental validation. 
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2.6. Salt Stress Alters the Expression of ABA Biosynthesis-Related Genes 

To examine the transcriptional response of the ABA biosynthetic pathway to salinity, 

four genes encoding key enzymes in ABA biosynthesis were selected for further analysis: 

TcZEPb (TRINITY_DN14029_c0_g1), TcNCED3b (TRINITY_DN28903_c0_g1), TcABA2b 

(TRINITY_DN10809_c0_g1), and TcAAO3b (TRINITY_DN1820_c0_g1) (Figure 6a). Their 

expression patterns were further examined by RT-qPCR (Figure 6b). The four genes ex-

hibited distinct responses to NaCl treatment in leaves. TcNCED3b (9-cis-epoxycarotenoid 

dioxygenase 3) and TcAAO3b (abscisic aldehyde oxidase 3) transcript levels decreased 

progressively with increasing NaCl concentration, whereas TcABA2b (abscisic acid defi-

cient 2) expression increased with increasing salinity. TcZEPb (zeaxanthin epoxidase) ex-

pression decreased at 100 mM NaCl and subsequently increased at 200 mM NaCl. In roots, 

the overall transcriptional responses of these genes were less pronounced than those ob-

served in leaves. TcABA2b showed a significant response to NaCl treatment, whereas 

TcZEPb, TcNCED3b, and TcAAO3b remained at relatively low expression levels and 

showed comparatively limited responses to NaCl treatment. 

 

Figure 6. ABA biosynthetic pathway and expression of ABA biosynthesis-related genes. (a) Sche-

matic diagram of the abscisic acid (ABA) biosynthetic pathway. Gene expression data were log2 (+1) 

transformed and row-normalized. The color bar represents normalized values ranging from −1 to 1; 

red and blue indicate relatively high and low expression, respectively. (b) Relative expression of 

ABA biosynthetic genes (TcABA2b, TcAAO3b, TcZEPb, TcNCED3b) measured by RT-qPCR. Green 

and blue bars correspond to leaf and root samples, respectively. Expression levels were normalized 
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to the leaf control (CKL), and values are presented as mean ± SD (n = 3). CKL/R, control (0 mM 

NaCl); S100L/R, 100 mM NaCl treatment; S200L/R, 200 mM NaCl treatment. L, leaf; R, root. Different 

lowercase letters denote significant differences among treatments based on one-way ANOVA fol-

lowed by Tukey’s HSD test (p < 0.05). 

Overall, the four ABA biosynthesis-related genes displayed distinct, tissue-depend-

ent transcriptional responses to salinity, with more pronounced changes observed in 

leaves than in roots. Because endogenous ABA concentrations were not measured, these 

transcriptional changes should not be taken as direct evidence of altered ABA accumula-

tion. 

2.7. Pyrethrin Biosynthesis-Related Gene Expression and Accumulation Under Salt Stress 

The known pyrethrin biosynthetic pathway in Tanacetum species consists of two ma-

jor branches: the acid-moiety branch, which provides chrysanthemic or pyrethric acid de-

rivatives, and the alcohol-moiety branch, which provides rethrolone compounds (Figure 

7a). To examine the transcriptional responses of this pathway to salinity, the expression 

patterns of genes annotated as being associated with pyrethrin biosynthesis were ana-

lyzed. RNA-seq expression profiles showed marked differences between leaf and root tis-

sues. Multiple genes related to the acid-moiety branch, including TcCDS (chrysanthemyl 

diphosphate synthase), TcADH (alcohol dehydrogenase), TcMT (10-carboxychrysanthe-

mic acid 10-methyltransferase), and TcCHH (chrysanthemol 10-hydroxylase), showed rel-

atively higher transcript abundance in leaves, whereas TcALDH (aldehyde dehydrogen-

ase) and TcGLIP (GDSL lipase-like protein) exhibited relatively higher expression in roots. 

Several genes associated with the alcohol-moiety branch also showed higher relative tran-

script abundance in roots. 

RT-qPCR was subsequently used to examine the expression patterns of seven se-

lected pyrethrin-related genes, including TcPYS (pyrethrolone synthase), TcADH, 

TcALDH, TcCHH, TcMT, TcJMH (jasmone hydroxylase), and TcGLIP (Figure 7b). In leaves, 

TcPYS expression increased with increasing NaCl concentration, whereas TcMT expres-

sion decreased at 100 mM NaCl and increased again at 200 mM NaCl. The remaining 

tested genes generally showed higher transcript levels at 100 mM NaCl than at 200 mM 

NaCl, indicating heterogeneous and non-linear transcriptional responses of pyrethrin bi-

osynthesis-related genes to increasing salinity. In roots, most of the tested genes showed 

relatively low transcript abundance at 100 mM NaCl, with varying expression responses 

at 200 mM NaCl. Pyrethrins were not detected in root extracts under the present assay 

conditions; therefore, pyrethrin content was evaluated only in leaves. Leaf pyrethrin con-

tent increased with NaCl concentration (Figure 7b). Thus, although individual pyrethrin 

biosynthesis-related genes exhibited distinct transcriptional responses to salinity, in-

creased NaCl concentration was associated with higher estimated pyrethrin content in 

leaves. 

The expression trends of these genes detected by RT-qPCR were generally consistent 

with transcriptomic data, supporting the reliability of our RNA-seq results. 
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Figure 7. Pyrethrin biosynthetic pathway, gene expression and leaf pyrethrin content under salt 

stress. (a) Schematic of the pyrethrin biosynthetic pathway. Gene expression data were log2 (+1) 

transformed and row-normalized. The solid arrows indicate the experimentally confirmed enzy-

matic steps where genes/enzymes have been identified, while the dashed arrows represent putative 

or uncharacterized steps requiring further experimental validation. The color bar represents nor-

malized values ranging from −1 to 1; red and blue indicate relatively high and low expression, re-

spectively. (b) RT-qPCR results of pyrethrin biosynthetic genes and leaf pyrethrin content. Data are 

presented as means ± SD of three biological replicates. CKL/R: 0 mM NaCl; S100L/R: 100 mM NaCl; 

S200L/R: 200 mM NaCl; L = leaf, R = root. All leaf and root samples were included in a single one-

way ANOVA model. Significant differences were evaluated by one-way ANOVA followed by 

Tukey’s HSD test (p < 0.05), marked with different lowercase letters. 

3. Discussion 

3.1. Effects of Salt Stress on Physiological and Biochemical Characteristics of T. coccineum 

Salt stress can cause oxidative damage and affect plant growth [22]. In this study, T. 

coccineum showed increasing leaf injury with NaCl concentration, with chlorosis observed 

at 100 mM and necrosis at 200 mM. Similar responses have been reported in other salt-

sensitive plants including Juglans microcarpa and Nicotiana tabacum [23,24]. The increase in 

CAT activity in both leaves and roots suggests an important role for CAT-mediated H2O2 

scavenging during salt stress, consistent with previous findings in Coreopsis tinctoria and 

Brassica napus under salt stress [25,26]. In contrast, SOD and POD activities exhibited di-

vergent patterns between leaf and root tissues. Roots are directly exposed to salinity, and 

the changes in SOD and POD activities may reflect adjustments of ROS-scavenging capac-

ity upon salt exposure. Similar tissue-dependent antioxidant responses have been 
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reported in Taxodium mucronatum [27]. These findings indicate enzyme- and organ-spe-

cific changes in antioxidant activity under saline conditions. 

MDA content increased at 100 mM NaCl but decreased at 200 mM in both tissues. 

Similar non-linear changes have been reported in Malus species [28]. Although MDA is 

commonly used as an indicator of membrane lipid peroxidation [29,30], its decrease at 200 

mM did not correspond to reduced visible injury. This suggests that MDA content alone 

may not fully reflect the severity of salt-induced damage. Overall, these findings indicate 

that antioxidant responses in T. coccineum depend on both tissue type and salt concentra-

tion. 

3.2. Functional Roles of Candidate Hub Genes in the Tan and Brown Modules 

WGCNA identified the tan and brown modules as being associated with different 

aspects of salt-stress responses in T. coccineum. The tan module was mainly associated 

with ion transport, cellular organization, membrane-related functions, and protein metab-

olism, whereas the brown module was linked to stress responses and secondary metabo-

lism. PPI analysis further identified several candidate hub genes with potential roles in 

these processes. 

In the tan module, AHA4 belongs to the P-type plasma membrane H+-ATPase family, 

whose members establish transmembrane proton gradients that support ion homeostasis 

and metabolite transport during salt stress [31]. In Arabidopsis, AHA4 is localized in root 

endodermal cells, where it contributes to salt-stress response by maintaining ion balance. 

Disruption of AHA4 leads to a 4–5-fold rise in the leaf Na+/K+ ratio under salt stress [32], 

and the proton gradient established by AHA4 drives the Na+/H+ antiporter SOS1 to re-

move Na+ from the cytosol [33]. The activity of AHA4 is negatively regulated by the cal-

cium sensor CBL10 under alkaline stress [34], and a study in Salix linearistipularis reported 

that AHA4 overexpression enhanced root H+ efflux and reduced Na+ accumulation, 

thereby improving salt-stress response [35]. Similarly, the Arabidopsis AHA2 is also acti-

vated under salt stress, and the resulting proton motive force facilitates Na+ efflux to en-

hance salt resistance [36]. These observations support the possibility that the AHA4-like 

candidate identified here may be associated with ion homeostasis under salt stress, alt-

hough its specific function in T. coccineum remains to be experimentally verified. RPN5A 

and RPN5B encode paralogous non-ATPase subunits of the 19S regulatory particle of the 

26S proteasome, and RPN5A is the primary contributor to proteasome assembly and sta-

bility, whereas RPN5B is partially redundant [37]. As hub genes identified in the tan mod-

ule, their upregulation under salt stress may reflect enhanced proteasome-mediated pro-

tein turnover required for stress adaptation. Other candidate hub genes were annotated 

with functions related to lipid metabolism, translation, and plant development, suggest-

ing additional components of cellular adjustment under salt stress. 

In the brown module, ALDH7B4 has been implicated in ABA-related and oxidative-

stress responses in several plant species. Evidence from multiple taxa supports a con-

served stress-related role. In the halophyte Eutrema salsugineum, EsALDH7B4 is strongly 

activated by salt and ABA in a promoter-dependent manner [38]. AtALDH7B4 in A. thali-

ana contributes to the detoxification of lipid peroxidation products and to reduced MDA 

and ROS accumulation, thereby alleviating oxidative damage [21,39]. ALDH7B4 has also 

been associated with secondary metabolic regulation in Gossypium hirsutum, where 

GhALDH7B4 promotes lignin and polysaccharide biosynthesis [40]. Related stress-respon-

sive expression has also been reported in woody and horticultural species: PaALDH17 in 

Prunus avium is the most strongly induced ALDH member under saline-alkali stress and 

enhances salinity tolerance via antioxidant activation [41], and salt-inducible ALDH7B4 

expression has also been observed in Fragaria × ananassa [42]. Collectively, these findings 

support a conserved stress-related role for ALDH7B4 in detoxification, whereas its 
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contribution to secondary metabolism may be context dependent. The ALDH superfamily 

also shows substantial functional diversification. In pyrethrum, TcALDH1 catalyzes a 

committed step in pyrethrin biosynthesis, oxidizing trans-chrysanthemal to trans-chrysan-

themic acid [43], yet its promoter similarly harbors ABA-responsive elements and is in-

duced by MeJA and ABA [44]. These observations suggest that stress-responsive ALDH 

genes and pyrethrin biosynthesis-related ALDH genes may both be influenced by hor-

mone-responsive regulatory pathways. In addition, TKL-1 and PGM2 may link primary 

carbon metabolism with secondary metabolite biosynthesis. TKL-1, a pentose phosphate 

pathway enzyme, generates E4P (erythrose-4-phosphate) for the shikimate pathway, sup-

plying carbon skeletons for phenylpropanoid-derived metabolites [45]. A recent study in 

Petunia further demonstrates that transketolase provides the primary E4P source for an-

thocyanin biosynthesis, underscoring its general importance in channeling carbon skele-

tons into diverse secondary metabolic pathways [46]. Similarly, PGM2 can influence car-

bon flux toward UDP-glucose pools, which provide glycosyl donors for secondary metab-

olite glycosylation [47]. Their presence among highly connected genes in the brown mod-

ule suggests that carbon and precursor metabolism may be associated with the salt-re-

sponsive network. 

3.3. Potential Transcriptional Associations Between ABA and Pyrethrin-Related Metabolism 

Under Salt Stress 

ABA biosynthesis-related genes exhibited distinct transcriptional responses to salt 

stress in T. coccineum. In leaves, TcABA2b expression increased with NaCl concentration, 

whereas TcNCED3b and TcAAO3b decreased, and TcZEPb showed a non-linear response. 

These changes were generally less pronounced in roots, indicating tissue-dependent dif-

ferences in the transcriptional responses of individual ABA biosynthetic steps. Several 

pyrethrin biosynthesis-related genes also showed increased expression under moderate 

salinity (S100L), although their responses were less uniform at 200 mM NaCl. Meanwhile, 

spectrophotometrically estimated leaf pyrethrin content increased with NaCl concentra-

tion. In T. cinerariifolium, pyrethrins accumulate predominantly in flower heads, with sub-

stantially lower levels in leaves, and the pathways supplying their precursors exhibit tis-

sue-dependent expression [48]. The changes observed in T. coccineum leaves therefore sug-

gest a potential response of pyrethrin-related metabolism to salinity. The incomplete cor-

respondence between transcript abundance and estimated metabolite content may reflect 

differences between transcriptional responses and cumulative metabolite accumulation, 

which depends on biosynthesis, turnover, and transport. Similar differences between bi-

osynthetic gene expression and pyrethrin accumulation have been reported during flower 

development in T. coccineum [4], and T. cinerariifolium [49]. However, the single sampling 

time used in the present study does not allow these temporal relationships to be resolved. 

A GLIP-like transcript also exhibited relatively high expression in roots. Biochemical 

characterization of TcGLIP in T. cinerariifolium demonstrated both acyltransferase and es-

terase activities, with the former predominating under the tested conditions [50]. Subse-

quent structural analyses suggested that specific amino acid residues and substrate-bind-

ing properties contribute to the transferase activity of GDSL lipases [51]. Nevertheless, 

pyrethrin biosynthesis requires the formation of monoterpenoid acid and oxylipin-de-

rived alcohol precursors through multiple enzymatic reactions before their final esterifi-

cation [52]. These processes involve distinct subcellular compartments and exhibit pro-

nounced spatial organization in floral tissues [53]. Consequently, elevated GLIP-like tran-

script abundance in roots does not necessarily indicate substantial pyrethrin biosynthesis, 

because precursor availability, upstream enzymatic activities, and the catalytic properties 

of the encoded protein may constrain the pathway. 
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Further analysis identified 19 candidate TFs in the brown and tan modules. A tissue-

adjusted co-expression network revealed significant associations between these TFs and 

ABA- or pyrethrin-related genes. The presence of both positive and negative correlations 

suggests that these candidate TFs may participate in the regulation of different biosyn-

thetic steps rather than uniformly activating the two pathways. In T. cinerariifolium, the 

ABA- and MeJA-responsive transcription factor TcbZIP60 has been shown to directly ac-

tivate pyrethrin biosynthesis-related genes [16], supporting the potential involvement of 

hormone-responsive TFs in pyrethrin metabolism. Moreover, ABA-dependent transcrip-

tional regulation can be modulated by protein phosphorylation, as demonstrated by the 

phosphorylation of AabZIP1 by AaAPK1 during artemisinin biosynthesis in Artemisia an-

nua [54]. These findings suggest that the candidate TFs identified here may contribute to 

salt-responsive metabolic regulation, although their regulatory activities and direct target 

genes remain to be experimentally established. 

Nevertheless, the regulation of specialized metabolite accumulation under abiotic 

stress is considerably more complex than the transcriptional activation of individual bio-

synthetic genes, particularly for compounds synthesized through multiple metabolic 

pathways. Although drought and salt stress commonly trigger ABA-related responses, 

their effects on specialized metabolism may differ depending on stress intensity, duration, 

and plant developmental status. In A. annua, the ABA-responsive AabZIP1 directly acti-

vates the JA-signaling regulator AaMYC2, which subsequently promotes the expression 

of downstream artemisinin biosynthesis genes, demonstrating an indirect regulatory con-

nection between ABA and specialized metabolism. The same study also highlighted that 

short-term water deprivation or ABA treatment can promote artemisinin biosynthesis, 

whereas prolonged drought reduces plant biomass and artemisinin production [55]. Sim-

ilar complexity has been observed in pyrethrum. Dryland conditions have been shown to 

reduce pyrethrin yield by affecting flower, achene, and glandular trichome development 

[56]. In contrast, exogenous ABA increased pyrethrin II accumulation in T. cinerariifolium 

seedlings, while PEG and NaCl treatments also promoted the accumulation of this com-

pound [57]. However, reduced pyrethrin accumulation has been reported under PEG-in-

duced drought stress despite ABA-related transcriptional responses [20]. These con-

trasting observations indicate that ABA-related stress responses do not necessarily result 

in consistent changes in pyrethrin accumulation. The relationship between salt-induced 

ABA responses and pyrethrin metabolism in T. coccineum may therefore involve multiple 

interacting regulatory and metabolic processes rather than a single ABA-dependent tran-

scriptional mechanism. 

4. Materials and Methods 

4.1. Plant Cultivation and Treatment 

T. coccineum seeds obtained from our lab were used for all experiments. Seeds exhib-

iting wrinkling, mechanical injury, or other visible defects were excluded prior to sowing. 

The remaining viable seeds were sown in seedling trays filled with a 2:1 (v/v) mixture of 

Pindstrup peat (0–6 mm particle size, pH 5.5–6.0, EC 1.0–1.5 mS cm−1) and vermiculite. 

Plants were cultivated at 25 °C under a 14 h light/10 h dark photoperiod with 70% relative 

humidity (RH). At the 3–4 true-leaf stage, seedlings of uniform size were individually 

transplanted into plastic pots (12 cm diameter). After a 7-day acclimatization period, salt 

treatments were initiated. 

To determine suitable NaCl concentrations for the main experiment, a preliminary 

trial was conducted using 0, 100, 150, 200, and 250 mM NaCl under identical cultivation 

conditions described above. Each treatment comprised three biological replicates, with 

one independently grown seedling serving as one replicate. Following 7 days of salt treat-

ment, plant injury was evaluated visually based on leaf chlorosis, wilting and necrosis. 
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Seedlings exposed to 250 mM NaCl exhibited severe injury and mortality within 7 days, 

precluding sampling and subsequent multi-index analysis. The 150 mM treatment pro-

duced intermediate phenotypic responses between 100 mM and 200 mM NaCl and did 

not provide a clearly distinguishable stress level. Therefore, 0, 100, and 200 mM NaCl were 

selected for the main experiment to represent different levels of salt stress. 

In the main experiment, seedlings were treated with 0, 100, or 200 mM NaCl; control 

plants received deionized water, whereas the two salt-treatment groups received NaCl 

solutions prepared with deionized water. Each treatment comprised three biological rep-

licates, with one independently grown plant representing one biological replicate. Each 

pot received 200 mL of the corresponding solution every 2 days, with the same irrigation 

volume and frequency across treatments. After 7 days of treatment, whole-plant pheno-

types were photographed, and leaves and roots were harvested separately. The collected 

samples were immediately frozen in liquid nitrogen and stored at −80 °C until physiolog-

ical and transcriptomic analyses. 

4.2. Assays of Antioxidant Enzyme Activities, MDA, and Pyrethrin Content 

Fresh leaves and roots were analyzed separately for SOD, POD, and CAT activities 

and malondialdehyde (MDA) content using commercial assay kits (Beijing Solarbio Sci-

ence & Technology Co., Ltd., Beijing, China; Cat. Nos. BC0170, BC0090, BC0200, and 

BC0020, respectively), following the manufacturer’s protocol. SOD activity was deter-

mined based on the xanthine/xanthine oxidase (XOD)-NBT system (560 nm); POD activity 

was measured by monitoring the H2O2-mediated oxidation of specific substrates (470 nm); 

CAT activity was assayed via the decrease in H2O2 absorbance (240 nm); and MDA content 

was quantified using the thiobarbituric acid (TBA) method, with absorbance measured at 

both 532 and 600 nm to correct for background turbidity. Enzyme activities were ex-

pressed as U g−1 fresh weight (FW), and MDA content as nmol g−1 FW. Approximately 0.10 

g of fresh tissue was used for each assay, with three independent biological replicates for 

each treatment and tissue. Leaf pyrethrin content was estimated using the rapid spectro-

photometric method previously described [58]. Leaf tissues were initially dried at 50 °C 

to constant weight and then ground into a fine powder. A 0.10 g portion of the powder 

was transferred to a centrifuge tube and extracted with 5 mL of n-hexane. The extraction 

was performed by sequential vortex-mixing (30 s), sonication (40 kHz, 10 min), and re-

vortexing (30 s), after which the mixture was centrifuged at 1300× g for 6 min at 25 °C. An 

aliquot of the supernatant (0.5 mL) was diluted with 9.5 mL of anhydrous ethanol, and 

the absorbance of the resulting solution was recorded at 225 nm using a FlexA-200 micro-

plate reader (Hangzhou Allsheng Instruments Co., Ltd., Hangzhou, Zhejiang, China). 

This wavelength corresponds to the characteristic UV absorption maximum of natural 

pyrethrins reported in previous studies [59,60]. Because this spectrophotometric method 

does not chromatographically resolve individual pyrethrin esters, the resulting values 

were interpreted as estimates of total pyrethrin content and expressed on a dry-weight 

basis. Three independent biological replicates were analyzed for each treatment, with two 

analytical measurements per biological replicate. The mean value of the two measure-

ments for each plant was used for subsequent data analysis. 

4.3. RNA Extraction and Sequencing 

Total RNA was extracted from leaves and roots of T. coccineum seedlings using TRI-

zol reagent (Invitrogen, Waltham, MA, USA, Cat. No. 15596026) following the manufac-

turer’s instructions. High-quality RNA samples were sent to a commercial sequencing 

provider (Personalbio Biotechnology, Shanghai, China) for library construction and 

paired-end (150 bp) sequencing on a DNBSEQ-T7 platform (BGI, Shenzhen, Guangdong, 

China). Raw reads were filtered by fastp v0.22.0 [61]. The obtained clean reads were 
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assembled de novo into unigenes using Trinity v2.6.6 [62], which served as the reference 

transcriptome for downstream analyses. BUSCO v5.8.3 was used to evaluate the assembly 

completeness [63]. Clean reads from each library were mapped to the assembled reference 

transcriptome using Bowtie2 v2.3.4 [64], and transcript abundance was quantified using 

RSEM v1.3.1 [65]. Pearson correlation and principal component analysis (PCA) were com-

pleted on the LC-BIO cloud platform to assess consistency among biological replicates. 

DESeq2 v1.20 was used to identify DEGs with thresholds of |log2FoldChange| > 1 

and adjusted p-value < 0.05 [66]. All unigenes were annotated against NR, Swiss-Prot, 

Pfam, KEGG, and GO databases, followed by GO and KEGG enrichment analyses of 

DEGs using KOBAS v3.0 [67]. 

4.4. WGCNA and PPI Analyses 

Genes with an average FPKM > 1 and a coefficient of variation (CV) > 0.3 were in-

cluded in WGCNA. A minimum gene number of 50 was set for module construction. Cor-

relations between module eigengenes and experimental traits were examined to detect 

module–trait associations, and modules strongly associated with salt-responsive traits 

were retained for further analysis. GO and KEGG enrichment analyses of genes in selected 

modules were performed using the procedures described above. 

PPI networks for genes in salt stress-associated modules were constructed using the 

STRING database (http://string-db.org/) and visualized using Cytoscape v3.10.4. Genes 

with high network connectivity were prioritized as candidate hub genes. Transcription 

factors (TFs) were identified using PlantTFDB 4.0 (https://planttfdb.gao-lab.org/). Based 

on functional annotations, four ABA biosynthesis-related genes and eight pyrethrin bio-

synthesis-related genes were selected. Tissue-adjusted Pearson partial correlations were 

calculated using log2(FPKM + 1)-transformed expression data from 18 RNA-seq samples, 

with tissue effects removed by linear regression. p-values were adjusted using the Benja-

mini–Hochberg method. Significant correlations (adjusted p < 0.05) were used to construct 

a co-expression network. 

4.5. Validation by RT-qPCR 

To validate the RNA-seq data, eleven genes were chosen for RT-qPCR analysis, in-

cluding four associated with ABA biosynthesis and seven involved in pyrethrin biosyn-

thesis. Total RNA was extracted from the same plant samples used for transcriptome se-

quencing, and cDNA was synthesized with the All-in-One First-Strand Synthesis Mas-

terMix kit (Yugong Biotechnology, Wuxi, China). RT-qPCR was carried out on an FQD-

96A system (Bioer Technology, Hangzhou, China) with Taq SYBR® Green qPCR Premix 

(Universal) (Yugong Biotechnology, Wuxi, China). Each 20 µL reaction contained 1 µL of 

cDNA template, 1 µL of each primer, 10 µL of SYBR Green Premix, and 7 µL of nuclease-

free water, with TcGAPDH as the reference gene [4]. Gene-specific primers were designed 

using TBtools-II v2.454, with sequences listed in Table S1. The amplification conditions 

were as follows: 95 °C for 30 s, followed by 40 cycles at 95 °C for 10 s and 60 °C for 10 s. 

To ensure amplicon specificity and rule out primer-dimers, a melting curve was included. 

Relative expression was quantified using the 2−ΔΔCt method [68], with three biological and 

two technical replicates. 

4.6. Statistical Analysis 

Statistical analyses were conducted with R v4.2.1. Group comparisons were per-

formed by one-way ANOVA, with Tukey’s HSD test for multiple comparisons. Statistical 

significance was defined as p < 0.05. 
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5. Conclusions 

This study integrated physiological measurements, transcriptome profiling, and net-

work analysis to investigate tissue-specific responses to salt stress and changes in pyre-

thrin-related metabolism in T. coccineum. Increasing NaCl concentrations intensified leaf 

injury and induced distinct antioxidant responses in leaves and roots. Pyrethrin biosyn-

thesis-related genes exhibited variable transcriptional responses to salinity, whereas spec-

trophotometrically estimated leaf pyrethrin content increased with NaCl concentration. 

ABA biosynthesis-related genes also showed tissue-dependent transcriptional responses. 

WGCNA identified the tan and brown modules, which were associated with salt-respon-

sive processes and secondary metabolism, respectively. Candidate hub genes, including 

AHA4 and ALDH7B4, were identified, while subsequent co-expression analysis revealed 

potential associations between candidate TFs and ABA- or pyrethrin-related genes. Col-

lectively, these findings provide insights into tissue-specific salt-stress responses and the 

transcriptional complexity of pyrethrin-related metabolism in T. coccineum, providing a 

basis for further functional studies. 
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