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339 
Figure 2: Transcriptomic responses of Chrysanthemum seticuspe petals and leaves to 340 
Botrytis cinerea infection. (A) Principal component analysis (PCA) of RNA-seq profiles from 341 
petals (Mock vs B. cinerea infected) at 24, 48, and 72 hours post-inoculation (hpi). (B) PCA of RNA-342 
seq profiles from leaves (Mock vs B. cinerea infected) at 12 and 20 hpi. Individual dots represent 343 
sample replicates. (C and D) KEGG pathway enrichment of diperentially expressed genes (DEGs) 344 
in B. cinerea infected petals and leaves relative to mock controls. Bars indicate the number of 345 
DEGs assigned to each pathway; colour intensity reflects the average log₂ fold-change of DEGs 346 
within each pathway (FDR < 0.05). (E) Heatmap of putative BGCs predicted by plantiSMASH. 347 
Expression values are row-scaled z-scores across all samples (petals: 24, 48, 72 hpi; leaves:12, 348 
20 hpi).  349 
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Flavonoid and anthocyanin pathway genes are selectively induced in infected petals 350 

One of the most prominent infection-responsive pathways was the flavonoid/anthocyanin 351 
biosynthetic pathway. Consistent with the visible red pigmentation, multiple genes encoding 352 
anthocyanin biosynthetic enzymes together with putative MYB–bHLH–WD40 (MBW) regulatory 353 
genes, were strongly upregulated in infected petals. A heatmap of gene expression (Figure 3C) 354 
showed that upon B. cinerea inoculation, transcripts for most key enzymes accumulated to 355 
higher levels in petals but not in leaves, in line with the absence of anthocyanin pigmentation in 356 
leaves. Several candidate MBW transcription factors, including R2R3-MYB and bHLH genes, 357 
displayed infection-induced expression in petals, alongside anthocyanin structural biosynthetic 358 
genes. Although KIPEs (Rempel et al., 2023) predicted two anthocyanidin synthase (ANS) genes, 359 
only one possessed all conserved residues. However, neither of these genes showed detectable 360 
expression under any condition, suggesting that an alternative set of genes might fulfil this role. 361 
Notably, the C. seticuspe orthologs of Arabidopsis bHLH transcription factors TT8 and MYC1, 362 
both canonical components of the MBW complex, showed no induction after infection either, 363 
suggesting the possible involvement of an alternative set of transcription factors in regulating 364 
anthocyanin accumulation during C. seticuspe petal infection.  365 

 366 
Figure 3: Pathogen-induced activation of the anthocyanin biosynthetic pathway in 367 
Chrysanthemum seticuspe. (A) Model of MYB–bHLH–WD40 (MBW) transcriptional complex 368 
regulating anthocyanin biosynthesis in Arabidopsis (and other model plants) through binding to 369 
promoters of structural genes. (B) Simplified anthocyanin biosynthetic pathway. Starting from 4-370 
coumaroyl-CoA and three molecules of malonyl-CoA, chalcone synthase (CHS) and chalcone 371 
isomerase (CHI) generate naringenin, which is hydroxylated by flavanone 3-hydroxylase (F3H) 372 
into dihydroflavonols. Subsequent reactions catalyzed by dihydroflavonol 4-reductase (DFR) and 373 
anthocyanidin synthase (ANS) yield anthocyanidins, which are stabilized into anthocyanin 374 
glucosides by flavonoid 3-O-glucosyltransferase (UFGT) using UDP-glucose. Side branches of the 375 
pathway lead to flavonols (via flavonol synthase, FLS) and catechins (via leucoanthocyanidin 376 
reductase (LAR) and anthocyanin-related glutathione S-transferase (arGST). (C) Heatmap of z-377 
score normalised expression for candidate MBW regulators and anthocyanin structural genes 378 
(predicted by KIPES). Values inside the box are TPM values. Rows indicate gene identifiers with 379 
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putative annotation in parentheses;columns show samples from petals (mock vs B. cinerea 380 
infected at 24, 48, 72 hpi) and leaves (mock vs infected at 12, 20 hpi). 381 

Metabolite profiling highlights petal-specific accumulation of flavonoids and terpenoids 382 

Metabolomic profiling of infected plants mirrored the transcriptomic changes, revealing a 383 
pronounced accumulation of specialised metabolites in petals. PCA of untargeted metabolite 384 
profiles showed that infected petal samples clustered distinctly from mock-inoculated controls 385 
at all timepoints, reflecting pronounced infection-induced metabolic shifts. In contrast, infected 386 
leaves showed less separation from controls in the PCA, and the overall magnitude of changes 387 
was less pronounced (Figure 4A and supplementary Figure S3). Among the many metabolite 388 
features detected, those that changed significantly upon infection were predominantly 389 
annotated as belonging to the terpenoid, fatty acid, and shikimates- phenylpropanoids classes 390 
(Figure 4B). In petals, a substantial subset of differentially abundant metabolites were the 391 
flavonoids (Figure 4C), a finding consistent with transcriptional activation of the flavonoid and 392 
anthocyanin biosynthetic pathways described above. By contrast, infected leaves exhibited only 393 
minimal induction of these metabolite classes. Together, the data indicate that B. cinerea 394 
infection triggers strong reconfiguration of the petal metabolome, characterized particularly by 395 
the accumulation of terpenoids and flavonoids, whereas the metabolic response in leaves was 396 
comparatively limited. 397 

 398 

 399 
Figure 4:  Metabolome remodelling in Chrysanthemum petals vs leaves upon B. cinerea 400 
infection. (A) Principal component analysis (PCA) of metabolite features from mock-inoculated 401 
(red) vs B. cinerea-infected (blue) samples. Petal samples are outlined in gold (24, 48 and 72 h 402 
post-inoculation, hpi) and leaf samples in green (12 and 20 hpi). (B) Comparison of metabolite 403 
super-classes (NPClassifier) diperentially abundant upon infection, shown for petals (left) and 404 
leaves (right). (C) Distribution of diperentially abundant metabolite features of top 25 subclasses 405 
(NPClassifier). Bars show the counts of infection-responsive features for petals (left) and leaves 406 
(right). Diperential abundance was determined using the Kruskal–Wallis test followed by Dunn’s 407 
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post-hoc test (p < 0.05). For tissue-specific PCA plots and pooled quality control (QC) 408 
assessment, see Supplementary Figure S3. 409 

Time-resolved profiling reveals coordinated induction of defence-related flavonoids and 410 
anthocyanins 411 

Consistent with the global metabolomic shifts, specific flavonoid and anthocyanin compounds 412 
accumulated to high levels in infected petals over the course of infection. Several metabolites 413 
that were barely detectable in mock-treated petals showed strong time-dependent induction in 414 
infected petals (Figure 5). For example, the flavonol aglycone quercetin increased sharply in 415 
concentration by 48–72 hpi in infected petals, while it remained low in controls (Figure 5A). Its 3-416 
O-glycosylated derivative hyperoside (quercetin 3-galactoside) was similarly elevated in infected 417 
tissues (Figure 5D). The flavone tilianin and its aglycone acacetin both showed progressive 418 
accumulation in petals following inoculation (Figure 5B, 5E). Notably, an anthocyanin candidate 419 
identified by SIRIUS as cyanidin 3-glucoside-5-(6-acetylglucoside), accumulated to high levels in 420 
infected petals by 72 hpi, but in mock inoculated petals remained at baseline (Figure 5C), which 421 
corresponds with the visual increase of red spots at 72 hpi. Together, the coordinated temporal 422 
rise of diverse flavonoids and anthocyanins highlights a strong petal-specific metabolic response 423 
mounted by C. seticuspe against B. cinerea. 424 

425 
Figure 5: Time-course of accumulation of diSerentially up-regulated flavonoids and 426 
anthocyanins from the untargeted metabolomics of Chrysanthemum petals following B. 427 
cinerea infection. Boxplots show z-score normalized intensities of five metabolites significantly 428 
induced in infected petals (red) compared to mock controls (teal) at 24, 48, and 72-hours post-429 
inoculation (hpi). (A) Quercetin, (B) Tilianin, (C) Cyanidin 3-glucoside-5-(6-acetylglucoside), (D) 430 
Hyperoside (hyperin) and (E) Acacetin. Each box represents the interquartile range (IQR) with the 431 
median line; whiskers extend to 1.5× IQR. Infected petals show progressive accumulation of all 432 
five metabolites across the time course. Diperential accumulation was tested using the Kruskal–433 
Wallis test followed by Dunn’s post hoc test (p < 0.05). 434 
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Pathogen-induced flavonoids and anthocyanins exhibit antifungal activity  435 

To determine whether the flavonoids and anthocyanins that accumulate during infection can 436 
directly inhibit B. cinerea, we tested commercially available pure compounds for several 437 
abundant metabolites detected in infected petals. The tested compounds included the 438 
aglycones of two flavonoids (quercetin and tilianin), as well as an anthocyanin (cyanidin) and its 439 
glycosylated form. We were unable to purchase the infection-specific compound cyanidin 3-440 
glucoside-5-(6-acetylglucoside). Instead, we tested the cyanidin disaccharide conjugate 441 
cyanidin 3,5-diglucoside.  Fungal growth inhibition assays showed that each of the tested 442 
compounds inhibited B. cinerea growth in a dose-dependent manner (Figure 6), confirming that 443 
both flavonoids and anthocyanins possess antifungal activity. The flavonoids quercetin and 444 
acacetin inhibited B. cinerea growth to a similar extent as their respective glycosides, hyperoside 445 
and tilianin (Figure 6A, 6B). In contrast, the aglycone cyanidin displayed significantly higher 446 
antifungal potency than its disaccharide conjugate, cyanidin 3,5-diglucoside (Figure 6C). 447 
Collectively, these results demonstrate that both the aglycones and their glycosylated 448 
derivatives possess direct antifungal activity, contributing to the chemical defence against grey 449 
mould. 450 

   451 

Figure 6: Concentration-dependent inhibition of B. cinerea growth by flavonoids and 452 
anthocyanins, measured via resazurin assay. Fungal biomass (mean ± SD, n = 3) was quantified 453 
after 20h incubation at increasing metabolite concentrations. Values are normalised to untreated 454 
controls (100%). (A) Quercetin (teal) vs Hyperoside (red). (B) Tilianin (teal) vs Acacetin (red). (C) 455 
Cyanidin (teal) vs Cyanidin 3,5-diglucoside (red).  456 

Transcript-metabolite co-clustering with MEANtools reveal new biosynthetic pathways 457 

Paired omics datasets are well suited to study biosynthetic routes through pathway discovery 458 
linking genes and molecules. Here, we used our time-course RNA-seq and LC–MS/MS data as 459 
input for MEANtools (Singh et al., 2025), which builds a joint network that links metabolite 460 
abundance to gene expression and proposes biosynthetic pathways. The full MEANtools network 461 
contained several transcript-metabolite modules or functional clusters. One of the merged 462 
clusters was strongly enriched for known anthocyanin pathway genes. We refer to this as the 463 
anthocyanin module (Figure 7A) and use it as a case study for how MEANtools can highlight a 464 
pathogen-induced biosynthetic pathway. The anthocyanin module network shows a modular 465 
topology organised into several biosynthetic and regulatory sub-graphs. The network has a scale-466 
free topology, with a small set of highly connected hub transcripts that link many dense local 467 
clusters of co-regulated enzymes and transporters. The node-degree distribution is strongly 468 
right-skewed (Supplementary Figure S2A), so most transcripts in the transcript-metabolite 469 
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network connect to only one or a few metabolites, whereas a minority of genes act as hubs 470 
connected to many metabolites. This pattern matches current views of plant metabolic wiring, 471 
where pathway enzymes (for example in the anthocyanin or phenylpropanoid routes) tend to 472 
have focused connections, and regulatory or transport genes link several modules. The relation 473 
between node degree and edge weight (Supplementary Figure S2B) does not follow a simple 474 
positive trend. Instead, the scatter plot has a bell-shaped form: genes with many edges tend to 475 
show intermediate average association strength, consistent with broad but less specific 476 
regulation. This category includes genes encoding global co-regulators or enzymes that act at 477 
pathway branch points. Genes with few edges often show very strong or very weak associations. 478 
This points to specialised or condition-dependent roles, in which genes are tightly coupled to a 479 
small set of metabolites (for example, enzymes catalysing individual reactions), whereas others 480 
show weak links that may reflect peripheral or indirect associations. 481 

Inside the anthocyanin module, four functional sub-modules can be distinguished (Figure 7B). A 482 
core anthocyanin biosynthesis cluster (including CHS, CHI, F3H, DFR, ANS and UFGT 483 
homologues) forms the metabolic backbone and connects to glycosyltransferases that diversify 484 
pigment structures. A stress-related cluster links flavonoid biosynthesis to wider phenolic 485 
metabolism and contains caffeoyl-CoA O-methyltransferases and hydroxycinnamoyl 486 
transferases that feed lignin-like branches. A membrane and transport cluster contains ATP-487 
binding cassette (ABC) and MATE transporters, consistent with compartment-specific regulation 488 
and vacuolar sequestration of flavonoids. GO and PFAM analysis in these clusters shows strong 489 
enrichment of oxidoreductase activity (GO:0016491), UDP-glucosyltransferase activity 490 
(GO:0035251) and transport-associated domains (PF00005, PF01554), in line with redox-491 
controlled steps and vacuolar transport in anthocyanin and related flavonoid metabolism. 492 
Transcription factor categories enriched in the same region of the network include MYB–bHLH–493 
WD40 complexes, in agreement with the layered control within this metabolic pathway of 494 
structural and regulatory gene sets. We combined the transcript-metabolite network with the 495 
reactions proposed by MEANtools. Searches based on “Asteraceae” suggested that many of the 496 
predicted reactions may act on mycosinol-like metabolites related to polyyne-type phytoalexins 497 
(Supplementary material, MEANtools_output in Zenodo). Mycosinol is an anti-fungal 498 
(spiroketalenol ether) phytoalexin known to be produced by Coleostephus myconis (Asteraceae) 499 
after infection with B. cinerea (Marshall et al., 1987).  500 

Searches based on “Chrysanthemum” highlighted metabolic features tentatively assigned as 501 
chrysoeriol and selgin (both flavones) and a virtual molecule (phenolic aldehyde) predicted by 502 
MEANtools. These compounds had strong correlations with sphingolipids, which could 503 
represent intermediates or side branches of the mycosinol route, all of which clustered within 504 
the GNPS molecular network (Figure 7F).  All these metabolites are enriched in infected tissues 505 
(flowers and leaves) and map to the stress-related submodule of the anthocyanin network, 506 
where they connect to MYB/bHLH transcription factors, methyltransferases and oxidases (Figure 507 
7B,D,E). Together with the presence of flavone-like conjugates, this suggests that flavone 508 
conjugates, phenolic aldehydes and sphingolipid-like features participate in a common 509 
infection-induced stress response branch, that is transcriptionally linked to the anthocyanin 510 
module. Anthocyanins and mycosinol arise from distinct metabolic backgrounds, the 511 
phenylpropanoid and fatty-acid pathways, respectively. Even though the structural pathways are 512 
different, the integrated transcript-metabolite network often has cross-links between 513 
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anthocyanins and polyyne modules through shared redox / tailoring enzyme and 514 
coexpression/coregulation under stress (Figure 7E). This means that in the integrated network, it 515 
is likely for anthocyanin biosynthetic genes to cluster near mycosinol-related oxidases not 516 
because they share substrates, but because they share transcriptional triggers. 517 

Metabolites prioritised through MEANtools showed strong metabolite-metabolite associations 518 
(Figure 7G) and this association aligned well with one of the GNPS molecular network results 519 
(Figure 7F). For example, metabolite 2951 displayed a very strong correlation with metabolite 520 
1317 (r = 0.92, p = 7.11×10⁻¹³, Mutual Rank = 16), and both were putatively annotated as 521 
mycosinol-like compounds from the LOTUS database (Figure 7G). These compounds were highly 522 
abundant in infected samples compared with mock controls (Figure 7C). Similarly, metabolites 523 
3945 and 826 showed a weak but negative correlation (r = –0.38, p = 0.03), which may reflect a 524 
flux-based relationship where an increase in one metabolite corresponds to a decrease in the 525 
other. Metabolite 3945 was strongly correlated with 2951 (r = 0.61, p = 3×10⁻⁴) and 1317 (r = 0.54, 526 
p = 4.5×10⁻⁴) and showed structural similarity to 826 predicted from the LOTUS database. In 527 
summary, the combined topology, enrichment patterns and abundance profiles place the 528 
anthocyanin module at the centre of redox-linked defence. MEANtools networks were exported 529 
as interactive HTML files for detailed inspection and manual curation, and all predicted reactions 530 
are supplied in the supplementary material made available in Zenodo (see Data availability 531 
section). 532 

Figure 7: Transcript-metabolite interaction network links an anthocyanin defence module to 533 
mycosinol-like metabolites. (A) Anthocyanin transcript–metabolite mutual-rank–based network 534 
showing co-regulated modules (green, transcripts; blue, metabolites). (B) The same network 535 
annotated into functional domains representing core biosynthesis (red), regulation of stress response 536 
(orange), transport (green) and other associated functions (blue). (C) MEANtools-predicted mycosinol 537 
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metabolite Cs253R816ID1317 and related structure with LOTUS ID (LTS0268024) as source of 538 
putative annotation with “Asteraceae” as the filtering step in the LOTUS database. Left, chemical 539 
structures with candidate tailoring genes predicted my MEANtools; center, normalised abundance of 540 
metabolite Cs253R816ID1317 in mock and infected samples; right, z-score normalised expression of 541 
genes correlated with Cs253R816ID1317. (D) Additional MEANtools-prioritised biosynthetic hub in 542 
the anthocyanin module, including chrysoeriol (LTS0059766), selgin (LTS0145712), 3,4-543 
dihydroxybenzaldehyde (LTS0251601) and VM_4060906 a virtual molecule predicted by MEANtools 544 
with “Chrysanthemum” as the filtering parameters in the LOTUS database. (E) Local gene subnetwork 545 
linked to Cs253R816ID1317. Nodes include methyltransferases, MYB/bHLH transcription factors, 546 
cytochrome P450s and oxidases; edge labels give correlation coeoicients. (F) GNPS molecular 547 
network of sphingolipid candidates (infection-enriched features) correlating with the putative 548 
mycosinol-related pathway. Nodes show relative abundance in infected leaf (pink) and infected 549 
flowers (yellow); the edges are ∆m/z values. (G) A network representing high-correlation between 550 
metabolites from the anthocyanin module. Nodes represent metabolic features, pie-chart contains 551 
abundance of feature in mock (green) vs infected (red) samples. The edges show medium to high 552 
correlation (0.5-1.0). Metabolites from mycosinol-like, intermediate steps. 553 

Discussion 554 

Flower tissues are often considered more susceptible to fungal pathogens than leaves, yet we 555 
observed that Chrysanthemum seticuspe flower petals mounted an active defence that 556 
restricted B. cinerea at the infection sites. After inoculation with B. cinerea, discrete red spots 557 
appeared at the pathogen penetration sites within 24hrs post inoculation and intensified over 558 
time. These pigmented spots co-localised with fungal infection structures (penetration pegs and 559 
infection cushions) and anthocyanin autofluorescence was observed in epidermal cells. In 560 
contrast, infected leaves developed expanding necrotic lesions without visible pigments. 561 
Together, these observations indicate an early, spatially confined defence response in the flower 562 
petals of C. seticuspe that is macroscopically visible at infection sites.  563 

This effective resistance response links to a massive, petal-specific transcriptional 564 
reprogramming that is distinct from the leaves. While both organs activate general defence 565 
genes, the petal transcriptome converged on the upregulation of several specialised secondary 566 
metabolic pathways, particularly those involved in the biosynthesis of terpenoids, 567 
phenylpropanoids, flavonoids, and anthocyanins. Several predicted secondary-metabolite gene 568 
clusters (mostly terpenoids) showed coordinated induction in the petals. Chrysanthemum 569 
flowers are known for their scent, and our metabolomics data showed terpenoids as the largest 570 
compound class detected, consistent with reports that chrysanthemum floral volatiles are 571 
dominated by terpenoids (He et al., 2023). The features associated with the red phenotype were 572 
linked to flavonoids and anthocyanins. In infected petals, flavonoids (quercetin, hyperoside, 573 
acacetin and tilianin) and the anthocyanin cyanidin 3-glucoside-5-(6-acetylglucoside) increased 574 
over time, mirroring the development of red spots. While flavonoid identities were confirmed via 575 
the GNPS library, the anthocyanin structure was predicted using the in-silico tool SIRIUS. Due to 576 
the lack of a commercial standard for this specific predicted compound, experimental 577 
confirmation was not possible. Nevertheless, the combined transcriptomic and metabolomic 578 
patterns indicate a metabolic reprogramming that directs flux toward flavonoid and anthocyanin 579 
biosynthesis at infection sites, strongly linking the red pigment to anthocyanin accumulation. 580 

Since red colouration can result from either anthocyanins or condensed tannins 581 
(proanthocyanidins, PAs), we used DMACA (p-dimethylaminocinnamaldehyde) stain to 582 
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differentiate them. This stain specifically reacts with PAs to produce a blue-purple colour and 583 
was validated using a freshly cut apple as a positive control. The red pigments in the infected 584 
petals did not react with DMACA (Supplementary Figure S1), arguing against the presence of PAs. 585 
This finding, combined with other data, provides compelling evidence for anthocyanins. The LC-586 
MS/MS identification of cyanidin 3-glucoside-5-(6-acetylglucoside), the petal-specific induction 587 
of anthocyanin genes, and the characteristic red-channel autofluorescence (600–650 nm) all 588 
strongly support that cyanidin-based anthocyanins is the primary source of the red colour. To 589 
truly confirm this compound’s structure, additional structural proof is required, e.g., by doing 590 
NMR on the purified compound. However, since we study a single cell response and the flower 591 
petals are just a few millimetres in size, this is technically not feasible. In the future, an alternative 592 
validation approach would be to chemically synthesise cyanidin 3-glucoside-5-(6-593 
acetylglucoside) and match its LC-MS/MS characteristics to the experimental data. 594 

Co-expression of flavonoid/anthocyanin biosynthetic genes with several MYB, bHLH and WD40 595 
candidates in infected petals is consistent with the involvement of an MBW-type module in 596 
regulation of these compounds. Notably, the expression of the C. seticuspe genes that are 597 
orthologs to Arabidopsis thaliana bHLH TFs TT8/MYC1 are higher in mock-treated than infected 598 
C. seticuspe petals, making it unlikely that these operate as regulators of the induced program. 599 
This pattern points to either (i) recruitment of alternative MYB/bHLH partners during defence, (ii) 600 
a shift from developmental to stress-responsive regulators, or (iii) regulation that is not 601 
transcript-limited (e.g., pre-existing proteins, post-translational control, or cell-type effects). 602 
Discriminating among these possibilities will require targeted perturbation of the induced 603 
MYB/bHLH candidates and finer time-course profiling.  604 

Re-activation of the anthocyanin pathway during B. cinerea infection can sometimes circumvent 605 
genetic blocks through activation of distinct regulatory nodes. In white Antirrhinum majus corolla 606 
tubes (the delila or del mutant), the anthocyanin pathway is normally blocked by absence of the 607 
bHLH transcription factor which regulates the expression of DFR. However, infection with B. 608 
cinerea stimulates the biosynthetic machinery downstream of the block, thereby restoring 609 
pigmentation (Harrison & Stickland, 1980). A similar phenomenon is observed in white-skinned 610 
grapes, where the canonical VvMYBA1 and VvMYBA2 transcription factors are silenced in those 611 
grapes. Notably, Blanco-Ulate et al. (2015) found that while these master regulators and the 612 
canonical VvUF3GT gene are not expressed during infection, a suite of alternative putative UF3GT 613 
genes were significantly up-regulated. This suggests that interactions with a fungal pathogen can 614 
activate independent regulatory nodes or alternative candidate genes to bypass primary genetic 615 
blocks, a mechanism that may similarly be at play in C. seticuspe. 616 

Our data show a broad and coordinated induction of the flavonoid pathway in infected petals. 617 
Key biosynthetic genes, including CHS, CHI, F3H, DFR, arGST and UFGT were upregulated in 618 
concert with a significant accumulation of downstream metabolites such as quercetin, 619 
hyperoside and cyanidin-glucoside. This strong gene-to-metabolite correlation supports a major 620 
redirection of metabolic flux toward flavonoid and anthocyanin production at infection sites. A 621 
notable exception was the expression of the gene anthocyanidin synthase (ANS), for which we 622 
detected no transcripts. This could be due to several factors: i) expression may be highly 623 
transient and peak outside our sampling window; ii) there might be other ANS gene copies that 624 
are not in the genome annotation; or iii) regulation may occur post-transcriptionally, allowing for 625 
sufficient enzyme activity. While resolving the mechanism of ANS regulation requires further 626 
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investigation, the consistent induction of genes upstream and downstream of this step, 627 
combined with the accumulation of the final cyanidin 3-glucoside-5-(6-acetylglucoside) 628 
provides compelling evidence that petals channel metabolic flux through the anthocyanin 629 
pathway during infection. 630 

To validate the defensive function of the accumulated metabolites, we demonstrated their 631 
antifungal activity against B. cinerea. In-vitro assays revealed that infection-induced flavonoids 632 
(quercetin, hyperoside, acacetin) and anthocyanins (cyanidin derivatives) exhibited potent, 633 
dose-dependent inhibition of fungal growth. The observation that the cyanidin aglycone 634 
displayed higher antifungal potency than its glycosylated counterpart, cyanidin 3,5-diglucoside, 635 
suggests a bio-activation mechanism during infection. While the cyanidin glycoside appears less 636 
toxic in-vitro, it likely functions as a 'concealed arsenal' in-vivo. Fungal pathogens, including B. 637 
cinerea, secrete β-glucosidases as part of their pathogenicity strategy to degrade carbohydrates 638 
during infection. The B. cinerea genome contains around 40 genes that encode CAZymes with 639 
potential β-glucosidase activity (Drula et al., 2022). Such enzyme activity may strip the sugar 640 
moiety from stored, stable flavonoid glycosides, which are less active in fungal growth inhibition, 641 
and thereby release the less stable but more toxic aglycones at the site of infection. This 642 
mechanism has been demonstrated in mango-anthracnose interactions, where the release of 643 
aglycones such as cyanidin and quercetin by fungal β-glucosidase is more toxic than its 644 
glycosylated forms (Sudheeran et al., 2020). Thus, the accumulation of cyanidin glycosides in 645 
chrysanthemum petals may a stable pro-drug that is converted into more toxic compound after 646 
the release of fungal β-glucosidases. It is currently unclear which of the B. cinerea CAZymes 647 
would be involved in such a process. 648 

Beyond direct toxicity of flavonoids and anthocyanins, they are also known antioxidants capable 649 
of scavenging reactive oxygen species (ROS), thereby mitigating oxidative stress at the infection 650 
site and preventing uncontrolled necrosis (Heller & Tudzynski, 2011). This dual capacity as both 651 
antimicrobial and antioxidant agents positions them as multifunctional protectants in the floral 652 
defence. Our observations are consistent with earlier reports that genetically modified 653 
anthocyanin-rich purple tomatoes are more resistant to B. cinerea than red tomatoes with no 654 
anthocyanins (Zhang, et al., 2013). Although our assays show clear antifungal activity for several 655 
infection-induced flavonoids and anthocyanins, it is likely that additional classes of secondary 656 
metabolites also contribute synergistically towards resistance against B. cinerea. In particular, 657 
terpenoids and other specialised metabolites may play equally important roles that were not 658 
studied here. Future work should therefore examine these additional pathways, especially the 659 
numerous biosynthetic gene clusters predicted by PlantiSMASH that were up-regulated after 660 
infection. Characterising the metabolites produced by these clusters may reveal previously 661 
unrecognised chemical defences deployed in infected flowers. 662 

We leveraged the paired multi-omics dataset to identify candidate biosynthetic pathways using 663 
MEANtools, a dedicated computational framework for predicting plant specialised-metabolism 664 
pathways from integrated transcriptomics and metabolomics data. As one of the few tools 665 
specifically developed for multi-omics-driven pathway discovery in plants, MEANtools enable 666 
systematic prioritisation of transcript-metabolite associations and reconstruction of putative 667 
biosynthetic routes. Applying MEANtools to our dataset allowed to explore pathway-level 668 
organisation and identify potential enzymatic steps underlying the observed metabolic changes. 669 
This analysis identified a large anthocyanin-associated module that is presumably involved in the 670 
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synthesis of potential phytoalexins, including mycosinol, as well as flavones such as chrysoeriol 671 
and selgin. However, this approach comes with some limitations. As the dataset is based on 672 
untargeted LC-MS/MS, MS² spectra were not available for several key metabolites identified by 673 
MEANtools such as the putative mycosinol feature (ID1317) and selgin (ID826) preventing 674 
confident in-silico structural annotation. MEANtools relies primarily on accurate mass and 675 
LOTUS database matches, which can lead to conflicts when MS² data are considered. For 676 
example, ID2951 was annotated by MEANtools as a compound similar to mycosinol but SIRIUS 677 
predicted a different sesquiterpenoid structure, and ID3945 predicted by MEANtools as 678 
chrysoeriol matched to phytosphingosine (a fatty-acid-derived lipid) in the GNPS library. Despite 679 
these constraints, the transcript–metabolite co-regulation within the module provides strong 680 
support for the occurrence of mycosinol-related defence response. Future targeted LC-MS/MS 681 
analysis with full fragmentation data would be essential to validate these predicted metabolites 682 
and determine whether mycosinol contributes to resistance of chrysanthemum against B. 683 
cinerea. 684 

Taken together, our findings show that Chrysanthemum seticuspe flowers mount a multilayered 685 
chemical defence against B. cinerea, characterised by the transcriptional activation of the 686 
anthocyanin pathway and the accumulation of a broad suite of specialised metabolites, 687 
including candidate polyyne-type phytoalexins. The infection-triggered pigmentation response is 688 
not unique to Chrysanthemum, but reflects a broader pattern observed across angiosperms, in 689 
which normally white tissues such as white-skinned grapes, white-stage strawberry fruit, or the 690 
white corolla tubes of Antirrhinum majus produce localised red pigmentation (primarily 691 
anthocyanins) when infected by B. cinerea (Blanco-Ulate et al., 2015; Xu et al., 2025; Harrison & 692 
Stickland, 1980). Across these systems, stress-induced flavonoid and anthocyanin 693 
accumulation correlates with increased resistance. It is unclear whether this infection-triggered 694 
metabolic response is specific to necrotrophic pathogens or is also induced by pathogens with 695 
biotrophic or hemi-biotrophic lifestyle. It is also unknown whether comparable responses occur 696 
in cultivated Chrysanthemum morifolium, and whether their magnitude and composition diper 697 
between pigmented and non-pigmented cultivars. Future efforts combining targeted metabolite 698 
characterisation, functional genetics and high-resolution spatial/single cell-omics will be 699 
essential to uncover pathogen-induced plant defence metabolites within these floral tissues. 700 
Collectively, these studies open new avenues of research into floral defense mechanisms and 701 
the role of anthocyanin compounds in the interaction with necrotrophic pathogens, highlighting 702 
their functionality beyond their traditional ornamental roles. 703 
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Supplementary figures: 

 

Figure S1: Figure A and B are DMACA staining of infected flower petals and freshly cut apples.   

 

Figure S2: A) MEANtools predicted relationship between gene node degree vs frequency. B) 
MEANtools predicted relationship between gene node degree vs average edge weight. 

Figure S3: A) PCA of metabolite features from mock-inoculated, B. cinerea-infected samples, 
QCs and blank. B) PCA of metabolite features from mock-inoculated (blue) and B. cinerea-
infected (red) leaf samples. 
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