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Abstract

Resistance of carrot to Alternaria leaf blight (ALB) caused by Alternaria dauci is a
complex and quantitative trait. Numerous QTL for resistance (rQTLs) to ALB have
been identified but the underlying mechanisms remain largely unknown. Some rQTLs
have been recently proposed to be linked to the flavonoid content of carrot leaves.
In this study, we performed a metabolic QTL analysis and shed light on the potential
mechanisms underlying the most significant rQTL, located on carrot chromosome

6 and accounting for a large proportion of the resistance variation. The flavonoids
apigenin 7-O-rutinoside, chrysoeriol 7-O-rutinoside and luteolin 7-O-rutinoside were
identified as strongly correlated with resistance. The combination of genetic, metab-
olomic and transcriptomic approaches led to the identification of a gene encoding a
bHLH162-like transcription factor, which may be responsible for the accumulation of
these rutinosylated flavonoids. Transgenic expression of this bHLH transcription fac-
tor led to an over-accumulation of flavonoids in carrot calli, together with significant
increase in the antifungal properties of the corresponding calli extracts. Altogether,
the bHLH162-like transcription factor identified in this work is a strong candidate for
explaining the flavonoid-based resistance to ALB in carrot.
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Introduction

Carrot production is challenged by various pests and pathogens that can affect either
the roots or the foliage [1,2]. Among these biotic stresses, Alternaria leaf blight (ALB),
caused by the necrotrophic fungus Alternaria dauci (A. dauci), is considered the most
damaging foliar disease worldwide [3—6]. This disease is characterized by brown
lesions on the surface of leaves, which can lead to complete foliar blight and poten-
tially total yield loss in cases of severe infection. As highlighted by Le Clerc and Bri-
ard [6], current ALB management relies mainly on chemical control, with applications
partially optimized by predictive models. Despite extensive research, practices based
on biological agents have not yet been translated into operationally viable solutions.
Cultural practices and seed treatments provide limited and inconsistent efficacy.

In order to achieve sustainable disease management, varietal resistance is a key
element, which must be integrated with complementary methods. To date, no carrot
genotype has been identified as completely resistant, and no major resistance gene
has been identified. Our long-standing objective is to provide breeders with sources
of high resistance and knowledge about resistance mechanisms, thereby filling a gap
in the literature.

In previous studies, we identified highly resistant sources, but these resistances
are polygenic, making introgression challenging [7]. Although resistance to ALB is
governed by multiple loci, the heritability of disease resistance over three years was
remarkably high, at approximately 71%, leading to highly consistent detection of rQTL
mapped in the carrot genome [8—11]. Our current goal is to decipher the underlying
mechanisms in order to identify genes and metabolites that could be targeted by
breeders.

Resistance QTLs may be associated with various mechanisms, including mor-
phological or physiological traits, genes involved in basal defense, minor resistance
genes, signal transduction, secondary metabolite synthesis, or currently undefined
mechanisms [12]. Several studies have successfully explored the relationship
between rQTLs and specific metabolites in resistance to fungal pathogens. For
example, co-localization between rQTLs and mQTLs in Arabidopsis suggested that
camalexin was involved in resistance against Botrytis cinerea [13]. Hamzehzhargani
et al. [14] identified 22 resistance-related metabolites associated with a rQTL on chro-
mosome 2DL of wheat, conferring resistance to Fusarium head blight (FHB), using
recombinant inbred lines (RILs) carrying alleles with opposing effects for the QTL.
Gunnaiah et al. [15] found that near isogenic lines (NILs) carrying the resistant Fhb1
QTL allele accumulated higher levels of hydroxycinnamic acid amides, phenolic glu-
cosides, and flavonoids compared to the susceptible ones. More recently, in carrot,
we employed a co-localization approach between rQTLs and mQTLs to identify fungi-
toxic terpenes and associated candidate genes underlying resistance QTLs mainly
located on chromosomes 4 and 8 [9].

By comparing several carrot genotypes with varying levels of resistance to ALB,
Koutouan et al. [16] found that the resistant genotypes accumulated higher levels of
a specific set of metabolites compared to the highly susceptible genotype H1. Among
these metabolites, they identified not only the terpenes that were later related to
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rQTLs, as described above, but also twelve flavonoids as discriminant compounds. The resistant genotypes 12 and Bolero
were characterized as rich in flavonoids compared to H1.

In the literature, as reviewed by Ramaroson et al. [17] flavonoids represent a large and structurally diverse family
of low-molecular-weight secondary metabolites synthesized by plants through specialized metabolic pathways. Along-
side phenylpropanoids, they are classified within the broader group of polyphenolic compounds, all sharing a canonical
C6-C3-C6 carbon skeleton. Their biosynthetic pathway is initiated by the conversion of naringenin chalcone into the fla-
vanone naringenin, which constitutes a central precursor for multiple flavonoid subfamilies, including flavones, flavanols,
anthocyanidins, and isoflavonoids. Subsequent structural diversification is achieved through extensive modifications of the
flavonoid backbone, such as C- or O-methylation, sulfation, or glycosylation, thereby generating a vast array of deriva-
tives. For instance, the flavone apigenin may undergo hydroxylation at the 3’ position of the B-ring to yield luteolin, which
can subsequently be methylated to form chrysoeriol. Owing to this remarkable structural plasticity, flavonoids fulfill a wide
spectrum of physiological and ecological roles in plants, notably in mediating responses to biotic stresses and interac-
tions with the microbiome [17—-23]. They are described as acting indirectly as signaling molecules, or directly through the
toxic effect of phytoanticipins and phytoalexins. For instance, they were linked to the constitutive resistance of barley or
wheat to FHB [24,25] or found to inhibit the fungal growth of Aspergillus niger and Cladosporium cucumerinum [26]. Very
recently, based on a strong correlation between metabolite content and resistance level, three of these flavonoids were
proposed by Ramaroson et al. [27] as potential biomarkers of resistance to ALB. However, no functional evidence has yet
been provided to confirm their role. The present study therefore aims to test the hypothesis that, like terpenes, flavonoids
contribute to carrot resistance to A. dauci by characterizing the mechanism underlying a major rQTL located on chromo-
some 6 (chr6), consistently detected across years, called RL14 in [9] and accounting for 20% of resistance variation. This
strategy aims to enable the pyramiding of complementary mechanisms within elite cultivars, thereby achieving stronger
and more durable resistance.

For this purpose, flavonoids previously identified by Koutouan et al. [16] were quantified in a segregating population
following A. dauci infection under field conditions. Co-localization between mQTLs and rQTLs was investigated. Tran-
scriptomic analyses were conducted to identify differentially expressed genes (DEG) between the two parental genotypes
— one resistant and one susceptible — of the segregating population. The DEG list was then compared to the genome
annotation within the mQTL-rQTL co-localization region. Transformation using Agrobacterium tumefaciens was carried out
to investigate the role of identified candidate genes in candidate flavonoid accumulation and in carrot resistance to ALB.

Materials and methods
Plant materials

Two accessions — H1 (susceptible to A. dauci) and 12 (partially resistant) — both being parental lines of a segregating pop-
ulation named PC2, two commercial hybrids — Presto (susceptible to A. dauci) and Bolero (partially resistant) — and 120
F2:3 progenies of PC2 population were used in the present study [8,9,11,16]. Their level of resistance was evaluated by
Koutouan et al. [9].

Experimental designs and crop conditions

For mQTL detection, two field trials were conducted in 2015 at Blagon (Latitude 44.7835; Longitude —0.9319, Gironde,
France) and in 2016 at Ychoux (Latitude 44.3333; longitude —0.9667 Les Landes, France). Each PC2 progeny was sown
in two replicates of 180 seeds, while each parental line and Bolero were sown in ten replicates. In order to homogenize
the disease pressure, Presto was sown along the entire length of the seedbed central rows. Two blocks were established
on each side of this Presto row, with all replicates of progenies and parental lines randomly distributed within them. As
described by Koutouan et al. [16], both trials were performed under farmer conditions in carrot production areas

where A. dauci pressure is very high.

PLOS One | https:/doi.org/10.1371/journal.pone.0336995 November 19, 2025 3/19




PLO\Sﬁ\\.- One

In order to harvest samples under optimal conditions for RNA extractions and microarray analysis, another trial includ-
ing the two parental lines (H1 and 12) was conducted in 2017, close to our laboratory, under tunnel conditions at Angers
(Latitude 47.4711; Longitude —0.5518 Maine et Loire, France). Four replicates of each line with 360 seeds were sown. The
entire trial was bordered by Presto and inoculated with P2 A. dauci strain as described in [28,29].

Metabolomic sampling design

For each trial, eight plants per replicate were harvested a few days after natural infestation or inoculation. The following
steps were as described by Koutouan et al. [16]. Briefly, the plants were transported in cold conditions to the laboratory
where two intermediate leaves of the eight plants of a sample were bulked, ground in a mortar with liquid nitrogen to
obtain fresh powder then stored at —80°C. About 1 g of each fresh powder was freeze-dried and ground again with iron
beads using a MM2 Retsch mixer-mill to obtain a fine powder.

Targeted analysis of flavonoids

Analysis of flavonoids were performed by UHPLC-ESI-MS as described by Koutouan et al. [16]. Briefly, 10 mg of fine
freeze-dried leaf powder from each replicate were extracted with methanol containing phenyl glucoside as internal stan-
dard. For the analysis of flavonoids in calli, approximately 1 g of callus tissue was placed in a 2 mL screw-cap tube and
freeze-dried. A 50 mg sample of the resulting dry material was then extracted exactly as previously described.

Flavonoids identified in parental lines by Koutouan et al. [16] were quantified using the Xcalibur software. The exact
mi/z and retention time of each selected metabolite were used and the integration of each peak was checked manually
before validation. The peak areas were considered as raw data. Using RStudio 1.0.136 [30], a “check-up phase” consist-
ing in reviewing the homogeneity of replicates, residual normality and variance homogeneity was performed from the raw
data. For each metabolite, to assess the reproducibility of the raw values obtained from biological replicates in the field, an
R script was developed to identify the number of genotypes presenting a ratio of raw values above 2 or 3. Except for heri-
tability calculations, genotypes with ratios higher than 3 for most of the metabolites were discarded from further analyses,
or the values were changed into missing data when only a few metabolites were concerned.

Broad sense heritability (H?) was estimated as H?=0G? oP?, where 0G? is the genotypic variance and oP? the pheno-
typic one. The phenotypic variance was calculated as oP?=0G2+0GY?Y +o0e%rY where cGY?is the genotype:environment
variance, Y is the number of year, oe? is the residual variance and r the number of replicates.

For correlation and QTL analyses, flavonoid data were the means of autoscaled data (2015 and 2016), i.e., centered to
mean and scaled to the standard deviation of the metabolite in each genotype [31].

Correlation between metabolite accumulation and disease score

Spearman correlation was calculated between flavonoid contents obtained here and disease scores released by Kout-
ouan et al. [9] on the PC2 progeny plants (same fields, same plants). Significance of each correlation was estimated with
p. value computed by student t. test using RStudio 1.0.136 [30].

Metabolite QTL (mQTL) detection

These analyses were performed as described by Le Clerc et al. [11] and Koutouan et al. [9] by regression interval map-
ping using MCQTL-5.2.6-Linux.sh software [32]. A threshold value for QTL detection and cofactors selection were com-
puted under an F test with 1000 permutations. Marker cofactors were selected in a forward method with 90% of the
detection threshold value. Then, QTLs were detected with the iterative QTL mapping procedure according to the detection
threshold value. A QTL was detected when the LOD (logarithm of odds) exceeded the threshold. A1 and 1.5 LOD support
interval suitable for 95% confidence interval were computed for all QTLs. The phenotypic variation explained by each QTL
separately and by all QTLs were calculated and referred as R? and global R?, respectively.
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In silico analysis of genes located under co-localization area

SSR molecular markers published by Le Clerc et al. [11] flanking mQTL-rQTL co-localization regions were aligned to the
carrot genome sequence [33] using the Geneious 10.2.3 software (https://www.geneious.com, [34]). The locus number of
each gene inside the co-localization area was extracted.

Transcriptomic analysis

Fresh ground leaves of each sample of the two H1 and 12 lines were ground in a mortar with liquid nitrogen to obtain

very fine powder. RNA was extracted following the protocol of the NucleoSpin® RNA Plus kit (Macherey-Nagel 2016, REF
740984 [35]), quantified using a NanoDrop ND-1000 (NanoDrop Technologies), and RNA quality was assessed with an
Agilent 2100 Bioanalyzer. After extraction, 100 ng of RNA from each replicate were amplified and labeled using Agilent

kit (ref: 5190-2306) and following the corresponding procedure [36]. Then, the cRNA was purified with Rneasy Mini Kit
(Qiagen, ref: 74106) and then hybridized onto the Agilent- Daucus_carota v1 chip described by Koutouan et al. [9] (Agi-
lent ref: G4862A). After hybridization, washing steps were performed and the blade was scanned using the InnoScan 710
(Innopsys) scanner. For the comparison of H1 and 12 samples, two biological replicates with two technical repetitions per
replicate were analyzed in dye-swap as described by Gagnot et al. [37]. Data extraction and analyses were exactly similar
to those previously described by Koutouan et al [9].

Functional validation: Transformation and characterization of transformants

Induction of callogenesis and somatic embryogenesis. Callogenesis and somatic embryogenesis were performed
from seedlings according to our previous work [38,39], with slight modifications. Seeds of H1 and 12 were surface
sterilized and germinated on moist filter paper. Seedlings were then transferred to B5 medium supplemented with 30 g/L
sucrose and 3 g/L phytagel, and grown at 23/19 °C until leaf formation. Petiole fragments (4—5 mm) were cultured on the
same B5 medium with 1 mg/L 2,4-D in the dark to induce callus. Calli were subcultured every 3 weeks on half-strength
B5 with reduced 2,4-D (0.1 mg/L) to obtain friable callus. Embryogenic calli were then transferred to hormone-free half-
strength B5 medium under low light for 6 weeks to induce somatic embryo formation. These friable embryogenic calli were
used as the target material for Agrobacterium tumefaciens—mediated genetic transformation.

Gene cloning and transfection of A. tumefaciens. The DNA sequence of the differentially expressed gene
was synthesised and cloned into a pTwist entry vector by Twist Bioscience (San Francisco, California, USA). The
entry vector was then introduced into Escherichia coli strain TOP10 by thermal shock at 42 °C for 30 seconds. E.

Coli clones were selected after one day of culture on LB medium supplemented with kanamycin (50 pg/mL) at 37

°C. Plasmids were extracted using the Nucleospin plasmid extraction kit (Macherey-Nagel, Diren, Germany [35]

and characterised by sequencing, using M13 universal primers (M13-F: 5-GTAAAACGACGGCCAG-3’ and M13-R:
5-CAGGAAACAGCTATGAC-3’). The gene of interest was then cloned into a pK7WG2D destination vector [40] using an
LR Clonase Il kit (Invitrogen, Waltham, Massachusetts, USA). Ligation products were transferred into E.coli strain TOP10
following the same procedure as described above and positive clones were selected on LB medium supplemented with
spectinomycin (100 pg/mL) at 37 °C. Plasmids were extracted from the selected clones using the Nucleospin Plasmid
Extraction Kit [35] and their sequence was confirmed by sequencing using the p35S primer (P35S_pK7WG2D_For
5-AAGAAGACGTTCCAACCACG-3’). The destination vector was transferred into Agrobacterium tumefaciens strain
EHA105 (pBBR1-MCS-5) by electroporation and selected after three days of culture on LB medium supplemented with
rifampicin (10 pg/mL), gentamicin (10 ug/mL) and spectinomycin (100 ug/mL) at 28 °C.

Preparation of the bacterial suspensions and carrot cell transformation. The preparation of bacterial solution was
performed according to our previous work on rose [41] except slight modifications in antibiotics as followed: spectinomycin
(100 pg/mL), gentamycin (10 yg/mL) and rifampicin (10 pg/mL).
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Carrot embryogenic calli were exposed to A. tumefaciens suspension at OD =0.1 and then co-cultured on Whatman
paper placed on top of the culture medium in the dark at 19-23°C for 1 day. Transformant selection was subsequently
initiated by transferring the calli on a fresh medium supplemented with 100 pg/mL kanamycin and 500 ug/mL cefotaxime,
to discard non-transformed calli and A. tumefaciens respectively. Calli were sub-cultured every three weeks on a fresh B5
Gamborg %2 medium supplemented with 50 pg/mL kanamycin until callus masses homogeneously expressing GFP were
observed by fluorescence microscopy.

Selection of transformation events for genotyping and phenotyping. The fluorescence of the GFP in the calli
was visualised using an SZX16 stereomicroscope (Olympus, Tokyo, Japan): Aexcitation= [460—480nm], Aemission=[495—
540nm]. The 15 most homogeneously fluorescing callus masses were considered as 15 separate transformation events
and spotted for multiplication. Calli not exposed to A. tumefaciens were used as a negative control (NT). Multiplication
consisted of sub culturing of one callus mass in one Petri dish of B5S Gamborg 2> medium with 50 mg/L kanamycin.
Multiplied events and NT calli were sub-cultured on a fresh medium 3 weeks before sampling. NT calli were cultured on a
kanamycin-free medium to prevent their loss.

Gene expression analysis in carrot calli. RNA extraction was carried out from 50 mg of fresh calli, using the
NucleoSpin RNA Plus kit [35], according to the manufacturer’s protocol. Total extracted RNA was quantified using a
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, Delaware, USA). The absence of genomic
DNA was verified by endpoint PCR (94 °C for 5 minutes, 35 cycles of (94 °C for 30s, 56 °C for 90s, 68 °C for 60s), 68 °C
for 10 minutes, 4 °C for 5 minutes) using primer pairs targeting an intronic sequence of the EF1-a gene (EF1-a-int-F 5’-
GCTTTACTTGCATTTACCCTTGGT-3’ and EF1-a-int-R 5-ACCCAACCTTCTTCAAGTAAGATGA-3’). Insertion of the nptll
gene was also verified by endpoint PCR.

Reverse transcription (RT) of RNA was performed on 2-ug total RNA in a 25-uL reaction volume using the M-MLV
Reverse Transcriptase Kit (Promega, Madison, Wisconsin, USA). The reaction program was as follows: 42 °C for 60 min-
utes, 70 °C for 10 minutes and 4 °C for 10 minutes.

Quantitative real-time PCR (qRT-PCR) was performed on the obtained cDNA using the GoTag®qPCR Master Mix kit
(Promega, Madison, WIS, USA) according to the manufacturer’s protocol and using a Chromo4 Real-time PCR detector
(Bio-Rad CFX connect Real-Time System, Inc., Hercules, CA, USA): 95 °C for 5 minutes, 40 times (95 °C for 3s, 60 °C for
1 minute), 60 °C to 95 °C for 5s and plate reading.

Three housekeeping genes GAPDH [0.2 um], a tubulin [0.2 pm], and actin [0.1 pym] (primer sequences in Patent No.
DI-RV-19-0075, an extension of the Patent No. WO/2011/161388) were used as reference genes to evaluate the expres-
sion level of the candidate gene [0.1 um]. Three technical replicates per sample were performed.

Quantitative PCR data were retrieved from the Bio-Rad CFX Maestro1.1 software. Gene expression level was normal-
ized with the expression of the housekeeping genes. The 222Cq method [42] was used to obtain the expression level of
the target gene referring to its expression level in the empty vector modality of H1. For this purpose, the average expres-
sion level of 7 empty vector controls in H1 transformation events were calculated and used as a reference thereafter.

Biological activity of callus extracts

Callus hydromethanolic extracts for biological activity assay. According to availability, two or three samples of one
modality were gathered to obtain enough material and weighed (1-2 g) then placed in a —80°C freezer until use. To obtain
callus extracts a hydro-alcoholic solvent extraction (MeOH/H20 75/25) was performed. For this, the calli were ground in
an ice-cold mortar in the presence of a pinch of Fontainebleau sand. The crushed material was suspended in 10 mL of
hydromethanolic solvent (MeOH/H,O 75/25 v/v), corresponding to the suspension volume of the powder and two rinses
of the mortar. The solution obtained was placed in an ultrasonic bath for 20 minutes. The liquid extract was recovered and
another 2 x 2.5 mL of residual extract from the rinsing of the material and the container was added. 10 yL of DMSO was
then added to the suspension before the container was returned to the ultrasonic bath for another 20 minutes. The liquid
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extract was filtered through a 25-um metal filter and completed with 3 x 2.5 mL of the wash. The extracts obtained were
centrifuged twice at 8500 rpm for 5 minutes. The supernatant was collected and the solvent was removed under reduced
pressure using a rotary evaporator with the heating bath at 40 °C. Dried callus extracts were resuspended in MeOH/H20
53/1 v/v and filtered on cellulose (0.45 uM).

In vitro biological activity test of callus extracts against A. dauci. Stock solutions of callus extracts were prepared
at 100 mg/mL in Potato Dextrose Broth (PDB) with 1% DMSO. PDB with 1% DMSO was used as a control. Conidia were
harvested from a 7-days sub-cultured A. dauci V8 medium as described by Pawelec et al. [28] by flooding sporulating
mycelia with sterile distilled water and gently scrapping the surface of the medium. The suspension was filtered through
sterile compress, to eliminate coarse mycelial fragments. The concentration of the conidial suspension was adjusted to 4
x 104 conidia/mL and Tween 20 was added to make up 0.05% of the suspension. A volume of 500 uL of the suspension
was pipetted into small tubes and the conidia were sedimented using a benchtop centrifuge for 10 s. The supernatant
was thereafter discarded and the pellet was resuspended in 500 uL of each of the corresponding compound solutions
prepared above.

The solutions were gently homogenised using a vortex mixer, after which a 100 yL drop was placed on a microscope
slide and covered with a coverslip. A total of 4 slides were prepared per modality as biological replications. Slides were
then incubated in the dark at 22 °C for 5 hours and incubation was stopped by transfer to =80 °C.

Slides were observed with a microscope Leica DMR HC light microscope (ref: 1188054) coupled with a Qlmaging
Retiga 2000R Colour CCD camera under x20 objective lens magnification.

Germination rate was estimated on 100 conidia randomly found at the central area of each slide. In this assessment, a
conidium was considered germinated if it has at least one visible hypha regardless of its integrity. The hyphae were visu-
ally inspected to note their integrity. The conidia whose all hyphae were disrupted were also counted. These two evalua-
tions were repeated on the four slides of each modality leading to a total of 3200 observations.

Statistics. All statistical analyses were performed in R v4.5.0, with a significance level set at 0.05. Whatever the analysis,
ANOVA model assumptions were evaluated. When assumptions were verified (e.g., for Biological assay data or for Leaf
metabolite data collected prior to transcriptomic analyses, that were log-transformed), a one-way ANOVA model was
applied and Tukey’s HSD test was used for post hoc comparisons. When assumptions were not verified, even after trans-
formation (e.g., for gPCR Data of gene expression or for Callus Metabolite data), data were analyzed with the Kruskal—
Wallis test and Conover’s post hoc test, with p-values adjusted using the Benjamini-Hochberg method.

Results
Correlation of metabolite contents with resistance and mQTL-rQTL co-localization

Twelve flavonoids, previously described by Koutouan et al. [16], were targeted for this analysis, namely apigenin
7-O-glucoside (Api 7G), luteolin 7-O-glucoside (Lut 7G), chrysoeriol 7-O-glucoside (Chry 7G), apigenin 7-O-rutinoside
(Api 7R), luteolin 7-O-rutinoside (Lut 7R), chrysoeriol 7-O-rutinoside (Chry 7R), apigenin 4’-O-glucoside (Api 4'G), luteolin
4’-O-glucoside (Lut 4'G), luteolin 7-O-glucuronide (Lut 7GR), apigenin 7-O-malonylglucoside (Api 7MG), luteolin
7-O-malonylglucoside (Lut 7MG), chrysoeriol 7-O-malonylglucoside (Chry 7MG).

In order to eliminate fortuitous co-localizations between putative mQTLs and rQTLs, we first performed a correlation
test between metabolite contents and disease scores. Seven metabolites were significantly correlated with the disease
score. Among them, Api 7R, Lut 7R, and Chry 7R showed a strong negative correlation with disease severity, suggesting
that higher accumulation of these compounds is associated with increased resistance. In contrast, the contents of Api
7G, Lut 7G, Chry 7G and Chry 7MG exhibited a significant positive correlation with disease score, suggesting a link to
susceptibility (Fig 1A). All these flavonoids are derived from a common biosynthetic pathway, with apigenin as the main

precursor (Fig 1B).
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Fig 1. Studied flavonoid compounds. A (left) Correlation between disease severity and the accumulation level of twelve flavonoids. Flavonoid abbre-
viations are Api for Apigenin, Lut for Luteolin and Chry for Chrysoeriol; 7G for 7-O glucoside, 7R for 7-O rutinoside, 4'G for 4’-O glucoside, 7GR for 7-O
glucuronide and 7MG for 7-O malonylglucoside. Red indicates a positive correlation and blue, a negative one. The intensity of colours indicates the level
of correlation from -0.5 to 0.5. Spearman method in R v4.5.0 was used to calculate the correlation coefficient. Significance of correlation is given by
p.value “*¥”0.01, “**”0.001, “***”0.0001. B (right) biosynthesis links between the twelve flavonoids as proposed by Koutouan et al. [16].

https://doi.org/10.1371/journal.pone.0336995.9001

The compounds Api 4'G, Lut 4’G, Lut 7GR, Api 7MG and Lut 7MG, which were not correlated with disease score, were
eliminated from subsequent analyses. The heritability for the accumulation of the seven correlated flavonoids was very
high, ranging from 68% for Chry 7MG to 93% for Api 7R and Api 7G (Table 1).

This very high heritability allowed an efficient mQTL detection. Indeed, as shown in Table 2, mQTLs for metabolite
accumulation were detected for all seven metabolites. A total of 14 mQTLs were identified on chromosomes 1, 3, 4, and 6.
The proportion of variance in metabolite accumulation explained by these mQTLs (global R?) was particularly high, rang-
ing from approximately 40% to a maximum of 70%. Half of the mQTLs were located on chr6. The R? values of the mQTLs
for Api 7R, Lut 7R and Chry 7R — the three metabolites negatively associated with disease severity, and thus positively
associated with resistance — were particularly high in this genomic region (30.4%, 68.2% and 69.2%, respectively). The
alleles associated with higher accumulation of these three metabolites originated from the resistant parent, 12, whereas

Table 1. Heritability of seven flavonoid correlated with disease score.

Metabolite H?=0G?oP? (%)
Apigenin 7-O-glucoside (Api 7G) 93.1
Luteolin 7-O-glucoside (Lut 7G) 75.7
Chrysoeriol 7-O-glucoside (Chry 7G) 86.5
Apigenin 7-O-rutinoside (Api 7R) 92.7
Luteolin 7-O-rutinoside (Lut 7R) 89.0
Chrysoeriol 7-O-rutinoside (Chry 7R) 91.5
Chrysoeriol 7-O-malonylglucoside (Chry 7MG) 68.5

https://doi.org/10.1371/journal.pone.0336995.t001
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Table 2. List of mQTLs co-localized with rQTLs and exhibiting a significant correlation with disease score. mQTLs were detected over two
years under field conditions in the PC2 segregating population. (SI=Support Interval; Chr=Chromosome; R?=Explained phenotypic variation;
cM=centimorgan; H1 and I12=carrot genotypes susceptible and resistant, respectively, to ALB). Bold numbers highlight details about QTLs
located on chromosome 6.

Code of mQTL Chr 1-LOD SI (cM) Max position (cM) R? (%) Global R? (%) Additive effect of allele
H1 12
Lut 7R 6 25.6-25.8 25.8 68.2 68.2 -0.503 0.503
Lut 7G 1 12.1-49.2 47.3 8.7 37.1 0.144 -0.144
4 0.9-50 34.7 9.1 0.136 -0.136
6 14.4-37.6 31.1 25.6 0.249 -0.249
Api 7R 4 31.2-43.6 40.5 32 50 -0.321 0.321
6 25-28.2 25.8 30.4 -0.301 0.301
Api 7G 4 34.6-47.7 40.5 40.7 52.7 -0.341 0.341
6 23.5-30.4 25.8 27.2 0.245 -0.245
Chry 7R 1 40.1 - 66 413 12.6 71.1 0.131 -0.131
6 21.4-25.8 25.8 69.2 -0.5023 0.5023
Chry 7G 1 37.2-50.4 413 28.6 52.5 0.263 -0.263
6 24.3-28.2 25.8 42.9 0.328 -0.328
Chry 7MG 3 53.1-69.7 55.7 25.8 41.5 0.291 -0.291
6 11-26.1 25.8 25.1 0.256 -0.256

https://doi.org/10.1371/journal.pone.0336995.t002

the alleles linked to high flavonoid accumulation positively correlated with disease severity (Api 7G, Lut 7G, Chry 7G, Chry
7MG) were inherited from the susceptible parent, H1.

Interestingly, most of the mQTLs associated with these seven metabolites co-localized with the major rQTL on chr6
(R?=20%) (Fig 2). The seven mQTLs overlapped and most of them had their maximum positions at 25.8 cM. The Lut 7G
mQTL had his peak at 31.1 cM.

Identification of candidate genes

Prior to gene expression analyses, we demonstrated that the differences between the susceptible genotype (H1) and
the resistant genotype (I12) in the content of metabolites associated with resistance were highly significant (Fig 3), which is
consistent with previous observations.

In order to focus on the search for candidate genes within the mQTL-rQTL co-localization region on chr6, we performed
an in silico analysis of the genomic interval flanked by SSR0066 and SSR0292. Subsequently, a microarray analysis
comparing the transcriptomes of H1 and 12 was carried out to identify, among the 292 genes located within this interval,
those that are significantly overexpressed in 12 compared to H1 and potentially involved in the biosynthesis of the three
flavone-rutinosides. These combined analyses have notably highlighted the LOC108226497 (https://www.ncbi.nIm.nih.
gov/gene/LOC108226497), predicted to encode a basic helix-loop-helix transcription factor, more specifically a bHLH162-
like protein composed of 207 amino acids. This protein possesses a highly conserved bHLH domain spanning 82 resi-
dues from its N-terminal side (NCBI). The domain includes a six-residue DNA binding site and a 16-residue dimerization
interface (Fig 4).

Validation of bHLH by transformation

Selection of potentially transformed calli exposed to A. tumefaciens was based on their ability to develop on kanamycin-
supplemented medium and the observation of a GFP fluorescence signal (Fig 5). Transformants with empty plasmid will
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Fig 2. Flavonoid mQTLs co-localizing with the resistance rQTL on carrot chromosome 6. Flavonoid abbreviations are Api for Apigenin, Lut for
Luteolin and Chry for Chrysoeriol; 7G for 7-O glucoside, 7R for 7-O rutinoside, and 7MG for 7-O malonylglucoside. Flavonoid mQTLs are represented
by red blocks when they are positively linked to disease severity or blue blocks when negatively linked. Blocks length and position indicate the 1 LOD
support interval with the maximum peak position indicated by a small lateral horizontal bar. SSR codes on the right of the chr6 are microsatellite markers
with position indicated in centimorgans on the left as published by Koutouan et al. [9]. The rQTL described as RL14 on chr6 by these authors is indicated
in green. R?=Explained resistance variation; cM =centimorgan.

https://doi.org/10.1371/journal.pone.0336995.9002

be further called H1 EV for empty vector. Transformants harboring the LOC108226497 under the control of the CaMV
358 promoter, allowing a constitutive overexpression of the candidate gene, will be called H1 bHLH over-expressors.
Non-transformed calli will be referred to as NT. The DcbHLH162-like gene will be simply called bHLH.

Gene expression was measured in calli derived from 11 different transformation events (H1 bHLH 1-13), 2 non-
transformed controls (H1 NT and 12 NT), and the reference empty vector transformants (EV) using the primers BHLH-F 5’-
ATATTTCGCGTCTCCTTTTATGC-3 and BHLH-R 5- GCCGATCCCTCCTGCAAT-3’ (Fig 6). As expected, the expression
of DcbHLH162-like gene in the H1 NT control was very similar to that in H1 EV. Expression in 12 NT was 119 times higher
than in H1 EV, and 40 times higher than in H1 NT. For each of the bHLH putative over-expressors, the gene expression
level was significantly higher than in H1 EV (up to 4134 times higher for H1 bHLH 8). This demonstrates the high success
of the transformation process.

Regarding the metabolic phenotypes (Fig 7, S3 File), Lut 7R was the most abundant metabolite in bHLH over-
expressors calli, followed by Chry 7R. In both cases, these levels in bHLH over-expressors calli were significantly different
from those in H1 NT samples. Although Lut 7R levels exhibited a tendency to be higher in 12 NT samples — approximately
100 fold — compared to H1 NT samples, the difference was not statistically significant. In contrast, Chry 7R levels in 2 NT
samples clustered with those of H1 bHLH over-expressors and were significantly different from H1 NT samples. Api 7R
was not detected in any of the samples.
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Fig 3. Accumulation of apigenin-7-O-rutinoside (Api 7R), luteolin-7-O-rutinoside (Lut 7R), and chrysoeriol-7-O-rutinoside (Chry 7R) in the
leaves of the two carrot genotypes H1 and I12. The red bars correspond to the susceptible genotype H1, the green bars to the partially resistant gen-
otype 12. The Y-axis represents peak area values from mass-spectrometry-based quantification (arbitrary unit). Data were obtained from four biological
replicates. Letters denote group differences based on Tukey’s tests for each of the three metabolites with error threshold=0.05 (S1 File).

https://doi.org/10.1371/journal.pone.0336995.9003
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Fig 4. Conserved domains of DcbHLH162-like protein sequence (NCBI).
https://doi.org/10.1371/journal.pone.0336995.9004

Fig 5. Fluorescence of the GFP in calli of non-transformed carrot genotype H1 (left), compared to H1 bHLH calli (right) harboring the
DcbHLH162-like gene (LOC108226497) under the control of the CaMV 35S promoter.

https://doi.org/10.1371/journal.pone.0336995.9005
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Fig 6. Expression level of the DcbHLH162-like gene in calli of 11 different transformation events (called H1 bHLH 1 to 13) compared to
non-transformed controls (NT) and empty vector transformants (EV). H1 NT: native carrot genotype susceptible to ALB (represented in red);

12 NT: native partially resistant carrot genotype (represented in green). H1 bHLH 1 to 13 (represented in dark blue) are transformants harboring the
LOC108226497 under the control of the CaMV 35S promoter. Y-axis indicates the expression level of the target gene in the calli (log scale), referring to
its mean expression level in 7 events of H1 empty vector modality (represented in blue) and calculated with 222¢a method [42]. Data were obtained from
three technical replicates in a gPCR run. Letters denote group differences based on Conover’s all-pairs test with error threshold=0.05 (S2 File).
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Fig 7. Accumulation of luteolin-7-O-rutinoside (Lut 7R), and chrysoeriol-7-O-rutinoside (Chry 7R) in the calli of the two native or transformed
carrot genotypes H1 and 12. H1 NT 1 to 5 are non-transformed H1 calli; 12 NT 1 to 5 are non-transformed 12 calli. H1 bHLH 1 to 13 are 11 independent
transformation events of H1 transformants harboring the DcbHLH162-like gene (LOC108226497) under the control of the CaMV 35S promoter. Y-axis
represents peak area values from mass-spectrometry-based quantification (arbitrary unit). For each of the two metabolites, letters a and b indicate signif-
icant group differences based on Pairwise comparisons between the three groups H1 NT, 12 NT and H1 bHLH, the different calli within a group (1 to 5 for
H1 NT and 12 NT, or 1 to 13 for H1 bHLH) being considered as biological replicates. This analysis was based on Conover’s all-pairs tests. (S3 File).

https://doi.org/10.1371/journal.pone.0336995.9007

Biological activity of callus extracts

According to material availability, calli from events n° 4, 7 and 13 were selected to represent bHLH over-expressors, while
calli called H1 NT 0, 1, 2 and 12 NT 2, 3 were selected to represent non-transformed H1 and 12 respectively.

When exposed to callus extracts, the germination rate of A. dauci conidia tended to increase, regardless of the callus
type, compared to the control DMSO (Fig 8A, solid bars). This stimulation was significantly higher with the H1 bHLH
callus extract than with the non-transformed one (H1 NT). Non-transformed |2 extract exhibited an intermediate effect
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Fig 8. Effect of transformed callus extracts on A. dauci condia germination. A, Germination (solid bars) and disruption (hatched bars) percentages
calculated from 3200 microscope observations of conidia exposed to callus extracts or control solution (1% DMSO) (400 conidia per modality). Germi-
nation statistics: ANOVA p <0.001***; disruption statistics: ANOVA p<0.001***. Letters a, b and c displayed group significance from Tukey’s multiple
comparison test for germination rates. Letters a’, b’ and ¢’ displayed group significance from Tukey’s multiple comparison test for disruption rates. Error
threshold=0.05 (S4 File). B, pictures of normal (plain arrows on a and b) or disrupted (dashed arrows on c and d) hyphae.

https://doi.org/10.1371/journal.pone.0336995.9008

between the two. However, particularly with the H1 bHLH extract, nearly all emerging hyphae were disrupted (Fig 8A,
dashed bars; Fig 8B, ¢ and d). This disruption rate was significantly higher with H1 bHLH extract than with H1 NT extract
and was markedly higher than under the control condition (1% DMSO). Again, the 12 extract showed an intermediate
effect between the H1 NT and H1 bHLH extracts (S4 File).

Discussion

Effective and sustainable management of ALB is essential to ensure stable carrot yields. The development of elite culti-
vars with durable and increased resistance is a key objective for reducing fungicide applications.

In previous work, we identified terpenes and flavonoids associated with resistance to ALB in carrot [16]. In the present
study, as a complement to the work on terpene-related resistance [9], we investigated potential flavonoid-based resistance
mechanisms to ALB in carrot. Our results proved that seven of the twelve flavonoids previously highlighted [16) were
significantly associated with resistance, either positively — Api 7R, Lut 7R, and Chry 7R — or negatively —Api 7G, Lut 7G,
Chry 7G and Chry 7TMG.

In a recent paper, based on a positive association between Api 7R, Lut 7R, and Chry 7R accumulation and resistance,
we proposed using these three metabolites as biomarkers of resistance in breeding programs. This previous study was
performed on genetically unrelated genotypes, i.e., without any known genealogical relationship [27]. In the present work,
the studied genotypes all originate from a cross between H1 and 12, susceptible and resistant genotypes respectively, and
belong to a population highly segregating for resistance. Since resistance levels in the progeny remain strongly associ-
ated with the accumulation of these three metabolites, this further supports their relevance as biomarkers.

We not only confirmed the relationship between flavonoid content and resistance level, but also mapped the QTLs
underlying the accumulation of the seven metabolites and demonstrated their co-localization with resistance QTLs. Even
more interestingly, their variation is primarily explained by mQTLs located on chromosome 6, in close proximity to the
major RL14 rQTL, the elucidation of which was of particular interest. Moreover, the alleles associated with their higher
accumulation, originated from the resistant parent I12. These observations logically support the hypothesis that in addition
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to terpenes previously highlighted [9], Api 7R, Lut 7R, and Chry 7R may play a direct role in resistance to ALB. In fact,
studies on other plant pathogen systems support our findings on flavonoids as resistance factors.

Bollina et al. [24] showed that flavonoids such as kaempferol and naringenin were associated with resistance of barley
cultivars against FHB. Notably, naringenin is a precursor of apigenin [43]. [25] reported that Api 7R is a constitutive metab-
olite linked to resistance against FHB in wheat.

Tomic et al. [44] identified Lut 7R as an important component of a methanol extract from Athamanta turbith subsp.
haynaldii, an Apiaceae species. This methanol extract inhibited the growth of Candida albicans in vitro. Api 7R and Lut 7R
were found to inhibit the growth of the phytopathogenic fungi Aspergillus niger and Cladosporium cucumerinum [26], Lut
7R showing the highest effect.

The other four metabolites significantly associated with resistance—but negatively—are glucoside compounds that
may potentially compete with the first three. Indeed, all of them belong to the same biosynthesis pathway. The substrate
7G can either accumulate in its original form or be converted into 7MG or 7R. It is the 7R conversions of glucosides into
rutinosides (Api 7R, Lut 7R, and Chry 7R) that were preferentially activated in resistant individuals. Future investigations
could focus on analysing the ratios between the different metabolites to assess whether such competition plays a criti-
cal role. If confirmed, breeders will have to screen materials with the favourable balance between 7R and 7G or 7MG to
obtain breeding lines that are more resistant.

Based on these contrasting results observed between rutinosides and glucosides, we propose that a balance may exist
between “resistance” and “susceptibility” branches of the flavone biosynthesis pathway, determined by their glycosylation
patterns. This biosynthetic step may be catalyzed by an enzyme with rhamnosyltransferase activity [16]. We therefore
searched for genes differentially expressed between H1 and 12, underlying the co-localization region, and potentially asso-
ciated with this balance.

A gene encoding a bHLH transcription factor was identified within the co-localization region of chr6. Its structural
characterization revealed a DNA-binding site comprising six residues, likely recognizing E-box consensus sequences
in various gene promoters, as well as a dimer interface of 16 residues where polypeptide binding is expected to occur.
Heterodimerization is particularly noteworthy, as the bHLH transcription factor may form a complex with other transcription
factors such as R2R3-MYB and WDA40, to assemble a MBW complex capable of regulating the flavonoid biosynthesis and
accumulation, as already documented in other plant species [45—47], including carrot [48,49]. Based on these findings, we
hypothesize that the bHLH gene identified in our study may play a role in regulating flavonoid associated with resistance
to ALB.

In the literature, flavonoid biosynthesis has also been shown to be regulated by the MBW complex, which involves
interactions between R2R3-MYB, bHLH, and WD40-type transcription factors [17,39—41,50-52]. For instance, overex-
pressing of TCP3 (a member of the bHLH family) in transgenic Arabidopsis plants resulted in the hyper-accumulation of
flavanols, anthocyanins and proanthocyanidins [53]. Conversely, Burr et al. [54] reported that Intensifier 1 (a bHLH tran-
scription factor) from Zea mays negatively regulates anthocyanins accumulation. Similarly, Dhokane et al. [55] identified a
gene encoding a bHLH transcription factor within the QRL-Fhb2 region, which is associated with wheat resistance against
FHB. The expression of this gene was significantly higher in resistant RILs compared to susceptible ones. They also
observed a high constitutive accumulation of flavonoids in resistant RILs.

To assess the potential role of this gene in carrot resistance to ALB, we successfully transformed the susceptible
genotype H1, which naturally accumulate low levels of the candidate flavones compared to the resistant genotype 12, with
the DcbHLH162-like gene (LOC108226497), under the control of the CaMV 35S promoter. The gene was successfully
overexpressed in all selected H1 transformed calli, leading to higher expression levels than in H1 NT and even more than
in 12 NT calli. The latter result was probably due to the strong activity of the CaMV 35S promoter.

The regeneration of bHLH162-like transgenic whole plants and the characterization of their offspring will take several
years. As an alternative, in order to validate the bHLH162-like gene and associated flavonoids as resistance factors to
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ALB in carrot, we proposed an initial functional characterization through metabolic and transcriptomic analysis of calli,
followed by the evaluation of callus extract effects on A. dauci conidia behaviors.

The metabolic characterization of the callus extracts was consistent with expectations, revealing a significant quantita-
tive increase in Lut 7R and Chry 7R in bHLH-transformed H1 calli compared to non-transformed H1 calli. Non-transformed
12 calli displayed an intermediate profile, clustering with H1 NT calli for Lut 7R levels, and with H1 bHLH calli for Chry
7R. Based on previous quantifications conducted on whole plants, the accumulation of Api 7R in calli could have been
expected. However, the absence of Api 7R detection is consistent with prior unpublished studies in which attempts to
detect Api 7R at the callus stage were unsuccessful. A plausible explanation for the lack of Api 7R accumulation could be
an elevated activity of the enzyme EC 1.14.13.21 in calli compared to leaves. This flavonoid 3’-hydroxylase enzyme was
described by Koutouan et al. [16] as responsible for the hydroxylation of agenin to luteolin.

The biological activity of extracts from H1 NT and transformed H1 calli indicate that contact between the carrot matrix
and the conidia may serve as a clear signal for conidia germination. Indeed, conidia germination rates in the presence
of callus extracts were significantly and strongly increased compared to the DMSO culture medium. This effect was
statistically more pronounced in H1 bHLH than in H1 NT callus extracts. This suggests that the stimulating compounds
are more abundant in the transformants than in the non-transformed calli. 12 also tends to stimulate conidial germination
more than H1 NT even if differences were not statistically significant. This “stimulation” may seem surprising. However, it
is interesting to link these observations to the findings of Boedo et al. [56], who reported that A. dauci conidia produced
significantly more germ tubes when inoculated on Bolero leaves — an ALB partially resistant variety — than on Presto
leaves, a susceptible variety, despite the fact that disease progression was much more slower on Bolero. It is not unlikely
that flavonoids are responsible for this phenomenon. Indeed, stimulation of fungal growth by flavonoid glycosides has
been previously reported, primarily in the context of the beneficial plant-fungus interactions [57]. However, Ruan et al.
[58], in the context of pathogenic interactions, also found that apigenin-7-O-glucoside (Api 7G) and pisatin from pea
(Pisum sativum) root exudates stimulated the germination of Fusarium solani f. sp. pisi spores. The stimulation of patho-
gen development by defence-related flavonoids has been interpreted as an adaptation of the pathogen to its host, as
summarised by Straney et al. [59]. To understand how this stimulation may result in resistance, it is important to analyse
hyphae growth.

Conidia exposed to bHLH calli extracts exhibited a very high germination rate. However, the vast majority of emitted
hyphae did not survive and underwent lysis. This phenomenon probably compromised the pathogenic potential of these
hyphae. 12 NT showed intermediate fungitoxic properties between H1 NT and H1 bHLH callus extracts, in agreement with
their intermediate flavonoid content.

The three compounds associated with resistance are biochemically linked, with apigenin being the precursor of luteolin,
and luteolin being the precursor of chrysoeriol [16,43]. An hypothesis of a multi-step co-evolution between the plant and
the pathogenic fungus could be proposed as follows. Initially, Api 7R-containing carrot resisted to A. dauci until the fungus
adapted itself to Api 7R and used this molecule to recognize the host. In a second step, carrot evolved to transform Api
7R into Lut 7R, that was efficient until a new fungal adaptation. In a third step, carrot evolved to produce a more complex
molecule from Lut 7R, namely Chry 7R.

In such a scenario, Api 7R and Lut 7R conferred resistance to the carrot plant in the past, but they would now be
overcome by the pathogen, which uses them as signalling molecules indicating host presence. Fungal pathogens evading
flavonoid-based host defence have already been reported, for example by detoxifying active compounds from the host
plant or by secreting catabolic enzymes [60]. In the case of Sclerotinia sclerotiorum, its virulence against Arabidopsis
thaliana was associated with its ability to metabolize rutin, by releasing the rutinose moiety, prior to degradation of the
aglycone by a quercetin 2,3-dioxygenase [61]. In tomato (Solanum lycopersicum)-Cladosporium fulvum interaction, the
increased pathogen virulence was conferred by a tomatinase enzyme, capable of degrading a-tomatin, a saponin with
antimicrobial activity in plants [62]. Similar mechanisms, yet to be discovered, may exist in A. dauci.
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Chry 7R, on the other hand, would remain an effective weapon to eliminate the pathogen by disrupting its hyphae.
Direct antifungal activities of flavonoids have already been documented and summarized by Ramaroson et al. [17], Das et
al. [22] or Patil et al. [63]. Effects such as fungal cell wall invagination, shrinkage, and intracellular calcium and potassium
leakage leading to osmotic imbalance have been described for example in Candida albicans [64]. A putative antifungal
activity of Chry 7R may therefore be further investigated.

From an evolutionary perspective, the addition of another step in the flavone pathway — leading to increased struc-
tural complexity from apigenin to luteolin and then to chrysoeriol — could reflect an adaptative response to a changing
environment. More specifically, the biosynthesis of chrysoeriol from luteolin may indicate a renewed need to fully control
the pathogen, following the partial loss of protection conferred by Lut 7R alone. This interpretation is supported by the
observed dual role of callus extracts: they not only stimulated hyphal emission — possibly due to Lut 7R — but also induced
a strong hyphal disruption, likely attributable to chry 7R. This resulted almost in a complete loss of pathogenicity, with
85% of hyphae disrupted in H1 bHLH modality compared to only 10% in the control. Considering previous data and the
observed loss of pathogenicity, bHLH is further supported as being implicated in A. dauci resistance, likely through the
three flavonoids biosynthesis.
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