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Characterization of NRPS and PKS 
genes involved in the biosynthesis 
of SMs in Alternaria dauci 
including the phytotoxic polyketide 
aldaulactone
Julia Courtial1, Jean‑Jacques Helesbeux2, Hugo Oudart1, Sophie Aligon1, Muriel Bahut3, 
Bruno Hamon1, Guillaume N’Guyen1, Sandrine Pigné1, Ahmed G. Hussain1,5, 
Claire Pascouau1, Nelly Bataillé‑Simoneau1, Jérôme Collemare4, Romain Berruyer1* & 
Pascal Poupard1

Alternaria dauci is a Dothideomycete fungus, causal agent of carrot leaf blight. As a member of the 
Alternaria genus, known to produce a lot of secondary metabolite toxins, A. dauci is also supposed 
to synthetize host specific and non‑host specific toxins playing a crucial role in pathogenicity. This 
study provides the first reviewing of secondary metabolism genetic basis in the Alternaria genus by 
prediction of 55 different putative core genes. Interestingly, aldaulactone, a phytotoxic benzenediol 
lactone from A. dauci, was demonstrated as important in pathogenicity and in carrot partial resistance 
to this fungus. As nothing is known about aldaulactone biosynthesis, bioinformatic analyses on a 
publicly available A. dauci genome data set that were reassembled, thanks to a transcriptome data 
set described here, allowed to identify 19 putative secondary metabolism clusters. We exploited 
phylogeny to pinpoint cluster 8 as a candidate in aldaulactone biosynthesis. This cluster contains 
AdPKS7 and AdPKS8, homologs with genes encoding a reducing and a non‑reducing polyketide 
synthase. Clusters containing such a pair of PKS genes have been identified in the biosynthesis of 
resorcylic acid lactones or dihydroxyphenylacetic acid lactones. AdPKS7 and AdPKS8 gene expression 
patterns correlated with aldaulactone production in different experimental conditions. The present 
results highly suggest that both genes are responsible for aldaulactone biosynthesis.

Many factors are involved in plant fungal infection and disease development processes. Notably, cell wall degrad-
ing enzymes and phytotoxins play a key role in infection and virulence of necrotrophic phytopathogenic  fungi1–3. 
Phytotoxins have been divided into two categories based on their  specificities4: non host-specific toxins (NHSTs), 
which are the first type of toxins, numerically  larger5, and host-specific toxins (HSTs). NHSTs can affect a wide 
range of plant genera with more or less effect and are mainly linked with the intensity of plant disease. HSTs have 
a toxic effect in a plant genus or species which have a specific target, encoded by a so-called susceptibility gene, 
which determine whether the fungus can infect the plant or  not1,6,7. HSTs were discovered mainly in Alternaria 
and Cochliobolus  genera8–11. HSTs and NHSTs have various chemical natures, some of them are ribosome 
synthesis-dependent peptides but most are secondary metabolites (SMs)1,2,5.

SMs are divided into four classes depending on their biosynthetic origin: polyketides (PKs), non-ribosomal 
peptides (NRPs), terpenes and indole  alkaloids12. Hybrids between those classes also exist. Focusing on the 
most represented (NRPs, PKs, and their hybrids), their biosynthetic pathways involve enzymes usually encoded 
by co-regulated genes organized in clusters. In those clusters, one or two core genes encode for NRP-synthases 
(NRPSs), PK-synthases (PKSs), NRPS-PKSs or PKS-NRPSs responsible for the biosynthesis of the molecule 

OPEN

1Univ Angers, Institut Agro, INRAE, IRHS, SFR 4207 QuaSaV, 49000 Angers, France. 2Substances d’Origine 
Naturelle et Analogues Structuraux, SFR4207 QUASAV, Université d’Angers, Angers, France. 3ANAN, SFR 
4207 QUASAV, Beaucouzé, France. 4Westerdijk Fungal Biodiversity Institute, Uppsalalaan 8, 3584CT Utrecht, 
The Netherlands. 5Laboratory of Virology, Wageningen University and Research, Droevendaalsesteeg 1, 6708 
PB Wageningen, The Netherlands. *email: romain.berruyer@univ-angers.fr

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-11896-0&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8155  | https://doi.org/10.1038/s41598-022-11896-0

www.nature.com/scientificreports/

backbone. Then, tailoring enzymes encoded by other genes of the same cluster modify the molecule backbone 
by functional-group transfer or redox  reactions13. These clusters also often include genes encoding specific 
transcription factors, transporters and toxin resistance  proteins13,14.

Three types of PKS have been described and extensively reviewed in  bacteria15,16. In fungi, only type I and 
III are reported. Fungal type III PKSs are poorly known; in facts, only five are experimentally  characterized17, 
and few are predicted (between zero and two) in sequenced fungal  genomes17,18. They are known to synthesize 
resorcylic acid-type compounds. Most fungal PKSs belong to type I and correspond to large multi-domain and 
multifunctional enzymes that act iteratively to catalyze the condensation of malonyl-CoA with an acyl-CoA act-
ing as  starter12,13. Iterative type I PKSs could be subdivided into three types, depending on the degree of reduction 
in the resulting PK: non-reducing (NR)-, partially-reducing (PR)- and highly-reducing (HR)-PKSs15,19. They con-
tain at least a minimal core module of three domains -ketosynthase (KS), acyltransferase (AT) and an acyl carrier 
protein (ACP) domain- to catalyze head-to-tail Claisen condensation of acetyl-CoA20,21. Reducing-PKSs contain 
optional domains catalyzing the reduction of the β-ketothioester chain, namely ketoreductase (KR), dehydratase 
(DH), and enoyl reductase (ER) domains. By contrast, NR-PKSs always contain a starter unit ACP transacylase 
(SAT) domain which catalyzes the transfer of the starter unit to the ACP-domain. NR-PKSs can contain a product 
template (PT) domain involved in poly-β-ketoester  cyclisation22–25. NR-PKS can also contains two kind of release 
domain: a thioesterase (TE) domain or a C-terminal reductase domain (R)26–29. The TE domain catalyzes the 
hydrolysis of the bond between the PK and the enzyme itself and thus releases the resulting PK with or without 
a cyclization reaction. The R domain catalyzes a polyketide chain release by NAD(P)H-dependent reduction. 
Other additional domains, such as methyltransferase (MT) domain, were found in both NR-PKS and HR-PKS.

NRPSs are modular megaenzymes, each module being responsible for the addition of a single amino acid to 
the NRP. One NRPS contains a minimal set of three domains: a condensation (C) domain, an adenylation (A) 
domain, and a peptidyl carrier protein (PCP)  domain30. The A domain is responsible for selecting and adenylating 
a specific amino acid that is then linked by a thioester function to a prosthetic phosphopantetheinyl group on 
the PCP domain. Substrates of the NRPS A domains extend far beyond the twenty proteinogenic amino  acids31. 
At last, the C domain catalyzes an amide bond synthesis between the amino acid and the peptide attached to 
the PCP domain of the preceding module and so on to the next module. NRP diversity and specificity are medi-
ated through additional tailoring domains, such as epimerase (E) domain and the amino acid specificity of the 
A-domains. Some fungal NRPS also contain TE- or R-type release  domains29,32 Hybrids of those enzymes, i.e. 
combination of PKS and NRPS domains, could be PKS-NRPS or more rarely NRPS-PKS, depending on the 
orientation of the domains. PKS-NRPS contain HR-PKS and the NRPS set of the three minimal domains, while 
NRPS-PKS contain the NRPS A, C and PCP domains upstream a KS  domain12,33.

In this study, we focused on a necrotrophic Dothideomycete fungus, Alternaria dauci [(Kükn) Groves & 
Skolko], the causal agent of Alternaria leaf blight on carrot  leaves34. Alternaria leaf blight is the most important 
aerial disease on carrot world-wide35,36. No full carrot resistance against Alternaria leaf blight is known, while 
only partial resistance is observed. Indeed, a strong correlation between carrot plant resistance against A. dauci 
and carrot cell resistance to fungal exudates, and more specifically to the organic extracts, argues for the involve-
ment of toxins in this plant-pathogen  interaction37.

In the Alternaria genus, the toxin roles in the pathogenicity are particularly well described with more than 
seventy toxins identified among pathogenic  species38. Remarkably, numerous phytopathogenic Alternaria spe-
cies produce HSTs that cause high specificity for their  host8. So far at least seven phytotoxins have been isolated 
and characterized from A. dauci cultures: zinniol, alternariol, alternariol monomethyl-ether, α-acetylorcinol, 
p-hydroxybenzoic acid and  aldaulactone39–43. To our knowledge, little is known about their biosynthetic path-
ways, except for the alternariol biosynthetic cluster that was recently predicted by sequence  homology44. The 
contribution of these toxins to A. dauci pathogenicity has been shown only for zinniol and  aldaulactone39,40. 
However, recent studies highlighted that only high concentrations of zinniol were toxic to carrot  cells37,45. On 
the contrary, in vitro carrot cell toxicity of aldaulactone was pointed out at concentrations observed in A. dauci 
cultures. In an original way, this toxicity is negatively correlated with carrot cell  resistance39. Interestingly, it is 
only the second evidence, with SS-toxin in the Stemphylium solani-Allium sativum pathosystem, of a link between 
fungal SMs and partial  resistance37,39,46. Aldaulactone seems to be the key component of this link in the A. dauci-
D. carota pathosystem, although it was shown that other toxins might be involved in A. dauci  pathogenicity39.

Unlike the SS-toxin, the chemical structure of aldaulactone has been described: it is a benzenediol lactones. 
PK benzenediol lactones aggregate two molecule families containing a 1,3-benzenediol moiety connected with 
a macrolactone: the dihydroxyphenylacetic acid lactones (DALs) and the resorcylic acid lactones (RALs). For 
a few DALs and RALs (zearalenone, hypothemycin, radicicol, 10,11-dehydrocurvularin)47–53, the genetic and 
molecular bases of their biosynthetic pathways are known in fungi. The same particular type I HR-PKS-NR-PKS 
collaboration pattern for the biosynthesis of the molecular backbone is observed in all those pathways. The HR-
PKS catalyzes the biosynthesis of a highly reduced aliphatic PK used as a substrate by the NR-PKS to catalyze a 
non-reduced elongation. Afterward, the PT domain of the NR-PKS catalyzes the formation of a 1,3-benzenediol 
ring. The PT domain determines the regioselectivity of the cyclisation. A C2-C7 aldol or a C8-C3 aldol condensa-
tion produces respectively a RAL or a  DAL48. Finally, the TE domain catalyzes the macrolactone  formation29,54.

The first aim of this study was to provide an appraisal of PKS- and NRPS-encoding gene diversity in A. dauci 
and their repartition within the Alternaria genus. In order to do so, we obtained the first reported sequencing 
of the A. dauci transcriptome. We jointly used an improvement (N50 = 4.493 Mb) of the previously published 
genome assembly (N50 = 13 kb)55 and that transcriptome to identify potential SM clusters. We found 18 PKS, 6 
NRPS and 1 PKS-NRPS-encoding genes. We also predicted SM genes in a set of 20 other genomes among phy-
topathogenic Alternaria species. Among the predicted PKS- and NRPS-encoding genes, we found some genes 
involved in already known biosynthetic pathways but also a majority of newly described genes. Our analyses 
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allowed to identify 5 A. dauci-specific SM genes, underlying A. dauci’s potential to produce yet-to-be described 
SM, including toxins.

Our second aim was to better understand the biological activity and biosynthesis pathway of aldaulactone. 
We first checked aldaulactone leaf toxicity on Nicotiana benthamiana (order: Solanales), a distant species from 
D. carota (order: Apiales). We then hypothesize that aldaulactone biosynthesis follows the same pattern as for 
other benzenediol lactones, and involves a HR-PKS and a NR-PKS. Based on our knowledge of RALs and DALs 
biosynthesis, we identified a candidate cluster for the aldaulactone biosynthesis pathway by homology search, 
phylogenetic and in silico retro-biosynthesis  approaches52. Furthermore, we pointed out a significant correlation 
between aldaulactone production and the expression level of the HR-PKS (AdPKS7) and the NR-PKS (AdPKS8) 
genes belonging to this candidate cluster. Our data indicates that the cluster containing AdPKS7 and AdPKS8 
may be responsible for aldaulactone biosynthesis. Moreover, our results further validate the potential to discover 
novel toxins involved in both A. dauci pathogenicity and D. carota partial resistance.

Results
Aldaulactone phytotoxicity test on tobacco. In our previous  paper39, only in vitro proofs were pro-
vided for aldaulactone toxicity. Direct in planta evidence of aldaulactone toxicity was not yet established, since 
carrot leaf infiltration with the toxin is challenging, because of leaf fragility (results not shown). Alternatively, 
experiments of plant infection or infiltration were performed using the N. benthamiana model. Necrotic leaf 
lesions (black spots surrounded by a yellow halo) on tobacco were obtained after inoculation with a conidial 
suspension of FRA001 strain (Fig. 1a). Isolation from symptomatic leaf pieces allowed us to obtain fungal colo-
nies producing conidia exhibiting a typical A. dauci morphology. From those isolates, species identification was 
done by sequencing portions of three target genes (ITS, EF1-α, IGS). The obtained sequences exactly matched 
those of A. dauci strain FRA001 (data not shown). These results showed that A. dauci is pathogenic on tobacco 
in our experimental conditions.

Meanwhile, phytotoxicity tests were performed by leaf infiltration using two aldaulactone concentrations and 
an organic extract of ITA002 culture medium (Fig. 1b,c). Lesion areas nine days post-infiltration of the control 
conditions (0.1% DMSO and PDB) were in the same statistic class than the ones observed after infiltration using 
12.5 µg  mL−1 aldaulactone. The lesion areas produced by the infiltration with 50 µg  mL−1 aldaulactone or by 
the ITA002 organic extract were significantly higher than control conditions. Aldaulactone is able to produce 
necrotic lesions on tobacco leaves.

Improvement in Alternaria dauci genome assembly by RNA‑seq‑mediated and reference 
genome scaffolding.. The assembly of the only A. dauci genome published on a database is composed of 
many small contigs (N50 = 13,282 bp; number of contigs = 12,030), shorter than the typical length of SM gene 
clusters, that amount to several tens of  kilobases55 (Table 1). Moreover, A. dauci genome assembly contained 
only 72.2% Pezizomycotina BUSCOs genes with 14.5% fragmented and 13.2% missing data (Fig. 2). Two com-
plementary scaffolding strategies were performed to improve the quality of the assembly: (1) genome assembly 
improvement using the AGOUTI  tool56 with the RNA sequencing data from FRA001 strain (available at http:// 
www. ncbi. nlm. nih. gov/ biopr oject/ 790446), and (2) reference-based (A. solani  genome57) genome re-assembly 
with the CSAR  tool58. After applying the first strategy, the number of contigs/scaffolds (> 100 bp) decreased from 
4,010 to 3,139 and N50 increased from 13,282 to 18,857 bp (Table 1). Due to the method, the assembly improve-
ment was expected only in the expressed areas of the genome, explaining the apparently modest gains made. 
Nevertheless, many contigs containing SM cluster were reassembled.

The second scaffolding strategy gave a new improved assembly called below “CSAR genome assembly”. 
When applying the second scaffolding strategy, a strong improvement in genome contiguity was obtained with 
a decrease from 3139 to 553 scaffolds (> 100 bp) and a N50 increase from 18,857 bp to 4.49 Mpb (Table 1). The 
BUSCO completeness of 78.1% with 9.6% fragmented and 12.2% missing data was largely improved over the 
72.2% of the published genome assembly even if the percentage remain still relatively low (Fig. 2). This scaffold-
ing therefore improved genome contiguity and gene completeness, and produced an assembly including 7594 
scaffolds with a total genome size of 33.4 Mb and a GC content of 50.68% (Table 1).

The RNA-Seq library was constructed from FRA001 strain and sequenced using Illumina HiSeq2000: 161.96 
million of paired-end reads and 160.5 million of cleaned reads were obtained. Reads mapping on CSAR genome 
assembly was performed by HISAT2. A total of 87.8% of those reads aligned concordantly one time. After this 
step, StringTie and Cufflinks were used to assemble the RNA-Seq alignments into 12,939 transcripts (Table 1). 
The unigene N50 was 1713 bp consistent for a fungal transcriptome.

Bioinformatic prediction of putative SM gene clusters in A. dauci. A survey of the A. dauci genome 
and transcriptome dataset for SM genes was performed. BLASTP analysis of KS and AT domains on the pub-
lished  genome55 predicted 20 PKS-like encoding sequences (named sequence 1-20), most of them truncated. 
Predictions mediated by AntiSMASH and SMURF on the CSAR genome re-assembly allowed to predict 19 
clusters including 20 PKS and NRPS genes, 2 partial PKS genes (Fig. 3, Supplementary Table S1).

Sequences 6, 11, 13, 19 and 20 did not show the 3 minimal domains (KS-AT-ACP; Fig. 4a). Sequences 11 and 
13 were only predicted in the first genome annotation. Sequences 6 and 13 were consistent with a single domain. 
We hypothesized that these 2 sequences do not correspond to PKS genes. For sequence 3 (KS-AT-DH) and 11 
(AT-DH-ER-KR), misassembly could cause the missing domains or these two sequences may correspond to 
pseudogenes. Sequence 19 (SAT-partial KS) was localized in cluster 8 in scaffold 3 and took end in a sequencing 
gap of the genome. Sequence 20, encoding a NR-PKS 3’-end (AT-PT-ACP-TE), was consistent with the whole 
scaffold 116 and was found to be expressed. Primers designed in sequence 20 and on both sides of the scaffold 3 
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gap next to sequence 19 led to a positive PCR amplification and subsequent sequencing of a 1308 bp amplicon. 
Sequences 19 and 20 are part of a single gene, named AdPKS8, and scaffold 116 corresponds to the gap near 
sequence 19 in scaffold 3. All SM cluster and domain predictions were performed again using this combined 
sequence integrated in the genome reassembly and reported in Figs. 3 and 4. Among all those SM genes, AdPKS1, 
3, 6, 7, 8, 10, 13, 16 and AdNPRS1, 2, 3 were found in our A. dauci transcriptome.

To study the putative functions of those predicted proteins, homologies with characterized proteins were 
pointed out (Supplementary Tables S1, S2). A. alternata TES (A0A144KPJ6.1) and TES1 (A0A144KPK9.1), two 
enzymes responsible for tentoxin biosynthesis, were found to have more than 80% identity with AdNRPS1 and 
a protein encoded by another cluster 1 gene. AdNRPS2 and AdNPRS3 are linked to siderophore-mediated iron 
metabolism. Indeed, AdNRPS2 in cluster 9 showed 59% identity with Bipolaris maydis intracellular siderophore 
synthetase (Q5D6D7.2), whileAdNRPS3 in cluster 1 exhibited 86% similarity with Bipolaris oryzae extracellular 
siderophore synthase (Q09MP5.1)59. AdPKS6 in cluster 7 showed 95% similarity with A. alternata melanin syn-
thase (BAK64048.1). As previously  described44, A. dauci genome contains a homologue of A. solani alternariol 
synthase cluster (cluster 2). AdPKS12 in cluster 13 showed 91% identity with A. solani alternapyrone synthase 
(Q5KTM9.1) and the whole cluster was conserved. AdPKS13 in cluster 14 had 91% identity with A. solani aslaniol 
synthase (Q2ABP6.1). At last, AdPKS14 in cluster 15 presented 95% identity with Alternaria cinerariae Dhc5 
(dehydrocurvularin biosynthesis protein 5, KT271474.1). No homologue to Dhc3, the other PKS necessary for 
dehydrocurvularin biosynthesis (KT271472.1) was found in the A. dauci genome.

Figure 1.  (a) N. benthamiana leaves 12 days post-inoculation by spreading FRA001 A. dauci strain conidial 
suspension with a paint brush. (b) N. benthamiana leaves 9 days after infiltration with various solutions. DMSO: 
0.1% DMSO diluted in ultrapure water; ALD50: Aldaulactone at 50 µg  mL−1 diluted in 0.1% DMSO solution; 
ITA002: organic phase of culture filtrate from ITA002 strain grown in PDB medium and diluted in 0.1% DMSO 
solution. (c) Lesion area distributions. Same legends as in B/ excepting ALD12.5: Aldaulactone at 12.5 µg  mL−1 
in 0.1% DMSO. Each box plot represents area distribution amongst 45 infiltrations (three independent 
repetition of 15 infiltration dots on 3 different plants). Diamonds represent the means. Letters represent the 
result of a Siegel and Castellan post-hoc test realized after a Kruskal–Wallis test (p value = 2546.10−6).
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Diversity and repartition of SM genes in the Alternaria genus. To compare A. dauci potential abil-
ity to produce SMs with other Alternaria, SM core genes were predicted by antiSMASH from 20 Alternaria 
genomes and manually curated. Predicted proteins with at least 80% of the total length exhibiting 80% identity 
were grouped and numbered. Fifty-five such gene groups, including 34 PKSs, 2 PKS-NRPSs, 2 NRPS-PKSs and 
17 NRPSs, were predicted (Fig. 5, Supplementary Table S2). The SM gene presence/absence patterns showed that 
18 SM core genes were private to a single genome, with AdPKS2, AdPKS7, AdPKS8, AdPKS16 and AdNRPS6 pri-
vate to the A. dauci genome. Conversely, AdPKS6 or AdPKS12 were present in all examined Alternaria genomes. 
Remarkably, AdPKS1, AdPKS13 and sequence 11 were present in all Alternaria genomes studied, excepting A. 
brassicicola. The other SM genes exhibited mosaic patterns of distribution through Alternaria genomes. Globally, 
Alternaria genomes contained 6–18 PKS genes, 4–9 NRPS genes, 0 or 1 hybrid PKS-NRPS and 0 or 1 NRPS-PKS 
per genome. Interestingly, Alternaria genomes of the porri section contained more genes encoding for PKS than 

Table 1.  Assembly summary statistics applied to the different assemblies of Alternaria dauci genome data 
set. AGOUTI re-assembly: re-assembly by the AGOUTI  tool56 of the published  genome51 helped by FRA001 
transcriptome data obtained in this study. CSAR scaffolding: reference-based (A. solani  genome57) genome 
re-assembly with the CSAR  tool58. N50: length of the shortest contig/scaffold in the smallest subset of contigs 
whose length sum makes up half of genome size. L50 number of contigs in that subset. GC (%): guanine-
cytosine content.

Assembly Published  genome55 AGOUTI re-assembly CSAR scaffolding

No. of contigs/scaffolds 12,030 11,056 7594

No. of contigs/scaffolds (> 100 bp) 4010 3139 553

N50 (bp) 13,282 18,857 4,493,962

L50 736 507 3

Maximal length
(> 100 bp) 73,673 104,835 6,771,279

Genome size (Mb) 32.1 33.1 33.4

GC (%) 51.61 51.61 50.68

No. of N per 100 kbp 83.19 3157.84 4021.31

No. of predicted genes 11,981 12,388 12,939

Figure 2.  BUSCO (Benchmarking set of Universal Single-Copy Orthologues) analysis of two A. dauci genome 
assembly. Percentage of completeness was based on the Pezizomycotina gene dataset of BUSCO. Published 
genome: Genome of A. dauci strain BMP0167 available on Alternaria genome  database55. CSAR scaffolding: 
assembly of the published genome helped by FRA001 transcriptome data obtained in this study.
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Figure 3.  Alternaria dauci secondary metabolism cluster organization as predicted by antiSMASH and SMURF. 
BLASTP searches were performed to identify a potential function for each gene in the cluster (more details in 
Supplementary Table S1).
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Figure 4.  Domain organization of the PKS, PKS-NRPS hybrid and NRPS proteins predicted in the A. dauci genome. 
(a) PKS and PKS-NRPS hybrid proteins, (b) NRPS proteins. Abbreviations are as following: A: adenylation domain; 
ACP: acyl carrier protein; AT: acyltransferase; C: condensation domain; DH: dehydratase; E: epimerization; ER: 
enoyreductase; KS: ketosynthase; KR: ketoreductase; MT: methyltransferase; PCP: peptidyl carrier protein; PT: product 
template; SAT: starter unit ACP transacyclase; R: reductase; TE: thioesterase. Gene names are given in bold italics.
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those of the alternata section and even more than A. brassicicola. To support this observation, a dendrogram 
was produced from a gene presence/absence matrix and compared with the phylogeny of the studied Alternaria 
strains (Fig. 5c). This allowed to differentiate most species, excepting A. tangelonis and A. tenuissima, while this 
phylogenetic analysis also failed to distinguish A. tenuissima and A. alternata. Both dendrograms showed a 
similar strain repartition in three clades: (1) the porri section strains, (2) the alternata section strains, and (3) A. 
brassicicola. Moreover, strain distribution within each clade was strongly similar in both dendrograms.

Phylogeny of KS and PT domain of A. dauci PKS. A phylogenetic study of the KS and PT domains 
was performed to classify the AdPKS sequences among characterized PKSs from Dothideomycetes and to find 
candidates for aldaulactone biosynthesis, i.e. PKSs homologous to NR-PKS and HR-PKS involved in DAL bio-
synthesis. Eighty-two Dothideomycete KS-sequences  from60 and from the UniProt reviewed database were used 
for a maximum of parsimony tree reconstruction (Fig. 6, Supplementary Table S3).

The clades produced and AdPKS-domain structures predicted were consistent to those previously  described60. 
HR-PKS were divided in four clades: HR-PKS clade I (KS-AT-DH-(MT)-ER-KR-ACP), HR-PKS clade II (KS-
AT-DH-(MT)-KR-ACP-(C)-(A)-(PCP)), HR-PKS clade III (KS-AT-DH-ER-KR-PP-(PP)), and HR-PKS clade IV 
(KS-AT-DH-MT-ER-KR-ACP). NR-PKS were divided in four clades: a clade basal to clades I and II ((SAT)-KS-
AT-PT-ACP-(ACP)-(TE)), NR-PKS clade II (SAT-KS-AT-PT-ACP-ACP-TE), NR-PKS clade II (SAT-KS-AT-PT-
ACP-ACP-TE) and NR-PKS clade III ((SAT)-KS-AT-ACP-(ACP)-MT-(TE)). Two additional basal clades were 
found, corresponding to the PR-PKSs clade (6-MSAS; KS-AT-DH-KR-ACP) and the other one corresponding 
to both fungal PKS-NRPSs and the bacterial PKSs.

Interestingly, HR-PKS clade I contained a very well defined subclade (bootstrap value of 99%) that regrouped 
AdPKS7 and all HR-PKS involved in benzenediol lactone biosynthesis. AdPKS4, AdPKS12 and AdPKS7, clearly 
belonged within HR-PKS clade I, but not in the same subclade as AdPKS7. AdPKS2, AdPKS5 and sequence 3 
clustered in HR-PKS clade II. AdPKS9 clustered within the HR-PKS clade IV. AdPKS15 and the sequence 6 
clustered in the PR-PKSs clade. The NR-PKS clade basal to clade I&II contained two monophyletic subclades, 
one including AdPKS1 and AdPKS10, the other gathering AdPKS8, AdPKS14 and NR-PKSs involved in ben-
zenediol lactone biosynthesis. NR-PKS clade II included AdPKS6. AdPKS3 and AdPKS11 clustered in NR-PKS 
in clade III. According to KS-domain phylogeny, AdPKS7 and AdPKS8 or AdPKS14 were consistent candidates 
for aldaulactone biosynthesis.

The phylogenetic tree of PT domains was constructed from 35 NR-PKSs, including 6 AdPKSs, to study first-
ring aldol-cyclization stereoselectivity (Fig. 7). PKSs were grouped in 5 monophyletic clades consistent to those 
described  by27. AdPKS6 PT domain clustered within clade II. AdPKS1 and AdPKS10 clustered within clade V, 
respectively with C2–C7 and C6–C11 type PT domains. Clade I contained two monophyletic subclades, the 
first one clustered C2–C7 type PT domains, the second one C3–C8 type PT domains. AdPKS11 belongs to the 
first subclade, AdPKS14 and AdPKS8 to the second one. These results strengthened the fact that AdPKS14 and 
AdPKS8 are good candidates for aldaulactone biosynthesis.

Functional analysis of AdPKS for aldaulactone production. In order to decipher aldaulactone bio-
synthetic pathway, the correlation between expression levels of 8 AdPKS genes and aldaulactone accumulation 
was investigated by HPLC–DAD and RT-qPCR experiments (Fig. 8). To produce variations in aldaulactone pro-
duction and AdPKS genes expression, the experimental conditions consisted of (1) 4 A. dauci strains grown in 
PDB medium, and (2) A. dauci FRA001 strain grown in different conditions. The FRA001 strain grown in PDB 
medium was taken as a reference and all results are expressed as ratios.

In the same trends as  in39, FRA017 and FRA001 strains had a same order of aldaulactone production, while 
AUS001 produced about 30-fold less and ITA002 strain produced between twice and thrice more aldaulactone 
than FRA001 strain. Considering FRA001 strain, a non-statistically significant higher production of aldaulactone 
was found in minimal medium (Vogel) and in PDB with zebularine, by comparison with PDB. The addition of 
DMSO in PDB significantly decreased aldaulactone production, while addition of SAHA or trichostatin had no 
significant effect (when compared with DMSO). Aldaulactone concentration was below the limit of detection 
when FRA001 was grown in PDB, without medium agitation during 21 days.

The expression ratios of the 8 AdPKS genes in the different experimental conditions presented various pat-
terns. AdPKS10 expression was repressed in ITA002 strain compared to FRA001, FRA017 and AUS001 strains. 
Interestingly, for the other AdPKS genes studied, the opposite pattern was observed: transcription levels seemed 
to increase with strain aggressiveness, AUS001 being the less aggressive and ITA002 the more aggressive as 
reported  in61.

The Spearman correlation coefficient between ratios of AdPKS expression and aldaulactone yields were calcu-
lated and 5 of them were statistically significant (p < 0.01; Fig. 8c). Among them, the one obtained for AdPKS10 
was negative, while others were positive. The correlation coefficient obtained for AdPKS14 (r = 0.46) was almost 
twice weaker than those obtained for AdPKS-NRPS5, AdPKS7 and AdPKS8 genes (r ≥ 0.81). Furthermore, AdPKS-
NRPS5, AdPKS7 and AdPKS8 expressions were cross correlated.

Discussion
A. dauci belongs to the Dothideomycetes, which are known to produce various SM. More than 250 SM have been 
described from Alternaria genus members, a lot of them being HST or  NHST1,62. Interestingly, strong evidence 
of toxins’ role in A. dauci aggressiveness and D. carota partial resistance were  provided37. Among the few toxins 
investigated in A. dauci (zinniol, alternariol, alternariol monomethyl ether…)39–43, aldaulactone was supposed to 
explain most, but not all, in vitro toxicity of A. dauci exudates. However, in planta evidence of aldaulactone toxic-
ity was compromised due to the experimental barrier when using carrot  leaves39. In this study, we documented 
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the pathogenicity of A. dauci and the aldaulactone toxicity on tobacco leaves. Despite the importance of toxins in 
the A. dauci pathogenicity, the current understanding of its SM production and relevant biosynthetic pathways 
is still very limited. We provided the first transcriptome of A. dauci and the first investigation of SM core gene 
diversity within Alternaria genomes, including A. dauci. Finally, we predicted the aldaulactone biosynthesis 
cluster by a comprehensive phylogenetic analysis and a correlation between aldaulactone production and expres-
sion of PKS genes. From the structure of both the toxin biosynthesis cluster and aldaulactone, we proposed a 
biosynthetic pathway for this toxin (Fig. 9).

The transcriptomic data of A. dauci were used, to substantially improve the A. dauci genome assembly com-
pleteness. A. dauci’s genome contained 19 predicted SM clusters, comprising 15 PKS genes, 1 hybrid PKS-NRPS 
gene, 1 PKS-like gene and 6 NRPS genes. When this bioinformatic prediction in A. dauci was compared to the 
number of PKS gene clusters predicted from 75 Dothideomycetes, A. dauci was positioned at the 29th  rank63. 
Thus, the number of PKS genes is relatively high, by comparison with a phylogenetically distant Alternaria spe-
cies like A. brassicicola (situated at the 62nd rank).

From genomic data available online, we predicted, 55 groups of putative homologous SMs core genes in 21 
strains belonging to 19 Alternaria species. To our knowledge, no genomic comparative study focused on SMs 
genes have already been performed at the Alternaria genus scale. Moreover, few SM biosynthetic pathways were 
characterized within Alternaria, despite numerous studies using metabolomic profiles and the importance of 
SMs in the lifestyle of those necrotrophic  fungi39,41,42,62. Each Alternaria genome harbored a different set of SM 
core genes as shown in Fig. 5, depending on species phylogenic classification. Remarkably, among the 34 PKS-
encoding genes, only 7 NR-PKSs were predicted and all were found in the A. dauci genome. The dendrograms 

Figure 6.  Phylogenetic analysis of the KS domain of all the Dothideomycetes PKS sequences characterized 
and reviewed in Uniprot database and the A. dauci predicted PKSs (in bold). The phylogenic tree was inferred 
using maximum parsimony method with tree-bisection—regrafting algorithm and 1000 replicates to calculate 
bootstrap values. Clades indicated in black were named according  to60.
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either based on SM core gene binary repartition or on Alternaria spp. phylogenic relationships gave the same 
three separated clades: strains belonging to the porri section (1), or to the alternata section (2), and the sole 
A. brassicicola strain (3). Alternaria strains inside the porri section were also grouped in the same manner by SM 
core gene criterion and molecular taxonomy (Fig. 5). Contrastingly, Alternaria strains in the alternata section 
were not similarly segregated when comparing both analysis tools. Here, patterns of SM core gene were used 
to help in Alternaria taxonomy, as chemotaxonomy analysis. In fact chemotaxonomy was demonstrated to be 
efficient in Alternaria strains/species discrimination in the porri  section42,64. Our SM core gene prediction could 
be considered as an illustration of a potential secondary metabolome in Alternaria spp. independently of culture 
conditions. In further analyses, the comparison between the presence/absence of SM core genes in Alternaria 
strains and their corresponding metabolic profiles would be useful to identify new biosynthetic pathways.

Among the 55 SM core gene types, 36 had weak similarities to characterized SM genes. This suggests that 
the relevant metabolites produced may not yet be linked to known biosynthetic pathways or may correspond 
to unidentified compounds. The remaining 19 SM core gene types presented homologies with genes involved 
in melanin production and core genes known to be involved in the biosynthesis of pathogenicity factors (Sup-
plementary Table S2)65. Twelve and four of these last types are respectively involved in biosynthetic pathways of 
NHST and HST (AF-, ACR-, AAL- and AM-toxin). Other SM core genes, involved in ferricrocin (intracellular 
siderophore) and extracellular siderophores, may indirectly play a role in fungal pathogenicity by improving 
iron  uptake59.

Figure 7.  Phylogenetic tree of PT domains of 38 selected NR-PKS sequences. The regioselectivities catalyzed 
by PT domain are indicated when known. Phylogenetic analysis was conducted using the bootstrap (1000) 
maximum parsimony method. PKSs were grouped in five monophyletic clades consistent to those described 
 by27.
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Figure 8.  Relative expression of AdPKS genes and Aldaulactone production. (a) Relative expression of AdPKS genes by A. dauci. 
RT-qPCR was performed on RNA from 60-h-old mycelium from different strains and cultivated in various conditions. Four A. dauci 
strains (AUS001, FRA001, FRA017 and ITA002) were grown in PDB medium. FRA001 was also grown in different conditions: 21 days 
in PDB medium without shaking (21D), minimal medium (Vogel), minimal medium with DMSO (DMSO), or minimal medium with 
chemical inhibitors of epigenetic regulation (Zebularine, SAHA, Trichostatin) in DMSO. The relative expression of AdPKS1, AdPKS4, 
AdPKS-NRPS5, AdPKS6, AdPKS7, AdPKS8, AdPKS10, AdPKS14 were studied. The expression ratio was calculated with FRA001 
grown in PDB as a control sample and normalized thanks to mean expression of three housekeeping genes (EF1, actin and G3P). Data 
presented are the averages on at least two biological replicates and three technical replicates; the error bars represent standard errors. 
Data were analyzed by Kruskall-Wallis test (p < 0.5) followed by a post-hoc test using the Fisher’s least significant difference with 
Bonferroni correction (culture modalities or culture modalities and gene as factors). Different letters indicate significant differences. 
Letters above the figure correspond to culture modalities for all genes. Letters bellow the figure correspond to culture modalities 
for each gene. (b) Aldaulactone yield for A. dauci strains in various culture conditions. From the same A. dauci cultures as in A., 
aldaulactone absolute quantification was performed from an organic extract of the culture medium by HPLC–DAD with a standard 
curve. A ratio was calculated for all the quantifications relative to the mean quantity of aldaulactone in FRA001 60 h cultures in PDB 
medium. (c) Correlation matrix of AdPKS gene expression ratio and aldaulactone yield ratio presented in (a) and (b). Spearman 
coefficient was calculated. Only significant correlations are shown, if non-significant they appear blank. Color in each cell represents 
the value of correlation coefficients.
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Interestingly, the SM core genes present in all studied genomes encoded NHST and those present in a single 
genome encoded HST. Eighteen genes were private to a single Alternaria genome, highly suggesting the produc-
tion of specific SM in the relevant strains. Also, A. dauci genome contained genes responsible for the biosynthesis 
of already described compounds: alternariol, melanin, alternapyrone, aslaniol, tentoxin, ferricrocin, extracellular 
siderophore, 6-methylsalicylic acid and one of the two genes involved in dehydrocurvularin biosynthetic pathway. 
Moreover, five of the A. dauci genes described here (AdPKS2, AdPKS7, AdPKS8, AdPKS16 and AdNRPS6) were 
private. Among them, AdPKS7 and AdPKS8, were identified as candidate genes for aldaulactone biosynthe-
sis. Here, transcriptomic data showed expression of AdPKS1, AdPKS3, AdPKS6, AdPKS7, AdPKS8, AdPKS10, 
AdPKS13, AdPKS16, AdNRPS1, AdNRPS2 and AdNRPS3, highly suggesting the potential ability for A. dauci to 
produce melanin, alternariol, aslaniol, and tentoxin. This would be in line with the fact that aldaulactone was 
not the unique source of toxicity in A. dauci exudates as developed  in39.

The production of alternariol, alternariol monomethyl ether, zinniol and aldaulactone by A. dauci was dem-
onstrated from in vitro  cultures40,42,43. The tentoxin biosynthesis core gene was present in A. dauci, but was not 
expressed in our culture conditions, nor in previous  studies42,66. This could be linked to specific culture conditions 
which did not allow gene expression and SM production, as previously observed for zinniol: in vitro zinniol pro-
duction is drastically controlled by A. dauci culture  conditions40 and occurs only in long lasting cultures without 
oxygenation and not in 48 h oxygenated  cultures37. In order to better understand pathogenicity mechanisms, 
it would be interesting to decipher the expression patterns of SM core genes during the carrot leaf infection by 
A. dauci. Evidence of other involved pathogenicity factors, like cutinolytic enzyme activity was provided by the 
observation of subcuticular  hyphae67. The occurrence of A. dauci lesions on carrot and the fungal host range 
could be partly explained by a joint action of lytic enzymes and a toxin cocktail mixing NHST and HST, as usu-
ally observed for necrotrophic fungi.

Concerning A. dauci host range, a previous study showed that the fungus was able to produce symptoms and 
sporulate mainly on different Apiaceae species and secondarily on cultivated species belonging to Brassicaceae, 
Solanaceae and  Valerianaceae61. In the present paper, necrotic lesions provoked by A. dauci and a toxic effect 
of aldaulactone, at concentrations found in fungal in vitro cultures were observed on N. benthamina leaves. 
Aldaulactone was thus responsible for necrotic symptoms in a Solanaceae species, which did not belong to the 
main A. dauci host range. This is in contradiction with the idea that aldaulactone could be classified as an HST.

In order to decipher aldaulactone biosynthetic pathway, a retro-biosynthesis approach was used, based on 
our SM core gene predictions and on the DAL nature of aldaulactone. While several RAL biosynthetic pathways 
are known among fungi, only one DAL (dehydrocurvularin) biosynthetic pathway was fully described, within 
two fungal  species47. Through KS-domain phylogenetic analysis, we highlighted that enzymes responsible for 
DAL and RAL biosynthesis clustered into two subclades of NR-PKS clade basal to clade I and II and HR-PKS 
clade I (Fig. 6). Three A. dauci candidate genes—AdPKS7, AdPKS8 and AdPKS14—clustered within these two 
subclades. Furthermore, our phylogenetic approach on NR-PKS PT domains showed that AdPKS14 and AdPKS8 
PT domains clustered with PT domains catalyzing C3–C8 cyclisation.

To assess the candidate genes involved in aldaulactone synthesis, qPCR and HPLC experiments were con-
ducted. Liquid cultures obtained in different conditions led to a wide range of gene expression and aldaulactone 
production. Different studies have shown an epigenetic regulation of fungal SM gene expression. In particular, 
drugs affecting epigenetic regulation are used to induce the expression of fungal genes, which are weakly or non-
expressed under in vitro  conditions68–71. In the present study, two histone deacetylase inhibitors, trichostatin A 

Figure 9.  Proposed biosynthetic pathway of aldaulactone in A. dauci. The HR-PKS (AdPKS7) produces a 
reduced triketide. This triketide becomes the starter unit of the NR-PKS (AdPKS8). AdPKS8 catalyzes the 
addition of four more malonyle-CoA units. The AdPKS8 PT domain catalyzes a C3–C8 aldol condensation. 
AdPKS8 TE domain then catalyzes the macrolactone cyclisation. Afterward, the cluster 8 oxidase catalyzes the 
addition of an alcohol function on C6 of the benzene diol. Finally, the methylation of the C6 alcohol function is 
catalyzed by the cluster 8 methyl transferase.
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and suberoylanilide hydroxamic acid (SAHA) and a DNA methylation inhibitor (zebularine) were tested, but 
no significant induction effect on gene expression was observed. These results might be due to the too short 
exposition time of fungal cultures with the tested  drugs71.

Among A. dauci PKS genes, a significant correlation between the expression level of four genes (AdPKS-
NRPS5, AdPKS7, AdPKS8 and AdPKS14) and aldaulactone production was highlighted. Because of its hybrid 
nature, AdPKS-NRPS5 was not further investigated as a candidate for aldaulactone biosynthesis. Here, a very 
low expression of AdPKS14, was observed under growth conditions suitable for aldaulactone production. Fur-
thermore, AdPKS14 did not cluster with HR-PKS genes and its expression was not correlated with expression of 
other PKS genes. Contrastingly, AdPKS7 and AdPKS8 are good candidates for the biosynthesis of aldaulactone 
carbon backbone, as both genes belong to the same cluster (cluster 8; Fig. 3). The fact that expression of AdPKS-
NRPS5, AdPKS7 and AdPKS8 is cross correlated, could be interpreted as a co-regulation of their expression 
associated to the fungal aggressiveness.

According to all results presented in this study, a biosynthetic pathway based on cluster 8 was hypothesized 
(Fig. 9): AdPKS7 catalyzed the biosynthesis of a reduced aliphatic PK, which was then used by AdPKS8 as a 
precursor. AdPKS8 extended that PK, and then its PT domain would catalyze a C3–C8 cyclization leading to 
the benzenediol backbone. At last, the TE domain released the molecule by a ten-membered macrolactone 
cyclization. Cluster 8 also contained 12 other genes with or without predicted functions. In particular, cluster 
8 contained the enzymes required for the addition of a methoxy group on C6: an oxygenase-encoding gene 
(Fig. 3; rightmost ORF in cluster 8) and a methyl transferase-encoding gene (eleventh ORF from the left). Both 
enzymes were found to be expressed in transcriptomic data. The oxygenase would add a phenol function to the 
benzenediol moiety and finally the methyl-transferase gene would methylate this function. The others genes in 
cluster 8 were also found to be expressed except for the fourth and the sixth ORFs from the left. Those expressed 
genes include two putative transporter genes, one of them was predicted as a multidrug resistance transporter 
by fungismash prediction. To our knowledge, aldaulactone was the second example, after  dehydrocurvularin47,72, 
of C3–C8 cyclization catalyzed by a PT domain in fungi.

An original integrative approach of retrobiosynthesis combining phylogenetic analysis, gene expression study, 
and HPLC quantification was used to decipher aldaulactone biosynthetic pathway. This work not only presented 
the first transcriptomic analysis in A. dauci, but also provided the first study of diversity and repartition of SM 
genes through Alternaria genus. Moreover, it revealed the putative biosynthetic pathway of aldaulactone, a DAL 
type phytotoxin, whose role is crucial in A. dauci pathogenicity.

Methods
Fungal material. The same four A. dauci strains and one A. brassicicola strain as  in39 were used to man-
age fungal cultures. A.  brassicicola strain Abra 43 is non-pathogenic on carrot. A.  dauci strain AUS001 is 
weakly aggressive, strains FRA001 and FRA017 show intermediate aggressiveness, and strain ITA002 is highly 
 aggressive61. Numerous studies were also conducted on strain  FRA00137,39,61,67. Those strains were collected as 
described  in61,73 and freely available from the COMIC collection (COMIC–SFR Quasav, 42 rue Georges Morel, 
49070 Beaucouzé cedex, France). A set of 21 genomes belonging to 19 Alternaria species were also studied: 
A. dauci (BMP 0167-genome reassembly based on FRA001 transcriptome), A. alternata (BMP 0269 and BMP 
0238), A. arborescens (BMP 0308), A. capsici (BMP 0180), A. carthami (BMP 1963), A. citriarbusti (BMP 2343), 
A. crassa (BMP 0172), A. fragariae (BMP 3062), A. gaisen (BMP 2338), A. limoniasperae (BMP 2335), A. longipes 
(BMP 0313), A. mali (BMP3063 and BMP3064), A. macrospora (BMP 1949), A. porri (BMP 0178), A. tangelonis 
(BMP 2327), A. tenuissima (BMP 0304), A. tomatophila (BMP 2032)55, A. brassicicola (Abra 43)74 and A. solani 
(altNL03003)57 genomes.

Fungal growth conditions for transcriptomic samples. FRA001 conidial suspensions for transcrip-
tome were prepared as follows. Three 5 mm mycelial plugs of strain FRA001, previously cultivated on Malt-Agar 
medium as described  in67, were placed on a sterile cellophane membrane in a Petri dish (90 mm diameter) con-
taining  V8® agar medium [175 mL of vegetable juice  V8® (Campbell Soup Company), 3 g of calcium carbonate 
 (CaCO3), 15 g of bacteriological agar, final volume adjusted to 1 L with ultrapure water, pH 6.8]. Fungal cultures 
were incubated in the darkness at 20 ± 2 °C for 10 days. The conidial suspension was prepared by adding 6 mL of 
0.1% Tween 20, scraping it with a sterile glass rake, then filtering through two layers of gauze. Conidial density 
was evaluated on a Malassez cell and adjusted to the required concentration.

Three different culture methods were performed. For the first culture method, a sterile cellophane membrane 
placed on the surface of a Petri dish (90 mm in diameter) containing “carrot juice” agar medium (200 mL of 
100% pure carrot juice, Eckes-Granini,  Joker®), 3 g calcium carbonate  (CaCO3), 15 g bacteriological agar, final 
volume adjusted to 1 L with ultrapure water, pH 6.8) was inoculated with 2 mL of conidial suspension contain-
ing 2 ×  105 conidia. This culture was then incubated for 24 h at 22 °C in the darkness. For the second and third 
culture methods, 5 ×  106 conidia were inoculated in 100 mL of  V8® liquid medium placed in a 250 mL Erlenmeyer 
flask and incubated for 24 h at 22 °C in the darkness. One culture was maintained with 125 rpm checking, the 
other one without shaking. Whatever the culture method, the collected germinated conidia were immediately 
immersed into liquid nitrogen and then stored at − 80 °C until RNA extraction.

RNA extraction and mRNA library construction. Fungal material was mechanically disrupted by 
grinding in a mortar in the presence of liquid nitrogen. Total RNA was subsequently extracted using the RNA 
Nucleospin  II® kit (Macherey Nagel, Germany) according to the manufacturer instructions. RNA extracts were 
then purified by precipitation using 0.1 volume of sodium acetate (3 M, pH 5.2) and 2.5 volumes of cold absolute 
ethanol (− 20 °C), vigorously mixed and incubated overnight at − 20 °C. Extracts were centrifugated for 1 h at 
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15,000 g and 4 °C and the supernatant was discarded. The pellet was washed with 500 µL of 75% ethanol. A cen-
trifugation at 15,000 g and 4 °C for 30 min was performed to remove ethanol. The pellet was dried and then dis-
solved in 30 µL of “RNAse-free” ultrapure water. Evaluation of RNA integrity and concentration was performed 
by the  Experion® automatic electrophoresis system generating a RNA quality indicator (RQI) and concentration 
data. RNA with a RQI between 7 and 8 were selected.

Illumina sequencing and de novo assembly. Preparation of RNA-seq library from a pool of fungal 
RNA, from the tree cultural methods described above, RNAseq protocol and de novo assembly were performed 
by NGS Services Fasteris (Plan-les-Ouates, Switzerland). cDNA sequencing was conducted on an Illumina 
HiSeq2000 platform using 100 bp paired-end sequencing strategy. Adapter sequences were removed. The reads 
were then assembled de novo using the Velvet (1.2.07) software with the additional module  Oases75,76. A first 
functional annotation was performed by research of unigenes by clustering the top-hit from BLASTX searches 
in NR database of  NCBI77. An InterProScan analysis with Hmmpfam, blastProDom, FPrintScan, ProfileScan 
applications was performed using  Blast2GO78.

Improvement of A. dauci genome assembly. The publicly available genome of A. dauci55 contig datas 
were used for further scaffolding. AGOUTI was used to stitch genome contigs together based on BWA mediated 
alignment of transcriptome paired short reads on genome. Ns were added when sequences are  unknown56,79. A 
second scaffolding was performed using the CSAR online tool with the “NUCmer on nucleotides” option and 
A. solani genome as  reference57. A structural annotation was processed by the AUGUSTUS online  tool80 on the 
new genome assembly. The gene prediction was done on both strands allowing few alternative transcripts and 
based on Botrytis cinerea as model organism. GenomeQC was used to check assembly contamination and evalu-
ate the metrics and completeness with Pezizomycotina BUSCO  dataset81.

PCR and sequencing of gaps. To manage gene and cluster reconstruction, PCR amplification of gaps 
between two sequences was performed. For that purpose, genomic DNA from FRA001 mycelium was extracted 
according  to82. Primers used are described in Supplementary Table S4. The amplification reactions with relevant 
primers were performed in a mix containing 50 mM KCl, 1.5 mM  MgCl2, 10 mM Tris–HCl (pH 9.0), 0.1% Tri-
ton X-100, 0.2 mmol of each dNTP, 0.4 µmol of each primer, 50 ng of genomic DNA and 1 U of Taq polymerase 
(Promega) in a final volume of 50 µL. The amplification products were purified and sequenced by Eurofins 
Genomics (Ebersberg, Germany). Sequences were manually reassembled.

Transcriptome reference based reconstruction. RNA-Seq reads quality was assessed using  FasQC83. 
This tool produces statistics, such as average and range of the sequence quality values per base across the reads, 
GC content, over-represented sequences. Those reads were trimmed using  Trimmomatic84 with first a cut off 
the end of read when the quality is under 20 and a drop of reads with average quality lower than 20 (TRAIL-
ING:20; AVGQUAL:20). Subsequently, only reads with a minimum length of 20 bp were kept (MINLEN: 20). 
The paired-end libraries of reads were mapped to A. dauci reassembled genome using HISAT2 tool (Galaxy 
Version 2.1.0 + galaxy3). The reads were further assembled using Stringtie and  Cufflinks58,85 and the results were 
merged.

SM core gene and cluster prediction. Putative PKS and NRPS gene clusters were predicted from tran-
scriptomic and genomic data using computational tools specialized in gene identification of fungal SM, such as 
antiSMASH (fungiSMASH version)86,87 and  SMURF88. AntiSMASH (fungiSMASH version) prediction was per-
formed on the 21 Alternaria genomes. The PKS and NRPS domains were predicted from the deduced unigene 
protein using the NCBI Conserved Domain Search and the Hidden Markov Models obtained from  PFAM89. 
Presence or absence of each gene was checked in all analyzed genomes by tBlastN research. If the sequences 
showed more than 80% of similarity in 80% of their length, they were put in the same set of genes. For A. dauci 
genome CSAR assembly, SMURF was also used to predict SM clusters with AUGUSTUS structural annotation. 
When minimal domains were detected, i.e. A-C-PCP for NRPS and KS-AT-ACP for PKS, the relevant genes 
were renamed using “AdNRPS” or “AdPKS” as a prefix and a number. This numbering followed the same order 
than the sequence numbers in the genome.

Phylogenetic analysis of PKS. A phylogenetic tree was generated with sequences of KS domain predicted 
using PFAM from a set of Dothideomycetes’ PKS sequences. This set contains the PKS sequences predicted in 
A. dauci, all the Dothideomycetes’ PKS proteins collected from SwissProt protein database (UniProt reviewed 
 database90)  in60 and PKS proteins involved in benzenediol lactone  biosynthesis33,47,53. Fungal accession numbers, 
KS domain sequences and known products are listed in Supplementary Table S3. The protein sequences of the 
KS domain were aligned using  MegaX91 with  ClustalW92. The tree was constructed using a maximum parsi-
mony model with 1000 random bootstraps to test for the significance of the resulting topology followed by Tree 
Bisection-Reconnection (TBR) branch swapping. Bootstrap values under 50 were interpreted as non-significant, 
bootstrap values between 50 and 90 as weak support and bootstrap values higher than 90 were interpreted as 
strong support. The tree was rooted using FAS (P49327) of Homo sapiens and FASN (P12276) of Gallus gallus 
sequences.

The regio-selectivity of cyclization catalyzed by the PT domain of NR-PKS was determined according to the 
phylogenetic analysis protocol described  in24, using at least three representative PT domains for each  group27. 
All sequences used for phylogenetic analysis were available in Supplementary Table S3.
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An Alternaria phylogenetic tree was generated from sequences of four housekeeping genes—Alternaria major 
allergen gene (Alt a 1), glyceraldehyde-3-phosphate dehydrogenase (gapdh), translation elongation factor 1-alpha 
(tef1) and RNA polymerase second largest subunit (rpb2)—found in the set of the 21 Alternaria genomes men-
tioned above. The sequences of each gene were aligned, manually adjusted and then concatenated. The align-
ment of concatenated sequences was generated with MAFFT v. 7 (http:// mafft. cbrc. jp/ align ment/ server/ index. 
html). Findmodel (http:// www. hiv. lanl. gov/ conte nt/ seque nce/ findm odel/ findm odel. html) was used to choose 
the nucleotide substitution model. Bayesian analyses were performed with MrBayes v. 3.2.6 (http:// www. phylo 
geny. fr/ one_ task. cgi? task_ type= mrbay es) on the concatenated sequences aligned dataset. A GTR model with 
gamma-distributed rate variation was used and a Markov Chain Monte Carlo analysis was performed with 10,000 
generations from a random tree topology. RAxML v. 0.9.0 was additionally run on the concatenated sequences 
aligned dataset to performed a maximum-likelihood analysis including 1000 bootstrap replicates.

Expression patterns of A. dauci putative PKS genes by RT‑qPCR and HPLC analysis. Liquid 
cultures of A. dauci were obtained by inoculation of 100 mL of medium with 3 mycelial agar plugs in 250 mL 
Erlenmeyer flasks and growth at 24 °C in the darkness as previously  described39. Two kinds of experiments were 
performed. On the one hand, different strains (AUS001, FRA001, FRA017 and ITA002) were grown in stirred 
Potato Dextrose Broth (PDB, 24 g  L−1) medium at 125 rpm for 60 h. On the other hand, FRA001 strain was 
grown under different conditions as described in Table 2. Two different media were used, PDB (24 g  L−1) and 
Vogel minimal  medium93. All cultures were conducted in three replicates separated in time. Briefly, after incuba-
tion, culture medium and mycelium were collected by  filtration39. The mycelium was stored at − 80 °C until RNA 
extraction. Organic extracts were obtained from filtered culture medium by liquid–liquid extraction with ethyl 
acetate and  dried37,39. Absolute quantification of aldaulactone by HPLC was performed on organic extracts from 
culture filtrates as described  in39.

Total RNA was isolated from mycelium by grinding in a mortar with the lysis buffer according to the manu-
facturer instructions  (NucleoSpin® RNA Plus kit,Macherey–Nagel). RNAs were further treated with the Turbo 
DNA-free kit  (Ambion®, ThermoFisher scientific). Quality assessment was performed using a NanoDrop spectro-
photometer. When needed, RNA purification was conducted as previously described above. Reverse transcription 
(RT) was performed on 1 µg of RNA diluted in a final volume of 9 µL RNase-free ultrapure water and heated for 
3 min at 80 °C. The RT reaction was performed on heated RNA in a total volume of 30 µL containing 10 pmol 
oligo dT(15), 0.1 µg of random hexamer, 1 × RT buffer, 0.5 mM dNTP, 200 U of M-MLV Reverse Transcriptase 
(Promega). The mix was incubated for one hour at 37 °C and finally 10 min at 80 °C. cDNAs were diluted ten-
fold with RNase free water and stored at − 20 °C until use.

Primers for PKS genes and housekeeping genes (tef1, Alt a 1, and gapdh) were designed using  Perlprimer94 
based on the predicted gene sequences (Supplementary Table S4). All qPCR reactions were conducted from 
2 µL of cDNA obtained as described above in a reaction volume of 10 μL containing 1× master mix (Promega) 
and 0.1 µM of each primer in RNase-free ultrapure water. Melting curves were checked to assess the specificity 
of primers. An equimolar pool of cDNAs was realized and four ten-fold dilutions (10 to  104) of this pool were 
then used as standards. To determined primer efficiency, real-time PCR reactions were performed on standards 
using StepOnePlus™ Real-Time (RT) qPCR System (Applied Biosystems). When needed, for genes expressed at 
very low level, cDNA fragments were amplified by PCR using the  GoTaq® Flexi DNA Polymerase PCR kit (Pro-
mega) in a 25 μL reaction volume (1 µL of diluted cDNA, 1×  GoTaq® Flexi Buffer, 1.5 mmol  L-1  MgCl2, 0.2 mM 
of each dNTP, 0.2 mM of each primer and 0.5 U of  GoTaq® DNA Polymerase). PCR reactions were conducted 
with the following parameters: 2 min at 95 °C, followed by 30 cycles (95 °C, 1 min; 60 °C, 15 s; 72 °C, 30 s) and 
finally 2 min at 72 °C. The PCR amplifications were then purified using a Nucleospin gel and PCR clean-up kit 
according to the manufacturer’s protocol (Macherey–Nagel). The purified cDNAs were eluted in a final vol-
ume of 15 μL of elution buffer (5 mM Tris–HCl, pH 8.0). The cDNAs concentration in ng μL−1 was measured 
using a Nanodrop spectrophotometer, then the copy number of cDNAs per microliter was calculated. A final 
concentration of 0.5 ×  105 cDNA copies µL−1 was added to cDNA pool before dilutions in ten-fold series. qPCR 
experiments were performed on 384 wells microplate with each experimental condition tested in triplicates. 
For each primer mix, a negative control (water), a positive control (genomic DNA of A. dauci) and serial cDNA 
dilutions as standards were used in the same plate than all the analyzed samples. The deposition of cDNA and 
reaction mixture (primer and master mix) in the microplates was carried out using a Zephyr Compact Liquid 
Handling Workstation (CaliperLife Science) robot controlled by the Caliper Life Maestro Workstation Software. 

Table 2.  A. dauci FRA001 strain liquid culture growth conditions.

Condition name Culture medium
DMSO final concentration 
(%)

Additional compound 
(final concentration) Culture duration Shaking (rpm)

Vogel Vogel90 0 None 60 h 125

Zebularine PDB 0 Zebularine (25 µM) 60 h 125

DMSO PDB 0.1 None 60 h 125

Trichostatin PDB 0.1 Trichostatin A (0.5 µM) 60 h 125

SAHA PDB 0.1 SAHA (250 µM) 60 h 125

PDB PDB 0 None 60 h 125

21D PDB 0 None 21 d None

http://mafft.cbrc.jp/alignment/server/index.html
http://mafft.cbrc.jp/alignment/server/index.html
http://www.hiv.lanl.gov/content/sequence/findmodel/findmodel.html
http://www.phylogeny.fr/one_task.cgi?task_type=mrbayes
http://www.phylogeny.fr/one_task.cgi?task_type=mrbayes
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The qPCR plates were monitored by Biorad CFX384 machine. For each AdPKS gene in each sample, the Ct value 
was compared with a mean of the Ct values obtained from the three reference genes. A method based  on95 was 
used to calculate expression ratios. All data were compared using a Kruskal–Wallis test.

Assessment of A. dauci pathogenicity and aldaulactone toxicity on tobacco leaves. Model 
plant N. benthamiana seeds were obtained in compliance with relevant institutional, national, and international 
guidelines and legislation. In the greenhouse, N. benthamiana seedlings were transplanted 15 days after sowing 
in 75 centiliters pots containing potting soil (Substrate 5,  Klasmann®) and axillary branches were removed. Plants 
were maintained with a 16-h photoperiod, a day/night temperature of 23/19 °C and a relative humidity of about 
70%. The three first true developed leaves of six-week-old plants were used for two experimental conditions 
consisting of leaf inoculation or leaf infiltration. First, a conidial suspension of FRA001 strain was prepared 
according  to61 with a final concentration of 1000 conidia  mL−1. For plant infection, the conidial suspension was 
spread with a sterile brush on the abaxial leaf side. A mock inoculation was also performed. Second, the organic 
phase obtained from filtrates of ITA002 liquid culture (100 mL) or PDB medium (100 mL, negative control) was 
used for leaf infiltration. The filtrates were obtained as described  in39 and dissolved in DMSO to obtain a maxi-
mal concentration of 0.1% in a final volume of 100 mL (volume adjusted with ultrapure water). As a reference, 
a 0.1% DMSO solution (negative control) and two aldaulactone solutions at final concentrations of 12.5 mg  L−1 
and 50 mg  L−1 were prepared. The different filtrates or solutions were infiltrated at five points on a same leaf by 
pressing a 1 mL needleless syringe on the abaxial leaf side. Two biological replicates were performed. Nine days 
after infiltration, the leaves were collected, scanned at a resolution of 300 dpi using an Epson Perfection 3200 Pro 
flatbed image scanner. Images obtained were analyzed using the FIJI  software96 to quantify necrosis area. For 
inoculated plants with FRA001, isolation from symptomatic leaf pieces was realized on PDA medium (amended 
with streptomycin 500  mg  L−1) and incubated as described  in61. DNA was extracted from mycelial colonies 
and from FRA001 following the protocol described  in82. PCR experiments were conducted on three targeted 
sequences: ITS, tef1 and IGS (primer sequences in Supplementary Table S4). The amplification products were 
purified and sequenced by Eurofins Genomics. Sequences were manually reassembled and then aligned with 
relevant sequences obtained from FRA001.
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