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Abstract

Horizontal gene transfer (HGT) is one of the most interesting evolutionary events in Eukaryotic life. It has been proven that fungi
share genes or gene clusters with other organisms such as plants, animals, or other fungi. The amatoxins biosynthesis metabolic
pathway produces lethal bicyclic peptides responsible for most of the deaths by mushroom poisoning. It is assumed that involved
genes passed from Galerina and Lepiota to the Amanita secc. Phalloidae species by HGT. We used de novo genome assembling
and gene mining for homologous amanitin genes among Agaricomycetes lineages. Phylogenetic and reconciliation trees were
constructed to address the evolutionary history of POP gene family responsible for amanitin maturation. We also looked for the
potential cytotoxicity of sequenced samples on plant bioassays. New and known edible species in Amanita rubescens complex
have, partially or completely, the gene’s package implied in the synthesis of amatoxins, making them potentially capable
of synthesizing these lethal metabolites. The evolutionary history of these genes is more complex than previously reported
involving at least ten HGT events, four duplication events, other fungal genera such as Piloderma and Russula, and several
edible mushrooms. Furthermore, we showed that samples from a traditionally consumed species within Amanita rubescens
complex had the same cytotoxicity capabilities as the lethal amanitas from the Phalloideae section. In conclusion, several old
duplications and horizontal gene transfer events originated a cryptic diversity of the POP gene family in toxic and edible fungi
raising questions on the safe consumption of species in the A. rubescens complex.
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Summary

Horizontal gene transfer (HGT) is one of the most interesting evolutionary events in Eukaryotic life. It has
been proven that fungi share genes or gene clusters with other organisms such as plants, animals, or other
fungi. The amatoxins biosynthesis metabolic pathway produces lethal bicyclic peptides responsible for most
of the deaths by mushroom poisoning. It is assumed that involved genes passed fromGalerina and Lepiota
to the Amanita secc.Phalloidae species by HGT. We used de novo genome assembling and gene mining
for homologous amanitin genes among Agaricomycetes lineages. Phylogenetic and reconciliation trees were
constructed to address the evolutionary history of POP gene family responsible for amanitin maturation.
We also looked for the potential cytotoxicity of sequenced samples on plant bioassays. New and known
edible species inAmanita rubescens complex have, partially or completely, the gene’s package implied in
the synthesis of amatoxins, making them potentially capable of synthesizing these lethal metabolites. The
evolutionary history of these genes is more complex than previously reported involving at least ten HGT
events, four duplication events, other fungal genera such as Piloderma and Russula , and several edible
mushrooms. Furthermore, we showed that samples from a traditionally consumed species within Amanita
rubescens complex had the same cytotoxicity capabilities as the lethal amanitas from thePhalloideae section.
In conclusion, several old duplications and horizontal gene transfer events originated a cryptic diversity of
the POP gene family in toxic and edible fungi raising questions on the safe consumption of species in the A.
rubescens complex.

Keywords: Agaricomycetes, Amanita rubescens complex, amanitin, horizontal gene transfer, evolution.

Introduction

Lateral or horizontal gene transfer (HGT) is the genetic transmission between related or unrelated lineages
by non-sexual events (Andersson, 2005a; Ayala-Ruano et al., 2019). The gain of single genes or gene clusters
from other species is an effective evolutionary alternative to modify and increase the genetic pool of orga-
nisms, conferring potential adaptive advantages to themselves (as a selfish genes) or to the host (Husnik &
McCutcheon, 2018; Kloesges et al., 2011; Schönknecht et al., 2014; Slot & Hibbett, 2007; Thomas & Nielsen,
2005). The transferred genes must “adapt” to the new genome (ameliorate) and then they can be vertically
or horizontally inherited (Kloesges et al., 2011). Nonetheless, this inherence turns out in a highly unusual
gene similarity among the involved organisms, due to the individual evolutionary history of the target gene
and the host genome (Husnik & McCutcheon, 2018). Since the transfer involves the insertion of foreigner
DNA into a specific lineage, new genes will be limited to the offspring of the recipient organism, producing a
sparse phylogenetic distribution (Ochman et al., 2000) or phylogenetic incongruence (Rosewich et al., 2000).

It is well known that in prokaryotic organisms the ecological similarities (sympatric species or overlapping
niches) or physical interactions (symbiotic relationships) instead of their phylogenetic or geographic distances
explain the patterns of transferred genes (Andersson, 2005; Kloesges et al., 2011; Kunin et al., 2005). HGT
has massive ecologically and evolutionary implications in the ecosystems as niche colonization (competition)
or the emergence of new metabolic pathways as pathogenic capability (Ayala-Ruano et al., 2019; Huang,
2013; Van Etten & Bhattacharya, 2020). This phenomenon has been observed also in Eukaryotic organisms,
but the transfer mechanisms are still unknown. It has been proposed that overlapping niches, direct physical
interactions and sharing environmental selection pressures may promote genetic transfer (Reynolds et al.,
2018). For instance, the interaction between the symbiotic Amanita muscariaand soil microbiota promoted
the carbohydrate esterase genes transfer (necessary for organic matter decomposition) to the fungus (Chaib
De Mares et al., 2015; Reynolds et al., 2018). Novo et al. (2009), showed thatSaccharomyces cerevisiae EC118
wine strain acquired a 65 Kpb gene set from contamination yeasts during wine fermentation, increasing their
fermentation potential. Another example is the acquisition of the psilocybin synthesis metabolic pathway,
as a niche colonization tool, from lignin degradation fungi to dung decay fungi (Reynolds et al., 2018). In
these three cases, the transferred gene clusters turned out in new metabolic pathway acquisitions, conferring
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selective advantages to the new fungal hosts.

The secondary metabolites amatoxins are produced by an exclusive group of fungi that are associated with
>90% of worldwide deaths by mushroom poisoning (Bresinsky, 1990). These metabolites are synthesized and
matured by the MSDIN gene family (AMA and PHA) and the prolyl-oligopeptidase variant B (POPB) gene.
The MSDIN gene family has a characteristic highly conserved five amino acids (MSDIN) that code for a
34-37 long peptide precursor (Hallen et al., 2007; He et al., 2020). These precursors are cleaved, trimmed and
macrocycled to seven-ten amino acid length (known as the core peptides) by an exclusive proline specific
enzyme, POPB. The outcome is the mature, active, and deathly metabolite. Recently, Luo et al. (2022)
confirmed two new genes involved in amanitin biosynthesis, cytochrome P450s and flavin monooxygenase
(FMO1) enzymes. These two enzymes metabolize compounds by adding molecular oxygen (hydroxylation
and sulfoxidation) to their substrates.

It was thought that genes in the amanitin synthetic pathway were exclusive to Amanita section Phalloideae
, where all deathly amanitas belong (Walton, 2018). However, Lüli et al. (2019) and Luo et al. (2018) found
that MSDIN, POPB, FMO and P450 genes passed from an unknown fungus toLepiota and Galerina to
section Phalloideae by HGT. Nevertheless, a serious of deathly intoxications in the Mexican state of Hidalgo
involving species in the Amanita rubescens complex built-up the hypothesis of the presence of these genes
in these ”edible” mushrooms consumed locally.

To understand the extent and nature of a possible HGT of the amanitin biosynthesis genetic pathway to edible
amanitas outside thePhalloideae section we performed a comparative genomic analysis using Hernández-
Rico et al. (2019) samples. We assembled the genomes and used a mining approach for the MSDIN, POPB,
FMO and P450 homologous genes for phylogenetic inferences, gene neighborhood and evolutionary events
detection. The comparison of the gene and species trees suggested that the evolution and diversity of the POP
gene family are more complex than expected involving a diverse arrange of distantly related Agaricomycetes
linages, including edible mushrooms. Even while we did not test the transcription of MSDIN genes, we tested
the cytotoxicity of sequenced samples in broad bean meristematic root cells bioassays. The main goals of
our research were to detect and test the likelihood of the acquisition of amanitin metabolic pathway due to
HGT events in edible mushrooms; and to evaluate the potential gene source and transfer intermediaries of
the amanitin biosynthesis genes among the Agaricomycetes.

Materials and Methods

2.1. Sample selection, DNA extraction and sequencing

All processed samples belong to the Amanita rubescens species complex, belonging to Amanita section
Validae seriesRubescentes . This clade is a cryptic species group with many undescribed taxa. Here we
analyzed genomic data of the type speciesAmanita rubescens s.s ., a European species not distributed in
America (even while the name has been used widely); and two undescribed species with the provisional names
Amanitacruentilemurum nom. prov. and Amanitaperezsilvae nom . prov., previously known asA. rubescens
s.l. in Mexico.

Eleven samples from A. rubescens complex from Hernández-Rico et al. (2019) and one positive control (A.
suballiacea ) fromAmanita section Phalloideae were chosen for whole genome sequencing. The DNA extrac-
tion was performed using 20 mg of dry stipe tissue, frozen at -70 °C for at least 24 hours before extraction,
and grinded using TissueLyser LT. The DNeasy plant mini kit (QIAGEN) was used for DNA extraction.
DNA purifying, quality and quantity were evaluated using Nanodrop, electrophoresis gels and Qubit4, re-
spectively. Around 100 ng of high-quality DNA was used for sequencing at the UW-Madison Biotechnology
Center, United States. The sequencing was performed with the Illumina Novaseq6000 technology paired end
150 pb (2x150) at 60X of depth.

2.2. Raw data and genome assembly

We used FASTQC V 0.11.9 (Andrews, 2010) to test raw reads quality. Trimmomatic V 0.40 (Bolger et
al., 2014) was used for low quality (SLIDINGWINDOW:5:20), reads without pairs, adapter elimination
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and reads length homogenization (MINLEN:80). Three different approaches were tested for genome as-
sembly, SPAdes V 3.14-3.15 (Prjibelski et al., 2020), Velvet V 1.2.10 (Zerbino & Birney, 2008) and Aby-
ss V 2.3.1 (Simpson et al., 2009), using corrected raw reads obtained by SPAdes (–careful). Different k-
mers values (i.e. 21, 31, 41. . . .121) were used for ABySS and SPAdes. For Velvet, VelvetOptimiser V 2.2.6
(http://bioinformatics.net.au/software.velvetoptimiser.shtml) was used to choose the better k-mer value.

The assembled genomes quality was evaluated using BUSCO V 5.2.2 (Manni et al., 2021) and QUAST V
5.0.2 (Gurevich et al., 2013). Afterwards, scaffolds were removed under the following criteria: 1) >= 500 bp
length; 2) corresponding to the mitochondrial genome; 3) with coverage < 1x. BLAST tools were used to
locate POP genes. Only scaffolds containing the POP genes were used for gene prediction with AGUSTUS V
3.4.0 (Stanke et al., 2006) and gene annotation with blastp. The gene neighborhood was analyzed manually
with CLIP STUDIO V 1.5 using the information of gene prediction and annotation.

2.3. Searching and mining of MSDIN and POP genes

The MSDIN and POP nucleotide and amino acid sequences were extracted from the assembled genomes
using BLAST+ command line (Camacho et al., 2009). Known amatoxin biosynthesis gene sequences from
Amanita sectionPhalloideae , Galerina and Lepiota were used as query sequences (Table S1, S2). The search
was performed using blastn and blastp task tools with different word sizes.

Sequences alignments and intron/exon prediction for the POP genes were performed in MEGAX V
10.2.4 and UGENE V 43.0 (Kumar et al., 2018; Okonechnikov et al., 2012). Introns were manual-
ly extracted. ExPASy web service (Artimo et al., 2012) was used to corroborate the correct rea-
ding frame for each gene. The gene structure prediction was performed on the Splign website (htt-
ps://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi).

2.4. Sequence alignments and phylogenetic analysis

Three data sets were used for phylogenetic inferences: 1) Coding sequence (CDS) from POP genes, 2) POP
amino acid sequences, and 3) MSDIN amino acid sequences. For this, POP CDS and amino acid reference
sequences of Amanita , Galerina , Lepiota and other Agarycomycetes were downloaded from NCBI and JGI
databases (Table S2, Li et al., 2014; Lüli et al., 2019; Luo et al., 2018). Sequences were aligned using MUSCLE
(Edgar, 2004) with default parameters and the alignments were manually edited in MEGAX. All posterior
maximum likelihood (ML) analyses were run in CIPRES Science Gateway (Artimo et al., 2012; Miller et
al., 2010), with the RAxML V 8.0 program (Stamatakis, 2014) using the GTR+CAT model with 1000
bootstraps. Bayesian inferences were performed in the CONABIO bioinformatic cluster using MrBayes V 3.2
(Ronquist et al., 2012), with 15 M iterations, 25% burning chains, sampling each 1000 and the GTR+I+G
evolutionary model.

A concatenated matrix of ITS, LSU and rpb2 genes was used for the species tree. Each region was extrac-
ted from the assembled genomes using BLAST+ command line. Reference ITS, LSU and rpb2 sequences
ofAmanita , Galerina , Lepiota and Agaricomycetes were downloaded from NCBI and JGI database (Table
S3). Each region was aligned, edited independently, and concatenated using MUSCLE and MEGAX. The
best evolutionary model was chosen for each partition using PartitionFinder 2 (Lanfear et al., 2017). The
ML and Bayesian analyses were performed using RAxML and MrBayes in the CIPRES Science Gateway
and CONABIO’s bioinformatic cluster, respectively. The ML analysis was run with 1000 bootstraps and the
GTR+CAT evolutionary model. For MrBayes, 15 M iterations, 25% burning, sampling each 1000 and the
GTR+G+I and GTR+I evolutionary models were used. The chain’s convergence was tested with Tracer V
1.7.1 (Rambaut et al., 2018). All trees were visualized with FigTree V 1.4.4 (http://tree.bio.ed.ac.uk/ ).

2.4.1. Agaricomycetes POPB homologous genes

We explored the JGI Mycocosm database (Grigoriev et al., 2014) forAmanita section Phalloideae POPB
homologous genes. The search was performed using the blastp and blastn tools from BLAST+. We used the
Amanita bisporigera POPB and the A. rubescenscomplex POP (found here) as query sequences against the
whole database (~2,100 fungal genomes). The first 400 match sequences with the higher homology values
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(E-value and % identity) were downloaded. The sequences were aligned using MUSCLE in MEGAX and
were used for a ML analysis. The analysis was performed with 1000 bootstraps (MLB) and the GTR+CAT
evolutionary model.

2.5. Reconciliation trees: species vs genes

The species (ITS-LSU-RPB2 concatenated matrix) and gene (POP) trees were constructed by subsampling
each original matrix. For this, species were chosen depending on POPB or POPD homologous genes presence.
Each matrix had 25 species. Both trees were built with a maximum likelihood approach using RAxML, 1000
bootstraps and the GTR+CAT evolutionary model.

For the reconciliation analysis two different programs were used, Notung V 2.9 (Chen et al., 2000) and web
service ecceTERA V 1.2.2 (Jacox et al., 2016, https://mbb.univ-montp2.fr/MBB/). Both programs infer
evolutionary events based on a parsimonious approximation approach with two models: Duplication-Losses
or Duplication-Losses-Transfers. Each program was run using their default values: for Notung was 1.5 for
duplications, 3.0 for transfers and 1.0 for losses, and for ecceTERA was 2.0 for duplications, 3.0 for transfers
and 1.0 for losses. The best evolutionary model was chosen by a minimum score (event score).

2.6. Citotoxicological bioassays in broad bean meristematic root cells

Amatoxins are potent inhibitors of the eukaryotic DNA-dependent RNA polymerase II or pol II. The inhi-
bition of the pol II, responsible for all the messenger RNA (mRNA) transcription, results in cellular death.
The latter has been proven on animal bioassays, mainly rodents, but it is known that they are lethal for
humans and dogs. As pol II is universal in eukaryotes, plants bioassays also show transcription inhibition
at low amatoxin concentration (Walton, 2018). Thus, to evaluate the potential cytotoxicity effects of A.
perezsilvaenom. prov. , we performed a bioassay on the plant modelVicia faba roots cells. We used two spe-
cies from thePhalloideae section as positive controls (Amanita aff. virosa and Amanita aff. verna ), seven
samples of A. perezsilvae nom. prov. as experimental samples and saline water solution as negative control.
For each sample we used two different treatments (raw and boiled) with three replicates per sample. For all
treatments, 0.56 gr of dried pileus per sample were macerated in sterile distilled water. The meristematic
root´s cells were exposed to the macerated solutions at dark conditions for 12 hours. After that, apical
meristematic root cells were fixed at 3:1 ethanol-acetic acid solution for 15 minutes and washed with saline
water at 5%. Aceto-orcein staining was used for 15 minutes under dark conditions. Lastly, acetic acid at 45%
was used for slide mounting using the “squash” technique.

To quantify cytotoxic capabilities of A. perezsilvae nom. prov. we used the mitotic index (MI). The index
measures the cell proliferation (i.e. proportion of dividing cells in any mitotic phase) at controlled conditions.
MI was calculated as follows: MI (%) = Mc*100/Tc, where Mc is the total number of cells at any mitotic
stage, and Tc the total number of cells. Decreasing MI values reflect a cell’s growth deficit that usually is
related to cytotoxic agents in the given environment (Zendehboodi, 2018). Here, up to 500 cells were counted
in each replicate using an optical microscopy at 40X. The obtained data were statistically tested using the
nonparametric Kruskal-Wallis (H) and the post-hoc tests with Bonferroni correction.

3. Results

3.1 New MSDIN and Prolyl-oligopeptidase genes in Amanita rubescens complex

Twelve new draft genomes (ten A. perezsilvae nom. prov ., oneA. cruentilemurum nom. prov. , and one
A. suballiacea ) were sequenced and assembled resulting in 40 Gb of raw data. For each sample, ~10-15 M
high quality reads (>35 quality value) and ~4 Gb of clean data were used. SPAdes was the better assembly
algorithm for our data, assembling genomes of ~50 Mpb with a GC% of ~48 (Table 1).

One MSDIN-like sequence gene was found in the ten A. perezsilvae nom. prov. and A. cruentilemurum nom.
prov . genomes (supplementary material). The amino acid sequence has the same structure of known MSDIN
genes divided into three sections: leader peptides, the first ten amino acids (the signature trait of the gene
family); the hypervariable region flanked by Proline (P) residues (core peptides); and the follower region (Fig.
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1a). The core peptide was 11 amino acids long (PTWHGHSMATHP) codifying for an unknown metabolite.
The maximum likelihood and bayesian analyses showed that the new MSDIN gene found here is the most
divergent sequence placing it as the outgroup for all known cycloamines: phalloidin, phallacidin, amanitin
and cyclopeptides (100 MLB/1 pp, Fig. 1b). All Amanita section Phalloideaeamanitin genes (AMA) are
clustered together forming a sister clade withLepiota and Galerina AMA (0.79 pp). For A. suballiacea , 21
different MSDIN gene sequences were found corresponding to known and unknown amatoxin metabolites
(Table S4).

We found four different POP genes within A. perezsilvaenom. prov. and A. cruentilemurum nom. prov.
genomes: one POPA, housekeeping gene in most eukaryotic organisms; and three different POPB homologous
genes, called hereafter POPD. These genes had ~50% of similarity and shared the same number and position
of introns (18) and exons with known POPB genes (17, Fig. S1). Interestingly, two highly similarity sequences
(>95%) fromAmanita rubescens s.s. were found in NCBI database (KAF8346704 and KAF8331800). These
sequences were labeled as “prolyl oligopeptidase” and were obtained by Miyauchi et al. (2020). The proposed
names for the three POPD genes found are POPD1, POPD2 and POPD3 due to their highly gene similarity
to POPDB, and because POPC corresponds to an exclusive Lepiota venenata gene not related to amanitin
biosynthesis (Lüli et al., 2019). The POPD1 gene was exclusive toA. cruentilemurum nom. prov. (GNHR-
426), while POPD2 and POPD3 genes were from A. perezsilvae nom. prov. The POPD2 gene was slightly
larger than POPD3 (~3130 vs ~3115 pb). The sequences were ~2196 pb and ~733 amino acid length after
intron removal. All POPD genes had different scaffolds.

For A. perezsilvae nom. prov. samples, two gene copies of P450 and one FMO were found. Each P450 gene
shared the genetic neighborhood with different POPD genes (POPD2 and 3) in different scaffolds (Fig. S2a).
The FMO gene was flanked by POPD3 and one P450 gene. This pattern is conserved among all A. rubescens
complex samples and A. suballiacea except for A. perezsilvae nom. prov. GNHR-435. For A. cruentilemurum
nom. prov. only the FMO gene was found near to POPD3 gene together to an ABC transporter protein
(Fig. S2b). Surprisingly, FMO and P450 genes were also found inA. rubescens s.s . with similar genetic
neighborhoods as inA. perezsilvae nom. prov. samples (Fig. S2a).Amanita cruentilemurum nom. prov. and
A. perezsilvae nom. prov . and A. suballiacea samples shared the same genetic neighborhood for the second
P450 gene copy that was flanked by the POPD2 (POPB in A. suballiacea ) and MATE (multidrug and toxic
compound extrusion) transporter genes, changing the latter for a Major facilitator superfamily transporter
(MFS) in A. rubescenss.s. (Fig. S2a).

3.2. Prolyl oligopeptidase B/D genes diversity within Agaricomycetes

The POPA phylogenetic distribution agrees as expected with the species tree (blue bar in Fig. 2) while
the POPB genes formed their own clade, independently to their species position. All mayor clades are well
supported, Amanita (100 MLB/ 1 PP) splits in its sectionsPhalloideae (100 MLB/ 1 PP), Validae (100
MLB/ 1 PP) andAmanita (100 MLB/ 1 PP), Galerina (87 MLB/ 1 PP) andLepiota (80 MLB/ 1 PP).
Hebeloma genes (100 MLB/ 1 PP) were grouped as sister clade of Galerina and Cortinarius . Both Russula
(Order Russulales) genes and Piloderma(Subclass Agaricomycetidae) POP sequences were used as outgroups
(96 MLB/ 1 PP, Fig. 2). Tricholoma and Lepista form a separate clade (89 MLB/ 1 PP).

The POPB sequences were clustered the same way as in Luo et al.(2018) and Lüli et al . (2019) forming a
phylogenetic incongruence (100 MLB/ 1 PP). Lepiota is the most external branch (100 MLB/ 1 PP) followed
by Galerina as the nearest branch to thePhalloideae section sequences (92 MLB/ 1 PP). However, we found
many new POPB homologs genes in different fungal linages inPiloderma , Russula , Hebeloma andCortinarius
. Two Piloderma byssinum POPB sequences were clustered in the Amanita , Lepiota and Galerinaclade (Fig.
2): one copy shares the same clade with Lepiota POPB and the second between Galerina and Amanita clade
(96 MLB/ 1 PP). The remaining POPB homologous genes clustered together toA. rubescens s.s. sequences
alongside the new POPD genes (95 MLB/ 1 PP). Within this group (red box in Fig. 2) four different clades
were formed: 1) the exclusive GNHR-426’s Amanita cruentilemurum nom. prov. POPD1 (100 MLB/ 1 PP);
2), POPD2 clade formed by A. rubescens s.s. and Amanita perezsilvae nom. prov. (GNHR-430) sequences (98
MLB/ 1 PP); 3) Hebeloma brunneifolium clade (94 MLB/ 1 PP); and 4) A. rubescenss.s. , A. cruentilemurum
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nom. prov ., A.perezsilvae nom. prov. and Cortinarius sp. POPD3 clade (100 MLB/ 1 PP). Also, POPB/D
homologous genes were found inRussula dissimulans and grouped as the most divergent genes (Fig. 2).
To avoid tree polytomies due to many identical POPD2 and POPD3 copies only two samples (GNHR-426
and GNHR-430) with POPD sequences were chosen. The same approach was used for P. byssinum and
H.brunneifolium as four identical copies of POPB and POPD were found, respectively.

3.3. Horizontal gene transfer as the main event of the POPB/D evolutionary pathway

Both Notung and eccTERA analyses showed that the duplication-transfer-loss (DTL) model is the best
evolutionary scenario. The duplication-loss model (DL) explained 17 duplications and 65 losses with an
event score value of 90.5, and 20 duplications and 65 losses with 117 event score value for Notung and
ecceTERA. The DTL model in Notung scored with 47 with 4 duplications, 12 transfers and 5 losses, and 67
event score for ecceTERA with 4 duplications, 12 transfers and 6 losses.

Notung showed that four duplication events occurred exclusively within the POPB/POPD clade (Fig. 3). The
first duplication event happened in the outgroup clade of Russula , resulting in two copies; the second occurred
at the POPB crown group, one copy was inherited to thePiloderma and Lepiota clade, and the second
toPiloderma , Galerina and Amanita ; the third occurred in the POPD2/3 clade, one copy turned out in the
POPD2 clade and the other to the POPD3; and the fourth happened in Hebeloma clade. All transfer events
except one were detected within the POPB/D clade. The oldest transfer event was from the hypothetical
species “39” to the “n557”. Followed by four transfer events in the POPD clade and five transfers in the POPB
clade. In the POPD clade, one transfer was from P. byssinum to hypothetical species “n540”; the remaining
transfers were within the POPD3 and Hebeloma clade after the duplication event where POPD2 and POPD3
diverged. The second transfer was from hypothetical species “n72” to Hebeloma brunneifoliumfollowed by
a duplication; the third transfer happened from the same hypothetical species “n72” to Cortinarius sp.;
the fourth transfer occurred from A. perezsilvae nom. prov. (GNHR-430) toA. cruentilemurum nom. prov.
(GNHR-426). For the POPB clade, all transfers occurred after the duplication event; the first copy was
transferred to Lepiota venenata from P. byssinumand the second copy was transferred to the Galerina clade
and then to Amanita section Phalloideae (Fig. 3).

3.4. Inhibition of cellular division

Both treatments (raw and boiled) showed cellular division changes compared to the negative controls (Fig.
S3). Also, no differences were found between raw and boiled treatments in their effect on cell proliferation.
The Kruskal-Wallis test showed significantly differences among species treatments (p = 4.909x10e-7). The
pairwise post-hoc comparison showed differences between A. perezsilvae nom. prov. samples vs negative
control (p< 0.001), differences between positive controls vs negative control (p< 0.006), and no differences
between A. perezsilvae nom. prov. samples vs Amanita aff. virosa and Amanita aff. verna positive controls
(p= 1.0).

4. Discussion

4.1. Amanitin biosynthesis pathway in Amanita rubescens complex

The new MSDIN-like genes found in three species of the A. rubescens complex (A. rubescens s.s. , A.
cruentilemurum nom. prov . and A. perezsilvae nom. prov. ) shared the same genetic structure with previously
known MSDIN genes. If these genes are expressed, they should transcribe for a ribosomally synthesized and
post-translationally modified peptide (RiPP), since they have the three characteristic domains: leader, core,
and follower peptide (Hallen et al., 2007; He et al., 2020). The leader domain has the distinctive signature
of the MSDIN gene family but has changes in the second and sixth positions inA. perezsilvae nom. prov.
(MY DINS TRLP); and changes in the second, fourth and sixth positions in A. cruentilemurum nom. prov.
(MY DV NS TRLP). It has been proposed that the upstream amino acids residues (N[A/S ]TRL) have a
main role as recognition site for the POP enzyme (Sgambelluri et al., 2018; Walton, 2018). Thus, it must be
conserved among the AMA and PHA genes (Fig. 1). However, the core (TWHGHSMATHP) and follower
peptides (LDDDLIVNFVEKS) are too divergent compared to the known MSDIN genes or any homologous
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gene found in the NCBI or JGI databases (Pulman et al., 2016). It is worth mentioning that we did not find
MSDIN-like genes inRussula , Piloderma , Cortinarius, or Hebelomagenomes with POPB homologous genes
(see next section).

The unusual hydroxylated amino acids (Leu, Trp and Pro), due to FMO and P450 enzymes are crucial
for metabolite toxicity (Luo et al., 2022; Walton, 2018). The core domain of the MSDIN-like genes found
here (. . . RLP TWHGHSMATHP ) are flanked by the proline residues for the POP cleavage and it has
Trp as the second amino acid but did not have a Cys for the triptationin cross-linked bridge. Thus, a
chemical profile is needed to verify the double cyclic structure of the peptide. However, the presence of FMO
and P450 genes near to POPD gene in the assembled genomes suggests that the metabolite oxygenation
happens (Walton, 2018). Luoet al. (2022) proved that FMO and P450 genes are exclusive toAmanita ,
Lepiota and Galerina and that its knock down results in inactive peptides. Here, we found at least two P450
and one FMO gene in all A. rubescens complex studied species. Interestingly, we found that most of the
amanitin biosynthetic homologous genes were together in different genetic clusters in A. rubescens s.s. , A.
cruentilemurum nom. prov. andA. perezsilvae nom. prov. except for the MSDIN-like gene that is isolated.
This genetic structure is like those ofGalerina but contrasts with Amanita sectionPhalloideae and Lepiota
where the genes are randomly distributed though their genomes (Fig. S2, Luo et al., 2022). It should be
considered that separation of MSDIN-like genes to the other amatoxin maturation genes might be an artifact
due to the highly fragmented assembled genomes.

Most of the secondary metabolite pathways of fungal organisms are encoded by biosynthetic or metabolic
gene clusters (BGC or MGC) (Rokas et al., 2020; Vignolle et al., 2020). We showed that in the POPD genes
neighborhood three different superfamilies related to secondary metabolite transport were found: MATE
(multidrug and toxic compound extrusion), MFS (major facilitator superfamily) and ATP-binding cassette
proteins transporter (ABC). These proteins correspond to a group of major families of multidrug trans-
porters in all kingdoms (Kusakizako et al., 2020; Quistgaard et al., 2016; Shoji, 2014). Most of the MATE
transporters export metabolites out of the cell through the membrane, and are related to direct or indi-
rect mechanisms of detoxification in plants (Santos et al., 2017). MFS transporters move a huge variety of
small compounds across membranes between cells and between intracellular compartments such nutrients,
extrusion of deleterious compounds, metabolites, signaling molecules and other substrates (Quistgaard et
al., 2016). ABC transporters are responsible for drug resistance by pumping out a variety of drugs out cells
at the expense of ATP hydrolysis (Choi, 2005). Using immunolocalization and confocal microscopy Luo et
al. (2010) proved that amanitin has restricted distribution through the fungal fruitbody cells and is stored
in vacuole-like structures. Thus, the transporter protein families mentioned above may move the metabolite
to these stores.

Amanita rubescens complex species synthesize the hemolytic metabolite, rubescenslysin (Seeger et al., 1981).
However, it is extremely thermolabile in contrast to amatoxins, which are highly stable to temperature and
pH (Walton, 2018). The Kruskal-Wallis test found statistical differences between negative control and all
experimental treatments and positive controls showing high cytotoxic activity, it also did not find differences
among boiled and raw extracts. Additionally, it found no statistical differences between both positive controls
and experimental samples. This means thatA. perezsilvae nom. prov. raw and boiled samples are as cytotoxic
as A. aff. virosa and A. aff. verna (both deathly species belonging to A. Phalloideae section), also that this
cytotoxicity is not due to the action of rubescenslysin.

4.2 Evolution and diversity in POP genes

Given a vertical gene inheritance, it is expected that a gene tree shares the same topology with the species
tree. The POPA genes distribution corresponded to those observed in the species tree, separating the different
fungal genera and sections withinAmanita . Our reconciled tree analysis suggests that POPB/POPD genes
were originated from a modified ancient POPA that was horizontally transferred to an Agaricomycete species
(hypothetical species “n557”, Fig. 3). The POPB gene group phylogeny coincides with Lüli et al.(2019) and
Luo et al. (2018) indicating a phylogenetic disagreement among Amanita ,Galerina and Lepiotaspecies due to
HGT events (Fig. 3). These authors suggested thatLepiota was the original donor of POPB and MSDIN genes
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who transferred them to Galerina and Amanita sectionPhalloideae , where the MSDIN genes diversified.
Nevertheless, in the comparative genomic analyses performed by Luo et al. (2022), the author denies the
previous hypothesis of direct transfer among these genera proposing an ancestral donor species. Our results
support that the POPB genes were transferred to Lepiota , Galerina andAmanita from an ancestral species
in Agaricomycetes (highly supported clades). Indeed, Lepiota POPB clustered together with one gene copy
of Piloderma , while Galerina andAmanita POPB genes clustered with another Piloderma gene copy. Our
analysis indicates that the hypothetical species “n517” in Agaricales acquired one POPB copy and then
horizontally transferred it to known Galerina species. Another HGT event was from a species in Agaricales
related to Amanita “n94”. Lepiota got the other copy directly from Piloderma sp. Thus, Lepiota andGalerina
/Amanita POPB are paralogous genes that maintain the same function, when most of the genes produced by
duplication events tend to lose or change function (neofunctionalization) to flexible selective pressures in one
of the copies (Comai, 2005). Nevertheless, this hypothesis could be partially true due to a sampling bias of
the >400 fungal species available genomes. Even while we searched and mined all available Agaricomycetes
genomes, we may not embrace the whole complex evolutionary history of POP genes. For instance, Lüli et
at. (2019) proposed that the transference was from Lepiota to Galerina and then to Amanita (Fig. 3). Our
wider sampling found that Piloderma was who transferred the POPB genes to all known gene hosts, and
that Lepiota did not transferred POPB genes to Galerina (Fig. 3).

The POPD clade phylogenetic incongruence found here is new despite thatA. rubescens s.s. POPD genes
were stored in JGI Mycocosm and NCBI databases years ago. For POPD, our analysis suggested that
an ancestral species in Agaricomycetes related to Piloderma byssinumtransferred the POP gene to “n540”
hypothetical Agaricomycete species. Unfortunately, we could not point out when or where exactlyAmanita
species acquired this gene. However, one hypothesis is that the “n540” species is related to the Amanita
genus ancestor. This is supported due to the lack of any other evolutionary events but vertical inheritance
within Amanita species. Nevertheless, Notung analysis suggested that POPD3 gene was transferred from
“n72” Amanita related hypothetical species toHebeloma and Cortinarius nodes.

For all POPD genes, A. cruentilemurum nom. prov.(GNHR-426) POPD1 is the oldest gene version and that
POPD2 and POPD3 are paralogous genes that maintained the same structure. The fact thatA. rubescens s.s
. from Europe and, A. cruentilemurum nom. prov. and A. perezsilvae nom. prov . from North America share
the POPD genes (D2 and 3) suggests that the horizontal transfer occurred before the species and continents
separated ~200 Million years ago. Our results show that the HGT of the amatoxin biosynthesis genes was
not an isolated event toAmanita section Phalloideae , but a more extensive and complicated evolutionary
history also involving Amanita seriesRubescentes and many intermediaries.

4.3 Evolutionary and ecological implications of the amanitin lethal metabolic pathway horizontal transfer

Lüli et al . (2019) proposed that the POPB transfer was related to the ecological niche from saprophytic to
ectomycorrhizal species. However, Piloderma, which is most likely the ancestral POPB/POPD gene donor, is
ectomycorrhizal as Russula brevipes which is the outgroup of the POPB/POPD gene clade. Also, all species
from the POPD gene clade are ectomycorrhizal, except for Galerina andLepiota in the POPB clade. Hence,
more than the ecological niche differences, it has been suggested that overlapping niches, direct physical
interactions and sharing environmental selection pressures may promote the transferring events (Reynolds
et al., 2018). Here, we did an extensive gene sampling and mining in all available fungal genomes from
different databases, obtaining a robust topology tree that showed a more complex evolutionary history than
previously reported (Lüli et al ., 2019; Luo et al ., 2018; Walton, 2018). In the future it will be necessary to
continue mining new fungal genomes to better explain the origin of the amatoxin synthesis genes and solve
the ecological niche of its ancestor.

Transferred genes must provide selective advantages or fitness benefits to the new hosts. For instance,
Reynolds et al ., (2018) suggested that the psilocybin gene clusters were transferred from Psilocybe sp.
toPodorospora sp. for niche colonization from wood- to dug-decay, competitive and defense strategies. Theo-
retically, amanitin gene cluster must confer benefits to Amanita series Rubescentes as a defense mechanism.
Walton (2018) suggested that the MSDIN gene diversification provided defense against all possible ant-
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agonists by inhibiting the eukaryotic RNA polymerase II of most mammals, insects, worms, or parasites.
However, the presence of this gene cluster in edible species of the A. rubescens complex contradict this. Even
while the presence of all the genes necessary to produce amatoxins are present in the edible mushrooms
Amanita rubescenss.s. , Amanita cruentilemurum nom. prov. andAmanita perezsilvae nom . prov . its tran-
scription and metabolite production must be proven. Here we were able to prove that the same samples
having the metabolic amatoxin pathway have the same levels of cytotoxicity in a vegetal model than lethal
amanitas from section Phalloidae. As several mortal intoxications in Mexico have been related to the con-
sumption these mushrooms it is imperative to communicate these results to the scientific community and
decision makers. We recommend that the consumption of these species should be avoided until its chemistry
and toxicology are fully solved.
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• POP: MZ028175 to MZ028202

Tables

Table 1. Basic features of the assembled genomes

ID samples GNHR4261 GNHR 4302 GNHR 4312 GNHR 4322 GNHR 4332 GNHR 4342 GNHR 4352 GNHR 4372 GNHR 4382 GNHR 4392 GNHR 4462 A213

Genome size (Mb) 38.9 53 - 50.3 54.4 59.4 50.15 45.4 43.4 54.3 39.5 52.8
# Scaffolds 24663 10639 - 19599 12708 17108 21680 19852 1736 8675 7243 14969
Depth 453 152 - 1672 265 365 918 596 1158 446 377 1026
N50 2923 34120 - 6843 27409 17264 4727 5738 5993 28672 22302 9106
%GC 47.68 48.10 - 48.03 49.85 49.52 48.06 47.44 47.01 49.41 47.08 46.76
# Genes 1968 3534 - 3028 3510 3497 2871 2895 2811 3497 3487 3667
Gene length 289 387 - 354 384 382 345 347 340 383 381 392

N50: length cutoff for the longest contigs that contain 50% of the total genome length
1: Correspond to Amanita cruentilemurum nom. pro.
2: Correspond to Amanita perezsilvaenom. pro.
3: Correspond to Amanita suballiacea

Figures

Figure 1. Alignment and phylogenetic inferences of MSDIN genes.a) Amino acids alignment of MSDIN
sequences from Amanita perezsilvae nom. prov. (GNHR*), Lepiota venenata (Lv), A. ocreata (Aocrea),
A. exitialis (Aexi), A. subjunquillea(Asubj), A. fuliginea (Afulg), amanitin (AMA) and phalloidin (PHA)
genes. b) MSDIN phylogenetic tree. Posterior probability (pp) and bootstrap values greater than 0.64 and
60 are above and below each clade, respectively.
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Figure 2. Maximum likelihood tree of prolyl oligopeptidase amino acid sequences in Agaricomycetes. The
bootstrap values are in each clade. Each arrow points out the different POPB species, Amanita (blue
arrow), Galerina (brown arrow) and Lepiota (green arrow). The red and pink boxes show the phylogenetic
incongruences due to HGT events previously reported (Luo et al ., 2018; Lüli et al. , 2019) and the newly
discovered here, respectively. The color bars at the end of some branches show the different genus that
are related to the newly detected HGT event: Russula (yellow), Piloderma(black), Hebeloma (orange) and
Cortinarius (gray). The red (disagree) and blue (agree) parallel bars mark out which clades follow the
phylogenetic history.

Figure 3. The DTL model reconciled tree constructed with Notung.a ) The red D and yellow T letters in the
clades point out the duplication and transferred events, respectively. The bootstraps values are below each
clade in green. Each colored arrow indicates a transition event from Piloderma byssinum : to hypothetical
species “n540” (blue), to species “94” (red), to species “n517” (orange), and toLepiota sp. (purple). The blue
star marks the Piloderma byssinum ancestor.
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