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Abstract

A recent discovery of Amanita brunneitoxicaria revealed that this mushroom and A. exitialis are the
main causative agents of fatal mushroom poisoning in Thailand. Poisonous amatoxins present are bicyclic
octapeptides encoded by the MSDIN family and macrocyclized by prolyl oligopeptidase B enzyme.
Diversity of the MSDIN toxin-associated genes in A. brunneitoxicaria however, remains unexplored.
Therefore, this study aimed to characterize the MSDIN family members in A. brunneitoxicaria in
comparison with A. exitialis based on whole genome sequencing, followed by gene annotation using
bioinformatic tools. Identification of conserved core peptides of the MSDIN family revealed the presence
of o-amanitin and B-amanitin as endogenous toxins in A. brunneitoxicaria. In addition to the major
amatoxins, amanexitide and phallacidin were also found in A. exitialis. Phylogenetic analyses of the
MSDIN family members showed that an unknown peptide present in A. brunneitoxicaria is clustered with
phalloidin. On the basis of PCR detection, a modified forward primer was incorporated into the PCR
reactions to obtain clear and distinctive DNA fragments of approximately 300 bp from three deadly
poisonous mushrooms of A. brunneitoxicaria, A. exitialis and A. fuliginea in the section Phalloideae.
Hence, they could be distinguished from other edible and less toxic species in the same genus. Such rapid
and accurate identification of the target region of the MSDIN family from the lethal mushrooms is
relevant as means to reduce mortality.

Keywords: Amanita, Cyclic peptide toxin, MSDIN family, Mushroom poisoning, Next-generation
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Introduction

Amanita is one of well-known genera of macrofungi in the family Amanitaceae (Basidiomycota,
Agaricales) which is distributed worldwide. The genus is estimated to have 900 - 1000 species, half of
which have been described [1]. It is divided into 7 sections, including Amanita, Amidella, Caesareae,
Lepidella, Phalloideae, Vaginatae, and Validae based on phenotypic characters [2] as well as molecular
phylogenetics (all sections are strongly supported except Lepidella) [3]. Both edible and deadly poisonous
species are found in the genus Amanita (Figure 1). Based on Cai et al. [4] ca. 50 species of lethal
amanitas belonging to the section Phalloideae have been reported. Within this section, Thongbai et al. [5]
recently discovered a new species, A. brunneitoxicaria, from southern Thailand. According to Ramchiun
et al. [6], this lethal species was similar in appearance to A. vaginata (section Vaginatae) which is edible.
In additon to A. brunneitoxicaria, there are 4 other species of lethal amanitas present in Thailand. These
include A. exitialis, A. fuliginea, A. fuligineoides and A. virosa of the section Phalloideae [7,8]. Among
them, A. brunneitoxicaria and A. exitialis are responsible for most cases of fatal mushroom poisoning in
the country [6,8].
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Figure 1 Representatives of Amanita mushroom samples: Lethal species (a) A. brunneitoxicaria, (b) A.
exitialis, and edible species (¢) A. princeps, (d) A. vaginata.

Toxic substances such as amatoxins and phallotoxins are present in amanitas as well as in some
other distantly related agarics, including Galerina (Hymenogastraceae) and Lepiota (Agaricaceae) [9,10].
Amatoxins, functioned as specific inhibitors of RNA polymerase II, include a-amanitin and B-amanitin
which are responsible for more than 90 % of fatal mushroom poisoning cases worldwide [11,12].
Phallotoxins which include phallacidin and phalloidin, on the other hand, do not appear to be absorbed by
the mammalian digestive tract and hence, are not toxic to humans when consumed orally [13]. Having
ingested the poisonous amanitas, all patients showed the first latent period within 2 to 12 h of
gastrointestinal phase which was characterized by nausea, vomiting, abdominal pain and cramps as well
as severe secretory diarrhea. The second latent period with the early signs of liver and renal damage
started after 12 to 14 h, and this could eventually lead to death of the patients [6,8].

Ribosomal biosynthesis of amatoxins and phallotoxins involves the production of precursor
peptides, followed by macrocyclization [14-16]. These cyclic peptides are encoded by short nucleotide
sequences of the MSDIN family. Each precursor peptide of 33 - 37 amino acids consists of 2 conserved
regions, an upstream leader peptide (10 amino acids) and a downstream recognition peptide (17 amino
acids). In addition, there is a highly variable core peptide (7 - 10 amino acids) which is bounded by 2
conserved proline residues. After translation, the precursor peptides are cleaved by prolyl oligopeptidase
B (POPB) enzyme which is a proline-specific peptidase, and subsequently modified by cyclization
[13,17,18]. The MSDIN family is however, absent from fungi that do not produce amatoxins or
phallotoxins [14,19].

For novice foragers, poisonous species of Amanita are often mistaken for edible species due to their
phenotypic similarity. Delayed and inappropriate treatment of lethal Amanita intoxication can result in
severe illnesses and death. This study therefore, focused on characterization of the genes governing the
expression of toxic cyclic peptides in A. brunneitoxicaria and A. exitialis based on next-generation
sequencing (NGS) technology and bioinformatic analyses. In addition, an in-house PCR assay was
developed for rapid detection of the MSDIN family present in the lethal amanitas of the section
Phalloideae. The results of which are useful for timely and appropriate medical treatment of mushroom
intoxication.
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Materials and methods

Mushroom specimens and identification

A total of 30 mushroom specimens, representing 5 sections of the genus Amanita, including the
sections Amanita (A. digitosa, A. mira), Caesareae (A. hemibapha, A. javanica, A. princeps, A.
rubromarginata), Phalloideae (A. brunneitoxicaria, A. exitialis, A. fuliginea), Vaginatae (Amanita aff.
fuligineodisca, A. vaginata) and Validae (A. porphyria) were used for analyses (Table 1). Of 30
specimens, 10 were mushroom remnants left from food preparation and delivered to the Toxicology
Center (NIH, Department of Medical Sciences, Thailand) during 2012 - 2018. Details of mushroom
consumption history, geographical distribution and clinical manifestations are shown in Table 2. Both
clinical and field specimens were primarily identified based on their morphological characters and
compared with descriptions provided by amanitaceae.org.

Table 1 Specimens of Amanita used in PCR amplification of the MSDIN family.

Taxon Type of toxin Edibility Type of Numt_)er of
specimen specimen

Section Amanita

A. digitosa Gl-toxins Inedible (non-deadly) Clinical 1

A. digitosa Gl-toxins Inedible (non-deadly) Field 1

A. mira Neurotoxins Inedible (non-deadly) Field 2
Section Caesareae

A. hemibapha N/A Edible Field 2

A. javanica N/A Edible Field 2

A. princeps N/A Edible Field 2

A. rubromarginata Unknown N/A Field 2
Section Phalloideae

A. brunneitoxicaria Hepatoxins Inedible (deadly) Clinical 5

A. brunneitoxicaria Hepatoxins Inedible (deadly) Field 1

A. exitialis Hepatoxins Inedible (deadly) Clinical 3

A. exitialis Hepatoxins Inedible (deadly) Field 1

A. fuliginea Hepatoxins Inedible (deadly) Clinical 1
Section Vaginatae

A. aff. fuligineodisca Gl-toxins Inedible (non-deadly) Field 2

A. vaginata N/A Edible Field 3
Section Validae

A. porphyria Unknown Inedible Field 2

Total 30

Note: N/A = data not available.

Table 2 Details of mushroom consumption history (2012 - 2018), geographical distribution and clinical
manifestations.

Amanita species Year Region of No. of

(No. of specimen) Thailand  patient Death Symptom

Case

Intense thirst, perspiration,
nausea and vomiting, headache,
abdominal pain, severe diarrhea
and fatigue

1 A. digitosa (1) 2012 Northeast 19 -

Intense thirst, perspiration,
nausea and vomiting, headache,

2 A. exitialis (3) 2012 North 8 1 abdominal pain, severe
diarrhea, fatigue and cardiac
arrest

Severe diarrhea, strangle, choke
3 A. fuliginea (1) 2012 Northeast 5 1 and death from fulminant
hepatic and renal failure

Nausea, vomiting, abdominal
pain and cramps as well as
severe secretory diarrhea, liver
and renal damage

4 A. brunneitoxicaria (2) 2017 Northeast 12 1
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Nausea, vomiting, abdominal
pain and cramps as well as
severe secretory diarrhea, liver
and renal damage

5 A. brunneitoxicaria (2) 2018 Northeast 5 1

Nausea, vomiting, abdominal
6 A. brunneitoxicaria (1) 2018 East 1 - pain and cramps as well as
severe secretory diarrhea

Genomic DNA extraction and PCR amplification of ITS

Tissues of the mushroom specimens were stored in DNA/RNA Shield (Zymo Research) and kept at
-70 °C. Each sample containing 70 mg of a fruiting body was ground in liquid nitrogen. Total genomic
DNA was extracted using the DNeasy Plant Mini Kit (QIAGEN, Germany) according to the
manufacturer’s instructions. All 30 mushroom DNA samples were obtained. The identities of both
clinical and field specimens were confirmed by PCR amplification and sequencing of the internal
transcribed spacer (ITS) region using the primers ITSIF (5’-CTTGGTCATTTAGAGGAAGTAA-3")
[20] and ITS4 (5’-TCCTCCGCTTATTGATATGC-3") [21]. The condition for amplification followed
Parnmen et al. [8]. PCR products were purified using QIAquick PCR Purification Kit (QIAGEN,
Germany), and Sanger sequencing was performed at the Toxicology Center, National Institute of Health.

Library preparation and NGS

High-throughput sequencing data were obtained for 2 clinical specimens of A. brunneitoxicaria and
A. exitialis using the Illumina MiSeq system with QIAseq FX DNA Library Kit (QIAGEN, Germany)
constructed with QIAseq index kits (QIAGEN, Germany) following the manufacturer’s protocol. DNA
concentrations of the samples were measured using fluorescence-based Qubit quantitation assays (Qubit
2.0 Fluorometer, Invitrogen, USA). An aliquot containing 10 ng of the input genomic DNA was used for
fragmentation, end repairs and polyadenylation. DNA library was purified using Agencourt AMPure XP
beads (Beckman Coulter, USA). The prepared libraries were sequenced on the Illumina MiSeq platform
with paired-end 500-cycle mode (MiSeq Reagent Kits v2, lllumina, USA).

Annotation of the MSDIN family

The BBDuk (Decontamination using kmers) program under Geneious Prime version 2020.0.5
(www.geneious.com) was used to remove adapter sequences and low-quality reads. The MSDIN family
was explored in the genomic data of 2 lethal amanitas. Gene annotation was performed using Bowtie 2
version 2.3.5.1 [22] and Geneious Prime. Sequences of the MSDIN family members were compared for
nucleotide similarities against the GenBank database using BLASTN [23-24]. The obtained amino acid
sequences of the MSDIN family members were aligned using blocks substitution matrix (BLOSUM)
[25], and a sequence logo was created using WebLogo [26].

Sequence alignments and phylogenetic analyses

Newly generated DNA sequences of the MSDIN family members derived from the samples of A.
brunneitoxicaria and A. exitialis as well as the sequences obtained from a previous study by Luo et al.
[16] were aligned using MUSCLE program [27]. Phylogenetic analyses were conducted using maximum
likelihood (ML) and Bayesian approaches. ML analysis was performed in RAXML-HPC2 on XSEDE
8.2.12 using the GTRGAMMA+I model [28,29]. Branch support was estimated using 1000 bootstrap
pseudoreplicates, and clades that received bootstrap values (BS) > 75 % were considered strongly
supported. Bayesian analysis was performed using a variant of Markov Chain Monte Carlo method in
MrBayes 3.2.2 with GTR+I+G model [30]. Highly supported clades possessed posterior
probabilities (PP) > 0.95. Phylogenetic trees were depicted using the program FigTree 1.4.3
(http://tree.bio.ed.ac.uk/software/figtree).

PCR-based detection of lethal amanitas based on the MSDIN family

The target region of the MSDIN family of the lethal amanitas was amplified using
a combination of a modified forward primer designated in  this study as
ABAE-F (5-ATGTCTGAYRTCAAYRCYRCYCGTCTYC-3") and the reverse  primer
(5’-CCAAGCCTRAYAWRGTCMACAAC-3’) [15]. Bases of the ABAE-F primer were modified based
on the original sequence obtained by Hallen et al. [14]. Five nucleotides added at the 3* end of the primer
were derived from the genomic sequences of A. brunneitoxicaria and A. exitialis obtained in the present
study.
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Each PCR reaction of 25 pL contained 9.5 pL of OnePCR (GeneDirex, Korea) reaction mixture
with fluorescence dye, 2.5 pL of 10 uM of each primer, 1 pL of genomic DNA template and 9.5 pL of
nuclease-free water. Cycling condition included initial denaturation at 94 °C for 4 min, followed by 35
cycles of denaturation at 94 °C for 30 s, annealing at 51 °C for 30 s, extension at 72 °C for 30 s, and final
extension at 72 °C for 7 min. PCR products were examined using 2 % (w/v) agarose gel electrophoresis.

Results and discussion

Identification of mushroom specimens

This study focused on 2 poisonous species of mushrooms that commonly exist in nature and are the
main causes of fatal mushroom poisoning in Thailand. They were the greyish brown cap, A.
brunneitoxicaria, and the white cap, A. exitialis. Morphologically, A. brunneitoxicaria (Figure 1(a)) is a
medium to large agaric mushroom that is characterized by a convex to plane, greyish brown basidiocarp
which is darkest at the center, while A. exitialis (Figure 1(b)) can be distinguished by having a convex to
plane, creamy white basidiocarp with pale yellow area at the center. In most of the cases, the patients
were mistaken that A. brunneitoxicaria and A. exitialis were 2 edible species of A. vaginata and A.
princeps [31]. Morphologically, A. brunneitoxicaria can be distinguished from A. vaginata based on the
presence of non-striate pileus margins [6]. From this study, the BLAST search analysis of the obtained
ITS sequences (ca. 700 bp) of the mushroom specimens revealed 98 - 100 % nucleotide similarities to
their corresponding species.

Annotation of the MSDIN family

Total of 1,464,492 and 1,317,588 clean reads were obtained from A. brunneitoxicaria and A.
exitialis, respectively. All reads were assembled using Bowtie 2, and translated via Geneious Prime.
Results of the BLAST search are shown in Table 3. Ten sequences of the MSDIN family members
generated in this study revealed the highest pairwise identity to those of A. exitialis. Core peptide
sequences, including IWGIGCNP, IWGIGCDP, AWLVDCP and VFSLPVFFP matched the sequences of
a-amanitin, f-amanitin, phallacidin and amanexitide, respectively (Figure 2). The core peptide sequences
of a-amanitin (IWGIGCNP) and B-amanitin (IWGIGCDP) obtained from both A. brunneitoxicaria and A.
exitialis matched the amino acid sequences of the toxic amanitas in the section Phalloideae, as well as
those of G. marginata and L. brunneoincarnata [16,17]. These 2 types of amanitins only differ by 1
amino acid residue. The highly toxic amatoxins are rapidly absorbed from the intestine, whereas
phallotoxins are poorly absorbed but become poisonous when administered parenterally [11,14,32]. The
human lethal dose for a-amanitin was estimated to be 0.1 mg/kg of body weight. On average, the toxic
amanitas occurring in Thailand contain 0.05 to 0.60 mg of a-amanitin per gram of mushroom dry weight

[8].

Table 3 Identification of the MSDIN family members in A. brunneitoxicaria and A. exitialis using
BLASTN.

GenBank .
Specimen MSDIN family accession nghzsi,f":vBiIE:\ST Gene-encoding sequence identification
P member number _ pain o (GenBank accession number)
(this study) similarity (%)
A. brunneitoxicaria  Alpha-amanitin MT681655 95.83 A. exitialis alpha-amanitin (KF387486)
Beta-amanitin MT681657 91.67 A. exitialis beta-amanitin (KF387477)
Unknown peptide MT681659 85.87 A. exitialis phallacidin (KF793337)
A. exitialis Alpha-amanitin MT681656 100 A. exitialis alpha-amanitin (KF813063)
Amanexitide MT681661 98.61 A. exitialis amanexitide (KF387479)
Beta-amanitin MT681658 98.96 A. exitialis beta-amanitin (KF387477)
Phallacidin MT681662 100 A. exitialis phallacidin (KF813064)
Unknown peptide 1 MT681660 100 A. exitialis MSDIN-like 4 peptide (KF387481)
Unknown peptide 2 MT681663 100 A. exitialis MSDIN-like 5 peptide (KF387482)
Unknown peptide 3 MT681664 94.79 A. exitialis MSDIN-like 6 peptide (KF387483)
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Amino acid sequences with unclassified functions, including VWIGYSP, LFFPPDFRPP,
FAFVGIPP were found in A. exitialis, while ACLVFCP occurred in A. brunneitoxicaria. Most of these
proprotein sequences possessed 2 unique regions of upstream (MSDINATRLP) and downstream
(PCVGD) conserved consensus sequences with invariant proline (P) residues flanking the core peptides.
These results were in agreement with Luo et al. [33]. Variants of MSDIN such as MSNVN and MSDAN
were also present in A. brunneitoxicaria.

Sequence logo ]MSDIN TRLP‘“? qGC b{PCVGDDV k@@LTRGE

Leader peptide Core peptlde Recogmtlon peptlde

A. brunneitoxicaria Alpha-amanitin ENEID © El» 7 ENAE G C BI:E VA A LT E
A’ brunneitoxicaria Beta-amanitin ~ EBE ¥ VI » AIZIII GIGHC GEED V T A ;n:-m:
A. brunneitoxicaria Unknown peptide ENEID AV TERARIL C LU C I?I JII'I [D DIVERIRIRY L YR G J¢
A. exitialis Alpha-amanitin El) B "ENA V¢ C HP I VD DI L B R G P
A. exitialis Amanexitide CH) B WAV rsLiPVvVEFr BHFrESHE c1 A LATEEE
A. exitialis Beta-amanitin (M SPIRY N PSS R L P PO C Bclcpo v A IATEE:
A. exitialis Phallacidin EHE 'H: "B v c PV O PREEREY L MR G
A. exitialis Unknown peptide 1 L) E: "Bl v Y BcEcPD c1 2 LATEE
A. exitialis Unknown peptide 2 CE) B "B rreroER PECEHcBE2 >y FTHTEEE
A. exitialis Unknown peptide 3 (M S UEBE N BUPN R L P BN I BCcHAcHED ! TR GR

Figure 2 Amino acid sequence alignment of the MSDIN family from A. brunneitoxicaria and A. exitialis.
The height of the amino acid at each position indicates the degree of conservation. Sequence logo was
created using WebLogo.

Phylogenetic analyses of the MSDIN family members

In the present study, new DNA sequence data generated were consisted of 10 sequences of the
MSDIN family members (Table 3). Unambiguous alignment matrix of the MSDIN family members was
obtained and used for phylogenetic analyses. Similar tree topologies were produced from the ML and
Bayesian approaches and hence, only the ML tree is illustrated with BS > 75 % and PP > 0.95 (Figure 3).
Five main groups were represented as follows. Group | consists of the specimens containing amanexitide
(cyclic nonapeptide) and an unknown peptide of A. exitialis 3. The members in groups Il and Il are
mushrooms that produce o-amanitin and B-amanitin, respectively. Groups IV and V on the other hand,
contain the phallotoxin-producing mushrooms with 3 unknown peptides present in A. brunneitoxicaria, A.
exitialis 1 and A. exitialis 2.

The resulting phylogenetic tree showed that the core amino acid sequence of A. brunneitoxicaria
unknown peptide (ACLVFCP) is clustered with group V phalloidin (AWLATCP). Three different amino
acid substitutions were found at the second (Cys/Trp), fourth (Val/Ala) and fifth (Phe/Thr) positions.
Amatoxins as well as phallotoxins are the bicyclic peptides that normally contain the tryptathionine
linkage (Trp-Cys cross-bridge) which is involved in the toxin biosynthesis [34]. The core amino acid
sequence of A. brunneitoxicaria unknown peptide however, revealed the existence of a disulfide bond
(Cys-Cys) instead of the tryptathionine linkage.
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Galerina marginata

Galerina marginata

97 r— Lepiota subincarnata

L— | epiota subincarnata

100 90 r—— Amanita exitialis 3*
- Amanita exitialis

Group |

Amanita exitialis*

Amanita exitialis*

Amanita brunneitoxicaria*
Amanita pallidorosea

I_% Amanita subjunquillea
Amanita phalloides

— Amanita bisporigera

E Amanita phalloides
Amanita subjunquillea

Group Il

Amanita pallidorosea

Amanita brunneitoxicaria*
Amanita exitialis*

| 99 Amanita phalloides
Amanita subjunquillea

Amanita exitialis 1*

Group Il

= Amanexitide Amanita exitialis 2*
a-amanitin | — Amanita exitialis*
Py Amanita bisporigera
. B-amanitin . .
- Amanita pallidorosea Group IV
Il Phallacidin 89— Amanita subjunquillea
- Phalleoidin Amanita phailoides

i Amanita brunneitoxicaria*
- Unknown peptide Amanita subjunquillea
81 Amanita phailoides Group V
Amanita phalloides
-_—1 Amanita pallidorosea

4.0

Figure 3 ML phylogeny of MSDIN family members. Numbers above branches are bootstrap values (> 75
%) and posterior probabilities (> 0.95) are represented as bold branches. Nucleotide sequences obtained
in this study are indicated by asterisks.

Figure 4 PCR amplification products of the MSDIN family. Lane M: DNA marker, lanes 1 - 5: A.
brunneitoxicaria (clinical specimens), lanes 6 - 8: A. exitialis (clinical specimens), lane 9: A. fuliginea
(clinical specimen), lanes 10 - 11: A. digitosa (clinical & field specimens), lanes 12 - 13: A. aff.
fuligineodisca (field specimens), lanes 14 - 15: A. hemibapha (field specimens), lanes 16 - 17: A. mira
(field specimens), lanes 18 - 19: A. javanica (field specimens), lanes 20 - 21: A. princeps (field
specimens), lanes 22 - 23: A. porphyria (field specimens), lanes 24 - 25: A. rubromarginata (field
specimens), lanes 26 - 28: A. vaginata (field specimens), lane 29: A. brunneitoxicaria (field specimen),
lane 30: A. exitialis (field specimen), lane C+: PCR positive control and lane C-: PCR negative control.

PCR-based detection of the MSDIN family

Prior to using the modified forward primer, ABAE-F, the PCR experiments were performed
following Li et al. [15]. The original forward and reverse primers designed by Hallen et al. [14] and Li et
al. [15] were employed and they produced faint DNA bands of the MSDIN family. The primer ABAE-F
was therefore, incorporated into the PCR reactions to obtain clear and distinctive DNA fragments of
approximately 300 bp (Figure 4). This target region of the MSDIN family was detected from the lethal
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mushroom samples in the section Phalloideae, including A. brunneitoxicaria, A. exitialis, A. fuliginea.
For other sections which included edible and inedible (non-deadly) species of Amanita, no PCR product
was obtained. Hence, this specific amplification of the MSDIN family could be employed as a molecular
marker to distinguish the deadly poisonous amanitas from other species of the same genus.

Evaluation of the MSDIN family based on PCR was accurate for toxin detection without further
analysis of DNA sequencing. In terms of the detection sensitivity however, conventional PCR was shown
to be 100-fold less sensitive than the newly developed method of hyperbranched rolling circle
amplification [35].

Conclusions

Based on the NGS technology the diversity of the toxin-associated genes in A. brunneitoxicaria
could be elucidated. The MSDIN family present in this species confirmed the ability to produce the lethal
toxins, a-amanitin and -amanitin. The established PCR method based on the MSDIN family could be
used to detect 3 deadly poisonous species of Amanita, and further applied to other clinical samples
obtained as unidentified mushroom remnants. This rapid and accurate identification of the lethal toxin-
producing genes in the poisonous mushrooms is certainly important for the patients to receive timely
medical treatment and hence, can help reduce mortality.
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