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Nekovy
. Alkalické kovy

Q Kovy alkalickych zemin

. Vzacné plyny

U prvki s nestabilnimi isotopy je uvedena molova hmotnost nejdéle Zijiciho isotopu v zatvorkach

Arzeén je prvek patrici mezi POLOKOVY neboli METALOIDY.

Problematicka skupina prvkd kombinujici vlastnosti kovu (pevnost a lesk) a nekovu
(vySSi elektronegativita, tj. vysSi schopnost pfitahovat vazebné elektrony)



ARZEN / ARSEN

Chemicka znacka As, latinsky Arsenicum.

Chalkofilni prvek, polokov (metaloid).
V pfirodé monoizotopni prvek (">As, 100% zastoupeni)
Lidstvu znamy tisice let — zejména diky své toxicité.

Problemy pri zpracovani rud: arzen se pridaval k vylepseni

tvrdosti medi v oblastech, kde nebyl k dispozici cin. Vznik
toxického tekaveho As,O,.

Recky buh kovarstvi Hefaistos je éasto osklivy a kulha,
Ze by dusledek chronické otravy arzénem?




Z historie travicstvi

Oxidu arsenitému (As,O,) stafi Rekové fikali arsenikon, coZ v
jejich jazyce znamenalo muzny nebo silny. Z této substance

LI "W 40|

- s lékarskou pomoci Ize preziti 9 000 mg!

\V obdobi 1820-1860 bylo v Anglii, Némecku, Spanélsku a

Francii na 1000 kriminalnich pfipadu otrav, 350 az 500
spojenych primo s oxidem arsenitym.

vantroyen et al. (2004) J Toxicol Clin Toxicol. 42: 889-895



Vyuziti arzénu v mediciné

Aristotle described the arsenic
compound ‘sandarache’, now
believed to be realgar

Fowler’s solution was used as a generic
drug to cure agues, remittent fevers,
headaches, and as an antitumor agent

Ernst A, H. Friedheim introduced 1
melaminophenyl arsenicals as improved
treatment for trypanosomiasis

Arsenic trioxide approved by the

Earliest trace of the origin
of the name and use of
arsenic in Ancient Greek

Pliny the Elder in the 1 century described
the medicinal properties of
‘auripigmentum’, thought to be orpiment

H.W. Thomas and A. Breinl used Atoxyl for
the treatment of human trypanosomiasis at

FDA for the treatment of APL

l I

2000 BC 460-377 BC 384-322BC 200BC

23-79 AD

Shen Nong Bao Cao Jing
traces the use of arsenicin

Hippocrates used orpiment
and realgar as escharotics

to treat skin cancers Chinese traditional medicine

1493-1541 17" century 1859 1905

the Liverpool School of Tropical Medicine |

1910 1940 1970

|

2003

Béchamp synthesized Atoxyl, the first
significant organoarsenic drug used for
the treatment of trypanosomiasis

Clinical trials at Harbin Medical
University with arsenic trioxide induced

dramatic remission in patients with APL

Paracelsus advocated for the use of arsenicals
in medicine, emphasizing that “dosage” makes
the difference between a drug and a poison

Paul Erhlich synthesized Salvarsan, the
‘magic bullet’ for the treatment of syphilis;
beginning of the era of chemotherapy

Vyuziti v mediciné jiz od roku 2000 pr.n
antibiotik, ale existuji i protinadorove uc

1
3. Antibiotics/antimicrobials

(O) OH (P) OH (Q) P I OH
P 1 NH, o |
H,N As L Mo
| \ : DR NS Na
OH._~ OH o o
As ﬂ | As. || ] Neoarsphenamine (T) ° °
Ny A8 TAS A ~NHz - N S ST NH, _As__ \,»'1\0”
A2 7 on T (R) _ on ) cny HO N,
o Sal =3 NH—( ) [N [ As Arsinothricin
alvarsan n=: \ — on o) " A N HO; \.OH (AST)
L Methylarsenite
Salvarsan n=5 Mapharsan

1Paul et al. (2023) Biometals (2023) 36:283-301.

1., prakticky skoncCilo objevem
inky sloucCenin arzénu.

Arsfenamin (Salvarsan, slou¢enina 606) —
prvni moderni antimikrobialni
chemoterapeutikum, uc¢inna lécba syfilis.




Arzen jako biogenni prvek?

Biogenni prvky jsou takove, ktere jsou nezbytne pro zivot.

FOSFOR: vyskytuje se v kostech, zubech, v ATP
(adenosintrifosfat) a v nukleovych kyselinach (DNA, RNA).
ARZEN ma nékteré vlastnosti a chemické chovani spoleéné s
fosforem.

Dwayne Brown Nov. 29, 2010
Headquarters, Washington

202-358-1726

dwayne.c_ brown@nasa.gov

Cathy Weselby

Ames Research Center, Moffett Field, Calif
650-604-2791

cathy.weselby@nasa gov

MEDIA ADVISORY : M10-167

NASA Sets News Conference on Astrobiology Discovery; Science Journal Has Embargoed Details Until 2 p.m. EST On
Dec. 2

WASHINGTON — NASA will hold a news conference at 2 p.m. EST on Thursday, Dec. 2, to discuss an astrobiology finding that
will impact the search for evidence of extraterrestrial life. Astrobiology is the study of the origin, evolution, distribution and
future of life in the universe.

The news conference will be held at the NASA Headquarters auditorium at 300 E St. SW, in Washington. It will be broadcast
live on NASA Television and streamed on the agency's website at http://www.nasa.gov.

Participants are
- Mary Voytek, director, Astrobiology Program, NASA Headquarters, Washington

- Felisa Wolfe-Simon, NASA astrobiology research fellow, U.S. Geological Survey, Menlo Park, Calif.
- Pamela Conrad, astrobiologist, NASA's Goddard Space Flight Center, Greenbelt, Md

- Steven Benner, distinguished fellow, Foundation for Applied Molecular Evolution, Gainesville, Fla
James Elser, professor, Arizona State University, Tempe
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Arzen jako biogenni prvek?

Science...
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Cesko — zemé arzénu zaslibena

foto
Wikipedie

Pec pod Snézkou, Kutna Hora (Karik), Roudny, Mokrsko, Pfibram,
Jachymov, Jilové a mnoho dalsich lokalit...



Vzorek k prohlidce: ryzi arzén

I ‘"‘1 s : " e %l

neplacaty_2 WD: 14.87 mm Ll ] VEGA3 TESCAN neplacaty_1 WD: 23.19 mm VEGA3 TESCAN

SEM HV: 20.0 kV Det: BSE 2mm SEM HV: 20.0 kV Det: BSE

HiVac SEM MAG: 80 x GLU AVCR HiVac SEM MAG: 3.84 kx GLU AVCR




Vyskyt arzen v zivotnim prostredi

PRIROZENY VYSKYT

- Rudni mineraly arzénu: , Stibarsen (allemontit),
ryzi arzen, sekundarni mineraly (realgar)

- Rudni mineraly s arzénem: pyrit, markazit, galenit, sfalerit

- Uhli (12-18%, 402, 3333 mg/kQ).

- Sopecna €innost (plyny)

Tézba a zpracovani rud
Energetika (tepelné elektrarny)

Zemédeélstvi (pesticidy, CCA%)

1 primérny obsah v uhli, 2 priimér ze Severoceské panve, ° priimér ze Sokolovské panve
4 chromated copper arsenate (chemické oSetreni dreva)



PRINCIP VSUDYPRITOMNOSTI PRVKU

Chemickeé prvky jsou vsudypritomneé (krome
nestabilnich radioaktivnich izotopu), vSe je
otdzkou koncentrace.

analyticke chemie: tJ. moznost
stanovit koncentrace arzénu.

Instrumentalni metody:
AAS, ICPOES, ICPMS, INAA



Arzen v zivotnim prostredi
Distribuce a speciace prvku v biosféfe je dusledkem procesu,
Jichz se zucastnuji zive organismy vcetne Cloveka. Normalni
koncentrace arzénu ve slozkach ZP:

Zula: 1,5-2,5 mg/kg 0
Bazalt (Cedic): 0,5-2,5 mg/kg A4

Puady: 1-30 mg/kg




Geochemicky monitoring: koncentrace
As v mesich v letech 1995 a 2005

J

Gl

>

T TR

V = © © ©
N9 o

o o A
a0 = o

o 0 ' ' 0 [ e -
— o =]
-

s(mgkg ) 1995

=]
(- N

— 0
LS -

£ | Y
. Harmens et al. / Environmental Pollution 158 (2010) 3144—3156

™ -

[

/ ]

— X

&

>

s (mg kg ') 2005

01-02

=]
' 0
S ©
> &

v
-— O
(- -

T

- 0 o g o
o ! -




Obsah arsenu v povrchovych vodach Ceské republiky v letech 2007-2010

g/l
16.0
A Prekroceni pfipustného znecisténi
S (61/2003 Sb. ve znéni novely 23/2011 Shb.) 46

g 11 ug/l - Norma environmentaini kvality

5 pg/l - Pozadavek pro vodarenské tcely

— - krajské hranice i A X
O - krajské mésto N, 1:1750 000

| S S— |
0 km 25km 50 km

Majer a kol. (2012): Atlas chemismu povrchovych vod Ceské republiky, CGS.



Arzen v humusu jehlicnatych lesu
v CR v roce 1995

|~ 3 13 4 15 16° 17 18 19

51°

&

( As
e
min =549
n=192

13 4 15° 16 17 18 19

Suchara a Sucharova (2012)



Arsenic Content of Food and Forage Plants from Various
Countries® (ug/kg)

Plant Sample Range/Mean
Barley Grains 3-18
Oats Grains 10
Wheat Grains 3-10
Rice Grains 0.5-10
Corn/maize® Grains 1848
Snap beans Pods 1.3-7
Cabbage Leaves 20-69
Lettuce Leaves 20-50
Carrot Roots 10-80
Potato Tubers 10-20
Potato® Tubers 8364
Tomato Fruits 0-12
Orange Fruits 11-50

over ops 0—160
Grass Tops 280-330

1000-5400¢

¢ Presented are common, possible background values from various sources, unless

otherwise indicated.
® Plants from Chile, after Queirolo et al. (2000).

¢ QGrass from climatic zone (Kazakhstan).'"?! Kabata-Pendias (20 12)
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Arzén v houbach

Pudy: 1-30 mg/kg As, prumérné 7 mg/kg.

Houby: akumuluji As, a to hlavné saprotrofove. Data z
dostupne literatury (2005) pro Cisté lokality (mg/kg susiny):

SAP ECM SAP,
median 1.60 0.53 0.54
aritmeticky prumér 4.16 1.14 1.01

geometricky pramér 1.84 0.48 0.47

maximum 52.4 23.4 11.8
minimum 0.13 0.02 0.02

n 174 247 48



Arzén v houbach

V Evropé rostou tisice druhu velkych hub, koncentrace As ve
vetsine z nich nejsou znamy.

V obdobi let 2003-2018 jsme shromazdili asi 2000 vzorku
(nikoliv druhud) hub, z nichz vétSina byla analyzovana.

presahujicich 10 000 mg/kg na Cistych lokalitach.

V letech 2016-2018 probihal vyzkum (trilety mezinarodni
projekt ve spolupraci s Univerzitou ve Styrském Hradci)
zamereny na chemické slozeni arzénu v houbach.




Arzen v houbach: faktory

Druhova zavislost koncentrace.

Zvysené koncentrace As v prostredi vedou ke zvysenym
koncentracim As v houbach.

Oblasti s prirozenou a antropogenni kontaminaci.

lozisko zlata s vysokym
vyskytem arzenopyritu

As v pudach Casto vysSi

nez 1000 mg/kg

bézné houby maji As v
praméru 10x zvyseny KYANID




Arzenove slouceniny v houbach:
zahada puvodu

V pudnim roztoku jsou dominantni anorganické slouc¢eniny
arzenu

- arseni¢nanoveé (V) ionty AsO,*
- arsenitanové (lll) ionty AsO,*

V houbach obvykle dominuji organicke, metylované formy
arzenu (tj. s jednou Ci vice vazanych —CH; skupin).

Metylace arzenu byla prokazana u bakterii a nekterych
mikroskopickych hub. Mycelia velkych hub pestovana in
vitro, exponovana arzénu [As(l11) | As(V)], vSak ani pfi

dlouhodobé expozici v drtivé vétsiné testovanych pripadu
nevykazuji pfitomnost methylovanych sloucenin arzénu.




Hlavni formy arzénu v plodnicich hub

Br~

anorganické organickeé = _
0 o) 0 CH,
+
H O—Al\S—OH HO—As—OH HO—As—CH, H3c—/|xs—c Hsy H3C— As—CH,—COOH
OH OH OH OH CH;
As (1) As (V) methylarsonova kys. dimethylarsinova kys. arsenobetain
B 7] Br- I 1t CH o
CHs; CH3 | & ”
+ | +| O—As O/Y\O_P_O/\(\OH
H;C—As—CH,-CH,-OH H;C—As—CH, | o) |
| | CH, OH o OH
CH, CH;
OH OH

arsenocholin tetramethylarsoniovy iont arsenosacharid



Bézné a vzacné formy arzénu v houbach

Main species

0

HO—As——

Dimethylarsinic acid
[DMA]

o]

HO—As—OH

Methylarsonic acid
[MA]

Arsenobetaine
[AB]

Less common species

)ﬂ\5+ A5+ OH
0 Arsenocholine 0
[AC] Homoarsenocholine Trimethylarsoniopropionic acid
HO—As—OH [AC2] [TMAP, AB2]
| 3
OH || 0
Arsenic acid
[As(V)]

As HO—As—OH
‘ | 0=—As
| OH

Trimethylarsine oxide
[TMAO]

Methylarsonous acid

HO—As—OH (MA(IID]

Dimethylarsinoylacetic acid

OH [DMAA]
Arsenous acid N 0 0]
[As(II1)] As'— N7

TS+\/\O/ S\o

Arsenocholine-0O-sulfate
[AC-504]

Tetramethylarsonium ion
[TETRA]
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ABSTRACT

Many species of terrestrial fungi produce fruiting bodies that contain high proportions of arsenobetaine
(AB), an arsenic compound of no known toxicity. It is unknown whether fungi produce or accumulate AB
from the surrounding environment. The present study targets the vegetative life stage (mycelium) of
fungi, to examine the role of this stage in arsenic transformations and potential formation of AB. The
mycelia of three different fungi species were cultured axenically and exposed to AB, arsenate (As(V)) and
dimethylarsinoyl acetic acid for 60 days. Agaricus bisporus was additionally exposed to hypothesized
precursors for AB and the exposure time to As(V) and dimethlyarsinic acid was also extended to 120
days. The mycelia of all fungi species accumulated all arsenic compounds with two species accumulating
significantly more AB than other compounds. Few biotransformations were observed in these experi-
ments indicating that it is unlikely that the mycelium of the fungus is responsible for biosynthesizing AB.

© 2014 Elsevier Ltd. All rights reserved.




Table 2

M.M. Nearing et al. / Environmental Pollution 197 (2015) 108—115

Average arsenic species concentration, column recovery (CR) and extraction efficiency (EE) of mycelium.

113

Fungus species Treatment

As compounds (ug/kg wet weight)

Column recovery (%)

Extraction efficiency (%)

As 11 AsV MMA DMA TMAO DMAA AB

A. bisporus Control® 130 +9 nd nd nd nd nd nd 140 + 30 80 + 20
As(V)A trace 70 + 40 nd nd nd nd nd 120 + 10 34+ 10
DMAA# trace nd nd nd nd 190 + 40 nd 110 + 10 85+8
ABA 51 + 60 nd nd nd nd nd 240 +40 90 + 20 96 + 2
Control® nd nd nd nd nd nd nd NC NC
As(V) 60 days® 1048 +08 80«5 nd nd nd nd nd 110 + 10 74 + 20
As(V) 90 days® 210 + 20 150 + 100 nd nd nd nd nd 80 + 30 85+ 11
As(V) 120 days® 280+ 100 150 + 200 trace trace nd nd nd 90 + 70 90 +3
DMA 60 days® nd nd nd 300+9 nd nd nd 110 + 4 73 £ 20
DMA 90 days® nd nd nd 500+4 nd nd nd 100 + 2 90 + 4
DMA 120 days® nd nd nd 800 + 20 nd nd nd 100 + 20 68 +4
Control© nd nd nd nd nd nd nd NC NC
MMA® nd nd 150 + 10 nd nd nd nd 110 + 10 NC
TMAO® nd nd nd nd 160 + 100 nd nd 92 + 30 NC
DMA 30 days® nd nd nd 140 + 40 nd nd nd 80 + 10 NC

S. luteus Control trace trace nd nd nd nd nd NC 82+2
As(V) 110 + 40 trace nd nd nd nd nd 83 +20 70 + 10
DMAA trace 2227 nd nd nd 180+ 80 nd 110 + 20 90 + 10
AB trace nd nd nd nd nd 70 +30 100 + 20 87 +10

S. crispa Control trace 60 + 70 nd nd nd nd nd 140 + 100 98 +3
As(V) trace 270 +10 nd nd 3153 nd nd 100 + 7 93 +3
DMAA trace 165* nd nd nd 110+ 70 nd 110 + 30 96 + 1
AB nd nd nd nd nd nd 580 + 60 100+ 7 97 + 1

A B € Control mycelium (no As) corresponds to treatments with the same letter.
* indicates only observed in one replicate, nd = non-detect (<3 pg/kg), trace <5 pg/kg, NC = not calculated.

Column recovery = (Sum of arsenic compounds/Total As in extract)*100, Extraction Efficiency = (Total As in extract/Total As in mycelium)*100.
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Akutni toxicita sloucenin arzénu

LD, je v toxikologii oznaCeni pro davku latky podané testovanym jedincum,

ktera zpusobi uhyn 50 % testovanych Zivo€ichu do 24 hodin od expozice.
Udava se v mg/kg zivé hmotnosti.

Sloth et al. (2005): mysi a krysy, oralni podani.

Sloucenina arsenu Zkratka LDsg
(mg/kg)
Monometylarsonat MMA 700 — 1800
Dimetylarsinat DMA 1200 — 2600
Trimetylarsin oxid TMAO 10600
Tetramethylarsoniovy ion TETRA 890
Arsenocholin AC 6500

toxicky

netoxicky



Stanoveni sloucenin As v houbach

SloucCeniny As v houbach jsou pomeérné stabilni (na rozdil od
sloucenin Sb), Ize je efektivhé extrahovat.

Extrakce: namlety vzorek (100 mg) susené Ci lyofilizované
houby se extrahuje ve vodé nebo v metanolu.

! o .
- #' —7“::? /; Niss ===
.- PN /

vysokotlaka kapalinova

Pritomnost latek s As +
jejich identifikace.

http://sites.bsyse.wsu.edu



Intensity [CPS]

Stanoveni sloucenin As v houbach
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Stanoveni sloucenin As v houbach

ASP-17 (Ramaria subbotrytis) - zoom
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miAs mAB mDMA MMA ®BTMAO ®mAC WTETRA Unextracted arsenic ¢ Total As

Prumérné zastoupeni sloucenin As (leva osa), celkového
arzéenu (prava osa + body) v trznich houbach z Kanadly.

Nearing et al. (2014) Environmental Pollution 197: 108-115.
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ABC presents bioanalysis and environmental analysis
Flipped learning for delivery of analytical chemistry topics
Analytical challenges in sports drug testing

Unique arsenic speciation profile in Elaphomyces spp.
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A unique arsenic speciation profile in Elaphomyces spp. (“deer truffles™)
—trimethylarsine oxide and methylarsonous acid as significant arsenic
compounds

Simone Braeuer' - Jan Borovi¢ka?> - Walter Goessler’

TMAO, MA, MA (Il1)*

Received: 31 October 2017 /Revised: 21 December 2017 / Accepted: 18 January 2018 *vysoce tox ickda
© The Author(s) 2018. This article is an open access publication

Abstract

Arsenic and its species were investigated for the first time in nine collections of Elaphomyces spp. (“deer truffles”) from the
Czech Republic with inductively coupled plasma mass spectrometry (ICPMS) and high-performance liquid chromatography
coupled to ICPMS. The total arsenic concentrations ranged from 12 to 42 mg kg ' dry mass in samples of E. asperulus and from
120 to 660 mg kg ' dry mass in E. granulatus and E. muricatus. These concentrations are remarkably high for terrestrial
organisms and demonstrate the arsenic-accumulating ability of these fungi. The dominating arsenic species in all samples was
methylarsonic acid which accounted for more than 30% of the extractable arsenic. Arsenobetaine, dimethylarsinic acid, and
inorganic arsenic were present as well, but only at trace concentrations. Surprisingly, we found high amounts of trimethylarsine
oxide in all samples (0.32-28% of the extractable arsenic). Even more remarkable was that all but two samples contained
significant amounts of the highly toxic trivalent arsenic compound methylarsonous acid (0.08-0.73% of the extractable arsenic).
This is the first report of the occurrence of trimethylarsine oxide and methylarsonous acid at significant concentrations in a
terrestrial organism. Our findings point out that there is still a lot to be understood about the biotransformation pathways of
arsenic in the terrestrial environment.

Keywords Elaphomyces - Fungi - Deer truffles - Arsenic speciation - Trimethylarsine oxide - Methylarsonous acid
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Arsenocholine-O-sulfate: A novel compound as major arsenic species M)
in the parasitic mushroom Tolypocladium ophioglossoides ey

Simone Braeuer ™, Jan Borovicka ™ ¢, Ronald A. Glabonjat °, Lorenz Steiner ?,

Walter Goessler

* Institute of Chemistry, University of Graz, Universitoetsplatz 1, 8010, Graz, Ausiria
U Nuclear Physics Institute of the Czech Academy of Sciences, Hlavni 130, 25068, Husinec-Re?, Czech Republic
© Imstitute of Geology of the Crech Acodemy of Scences, Rozvojovi 269, 16500, Progue 6, Czech Republic

HIGHLIGHTS

« Arsenocholine-0-sulfate was discov-
ered for the first time in nature.

» Arsenocholine-O-sulfate . was  the
main As species in Tolypocladium
ophioglossoides.

= Concentrations of As species and 35
elements  were determined in
T. ophioglossoides.

= Hosts, Elaphomyces spp., show
different elemental profiles  than
T. ophioglossoides.
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GREAPHICAL ABSTRACT

As_ e S :

+_

~ Arsenocholine-O-sulfate
(Arsenic chromatogram of an
aqueous extract of T. ophioglossoides)

ABSTRACT

The As concentrations, along with 34 other elements, and the As speciation were investigated in wild-
grown samples of the parasitic mushroom Tolypocladium ophioglossoides with inductively coupled
plasma mass spectrometry (ICPMS) and high performance liquid chromatography coupled to ICPMS. The
As concentrations were 0.070—3.44 mg kg ! dry mass. More remarkable was the As speciation, where up
to 56% of the extracted As were found to be an unknown As species, which was marginally retained
under anion- and also cation-exchange conditions. After testing several different chromatographic set

tings, the compound was finally isolated and identified as 2-(sulfoxyethyl) trimethylarsonium ion (in
short: arsenocholine-0-sulfate) with high resolution mass spectrometry. The compound was synthesized
and [urther quantified in all investigated samples via ion-pair chromatography coupled to ICPMS. In
addition to the high abundance of arsenocholine-0-sulfate in T. ophioglossoides, small amounts of this As
species were also detected in one sample of the host mushroom, Elaphomyces asperulus. In a sample of
another parasitic mushroom, Ophiocordyceps sinensis, arsenocholine-0-sulfate could not be detected, but
the main species was another unknown compound that was oxidized to inorganic As(V) with hydrogen
peroxide, This is the first discovery of arsenocholine-O-sulfate in nature, It is possible that it is present in
many other organisms, at least in low concentrations, and just has not been detected there yet because of
its unusual chromatographic behavior. The existence of arsenocholine-O-sulfate brings up questions
again about the biotransformation pathways of As in the environment and the specific behavior of fungi.
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Speciation analysis of elements accumulated in Cystoderma carcharias | ':)
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HIGHLIGHTS GRAPHICAL ABSTRACT

* Cystoderma carcharias accumulates Cd,

concentrations Of up to 600 mg kg7l Cystoderma carcharias
were found.

S CADMIUM HYPERACCUMULATOR
Pollution influences element concentra-

tions but only to some extent As specia-
tion.
* As speciation of C. carcharias consists of
many compounds, several are still un-
known.
Arsenobetaine is the main As species in
C. carcharias.
Cysteinyl-rich peptides are involved in

Cd and Cu binding in C. carcharias.
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Homoarsenocholine — A novel arsenic compound detected for the first time )
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ARTICLE INFO ABSTRACT

Keywords: The arsenic speciation was determined in macrofungi of the Ramaria genus with HPLC coupled to inductively
Arscnic speciation coupled plasma mass spectrometry. Besides arsenic species that are already known for macrofungi, like ar-
R“““f"i" senobetaine or arsenocholine, two compounds that were only known from marine samples so far (trimethy-
Fungi ) larsoniopropanate and dimcethylarsinoylacetate) were found for the first time in a terrestrial sample, An un-
Homoarsenocholine

known arscnical was isolated and identified as homoarscnocholine. This could be a key intermediate for further

F-hydroxypropyl) trimethylarsoni i . _ ] | )
( ¥ i o clucidation of the bistransformation mechanisms of arsenic,

ICPMS
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Table 1 Total As and extracted As concentrations in Ramaria samples [mg kg! dm] and detected As species [% of extracted As]. Other As species that were
amounts (< 5 %) are: MA, DMA, As (V), TMAO, TETRA, DMAA and several unknown As species.

homoarsenocholin

trimethylarsoniopropanate

Hetected in small

Sample ID Species origin total As extr. As AB AC TMAP v AC2 v
[mg kg?] [mg kg] [%] [%] [%] [%]
ASP-017 R subbotrytis Slovakia 2512 2212 92+7 1.6+0.3 0.16 £ 0.02 0.27 £0.04
ASP-023 R subbotrytis Czech Republic 61+5 66+4 91%9 2704 0.3+0.1 0.47 £0.02
ASP-068 R subbotrytis Czech Republic 44+ 4 39+1 80+ 20 1.7+0:2 0.58 +0.01 0.47 £0.04
STM-107 R sp. Austria 1.7+ 01 1.4+0.1 672 41+0.2 1.26 £ 0.1 0.82 £+0.08
STM-108 R sp. Austria 11.7.+£0:2 95+01 89+1 1.57 £ 0.02 0.46 £ 0.02 0.37+0.01
STM-109 R sp. Austria 83+0.3 6.9+0.2 87+2 24+0.1 0.83+0.03 0.93+0.01
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Arsenobetaine amide: a novel arsenic species detected in several
mushroom species

Martin Walenta'® - Andrea Raab'® - Simone Braeuer?® - Lorenz Steiner>*® - Jan Borovi¢ka**© . Walter Goessler'

Received: 2 November 2023 / Revised: 13 December 2023 / Accepted: 18 December 2023 / Published online: 16 January 2024
© The Author(s) 2024

Abstract

The total arsenic mass fraction as well as the arsenic speciation were studied in four different mushroom species with induc-
tively coupled plasma mass spectrometry and high-performance liquid chromatography coupled to inductively coupled
plasma mass spectrometry, respectively. Arsenic mass fractions detected in the mushrooms were covering a range from 0.3
to 22 mg As kg_1 dry mass. For the arsenic speciation, species like arsenobetaine, inorganic arsenic, or dimethylarsinic
acid were found, which are commonly detected in mushrooms, but it was also proven that the recently discovered novel
compound homoarsenocholine is present in Amanita muscaria and Ramaria sanguinea. Moreover, a previously unidentified
arsenic species was isolated from Ramaria sanguinea and identified as trimethylarsonioacetamide, or in short: arsenobetaine
amide. This new arsenical was synthesized and verified by spiking experiments to be present in all investigated mushroom
samples. Arsenobetaine amide could be an important intermediate to further elucidate the biotransformation pathways of
arsenic in the environment.

Keywords Mushrooms - Ramaria sanguinea - Arsenic speciation - Trimethylarsonioacetamide - HPLC-ICPMS - HR
ESI-MS
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Fig. 1 Arsenic species relevant
for this publication

I
HO—As—OH
OH

Arsenic acid
(iAs)

Tetramethylarsonium ion

(TETRA)

| +

—A OH
T \__/

Trimethylarsoniopropanol
"Homoarsenocholine"

(AC2)

Nova sloucenina

Dimethylarsinoylbutanoic
acid (DMAB)

Ho—us— HO—As—
OH | |

Methylarsonic acid Dimethylarsinic acid Trimethylarsine oxide

(MA) (DMA) (TMAO)
l\ + —,=As+ O=,%\s
—AS
| _\—OH _>—OH _>/"OH
@) @)
Arsenocholine Arsenobetaine Dimethylarsinoylacetic
(AC) (AB) acid (DMAA)
—/Lsf OH | . Q
| _\—< —-TS*\_>'OH
(@)
Trimethylarsoniopropionic acid  Trimethylarsoniobutanoic
(AB2) acid
(TMAB)

O

P

o

Trimethylarsonioacetamide
(AB-amide)







Cyan ( SMOTLACHA-VEJRYCH ntus

HRIB (MODRAK) SADNI NH
(Boletus hortensis Sm., pulverulentus O
Rickenii Gramb.)

Obr, 5 - Druh 5 - Velikost 1/

Klobouk 4-10-15 cm $iroky, zprvu polokulovity,
naty, svrchu obydejné svétle nebo tmavé i nékdyl
plstnaty. Trubigky vysoké, ke tieni pfipojené, z
s otvirky drobnymi, pozd&ji roziifenymi, zdvoll
Tret 3-11 cm dlouhy, 2-3 cm tlusty, zprvu obyd
deckovity, pozdéji valcovity, na spodu zuZeny,
Duznina na lomu zprvu Zlut4, rychle méni barvi
déji se opét odbarvuje. Vytrusny prach olivovyl
eliptické. Viiné a chut houby pfijemnd, nakysla.
Je to houba jedl4; misty se sbira k jidlu, ag si
trebeni odvadi. Tento hfib roste v celé Evropd
(symbiosa) a v pisku, kdezto Kallenbach sbiral
pod oliemi (nebylo zjisténo, zda byly v blizkosti
Zde oviem viude ma tvar poddoubnika a byva

UNIE-PRAHA

;\-’

vonng. Zjistil jsem, ze m4 podobné jako blizce Pt S0, g

tvary. Jednak typicky, jak jsem jej uvedl a jak j f ek

lipami nebo i jinde v lese, zvl43té na strané sevd b

roste-li tento druh na plném slunci, pak je celyl

zabarven (Boletus lilacinus Sm., h#ib & modrdk Qi

uprostfed obrazku). Roste-li viak ve dvojitém stij '

kefem a zaroven pod vysokou, stinnou lipou, pal z ‘ R ; ¢ '
jsou za mlada trubi¢ky a nozka hned pod nim k tere dopo rucu]e me sz rati
citrinus Sm., h#ib &i modrdk citronovy). Oba dva tv.
mohou byti omylem pokldd4ny za samostatné d
ranf duZniny, které jest stejné u viech t¥{ tvart
jde. Je to stejné jako u B. purpureus. Péstuji si htib sadn{ pod lipou na své za-
hradé na Zdmecku u Hradce Krélové. Zde jej také namaloval mistr Vejrych
o prazdninach r. 1933. (Viz Casopis &. houbait roénik XVIII./1938 a XXI.-
1941 a ,,Pfehled hub®). Tento druh prispél k tomu, Ze jsem jiZ ve svych pra-

stovky mg/kg As
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Arsenic hyperaccumulation and speciation in the edible ink stain bolete @Cmsmk
(Cyanoboletus pulverulentus)
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ARTICLE INFO ABSTRACT

This paper is dedicated to Tjakko Stijve on the The edible ink stain bolete (Cyanoboletus pulverulentus) was found to hyperaccumulate arsenic. We analyzed 39
occasion of his 80th birthday. individual collections determined as C. pulverulentus, mostly from the Czech Republic. According to our results,
Keywords: concentrations of arsenic in C. pulverulentus fruit-bodies may reach 1300 mg kg ' dry weight. In most collec-
Edible mushrooms tions, data for total and bioavailable arsenic in underlying soils were collected but no significant correlation
Dimethylarsinic acid between the soil arsenic content and arsenic concentrations in the associated fruit-bodies was found. Within the
Sonlth . fruit-bodies, we found the majority of arsenic accumulated in the hymenium. Besides occasional traces of me-
Health ris

thylarsonic acid (MA), the arsenic speciation in all mushroom samples consisted solely of dimethylarsinic acid
(DMA) and no inorganic arsenic was detected. Because of the carcinogenic potential of DMA, C. pulverulentus
should not be recommended as an edible mushroom and its consumption should be restricted.

HPLC-ICPMS




VYSLEDKY

1) Vysoke rozpeti koncentraci As v plodnicich:

Prumér a SMODCH: mg/kg

= jedna se skutecné o jeden druh, nebo je ta variace
zpusobena jinymi faktory?




VYSLEDKY

Jak je to s druhy: existuje v datasetu vice modracek?

ITS rDNA pro Sest evropskych
kolekci identicka

Americky sber odlisny

(sekvence LT714710, 86%

Do jakého rodu patfi?
Je to Cyanoboletus?

e AL, .fMu‘ghro‘blm Observer 245588 ;
"L nerb, PRM 944518



97 — Butyriboletus fechtneri KF030270 M L a.n al yza (L S U r D NA)

Butyriboletus regius KT002616
Neoboletus luridiformis KM198314

— Imperator torosus DQ534661
Imperator luteocupreus DQ534657 Ceriomyces cyaneitinctus Murrill
] Suillellus luridus AF139686 (1943)’ kombinovan v roce 2021
ig Rubroboletus pulcherrimus EU669417 jako Cyanoboletus CyanEitinCtUS.
Rubroboletus rhodoxanthus KT990637

Caloboletus calopus KF030279
67 Caloboletus radicans AF336241

92_| Cyanoboletus sp. ( pulverulentus ) KF030313

USA
Cyanoboletus sp. B28 MF373585

96 | Cyanoboletus pulverulentus KT157063
87 1 Cyanoboletus pulverulentus KT157062
56 Imleria badia KF030357

| Europe (incl. Azores)

100 — Leccinum holopus AF139700

— Leccinum duriusculum AF139699
Aureoboletus gentilis DQ534635

Aureoboletus atkinsonianus KF030241

Xerocomus subtomentosus KT990689

Xerocomellus chrysenteron AF514808

56 l—— Xerocomellus zelleri KU144799
Boletus edulis DQ071747
98 Boletus aereus KF030339
Porphyrellus pseudoscaber EU685107
Gyroporus castaneus KX869889
——

0.02



CBP-10b CBP-25b
As: 99.6 mg kg-'| | As: 72.7 mg kg

119 70.0ug o7.3 ug

Dveé plodnice

Dve podobné lokality
Podobné koncentrace
Stejna distribuce

495 ug

N
&
o

55.9 ug
9%

Total As: 9.78 mg kg

5.28 mg kg
Mobile As: 0.39 mg kg-! 0.35 mg kg
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Celkové mnozstvi arzénu / hmotnost plodnice
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VYSLEDKY

C. pulverulentus preferuje kyselé pudy (Ah horizont), s pH
(H,O) v rozmezi 3.6—7.0 (median 5.1).

As v pudach (Ah): 6—35 mg/kg
(median 12.2 mg/kg).

a V. a

v pudach (celkovy /
biodostupny arzén) a

koncentraci v
plodnicich modracek.
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VYSLEDKY

DMA: latka s nizkou akutni toxicitou, ale

= ravdépodobné karcinogenni (United States
Environmental Protection Agency)

==l jcdnoznacné karcinogenni (International Agency for
Research on Cancer

European Food Safety Agency:

zhodnoceni rizika karcinogennich substanci pomoci
kalkulace MoE: Margin of Exposure, mezni expozice




VYSLEDKY

70 kg tézka (lehka)
osoba

bézna koncentrace As v
plodnici (115 mg/kg)

cerstve‘ !ou!y roc! ne|

teoreticky zvysuje riziko
vzniku rakoviny.
Takze je to na vas...
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Is arsenic responsible for the toxicity of the hyperaccumulating
mushroom Sarcosphaera coronaria? _—

g
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HIGHLIGHTS GRAPHICAL ABSTRACT

= Arsenic accounts for up to record break-
ing 0.89% of dried Sarcosphaera

COrORL 100000 - + HO—As—OH --------= HO—As—OH
+ No correlations between arsenic in soil
and fungal fruit-bodies from Czech 10000 CH; CH,
Republic.
= Methylarsonic acid accounts for =90% of 1000 - ”: +
the total arsenic in fruit-bodies. E 100 - : + % _I_ %
= Significant concentrations of highly = ;
toxic methylarsonous acid in fruit- 2 10 -
bodies i)
- Arsenic could be responsible for the tox E 1

ity of Sarcophaera coronaria.
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ABSTRACT

The Violet Crown Cup, Sarcosphaera coronaria, is a rather inconspicuous mushroom, but with an interesting and
unresolved mystery. In carlier days, the mushroom was considered edible, but several poisonings were reported
in the early 207 century. The reason for the seemingly sporadic toxicity of 5. coronaria is still unknown. One pos-
sible explanation is arsenic, since Crown Cups can take up high amounts of this element. We investigated the ar-
senic concentration and arsenic speciation in 5. coronaria with inductively coupled plasma mass spectrometry
(1CPMS) and HPLC coupled to ICPMS and found up to incredible 0.9% As (dry mass). Most of it was present as
methylarsonic acid (MA), a less toxic form of this element. However, low concentrations of the highly toxic
methylarsonous acid [MA (111)] were also detected. The amounts were too low to pose an acute risk for con-
sumers, but the concentration of MA (IlI) significantly increased during simulated gastric digestion. We could
not unambiguously identify arsenic as the toxic constituent of 5. coronaria, but we demonstrated that the ex-
tremely toxic MA (I} can be formed under certain circumstances, which should be carefully investigated in
future.
© 2020 The Authors. Published by Elsevier BV. This is an open access article under the CC BY license
(http: ffereativecommons.org/TicensesTy 4.0/









Table 3. As concentrations (mg kg'dry mass) in Sarcosphaera coronaria, reported by
various authors. n = number of samples; n.a. = not available. *Reported as 15 mg kg™ (fresh
mass basis).

Year Origin n Mean range Source
1990 Switzerland 4 872 360 -2130 (Stijve et al., 1990)
150* -
1995 Switzerland, Slovenia 3 877 (Byrne et al., 1995)
2120
2001 Switzerland 15 647 248 - 2410  (Stijve, 2001)
(Cocchi, 2003; Cocchi et al.,
1997, 2003,
Italy 17 >1000 153 -3160 2006; Cocchi and Vescovi,
2006
1997)
2004 Czech Republic 1 7090 - (Borovicka, 2004)
2007 Turkey 1 8.8 - (Konuk et al., 2007)
2008 USA, CA n.a. 610 n.a. (Stijve, 2008)
2020 Czech Republic 62 1800+ 1500 380-8900 This work

2020 Northern America 9 33 # 36 3.2-120 This work




Table 4. As concentrations (in mg kg™ dry mass) in soil (mean + standard deviation of three
samples) and corresponding Sarcosphaera coronaria samples (mean + standard deviation of
all samples from the same site), and the calculated bioaccumulation factor (BAF =

mushrooms/soil)

Sample Soil S. coronaria BAF
ASP-045 6.8 +0.12 8900 1310
ASP-127 22 +1.2 1200 + 300 55 + 14
ASP-128 15+ 0.46 2200 + 800 150 + 50
ASP-129 17+2.6 1800 £ 320 110 £ 20
ASP-130 16 + 0.74 1300 + 240 B3 x15
ASP-131 16 + 0.65 1100 + 480 68 + 30
ASP-132 48 + 0.47 3820 & 3510 79&72
ASP-133 37 +£0.98 1600 + 430 43 +12
ASP-134 12 £ 0.46 4100 + 2400 340 + 200
ASP-135 13 +0.56 2900 + 530 230 + 40
ASP-178 22+1.2 670 + 380 31117
ASP-179 10+ 0.24 1400 141
ASP-180 13+£0.1 790 59

ASP-142 6.6+0.3 29+ 5.9 4409
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Table 5. As species in Sarcosphaera coronaria samples from the Czech Republic (CZ) and

Northern America (NA), in % of total As. Traces = between 0.005 and 0.015 mg As kg™. n.d.

= not detected (LOD: 0.005 mg As kg™'). Not detected in any sample: AB, AC, DMAA, TMAP,

AC2. “Not found as species” = Extracted As minus sum of all species. “Not extracted” = Total

As concentration minus extracted As.

Mean * standard

Species Median [%] Range [%)]
deviation [%]
cz NA Cz NA Ccz NA
\CG MA 85+13 77+7.5 83 74 51-120 65 - 91
Y4
QO MA (111) 0.15+0.19 19 +£24 0.1 0.36 0.0002 - 1.1 0.066 - 6.9
x 0.46 &
O DMA 0.25+0.24 0.17 0.49 0.027 - 0.98 0.17 - 0.91
S 0.23
0.11 %
iAs 0.52+0.44 0.49 0.094 0.001-2.1 n.d. (n=3) - 0.23
0.10
n.d. (n=4), traces
TMAO 0.06 +0.15 traces 0.02 traces 0.0018 - 1.1
(n=5)
0.006 + traces (n=28) -
TETRA n.d. 0.0021 n.d. n.d.
0.015 0.11
Not found
12+12 6.8+3.8 16 7.3 =41 <11
as species
Not
13176 14+6 1.5 14 <22 8.6 -27

extracted
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Muze traveni zvysit podil vysoce toxické MA (llI)?

Table 6. Simulation of gastric digestion of Sarcosphaera coronaria sample ASP-045, in % of
the control sample. The values are the average of two independent replicates, which always

differed less than 10 % from each other.

Duration  MA MA ()  DMA As (V) TMAO  TETRA
1 hour 110 260 115 210 95 100
2 hours 115 290 120 205 110 130
4 hours 125 405 130 210 105 140

12 hours 115 440 110 220 119 132




ZAVER

Koncentrace As v bance velkokalisné mohou dosahnout az
0,9% v susiné. Plodnice ze Severni Ameriky maji
koncentrace vyrazne nizsi (? jiny biologicky druh).

Hlavni slouceninou As v bance je MA, byla zjiStena i jeji
vysoce toxicka forma MA (lll), ale v malém mnozZzstvi.




shortened

Clade 1

PP229525 Sarcosphaera coronaria
PP151649 Sarcosphaera coronaria
PP151636 Sarcosphaera coronaria
DQ200843 Sarcosphaera TL-5450
PP151655 Sarcosphaera coronaria
PP151645 Sarcosphaera coronaria
—AY500555 Sarcosphaera KS-94-24A (C)
DQ200842 Sarcosphaera KS-94-19 (C)
MK028515 Sarcosphaera Montri-272
DQ200844 Sarcosphaera KS-94-24 (C)
100/1.00 ||PP309810 Sarcosphaera coronaria
PP151644 Sarcosphaera coronaria
PP151647 Sarcosphaera coronaria
PP151643 Sarcosphaera coronaria
PP151650 Sarcosphaera coronaria
PP151642 Sarcosphaera coronaria
71/0.61||PP151641 Sarcosphaera coronaria
MK936873 Sarcosphaera coronaria
PP151660 Sarcosphaera coronaria, ref. specimen
PP151637 Sarcosphaera coronaria
PP151652 Sarcosphaera coronaria
MW487904 Sarcosphaera 7634

100/1.00 PP151681 Sarcosphaera gigantea
: PP151680 Sarcosphaera gigantea S g l g antea
100/1.00 PP151678 Sarcosphaera gigantea ‘
“~“'PP151671 Sarcosphaera gigantea . #4
PP151676 Sarcosphaera sp. #4

AY544668 Sarcosphaera sp. OSC 100049 = S peCIes
PP151674 Sarcosphaera sp.
PP151675 Sarcosphaera sp.
100/1.00 PP151673 Sarcosphaera sp.

——1MT374027 Sarcosphaera sp. FLAS-F-61926
MH298915 Sarcosphaera sp. MO #237775
PP151664 Sarcosphaera sp. MO #317163
—PP151668 Sarcosphaera sp. MO #315562

73/0.791

S. coronaria

63/0.67

100/1.00

97/1.00 | 96/1.00

species #1

90/0.99

96/1.00

PP151665 Sarcosphaera sp. MO #316204
PP151669 Sarcosphaera sp. MO #317040
PP151663 Sarcosphaera sp. #3
KT875111 Sarcosphaera sp. RGO-2016 - SpeCIeS #6
PP151661 Sarcopshaera sp.

83/0.97 74/0.73 |[PP151658 Sarcosphaera crassa

PP151648 Sarcosphaera crassa

PP151646 Sarcosphaera crassa S crassa

OR656493 Sarcosphaera sp. HAY-F-003057
PP151666 Sarcosphaera sp. MO #316329
64/0.96 PP151667 Sarcosphaera sp. MO #277467
76/0.95 ———— MH491336 Sarcosphaera sp. MO #318704
MG871295 Sarcosphaera HK026 A
> species #3
93/100,0R336149 Sarcosphaera MO #504798
PP151683 Sarcosphaera sp. #6
03/10PP151682 Sarcosphaera sp. #5 [>species #5
PP151662 Sarcosphaera sp. 5
PP151670 Sarcosphaera sp. > species #2
PP229524 Sarcosphaera crassa
PP151654 Sarcosphaera crassa
PP151657 Sarcosphaera crassa
MK936872 Sarcosphaera crassa
100/1.00 |'PP151639 Sarcosphaera crassa
PP151656 Sarcosphaera crassa
92/0.96 MZ159672 Sarcosphaera K(M)236667
& PP151653 Sarcosphaera crassa

PP151651 Sarcosphaera crassa

PP151640 Sarcosphaera crassa MO #275890
PP151659 Sarcosphaera crassa, ref. specimen
PP151638 Sarcosphaera crassa

AF335115 Hydnotryopsis setchellii
AY830858 Hydnotryopsis setchellii
AY927852 Hydnotryopsis setchellii
DQ974735 Hydnotryopsis setchellii
EU837227 Hydnotryopsis sp.
PP151679 Sarcosphaera montana, ref. specimen
99/1.00 [PP151684 Sarcosphaera montana

AY927853 Hydnotryopsis sp. ,gitkeyae”

Clade 2

79/0.89

PP151677 Sarcosphaera montana Trappe 1933
79/0.91

KT875110 Sarcosphaera sp. RGO-2016
KC152221 Sarcosphaera sp. RG-2012
KY989961 Sarcosphaera sp. MO #237353
MH427351 Sarcosphaera sp. MO #317486
97/0.99 MK999931 Sarcosphaera sp. MO #367729

“7||PP151685 Sarcosphaera montana
80/0.98 'PP151672 Sarcosphaera montana

S. montana

Clade 3

0.02

MT373962 Peziza fimeti (outgroup)

Ban
vice

Ky — trochu
druhu, nez

jsme cekali...




Sarcosphaera coronaria (foto Jiri Sousek)



Sarcosphaera crassa
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