Species delimitation In protists

Pavel Skaloud,
Algal speciation & evolution lab
Charles University, Prague
Czech Republic




I Species delimitation I

Importance of taxa delimitation
Species concepts in protists
Species delimitation in Asterochloris




Species

- Fundamental units of the systematics
> Organisation of biodiversity to the well arranged system




Species

| - Fundamental units in all biological disciplines

- Itis of a great importance to delimit the species correctly
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developmental
biology physiology
molecular
biology

epidemiology

sensu Leliaert (2011): 5th EPC congress




Species delimitation consequences

- Species as biodiversity indicators
> Conservation management (biodiversity hotspots)
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Species delimitation consequences

Conservation
> Japanese whale (Eubalena japonica): described in 2000, since
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Species delimitation consequences
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- Macroecology

> Species as
fundamental units for
testing general
ecological hypotheses

Storch et al. (2012): Nature 488: 78-81



I Species delimitation consequences I

- Macroecology

- Species numbers can be highly biased

by species concepts employed > Species as
fundamental units for

testing general
ecological hypotheses




Species delimitation consequences

Chlorella = morphological species concept PR
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Species delimitation consequences

- Chlorella = broadly used in industry
- sales of more than US$ 38 billion annually worldwide

- strain selection based on lipid content and fatty acid profiles
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Species delimitation consequences

- Chlorella = registration as food products
> list of permitted organisms (Chlorella vulgaris, Ch. pyrenoidosa)
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I Species delimitation I

- Difficulty of simple species definitions
Species are not rigid, but evolving entities
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(a) Gradualism model (b) Punctuated equilibrium model
Copyright © Pearson Educalion, Inc,, publishing as Banfamin Cummings.



Species concepts In protists

Biological species concept Evolutionary significant unit

Cohesion species concept

Phylogenetic species concept Polythetic species concept

Cladistic species concept - _
Recognition species concept

Genealogical concordance concept

Internodal species concept Reproductive competition concept
Hennigian Species concept

Composite species concepts Cenetic species concepl

Evolutionary species concept :
Palaeospecies concept

Ecological species concept

Morphological species concept  Successional species concept

Non-dimensional species concept Taxonomic species concept

Linnean species concept

Phenetic species concept Genotypic cluster definition

Agamospecies concept

Mayden (1997): In: Species: the Units of Biodiversity



Morphological species concept

« A tradition!

> Stillemployed in some
groups of algae

Beier & Lenge-Bertalot (2007): Nova Hedwigia 85: 73-9



Morphological species concept

- Species delimited based on investigation of natural samples
> No data on phenotypic plasticity (Scenedesmus)

Abiotic factors such as Zooplankton such as
- Temperature - Cladocera (Daphnia)
- Light and nutrients - Rotifera

- Salinity - Ciliata

Scenedesmus
Phenotypic plasticity

Growth Survival

Anthropogenic Competitors such as
compounds such as - Algae

- diesel fuel oil - Macrophytes

- surfactants Parasites and bacteria

Ldrling (2009): Ann. Limnol. - Int. J. Lim. 39: 85-101



Morphological species concept

——

- Species delimited based on investigation of cultured strains
> Absence of traits manifested only in nature (Micractinium)




I_ Morphological species concept _I

Convergent morphological evolution
> Dictyosphaerium




I Morphological species concept I

- Convergent morphological evolution
> Dictyosphaerium (9 cryptic genera)

Dictyosphaerium Hindakia Mychonastes Chlorella Heynigia

Mucidosphaerium Compactochlorella Kalenjinia Masaia




Biological species concept

- Applicable only on sexually reproducing organisms
> cilliates (syngens in Paramecium aurelia)
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Biological species concept

Applicable only on sexually reproducing organisms

» diatoms |
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Biological species concept

- Oftenincomplete reproduction barriers

> A problem of allopatric populations (Eunotia)
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Vanormelingen et al. (2008): Protist 159: 73-90 Q



Biological species concept

- Laboratory crossing experiments test the incompatibility

> a problem of temporaral isolation (Ditylum)
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I Phylogenetic species concept I

- Based on tree topology (monophyly, branch lengths, supports)
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Phylogenetic species concept

- Ribosomal operon as the frequently used marker
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Coleman (2003): Trends in Genetics 19: 370-375



Phylogenetic species concept
- Cryptic diversity of protists

A. Catalogued species B. Environmental OTUs
(Ntot= 2 million) (1430 18S V4 rDNA 97%)

I Metazoa g Stramenopila Amoebozoa

= Fungi 7 ] Alveolata 11 Excavata

I Streptophyta | [ Archaeplastida [Jjiij Hacrobia®
= Rhizaria - Opisthokonta
PROTISTS

Pawlowski et al. (2012): PLoS Biol. 10: 1001419



Phylogenetic species concept

0.98/75.~ Neoheteromita hederae VY21a EU708211

- Cryptic diversity of protists
> glissomoads

Genus Neoheteromita Genus Flectomonas
A B C : D
Neoheteromita globosa Neoheteromita caudratti Neoheteromita hedera Neoheteromita soli Flectomonas lenta
Genus Sandona
Subgroup 1 Subgroup 2
Cluster 2a the mutans group Cluster 2b the similis group
F \_G/Q— < H Q\_, L O
Sandona campae Sandona mutans Sandona dimutans Sandona similis Sandona disimilis
Sandona trimutans Sandona tetramutans Sandona trisimilis Sandona tetrasimilis
K Cluster 2c
P Q
Sandona pentamutans
Sandona erratica Sandona sp.Bm1la
Subgroup 3 Subgroup 4
R S T U v
Sandona ubiquita Sandona afra Sandona aestiva Sandona sp. PLO85G Sandona aporians
Genus Allapsa
w X Y z BB cC
\
Allapsa vibrans Allapsa brevifila Allapsa fimicola Allapsa oxoniensis Allapsa myInikovi Allapsa ocior Allapsa scotia
Genus Teretomonas Genus Bodomorpha Genus Proleptomonas Clade Z
DD EE FF : GG — HH
? ?
Teretomonas rotunda Bodomorpha minima Bodomorpha sp. Panama 105 Q/\ Un-named sp. Panama 103
Proleptomonas faecicola

Neoheteromita soll WAda EU709212
Neoheteromita caudratti KV-Pc EU734845
Neoheteromita globosa CCAP1961/2 U42447
Neoheteromita sp. AZ3 ATCC50404 AF411280
Flestomonas ekelundi SCCAPH251 AY496043
08472 | H e tomanas lenta WAZS EUT09189 I Flectomonas
Sandona sp. Panamat12 EU709158
Sandona sp. Panama EU734842
Sandona sesiiva WABIEU709155
07373 | l—Sandona sp. PLO85G EUT09154
Sandona ubiquita W36 EU709153
Sandona afra HippoA10 EUT09162
Sandona aporians Wytham2.8 EU734844
Sandona mutans ATCC50314 EU709138
— Sandona trimutans WA15 EU709143

023k Sandona dimutans G11 EU709140 cluster
0.321-~———|[1 sandona tetramutans Wad6a EUTOS142 |23
0.7057| | sandona pentamutans WAG0a EU709147
B9 -Sandona erratica IVY 16 EUT09148 cluster
T Sandons sp. Bm1aEU709148 | 2¢
Sandona simills WAST EUT09173

Sandona disimilis W4 EUT09172
-0p92AL_sandona trisimilis WA4S EU709174 |cluster 2b
2512 Sandona tetrasimilis WA36 EUT08175

1.P0/92] sandona sp. Wed EUT09176

un-named sp. SA-R AF411279
un-named sp. SA-M AF411278 Clade
sol flagellate WMET1 EU709221 | N /F-A
un-named sp. Panamas1 EU709219
Sandona campae ATCCPRA-T4 AY905499 ——subgroup 1

Allapsa myhikovi BSP1 EU709238
Py FAUapsa oxoniensis vyl Ba EUT09239
Allapsa sp. Pamana4g EU709240

1.00/58 ~Aflapsa vibrans ATCCS0734 AF411265 [‘Allantion sp.]
Allapsa brevifila F2 EU708237
1.0084

Neoheteromita

subgroup 3

0.72/62 | subgroup 4

SANDONIDAE

Sandona

subgroup 2

Altapsa fimicola GiraffeG9 EUT09234
Allapsa sp. Panama®1 EU709235
Allapsa sp. Panamag2 EU709236

1.00/94

1.0097] Allapsa sp. Panamad 8 EU709232
Aliapsa sp. B12a EUT09231
0.97/83 Allapsa ocior 5AMoss EU709230
Allapsa scotia KV-Hf EU709229,
Teretomonas rownda 43 AY620256 | eretomonas

‘Bodomorpha sp. Panama105 EUT09280

Bodomorpha minina ATCC50330 AF411276 | BODOMORPHIDAE
Bodomorpha sp. Panamal15 EUT09281
o e o |PROLEPTOMONADIDAE

—
d L Proleptomonas faecicola AJ305043
Un-named sp. Panamat03 EU709272 | Clade Z

LT ——

ALLAPSIDAE

Howe et al. (2009): Protist 160: 159-189



Phylogenetic species concept
-« Cryptic dlver5|ty of protlsts . B . > —
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Phylogenetic species concept

- Cryptic diversity of protists (Pentapharsodinium)
> population size: = 2.9 x 10%
» N, = 178-1183

Table 1. Estimates of contemporary effective population size (N,) for
samples of the marine dinoflagellate P. dalei revived from sediment cores
(dated to 1922, 1960, 1985 and 2006) from Koljd Fjord, Sweden. Mean N,
(+95% confidence intervals) was estimated for pairs of samples using ML
[8] and moment estimators [6].

contemporary effective population

size (N,)

sample

comparison ML (95% CI) moment (95% Cl)
20061985 270 (161-544) 178 (98-343)
2006-1960 439 (252-924) 375 (195-793)
006-1922 815 (401-2489) 1183 (476-5545)
o moeen soamas
1985-1922 305 (187-538) 65 (35-1528)
S e e

Watts et al. (2013): Biol. Lett. 9: 20130849



Phylogenetic species concept
Based on tree topology (monophyly, branch lengths, supports)

> Where to set species
boundaries?

> Objective criteria?
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DNA barcoding

« More sampling — less obvious barcoding gap

intraspecific/ interspecific/
O coalescent O speciation
& barcoding
"gap"

. e

genetic distance

Meyer & Paulay (2005): PLoS Biol. 3: e422
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ABGD

- Automatic Barcode Gap Discovery

- Alignment as an input file

- Scanning a range of intraspecific
divergence to find the barcode gap
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DNA barcoding

« Uneven mutation rates
> tropics ~ temperate
> islands ~ continents

Coceomyka sp. (C12) LAO
Ifﬂzcm_ﬁmsp. (1) LD

12%
Coceamper gp. (08) L0

> free-living ~ symbionts

Mainland L
L A

I.Cwmum s (01 LA
Coceamypn sp. (C2) LI

= Covcomprn sp. (C13) LAO

Covcomyxa sp. (CE) LAO

Coccomyra sp, (CT) LIO

. = Coccamyxr sp. (C20) L0
Island -r'wm;m . (CSHLO 9%, o s%  (foo)
_ Coccomyra s, (C14) L0
c Origin of the
Chenphaalind

Coccomyx Caceamyxa sp. {041 170

symbdosis
\ Coccomynn subeliipsaidea A0
b c {Cﬂcrmym:p. (9 L0 LiP|

613l . Hr
Coccomyaa sp. (C15) LA F]

F L —

Coceanpra sp. (C18) LiO
— Y

(Cocoamyza sp. (C19) LD

1000 100 | Caccompos sp. (Cl6) LD

Cocvompra solarirae var. croceae LIP
95-’_I'lﬂ_ Coveomusa peltigerae vae, varalosse  LP
100/100 Coceamysa solarina v, secarae  LP

-Lfncrmym solarirae var, bisporae L

1007100

Coceomynt peltigerae LIP
lm”m[Cnrﬂmjmm}fw F
Croceomyra chogdardt F

Dhmalieilareriiolecia F

Chlamyal s collose F

1 Pandorinamorum  F

0.1 substitutions/site

Wright et al. (2009): Evolution 63: 2275-2287 Zoller & Lutzoni (2003): Mol. Phyl. Evol. 29: 629-640




Good & Wake method

- test of a priori defined species

- linear regression of genetic and

geographic dostances should
in single species go through
the graph origin (gene flow
with isolation-by-distance)

- Different regression indicates
the presence of two distinct,
genetically isolated species

Sites & Marshall (2012): Trends Ecol. Evol. 18: 462-470

(a)

++ s +
X X
+ 4+ 4
§ XX
o X XX X X
W ¥+ X
=] . + + + WX X
=] +X + + X+ X X
© + o+ o+ +
o X - X
U] + - Pair-wise comparisons of
* * populations:
= = within group A
oo N + = within group B
+- o+ ¥ = befween groups A and B
Geographical distance
Regression comparisons to be made:
(b) Within groups A (=) (c¢) Between groups A
and B (+) and B (x)
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5 -
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CBC concept

- Species delimited based on differences in conservative regions
of the ITS2 molecule

111 - / \

SETS | 185 (SSU) |ITS1-IT32”

I11 ITS
rRNA transcript
TRENDS in Genetics
(1)
.
AGCA|A|G"
< I
GUG U,
IV i
,:-.--.' I A | I I I 2)
v M 5 —ua ||ClU|UGU| GAAA |GCAlAIG|| AA— 3 L
\ , 20 5 —UA |[|C|AUGU|] GAAA |GCAAG|] A4 — 3 ,q""":"‘;’:‘:‘[‘
\ ; 3 @ 5 ua|jclAluGu] cana |GoAlU Gl AA 3 Aevcula Ca
5 u—§'
3}
| accaln|cr” 3

Coleman (2007): Nucleic Acids Res. 2007: 1-8



CBC concept

- Species delimited based on differences in conservative regions
of the ITS2 molecule

> correlation between CBC and sexual compatibility (Gonium)

B.

Corei i+ CA-13x CA-141 IAZ AL-1 India Mog  Jap-l MD-4  Cand CA-T  Chi-] Chi-L-1
CA-14
CcA-13 CA-13-2 I'.ZJ.:I:-: [2] 7 = [Z]
= [ ST cala|| @) @ahe
IA-1 Fabe
AL OH 7z fa Lahc Fabe fa zah 7z Za
) AL-2 Zabc Labe Labe Zab Zabc
India
Mong Mong z z z Za Zabe  Zabc z Zah z
L WD Chi-F-2 fa Lab T F Labe
il ChiF  Jap-2 Z Z z Zahe
JHEWE'“ MD-3 (Z) Zabe Zabe z
ap

|—E”9 12 Chi-K z Zab Za

1 Chik  Eng-13 (Z) (2} Z z Fabe (Z)
Can Can-0 (7] (Z)a 7 z Zabc (Z)
CA-B CA-G () Zab Zabc 7a
ChiP

 o— f Afr -7-1 z z T
Chid  Afr 23 7. Za Zabe Za
 ChiL  Chi-P o e S Ml
W—:ﬂfl'-z Chi-L-2 ’,,"g é : [ y Labe Zabc
- AN N /5N

Afr-T Y. e\ Gﬁ :

o

Coleman (2000): Protist 151: 1-9



CBC concept

- Species delimited based on differences in conservative regions
of the ITS2 molecule

> not a universal concept
> CBCs as a measure of genetic relation, not species marker

¥ Uiva flexuosa E45, 1234306 -
) Il californica 000101, AJ234315 Uhva
Ulva linza E24, AJD12276
3_1 CBC lNHSTD *lﬁm linza SYO104, AJOD0203
AmopE Uliva prolifera FI26732
Ulva fenestrata OMO101, AJ234316
Ulva loetevirens LK-049, EU933989

satfe3 Ulver armoricana NY054, AB275824 U. lactuca

1 sapmayses| | Uiva armoricana NY0S7, AB275825 clade
Ulva scandinavica SAP:095071, AB097659

Ty sssissiic) Ulva lactuca SRO103, AJODD208
Ulva rigida $5800102, A1234319
a5/sedsss oo] Ulva muscoides B612, A)234307
Uiva muscoides 601, AF127185

(FL: 4111 B M)

:;11(:!::[;[?'::2 o Uiva muscoides 613, AF127168
32:1 CBC [HS) Uva toeniata Utae99-17, A¥422525
1 CBC MeSE)

-/ Tefe3/ Uiva fasciato SAP:095075, ABQDS7663
pens i WL jlyg pertusa KO101, Al234321 .
o " | |Uiva ohnoi SAP-095160, 48116029 UL reficulata
|| T Ulva reticulata SAP:095077, ABOS7665 clade
G666 |
'[\.

— L Ulva spinulosa SAP-095078, ABO97
{(#12: /33,1 CBC (NHSL) Ulva colifornica MK-77, AB2B0B67
L Uy sp. LGKK-2008e/LK-032, EU933083
Ulva stenophylia WTU344829, AY260563
—Ulva profifera ShanT 2, HMD47555

l‘:-m:mi_uacm@
- /L\

L2 — Ulva tanneri LK-013, EU933571
s ‘saj!:.f Percursaria percursa UWCC MA230, AY260570
roired | #10el—Percursario percursa AY016305 Ulvaceae
; EL/0.57 =5/33/53/1 copUivaria obscura WTU344838, AY260571 (marine/brackish)
@3: 21/40_1 CBC [M ¥ Ulvaria fusca SAP:095049, ABO9T637
_ ~E7/-/33/0.52) Acrochaete viridis e170sg, EF595455

@: 74/106_1 CBC {Nus_:D—F[_Acmchaete heterociada e288rn, EF595444

Acrochoete repens e2B2rh, EF595437
F3/a7fI50 Acrochaete repens e103wp, EF595435
Acrochaete sp. 4-BER-2007/e134bt, EF595429
/67— | sayz5/98/1.00|

| ss/smisss00pUmbrauiva japonica’ SAP-095050, ABOST63S : ———
ﬁﬁ:‘*rerturaum: japonica’ SAP-095051, ABD37639 e
L acro

Acrochaete sp. 3-BER-2007/B146cb15, EF595413
chaete sp. 1-BER-2007/2058bt, EF595372

-lcec {HEF\':- AHA

Caisova et al. (2011): BMC Evol. Biol. 11: 262



ITS2-barcode concept

Demchenko et al. (2012):
HALG 5572
Helix 111 E)
Eur. J. Phycol. 47: 264 Ej
Helix 11
8]
SAL 5572 Hlix 111
HAGEET BN stem
I
B
EoR SAL 85T Helix |
z-c
5o
CeT -{.ﬁp
c-o '
Helin IV
- T—n elix
£ -G LsL =
= c—8 (VEE]
. R—T . c-G
c I WJD:{
U—n UC‘GU Helix |
c-a G-¢c
c_g e
C c-G sE8 LU
u-n G-C
- [-F Nl
N Usa
x ¥ g ¥
- r -
Spacias - strain 5.83 Helix I Helix II Helix IIT L3y
0Oo00DDD0ODO0OODOD ooo00 DOOODD 1111111111111111131111111113111111111311111111111 111111111111111
000000000111111 11112 22222 22223333333 331344444444 445555555555 T 01111111111 44484 A44ASESESSEEE5E
123456789012345 £7890 12345 ETASOLZIE5E THSOL2ZIL5ET  BO0L1ZILSETAS0LZILSETAG0IZI4SETEGOLZMSETAIOLIILSETASOL2IL5ETEO0L2WSETAGNL2I4SETASOL2ILSETROOLZILS  ETASDL2ILSETALD
M. monadina - BAG 55,72 UGCTAGCTICARETT . . DCACT | RGUGS . . TGGCGTNCA . TESEICEATTS . . | 6 —- - - G- - -AE0G - 66 OF - 0 - SECC A AR GE SRS ECR S — ST AT AT G AT - 1F — GG -0 - B0 — -C0- . . GRCCTIGRACTRGECR
M. basinucleats - SAG 67.72 UGCTAGCTICARETT . . DCACT | RGUGS . . TGSIGTOCCA . UEOEICAGCTS . . | GRS - G5 - MRACACRGE £ - 0 - SECC AT ARTIGEE — GECREE — ST - ~UCTASTI IS ET - TG — G - -COTECGTTER -C0-CICAS . | . GRACCIGRACTAGRCR
M, brsunii - SAG 50.86 . UGQEUCAECTE . . . G- REREG - - BIGCG GEA- CF - -0 - SRCCC ARG GET -AEGCRET — GCURCTT-AUCUSTIGIGEMC - 06 — G- UCT -CoCTT- -COCT-AC . . . GACCIGAGCTAGECR
M, charkowviensis - ACKD 267-03 . UGQEICSACTS . . . G- GERAETUAEACG COG-CC - -6 - SRCC T ANCIGEE — RGCAET — GCURCT - -CUTASTIGIGEMC - 06 — GG-CoG-COUTIGACCICE -GC . | . GACCIGAGCTAGECR
- BCHT 274-03 . UGOEUCSACTS . . . U GORASTTGEACG 0G5 OF - 05 - SRCCACANCIGES — AGCAEE — GOUGRCT - -CUUTASTIGIGEMT - 06 — G6-COG-COUTIBACTICT -GC . | . GACOIGAGCTAGECR
M. coccifars - SAG 54.81 . UGOEUCSATTS . .  CUTAGRES - - ASACG RGG-OC - 05 - GOCCCANIIGES — GOCREE — GOURCT - -CUUTAITTIAIGENT - 06 — G6-CoU-CoUCT- - CONCTAGE . . . GACOUGAGCTAGECR
- SAG 55.81 . UCOEUCSATTS . .  CUTAGRES - - ASACG RGG- OF - 05 - GOCCCANIIGES — GOCREE — GOURCT - -CUUTANTIGIGENT - 06 — G6-CoU-COUCT- - CONCTAGE . . . GACOUGAGCTAGECR
M. glabalifera - CCAC 0015 . UGOEUCSACTS . . . G- GROG - TARACG RGGOF - 05 - GOCCACANTIGES — AGCAEE — GOUGCT - -CUUTASTIGIGENT - 06 — G6-COU-USTTUG - CUIC - AGC . | . GACOUGAGCTAGECR
- come 0017 | UGOEICSACTS . . . G - GRS - TARRCG REG OF - 0 - SECC AT ARTIGEE — RECREE — ST - -CITASTI IS ET - OF — GG -COT -GG - S -REE . | . GRACCIGRACTRGECR
M. indica - BRG 46,96 | UGSEICCACTE . . | GRS - G5 - - RO — 56 OF - 05 - SR AR GE G- SO — ST - T AGTI IS ET - CF — GE-COT — GUCT- -C0-CIRAC . | . GRACCIGRACTRGECR
M. lokars - =sag 31.72 UGCUAGCTCERETT . . UCATY . RUUGE . . JGGCIGTCECA . UGSEICTACTS . . . G- RS- - -GGG RGG-CF - -6 - S5O AT ARIGEET -AEGCAEE — GCIBC Tl - AUCIRTIAIGEMT - 06 — G6-CoT-CeCT— -COICT-AC . | . GACCIGRAACTAGECR
M. longirubes - SAG 5,92 UGCUAGCUCEGETT . .  UCACT , , RGUGE . . [JGGCCCUCCCA , , UGOAICOATS . . . G- Gl - - BSACG- RGG-CF - -6 - SRCC AT ARTUGEET- SEChET — GoURCT - ACUTCA TGl GG - 06 — GG-CoU-CoUeT- -COMT-AGC . . GACCIGAGCTAGECR
M. cpisthopyren - SAG 8,87 UGCUAGCUCEGETT . .  UCACT , , RGUGE . . [JGGCCCUCCCA , , UGOAICOMCTS . .  CUTAGRAD - - -GG AGG-CC - -6 - SRCCECARTIGESE — SECAET — GCURCT - -CUTANTIEIGEOC - 06 — GG-CoU o0 — -COICTAGE . | GACCIGAGCTAGECR
- SAG 54.90 UGCTAGCTUCAGETT . .  UCACT ,  RGUGE . . JGGOCGUCCCA ,  UCOGUCSATTS . .  SUTAGRAD - - -GGG AGGOF - 05 - SOCCCANTIGES — GOCREE — GOURCT - -CUUTATTAIGENT - 06 — G6-COU-Co00 — -COICTAGE . | . CACOUGAGCTAGECR
| M. ceginae - SAG 17.89 UGCTAGCTUCAEETA . .  UCACE . , GOUGE . . JGGOCAUCCCA UCOGUCSAT0S . .  SOTAGAEAAL -SOTA- RGCACCT -AECODCCATANS - GO0 — GOTREE — GOTRLCT - -CUY-GUIGISEIICCT -ASSUCCT -UACT-SUTIICTACS . | . CACOIGAGCTAGECR
| M. skujae - BAG 16.90 UGCTAGCTICARETT . . DCATC | GOUGS . . TGSCGTONCA . DESEICTANTS . . | G- R - 05 - - MGCAr REG A - 0 - SECC AT AR GGG SECR S TR G IR - LT ARG AT - CF — ST -COTEISTe T -C0-C-G0 . | . GRACCIGRACTRGECR |

| M. wva-maris - BRG 19 89 USOCTAGCTCGRGTT . . UCACE . | COUGE . | TSRCRGUOCCA . | USSEICTIENTG . . . GTRASAGATC -GGC -~ REGRCCTIGRE - ARCCAC ARMTSGERGECRGE ~— GO TN AC TC AT GG I - CIMRGSIC O - GOC -GATIICTAL . . GACOIGAGCTRAGECR |




- Again, CBCs is a measure of genetic relation, not species marker

ITS2-barcode concept

SAG 55.72 M. monadina

comb. nov.

M. opisthopyren M. monadina

MICROGLENA | : morphotype I: morphotype 11: morphotype I11:
(type) 11 chloroplast with chloroplast with halfring- chloroplast with
SAG 67.72 M. basinucleatn  Ggagall: pyrenoid shaped pyrenoid multiple
sp. nov. 11 in basal position in different positions pyrenoids
SAG 16.90 M. skujae
I Nom. nov. 11
*
SAG 46.96 M. indica Barcode G
comb. nov. 11
e | SAG S0.86 M. braunii Barcode C
1 comb. nov. 11
Y E ACKU 267-03 _ .
— M. chiarkoviensis M. longirnbra M. skujae
ACKU 27403 comb. nov. |
SAG 31.72 M. lobata Barcode H
11 Sp. nov. 11
N\
SAG 54.91
r— 111 M. coccifera 11}
comb. nov. M. wva-maris
\ SAG 557 M. lohata M. basinucleata
M. coccifera
o Barcoda F '
CCACOD15 ) reo
M. globulifera
11
comb. nov.
i CCAC 0017
| SAG 5.92 M. longirubra Brroodsll
comb. noy. 1 M. charkoviensis M. braunii M. indica
SAG 8.87 Barcode J
M. opisthopyren T
I SAC 54.90 comb. nov.
! \ SAG 17.89 M. reginae
' comb. nov. 1
SAG 1989 M. uva-maris Barcode M




I Coalescent theory I

- Linking phylogenetics and population genetics o9 40 % W
> Identification of independently evolving lineages ( e

> GMYC, bPTP, ABGD, BP&P, .... T

Four butterflies (top row),
connected to thew parents (bottom row)

B C

z....i..
ifo§fi i
¢ 8 a 3 @B

Phylogenetics Population genetics



I Coalescent theory I

Coalescence processes (Wright-Fisher)
> allelic transfer to next generations
> allelic frequences vary across generations

O allele at given individual

Leliaert et al. (2014): Eur. J. Phycol



I Coalescent theory I

Coalescence processes (Wright-Fisher)

> during the coalescence, gene tree topologies resolve the
species as polyphyletic, paraphyletic, and monophyletic

Time 4

A B C A C

paraphyletic
species

O
) % % Jo do Qg Leliaert et al. (2014): Eur. J. Phycol



I Coalescent theory I

- Coalescence processes(Wright-Fisher)
> during the coalescence, gene tree topologies resolve the
species as polyphyletic, paraphyletic, and monophyletic
A B C A B C
O

Time 4 |@ @@ >>00 ooooooLo_?o
fixation! |
» / monophyletic
e : species

Species delimited based on the
difference between the inter-
and intraspecific coalescence
processes.

O
€] % % dod06e Leliaert et al. (2014): Eur. J. Phycol



GMYC method

- Different branching patterns within and among species

» A combination of species diversification (Yule model) and
intraspecific coalescence models

50 100
| |
“-“H—‘_‘_'_‘—-—._




GMYC method

- Different branching patterns within and among species

> statistical test, confidence interval

Interspecific branching Intraspecific branching
|

>summary (result) I

Besult of GMYC species delimitation

method: single

likelihood of null model: 858.9326

maximum likelihood of GMYC model: B72.3755

likelihood ratioc: 26.8B5E1
result of LR test: 6.220852e-06%%+ _

number of ML clusters: 33 l

confidence interval: 31-34
number of ML entities: 46 _
confidence interval: 42-56

threshold time: -0.05174417

Confidence interval



bPTP

- Bayesian Poisson tree processes method
« Similarto GMYC PSAG 1.1ty s, 18_GAT0 oy 9

%2 CR2_4_HE586519_Monodus_sp

] OH  P.5pG 2127 HGE73005_Coccomyxa_sp
« No need of ultrametric tree ] g s g
o0 99.CAUP_H5103_HGS73007_Choricystis_spSAG_2040_HGAT3004_Coccomyxa_sp
ol P2.5AG_2104_HGITI003_Coccomyxa_sp
ﬂ[ 90.54G_216_4_HGE73001_Coccomyxa_mucigena

- Using directly the number of - -
SUbStltUtlonS (Instead Of 924N_2011_C4_HE586508_Coccomyxa_sp_SS

B 1 UTEX_B_SNO83_HES586506_Monodus_sp
LS AG 49 84_HGOT2998_Coccomyxa_sp

time) to simulate speciation s . T oo s

00.c AL P_H103_HE586505_Pseudococcomyxa_simplex S5

a n d C O a I e S C e n t e Ve n t S —q 22 CCAP_211_07 FN298928 Coccomyxa spCCAP_B12_5 HE972095 Pseudococcomyxa_atd

qq-MCC\"LHE[M 7183_Coccomyxa_onubensis_S5

'W-KN_ZDH _T3_HE586515_Coccomyxa_sp

B 7 3.CAUP_H5101_HGS72979_Choricystis_chodatii
P34N_2011_T2_HES86514_Coccomyxa_sp
2 LB.CCAP_216_25_FR850476_Coccomyxa_actinabiotis_SS
J“E‘KPLZCH17147HE5865157€0€I:DI’I]¥1275D
& | P2 NIES_2252_HGI72073_Coccomyxa_dispar
ﬁi o iCCAP_[H2_3_HGB?2972_Pseuducocmmyxa_s|mp|exN|Es_21ﬁﬁ_AsSlnouuuouu_am

IB_GF_12_KM020052_Coccomyxa_sp
78 CAUP_H5105_HGOT2074_Choricystis_sp

©Z\Wien_C20_HGA72875_Coccomyxa_sp

3.5AG_69_B0_HGIT2977_Coccomyxa_pringsheimil_KN_2011_UZ_KN_2011_C13_KM_2011_C14_SAG_216_13

.21

=GABa_SS_AB917140_Coccomyxa_sp
rqp-CCAP_E 16_24_FN298927_Coccomyxa_spCCAP_812_2A_HGI72992_Pseudococcomyxa_atd
"% Coccomyxa_SCCAD48_SS
PP.CCAP_211_60_FRA65679_Chlorella_saccharophila_SS
W(:ﬁu[m 02_HE586504_Pseudococcomyxa_simplex
|J:":'-S.l\G_ﬁ 6_8 HGY72991_Coccomyxa_rayssiaeSAG_216_%9a_FN298926_Pseudococcomyxa_simplex
W0.5AG_216_3c_HGY72990_Coccomyxa_elongata
o ™ ltnz:_GF_a _gi_KM020053_Coccomyxa_sp
SAG_216_2_HGIT2989_Coccomyxa_chodatii
0 HP.CAUP_H5107_HGO72981_Choricystis_spSAG_216_3b_HGO72080_Coccomyxa_elongata
40 UTEX_LB_2460_AY422078_Paradoxia_multiseta
354G _216_6_HGOT2988_Coccomyxa_peliigerae_variolosae

7 \9.5AG_216_10_HGY72986_Coccomyxa_solorinae_bisporae
7 SAG_216_12_HGAT2937_Coccomyxa_solorinae_saccatae

CCAP_216_15_HG972985_Coccomyxa_subellipsoideaSAG_216_11a_HG972983_atd



DNA-based species delimitation methods

Mo,
Existing Species after  No. of of Walidation
Reference species delimitation  samples loci  Discovery approaches approaches
Avila et al. (2006) 6 =12 293 1 Statistical parsimony (NCA) None
Barrett & Freudenstein 3 3 162 5 Morphological cluster analysis, PCA BEFF
(2011)
Burbrink et al. (2011) 1 1 45 3 Structurama BFP
Camargo et al. (2012) 3 1 505 4 Mone spedeSTEM,
BFF, ABC
Carstens & Dewey 3 7 42 6 Mone spedeSTEM,
(2010 Baves Factors
Carstens & Satler 1 2 H2 2 Structurama, Gaussian Clustering spedeSTEM, BPP
(2013)
Duminil et al. (2012) Unknown  Unstated 103 7 Morphometric clustering; structure Mone
Esselstyn ef al. (2012) 13 18-19 413 1 GMYC Mone
Florio e al. (2012); 1 2 1m 1 Canonical variates analysis MNone
Flot et al. (2010} 1 74 3 Haplowebs MNone
Hamilton et al. 4 3 147 1 Combo WF and barcoding gap,
(2011) monophyly, GMYC
Kelly et al. (2008) 39 1 114 1 WP Mone
Leaché & Fujila 1 3 51 (3] Structure BFP
(2010)
Leavitt e al. (2012) 14 2 414 6 Structure BFP, mean
genetic distance
Leliart et al. (20049) 149 13 175 1 GMYC, statistical parsimony Mone
(MNCA)—clades that exceed 95%
cut off
Miemiller ¢t al. 1 19 135 o rMeara clustering BFP
(2012)
Pons et al. (2006) 24 5 1 Parsimony network, PAA, CHA, Mone
WP, GMYC
Puillandre & al. 1 4 - 2 Elliptic Fourier analvsis on shape Mone
(200 to the molluse shell; qualitative
phvlogenetic evidence
Puillandre ¢ al. 43 27 1000 2 GMYC, ABGD Mone
(2012) Carstens et al. (2013): Mol. Ecol. 22: 4369-83



Pitfalls of DNA-based species delimitation

- Incongruence between species delimited by GMYC and by those

delimited by a combined
molecular and morpho-

+ M1975

't M1980
MO0739

— - Mzs0a
g — SAG 277-2f

1 M2088

logical aproach

| M2289

. ’j M2812
M2814
M2807

I CCAF' 979/67
~ MO0790
MO0740
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M1634

- CCAC 0108
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T - SCCAP K-0063
- CCAC 0113
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" SAG 2013
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. 2811
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0.005

Hoef-Emden (2012): Plos ONE 7(8): e43652.
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Pitfalls of DNA-based species delimitation

- Problems with taxon sampling, using identical sequences

Coccomyxa sp. KN-2011-U2 C. subellipsoidea Coccomyxa dispar NIES 2252
Coccomyxa pringsheimii SAG 69.80 Coccomyxa sp. 1B-GF-12
Coccomyxa subellipsoidea SAG 216-13 N Coccomyxa subellipsoidea NIES 2166
Coccomyxa subellipsoidea SAG 216-7 Coccomyxa simplex CCAP 812/3
C vinatzerii ASIB V16 (=SAG 2465) | | C. vinatzerii Coccomyxa sp. KN-2011-C1
Coccomyxa simplex CAUP H 103 clade J Coccomyxa sp. NIES 2353
Ce galuniae CCAP 211/97 Coccomyxa sp. Rikkinen 98A16
Coccomyxa sp. SAG 2253 = Coccomyxa sp. C19 [
Coccomyxa sp. CCAP 812/5 C. ga’”’"ae Coccomyxa sp. C16 |
Coccomyxa sp. SAG 2254 Coccomyxa sp. C15
Coccomyxa onubensis ACCV1 C. “onubensis*“ Coccomyxa sp. C18 [ ]
Coccomyxa sp. KN-2011-T3 clade | Coccomyxa sp. C13
Coccomyxa polymorpha CAUP H 5101 Coccomyxa subellipsoidea SAG 216-7
Coccomyxa sp. KN-2011-T2 C. poly 'morj pha Coccomyxa ep. C9
Coccomyxa actinabiotis CCAP 216-25 i i G Coccomyxa sp. KN-2011-U3
Coccomyxa sp. KN-2011-T4 C. “actinabiotis Coocomyxasp. €12
C dispar SAG 49,84 C dispar Coccomyxa sp. KN-2011-U4
. Coccomyxa pringsheimii SAG 69.80 8
—= jCocculyxaspil anttcs clade K Coccomyxa sp. KN-2011-E3
“Monodus sp.“ UTEX B SNO83 clade L Coccomyxa sp. Wien C20 o
Coccomyxa arvernensis SAG 216-1 . Coccomyxa sp. KN-2011-C13
IC°°°°'"Y"8 8p.- Wien'C19 Sl Coccomﬁa sp. KN-2011-U2
sp.“CR2-4 clade M Coccomyxa sp. C20
Coccomyxa mucigena SAG 216-4 Coccomyxa sp. C2
Coccomyxa viridis SAG 216-14 I I C. viridis Coccomyxa sp. C1
Coccomyxa sp. SAG 2104 Coccomyxa sp. C4
’T' Coccomyxa sp. SAG 2127 Coccomyxa sp. C5 ]
Coccomyxa sp. SAG 2325 lade N Coccomyxa subellipsoidea SAG 216-13 !
“Choricystis sp.* CAUP H 5103 Clade C sp. C8
Coccomyxa sp. SAG 2040 Coccomyxa sp. KN-2011-C14
Coccomyxa sp. KN-2011-U1
Coccomyxa sp. KN-2011-E2
] Coccomyxa sp. C6 | |
Coccomyxa sp. C10
L——ae “Choricystis sp.” CAUP H 5105
L Coccomyxa sp. KN-2011-U5 =R
c vinatzerii ASIB V16 (=SAG 2465)

Coccomyxa onubensis ACCV1
—‘E; Coccomyxa sp. KN-2011-T1
Coccomyxa sp. KN-2011-T3
Coccomyxa polymorpha CAUP H 5101
Coccomyxa sp. KN-2011-T2
Coccomyxa actinabiotis CCAP 216-25
Coccomyxa sp. KN-2011-T4
,—o Coccomyxa simplex CAUP H 103
@ galuniae CCAP 211/97
Coccomyxa sp. CCAP 812/5
Coccomyxa sp. SAG 2254
“Acutodesmus obliquus* Krienitz 1981-314
Coccomyxa sp. SAG 2253
Ce dispar SAG 49.84

Coccomyxa sp. KN-2011-C4
E: “Monodus sp.“ UTEX B SNO83

Coccomyxa arvernensis SAG 216-1

Coccomyxa sp. Wien C19

sp.“CR2-4

Coccomyxa mucigena SAG 216-4

Coccomyxa viridis SAG 216-14 I I I
Coccomyxa sp. SAG 2104

—_— Coccomyxa sp. SAG 2325
gat Coccomyxa sp. SAG 2127

Malavasi et al. (2016): Plos ONE 11: e0151137.

“Choricystis sp.“ CAUP H 5103
Coccomyxa sp. SAG 2040

clade G

clade H

C. subellipsoidea

clade F

clade E

C. vinatzerii

C. “onubensis*

clade |
C. polymorpha

C. “actinabiotis“
clade J

C. galuniae

C. dispar
clade
clade L

C. avernensis
clade M

C. viridis

clade N



I Universal species concept? I

Species are not rigid units, but evolving entities!
A polyphasic, specific approach

111
o

ot

I

Morphological Morphological
‘ change : E change
(a) Gradualism model (b) Punctuated equilibrium model

Copyright © Pearson Educalion, Inc,, publishing as Banfamin Cummings.
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common lichen symbionts

Asterochloris — one of the most




Species delimitation in Asterochloris

« Atotal of 1509 lichen samples
— Algal ITS rDNA + actin sequences
— Substrate data, mycobiont identity (ITS rDNA), climatic data
—  Culturing (morphological analyses)




Species delimitation in Asterochloris

molecular data
(ITS rDNA + actin)

Skaloud et al. (2015): J. Phycol.

51: 507-27

1.00198/74

Talbot 281 - from Stereocaulon vesuvianum
Talbot 153 - from Stereocaulon botryosum
Backor 13 - from Cladonia mitis

1.00/95/97 Peksa 999 - from Stereocaulon pileatum

UTEX 2236 - from Stereocaulon sp.

Peksa 518 - from Lepraria sp.

UTEX 902 - from Pilophorus aciculare

T51501 - from Psora decipiens

PAS3 - from Cladonia sp.
1.00/94/98

UTEX 895 - from Stereocaulon evolutoides
UTEX 1712 - from Cladonia squamosa
Peksa 498 - from Diploschistes muscorum
SAG 33.85 - from Stereocaulon evolutoides

I Europe

|:| Lepraria

@
A. glomerata

D Cladonia - Africa
[:| Diploschistes 1199 N S - America
@ D Stereocaulon [] Asia

A. irregularis

I T T R I I I

O A. leprarii ‘

®
A. magna

N 375 - from
UTEX 910 - from Cladonia cristatella
UTEX 911 - from Cladonia cristatella
Peksa 860 - from Lepraria alpina
/f——————UTEX 1714 -rom Stereocaulon dactylophyllum

Peksa 207 - from Lepraria neglecta
Peksa 183 - from Lepraria neglecta

|| Peksa 173 - from Lepraria caesioalba
Peksa 204 - from Lepraria caesioalba
Peksa 870 - from Lepraria sp.

0.97/82/61

Peksa 873 - from Lepraria caesioalba

Peksa 886 - from Lepraria incana

Peksa 900 - from Lepraria rigidula

Peksa 236 - from Lepraria rigidula

Peksa 877 - from Lepraria rigidula

1.00199/100 Peksa 796 - from Cladonia fimbriata

Peksa 787 - from Cladonia rei

Nelsen 2211a - from Lepraria sp.

Normore 4728 - from Cladonia pocillum

1H20 - from Cladonia scabriuscula

A. erici @

A. excentrica®

i A. gaertneri .

DR A I I I I R I

i A. woessiae i

A. leprarii

A. gaertneri

Nelsen 2181b - from

Peksa 1008 - from Cladonia foliacea
MACB 95602 - from Cladonia foliacea

Nelsen 2166a - from Lepraria sp.
1009796 | Peksa 888 - from Lepraria crassissima
Nelsen 3637b - from Lepraria nigrocincta
— Peksa 225 - from Lepraria caesioalba
* l—_ Nelsen 3960 - from Lepraria lobificans

0.99/80/68 Nelsen 3966 - from Lepraria caesioalba
3965 - from Lepraria caesioalba
Nelsen 3974 - from Lepraria lobificans

Peksa 235 - from Lepraria caesioalba
Peksa 234 - from Lepraria caesioalba
Nelsen 2585 - from Lepraria sp.
Peksa 921 - from Cladonia rei
Peksa 815 - from Cladonia fimbriata
Talbot 101 - from Stereocaulon paschale
CCAP 219/5B - from “Xanthoria parietina*
Hammer 7212 - from Cladonia capitellata
UTEX 67 - from Cladonia sp.
Hammer 7090 - from Cladonia scabriuscula
Peksa 551 - from Lepraria caesioalba
Peksa 185 - from Lepraria caesioalba
Peksa 186 - from Lepraria rigidula
Peksa 495 - from Diploschistes muscorum
Peksa 855 - from Lepraria rigidula
Talbot 400 - from Stereocaulon tomentosum
SAG 26.81 - from Anzina cameonivea
Bayerova 3600 - from Lepraria neglecta
Bayerova 3606 - from Lepraria neglecta
Peksa 858 - from Lepraria sp.
Nelsen 3950 - from Cladonia cf. bacillaris
Peksa 192 - from Lepraria alpina
Peka 866 - from Lepraria borealis
Peksa 194 - from Lepraria caesioalba
Peksa 233 - from Lepraria caesioalba
Peksa 166 - from Lepraria caesioalba
Peksa 182 - from Diploschistes muscorum
Peksa 196 - from Lepraria caesioalba

Nelsen 2233f - from Pilophorus cf. cereolus

Bayerova 3401 - from Lepraria borealis
Peksa 231 - from Lepraria caesioalba

Peksa 542 - from Lepraria nylanderiana

Bayerova 3402 - from Lepraria borealis A woessi a e

Talbot KIS 187 - from Stereocaulon saxatile

p.

é A. friedlii

A. echinata ;‘

®

A. friedlii

A. italiana

A. echinata e

®
A. phycobiontica

A. lobophora

A. lobophora



Species delimitation in Asterochloris

« ecology
— Substrate specificity, altitude, ombrotrophy

OP546

0P961

OP858 # A1
SB3600

0OP192

0 02 04 06 08 1

Pagel's A . | |
8 = =

: ' . . Estimated probability of ombrophoby or2ss  H# AD
Trait A Likelihood ratio P-value " L ores
OP544
— OP866
Exposure to rain 0.946 153 <0.0001 ———eh
w— AF 345442
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Species delimitation in Asterochloris

Ontogeny

Skaloud et al. (2015): J. Phycol. 51: 507-27

v



I Species delimitation in Asterochloris I

« Chloroplast morphology




Species delimitation in Asterochloris
« Morphology

: . el =200 BN
— cell shape, cell dimensions, chloro- # wegoiors- [
plast shape, number of zoo- and A
+ -
SIEMESpelEs -excenico- | N P35 tYPes
g e H s
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4. e |, >
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Skaloud et al. (2015): J. Phycol. 51: 507-27



Species delimitation in Asterochloris

« Morphology — canonical discriminant analysis

— cell shape, cell dimensions, chloroplast shape, number of zoo- and aplanospores

O taxon
O mgchinata
* erici
excentrica
friedlii
“ gaertner
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(09 irregularis
O italiana

leprarii

Root.2
<
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8 magna

O
phycobiontica
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Species delimitation in Asterochloris

from Stereocaulon pileatum UTEX 896
from Stereocaulon pileatum UTEX 897
from Cladonia squamosa CAUP H 1006
from Stereocaulon pileatum UTEX1713
ogazza] | from Stereocaulon sp. Peksa
1 L from Stereocaulon evolutoides UTEX 895
from Cladonia coniocraea IH15
rom Stereocaulon vesuanum Talbot 281
I !mm Stereocaulon botryosum Talbot 153
‘ |from Stereocaulon subcoralloides Talbot 167
| 1 °°’9°’997 lmm Stereocaulon pileatum Peksa 999
from Stereocaulon sp. UTEX 2236
from Pilophorus aciculare CAUP H 1004
- from Cladonia cristatella CAUP H 1005
L from Cladonia rangiferina 16
Loomaes | from Cladonia furcata IH27
from Cladonia pyxidata IH29
= from Cladonia furcata IH30
= from Cladonia corymbescens IH31
from Cladonia corymbescens IH31b
= from Cladonia furcata 14
1009880 ™= from Cladonia furcata IH23
from Cladonia furcata IH26

from
from Lepraria caesioalba Peksa 173
from Lepraria neglecta Peksa 183
from Lepraria neglecta Peksa 207

- from Lepraria alpina Peksa 860
1.001100/100; from Lepraria rigidula Peksa 236

~ from Lep/a!la ngldula Peksa 900
0.98/67/78 | from Lepraria borealis Peksa 869
0091192 from Lepraria caesioalba Peksa 873
1.00/9¢

from Lepraria borealis Peksa 870
from Lepraria caesioalba Peksa 872

3 1.00/84/84
Al _‘——‘: from i
| from Cladonia subtenuis RY941

« Biogeography

1.00/100/100

A. irregularis

UTEX 1714

from
from Cladonia delavayi IHI‘IA
— from Cladonia coniocraea IH14
from Cladia aggregata Nelsen 2138
from Cladonia verticillata IH8B
ltom cladonla delavayi IH21B
donia scabriuscula IH2
fonia spinea MNO69

: om Gla
(LR lrom Cladonia variegata MNOT5
from Cladonia subtenuis RY1225
from Cladonia crinita
L from Cladonia verticillata IH8A
|rom Cladonia fruticulosa mzz

1m;m Cladonia fruticulosa IHSZD
ermissa IH1

from Cladonia pr:
from Cladonia cariosa IH28
q from Cladonia peltastica MNO70

1.00/88/97, from Stereocaulon sp. Nelsen 2181b
= from Pilophorus cf. cereolus Nelsen 2233f

1.00/94/90

1.00/69%-

from Lepraria sp. Nelsen L54
from Cladonia rei Peksa 787
from Cladonia fimbriata Peksa 796
——— from Stereocaulon saxatile Talbot KIS 187
3 ) from Cladonia foliacea Peksa 1008
S from Lepraria borealis Bayerové 3402

1.00/98/100

from Lepraria borealis Bayerova 3401
_ from Lepraria crassissima Peksa 888
from Leprania yunnaniana Nelsen 3837b
rom Lepraria caesioalba Peksa 225
[ from Leprania caesioalba Peksa 234
L from Lepraria lobificans Nelsen L12
0927657 4 from Lepraria caesioalba Peksa 235
{ from Lepraria lobificans Nelsen 154
~ from Lepraria lobificans Nelsen 153
L from Loprania caesioalba Nelsen L36
from Lepraria sp. Nelsen L60
from Cladonia pocillum Normore4719
1! trom Cladonia rei Peksa 921
[ from Cladonia fimbriata Peksa 815
1 M‘ from Cladonia pyxidata IH16
from Stereocaulon paschale Talbot 101
from ‘Xanthoria parietina’ CCAP 519/58
from Cladonia sp. CAUP H 1003
from Lepraria caesioalba Peksa 526
1.001100/100 1= from Lepraria rigidula Peksa 955
L from Lepraria rigidula Peksa 855
from Lepraria caesioalba Peksa 551
100100100l from Lepraria caesioalba Peksa 185
L from Lepraria rigidula Peksa 186
from Stereocaulon tomentosum Talbot 400
from Anzina carneonivea SAG 26.81
from Lepraria neglecta Bayerow 3600
|from Lepraria neglecta Bayerova 3606
from Cladonia fruticulosa IH17
— from Cladonia cf. bacillaris Nelsen 3950

1000w

1.001100/100

oy

- from Lepraria caesioalba Peksa 194
T 4 from Lepraria caesioalba Peksa 233
{ trom Lepraria caesioalba Peksa 166

A9

from Cladonia evansii RY798
Cladonia subtenuis RY999

1H20

A. glomerata

. irregularis

A. magna
A. erici

A. excentrica

A. phycobiontica

Europe Asia

el

) Australia

Ridka et al. (2014): Terricolous Lichens in India, Chapter 4

N. America S. America




« Biogeography: niche modelling
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Species delimitation in Asterochloris

« Mycobiont selectivity

geography
3%

substrate 20 e

1%

2% )
29 6% 5%
0

3%

13%

Residuals: 55.8%




Species delimitation in Asterochloris

« At the moment, 48 species lineages recognized

species boundary line (ABGD, GMYC, bPTP)
.

= = = = clade A6
.
* Species delimitation:
- MOfphOlOgy A. woessiae
A. aff. irregularis
— Ecology clade Ls4
istributi esu caies)
— Distri but|0n A. irregularis dlade 9A
o o o clade A14 clade 9B
— Mycobiont selectivity & magna dade A18
clade 12
clade StA1 =
A. leprarii
A. excentrica
A. mediterranea
clade StA7
clade StA6
clade A15
clade A9
clade A19
. clade URa14
A. gaertneri
clade 12
clade A11 | | clade A20
clade A21
A. italiana
clade A22
clade A23
A. friedlii A. echinata
clade A4
clade StA4
A. phycobiontica
clade 11 Vel clace stas
clade 8
clade StA2
clade A16 A. loboph
clade A17 o
A. sejongensis
clade StA3 .







