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Molecular taxonomy

Definition:
Establishing a (informal or even formal) taxonomy of
organisms based only on molecular sequences

Uses:

* Revision of taxon boundaries

* Detection of cryptic and pseudocryptic species

* Detection of misidentifications and mislabelled
seqguences in public databases

* |dentification of juvenile specimens

* Analysis of environmental samples (e.g. metagenomics)
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Threshold-based clustering

* Calculate distance
d(i,)) between each pair
of sequences /i and

* Define a threshold T

* Principle: if d(i,j) <=T,
assign / and j to the
same molecular

operational taxonomic
unit (MOTU)

AF491693.1 From Meier et al. (2006)
4.79%
2.87%
AY158169.1 AY258179.1
287"

FIGURE 1. Pairwise distances for three Anopheles sequences
(AF491603.1, AY258179.1 = A, maculipennis; AY258169.1 = A. messae).
All belong to the same 3% DINA profile, although one pairwise distance
exceeds the threshold.

=> Can lead to inconsistencies if formulated in that way
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Impact of the clustering algorithm

* Adistance d(i,)) <=T
IS called link

* An additional

parameter, the “linkage A
fraction” F, determines

how many links

AF491693.1 From Meier et al. (2006)

4.79%

between an ObJeCt and AY258169.1 AY258179.1
2.87%
a cluster are necessary '
: : : FIGURE 1. Pairwise distances for three Anopheles sequences
to InCIUde the ObJeCt In (AF491693.1, AY258179.1 = A, maculipennis; AY258169.1 = A, messae).
All belong to the same 3% DINA profile, although one pairwise distance
th e CI u Ster exceeds the threshold.

=> Here, 1 cluster for F <= 0.5, but 2 clusters otherwise!
=> Lower F values allow higher within-cluster divergence
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How to choose the clustering parameters?

Example: 1000 | B

° " " I From Schloss &
S_peues _rIChne_SS of : “* Handelsman 2006

soll bacteria estimated 800 |

from 16S rDNA

seguences s00 |

* Question: Has

] 400 _
saturation been '

Observed Richness

obtained? 200 |
* Obvious dependency :
on T (hidden one on F) 0

=> Choice of parameters has serious consequences for total
biodiversity estimates
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Criticisms of molecular taxonomy

Ongoing intense (and sometimes hostile) debate between molecular
taxonomists and traditional morphologists, particularly in the context of
DNA barcoding:

* Values of T used for clustering differ in the literature, even if applied to the
same groups of organisms and molecular markers

* Values of T are often based on subjective criteria or on a tradition that
emerged in recent years for the sake of comparablility between studies

* Genetic divergence may differ between morphologically defined lineages

* A smaller distance (or a higher similarity) does not necessarily indicate a
closer phylogenetic relationship

=> How can we maximize the agreement between traditional and molecular
taxonomy?
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Clustering optimization

Accession humber Organism

* Partition := non-hierarchical, non-overlapping  erosooss

classification ErTase
. . EF174891

* Many biological data are represented as EF174804
EF174944

partitions (e.g. assignment of sequences to
species):

EF050035

* Non-hierarchical clustering also results in a EF174888

EF174890

partition, e.g.: EF174891

EF174894
EF174944

Approach:

Pseudoperonospora cubensis
Peronospora aestivalis
Peronospora sepium
Peronospora fulva
Peronospora lathyri-verni
Peronospora orobi

Accession number Cluster number

29
26
25
24
27
27

* Use set of specimens identified using traditional techniques as reference

points

* Determine the clustering parameters that maximize the agreement with a

reference partition
* Do not require that full agreement can be obtained
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Comparing partitions

3 example
partitions of 7

objects

Observed values
Expected values

Rand Index

Expected Index

Modified Rand
Index (MRI)

Object Fruit type Colour

A Apple
B Lemon
C Cherry
D Apple
E Cherry
F Lemon
G Apple

Green
Yellow
Red
Green
Red
Yellow
Green

Condition
Fresh
Fresh
Rotten
Fresh
Fresh
Rotten
Rotten

PN

Same Different
Same 5 0
Different 0 16
Same Different
1.19 3.81
3.81 12.19

Same
Different

(5+16)/(5+0+0+16) =
1.0

(1.19+12.19)/
(5+0+0+16) = 0.64

(1.0-0.64)/(1.0-0.64) =
1.0

Same Different
Same 1 4
Different 8 8
Same Different
2.14 2.86
6.86 9.14

Same
Different

(1+8)/(1+4+8+8) =
0.43

(2.14+9.14)/(1+4+8+8) =
0.54

(0.43-0.54)/(1.0-0.54) =
-0.24

Leibniz-Institut DSMZ - German Collection of Microorganisms and Cell Cultures

* Rand index (Rand
1971): traverse all
pairs of objects and
determine proportion
of those being in the
same cluster in both
partitions or in a
different cluster in both
partitions

* Modified Rand index
(Hubert & Arabie
1985): corrects for
chance (by relating to
the expected Rand
index for two random
partitions with the
same cluster number
and sizes)
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Why trees don't help

C

b |
a
O
0
<

Outgroup

[ABCD]
[AB|CD]
[A|BCD]

=)
O
Q
<

A phylogenetic tree rules out certain classifications (e.g. r
ones), but is compatible with many others (blue ones)

a
O
0
<

d

D



Example 1: Hydnotrya

——0.01

Tasks
* Check current taxonomic

affiliations of ITS rDNA sequences

* Assign so far unassigned
seguences to taxa

* Estimate total number of species

covered by the dataset

79/100

90/68

Leibniz-Institut DSMZ - German Collection of Microorganisms and Cell Cultures

Hydnotrya tulasnei (EU784276)
Hydnotrya sp. (AJ969620)
Hydnotrya tulasnei IT8
Hydnotrya tulasnei 460
Hydnotrya tulasnei 419
Hydnotrya tulasnei 620
Hydnotrya tulasnei 657
Hydnotrya tulasnei 656
Hydnotrya tulasnei 766
Hydnotrya tulasnei (AJ969621)
Hydnotrya tulasnei 10
Hydnotrya tulasnei 8
Hydnotrya tulasnei 712
Hydnotrya tulasnei 462
100/100| Hydnotrya tulasnei 895

86/67

66/-

96/92

100/100

Hydnotrya tulasnei 896
Hydnotrya tulasnei 450
— Hydnotrya sp. (AJ969616)
Hydnotrya bailii IT12
Hydnotrya bailii IT10
Hydnotrya bailii IT11
70/68| Hydnotrya bailii 979
100/100 | | Hydnotrya bailii 997
Pezizales sp. (A)534700)
Hydnotrya tulasnei (AM261522)

81/80 uncultured Pezizales (DQ420632)
100/100 uncultured Pezizales (AY684066)

uncultured ectomycorrhizal fungus (DQ437704)

99/95 uncultured ectomycorrhizal fungus (EU816614)

uncultured fungus (EF040877)

uncultured ectomycorrhizal fungus (EU880227)
100/1007 uncultured mycorrhizal fungus (AB428790)
1

Hydnotrya sp. (AY558768)

uncultured fungus from ectomycorrhizal root (AY702783)
Hydnotrya variiformis (AY558770)

Hydnotrya cerebriformis (AY558766)

Hydnotrya cerebriformis (AY558764)

Hydnotrya cerebriformis (AY558765)

100/100

100/99

Hydnotrya cerebriformis (AY558763)
Hydnotrya sp. (AY558769)
Hydnotrya cerebriformis IT6

Hydnotrya cerebriformis IT5

1007200

Hydnotrya cerebriformis IT7

100/100—— Hydnotrya cubispora (EU784273)
| I— .
uncultured mycorrhizal fungus (AB428789)

uncultured ectomycorrhizal fungus (AB218071)
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P roced u re Accession number Organism

Species hame present?

EU784276 Hydnotrya tulasnei Yes
AJ969620 Hydnotrya sp. G-Ht No
1) Restrict dataset to sequences AJ969621 Hydnotrya tulasnei — Yes
; ] e - AJ969616 Hydnotrya sp. LB-Ht  No
with taxonomic affiliations AJS34700 Pezizales sp. B48  No
AM261522 Hydnotrya tulasnei Yes
1 DQ420632 uncultured Pezizales No
e
@
o 2) Conduct clustering optimization with
o | L
reduced dataset
3 - 3) Place sequences without
2l esto taxonomic affiliations back in the
~ dataset
N
4) Conduct clustering with all
= - — sequences and optimized parameters

I I I I [ I
0.00 005 010 015 020 025
Threshold

Stielow et al., The neglected hypogeous fungus Hydnotrya bailii Soehner (1959) is a widespread sister taxon of Hydnotrya tulasnei (Berk.) Berk. & Broome

(1846). Mycological Progress 9: 195-203, 2010
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Hydnotrya tulasnei (EU784276)
Hydnotrya sp. (AJ969620)
Hydnotrya tulasnei IT8

Hydnotrya tulasnei 460
Hydnotrya tulasnei 419

Hydnotrya tulasnei 620

Hydnotrya tulasnei 657

Revised taxonomy:

° H. tUlasnei Hydnotrya tulasnei 656
ages w . Hydnotrya tulasnei 766

* H. bailii incl. 1 ,H. tulasnei” Hydnotrya tlasne (A1969621)

Hydnotrya tulasnei 10

® H. CUbiSpora Hydnotrya tulasnei 8

Hydnotrya tulasnei 712

* H. cerebriformis | incl. 1 H. Hydnotrya tulasnei 462

100/100| Hydnotrya tulasnei 895

Varliformisu Hydnotrya tulasnei 896

Hydnotrya tulasnei 450

° o ' — Hydnotrya sp. (AJ]969616)
H. cerebriformis Il ooree e
Hydnotrya bailii ITLO

* 6 unnamed species
. . 70/68| Hydnotrya bailii 979
* 7 accessions assigned to a oo 100/100[Hycinotrya bl 557
. . Pezizales sp. (A)J534700)
taxon via CIUSterIng Hydnotrya tulasnei (AM261522)
81/80 uncultured Pezizales (DQ420632)
79/100 wrguncultured Pezizales (AY684066)
uncultured ectomycorrhizal fungus (DQ437704)

99/95 i
100/100 4|7 uncultured ectomycorrhizal fungus (EU816614) l

uncultured fungus (EFD40877)l

F—"0.01
86/67|

66/-

o
-
T

uncultured ectomycorrhizal fungus (EU880227) l
100/1007 uncultured mycorrhizal fungus (AB428790) l
I uncultured ectomycorrhizal fungus (AB218071) l

Hydnotrya sp. (AY558768)
uncultured fungus from ectomycorrhizal root (AY702783)
Hydnotrya variiformis (AY558770)
Hydnotrya cerebriformis (AY558766)
Hydnotrya cerebriformis (AY558764)
Hydnotrya cerebriformis (AY558765)
Hydnotrya cerebriformis (AY558763)
Hydnotrya sp. (AY558769)
Hydnotrya cerebriformis IT6
Hydnotrya cerebriformis ITS
Hydnotrya cerebriformis IT7
100/100—— Hydnotrya cubispora (EU784273)
L — uncultured mycorrhizal fungus (AB428789)I

100/100

100/99

1007100
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Self-cleaning of Genbank data

1) Restrict dataset to (a) sequences with taxonomic affiliations and (b) sequences
with interpretable host names

Accession humber Organism Specific host Species hame present? Host present?
EF614964 Peronospora variabilis Chenopodium album Yes Yes

EF614958 Peronospora sp. SMK20063 Chenopodium ambrosioides  No Yes
EF614957 Peronospora sp. DAR45530 Chenopodium ambrosioides  No Yes
EF614955 Peronospora farinosa f. sp. chenopodii  Chenopodium hybridum Yes Yes
EF174939 Peronospora sp. GG133 No No

EF174924 Peronospora sp. HV956 No No

EF174970 Peronospora trifoliorum Yes No

EF174963 Peronospora trifoliorum Yes No

2) Conduct clustering optimization with reduced datasets (a) and (b)
3) Check for coincidence of results (i.e. of optimal clustering parameters)

4) Place sequences without taxonomic affiliations or host information back in the
dataset

5) Conduct clustering with all sequences and optimized parameters

Goker et al., Molecular taxonomy of phytopathogenic fungi: a case study in Peronospora. PLoS ONE 4: 6319, 2009
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Examp e 2:

0.02
Quite a few
discrepancies:

20 ,organism“ entries in

>1 cluster, 23 clusters

with >1organism* entry -
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Peronosp

Peronospora trifolii-re

Peronospora lrlfoh I-repen

-/6 Per

hi

hi

74/- Per

EF174914 [1

i EF174968 [1

Yy

100/100 F

s
b

EF174925 [1

rFer f
f

SNINSNS

hvbric

EF174915 [1

T ey

ifolii-hybridi AY198235 [10

88/88
A 100/100
607 Peronnspnra trifo

I~ | Peronospora trifoliorum EF174971

97/79 Peronospora trifolii-hybric
71/- Peronospora sp. HV9 6 EF17:
99/95 ¢ Peronospora trifolii-minoris EF17491 3[17]
Peronospora trifolii-minoris EF174942 [17
Peronospora trifolii-minoris EF174923 [17
Peronospora trifolii-minoris EF174959 [
eronoslzora trifolii- mmons EF174920 [
jorum EF174967 [13]
Peronospora trifoliorum EF174972 [13]
87 | Peronospora trifoliorum EF174970 13]
[~ | Peronospora trifoliorum EF174958 [13
™ I~

Peronospora trifoliorum EF174928 [1
Peronospora trifoliorum EF174922 [1 3]

idi EF174900 [107
4924 [12

o

13

74/- I~ H Peronospora trifoliorum EF174926 [13]

Peronospora trifoliorum EF174963 [1 3]
Peronospora trifoliorum EF174927 [1

nomenclature of

) lb/ic?
15]

all sequences

eronospora trifolii-arvensis
100/100 Pe ifolii EF174912 [18]
'L| Peronospora sp. MG1796 EF174 l
100/1 00 Peronospora sp. HV27.1F-27. EF17 921 [14]
Peronospora sp. GG133 EF17493! 1[
Peronospora tnfolu-mmorls EF1 74965 08]
79/69 er 74960 [108]
B5/77) Peronosp 108]
85/- ——f—= Peronospora trifo 108]
87/ _—— 7 Peronospora trifolii-minoris AY198233 [1
- / Peronospora sp. MG1797 EF174964 [108]
65/- 84/- Peronospora sp. GG56 EF174940 [16]
Peronospora tril olii- alpeslrls EF174¢ 17 6&2;7 Ib/lc?
[ 95/89 Peronospora mlolmrum' lrlfalu pratensls AY;794 236 11366
parresiers e e et e
81/-""1 Per trifol P
98" 51— is EF174929 [106,
72)- AY608611 [44]
100/100 70/ -I‘: Peronospora astragalma AY608608 [46] .
AY198262 [94] B => ReVISed
L peronospora ast ragalina EF174904 [94] -
100/100 | Peronospora meliloti EF174899 [112
Pe meliloti AY198229 [112
Peronospora meliloti EF174946 [112]
Peronospora meliloti EF174947 [11 2]
P medlc i EF174905 [113]
100/100 | Per i EF174948 [113]
Per EF174954 [113]
i EF174993 (113] :
100/100 67/- — | Per lla
. Per ica AY198228 [113] p d
o P i EF174888E§é 74892 [113] rese nte In
. 100/1 eronospora aestivalis
97/89 %0 00'_ A EF174941 [20]
61/- Peronospora aestivalis EF174903 [20]
85/731 P 96/90 Pe7ongs1 %g 6ageftlva]lls EF174911 [20] la
‘eronospora aestivalis 1
100/100 |‘| Peronospora aestivalis 551 74%3 [[11 1 :1‘1] Ii m ate Il al tO
P lla
Pernada bt S8 110 5
76/- eronospora coronillae G k I
82/- 98/95 Peronospora ornithopi EF1 7450 19] O e r et a .
61/ Peronospora ornithopi EF174936 [19]
Peronospora ornithopi EF174909 [19
68/- Peronospora lotorum EF17494. 90
00/100 Peronospora lotorum AY198266 [9
62/70 Igeronospara tetragonolobi EF174897 1
89/8 Peronospora tetragonolobi EF174901 [21
100/100 Peronaspara coronillae EF174910 [21] la
coronillae EF174907 [21
Peronaspara coronillae EF174938 [21
Pe h Av;qq‘réquzra coronillae AY198265 [91]
ronospora manshurica
1007100 ="perono DQ202400 [47]

100/100

L Peronospora manshurica AV742740}v1 L8263

— ' Peror

ru%Inls A% 98264 [92]

e orvi RY1082 th
ronosrsora lathyrina EF174896 [22]

Pel

Peronospora fulva EF174945 [24]

87/72 I Peronospora fulva EF174891 [24]
* Peroi

nocnora ecn HV?2?2 2F EF1748K87 2771

supplementary |

orallTS rDNA™

tis EF174932 107
Peronospora trifoli v-repentls AY1 9823

1

100/100

Peronospora farinosa f. sp. chenopodii
Peronospora farinosa f.
Peronospora farinosa f. sp. chenopox
Peronospora farinosa f. sp. chenopodii EU
Peronospora farinosa f. sp. chenopodii EU
Peronospora farinosa f. sp. chenopog 'EH

Peronospora farinosaft. s|

EU113304 [49]
sp. chenopodii EU113310 [49
i EU113303

Peronospora variabilis EFé’14961 J;
Peronospora variabilis EF614966 [49] I— —
Peronospora variabilis EF614962 [49]

Peronospora farinosa AF52855§ 49]

EF614959 49
EF614967 [49]

 Peronospora farino

ta
Ib/lc?

63
henopggdu EU113309 [49]

[= Peronospora fai rlnosa E
= Peronospora variabilis EF61 54960 49]

Peronospora farinosa AY21101

Eeronospora farinosa AF52855:
Peronospora, vanab:l:s EF61496 [

Peronospora farinosa Al

F52855
84/- Peronospora Iannosa AY211017 [4 E

100/100

100/100

100/100

100/100

69/64

87/71

-/63 ~

62/60 4

68/-

Peronospora tabacina A
eronospora tabacina DQ665672
ospora tabacina DQ067898 6
‘eronospora tabacina DQU6’
erongspora tabacina
| Peronaspara tabacina DQ067896
396 ¢ pergrospord So: SHKSI0ES EFE1aoag (o
e T r’:vsp SARG5530 EraTaos 9]

100100 I35, Peron

Peronospora Iarmosa DQb4:

Fl
effusa DQ643845 [ A
1! Peronospora kachlae-scofanae Y198290 [70]

69]
* Peronospora chenopodii-| ﬁagf 2germl EF614956 I!B ]]

30]

DGOE75§]DO [34] —

eronospora farinosa DQ64384:
Peronaspora rumlcls 00069296 [
ospora D0643903 !
— Peronaspara rumlcls DQ 6439 ] ——Ib/Ilc?
Peronospora rumicis AY198287
Peronospora farinosa DQ64384.

_ereronospora Iarmosa DQG 40?5]

Iib

X

-IPeronaspora fannosa D06 1384 OEJ L
Peronospora sp. U 1960 64471 [72]

[~ Peronospora rumlcls AF46 L 2] ——

Peronospora obovals ;c\)v1 98288 7 |

eﬂusa Q64386

effusa

D
9
effusa DQ643858
effusa DQI 3
eﬂusa Q6 5

sa DI
i Peronospora eﬁusa Dt
lj Peronospora gffusa DQ643

63/61—_|

100/ _|

1 7
93/82 effusa DQB43865

NS

effusa
Peronospora effusa DQ64388:
effusa

effu: 88!
effusa DQ643873

o o000
S SIS,
@ 3366
8 8888
3%} 0OOO!
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98/89
00/100 Peron ospara farin

s Peranospara farinosa . spv chem’?mdu EF614955 [10;
ra

3]
# henopodii AY198285 [74]
eronospora olostei AY198283 !‘75]

olygoni AY 19828,
‘eronospora alslnearum AY198279 [80]
ronospora parva AY198276 [[8241

Peronospora paula AV1982
pesti sAVGOBG09145n]'
l s lie 1

'A V10097
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Host- and sequence-based species concept

MRI

Q a 0 4 H!
o
© | ol
o i)
S
o
< | o}
S £
2 N
2
(\! i —
e 1 F=0.5
F=0.0
2 o
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
Threshold value Threshold value

* Taxonomy-based optimization: best result (MRI1=0.85485) with T=0.0075 and
F=1.0 (left picture: thick lines)

* Host-based optimization: best result (MR1=0.85204) with T=0.0075 and F=1.0
(left picture: thin lines) => exactly the same optimum

* Resulting in 117 clusters

Goker et al., Molecular taxonomy of phytopathogenic fungi: a case study in Peronospora. PLoS ONE 4: 6319, 2009
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Example 3: Hymenogaster taxonomy

Challenges in Hymenogaster morphology

Tasks

and taxonomy:
* Determine the best « Variability of basidiomata
morphological approach to * Variability of basidiospores
species delimitation * Great variety in number of accepted
* Once the best approach is Species, €.g.

* Soehner (1960): 94 species

identified, clarify remaining _ i _
* Montecchi & Sarasini (2000): 17 species

discrepancies with ITS rDNA data

H. arenarius basidiospores and basidiomata
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@,
Objective comparison of identification keys

* ITS rDNA sequences obtained from 140 specimens from seven countries, mainly

from Hungary and Germany
* Three keys (narrow vs. broad) used for identification => three reference partitions

O —
13 clusters
fo0) \
o Montecchi & Sarasini 2000
16 modified, best F (0.80)
Vv
© . . .
ol ¥ * Each key independently optimized
S Moniecei & I__S(a(l)razt:,)i?i 2000, => globally best key and globally
es . . .
- optimal clustering/parameters
(QV
ol Soehner 1962,
best F(0.40)
o
2]

0.00

0.02 0.04

T

0.06 0.08 0.10

Distance threshold

Stielow et al., Species delimitation in taxonomically difficult fungi: the case of Hymenogaster. PLoS ONE 6: e15614, 2011.
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Thorny-spiny
spores

l Smooth
spores

. butiarai wS 21
. bulliardil 120 4 Cluster

Probably verrucose spores

Partially smooth, partially verrucose spores

I Smooth spores

Verrucose spores

Clusters from optimal settings mapped on ITS rDNA ML tree

* Broadest species are
optimal

* Just seasonal variability, no
species boundary between H.
griseus and H. citrinus

* Cryptic species in H. niveus
remain

* Two novel species, H.
intermedius and H. huthii

* |dentification key for all
European species according
to new concept




DSMZ. Leibniz-Institut DSMZ - German Collection of Microorganisms and Cell Cultures
®.

Example 4: Planktonic Foraminifers

0.8
T
200

Tasks

* Determine the best alignment
algorithm for PF SSU rDNA (highly

0.6
T
150

I
100
Number of clusters

length-variable and largely =

unalignable) .
* Determine the best distance S o cstere

function . .
* Once the beSt approaCh iS OIO O.IZ S;;tancethreshoildsT °-Ie 1I0

identified, clarify remaining
discrepancies with morphology

Globigerina bulloides
(http://lwww.foraminifera.eu/)

Solution

* Three-dimensional clustering optimization over (i)
alignment; (ii) distance model; (iii) clustering parameters

Goker et al., A clustering optimization strategy for molecular taxonomy applied to planktonic foraminifera SSU rDNA. Evolutionary Bioinformatics 6: 97-112,
2010.
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Alignment-free distances yield optimal clusters
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Goker et al., A clustering optimization strategy for molecular taxonomy applied to planktonic foraminifera SSU rDNA. Evolutionary Bioinformatics 6: 97-112,
2010.
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Summary: Clustering optimization...

£
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leads to MOTUs with highest agreement to traditional taxonomy, but it is
robust against errors in such a reference partition

connects traditional and modern taxonomic disciplines

optimally accounts for both traditional species concepts and character
divergence (maximizes both taxonomic conservatism and consistency)

can be used to taxonomically cleanse data from INSDC (Genbank etc.)

leads to biologically reasonable choices for alignment algorithms, distance
functions and clustering parameters

optimal parameters are also suitable for sequence identification

Is Implemented in the OPTSIL software available at
http://www.goeker.org/mg/clustering/ for all major operating systems

3 . =
o o


http://www.goeker.org/mg/clustering/
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