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Abstract 

Objective The eukaryotic tree of life has been subject of numerous studies ever since the nineteenth century, 
with more supergroups and their sister relations being decoded in the last years. In this study, we reconstructed 
the phylogeny of eukaryotes using complete 18S rDNA sequences and their individual secondary structures simulta-
neously. After the sequence-structure data was encoded, it was automatically aligned and analyzed using sequence-
only as well as sequence-structure approaches. We present overall neighbor-joining trees of 211 eukaryotes as well 
as the respective profile neighbor-joining trees, which helped to resolve the basal branching pattern. A manually 
chosen subset was further inspected using neighbor-joining, maximum parsimony, and maximum likelihood analy-
ses. Additionally, the 75 and 100 percent consensus structures of the subset were predicted.

Results All sequence-structure approaches show improvements compared to the respective sequence-only 
approaches: the average bootstrap support per node of the sequence-structure profile neighbor-joining analyses 
with 90.3, was higher than the average bootstrap support of the sequence-only profile neighbor-joining analysis 
with 73.9. Also, the subset analyses using sequence-structure data were better supported. Furthermore, more sub-
groups of the supergroups were recovered as monophyletic and sister group relations were much more comparable 
to results as obtained by multi-marker analyses.

Keywords Eukaryotes, Phylogenetics, 18S rDNA, Secondary structure

Introduction
The eukaryotic tree of life was and still is object to 
changes: from the former classification of the eukaryotes 
into “kingdoms” cf. [1] to the current supergroups most 
recently reviewed by Keeling and Burki [2] and Burki 
et  al. [3]. One of the most frequently sequenced genes 

in eukaryotes is the 18S ribosomal deoxyribonucleic 
acid (18S rDNA) [4]. However, due to its length-variable 
regions, alignments, in particular on a large taxonomic 
scale, show ambiguities and are leading to inconsistencies 
regarding any phylogenetic reconstruction [4]. Further, 
18S rDNA sequences often are not complete and only 
partially available on NCBI [5]. This makes a well-
balanced taxon sampling over all eukaryotes difficult, 
especially when you only want to use full-length 
sequences simultaneously with information as obtained 
from their individual secondary structures. According 
to Keller et  al. [6] the simultaneous usage of RNA 
sequences and their individual secondary structure 
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increases robustness and accuracy of phylogenetic 
analyses. Sequence-structure data (encoded in a 
new alphabet) have already been used in several case 
studies [7–16]. In this study we only use complete 18S 
ribosomal ribonucleic acid (rRNA) gene sequences and 
their individual secondary structures, as obtained from 
RNAcentral [17], and additionally curated manually 
by the Comparative RNA Web Site (CRW) [18]. For an 
automatic approach this is still the best data set available, 
despite that the taxon sampling is not perfectly balanced 
and several higher taxa are missing.

Main text
Methods
Taxon sampling
In the supplementary information we provide a flowchart 
of the used methods and the resulting figures. Cytosolic 
18S rDNA sequences and their individual secondary 
structures, curated by the Comparative RNA Web [18], 
were obtained from RNAcentral [17] (retrieved on 
06/06/2023).

In total, sequence-structure data for 215 taxa were 
acquired. Four taxa were removed from the dataset; two 
showed uneven length concerning the primary sequence 
and the respective secondary structure information (the 
latter being provided in dot bracket notation) and two 
were classified as possibly contaminated. A subset of 
47 taxa was manually chosen, representing the overall 
dataset proportionally. A list with species names and 
GenBank accession numbers of all taxa can be found in 
the Additional file 1.

Alignments
For the two datasets four alignments were constructed. 
Either sequence-only alignments using ClustalX [19] or 
sequence-structure alignments using ClustalW [19] as 
implemented in 4SALE [20, 21]. 4SALE [20–22] uses a 
12-letter translation table to encode the sequence-struc-
ture information into a one-letter-encoded pseudopro-
tein sequence. (cf. Figure  1). Pseudoprotein sequences 
are automatically aligned using a 12 × 12 scoring matrix 
[20–22].

Tree reconstruction
The overall sequence-only neighbor-joining [23] (NJ) tree 
(Additional file 1) and the overall sequence-structure NJ 
tree (Fig.  2) as well as the corresponding profile neigh-
bor-joining [24] (PNJ) trees (Additional file 1 and Fig. 3) 
were reconstructed using ProfDistS [25, 26]. Supergroups 
were indicated in the trees according to Burki et  al. [3] 
and Keeling and Burki [2], the names of the supergroups 
are adapted based on Adl. et al. [27].

According to Müller et  al. [24], Friedrich et  al. [25], 
Rahmann et  al. [28] and Wolf et  al. [26], the basal 
branching patterns of very large trees often cannot be 
estimated unambiguously. The PNJ algorithm, which 
is implemented in ProfDistS [25, 26], estimates the tree 
topology for defined profiles of subclades, independent 
of the topology within each subclade [24–26, 28]. Pro-
files for each PNJ estimation were predefined according 
to the overall NJ tree (Additional file 1 and Fig. 2). PNJ 
trees (Additional file  1 and Fig.  3) were reconstructed 
in two iterations. Bootstrap (BS) support [29] was esti-
mated, due to the complexity of the sequence-structure 
approach, using only 100 pseudo-replicates.

The manually chosen subset of the 47 taxa was further 
processed using sequence-only as well as sequence-
structure NJ-, maximum parsimony [30] (MP) and 
maximum likelihood [31] (ML) analyses. BS support 
for all the subset trees was estimated using 100 pseudo-
replicates. The sequence-only NJ (Additional file  1) as 
well as the sequence-structure NJ (Additional file  1) 
trees were reconstructed using ProfDistS. The sequence-
only MP (Additional file  1) and the sequence-structure 
MP (Additional file 1) tree as well as the sequence-only 
ML trees with BS (Additional file 1) and branch lengths 
(BL) (Additional file  1) were reconstructed with PAUP* 
4.0a [32] using default settings. Using phangorn [33] as 
implemented in R [34], the sequence-structure ML trees 
with BS and BL were reconstructed using a GTR + I + G 
substitution model. The R script is available at the 4SALE 
homepage [20].

Prediction of consensus structures
Based on the sequence-structure alignment of the subset, 
the 75% and 100% consensus structures were predicted 
using a python script. The python script is available on 
the 4SALE homepage (https:// 4sale. bioap ps. bioze ntrum. 
uni- wuerz burg. de). Using Pseudoviewer [35], the 75% 
consensus structure was drawn and the 100% consensus 
structure was then marked within the resulting 75% 
consensus figure (Additional file  1). In addition, both 
consensus structures were mapped on the structure of 
Homo sapiens (Additional file 1), available on RNAcentral 
[17].

Results
Overall neighbor‑joining trees
Sequence‑only
An overall sequence-only NJ tree (Additional file 1) based 
on 211 sequences was reconstructed with ProfDistS [25, 
26] and rooted at its midpoint.

With regards to the supergroups according to Keeling 
and Burki [2] and Burki et  al. [3], only Stramenopiles, 
Rhizaria and Metamonada were recovered as 
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monophyletic. The other supergroups were non-
monophyletic: The SAR group as well as Archaeplastida 
split in three clades each. Amorphea, consisting of nine 
Opisthokonta clades and four single Opisthokonta taxa 
as well as one Amoebozoa clade and two Amoebozoa 
singletons, separated into 10 clades and six singletons 
in total. Excavates split into two clades and two 
singletons.

Several groups within the non-monophyletic 
supergroups were recovered as monophyletic 
including Ciliophora, Rhodophyceae, Chloroplastida 

and Glaucophyta as well as Mucoromycotina, 
Dikarya, Glomeromycotina and Blastocladiales. 
Glomeromycotina and Dikarya are sister groups.

Sequence‑structure
Additionally, to the sequence-only NJ tree (Additional 
file 1), an overall sequence-structure NJ tree (Fig. 2) was 
reconstructed with ProfDistS and midpoint rooted.

Fig. 1 Left: Encoding of sequence-structure information. Scoring matrices and substitution models have been adapted accordingly. The figure 
shows an RNA sequence with its individual secondary structure in the bracket-dot-bracket notation. The respective 2D structure, the 12-letter 
translation table as well as the one-letter-encoded pseudoprotein sequence are depicted. Right: Different alignments are shown. They differ 
in terms of informational content (exemplarily highlighted in red). Only the sequence-structure-alignments as derived from 4SALE [20–22] include 
information about individual secondary structures whereas the guided-sequence alignment is guided only by a consensus structure



Page 4 of 9Rapp and Wolf  BMC Research Notes          (2024) 17:124 

0.07

Me
los
ira
_v
ari
an
s_
X8
54
02

Edhazardia_aedis_AF027684

G
astrostyla_steinii_AF164133

Cymatosir
a_bel

gica_
X853

87

Nucleospora_salmonis_AF185996

Bacillidium
_sp_AF104087

Erythrotrichia_carnea_L26189

Paruroleptus_lepism
a_AF164132 Ba

be
si
a_

gi
bs

on
i_
AF

23
13

50

Am
blyospora_khaliulini_AY090045

Cyanophora_paradoxa_X68483

Corallina_officinalis_L26184

Antonospora_scoticae_AF024655

Nosema_apis_U97150

Encephalitozoon_hellem_AF118143

Rha
phon

eis_
belg

icae
_X7

7703

Ratt
us_n

orve
gicu

s_N
W_047

829

Skeletonema_costatum_X85395

Mus_
musc

ulus
_X0

0686

Ba
be

si
a_

ro
dh

ai
ni
_A

B0
49

99
9

Oligosporidium_occidentalis_AF495379

M
as

tig
am

oe
ba

_b
al
am

ut
hi
_L

23
79

9

Cr
yp
to
co
cc
us
_n
eo
fo
rm

an
s_
va
r_
ne
of
or
m
an
s_
L0
54
28

Pl
as

m
od

iu
m
_f
al
ci
pa

ru
m
_M

19
17

2

Rhodymenia_leptophylla_U09621

Ceramium_rubrum_L26183
Ba

be
si
a_

sp
_A

F2
05

63
6

Orthosomella_operophterae_AJ302316

Tr
ipa

rm
a_
pa
cifi

ca
_A

F1
23
59
5

Sel
lap

hor
a_p

upu
la_

f_c
api

tata
_AJ

535
155

Pleistophora_sp_U10342

Bo
na

m
ia
_o

st
re
ae

_A
F2

62
99

5

Sp
ha
ero

the
cu
m_

de
str
ue
ns
_L
29
45
5

Pa
ul
in
el
la
_c

hr
om

at
op

ho
ra
_X

81
81
1

Culicosporella_lunata_AF027683

Rh
izo

ph
ag
us
_in

tra
ra
dic

es
_X

58
72
5

Arceuthobium_verticilliflorum_L24042

Bla
sto

cla
die

lla
_e
me

rso
nii
_M

54
93
7

Antirrhin
um_majus_AJ

236047

La
by

rin
th
ul
oi
de

s_
m
in
ut
a_
L2

76
34

G
iardia_m

uris_X65063

Endoreticulatus_sp_AF240355

Pleistophora_sp_LS_AJ252959

Au
lac
os
eir
a_
am

big
ua
_X
85
40
4

Solanum_tuberosum_X67238

Lithodesm
ium_undulatu

m_Y10569

Engelm
anniella_m

obilis_AF164134

Ap
ha

no
m
yc
es
_i
nv

ad
an

s_
AF

39
66
84

Nosema_bombycis_D85503

As
pe

rg
ill
us

_fl
av
us

_D
63
69
6

All
om
yc
es
_m
ac
rog

yn
us
_U
23
93
6

Ichthyosporidium_sp_L39110

Nosema_ceranae_U26533

Thala
ssion

ema_sp
_p47

4_AJ
5351

40

Myt
ilus

_ed
ulis

_L2
448

9

Chondrus_crispus_Z14140

Plantago_la
nceolata_AJ

236046

Staurastrum_sp_M752_X74752

Cro
sso

don
thin

a_k
ore

ana
_Z3

689
3

Ple
uro

sira
_cf

_la
evi

s_A
J53

518
8

Al
ex

an
dr
iu
m
_f
un

dy
en

se
_U

09
04

8

Le
is
hm

an
ia
_m

aj
or
_A

C0
05

80
6

Ameson_michaelis_L15741

Ordospora_colligata_AF394529

Biddulp
hiopsis

_titiana
_AF52

5669

Dia
ph
an
oe
ca
_g
ran

dis
_L
10
82
4

Nosema_sp_oulemae_U27359

Am
pho

ra_
cf_

cap
itel

lata
_A
J53

515
8

Ec
hi
no

co
cc
us

_g
ra
nu

lo
su

s_
U
27

01
5

Enc
yon

em
a_t

rian
gula

tum
_AJ

535
157

Hildenbrandia_rubra_L19345

O
xytricha_granulifera_X53486

Babesia_m
icroti_AF231348

Microsporidium_sp_DP_1_19_AF394528

Am
blyospora_bracteata_AY090068

Ichthyo
phonus

_hoferi
_U2563

7

O
xytricha_granulifera_AF164122

Pseudonosem
a_cristatellae_AF484694

Pl
as

m
od

iu
m
_f
al
ci
pa

ru
m
_M

19
17

3

Bl
as

to
cy

st
is
_h

om
in
is
_U

51
15

1

De
nt
isc

ut
at
a_
ce
rra

de
ns
is_

AB
04
13
44

Ach
nan

thes
_bo

ngra
nii_A

J53
515

0

Arabidopsis_thaliana_AC006837

Au
lac
os
eir
a_
ba
ica
len
sis
_A
J5
35
18
6

Digitalis_grand
iflora_AJ23604

5

Gl
om

us
_s
p_
W
33
49
_A
J3
01
85
6

Ok
ana

gan
a_u

tah
ens

is_
U0

647
8

Parathelohania_anophelis_AF027682

Gelidium_vagum_L26190

Rh
izo

pu
s_
ar
rh
izu

s_
AF

11
34
40

Gloeochaete_wittrockiana_X81901

Nemalionopsis_shawii_AF506272

Aste
rione

llops
is_ka

riana
_Y10

568

And
roc

ton
us_

aus
tral

is_X
779

08

Microsporidium_prosopium_AF151529

Tha
lass

iosi
ra_a

ntar
ctic

a_A
F37

448
2

Pl
as

m
od

iu
m
_v

iv
ax

_U
07

36
7

Na
eg

le
ria

_g
ru
be

ri_
M
18

73
2

Ch
ae
toc

ero
s_s

p_
AF
14
52
26

Mu
co
r_l
us
ita
nic
us
_A
F1
13
42
7

Psoros
permium_haeck

eli_U3
3180

Dictyocoela_gammarellum_AJ438958

B
alantioides_coli_A

F029763

Encephalitozoon_cuniculi_X98467

Audouinella_hermannii_AF026040

Halymenia_plana_U33133

43
42

30
B

A_
it

or
ci

m_
ai

se
ba

B

Sinapis_alba_X17062

Bangia_sp_AF043364

Ba
be

si
a_

ca
ni
s_

L1
90

79

En
ta
m
oe

ba
_h

is
to
ly
tic

a_
X6

51
63

Nosema_furnacalis_U26532

Eu
gl
yp

ha
_r
ot
un

da
_X

77
69

2

Nosema_sp_AF240350

Tet
rah

ym
ena

_th
erm

oph
ila_

X5
616

5

H
azardia_sp_AY090066

Glycine_max_X02623

Sesamum_indicum_AJ23604
1

Encephalitozoon_sp_L16867

Gracilariopsis_sp_M33639

Stylonychia_lem
nae_AF164124

Palmaria_palmata_Z14142

Hom
o_sa

pien
s_K0

3432

Mu
co
r_r
ac
em

os
us
_X
54
86
3

Stylonychia_m
ytilus_AF164123

B
ab

es
ia
_b

ov
is
_L

31
92

2

Ditylum
_brightw

ellii_X85
386

Porphyridium
_aerugineum

_L27635

Balamuthia_mandrillaris_AF019071

Thalassios
ira_eccent

rica_X8539
6

Bangia_fuscopurpurea_AF043355

A
ca

nt
ha

m
oe

ba
_c

as
te
lla

ni
i_
U
07

41
3

Sa
cc
ha

ro
m
yc
es
_c
er
ev
isi
ae

_U
53

87
9

Pa
ra
lia
_s
ol_

AJ
53
51
74

Am
blyospora_connecticus_AF025685

Ja
ko

ba
_l
ib
er
a_

AY
11
74

18

Su
rire

lla_
fas

tuo
sa_

var
_cu

nea
ta_

AJ5
351

61

Nosema_trichoplusiae_U09282

237050BA_itorci
m_aisebaB

Nosema_bombycis_AB097401

C
yrtohym

ena_citrina_AF164135
Lampriscu

s_kitto
nii_AF

52566
7

Pleistophora_hippoglossoideos_AJ252953

Jaagichlorella_luteoviridis_X73998

Thalassiosira
_pseudonana

_AF374481

Oryza_sativa_X00755

H
azardia_m

illeri_AY090067

Ne
ur
os
po

ra
_c
ra
ss
a_

X0
49

71

Bonnemaisonia_hamifera_L26182

Rhodochaete_parvula_AF139462

Fragaria_x_ananassa_X15590

R
ec

lin
om

on
as

_a
m
er
ic
an

a_
AY

11
74

17

Nicotiana_tabacum_AJ236016

Co
re
thr
on
_c
rio
ph
ilu
m_

X8
54
00

Plac
ope

cten
_ma

gell
anic

us_
X53

899

01
27

1Z
_e

ae
dr

a_
ai

dr
ai

G

Nosema_sp_AF240352

N
osem

a_w
hitei_AY305323

Rhodogorgon_carriebowensis_AF006089

Loma_acerinae_AJ252951

Nosema_spodopterae_AY211392

Spraguea_lophii_AF033197

Mnemiopsis
_leidy

i_L10
826

Ca
mp

ylo
dis
cu
s_
ral
fsii
_A
J5
35
16
2

Pleurotricha_lanceolata_AF164128

94925X_silanitsetni_aidrai
G

Plocamiocolax_pulvinata_U09618

Ste
ph
an
op
yx
is_
nip
po
nic
a_
M8
73
30

Thelohania_contejeani_AF492593

Genicularia_spirotaenia_X74753

Nosema_sp_AF240349

Ba
be

si
a_

bi
ge

m
in
a_

X5
96

04

Am
blyospora_sp_ferocious_AY090062

De
rm
ocy

stid
ium

_sp
_U

21
33
6

Gram
matoph

ora_
marina

_AY2
1690

6

Enterocytozoonidae_gen_sp_AF201911

Lauderia_borealis_X85399

Pe
rk
in
su

s_
m
ar
in
us

_A
F4

97
47

9

Intrapredatorus_barri_AY013359

Ahnfeltia_plicata_Z14139

Heterosporis_anguillarum_AF387331

Co
cc
idi
oid

es
_im

m
itis

_M
55
62
7

Le
pto

cy
lin
dr
us
_d
an
icu
s_
AJ
53
51
75

Nosema_necatrix_U11051

Co
sci
no
dis
cu
s_
rad

iat
us
_X
77
70
5

Glugea_atherinae_U15987

Po
do
sp
or
a_
an
se
rin
a_
X5

48
64

Oryc
tolag

us_c
unicu

lus_X
0677

8

Droso
phila_

melano
gaste

r_M2101
7

Nemalionopsis_tortuosa_AF342743

Paraurostyla_w
eissei_AF164127

La
ge
nid

ium
_g
iga

nt
eu
m
_M

54
93
9_
X5

42
66

Art
em

ia_
sal

ina
_X

017
23

Pse
udo

gom
pho

nem
a_s

p_p
382

_AJ
535

152

Pl
as

m
od

iu
m
_v

iv
ax

_U
07

36
8

Com
psopogon_caeruleus_AF087124

Pn
eu
m
oc
ys
tis
_c
ar
ini
i_X

12
70
8_
X1

49
82

19
15

80
BA

_it
or

ci
m_

ai
se

ba
B

Bostrychia_moritziana_AF203893

Porosira_pseudodenticula
ta_X85398

Am
blyospora_sp_U68474

Glaucocystis_nostochinearum_X70803

Batrachospermum_gelatinosum_AF026045

Dixoniella_grisea_L26187

Enterocytozoon_bieneusi_AF023245

Ca
nd

id
a_

al
bi

ca
ns

_M
60

30
2

O
nychodrom

us_quadricornutus_X53485 Ba
be

si
a_

m
ic

ro
ti_

AB
07

11
77

Balbiania_investiens_AF132294

Polydispyrenia_sim
ulii_AJ252960

Bo
lid

om
on

as
_m

ed
ite

rra
ne

a_
AF

12
35

96 SAR 1

Dinoflagellata

Perkinsidae

SAR 5

Alveolata 1

Stramenopiles

Chloroplastida

Discoba 2

Chlorophyta

Excavates 1

Excavates 4

Archaeplastida 2

Archaeplastida 3

Choanoflagellata

Amoebozoa 3

Archaeplastida 1

Alveolata 2

Alveolata 3

Excavates 2
Excavates 3

Basidiomycota Dikarya

Fungi 1

Fungi 2

„Opisthokonta“
„Obazoa“

„Amorphea“

Ciliophora 1

Rh
iz

ar
ia

 1

Apicomplexa 1

Di
sc

ob
a 

1

A
pi

co
m

pl
ex

a 
2 M

etam
onada

Microsporidia

Bacillariophyta 1

Pe
ro

no
sp

or
om

yc
et

es

Rhodophyceae

Streptophyta

Glaucophyta

Metazoa 1

Muc
or

om
yc

ot
ina

As
co

m
yc

ot
a

Glo
m

er
om

yc
ot

in
a

Blas
tocla

dial
es

Ichthyosporea 1

Bo
lid

op
hy

ce
ae

Sagenista

Opalozoa

Amoebozoa 2 Amoebozoa 1

Amoebozoa 4

Metazoa 3

Metazoa 2

Ichthyosporea 2

Ciliophora 2

Bacillariophyta 2

Rhizaria 2

Discoba 3

SAR 4

SAR 2
SAR 3
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Out of the supergroups according to Keeling and 
Burki [2] and Burki et  al. [3], only Stramenopiles and 
Metamonada were recovered as monophyletic. The 
other supergroups were non-monophyletic: The SAR 
group separated into 5 groups. Corresponding to 
the sequence-only NJ tree, Archaeplastida split into 
three clades. Amorphea separated into five clades and 
seven singletons: four single Amoebozoa taxa and five 
Opisthokonta clades as well as three Opisthokonta 
singletons. Excavates split into four clades.

The groups which were recovered as monophyletic 
within the non-monophyletic supergroups are: 
Rhodophyceae, Glaucophyta, Chloroplastida and 
Microsporidia as well as a monophyletic clade 
within Amorphea. This clade consisted of the 

each monophyletic Dikarya plus Blastocladiales, 
Mucoromycotina and Glomeromycotina.

The sister group relations of the overall NJ trees are 
described in the following together with the results of 
the PNJ analyses.

Profile neighbor‑joining trees
Fifteen taxa from the sequence-only NJ tree (Additional 
file 1) and eighteen taxa from the sequence-structure NJ 
tree (Fig.  2) were excluded from predefined profiles for 
the PNJ analyses, since they could not be unambiguously 
assigned to a subclade in the respective overall NJ tree. 
Based on the subclades from the respective NJ trees 
23 profiles for the sequence-only PNJ analysis and 20 
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profiles for the sequence-structure PNJ analysis were 
defined.

Sequence‑only PNJ tree
The sequence-only PNJ tree (Additional file  1) showed 
generally lower bootstrap support at the basal branches 
and the SAR group as well as the Archaeplastida and 
Opisthokonta did not form the same clades as in the 
sequence-structure PNJ tree (Fig. 3) (cf. discussion).

Sequence‑structure PNJ tree
Except for Apicomplexa 2 (Plasmodium clade), which was 
located at the base of the tree and was represented by four 
taxa, all other members of the SAR group were recovered 
as a monophylum with low support (59 = bootstrap 
support) in the two-times iterated PNJ tree (Fig.  3A). 
Stramenopiles, consisting of two bolidophycean and 31 
taxa of Bacillariophyta and two Peronosporomycetes, 
were fully supported (100). Stramenopiles formed a 
well-supported (96) sister clade to Rhizaria, which was 
represented by two taxa. Alveolata, consisting of 12 
Ciliophora taxa and 11 Apicomplexa 1 (Babesia clade) 
taxa, was positioned at the base of the Stramenopiles 
clade and was fully supported (100).

Out of the Archaeplastida, only Streptophyta, 
represented by 14 taxa, and Glaucophyta, represented 
by three taxa, formed a fully supported (100) clade. 
Rhodophyceae was represented by 26 taxa and formed a 
well-supported (91) sister clade to the SAR clade.

A fully supported (100) “big Opisthokonta clade” 
is sister to the SAR clade plus Archaeplastida, plus 
Rhodophyceae and Ichthyosporea 2 (Ichthyophonus plus 
Psorospermium). Ichthyosporea 2 forms a well-supported 
(95) sister clade to the Archaeplastida clade plus 
Rhodophyceae and the SAR clade. The Opisthokonta 
clade consists of Ichthyosporea 1 (Dermocystidium plus 
Sphaerothecum) and its well-supported (89) sister, the 
monophyletic Fungi clade, formed by Mucoromycotina, 
Blastocladiales, Glomeromycotina and Ascomycota. 
Metazoa is represented by 11 taxa and is the well-
supported (89) sister clade to SAR/Archaeplastida/
Rhodophyceae/Opisthokonta/Ichthyosporea2.

The Excavates do not form a monophylum. The PNJ 
tree was rooted according to the respective NJ tree at its 
midpoint and therefore Microsporidia plus Metamonada 
formed a sister group to the remaining taxa. Discoba 
is represented by two taxa and is the fully supported 
(100) sister to SAR/Archaeplastida/Rhodophyceae/
Opisthokonta/Ichthyosporea2/Metazoa.

The original sequence-structure PNJ tree (Fig.  3B) as 
well as the iterated PNJ tree (Fig. 3A) showed the same 
topology.

The position of Ichthyosporea 2 varied between the 
original NJ tree and the respective PNJ tree: While it was 
a sister clade to the SAR clade plus Archaeplastida and 
Rhodophyceae in the PNJ tree, it forms a sister clade to 
Chloroplastida plus the amoebozoan Balamuthia and 
Glaucophyta in the NJ tree.

The average BS per node for the sequence-structure 
PNJ tree with around 90.3 was higher than the average BS 
per node for the sequence-only PNJ tree with 73.9.

Subsampling (ML/MP/NJ)
47 taxa from the overall NJ trees (Additional file  1 
and Fig.  2) were manually chosen as a subset and 
newly aligned. The alignments were further processed 
using ML, MP and NJ analyses and the respective 
trees were reconstructed and rooted according to the 
overall NJ trees. BS support was estimated using 100 
pseudo replicates. Subsample trees (sequence-only and 
sequence-structure) are available as supplementary 
information and thoroughly described therein, together 
with the consensus structures of the subsample 
sequence-structure alignment.

Discussion
Overall NJ trees
Regarding the recent studies by Keeling and Burki [2] 
as well as Burki et  al. [3] concerning the phylogeny 
of the eukaryotes, the supergroup Rhizaria, which 
is monophyletic in the overall sequence-only NJ 
tree (Additional file  1), splits into a single taxon and 
one clade in the sequence-structure NJ tree (Fig.  2). 
The monophyletic Ciliophora split in a singleton 
and one clade in the sequence-structure approach. 
One improvement in the sequence-structure NJ 
tree, compared to the sequence-only NJ tree, is that 
Microsporidia were recovered as monophyletic. 
Additionally, a big monophyletic Fungi clade within 
Opisthokonta was recovered in the sequence-structure 
tree.

The differences regarding sister group relations of the 
overall NJ trees are discussed in the following together 
with the results of the PNJ analyses.

PNJ trees
The backbone of both PNJ trees (Additional file  1 and 
Fig.  3), whose profiles were defined according to the 
overall NJ tress (Additional file  1 and Fig.  2), shows 
differences: the overall profiles of both PNJ trees vary 
regarding their positions to each other.

With the singletons of the NJ trees being left out in 
the PNJ analyses, this study shows, that the sequence-
structure PNJ tree with an average BS of 90.3, is generally 
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better supported than the sequence-only PNJ tree, which 
had an average BS of 73.9. Additionally to showing higher 
support, several of the supergroups according to Keeling 
and Burki [2] and Burki et al. [3] were recovered in bigger 
monophyletic clades in the sequence-structure PNJ tree 
compared to the sequence-only PNJ approach: the SAR 
group, Opisthokonta and Archaeplastida. Furthermore, 
the SAR clade is sister to both Archaeplastida clades. The 
three Opisthokonta clades are sister to the SAR clade 
plus Archaeplastida. The same sister group relations are 
also shown in the study by Burki et al. [3].

ML trees with BS from ML, MP and NJ analyses
While both ML trees, the sequence-only as well as 
the sequence-structure approach, recovered the same 
three supergroups as monophyletic (Metamonada, 
Stramenopiles and Rhizaria), the sequence-structure ML 
tree shows several differences, which are closer to the 
results of the studies by Keeling and Burki [2] and Burki 
et al. [3], and also higher BS support: With BS values of 
56 (MP) and 54 (ML), the backbone of the sequence-
only MP (Additional file  1) and the sequence-only ML 
(Additional file 1) tree showed nearly no support.

The Opisthokonta, which split into four clades and 
three singletons in the sequence-only ML tree, were 
reconstructed as one big monophyletic clade and two 
singletons in the sequence-structure ML tree. This big 
Opisthokonta clade of the sequence-structure approach 
also showed moderate MP (69) and high NJ (98) BS 
support.

The Archaeplastida split into the same three clades in 
the sequence-only ML tree as well as in the sequence-
structure tree: Glaucophyta, Chloroplastida and 
Rhodophyceae. The BS support for each of the three 
clades was higher in the sequence-structure approaches: 
only the MP BS support for the Glaucophyta clade as 
well as the Chloroplastida clade was lower than 100, 
with a BS support of 98. Additionally, the members of 
Archaeplastida showed closer sister group relations to 
the members of Opisthokonta in the sequence-structure 
approach.

While the members of the SAR group did not even 
form sister groups in the sequence-only ML tree, the 
SAR group was nearly monophyletic in the sequence-
structure ML tree, except for one Apicomplexa clade. 
Stramenopiles and Rhizaria were monophyletic in 
both approaches, with Rhizaria being fully supported. 
Stramenopiles, nevertheless, showed only moderate 
support in the sequence-only approaches but was fully 
supported in the sequence-structure trees. Alveolata split 

into five clades in the sequence-only ML tree and was 
recovered as a big monophylum, except for the before 
mentioned Apicomplexa clade, in the sequence-structure 
ML tree. This big Alveolata clade was additionally highly 
supported (95/95/99) (= bootstrap support from ML/
MP/NJ analyses).

The Excavates were recovered at the base of the trees 
and as non-monophyletic in the sequence-only as well as 
in the sequence-structure approaches.

With more/bigger monophyletic supergroups or 
monophyletic clades within the supergroups, as well 
as regarding the sister group relations, the sequence-
structure approaches show more resemblance to the 
eucaryotic trees of life by Keeling and Burki [2] and Burki 
et  al. [3]. Phylogenetic analyses using RNA or protein 
data generally benefit from the inclusion of structural 
data [6, 38].

Consensus structures
The 75 and 100 percent consensus structures of the 
subset (Additional file  1), which were predicted in this 
study, show, that almost all helices (variable regions are 
named according to Dams et al. [36]) contain 75 percent 
conserved nucleotide pairs, with V5 and V7-V9 being the 
most conserved variable regions. V1 and V3 contain the 
100 percent conserved nucleotide pairs. Regarding the 
location of conserved nucleotide pairs and the universally 
conserved bases of the eukaryotes according to Noller 
et  al. [37], regions with universally conserved bases 
coincide with conserved nucleotide pairs (Additional 
file 1). This suggests good quality of the data and of the 
alignment, which were used in this study.

Limitations

• The root for the eukaryotic tree of life is under debate 
and a midpoint root is merely a stopgap solution.

• A perfectly balanced taxon sampling for a simultane-
ous sequence-structure analysis is unfortunately not 
possible due to the current data situation.
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