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Abstract: Background and Aims: “Order please!” was a recently published, very nice and apt title for a persistent
problem in green algae phylogenetics. The green algal class Chlorophyceae comprises two clades (SV and OCC)
made up of five orders (Sphaeropleales, Volvocales, Oedogoniales, Chaetopeltidales and Chaetophorales). A
variety of data and methods have shown that one further group (Golenkinia+Jenufa) cannot be unambiguously
placed among the five orders. In addition, concerning Sphaeropleaceae and/or Treubarinia the monophyly of
Sphaeropleales and Volvocales remain unresolved.

Methods: IUPAC (International Union of Pure and Applied Chemistry) encoded consensus sequences for different
18S rDNA data sets as well as corresponding 18S rDNA consensus structures were assembled for Sphaeropleales,
Volvocales (with or without Treubarinia) and a Golenkinia+Jenufa assemblage to independently infer phyloge-
netic relationships in a three—taxon analysis.

Using a known template structure, individual 18S rDNA secondary structures were predicted by homology
modelling. Sequences and their individual secondary structures, automatically encoded by a 12—letter alphabet
(each nucleotide with its three structural states, paired left, paired right, or unpaired), were simultaneously
aligned; consensus structures and IUPAC encoded consensus sequences were read out from the different se-
quence—structure alignments.

Key Results: In contrast to previous studies using 18S rDNA data, results of this study corroborate chloroplast
data and strongly support a sister group relationship between Golenkinia+Jenufa and the Sphaeropleales. The
Golenkinia+Jenufa assemblage shows 330 matches to the Sphaeropleales (sequence—structure consensus) but
only 214 matches to the Volvocales (sequence—structure consensus). Phylogenetically informative nucleotides
are highlighted and visualized in their structural context taking into account structural domains (I-IV) and
hypervariable regions (V2—-V9). Rooting the three—taxon scenario remains difficult because the extremely long
branches of Golenkinia and Jenufa are attracted to a chosen outgroup, reducing bootstrap support in any con-
ceivable four—taxon tree obtained by parsimony or profile—neighbor—joining analysis.

Conclusions: This algal case study of 18S rDNA consensus data (IUPAC encoded sequences and consensus
structures) coupled with profile distances between groups of sequences, demonstrated that a phylogenetic problem
can be reduced to a three—taxon analysis.

Key words: 188S, algae, Chlamydomonadales, consensus, phylogeny, profile distances, RNA, secondary struc-
ture, Treubarinia, V4 region

and Chaetophorales (OCC-clade) (e.g. TURMEL et al.
2008). The monophyly of each order was well sup-
ported by molecular (nuclear and chloroplast) evidence

INTRODUCTION

The Chlorophyceae are one of the classes of green algae,

distinguished mainly on the basis of ultrastructural mor-
phology. Despite a large number of unifying features, a
considerable amount of variation exists among members
of the class (LELIAERT et al. 2012). Chlorophyceae consist
of two clades: one clade contains Sphaeropleales and
Volvocales (or Chlamydomonadales) (SV—clade) and
one clade comprises Oedogoniales, Chaetopeltidales

(BucHHEM et al. 2001, 2012, 2017; WoOLF et al. 2002,
2003; KELLER et al. 2008; TURMEL et al. 2008; LELIAERT
et al. 2012; TIpPERY et al. 2012; HopacC 2012, 2016;
FucCikoVA et al. 2014, 2016, 2019; LEMIEUX et al. 2015;
PrROCHAZKOVA et al. 2015; SONG et al. 2017; FANG et al.
2018). Nonetheless, phylogenetic relationships within
and between these higher-ranked taxa are not fully
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understood despite the intensive research of the last de-
cade. In particular, Jenufa Némcova, M. Elias, Skaloud
et Neustupa (NEMcOVA et al. 2011) and/or Golenkinia
Chodat (CHODAT 1894), have been assigned to either
Sphaeropleales (LEMIEUX et al. 2015; BUCHHEIM et al.
2017; FANG et al. 2018; HE et al. 2018; FUCIKOVA et al.
2019) or Volvocales (WoLF et al. 2003; Hopac 2012,
2016; PROCHAZKOVA et al. 2015; BucHHEIM et al. 2017,
SoNG et al. 2017; FuCikova et al. 2019) — depending on
the marker and with varying support. A few investiga-
tions left the position of Jenufa+Golenkinia completely
unresolved (cf. NEMcoVA et al. 2011; WOLF & BUCHHEIM
2018; FUCIKOVA et al. 2019), a situation also known for
Treubarinia, in most cases related to Volvocales, but with
low support (cf. BUCHHEIM et al. 2017).

The latest update comes from FUCIKOVA et al.
(2019). Fucikova et al. sequenced chloroplast genomes
to compile a data set of 58 protein—coding genes of 68
chlorophycean taxa. Concatenated analyses yielded at
least two well-supported phylogenies: nucleotide data
supported the traditional classification with the inclusion
of the enigmatic Treubarinia into Sphaeropleales sensu
lato. However, amino acid data yielded equally strong
support for Sphaeropleaceae as sister to Volvocales, with
the rest of the taxa traditionally classified in Sphaeropleales
in a separate clade, and Treubarinia as sister to all of the
above. Single—gene and other supplementary analyses
indicated that the data have low phylogenetic signal
at these critical nodes. In other words, while sequence
and gene order data support the deep split between the
SV and OCC lineages, multiple phylogenetic hypoth-
eses are possible for Sphaeropleales sensu lato. To
sum up, Fucikova et al. (2019) identified two strongly
and unequivocally supported clades: Treubarinia and

Scenedesminia (core Sphaeropleales), as well as other
smaller groups that could serve a practical purpose as
named clades (e.g. Sphaeropleaceae, Microsporaceae
and a GolenkinialJenufa—clade).

In almost all phylogenetic studies (not only in
green algal phylogenetics) one of the most frequently
used markers has been the 18S rDNA. Sequence align-
ments were sometimes guided by secondary structure
information or sequence—structure information (encoded
into a new alphabet) was used simultaneously to infer
real sequence—structure alignments. The structures
were predicted either by folding individual sequences,
by homology modeling (using a known template) or
consensus structures were created during the alignment
process. Phylogenetic trees were obtained based on
the primary sequence alignment, on structure—guided
sequence alignments, or on encoded sequence—structure
data. In a few rare cases, profile—distances were deter-
mined to reconstruct trees directly for higher ranked
taxa using the various alignment methods. Elements
of the different approaches are reviewed in KELLER et
al. (2010) and WoLF et al. (2014). This study focuses
on the phylogenetic position of Jenufa aeroterrestrica
Prochazkova et Neustupa (PROCHAZKOVA & NEUSTUPA
2015) and Golenkinia brevispicula Hegewald et Schnepf
(HEGEWALD & SCHNEPF 1984). For the first time, 18S
rDNA consensus sequences and 18S rDNA consensus
secondary structures — for different sets of Volvocales
(with or without Treubarinia), for Sphaeropleales (in-
cluding Sphaeropleaceae) and for a Golenkinia+Jenufa
assemblage (swinging between both clades, Volvocales
and Sphaeropleales) — were obtained and compared
to infer rooted, three—taxa phylogenies for the clades
in question. In a first for green algal research, the 18S

Table 1. 18S rDNA variability map with special reference to the V4 region. Three sequence—structure pairs (the consensus from Sphaeropleales,
the consensus from Volvocales and the consensus from a Golenkinia+Jenufa assemblage) mapped to each other from the point of view of the
Golenkina+tJenufa sequence—structure consensus (Volvocales were plotted with or without Treubarinia and Hafniomonas).

Golenkinia+Jenufa Golenkinia+Jenufa
sequence—structure consensus sequence-structure
consensus
(Volvocales without Treubarinia/
Hafniomonas)
18S V4 18S V4
Identical nucleotides in all three 1083 107 1120 115
sequence—structure pairs
identical with/tendency towards Volvocales  214(100/114)* 30(9/21)* 237(107/130)* 38(11/27)*
identical with/tendency towards Sphae- 330(98/232)* 82(14/68)* 272(79/193)* 69(16/53)*
ropleales
unique characters 48 7 48 8
no allocation possible (due to IUPAC) 116 32 103 27
alignment length 1791 258 1780 257

*(paired/unpaired nucleotides)
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rDNA variability map we present highlights phylogeneti-
cally informative nucleotides in their structural context,
taking into account structural domains (cf. STIEGLER et
al. 1981) and hypervariable regions (cf. K1 2012) of the
18S rRNA gene. All consensus sequences and consensus
structures are obtained from highly supported monophy-
letic entities derived from maximum likelihood based
18S rDNA sequence—structure phylogenies (BUCHHEIM
etal. 2017). However, concerning Golenkinia and Jenufa
our study is not about an exact phylogenetic position,
but about an affinity towards either Sphaeropleales or
Volvocales that eventually could be deduced from 18S
rDNA sequence—structure data.

MATERIAL AND METHODS

Taxon Sampling, Secondary Structure Prediction, Sequence—
Structure Alignment, Consensus Structures, Structure
Visualization, Consensus sequences, Clade Selection and
Phylogenetic Tree Reconstruction.

We have used the only available 18S rDNA sequence—struc-
ture data set for green algae from BucHHEM et al. (2017) and
added the 18S rDNA sequence—structure information from J.
aeroterrestrica (supplementary Table S1, Data S1). The data
set from BUCHHEIM et al. (2017) contains 68 representative
sequence—structure pairs for the Chlorophyceae, originally
obtained from THESES db, the algae 18S rDNA sequence—
structure database for inferring phylogenies (MARIN RODRIGUES
et al. 2017). Like secondary structures in THESES db, the
secondary structure of the 18S rDNA from J. aeroterrestrica
was obtained by homology modeling (cf. WOLF et al. 2005)
using Heterochlorella luteoviridis (Chodat) Neustupa, Némcova,
M. Elias et Skaloud (NEUSTUPA et al. 2009) as template. The
template secondary structure (without pseudoknots) was ob-
tained from the Comparative RNA Web (CRW) site (CANNONE
et al. 2002). For alignment, the four nucleotides multiplied by
three states (unpaired, paired left and paired right) are encoded
by a 12 letter alphabet (reviewed in WOLF et al. 2014). Using
a 12x12 sequence—structure specific scoring—matrix (SEIBEL
et al. 2006), global multiple sequence—structure alignments
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were automatically generated in ClustalW2 1.83 (LARKIN et
al. 2007) as implemented in 4SALE 1.7.1 (SEIBEL et al. 2006,
2008). Manually transcribed 100% consensus structures (an
explanatory illustration can be found in the supplementary
material, Fig. S1) were plotted using PseudoViewer (BYuN
& HaN 2006) and further edited in CoreDRAW (www.corel.
com). Phylogenetically informative nucleotides are highlighted
and visualized in their structural context, taking into account
structural domains (STIEGLER et al. 1981) and hypervariable
regions (K1 2012). International Union of Pure and Applied
Chemistry (IUPAC) encoded consensus sequences were read
out using the software ALIGN (HEpPERLE 2004). A full length
sequence—structure alignment or an alignment for the V4 region
of the 18S rRNA gene (the latter one is typically used in biodi-
versity studies) were prepared. The IUPAC encoded consensus
sequences, as well as corresponding consensus structures, were
assembled (1) for the outgroup (two representatives from the
OCC clade), (2) for Sphaeropleales, including Sphaeropleaceae
(39 sequences, highly supported as monophyletic in BUCHHEIM
et al. 2017), (3) for Volovocales (26 sequences, due to low,
respectively high bootstrap support in BUCHHEM et al. (2017),
with or without Treubarinia and Hafniomonas (five sequences)
and (4) for a Golenkinia+Jenufa assemblage (two sequences), in
order to independently infer rooted phylogenetic relationships
for the three clades in question. To circumvent long branch
attraction phenomena (in particular concerning the outgroup)
reconstructed four—taxa trees were further compared to mid-
point rooted three—taxa trees. Phylogenetic trees for [IUPAC
encoded consensus sequences were inferred by seqboot (100
bootstrap replicates) and dnapars (maximum parsimony, MP)
as implemented in PHYLIP (FELSENSTEIN 1985; FELSENSTEIN
1989). The ambiguity inherent in the [UPAC encoded nucleo-
tides precluded the use of likelihood (ML) or classic distance
based methods, such as neighbor—joining (NJ). However, a
sequence—structure profile neighbor—joining (PNJ) tree was
determined according to MULLER et al. (2004) using ProfDistS
(FRIEDRICH et al. 2005; RAHMANN et al. 2006; WOLF et al. 2008),
in combination with 12 letter encoded sequences. We replaced
the set of taxa forming a known subclade by single supertaxa
(in our case Sphaeropleales, including Sphaeropleaceae,
Volvocales (with or without Treubarinia and Hafniomonas),
Golenkinia+Jenufa, and the OCC outgroup), each of which
we represented by a sequence profile (GRIBSKOV et al. 1987).

Table 2. Phylogenetic position of the Golenkinia+Jenufa clade. The table shows the sister taxon to the Golenkinia+Jenufa clade depending
on different approaches used in phylogenetic reconstruction. Golenkinia+Jenufa sister either to Sphaeropleales+Volvocales (S+V), or to the
Sphaeropleales, or to the Volvocales, depending on the used marker (18S/V4) and the selected tree reconstruction method (maximum parsi-
mony or profile neighbor—joining). All trees were rooted at the OCC—clade or by midpoint rooting. In tree calculations, the Volvocales were

represented with or without Treubarinia and Hafrniomonas.

Maximum Parsimony

Profile Neighbor—Joining

(MP) (PNJ)
4—taxa tree 3—taxa tree 4—taxa tree 3—taxa tree
(rooted) (midpoint) (rooted) (midpoint)
with 18S S+V#* Sphaeropleales Volvocales S+V*
Treubarinia/Hafniomonas V4 S+V* Sphaeropleales Sphaeropleales  Sphaeropleales
without 18S S+V* Sphaeropleales Volvocales S+V*
Treubarinia/Hafniomonas V4 S+V* Sphaeropleales Sphaeropleales S+V*

*Sphaeropleales+Volvocales (in other words, Golenkinia+Jenufa is attracted towards the outgroup, represented by the OCC—clade)
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A sequence profile is a stochastic model of a sequence fam-
ily. According to MULLER et al. (2004), “[...] it can also be
pictured as a fuzzy or “smeared—out” sequence. Formally, a
profile is also a sequence, but it is composed of probability
distribution vectors instead of characters. Each position &
specifies its own nucleotide distribution o, = (ak, o O O s
0,.;)- Nucleotide sequences are special profiles, where each o,
is given by one of the unit vectors A= (1, 0, 0, 0), C=(0, 1,
0, 0), and so on. Because we are interested in the “center of
gravity” of the sequence family distribution, we simply take
the position—specific, relative nucleotide frequencies over all
sequence family members. This results in a robust estimate
that is independent of estimated subclade topologies [...].”

All analyses were preceded by overall proof—of—concept
trees (NJ and ML), reconstructed as described in BUCHHEIM
et al. (2017), to demonstrate the alliance between Golenkinia
and Jenufa alongside the monophyly of Volvocales (with or
without Treubarinia) and Sphaeropleales, respectively (data
not shown).

RESULTS

Reconstructing overall proof—of—concept trees (NJ and
ML) as described in BucHHEIM et al. (2017), but includ-
ing Jenufa, yields low support (<50) for monophyletic
Sphaeropleales, monophyletic Volvocales (including
Treubarinia and Hafniomonas) and high support (>75)
for the monophyletic Golenkinia+Jenufa assemblage
(data not shown). The phylogenetic position of the
Golenkinia+Jenufa clade remains completely unresolved.
Whereas in BUCHHEIM et al. (2017) Golenkinia sisters to
either Volvocales (NJ) or Sphaeropleales (ML), in this
study (data not shown) Golenkinia+Jenufa are related
to the Volvocales (NJ and ML), but with low support.
However, if one superimposes the sequence—structure
consensus for each of Sphaeropleales, Volvocales and
Golenkinia+Jenufa, a different picture emerges. The
Golenkinia+Jenufa sequence—structure consensus shows
330 matches to the Sphaeropleales (sequence—structure
consensus, Fig. 1, Table 1, Data S2) but only 214 matches
to the Volvocales (sequence—structure consensus, Fig. 1,
Table 1). With 82 matches to the Sphaeropleales and only
30 matches to the Volvocales, the V4 region in structural
domain II of the 18S rRNA gene provides particularly
strong support for a sister group relationship between
Golenkinia+Jenufa and the Sphaeropleales (Fig. 1, Table
1). Phylogenetic trees inferred from consensus data
corroborate the latter alliance in particular for midpoint
rooted three—taxa trees obtained by parsimony (MP) (Fig.
2a, Table 2). Profile-Neighbor—joining (PNJ) yields this
midpoint rooted alliance only for the V4 region (Fig. 2a,
Table 2). Rooted four—taxa trees (most with only low
to moderate support) show either a sister group relation
between Golenkinia+tJenufa and the Sphaeropleales (PNJ,
when only the V4 region is used, Fig. 2b, Table 2), or
a sister group relation between Golenkinia+Jenufa and
the Volvocales (PNJ, when full length sequences are
used, Fig. 2b, Table 2); or the Golenkinia+Jenufa clade

(probably because of long branch attraction, LBA) sisters
to Sphaeropleales+Volvocales (in MP analysis, Fig. 2b,
Table 2). Similar results were obtained for analyses ex-
clusive of Treubarinia and Hafniomonas (Fig. 2b, Table
2). LBA must be taken into account, since the number
of identical nucleotides and I[UPAC encoded characters
(influenced by the number of sequences in each clade)
between Golenkinia+Jenufa and the OCC—clade (out-
group) is comparable to the number of identities between
Golenkinia+Jenufa and Volvocales or Sphaeropleales
(1454, 1200, and 1272 respectively).

DISCUSSION

On the one hand, this algal case study shows that 18S
rDNA consensus data (IUPAC encoded sequences and
consensus structures) and profile distances between
groups of sequences can be used to reduce a phyloge-
netic problem to the essentials of a three—taxon analysis.
On the other, rooting the three—taxon scenario for the
clades in question remains problematic. The extremely
long branches of Golenkinia and Jenufa are attracted to
a chosen outgroup, reducing bootstrap support in any
conceivable four—taxon tree obtained by parsimony or
profile neighbor—joining analysis, both of which are
known to be susceptible to LBA. Due to the ambiguity
of [IUPAC encoded characters, unfortunately, maximum
likelihood methods cannot be used at present. Anyway,
LBA is an indicator of noisy data, which in turn contradicts
the data obtained for the V4 region in domain II of the
18S rDNA. A majority of the various assessments for the
V4 region (258 nucleotides) support an alliance of the
Sphaeropleales with a Golenkinia+Jenufa assemblage
(Figs 1, 2). In this context, the V4 region could be treated
as a synapomorphic character for Sphaeropleales and
a Golenkinia+Jenufa assemblage (Fig. 1). In addition,
analyses of the V4 region clearly corroborate recent
studies that used chloroplast data to infer green algal
phylogeny (cf. LEMIEUX et al. 2015; FANG et al. 2018; HE
etal. 2018; FuCikovA et al. 2019). Although our analysis,
like so many others, does not provide a definitive place-
ment for the Golenkinia+Jenufa clade, it shows that 18S
rDNA and chloroplast data are not necessarily in conflict.
Using consensus data, the synapomorphic V4 region of
the 18S rRNA gene as well as midpoint rooted 18S rDNA
trees without an outgroup provide an interpretation of
the 18S rDNA data that favors an alliance between the
Sphaeropleales and the Golenkinia+Jenufa clade. In
our study, the secondary structure helped us to locate
a sequence region (V4) with a clear and unambiguous
phylogenetic signal. Nevertheless, this study addresses a
complex problem surrounding ancient divergences, long
branches and incomplete taxon sampling; uncertainty is
to be expected, in particular because of homoplasy in
sequence data. Further studies could additionally focus
on homoplasy in structural changes. Finally yet impor-
tantly, we hope that future studies will further strengthen
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Fig. 1. 18S rDNA variability map. The figure was plotted using PseudoViewer (Byun & Han, 2006) and further edited in CoreIDRAW (www.
corel.com). The figure shows the IUPAC encoded consensus sequence and the 100% consensus secondary structure from Golenkinia+Jenufa
aligned against two further consensus sequences and consensus structures each from Sphaeropleales and from Volvocales. Structural domains
are represented by Roman numerals I-IV according to STIEGLER et al. (1981). Hypervariable regions have a grey background and are num-
bered V2-V9 (according to K12012). V1 is not available (missing data). V6 is missing in eukaryotes. Phylogenetically informative nucleotides
are highlighted and visualized in their structural context. Identical nucleotides in all three sequence—structure pairs are indicated by grey
dots. Nucleotides identical with or with a tendency (according to the IUPAC code) towards Volvocales are shown in light green. Tendencies
are explained in the supplementary material, Fig. S1. Nucleotides identical with or with a tendency (according to the IUPAC code) towards
Sphaeropleales are shown in red. Unique characters for Golenkinia+Jenufa are highlighted in blue and nucleotides where no allocation was
possible (according to the IUPAC code) are visualized in light grey. V4 within the structural domain I is typically used in biodiversity studies.
Pseudoknots known in V4 could not be modeled by homology modeling.
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A 5x 3x

Volv. Gol./Jen.
Sphaer. Volv.
Gol./Jen. Sphaer.
oG oG 0oG
Sphaer. Volv. Gol./Jen.
Volv. Sphaer. Volv.
69/52 Gol./Jen. 44/47 Gol./Jen. 99/81/89/69 Sphaer.

Fig. 2. Phylogenetic trees. (A) Midpoint rooted three—taxa trees: Five of the analyses (5X) favor Sphaeropleales and Golenkinia+Jenufa and
only three (3X) favor Volvocales and Sphaeropleales (see Table 2). (B) Rooted four—taxa trees: (OG) outgroup from the OCC—clade. Bootstrap
values: (69) PNJ, full set; (52) PNJ, without Treubarinia/Hafhiomonas; (44) PNJ, full set (V4 region); (47) PNJ, without Treubarinia/Hafniomonas
(V4 region); (99) Parsimony, full set; (81) Parsimony, full set (V4 region); (89) Parsimony, without Treubarinia/Hafniomonas; (69) Parsimony,

without Treubarinia/Hafniomonas (V4 region).
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