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Sensitivity of Ribosomal RNA Character Sampling in the Phylogeny of
Rhabditida

OLEKSANDR HOLOVACHOV,1 LAUREN CAMP,2 AND STEVEN A. NADLER
2

Abstract: Near-full-length 18S and 28S rRNA gene sequences were obtained for 33 nematode species. Datasets were constructed
based on secondary structure and progressive multiple alignments, and clades were compared for phylogenies inferred by Bayesian
andmaximum likelihoodmethods. Clade comparisons were also made following removal of ambiguously aligned sites as determined
using the program ProAlign. Different alignments of these data produced tree topologies that differed, sometimes markedly, when
analyzed by the same inferencemethod.With one exception, the same alignment produced an identical tree topology when analyzed
by different methods. Removal of ambiguously aligned sites altered the tree topology and also reduced resolution. Nematode clades
were sensitive to differences in multiple alignments, and more than doubling the amount of sequence data by addition of 28S rRNA
did not fully mitigate this result. Although some individual clades showed substantially higher support when 28S data were combined
with 18S data, the combined analysis yielded no statistically significant increases in the number of clades receiving higher support
when compared to the 18S data alone. Secondary structure alignment increased accuracy in positional homology assignment and,
when used in combination with paired-site substitution models, these structural hypotheses of characters and improved models of
character state change yielded high levels of phylogenetic resolution. Phylogenetic results included strong support for inclusion of
Daubaylia potomaca within Cephalobidae, whereas the position of Fescia grossa within Tylenchina varied depending on the alignment,
and the relationships among Rhabditidae, Diplogastridae, and Bunonematidae were not resolved.
Key words: Bayesian inference, Daubaylia, Fescia, maximum likelihood, molecular phylogenetics, multiple sequence alignment,

progressive alignment, Rhabditida, ribosomal RNA, secondary structure.

The first molecular phylogeny that included a repre-
sentative sample of the phylum Nematoda was based on
a single gene (18S rRNA) and had 53 terminal taxa
(Blaxter et al., 1998). Since then, numerous molecular
phylogenetic hypotheses for nematodes have been
published. These include many based on one genetic
locus, such as the 18S rRNA gene frommore than 1,200
species (van Megen et al., 2009) or analysis of 12
protein-coding genes from the mitochondrial genomes
of up to 100 species (Kang et al., 2009; Park et al., 2011;
Sun et al., 2014; Kim et al., 2015). The application of
multilocus data to estimate nematode phylogeny has so
far been focused on taxonomically restricted questions
(Nadler and Hudspeth, 2000; Nadler et al., 2006a;
Kiontke et al., 2007, 2011; Subbotin et al., 2008; Mayer
et al., 2009). Whether focused on single genes or mul-
tiple loci, optimal estimates of evolutionary history re-
quire consideration of many factors that influence
phylogenetic analysis of sequence data. For example,
methods for producing multiple alignments of ribo-
somal sequences and decisions to include or exclude
aligned sites because of ambiguity in positional ho-
mology can have profound effects on inferred nema-
tode relationships (Smythe et al., 2006).

Ribosomal RNA genes remain the most commonly
sequenced and analyzed molecules for phylogenetics of
nematodes, with studies usually focused on either the
near-complete 18S rRNA gene or partial sequences of
the 28S rRNA gene (e.g., D2-D3 or D1-D2-D3 domains).
Because these two genes are from the same locus, they
are non-independent estimators of the same un-
derlying gene tree. Differences in topology between
phylogenies inferred using 18S and 28S sequences for
the same taxa occur, but they are best explained as
stochastic inference errors for the individual datasets.
Analysis of near-complete 18S or partial 28S sequences
do not provide sufficient resolution for certain phylo-
genetic questions involving nematodes (Smythe and
Nadler, 2007; Holovachov et al., 2011; Shokoohi et al.,
2013), but their continued use is justified because of
the large database of comparative information available
in GenBank and the relative ease of rRNA PCR amplifi-
cation and sequencing, even from individual nematodes.
Structural information from rRNA has been fre-

quently used to improve alignments of 18S and 28S
genes in evolutionary studies of nematodes that address
questions at broad taxonomic levels (Aleshin et al.,
1998; Blaxter et al., 1998; Holterman et al., 2006, 2008a,
2008b; Meldal et al., 2007; Holovachov et al., 2009,
2012, 2013b; van Megen et al., 2009; Bik et al., 2010) or
within individual orders (Chilton et al., 2006; Kiontke
et al., 2007; Bert et al., 2008; Holterman et al., 2009;
Holovachov et al., 2013a). Some of these studies di-
vided the alignment into ‘‘stem’’ (paired sites) and
‘‘loop’’ (non-paired sites) partitions with separate sub-
stitution models for each (Holterman et al., 2006,
2008a, 2008b, 2009; Bert et al., 2008; van Megen et al.,
2009; Bik et al., 2010; Holovachov et al., 2012, 2013a,
2013b), but few used paired-site substitution models
in consideration of compensatory substitutions (Bert

Received for publication December 30, 2014.
1Department of Zoology, Swedish Museum of Natural History, Box 50007, SE-

104 05, Stockholm, Sweden.
2Department of Entomology and Nematology, University of California, One

Shields Avenue, Davis, CA 95616.
This research was partly supported by the following grants: ‘‘Training the

next generation of nematode taxonomists: Applying the tools of modern
monography across free-living and parasitic Tylenchina’’ (NSF PEET, USA,
DEB-0731516) to S.A.N.; ‘‘Taxonomy and distribution of free-living nematodes
of the order Plectida in Sweden’’ (Swedish Taxonomy Initiative, Sweden) to
O.H. The authors are grateful to Dr. Andy Vierstraete (Ghent University,
Belgium) for making publications by J. Aerts and A. Hendrickx known to us.
E-mail: oleksandr.holovachov@nrm.se.
This paper was edited by Erik J. Ragsdale.

337



et al., 2008; Holovachov et al., 2012, 2013a, 2013b).
There are also few studies of nematode relationships
above the family level that use nearly full-length 18S
and 28S rRNA sequences for phylogeny inference (e.g.,
Chilton et al., 2006; Kiontke et al., 2007), and none that
combine such sequences with paired-site substitution
models for both genes.

In phylogenetic analyses based on sequence data,
there are several factors that can influence the out-
come, that is, the tree topology and its branch lengths.
These include (i) multiple sequence alignment
(Smythe et al., 2006); (ii) the number of genes in-
cluded in the analysis (Rokas and Carroll, 2005); (iii)
the length of the sequences used for analysis (Rosenberg
and Kumar, 2001); (iv) the choice of inference
method and associated models (Kelchner and Thomas,
2006); and (v) selection of model parameter values.
Herein, we explored factors i, iii, and iv in some detail
for a group of Rhabditida (Table 1), evaluating if
combined analysis of near-full-length 18S and 28S
rRNA sequences yields increased clade resolution and
support over analysis of 18S data alone. In addition, we
evaluated if phylogenetic analyses based on secondary
structure alignments, either alone or combined with
paired-site substitution models, are advantageous when
compared to those based on computer-based pro-
gressive multiple alignment. Finally, we evaluated the
phylogenetic effect of removing characters judged as
alignment ambiguous from the progressive alignment
dataset.

MATERIALS AND METHODS

Species selection:When selecting species to be included
in the analysis, we considered the availability and tax-
onomic representation of nearly complete 18S and 28S
rRNA sequences in GenBank or published literature, as
well as the possibility to sequence these genes de novo.
GenBank lists many species from the superfamilies
Diplogasteroidea, Mesorhabditoidea, Rhabditoidea,
and Strongyloidea for which both near-full-length 18S
and 28S rRNA genes are available, but only selected
representatives of each superfamily were included in
our analysis. A minimum of two species per superfamily
were chosen, with priority given to species for which pub-
lished secondary structure annotation models were avail-
able and species with fuller-length sequences (Table 1).

DNA amplification and sequencing: For nematodes that
could be cultured, DNA was extracted from pools of 10
to 30 individuals using commercial kits (DNAzol; Mo-
lecular Research Center Inc. or MasterPure; Epicentre
Technologies). For species obtained and identified di-
rectly from environmental or host samples, DNA was
extracted from 1 to 10 individuals using the same kits.
Nuclear 18S (small-subunit) ribosomal DNA (rDNA)
was amplified by PCR and sequenced directly using
previously described methods and primers (Nadler

et al., 2007). Near-complete nuclear 28S (26S/28S or
large subunit) rDNA was amplified and sequenced in
three overlapping pieces. Two 28S rRNA regions rep-
resenting ~80% of the gene were amplified using three
PCR reactions. Approximately 1,000 bp of the 28S 59-
end was amplified using forward PCR primer 391 (59-
AGCGGAGGAAAAGAAACTAA) and reverse primer
501 (59-TCGGAAGGAACCAGCTACTA). Approximately
1,600 bp of the remaining 28S rRNA was amplified in
two overlapping pieces. These two amplicons were nor-
mally obtained using forward primer 527 (59-CTAAG-
GAGTGTGTAACAACTCACC) in combination with
reverse primer 532 (59-AATGACGAGGCATTTGGC-
TACCTT), and forward primer 537 (59-GATCCG-
TAACTTCGGGAAAAGGAT) with reverse primer 531
(59-CTTCGCAATGATAGGAAGAGCC). If amplification
using primers 527/531 failed, the alternative forward
primer 563 (59-ACCCGAAAGATGGTGATCTAT) was
used for PCR in combination with either primer 532 or
primer 531. PCR reactions (25 ml) consisted of 0.5 mMof
each primer, 200 mM deoxynucleoside triphosphates,
and MgCl2 ranging from 1.5 to 3.0 mM as needed for
specific and robust amplification. Proofreading polymer-
ase (0.5 units, Finnzymes DNAzyme EXT; MJ Research)
was used for PCR; the range of PCR cycling parameters
included denaturation at 948C for 3 min, followed by 35
cycles of 948C for 30 sec, 508C to 608C for 30 sec, and 728C
for 60 to 80 sec, followed by a post-amplification exten-
sion at 728C for 7 min.

PCR products were prepared for direct sequencing as
described previously (Nadler et al., 2006b). For in-
stances when PCR products could not be directly se-
quenced, the amplicons were cloned and sequenced
using methods detailed in the work of Nadler et al.
(2006b). CodonCode Aligner (5.0.2) and Phred base
calling were used in assembly of contigs, and poly-
morphisms were evaluated as described previously
(Nadler et al., 2006b).

ProAlign alignment: Sequences of nematode species
listed in the Table 1 were aligned using ProAlign Ver-
sion 0.5 (Loytynoja and Milinkovitch, 2003). For each
alignment (18S and 28S), a ProAlign guide tree was
constructed using corrected pairwise distances, and this
tree was used to estimate the hidden Markov model
parameters (d and e) for progressive multiple alignment.
Program memory and bandwidth were increased em-
pirically to permit alignment program completion. The
average minimum posterior probability (PP) of sites
was used as the criterion for detecting and removing
unreliably aligned sequences, since this value is strongly
correlated with correctness as determined by simula-
tion studies (Loytynoja and Milinkovitch, 2003). To
reduce the likelihood of excluding correctly aligned
sites, the filter threshold was set to 60% minimum PP,
a value intermediate between the threshold of PP for
correctly versus incorrectly aligned sites in most simu-
lation results (Loytynoja and Milinkovitch, 2003). The
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18S dataset included 1,807 aligned characters, and the
filtered (60%PP) 18S dataset had 1,231 characters (Fig. 1).
The 28S dataset included 4,000 aligned characters, and
the filtered (60% PP) 28S dataset had 1,848 characters
(Figs. 2,3). Therefore, the combined 18S + 28S data-
sets included 5,807 characters (full datasets) or 3,079
characters (filtered datasets).

Secondary structure-based alignment: The secondary
structure alignment was created based on existing

secondary structure models of 18S (Fig. 1) and 28S
(Figs. 2,3) rRNA genes. Secondary structure annotation
of 18S rRNA was based on the European ribosomal
RNA Database (Wuyts et al., 2004). The entire available
nematode dataset that includes over 100 aligned se-
quences from various nematode taxa was downloaded
from the European ribosomal RNA Database before the
database was archived and its annotation was converted
from the unsupported DCSE format (De Rijk and

FIG. 1. Generalized secondary structure model for the 18S rRNA based on individual secondary structure models of nematode species listed
in Table 1. Helices are numbered according to Wuyts et al. (2002). Shaded areas mark nucleotide positions excluded in the ProAlign pro-
gressive posterior-probability-filtered alignment.
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FIG. 2. Generalized secondary structure model for the 28S rRNA based on individual secondary structure models of nematode species listed
in Table 1. Helices are numbered according to Wuyts et al. (2001) and Chilton et al. (2003). Twelve D domains (expansion segments) are
defined according to Ellis et al. (1986) and Chilton et al. (2003). Shaded areas mark nucleotide positions excluded in the ProAlign progressive
posterior-probability-filtered alignment. Continued on Figure 3.
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DeWachter, 1993) to a contemporary format compatible
with the JAVA-based editor 4SALE (Seibel et al., 2006).
The European Ribosomal RNA Database already in-
cluded 18S secondary structure annotation for Acros-
tichus halicti (Giblin and Kaya, 1984), Ascaris suum
(Goeze, 1782), Caenorhabditis elegans (Maupas, 1900),
Cervidellus alutus (Siddiqi, 1993), Distolabrellus veechi
Anderson, 1983,Halicephalobus gingivalis (Stefanski, 1954),
Mesorhabditis anisomorpha (Sudhaus, 1978), Panagrellus
redivivus (Linnaeus, 1767), Panagrobelus stammeri R€uhm,

1956, Pelodera teres Schneider, 1866, Plectus aquatilis
Andr�assy, 1985, Plectonchus hunti Stock et al., 2002, Pris-
tionchus pacificus Sommer et al., 1996, Teratocephalus lir-
ellus Anderson, 1969, and Zeldia punctata (Thorne,
1925). The remaining 18S sequences (Table 1) were
added to this dataset and aligned as described below.

Published models of the secondary structure of the
28S rRNA gene for C. elegans, Labiostrongylus bipapillosus
(Johnson and Mawson, 1939), P. aquatilis, and T. lirellus
(Ellis et al., 1986; Gutell and Fox, 1988; Aerts, 2001;

FIG. 3. Continued from Figure 2. Generalized secondary structure model for the 28S rRNA based on individual secondary structure models
of nematode species listed in Table 1. Helices are numbered according to Wuyts et al. (2001) and Chilton et al. (2003). Twelve D domains
(expansion segments) are defined according to Ellis et al. (1986) and Chilton et al. (2003). Shaded areas mark nucleotide positions excluded in
the ProAlign progressive posterior-probability filtered alignment.
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Hendrickx, 2001; Chilton et al., 2003) were used as
a basis for alignment and annotation of the 28S rRNA
sequences of the remaining 29 species (Table 1).

Secondary structure annotation was manually added
to all non-annotated sequences using the JAVA-based
editor 4SALE (Seibel et al., 2006), and all sequences
were manually aligned to maximize apparent positional
homology of nucleotides. Complementary base pair-
ings in stem regions was manually verified for all sites.

Phylogenetic analyses using Bayesian (BI) and maximum
likelihood (ML) methods: Phylogenetic trees were rooted
using P. aquatilis as the out-group in all analyses.
MrModeltest v2.3 (Nylander, 2004) was used to de-
termine the best-fit model of nucleotide substitution
for individual genes from each alignment; GTR+I+G
was optimal for all datasets based on the Akaike in-
formation criterion. MrBayes v3.1.2 (Ronquist and
Huelsenbeck, 2003), as implemented by the CIPRES
web portal (Miller et al., 2010), was used to infer trees
for all datasets. These nine datasets included three for
both the 18S and 28S rRNA genes (ProAlign alignment,
ProAlign filtered alignment, and secondary structure
alignment), plus three for the combined datasets
(ProAlign combined, ProAlign filtered combined, and
the secondary structure combined). Separate character
partitions were invoked for the two genes in the com-
bined 18S + 28S datasets. The GTR+I+G model was
implemented for each dataset (Table 2), but the model-
based estimates of gamma shape and proportion of
invariable sites were not fixed.

Two independent runs with four Markov Chain Monte
Carlo chains were executed in MrBayes for 4 million
generations, sampling trees every 4,000 generations. The
average standard deviation of split frequencies (,0.01)
was used to confirm that a sufficient number of genera-
tions had been run for each dataset. Two approaches were
used to determine burn-in values. Following all analyses,
the log likelihood values were plotted against generation
times, and trees sampled before stationarity of Ln values
were discarded. Stationarity of the remainder of the pa-
rameters was examined using Tracer v1.6 (http://tree.
bio.ed.ac.uk/software/tracer/; Rambaut et al., 2014).
Based on these methods, the first 10% of trees were then
discarded as burn-in for each dataset. The remaining
trees were then used to construct 50% majority-rule
consensus trees with clades representing the PP distribu-
tion for each dataset.

Maximum likelihood analysis of the nine datasets was
performed using RAxML version 7.0.3 (Stamatakis
et al., 2008) and implemented using the CIPRES web
portal (Miller et al., 2010). In RAxML, the GTR
GAMMA model was used for finding the best ML tree
(Table 2), and the GTR CAT approximation was used
for ML bootstrapping to increase efficiency for the
number of replicates we performed. In combined ana-
lyses, each gene was treated as an independent partition,
with model parameters estimated separately for each
partition. Bootstrap ML analysis was performed using
the rapid bootstrapping option with 1,000 iterations.
Phylogenetic analysis using structural models (paired-site

substitution models): The alignment based on secondary
structure annotation was analyzed with Bayesian phylo-
genetic inference using the ‘‘mcmcphase’’ program in
the PHASE package (Version 2.0; Gowri-Shankar and
Jow, 2006). For this analysis, the dataset was partitioned
into ‘‘stems’’ (paired sites) and ‘‘loops’’ (non-paired
sites) to account for the potential phylogenetic impor-
tance of compensatory substitutions. The REV nucle-
otide substitution model (Tavare, 1986) was used for
non-paired sites, whereas RNA7A (Higgs, 2000),
RNA7D (Tillier and Collins, 1998), or RNA16A (Gowri-
Shankar and Jow, 2006) nucleotide substitution models
were used for paired sites in three independent analyses.
All three analyses produced identical topologies, among
which the analysis using RNA7Amodel (Table 2) showed
the highest PP and was chosen for subsequent discus-
sion. The 18S, 28S, and combined 18S + 28S datasets
were analyzed; for the combined datasets, separate par-
titions were assigned to 18S and 28S rRNA genes. Model
parameters were estimated independently for all four
sub-partitions (non-paired and paired sites of 18S and
28S). For each model combination, two independent
runs were performed, and for each run, the chains were
allowed to burn in for 500,000 generations, followed by
5 million generations (5.5 million generations in total)
during which tree topologies, branch length, and model
parameters were sampled every 200 generations. An
additional run with burn in for 1,000,000 generations
and 10,000,000 sampling generations (total 11 million
generations) was performed for the combined 18S + 28S
dataset to determine if the longer run provided better
resolution or clade support, but the resulting tree
showed only minimal (0.01 Bayesian posterior proba-
bility, BPP) increase in support for two clades.

TABLE 2. Software and substitution models used for analyses of both 18S and 18S + 28S rRNA datasets.

Software used ProAlign full or unfiltered ProAlign filtered
Secondary structure

based (unpartitioned)

Secondary structure based
(paired-site partitioned)

unpaired sites paired sites

MrBayes GTR+I+G GTR+I+G GTR+I+G – –
PHASE 2 – – – REV RNA7A
RAxML GTR GAMMA GTR GAMMA GTR GAMMA GTR GAMMA RNA7A
Illustration Figure 4 Figure 5 Figure 6 Figure 7
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Maximum likelihood analysis of the partitioned
dataset was performed using RAxML version 8.0.24
(Stamatakis, 2014) and implemented using CIPRES
(Miller et al., 2010). The GTR GAMMA nucleotide
substitution model was used for non-paired sites,
whereas the RNA7A (Higgs, 2000) substitution model
was used for paired sites (Table 2). Bootstrap ML
analysis was performed using the rapid bootstrapping
option with 1,000 iterations.

One-tailed sign test: A one-tailed binomial sign test with
a cumulative probability significance level of p = 0.05
was used to test if the number of clades (Tables 3,4)
receiving increased support was greater for the com-
bined 18S + 28S data than for the 18S data alone. To be
included in the sign test calculation, a clade in one of
the two compared datasets had to achieve a minimum
ML bootstrap of$70% or a BPP value of $0.70. Clades
meeting these criteria were scored as tied (equal sup-
port in both analyses), win 18S (higher support in 18S
analysis), or win 18S + 28S (higher support in 18S + 28S
analysis). All eight dataset/inference method combi-
nations were tested (each of the four dataset/model

combinations with trees inferred by ML and Bayesian
inference).

RESULTS

Combined 18S + 28S datasets, general features: Three
different alignments of combined 18S + 28S sequence
were used for analysis and comparison. The full-length
ProAlign alignment, filtered ProAlign alignment, and
a secondary structure alignment were analyzed (Table 2)
using ML (RAxML) and Bayesian inference methods
(MrBayes, PHASE 2). The secondary structure align-
ment was analyzed in two different ways; first as an un-
partitioned dataset using single-nucleotide substitution
models (GTR GAMMA for RAxML and GTR+I+G for
MrBayes), and second as a partitioned dataset using
paired-site substitution models for stem parts of the
rRNA (RNA7A model for both RAxML and PHASE2)
and single-nucleotide substitution models for unpaired
sites (GTR GAMMA for RAxML and REV for PHASE2).

Analysis of the ProAlign (5,807 characters) align-
ment yielded an identical tree topology by BI and ML

TABLE 3. Major clade (family level and higher) presence and posterior probabilities for different alignments and datasets based on
Bayesian inference.

Clade

ProAlign ProAlign60 SecStr SecStr (REV/RNA7A)

18S 18S + 28S 18S 18S + 28S 18S 18S + 28S 18S 18S + 28S

Cephalobomorpha (including Daubaylia potomaca) 1 1 1 1 1 1 1 1
Tylenchomorphaa 1 0.99 0.82 0.95 1 1 0.99 1
Cephalobomorpha + Tylenchomorpha 1 1 0.99 0.88 1 1 1 1
(Cephalobomorpha + Tylenchomorpha) + Fescia grossa – 1 – 0.75 – – – 0.83
(Cephalobomorpha + Tylenchomorpha) + Panagrolaimomorphab 0.71 – 0.95 – 0.92 0.94 0.91 –
Tylenchinac 0.93 1 0.95 1 0.99 1 1 1
Strongyloidea 1 1 1 1 1 1 1 1
Diplogastridae 1 1 1 1 1 1 1 1
Mesorhabditidae 1 1 0.98 1 – 1 0.70 1
Mesorhabditidae + Peloderidae 1 1 1 1 1 1 1 1
Rhabditidae (including Strongyloidea) 1 1 1 1 1 1 1 1
Rhabditomorphad 0.89 0.98 – – 0.81 – 0.76 0.96
Diplogastridae + Rhabditomorpha 1 – 1 – – – 0.97 0.93
Diplogastridae + (Mesorhabditidae + Peloderidae) – – – 0.6 – – – –
Diplogastridae + Rhabditidae – – – – – 0.69 – –
(Diplogastridae + Rhabditidae) + (Mesorhabditidae + Peloderidae) – – – – – 1 – –
Diplogastridae + Bunonematidae – 0.99 – – 0.99 – – –
(Diplogastridae + Bunonematidae) + Rhabditomorpha – 1 – – 0.99 – – –
Rhabditinae – 1 – – 0.99 0.72 – 0.9
Tylenchina + Rhabditina – – – 1 0.98 1 – 1
Brevibuccidae + Myolaimidae – 1 – 1 – 1 – 1
(Brevibuccidae + Myolaimidae) + Tylenchina – 1 – – – – – –
(Brevibuccidae + Myolaimidae) + (Tylenchina + Rhabditina) – – – 1 – 1 – 1
Brevibuccidae + (Tylenchina + Rhabditina) – – – – – – – –
Myolaimidae + (Tylenchina + Rhabditina) – – – – 0.92 – – –
Brevibuccidae + Bunonematidae 0.86 – 1 – – – 0.96 –
Spirurina 1 1 1 1 1 1 1 1
Rhabditidaf 1 1 1 1 1 1 1 1

ProAlign is the full progressive alignment; ProAlign60 is progressive posterior probability filtered. SecStr is secondary structure unpartitioned; SecStr (REV/
RNA7A) is paired-site partitioned secondary structure.

a Aphelenchoidea + Tylenchoidea.
b Excluding F. grossa and Steinernema glaseri.
c (Cephalobomorpha + Tylenchomorpha) + Panagrolaimomorpha including S. glaseri.
d Peloderidae + Mesorhabditidae +Rhabditidae + Strongyloidea.
e Independently of internal topology.
f Excluding Teratocephalus lirellus.
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methods (Fig. 4B,D). Similarly, BI and ML trees for the
unpartitioned secondary structure analyses (SecStr;
GTR models) had the same topology (Fig. 6B,D). Fi-
nally, the partitioned paired-site analyses (Fig. 7B,D)
also did not differ in topology between BI and ML
methods. However, the ProAlign alignment and the two
main secondary structure datasets (unpartitioned and
partitioned paired-site models) yielded different tree
topologies when analyzed by BI or ML methods (Figs.
4B; 6B; 7B and 4D; 6D; 7D respectively). Within the
((Cephalobomorpha + Tylenchomorpha) + Pana-
grolaimomorpha) clade, topological variation among
these analyses only involved the position of Fescia grossa.
Within the remainder of the in-group taxa, topological
differences among analyses of these three datasets (ex-
cluding filtered ProAlign) involved the position of Bu-
nonema reticulatum, and two clades, Diplogastridae and
(Myolaimidae + Brevibuccidae). Although these are no-
table variations in the evolutionary hypotheses, differ-
ences in topology among these analyses could arguably
be characterized as moderate. Thus, for these very large
18S + 28S datasets (5,760–5,807 characters, depending

on alignment) and a moderate number of taxa, tree to-
pology within each alignment was insensitive to the two
inference methods, but moderately sensitive to different
alignments and use of a secondary structure model.
In contrast, differences between the two ProAlign

datasets (5,807 characters [full] versus 3,079 characters
[filtered]) involved more substantial topological changes,
even for a single inference method (e.g., Fig. 4B versus 5B
or Fig. 4D versus 5D). For example, within the ((Cepha-
lobomorpha + Tylenchomorpha) + Panagrolaimomorpha)
clade, topological differences were substantial for ML an-
alyses (Fig. 4D versus 5D). Considering the remainder of
the in-group taxa, both BI and ML analyses showed no-
ticeable differences between the full and filtered ProAlign
alignments. These results must be considered relative to
the potential influence (and removal) of highly variable
and potentially ambiguously aligned characters on the
phylogenetic analyses. The full ProAlign alignment of
5,807 characters included 3,625 variable sites (62% of total
sites), whereas the ProAlign filtered alignment of 3,079
characters included 1,469 variable sites, or 48% of total
sites (Figs. 1–3 show filtered or removed sites).

TABLE 4. Major clade (family level and higher) presence and bootstrap values for different alignments and datasets based on maximum
likelihood inference.

Clade

ProAlign ProAlign60 SecStr SecStr (GTR/RNA7A)

18S 18S + 28S 18S 18S + 28S 18S 18S + 28S 18S 18S + 28S

Cephalobomorpha (including Daubaylia potomaca) 100 100 100 100 100 100 100 100
Tylenchomorphaa 92 44 66 – 96 95 75 68
Cephalobomorpha + Tylenchomorpha 99 83 80 – 95 86 89 84
(Cephalobomorpha + Tylenchomorpha) + Fescia grossa 68 86 – – – – – 78
(Cephalobomorpha + Tylenchomorpha) + Panagrolaimomorphab – – 45 26 47 60 39 –
Tylenchinac 46 89 47 81 54 95 66 84
Strongyloidea 100 100 100 100 100 100 100 100
Diplogastridae 100 100 100 100 100 100 100 100
Mesorhabditidae 94 100 91 98 77 99 82 97
Mesorhabditidae + Peloderidae 100 100 100 100 100 100 100 100
Rhabditidae (including Strongyloidea) 100 100 100 100 100 100 100 100
Rhabditomorphad 96 55 60 – 82 – 74 84
Diplogastridae + Rhabditomorpha 90 – 47 – – – 52 45
Diplogastridae + (Mesorhabditidae + Peloderidae) – – – 44 – – – –
Diplogastridae + Rhabditidae – – – – – 16 – –
(Diplogastridae + Rhabditidae) + (Mesorhabditidae + Peloderidae) – – – – – 50 – –
Diplogastridae + Bunonematidae – 84 – – 72 – – –
(Diplogastridae + Bunonematidae) + Rhabditomorpha – 94 – – 64 – – –
Rhabditinae 27 94 – 23 64 86 – 78
Tylenchina + Rhabditina 31 – – 60 71 92 – 67
Brevibuccidae + Myolaimidae – 91 – 55 – 71 – 51
(Brevibuccidae + Myolaimidae) + Tylenchina – 74 – – – – – –
(Brevibuccidae + Myolaimidae) + (Tylenchina + Rhabditina) – – – 87 – 98 – 99
Brevibuccidae + (Tylenchina + Rhabditina) 73 – – – – – – –
Myolaimidae + (Tylenchina + Rhabditina) – – – – 45 – – –
Brevibuccidae + Bunonematidae – – 57 – – – 38 –
Spirurina 100 52 100 100 100 100 100 100
Rhabditidaf 96 92 91 77 90 95 98 99

ProAlign is the full progressive alignment; ProAlign60 is progressive posterior probability filtered. SecStr is secondary structure unpartitioned; SecStr (GTR/
RNA7A) is paired-site partitioned secondary structure.

a Aphelenchoidea + Tylenchoidea.
b Excluding F. grossa and Steinernema glaseri.
c (Cephalobomorpha + Tylenchomorpha) + Panagrolaimomorpha including S. glaseri.
d Peloderidae + Mesorhabditidae +Rhabditidae + Strongyloidea.
e Independently of internal topology.
f Excluding Teratocephalus lirellus.
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Specific differences resulting from different datasets and
alignments: Among the four trees produced using
Bayesian inference for the combined 18S + 28S data,

the tree based on the filtered ProAlign alignment and
the tree based on partitioned secondary structure
analysis using a paired-site substitution model have

FIG. 4. Phylogenetic trees of the relationships of Rhabditida inferred using two different ProAlign progressive full alignments. A. Bayesian
consensus tree based on the 18S data. B. Bayesian consensus tree based on the combined 18S + 28S data. C. Best maximum likelihood tree based
on the 18S data. D. Best maximum likelihood tree based on the combined 18S + 28S data. Bayesian posterior probability (BPP) values and
maximum likelihood bootstrap values are shown at nodes where appropriate. Individual increases and decreases in support values for clades (by
0.05 or more in BPP values or by 5% or more in bootstrap values) based on comparison of the 18S + 28S results to the 18S results are marked by
black circles (increase) or rhombs (decrease) on the 18S + 28S trees.
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similar overall topology (Figs. 5B; 7B), except for the
branching of Bunonema reticulatum (an unresolved tri-
chotomy in the filtered ProAlign alignment), the posi-
tion of Diplogastridae (A. halicti and P. pacificus) relative
to Rhabditidae and Strongyloidea, and the sister-group
relationships within the clade consisting ofH. gingivalis,
P. redivivus, and T. aceti. However, for these differing
sister-group relationships, one or more of the trees has
low BPP for the clades involved. For example, in the
filtered ProAlign analysis, the sister-group relationship
of H. gingivalis and P. redivivus has a BPP of 0.78. Sim-
ilarly, the relationships of Diplogastridae to Rhabditi-
dae and Strongyloidea involve some clades with BPP ,
0.95 in both trees.

The trees based on the unpartitioned secondary
structure alignment (18S + 28S data) are different from
others with respect to the clade that includes Rhabdi-
tidae, Diplogastridae, and Strongyloidea; their topology
(Fig. 6B,D) is similar to the tree obtained by Kiontke
et al. (2007) using 18S, 28S, and partial RNA polymer-
ase II genes, albeit with different support for different
dichotomies, as expected. On the other hand, the po-
sition of F. grossa in these trees and the filtered ProAlign
dataset (ML) is markedly different from the other five
trees, in that F. grossa is robustly placed as a part of the
Panagrolaimomorpha ‘‘grade,’’ that is, as sister to the
(Panagrolaimomorpha partim + (Cephalobomorpha +
Tylenchomorpha)) clade (see Discussion).

The tree that is based on the unfiltered ProAlign
alignment for combined data (Fig. 4B,D) shows the
most distinct topology from other trees generated in
this study, namely in the position of the (Myolaimidae +
Brevibuccidae) clade and in the relationships between
Bunonematidae, Diplogastridae, and Rhabditidae.
Both of these different relationships are strongly sup-
ported in the tree generated using BI.

There were only two clades that were moderately or
strongly supported in the combined analysis of 18S +
28S data, but were absent in analysis of 18S data. These
clades are (Brevibuccidae + Myolaimidae) (Figs. 4B,D;
5B,D; 6B,D; 7B,D), and ((Tylenchina + Rhabditina) +
(Brevibuccidae + Myolaimidae)) (Figs. 5B,D; 6B,D; 7B,
D). Some clades that were present in analyses of the 18S
dataset showed marked increases in clade support with
the addition of 28S data, at least for certain inference
methods (Tables 3,4). For example, ML bootstrap
support for Tylenchina increased as much as 43%.
Similarly, Bayesian posteriors for Tylenchomorpha in-
creased from a nonsignificant value of 0.82 to 0.95 for
the combined ProAlign filtered data. Conversely, there
are some instances where analysis of the combined
18S + 28S data yielded lower clade support than for
analysis of 18S alone, e.g., ProAlign filtered BPP for
(Cephalobomorpha + Tylenchomorpha).

Some clades were both rare and strongly supported
(Tables 3,4); this result was not exclusive to certain
datasets or analysis methods although it appeared to

occur more frequently with the combined datasets and
Bayesian inference. An example is the clade ((Dip-
logastridae + Rhabditidae) + (Mesorhabditidae + Pelo-
deridae)), which was only recovered in 2/16 analyses,
and in one (combined, unpartitioned secondary
structure) the BPP was 1.0. In some instances, strong
support for otherwise rarely recovered clades was found
in multiple dataset/analysis combinations, for exam-
ple, (Diplogastridae + Bunonematideae) (Tables 3,4).
Conversely, there are also some instances of the absence
of a clade that is otherwise generally strongly sup-
ported. For example, Tylenchomorpha is recovered as
a distinct clade in all analyses except for the filtered
ProAlign dataset of 18S + 28S analyzed using ML.
Comparison of PP and bootstrap support: It is important

to note that Bayesian posteriors and bootstrap support
frequencies are not equivalent measures of clade con-
fidence (Alfaro et al., 2003). A clade with high boot-
strap support is expected to be present in other analyses
of datasets generated by the same fundamental process
(Felsenstein, 1985), that is, bootstrap resampling mea-
sures repeatability (Berry and Gascuel, 1996). In con-
trast, BPP sampling is used to assess how well data
support results of a fully probabilistic model of char-
acter evolution; Bayesian posteriors are results condi-
tioned on the observed data and models employed.
Empirically, bootstrap support for clades in an ML tree
is often lower than BI PP for the same clades.
Another approach to evaluating results is comparing

differences in BPP or ML bootstrap support values for
clades. Do some datasets yield uniformly higher PP or
bootstrap frequencies or do differences in such pat-
terns vary over different parts of the phylogeny? Indi-
vidual increases and decreases for all clades ($5%
difference) based on comparison of the 18S + 28S re-
sults with the 18S results are marked by symbols on the
18S + 28S trees (Figs. 4–7); values of support (BPP and
ML bootstrap) for the major clades including 18S and
combined 18S + 28S trees are provided in Tables 3
and 4. Does addition of the 28S data to the 18S data
yield an increase in overall clade support or was there
no significant effect? This question was evaluated by
comparisons within each of the four separate align-
ments (ProAlign, ProAlign60, SecStr unpartitioned,
and SecStr partitioned) and for both inference
methods (BPP and ML bootstrap) using a one-tailed
sign test. There were no significant differences in any
of the comparisons.
For the combined (18S + 28S) datasets, BPP for

clades were high and similar among the ProAlign
alignment (Fig. 4B) and the two secondary structure
datasets: unpartitioned (Fig. 6B) and partitioned
paired-site models (Fig. 7B). For the combined sec-
ondary structure datasets, most clades had .0.95 PP,
whereas few (2–4 clades per analysis) were supported at
,0.95 PP. In the combined ProAlign filtered alignment
(Fig. 5B), five clades were supported at ,0.95 PP.
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A similar pattern was observed with these datasets and
ML bootstrap values (summarized in Table 4). For
example, the combined ProAlign alignment (Fig. 4D)

had seven clades with ML bootstrap frequencies
,70%, whereas the two secondary structure datasets
had slightly fewer (4–5 clades,70%). In contrast, the

FIG. 5. Phylogenetic trees of the relationships of Rhabditida inferred using two different ProAlign progressive posterior probability-filtered
alignments. A. Bayesian consensus tree based on the 18S data. B. Bayesian consensus tree based on the combined 18S + 28S data. C. Best
maximum likelihood tree based on the 18S data. D. Best maximum likelihood tree based on the combined 18S + 28S data. Bayesian posterior-
probability values and maximum likelihood bootstrap values are shown at nodes where appropriate. Individual increases and decreases in
support values for clades (by 0.05 or more in BPP values or by 5% or more in bootstrap values) based on comparison of the 18S + 28S results to
the 18S results are marked by black circles (increase) or rhombs (decrease) on the 18S + 28S trees.
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combined ProAlign-filtered alignment showed an in-
crease in poorly supported clades, with 10 at ,70%
frequency (Fig. 5D). Removal of characters judged

alignment ambiguous from the combined 18S + 28S
dataset showed more instances of decreased clade
support than the converse (Table 4). Considering all

FIG. 6. Phylogenetic trees of the relationships of Rhabditida inferred using two different unpartitioned alignments based on secondary
structure models. A. Bayesian consensus tree based on the 18S data. B. Bayesian consensus tree based on the combined 18S + 28S data. C. Best
maximum likelihood tree based on the 18S data. D. Best maximum likelihood tree based on the combined 18S + 28S data. Bayesian posterior
probability (BPP) values and maximum likelihood bootstrap values are shown at nodes where appropriate. Individual increases and decreases
in support values for clades (by 0.05 or more in BPP values or by 5% or more in bootstrap values) based on comparison of the 18S + 28S results
to the 18S results are marked by black circles (increase) or rhombs (decrease) on the 18S + 28S trees.
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changes in clade frequency in analyses of the com-
bined ProAlign versus the ProAlign filtered datasets,
there were 20 instances of decreases in support

(summing over Bayesian posteriors and ML bootstrap
results) versus 9 instances of increased clade support.
A similar result was observed for analysis of the 18S

FIG. 7. Phylogenetic trees of Rhabditida inferred using two different partitioned alignments based on secondary structure models using REV
(BI) or GTR GAMMA (ML) for unpaired sites and RNA7A for paired sites. A. Bayesian consensus tree based on the 18S data. B. Bayesian consensus
tree based on the combined 18S + 28S data. C. Best maximum likelihood tree based on the 18S data. D. Best maximum likelihood tree based on the
combined 18S + 28S data. Bayesian posterior probability (BPP) values and maximum likelihood bootstrap values are shown at nodes where ap-
propriate. Individual increases and decreases in support values for clades (by 0.05 or more in BPP values or by 5% or more in bootstrap values) based
on comparison of the 18S + 28S results to the 18S results are marked by black circles (increase) or rhombs (decrease) on the 18S + 28S trees.
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dataset. There were no notable differences across
datasets (except ProAlign filtered) in the number of
clades with strong bootstrap or high PP values (boot-
strap $80%, Bayesian posteriors $0.95).

DISCUSSION

Unless otherwise noted, discussion of phylogenetic
results is based on analysis of the largest number of
sequence characters, that is, the combined analysis of
18S + 28S data.

Phylogenetic affinities of Daubaylia potomaca (family
Daubayliidae): Daubaylia potomaca Chitwood and Chitwood,
1934, like all other known members of the genus
Daubaylia Chitwood and Chitwood, 1934, are obligate
parasites of fresh-water invertebrates, mostly Mollusca
and Hirudinea (Anderson and Bartlett, 1993). In all
phylogenetic analyses, independent of alignment and
inference method, D. potomaca was robustly placed
within Cephalobidae as the sister taxon to Pseudacro-
beles sp. (Figs. 4–7). This is the first phylogenetic
analysis that includes a species of Daubaylia; the
placement of this genus within Cephalobidae supports
the independent evolution of parasitism within this
clade of microbivores. Detailed morphological studies
are required to evaluate structural similarities between
Daubaylia and Cephalobidae, since published de-
scriptions of species do not provide sufficient details.
Notably, D. olsoni Poinar, 1984 is described as having an
offset sac-like spermatheca in females (Poinar, 1984).
Drawings of D. pearsoni Anderson and Bartlell, 1993
also show what appears to be an offset spermatheca at
the oviduct-uterus junction of the gonad flexure point
(Fig. 1 in Anderson and Bartlett, 1993), but this
structure is not mentioned in the description. The
presence of an offset spermatheca is a synapomorphic
character uniting Daubaylia and Cephalobidae and is
the only morphological character known to support the
molecular phylogenetic result. Daubaylia and Dicelis
(Drilonematoidea) are the only animal-parasitic taxa
found nested within Cephalobidae based on molecular
phylogenies. Ribosomal RNA sequences place the genus
Dicelis Dujardin, 1845 as a sister taxon to either Z. punc-
tata (Spiridonov et al., 2005, 2007) or Acrobeloides sp.
(Holovachov et al., 2011). The drilonematid genera Si-
conema Timm, 1966 (family Ungellidae) and Perodira
Baylis, 1943 (family Homungellidae) represent a single
clade in molecular phylogenies, and either have sister-
taxon relationships to Cephalobidae or belong to
a polytomy with representatives of Cephalobidae (Spi-
ridonov et al., 2007). Improved resolution of phyloge-
netic relationships among drilonematid genera and
Daubaylia is required to determine if animal parasitism
evolved once or multiple times within Cephalobidae.

Phylogenetic affinities of F. grossa (family
Chambersiellidae): Phylogenetic affinities of the family
Chambersiellidae have never been clearly resolved or

analyzed in detail. The structure of their sensory organs
(outer labial and cephalic sensilla, amphids, and male
precloacal sensilla) is considered plesiomorphic com-
pared to Cephalobomorpha or Panagrolaimomorpha
(De Ley and Blaxter, 2002; Holovachov et al., 2003), but
chambersiellids have not been explicitly compared to
other representatives of Rhabditida. Phylogenetic
analysis of the chambersiellid F. grossa Truskova and
Eroshenko, 1977 was first published by Nadler et al.
(2006b) based on 28S rRNA sequences. These authors
found F. grossa to be sister to the (Cephalobomorpha +
Tylenchomorpha) clade. Subsequently, F. grossa and
other species of the family Chambersiellidae were used as
out-groups in phylogenetic studies of Cephalobomorpha
(Bostr€om et al., 2011; Holovachov et al., 2011) or Ty-
lenchomorpha (Koshel et al., 2014). The inferred
phylogenetic position of Fescia is not consistent in our
study. In five of eight analyses, it is the sister taxon to
(Cephalobomorpha + Tylenchomorpha) but with vary-
ing support values (Figs. 4B,D; 5B; 7B,D). However, for
analyses of the unpartitioned secondary structure align-
ment, Fescia is part of the Panagrolaimomorpha grade,
that is, a sister taxon to ((Cephalobomorpha + Tylen-
chomorpha) + Panagrolaimomorpha partim) with high
support in both ML and BI analyses (Fig. 6B,D). The ML
tree based on the filtered ProAlign dataset resolves Fescia
in the same manner as the unpartitioned secondary
structure trees (ML and Bayesian) and with strong
bootstrap support (Fig. 5D).However, some relationships
within the sister group to Fescia ((Cephalobomorpha +
Tylenchomorpha) + Panagrolaimomorpha partim) do
not have reliable bootstrap support from this dataset.
Phylogenetic results for relationships of Chambersielli-
dae are thus inconsistent, varying depending upon
analysis type (unpartitioned versus partitioned secondary
structure models) and presence versus absence of char-
acters deemed ambiguous in alignment (ProAlign versus
ProAlign filtered datasets). The analyses we consider
optimal, partitioned secondary structure models (see
Discussion below), also show moderate to poor support
(ML bootstrap, BPP) for a sister-group relationship of
Fescia to (Cephalobomorpha + Tylenchomorpha). These
results indicate that the large 18S + 28S dataset appears
to contain insufficient phylogenetic signal for un-
ambiguously resolving the relationship of F. grossa.
Phylogenetic affinities of Diplogastridae and

Bunonematidae: The family Diplogastridae occupies
a different position in all four combined (18S + 28S)
datasets: (i) as a sister clade to Bunonematidae in anal-
ysis of the full ProAlign dataset (Fig. 4B,D); (ii) as the
sister group to (Mesorhabditidae + Peloderidae) in the
analysis of the filtered ProAlign dataset (Fig. 5B,D); (iii)
as the sister group to ((Choriorhabditis + Strongyloidea) +
Caenorhabditis) in the analysis based on the un-
partitioned secondary structure dataset (Fig. 6B,D); and
(iv) as the sister taxon to entire Rhabditidae (including
Strongyloidea) clade in the analyses based on the
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partitioned secondary structure models (Fig. 7B,D).
Only some of these relationships received strong support
as assessed by Bayesian posteriors or ML bootstrap re-
sampling, and only the tree based on the unpartitioned
secondary structure analysis is similar in topology to the
phylogenies obtained by Kiontke et al. (2007) using
multigene data and by Sudhaus (2011) based on com-
bined molecular and morphological evidence.

The position of B. reticulatum in our analyses varied
substantially, from being a sister taxon to Diplogas-
tridae in both ML and BI analyses of the unfiltered
ProAlign dataset (Fig. 4B,D), to a sister taxon of the
clade containing Rhabditidae, Strongyloidea, Meso-
rhabditidae, Peloderidae, and Diplogastridae (with
different internal topology) in both ML and BI analyses
of the remaining datasets (Figs. 5D; 6B,D; 7B,D). In the
Bayesian analysis of the filtered ProAlign dataset, Bu-
nonema is part of an unresolved trichotomy (Fig. 5B).
The first result (sister-group relationships between
Bunonematidae and Diplogastridae) is supported by
morphological studies (F€urst von Lieven, 2002),
whereas the second result (including our preferred
partitioned secondary structure analyses, see following
section) is more in agreement with an independent
molecular analysis (Kiontke et al., 2007).

Effects based on choice of alignment, inference method, and
models: The majority of inferred molecular phylogenies
for Nematoda are based on rDNA sequences that en-
code rRNA genes, including 18S and 28S, as well as
internal transcribed spacer regions. These rRNA phy-
logenies have been essential for testing ideas of re-
lationships implicit in nematode classifications and
developing detailed new hypotheses for nematode
evolution. However, some of these phylogenies have
been insufficiently qualified by consideration of the
caveats involving analysis of rRNA sequences, including
uncertainties involving multiple alignment of data, use
of sequence evolution models that account for com-
pensatory substitutions in base-paired stems, and
choice of substitution model. These issues are in addi-
tion to the limitations of interpreting any single-locus
gene tree as a reconstruction of evolutionary history.
The inference methods in our analyses have been used
for phylogenetics of rRNA sequences in nematodes and
other organisms. These methods include secondary-
structure-based multiple alignment, both with and
without partitioning of base-paired rRNA stem struc-
tures in analysis; probabilistic progressive multiple
alignment, both with and without removal of alignment-
ambiguous characters; Bayesian and ML inference;
and substitution model selection based on model fit-
ting programs. Although there are some strongly
supported clades in common to the phylogenetic trees
produced by all these analyses, there are also instances
of notable topological differences between analyses
that are reliably supported. This outcome is not un-
usual for analyses of rRNA: investigators employing

different alignments and analytical approaches will
obtain different phylogenetic results (Smythe et al.,
2006). Alternatively, some approaches to analysis might
be better justified than others based on theoretical
considerations. For example, the conservation of rRNA
secondary structure exceeds nucleotide conservation
(Gutell et al., 1994; Kjer, 1995) facilitating identification
of homologous characters (alignment) as sequences
diverge. In contrast, progressive multiple alignment
methods use a gap penalty to align length-variable se-
quences, but this procedure is problematic when applied
to rRNA sequences (Kjer, 1995; Kjer et al., 2006).

Many phylogenetic analyses of nematode rRNA se-
quences are based on datasets obtained using pro-
gressive multiple alignment rather than secondary
structure; the latter are more difficult and time con-
suming to produce (Gardner et al., 2005). There are
several theoretical advantages of alignments based on
secondary structure, including greater potential accu-
racy of positional homology inference within features
of rRNA such as stems that are conserved across dis-
tantly related species in the absence of significant se-
quence similarity and the ability to identify base-pairing
and non-pairing positions and apply different paired-
site models to these regions such as implemented in
PHASE (Hudelot et al., 2003), MrBayes (Ronquist and
Huelsenbeck, 2003), or RAxML (Stamatakis, 2014).
Theoretically, incorporating structural information in
analysis of rRNA sequences, including modeling com-
pensatory (and non-independent) evolution of paired-
site regions should increase phylogenetic accuracy
(Gillespie, 2004). Although progressive multiple align-
ments do not preclude incorporation of structural in-
formation, determinations of paired versus non-paired
sites would necessarily require additional information.
Progressive alignment approaches require use of arbi-
trary gap-opening and gap-extension costs, and Smythe
et al. (2006) showed that differences in these parame-
ters for nematode 18S data were correlated with dif-
ferences in tree topologies, that is, choice of arbitrary
costs made a predictable difference in relationships.
Removing alignment-ambiguous regions from 18S da-
tasets greatly reduced this effect but at the cost of de-
creased tree resolution due to removal of informative
character data (Smythe et al., 2006), and this effect was
also observed in our combined 18S + 28S analyses. In
some cases, the tree resolution after removal of alignment-
ambiguous characters may be sufficient to resolve the
relationships of interest. For example, all eight analyses
of the combined 18S + 28S data, including the ProAlign
filtered alignment (excluding ambiguously aligned
sites), yielded monophyly for Cephalobomorpha,
Strongyloidea, Diplogastridae, (Mesorhabditidae + Pelo-
deridae), and Rhabditidae (including Strongyloidea).
However, inmost cases, the highest levels of phylogenetic
resolution are desired to develop detailed hypotheses of
relationships among taxa. For progressive alignments,
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pooling of trees from several different alignments (and
gap parameters) can sample alignment space and pro-
duce well-resolved trees, but the range of alignment pa-
rameters to explore is problematic to define (Smythe
et al., 2006). Thus, theoretical and analytical consider-
ations favor use of secondary structure alignments that
employ structural (paired-site) models for analysis when
the need for higher levels of phylogenetic resolution
outweighs concerns over potential ambiguity in posi-
tional homology. It is for these reasons that we consider
secondary structure alignment to be overall more accu-
rate than progressive multiple alignment for construct-
ing datasets for rRNA sequences, while also recognizing
that producing structural alignments is very labor in-
tensive and not without ambiguity. Notably, in the com-
bined analysis of 18S + 28S data, the secondary structure
analyses with paired-site models (ML, GTR GAMMA/
RNA7A; Bayesian, REV/RNA7A) yielded identical phy-
logenetic tree topologies, with many strongly supported
clades. We believe these hypotheses represent the best
estimates of the rRNA gene tree for the sampled taxa.
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