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Summary — This study presents the use of relaxed molecular clock methods to infer the dates of divergence between Panagrolaimus
species. Autocorrelated relaxed tree methods, combined with well characterised fossil calibration dates, yield estimates of nematode
divergence dates in accordance with the palaeontological age of fossil ascarid eggs and with the previously estimated date of 18 Ma
(range 11.6 to 29.9 Ma) for the divergence of the Caenorhabditis lineage. Our data indicate that Panagrolaimus davidi from Antarctica
separated ca 21.98 Ma from its currently known, most closely related strain. Thus, P. davidi may have existed in Antarctica prior to the
Last Glacial Maximum, although this seems unlikely as it shares physiological and life history traits with closely related nematodes from
temperate climates. These traits may have facilitated colonisation of Antarctica by P. davidi after the quaternary glaciation, analogous
to the colonisation of Surtsey Island, Iceland, by P. superbus after its volcanic formation. This study demonstrates that autocorrelated
relaxed tree methods combined with well characterised fossil calibration dates may be used as a method to estimate the divergence
dates within nematodes in order to gain insight into their evolutionary history.

Keywords — 18S rDNA SSU, 28S rDNA, Antarctica, Bayesian methods, CIR process, Crustacea, divergence dates, evolutionary
history, Insecta, Nematoda evolution, palaeoendemism, Panagrolaimus, Panagrolaimus davidi, Panagrolaimus superbus, Phylobayes,

phylogeny, relaxed tree methods, Surtsey Island.

The family Panagrolaimidae comprises predominantly
free-living nematodes that have evolved to survive in
a wide range of substrates and locations. These free-
living bacteriophage nematodes have been associated
with soil, leaf-litter, rotting fruit, rotting wood and other
fermenting substrates (Lazarova et al., 2004; Barriere
& Félix, 2006; Stock & Nadler, 2006; Fonderie et al.,
2009; McGill et al., 2015). They have been isolated
from diverse habitats such as terrestrial deep subsurface
water (Borgonie et al., 2011), deserts (Zhi et al., 2008;
Darby et al., 2010) and polar regions (Bostrom, 1988;
Wharton & Brown, 1989). Many of these locations
have unfavourable growth conditions; however, several
members of the Panagrolaimidae have adapted to survive
in these extreme environments (Shannon et al., 2005;
McGill et al., 2015).
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Two forms of adaptive response to unfavourable envi-
ronmental conditions have been described: capacity adap-
tations, and resistance adaptations (Wharton et al., 2002).
Capacity adaptations enable extremophile organisms to
grow and reproduce under conditions that would be lethal
to most mesophiles, while resistance adaptations allow or-
ganisms to survive environmental stress by entering into
a dormant state until favourable conditions return. Capac-
ity and resistance adaptations have both been described
among members of the Panagrolaimidae. Turbatrix aceti
can tolerate extreme pH environments, maintaining activ-
ity from pH 1.6-11.0 and growing between pH 3.5-9.0
(Nicholas, 1984), and Halicephalobus mephisto isolated
at a depth of 1.3 km from hypoxic subsurface fracture
water is capable of growing at 41°C (Borgonie et al.,
2011).
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Potent resistance adaptation in the form of anhydro-
biosis and cryobiosis occurs in several Panagrolaimus
species (Aroian et al., 1993; Wharton & Barclay, 1993;
Wharton & Ferns, 1995; Shannon et al., 2005; McGill et
al., 2015). Anhydrobiosis and cryobiosis refer to the re-
versible ametabolic state that organisms utilise to survive
conditions of extreme desiccation (Crowe et al., 1992) and
freezing temperatures, respectively (Clegg, 2001). These
forms of resistance adaptation are suited to extreme envi-
ronments, and may aid in dispersal in the case of desic-
cated anhydrobiotes (Nkem et al., 2006). Panagrolaimus
davidi, isolated from Ross Island, Antarctica, is the best
characterised example of a nematode that is anhydrobi-
otic but can also survive freezing when fully hydrated
(Wharton & Ferns, 1995). Phylogenetically, P. davidi is
contained within a clade of parthenogenetic, anhydrobi-
otic and cryotolerant nematodes (McGill et al., 2015).
Although P. davidi was isolated in Antarctica, its most
closely related strain identified to date is Panagrolaimus
sp. PS1579 isolated in San Marino, California (Shannon et
al., 2005; Lewis et al., 2009). Outside of this clade there
are several other anhydrobiotic and cryobiotic Panagro-
laimus species and strains from diverse geographical re-
gions (McGill et al., 2015).

Panagrolaimus superbus was isolated from a gull’s nest
on Surtsey Island, Iceland (Bostrom, 1988). Surtsey Is-
land was formed from 1963-1967 by volcanic eruptions
(Bladursson & Ingadéttir, 2007). Therefore, P. superbus
cannot have evolved on Surtsey Island; it was transported
there following the volcanic origin of the island. A sub-
stantial number of Antarctic micro-invertebrates, includ-
ing nematodes, show a high degree of endemism (Whar-
ton & Ferns, 1995; Andrassy, 1998; Maslen & Convey,
2006; Convey & Stevens, 2007; Convey et al., 2008; Pugh
& Convey, 2008). The close relationship between P. davidi
and other parthenogenetic, anhydrobiotic and cryotolerant
nematodes from temperate regions suggests the possibil-
ity that P. davidi, like P. superbus, may not be endemic
to Antarctica (Lewis et al., 2009; McGill et al., 2015) but
may have been transported there more recently as an an-
hydrobiotic propagule. Information on divergence dates
among the Panagrolaimidae would greatly increase our
understanding of the evolution and dispersal of P. davidi.

Estimates of nematode divergence have been hampered
both by the paucity of nematode fossils (Poinar & Boucot,
2006) to calibrate a molecular clock and the substantial
heterogeneity of nucleotide substitution rates in different
nematode lineages (Blaxter et al., 1998). Despite these
problems, molecular clock methods have been used to

900

estimate divergence times amongst nematodes. Various
strategies have been utilised: 7) a strict molecular clock,
with the molecular clock rate for globin and cytochrome
being extrapolated from metazoan phylogenies, predomi-
nantly chordate and arthropod (Vanfleteren et al., 1994);
ii) the use of a single calibration point for the time of
divergence of nematodes from arthropods (Coughlan &
Wolfe, 2002; Stein et al., 2003); and iii) from a taxonom-
ically local clock inferred from internal calibration dates
from the neutral mutation rate of selected genes in liv-
ing populations of Caenorhabditis elegans (Cutter, 2008).
The method employed has also been used to approxi-
mate the divergence date between P. davidi and its closest
known relatives (Lewis et al., 2009).

Strict molecular clock methods generally assign a sin-
gle substitution rate to the entire tree (Zuckerkandl &
Pauling, 1962). However, the realisation that heterogene-
ity of substitution rates between lineages and rates is com-
mon (Welch & Bromham, 2005) has led to a methodolog-
ical shift towards relaxed clock methods that does not as-
sume a constant evolutionary rate across the phylogeny
(Drummond et al., 2006; Lepage et al., 2007; Lartillot
et al., 2009). Since nematodes display great heterogene-
ity of nucleotide substitution rates between lineages, in
this study we employed relaxed molecular clock meth-
ods to infer divergence dates within the Panagrolaimidae.
We used five palacontological minimum and maximum
date estimates for arthropod lineage splitting events (Ben-
ton et al., 2009; Rota-Stabelli e al., 2013) to calibrate
the clock. Three relaxed molecular clock methods were
tested: the autocorrelated CIR (Lepage et al., 2007) and
LogNormal (Thorne et al., 1998) models, and the uncor-
related gamma multipliers (Ugam) model (Drummond et
al., 2006). The results obtained by these relaxed molec-
ular clock methods were compared with those obtained
using the strict molecular clock method. The results of
our analyses show that relaxed molecular clock models,
when combined with well characterised insect and crus-
tacean fossil calibration dates, give nematode divergence
dates that agree with the palaeontological age of fossil as-
carid eggs (Poinar & Boucot, 2006) and the date for the
divergence of C. elegans and C. briggsae as estimated
by Cutter (2008) using internal calibration dates derived
from neutral substitution rates in living populations of C.
elegans. These correlations suggest that our estimates for
lineage splitting within the Panagrolaimidae are reliable
and informative. As far as we are aware, this is the first
report on the use of relaxed molecular clock methodology
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combined with fossil-based calibration dates to estimate
nematode divergence times.

Materials and methods

SOURCES AND CULTURING OF NEMATODES

The sources and geographic origins of Panagrolaimus
isolates used in this study are listed in Table 1. The ne-
matodes were cultured at 20°C in the dark on nema-
tode growth medium (NGM) plates supplemented with
streptomycin sulphate (30 pg ml~') and containing a
lawn of streptomycin-resistant Escherichia coli strain
HB101 obtained from the Caenorhabditis Genetics Center
(CGC) (http://www.cgc.cbs.umn.edu). Nematodes were
harvested from the NGM plates using sterile distilled wa-
ter as described by McGill et al. (2015).

DNA EXTRACTION AND RDNA SEQUENCING

Nematode DNA was extracted using a modified version
of the DNeasy Blood and Tissue Extraction kit (Qiagen).
A 100-200 ul packed nematode pellet was ground in
200 ul of nematode lysis buffer (20 mM Tris-HCl
pH 7.5, 50 mM EDTA, 200 mM NacCl, 0.5% (w/v) SDS)
under liquid nitrogen. The remainder of the extraction
protocol followed the manufacturer’s instructions for
animal tissues, including RNase A digestion.

Primers were designed for the rDNA 18S small sub-
unit (SSU) based on alignment of existing panagrolaimid
and closely related nematode sequences available in Gen-
Bank (http://www.ncbi.nlm.nih.gov/genbank/). The 18S
rDNA SSU genes of the Panagrolaimus species (P. su-
perbus, P. rigidus sp. AF36, Panagrolaimus sp. PS1579
and Panagrolaimus sp. ASO1) were amplified in two

Table 1. Source of the Panagrolaimus isolates used in this study.

overlapping regions as follows: the first half was ampli-
fied using 18S_StartF (5'-TAAACACGAAACCGCGTA-
3’) and 18S_InternalR (5-ATCTGATCGCCTTCGATC
CT-3') primers. The second half was amplified with
18S_InternalF  (5-GTGAAATTCGTGGACCCTTG-3')
and 18S_EndR (5-TACGGCCACCTTGTTACGAC-3)
primers. PCR amplicons were cloned into the pJetl.2/
blunt vector (Thermo Fisher Scientific) and transformed
into E. coli TOP10 cells (Invitrogen). Plasmids were pu-
rified using the Qiaprep Spin Miniprep kit (Qiagen) and
sequenced by LGC Genomics (Berlin, Germany). Inserts
from a minimum of two plasmids were sequenced in for-
ward and reverse direction and assembled using the CAP3
assembly program (Huang & Madan, 1999). These new
sequences were deposited in GenBank and are listed in
Table 2.

PHYLOGENY RECONSTRUCTION

The GenBank accession numbers of nematode, arthro-
pod and annelid 18S rDNA SSU and 28S rDNA D3 ex-
pansion region of the large ribosomal subunit (LSU) se-
quences used in this analysis are presented in Table 2.
The sequences were aligned using MUSCLE alignment
software (Edgar, 2004). The 18S rDNA SSU alignment
was optimised by structural alignment with RNAsalsa
(Stocsits et al., 2009), using the Saccharomyces cerevisiae
rDNA SSU structure as a reference. The 1520 character
18S rDNA SSU and 28S rDNA D3 expansions region of
LSU sequences were trimmed, concatenated (Fig. S1 in
the Supplementary material), and used to infer a Bayesian
phylogeny with Phylobayes (version 3.3f) (Lartillot et
al., 2009). The annelid and kinorhynch species, Eisenia
foetida and Pycnophyes kielensis, were used as outgroups.

Species and strain Location Habitat Source Reproduction
Panagrolaimus davidi Ross Island, McMurdo Sound, =~ Moss and algae Prof. David Wharton Parthenogenetic
Antarctica
Panagrolaimus rigidus sp. AF36  Fayette County, PA, USA Soil CGC (isolated by Male/female
Prof. Andras Fodor) (amphimictic)
Panagrolaimus superbus Surtsey Island, Iceland Gull’s nest in Prof. Bjorn Sohlenius Male/female
a lava cavity (amphimictic)
Panagrolaimus sp. ASO1 Leixlip, Co. Kildare, Ireland A roof gutter Dr Adam Shannon Male/female
(amphimictic)
Panagrolaimus sp. PS1579 Huntington Botanical Gardens,  Soil CGC (isolated by Parthenogenetic
San Marino, CA, USA Prof. M.-A. Félix)
Vol. 19(8), 2017 901
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Table 2. GenBank accession numbers for the rDNA sequences used in the molecular clock analyses.

Organism GenBank accession number

28S rDNA D3 region 18S rDNA
Panagrolaimus superbus AY878376 KC522707*
Panagrolaimus rigidus sp. AF36 AY878379 KC522706*
Panagrolaimus davidi AYS878385 AJ567385
Panagrolaimus sp. PS1579 AYS878383 KC522714*
Panagrolaimus sp. ASO1 FI717472 KC522708*
Halicephalobus mephisto GUS811759 GQ918144
Halicephalobus gingivalis DQ145637 AF202156
Caenorhabditis elegans X03680 X03680
Caenorhabditis briggsae AY604481 FJ380929
Nippostrongylus brasiliensis AMO039748 AJ920356
Trichostrongylus colubriformis AMO039743 AJ920350
Ascaris suum FJ418792 U94367
Pseudoterranova decipiens AYS821763 U94380
Dorylaimus stagnalis AY 592994 AY2847T71
Trichodorus primitivus AM180729 AJ439517
Nasonia vitripennis GQ374784 GQ410677
Apis mellifera AY703551 AB126807
Chironomus tentans X99212 X99212
Aedes albopictus L22060 X57172
Musca domestica AJ551427 DQ133074
Drosophila melanogaster M21017, M29800 M21017, M29800
Daphnia magna AF532883 AM490278
Artemia salina AF169697 X01723
Pycnophyes kielensis AY863411 PKU67997
Eisenia fetida X79872 AF212166

* Sequences generated in this study.

Each phylogenetic reconstruction for each nucleotide
substitution test was repeated ten times over several
random splits and the log likelihood scores averaged.
The substitution rate variation was modelled using a
Gamma distribution with four discrete categories. Two
independent Markov chains were run in parallel and the
chains compared for convergence using the tracecomp
and bpcomp program with default parameters. When the
chains had converged sufficiently (maxdiff < 0.3 and all
effective sizes larger than 50) the chains were stopped,
one-fifth of the total number of trees was removed as
‘burnin’ and the majority-rule posterior consensus tree
constructed with the readpb program in Phylobayes.

Cross-validation tests implemented within Phylobayes
were used to compare and select the best fitting nucleotide
substitution model (Lartillot er al., 2009). The cross-
validation program within Phylobayes splits the dataset
into two (unequal) parts: the learning set and the test set.
The parameters of the model are trained on the learning
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set and these parameter values are then used to compute
log likelihood scores of how well the set test is predicted
by the model. When comparing two models, a positive
value indicates that the test model fits the data better than
the reference model (model tested against).

Saturation (i.e., multiple recurrent substitutions at a
given site in the sequence alignment) results from homo-
plasies and it can create convergences between unrelated
taxa and inaccurate phylogenetic signal. Therefore, it is
important that the molecular clock model anticipates the
sequence saturation. In Phylobayes this is achieved using
the posterior predictive model checking program ppred
using the —sat option. The value of a given summary statis-
tic observed on the true dataset is compared with the null
distribution of the summary statistic under the model in
a method similar to parametric bootstrapping. Each sub-
stitution model was tested for how well the model could
anticipate sequence saturation using the Phylobayes ppred
program. Where the posterior predictive value returned by
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Table 3. The maximum and minimum date estimates used to
calibrate the molecular clock (data from Benton et al., 2009),
together with their corresponding node numbers in Figure 2.

Node Minimum  Maximum
age (Ma) age (Ma)
Nematode and Arthropod (Node 23) 520.5 581
Crustaceans and Insects (Node 20) 510 543
Hymenoptera and Diptera (Node 18) 238.5 307.2
Within Diptera (Node 16) 238.5 295.4
Within Hymenoptera (Node 19) 152 243

Phylobayes ppred is similar to the observed homoplasy
the model accurately predicts the level of saturation.

CLOCK ANALYSES

Divergence times were calculated using Phylobayes
(version 3.3f) (Lartillot et al., 2009) using the concate-
nated 18S/28S rDNA sequence alignment, the optimal
tree inferred from the best fitting substitution model (Cat-
egories (CAT)-General Time Reversible (GTR)), calibra-
tion dates (Table 3), and the outgroup species identities.
Two autocorrelated molecular clock models were tested:
the CIR process of Lepage et al. (2007) and the Log-
Normal (Thorne et al., 1998). These were compared with
the uncorrelated Ugam molecular clock model (Drum-
mond et al., 2006) and a strict molecular clock. The
best-fitting relaxed clock model was selected based on
the results of the cross-validation tests and its capacity
to anticipate sequence saturation as described above. For
non-calibrated nodes, we used a birth-date prior on diver-
gence times and a gamma distributed root prior of 550 Ma
(Precambrian, Upper Edicaran) with an SD of 50. We
calibrated the clock at five nodes and treated all calibra-
tions as soft-bounds to allow for the possibility that true
divergence times may lie outside the specified calibra-
tion bounds (Yang & Rannala, 2006). A value of 2.5%
of the probability to lie outside each calibration interval
was allocated (see sensitivity assays). A Markov chain
was run for a minimum of 10 000 cycles and the posterior
mean tree was obtained using the readdiv program imple-
mented with Phylobayes, discarding one-third of the trees
as ‘burnin’. Five replicate chains were run for each model
and priors tested, and ten replicates were used in the final
analysis to infer the final molecular clock.

SENSITIVITY ASSAYS

Bayesian interference as implemented by Phylobayes
creates a posterior probability tree using a model of

Vol. 19(8), 2017

evolution based on prior probability distributions (i.e.,
to allow for the probability that the true divergence that
may lie outside the specified calibration bounds) for each
parameter. The following tests were performed to assess
the effect of varying the priors on the estimated divergence
dates: i) relaxing the soft-bound by allowing either 2.5,
10, 20 or 50% of probability mass to be allocated
outside the min-max calibration interval; i) employing
a less fit nucleotide substitution model; and iii) altering
the SD of the root age. For each test, five replicate
chains were ran and only the prior under investigation
was changed. Each chain was run for a minimum of
10000 cycles and the posterior mean chromatogram
was obtained using the readdiv program implemented
with Phylobayes, discarding one-third of the trees as
‘burnin’.

Results

PHYLOGENETIC RELATIONSHIP BETWEEN THE
NEMATODES AND ARTHROPODS

A Bayesian tree was constructed for the Panagrolaimus
and other test nematode species along with the arthropod
species that were used as palaeontological calibrators
(Fig. 1). The CAT-GTR (Fig. 1) and CAT (Fig. S2 in the
Supplementary material) substitution models gave similar
topologies and fitted the data better than the GTR model
(Fig. S3 in the Supplementary material) when compared
by cross-validation tests (Table 4) and the estimation of
saturation level (Table 5). CAT-GTR was selected as the
substitution model for subsequent analysis as it performed
better than the CAT model in the cross-validation and
saturation tests. The tree topology inferred by the CAT-
GTR model was used as the fixed topology for molecular
dating under a variety of clock models. This tree topology
has high Bayesian posterior probability support and is in
accordance with the current hypothesis of phylogenetic
relationship for these taxa. The Panagrolaimus nematodes
form a single clade. Halicephalobus mephisto and H.
gingivalis, also members of the family Panagrolaimidae,
form a sister clade to the Panagrolaimus species. All other
nematodes are grouped outside the Panagrolaimidae, with
Dorylaimia and Enoplia nematodes the most basal in
the clade. The arthropods form a single clade. The
Diptera (Musca domestica, Drosophilia melanogaster,
Chironomus tentans and Aedes albopictus) form a clade,
with the Hymenoptera (Nasonia vitripennis and Apis
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Fig. 1. Hypothesis of phylogenetic relationships among nematodes and arthropod species used for molecular clock analyses. Bayesian
inference tree derived from concatenated sequences from the rDNA SSU and 28S rDNA D3 expansion regions of the LSU under the
CAT-GTR nucleotide substitution model. The sequences were aligned using MUSCLE (Edgar, 2004) and the 18S rDNA alignment
was optimised with RNAsalsa (Stocsits et al., 2009). Branch supports and the node numbers are shown in bold. Panagrolaimus sp. are
collared, other nematodes are indicated in red, arthropod calibrator species are indicated in green and outgroups are in brown.

Table 4. Cross-validation of substitution models 4= SD.

Reference™ GTR-CAT CAT GTR
GTR-CAT - —2.636 £+ 6.47421 —7.197 £5.77984
CAT 2.636 £ 6.47421 - —4.561 £9.11368
GTR 7.197 £5.77984 4.561 +9.11368 -

* A positive value for the test model against the reference models indicates that the test model

fits the data better.

Table 5. Substitution model prediction of sequence saturation £
SD.

Model Observed homoplasy Posterior predictive
GTR-CAT 3.15361 £ 0.251034 3.12606 £ 0.260003
CAT 3.06436 + 0.24575 3.05596 + 0.262086
GTR 1.8788 £ 0.0708481 1.8116 = 0.095836

mellifera) forming a separate group. The crustaceans
(Daphnia magna and Artemia salina) form a distinct clade
constituting the sister group of the insects.

904

MOLECULAR CLOCK ANALYSIS

Having selected CAT-GTR as the best-fitting nucleotide
substitution model (Tables 4, 5) we compared divergence
dates under four different molecular clock models: the
autocorrelated LogNormal and CIR models, the uncor-
related gamma model, and the strict molecular clock
model. Cross-validation tests of the molecular clock mod-
els tested under a CAT-GTR fixed tree topology found that
there was no clear best-fit model between CIR, LogNor-
mal and Ugam (Table 6). The strict molecular clock was
found to fit the data considerably less than the CIR, Log-
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Table 6. Cross-validation of molecular clock models + SD.

Reference* CIR LN Ugam Strict

CIR - 1.242 £ 2.0816 2.582 £3.21491  —70.878 £ 11.417
LN —1.242 +2.0816 - 1.34 + 1.48416 —72.12 £ 12.852
Ugam —2.582 +3.21491 —1.34 + 1.48416 - —73.46 £+ 13.0805
Strict 70.878 + 11.417 72.12 + 12.852 73.46 £+ 13.0805 -

* A positive value for the test model against the reference models indicates that the test model fits the

data better.

Table 7. Molecular clock model prediction of sequence satura-
tion £ SD.

Model Observed homoplasy  Posterior predictive

CIR + GTR-CAT 2.67699 £ 0.175591  2.66249 £ 0.187497

CIR + GTR 1.848 +0.0709461  1.78675 £ 0.0871034
CIR + CAT 2.48757 £ 0.150912  2.48319 £ 0.160678
LN + GTR-CAT 2.93967 +0.212665  2.92201 £ 0.221946

Ugam + GTR-CAT  3.78092 + 1.01431 3.77079 + 1.04156
Strict + GTR-CAT  2.80579 £ 0.195787  2.76971 £ 0.202151

Normal and Ugam models (Table 6). Each model was also
tested for its ability to predict sequence saturation when
run under a CAT-GTR fixed topology (Table 7). All mod-
els predicted similar levels of sequence saturation to those
observed in the sequence data. The uncorrelated Ugam
model predicted higher saturation that the other models,
but, with a comparatively high SD for these values, it was
not considered to be significantly different to the other
models with low SD values.

The optimal dates at each node for the CIR, LogNormal
and Ugam model were compared and plotted (Fig. 2A, B).
The optimal dates between each model for each node
were highly correlated (Table S1 in the Supplementary
material) with a highly significant P-value of <0.0001.
The dates between the CIR and LogNormal autocorrelated
models were similar (Spearman r = 0.9757, R? =
0.9682) (Fig. 2A). The Ugam and CIR results were
also similar (Spearman r = 0.9704, R> = 0.9075),
with the largest difference between the models at node
14 (Dorylaimia and Enoplia) 21 (crustaceans) and 22
(Annelida and Kinorhyncha) (Fig. 2B). For nodes 14,
21 and 22, the Ugam model predicts a wide range of
minimum and maximum divergence dates (Fig. S4B in
the Supplementary material). The CIR optimal date lies
within the dates of the Ugam for nodes 14, 21 and 22,
but with a lower optimal divergence date. The optimal
divergence dates when compared to the strict molecular
clock (Fig. 2C) were correlated (Spearman r = 0.947,

Vol. 19(8), 2017

R? = 0.9030); however, when comparing the maximum
and minimum divergence dates of each model the strict
model differs (Fig. S4C). The strict model has a narrow
range between its minimum and maximum dates. For
many of the nodes the maximum dates (Table S1) are
lower than the optimal dates of the other models, so the
strict model may underestimate the divergence dates.

Since the strict model was predicted to fit to the data
least by cross-validation it was not considered further.
The Ugam model was also discarded because the range
between the minimum and maximum divergence dates
that it generated was wide with differences of up to 457
Ma (Fig. S4B). The correlated CIR and LogNormal au-
tocorrelated models gave similar optimal, minimum and
maximum dates and from cross-validation and saturation
tests either model would be suitable for further analysis
(Fig. S4A). The CIR model was selected for the final
molecular clock (Fig. 3; Table 8) as globally the range
between the minimum and maximum dates was narrower
with this model than with the LogNormal model.

The estimated molecular divergence times for four of
the five calibration nodes obtained using the autocorre-
lated CIR model were similar to the fossil calibration
dates (Table 3), with the optimal divergence dates lying
within the range of the minimum and maximum dates pro-
posed by Benton ez al. (2009). The only date that differed
was the estimated date of 321.2 Ma (306.5-342.6 Ma) for
the divergence between the Hymenoptera and the Diptera.
This is older than the date used for calibrating the tree
(238.5-307.2 Ma). However, recent phylogenies present
evidence that the divergence of the Hymenoptera from
the other holometabolous insects (including the Diptera)
is much older than 238.5-307.2 Ma. Misof et al. (2014)
estimated the divergence date between the Hymenoptera
and the Diptera at 344.7 Ma (317.8-372.4 Ma) — the op-
timal divergence date that we obtained for the divergence
between the Hymenoptera and the Diptera under the CIR
model lies within this range.
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Fig. 2. Sensitivity experiments showing the effect of different models and parameters. Divergence dates were assessed after varying
different priors, and dates plotted (y-axis) against the dates obtained under the best-fitting model and priors (CIR 4+ CAT-GTR models,
with default soft-bound and using calibrator dates) to investigate the properties (slope and R?) of the regression line interpolating the
two estimates. A: CIR model compared to the LogNormal model; B: CIR model compared to the Ugam model; C: CIR model compared
to the strict molecular clock; D: CIR model with the CAT-GTR nucleotide substitution model compared to the CIR model with the GTR
nucleotide substitution model; E: CIR model with the CAT-GTR nucleotide substitution model compared to the CIR model with the
CAT nucleotide substitution model; F: CIR with a root-age SD = 50 Ma compared to CIR with a root-age SD = 20. Each dot represents

anode as indicated in Figure 1.

SENSITIVITY ASSAYS

Relaxing the soft-bounds

A soft-bound prior probability distribution may be
applied to the calibration dates to allow for the probability
that the true divergence times may lie outside the specified
calibration bounds (Yang & Rannala, 2006). The effect
of varying the soft-bound prior on the divergence dates
for each node was tested for 10, 20 and 50% (Table S2
in the Supplementary material). Changing the soft-bound
prior does not affect the majority of the nodes but the
divergence dates for nodes 15, 16, 17 become younger and
the divergence dates for nodes 18 and 21 become older
as the soft-bounds are relaxed. Altering the soft-bound
has the largest impact on nodes that have been calibrated
rather than nodes near the root or within the nematodes.
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As we do not have any calibration points within the
nematode section of the tree, the strictest setting of a
default value of 2.5% was maintained as the soft-bound
prior in the final molecular clock (Fig. 3) and for all
subsequent analyses.

Employing a less fit nucleotide substitution model

Cross-validation and saturation tests found the CAT-
GTR nucleotide substitution model to fit the data best.
Saturation test showed that the CIR model combined with
either CAT-GTR or CAT nucleotide substitution models
predicted similar levels of saturation and the predicted
levels of saturation were similar to those observed in the
sequence data (Table 7). The CIR model, when combined
with the GTR nucleotide substitution model, predicted
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Fig. 3. Chronogram obtained for selected nematode taxa using the autocorrelated CIR model (Lepage et al., 2007) applied to rDNA
SSU and 28S rDNA D3 expansion regions of the LSU. The 95% credibility intervals for the age expansion estimates (grey bars) are
shown at each node. Fossil calibration dates for nodes 16, 18, 19, 20 and 23 (Table 3) were obtained from Benton et al. (2009) and are

indicated by open circles.

less saturation than observed and detected less saturation
than all other model combinations.

There was no effect on the optimal, minimum and max-
imum estimated divergences when comparing either nu-
cleotide substitution model with the CIR model for the
majority of nodes (Fig. 2D, E; Table S3 in the Sup-
plementary material). Under the CIR 4+ GTR, node 10
(C. elegans/C. briggsae and T. colubriformis/N. brasilien-
sis) and node 12 (Panagrolaimidae and other nematodes)
estimated older divergence dates than the CIR + CAT-
GTR or CIR + CAT combinations and, as nematode di-
vergence dates are the subject of this study and the cross-
validation and saturation data found GTR to be the least fit
model, the GTR substitution model was not used in subse-
quent analyses. When combined with CIR, the CAT-GTR
and CAT models give near identical divergence dates.
Since the CAT-GTR model was found to fit better follow-
ing saturation and cross-validation tests, it was used for all

Vol. 19(8), 2017

subsequent analysis in combination with the CIR molecu-
lar clock model.

Altering the SD on the root age prior

Lartillot et al. (2009) strongly advise the explicit
declaration of a prior value for the root when calculating
molecular divergence times. We specified a prior root age
of 550 Ma (Precambrian, Upper Edicaran (Cohen et al.,
2013; updated), and investigated the effect of changing the
SD of the root age prior probability value from 50-20 Ma.
Five replicate chains were ran and the mean divergence
times were calculated and compared to a SD of the root
age prior of 50 Ma (Table S4 in the Supplementary
material). Changing the SD did not affect the divergence
time for any node (R> = 0.999, P-value = 0.0001)
(Fig. 2F). A prior age of 550 Ma with an SD of 50 was
used in the final CIR CAT-GTR analysis (Fig. 3).
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Table 8. The optimal, minimum and maximum divergence dates
estimated for each node by the CIR molecular clock model +

CAT-GTR nucleotide substitution model.

CIR optimal CIR min CIR max

Node 1 24.76 £0.13 7.28 £0.06 56.65 +£0.68
Node 2 22.94 £ 0.1 7.81 £0.1 49.96 £0.2
Node 3 70.51 £0.33 3197 £0.21  122.17 £0.94
Node 4 120.37 £ 0.38 68.72 £0.26 178.64 £0.73
Node 5 179.99 £0.33 12352 £0.91 241.31 £0.47
Node 6 33.52+0.08 17 £0.09 62.94 £0.23
Node 7 106.93 £ 0.26 50.58 £0.32  163.49 +£0.57
Node 8 341.16 £0.44  269.22 £1.17  400.77 £ 0.65
Node 9 6.62 +0.03 2.18 £0.01 17.52 £0.24
Node 10 133.09 £ 0.4 78.34 £0.54  198.48 £0.95
Node 11 39.34 £0.22 12.51 £0.11 85.11 £0.84
Node 12 396.66 £0.48 32237 £0.92 456.92 £0.72
Node 13 488.25 £0.38 430.82+ 1.2 530.55 £0.43
Node 14  407.924+0.28 319.79 £0.82  473.66 +0.42
Node 15 176.4 £0.22  147.25 £0.54 201.2+0.33
Node 16 23454 £0.02 221.56 £0.11 242.4 +0.09
Node 17 116.35 +£0.22 7791 £0.71 148.98 £0.41
Node 18  321.16 £0.07  306.45 £0.05 342.57 £0.33
Node 19 189.65 £0.19  153.47+£0.2 232.72 £0.36
Node20 513.67+0.02 50798 £0.02 525.62+0.12
Node 21  286.34 £0.61  191.57 £0.83 369.6 £ 0.46
Node 22  493.13 £0.59 411.15+£1.48 5779 £ 1.11
Node23  573.95+0.04 555.4+£0.12 584.03 £0.05
Node 24  590.58 £0.22  564.84 £0.13  627.85 £0.55
Discussion

Nematoda are soft-bodied and as most are only mil-

limetres in length they fossilise poorly. There are two
main sources of nematode fossils: in amber or in copro-
lites of subfossils. Since the nematode fossil record is poor
and palaeontological evidence of divergence is lacking for
the vast majority of nematodes, including the Panagro-
laimidae, other methods to calculate divergence times are
required. Our data demonstrate that phylogenetic relaxed
molecular clock methods, combined with well-established
fossil dates of arthropods and crustaceans, provide an ac-
curate method to estimate nematode divergence dates and
gain insight into their evolutionary history.

SELECTION OF THE MOST APPROPRIATE NUCLEOTIDE
SUBSTITUTION MODEL AND MOLECULAR CLOCK
MODEL FOR THE NEMATODE AND ARTHROPOD
LINEAGES IN THIS DATASET

The rate of nucleotide substitution during evolutionary
time varies between nucleotide character states at a given
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site and can also vary across the nucleotide sites in a DNA
sequence. For example, sites that are more constrained
by natural selection show fewer substitutions than sites
that are less constrained. Failure to take into account this
rate heterogeneity among sites can lead to biased estima-
tions of branch lengths, with corresponding impacts on
estimates of evolutionary timescales (Jia ef al., 2014). In
cross-validation and nucleotide saturation tests the CAT-
GTR substitution model was found to fit best the observed
substitution rates across the nucleotide sites in our rDNA
alignment. Under the CAT (Categories) model, each site
in the alignment is potentially heterogeneous with re-
spect to the substitution process, with the total number
of classes being a free variable that reflects the substitu-
tional complexity of the underlying data set (Lartillot &
Philippe, 2004). The general time-reversible (GTR) model
includes parameters that allow unequal frequencies for the
four nucleotides and a distinct rate for each of the six pos-
sible pairwise nucleotide substitutions (Jia et al., 2014).
Combining the GTR model for nucleotide substitution at
a given nucleotide site with the CAT across sites substitu-
tion rate model has frequently been found to fit both nu-
cleotide and amino acid alignment data better than either
the GTR or CAT model alone (Lartillot et al., 2009).

The divergence time estimates obtained using four
molecular clock evolutionary models were compared in
a series of cross-validation and sensitivity tests to deter-
mine which molecular clock model had best described our
nematode and arthropod rDNA alignment. Three relaxed
molecular clock methods were tested; i) the autocorre-
lated CIR (Lepage et al., 2007) and LogNormal (Thorne et
al., 1998) models; ii) the uncorrelated gamma multipliers
(Ugam) model (Drummond et al., 2006); and iii) the strict
molecular clock molecular clock model. A strict molec-
ular clock model considers that nucleotide substitutions
occur at a constant rate through time among all lineages
in a phylogeny. Relaxed molecular clock models allow
the substitution rate to vary among lineages, and auto-
correlated relaxed clock models assume that neighbouring
branches in a phylogeny share similar rates of evolution
and that the rate of evolutionary change along a branch
depends on the time duration of the branch (Lepage et
al., 2007). In this way, the substitution rate under the re-
laxed clock model can be regarded as a trait that evolves
through time, perhaps in correlation with life-history char-
acteristics (Ho & Duchene, 2014). Cross-validation as-
says indicated that for our dataset the CIR (Lepage et al.,
2007) and LogNormal (Thorne et al., 1998) autocorre-
lated molecular clock models outperformed the uncorre-
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lated gamma multipliers model (Drummond et al., 2006)
and the strict molecular clock model. The divergence date
estimates obtained under the CIR model were selected for
the final molecular time tree (Fig. 3) because the ranges
between the minimum and maximum divergence dates
at individual nodes were narrower with this model than
with the LogNormal model. Sensitivity assays showed
that the divergence dates obtained using the CIR clock
model remained robust when tested for changes to the
soft-bound probabilities of the calibration dates when us-
ing an inferior nucleotide substitution model or when the
standard deviation of the root age was changed. Having
tested a representative selection of the available molecu-
lar models and approaches for estimating variations in nu-
cleotide substitution rates among lineages in phylogenetic
trees, we consider that the estimated divergence dates we
present for the nematode lineages in this study are robust
and reliable.

SUPPORT FOR MOLECULAR DATE ESTIMATES FROM
FOSSIL ASCARID EGGS

Validation of our molecular clock divergence estimates
are found in nematode eggs identified as members of
the family Ascarididae that were isolated in dinosaur co-
prolites from the Bernissart Iguanodon beds in Belgium
(Poinar & Boucot, 2006). This bone bed is dated be-
tween the upper Barremian and lowermost Aptian age of
the Cretaceous period 124-127.24 Ma (Schnyder et al.,
2009). According to our molecular clock analyses, the es-
timated divergence time for Ascaris (Ascaridida: Ascari-
didae) and Pseudoterranova (Ascaridida: Anisakidae) un-
der the CIR model is (50.58-163.49 Ma), with an opti-
mal date of 106.9 Ma. This is in good agreement with the
data for the Benissart nematode fossils, considering that
palaeontological dates always post-date the cladogenetic
events identified by molecular data.

DIVERGENCE TIME ESTIMATES FOR C. ELEGANS AND
C. BRIGGSAE

The divergence time of C. elegans and C. briggsae
is of much scientific interest. Previously, the divergence
time of C. elegans and C. briggsae was estimated to
be 80-110 Ma based on the divergence date between
nematodes and arthropods of ca 800-1000 Ma used to
calibrate the clock (Stein er al., 2003). However, it is
now clear that the 800-1000 Ma split between arthropods
and nematodes is inaccurate (Erwin et al., 2011; Rota-
Stabelli er al., 2013). The split between arthropods and
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nematodes occurred more recently at 520-581 Ma (Benton
et al., 2009). Cutter (2008) obtained a divergence date of
18 Ma (range 11.6-29.9 Ma) for these two Caenorhabditis
species. This result was obtained analytically, assuming:
i) a fixed mutation rate, estimated from C. elegans data;
ii) that each year corresponds to six generations in C.
elegans and C. briggsae; and iii) that equal rates of
substitution had occurred in the seven Caenorhabditis
species considered. Our results agree with those of Cutter
(2008) in supporting a recent divergence time between C.
elegans and C. briggsae (6.6 Ma, range 2.2-17.5 Ma).
A large number of inferences have been drawn with
reference to rates of genomic evolution in Nematoda and
in animals more broadly (e.g., Lynch, 2007). Many were
based on divergence estimates of ca 100 Ma between C.
elegans and C. briggsae. Based on our results and the
results of Cutter (2008) it is clear that many of these
conclusions need to be reassessed using a more recent
divergence date estimate.

MOLECULAR DATE ESTIMATES LINEAGE SPLITTING
EVENTS IN PANAGROLAIMIDAE

Within the order Rhabditida our estimates place the
divergence of Panagrolaimidae within the Devonian at
406.18 Ma (322.37-456.92 Ma). The estimated diver-
gence time of Panagrolaimus and Halicephalobus (both
members of the superfamily Panagrolaimidae) was in the
Jurassic at 178 Ma (123.5-241.3). By the Cretaceous an
anhydrobiotic phenotype had evolved in the ancestor of
the lineage leading to the davidi, superbus and Panagro-
laimus sp. ASO1 clades. Halicephalobus mephisto was
originally recovered from a borehole of palacowater, '4C
dating estimating the age of this borehole palaeowater
at 4500-6000 BP (Borgonie et al., 2011). Our molecular
clock analyses estimates the date of divergence between
H. mephisto and H. gingivalis at 33.5 Ma (17.0-62.9 Ma),
indicating that these two lineages are considerably older
than the date of the origin of the borehole palacowater
where H. mephisto was originally isolated.

Our data predict that the optimal mean divergence times
for the Antarctic P. davidi and the Californian Panagro-
laimus sp. PS1579 is 21.98 Ma (Aquitanian, Miocene).
Prior to this lineage-splitting event, the common ances-
tor of the members of the davidi clade already possessed
a robust freezing-tolerant phenotype along with the ca-
pacity to inhibit the growth and recrystallisation of ice
(McGill et al., 2015). Lewis et al. (2009) inferred diver-
gence estimates of 14 000-140000 years between P. da-
vidi and Panagrolaimus sp. PS1579, a date that is sig-
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nificantly younger than the divergence dates estimated in
our analyses. The divergence dates estimated by Lewis
et al. (2009) are based on extrapolation from the rate of
silent mutation in C. elegans and an assumption of either
ten or one nematode generations per year in these Pana-
grolaimus species. It is difficult to estimate the number
of generations per year for a genus that can survive for
more than 8 years in an anhydrobiotic state (Aroian et
al., 1993). If P. davidi and/or its sister species have expe-
rienced cumulative periods of anhydrobiosis during their
evolutionary history, their divergence time is likely to be
older than that proposed by Lewis et al. (2009).

IS P. DAVIDI PALAEOENDEMIC TO THE ANTARCTIC?

In the early Eocene Epoch (ca 55 Ma) Australia be-
gan to separate from Antarctica and drift northwards, al-
lowing the Antarctic Circumpolar Current to develop and
resulting in the thermal isolation of the Antarctic conti-
nent (Kennett, 1977). During the Oligocene (38-22 Ma)
glacial conditions became established throughout Antarc-
tica. High cooling rates occurred in Antarctica during the
middle Miocene (ca 14 Ma), a step often referred to as
the Miocene climate transition (Flower & Kennett, 1993).
Our data indicate that P. davidi separated from Panagro-
laimus sp. PS1579 22.9 Ma (7.8-50 Ma) — a period when
the Antarctic cryosphere was expanding rapidly. A similar
divergence date was estimated for the anhydrobiotic and
freezing-tolerant nematodes P. superbus (Surtsey, Iceland)
and P, rigidus (Pennsylvania, USA).

The reproductive and ecophysiological characters re-
quired for survival in Antarctic environments are gen-
erally consistent with the predictions of adversity (A)
or stress (S) selection (Greenslade, 1983; Convey, 2000,
2009). Such A/S selected traits, viz., long life span,
parthenogenesis, low reproductive rates, low temperature
thresholds for activity, and tolerance of extreme cold dur-
ing low energy-cost dormancy (Greenslade, 1983), are
clearly seen in the Antarctic nematode Scottnema lind-
sayae. Scottnema lindsayae is the sole member of a mono-
typic genus that is anhydrobiotic (Treonis et al., 2000)
and freezing-tolerant (Wharton & Raymond, 2015), and
is abundant and widespread in coastal regions and some
nunataks in continental Antarctica. In the laboratory its
optimal growth temperature is 10°C (Caldwell, 1981), its
reproductive cycle is 218 days and its fecundity declines
if cultured at a higher temperature (Overhoff et al., 1993).
By contrast, P. davidi possesses r-selected traits: high fe-
cundity, rapid growth rates, and a short life cycle (Brown
et al., 2004; Stocsits et al., 2009) — traits that are typical
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of many temperate nematodes with high colonising abil-
ity (Bongers, 1990). The optimal growth temperature of P,
davidi is ca 25°C and its life cycle at this temperature is
ca 10 days. At a lower temperature of 10°C its life cycle
increases to ca 36 days, with a greatly reduced fecundity
(Brown et al., 2004; Stocsits et al., 2009).

While many Antarctic invertebrates (including Scot-
tnema) are likely to be palacoendemic to Antarctica (Con-
vey & Stevens, 2007; Pugh & Convey, 2008), the great
majority of Antarctica biota (particularly arthropods and
bryophytes) are most probably recent colonists that be-
came established in Antarctica after the end of the qua-
ternary glaciation ca 10000-15000 years ago (Convey,
2009). The time since the last Pleistocene glaciation is
relatively short in evolutionary terms for new capacity
and resistance adaptations to arise in Antarctic inverte-
brates, particularly allowing for their extended life cycles.
Thus, Convey (2009) hypothesises that Antarctic colonis-
ers need to have prior possession of the behavioural,
ecophysiological and biochemical phenotypes necessary
for their survival in Antarctica. Our data indicate that
P. davidi separated from Panagrolaimus sp. PS1579 ca
22.9 Ma, and thus P. davidi may have existed in Antarc-
tica prior to the Last Glacial Maximum. However, we
feel that this is unlikely and hypothesise that P. davidi
may have been transported in an anhydrobiotic state to
Antarctica at a more recent date. We believe this because
the physiological and life history traits of P. davidi show
no evidence of an evolved response to polar conditions
that differs from closely related nematodes from temper-
ate climates. All members of the P. davidi clade are anhy-
drobiotic, freezing-tolerant, parthenogenetic, and have r-
selected reproduction. This combination of reproductive
and A/S selected resistance phenotypes is likely to have
contributed to the wide geographic dispersal of the mem-
bers of the clade and facilitated the colonisation of Antarc-
tica by P. davidi after the end of the quaternary glaciation
in a manner analogous to the recent colonisation of Surt-
sey Island by P. superbus.

Conclusion

The lack of nematode fossils has made the estimation
of divergence dates of nematodes difficult. This study
demonstrates that relaxed molecular clock methods, in
combination with known insect and crustacean fossil di-
vergence dates, can provide accurate and reliable diver-
gence date estimates for nematodes. Using molecular
phylogenetic methods, we have estimated the divergence
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dates for anhydrobiotic and freezing tolerant lineages of
Panagrolaimus nematodes, thereby providing an insight
into their evolutionary history. On the basis of these diver-
gence dates, combined with physiological traits, we hy-
pothesise that the nematode P. davidi is a recent coloniser
of the Antarctic. This analysis was completed using ca
1500 characters from two ribosomal gene sequences. With
the ongoing generation of large-scale nematode sequence
datasets, relaxed molecular methods are likely to be more
widely used to investigate and robustly confirm nematode
divergence dates.
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Trichodorus primitivis
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Fig. S1. Concatenated and trimmed 18S rDNA SSU and 28S rDNA D3 expansions region of LSU sequences generated using MUSCLE
alignment software.
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Fig. S1. (Continued.)
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Fig. S2. Hypothesis of phylogenetic relationships among nematodes and arthropod species used for molecular clock analyses under the
CAT nucleotide substitution model. Bayesian inference tree derived from concatenated sequences from the rDNA SSU and 28S rDNA
D3 expansion regions of the LSU under the CAT nucleotide substitution model. The sequences were aligned using MUSCLE (Edgar,
2004) and the 18S rDNA alignment was optimized with RNAsalsa (Stocsits et al., 2009). Branch supports are shown.
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Fig. S3. Hypothesis of phylogenetic relationships among nematodes and arthropod species used for molecular clock analyses under the
GTR nucleotide substitution model. Bayesian inference tree derived from concatenated sequences from the rDNA SSU and 28S rDNA
D3 expansion regions of the LSU under the GTR nucleotide substitution model. The sequences were aligned using MUSCLE (Edgar,
2004) and the 18S rDNA alignment was optimized with RNAsalsa (Stocsits et al., 2009). Branch supports are shown.

S9

Nematology

Downloaded from Brill.com09/18/2019 03:16:11PM
via Maynooth University



S10

Downloaded from Brill.com09/18/2019 03:16:11PM

via Maynooth University

Phylogenetic divergence times using relaxed molecular clocks

‘[epowt YD Y3 03 paredwod a19m S[Ipow (D) YOO[d Je[noow JoLIs pue () wed (y) [eutoNSoT
Y Jopun SIJep PIIeWNSd Y, 19S SeM AN[BA PUNOg-1JOs J[NeJap 2yl pue ()G Jo S & PIM BN (0SS JO 93e 1001 Joud B pue pasn sem UONN[OAd UONMIISQNS dp10d[onu
JO [opouwl Y LH-LVD Y} SISA[eu. 3SAY) 10 ‘[OPOW OB I0J (S[eAtaur AN[IQIPAID 95,G6) SAS8 9pou WNWIUIW PUB WAWIUIW pajewnsd ) Jo uostredwo)) ‘S “S1q

NN A R P TP
%%% %ooo%oo%%%%%%%%%%f%%%%%% FLE L L L L LS AX%%%JA,%%%% T gl g gl Af%%%%%o%
S S g %,%@o[/@»‘za.@,,ofo %%\@é%o,z@»‘,%é&@e s
H0S S H0S
001 ool 001
FOS1 oSt 0S|
100z 00z -00Z
a4 oSz H0SZ
(ooe {00 1-00E
H0SE }0SE 10s€E
1-00¥ gt 4 H-00Y
atcid a4 il
1005 }00S 005
0SS 0SS gZXRWN] & 0SS
oo loe A= %Sz U N = oo
%STUWHID &
Fose Fose %S'TXEW HID o= Loso
%S'TXEW D A %G Xew webn A
%SZTUW D = 0oL %S°Z ulw webn -=-
%TTUWUIO 4 T ANID D) wszuwyo - weBn ANID (9) NTANID (v)
%SG TXeW HIO -o- O %S TXEW H|D o

Vol. 19(8), 2017



LM. McGill et al.

LIOF ¥S'L8S 8L 8F Tress SI'0OFTW69S €60 F6IvP9 LTOF 8EErS  TOF 19€8S +vTOF 6909 SI'OFTELSS  T'0F 6818S SSOF S8LIY €I0OF ¥8¥9S  CT0F 85065 ¥ 9PON
€00 F S0T8S  69°0F LSIVS ST'OF 1€99S 166 FVLILS LI'OF L81ES 600F SS19S  LOOFOTE€8S  T°0F I¥0SS +vO0OF 9TILS SOOF €0O¥8S TI'OF ¥'SSS  ¥0'0F S6'ELS  €TOPON
IFTFOLSIy €LOFIEE8T €CLOFITSHE  SLOFTET6S 9TOFTL09  60'TF 6007 61'0F 98°L6S 6L 0F SLYCS  €0F 1TSS TITFOLLS BFTFSIIIY 650F €1°€6y  TTOPON
9€'0F T8LOC ¥ OFSTSEl ITOF8LO9L TV F8SYSH 1T0FCee  LEOF I'LO9T v OF S09ey  80TF ¢°L9C P'0F LS89E 9P'0F 969 €80F LSI61 190 F ¥€'98C 1T OPON
TTOF €8'%CS  SO0F 98°L0S €00F €€l 900 F S8I¥S TO0F S¥60S CO0F8ETTS  T'0F€91es TOOF 65805 €0°0FC6SIS TI'OF TISTS CO0F 86'LOS TO0OF L9CIS 0T 9PON
COFOLYL WOF VL6 TTOFELICT  ¥TOF6€8EC vO0OF96°6¥I LSOF S8T8L 800 F €T YIOF v’ LST ST'OF ILCOT 9€0FTLTEC  TOF Ly'eST 610 F S9°681 61 9PON
PEOF I80LE SCOFSLIE  LI'OFI6CHE 600 F ITIIE LI'OFEP'I8C ¥O'0OF 19°00€ 600 F 61°'1CE  SO'0F 60106  TO0F ve'60€  €£°0F LSTre SO0 F SH90€  LO'0F 91°'ITE 81 9PON
LOOF 06y  ST'OF¥¥8C  LOOF SO'8E IF8F¢ol CI'0OFB8Y0I  LVOFSOOL ¥I'OF6TYIC LVOFELSLT LOOF VLT  I¥OF 88T ILOFI6LL  TTOF SEOIT LI SPON
€0F LL'LST 900F 6L veC SO0OF I6'Crc 600 F 68%¥9C SO'0F €9°S€C  €0°0F L9SYC LOOFv'SvT  LOOF8S6CCT 100F €6°LEC 600 F ¥TvC  T1°0F 9SITC  TO0F ¥S¥€C 91 9PON
['0FS€0c  STOFSO09T  T'0OFLSI8T  69°0F LSLOT T€0F69°LS  61'0F 9Cel ITOF LET1CT €e0Fce68l  T'0OF1690C €€0FCTI0T  ¥SOFSTLYL TTOF V9L S19PON
TTFO66'LSE LTTFECEVT 6S0F LSL6T  LSOFCEIS  8S0F6LSS  9TOF 16°06T 1S0F LTHCS LSTFELBOE 9C0F COCLY TrOF 99°€Ly T8OF 6L°61¢ 8TOF TO'LOY  ¥71 9PON
¥9°0 F 20°9S¢ LF9T6vy  6T0FCO'STS  STOTF LY'LSS 8STFBOLSE 6T0F LI'L6y  6€0F vS6¥S LOOF 8TCOr  TOF IFEIS €F0F cS0es T FT80r 8E'0F ST88Y €1 9PON
69°0F 19667 €9°0F 96'ctt ¥TOF 6819 TS0 F LOTIS 86'0F €T'65C 9€0F 99107 €O TF6LT0S 60F¥Tvoe LEOFSL6EY TLOF T6'9SY TO'0F LETCE 8F'0F 99°96¢  TI 2PON
600 F S0¢ CI0OF oSyl SO0F€EL'IC Ly'TF60°€Cl  ¥0°0F €9°S 8I'0F €I'LE  PLOFLETIC €COFTWIC TWOF96P0I ¥80FII'S8 II'OFISTI  TTOFveee  I19PON
SrOF8E60C 8I'0F SEIST CTOFTCOLL  vE'1 F95°65C 8C'0F £9¢ 61'0F €L Vel TLTF€6'96C OI'L FL8C6  IS0OFITY6l  S6'0F 8¥'861 ¥S°0F vE8L 70 F60°€cl Ol 9PON
SO0F L9ST  ¥O'0OF ¥6'S 00F 61°01 6v'0F 86'8L  100FT9CT 800 F ¥¥'0C T8O F €SI0T Y00 F 8S'C FOFII'8C  ¥TOFCSLT  T00F8IT €0'0F 299 6 °PON
PSOF €8°CIF  60F C09CE CE0FTO0LE  ¥6'0F SOCEr ¥FOFTOIST  €70FTI88C 690F CTLLOY OLTF #E80€ I+ 0F S6°€6E S90F LLOOY LI'TFTT69C #70FOI'Ive  89PON
croFeeee 600F 6191 SO0F C6'ET 87’1 F86'LCC 600 F 68°S ECOFBLBS 190F 1L°€9¢ o611 F 1'68 POFT6CC LSOF6v'E9l CEOF BSOS  9T0F €6'901 L OPON
6I'0F 8196 €COF¥I¥9 CI0OFGS6L €OTFOPST  TT0OFL8OT 61'0F €08  T0CTFEI9ET 9TOFISHI  6TOFSYor €CO0F¥6T9  600F LI 80°0 F ¢see 9 9PON
I8°0F I896C €9°0F LO'SCT STOF €5719¢ LOF erove 6S0F8CLIL 8Y'0F LOLIC OI'IFSTre €T FLYIEL $S0F ¥88CC LyOF I€IVC 16°0F CSeCl  €€0F 66'6L1 S 9PON
CC0F8LS6  8TOF69¢H9  CI'0OF96'8L 6L T F¥6'C9C 8TOF 8Ly  ¥SOF 68°cel 80’1 FS8V6T €STFCSe6  LYOF PS8 €L0F¥9'8LI 9TOFTL8Y  8E'0F LEOTI ¥ 9PON
PIOF96°6F  LI'OFPC0E  600F8E6E  9€9T FCSPST  61°¢€F 6091 T0F €669 90 F 18°0CC LTOFOSLY ISOFICICI ¥6'0F LI'CCT ITOFLOIE  €€0F IS0L € 9PON
800 F8I'8L  SO0OF€ELL €0°0 F L£TL 9891 F L8'TOI  STEF 9S9 60°0 F 1€°€T LOFEvIL  ¥OOF 91l vT0F 6297 0 F 966y FoOF18°L I'0 Fv6'ce CT9PON
LOOF 90 ST €0'0F SS°S WOFIL6 LETF8098 100F I¥'C I'0OFcTLIT  8LOFEI'OPI  TOF €l POFO6LLS  890F G995 900 F 8T'L EI'0F 9LVC [ 9PON

Xew oIS utu 301s rewndo 101§ xew wes) uru wesn rewndo wesn Xew NI uru NI rewndo N1 xeur J[D) uru {1 rewndo Y10
‘1 a3

Ul PAJBOIPUL SB I8 SOPON "S[OPOW JO0[0 JB[NOJ[OW OIS pue weS() ‘[ewtoNSoT “Y[D Y3 Jopun (S F) SeIep 90uaSIoAIp [ewndo pue wNWIXeW ‘WNWIUIA] *IS J[qeL

Nematology

S11

Downloaded from Brill.com09/18/2019 03:16:11PM

via Maynooth University



Phylogenetic divergence times using relaxed molecular clocks

01 TSOTEOI'0 8081°96S 01 8L8T660°0 99LE'88S OI ISTO8IT'0 199€48S O 6TIOL60'0 SS8S'I8S OI  6S0000T°0 €0LT909 01 TOS6TITO FIVE66S 01 TSBOTOI'0 SEPYE6S 01 6LO6LITO 6T8S06S ¥T IPON
01 8EEISTI'0 T8SO'I8S OI LIBSEBO'0 [S68°SLS OI €66vPF0°0 90S9°TLS OI TLOLTKO'O  $9TILS OI  60L0S61°0 T9T0°L8S O SS8LSI0'0 €8LI°08S O 9P8SSEO0 88LL'SLS OT €€66LE0°0 HES6ELS €T OPON
0l ISI¥TTO v9P89LS O TEEEITO €859°89S OI $6EL96T0 900T'LIS OI 6TL8I6TO YEITSIS OI  9¥TOIV6'0 +LOL'LOS O1 TETL6S6'O L8STEIS 01  €9990€°0 [16€€0S O1 6TIII6S0  €1°€6 TTIPON
01 €8T8ITO SSLI'99E 01 6ITTSHED  S69°88E O 9ILLEFSO 9980°9LE OI €80L96E€°0 TELS'8IE OI 6STII6TO 9ESSTIE O1 8TOELLOV'O [LIL'STE 01 €LTLISY'O  1€09°60€ O1 16L8E19°0  LIEE 98T 1T APON
01 6ELOTLO'0 6EE8°L6Y O1  €9ST0°0 8SSO'EIS OI 18690€0°0 CI90°SIS O S¥T69T0'0 LYT6'SIS O ILPSYST'O 1L08'16F O1 9¥96TH0'0  8T9SOIS O €SI9ETO'0 6860°CIS 01 8980810°0 LPLYEIS 0T 9PON
Ol ¥6LYL6V0 SPP8IST 01 6991€1T0 988F°LIT O I¥TILLI'0 T1LOS'SOT OI 86£88%1°0  60L°T0T OI +ISEEIE0 CTOEIFIT O1 LILKTETO 998Y°€1T O1 THISITTO ThyI'661 OI TOVESSI0 8SH9'681 61 FPON
01 6€166vT°0 TTOL'89E 01 98L0SITO TLFI'I9E OI $9S69S0°0 TEOE'LTE O TIPIOTO'0 E€6EE°60E OI TYYESHY'0  68LI'6LE 01 TSTTHEY'O 1+96'98€ 01 16TTS81°0  +r6v°09¢€ 01 ¥669690°0 TSI ITE 81 FPON
01 SEILOTT0 ¥9SIHTS O THSPEETO  PLY'6ET O 66TLSFI'0 878081 OI ¥¥6SL90°0 T100'L6T OI  S68ETI'0 THI68'8E 01 9S6S0ET'0 TEO0S9L 01 68£TEOTO  LO8S'SOT O1 T10€TTO 16VE 9T LI 9PON
0I ISET09T0 €6£T6TI 01 9879780 8L68'80C OI [LLTITO0 L6LO'TET OI ¥9E9TI00 L6TE'LET OI  609LLSE'0  SHI6'LTI O1 6LOFIOE0 8I8IT6T 01 9L96080°0 6ET8'STT O €09910°0 S8ESHET 91 FPON
01 $99L9LT°0 TTPSO'I8 0L 609TETTO 9651191 01 $SLTIEL'0 9850461 OI €9¥T960°0 +906'90T OI 8TBOSST'O ¥LLYO08 01 9888IETO  €L00TEL O1 STEI6LIO  SOTTSIT O1 LOOOVITO  96€9LI SIOPON
0l  PLL8E0 €L6G'IPY O €T06¥T0 61S9'19F 01 S6EPPTE0 9STI'L9F O 69Y9E9€°0 €LIGTLY OI 6IEIFHS0 +SH8 0L 01 TH8868E'0 [LE6TTH 01 YIIEI6E0 LESI'SIH O1 6¥0VI8TO 8S16°L0Y 1 9PON
01 S9PLIET'0 SIEIH6Y 01 9E1S861°0  S8L'LOS OI SOLISOE'0 €9LI'0IS 01 96€€0T°0 SIIHEIS O 16296570 8S16°68% 01 TLLOIEY'0 TE8T86Y 01 TTHIYST'O 8910°S6F O ¥rbvr8E0 8EST'88Y €1 9PON
Ol THI6LTS'O  IPET16E 01 8650860  691°LTh OI TTLIST'E SLBO'9EY OI LEOTLIE'O 8SHL'6EY OI SEE8IISO  166606€ 01 6T€TI6C0 801080 01 €ITLEOEO +I81°90F OI 6¥6S187°0 1LS9'96€ T FPON
01 98€¥0SI°0 6£80T0E 01 S6TLISTO 9PTHI'TY 0L €1TLISHO 9188598 OI LSIL6IH0 18S6'F0L OI TRO88HT'O LIILYFT 01 1T90I+1°0 TISEY'EE 01 LILPSEI'0 €€69€°8€ O SE60ETTO LITHE6E 11 9PON
01 80LV10T0 €ST8SOI 01 £6£vP8F0 €6FL'EST O SSISE6F0 €691°LLL O STHOOISO $9STHEL O1  €9S19TH'0  TILY 601 O1 L86IFLTO LIVOOET 01 876088T0 LOSTOEL 01  9S9S6€°0 +060°€ET O FPON
0L L9¥9¥10°0 SLOOSY 0T $0980E1°0 90¥08'TT OI I6LSLLI'0 109000 OF 9¥¥I960°0 L901'8T OI 9860¥920°0 LILy'F O L6T9610°0 TIEL'S O $LILSTO0 TTELE9 O 9TESHED0 ¥09199 6 9PON
Ol GELIEPED €108°STE O 61S98F0  P6ESLE OI  LyLTBED TOSOY8E OI LIVTLOY'O E€SHE'E6E OI  LyPS89ST0  6ETESTE 01 60SIEE0 L6IL'LYE O1 HESOEE0 +IEL0SE O1 S8LOVPY' 0 LLSITHE 8 9PON
01 8ESI6EF'0 TEESOIT 01 88900FF0  $8E 181 OI TI9P98S'0 €89L°80T OI SE6TTOF0 SHOT6TT OI  LO9STSTO STEO'L6 O $SLO6TTO LISEEIT 01 LILSEOTO ISIIEIT O 1€61SSTO +LT6 901 L OPON
01 ¥906811°0 TSHS9'61 01 LSLIOIT'O SO0ST'TIE 01 SI9LLOS'O LO6Y8'OF 01 $6SIF6T0 ¥9ISH 6 01 9SOPEY80'0 FI0ES'ST O LESILPI'0 TISTL'6T O 90LOSKI'0 16L09°TE O 98L68LO0 L8TTSEE 9 9PON
01 9EEE0EE'0  80PGLEL 01 TTSSSTHO  SPOF'681 OI $960009°0 LIE0TIT O T€9Y6ES°0 89€8'8TT OI 6IIELLED 9SSTLST O 66L8€TTO 968 FLI 01 8OLPEETO SEIBTYT OI €E1S9TE0 9€66°'6L1 S APON
01 €I1TH66T0 1€S€9°T6 01 959985€°0 9P09°THI 01 60896TH0 TTSS'LIL OI €S6IELY'O €EFP'S8L OI  HSEVSLY'0 I18SLETE 01 8SILEVE'D GELTOIT 01 9LEOESI'0 69¥I°61T O1 $OTISLEQD +HLEOTI ¥ OPON
01 S6ILYTT0 6£589°TS 01 9ITSLTE0 S8T8F'98 01 +HSS8ISO TIGL'90T O 61€980S°0 L8OTITI OI TTYLSOE'0 86£6°0S O THIO9ETO 1961°T9 O 8P00I61°0 1L8SH'89 OI LLSOSE0 €VISOL  €9PON
01 $886980°0 YOTPLOT 0L LOVLYIL'0 €1S9P'6T OI €EY8LITO ¥SE'8E  OI 99099€T°0 ¥S88T'9F O  LSTIOOI'0 LIGOS'ST O S8LYS80'0 TL6Y'6I 01 €THI90°0 LTI86 1T OI ¥8TIL600 +8E6'TT  TOPON
01 £685980°0 LSYSL'LL 0L 9¥S8091°0 STIFI'VE 0L LTTIOLY'0 6¥S06'9F OI 9199%0F'0 +OL8E'LS O  TILOTTI'O SISLIOL 01 108SH01°0 90TTLOT 01 9Err60°0 €6v1S€C 01 TIEITEL'0 L96SLHT 1 9PON
N Wds rundo N WAS  rpundo N NES pundo N WHES rpundo N INES rpundo N WdS  rpundo N WAS  pundo N WNAS  [pwndo
4S %06 [PULIONSO] 4S %0 [PULIONSO] %01 [euwoN30] 4S %S [PUIONSO] 4S %08 ¥1D 4S %0T ¥1D 4S %01 ¥1D 4S %S T A

"1 21nS1 Ul PAIBOIPUI SB I8 SIPON
*9%0S PU® %0T ‘%01 ‘%S JO SPUNOQ-1JOS B YIIM S[SPOUL JOO[O JB[NIJ[OW 0L pue wed[) ‘TewIoNSOT I oy} Jopun sajep 20uaSIoAlp (NFS F) rewndQ S dqelL

S12

Vol. 19(8), 2017

Downloaded from Brill.com09/18/2019 03:16:11PM

via Maynooth University



LM. McGill et al.

01 908LEYL'0  90V9+8S 01 +OTIOPI'0 86557085 OI LO6LL8OL'0  9TEHLS OL YIE6SHI'0 TETH'69S 01 SLOIFSI'O  SE80°68S OI L9TTETI'0 €0SI98S O 8196T91°0 1199485 OI TOSY00TO LLOIE8S T FPON
01 S6961SI°0 +ITEI8S 01 8690991°0 LTSTLLS O1 99TSEIT'0  96€0°1LS O1 LITEOYI'0 TEIE99S 01  SOSSOOI'0 18LL'89S O  €999S0°0 L80E+9S 01 9II86TE0 TSLITIS 01 +TI0060°0 61SS19S €T FPON
01 $00LZ99'0 €TOESSE O1 986LYL'O THOP'8SE OI TLOLI9S'0  TETTESE OI €EL6LTLO SPITSHE O1  L86TL68'0 6THL'LSE O LITIF'T LLEYISE O 1L811T8°0 #ISOTHE OI TIL680'T 6160°0v€ TTOPON
01 L9ST06T0 +888°0L1 O1 8Y8ISE0 €9I+'PLL OI TE99E8TO  6€8°ILL OL 1H06L0TO €SLL'69T 01 9¥9091S°0 6FLY LIL OI €1S8¥TS0 SI6L'8IT O1 TITLSHH'0 TOES'LIL OI THEGYLED TS60°L9T 1T OPON
01 10L9061°0 9€09°16% 01 ¥8E0I80°0 96LE'LOS OI 96128T0°0  80E0TIS OI 69L89T00  TEE'EIS 01  LP09S80'0 86FE0IS OI LLO6TEO'D 9£9S0TS 01 TEEO9I0'0  TI6'ITS OI LTI9SIO0 TSLE'TTS 0T FPON
01 LL66TIT0 8Y01H'69 01 £4S0P60'0  8I1€T8 01 L8TESSI'0 86T00°€6 01 6£06L0T0 69TLITI O 88TTTTT'O EI1ESLTI O S685980°0 S9E9 VLI O 919€890°0 LLETO8T 01 9YOSHLS'O  €98°T8I 61 9PON
01 880EI¥E0 T6YY'SLY O1 LSL8FLSO E€SLY'Y9F OI $66608€°0  8LS6'SOY O  6SS91°0  L806THE 01  €9LEEITO 8IIL'LSE OI SHE0SO'0 69¥0 ITE O 8E900€0°0 99L6COE OI +EEIEO'0  L809'00E 81 FPON
01 L8S6TSO0 LIESO'6E 01 6L8F90°0 €FS86E OI TE6L690°0 L68I1I'6E 0L LPILSIO0 99TSO'8E 01 SEPLYSTO 6¥LTI'8S 0L 9KITSTTO SLSIE'8Y 01 6TTOSETO LIG6S 69 OI 89LESIF0 LITSO'OL LI FPON
01 T6VLELT'0 88€0°69T 01 ¥6TPSIE0 90TT'69T O1 TSES6TTO  SYLI'SST O €89TISO0 9¥16THT 01 689SSTI'0  1€¥8°6TC O1 LIL69YO'0 I+¥SOVT 01 9LTTEED'0 LESTHPT O1 614S8TO'0  LELI'SHT 91 FPON
0l 9LL9ITO 60SS€0T O LYLLYSTO 1220°H0T O1 TELT66I'0  6TOL°E6L O1 STILYGO0 989SI8T OT  LSTTIED 96L9°€TI OI L9VOISI'0 6TTS'6CI O $T8I0SE0 I8ESTEL O 190LT61°0 6£09°TEL ST APON
0l 6VL0TE0  T0SPTOE 01 8¥61TSO0  6S9SHOE OI TEEOSPED  6LEETOE OL $TIEI6S0 [TLSL6T 01  SHT6SISO  1S66°69C O LOO9OYF0 €6¥F0VT 01 L609¥CI'0 I8I8'EET O L6SSEITO  806°0ET 1 FPON
01 SLI990E'0 L6SO'I+S 01 8S9P6THO TSLE'LES O +IT8BI'0  SPO'IES OI LTOIV6TO 80T6'STS 01  69LLI'0 $9¥S'90S 01 £606TIT0 S1T800S 01 TTIESITO 8S09'86F OI 91616T°0  891°L6Y €1 FPON
01 T6PE9I'0 TOVS'LLY O1 SE6E0LEQ  9¥9'YLY O1 LYTSL6TO  SS6TL9Y O1 TSSOSETO L9819 O1  €8LTHTO 10S0°61% OI €88T8YP'0 6LETLOY O1 6S6S8TH'0 FIE6°TOF O LSSO6SE'0 299 10¥ TI 9PON
01 €40S8€0°0 TIY96 1T 01 LSYTLYO'0 TISGETT OI 6E1L8€0°0 €¥S80°TT O 166VESO0 I¥TELTT 01  SSIIGIT'0 LTESSTE OI 878S880°0 T899'9E O 960LL60°0 19T86'9E 0T HTOIILI'0 66€EI°LE 11 PON
Ol TOLVLLI'O  9TS'E8T O1 €08LLSI'0 669S+81 01 S88L8TT0 $OT8I 01 LS8EIITO  TTTGLL O1 8TLSO9TO ITTSEL OI T96¥69T0 TBEO'SEL O1 6EIF961°0 SIOEPEL O 8LTLSSI'0 88TLHEL O FPON
01 ILIITEO0 T8SYTOI 01 TEPOFTO'O TE99H'OI O 6T6VETO'0 ESPEEC'OL O TTTSETO'0 TSSI'0I 01  60THSHO'0 LSOFO'LT 0T 8TSIHLO'0 FIEIT'0T 01 $609180°0 9E¥87°0T O I81¥80°0 +IPF0OT  69PON
01 688S1S°0 6LE0HSE 01 6SS0E8T'0 61STEYE O1 S8THITED  6L90°LLE O1 1TSHIIE0 LYT6'0LE O LLESEPI'O 66S6°01E O1 60S9SLTO  1°S6T O 6E8LLIF'0 LSLY'68T O SILYSTHO $LI988T 8 9PON
0l PLITEYO0 TLSBOFT 01 LS68650°0 TE909'PT OI LEV6SYO'0 E€¥8YTHT O 1SS8SHO'0 16916'€C 01  TH8889T'0 L6¥86'9F 0L 1€SS8EE0 ¥9E8Y9S 01 $SEIVET'O 8TTSI'8S 01 €6L06TT0O  S8LL'SS L OPON
01 6SI1TOIT°0 TLOYT6L 01 688€8E1°0 TIITL'6L O FIVL8II'0 LTIZYL'6L Ol 8Y6LFTI'0 S996v°6L 01  SLTSIT'O L99OEF9 O €THLSSTO #+T10'89 01 19¥T0S1°0 8FII1'89 OI 6TOSE6I'0 SSTO'8Y 9 APON
01 6LOLSYTO T896°L9T 01 9€9S69T°0 61TE'89T O1 68L860€°0  19T649T O1 1S6SHSTO  6LIS 19T 01 9ETHIETO  EFFS'61T O1 £HTISHP0 SETYLIT 01 €LE0ESTO $TS6'91T O 9S9SSLY'0  TLO'LIT S 9PON
OI €LS8TIT°0 €1LTE8L 01 TBEO991'0 IHFIE6L OI L9EYGEI'0 LySPI'6L O 80THHTI'0 SLSS6'8L O  8TLI9TH'O S8E9'0TI OI €S9VPLE'0 T1TI6TEL O 98LOS6E'0 LGVEPEL OI  L8Y8ESO +I68°EEL ¥ OPON
01 LLLTI00 6T86Y'6E 01 TTLEISD'0 T960TOF OI 90ISOLO'0 +TII6'6E O 9IE€680°0 +6LEGE O S0EL6TI'O ¥8EII'6S O IELELI0 6TTS6'89 01 vOILGF1'0 I8FLTOL O TSYLEL'0 9€€6'69 € OPON
01 9¥S9LTO0 LIOTH'TI 01 ¥T6L6TO0 1HE69°TI 01 TSS6YE0'0 TO9SSTI O SLTEOTO'0 P6PLETI 01  9LTO890°0 TTIEH'61 0T 80SLI0I0 9TIS8TT 01 66LLLEI'0 SSLIEET OI +T8S980°0 SSTIC'ET  TOPON
01 €SPE6T0'0 EL6EL'6 01 6992700 SPT66'6 01 SEE9L0°0 TLIIS86 01 6L66VT00 SPTIL'6 01  €19€060°0 660S0°81 01 8¥SOVLO'0 LLIGI'TT 01 6v9¥T60°0 6£L96 1T 01 9187860°0 9161L 1T 1 9PON
N Wds rundo N WwAS  rpumdo N INAS pundo N WAS  pundo N WAS pundo N WaS  rpundo N WAS  pundo N WNAS  [eumdo
S %08 ¥00[0 10mg €4S %0T Y0P PG €4S %01 Y20[2 g €4S %ST YO0 PImg G0 wedn dS %0t wesn 4s %01 wesn 4S %S wesn

(‘ponunuo)) ‘S IlqeL,

Nematology

S13

Downloaded from Brill.com09/18/2019 03:16:11PM

via Maynooth University



Phylogenetic divergence times using relaxed molecular clocks

ILTLFLLEI9 TT'0F98°C9S O9I'0F vL'68S 6CT0F 989 ICOF8I'S9S TOFITI6S SSOF S8LCY €I'0F¥8P9S +vI'0F €9°06S ¥ 9PON
000 F 6'€8S  LOOF 8E'ESS TO0F6CELS 600FLI'T8S  9I'0F €6'SSS 900F I'vLS  SO0OF €0+¥8S CI'0OF +'SSS  +0°0F LS €C °PON
CI'TF66'SLS SEOFS80F  SYOFS6'06F CTLOFE8C8S  SYOFICCy Pe0FLOC0S TI'TF6LLS SYTFSITIV CI'TF89C6F CCPON
YCOF 6'09¢ TI'0OFI9P8L O6I'0F €€'GLT SSOFI0OP9E  LEOF v6'e6l SSOF LI'TT 9V’ 0F 9'69¢  €8°0F LS T6T €L 0F I€98C [T 9PON
20°0 F §5°9¢¢ 0F80°80S T00FL6EIS TOF8IYCS F0'0F S6'LOS TO0OFLEECIS TI'OFTISTS TO0OF86'LOS +0'0F LICIS 0T SPON
LOOFO9LEC PYOOFSSST  €00F L8VOL 6£0F €L 6CC HYOOFOISTCST TTOFIL8L  9€0FTLCEC TOFLYEST SE0F SL68T 61 2PON
€O0F O TPE TO0OF I#90€ TOOFT'ICE LTOFLLOPE €00FLEGOE T OF6T0CE €€0FLSTPE SO0F SP90€ 60°0F ST'ICE 81 2PON
LOOF99°CST TCTOF 1918 TT'0OFEL0CT $EO0OFO0VPST  II'0F€C98 STOFo6LeCl IF0F 86871 ILOFI6°LL €0F ¥E9IT  LISPON
W0O0FCCTYe 90°0F €5°0CC T00F9I'veC SO0 F €¥C 60°0 FC8€CC YO'0F 8Y'SEC 600F ¥CbC  TI'0F9STCC CO0F CSPEC 91 9PON
Er0F o61'c0Cc SI'OF I6°LYT  €T'0OFCSLLT  60°0F LOBOC  STOFORI9I €TOF ILLT €€0FTIOC ¥VSOF STLYL SE€0F LSOLT ST 9PON

CTOFCSSLY L8OFLI'ICE IVFOFIS60F 6V0F 8908y €9 TFO6VIIEC TOOFOTEIY THrOF99€Ly T80F6L6I¢ 8CTOTF L8LOY ¥I°PON
9C0 F S6'6CS VS OF8EICY LTOFEL'E8Y LTOF 8'LES 90F 69°LEY 6C0F €LoY €VOFSS0ES TIFT80EY 90FCLL8Y €19PON
I€0F LV9SY TLOFLLIE LEOFO6ETOE TTOFSEBE LIOFSO'IVC +r0F 98'LIE TLOFTO9SY TO'0F LETCE €90 F Th'96€  TI 9PON
9C0F 69°LL  LOOFLOOI ¥I'0OF66'€e CEOFOI0CT  6I0F6£YC  SOOFSSYY  P8OF IS8  TI'0OFISTI  9¢0F96'8€  [19PON
9€'0 F 95061 LTOFOCIL €0F80OVCT 90CFH0C9C 6V'0F S6°0cl TTOF ¥8961 S6°0F 87861 VvSOFHEBL  99°0F I¥'Cel Ol °PON
800 F ¥I'6T LEEF SIS 00F90°L 6€°0F vE'1¢ 700 F L0V 80°0F9CTCT  V¥TOFTSLT T00FBIT SO0 F 299 6 °PON

oV 1T F L6'60F €E0F eV'C9C  €0F959¢ee  TOFeEeecy TE8CFB8LO0E €0FSI'6SE S90F LLOOY LI'TFTTO9C €LOF ISOPE  8°PON
PIOF8SLOT  TOFo6¥res 600FCIOIl 9S0F SE691  THOFLLOS SI'OFES80I LSOF 6V'€9l CEOF8S0S  ¥¥0F 86901  L9PON
GE'0F £v'6S T'OFII9T  €CITOFIIE €V0FSL6L IT0OF6TCC ¥I0OF60Tr €TOF6C9  600F LI IT°0F99°¢e 9 9pON
WOF SOEET 9C0F P8LIT I¥F0OFOSTLL T€0F €L9¢EC SOFITLIT 8TOFVIOLL LYOFICIVYC 160FTSECl SS0F 081 S 9PON
LOYOFEIPLT 8CTOF €S9  SCOFOIOIT LEOFL8YLL  TE€0F 10°L9 I'OF 8SLIT €LOF ¥9'8LT  9T'0F CTL'89 SOF¥0°0Cl  ¥9PON
8COF 8VCT PIOFH¥8CE STOFVPSTL T€0F8IIIT  9T0F9STE  PIOFSI'LY $6OFLITCT TTOFLOTE 9P OF¥TOL € 9PON
OT'0F €S'IS  8TOF L8'L LOOF L8'EC  9T0F €98 LO'0F 60°8 600 F ¢v'ce 0 F96°6v ['0F I8°L Y1'0F S8°CC COPON
61'0F LS'8S  €00F¥S'L IT0F8E'ST  TTOF VL'ES LOOFS'L LOOF+9'€C  890F S99S  90°0F 8T'L 810 F €9'%C [ °PON
XeN Uty rewndo XeN Uty rewndo XBIA Uty rewndo
IVO dID YLD FID IVOILD dID

' 9IS ur payedrpur
SE 918 SOPON] "S[OPOW UONISANS SPHOI[ONU VD PUL YLD ‘LVI-ULD Y} YA [9poW Y[D Y3 JO S F SoIep 90uaFIAIp [ewnido pue WNWIXBW ‘WNWIUTA *€S qeL

S14

Vol. 19(8), 2017

Downloaded from Brill.com09/18/2019 03:16:11PM

via Maynooth University



LM. McGill et al.

Table S4. Optimal divergence dates = SEM of the CIR model with a soft-bound of 2.5% and a SD of 50 and 20. Nodes are as indicated

in Figure 1.
CIR 2.5% SD 50 CIR 2.5% SD 20

Optimal SEM N Optimal SEM N
Node 1 24.75967 0.1321312 10 24.72956 0.1550461 5
Node 2 22.9384 0.0971284 10 22.85796 0.0898685 5
Node 3 70.5143 0.330877 10 70.25706 0.3607412 5
Node 4 120.3744 0.3786204 10 120.3562 0.4740049 5
Node 5 179.9936 0.3265133 10 179.9369 0.4681844 5
Node 6 33.52287 0.0789786 10 33.59406 0.1303464 5
Node 7 106.9274 0.2551931 10 106.2985 0.1627454 5
Node 8 341.1577 0.4446785 10 339.7329 0.4945394 5
Node 9 6.61604 0.0345326 10 6.66732 0.0298782 5
Node 10 133.0904 0.395656 10 132.7643 0.4853723 5
Node 11 39.34217 0.2230935 10 39.43874 0.170724 5
Node 12 396.6571 0.4815949 10 395.3095 0.4893206 5
Node 13 488.2538 0.3844444 10 486.2714 0.4770738 5
Node 14 407.9158 0.2814049 10 406.1426 0.2275182 5
Node 15 176.396 0.2240007 10 176.9531 0.1891135 5
Node 16 234.5385 0.016603 10 234.5495 0.0260538 5
Node 17 116.3491 0.223011 10 116.6393 0.3407698 5
Node 18 321.1582 0.0696994 10 320.8926 0.1477149 5
Node 19 189.6458 0.1853402 10 188.9605 0.1164389 5
Node 20 513.6747 0.0180868 10 513.5178 0.0239012 5
Node 21 286.3367 0.6138791 10 286.7066 0.6535592 5
Node 22 493.13 0.5911129 10 487.2673 0.7695808 5
Node 23 573.9534 0.0379933 10 571.1469 0.0449154 5
Node 24 590.5829 0.2179079 10 580.62 0.0879979 5
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