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The history of lamprey evolution has been contentious due to limited morphological differentiation and limited
genetic data. Available data has produced inconsistent results, including in the relationship among northern and
southern species and the monophyly of putative clades. Here we use whole genome sequence data sourced from a

public database to identify orthologs for 11 lamprey species from across the globe and build phylogenies. The
phylogeny showed a clear separation between northern and southern lamprey species, which contrasts with some
prior work. We also find that the phylogenetic relationships of our samples of two genera, Lethenteron and
Eudontomyzon, deviate from the taxonomic classification of these species, suggesting that they require

reclassification.

1. Introduction

Lamprey are one of two surviving clades of jawless fishes that date as
far back as 360 million years (Gess et al., 2006). In that time they have
incurred surprisingly few morphological changes (Green and Bronner,
2014), thus their evolutionary history is of great interest due to both
their highly conserved body plans and potential as a model for under-
standing the origins of vertebrate evolution (Xu et al., 2016). However,
understanding the morphological and genomic evolution of lamprey
first requires an understanding of relationships among these species.

There are three major families of lamprey with antitropical distri-
bution: the northern clade Petromyzontidae, and the southern, species-
poor families Geotriidae and Mordaciidae. It is generally agreed that
the northern clade is monophyletic and includes the following genera
(the number of species for each genus is given based on Brownstein and
Near (2023)): Capsiomyzon (3 species), Entosphenus (5 species), Eudon-
tomyzon (4 species), Ichthyomyzon (6 species), Lampetra (14 species),
Lethenteron (7 species), Petromyzon (1 species), and Tetrapleurodon (1
species) (Green and Bronner, 2014). The southern families Geotriidae
and Mordaciidae contain only one genus each, Geotria and Mordacia
respectively. Geotria contains two species: G. australis and
G. macrostoma. Mordacia contains three species: M. mordax, M. praecox,
and M. lapicida.

Multiple conflicting hypotheses have been proposed for relationships
within lampreys and with their close relatives. Phylogenies that rely on
morphological or molecular data often produce conflicting results,
particularly in groups of this age with minimal morphological
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differentiation, few characters for phylogenetics, and thus a high po-
tential for homoplasy. For example, there is debate around whether
lamprey are sister to hagfish or gnathostomes (jawed-fishes). Morpho-
logical data pairs lamprey sister to gnathostomes; however, molecular
data alone, as well as studies that use combined morphological and
molecular data, pair lamprey with hagfish in the Cyclostomata (Heim-
berg et al., 2010; Miller et al., 2021).

Relationships among southern lamprey species are also not well
understood. Prior work has found an ambiguous relationship among the
three families (Gill et al., 2003), that Geotriidae is more closely related to
the northern Petromyzontidae than to other southern species (Lang et al.,
2009; Riva-Rossi et al., 2020), and that the southern species are
monophyletic (Brownstein and Near, 2023). However, this research has
been limited to morphology and few molecular markers, and support
(including in the latter case) is low. Just recently, G. macrostoma was
reinstated as a separate species after being mistakenly classified as
G. australis (Riva-Rossi et al., 2020). In particular, the lack of knowledge
about the developmental forms of lampreys commonly causes re-
searchers to confuse larval forms of species, and accidently split or lump
species as in this case (Riva-Rossi et al., 2020).

Here we examine the relationships among 11 species of lamprey
(from 8 of 10 extant genera) for which there are publicly available
genomic sequence data. These include the northern species I fossor,
L castaneus, P. marinus, La. fluviatilis, La. planeri, Le. reissneri, Le. camt-
schaticum, En. tridentatus, and Eu. morii, and southern species G. australis
and M. mordax. Using a genome-wide dataset, we provide additional
data and information to elucidate some previously ambiguous and
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contentious relationships. Table 1
All Lamprey Accession Numbers and sequence information.
2. Methods Taxon Accession Numbers Base Pairs
d d Entosphenus tridentatus SRR11364986 59827952466
2.1. Raw read sequence data Eudontomyzon morii SRR14574376 2156547800
Eudontomyzon morii SRR14574377 2480544800
We used all publicly available whole genome sequence data for Eudontomyzon morii SRR14574378 2749907800
lampreys including species from both southern genera and 6 of the 8 Eudontomyzon morii SRR14574379 2697822400
northern genera. We obtained raw reads from paired-end Illumina se- Eudontomyzon morii SRR14574380 2856233800
8 . ! n P i A ¢ Eudontomyzon morii SRR14574381 2860383600
quences from the European Nucleotide Archive. Information detailing Ichthyomyzon castaneus SRR13530976 10050002371
accession numbers and number of base pairs per taxon can be found in Ichthyomyzon castaneus SRR13530977 10655975865
Table 1. The outgroup, Salmo salar, was chosen due to the availability of Ichthyomyzon fossor SRR13530970 9651363172
data for this species. Given that the relationships among lampreys, Ichthyomyzon fossor SRR13530971 11284277200
haefish db fish ds i 1 blished ! Lampetra fluviatilis SRR3477525 435221855
agfish, and bony fis /tetrapods 1s.not well established, any extant in- Lampetra fluviatilis SRR3477526 405730209
dividual of the latter two groups is expected to be equally and sub- Lampetra fluviatilis SRR3477527 577173917
stantially distant in evolutionary time from any extant lamprey. Lampetra fluviatilis SRR3477534 456105434
Lampetra fluviatilis SRR3477538 335404401
.. Lampetra fluviatilis SRR3477539 186242751
2.2. Obtaining orthologous data Lampetra fluviatilis SRR3477540 215066145
Lampetra fluviatilis SRR3477541 183934191
We used the SISRS v2.0 pipeline (Literman and Schwartz, 2021; Lampetra fluviatilis SRR3477542 158703865
Schwartz et al., 2015) to identify orthologous loci from next-generation Lampetra fluviatilis SRR3477543 171115940
whole-genome sequence data for lampreys. Briefly, this includes Lampetra fluviatilis SRR3477544 242127942
i h i £ th d . P Cv0.11.5 (And Lampetra fluviatilis SRR3477545 172657839
assessing the qua ity of the raw reads using astQC v0.11.5 (Andrews, Lampetra fluviatilis SRR3477546 199409702
2010), then trimming low-quality reads using BBtools v.37.31 (Bushnell, Lampetra fluviatilis SRR3477547 170172394
2014). With only the high-quality reads remaining, we subsampled to a Lampetra fluviatilis SRR3477548 229332375
coverage depth of ~10x total for all lamprey species assuming an Lampetra fluviatilis SRR3477549 173965390
average lamprey genome size of 2.31 Gb (Smith et al., 2010) in order to Lampetra fluviatilis SRR3477550 178231810
8 PIey g N v 1 Lampetra fluviatilis SRR3477551 259720686
generate data that could be combined to generate a “composite genome” Lampetra fluviatilis SRR3477552 315290343
comprised of likely orthologous loci. This genome was produced using Lampetra fluviatilis SRR3477553 253444818
Ray v2.3.1 with default parameters including a k-mer length of 31. The Lampetra fluviatilis SRR3477554 359762355
trimmed reads for each of the 11 taxa plus the outgroup were mapped to Lampetra fluviatilis SRR3477555 233867702
h . . B ie v1.3.1 (L d 1. 2009 Lampetra fluviatilis SRR3477556 614469995
the composite genome using Bowtie v1.3.1 (Langmead et al., ) to Lampetra fluviatilis SRR3477557 379809847
determine the sequence of each contig for each species. Sites were called Lampetra fluviatilis SRR3477558 473014155
as ‘N’ for a particular species if they were (1) covered by less than three Lampetra fluviatilis SRR3477559 591688556
reads, or (2) included variation among reads. This latter step serves to Lampetra fluviatilis SRR3477560 498427230
remove sites that (1) may be variable within the population, and thus Lampetra fluviatilis SRR3477561 165549826
v ! y . pop o, Lampetra fluviatilis SRR3477562 452204264
evolving too rapidly for accurate inference of synapomorphies, and (2) Lampetra fluviatilis SRR3477563 369184977
data from multiple paralogs aligning to a single contig that would result Lampetra fluviatilis SRR3477564 370205209
in inaccurate inference of gene trees. This step particularly aids in Lampetra fluviatilis SRR3477565 512588010
removing erroneous data for S. salar, which is a tetraploid derivative and Lampetra fluviatilis SRR3477566 377347487
h h bund £ 1 Si h . Lampetra fluviatilis SRR3477567 465984235
F us has an abundance of paralogs. ites .t at were not parsimony Lampetra fluviatilis SRR3477568 674793696
informative across species, or included insertions/deletions, were Lampetra fluviatilis SRR3477569 583587023
removed to create a final alignment. The final alignment was then Lampetra fluviatilis SRR3477570 666713641
filtered for sites with three different levels of missing data due to the Lampetra fluviatilis SRR3477571 533237377
otential for both dataset size and completeness (amount of missin: Lampetra fluviatilis SRR3477572 672441691
p . . p X K 8 Lampetra fluviatilis SRR3477573 507449536
data) to affect phylogenetic estimates (Wiens and Morrill, 2011 and Lampetra fluviatilis SRR3477574 544550525
references therein). Lampetra fluviatilis SRR3477575 273232731
Lampetra fluviatilis SRR3477576 238009002
2.3. Phylogeny construction Lampetra fluviatilis SRR3477577 331133670
Lampetra fluviatilis SRR3477578 329403163
. L . Lampetra fluviatilis SRR3477579 228179455
The maximum likelihood approach of RAXML v8.2.12 (Stamatakis, Lampetra fluviatilis SRR3477580 78464722
2014) was used with the GTR + GAMMA model and Lewis ascertain- Lampetra fluviatilis SRR3477581 493655114
ment bias correction (Lewis, 2001) to create phylogenies for each of the Lampetra fluviatilis SRR3477582 250681104
three concatenated datasets. 100 bootstrap replicates were used to Lampetra fluviatilis SRR3477583 211834651
L. Lampetra fluviatilis SRR3477584 261214951
assess support. Additionally, we generated a phylogeny for each dataset Lampetra fluviatilis SRR3477585 401624254
using a multispecies coalescent approach implemented in SVDquartets Lampetra planeri SRR3477787 367503926
(Chifman and Kubatko, 2014) with default parameters of 1000 bootstrap Lampetra planeri SRR3477788 521676856
replicates. This approach, in contrast, treats each site as having its own Lampetra planeri SRR3477789 434710725
. t that i duct of th derlvi ies t We al Lampetra planeri SRR3477790 312409415
unique gene tree that is a product of the underlying species tree. We also Lampetra planeri SRR3477791 563368440
examined support for each node in each unique topology using site Lampetra planeri SRR3477792 445830604
concordance factors (sCF) implemented in 1Q-Tree v2.1.2 (Minh et al., Lampetra planeri SRR3477793 205516460
2020) with parameters of 100 quartets as suggested by the manual. Lampetra planeri SRR3477794 539215828
Lampetra planeri SRR3477795 443443331
Lampetra planeri SRR3477796 216578243
Lampetra planeri SRR3477797 606677780

(continued on next page)
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Table 1 (continued)

Taxon Accession Numbers Base Pairs
Lampetra planeri SRR3477798 526519176
Lampetra planeri SRR3477799 488557289
Lampetra planeri SRR3477800 273409151
Lampetra planeri SRR3477801 534452321
Lampetra planeri SRR3477802 217434216
Lampetra planeri SRR3477803 284539443
Lampetra planeri SRR3477804 221482974
Lampetra planeri SRR3477805 320466397
Lampetra planeri SRR3477806 140182187
Lampetra planeri SRR3477807 431045176
Lampetra planeri SRR3477808 264152136
Lampetra planeri SRR3477809 308234198
Lampetra planeri SRR3477813 270922295
Lampetra planeri SRR3477815 331619312
Lampetra planeri SRR3477818 374531581
Lampetra planeri SRR3477819 310937223
Lampetra planeri SRR3477820 640548356
Lampetra planeri SRR3477821 574476569
Lampetra planeri SRR3477822 481118253
Lampetra planeri SRR3477823 322239167
Lampetra planeri SRR3477824 454625941
Lampetra planeri SRR3477829 407696703
Lampetra planeri SRR3477831 224280051
Lampetra planeri SRR3477839 370768220
Lampetra planeri SRR3477840 284956172
Lampetra planeri SRR5230929 4217632800
Lethenteron camtschaticum DRR150092 8653514600
Lethenteron camtschaticum SRR1695991 11361029328
Lethenteron reissneri DRR016690 7834368808
Lethenteron reissneri SRR10202883 9056498700
Mordacia mordax SRR2146922 4778470590
Petromyzon marinus SRR12778999 7433726427
Petromyzon marinus SRR12779000 7130928146
Petromyzon marinus SRR12779001 2383473706
Geotriia Australis SRR2146917 5230111078
Geotriia Australis SRR2146918 5275638848
Geotriia Australis SRR2146919 7458448828

3. Results
3.1. Data

On average, there are 17.04 Gb per species in our dataset (~7.4x
coverage), with a minimum of 4.78 Gb (M. mordax; ~2x coverage) and a
maximum of 20.94 Gb (L. fossor; ~9x coverage). The composite genome
included 527,345 contigs >= 100nt with a total length of 123,918,125
and N50 of 237. 4,301,130 variable sites were obtained for the initial
output alignment; of these 3,222,618 sites were singletons resulting in
an alignment excluding singletons (i.e. including only parsimony
informative sites) of 1,078,512 variable sites.

Due to the tradeoffs between the size of the dataset and its
completeness (Schwartz et al., 2015; Wiens and Morrill, 2011), we
initially filtered the SISRS output alignment (which contained all vari-
able parsimony-informative sites with information for at least three
species) for sites missing no more than 5 species. This dataset contained
579,195 sites. For comparison, we filtered out data to produce a dataset
missing no more than 3 species at each site, which contained 166,202
sites, as well as a dataset with no missing information, which contained
158 sites. Notably, while this latter dataset appears small, because it
contains only variable, parsimony-informative sites, it is likely compa-
rable to a much larger dataset of loci containing many invariable or
singleton sites.

3.2. Phylogeny

The species relationships generated from RAXML and SVDquartets
for all three datasets were identical. Consequently, only the tree inferred
using RAXML for the largest dataset is shown here (Fig. 1). All subse-
quent descriptions of the phylogeny and support values are for the
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Eudontomyzon morii

Entosphenus tridentatus
Ithyomyzon fossor

Icthyomyzon castaneus

Petromyzon marinus
Mordacia mordax
Geotria australis

Salmo salar

0.03

Fig. 1. A phylogenetic tree of lampreys produced using maximum-likelihood
analysis and 579,195 sites from across the genome. The tree confirms the
paraphyly of Lethenteron with high support, and supports monophyly of the
southern lamprey families. Putatively orthologous loci were obtained for 11
lamprey species using SISRS with third-generation short-read genome sequence
data. This tree was generated in RAXML and rooted using Salmo salar as the
outgroup. Notably, trees that were identical topologically were also produced
using SVDQuartets and smaller datasets filtered for greater completeness. The
numbers at the nodes indicate sCF support - though not shown here, bootstraps
for the indicated nodes were all 100. Branch lengths reflect substitutions-per-
site for the sites in the alignment, which are highly conserved due to selec-
tion of loci that were alignable across the deep evolutionary distance of all
lamprey families.

dataset with up to five species missing per site. For all phylogenies, when
rooting the tree using Salmo salar, there is an early branch that clearly
differentiates the northern and southern clades. Most of the genera are
monophyletic with the exception that Lethenteron camtschaticum is sister
to Eudontomyzon morii rather than Lethenteron reissneri.

For all relationships, the bootstrap values were 100, while the sCF
values varied between 44.8 and 99.1 - the lowest values of which were
found between Mordaciia and Geotriia, and between Lampetra species.
The lowest value 44.8 is associated with the node between Mordaciia
and Geotriia. However, the associated site discordance factor values of
23.9 and 31.3 suggest that the observed relationship estimated by
maximum likelihood is the most well supported. For the node supporting
the monophyly of Lampetra, where the sCF was 57.8, the corresponding
sDF are 18.5 and 23.7. The values at the node supporting Le. camt-
schaticum and E. morii as sister species have an sCF value of 65.3, and sDF
scores 17.2 and 17.5.

4. Discussion

Our dataset revealed strong and consistent support across methods
for the observed relationships. Our results strongly confirm the mono-
phyly of northern hemisphere lamprey and indicate that there is a need
for taxonomic reclassification of Lethenteron and Eudontomyzon. Addi-
tionally, we find that the species from the two southern hemisphere
families form a monophyletic clade, resolving prior ambiguous and
conflicting findings regarding the relationships among groups.

While all nodes had 100% bootstrap support, this level of support
could be due to the large size of the datasets. However, most nodes
contained high sCF support as well. The exceptions were (1) between
southern species G. australis and M. mordax (44.8), and (2) La. planeri
and La. fluviatalis (57.8). Despite these low sCF scores, sDF support
confirms the resolution of these nodes as the most likely topologies.
While in the former case, additional sequence data for M. mordax and/or



B. Smith et al.

sequencing additional species in the two southern genera could further
clarify these relationship, the finding that smaller and more complete
filtered datasets also strongly supported these relationships provides
some suggestion that data limitations did not severely affect phyloge-
netic estimates. All other nodes, including that of the grouping between
Le. camtschaticum and Eu. morii (65.3) are much more highly supported.
While support for this node is certainly on the lower side compared to
those of other branches, sDF scores 17.2 and 17.5 reveal that this res-
olution is more likely than one where Le. camtschaticum is sister to Le.
reissneri.

4.1. Paraphyly of Lethenteron

Similar to results found in prior work, we find that Le. camtschaticum
is placed sister to Eu. morii with a high degree of support rather than the
other member of genus Lethenteron observed in this study, Le. reissneri
(Pereira et al., 2021; Potter et al., 2015). In older work, Eu. morii is
classified as Lethenteron (Lang et al., 2009) and recent work has sup-
ported this relationship as well (Brownstein and Near, 2023); however,
this classification does not appear elsewhere or in the NCBI Taxonomy.
Importantly, we have dramatically expanded the dataset beyond two
mitochondrial markers (cytochrome b and c), and 2 nuclear internal
transcribed spacers (ITS) loci as recommended due to the limitations of
these loci (Miller et al., 2021). This result also contradicts morphological
observations suggesting that the genera Eudontomyzon and Lampetra
should be considered monophyletic as presently described (Potter et al.,
2015).

4.2. Relationships among families

Prior work suggests that the southern clades are paraphyletic, with
Geotriidae related to Petromyzontidae (Lang et al., 2009; Potter et al.,
2015). However, this relationship has generally been considered un-
certain (Gill et al., 2003; Miller et al., 2021). Here we find support for the
monophyly of the southern clades. Only one prior study (Brownstein and
Near, 2023) has suggested this relationship; however, their limited
dataset (cytochrome b and morphological data) produced limited to
mixed support.

4.3. Comparison with morphological results

We confirm much of the work of Gill et al. (2003) with genome-scale
molecular data. These results defined the monophyly of many clades in
our study. In particular, we confirm that Icthyomyzon + Petromyzon (who
share absence of median velar tentacles), as well as Entosphenus +
Lethenteron + Eudontomyzon + Lampetra (who share loss of lateral teeth
alongside the oral disc), and Lethenteron + Eudontomyzon + Lampetra
(who share tooth and mouth synapomorphies such as placement of
lateral teeth on both sides of the oral disc and a median tooth atop
‘transverse lingual lamina’) all form monophyletic clades (Gill et al.,
2003). It is important to note that Entosphenus + Lethenteron + Eudon-
tomyzon + Lampetra are considered monophyletic with tooth and mouth
synapomorphies as evidence, however, Eudontomyzon does have teeth
present alongside the oral disc unlike the other members of this group,
suggesting that there was a reversal of this character to its ancestral state
(Gill et al., 2003).

However, we cannot confirm the result of Gill et al. that Eudonto-
myzon (who share a reversal to the presence of lateral teeth alongside the
oral disc) are monophyletic due to having data for a single representa-
tive of the genus. Li (2014) found that Eudontomyzon were monophyletic
with the exception of the placement of E. morii as a member of Leth-
enteron. Brownstein and Near (2023) show a similar classification. This
could be consistent with our placement of E. morii as a member of
Lethenteron. While we find that Eudontomyzon + Lampetra (who share
certain oral synapomorphies) do not form a clade, due to our single
sample of Eudontomyzon, this grouping may hold if E. morii is reclassified
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as Lethenteron.
5. Conclusion

The lamprey phylogeny continues to pose challenges, particularly
when it comes to resolving molecular and morphological estimates of
relationships and understanding how phenotypes have evolved. In this
study, we expanded genetic sampling from a few genes to whole ge-
nomes to address two of the many questions surrounding this lineage.
First, we find support for prior work suggesting the need for reclassifi-
cation of one or more species of Eudontomyzon with Lethenteron. Second,
we find support for monophyly of the southern families of lampreys.
This latter result in particular has implications for our understanding of
lamprey evolution.
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