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SUMMARY

Programmed DNA loss is a gene silencing mechanism that is employed by several vertebrate and nonverte-
brate lineages, including all living jawless vertebrates and songbirds. Reconstructing the evolution of somat-
ically eliminated (germline-specific) sequences in these species has proven challenging due to a high content
of repeats and gene duplications in eliminated sequences and a corresponding lack of highly accurate and
contiguous assemblies for these regions. Here, we present an improved assembly of the sea lamprey
(Petromyzon marinus) genome that was generated using recently standardized methods that increase the
contiguity and accuracy of vertebrate genome assemblies. This assembly resolves highly contiguous, somat-
ically retained chromosomes and at least one germline-specific chromosome, permitting new analyses that
reconstruct the timing, mode, and repercussions of recruitment of genes to the germline-specific fraction.
These analyses reveal major roles of interchromosomal segmental duplication, intrachromosomal
duplication, and positive selection for germline functions in the long-term evolution of germline-specific
chromosomes.

INTRODUCTION selective removal of whole chromosomes or chromosome frag-

ments during early embryogenesis.”~® Additionally work in birds

The sea lamprey (Petromyzon marinus) is one of a growing num-
ber of animal,'® plant,” and protist®'° species that are known to
possess a collection of genes in their germ cells that are not
found in any other cell type.""'? These germline-specific genes
are lost from most somatic cell lineages early in development
(starting at the early blastula stage) but are retained in the germ-
line."%"%1% Evidence from sequencing, embryology, and karyo-
typing studies indicates that several other lamprey and hagfish
species (apparently all jawless vertebrates) experience similar
patterns of DNA loss during embryogenesis, likely involving the
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indicates that the ancestor of all songbirds likely evolved a
similar genome biology, resulting in the evolution of a single
germline-specific chromosome in the Passerine lineage.'>"®
While the somatic loss of germline-specific chromosomes has
only been observed during embryogenesis in two vertebrate
species (sea lamprey and Pacific lamprey [Entosphenus triden-
tatus]),> """ the discrete localization of germline-specific
sequences to the adult germline is taken as evidence that elim-
ination events take place during the earliest stages of develop-
ment in all species that undergo programmed DNA loss.
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The presence of germline-specific chromosomes in these
species provides insights into the biological function of their
germline-specific genes: all of these genes are expressed exclu-
sively by the germline and presumably have functions in the
germline that are sufficiently important as to permit their reten-
tion over evolutionary time. The long-term maintenance of pro-
grammed DNA elimination also implies a selective advantage
to permanently silence some germline-specific genes within so-
matic tissues, presumably due to deleterious effects that could
arise from their misexpression. For some eliminated genes, pa-
ralogs are also present in somatically retained fractions of the
genome, which in theory could release germline-specific paral-
ogs from pleiotropic effects imposed by the soma, thereby
permitting a more rapid response to selection.’®'® Studies of
programmatically eliminated chromosomes in diverse taxa,
including lampreys, songbirds, roundworms, and plants, sup-
port these general expectations.”'* 151829 Recent studies in
songbirds indicate that the structure and content of germline-
specific chromosomes (also known as germline-restricted chro-
mosomes [GRCs]) may evolve rapidly over evolutionary time and
likely harbor large numbers of genes that have been duplicated
from somatically retained chromosomes.'®'® As programmed
elimination appears to have evolved several times among deeply
diverged eukaryotic lineages, and might generally evolve rapidly
in these lineages, the diverse set of species that are known to un-
dergo programmed DNA loss provides a unique platform for
studying the selective, regulatory, and developmental con-
straints that drive the evolution of germ cells and germline genes.

The sea lamprey also has served as an essential comparative
model for studying several biomedically important aspects of
vertebrate development, evolution, regeneration, and immu-
nology.?"**> Moreover, sea lampreys pose a significant ecolog-
ical threat to the Great Lakes basin, having invaded the system
in the 1930s, resulting in the decimation of several commercial
fish populations.?>?° All of these factors have made the sea
lamprey an attractive target for the development of genomic re-
sources, including genome assemblies.'®?’ In addition to the
sea lamprey, chromosome-level genome assemblies have also
been developed for species from the genera Entosphenus®®
and Lethenteron.?®*° These species are part of a recently
diverged clade that last shared a common ancestor approxi-
mately 12-13 million years ago (mya; roughly equivalent to
human/orangutan divergence)®'° and that shared a common
ancestor with Petromyzon approximately 30 mya. Other lamprey
species that have not been fully assembled thus far include
members of the genera Geotria (a draft assembly is available)**
and Mordacia, which are found in the Southern hemisphere
and diverged from the common ancestor of Petromyzon and
other Northern hemisphere species ~200 mya.”"*’

Lamprey genomes in general, and the sea lamprey genome in
particular, present notable challenges to assembly, including
exceptionally high GC content,’ large numbers of chromo-
somes (1IN = 96),° duplications of varying ages,'®?° and the
presence of numerous high copy satellite elements, which are
particularly enriched within the germline-specific chromo-
somes.® In addition, the sea lamprey genome appears to have
undergone a recent expansion in size, apparently due to the
accumulation of sequences from recently active transposable
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elements; as such, the sea lamprey genome is ~0.5-0.9 Gb
larger than other closely related lamprey species within the
Northern Hemisphere clade (sea lamprey germline genome:
~2.3 Gb; sea lamprey somatic genome 1.8 Gb; other species:
~1.29-1.42 Gb as estimated via Feulgen densitometry and
flow cytometry using somatic tissues).””*°> Improvements in
sequencing methods and assembly algorithms have solved
several of the aforementioned issues that previously impeded
assembly of germline-specific chromosomes®® and show prom-
ise for resolving the larger-scale structure and evolutionary his-
tory of germline-specific chromosomes.

Here, we present an improved assembly of the sea lamprey
genome and use this assembly to resolve several open ques-
tions regarding the evolution of germline-specific chromosomes
related to the timing and mode of recruitment of germline-spe-
cific genes, to the depth of ancestry of programmed DNA loss
in sea lamprey, and to the evolutionary consequences of recruit-
ment to the germline-specific fraction of the genome. These an-
alyses are empowered by the dramatically improved contiguity
and scaffolding of germline-specific regions, including a highly
contiguous assembly of one germline-specific chromosome,
and by the increased accuracy of the assembly compared with
a previous version that was based on older long-read data.
This assembly allows multiple analyses aimed at the discovery
of duplication events, both ancient and modern, that shaped
the content of germline chromosomes and the partitioning of
ancestral pleiotropic gene functions.

RESULTS AND DISCUSSION

Assembly and annotation

The sea lamprey genome was assembled from meiotic testes of
a single individual (distinct from individuals used in previous as-
semblies) using a combination of PacBio continuous long reads
(CLRs), 10X Genomics linked reads, BioNano Genomics optical
maps, and Hi-C data, the combination of which was assembled
using the VGP 1.6 pipeline, including manual curation of any
errors found.*® The resulting assembly has a contig N50 of
2.54 vs. 0.17 Mb for the previous assembly, which is a
150-fold improvement in contiguity. Most chromosomes in the
improved assembly have less than 20 gaps, some less than 7.
It has a scaffold N50 length of 13 Mb, with 33 scaffolds being
larger than N50 (fewer than half the number of chromosome
pairs: 1N = 96)° and a total of 1,434 scaffolds. This reflects an
88.7% reduction in the number of scaffolds that are not fully
integrated into distinct chromosomes (unlocalized and orphans:
from 11,967 to 1,349). The overall structure of the assembly is
similar to the previous version (with notable exceptions of previ-
ous chromosomal scaffolds 1, 2, and 11) and is consistent with
patterns of chromatin contacts inferred from our Hi-C library
(Figure S1), improving on the previous version (Figure S2).
Various sequence-based estimates of error rate and assembly
completeness indicate that this improved sea lamprey genome
improves upon the previously published lamprey assemblies
(Figure 1; Table S1). The assembly contains 92% of predicted
universal Metazoan homologs (BUSCO Metazoa)*"*® and 91%
of predicted universal vertebrate homologs (core vertebrate
genes [CVGs]).>® Notably, of the seven CVGs that are missing
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from our assembly (homologs of LRRC34, TBCD, TMEM43,
SORL1, NEXN, YEATS2, and CEP192), only one is found in any
other lamprey assembly (TMEM43 is detected in E. tridentatus
and L. camtschaticum), suggesting that these genes have
been lost or were never present in the lamprey lineage. Direct
comparisons of assembly quality with other lamprey assemblies
are challenging due to variable sampling across projects,
including a lack of paired somatic/germline sequence data for
both Lethenteron species; the absence of definitive germline
sequence data for others (sequence data from the L. reissneri as-
sembly are reported as having been sampled from muscle,
PRJUNA558325, and are reported as germline elsewhere®®); and
intraspecific variation within sequenced animals. Overall, contin-
uous improvement of sequencing and assembly methods has
led to the development of increasingly accurate and informative
lamprey genome assemblies.

Identification of germline-specific/-enriched intervals

Germline-specific intervals were identified using new high
coverage resequencing data from a separate male P. marinus
(~52x coverage in germline [sperm] reads and ~95x coverage
in somatic [blood] reads). These analyses identified 29.1 Mb
germline-specific/-enriched sequences that could be anchored
to one or more high-confidence nonrepetitive (approximately
single copy) intervals (Table S2). Nonrepetitive and moderate
copy-number (up to ~30 copies) intervals contain a total of
483 annotated genes, 373 of which correspond to known homo-
logs in other vertebrate species (Table S3). Cross-referencing
previously published PCR validation studies confirms the
programmatic elimination of 37 predicted germline-specific
scaffolds/regions and accounts for 259 annotated genes'®
(Table S3). Consistent with previous studies,'®'®'® genes
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Figure 1. Assembly quality metrics for the
VGP lamprey genome and other lamprey ge-
nomes

(A) Percent of short-read k-mers found in the as-
sembly. This statistic reflects the degree to which
the assembly incorporates sequences that are
sampled from the organism. Analyses were per-
formed using germline (blue) and somatic (red)
reads.

(B) Estimated error rate reflects the degree to
which the assembly bases are consistent with
%= large samples of reads. This statistic can be
impacted by intraspecific polymorphism when
assembly and evaluation read sets are generated
from different tissues or individuals: the blue plus
(+) symbol shows the value for this estimate when
short-read data are from the same animal used for
the assembly.

(C) Percentage of predicted conserved metazoan
orthologs detected.

(D) Percentage of predicted conserved vertebrate
orthologs detected.

*, somatic reads not available; **, germline reads
not available; P.m, P. marinus; E.t, E. tridentatus;
L.c, L. camtschaticum; L.r, L. reissneri. Datasets
"19 and detailed numbers provided in Table S1.
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encoded in the germline-specific fraction of the genome are
highly enriched for ontologies associated with several functions
that are relevant to germ cell development and maturation
including meiotic cell division, recombination, cell migration/
adhesion, and WNT signaling (Table S4).

Resolving the large-scale structure of a germline-
specific chromosome

Analysis of germline vs. somatic sequence coverage revealed
that one of the large chromosomal scaffolds that was recon-
structed by the assembly pipeline represents a germline-spe-
cific chromosome (Figures 2 and S3). We refer to this chromo-
some as chromosome G1 (ChrG1; originally named Chr81) in
reference to the fact that it is germline specific and one of
12 germline-specific chromosomes that are known to exist in
the sea lamprey genome.® The availability of a highly contig-
uous assembly for one vertebrate germline-specific chromo-
some provides new insights into the content and evolutionary
history of this chromosome, which are likely relevant to under-
standing the evolution of germline-specific chromosomes in
general. First, the chromosome contains a large number of
interspersed repetitive elements, as well as 85 annotated
genes, 71 of which are homologs of 27 distinct vertebrate
genes (Table S3). On ChrG1, homologs of these 27 genes
range in copy number (distinct annotated copies) from one
to seven, with homologs of HYKK (hydroxylysine kinase) being
the most abundant. Six HYKK gene copies are located within a
360 kb interval and are interspersed with copies of SPOP
(speckle type BTB/POZ protein), suggesting that some copies
of SPOP, beyond the initial integration, trace their origin to the
same duplication events that amplified HYKK (Figures 2 and
S3). In general, annotation and analysis of ChrG1 is consistent
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Figure 2. Annotation and analysis of the germline-specific chromosome G1

A browser view showing a 600 kb subregion of ChrG1. This region shows strong segmental homology to at least seven somatically retained chromosomes
(highlighted by coloration of the corresponding segments) and contains 13 gene models, including 6 paralogs of HYKK. Segments homologous to somatic
chromosomes vary with respect to their length and the degree of sequence identity between ChrG1 and the corresponding somatic chromosome across
nonrepetitive intervals. Browser view is from SIMRbase (https://simrbase.stowers.org) and displays a subset of tracks that are most informative to assessing DNA
elimination and the evolution of the sequence content of this chromosome. A view of the entire chromosome is shown in Figure S3.

with studies of germline-specific paralogs in birds'®“® that
suggest a major role for intrachromosomal duplication in
shaping the gene content of germline-specific chromosomes
across divergent taxa.

The most in-depth studies of songbird germline-specific
chromosomes have been performed using the zebra finch
and have proposed that a large portion of the finch GRC traces
its origin to duplications of somatic chromosomal seg-
ments.'®*® To assess the degree to which interchromosomal
duplication (including somatic to germline) has shaped the evo-
lution of sea lamprey ChrG1, we aligned this chromosome to all
other assembled sea lamprey chromosomes to search for ho-
mologous regions. These searches yielded alignment to several
somatic chromosomes, including 13 somatic chromosomes
that each covered more than 20 Kb of ChrG1. Among these,
alignments to Chr65 and Chr82 (both somatic) covered the
largest fraction of ChrG1, corresponding to 337 and 234 kb,
respectively. Duplication of Chr65 accounts for the origins of
MAD2L1 and ACVR2B homologs, which have undergone sec-
ondary duplications, as well as an apparent pseudogene of
myosin heavy chain. Duplications from Chr82 account for the
origins of four ChrG1 genes: CDC20, NCAM, COP1, and
PKP4. The presence of syntenic duplications and the fact
that all annotated genes possess intron/exon structures indi-
cate that a majority of germline and somatic paralogs trace
their origins to large segmental duplications of portions of so-
matic chromosomes (Figure 2).
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Reconstructing the evolutionary origins and history of
germline-specific genes

To resolve the timing of recruitment of genes to the germline-
specific chromosomes, we generated phylogenetic trees from
five species that provided resolution as to the timing and location
of germline-specific paralogs. Datasets used in this study
included all annotated sea lamprey genes; a draft germline
assembly from E. tridentatus (Pacific lamprey); a germline/em-
bryo transcriptome from Geotria australis (known as kanakana,
piharau, or pouched lamprey); and genes from two gnathos-
tomes, spotted gar (Lepisosteus oculatus) and human (Homo
sapiens). Following automated construction of genome-wide
gene trees via OrthoFinder,*" we identified 70 orthogroups that
provided insight into the evolutionary history of the germline-
specific chromosomes (all germline-specific scaffolds). A major-
ity of orthogroups (42 groups containing 163 genes) had no
definable somatic homolog in sea lamprey, suggesting that
these genes have either resided on the germline-specific chro-
mosomes since their origin and the ancestral somatic copy
was lost over evolutionary time or that the somatic homolog
was otherwise not identifiable in the assembly (including cases
where the germline homologs have diverged in sequence to
the point that they are no longer recognizable as such). Another
28 germline-specific gene lineages (encompassing 113 germ-
line-specific genes) were grouped with their paralogous somatic
genes (Figure S4; Table S5). Because the species used vary
in their divergence time with sea lamprey (Pacific lamprey
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Figure 3. Example gene trees for germline-
specific genes with well-defined somatic
homologs in sea lamprey

A complete set of trees is shown in Figure S4.
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MYCN
>200MY**
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LPAR1
30-200MY
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~30 my, kanakana ~200 my, gnathostomes ~550 my), these
trees provided an estimate of the timing of recruitment of genes
to the germline chromosomes. Gene tree reconstruction yielded
somatic gene trees that were generally consistent with the true
evolutionary relationships among taxa in this phylogeny, and
for 23 orthogroups, it was possible to resolve the approximate
timing of divergence of germline vs. somatic gene lineages (Fig-
ures 3 and S4). These duplication events were distributed across
all three age classes: younger than 30 my (7 genes), 30-200 my
(7 genes), and older than 200 my (9 genes). This wide distribution
of ages suggests that programmed DNA loss traces its origins to
the deep ancestry of the lamprey (or deeper stem) lineages and
that recruitment of germline-specific genes to the sea lamprey
germline-specific chromosomes has occurred through a roughly
continuous process that includes both ancient and very recent
integration events.

The construction of these gene trees also provides an oppor-
tunity to assess how genes evolve following recruitment to the
germline-specific fraction of the genome. We asked whether
clades of germline-specific genes differed in rates of synony-
mous vs. nonsynonymous mutation relative to their somatic
counterparts. Among the 28 orthogroups with identifiable
somatic and germline paralogs, PAML was able to perform ana-
lyses of evolutionary rates for 23, whereas for five others
(AHRGAP2, CDC20, CDH2, IRS1/4, and YTHDC2), a combina-
tion of large numbers of insertions or deletions (indels) and large
numbers of divergent paralogs reduced the number of gap-free
sites such that dN/dS ratios could not be estimated (Figures 3
and S4). Among these 23 trees, eight germline-specific gene lin-
eages showed strong evidence of increased positive selection

AHRGAP5
30-200MY*

S A

Germline-specific genes are highlighted in red.
Lamprey somatic lineages are highlighted in
orange (sea lamprey), green (Pacific lamprey),
and purple (kanakana/piharau/pouched lamprey).
Gnathostome lineages are highlighted in gray.
Divergence dates are relative to three major diver-
gence events within the lamprey lineage. **, gene
trees with germline-specific clades with dN/dS >1
and higher than somatically retained clades; *, dN/
dS not determined due to a high frequency of gap
characters in amino acid alignments. Scale bars:
0.02 substitutions per amino acid site.

EFCC1

<30MY

following recruitment to the germline-
specific  fraction of the genome
(p < 0.01; Table S5; Figures 3 and S4),
and another six were either too diverse
to calculate dN/dS statistics or had dN/
dS >1 but were not statistically different
from somatic orthologs. In this context,
it is worth noting that the use of dN/dS

— to detect selection should be most effec-

tive when sufficient time has passed to

permit accumulation of mutations and
when genes in a clade show consistent patterns.®” As such,
this measure may underestimate selective forces acting on
young lineages, which may explain why few young germline-
specific gene lineages show evidence of positive selection
compared with relatively older germline paralogs that arose
>30 mya.

The presence of several older duplicates on sea lamprey
germline chromosomes seems to have improved our ability
to detect signatures of selection associated with programmed
DNA loss. Overall, these analyses show that germline-specific
genes often accumulate amino acid substitutions at a higher
rate than their somatic homologs and that these changes
may take place over the course of tens to hundreds of millions
of years after landing on the germline chromosomes. Presum-
ably this increased rate of protein evolution reflects the fact
that these genes have been released from stabilizing selection
in the context of somatic cells. While not every gene or gene
variant that contributes positively to germline development
would be expected to show the sorts of antagonistic pleio-
tropic effects that would select for permanent somatic
silencing (loss), the collection of genes and substitutions that
are retained in the germline-specific chromosomes of lamprey
and other eliminating species may be particularly relevant to
understanding evolutionary genetic trade-offs between germ-
line and soma.

Varying roles of germline-specific genes in reproduction
and embryogenesis

Given evidence for widespread response to selection following
recruitment of genes to the germline-specific chromosomes,
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Figure 4. Expression of germline-specific genes and their somatic homologs during early embryogenesis and spermatogenesis

Groups of paralogs are separated based on the predicted timing of divergence for somatic- (S) vs. germline-specific copies. Expression is presented relative to
FKPM (fragments per kilobase per million reads) to aid in comparisons between homologs of varying length. Colors depicting varying levels of gene expression
are scaled relative to the logso(FKPM) to permit visualization of expression metrics spanning several orders of magnitude (inset scale).

we sought to better understand how germline-specific genes
have integrated into early embryonic development and sper-
matogenesis after diverging from their somatic counterparts.
Focusing on the set of germline genes with identifiable somatic
homologs (Figure 3), we estimated transcript abundance across
early embryonic development (morula though neurula) and within
spermatogenic/meiotic germline cells using publicly available
RNA sequencing (RNA-seq) datasets'*'® (Figure 4). First, we
found that expression of germline-specific genes is generally
highest in meiotic testes. This may not be surprising, as germ
cells comprise a large fraction of the testes and are highly tran-
scriptionally active at this stage of meiosis,' whereas early
embryos possess only a small number of primordial germ cells.
Notable exceptions to this general pattern were observed for in-
dividual paralogs of L1ICAM, LRRN1, and LPAR1, which show
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relatively higher expression during embryogenesis, suggesting
that some germline-specific paralogs may preferentially
contribute to earlier (or later) stages of germ cell development
or maturation.

Second, we found that somatic homologs are generally highly
expressed during early embryogenesis (Figure 4). Somatic
homologs are also highly expressed in meiotic testes, with the
exception of somatic CCNJ, which appears to have evolved
highly specific expression in the earliest stages of embryogen-
esis, relative to spermatogenesis. Notably, CCNJ is among the
oldest and most diverse of germline-specific genes (Figures 3
and S4), and somatic paralogs of other genes in this age class
also show reduced expression in the germline relative to early
embryogenesis, suggesting they may be on a similar evolu-
tionary trajectory (Figure 4). Taken together, patterns of
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expression suggest that somatically retained genes often retain
functions relevant to the germline, but accumulation of changes
over evolutionary time can reduce or eventually replace germline
functions of somatically retained copies.

Concluding remarks

The availability of a highly accurate and contiguous assembly for
the sea lamprey, in the context of deeply diverging lamprey line-
ages, sheds new light on the tempo and mode of evolution in
germline-specific chromosomes. These analyses illustrate the
importance of large segmental duplications in shaping the
gene content of somatically eliminated chromosomes and reveal
extensive evolutionary changes that are associated with germ-
line specificity and the corresponding release from constraints
imposed by somatic antagonistic pleiotropy.

Data use

Embargoes on the use of this improved lamprey genome assem-
bly are lifted upon publication of this study. While this study was
under consideration, a study by Yasmin et al.* used the current
genome assembly to report genome-wide predictions of germ-
line-specific scaffolds and chromosomes, as well as the impacts
of our improved assembly on the annotation of germline-specific
genes.

Limitations of the study

This study reports a genome assembly for a single individual and
uses somatic and germline resequencing data from a second in-
dividual to identify germline-specific portions of the genome
(those listed by programmatic elimination). These analyses do
not fully resolve the entire structure or gene content of eliminated
regions or account for the potential for population-level variation
in the complement of germline-specific genes or duplicate
copies. The relatively young age of many of the identified dupli-
cates suggests that some are likely to vary among individual sea
lampreys.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Sea Lamprey male kPetMar1 SAMN12629506
Sea Lamprey male testes Male7219 SAMN23067069
Sea Lamprey male blood Male7219 SAMN23067060
Geotria australis testes TAONGA-AGDR00015 N1M

Geotria australis embryos TAONGA-AGDR00015 N1

Pacific Lamprey testes EtrAdultCRITFC18_GenomeStudy-0004 SAMN23426542
Pacific Lamprey blood EtrAdultCRITFC18_GenomeStudy-0004 SAMN23426543
TruSeq Stranded Total RNA lllumina Cat# 20020599

library prep

Critical commercial assays

PacBio long Reads (Sequel I)

Pacific Biosciences

Pacific Biosciences Sequel |

Bionano optical maps (Saphyr) BioNano BioNano Saphyr

10X Genomics linked reads 10X Genomics N/A

Arima Genomics Hi-C linked reads Arima N/A

lllumina NovaSeq lllumina lllumina NovaSeq

Deposited data

Sea lamprey germline genome assembly This paper BioProject PRUNA562011

Sea lamprey germline genomic This paper https://genomeark.github.io/genomeark-all/

sequence reads Petromyzon_marinus

Comparative sequencing datasets This paper BioProject PRUINA779416

for sea lamprey

Comparative sequencing datasets This paper BioProject PRUNA784541

for pacific lamprey

RNA sequencing data for G. australis This paper Aotearoa Genomic Data Repository (AGDR)
under accession number TAONGA-AGDR00015
(https://data.agdr.org.nz/study-viewer/project/
AGDRO00015).

Software and algorithms

FALCON v. DNANexus 1.9.0 Chin et al.*® http://www.dnanexus.com

FALCON-Unzip v. DNANexus 1.0.6 Chin et al.** http://www.dnanexus.com

purge_dups v. github ca23030ccf4254 Guan et al.*® https://github.com/dfguan/purge_dups

dfd2d3a5ea90d0eed41c24f88b
scaff10x v. 4.1.0

Bionano Solve DLS v. 3.2.1

Salsav. 2.2

Arrow smrtanalysis v. smrtlink_
6.0.0.47841

longranger align v. 2.2.2

freebayes lllumina polishing v. 1.3.1
gEVAL v. 2019-12-09

Meryl v. 1.1

Merqury v. 2020-01-29

High Performance Algorithms Group
at the Wellcome Sanger Institute

Bionano Genomics
Ghurye et al.*®
PacBio

10X Genomics

Garrison and Marth*’

Guan et al.*®

Miller et al.*®

Rhie et al.*°
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https://github.com/wtsi-hpag/Scaff10X

https://s3.amazonaws.com/www.bnxinstall.com/
access/tools/access.tools.tgz

https://github.com/marbl/SALSA

https://downloads.pacbcloud.com/public/
software/installers/smrtlink_6.0.0.47841.zip

https://support.10xgenomics.com/genome-
exome/software/pipelines/latest/advanced/
other-pipelines

https://github.com/freebayes/freebayes
https://geval.sanger.ac.uk
https://github.com/marbl/meryl
https://github.com/marbl/merqury
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REAGENT or RESOURCE SOURCE IDENTIFIER

BUSCOv. 5.1.3 Simao et al.*® https://gitlab.com/ezlab/busco
minimap2 v 2.17 Li°’! https://github.com/Ih3/minimap2
D-Genies Cabanettes et al.*? https://dgenies.toulouse.inra.fr
bwav. 0.7.17 Li and Durbin®® https://github.com/Ih3/bwa

samtools v. 1.14
PretextMap v. 0.1.8
PretextView v. 0.2.4
MAKER v. 3.01

Augustus v. 3.3

DifCover v. 3.0.1

LastZ v. 1.04.15

ChainNet v. 302.1
trinityrnaseq v. 2.11.0
Orthofinder v. 2.5.2
T-Coffee v. 13.45.0.4846264
Pal2Nal v. 14

Li et al.>

Campbell et al.>®

Stanke et al.”®
Smith et al."®

Harris®’

Kent et al.>®
Grabherr et al.*®
Emms and Kelly®®
Notredame et al.®’

Suyama et al.®

https://github.com/samtools/samtools
https://github.com/wtsi-hpag/PretextMap
https://github.com/wtsi-hpag/PretextMap

https://www.yandell-lab.org/software/
maker.html

https://bioinf.uni-greifswald.de/augustus/
downloads/

https://github.com/timnat/DifCover
https://doi.org/10.5281/zenodo.7574262

https://github.com/lastz/lastz
https://github.com/ucscGenomeBrowser/kent
https://github.com/trinityrnaseq/trinityrnaseq
https://github.com/davidemms/OrthoFinder
https://tcoffee.org/Projects/tcoffee
http://www.bork.embl.de/pal2nal

PAML v. 4.9 Yang®® http://abacus.gene.ucl.ac.uk/software/paml.html
figTree v. 1.4.4 Rambaut®* http://tree.bio.ed.ac.uk/software/figtree

hisat2 v. 2.2.0 Kim et al.®® http://daehwankimlab.github.io/hisat2

StringTie v. 2.1.5 Perta et al.®® https://ccb.jhu.edu/software/stringtie

Other

Drosophila melanogaster FlyBase r6.30 https://doi.org/10.1126/science.287.5461.2185

protein sequences

Homo sapiens protein sequences

Mus musculus protein sequences

Callorhinchus milii protein
sequences

Danio rerio protein sequences

Hydra vulgaris protein sequences
Lottia gigantea protein sequences

Ciona intestinalis protein
sequences

Branchiostoma floridae protein

sequences

Nematostella vectensis protein

sequences

Takifugu rubripes protein sequences
Xenopus tropicalis protein sequences

Trichoplax adhaerens protein
sequences

UniProt/Swiss-Prot protein sequences

RepBase repeat database

P. marinus species specific repeats

NCBI release 109.20190905

NCBI release 108
NCBI release 100

NCBI release 106
NCBI release 102
JGI v1.0
JGI v2.0

JGIv1.0

JGIv1.0

JGI v4.0
JGIv4.1
JGIv1.0

UniProt/Swiss-Prot
RepBase

https://doi.org/10.1038/35057062,
https://doi.org/10.1126/science.1058040

https://doi.org/10.1038/nature01262
https://doi.org/10.1038/nature12826

https://doi.org/10.1038/nature12111
https://doi.org/10.1038/nature08830
https://doi.org/10.1038/nature11696
https://doi.org/10.1126/science.1080049

https://doi.org/10.1038/nature06967

https://doi.org/10.1126/science.1139158

https://doi.org/10.1126/science.1072104
https://doi.org/10.1126/science.1183670
https://doi.org/10.1038/nature07191

https://doi.org/10.1093/nar/gkaal100
https://doi.org/10.1186/s13100-015-0041-9
https://doi.org/10.1038/s41588-017-0036-1
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jeramiah
Smith (jjsmit3@uky.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

o Data: Sequence data for Petromyzon marinus and Entosphenus tridentatus have been deposited at NCBI and GenomeArk
(https://genomeark.github.io/genomeark-all/Petromyzon_marinus) and are publicly available as of the date of publication.
The assembly of the P. marinus germline genome is deposited under BioProject PRUNA562011 in NCBI (accession number
GCF_010993605.1 for the primary assembly and GCA_010993595.1 for the alternate contig only assembly). Comparative
sequencing datasets for P. marinus are deposited under BioProject PRINA779416. Comparative sequencing datasets for
E. tridentatus are deposited under BioProject PRUNA784541. RNA Sequence data for Geotria australis have been deposited
at the Aotearoa Genomic Data Repository (AGDR) and are publicly available as of the date of publication under accession num-
ber TAONGA-AGDR00015 (https://data.agdr.org.nz/study-viewer/project/AGDR00015). Accession numbers are also listed in
the key resources table. Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

o Code: All original code (an updated version of DifCover) has been deposited at GitHub and is publicly available as of the date of
publication. The DOl is listed in the key resources table.

® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Organisms used as source material
Petromyzon marinus, adult, male, kPetMar1, sampled under protocol number 2011-0848 (University of Kentucky Institutional Animal
Care and Use Committee).

Petromyzon marinus, adult, male, Male7219, sampled under protocol number 2011-0848 (University of Kentucky Institutional An-
imal Care and Use Committee).

Entosphenus tridentatus, adult, male, EtrAdultCRITFC18_GenomeStudy-0004, sampled under a 2018 Yakama Nation scientific
collector’s permit to RL.

Geotria australis, adult, male, TAONGA-AGDRO00015M1M, sampled under the Ministry for Primary Industries, Fisheries New Zea-
land Special Permit 666/2.

METHOD DETAILS

Genome sequencing and assembly

The genome was sequenced and assembled using the VGP 1.6 pipeline.®® An adult male sea lamprey was captured from the Great
Lakes, and testis was dissected and immediately flash frozen, and stored at the University of Kentucky (BioSample SAMN12629506).
Spermatogenic (meiotic) testis was chosen for this project because it permitted the preparation of high molecular weight DNA and
Hi-C libraries from the same individual under the anticipation meiotic germline is likely to yield more informative patterns of chromatin
contact in comparison to highly condensed spermatocyte nuclei. Ultralong DNA molecules were isolated (>300Kb), and sequencing
conducted with PacBio continuous long reads (CLR) on a Sequel | at (62.36X coverage, ~40kb insert size), Bionano optical mapsona
Saphyr (538.18X coverage), and 10X Genomics linked reads (67.01X coverage) and Arima Genomics Hi-C linked reads (70X
coverage) on an lllumina NovaSeq at the Rockefeller University Vertebrate Genomes Lab.

Following initial assembly and haplotype purging using FALCON (v. DNANexus 1.9.0),** FALCON-Unzip (v. DNANexus 1.0.6)** and
purge_dups (v. github ca23030ccf4254dfd2d3a5ea90d0eed41c24f88b\),*° the primary (longer) set of contigs were scaffolded
sequentially using 10x linked reads with scaff10x (v. 4.1.0; https://github.com/wtsi-hpag/Scaff10X), Bionano cmaps with Bionano
Solve DLS (v. 3.2.1), and Hi-C linked reads with Salsa (v. 2.2).*° The primary assembly base calls were then error corrected (polished)
and scaffolds gap-filled with using the original CLR with Arrow smrtanalysis (v. smrtlink_6.0.0.47841), and further polished with the
10x short reads and longranger align (v. 2.2.2) and freebayes lllumina polishing (v. 1.3.1).*” Manual curation including decontamina-
tion was conducted at the Sanger Institute using gEVAL (v. 2019-12-09)*® as previously described.®” Manual curation issued 440
structural changes leading to an increase of scaffold N50 by 16%, a reduction in scaffold number by 13% and a decrease of assembly
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size by 3% due to removal of retained haplotypic duplication. Of the resulting assembly, 92.3% could be assigned to 85 identified
chromosomes. The assembly was submitted to the public NCBI archives, and assigned to a BioProject (PRINA562011).

Assembly quality metrics for lamprey genomes

Meryl v1.1 (https:/github.com/marbl/meryl)*° and Merqury (2020-01-29)°° were used for error rate estimation and calculation of per-
centage of short reads k-mers, k=21, found in the assemblies (Table S1). To assess assembly completeness, we searched for single
copy orthologs that are conserved across all metazoans (lineage dataset metazoan_odb10, n = 954) and core vertebrates (n = 233)
using BUSCO pipeline v. 5.1.3 in mode “genome” with gene predictor “metaeuk”. Assessment of largescale chromosome structure
used chromatin contact data and a second sea lamprey genome assembly that was generated from independent sequence/mapping
datasets with no overlap to the animal or datasets used to generate this assembly.'® The assemblies were aligned to one another
using minimap2 (v 2.17)°" and alignments were displayed using D-Genies.>> Chromatin contact maps were generated by first aligning
Hi-C libraries from the same meiotic testes (NCBI BioProject PRUINA562011) to the current and previous genome assemblies with
bwa (v. 0.7.17 )°° and filtered using samtools (v. 1.14)°* to include alignment scores greater than or equal to ten. Chromatin contact
densities were calculated and summarized using PretextMap (v. 0.1.8: https://github.com/wtsi-hpag/PretextMap) and visualized
using PretextView (v. 0.2.4: https://github.com/wtsi-hpag/PretextMap).

Gene annotation

NCBI annotation with 78 RNAseq data sets from various tissues (brain, olfactory organ, liver, and whole embryos) yielded 22,167
genes (17,580 protein coding and 4,361 non-coding) contributing to 43,324 transcripts (https://www.ncbi.nlm.nih.gov/genome/
annotation_euk/Petromyzon_marinus/100/). An additional custom annotation of P. marinus and E. tridentatus germline assemblies
was performed using the MAKER genome annotation pipeline using published MAKER annotation protocols.*® (Basic Protocols 1
and 5 as well as Support Protocols 1, 2, 3, and 4). MAKER was configured to use Augustus for gene prediction, RepBase supple-
mented with a species-specific library for repeat masking, assembled mRNA-seq datasets for transcriptome evidence, and whole
proteomes of multiple animal species and all of UniProt/Swiss-Prot for protein evidence. Transcriptome evidence from lamprey
(SIMRbase: https://simrbase.stowers.org) and protein datasets from multiple organisms (Key Resources) and repeat annotations
(Key Resources) were used as evidence for de novo annotation following published MAKER annotation protocols.®® Augustus®®
was trained using MAKER generated alignments of the Swiss-Prot protein dataset against each assembly followed by a single round
of bootstrap training (MAKER Support Protocol 1). Gene predictions that were rejected by MAKER were added to the final annotation
set if they contained identifiable InterPro Protein domains (MAKER Basic Protocol 5). For P. marinus, new annotations were matched
to previous PMZ_v3.1 annotations by first mapping the earlier annotation set to the new assembly (MAKER Support Protocol 4) and
then identifying model overlap to new genome annotations.

Identification of germline-specific regions

Germline specific regions of sea lamprey assembly were identified using ~52X coverage in germline (sperm) reads (413 million 150 bp
lllumina NovaSeq 6000 read pairs) and ~96X coverage in somatic (blood) reads (486 million 150 bp lllumina read pairs). Sequences
were aligned to the genome assembly using BWA-mem (v 0.7.17)°% with option -a and filtered by samtools view** with option -F2308,
such that only primary alignments were retained for further analysis. The resulting files were processed using DifCover (v 3.0.1)'° to
calculate the degree of germline enrichment across all discontiguous 500bp intervals of low-copy sequence using modal coverages
for sperm and blood, low coverage masking of regions with read depth <1/3X in both samples and high coverage masking of se-
quences with read depth >3X modal coverage in both samples. To identify germline-specific genes that are present at higher
copy number, we ran DifCover using low coverage masking with read depth <10X in both samples and high coverage masking of
sequences with read depth >30X modal coverage.

Short read sequences of E. tridentatus sperm (567 million 150 bp lllumina read pairs) and blood (463 million 150 bp lllumina read
pairs) DNA were aligned to the assembly (GCA_014656915.2) with BWA-mem and filtered by samtools view with option -F2308 to
retain only primary alignments. Read pairs duplicates were removed with samtools markduplicates and properly paired reads
(344 million pairs in sperm and 274 million pairs in blood) were selected with samtools view -f2 yielding modal coverages for sperm
and blood of 106X and 77X respectively. Relative coverage of DNA sequence from sperm and blood (standardized logs ratio) was
estimated using DifCover as described above for sea lamprey. All tracks are publicly accessible as a browser track labeled “Germ-
line-specific Regions” on SIMRbase.

Alignment of G1 to somatic chromosomes

To identify regions of homology between chromosome G1 and somatic chromosomes, ChrG1 scaffolds were first aligned to all other
chromosomal scaffolds using LastZ (v. 1.04.15).%” Alignment scoring files and alignment parameters match those used for the gen-
eration of high-divergence vertebrate genome alignments hosted at the UCSC browser (-scores=scoring_file —inner=2000
—hspthresh=2200 —gappedthresh=6000 —ydrop=3400 —masking=50 —notransition —chain —gapped). Generation of alignment nets
via ChainNet (v. 302.1) also followed the methods used to generate UCSC deep vertebrate alignment tracks (-linearGap=Iloose)
except that chain score cutoffs were not implemented after examining the impact of chain score cutoffs of 2500 and 5000°° (these
have minimal impact on alignment tracks but omit some small extensions of syntenic chains).
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Geotria transcriptome assembly

Atranscriptome for G. australis was generated using RNAseq data from the testes of a nest guarding male and 40 embryos (similar to
Tahara stage 21°%). Animals and embryos used for this aim were collected under the Ministry for Primary Industries, Fisheries New
Zealand Special Permit 666/2. RNA was extracted from RNAlater-preserved testes tissue and whole embryos using a Zymo
Research Direct-zol RNA Miniprep Plus kit following the kit protocol (v.1.0.1) with some modifications. Approximately 50mg of testes
(minced with a sterile razor) and intact (whole) embryos were used as starting tissue material. Excess RNAlater was removed from the
tissues prior to the tissue lysis step by blotting (Kimwipe) and then rinsing in ice-cold PBS solution for ~5 seconds. Tissue lysis
methods varied by tissue sample and included dry ice freezing with crushing (mortar and pestle), handheld homogenizing, and
bead bashing (20 freq for 2-6 minutes). An optional DNAase 1 treatment was performed following the kit protocol. DNAase/RNA-
Free Water was used to elute 26-50 ml of RNA. The extracted RNA was tested for quality and quantity with a NanoDrop spectropho-
tometer and Qubit Fluorometer and stored at -80 prior to library preparation. Subsampling, tissue lysis, and RNA purification steps
were performed on ice and in a chilled centrifuge (~4° C). In addition, all surfaces, hood-space, and centrifuges were wiped with
ethanol and RNaseZap before, and during, each extraction batch.

RNA extractions were evaluated using a bioanalyzer to assess the quality of the samples. Samples were considered partially
degraded (RNA integrity number [RIN] < 7); however, a preliminary sequencing analyses demonstrated success for lamprey embryos
of this level of reported RIN and additional external quality control was performed during the downstream analyses. Library prepa-
ration was performed by the Otago Genomics Facility using the lllumina TruSeq Stranded Total RNA library and TruSeq Stranded
Total RNA Gold rRNA depletion to remove downstream inhibiting excess eukaryotic cytoplasmic rRNA, mitochondrial rRNA, and
globin mRNA. Sequencing was performed by the Roy J Carver Biotechnology Center at the University of lllinois using S4 a
NovaSeq 6000 (S4) to generate paired-end reads (2x150nt). The resulting reads were assembled using trinityrnaseq-v2.11.0.%°

Construction and analysis of gene trees

Gene trees were built from a set of species chosen on the basis of several factors that dictate their utility in dissecting the evolution of
germline-specific genes. First, in comparison to the P. marinus genome, sequence data from E. tridentatus and G. australis span key
ancestral nodes within the lamprey phylogeny.”"*" Second, available germline and somatic sequence datasets for P. marinus and
E. tridentatus provide the information necessary to assign sequences to germline-specific vs somatic compartments, whereas these
data are absent for closely related Lethenteron species necessitating their exclusion from this analysis. Finally, two (presumable non-
rearranging) gnathostome outgroups (human and gar) were used to aid in the definition of ancestral states in the lamprey lineage.
Datasets used for these species included annotated genes for P. marinus (https:/genomes.stowers.org/sealamprey),'® parallel
gene annotations for E. tridentatus (https://genomes.stowers.org/pacificlamprey), a nonredundant set of transcripts for
G. australis (the highest expressed isoforms from the RNAseq assembly above), human gene annotations (GRCh38.p13 Ensembl
genebuild V104.38) and spotted gar gene annotations (LepOcul, Ensembl genebuild V104.1). Protein sequences from these genes
were used to identify orthology groups using Orthofinder (v. 2.5.2).*"°° Trees containing germline-specific genes were extracted for
manual curation (collection of missing orthologs and pruning of excessively long branches due to misannotations) and further anal-
ysis. Orthology groups were realigned using the PSI-Coffee module of T-Coffee (v. 13.45.0.4846264)°":%° then integrated with tran-
script sequences to generate codon alignments in PAML format using Pal2Nal (v 14).62 The resulting alignments and trees were
further analyzed using PAML®®"° to estimate substitutional rates and likelihood statistics for three models: model 0 (Model =0
NSsites=0), model 1a (Model =1 NSsites= 0), and clade model D (Model = 3 NSsites =3) that was used to test whether rates in
each clade of germline-specific genes differed their somatically retained homologs. P-values for the test of significance of the clade
model (indicating differences in substitutional rates for germline vs somatic genes) used the convention that sampling probabilities for
two times the difference in the likelihood ratio statistics between model 1a and model D are approximated by the 2 distribution. Tree
visualization and labeling was performed using figTree v1.4.4.°" For several trees it is not possible to justify a specific root, even
ignoring issues of cyclostome/gnathostome duplication history (e.g. MYCN/ AHRGAPS) although it is still possible to resolve the rela-
tive branching patterns within lamprey lineages on the gene tree. As such, we present unrooted trees to avoid misleading the reader
with respect to gnathostome/lamprey relationships.

Reanalysis of RNAseq data

Published RNAseq datasets (PRJNA306044, SRP009181) were aligned to the genome assembly using hisat2-2.2.0°>"" and the re-
sulting sam files were filtered to extract single best alignments using samtools view (v. 1.11)>* then converted to bam using samtools
sort. Filtered and sorted alignments were processed using StringTie v2.1.5°%72 to generate FPKM estimates.

QUANTIFICATION AND STATISTICAL ANALYSIS
Meryl v1.1 (https://github.com/marbl/meryl)*® and Merqury (2020-01-29)°° were used for error rate estimation and calculation of per-
centage of short reads and k-mers, k=21, found in the assemblies (Figure 1, Table S1).

DifCover (v 3.0.1)'"® was used to calculate normalized enrichment statistics for germline sequence data relative to somatic
sequence data, accounting for differences in sequence modal coverage (Figure 2, Table S3).
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PAML®®"° was used to estimate substitutional rates and likelihood statistics for substitution models and P-values were calculated
as recommended in PAML user documentation (Figure 3, Table S4).
StringTie v2.1.5°%"2 to generate fragments per kilobase of exon per million mapped fragments (FPKM) estimates (Figure 4).

ADDITIONAL RESOURCES

SIMRbase sea lamprey genome browser: https://simrbase.stowers.org/sealamprey.
SIMRbase Pacific lamprey genome browser: https://simrbase.stowers.org/pacificlamprey.
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