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Abstract

The introduction of massively parallel sequencing in the mid-2000s has truly revolution-
ized the field of molecular phylogenetics and ultimately our understanding of the tree
of life. Despite today’s existence of long-read sequencing and hybrid strategies—with
the ability to produce high-quality, near-chromosome-level assemblies—monetary costs,
sampling restrictions, and other practical considerations still favors next-generation
sequencing (NGS) in many instances. To this date, most large-scale phylogenetic or
“phylogenomic” studies were conducted using a “genome reduction” strategy such as
transcriptome sequencing or target enrichment. Until recently, whole-genome sequenc-
ing (WGS) was often dismissed or overlooked due higher sequencing costs and a lack of
appropriate bioinformatic tools to process the data downstream. Despite this, WGS has
many advantages over other techniques such as reduced laboratory workload, smaller
DNA volume and quality requirements, and higher data re-usability, even outside phylo-
genetics. Now, advancements in short-read sequencing technology has reduced the costs
of sequencing and the development of new, alignment-based bioinformatic software
for working with WGS data should have phylogeneticists reconsider this sequencing
approach. Still, we saw the need for a fast, scalable, and easy-to-use method for mining
desired loci from raw reads or assembled contigs. Thus, we here present Patchwork, a
new, alignment-based program, which mines phylogenetic markers from WGS data by
“stitching” overlapping and or adjacent sequence regions. A novel sliding-window based
algorithm trims non-coding regions from extracted markers. We ultimately demonstrate
the utility of both Patchwork—and for using WGS in a phylogenomic context—by using
this tool to reconstruct the phylogeny of the annelid family Nereididae. All previous
attempts to infer the phylogeny of Nereididae have been limited to morphological data
or by using one or a handful of mitochondrial genes. Most of these studies were also
severely limited in taxonomic coverage. Here, we present trees inferred from a set of 777
near-universal single-copy orthologs and mitochondrial genomes, containing a total of
100 and 132 taxa respectively, to produce a well-supported and congruent phylogeny of
the group.

© Georg-August-Universität Göttingen Felix Thalén



IV

Acknowledgements

First, I would like to thank my supervisor, Christoph Bleidorn, for all of the interesting
discussions that we’ve had and for always being open to new ideas.

I also want to thank everyone involved in the sample collection and for sending samples
our way: Christopher J. Glasby and Robin S. Wilson, Torkild Bakken, Torsten H. Struck,
Teresa Darbyshire, Detlev Arendt, Kevin N. Mutemi, Tobias Gerber, Dinesh Kaippilly,
Jithin Kothalil, Dazuo Yang, Maria C. Coralles, and Tulio F. Villalobos Guerrero.

Thanks to my committee members, Burkhard Morgenstern and Nico Posnien, for fruitfull
discussions and sound advice on how to proceed with the project.
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Introduction 1

1 Introduction

All living beings have much in common,
in their chemical composition, their
cellular structure, their laws of growth,
and their liability to injurious
influences. . . Therefore, on the principle
of natural selection with divergence of
character, it does not seem incredible that,
from such low and intermediate form both
animals and plants may have been
developed; and, if we admit this, we must
likewise admit that all the organic beings
which have ever lived on this earth may
have descended from someone primordial
form

On the Origin of Species
Charles Darwin

All life on earth—from bacteria to plants and humans—share a common ancestor. This
idea, laid out by Darwin (Darwin, 1859; also see figure 1.1), has since been evidenced by
the fossil record, shared morphological traits, and the existence of a shared universal
genetic code. But how exactly did this event unfold, how is everything related? Phyloge-
netics is the field of study principally concerned with reconstructing the evolution of
species (extinct or living), individuals, or genes (Baum & Smith, 2013). By modelling
the evolutionary history of species—typically as phylogenetic trees—we can lay out a
framework from which questions regarding relatedness can be answered. The utility of
phylogenetics was clearly made evident in the ongoing COVID-19 pandemic, where the
distribution and evolution of new variants could be tracked in real-time. Moreover, the
degree of relatedness between these variants could be used to predict infection-rates as
well as the origin of the virus itself (e.g., T. Li et al., 2020). Before molecular data was ac-
cessible, the phylogenetic history of a set of species was inferred through the comparison
of shared morphological traits. With the advent of sequencing, pionered by the works of
Frederick Sanger, however, it became possible to “read” amino acid, and subsequently
nucleotide, sequences of organisms (Heather & Chain, 2016). Various techniques and
approach for comparing these genes were rapidly developed and the field of molecular
phylogenetics was established (Delsuc et al., 2005). Researches did, however, often find
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Introduction 2

Figure 1.1: The first-known sketch of an evolutionary tree by Charles Darwin that
describes the relationships among groups of organisms. Attribution: Charles
Darwin/Public domain.

discrepancies when different genes and or models of molecular evolution were used to
infer a phylogeny (Philippe et al., 2017). Advancements in sequencing technologies in
the mid-2000s then transformed the field into phylogenomics, where large, multi-gene
datasets paved way for phylogenetic trees that were less dependent on the individual
gene, or the handful of genes, under study (Delsuc et al., 2005).

1.1 Phylogenomics: the end or the beginning of incongruence?

With the introduction of high-throughput sequencing technologies, it suddenly became
possible to analyse genomic and or transcriptomic datasets with hundreds or even
thousand of genes. Although initially introduced as mean to put an end to contradictory
results (Gee, 2003; Rokas et al., 2003), researchers quickly realised that analyzing huge,
concatenated gene sets came with its very own set of problems (Phillips et al., 2004; Soltis
et al., 2004); different models of molecular evolution, tree reconstruction methods, choice
of data type (i.e., nucleotides vs. amino acids), and or gene selection could potentially
lead to different outcomes. Other sources of errors include violating the assumptions of

© Georg-August-Universität Göttingen Felix Thalén



Introduction 3

orthology—i.e., that all genes under study are related via a speciation event as opposed
to a gene duplication event or via Horizontal Gene Transfer (HGT)—and problems
stemming from missing data, now further amplified by the these huge datasets (Jeffroy
et al., 2006).

Nowadays, the availability of cost-efficient long-read technologies introduces yet another
dimension to the field. With so many different sequencing approaches to choose from,
what are actually the advantages and disadvantages of choosing between them?

1.2 Sequencing approaches

1.2.1 First generation (Sanger) sequencing

For nearly three decades, DNA sequencing—and thus also molecular phylogenetics—
was dominated by Sanger sequencing, and it was this technique that was used to first
sequence the human genome (Consortium et al., 2004). Although increased automation
led Sanger sequencing to become easier and cheaper over time, this approach is still
characterized by producing reads of around 500-1000 bp in length, with a high accuracy
(around 99.999% with trimmed reads), in small quantities. As a consequence, most
phylogenetic studies at the time were limited to a single, or a handful, of orthologous
genes (Jeffroy et al., 2006).

1.2.2 Next-generation sequencing (NGS)

A new era of molecular phylogenetics began with the introduction of so called next-
generation sequencing (NGS). Unlike its precursor, these new machines were capable of
outputting genome-scale data in huge quantities and revolutionized the way in which
molecular phylogenetic studies were conducted (Chan & Ragan, 2013). Now, entire
genomes or transcriptomes of could be compared at a fraction of the cost. Not only
did the depth at which the targets were sequenced but also the breadth—a broader
selection of taxa could be targeted, thanks to the reduced costs of sequencing. Origi-
nally, the read lengths of these techniques were much shorter (36–72 bp), but modern
platforms such as the Illumina NovaSeq 6000 can routinely produce reads of 250 bp
in length. The accuracy of Illumina sequencing, which is today by far the most com-
mon platform for NGS, is around 99.25% (Quail et al., 2012) and today, the majority of
transcriptome and resequencing projects are conducted using Illumina sequencing and
NGS technology (Bleidorn, 2017). Unfortunately, the relatively short read lengths results
in lower-quality assemblies, where many genes are missing, in fragments, and or are
incorrectly assembled (Yin et al., 2019).
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Introduction 4

1.2.3 Long-read sequencing

Lately, the introduction of long-read sequencing technologies have made it easier to
produce higher quality, near-chromosome-level genomes, thus overcoming some of the
overarching challenges associated with short-read sequencing (Rhie et al., 2021). “Long-
read sequencing”, most often refer to one of the two currently leading platforms, namely
Pacific Biosciences and Oxford Nanopore. These technologies can produce reads which
are up to hundreds of thousands of bases long, about 30–300 times longer than those
produced by short-read equivalents (ibid.). The accuracy of long-read technologies are
lower, however, and the error rate of the PacBio platform is estimated to be around 0.5–
15% (Hon et al., 2020; Weirather et al., 2017). Many phylogenomic projects today employ
a “hybrid” strategy, where the high coverage of short-read sequencing technologies are
combined with the long reads produced by long-read sequencer. This helps overcome
the typically higher error rates and raw material requirements associated with long-read
sequencing. However, low error rates of the latest PacBio sequencers has led to a situa-
tion where the PacBio HiFi sequencing method alone may yield sufficient quality (Hon
et al., 2020). Despite all of these advantages, long-read or third-generation sequencing
require high molecular weight DNA from freshly-collected and well-preserved material
(Chakraborty et al., 2016), while sequence libraries for short-read sequencing can be
constructed from low-quantity and more fragmented DNA. The higher associated costs
has also limited the uses to larger consortia—such as Genome 10K (of Scientists, 2009) or
The Darwin Tree of Life Project (of Life Project Consortium, 2022)—taking advantage
of these approaches, rather than individuals labs, who may not be able to upfront the
added cost. Given the choice of more depth (i.e., higher coverage) or more breadth
(i.e, more taxonomic coverage), many researchers will likely opt for a broader taxon
sampling. Collecting everything anew may not even be an option and in some cases
and sub-optimal material from a museum collection may be all that is available and in
those cases, long-read sequencing is not even an option anymore. The bottleneck of
many phylogenomic projects today is not only producing high-quality genomes but
to collect and correctly identify each species in the first place. Taxonomic expertise is
rare and going out in the field collecting is time-consuming and posed with increasing
amounts of paperwork. Having the flexibility to avoid some of these steps will likely be
a welcome—if not necessary—option to phylogenomic researchers.

Taxon sampling and sequencing material from museum collections using NGS sequencing—
something now known as museomics—will be discussed in more detail in the next
section, followed by a section on various data collection approaches for undertaking
these types of sequencing jobs.
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1.3 Taxon sampling approaches

All phylogenetic projects begin by selecting representing taxa for analysis and an insuffi-
cient taxon sampling is often citepd as a major source of error in phylogenetic inference
(Zwickl & Hillis, 2002). Exhaustive taxon sampling, however, is often impractical—if not
impossible—to achieve due to monetary costs, lack of computational resources, time-
constraints, need for sampling permits, or rarity of the species of interest. Hence, the
taxon sampling for most reasonably sized taxonomic groups will be non-exhaustive and
careful consideration should be taken into selecting appropriate taxa for analysis. This
selection should ideally represent the phylogenetic diversity of the group, be based on
community value (i.e., the community’s interest in having sequences publicly available
for that group), genome size (smaller genomes lead to lower costs of data generation),
and taxonomic stability. Thus, the value added from a well-rounded sampling increases
for less well-studied group where the taxonomic placement of some taxa may be less
reliable. When possible, each taxon should also be sampled from or near the type locality
to avoid taxonomic ambiguities or changes.

1.3.1 Museomics

One way to increase taxon sampling without having to collect everything anew is
to include specimen from natural history museum collections. Although previously
dismissed due to the damage and fragmentation caused by non-ideal preservation
methods (Hofreiter, 2012), more and more researches are sequencing museum specimens
(e.g., Breinholt et al., 2018; Cong et al., 2017; F. Zhang et al., 2019b. Researchers may
be prohibited from collecting new material due to monetary reasons (e.g., funding
reasons or high travel-related costs when covering a wide geographical range), increased
bureaucracy (e.g., due to stricter regulations introduced with the Nagoya Protocol in
2014; explained in more detail in chapter 3), lack of taxonomic expertise, or rarity of the
species of interest (Call et al., 2021b). Not only do natural history museum collections
provide an alternative way to obtain DNA material from species that would be difficult
to collect anew, it also a mean to study species throughout time and space. I.e., samples
preserved in a museum collection are snapshots of a species, in a geographical location,
at a specific point of time. This allow researchers to study genetic changes over time and
also to study the genome of species in decline, facing the risk of extinction, or that are
already extinct (e.g., Zedane et al., 2016).

1.4 Data collection approaches

In this section, I will outline the most popular data collection methods for phylogenomics,
that are used when performing massively parallel sequencing (or NGS).
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1.4.1 Reduced representation approaches

To this day, most large-scale phylogenetic (i.e., phylogenomic) studies were conducted us-
ing a “reduced-representation” strategy such as transcriptome sequencing (also known
as RNA-Seq), or hybridization- or capture-based target enrichment (F. Zhang et al.,
2019b). These approaches are called so because their aim is to sequence only a select por-
tion of the genome (i.e., expressed portions of the genome in the case of transcriptomics
and regions captured by designed probes in the case of targeted enrichment).

RNA-Seq

The transcriptome of an organsim is the expressed portion of the genome at a certain
developmental stage or physiological condition (Wang et al., 2009). Various technolo-
gies have been developed to deduce and quantify transcriptomes, but when high-
throughput sequencing, or NGS, is used, we call it RNA Sequencing (RNA-Seq). No-
tably, in RNA-Seq, the RNA itself is not sequenced and instead it (the RNA) is first
converted to a library of cDNA fragments with adaptors attached to one or both ends,
which are subsequently sequenced (Wang et al., 2009). RNA-Seq is a widely used ap-
proach to phylogenomics (e.g., Kocot et al., 2017), partly due to the reduced costs of
sequencing, as only the expressed portion needs to be sequenced. Unfortunately, tran-
scriptome sequence requires large quantities of high-quality RNA from freshly-collected
or carefully-stored samples (Cronn et al., 2012b), meaning that smaller organisms have to
be pooled together and older material, stored in museum collections, cannot be utilized
when using this sequencing method.

Target enrichment

Target Enrichment (TE) is a way to capture a select portion of the genome through the
use of so called probes, which can capture both genes and flanking regions. These
regions can then be sequenced in greater depth, at reduced cost, as not all of the genome
has to be sequenced (E. M. Lemmon & Lemmon, 2013). TE does not have the same
materialistic restrictions as RNA-Seq and can be used for degraded DNA, e.g., from
samples stored in sub-optimal conditions in a museum collection or similar entity.
Designing “baits” does, however, require a reference, although this method can also be
used on non-model organisms (Jones & Good, 2016). Even though this approach has a
reduced computational costs, it comes with higher laboratory workloads and designing
appropriate probes gets increasingly more difficult as the distance between the species
of interest increases. Moreover, although target enrichment is a popular approach to
conduct phylogenomic studies, the data that is generated has generally little use outside
of phylogenetics and the whole study has to be conducted from scratch if other loci are
to be included.
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Figure 1.2: Sequencing cost per megabase in 2001–2021. Attribution: the National
Human Genome Research Institute (NHGRI).

1.4.2 Whole-genome sequencing

An under-represented approach when it comes to phylogenomics is whole-genome
sequencing (WGS). As the name suggests, the WGS approach means that an organisms
genome—together with its organelle genomes (i.e., mitochondria or chloroplasts)—is
sequenced in its entirety. The disuse of this method can most likely be attributed to higher
monetary costs and a lack of appropriate bioinformatic tooling for handling the data
it generates. Unlike “reduced-representation” strategies, WGS comes with increased
sequencing costs because not only the regions of interest (i.e., the exome or an enriched
portion of the genome) are sequenced. Now, decreasing sequencing costs (currently
estimated to be around 0.01 US$ per one megabase [Mbp] of raw DNA sequences; also
shown in figure 1.2; source: https://www.genome.gov/sequencingcostsdata) has made
Whole-Genome Sequencing (WGS) more economically feasible and more widely applied
in phylogenomics (e.g., W. Li et al., 2019).

There can be many advantages of using WGS over a reduced representation strategy.
For instance, WGS uses a lower quantity of DNA than competing methods, typically
somewhere between 50–200 ng for an Illumina library (ibid.). This can be advantageous
in museomic studies, for example, or when sequencing organisms that are very small
in size. In such cases, RNA-Seq may not even be an option because this typically
requires freshly-collected material and pooling of smaller specimen, thus running the
risk of mixing cryptic species together. Moreover, WGS has a much lower workload
when compared with targeted enrichment, which requires that baits are designed and
bait-design gets increasingly more difficult as the distance between the target species
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increases (Mamanova et al., 2010). Finally, one of the main benefits of using WGS over
other approaches is that it doesn’t restrict which data type is used and the data that is
produced has future re-utility since it can be used in contexts other than phylogenetics.
Greater depth of coverage is typically

On Low-Coverage Whole-Genome Sequencing

Because of a desire to maximize taxonomic coverage and because of the increased
sequencing costs associated with WGS, most phylogenomic studies are relegated to us-
ing Low-Coverage Whole-Genome Sequencing (LC-WGS). By definition, Low-Coverage,
“Shallow”, or “Low-Depth” Whole-Genome Sequencing means that an organisms genome
is sequenced at a lower coverage (<30x; G. Ribeiro et al., 2021) as a mean to reduce
sequencing costs. G. Ribeiro et al., 2021 also found that the amount of sequencing error
increases with a lower depth of coverage and that contamination has a potentially greater
impact when coverage is low. The same study also found that for phylogenomic studies,
depth of coverage of 5–10x is sufficient for inferring interspecies relationships. The
ability to achieve this degree of coverage depends on an organism’s genome size. The
larger the genome, the higher the sequence depth required to achieve a certain amount
of coverage. Although 5–10x coverage may provide sufficient for the fore-mentioned
application, a higher average coverage (>70x sequencing depth; Faino and Thomma,
2014) may be required when assembling a high-quality draft genome of a eukaryote.

1.5 Mining phylogenetic markers

One of the biggest challenges with using LC-WGS in a phylogenetic context stems from
the ability to accurately recover the loci of interest. Currently, bioinformatic programs
exist for retrieving near-universal single-copy orthologs (USCOs; (Waterhouse et al.,
2018)), ultra-conserved elements (Faircloth, 2016), and organellar genomes (Allio et al.,
2020). Although LC-WGS genomes have routinely been used to mine high-copy number
genomic regions such as mitochondrial loci and rDNA repeat regions (G. Ribeiro et al.,
2021), targetting nuclear genomic regions is still less of a routine (F. Zhang et al., 2019b).
Irregardless of the target, bioinformatic pipelines for processing WGS data are far from
standardized and typically very computationally-intense due to the resource-heavy
assembly process, which often has to be performed on dedicated clusters.

In the last few years, a new suite of tools have sprung into existence for retrieving phylo-
genetic markers through alignment and so-called “hit stitching”, where overlapping and
or adjacent alignments are merged to form larger and less fragmented markers. These
tools can operate on raw reads and or assembled contigs and includes aTram (Allen
et al., 2018b), AliBaSeq (Knyshov et al., 2021b), and GeMoMa (Keilwagen et al., 2019).
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1.6 Short introduction to Nereididae Blainville, 1818

Nereididae Blainville, 1818, commonly known as ragworms, is a diverse family of
annelids with over 700 species described worldwide (Read & Fauchald, 2020). Nereidids
predominantly inhabit marine waters—from the deep-sea to the intertidal—but many
species are also found in brackish- or freshwater, and even semi-terrestrial environments
(Bakken et al., 2018). Because many nereidids are abundant and obtainable from easy-to-
access, intertidal habitats, some members of this group has come to be used as fishing
baits, as a food source in aquacultures, and as a subject for laboratory studies (ibid.).
For example, Platynereis dumerilii has emerged as a model organism for developmental,
ecology and toxicology, and finally evolutionary and neurobiological research (A. H.
Fischer et al., 2010). Annelids are members of Lophotrochozoa (which also includes
molluscs, for example), one of the three major branches of bilaterians (with the other
two being Deuterostomia and Ecdysozoa), thus making P. dumerilii one of the most
well-studied lophotrochozoan organisms. Despite all this, the interspecies relationships
within Nereididae remain poorly understood. Until recently, all phylogenetic studies
conducted on this group only investigated morphological characters (Bakken et al., 2018).
Today, phylogenetic studies of Nereididae exist (e.g., Alves et al., 2020b) but are limited
to mitochondrial genes and in their taxonomical coverage.

1.7 Case study: the phylogeny of Nereididae Blainville, 1818

Given all of this, how did we ourselves select an adequate sequencing approach when
tackling the phylogeny of Nereididae Blainville, 1818? First, because several larger
genera within the group were hypothesized to be non-monophyletic, based on morpho-
logical analyses conducted by Bakken et al. 2005 (Bakken & Wilson, 2005), we wanted to
maximize the amount of taxa and be sure to include multiple species from the affected
genera.

Thus, our sequencing approach and our tool of choice all have the following advantages:
(i) we can sequence already collected species, stored in various research collections in
non-optimal ways, (ii) we can collect mitochondrial genomes as a bi-product, (iii) the
data we produced can be reused; once a better way to analyse the data-set emerges,
we can instead apply this technique to our data, (iv) we can further increase our taxon
coverage by mixing transcriptomic- and genomic data, and (v) our approach is optimized
for the old and distantly-related group of Nereididae, where designing optimal probes
would have been difficult and time-consuming.

© Georg-August-Universität Göttingen Felix Thalén



Aim of thesis 10

2 Aim of thesis

The introduction of high-throughput sequencing has turned molecular phylogenetics
into phylogenomics, where phylogenies are now inferred at an almost industrialized
scale. A plethora of sequencing techniques, data collection strategies, and bioinformatic
software now exists for conducting such studies. However, despite the promises of
phylogenomics—or large-scale phylogenetics—putting an end to incongruencies seen
in single-gene studies, many newer studies still suffer from methodological artifacts,
improper choice of evolutionary models, violation of assumptions of orthology, limita-
tions of heuristics in tree inference and other bioinformatic methods, and low-quality
genomic data (Philippe et al., 2017). We have reasons to believe, however, that some
of these issues can be avoided given proper bioinformatic methods for constructing
phylogenetic data matrices and also for interpreting them and analyzing them on a
larger scale. Furthermore, we want to re-emphasize the importance of large and ap-
propriate taxon coverage to avoid some of the forementioned problems. In today’s age
of chromosome-level phylogenomics, we strongly advocate for using WGS data and
genome skimming approach. Unlike genome reduction techniques such as RNA-Seq
or target enrichment, this approach can be done with less sample quality and volume,
involves less laboratory workload, and does not require probe synthesis. Recent ad-
vancements in high-throughput sequencing technology have reduced the prohibitive
costs associated with WGS and new, bioinformatic tools for handling such data has
made this a much more viable approach.

With this thesis, I wish (i) to outline the current status and future outlooks of genome
skimming for phylogenomics, (ii) to present a newly developed method for mining
phylogenetic markers from WGS data and, finally, (iii) to showcase the utility of this
approach by using our newly developed method when inferring the phylogeny of the
annelid family Nereididae, in the largest phylogenetic study of this group to this date.
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3.1 Abstract

Although whole-genome sequencing (WGS) provide many benefits over the most preva-
lent data collection strategies for large-scale phylogenetics, this approach has largely
gone unutilized, most likely due to the additional costs of sequencing and a lack of
appropriate bioinformatic tooling. Lately, increased output from high-throughput se-
quencers, combined with new, alignment-based methods for genome skimming, have
reduced costs and widened its utility. Despite this, we continue to observe an unre-
alised potential when it comes to using WGS data for phylogenomic studies. Until now,
genome skimming has, in the context of phylogenomics, primarily been used to target
high-copy sequences such as organellar genomes (mitochondria and plastids) as well as
repetitive elements. Here, we examine other areas of applications such as using WGS
to estimate genomic parameters and or recovering nuclear genes. We compare this to
alternative approaches in said applications while arguing the overall benefits of this
strategy.

Keywords: genome skimming, whole-genome sequencing, high-throughput sequencing,
phylogenomics, genomic partitioning, target enrichment, transcriptomics
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3.2 Introduction

Advancements in high-throughput sequencing methods revolutionized the field of
molecular systematics and genomics (Levy & Myers, 2016). Reduced costs and the
unprecedented amount of sequencing data also allowed using “omics”-approaches for
non-model organisms (Ekblom & Galindo, 2011). Especially, Illumina-based short-read
sequencing became prominent and was widely used in both transcriptomic and genomic
studies. Due to its short read size (< 1000 bp; usually around 150-250 bp), however,
its limitations for the reconstruction of highly continuous eukaryotic genomes became
obvious. E.g., resulting assemblies were shorter than expected, repeat regions were not
well-resolved and some coding exons were completely missing (Alkan et al., 2011). Also,
gene content analyses of these highly-fragmented draft genomes resulted in erroneous
numbers and the usefulness of such data in comparative genomic analyses has been
doubted (Denton et al., 2014). Nowadays, single-molecule long-read sequencing is the
gold standard to achieve chromosome-scale assemblies of complex genomes (Rhie et al.,
2021). However, the latter techniques need high molecular weight DNA from freshly
sampled or well-preserved material. In contrast, sequencing libraries for short-read
sequencing can be successfully constructed from low amounts and highly-fragmented
DNA, which is mirrored in the achievements in the field of ancient genomics (Der
Sarkissian et al., 2015). The combination of minimum requirements of the input DNA
coupled with low sequencing costs and high output of the latest sequencer generations
(e.g„ the Illumina NovaSeq 6000 platform) makes the generation of discontinuous draft
genomes a cost-effective and accessible alternative in the broad field of evolutionary ge-
nomics. While analysing of such draft genomes (often low coverage) has been relegated
to the retrieval of high-copy number markers (e.g., organellar genomes), we will line out
the potential of such data in the light of the development of new bioinformatic tools.

3.3 Estimating genomic parameters

Estimating genome size and repeat content is not only necessary when investigating the
evolution of genome size, but also when planning genome sequencing projects. In the
latter case, the estimated genome size aids to fine-tune the needed sequencing depth for
the targeted genome (Sims et al., 2014). Genome size among eukaryotes show a huge
variation often attributed to differences in the content of repetitive elements (Lynch,
2007). Eukaryotic genome size ranges from around 2 mbp (in parasitic Microsporidia)
to up to 150 Gbp (in the plant Paris japonica; Elliott and Gregory, 2015. Interestingly, it
has been shown that this variation does not scale with complexity (e.g.., as measured
in the number of cell types or protein coding genes), a notion which is long known
as the “C-value paradox” (Thomas Jr, 1971). The “C-value” refers to the amount of
DNA in a haploid nucleus, a measure which has been traditionally used to estimate
genome size. In the wet lab, the haploid DNA content can be analyzed using flow
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cytometry (Doležel & Greilhuber, 2010). However, for this method nuclei have to be
isolated from fresh material, often a severe limitation when working with non-model
organisms. Moreover, as it represents a relative measure, comparison with a reference
sample with known genome size is necessary. Alternatively, genome size can be also
estimated from sequence reads. The two most widely used strategies are based on
investigating k-mer distribution or estimation of coverage of single-copy genes from
read mapping data (Pflug et al., 2020). For most approaches, a decent coverage (10x
or higher) is required for reasonable genome size estimated from sequence data. A
read-mapping approach is represented by ModEst (Pfenninger et al., 2022), a method
which relies on statistics of mapping sequence reads back to the resulting assembly to
estimate the sequencing depth distribution and to infer genome size estimates. Recently,
it has been demonstrated by Sarmashghi et al., 2021 that analyses of k-mers, by their
software RESPECT, can yield reliable estimates of the length and repeat content of a
genome from as low as 1x-coverage datasets.

3.4 Taxon sampling

The first step towards any phylogenetic study is to collect all of the species that one
wish to include. Although an inadequate taxon sampling is though to produce poorly
supported phylogenies and contradictionary hypotheses (e.g., Pick et al., 2010), an
exhaustive taxon sampling is not always feasible due to time-constraints, monetary
reasons, geographical location, inaccessibility of the species of interest, administrative
burdens, or all of the above.

Until recently, genetic material stored in museum collections were often thought to be
too degraded to use the specimen for high-throughput sequencing (Hofreiter, 2012)
and consequently, most large-scale phylogenetic analyses were conducted using freshly-
collected material. Nowadays, more and more studies successfully sequence material
from natural history museum collections using either Whole-Genome Sequencing (WGS;
e.g. Cong et al., 2017; F. Zhang et al., 2019b) or a TE approach (e.g., Breinholt et al.,
2018; Call et al., 2021b). This recent development has opened up a new field known as
museomics. Not only does this recent development allow scientists to study pre-labeled
genetic material in a non-destructive way, this also extends to the study of extinct species
or populations over time.

With the introduction of the Nagoya protocol, which came into effect in 2014, phyloge-
netic researchers who wish to sample new biological material face an increasing amount
of bureaucratic work (Neumann et al., 2018). The Nagoya protocol was introduced to
ensure that the benefits of genetic resources are shared equally among those who acquire
and those who provide biological material, and that those resources are obtained in a
fair and sustainable manner and with the conscent from the affected authorities (Buck
& Hamilton, 2011). In practice, however, it has been critized to introduce beaurocratic
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barriers that hinder or slow down scientific research (Neumann et al., 2018). Moreover,
discrepancies among the implementation and interpretation of the Nagoya Protocol
across different countries further adds to this problem (Sherman & Henry, 2020). E.g.,
there were disagreements among countries whether or not the protocol should apply
retroactively to genetic material collected before the date in which the protocol came into
effect and consequently, thus leaving this decision to each individual country (Lassen
et al., 2016). Irregardles, the Nagoya Protocol drastically changes the way in how the
affected scientists operate; this simultaneously opens up an area where material collected
before the Nagoya Protocol came into effect are suddenly increasingly attractive due to
the reduced amount of bureaucracy.

3.5 Collecting high-throughput phylogenomic data

3.5.1 Reduced representation strategies

Phylogenomics, in the last decades, have largely come to be dominated by transcriptome
sequencing (RNA-seq; e.g., Cannon et al., 2016; Kocot et al., 2017) and hybridization or
capture-based target enrichment (e.g., Bi et al., 2012 or A. R. Lemmon et al., 2012b). These
methods are also known as genomic partitioning or reduced representation strategies,
since they target a subset of the genome. By only sequencing a select portion of the
genome, one can reduce both computational- and sequencing costs (Turner et al., 2009).

Transcriptomics

One way to reduce sequencing and data processing costs is to only sequence the tran-
scriptome of an organism. The transcriptome is the expressed portion of the genome,
and its quantity, at a certain developmental stage and under certain physiological con-
ditions (Wang et al., 2009). In the infancy of phylogenomics, transcriptomics was the
most commonly used approach to large-scale phylogenetics and it continuous to be a
popular approach to this date. One of the major drawbacks of RNA-Seq is that normally
a relatively large amount of freshly collected (or RNAlater-preserved) material is needed,
thus excluding ethanol-stored samples and making it more difficult to sequence smaller
species as these needs to be pooled together to meet quantity requirements (Allen, Boyd,
Nguyen, et al., 2017).

Target Enrichment

Another cost-efficient approach for generating phylogenomic data, that even works with
degraded, ethanol-preserved material, is to capture a selected set of loci using target
enrichment methods. The targeted loci can then be sequenced in greater depth, since
not all of the genome has to be targeted (E. M. Lemmon & Lemmon, 2013) and the data
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that is generated is easier to process (Mamanova et al., 2010). In Target Enrichmennt
(TE), a set of oligonucleotide probes (also known as baits) are designed from a reference
and these probes are subsequently used to target genomic regions of high sequence
similarity (e.g., exons of a set of pre-selected orthologs). One of the main difficulties
lies in designing probes that not only capture the species from which the probes were
derived, but that can also capture across the entirety of the taxon sampling (Bragg et al.,
2016b; Hawkins et al., 2016).

3.5.2 Whole-Genome Sequencing

Like the name suggests, Whole-Genome Sequencing (WGS) means that the genome—
both coding and non-coding portions—of an organism is sequenced in its entirety,
together with mitochondrial or chloroplastic genomes. To date, phylogenomic studies
has largely been dominated by the use of a genome reduction approach (with some
exceptions such as the Bird 10K genome project [G. Zhang, 2015] or a phylogenomic
study on yeast [X.-X. Shen et al., 2016]) but as the cost of sequencing has decreased and
as the output of high-throughput sequences has increased, we are quickly approaching
a point at which sequencing the entire portion of the genome is the most optimal data
collection strategy (E. M. Lemmon & Lemmon, 2013). Using WGS for phylogenomics
has many advantages over genomic partioning strategies such as reduced laboratory
workload, lower requirements in terms of quantity and quality of the material used, and
higher diversity of targeted loci (F. Zhang et al., 2019b). With WGS, there is no need for
marker development and optimization, and applications beyond phylogenetics—e.g.,
genome organization, studies using non-targeted genes, and assembly of mitochondrial
and microbial associates—can be pursued using the same, unbiased representation of
the generated genome (Allen, Boyd, Nguyen, et al., 2017). Some of the downsides of
using WGS for phylogenomics include an increased computational workload and a lack
of appropriate tooling and or standardized bioinformatic pipelines for processing such
data.

A short comparison of the of three different sequencing techniques—namely, RNA-seq,
target enrichment, and genome skimming—is shown in the table 3.1.

3.6 Processing Whole-Genome Sequencing Data

One of the main challenges when it comes to using whole-genome sequencing data for
phylogenomics lies in the added computational costs; since not only targeted markers
are sequenced, there is additional complexity when it comes to handling such datasets
(Allen, Boyd, Nguyen, et al., 2017). If a reference genome is available, the genome can
be assembled using a reference-guided assembler, and if no such genome exists, the
assembly may be performed de novo (e.g., Prjibelski et al., 2020, Peng et al., 2010, or
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Table 3.1: Comparison of three different sequencing strategies: RNA-seq, targetted
enrichment, and genome skimming; highlighting their differences, areas of
applications, as well as potential advantages and or disadvantages. Table
adapted, with alterations, from (Richter et al., 2015).

RNA-Seq Target Enrichment Genome Skimming

Material RNA DNA DNA
Prior genomic resources needed No Yes No
Recommended taxon number Flexible High number recommended Flexible
Genome size of species Less important Less important Important
Workload Time-intensive Time-intensive Fast and easy
Ability to identify single-copy genes Yes Yes Maybe
Ability to distinguish different isoforms Yes No No
Ability to analyze expession levels Yes No No
Ability to analyze intron-exon structure No Yes (with prior information) Yes

Simpson et al., 2009). Depending on the sequencing depth and consequently the size of
the data, these types of analyses typically requires having access to a high-performance
cluster or a cloud computing platform. One way to reduce the computational costs of
assembling NGS data is through using targeted locus assembly (e.g., aTRAM [Allen
et al., 2015; Allen et al., 2018b] or Kollector [Kucuk et al., 2017]). By only assembling
a reduced set of targeted loci, the amount of time spent assembling a genome can be
significantly reduced, but depends on the size loci. For many phylogenetic studies, only
a specific set of—typically conserved—loci are needed and thus the whole assembly
process can be sped up without much loss of information.

3.6.1 Alignment-based Marker Discovery Techniques

Post-assembly, there are now several are available for extracting a specific set of markers
from WGS data, directly suitable for molecular phylogenetic studies. E.g., for extract-
ing ultra-conserved elements (Phyluce; Faircloth, 2016) or near-universal single-copy
orhthologs (BUSCO; Waterhouse et al., 2018). Unfortunately, many phylogenomic stud-
ies include low-coverage genomes (around 2–10x), as a way to increase the number
of taxa. Consequently, these sequencing runs typically results in poorly-assembled,
fragmented genomes. Thus, one of the primary challenges when working with these
types of datasets stems from the ability to correctly infer conserved loci—not only from
multi-exon genes but also—from fragmented and incorrectly assembled genomes. A
new suite of tools, (e.g., ALiBaSeq [Knyshov et al., 2021b] and Patchwork [Thalen et al.,
2022; also see chapter 4]) overcomes this challenge by including a “hit stitching” phase,
in which overlapping alignments are pieced together into larger regions. This not only
helps putting together multi-exon genes, residing on two or more contigs, but also for
retrieving markers from sub-optimal assemblies resulting from a limited amount of raw
data, or limits of short-read technologies in general. Thus, these new approaches are
especially useful when working with low-coverage (i.e., 2-10x) genomes, which are

© Georg-August-Universität Göttingen Felix Thalén



The untapped potential of genome skimming in the age of chromosome-scale genomics
17

notoriously difficult to assemble because of fragmented or missing genes. Nevertheless,
it might be these types of genomes that researchers have to work with, when trying
to cover the widest range of taxa possible or when sequencing sub-optimally-stored
samples, e.g., from a museum collection.

3.6.2 Organelle genomes as a byproduct

The organelles of eukaryotic cells, such as the mitochondria and chloroplasts, have their
own genomes that differ significantly from eukaryotic nuclear genomes in terms of size
and in that they are circular (Van Bruggen et al., 1966). Although organelle genome may
be targetted more directly, they are typically sequenced alongside the nuclear genome
and can thus be retrieved as a biproduct from another sequencing approach such as
high-throughput WGS (Al-Nakeeb et al., 2017). Moreover, these may be 10-100 times
more frequent in a cell than the nucleues (Robin & Wong, 1988), which in practice means
that organelle genomes will have a higher read depth and a higher coverage than the
nuclear genome. Several tools exist to obtain mitochondrial genomes from WGS data
(Al-Nakeeb et al., 2017; Dierckxsens et al., 2017; Hahn et al., 2013). These may get the
desired reads through alignment to a reference or by exploiting the forementioned fact
that organelle reads typically have a higher coverage.

Once extracted, mitochondrial DNA (mtDNA) can be used as markers for phylogenetic
inference (Hassanin et al., 2012), COI barcoding for species identification, delimitation, or
confirmation (Hebert et al., 2003), or for comparing mitochondrial gene orders (Weigert
et al., 2016). Several software programs already exists for assembling (Dierckxsens et al.,
2017; D. Li et al., 2016; Nurk et al., 2017) and or annotating mitochondrial genomes
(Allio et al., 2020; Bernt et al., 2013). Thus, organelle genomes recovered as a biproduct
of another sequencing approach can easily be used to complement another analysis by
providing barcodes for species identification and delimitation. Furthermore, mitochon-
drial gene order information and or phylogenetic analyses of organelle genes, done on
the nucleotide- or the amino acid-level, may be used provide additional support for one
or more hypotheses generated by another, genome-scale phylogenetic (phylogenomic)
analysis, done using nuclear genes.

3.6.3 Future outlook

As the costs of sequencing has continued to go down in the past, it would only be
reasonable to assume that this trend will continue for the foreseeable future. Like
previously discussed, one of the main arguments against WGS has been the increased
costs of sequencing. If the costs do indeed continue to go down to the point where
we can even sequence larger genomes (>1000 Mbp), at a modest coverage (10-30x)
and for a reasonable cost, then we have truly reached the point where this approach
is the most reasonable one for most large-scale phylogenetic studies. Although high-
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throughput sequencing has largely come to be dominated by Illumina (formerly known
as Solexa), new companies, challenging their dominance, continue to emerge. E.g.,
Ultima Genomics recently described a new massively parallel sequencing by synthesis
SBS approach in which samples are sequenced reads of 300bp in length are sequenced
with a high accuracy (Q30 > 85%) at a cost of 1$/Gb (Almogy et al., 2022).

At the same time, we think that as more and more data continues to be produced at an
ever-accelerating speed and scale, the same time of thought and investment should—or
will have to—go into analyzing these datasets. Lack of bioinformatic tooling or expertise
continues to be a major bottleneck for this approach, and the lack of standardization in
bioinformatic tooling for analyzing WGS data in a phylogenomic context means that
only institutions with access to big compute clusters and bioinformatic expertise will be
able to carry out these types of analyses. If instead the focus is shift to the development
of fast and easy-to-use software tools and streamlined pipelines for processing this
data type, this approach could be carried out by a much larger variety of researchers.
The emergence of workflow management systems aimed at bioinformatics (primarily
Nextflow [Di Tommaso et al., 2017] and SnakeMake [Köster and Rahmann, 2012]), in
combination with a plethora of cloud providers (e.g., Amazon Web Services (AWS),
Google Cloud Platform, or Microsoft Azure), environment managers (e.g., Anaconda),
and virtualization by containers (e.g., Docker), has simultaneously led to a point where
implementing, re-purposing, maintaining, and using bioinformatic pipelines is now
easier than ever. Although cloud computing does not remove the cost of computing, it
does enable researchers whom do not have access to a local high-performance cluster
to perform the same type of resource-intense analyses as those who do. And although
we are still far from a point where phylogenomic analyses have been standardized, new
workflow managers, combined with containerization, could quickly shift the current
situation into one where phylogenomic pipelines are more accessible than ever.

3.6.4 Conclusions

Large-scale phylogenetics continues to be dominated by target enrichment TE and
RNA-Seq. Despite the emergence of long-read sequencing for routinely producing high-
quality, near-chromosome level assemblies, sequencing costs and material requirements
prohibits that this sequencing technique is used at a scale which would be desirable for
the majority of molecular phylogeneticists. Increased output from the latest generation of
high-throughput sequencing platforms, however, means that whole-genome sequencing
WGS—in which an organism’s genome is sequenced in its entirity—may now be used to
sequence moderately-sized genomes, at the desired coverage (at least low-coverage, i.e.,
2-10x), for a reasonable price. Furthermore, new sequencing platforms, right around the
corner, and increased competition within this space, promises further price decreases
down the line. Thus, it is safe to say that we are approaching—if we are not already
at—the point at which WGS becomes the most sensible approach for the majority of
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large-scale phylogenetic studies. Indeed, WGS offers reduced laboratory workload,
reduced material requirements, and broader utility and re-utility of the markers that are
recovered.

One of the biggest bottleneck in WGS sequencing for phylogenomics today is the lack
of appropriate tooling, especially when it comes to working with non-model taxa. The
emergence of new bioinformatic software within this field, just within the last few years,
promises reduced computational workloads by specifically targetting—and sometimes
only assembling—a pre-selected set of ultra-conserved elements UCEs or near-universal
single-copy orthologs USCOs. The difficulty in using some of these tools, however,
means that these types of analyses are restricted to workgroups with in-house bioinfor-
matic expertise. This could, on the one hand, be seen as the result of an institutional
failure to fund and support research software engineers to work side-by-side other
researchers in a more traditional lab setting. A majority of bioinformatic software today
continues to be written as one-off scripts or solutions to accompany a scientific paper
where the idea of active software maintenance comes as an afterthought. Irregardless,
increased ease-of-use and accessibility of software tools for phylogenomics, especially
when handling WGS data, will benefit everyone. Moreover, recent development in the
space of workflow managers for bioinformatics has made the development of bioinfor-
matic pipelines to streamline and standardize these types of analyses much easier.

In summary, we encourage other researchers to consider and utilize a WGS approach
for phylogenomic studies. We especially think that continued development of bioin-
formatics software for mining phylogenetic markers and subsampling WGS data will
encourage others to do so. Finally, increased output and reduced costs in up-and-coming,
short-read sequencing platforms continues to push the limits of this approach.
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4.1 Abstract

Motivation: Increased output from the latest short-read sequencers makes low-coverage
whole-genome sequencing (LC-WGS) an increasingly affordable approach to large-scale
phylogenetics. Despite offering several advantages over prevailing sequencing strate-
gies, few tools exist to work with this data type within a phylogenomic context. Due to
the fragmented nature of LC-WGS genomes, their use have mostly been restricted to
easy-to-assemble, high-copy-number regions such as organelle genomes and or riboso-
mal genes.
Results: We here present a new method for mining phylogenetic markers directly from
an assembled genome. Homologous regions are obtained via an alignment search,
followed by a “hit-stitching” phase, in which adjacent or overlapping regions are con-
catenated together. Finally, a novel sliding window technique is used to trim non-coding
regions from the alignments. We demonstrate the utility of Patchwork by recovering
near-universal single-copy orthologs (USCOs) in the annelid Dimorphilus gyrociliatus.
Availability: Patchwork is available from Github (github.com/fethalen/Patchwork)
under the GNU General Public license version 3.

© Georg-August-Universität Göttingen Felix Thalén

mailto:felix.thalen@cardio-care.ch
https://github.com/fethalen/Patchwork


Patchwork: alignment-based retrieval and concatenation of phylogenetic markers from
genomic data 21

Keywords: computational biology and bioinformatics, genome informatics, next-generation
sequencing, phylogenomics, phylogenetics, software

4.2 Introduction

Advancements in high-throughput sequencing techniques have revolutionized the field
of phylogenetics and ultimately our understanding of the tree of life (A. R. Lemmon et al.,
2012a). The availability of genomic and or transcriptomic data for basically all desired
taxa and for a reasonable price has transformed the field to phylogenomics—genome-
scale phylogenetic systematic analyses (McCormack et al., 2013). Some challenges
remain, however, as many studies still show incongruent results, lack of branch-support,
or resolution (Philippe et al., 2017). Even though complete genomes are available for
more and more eukaryotes, most large-scale phylogenomic studies to date were con-
ducted using either transcriptome sequencing (e.g., Andrade et al., 2015b; Weigert et al.,
2014) or a genome subsampling methods such as targeted-enrichment (e.g., Andermann
et al., 2020; Call et al., 2021a; Sann et al., 2018) which focuses on a set of pre-selected loci.

4.2.1 Reduced representation vs. WGS strategies

Transcriptome sequencing offers a way to sequence only the expressed portion of a
genome without prior sequence knowledge. Unfortunately, this approach requires
freshly collected material or material stored in a specific manner (e.g., deeply shock-
frozen, RNAlater; Cronn et al., 2012a). Furthermore, smaller specimen may need to be
pooled together to attain sufficient amounts of mRNA and such practice risks mixing up
individuals with undetected genetic variation (Allen, Boyd, Nguyen, et al., 2017). Un-
fortunately, a large amount of collected specimen only exist in natural history museum
collections and most of these are ethanol-preserved and thus not usable for transcrip-
tomic studies (Call et al., 2021a). This is undesirable as taxon sampling is considered one
of the most important factors for accurate phylogenetic tree reconstruction (Heath et al.,
2008).

Target-enrichment approaches, on the other hand, require prior knowledge of target
sequences (e.g., from well-annotated genomes) for the construction of oligonucleotide
probes. Moreover, the number of enriched targets are limited by the amount of oligonu-
cleotides included in the enrichment kit of choice and the efficiency of such approaches
decreases as the distance bait-to-target distance increases (Bragg et al., 2016a). Another
downside is that the data produced have few applications outside of phylogenomics
and if one wants to add a taxon to the study, they need to use the exact same markers as
previous studies (Allen, Boyd, Nguyen, et al., 2017).

A viable alternative is low-coverage whole genome sequencing (LC-WGS; also known
as “shallow genome sequencing”, or “genome skimming”) using short-read techniques
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such as Illumina sequencing. Relying solely on this technique has been shown to be
inadequate for the reconstruction of highly contiguous reference-quality genomes (Rhie
et al., 2021). However, due to the introduction of newer sequencing platforms (e.g.,
Illumina’s NovaSeq sequencing platform) WGS became relatively cheap (Schwarz et al.,
2021) and even highly fragmented DNA can be used as input. Consequently, LC-WGS
can be used to generate data from various sources of targeted organisms to retrieve
marker loci on a genome scale. While this so called “genome-skimming” approach has
frequently been used to reconstruct organellar genomes (e.g., Jin et al., 2020; Richter
et al., 2015), it is currently underutilized in the field of phylogenomics.

Short-read assemblies of eukaryotic genomes tend to be highly discontinuous and
automated annotation of such large, fragmented genomes remains difficult (Salzberg,
2019). Eukaryotic genomes are characterized by the presence of “genes in pieces”, where
introns interrupt coding sequences and exons (Rogozin et al., 2005). Depending on the
coverage, short-read draft genomes are characterized by low N50s in the range of few
kbp (if at all) (Salzberg et al., 2012) and consequently, exons of a single gene usually end
up on several contigs in fragmented genomes.

4.2.2 Marker discovery techniques

The disuse of genome skimming in large-scale phylogenetics could potentially be as-
cribed to the lack of suitable data analysis methods (Philippe et al., 2011; F. Zhang et al.,
2019a). Existing software tools for working with WGS data in a phylogenomic context,
such as aTRAM (Allen et al., 2018a), ALiBaSeq (Knyshov et al., 2021a), and GeMoMa
(Keilwagen et al., 2018; Keilwagen et al., 2016), are either difficult-to-use and or written
in an interpreted language (e.g., Perl or Python) which does not allow the program to
scale well with the large biological datasets that are commonplace today (Knyshov et al.,
2021a).

To address the limitations typically associated with LC-WGS, we present Patchwork,
an alignment-based tool for mining phylogenetic markers, directly from WGS data.
Patchwork utilizes the sequence aligner DIAMOND (Buchfink et al., 2021), and is written
in the programming language Julia (Bezanson et al., 2017), to achieve the best possible
speed, thus allowing Patchwork to scale well with today’s genome-scale datasets. In
addition, our implementation focuses on ease-of-use; while pre-existing methods may
require the user to perform the sequence alignments separately, our program handles
each step in the analysis—from start to finish.

4.3 Implementation

Patchwork is a reference- and alignment-based method for mining phylogenetic markers
from WGS data. One or more reference protein sequences guide the “stitching” pro-
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cess, where the best-scoring, translated query nucleotide sequences are merged into
continuous stretches of amino acid sequences. Merged sequences go through a masking
step, where unaligned residues, ambiguous amino acid characters, and stop codons are
removed from query sequences. Finally, Patchwork implements a sliding-window based
alignment trimming step to rid the resulting sequences from poorly aligned residues, e.g.,
due to putative non-coding regions. The aim of Patchwork is to capture multi-exon or
fragmented genes, scattered across different contigs in an assembled genome. Moreover,
this method allows sequences of different data types (i.e., genomic and transcriptomic
data) to be combined into a single dataset.

The core of Patchwork is implemented in the relatively new scientific programming lan-
guage Julia. Julia strives to be as performant as possible, while still retaining a high level
of productivity. Existing libraries such as BioAlignments.jl (https://github.com/BioJulia/BioAlignments.jl)
and BioSequences.jl (https://github.com/BioJulia/BioSequences.jl) further sped up the
development itself. Patchwork is obtainable from GitHub (https://github.com/fethalen/Patchwork),
it is released under the GPLv3 license and targets both Linux and macOS. To make the
installation of Patchwork easier, we also provide a Docker image that contain Julia,
Patchwork, and DIAMOND, one of the external dependency.

Table 4.1: Comparison of software used for evaluation, reproduced from Knyshov et al.,
2021a.

Software Input Sequence type Search engine Reference

Patchwork Reads/assemblies DNA −→ AA DIAMOND This study
AliBaSeq Assemblies DNA −→ DNA/AA Multiple Knyshov et al., 2021a
GeMoMa Assemblies/genomes DNA −→ DNA MMseqs/BLAST Keilwagen et al., 2016
aTRAM Reads DNA −→ DNA BLAST Allen et al., 2018a

4.4 Algorithmic Overview of Patchwork

Patchwork’s workflow can be divided into five different steps: (i) pooling of reference
sequences, database construction, and initial alignment, (ii) hit stitching , (iii) alignment
masking, (iv) alignment trimming, and (v) final alignment, filtering, statistical reports,
and plots.

4.4.1 Initial alignment and database construction

First, all reference protein sequences—regardless of whether they are spread across
multiple FASTA files or not—are pooled together into a single FASTA file, from which a
DIAMOND database is created. There is also the option to use an existing DIAMOND-
formatted database or a BLAST output file in a tabular format by using the -database

or -tabular option respectively. These files are both provided in the output of Patch-
work and can thus be re-utilized when trying out different parameters. In either case,
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DIAMOND’s BLASTX algorithm is used to align translated nucleotide sequences to one
or more reference protein sequences.

Like DIAMOND, Patchwork, by default, scores alignments using the substitution matrix
BLOSUM62 (Henikoff & Henikoff, 1996), a gap open penalty of 11, and an extension
penalty of 1. Other—built-in or custom—substitution matrices may be used in place
of the default option. User-chosen gap open- and gap extension penalties may also be
chosen, as long as they are within the limits set by the substitution matrix of choice.
DIAMOND-specific options may be set using the -diamond-flags option. For the
user’s convenience, flags such as -evalue for changing the maximum expected value.
Lastly, DIAMOND sensitivity modes (e.g., -very-sensitive and -ultra-sensitive),
Buchfink et al., 2021, all have easy-to-access options as well.

Since the alignment search is likely to result in more than one hit, certain measures
are taken to ensure that none of these hits are overlapping: They are, “hit stitching”
(also known as contig- or exon stitching; i.e., merging of overlapping regions), removal
of unaligned residues, and concatenation of non-overlapping regions. A graphical
overview of these can also be seen in figure 4.1.

Figure 4.1: Graphical overview of the Patchwork algorithm. First, (A) query sequences
are aligned to the provided reference sequence. These alignments may or
may not be overlapping. (B) Overlapping alignments are realigned but only
in the area in which they overlap. The best-scoring alignment is retained
while all others are discarded. (C) Non-aligned residues are then removed
and (D) the remaining regions are concatenated into a single, continuous
sequence.
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4.4.2 Hit stitching

The merging algorithm works as follows: first, all regions are sorted by their first and
last position at which they align to the reference sequence. The first region is added to
the stack and then for each pair of regions, check if the two regions are overlapping. If
they are not overlapping, add the rightmost region to the stack and continue. If they
are overlapping, however, realign the overlapping region to identify the best-scoring
sequence at that particular interval. Then, based on the realignment score, slice the
sequences such that the best-scoring sequence stays at the overlapping region and so
that non-overlapping, flanking regions, if existing, are retained as well.

Different aligned regions from the same contig are allowed to be stitched together.
While “hit stitching” may result in the creation of chimeric sequences (i.e., two or more
biological sequences incorrectly joined together), this procedure has the potential to
increase coverage and to (correctly) join two or more regions that are located on separate
contigs due to an erroneous assembly, a sequencing error, and or a multi-locus gene.

4.4.3 Alignment masking

At this step, unaligned residues, ambiguous amino acid characters, and stop codons
(also known as “termination codons”) are all removed from the resulting query sequence.
Query sequences may contain residues which do not align to any particular region of
the subject sequence. Such regions may, e.g., be non-coding regions or simply insertions.
In either case, unaligned residues are removed on the basis that inserts are less likely to
constitute phylogenetically informative sites and risks introducing untranslated regions
and therefore biasing the downstream analysis. Similarly, ambiguous amino acids
are most likely non-informative and stop codons are a clear indicator that non-coding
characters have been included in the alignment. Although such regions are likely to be
removed in the subsequent step (see section 4.4.4), the user may choose to keep stop
codons and or ambiguous amino acid characters by providing the flags -retain-stops
and or -retain-ambiguous.

4.4.4 Sliding window-based alignment trimming

One side effect of aligning translated nucleotide sequences to amino acid sequences is
that one might recover noncoding portions of DNA, provided that the following two
conditions are fulfilled: (i) the noncoding DNA is located in between two or more coding
portions and (ii) there is a sequence region in the reference sequence that the noncoding
region can align to. In the resulting alignment, noncoding portions are characterized by
many indels, intercepted by occasional matches. The alignment of noncoding portions
of DNA can already be observed in the alignments produced by DIAMOND and thus
this side effect does not stem from Patchwork itself. In fact, the Patchwork algorithm
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will only include noncoding parts if nothing else aligns better to the affected region of
the reference sequence.

To mitigate this effect, we have implemented a sliding window-based alignment trim-
ming approach (see figure 4.2) to rid the alignments from these unwanted regions. This
works by scanning the alignment from left to right, cutting all regions where the aver-
age distance is below the user-provided distance threshold. The window size and the
distance threshold are both set by the user and this entire step can be skipped over in its
entirety. This approach tries to avoid cases where a single bad, but correct, match would
have otherwise been cut out.

4.4.5 Concatenation and realignment of remaining regions

Finally, the resulting set of ordered, non-overlapping sequence regions, are concatenated
into one, continuous sequence. The concatenated sequence is then realigned to the
reference to obtain the final output sequence and alignment score.

Figure 4.2: Graphical depiction of the sliding window-based alignment trimming
approach. The upper sequence represents the (translated) query sequence
aligned to the lower reference sequence, here colored in green. The sliding
window, shown in red, moves to the right and removes all residues within,
when the average distance falls below the specified threshold. Here, retained
residues after trimming are shown in a bold font. The putative, noncoding
region is shown in lowercase.

4.4.6 Integrating Patchwork in a phylogenomic pipeline

Most phylogenomic studies include more than a handful taxa and manually concatenat-
ing these gets increasingly tedious as the dataset increases in size. Thus, to streamline
and simultaneously speed up the downstream analysis, Patchwork includes a set of com-
plementary tools for working with multiple datasets at once. First, multi_patchwork.sh
can be used to (i) run Patchwork on multiple input files at once and to (ii) concatenate
homologous sequences from different taxa into one and the same file(s). The resulting
amino acid sequences are in FASTA format and thus the exact downstream analysis used
is highly flexible. Nevertheless, a hypothetical bioinformatic pipeline for large-scale
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phylogenetics may look like the following: (i) BUSCO (Manni et al., 2021; Simão et al.,
2015) is used to obtain an initial set of near-universal single-copy orthologs (USCOs)
from a (preferably) high-quality genome or transcriptome, sequenced and assembled
de novo or obtained from a publicly available database; (ii) multi_patchwork.sh is
used to run Patchwork on a set of assembled genomes, using the USCO-set as a refer-
ence, (iii) all resulting markers are aligned using a sequence aligner such as MAFFT
(Katoh et al., 2009) or an alignment and alignment trimming program such as GUID-
ANCE (Penn et al., 2010); finally, (iv) resulting alignments could be filtered for miss-
ing data and concatenated into a supermatrix using a tool such as PhyloPyPruner
(github.com/fethalen/phylopypruner; Thalén et al. in prep). The resulting data matrix
may then be analysed using a multitude of phylogenetic tree inference methods; e.g.,
maximum likelihood, Bayesian inference, or a coalescent-based methods.

4.5 Benchmarking

To assess the utility and the overall performance of Patchwork, we designed a small study
set to recover near-universal single-copy orthologs (USCOs) from genomic Illumina
short-read sequence data of the marine annelid Dimorphilus gyrociliatus, with the data
originally generated as part of a study by Martın-Durán et al., 2021. Aside from having
an annotated version of the genome publicly available, one of the main advantage of
using D. gyrociliatus for this study is that the genome is relatively small in size (i.e., 73.82
Mb). As a consequence, assembling a read data for an annelid genome with such a high
a high gene density (208.86 genes per Mb) is easier because the read depth and coverage
is much higher as a result. However, as we only used short-reads, we created a highly
discontinous assembly with low N50 as typical for low-coverage genomic datasets.

This benchmark consists of two phases: In phase 1, we align a short-read-only assembly
of Dimorphilus gyrociliatus against near-universal single-copy genes found in the long-
read, annotated assembly of itself, mentioned above. In phase 2, we instead align the
same short-read assembly against USCOs from a chromosome-level assembly of the
nereidid Alitta virens (GenBank assembly accession: GCA_932294295.1), published and
processed by the Wellcome Sanger Institute.

Elapsed time was calculated from the real time as reported by the GNU time utility,
rounded to the nearest second. All analyses were performed on the Ubuntu v20.04
operating system, with a Linux kernel version of 5.13.0, using an Intel® Xeon® Gold
5120 CPU with 28 threads, running at 2.20GHz.

4.5.1 Genome assembly and quality assessment

Raw sequence data was obtained from the Sequence Read Archive (SRA) using the
fasterq-dump v2.10.0 tool and the integrity of the data was verified using md5sum v8.30.
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Quality control (QC) of raw and trimmed reads was performed using FastQC v0.11.9
(https://www.bioinformatics.babraham.ac.uk/) and Trim Galore! v0.6.6
(https://www.bioinformatics.babraham.ac.uk/) was used for automated adapter trim-
ming. The de novo assembly was performed using SPAdes v3.15.3 (Nurk et al., 2013),
using a K-mer size of 55, and the quality of the assembly was assessed using QUAST
v5.0.2 (Gurevich et al., 2013), the results of which are shown in Table 4.2. We further
assessed the quality of the assembly by using BUSCO v5.0.0 (Simão et al., 2015) while
utilizing the Metazoa Odb10 dataset, searching a total of 954 BUSCO groups. Out of the
954 BUSCOs, 844 (88.5%) were complete, 822 (86.2%) were complete single-copies, 22
(2.3%) of these were complete and duplicated, 56 (5.9%) were fragmented, and a total
number of 54 (5.6%) were missing.

Table 4.2: Genome assembly quality assessment results of a short-read de novo assembly
of Dimorphilus gyrociliatus, as reported by QUAST (v5.0.2).

K-mer No. of contigs Largest contig Total length N50 L50

55 55267 682753 123971200 19851 1348

4.5.2 D. gyrociliatus SPAdes assembly X D. gyrociliatus USCOs

We ran our contigs from our de novo assembly with sequences from the annelid Dimor-
philus gyrociliatus through Patchwork v0.5.0, against a pre-annotated protein sequences
from the same species (primary accession no. PRJEB37657). The following settings were
used for Patchwork: DIAMOND was run using the flag -iterate and while discarding
any hits with an E-value above 1 · 10−3. Concatenated output sequences that were
shorter than 30 AAs were discarded and alignment trimming was performed using a
window size of 4 and with a mean minimum required distance of 2.

4.5.3 D. gyrociliatus SPAdes assembly X A. virens USCOs

Subsequently, we ran the same set of contigs from our de novo assembly, made with
SPAdes, against a set of near-universal single-copy orthologs (USCOs) from Alitta
virens. Although both organisms are annelids, they are estimated to have diverged more
than 480 million years ago (Dos Reis et al., 2015). In today’s age, one will typically
be able to find publicly-available, qualitatively equivalent sequencing data from a
more closely-related taxa, but we wanted to see how Patchwork performs on two such
distantly-related groups. The chromosome-level assembly of A. virens was first obtained
from GenBank (assembly accession: GCA_932294295.1). We ran BUSCO v.5.3.1 (Simão
et al., 2015), utilizing the “Metazoa” lineage, to recover a total of 897 USCOs from
the chromosome-level assembly of Alitta virens. For running Patchwork itself, we ran
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DIAMOND using the flag -iterate and while discarding any hits with an E-value
above 1 · 10−3. Alignment trimming was performed using a window size of 5 and with
a mean minimum distance of -11. No short-sequence filtering was performed in this
instance. We subsequently used the BenchmarkUscos.jl module from Patchwork to
realign the markers we obtained against the pre-annotated set of USCOs in D. gyrociliatus
itself.

4.6 Results

4.6.1 D. gyrociliatus SPAdes assembly X D. gyrociliatus USCOs

From the initial 815 markers, we retrieved a set of 788 markers, which corresponds to
96.7% of the total. 27, or 3.3% of the recovered markers were discarded because they
were shorter than the 30 AA threshold and 20, or 2.5% of the recovered markers were
below 90% in gap-excluded similarity. A detailed summary of these results is shown in
table 4.3. Visualizations of percent identity and query coverage from this run are shown
in figure 4.3. Running Patchwork took a total of 7 minutes and 7 seconds, from start to
finish.

Table 4.3: Results from Patchwork when using a Dimorphilus gyrociliatus SPAdes
assembly as the query and USCOs from a long-read assembly of Dimorphilus
gyrociliatus as a reference.

variable mean min median max

reference_len 449.643 77 351.5 2748
query_len 216.972 33 171.0 2174
regions 1.69543 1 1.0 38
contigs 2.86294 1 1.0 134
matches 215.61 33 167.0 2174
mismatches 1.36168 0 0.0 42
deletions 232.671 0 151.0 2204
query_coverage 55.2736 5.49 51.87 100.0
identity 98.9936 67.06 100.0 100.0

4.6.2 D. gyrociliatus SPAdes assembly X A. virens USCOs

Out of the 897 A. virens USCOs used as a reference, a total of 826 (92.1%) corresponding
markers from D. gyrociliatus were obtained. 716 of these USCOs successfully aligned
back to the pre-annotated set of USCOs found in D. gyrociliatus. A detailed summary of
these results is shown in table 4.4. Visualizations of percent identity and query coverage
from this run are shown in figure 4.4. Running D. gyrociliatus against the A. virens USCOs
took a total of 6 minutes and 10 seconds.

© Georg-August-Universität Göttingen Felix Thalén



Patchwork: alignment-based retrieval and concatenation of phylogenetic markers from
genomic data 30

Figure 4.3: Percent identity- and query coverage in markers based on a Patchwork
analysis of a SPAdes assembly of Dimorphilus gyrociliatus, targetting 815
single-copy orthologs from itself.

Table 4.4: Results from Patchwork, using Dimorphilus gyrociliatus SPAdes assembly as a
query and Alitta virens USCOs as a reference, and then re-aligning the
resulting query sequences against USCOs from a long-read assembly of
Dimorphilus gyrociliatus.

variable mean min median max

reference_len 448.65 77 358.0 2748
query_len 232.62 25 172.0 2169
no_matches 197.82 25 150.5 2169
no_mismatches 28.90 0 2.0 601
no_insertions 2.15 0 0.0 162
no_deletions 15.63 0 4.0 355
distance 970.73 127 745.0 11612
query_cover 56.88 3.29 58.925 100.0
percent_identity 89.92 33.59 97.905 100.0

4.7 Conclusions

Patchwork is a new software for quickly mining phylogenetic markers from WGS data.
Since Patchwork can retrieve homologous regions even in distantly related taxa, this pro-
gram lends itself especially well for recovering phylogenetic markers for phylogenomic
studies, where high-quality transcriptomes are not available for all species of interest. It
is simultaneously an efficient way for increasing marker occupancy in poorly assembled
genomes and or in the presence of multi-locus exons. Finally, Patchwork allows the
user to combine two different data types—transcriptomic and genomic data—into a
single dataset, thus further enabling an even larger taxon sampling and encouraging
data reusability.

Special consideration should be taken to avoid the creation of chimeric sequences. One
way in which such sequences may arise is when orthologous (i.e., genes related via
a speciation event) and paralogous (i.e., genes related via a gene duplication event)
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Figure 4.4: Percent identity- and query coverage in markers based on a Patchwork
analysis of a SPAdes assembly of Dimorphilus gyrociliatus, targetting a set of
897 near-universal single-copy orthologs (USCOs) from the distantly-related
Alitta virens. Results shown here are when realigning the recovered USCOs
against a set of 826 single-copy orthologs from D. gyrociliatus itself.

sequences are merged together. To circumvent this issue, we recommend that the user
limit the use of reference sequences to near-universal single-copy orthologs (USCOs).
Many programs—e.g., the forementioned program BUSCO—exists for retrieving such
sequences from an already assembled genome and these could be used as reference
sequences.

The accuracy and the robustness of the results depends on how closely related the two
species under study are. The difficulty stems from the ability to accurately predict non-
coding regions in aligned contigs; because alignment-trimming relies on gap-excluded
identity, choosing the correct cutoff threshold gets increasingly easier as the level of
identity approaches 100% (the identity of non-coding regions is likely to stay the same,
while the the identity to coding-regions increases). On the upside, high-quality genomes
for practically all major lineages exists and are readily available online.

4.8 Back matter

Data availability

The supplementary data are available at github.com/Animal-Evolution-and-
Biodiversity/benchmarking-patchwork.

Code availability

The source code of Patchwork is available at GitHub (https://github.com/fethalen/patchwork)
under the GPLv3 license.
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5.1 Abstract

Nereididae Blainville, 1818 constitute a family of marine and freshwater-living worms
within Annelida with over 770 species of nereidids described worldwide. Their overall
abundance, wide distrubtion, and ease of culturing, makes some nereidids suitable as
laboratory species. Notably, Platynereis dumerilii has continuously been bred in labora-
tories for more than 70 years and is now one of the most well-studied species within
Lophotrochozoa (also known as Spiralia). Despite this, interspecies relationships—and
the relationships between currently accepted subfamilies—within this group are poorly
resolved. Prior phylogenetic studies have limited taxonomic coverage and are based on
morphological characters or a handful of mitochondrial markers. Here, we perform a
phylogenomic study using low-coverage whole-genome sequencing data from 100 indi-
viduals from 78 species in 24 genera, covering 4 different subfamilies. Near-universal
single-copy orthologs (USCOs) were obtained using a new, alignment-based method,
making this the first phylogenomic study to apply this approach. We additionally ana-
lyzed mitochondrial genomes from 132 individuals, by combining our own data with
publically available sequences. Our study implies that Gymnonereididae sensu Banse
1977 is the sister group to all other nereidids. Furthermore, larger genera such as Alitta,
Nereis, and Neanthes are recovered as non-monophyletic. Analyses of mitochondrial
genes and mitochondrial gene order in nereidids provide additional consistent support
to our findings.

Supplementary information: Supplementary data are available from GitHub at
github.com/Animal-Evolution-and-Biodiversity/nereididae-phylogenomic.
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5.2 Introduction

Nereididae Blainville, 1818, commonly known as ragworms, constitute a family of
marine and freshwater-living species within Annelida, containing more than 770 valid
species and 43 accepted genera (Read & Fauchald, 2021). Their worldwide distribution,
overall abundance, and presence in easy-to-access intertidal zones has made them
commercially and ecologically important (Bakken et al., 2018). Indeed, some members
in this group have been used as fishing baits, as a food complement in aquacultures,
and as a subject for laboratory studies (Simon et al., 2021). Notably, Platynereis dumerilii
has continuously been bred in the laboratory since 1953 (A. Fischer & Dorresteijn,
2004) and has been established as a model for studying reproduction, regeneration,
development, evolution, chronobiology, neurobiology, ecology, ecotoxicology, as well
as and single-cell genomics (Özpolat et al., 2021). Nereidids, together with molluscs,
brachiopods, bryozoans, acanthocephalans, as well as platyhelminths, are members of
Lophotrochozoa (also called Spiralia), one of the three major branches of bilaterians
(with the other two being Deuterostomia and Ecdysozoa; [Halanych, 2004]), thus making
P. dumerilii one of the most prominent and widely studied model organisms within this
group. Moreover, nereidids have often been used to represent Annelida and “Polychaeta”
as a whole. Unfortunately, the evolutionary relationships among nereidids remain poorly
understood. Pre-existing phylogenetic studies, based on morphological data (Bakken &
Wilson, 2005; Fitzhugh, 1987; C. Glasby, 1991; Santos et al., 2006), are incongruent and
suffer from poor taxonomic coverage. Similarly, prior molecular studies of the group
(Alves et al., 2020a; Liu et al., 2013; Tosuji et al., 2019; Villalobos-Guerrero et al., 2022)
have poor resolution due to limited taxon sampling and in that they only examine a
handful of mitochondrial genes. Furthermore, the monophyly of species-rich genera—
such as Neanthes, Nereis, and Perinereis—has been disputed (Bakken & Wilson, 2005).
Indeed, two recent molecular analyses of Neanthes (Drennan et al., 2021; Villalobos-
Guerrero et al., 2022) has further reinforced the idea of Neanthes as a convoluted genus,
when members of this group were recovered as sister taxa or taxon to other genera
such as Alitta, Cheilonereis, Dendronereis and Nectoneanthes. Within that same study,
Villalobos-Guerrero et al., 2022 remarks on the issue with identification uncertainty and
misidentification of many species and how only slightly above 10% of all nereidids
have their COI sequence available in the Barcode of Life Database or GenBank. On
top of this, cryptic diversity observed in some members of this group (Kara et al., 2020;
Virgilio et al., 2009) further highlights the need for a joint effort from taxonomists and
molecular biologists to publish COI sequences along with species identifications, in
order to lay the groundwork of a more accurate species identification framework on
top of which more precise phylogenetic analyses can be made. Although Nereididae
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as a whole is well-supported and considered monophyletic (C. J. Glasby, 1993), the
relationships within Nereididae are still disputed. Five subfamilies have been proposed,
based on morphological data. They are: Nereidinae Blainville 1818, Namanereidinae
Hartman 1959, Dendronereidinae Pillai 1961, Notophycinae Knox and Cameron 1970,
and Gymnonereidinae Banse, 1977. Notably, two subfamilies, Dendronereinae Pillai,
1961 and Notophycinae Knox and Cameron, 1970, are still under incertae sedis (Read
et al., 2012).

Liu et al., 2013 conducted the first molecular phylogenetic study of Nereididae based
on cytochrome c oxidase subunit I (COI) sequences from 21 species and eight gen-
era. Despite a relatively small taxon sampling, their study recovered several larger
genera (i.e., Platynereis, Perinereis, and Nereis) as paraphyletic. Subsequently, Alves
et al., 2020a analysed nucleotide and amino acid sequences of whole mitochondrial
genomes in 20 species. Interestingly, they found that—like with most other annelids
(Jennings & Halanych, 2005; Weigert et al., 2016; Zhong et al., 2008)—protein-coding
gene order is highly preserved within nereidis and and that tRNA rearrangements
can be phylogenetically informative. Park et al., 2016 observed two arrangements and
divided them into group 1 and 2 respectively; group one has the order tRNA-Tyr, ATP8,
tRNA-Met and tRNA-Asp while the second group has tRNA-Met, tRNA-Asp, ATP8
and tRNA-Tyr. Because phylogenetic studies using one or a handful of genes often
yield poor support and contradictory results, however, phylogenomic approaches—
i.e., phylogenetic analyses done using hundreds or thousand of markers—are now the
gold standard (Bleidorn, 2017; E. M. Lemmon & Lemmon, 2013) and performed on
routine at an almost industrial scale. Phylogenomic analyses of annelids, focusing on
the backbone of the tree, have been performed primarily using transcriptomic data
(Andrade et al., 2015a; Laumer et al., 2015; Struck, 2011; Struck et al., 2015). Unfor-
tunately, RNA sequencing (RNA-Seq) requires freshly-collected material, preserved
in RNAlater (Allen, Boyd, Nguyen, et al., 2017). Another cost-effective approach to
large-scale phylogenetics is targetted enrichment, in which only a select portion of
the genome is sequenced (E. M. Lemmon & Lemmon, 2013). However, this approach
requires that oligonucleotide probes (or baits) are designed and the difficulty lies in
designing probes that capture across the entirety of the taxon sampling (Bragg et al.,
2016b; Hawkins et al., 2016), thus rendering this strategy less than ideal for nereidids,
which are estimated to have diverged from the rest of the annelids around 350 m.y.a
(Helsem, 2021). As sequencing costs decreases (currently estimated to be 0.01 US$
per one Mbp of raw DNA sequences; https://www.genome.gov/sequencingcostsdata),
however, we are approaching a threshold where whole-genome sequencing (WGS; i.e.,
sequencing an organism’s genome and it’s organelles in their entirety) is the most rea-
sonable approach (E. M. Lemmon & Lemmon, 2013). G. Ribeiro et al., 2021 found that
an average coverage of 5–10x can be sufficient for inferring interspecies relationships.
Previously hampered by both the increased sequencing costs and additional compu-
tation processing (F. Zhang et al., 2019b), lower costs and new bioinformatic tools for
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handling such data (e.g., aTRAM Allen, Boyd, Nguyen, et al., 2017; ALiBaSeq Knyshov
et al., 2021b; and Patchwork Thalen et al., 2022) has led to renewed interest in this
space. Although phylogenomic approaches are now commonplace, no such study have
previously been conducted on Nereididae.

In the present study, we carried out the largest phylogenetic study of Nereididae, based
on molecular markers, to date. Our nuclear gene dataset includes a combination of
transcriptomic and genomic data from a total of 100 individuals (96 ingroups and 4 out-
groups) and 78 nereidid species across 24 genera, with representatives from four different
subfamilies. We have included transcriptome data from eight ingroup taxa and five
outgroup taxa from four different families and all members of the suborder Neridiformia:
Amphiduros fuscescens (Hesionidae), Chrysopetalum occidentale (Chrysopetalidae), Eulalia
viridis (Phyllodocidae), Nephytis caeca (Nephtyidae), and Phyllodoce medipapillata (Phyl-
lodocidae). Our choice of outgroup taxa (i.e., Phyllodocida, Hesionidae, Chrysopetal-
idae) was informed by the phylogenetic hypothesis that nereidids are members of
the order Phyllodocida and within this group, they are probably the sister-group to
Chrysopetalidae and or Hesionidae (Dahlgren et al., 2000; C. J. Glasby, 1993; Pleijel
& Dahlgren, 1998). Additionally, we retrieved and annotated mitochondrial genomes
for all species within the fore-mentioned dataset and combined them with publically
available sequences. Our mitochondrial gene dataset targets 15 mitochondrial genes
from 132 individuals (7 outgroups and 125 ingroup [nereidid] individuals), from 79
nereidid species in 24 genera and 4 subfamilies.

We utilize our newly developed program, Patchwork (Thalen et al., 2022), to perform
alignment-based phylogenetic marker retrieval from whole-genome sequencing WGS
data. In detail, we used a set of near-universal single-copy orthologs (USCOs) in
the newly published Alitta virens genome as inferred by BUSCO v5.0.0 (Simão et al.,
2015). With this dataset, we aim to (i) investigate the validity and relationship between
the currently established subfamilies, (ii) examine polyphyly within the most species-
rich genera (i.e., Neanthes, Nereis, and Perinereis), and (iii) demonstrate the utility of
genome skimming—and more specifically our newly developed method—as an effective
approach to phylogenomic studies.

5.3 Methods

5.3.1 Sample collection

The taxonomic sampling for this study is the result of an international, multi-cohort
assemblage of researchers whom collected the material anew and or provided pre-
identified samples from various museums or other research collections. Notably, these
samples vary in collection year, preservation method (most samples were stored in
ethanol but at different concentration), and storage conditions. Some samples are as
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old as 1985, although most samples were collected at a much more recent data. Exact
information for each sample is available in the supplementary material. Samples col-
lected for this study specifically were obtained between 2019 and 2020 in Roscoff, France,
and Ferrol, Spain, from sediment in-between intertidal rocks at low tide or from the
benthic by using a dredge on a small research vessel. Specimens were examined under a
stereo microscope and identified, based on morphological characters, according to the
the 25th Volume of the Fauna Iberica (Viéitez, 2004), the Handbook of the marine fauna
of North-West Europe (Hayward & Ryland, 2017), and individual species descriptions.
Samples used for DNA sequencing were preserved in 99.9% ethanol, while those used
for RNA-sequencing were stored in cryotubes with RNAlater at −80 °C.

5.3.2 Transcriptome sequencing and assembly

We generated novel RNA-seq data for seven taxa: Alitta virens, Hediste diversicolor, Nama-
lycastis abiuma, Perinereis cultrifera, Ceratonereis australis, and Neanthes nubila. The rest
of the eight transcriptomes used for this study were obtained from the NCBI Sequence
Read Archive (SRA). Both novel samples and raw Illumina data taken from NCBI SRA
are listed in Table 5.4.1.

Total RNA was isolated using the standard TRIzol™ LS Reagent and subsequently
purified using the QIAGEN RNeasy MinElute Cleanup Kit. Purified samples were sent
to Eurofins Genomics in Germany for library preparation and sequencing. Each library
was sequenced using Illumina 2 X 150 bp paired-end chemistry.

At this point, novel samples and publicly available Illumina sequences were treated the
same: Paired-end Illumina reads were assessed for their quality using FastQC v0.11.9
(https://www.bioinformatics.babraham.ac.uk/). After quality control, Trim Galore!
v0.4.1 (https://www.bioinformatics.babraham.ac.uk/) was used for quality and adapter
trimming with a Phred quality threshold of 20 and a minimum required length of 55
base pairs. After trimming, the quality of the resulting, trimmed sequences was checked
again using FastQC v0.11.9. Finally, trimmed Illumina reads were assembled using the
RNA-Seq de novo assembler Trinity v2.11.0 (Grabherr et al., 2011) under default settings.

For each assembly, we ran BUSCO v.5.3.1 (Simão et al., 2015) to search for universal
single-copy orthologs (USCOs) and to assess the quality of the assemblies generated.
BUSCO was ran using the “Metazoa” lineage, with AUGUSTUS v3.4.0 (Stanke et al.,
2006; Stanke & Morgenstern, 2005) as a gene predictor under default settings, but
with the self-training mode set to on. The number of amino acid (AA) characters in
the resulting dataset was calculated using the stats module of the SeqKit toolkit for
working with FASTA and FASTQ files (W. Shen et al., 2016).
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5.3.3 Genome sequencing and assembly

We performed DNA extraction on a total of 130 samples, of which 100 ended up in the
final tree. The species used were selected based on their assumed phylogenetic position
(i.e., according to the literature), the quality of the DNA extraction, or the quality of
the assembly. Individuals from species which had already been sequenced were down
prioritized and vice versa.

Prior to DNA extraction, each sample was placed, with an open lid, inside a Eppendorf
ThermoMixer at 45°C, in order to evaporate the EtOH. When still present, a lysis buffer
containing Proteinase K was added to each tube and was left over night. The elution
buffer was heated to 65°C and 35 or 50 µL of the buffer was used to elute the DNA, de-
pending on the size of the specimen. DNA was extracted from single individuals, using
the Quick-DNA Miniprep Plus Kit (Zymo Research), while following the manufacturer’s
protocol for extrating DNA from solid tissue. After DNA extraction, DNA concentration
was checked using a Qubit Fluorometric (ThermoFisher), utilizing the Qubit dsDNA
BR (Broad-Range) Assay Kit and while following the manufacturer’s protocol. Samples
where the amount of DNA extracted was less then 100 ng were not sequenced. However,
for species of particular interest, DNA amplification was performed using the REPLI-g
Mini Kit from Qiagen, following the manufacturer’s instruction for 2,5 µL template
DNA.

All sequencing was performed using an Illumina NovaSeq 2000 or 6000 system (150 bp
paired-end) with at least 5 M read pairs per nereidid library. Known sizes of nereidids
genomes ranges from 782–2,454 Mbp (Gregory, 2002). Samples collected in China and
India were sequenced on-site, while the majority of the sequencing was carried out by
Eurofins Genomics (Konstanz, Germany).

Paired-end reads were assessed for quality using FastQC v0.11.9
(https://www.bioinformatics.babraham.ac.uk/). and subsequently, adapter trimming
was done using Trim Galore! v0.6.6 (https://www.bioinformatics.babraham.ac.uk/).
For adapter trimming, we used a Phred quality score threshold of 20 and reads below
50 residues in length were discarded. De novo assembly was performed using SPAdes
v3.15.3 (Nurk et al., 2013) and a K-mer size setting of 33, 55, or 91. The majority of
assemblies were done using a K-mer size of 33, with the goal of generating as much
data as possible rather than aiming at the best possible contig size. In our own tests, we
found that Patchwork performs best on this type of data, since fragments are anyways
stitched together. Assembly quality assessment was done using QUAST v5.0.2 (Gurevich
et al., 2013). The assembly pipeline used (https://github.com/ThiloSchulze/eukaryotic-
genome-assembly) was run on the local scientific compute cluster of the GWDG at the
University of Göttingen, Germany.
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5.3.4 Orthology assignment, marker discovery, and supermatrix construction

A chromosome-level assembly of the nereidid Alitta virens, published and processed
by the Wellcome Sanger Institute, was obtained from GenBank (GenBank assembly
accession: GCA_932294295.1) and used as a reference. We used BUSCO v.5.3.1 (Simão
et al., 2015) to search the fore-mentioned assembly for universal single-copy orthologs
(USCOs), by utilizing the “Metazoa” lineage. A total of 777 USCOs were were detected
this way and we used these to obtain USCOs from the other assemblies. Depending on
whether they were transcriptome assemblies or genomic assemblies, this was done in
two different ways: (i) For our transcriptome assemblies, we re-ran BUSCO, again using
the Metazoa dataset, and then kept all USCOs that were also found in our reference
dataset. The BUSCO results for each transcriptome assembly is summarized in table 5.1.
(ii) USCOs from the genome were obtained using Patchwork v1.0.2 (Thalen et al., 2022),
using the A. virens USCOs as a reference, a sliding window size of 4 bps, an average
distance cutoff of -7, an E-value threshold at 1−3, and while running DIAMOND with the
-iterate flag. Because the novelty of this software, we’ve included a short description
of how it operates in section 5.3.4.

Overview of Patchwork

Patchwork is a new, alignment-based program for mining phylogenetic markers from
genomic data. It uses translated nucleotide sequences to search against the provided set
of reference sequences (the A. virens USCOs, in our case). Overlapping hits are merged
by retaining the best-scoring sequence for each position. Finally, alignment masking and
sliding window-based alignment trimming are both applied in order to rid the resulting
sequence from putative, non-coding regions.

Alignment trimming

To rid the alignments of poorly aligned residues and to simultaneously speed up the
downstream analysis, we used the alignment trimming software GUIDANCE v2.02 (Sela
et al., 2015). GUIDANCE alternates between different guide trees to identify unreliable
positions in the resulting alignments. For this, we used a sequence cutoff value of 0.6
and a column cutoff value of 0.93. This means that sequences with a GUIDANCE score
below 60% were removed and columns below 93% were also removed. MAFFT v7.487
(Katoh & Standley, 2013) was the alignment program that was used within GUIDANCE
and the alignment algorithm was automatically selected for each marker, using the
-auto option.
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Supermatrix construction

Next, we utilized the tree-based orthology program PhyloPyPruner v1.2.6
(github.com/fethalen/phylopypruner) to (i) get a statistical overview of the sequence
composition and to (ii) construct the supermatrix and the partition file. Although Phy-
loPyPruner can perform tree-based orthology inference, this aspect of the program was
not utilized. Nonetheless, gene trees for each input alignment were inferred, as this
is required by the program. It’s worth pointing out that these trees have no impact
whatsoever on the supermatrix construction, since all of the input alignments were
already 1:1 orthologs. Gene trees were constructed using FastTree v2.1.10 (Price et al.,
2010), using the -slow and -gamma options. The resulting gene trees and their corre-
sponding alignments were used as an input for PhyloPyPruner. Using PhyloPyPruner,
we removed 5 taxa that were represented in less than 70% of the alignments.

5.3.5 Mitochondrial genome assembly and annotation

We developed a custom pipeline (github.com/ThiloSchulze/mitogenome-extraction),
written in the workflow management system Nextflow (Di Tommaso et al., 2017), to
extract mitochondrial genomes from our genome assemblies. Our pipeline uses BLASTN
(v2.5.0; Altschul et al., 1990) to retrieve the best-matching contig to a user-provided
reference. For our purposes, we selected a word-size from 11–25 and used the mitochon-
drial genome of Platynereis dumerilii (Genbank accession AF178678; Boore and Brown,
2000). This pipeline also uses an iterative coverage filter where, at the first stage, only
contigs with 60x coverage and up are kept. If no matching contig is found, the coverage
threshold is lowered to 10x and the BLASTing step is repeated. If multiple contigs were
found, mitochondrial nucleotide data was reassembled using using NOVOPlasty (v4.3.1;
Dierckxsens et al., 2017). If reassembly using NOVOPlasty failed, a reassembly using
PRICE (v1.0.1 Ruby et al., 2013) was attempted. In case the best match was located
on the opposite strand, a reverse complement was obtained using EMBOSS (v6.6.0;
Rice et al., 2000). We obtained the 650 bp Cytochrome c oxidase I (COX1) subunit for
barcoding by BLASTing against a reference from P. dumerilii (accession no. KR916915
). Once a candidate contig near our specified target-size (i.e., 16500 bp, the average
length of metazoan mitogenomes Bernt et al., 2013) had been found, we performed
de novo mitogenome annotation using MITOS (v2.0.8; Bernt et al., 2013). Extracted
barcode sequences were searched against The Barcode of Life Data System (BOLD;
http://www.barcodinglife.org; Ratnasingham and Hebert, 2007) and NCBI GenBank
Benson et al., 1993 for the best match, in order to re-verify species identification.

5.3.6 Phylogenetic analysis

Maximum likelihood analysis of the 777 single-copy orthologs in the data matrix was
performed using IQ-TREE v2.1.2 (Minh et al., 2020) under the best-fitting substitution
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model for each partition, as determined by ModelFinder Plus (Kalyaanamoorthy et al.,
2017) and by using 1000 ultrafast bootstrap replicates (Hoang et al., 2018).

We additionally used single gene trees, generated from the same data matrix to perform
a coalescent-based species tree estimation using ASTRAL-III v.5.7.1 (C. Zhang et al.,
2018) and 1000 bootstrap replicates.

The final trees were visualized using the Interactive Tree Of Life (iTOL; Letunic and
Bork, 2019) and subsequently annotated using Adobe Illustrator CS6.

A workflow of the bioinformatic pipeline used in this phylogenetic analysis is shown in
figure 5.1.

Figure 5.1: Schematic workflow of the phylogenomic analyses carried out in this study.

5.4 Results

5.4.1 Transcriptome sequencing and assembly

Our transcriptome analysis resulted in a total of 13 assemblies, whereas two of these
were subsequently removed due to the amount of missing data exceeding our 30%
threshold. Each species, together with the number of USCOs, AAs, and the accession
number (where applicable), is shown in table 5.1. Removed taxa have been highlighted
in red.

5.4.2 Genome sequencing and assembly

We assembled paired-ended Illumina whole-genome sequencing data from a total of
105 nereidid species, with represents from four different subfamilies: Nereidinae, Den-
dronereidinae, Gymnonereidinae, and Namanereidinae. Assembly statistics, showing
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Table 5.1: List of universal single-copy orthologs (USCOs) obtained from the
transcriptome sequence used for this study. The number of orthologs
corresponds to the total number of USCOs that were also found in the
reference used (Alitta virens).

Ingroup

Taxon No. orthologs (%) AA positions Accession no.

Alitta virens 897 (100) 302,598 GCA_932294295.1
Alitta succinea 316 (35) 92,468 SRS954182
Ceratonereis australis 334 (37) 223,105 This study
Hediste diversicolor 474 (52) 128,130 This study
Namalycastis abiuma 533 (59) 169,923 This study
Neanthes nubila 310 (35) 71,787 This study
Perinereis aibuhitensis 527 (59) 189,356 In prep.
Platynereis dumerilii 549 (61) 205,095 In prep.

Outgroup

Taxon No. orthologs (%) AA positions Accession no.

Amphiduros fuscescens 315 (35) 114,121 SRR15277965
Chrysopetalum occidentale 526 (59) 189,952 SRR15277964
Eulalia viridis 393 (44) 136,286 SRS6018155
Nephytis caeca 487 (54) 161,758 SRS591169
Phyllodoce medipapillata 258 (29) 87,087 SRS933586

the K-mer size, number of assembled contigs, the mean contig length, and the N50 of
each assembly is shown in the tables 5.3 and 5.5. In summary, our genome assemblies
had an average assembled contig length of 956,470, an average total length of 563,323,652
amino acid positions, and an average N50 of 1,355.

5.4.3 Orthology assignment, marker discovery, and supermatrix construction

Our data matrix consisted of 777 different universal single-copy orthologs (USCOs) and a
total of 104 operational taxonomic units (OTUs), with 99 OTUs per alignment on average
and a mean sequence length of 99 amino acids (AAs). 39.1% of the positions were
missing and the total concatenated supermatrix length was 312,912 AAs. A heatmap
depicting the completeness of each marker is shown in figure 5.2.

5.4.4 Gene order arrangements

We observe, similar to Alves et al., 2020a, that—like with most annelids—protein-coding
and rRNA gene order information within nereidids remain highly conserved and that
tRNA arrangements can provide phylogenetic information. In addition to the two
distinct tRNA gene order arrangements described in Park et al., 2016, we observe four
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Figure 5.2: Two occupancy matrix partitions (representing two halves of the data matrix,
split into chunks of 500 genes per chunk), produced by PhyloPyPruner
v2.1.6 (Thalén et al. in prep.), depicting the completeness (number of
positions in an alignment, gaps or complete absence are treated as missing
data) of each gene on the X-axis and each taxon on the Y-axis. 100%
completeness is displayed in dark green, while fully missing genes from that
taxa are displayed in white. (A) Occupancy matrix of the first 500 markers
and (B) occupancy matrix of the 395 others. Markers marked in red were
discarded as their occupancy fell below the 30% occupancy threshold.
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Figure 5.3: Six observed mitochondrial gene orders for Nereididae and three
arrangements found in the outgroups. Their occurence have been annotated
in the mitochondrial gene tree (see figure 5.5). With the assumption that the
tRNA arrangements in group 2 are ancestral, deviations from this
arrangement are highlighted in red.

additional, previously undescribed, arrangements, including one protein-coding gene
translocation in one species Three out of four newly observed groups belong to a new,
hypothetical clade containing the genera Paraleonnates, Solomonereis, and Ceratonereis.
Notably, these arrangements only occur in single species and are not synapomorphic for
this group, and the other members of this clade have the “ancestral” state (group 2). The
last arrangement can be found in Nereis panamensis, which, in our mitochondrial gene
tree, is the sister group to all other members of the subfamily Nereidinae.

5.4.5 Phylogenetic analysis

In all, we generated three different phylogenetic trees: one nuclear-gene tree (figure 5.4),
one mitochondrial-gene tree (figure 5.5), and one coalescent-based species tree (figure
5.6). Our analyses consistently supports the monophyly of Nereididae and while we
observe discrepancies—especially in the coalescent-based species tree—among the three,
the overarching pattern remains the same. E.g., Gymnonereididae, together with Na-
manereidinae and Dendronereidinae as well as the genus Tylorrhynchus are consistently
recovered as the sister group to the rest of the nereidids within our study. Furthermore,
we find in all trees support for grouping the genera Paraleonnates, Solomonereis, and
Ceratonereis together into a new, hypothetical group. Finally, we consistently observe
non-monophyly within larger genera such as Alitta, Nereis, and Neanthes.
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Figure 5.4: Maximum likelihood tree showing Nereididae evolutionary relationships. Topology
and branch lengths are based on the concatenation of a data matrix consisting of 777
near-universal single-copy orthologs (USCOs), from 100 individuals, 312,912 amino
acid (AA) positions, with 60.9% occupancy or 39.1% missing data, as inferred using
IQ-TREE v2.1.2 under the best-fitting model for each locus. 1000 bootstrap replicates
when <100% are also shown. G = genome data, T = transcriptome.
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Figure 5.5: Maximum likelihood tree, based on nucleotide data from 15 mitochondrial genes,
showing evolutionary relationships within Nereididae. This phylogeny is based on
the concatenation of mitochondrial data from 132 taxa, and was inferred using
IQ-TREE v2.1.2 under the best-fitting model for each locus. Bootstrap support
values, based on 1000 bootstrap replicates, and <100% are displayed
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Figure 5.6: Coalescent-based species tree estimation using ASTRAL v5.7.1 based on 777
single-copy gene trees, generated using FastTree v2.1.10. “local posterior
probability” support values have also been added to the figure.
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5.5 Discussion

5.5.1 Nereidid phylogeny

Our phylogenetic of Nereididae is based on nuclear genomic-, transcriptomic-, and
mitochondrial data. Three trees were presented: two maximum likelihood trees based
on the best-fitting model for each partition (figure 5.4 and 5.5) and one coalescent-based
species tree (figure 5.6).

Both our mitochondrial and nuclear trees recover Gymnonereidinae, restricted here to
Ceratocephale loveni, and Gymnonereis tenera, as a sister-group to all other nereidids in
our analysis. This restricted version of Gymnonereidinae—sensu Banse, 1977—excludes
both Tylorrhynchus and Laeonnareis. Gymnonereidinae sensu Banse 1977 is character-
ized by bifid ventral and subacicular notopodial chaetae and was well-supported in a
morphological study by Santos et al., 2006 and a mtDNA analysis by Alves et al., 2020a.

Although prior phylogenetic analyses (e.g., Bakken and Wilson, 2005; Fitzhugh, 1987;
C. Glasby, 1991; Pleijel and Dahlgren, 1998; Santos et al., 2006) places Namanereidinae
as the sister-group to the remaining subfamilies and genera, our analysis indicates that
Namanereidinae, here consisting of Namalycastis indica, Namalycastis abiuma, and Nama-
lycastis sp., is nested within a larger clade which also contain the genera Tylorrhynchus
and Dendronereis. Namanereidinae contain two genera, are adapted to low-salinity
conditions, and are characterized by a bare pharynx and reduced notopodia. While we
find consistent support this group being monophyletic, our analyses suggests that these
morphological characters are an adaptation to their unique living-conditions rather than
being the ancestral state of Nereididae.

Dendronereidinae, characterized by the presence of branchiae, are recovered as mono-
phyletic, but again within in a larger clade which also includes Tylorrhynchus and
Namanereidinae. The subfamily Dendronereidinae was originally erected by Pillai, 1961,
and included three taxa: Tambalagamia Pillai, 1961, Dendronereis Peters, 1854 and
Dendronereides Southern, 1921. Both Tambalagamia and Dendronereides are absent in our
study and the monophyly of this grouping can thus not be tested. Dendronereidinae’s
subfamily status has been criticized by Banse, 1977 and Santos et al., 2006 rejected the
homology of the morphological character upon which this grouping is based on. Den-
dronereidinae is currently considered nomen dubium and our restricted analysis of this
group does not support a subfamily status of this group.

Like the parsimonious study, based on morphological data, by Bakken and Wilson,
2005, we find consistent evidence for that some of the largest genera, Nereis, Neanthes,
and Perinereis are polyphyletic. Furthermore, Alitta, is recovered here as a paraphyletic
group.

Similar to Alves et al., 2020a, we find the genus Laeonereis, here represented by L. culveri
and L. watsoni, to be nested within Nereidinae instead of Gymnonereidinae, to which
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they are currently ascribed. Our mitochondrial analysis further indicates that the species
Neanthes glandicincta, used in the fore-mentioned study, is a mis-identification and that
the actual species is actually Dendronereis chipolini. Thus, the monophyly of Nereidinae
as currently described is still rejected due to the placement of the genus Laeonereis
therewithin. However, the reason for why one member of Nereidinae was recovered
outside of this clade was because of a misidentified taxon.

We also find consistent support for grouping the genera Solomonereis, Ceratonereis, and
possibly also Paraleonnates uschakovi into a new, hypothetical clade, which then forms a
sister-group to the subfamily Nereidinae. Bakken and Wilson, 2005 already observed
morphological similarities in these two genera and the phylogenetic analysis by Santos
et al., 2006 gave further support to this clade. Bakken and Wilson, 2005 also placed
Unanereis, which is very similar to Ceratonereis except for the presence of a single antenna,
together with this group and it is possible that this genus belongs here as well.

Within Nereidinae, some of the larger genera are recovered as polyphyletic. Notably,
Neanthes cricognatha is the sister group to all other members of Nereidinae but then
other species within Neanthes are placed within their own, separate clade or as a sister
species to, e.g., Nicon, Composetia, or Nereis. Nereis is another large genus that is also
grouped together with several different groups of genera such as Perinereis, Eunereis, and
Perinereis. Furthermore, although Alitta is only observed in one single clade, it is placed
both as a sister group to a clade consisting of Namalycastis, Neanthes, and Composetia, but
also within its own clade and as a sister group to Nectoneanthes.

When comparing our nuclear-gene tree to our mitochondrial gene tree, our main
findings—e.g., Gymnonereidinae is the sister group to all other nereidids, the genera
Solomonereis and Ceratonereis forms a previously unrecognized hypothetical group—
remain the same throughout. Within the subfamily Nereidinae, however, we do observe
some incongruencies: the clade consisting of Perinereis and Pseudonereis is in the nuclear-
gene tree placed as a sister group to two larger clade which include Cheilonereis cyclurus
and more, while in the mitochondrial gene tree, it forms a sister group to the only clade
that includes Simplisetia sp..

The discerning reader will also observe some obvious mislabeled species. E.g., Nama-
lycastis jaya in Nereidinae, which is a member of the subfamily Namanereidinae. To
account for these cases, we have performed barcoding of all of the nereidids included in
this study (see supplementary data). Although we were not able to get the mislabeled
Namalycastis jaya to the species level, our barcode comparison says that its sequence is
closest to a Nereis sp., making us confidence that this is not a member of Namanereidinae
and instead Nereidinae. A list of misidentified species, together with a corrected identi-
fication, based on a similarity search against the BOLD database can be seen in table 5.2.
Our nuclear-gene and coalescent-based tree display IDs in their original, misidentified
form, while the mitochondrial gene tree have their labels corrected.
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Table 5.2: A list of misidentified species and their corrected species identification label,
based on a similarity search against the BOLD database.

Original label ID Corrected label Similarity

Namalycastis jaya SP4 Nereis sp. 82.17%
Composetia keiksama TB43 Leonnates decipens 80.46%
Neanthes fucata 3NeFU Alitta succinea 100%

5.5.2 Mitochondrial gene order evolution

Like prior studies of mitochondrial gene order evolution within nereidids (Alves et al.,
2020a; Park et al., 2016), we can, with our expanded dataset, confirm that protein-coding
and rRNA gene order is highly preserved throughout Nereididae as a whole. We do
observe the translocation of the protein-coding gene ATP8 in group 6, but this is only
observed in a single species. We have presented four additional tRNA arrangement, in
addition to the ones first described in Park et al., 2016. Given the position within the
tree of group 6 (Nereis panamensis), there are three possibilities for how this arrangement
happened: (i) group 1 is the ancestral state within Nereidinae and group 6 is derived
from there, (ii) group 6 is the ancestral state and and group 1 is derived from that state,
or (iii) both changed happened independently and evolved from something similar to
that in group 2. Given that the only difference is the location of tRNA-Met, tRNA-Asp,
and ATP8, the most parsimonous explanation is (i) that group 1 is the ancestral state and
there was one translocation event where tRNA-Met, tRNA-Asp, and ATP8 all moved to
a different location. The second explanation (ii) requires that two different translocation
events whereas the second event resulted in something akin to the ancestral state by
pure chance and the third explanation (iii) is very unlikely given the similarities that we
observe in group 1 and 6.

5.5.3 Evaluating Patchwork

Using our new genome skimming approach, we were able to recover a well-supported
phylogeny, based on a large taxon sampling and nearly 800 markers. By basing our anal-
ysis on WGS data, we were able to successfully include many older, ethanol-preserved
samples and, since we did not use target enrichment, our strategy had very little work
up-front since we did not have to design any oligonucleotide probes. Processing one
sample, in Patchwork, takes around 7–15 minutes (depending on the number of reads)
and supporting scripts already support multi-sample processing such that the user does
not have to perform each run manually. Furthermore, Patchwork supports that the
ability to work in an incremental fashion—samples can be added or removed, without
having to redo the same analysis, as long as the markers remain the same. As suggested
by Alves et al., 2020a, mitochondrial gene order information is well-preserved within
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nereidids, as in other annelids, and phylogenetically informative. As a result, we were
able to evaluate our method by comparing it to our mitochondrial gene tree. Small
discrepancies between the two suggests that this method works well for our purposes
of inferring a phylogeny, despite the old age of the group. I.e., we do not observe any
strange placements due methodological bias as the distance to the reference used (Alitta
virens) increases. We do, however, notice that the interspecies distances in the nuclear
phylogeny are sometimes exaggerated when compared to the mitochondrial phylogeny.
OTUs which were recovered as identical in the mitochondrial gene tree have a small, yet
observable, pairwise distance in the nuclear gene tree. We suspect that this is a result
of markers having unequal coverage across taxa. Mitochondrial genes are high-copy
markers and have a very high coverage, while the nuclear genes are more variable and
have a much lower coverage in general. This is further exaggerated by the fact that
we are using low-coverage genomes and this effect could potentially be mitigated by
increasing the sequencing depth.

5.6 Conclusion

We have presented a phylogeny of Nereididae, based for the first time on genomic
and transcriptomic sequences from 100 ingroup species and 4 outgroup species from
3 different families. A coalescent-based species tree, a maximum likelihood tree based
on 15 mitochondrial genes, both from our own and publically available sequences, and
an analysis of mitochondrial gene order preservation in Nereididae complements and
provides further support and insight into our phylogenomic analysis.

These phylogenies demonstrates that the subfamily Namanereidinae is not the basal-
most node within the group as previously thought. Instead, we find consistent support
for that a subset of Gymnonereidinae—as currently described—is most likely the sister
group to all other nereidids. Furthermore, the genera Tylorrhynchus and Laeonereis are
recovered outside of Gymnonereidinae to which they currently belong. We further
found support for grouping the genera Ceratonereis, Solomononereis, and most likely
Paraleonnates into a previously unrecognised clade. Finally, an analysis of mitochondrial
gene orders across the major groups provided further supported for the major clades we
recovered.

This is also the first study in which Patchwork is used for mining phylogenetic markers
from whole-genome sequencing data. The completeness of our data matrix as well as the
well-supported phylogeny, which to a large extent matches our mitochondrial genome-
based tree, clearly demonstrates the effectiveness of this low-workload approach to
phylogenomics. Unlike with a pure transcriptome analysis, we were able to include
more markers and ethanol-preserved specimen from various museums and research
collections, and unlike with targetted- or hybrid enrichment, we forewent the error-prone
and computationally intensive step of probe-design.
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The mislabling of Neanthes glandicincta in the phylogenetic analysis by Alves et al., 2020a
highlights the importance of publishing DNA barcode sequences, which can be used
for species identification, delimiation, and re-verification. Because the mitochondrial
genome in question had been published on GenBank (accession no. NC_035893), we
were able to reject the previous species identification.

5.7 Back matter

Data availability

Individuals of all species (or populations) used in the phylogenomic analyses
will be deposited as vouchers in the Zoological Museum at the Georg-August-
University Göttingen. All raw sequence raw data will be submitted to the
sequence-read archive (SRA) and transcriptome assemblies to the assembly
database of NCBI GenBank (http://www.ncbi.nlm.nih.gov/genbank/). All
published alignments, data matrices and phylogenetic trees will be uploaded to
the Dryad repository (http://datadryad.org/). It is intended to publish open
access, thereby allowing unrestricted access to all results. This will be supported
by the open access fund at the University of Göttingen (https://www.sub.uni-
goettingen.de/en/electronic- publishing/open-access/open-access-publication-
funding/).

Code availability

Our workflow for performing quality control, trimming, assembly, and assembly
quality assessment on WGS data is published on GitHub at
https://github.com/ThiloSchulze/eukaryotic-genome-assembly The pipeline
used to extract and annotate mitochondrial genomes from WGS data can be
found on GitHub: https://github.com/ThiloSchulze/mitogenome-extraction.
The implementation of Patchwork is described in its manuscript (Thalen et al.,
2022) and instructions on obtaining and installing Patchwork can be found on
GitHub: https://github.com/fethalen/Patchwork. PhyloPyPruner (Thalén et al.
in prep.), a tree-based orthology inference program which in our case was used
to filter low-occupancy genes and for constructing the supermatrices is found at
https://github.com/fethalen/phylopypruner. Other supplementary data for
this article can be downloaded from https://github.com/Animal-Evolution-and-
Biodiversity/nereididae-phylogenomic.
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Figure 5.7: Sampling locations for from which specimen were taken. Countries from
which one or more samples were taken are highlighted in green.
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Table 5.3: Assembly statistics for the first 50 species used in the nuclear-gene analysis,
showing the voucher, K-mer size, number of assembled contigs, mean contig
length, and the N50.

Species Voucher K-mer Contigs Avg. contig len. N50

Alitta acutifolia - 33 788193 749,46 944
Alitta succinea 4AlSu 33 1462068 482,53 556
Alitta succinea TB03 33 1506301 457,71 517
Alitta virens V19-2 91 434064 976,95 1450
Ceratocephale loveni TB25 33 249611 1304,59 2091
Ceratonereis australis AU17 33 793589 579,56 1232
Ceratonereis australis F9 55 5332124 203,25 220
Ceratonereis singularis - 33 975135 495,74 827
Ceratonereis irritabilis FL3 33 529025 997,77 1445
Ceratonereis maya - 33 600323 883,24 1568
Ceratonereis perkinsi 20 55 1725482 501,52 922
Ceratonereis singularis - 33 413492 911,39 2160
Ceratonereis singularis MM15 33 510542 815,67 1852
Ceratonereis sp. CG-10 33 637007 778,42 1143
Ceratonereis sp. CG-2 33 564843 882,89 1332
Ceratonereis sp. CG-4 33 561679 878,72 1308
Ceratonereis sp. MA7 33 828790 668,09 871
Eunereis longissima Ferrol2 33 499581 962,22 1343
Neanthes sp. MA28 33 1100390 467,11 532
Nereis sp. MA24 33 1353413 387,37 421
Pseudonereis sp. MA17 33 1756523 421,75 597
Cheilonereis cyclurus FL1 33 715627 618,93 1576
Cheilonereis cyclurus HC 91 1111743 622,24 2100
Composetia keiskama TB43 33 751017 586,19 1172
Composetia marmorata 21 55 718392 1003,14 1477
Composetia marmorata MA2 33 813784 598,62 742
Dendronereis aestuarina SP2 55 654940 543,78 1169
Dendronereis pinnaticirris YXS-1 91 1239990 516,02 1465
Eunereis longissima 2EuLo 33 252716 1349,95 2024
Gymnonereis tenera 11GyTe 33 231708 1446,5 2348
Gymnonereis tenera 9GyTe 33 689839 579,86 1251
Hediste diversicolor 1C 55 4070369 214,46 227
Hediste japonica RBC 91 3071209 423,12 766
Laeonereis culveri TB10 33 294599 1093,24 3063
Laeonereis watsoni - 33 508699 684,83 1706
Leonnates decipiens CG-1 33 352070 1036,06 1383
Leonnates decipiens CG-7 33 361012 993,26 1313
Namalycastis abiuma F10 55 176374 1514,85 6302
Namalycastis abiuma G1 55 182023 1420,92 8827
Namalycastis indica TB41 33 479861 605,72 1427
Namalycastis jaya SP4 55 1006169 728,32 1927
Neanthes acuminata TR01 33 482209 893,39 1132
Neanthes agulhana SPD-04-2 33 517137 1042,32 1390
Neanthes cricognatha 19 55 1199799 834,83 1140
Neanthes fucata 3NeFu 33 1386545 488,19 563
Neanthes glandicincta SP1 55 1017058 717,8 1893
Neanthes glandicincta XD-1 91 983702 701,06 3522
Neanthes indica SP5 55 963575 479,39 763
Neanthes kerguelensis 10NeKe 33 500796 519,46 619
Neanthes kerguelensis? 12NeKe 33 492914 499,64 581
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Table 5.4: Assembly statistics for species 51–100 used in the nuclear-gene analysis,
showing the voucher, K-mer size, number of assembled contigs, mean contig
length, and the N50.

Species Voucher K-mer Contigs Avg. contig len. N50

Neanthes kerguelensis C7 55 1379626 610,83 1295
Neanthes masalacensis AU10 33 1056097 597,34 720
Neanthes nubila 6NeNu 33 627193 775,14 972
Neanthes trifasciata 26 55 13191 584,33 2177
Nectoneanthes oxypoda AU12 33 714669 564,66 645
Nereimyra cf punatale Ferrol1 33 479950 1068,94 1583
Nereis caudata TR03 33 523243 726,89 901
Nereis sp. - 33 317121 1461,63 2383
Nereis cockburnensis B4 71 377206 1154,86 2129
Nereis confusa - 33 468334 1020,16 1424
Nereis longissima TR04 33 235025 1492,53 2379
Nereis maxillodentata 7 125 24910 447,58 1088
Nereis sp. - 33 486919 983,53 1306
Nereis sp. - 33 627662 924,94 1201
Nereis panamensis - 33 786853 382,44 416
Nereis pelagica TB33 33 433845 894,97 1324
Nereis pelagica TR02 33 592291 649,08 801
Nereis pulsatoria CBR-02-1 55 1843858 533,91 811
Nereis rava CBR-02-2 33 517137 1042,32 1390
Nereis riisei FL6 33 567219 1141,4 1604
Nereis vexillosa QX 91 2666085 468,36 1038
Nereis vexillosa TB23 33 627274 660,69 1468
Nereis zonata 1NeZo 33 265467 1304,75 2067
Nereis zonata TB29 33 257526 1381,02 2133
Nicon maculata 13NiMa 33 505692 716,01 917
Perinereis akuna CG-14 33 997714 530,07 1070
Perinereis amblyodonta AU20 33 630996 832,52 1087
Perinereis anderssoni TB14 33 418546 1176,39 1746
Perinereis calmani B2 91 818166 546,17 619
Perinereis cultrifera DCW 91 1712718 538,04 1176
Perinereis elenacasoi - 33 1201383 438,8 785
Perinereis falklandica 7PeFa 33 1011621 490,3 959
Perinereis helleri AU18 33 527928 892,46 1195
Perinereis helleri AU23 33 365620 285,38 264
Perinereis marionii 5PeMa 33 1137072 494,75 848
Perinereis nuntia AU05 33 826771 596,91 776
Perinereis nuntia DC-1 91 3196755 511,86 1564
Perinereis nuntia DUO 91 2513136 417,84 707
Perinereis obfuscata CG-9 33 832599 549,83 669
Perinereis osoriotafalli - 33 837595 561,72 1169
Perinereis pictilis MA13 33 1149879 577,31 690
Perinereis singaporiensis CG-13 33 470169 1070,26 1480
Perinereis vallata AU02 33 573173 639,59 784
Perinereis vancaurica AU21 33 660596 745,56 956
Platynereis antipoda 9 55 5147224 544,5 1040
Pseudonereis anomala YX-1 91 3650444 479,07 1194
Pseudonereis deleoni - 33 394883 1129,05 1627
Pseudonereis gallapagensis - 33 438283 1007,24 1406
Rullierinereis sp. FL2 33 526726 1097,9 1781
Simplisetia amplidonta B3 55 1201776 700,93 1203
Simplisetia erythraeensis C3 91 473511 780,53 1078
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Table 5.5: Assembly statistics for species 101–104 used in the nuclear-gene analysis,
showing the voucher, K-mer size, number of assembled contigs, mean contig
length, and the N50.

Species Voucher K-mer Contigs Avg. contig len. N50

Simplisetia sp. AU13 33 1251600 359,66 547
Simplisetia sp. CG-3 33 1487795 330,89 477
Solomononereis sp. AU07 33 1300356 404,99 650
Tylorrhynchus heterochaetus TB07 33 431888 968,4 1315

Table 5.6: Sampling locations of all specimen which genomes were sequenced for study.
n is the number of species from that were collected from each country.

Code Country n

AU Australia 37
BR Brazil 2
CA Canada 1
CH China 9
CR Costa Rica 2
DE Denmark 1
TL East Timor 4
FK Falkland Islands 6
FR France 4
DE Germany 2
IN India 4
JP Japan 1
MY Malaysia 8
MX Mexico 13
MM Myanmar 1
NZ New Zealand 1
NO Norway 3
ZA South Africa 1
KR South Korea 1
ES Spain 9
GB United Kingdom 6
US United States 4
VU Vanuatu 1
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Table 5.7: List of additional, publicly available species used for the mitochondrial gene
tree analysis and corresponding Genbank numbers.

Taxa Data type Genbank no. Collection site Reference

Nephtys sp. mtDNA EU293739 N/A Vallès et al. 2008
Perinereis nuntia mtDNA JX644015 Korea Won et al. 2013
Perinereis aibuhitensis mtDNA KF611806 Korea Kim et al. 2015
Tylorrhynchus heterochaetus mtDNA KM111507 China Direct submission
Trypanobia cryptica mtDNA KR534503 Australia Aguado et al. 2015
Namalycastis abiuma mtDNA KU351089 China Lin et al. 2016
Laeonereis culveri mtDNA KU992689 Brazil Seixas et al. 2016
Paraleonnates uschakovi mtDNA KX462988 Korea Park et al. 2016
Hediste diadroma mtDNA KX499500 Korea Kim et al. 2016
Myrianida brachycephala mtDNA KX752424 Germany Aguado et al. 2016
Neanthes glandicincta mtDNA KY094478 China Lin et al. 2017
Cheilonereis cyclurus mtDNA MF538532 South Korea Park et al. 2017
Nereis sp. mtDNA MF960765 South Korea Kim et al. 2017
Alitta succinea mtDNA MN812981 USA Alves et al. 2020
Alitta succinea mtDNA MN812982 USA Alves et al. 2020
Perinereis cultrifera mtDNA MN812983 France Alves et al. 2020
Platynereis bicanaliculata mtDNA MN812984 USA Alves et al. 2020
Platynereis massiliensis mtDNA MN812985 Wales Alves et al. 2020
Alitta succinea cDNA multiple USA Alves et al. 2020
Perinereis sp. cDNA multiple Panama Alves et al. 2020
Platynereis sp.1 mtDNA MN830365 Brazil Alves et al. 2020
Platynereis sp.2 mtDNA MN830366 Brazil Alves et al. 2020
Platynereis cf. australis mtDNA MN830367 Chile Alves et al. 2020
Platynereis cf. australis mtDNA MN830368 Chile Alves et al. 2020
Platynereis cf. australis mtDNA MN830369 Chile Alves et al. 2020
Hesionides sp. cDNA multiple Panama Alves et al. 2020
Oxydromus sp. cDNA multiple Panama Alves et al. 2020
Hediste japonica mtDNA MN876864 South Korea Park et al. 2020
Nereis zonata mtDNA MT980928 N/A Direct Submission
Hediste diversicolor mtDNA MW377219 Norway Gomes-dos-Santos et al. 2021
Dendronereis chipolini mtDNA MW532084 China Zhen et al. 2022
Platynereis dumerilii mtDNA AF178678 N/A Boore and Brown 2000
Sirsoe methanicola mtDNA OM914591 N/A Lim et al. 2022
Alitta virens mtDNA OW028587 United Kingdom Direct Submission
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