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Abstract

Understanding gene evolution across genomes and organisms, including ctenophores, can provide unex-
pected biological insights. It enables powerful integrative approaches that leverage sequence diversity to
advance biomedicine. Sequencing and bioinformatic tools can be inexpensive and user-friendly, but
numerous options and coding can intimidate new users. Distinct challenges exist in working with data
from diverse species but may go unrecognized by researchers accustomed to gold-standard genomes. Here,
we provide a high-level workflow and detailed pipeline to enable animal collection, single-molecule
sequencing, and phylogenomic analysis of gene and species evolution. As a demonstration, we focus on
(1) PacBio RNA-seq of the genome-sequenced ctenophore Muemiopsis leidyi, (2) diversity and evolution of
the mechanosensitive ion channel Piezo in genetic models and basal-branching animals, and (3) associated
challenges and solutions to working with diverse species and genomes, including gene model updating and
repair using single-molecule RNA-seq. We provide a Python Jupyter Notebook version of our pipeline
(GitHub Repository: Ctenophore-Ocean-To-Tree-2023 https: //github.com,/000generic/Ctenophore-
Ocean-To-Tree-2023) that can be run for free in the Google Colab cloud to replicate our findings or
modified for specific or greater use. Our protocol enables users to design new sequencing projects in
ctenophores, marine invertebrates, or other novel organisms. It provides a simple, comprehensive platform
that can ease new user entry into running their evolutionary sequence analyses.
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1 Introduction

Ctenophores are transparent gelatinous, almost alien-like, marine
animals of enigmatic, if controversial, origin and biology [1-
4]. They exhibit a number of unusual biological features, including
rotational symmetry and fourfold structuring of the body plan
(unique in animals) [1, 5-7], circumvention of physical constraints
in cilia-based swimming that otherwise limit body size across
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kingdoms and do so by fusing cilia into massive comb plates of
100,000 cilia each [8-11], and a tripartite through-gut with anal
pores at one end that make ‘thru-ness’ of the gut unobvious, a fact
that some biologists largely forgot for over a century, and after its
rediscovery and modern analysis, the gut’s possible homology to
tripartite through-guts in other animals remains unclear [12-
14]. Moreover, common animal traits such as neurons, synapses,
muscles, and mesoderm could potentially be a result of convergent
evolution in ctenophores vs. other animals [ 15-17]. Finally, cteno-
phore genomes are unusual, even among marine invertebrate odd-
ities, and are recognized as highly divergent in gene sequence and
gene families in comparison with other animals [18, 19]. Overall, a
deepened understanding of ctenophore diversity and evolution,
from sequences to ecosystems, promises new insights into their
extraordinary biology.

Initial genome publications for ctenophores were of draft
assemblies for Mnemiopsis leidyi (Mnemiopsis) and Pleuwrobrachin
bachei (Plenvobrachia) [18, 19]. More recent assembly of Hormi-
phora californiensis (Hormiphora) [20] and updated 3D genome
assembly in Pleurobrachia [21] identified 13 chromosomes in both
species and greatly improved available resources. Famously, the
initial publications ignited controversy regarding phylogenetic
placement of ctenophores in animal evolution [18, 19, 22—
27]. The studies contradicted traditional views, indicating cteno-
phores are the basal-most branch in animals and calling into ques-
tion conservation vs. convergence of basic animal features,
including guts, muscles, and brains [7, 18, 19, 28, 29]. Subsequent
studies and commentaries remained deeply divergent, often falling
into ctenophore-first vs. sponge-first hypotheses [18, 19, 22-27,
30, 31].

Furthermore, it was shown that technical details regarding
evolutionary models and available parameter space in different
software packages may help account for dramatically different
trees using similar data in different sequence-based studies [4]. Of
note, our pipeline here uses maximume-likelihood tree building in
1QTree2 and, as might be predicted for the tool [4] and as shown in
Fig. 4, places ctenophores at the animal base. Until quite recently, it
remained a subject of hot debates which of the two scenarios—
ctenophore-first or sponge-first—is correct [2, 4]; although inte-
grative analyses favored the ctenophore-first reconstructions. How-
ever, a novel approach using syntenic features across metazoan and
unicellular outgroup genomes demonstrated ctenophore-first as
correct [32].

Importantly, the divergent nature of ctenophore genes and
genomes and their use in characterizing early animal evolution
highlight fundamental challenges in sequence analysis when phylo-
genetic signal is limited [2, 33—-35]. Work on ctenophores has led to
new tools, approaches, and understanding in the phylogenomics
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field, including some of the methods used here [2, 33-35]. What-
ever the evolutionary patterns of novelty, conservation, and con-
vergence, phylogenomic study of ctenophores genes and genomes
will be critical to understanding early animal evolution and basic
principles of animal cell types and systems across phyla and in
humans.

Biodiversity offers an incredibly rich potential for discovery of
new genes and pathways that can be directly utilized or informati-
cally leveraged in basic research and medicine. Sequencing and
phylogenetic characterization of diverse genes in novel organisms
have led to the discovery, advancement, and engineering of some of
the most powerful genetic tools in science, including Taq for PCR
[36], GFP for fluorescent imaging [37], channelrhodopsin for
optogenetics [ 38], and CRISPR-Cas9 for gene editing [39]. Addi-
tional discovery and characterization of naturally occurring
sequence diversity representing new or novel homologs in related
species continue to advance each of these technologies and many
others [40—43]. These tools and their advances underscore the
importance of genome-scale sequencing of organismal diversity in
closely and distantly related species and the importance of phylo-
genomic characterization of homologs across species; both are areas
the protocol here enables for users.

Integrative experimental and phylogenomic approaches are
commonly used in protein engineering and can be combined with
additional increasingly powerful machine learning, deep learning,
and other artificial intelligence (Al) methods. These tools exploit
biodiversity and evolution’s optimization of diverse sequences and
functions through random, potentially near-comprehensive,
explorations of sequence space. In this context, presence and distri-
bution of existing biological or estimated ancestral phylogenetically
related or unrelated neighboring sequences in sequence space can
be highly informative [44 ], representing successful functional opti-
mization in protein engineering and design by evolution. Lever-
aging natural sequence diversity at scale, the tools and approaches
can massively collapse the sequence space that might otherwise
have to be experimentally explored, highlighting a much smaller
subset of potential variants. This can save by orders of magnitude
the time and resources required, for instance, to rapidly identify or
engineer a novel sequence and advance a genetic technology. This is
especially true now that it is possible to predict the 3D structure of
nearly all proteins based on sequence alignment and better infer
potential function of motifs, domains, and regions for engineering
[45-51]. Again, these areas in basic and biomedical research high-
light the importance of genome-scale sequencing of organismal
diversity in closely and distantly related species and the importance
of phylogenomic characterization of homologs across species; both
are areas the protocol here enables for users.
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Phylogenomic analysis of gene family evolution includes three
major steps:

1. Candidate homolog identification by searching reference
sequences across species genomes and transcriptomes.

2. Multiple sequence alignment of reference and candidate
sequences.

3. Gene tree generation based on aligned sequences [52].

Additional generation of a species tree by a similar process may
also be needed, particularly when one or more species, or the
collective set of species, have never been characterized. Phyloge-
nomic analyses to produce gene and species trees are commonly
undertaken in labs for the first time after newly acquired genome or
transcriptome data sets arrive. Numerous tools and packages exist
and can be run naively, often with reasonable accuracy and without
detailed understanding of the command line or coding.

We recommend several such tools below. Still, their often
extensive functionality can be overwhelming; some are not free,
you are limited to specific subsets of tools developers happened to
have packaged for a given task, and underlying steps and code may
be inaccessible with little context. In contrast, cutting-edge phylo-
genomic and phylogenetic tools run at the command line are often
freely available and part of a diverse universe of tools offering
specific functionalities. These tools enable users to build powertul
bioinformatic and phylogenomic pipelines targeted to their partic-
ular needs. They may readily scale but require proficiency in work-
ing at the command line and coding one or more languages that
some researchers may not have yet acquired.

To facilitate sequencing and phylogenomic analysis by new
users, we provide here a protocol that includes a high-level work-
flow of animal collection and single-molecule RNA-seq and a more
detailed walk through phylogenomic analysis of species and gene
evolution, including production of alignments, trees, and species-
gene family heatmaps (Fig. 1).

As a workflow demonstration, we generated single-molecule
(long-read) PacBio Sequel II RNA-seq data of an entire adult
Mmnemiopsis leidyi and produced a transcriptome. Our phyloge-
nomic pipeline uses the PacBio transcriptome, which is predomi-
nantly accurate full-length transcripts, to improve gene models in
the Mnemiopsis dratt genome, and then performs species and gene
evolutionary analysis of Piezo, a mechanosensitive ion channel
[53], in basal-branching animals, including ctenophores Mnemiop-
sis and Hormiphora.

Finally, we provide a Python Jupyter Notebook that runs a fully
fledged demonstration of the pipeline analysis. The notebook offers
a simple means and user-friendly environment for nonexperts to
run and adapt the pipeline. One can see the underlying code in
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Fig. 1 Overview of the ocean-to-tree workflow and phylogenomics pipeline. (a) Ocean-to-tree workflow. (b)
Outline of the phylogenomic pipeline that is run in the associated Jupyter Notebook that is provided at GitHub
(https:/github.com/000generic/Ctenophore-0cean-To-Tree-2023)

Phylogenomic Pipeline

« |dentify CGS genes in ProjectDB genomes
+ Repair broken CGS genes in transcriptome species
« Align gene sequences

* Trim alignment
= Build gene tree

action and gain familiarity with the methods in the process of
running the notebook. At the same time, the notebook provides
full access to all scripts, allowing expert users to build off of our
pipeline and advance their own specific projects. The notebook can
be run for free in the Google Colab cloud, locally, or elsewhere.
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2 Materials

2.1 Collection

2.2 RNA Extraction

O 0 N O\ Ul W N

—
N = O

O 0 N O\ Ul B W N

11.
12.
13.
14.
15.
16.
17.
18.

19.
20.
21.
22.

. Dock or seawall access to ocean or sea.
. Large or aquarium dip net or dip cup.
. 520 glass or plastic jars of varying sizes.
. 5-20 L bucket or cooler.

. Watertight insulated water bottle.

. Cooler or Styrofoam box.

. Optional: Temperature logger.

. Optional: Blue ice or heat packs.

. Small aquarium dip net.

. Air pump.

. Alr line.

. Air stone.

. Small aquarium dip net.

. Air pump.

. Alr line.

. Air stone.

. If collecting secawater: Bag filter.

. If preparing seawater: Sea salt (Instant Ocean or others).
. If preparing seawater: Hydrometer or refractometer.

. Sterile filter that fits screw-top bottles.

. Vacuum source for sterile filtration.
10.

Five 1-L sterilized glass bottles (other sizes can work—need to

hold 2.5-5 L total).

Five 1-L sterilized glass beakers.

Large Kimwipes.

Electric homogenizer (Polytron 1200 or others).
Alternate: Glass mortar and pestle.

RNA extraction kit (Qiagen RNeasy or others).

Surface decontamination solution (RNase Away or others).
RNase-free plasticware.

Low-binding DNA microcentrifuge tubes (DNA LoBind or
others).

Fume hood.
Spectrophotometer (NanoDrop or others).
Fluorometer (Qubit or others).

Automated small-volume electrophoresis system (TapeStation,
Bioanalyzer, or others).
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2.3 Sequencing

2.4 Phylogenomics

1. Single-molecule sequencing system (PacBio Sequel II or

others).

. Fluorometer (Qubit or others).

[S20NN NG I S )

Bioanalyzer, or others).

. Single-molecule sequencing kit (PacBio Sequel II or others).

. Spectrophotometer (NanoDrop or others).

. Automated small-volume electrophoresis system (TapeStation,

Python 3 programming language

Python package installer: Anaconda

Unix command line editor: Vim

Alternate: Emacs

Lightweight editor: Atom

Alternate: Sublime ($)

Full IDE editor: Spyder

Alternate: PyCharm (free or $)

Alternate: Visual Studio Code

Pipeline run documentation: Jupyter
Notebook

Pipeline push-button automation: Snakemake

Alternate: YAML

Pipeline standalone functionality: Singularity

Computing: Cloud Google Colab (free or $)

Alternate: Google Cloud Life Sciences ($)

Alternate: Cloud Amazon Web Services ($)

https: //tinyurl.com /yx2
vt8mu

https: //tinyurl.com/

yrxzaase

https: //tinyurl.com /4sxe3

amu

https: //tinyurl.com/
yc8pjtdv

https: //tinyurl.com /2
p8ec7z7

https: //tinyurl.com/
Syxekktu

https: //tinyurl.com/
yeywt9pw

https: //tinyurl.com/
58kw5pv7

https: //tinyurl.com/2p8f2
Xte

https: //tinyurl.com /2w4
trtku

https: //tinyurl.com /2
cra9mxx

https: //tinyurl.com /ymr4
c7ty

https: //tinyurl.com/jyy3
sv7/c

https: //tinyurl.com /4
89ttan7

https: //tinyurl.com/5¢2
wivwn

https: //tinyurl.com /bdu4
p6vj
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Alternate: Local reseavch-grade machine or

cluster ($)
Alternate: Local laptop or desktop ($)

Transcriptome QC: EvidentialGene

Sequence searcher: Blast Suite

Single-gene gene family identifier: BUSCO

Sequence aligner: MAFFT

Alignment trimmer: ClipKit

Tree builder maximum likelihood-like:
FastTree2

Tree builder maximum likelihood: IQTree2

Alternate: PhyloBayes (Bayesian Infervence)

Alignment viewer: AlignmentViewer

Tree viewing: FigTree

Alternate: iTOL—Interactive Tree of Life (free

or §)

Spreadsheet data analysis: Google Sheets

Graphics-friendly software: Google Slides

Phylogenomic pipeline alternate: Geneious ($)

Alternate: Galaxy (free or §)

Phylogencetic pipeline alternate: CIPRES (free
or $)

Alternate: NGPhylogeny

Alternate: PhyloToL

NA

NA

https: //tinyurl.com /4
mdkkrm9

https: //tinyurl.com/
yektxjsd

https: //tinyurl.com /2
p8mvjau

https: //tinyurl.com /ve3
cdzd2

https: //tinyurl.com/
rvkyp4a7

https: //tinyurl.com/3
66ajdo6t

https: //tinyurl.com /3
mnabkte

https: //tinyurl.com /4
kpbpho6a

https: //tinyurl.com /2
f7xscr?7

https: //tinyurl.com/
5n8zay9z

https: //tinyurl.com /4
avjibunw

https: //tinyurl.com/
mtdzdkf3

https: //tinyurl.com /2
p993bcen

https: //tinyurl.com/2
bbr5y7u

https: //tinyurl.com /4
etvu7sv

https: //tinyurl.com /2
p8pc48v

https: //tinyurl.com /2
p88uss6

https: //tinyurl.com /44
etynyk
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Name Type Database ID URL
Ichthyosporea ~ Genome NCBI RefSeq https: //tinyurl.
Sphaeroforma GCF_001186125.1 com/
arctica yrk8aeca
Filasterea Genome NCBI RefSeq https: //tinyurl.
Capsaspora GCF_000151315.2 com/yeu3
owczarzaki dpsm
Choanoflagellata Genome NCBI RefSeq https: //tinyurl.
Monosiga GCF_000002865.3 com/bdzh3
brevicollis huk
Porifera Genome EphyBase https: //tinyurl.
Ephydatia vl com/2c3
muellers de66a
Porifera Genome NCBI RefSeq https: //tinyurl.
Amphimedon GCF_000090795.1 com/
queenslandica yc69a5ae
Ctenophora Genome Ensembl Metazoa 51  https: //tinyurl.
Mnemiopsis leidyi MneLei_Aug2011 com/
fmakzcz6
Ctenophora Genome GitHub Hormiphora https://tinyurl.
Hormiphora Hcvl.av93 com/2p83
californiensis cvpd
Cnidaria Genome Stowers Institute https: //tinyurl.
Nematostelln NVEC200 com/2p893
vectensis 24
Cnidaria Genome OIST MG https: //tinyurl.
Morbakka MORO5_r06 com/
virulento bd8jkvn6
Cnidaria Genome GigaDB https: //tinyurl.
Rhopilema 100720 com/2
esculentum k8pxmcev
Cnidaria Genome NIH NHGRI https: //tinyurl.
Hydra vulgaris Hydra2.0 com/
yckzbjew
Placozoa Genome NCBI Genome https: //tinyurl.
Trichoplax GCF_000150275.1 com/mnw3
adhbaerens z5¢j
Chordata Genome NCBI RefSeq https: //tinyurl.
Homo sapiens GCF_000001405.39 com/4fd2
c75v
Arthropoda Genome NCBI RefSeq https: //tinyurl.
Drosophila GCF_000001215 .4 com/
melanogaster mvbt9hw4

(continued)
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Name Type Database ID URL
Nematoda Genome NCBI RefSeq https: //tinyurl.
Caenorbabditis GCA_000002985.3 com/2
elegans p8cownv
Ctenophora Transcriptome NCBI SRA https: //tinyurl.
Mnemiopsis leidyi SRR18002386 com/
mxyy7jca
Chordata Gene UniProt https: //tinyurl.
Homo sapiens Q92508 com/ycknp2
Piezo 1 7k
Chordata Gene UniProt https: //tinyurl.
Homo sapiens Q9H5I15 com/
Piezo 2 tpebj8fm
Arthropoda Gene UniProt https: //tinyurl.
Drosophila MIMSGS com/2
melanogaster p8evtrd
Piezo
Arthropoda Gene UniProt https: //tinyurl.
Drosophila A0A126GUQ2 com/253
melanogaster fvf54
Piezo-like
Nematoda Gene UniProt https: //tinyurl.
Caenorbabditis AOA061ACU2 com/4
elegans Piezo a7fsuz2

3 Methods

3.1 Collection

1. Ctenophore collections vary depending upon locations and

conditions. Readily available genera include Mnemiopsis, Plenr-
obrachin, and Beroe. Capture one or more individuals of Mmne-
miopsis leidyi (Atlantic Ocean: University of Chicago Marine
Biological Laboratory, Woods Hole, MA), Pleurobrachin bachei
(Pacific Ocean: University of Washington Friday Harbor
Laboratories, Friday Harbor, WA), other small-sized cteno-
phores, or other species found at a dock, seawall, or ocean
using a dip net, dip cup, or small plankton net on a line
(Fig. 2a—d) (see Note 1).

. Maintain animals individually in small jars, ideally aerated, or in

a5-20 L bucket or cooler with fresh seawater during collection
(Fig. 2b). When possible, replenish water periodically, particu-
larly if air and water temperatures are very different. Avoid
overloading a bucket with animals or plankton as water condi-
tions can deteriorate quickly.
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Fig. 2 Field collection, shipping, and sequencing of ctenophores, jellyfish, or other surface-dwelling marine
organisms. (a) A medium-sized aquarium net duct-taped onto a piece of PVC piping (white arrow) can provide
a simply effective tool for collecting surface-dwelling animals when walking along docks or seawalls at the
ocean. (b) Individual ctenophores or jellyfish can be held in small jars after collection to help avoid damage. (c)
Collecting ctenophores and jellyfish off docks in Bristol, Rl, dock walker M. Cordeiro is pictured with the lion’s
mane jellyfish Cnidaria Cyanea capillata. (d) Ctenophora Pleurobrachia pileus collected by M. Cordeiro off
docks in Bristol, RI. (e) Shipment of Ctenophora Mnemiopsis leidyi (boxed up and indicated by white arrow) by
E. Edsinger and S. Bennet (pictured) from the University of Chicago Marine Biological Laboratory Marine
Resources Center to the University of Florida Whitney Laboratory for Marine Bioscience Moroz Laboratory for
single-cell sequencing. (f) Oxford Nanopore Technologies MinlON and related sequencers provide inexpensive,
user-friendly means of doing single-molecule genome and RNA-seq in a laboratory using a laptop and
molecular biology tools and reagents

3. Transfer ctenophores to a watertight insulated bottle or cooler
filled with fresh seawater using a small aquarium dip net (see
Note 2). Aim for a density of five to ten animals golf ball or
smaller in size in 1-2 L of seawater. Fill to brim to minimize
sloshing that could damage animals.

4. Transport or ship animals to laboratory shortly after collection
or else transport, maintain in aquaria with appropriate temper-
ature and aeration, and ship later. Ship the insulated watertight
container containing animals in a Styrofoam box (Fig. 2¢). Blue
ice for polar-to-cooler temperate species or heat packs for
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3.2 RNA Extraction

warmer temperate-to-tropical species can be added to the box
to help maintain appropriate temperatures for the animals (see
Note 3).

. Set up ctenophores with aeration upon arrival after transport or

shipping. Polar-to-cooler temperate species can be maintained
in a 4 °C cold room for 1-3 days without food. Similarly,
warmer temperate-to-tropical species can be maintained at
room or elevated temperatures for several days without food.

. Process animals for RNA extraction shortly after arrival in the

laboratory, or maintain with aeration at a species-appropriate tem-
perature for up to several days, and then process (sec Note 4).
Ensure animals have been starved at least 1 day to clear their guts
and avoid sequence contamination by prey.

. Collect or prepare 5-10 L of seawater (see Note 5). If collecting

seawater, bag or sterile filter after collection to minimize or
remove organic and inorganic material. If preparing seawater
from sea salt, match its salinity to that of the seawater animals
were shipped in. The goal is to minimize osmotic shock to the
animals and associated stress-related gene expression prior to
RNA extraction.

. Sterile filter 3-5 L of seawater using vacuum filtration or other

methods.

. Optional: Store seawater in a watertight container to prevent

evaporation, or sterile-filtered seawater in sterilized 1 L or
other sized glass or plastic bottles, for several days or weeks.
Ideally, keep cold and in the dark to minimize growth by
microorganisms for non-sterile water.

. Equilibrate seawater and sterile seawater to the temperature of

seawater animals were shipped in or to short-term culturing
temperature, if animals will be maintained for a short time after
arrival in the lab. Again, the goal is to minimize temperature
shock to the animals and associated stress-related gene expres-
sion prior to RNA extraction.

. Decontaminate lab bench and fume hood areas for work with

RNA (see Note 6).

. Prepare five beakers of temperature-equilibrated sterile filtered

seawater at 500 mL to 1 L volumes.

. Wash ctenophores one at a time in sterile seawater by gently

collecting and transferring between beakers of sterile seawater
using a clean aquarium dip net. Allow 30 s or longer in each
beaker. It is possible to accumulate sterile seawater-washed
animals in the final beaker.
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3.3 Single-Molecule
Sequencing

9.

10.
11.

12.

13.

14.

15.

16.

1.

. Prepare sequencing libraries for high-accuracy single-molecule

Work on 1-3 large Kimwipes layered on one another on the
decontaminated bench. Kimwipes can be replaced periodically
as needed.

Transfer the animal onto scrunched up Kimwipes to dry briefly.

Transfer lightly dried animal to 50 mL tube containing an
appropriate volume of RNA extraction buffer based on kit
instructions (see Note 7).

Homogenize immediately in fume hood using electric homog-
enizer for 10-30 s (see Note 8).

Continue extraction according to kit protocol, and make the
final elution into RNase-free water. Process the sample within a
few days when possible, as samples will degrade over time in
pure water.

Determine RNA purity using a spectrophotometer according
to equipment instructions. Pure RNA has a 260,280 ratio of
2.0, and pure nucleic acid has a 260,/230 ratio of 2.0-2.2. The
lower values suggest contamination. Samples that are contami-
nated might be re-extracted per RNA extraction kit, RNA
cleanup and concentration kit, or other protocols (se¢c Note
9). RNA concentrations determined by spectrophotometry are
typically less accurate than other methods.

Determine RNA concentration using a fluorometer according
to equipment directions. General 2-10 pg is desirable, as Pac-
Bio RNA-seq libraries require 1 pg for preparation, though it is
possible to use less.

Determine RNA quality using a small volume electrophoresis
system according to equipment directions. RIN values greater
than 8.0 and closer to 9 or 10 are needed to ensure full-length
RNA molecules for full-length single-molecule sequencing (see
Note 10).

An overview of our sequencing strategy is provided (Fig. 2).

RNA-seq according to sequencing technology kit directions
(see Note 11). In our demonstration workflow, we used PacBio
SMRT Sequel II single-molecule sequencing technology and
sequencing library kit (https: //www.pacb.com/). At this time
(Feb 2022), it offers the highest available accuracy in single-
molecule sequencing.

. Perform sequencing of sequencing libraries according to

sequencing technology equipment directions. In our demon-
stration workflow, we used PacBio Sequel II sequencing based
on the technology’s accuracy. Pictured is the incredibly small,
inexpensive, and user-friendly Oxford Nanopore Technologies
MinION sequencer (Fig. 2f).


https://www.pacb.com/
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3.4 Genome Gene
Model Updates

4. Perform post-sequencing quality control and production of a
final transcriptome using sequencing technology software. In
our demonstration workflow, we used the PacBio SMRT Link
software associated with the sequencing system.

5. Deposit reads and transcriptome in NCBI SRA, SRR, and TSA
databases, respectively. Demonstration data sets for Mnemiopsis
lesdyi are available at NCBI (BioProject PRJNA806463; Bio-
Sample SAMN25884795; Reads SRR18002386; Transcrip-
tome TSA) (see Note 12).

1. A demonstration of the following phylogenomic pipeline can
be run using our provided Python Jupyter Notebook (GitHub
Repository: Ctenophore-Ocean-To-Tree-2023 https://
github.com/000generic/Ctenophore-Ocean-To-Tree-2023)
in the Google Colab Free cloud or elsewhere. It requires no
external input and produces Metazoal5 species (see below)
and Piezo gene family alignments and trees.

2. Select computing and software options, and install all software
in preparation of running the phylogenomic pipeline. See Sub-
heading 2.4 for suggested options. Specific scripts and outside
software used in the Jupyter Notebook version of our pipeline
were selected or optimized in part to allow the pipeline to run
on Google Colab Free (you will need a Google account;
https: //colab.research.google.com/). Thus, notebook speci-
fics may not be the ideal option if adapting the pipeline to a
specific project but can be a good place to start.

3. Download genome gene model gene sets (mRNA, CDS, and
AA) and GFF or GTF files for each single-molecule sequenced
species (see Note 13).

4. If isoforms are present in genome gene model gene sets
(mRNA, CDS, and AA), collapse isoforms to the longest or
best representative transcript. Processing can vary species to
species and genome source to genome source. It can typically
be done using GFF/GTF and/or fasta header information.
Biopython (https: //biopython.org/) tools or in-house Python
scripts can be used to do this. In the case of the Mnemiopsis
lesdyi genome at Ensembl Metazoa (see Subheading 2.5 for
link), no isoforms are present in the genome gene model
gene set, so the downloaded data is ready to use for sequence
repair.

5. Download or copy the single-molecule transcriptome data set
(mRNA or CDS) to make it locally available, if it is not already.
See Subheading 2.5 for link to our Mnemiopsis transcriptome.

6. Translate the transcriptome, and select the best transcript per
“locus” independent of the genome using EvidentialGene [54 ]
or other tools like CD-Hit [55] to produce a “T1”


https://github.com/000generic/Ctenophore-Ocean-To-Tree-2023
https://github.com/000generic/Ctenophore-Ocean-To-Tree-2023
https://colab.research.google.com/
https://biopython.org/
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3.5 Project Database

3.6 Species Tree
Homologs

10.

transcriptome. EvidentialGene will produce many files, includ-
ing mRNA (cdna), CDS (cds), and AA (aa) “okay” transcrip-
tomes that include only EvidentialGene’s designated best
transcript per “locus” (see Note 14).

Build a Blastn database of T1 transcriptome mRNA using Blast
+ suite makeblastdb.

. Blast genome CDS gene models against the T1 mRNA tran-

scriptome database using Blastn (se¢ Note 15).

. Parse the blast report to identify T1 transcripts that have only a

single gene model hit of e-value 0.0 (or can use other or
additional Blast statistics and thresholds) (see Notes 16 and
17).

Update genome gene model mRNA, CDS, and AA to T1
transcriptome sequences. In our demonstration pipeline, this
is referred to as the UPDATED genome for Mnemiopsis.

. An overview of our phylogenomics pipeline is provided

(Fig. 1).

Download genome gene model gene sets (mRNA, CDS, and
AA) and GFF or GTF files for species of interest (see Notes 18
and 19). For our demonstration pipeline, we focus on basal-
branching animals (ctenophores, sponges, placozoans, and cni-
darians) and unicellular outgroups, collectively referred to here
as Metazoal5.

. If isoforms are present in genome gene model gene sets

(mRNA, CDS, and AA), collapse isoforms to the longest or
the best representative transcript. Processing can vary species to
species and genome source to genome source. It can typically
be done using GFF/GTF and/or fasta header information.
Biopython (https: //biopython.org/) tools or in-house Python
scripts can be used to do this.

. Standardize file names and header information. To make visual

interpretation of trees easier and provide phylogenetic context
on an alignment or tree, our pipeline replaces header informa-
tion with just the Phylum Genus species details and uses simple
sequence identifiers (pdb0000000000) specific to the pipeline
run. A map of source and pipeline header details is produced, so
things can be mapped back and forth, if needed. There updated
files are the pipeline’s ProjectDB fastas.

. Produce a Blastp database for each genome.

Run BUSCO and its latest Metazoa HMMs [56] on each
genome to identify single-copy gene family orthologs to later
use in generating a species tree.


https://biopython.org/
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3.7 Species
Alignment and Tree

3.8 Gene Family
Homologs

. Process the BUSCO gene fasta files produced by BUSCO

Metazoa to reflect species names and ProjectDB identifiers
and to provide sets of all BUSCO single-copy sequences per
genome in a single file.

. Concatenate all BUSCO sequences per species genome. The

order of sequences must be identical across species. For genes
that are absent in a given genome, place holder sequence, such
as 10 X’s in a row, or simply no sequence, can be used.

. Align the concatenated BUSCO sequences using

MAEFET [57].

. Trim the aligned sequences using ClipKit with the smartgap

setting (see Note 20) [58].

. Build a species tree using FastTree2 or IQTree2 for maximum-

likelihood methods and/or PhyloBayes for Bayesian inference
methods (see Note 21) [59-61].

. Identify representative reference genes for the gene family of

interest in the literature or elsewhere. These genes will be used
to scan and identify homologs in Metazoal5 genomes. Ideally,
sequences will be from species having high-quality well-anno-
tated genomes. For our demonstration pipeline, we focus on
three genetic models in neuroscience, human (Homo sapiens),
fly (Drosophila melanogaster), and worm (Caenorbabditis ele-
gans) (see Note 22). Critically, our pipeline uses a Reciprocal
Top Family (RTF) method (detailed below). It requires all
homologs of a gene in a genome be included as reference
genes for the method to work correctly.

. Collect CDS or AA fasta sequences for the selected reference

genes from UniProt (protein sequences only; https: //www.
uniprot.org/), GenBank (https://www.ncbi.nlm.nih.gov/
nuccore/), genome database websites, or other sources (see
Note 23). This collection of reference sequences is referred
to here as the reference gene set (RGS).

. Blast RGS sequences against each Metazoal5 ProjectDB

genome database (see Note 24).

. Parse the blast reports and genome fastas to produce a single

nonredundant fasta of all RGS hits in all Metazoal5 genomes,
the All Hits Fasta.

. Blast RGS sequences against just the RGS genomes (see Note

25).

. Parse the blast report and genome fastas, and then update

headers of identified RGS genes in each genome with the
header used in the RGS fasta file.


https://www.uniprot.org/
https://www.uniprot.org/
https://www.ncbi.nlm.nih.gov/nuccore/
https://www.ncbi.nlm.nih.gov/nuccore/
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7.

10.

3.9 Gene Model 1.

Repair 2

Produce a blast database of the RGS-header updated RGS
genomes combined.

. Blast the All Hits Fasta sequences against the RGS genome

database.

. Parse the blast report, and produce a fasta file of all hits that any

one of the RGS sequences as a top hit in the combined RGS
genomes. This collection of sequences represents all identified
potential homologs searched by RBF in the genomes. The
sequences are referred to here as the candidate gene set (CGS).

Combine the RGS and CGS fasta sequences to produce a final
gene set (FGS) fasta file. The FGS fasta will be used for
subsequent phylogenetic characterization of the gene family.

Align FGS sequences using MAFFT [57].

. Trim the aligned sequences using ClipKit with the smartgap

setting (see Note 20) [58].

. Build a gene family tree using FastTree2 [59-61].

. Examine the alignment and tree in viewing software, such as

AlignmentViewer, FigTree or iTOL, and /or Geneious [62].

. Focus in particular on branches having multiple homologs of

cluster together for a single species and on the length of
sequences in alignment relative to RGS sequences. Use this
comparison to identify possible partial, expanded, or broken
gene model artifacts. For the demonstration pipeline, note that
there are four copies of Piezo from the Mnemiopsis draft
genome clustered together on the tree but only a single copy
from the Mnemiopsis PacBio transcriptome (Fig. 3a, b). There
is also only a single homolog of Piezo in the Hormiphora
genome (Fig. 3a, b). Based only on the tree, it would appear
that there was an expansion of the Piezo gene family along the
Mmnemiopsislineage within ctenophores and that only one of the
tour Piezo homologs in Mnemiopsis was detected in the PacBio
transcriptome. However, in the alignment it is clear that all four
copies from the draft genome are partial sequences and roughly
line up in a 5’ to 3’ series relative to full-length RGS, Hormi-
phora, and Mnemiopsis PacBio sequences (Fig. 3a). Additional
examination of genomic coordinates (GFF file) for the four
gene models indicates they reside next to each other in the
genome as neighbors. Based on this evidence, it appears there is
a single copy of Piezo in Mnemiopsis, but the gene was broken
into four gene models during the process of genome annota-
tion for the draft genome. Thus, it seems reasonable to remove
the four broken gene models from the FGS fasta and keep only
the full-length PacBio sequence to represent the Piezo gene
family in the Mnemiopsis genome.
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Fig. 3 Gene model repair in Mnemiopsis and evolution of the Piezo gene family tree in Metazoa15 genomes.
(@) MAFFT alignment of Piezo reference sequences in human, fly, and worm and homologs identified in
genomes of the ctenophores Hormiphora and Mnemiopsis and in the PacBio transcriptome of Mnemiopsis.
Note: Multiple gene models appear to be partial sequences of a full-length sequence present as a single copy
in the Mnemiopsis transcriptome and Hormiphora genome. (b) IQTree2 maximum-likelihood Piezo gene family
tree for Metazoa15 genomes only. The Mnemiopsis lineage appears to have expanded the number of copies of
Piezo in its genome. However, the alignment in 3A suggests Piezo in the Mnemiopsis genome is one gene
broken up into four gene models. (¢) IQTree2 maximum-likelihood Piezo gene family tree for Metazoal5
genomes but with Mnemiopsis Piezo gene models repaired by replacement with the Mnemiopsis transcrip-
tome Piezo sequence. A single copy of Piezo appears present in the ancestor and is conserved in the
Mnemiopsis—Hormiphora lineage in ctenophores
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6. Remove partial, expanded, or broken gene models that can be
represented instead by more accurate transcriptome sequences.

7. Remove any transcriptome sequences that are not being used as
replacements for gene models exhibiting artifacts. In the case of
our demonstration pipeline, FGS sequences have now been
repaired for Mnemiopsis using the PacBio transcriptome, and
the gene set is referred to here as REPAIRED.
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3.10 Gene Family
Alignment and Tree

3.11 Annotations

. Align the FGS REPAIRED sequences using MAFFT [57].
. Trim the aligned sequences using ClipKit with the smartgap

setting (see Note 20) [58].

. Build a gene tree using FastTree2 or IQTree2 for maximum-

likelihood methods and /or PhyloBayes for Bayesian Inference
methods (see Note 21) [59-61].

. Visualize the species tree in tree viewing software such as

and Heatmap FigTree, iTOL, or Geneious [61]. For the demonstration
pipeline, this is the dot “fasttree.” file for FastTree2 and the
dot “treefile.” for IQTree2.

. Color annotate branches or taxon labels using the software, as
preferred. Trees can also be rooted and branches rotated at this
point.

. Export the color annotated tree as a pdf or other scalable vector
file (Fig. 4a).

Metazoal5 BUSCO-based Species Tree PIEZO T™C TMEM1 TMEMG
# % # % # % # %
Ctenophora Mnemiopsis leidyi 1 16 m 22 m 4
Ctenophora Hormiphora californensis 1 6 2
>orifera Ephydatia mueller 12 B 5 6
A 100 2 4
Placozoa Trichoplax adhaerens 1 C 5 3 1
Cnidaria Hydra vulgaris 3 100 5 5 1
Cnidaria Morbakka virulenta e 100 2 8 1
Cnidaria Rhopilema esculentum 2 Rl 7 Kl 6 1
Cnidaria Nematostella vectensis 0 6 8 K 3
Chordata Homo sapiens 2 §) 8 ol 100 3
Arthropoda Drosophila melanogaster N 100 1 0 0 1
Nematoda Caenorhabditis elegans 1 2 0 0 o 0
2 3 2 2
'E Unicell Capsaspora owczarzak 1 1 1 Kl 100 4
Unicell Sphaeroforma arctica 1 0 0 0 0 [ 200 0

Percent Number of Species Gene Family Homologs
Relative to Human
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Fig. 4 BUSCO-based phylogenetic tree of Metazoa15 species evolution and associated heatmap of number
and percentage relative to humans of homologs per gene family per species. (a) BUSCO Metazoa-based
phylogenetic species tree using up to 982 genes per species in superalignment and IQTree2 maximum
likelihood and C+60 model of evolution. Note: Ctenophores as the basal-most branch within animals is similar
to recent studies that used similar methods, while the more traditional placement of sponge as the basal-most
branch is commonly found using Bayesian methods. It remains unresolved which tree is correct in regard to
ctenophore vs. sponge placement, but regardless, the situation highlights the importance of exploring and
considering alternative methods and tools. (b) Heatmap of homologs per gene family per species
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3.12 Summary

4. Import into spreadsheet software, such as Google Sheets, a file
of traits per species you would like to map onto the species tree.
The file should be structured with species names in one column
and one or more columns of traits after it. For the demonstra-
tion pipeline, we include a file with counts of homologs per
species genome.

5. Sort species names to match their vertical order on the
species tree.

6. If useful, analyze the trait data to have additional features
mapped onto the species tree.

7. If useful, generate thresholds, or use other methods to produce
a heatmap that quantifies aspects of the traits based on a color
scale that recolors each trait cell in the spreadsheet appropri-
ately. This can also be done using more technical methods
using tools such as Python, R, MatLab, or other programming
language.

8. Export the heatmap as a pdf or other scalable vector file
(Fig. 4b).

9. Combine the species tree and heatmap using any number of
graphics-related software, including Google Slides, Keynote,
PowerPoint, Gimp, Illustrator, or others. Using files generated
by the demonstration pipeline for Piezo, we have combined
our species tree and heatmap and include in the heatmap
additional mechanosensitive gene families (TMC, TMEMI16,
TMEMG63, and TRP; Fig. 4).

As highlighted above, there are many tools and alternatives to
consider and work with in performing a phylogenomic analysis.
Our Jupyter Notebook pipeline offers a simple push-button plat-
form that can be used to replicate our work and generate species
and gene alignments and trees for Piezo and the Metazoal5 spe-
cies. We have also made it easy to use the notebook but run it for
other gene families of interest. The underlying scripts provide an
opportunity to build off of the platform and tailor things to a
specific project and requirements. However, this increasingly
requires expertise in coding and bioinformatics. Alternatively,
there are a number of user-friendly desktop and online software
platforms that offer extensive tools and options. In particular,
ourselves and others commonly use or recommend Geneious or
Galaxy for molecular biology, genomic, and phylogenomic tasks
and NGPhylogeny or PhyloTol.
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4 Notes

1. Ctenophores can also be collected in the surface or midwaters

offshore from a boat using a plankton net or other collection
device, particularly devices designed for delicate gelatinous
animals.

. A watertight bottle and Styrofoam container can also be used.

The main thing is to maintain ambient seawater temperature
for animals during shipping by immediately insulating the
freshly collected seawater at ambient temperature.

. For longer periods of transport or shipping, and particularly

when there is a large difference in air and ideal seawater tem-
perature, shipping boxes can include blue ice for polar to colder
temperature species or heat packs for hotter temperate to trop-
ical species. Test any shipping box for thermostability during
shipping time by running a mock shipment in the lab with a
temperature logger in the box. Adjust the amount of blue ice or
heat packs, as needed. Also be sure to provide one or more
pinhole-sized holes through any Styrofoam as otherwise oxy-
gen will be used up by the heat packs. Travel times without
acration and with temperature control other than insulation
and the addition of blue ice or heat packs can be 1-2 days
without any issue.

. Deep water and various other species can be delicate and diffi-

cult to maintain and might be processed immediately upon
collection, when possible.

. Preparing seawater from sea salt is relatively quick and easy but

does require accurate measures of salinity. It is recommended
to add around 80% of the sea salt, mix, and then gradually add
the remaining salt while mixing and checking salinity. If time
permits, the salts and seawater can be left to sit overnight,
mixed, and salinity checked again the next day. Salinity can be
measured with a hydrometer (inexpensive and less accurate) or
refractometer (more expensive but highly accurate). For details
on differences and use of each, see https://youtu.be/
dQUSbruh7s4. Plunging a 1 L graduated cylinder to mix and
dissolve sea salts provides highly efficient mixing.

. Decontaminate lab bench, pipettes, tube holders, and other

equipment using RNase Away or similar product that destroys
RNAses. Periodically decontaminate or change gloves. Avoid
breathing into tubes or solution bottles. This can be done by
tilting them away from you when open. Do not leave tubes or
bottles open. Open tube lids from sides without contacting the
interior surface. Lids can be placed loosely on top, if helpful.
Lids should be placed interior surface down on fresh Kimwipes
when taken off.


https://youtu.be/dQUSbruh7s4
https://youtu.be/dQUSbruh7s4
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7.

10.

Ctenophores are largely water, and kit recommendations for
volume of homogenization buffer based on weight will often
result in low final concentrations of RNA. Therefore, use 1-2x
volumes for up to silver dollar-sized animals. It can be useful to
test several volumes for a given species.

. Homogenization can be done by any number of methods. For

ctenophore preparations we have used variations of fresh tissue
and electric or glass mortar and pestle homogenization and /or
liquid nitrogen flash frozen material ground up in a ceramic
mortar and pestle under liquid nitrogen and with the extraction
buffer added and ground up before thawing. Avoid extended
homogenization using an electric homogenizer, as buildup of
heat and shearing can degrade samples.

. There are two strategies to consider when faced with contami-

nated RNA at the end of extraction. If animals are not limited,
you might simply redo the extraction with a new animal to see if
it performs better. However some animals and samples seem to
be highly resistant to producing clean samples after initial
extraction. It is unclear why this is so, but we have even worked
with companies making the latest kits, and they have had issues
both in getting clean initial extractions. Ctenophores have been
less problematic but it’s worth noting. Alternatively, initially
extracted contaminated samples can be cleaned up by any
number of kits or older molecular biology methods. If the
amount of RNA is limited, we find older methods can perform
better in terms of minimizing loss of RNA or DNA after
cleanup. If RNA is abundant, newer kits are quick and easy
for cleanup. However, it is often the case that the amount of
RNA after cleanup is greatly reduced after kit cleanup. It is
unclear why this is so, but for both extraction and cleanup it
may have something to do with interactions between the
marine invertebrate samples and kits optimized for mammalian
tissues. However, RIN values identification of ribosomal bands
and assumes vertebrate sizes. However, many invertebrates
have ribosomal bands that differ in size or even ribosomal
molecules that separate under electrophoresis conditions and
run at smaller sizes. A final evaluation of the molecular weight
and distribution of the RNA smear, ribosomal bands, and RIN
values might be used to make a final determination if the RNA
quality should pass QC or not.

Ideally, three to five biological replicates will be sequenced.
Here we use PacBio SMRT with Sequel II Chemistry, which
offered at the time (Spring 2020) the highest single-molecule
accuracy of any technology but with relatively high costs. Thus,
our sequencing strategy was to use a single animal sequenced
on two flow cells.
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11.

12.

13.

14.

15.

16.

You will need to register with NCBI to submit data. Register-
ing or updating your profile to link to an ORCID ID is a good
idea. Data can be set to release at a later date during the
submission process. It is useful to move data to NCBI once
the initial processing is completed, as NCBI provides free
archival storage; deposition in a public database like NCBI is
generally required or encouraged in a publication, so taking
care of the upload and processing now will streamline analyses
and manuscript preparations later.

Ideally, genome gene models would be annotated after single-
molecule sequencing; however, it is not always possible. Here,
we provide a semi-automated method to repair candidate gene
sequences after initial identification. Similar approaches could
be more fully automated at genome-scale but can produce
artifacts, and it might be worth considering re-annotating the
genome.

EvidentialGene will collapse some paralogs and will fail to
collapse some isoforms. These artifacts should be minimal but
are an important caveat.

A PacBio Sequel II single-molecule transcript is likely to be a
correct representation of an isoform of a gene. In contrast,
genome gene models often integrate diverse data sets and
methods and can be prone to artifacts, particularly in draft
genome like that of Mnemiopsis leidyi, and can include partial,
expanded, or broken gene models. For these reasons, our
pipeline seeks to replace gene model sequences with transcrip-
tome sequences when possible.

We have found that using genome gene model mRNA leads to
many spurious Blastn hits that have surprisingly good statistics,
including e-values of 0.0. Using CDS seems to greatly reduce
these false positives. Potentially, the issue is related to untrans-
lated regions in poorly called gene models, but we have not
formally characterized things and do not fully understand what
features of the mRNA and gene models are causing the false
positive hits to arise when using mRNA for the gene models.

When there is only a single hit of e-value 0.0 (the best possible
e-value score in Blast), the match of a gene between genome
and transcriptome is clear, and the gene model can be updated
to the transcriptome sequence with confidence. In cases where
there are unassembled or unannotated paralogs, a transcrip-
tome paralog could end up replacing a gene model ortholog
sequence. This can be difficult to detect but should be rare and
is a caveat to be aware of. Gene families with many sequence-
similar paralogs will fail to be improved in these steps, as local
alignments by Blastn will have highly similar or identical statis-
tics. Importantly, BUSCO genes are generally single-gene
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17.

18.

19.

20.

families, and we use them here for building a species tree.
Because BUSCO genes generally have only a single gene per
family, our gene model updating process will likely improve
many BUSCO genes, particularly in draft genomes where gene
model quality can vary a lot. Updating BUSCO gene models
by the single-molecule transcriptome will improve the species
tree, as gene models updated to their full sequence will per-
form better in alignment and tree building.

It is a good idea to include multiple single-cell outgroup spe-
cies that are distantly related to one another but relatively close
to animals for phylogenetic gene family trees of deep animal
evolution. Losses of gene families do occur, and having dis-
tance can increase the odds of detecting ancient origins outside
animals.

Metazoal5 genome datasets are from high-quality, published,
and publicly available genomes: Ichthyosporea Sphacroforma
arctica [63], Filasterea Capsaspora owczarzaki [64 ], Choano-
flagellata Monosiga brevicollis [ 65], Poritera Ephydatia muelleri
[66], Porifera Amphimedon queensiandica [67], Ctenophora
Mmnemiopsis leidyi [18, 19], Ctenophora Hormiphora califor-
niensis [20], Cnidaria Nematostella vectensis 68, 69 ], Cnidaria
Morbakka virulenta [70], Cnidaria Rbopilema esculentum
[71], Cnidaria Hydra vulgaris [72], Placozoa Trichoplax
adbaevens [73], Chordata Homo sapiens, Arthropoda Drosoph-
tla melanogaster, and Nematoda Caenorbabditis elegans.

Other tools commonly used for trimming such as GBlocks
[74] or TrimAl [75] can also be used; however, ClipKit
provided superior trimming in our informal testing.

FastTree offers rapid fairly rigorous trees using maximum-
likelihood-like methods. However, IQTree provides higher-
quality trees, including better branch support and closer in
matching to expectations. IQTree also includes ultrafast boot-
straps which are statistically more rigorous and offer a declared
threshold for evaluating branch support. FastTree jobs typically
run seconds to hours on our machines, while the same data
takes hours to days or even weeks for IQTree. IQTree is limited
to the number of parameters it can explore in its model of
evolution. PhyloBayes uses Bayesian inference to build trees
and is not limited in parameters for its model of evolution.
PhyloBayes typically takes longer than IQTree on a given data
set, to the point we have killed jobs after several weeks in
realizing they would take months to complete. All of the longer
times are for large species trees. For most gene trees, run times
will be very reasonable, in the seconds to days range in most
cases.
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21.

22.

23.

There are many possible strategies and methods for identifying
gene homologs in a species. Our demonstration pipeline uses
what we refer to here as a blast-based reciprocal best family
(RBF) strategy. It is lightweight (meaning it works well on
smaller machines) and provides rapid accurate discovery of
homologs. We like it because it performs well in regard to
avoiding false-positive identification of homologs in genomes.
In comparison with more sensitive and /or iterative detection
methods, like HMMs and HMMer3 [76], Blast does miss
some homologs in genomes that are highly sequence divergent
from RGS sequences. More generally, most homolog detection
methods have substantial overlap in true positive identification
and varying levels of remote homolog detection and avoidance
of false positives. In challenging cases, we find that one single
method is rarely the best, so using multiple strategies can be a
good idea, but it can also confound things without substantial
gain. These are all things to consider or test for a given project.
In regard to RBF, it is a variant of commonly used reciprocal
best hit methods. Reference sequences are blasted against gen-
omes of interest. Identified hit sequences are collected and
blasted back against the genomes of the reference species. For
RBF, we then keep all initial hits that have as a top hit at least
one of the RGS sequences in at least one of the reference
genomes. These filtered hits then form the candidate gene
set. CGS and RGS sequences are subsequently combined and
used for downstream phylogenetic analysis of the gene family.

Our demonstration pipeline is focused on deep evolution of
Piezo in basal-branching animals and therefore requires the use
of protein sequence, as phylogenetic signal is retained longer in
protein sequences due to the redundant nature of codons. For
more recent evolutionary comparisons, typically staring around
100 million years or less, DNA sequences can be considered
and will be required for the most recent comparisons, as the
amount of phylogenetic signal is increasingly limited (i.e., there
are fewer and fewer sequence differences between genes of
different species or individuals).

UniProt, GenBank, and other public databases are excellent
sources for protein sequences that can be used to build refer-
ence gene sets. In addition, if human genes are of interest in
building the reference gene set, the HUGO Genome Nomen-
clature Committee (HGNC) website (https://www.gen
enames.org/) provides curated gene groups that often
represent entire gene families or superfamilies and can be useful
to rapidly build reference gene sets. However, some gene
groups are defined by function and include diverse gene
families. In addition, a given gene can be in multiple gene
groups, so care is required in selecting gene groups, but once
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selected it can greatly facilitate the creation of a reference gene
set for phylogenetic analysis.

24. Omissions of genes and gene families in genome gene model
gene sets can occur, particularly in draft genomes, and we find
that phylogenetic redundancy can be useful to compensate for
these random losses. When possible, we include three distantly
related species per major group, which in this case is three
distantly related species within each phylum and for the unicel-
lular outgroup.

25. RGS genes can potentially come from many sources, and their
identifiers might not match those used for the same gene in
their reference genome. Blasting RGS genes against the refer-
ence genomes enables identification of RGS genes in the refer-
ence genome and their associated reference genome identifiers.
This is then used in later steps in sorting through initial CGS
blast hits against the reference genomes. Importantly, for para-
logs that are similar in sequence, or when there are highly
conserved domains across homologs, it is possible to exceed
the e-value sensitivity of BLAST, and RGS gene might techni-
cally be assigned the incorrect genome gene identifier inter-
nally. This is unlikely to impact the filtering of false positives
based on initial CGS blast hits in the reference genomes; how-
ever, it is important to retain only genes outside RGS and then
add the initial RGS sequences to the gene set prior to sequence
alignment and tree building. In addition, RGS sequences on
later gene family trees should be checked for sequence-
identical or near-sequence-identical siblings that may represent
overlooked RGS sequences that snuck through due to the
limits of BLAST sensitivity.
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