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Allorecognition, the ability of an organism to distinguish kin from non-kin, or self
from non-self, has been studied extensively in a group of invertebrate chordates, the
colonial ascidians called botryllids (Subphylum Tunicata, Class Ascidiacea, Family
Styelidae). When two conspecific botryllid colonies come in contact, there are two
potential outcomes to an allorecognition reaction: fusion or rejection. The rejection
outcome of allorecognition varies by species, and has been classified by type
(referred to as R-Type). R-Type is defined according to how far the fusion process
progresses before the rejection begins, since the rejection reaction appears as an
interference of the fusion process. Here, we map the evolution of R-Types onto an
extended and robust phylogeny of the botryllids. In this study, we have
reconstructed the largest phylogenomic tree of botryllids, including 97 samples
and more than 40 different species, and mapped on it nine of the 13 species for
which the R-Type is known. Based on the R-Type known in a single outgroup
species (Symplegma reptans), we infer that at least R-Type B and E-like could be
ancestral to the Botrylloides/Botryllus group. However, the application of ancestral
character state reconstructions does not provide conclusive results since several
clades show more than one equiparsimonious R-Type state. Notably, all R-Type A
species are clustered together and certainly evolved later than other R-Types. Our
phylogenomic tree has been built on 177 nuclear loci and nearly all clades are well
supported. Moreover, our phylogenetic analyses also take into account the results of
species delimitation analyses based on the mitochondrial COI gene and of careful
morphological analyses of the samples. The implementation of this integrated
taxonomic approach, combining morphological as well as nuclear and
mitochondrial data, has allowed the description of six new species, and the
identification of a number of putative unnamed taxa. Thus, our results also
demonstrate the existence of an unexplored hidden diversity within botryllids.
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Introduction

Allorecognition is the ability of an organism to distinguish kin
from non-kin, or self from non-self and is found in all major groups
of organisms, from eubacteria to plants (Buss, 1982). It has been
studied extensively in a focal group of invertebrate chordates, the
colonial ascidians called botryllids (Subphylum Tunicata, Class
Ascidiacea, Family Styelidae), also widely used as models in
immunobiology, angiogenesis, asexual reproduction and whole
body regeneration (Lauzon et al., 2013; Voskoboynik and
Weissman, 2015; Blanchoud et al.,, 2018; Ballarin et al., 2021;
Nourizadeh et al., 2021). When two conspecific botryllid colonies
come in contact, there are two potential outcomes to an
allorecognition reaction: fusion or rejection (the overall
phenomenon is called “colony specificity”). In fusion, colonies
that share alleles at allorecognition loci physically merge (Saito
et al., 1994). In rejection, colonies that do not share these
allorecognition alleles undergo cytotoxic reactions and erect
borders to prevent further interaction (Saito et al., 1994). In
botryllid colonies, zooids (single animals genetically identical to
all other zooids in the colony) are covered with a common tunic and
are connected to the other zooids by a ramified vascular network
(De Tomaso et al., 2005). At the colony edge, the terminals of the
vascular vessels form several vascular ampullae (De Tomaso et al,
2005). Fusion and rejection processes mainly involve the ampullae
and the tunic covering them, including blood within the ampullae
(De Tomaso et al,, 2005). Across botryllids, the fusion process is
very similar and occurs through five stages, but the rejection
processes vary between species (Saito et al., 1994 and references
therein). According to Figure 7 of Saito et al. (1994), five types of
rejection (R-Type A, R-Type B, R-Type C, R-Type D, and R-Type
E) can be recognized: they are classified by how far the fusion
process progresses before the rejection begins, since the rejection
reaction appears as an interference of the fusion process. A scheme
depicting the five R-Types, redrawn from Figure 7 of Saito et al.
(1994), is shown in Figure 1.

R-Type A rejection occurs at the first stage of fusion (Saito et al.,
1994). In this type of rejection, the outer surface of the animal’s
body (the tunic) is the site of rejection: fusion of the tunics of the
two colonies occurs first, and only at limited points of contact, and
the ampullae do not fuse. Then, cytotoxic reactions occur within the
tunic between blood cells of the opposing colonies (Saito, 2003). In
the final phase of the rejection reaction, a new border composed of a
thin, fibrous material is formed between the opposing colonies. R-
Type B rejection also occurs at the first stage of fusion, but in its final
phase the blood cells become black and necrotic, and are visible
without a microscope. R-Type C rejection occurs at the second stage
of fusion: as in R-Type A and B, tunic fusion only occurs in small
areas around ampullar tips. After blood cells infiltrate around the
tips of the penetrating ampullae, these ampullae begin to shrink and
withdraw or are amputated. R-Type D rejection occurs during the
third stage of fusion, and complete fusion of the outer tunic occurs
first. Then, we see penetration of one colony’s ampullae into the
opposing colony’s tunic (but, without fusion between opposing
colonies’ ampullae). Just like in R-Types A-C, then cytotoxic
reactions occur within the tunic between blood cells of the
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opposing colonies. When the colonies reject, a dark necrotic
reaction is observed around the interacting vessels and cells.
Vessels are then pinched off and abandoned in a necrotic area
that is demarcated by a thick fibrous barrier between the two
colonies. This barrier between colonies is not seen in R-Type C
rejections. R-Type E is at the most extreme end of the behavioral
spectrum of botryllid allorecognition: it consists of the complete
membrane fusion of the circulatory systems of opposing colonies
and subsequent exchange of blood cells between the two colonies.
Cells in the blood interact between the two colonies and these
interacting cells turn dark and lyse. Parts of the shared circulatory
system and tunic area become necrotic and the two colonies both
shrink away from the zone of interaction. Fused circulatory
elements may be pinched off from the parent colony and left to
degenerate in a necrotic zone (Saito et al., 1994).

The R-Type has been characterized only in some botryllids and
current knowledge shows that it is species-specific (Saito et al., 1994;
Hirose et al., 2002; Saito, 2003) (Table 1). As an exception to this
species-specificity, Botryllus schlosseri populations from California,
USA, show R-Type B rejection (Saito et al., 1994), as do populations
from Venice, Italy (Sabbadin et al., 1992), whereas B. schlosseri
populations from Massachusetts, USA, show R-Type C rejection
(Saito et al., 1994). However, this exception is very probably only
ostensible and related to the species-complex status of B. schlosseri,
discovered and partially solved (Lopez-Legentil et al., 2006; Bock
et al,, 2012; Yund et al.,, 2015; Nydam et al., 2017a; Brunetti et al.,
2020; Salonna et al,, 2021) only after Saito’s study on the B.
schlosseri rejection process. The species-specificity of the R-type
suggests that the pathways, gene expression or gene regulatory
mechanisms involved in the rejection process are at least partially
different between the different botryllids. Therefore, these R-types
should be placed in a phylogenetic context, in order to understand
the evolution of allorecognition in botryllids. An 18S rDNA (Cohen
etal., 1998) and a mitochondrial cytochrome oxidase COI (mtCOI)
(Salonna et al., 2021) botryllid phylogeny provide a first foundation
to solve this issue. In particular, Cohen et al’s mapped the
allorecognition behavioral variation on an 18S rDNA tree
comprising nine botryllids, and found R-Type E species at the
base of the botryllid tree, with R-Type D species evolving next, and
R-Type A species evolving most recently (Figure 2A, summarizing
the results of Figure 3 of Cohen et al,, 1998). Thus, Cohen et al.
(1998) inferred that more derived species evolved more external
allorecognition responses and that the R-Type E, ie., the most
internal form of allorecognition, was the ancestral condition. Their
hypothesis does not strictly follow the parsimony criterion and was
not made applying a specific “ancestral state reconstruction”
analysis, however Cohen et al. underlined that the identification
of internal allorecognition as the ancestral state is compatible with
observations on the allogeneic blood reactions in solitary ascidians.
In Cohen et al.’s tree, the phylogenetic relationship between R-Type
E and the other R-Types is supported with a 80% bootstrap
confidence value in the Maximum Likelihood tree (Figure 2A),
but only with a 60% bootstrap confidence value in the Maximum
Parsimony tree (see Cohen et al., 1998, Figure 2). If we map the R-
type on the Salonna’s mtCOI tree, an R-Type E species is again
found to be an early diverging lineage (Figure 2B), evolving just
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FIGURE 1

Representation of the allorejection process, R-Types A-E, redrawn and modified from Saito et al. (1994), Figure 7. In the rejection panels, the
diagram is not intended to show the exact position of the ampullae, but to describe their relative position compared to the stage of origin in the

fusion process. ts, tunic surface; am, ampulla; bc, blood cell.

after the node of Botrylloides conchyliatus (Salonna et al., 2021) for
which there is no allorecognition information. However, the
position of this R-Type E species is not well-supported. In
general, most nodes of this mtCOI tree remain unresolved.
Indeed, even the clade including R-Type A and R-Type D species
is not well-supported (Figure 2B). Only R-Type B and C, so far
characterized only in the B. schlosseri species complex (Table 1), are
in a well-supported clade with no other rejection types (Figure 2B).

In this study we have reconstructed the botryllid phylogeny
using 177 Anchored Hybrid Enrichment (AHE) nuclear loci
selected among the 200 nuclear probes developed in Nydam et al.

Frontiers in Ecology and Evolution

(2021), in order to resolve the deepest unresolved nodes present in
the single-locus botryllid phylogenies based on 18S rRNA and
mtCOI The obtained phylogeny has 97 specimens and includes:
21 samples specifically collected for this study; most of the
specimens analyzed in Salonna et al. (2021) and in Palomino-
Alvarez et al. (2022); as well as the entire sample dataset of Nydam
et al. (2021). Therefore, it represents the largest known botryllid
diversity. Since our phylogeny contains nine of the 13 species that
have been characterized for rejection type, it is also particularly
appropriate for reconstructing the evolutionary history of the
allorecognition reaction in botryllids.
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TABLE 1 Rejection (R) types of botryllid species from the literature.

Reference for
rejection

Species Rejection

(R) type

Botrylloides fuscus A Hirose et al., 1988
Botrylloides leachii A Zaniolo and Ballarin,
2001; Zaniolo et al., 2006
Botrylloides lentus A Okuyama et al., 2002
Botrylloides praelongus A Atsumi and Saito, 2011
Botrylloides simodensis A Hirose et al., 1990
Botrylloides violaceus A Hirose et al., 1988
Botryllus promiscuus A Okuyama and Saito,
2002
Botryllus schlosseri from B Scofield and Nagashima,

Monterey, California 1983; Boyd et al., 1990

Botryllus schlosseri from Venice, B Sabbadin et al., 1992
Italy
Botryllus schlosseri from Woods C Boyd et al., 1990

Hole, Massachusetts

Botryllus primigenus D Tanaka and Watanabe,
1973
Botryllus delicatus E Okuyama and Saito,
2001
Botryllus puniceus E Saito and Nagasawa,
2003
Botrylloides scalaris (former E Saito and Watanabe,
Botryllus scalaris)* 1982

Botrylloides sexiens (former Putative E Cohen et al., 1998

Botryllus sexiens)*

*: these species have been originally described as belonging to the genus Botryllus, but
according to the definition of the Botryllus and Botrylloides genera of Brunetti (2009), they
should both be reassigned to the genus Botrylloides (see Results and Discussion).

Materials and methods
Sample collection

A total of 21 botryllid samples were collected for this study and
analyzed together with 46 samples published in Nydam et al. (2021),
18 samples published in Salonna et al. (2021) and 12 samples
published in Palomino-Alvarez et al. (2022). All these samples (total
of 97) were used to build the phylogenomic trees described below
and they are listed in Supplementary Table 1, together with
collection information and the related mtCOI Accession numbers.
Photographs and morphological details of the samples that were
collected as part of the current study are in Supplementary File 1.

For the 21 new samples, a small piece of colony was removed
from each sample in the field, cleaned to remove algae and other
contaminants, and preserved in 95% ethanol, RNAlater (Thermo-
Fisher), or a DMSO solution saturated with NaCl. For the species
that were morphologically described, a fragment of the colony was
also relaxed using menthol crystals and subsequently preserved in
10% formalin in salt water buffered with sodium borate.
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Sample identification: DNA barcoding

For 16 of the 21 new samples, we sequenced the mtCOI gene for
molecular barcoding purposes. Accession numbers for these 16
sequences are denoted in Supplementary Table 1, with an asterisk.
DNA was extracted using the Nucleospin Tissue Kit (Macherey
Nagel). PCR was performed using either OneTaq DNA Polymerase
(New England Biolabs) or Phusion High-Fidelity DNA Polymerase
(New England Biolabs). OneTaq reactions comprised the following
ingredients: 25 pl total reaction volume with 16.38 pl of nuclease-
free water (New England Biolabs), 5 pl of 5X buffer (New England
Biolabs), 0.5 pl of 10 mM dNTPs, 0.5 ul of 10 uM of each primer,
0.12 pl of OneTaq and 2 pl of DNA template (100-500 ng). Phusion
reactions were as follows: 20 pl total reaction volume with 10.8 pl of
nuclease-free water (New England Biolabs), 4 pl of 5X HF buffer
(New England Biolabs), 0.4 ul of 10 mM dNTPs, 0.6 pl of 100%
DMSO, 1 ul of 10 uM of each primer, 0.2 pl of Phusion and 2 ul of
DNA template (100-500 ng).

Each DNA sample was amplified with one of the following PCR
primer pairs: LCO1490/HCO2198 (Folmer et al., 1994) or
Tun_forward/Tun_reverse2 (Stefaniak et al., 2009). “Tun”
primers were only used with OneTaq polymerase, following this
protocol: 94°C for 1 min, 60x (94°C for 10 sec, 50°C for 30 sec, 72°C
for 50 sec), 72°C for 10 min. Folmer’s primers were only used with
Phusion polymerase, following this protocol: 98°C for 30 sec, 35x
(98°C for 10 sec, 48°C for 30 sec, 72°C for 30 sec), 72°C for 5 min.
Supplementary Table 1 reports the primer pair used for each sample
first published in this study.

PCR products were purified through incubation with 1 ul each
of Exonuclease I (New England Biolabs) and Antarctic Phosphatase
(New England Biolabs) at 37°C for 1 hour, followed by 90°C for 10
min. All PCR products were Sanger sequenced in both directions at
Eurofins Genomics (Louisville, KY) using industry standard
protocols. Forward and reverse sequences were edited and
combined into a consensus sequence using Codon Code Aligner
(Codon Code Corporation). Consensus sequences are available on
GenBank (Accession Numbers are listed in Supplementary Table 1).

Sample identification: morphological
techniques

A formalin-preserved portion was saved for 10 of the 21
botryllid samples specifically collected for this study and used for
morphological studies (see column “Morphology” in
Supplementary Table 1). These samples were assigned to species
using descriptions from the literature (Oka, 1928; Saito et al., 1981a;
Saito et al., 1981b; Saito and Watanabe, 1985; Okuyama and Saito,
2001; Saito and Okuyama, 2003; Atsumi and Saito, 2011). A total of
31 morphological characters were analyzed and are summarized as
follows: arrangement of systems, position of ovaries and testes,
testes morphology, number of stigmatal rows, completeness of the
second stigmatal row, arrangement of stigmata, shape of intestine,
location of anterior edge of intestinal loop, location of anus, number
of stomach folds, appearance of the stomach folds, shape of the
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A Evolution of allorecognition according to Cohen et al., 1998

80

—— Botrylloides diegensis/leachii R-Type A

——— Botrylloides simodensis R-Type A

55 —— Botrylloides violaceus R-Type A

92

80

——— Botrylloides fuscus R-Type A

Botryllus primigenus R-Type D

Botryllus scalaris R-Type E

B Mapping the rejection types on the mtCOI phylogeny of Salonna et al., 2021

0.90 10

FIGURE 2

Botryllus schlosseri R-Type B/C
—— Botrylloides fuscus R-Type A

—— Botrylloides diegensis/leachii R-Type A
L——— Botrylloides simodensis R-Type A
—— Botryllus primigenus R-Type D

——— Botrylloides violaceus R-Type A

Botryllus scalaris R-Type E

(A) Evolution of allorecognition in botryllids according to Cohen et al. (1998). 18S rDNA Maximum Likelihood tree with bootstrap percentage values
at the nodes, reproduced from Cohen et al. (1998) Figure 3 and including only species for which the R-type is known. (B) Mapping the rejection
types on the mtCOIl phylogenetic tree of Salonna et al. (2021). Mitochondrial COl Bayesian majority rule consensus tree reconstructed from the
"Elongated-856nt" alignment, reproduced from Salonna et al. (2021) Figure 2 and including only species for which the R-type is known. Bayesian
posterior probabilities at the nodes are only represented if they are > 0.90. R-types (from Table 1) are indicated in blue. Botrylloides diegensis/
leachii: based on Viard et al. (2019), all published mtCOI sequences of Botrylloides leachii should actually belong to Botrylloides diegensis. Waiting
for confirmation by more detailed morphological analyses, here we labeled the 18S rDNA and the mtCOI sequences as Botrylloides diegensis/leachii.
See discussion in the section “Mapping mtCOIl Species Delimitation on the Phylogenomic Tree".

stomach, shape and size of the pyloric caecum, number and size
orders of the oral tentacles, distribution of pigment cells in the
zooid, zooid length, colony color when living and after fixation, and
tunic thickness (Saito and Watanabe, 1985; Saito and Okuyama,
2003; Brunetti, 2009). New described species were assigned to the
genus Botryllus or Botrylloides according to the Brunetti’s definition
of these genera (Brunetti, 2009).

Species delimitation

To determine where botryllid species boundaries lie, species
delimitation analyses were conducted on a dataset including:

* 73 of the 77 mtCOI sequences listed in Supplementary
Table 1 (the four mtCOI sequences reported with a tilde

Frontiers in Ecology and Evolution

sign (~) in Supplementary Table 1 were excluded because
they were too short to include in the alignment);

* 175 additional mtCOI sequences belonging primarily to the
taxa represented in the phylogenetic tree but also to eight
additional botryllid species and to five Symplegma species
(see species with an asterisk in Supplementary Table 2
Column E).

Symplegma (Family Styelidae, Subfamily Polyzoinae) was used
as an outgroup since previous morphological and molecular data
have identified this genus as sister to botryllids (Berrill, 1950; Ben-
Shlomo et al., 2010).

Thus, the whole analyzed mtCOI dataset comprises 248
sequences that were either generated as part of the current study
or previously published in Palomino-Alvarez et al. (2022) or
Salonna et al. (2021). Supplementary Table 2 reports the results
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of the species delimitation analyses, and includes also the GenBank
Accession Numbers of the 248 analyzed sequences with the relevant
publication information. A 467 bp alignment of 247 mtCOI
sequences was created by the Muscle alignment algorithm in
CodonCode Aligner v. 10 (CodonCode Corporation, Centerville,
MA). This alignment was analyzed using two single-locus methods
for species delimitation: ASAP (Puillandre et al., 2021) and bPTP
(Zhang et al, 2013). ASAP (Assemble Species by Automatic
Partitioning) uses pairwise genetic distances to partition putative
species (named OTUs, Operational Taxonomic Unit) by identifying
gaps between larger distances (presumed interspecific) and smaller
distances (presumed intraspecific) (Puillandre et al., 2021). ASAP
builds on the earlier program ABGD (Automatic Barcode Gap
Discovery) (Puillandre et al., 2012) by removing the a priori defined
maximum genetic intraspecific divergence (P) and ranking the
partitions (Puillandre et al., 2021). bPTP (Bayesian Poisson Tree
Process) is derived from PTP, which analyzes a user-inputed
phylogenetic tree to identify regions of the tree that are transition
points between branching rates consistent with a speciation model
and those consistent with a coalescent model (Zhang et al.,, 2013).
bPTP adds Bayesian support values to the putative species nodes
(Zhang et al., 2013). The OTU partitions between ASAP and bPTP
can differ (Ducasse et al., 2020), so we employed both methods.

We ran ASAP using all three available substitution models: p-
distances, Jukes-Cantor, and Kimura 2P. The analysis was performed
using ASAP web server: https://bioinfo.mnhn.fr/abi/public/asap/
asapwebhtml. A Maximum Likelihood (ML) tree was generated
from the same 467 bp alignment of 248 sequences using RAXML
HPC BlackBox (Stamatakis, 2014) on CIPRES (Cyberinfrastructure for
Phylogenic Research) Science Gateway v. 3.3 (Miller et al,, 2010). This
ML tree was analyzed with bPTP using the web server: http://species.h-
its.org/, and results from both Maximum Likelihood and Bayesian-
derived partitions were obtained.

We considered a clade to be a species if at least two of the three
analyses (ASAP, bPTP-ML and bPTP-Bayesian) agreed to recover
that clade as a single OTU. ASAP and bPTP use different conceptual
and algorithmic frameworks, and bPTP-ML and BPTP-Bayesian
use different trees. We decided to use results that were supported by
at least two of the three methods, as we believe that these results
would be more robust than results supported by only one method.

Phylogenomic tree building

DNA extraction, library preparation, anchored hybrid
enrichment (AHE), library sequencing, and raw read alignment
methods were conducted on 51 samples (i.e., all samples of
Supplementary Table 1 not previously published in Nydam et al,
2021) as described in Nydam et al. (2021) aside from three minor
changes. All three changes are modifications of parameter values used
in the automated procedure described in Hamilton et al. (2016). The
changes are outlined below: first, during raw read alignment,
consensus sequences were constructed from assembly clusters
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containing greater than an average of 37 reads (previously-used
value: 250). Second, during masking, a 10-base threshold was used
for masking misaligned regions (previously-used value: 14). Lastly,
during trimming, 49 sequences were required to be present at a site to
prevent removal of the site (previously-used value: 25). Only 177 loci
were recovered after quality control and filtering. The size of these
loci and the correspondence to the AHE nuclear probes and loci used
in Nydam et al. (2021) is reported in Supplementary Table 3.

Phylogenomic trees were built on the whole dataset of 97
samples using two different methods. First, using RAXML v.
8.2.12 (Randomized Axelerated Maximum Likelihood) a species
tree was estimated based on the sequence data from all loci
concatenated together. Although concatenated, alpha-shape
parameters, GTR rates, and empirical base frequencies were
estimated separately for each “locus” using the -q option in
RAXML; GTR Gamma was specified as the model of nucleotide
substitution. Bootstrap support values for the best scoring ML tree
were calculated from 100 rapid bootstrap replicates. Second, an
unrooted species tree was estimated using a coalescent summary
method, ASTRAL-II v.5.7.8 (Accurate Species TRee ALgorithm).
Individual single-locus trees provided as input into the ASTRAL
analysis were constructed in RAXML with 100 rapid bootstrap
replicates using the GTR Gamma model of nucleotide
substitution. The support values on the ASTRAL tree are
automatically generated from quartet frequencies; the authors of
ASTRAL recommend using these values instead of bootstrapping.
Symplegma sp. was forced as an outgroup in both the concatenated
RAXML tree and the ASTRAL tree. Additional details of these
methods are available in Nydam et al. (2021).

Ancestral state reconstructions

Ancestral character state reconstructions in a parsimony
framework were conducted in Mesquite v. 3.8.1 using the RAXML
phylogenomic tree as described above (Maddison and Maddison,
2023). The single character “R-Type” was traced across the
phylogeny, with the five possible character states being “R-Type
A”, “R-Type B”, “R-Type C”, “R-Type D”, and “R-Type E”. The R-
type of the outgroup Symplegma sp. can be either similar
phenotypically to R-Type B or to R-Type E, although it is not
known whether the molecular or mechanistic bases of these types
are similar. We therefore ran three analyses: one with Symplegma
sp. coded as unknown, one with Symplegma sp. coded as R-Type B,
and one with Symplegma sp. coded as R-Type E. When Symplegma
sp. received an “R-Type”, then 26 (26.8%) of the 97 specimens in the
analysis received an “R-Type”, and 71 were classified as unknown.
When Symplegma sp. did not receive an “R-Type”, then 24 (24.7%)
of the 97 specimens in the analysis received an “R-Type” and 73
were classified as unknown. Botryllus sexiens is classified in the
literature as “putatively” R-Type E, and in this analysis it was coded
as R-Type E.
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Results and discussion

Sample identification reveals a hidden
botryllid diversity

A total of 21 samples were specifically collected for this study in
several localities around the world, from Japan to America and
Australia (Supplementary Table 1). According to an integrated
taxonomy approach, their taxonomic identification was based on
morphological examinations and/or mtCOI barcoding followed by
species delimitation analyses. Morphological descriptions for each
of these samples are in Supplementary File 2, where they are
discussed together with the results of the species delimitation
analyses. The overall results of species delimitation analyses are
summarized with blue circles/rectangles in Figure 3 and shown in
detail in Supplementary Table 2 (see also the section “Mapping
Species Delimitation on the Phylogenomic Tree”).

The specimens from Japan belong to five already-described
species (i.e., Botrylloides lenis, Botrylloides lentus, Botrylloides
simodensis, Botryllus scalaris and Botryllus sexiens) and to two
new species described here for the first time: Botrylloides saitoi n.
sp. and Botryllus watanabei n. sp.

No formalin-preserved fraction was available for the four new
specimens from Heron Island, Australia (Botrylloides sp. Aust 7,
Botrylloides sp. Aust 8, Botrylloides sp. Aust 10 and Botrylloides sp.
Aust 14), and for a specimen from Florida (Botryllus sp. Crandon
Park Marina, Key Biscayne, FL, USA). Moreover, a mtCOI sequence
with a length suitable for species delimitation analyses was obtained
only for Botrylloides sp. Aust 7 (Supplementary Tables 1 and 2).
Thus, these specimens were tentatively identified based on their
positions in the phylogenomic trees (Figure 3 and Supplementary
File 5):

* Botrylloides sp. Aust 7 and Botrylloides sp. Aust 8 samples
are in the same clade as Botrylloides leptum (inside Clade
“m”) with very little nuclear genetic divergence within this
clade, as shown by the very short branches. Although the
mtCOI sequence of Botrylloides sp. Aust 7 is 98.3% identical
to Botrylloides leptum and is included in the same OTU of
Botrylloides leptum by all species delimitation analyses (blue
circle in Figure 3 and Supplementary Table 2), conclusive
identification will require the comparison of formalin-
preserved samples of both the Heron Island species and
of Botrylloides leptum.

* Botrylloides sp. Aust 10 is in the same clade as Botrylloides
conchyliatus (inside Clade “g”) with very little nuclear
genetic divergence between the two taxa, so this specimen
was assigned to the Botrylloides genus (see section:
“Phylogenomic tree and the Botryllus-only Clade “a™).
Confirmation of the taxonomic assignment of this sample
awaits a mtCOI barcode sequencing and morphological
examination.

* Botrylloides sp. Aust 14 clusters together with Australian
Botrylloides sp. SY24 (inside Clade “1”) with little nuclear
genetic divergence shown. The lack of formalin-preserved
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samples for both samples (Supplementary Table 1; Nydam
et al,, 2021) and of the mtCOI sequence from Botrylloides
sp. Aust 14 (Supplementary Table 1) prevents a well-
defined taxonomic attribution and requires further study.

*  Botryllus sp. from Crandon Park Marina (Key Biscayne, FL,
USA) in a clade including only Botryllus species (inside
Clade “p” of Figure 3), so it was tentatively assigned to the
genus Botryllus (hereafter named “Botryllus Crandon Park™;
one sample). The lack of a formalin-preserved sample and a
mtCOI sequence too short for species delimitation analyses
means that further study is required for a more reliable
taxonomic attribution.

Two distinct new taxa were identified by species delimitation
analyses as “unnamed species” since they did not group to mtCOIs
associated with a given species. Moreover, they could not be
assigned to an already known species, nor described as a new
species, because formalin-preserved samples were not available.
This is the case for Botrylloides sp. SHJ-20.1 from Shikine Island,
Izu Islands, Japan (hereafter named “Botrylloides SHJ20.1”; one
sample; inside Clade “n” and with a blue circle in Figure 3), and the
species hereafter named “Botrylloides sp. (Atsumi and Saito, 2011)”
(two samples; inside Clade “m” and with a blue circle in Figure 3).
Although this last species was not formally described in Atsumi and
Saito (2011), it was reported in that study as morphologically very
similar to Botrylloides simodensis and genetically distinguishable
using the mitochondrial cytochrome b (cytb) gene (see
Supplementary File 2 for our analyses on cytb).

As for Botryllus sp. SHJ 5.1 (from Shikine Island, Izu Islands,
Japan; in Clade “p” of Figure 3), a formalin-preserved sample was
available but the lack of clear diagnostic characters and of the
mtCOI sequence necessary to carry out species delimitation
analyses led to the assignment of this sample only at genus level
(see details in Supplementary File 2).

Updated plates (Supplementary File 3) and morphological
descriptions (Supplementary File 4) for four other taxa, originally
reported in Nydam et al. (2021) as Botrylloides sp. and Botryllus sp.,
allowed their description as new species, named here as:

* Botrylloides nigerflavus n. sp. from Panama,

* Botrylloides frankovichi n. sp. from Florida and the
Bahamas,

* Botrylloides marikabani n. sp. from Marikaban Island in the
Philippines, and

* Botryllus bayanani n. sp. from Catalagan, Marikaban
Island, and Puerto Galera in the Philippines.

Species delimitation analyses also support these morphological
results (Supplementary Table 2 and blue circle in Figure 3), with the
single exception of Botrylloides marikabani n. sp., for which the
availability of only two mtCOI sequences (Supplementary Tables 1
and 2) could have hindered its identification as a single new species.
Indeed, two distinct OTUs were identified in Botrylloides
marikabani by the mtCOI species delimitation analyses (see also
the presence of a blue rectangle in Figure 3).
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Botrylloides jacksonianum and Botrylloides leptum (inside Clade

« »

0” and ‘T of Figure 3, respectively), were already identified as distinct
species in the mtCOI botryllid phylogeny of Salonna et al. (2021), but
are currently unaccepted as valid species according to the Ascidiacea
World Database (Shenkar et al, 2022). Indeed, they were both
originally described by Herdman (as Sarcobotrylloides jacksonianum
and Botrylloides leptum) (Herdman, 1891; Herdman, 1899), but were
then synonymized with Botrylloides leachii (Kott, 1985; Kott, 2005;
Shenkar et al., 2022). The mtCOI species delimitation analyses and the
phylogenomic trees presented here (Figure 3 and Supplementary File 5)
provide further evidence that Botrylloides jacksonianum and
Botrylloides leptum are distinct species, both different from B. leachii,
and that these Herdman’s species should be resurrected, as previously
proposed by Salonna et al. (2021).

10.3389/fevo.2023.1214191

The Botrylloides cf. pannosum sample (inside Clade “0”), similar
to the original description of Botrylloides pannosum (Herdman,
1899), was also here identified as a distinct species by the species
delimitation analyses (Supplementary Table 2 and blue circle in
Figure 3) but must be compared to Herdman’s type specimen of
Botrylloides pannosum (originally Sarcobotrylloides pannosum) to
make an unambiguous taxonomic identification (as proposed in
Salonna et al., 2021). If Botrylloides cf. pannosum is indeed
Botrylloides pannosum, then Botrylloides pannosum should also be
resurrected since, like Botrylloides jacksonianum and Botrylloides
leptum, even Botrylloides pannosum was synonymized with
Botrylloides leachii (Shenkar et al., 2022). The necessary work to
resurrect this additional Herdman’s species is ongoing (M. Ekins,
unpublished data).
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Phylogenomic tree of botryllid based on 177 concatenated nuclear loci and generated by RAXML. (A) Entire tree excluding clade “f". (B) Clade “f"
corresponding to the Botryllus schlosseri species complex. The scale bar indicates 0.09 substitutions per site. R-types are in green text. Botrylloides
species and species proposed to be re-assigned to the genus Botrylloides are in red text. Blue circles refer to samples identified as belonging to the
same OTU in the mtCOI species delimitation results shown in Supplementary Table 2. Blue rectangles refer to samples belonging to more than one
OTU as identified in the mtCOl species delimitation results shown in Supplementary Table 2. Black triangles denote OTUs for which the mtCOI
sequences used in species delimitation analyses are available for every sample that appears in the phylogenomic tree. Vertical orange bars group
leaves of the same species. An asterisk labels Botryllus species proposed to be reassigned to the Botrylloides genus. “Subcl” indicates subclades as
recognized in Botryllus schlosseri sensu Brunetti et al. (2017) by the "Elongated-856nt” mtCOl alignment analyzed in Salonna et al. (2021). Bootstrap
support values are displayed at each node only when < 100%. The clade “f" branch in panel (A) was truncated at level of its internal node.

Overall, the implementation in botryllids of an integrated
taxonomy approach, combining morphological as well as nuclear
and mitochondrial molecular analyses, allowed us not only to
describe six new species but also to identify a number of putative
unnamed taxa, for which the examination of additional samples is
needed to clarify whether they belong to previously undescribed
species. Thus, our results clearly demonstrate the existence of an
unexplored hidden diversity within botryllids. This cryptic diversity
can be due to factors such as the complexity of morphological
analyses, the lack of certain/evident key characters for species
discrimination, the paucity of taxonomic experts working in this
group, and the historical reliance on morphological characteristics
alone for both sample identification and species description.

Phylogenomic tree and the
Botryllus-only Clade “a"

Figure 3 shows the phylogenomic tree generated by RAxML
from the concatenation of the 177 analyzed nuclear loci, while
Supplementary File 5 shows the coalescent summary tree generated
by ASTRAL from the 177 single-locus trees. Since the topology of
the two trees is almost identical, and in both trees nearly all clades
are well supported (bootstrap values = 1 in the ASTRAL tree and
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100% in the RAXML tree), we will focus only on the RAXML tree of
Figure 3. A Botryllus-only clade (Clade “a”) is the sister clade to the
rest of the ingroup, including both Botryllus and Botrylloides species
(Figure 3 and Supplementary Figure 5). We were able to examine
and describe the morphological characteristics of 4 of the 7 species
forming Clade “a”: Botryllus camur (Palomino-Alvarez et al., 2022),
Botryllus bonanzus (Palomino-Alvarez et al., 2022), Botryllus
primigenus B (Salonna et al., 2021), and Botryllus watanabei n. sp.
(Supplementary File 2). All of these species have small zooids with
four stigmatal rows, a feature neither found in other botryllids
included in this phylogeny nor in the outgroup genus Symplegma,
which is characterized by the presence of 8-13 stigmatal rows
(Rocha RM, Montesanto F, Nydam M, unpublished data;
Mastrototaro et al., 2019). Moreover Botryllus watanabei n. sp.
has wide stomach folds, a rectangular stomach shape like
Symplegma species (Plate 9g in Supplementary Figure 1), and
zooids that exhibit a merging of the 1st and 2nd longitudinal
vessels on the left side (Plate 9e in Supplementary Figure 1),
which is a Symplegma character. B. primigenus’s species name
means “first, primordial, ancestral” in Latin, because it occupies
an intermediate position between Botrylloides/Botryllus and other
colonial Styelidae with regard to the structure of its systems (Oka,
1928). Notably, our Clade “a” is in agreement with and retains many
characteristics considered ancestral in Saito’s botryllid phylogeny
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(Saito et al., 2001), a phylogeny based on the combination of 18S
rDNA sequences and several other features such as life history,
reproductive characters, morphology and allorejection
mechanisms. In particular, in Saito’s phylogeny (Saito et al,
2001), B. primigenus and all other botryllids with 4 stigmatal rows
cluster together and are described as unique in their morphology
and life history. So, Saito’s hypothesis is that these species diverged
early in the botryllid evolution, although immediately after a group
consisting of Botryllus scalaris, Botryllus horridus and Botryllus
puniceus. Even in our phylogenomic tree (Figure 3), Botryllus
scalaris and Botryllus horridus group together (see Clade “d” in
Figure 3), however they do not form the earliest diverging botryllid
clade. In general, our tree is in good agreement with Saito’s
phylogeny except for the monophyly of the genus Botrylloides,
that, remarkably, in our tree become polyphyletic (see red names in
Figure 3 and next section). It should be noted that the Botrylloides
polyphyly here observed could also be due to our taxon sampling,
which was much larger than that of Saito, and in particular to the
phylogenetic position of species absent in Saito’s phylogeny since
they were described or genetically identified only after 2001, i.e.,
after the publication date of Saito et al. (2001) (see for example,
Clade “p” and the clade Botrylloides conchyliatus/Botrylloides sp.
Austl0 in Figure 3 were identified after 2001).

Phylogenomic tree and the status of
Botryllus and Botrylloides genera

In Figure 3, both Botrylloides and Botryllus species are found

« »

together within the clade “e”, emerging just next to the

aforementioned clade “a”, but these two genera do not form
separate clusters (see the distribution of the red names in
Figure 3, labeling original and reassigned Botrylloides species).
Remarkably, the large Clade “j” includes all the analyzed
Botrylloides species, except for three species: Botrylloides sp. Aust
10, Botrylloides conchyliatus and Botrylloides crystallinus. The last

s

species forms Clade “i” together with Botryllus sexiens (Plate 5 of
Supplementary Files 1 and 2). Based on the original morphological
description of Botryllus sexiens (Saito et al., 1981a), this species has
zooids arranged in ladder systems with several common cloacal
apertures. Therefore, according to the definition of the Botryllus and
Botrylloides genera reported in Brunetti (2009), it should be moved
to the Botrylloides genus, and renamed to Botrylloides sexiens
(hereafter we will refer to this taxon as “Botryllus/Botrylloides”
sexiens). This will also keep Clade “i” as Botrylloides only. Given
the overall topology of Figure 3 and Supplementary File 5, neither of
the two genera is monophyletic, and Botryllus is paraphyletic with
respect to Botrylloides. Remarkably, this result was obtained in spite
of the fact that the assignment of five specimens was based on the
implicit assumption that species of the same genus should cluster
together and then that each genus was monophyletic (see previous
section “Sample identification reveals a hidden botryllid diversity”:
this holds for four Botrylloides and one Botryllus species that were
tentatively identified at genus level based just on their positions in
the phylogenomic trees, since no formalin-preserved fraction and
no suitable mtCOI sequences were available). Overall, the lack of
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monophyly of both genera aligns with the topologies in previous
botryllid phylogenies (Cohen et al., 1998; Nydam et al., 2021).

Assigning a botryllid species to the genus Botryllus or
Botrylloides is not easy, also because the definition of these genera
has changed over time and some authors have even synonymized
them (Monniot, 1988). In general, only few characters have been
used to distinguish these genera (Saito et al., 2001 and references
therein; Brunetti, 2009 and references therein): the genus
Botrylloides has been defined by the presence of zooids arranged
in ladder systems, ovary posterior to testis, and embryos developing
in a sac-like incubatory pouch forming an outgrowth of the body
wall. On the contrary, the genus Botryllus has been defined by the
presence of zooids arranged in oval or star-shaped systems, ovary
anterior or dorsal to testis, and embryos developing in the
peribranchial cavity without a brooding organ. However, Saito
already observed inconsistencies in these classification criteria
since some botryllid species show features not coinciding with
neither the definition of Botryllus nor that of Botrylloides, but
have a mixture of the above-mentioned characters (Saito et al.,
2001; Okuyama and Saito, 2002). So, he proposed that the definition
of the two genera should be amended (Saito et al., 2001). According
to Brunetti (2009), who followed the original definition of Milne-
Edwards (1841), the two genera differ and should be distinguished
by the presence/absence of an atrial siphon and by the consequent
structure of the cloaca, which limits the arrangement of the zooids
in the systems. Indeed, in Botryllus zooids, the atrial opening is
located at the distal end of a conical siphon and its anterior rim
extends as a small dorsal tongue, thus allowing only the formation
of oval or star-shaped systems. On the contrary, in Botrylloides
zooids, there are no atrial siphons and the atrial opening is wide,
usually with a broad dorsal lip extending from its anterior rim, thus
producing ladder systems. On this basis, it is not surprising that
neither Botryllus nor Botrylloides appear monophyletic in our
phylogenomic reconstruction (Figure 3 and Supplementary File
5): this lack of monophyly could be biologically significant, just
related to the different criteria used for the genus assignment of the
new species described over time, or a mixture of both factors. For
example, according to the genus definition of Brunetti (2009), both
Botryllus sexiens and Botryllus scalaris, described by Saito in 1981,
should be moved to the genus Botrylloides: their zooids are indeed
arranged in ladder systems with several common cloacal apertures.
Therefore, both these species await reassignment to the genus
Botrylloides and we labeled them with an asterisk in our
phylogenomic tree (Figure 3). The same fate could probably affect
even other botryllids, if a detailed re-analysis of the already
described species is carried out.

@

As for the overall topology of the main Botrylloides Clade “j”, in
the RAXML tree (Figure 3) Botrylloides saitoi n. sp. is sister to the
remaining taxa, however in the ASTRAL coalescent summary tree
(Supplementary File 5), the corresponding branch consists of a
subclade of three species: Botrylloides saitoi n. sp., Botrylloides
jacksonianum, and Botrylloides cf. pannosum (in the RaxML tree,

< »

the last two species are joined in Clade “0” that emerges just after
the Botrylloides saitoi n. sp. branch). This is the main difference
between the RAXML tree from concatenated loci (Figure 3), and the

ASTRAL coalescent summary tree from single-locus trees
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(Supplementary File 5). Other minor differences are reported in
Supplementary File 6. The morphological characteristics of
Botrylloides saitoi n. sp. place it firmly in the Botrylloides genus
(see species description in Plate 6 of Supplementary Files 1, and 2),
but its phylogenetic position predicts that it could represent a
morphological transition between Botryllus and Botrylloides, alone
or together with Botrylloides jacksonianum and Botrylloides cf.
pannosum, depending on the considered phylogenomic tree.

Relationships in the clade of the former
Botryllus schlosseri complex

In our phylogenetic reconstructions (Figure 3 and
Supplementary File 5), Clade “f” encompasses the cryptic species
of the former Botryllus schlosseri species complex, i.e.:

* The putative Botryllus renierii, as proposed in Salonna et al.
(2021), corresponding to Botryllus schlosseri Clade D sensu
Bock et al. (2012);

* Therecently described Botryllus gaiae (Brunetti et al., 2020),
corresponding to Botryllus schlosseri Clade E sensu Bock
et al., 2012; and

*  Botryllus schlosseri sensu Brunetti et al. (2017), corresponding
to Botryllus schlosseri Clade A sensu Bock et al. (2012). The
samples of the latter species are reported in Figure 3 also
indicating the subclade to which they belong, according to the
phylogeny based on an “Elongated-856nt” mtCOI alignment
of Salonna et al. (2021) (see “Subcl Al to A3” in Figure 3).

The putative Botryllus renierii forms a monophyletic clade that is a
sister group to Clade “f” and is well separated from all other samples of
the B. schlosseri complex. Noteworthy, Botryllus gaiae is nested in a
clade containing all Botryllus schlosseri sensu Brunetti et al. (2017)
samples, moreover samples of subclade A2 do not cluster together
(Figure 3). On the contrary, in the ASTRAL coalescent summary tree
(Supplementary File 5), most of the corresponding nodes (i.e., those in
the cluster including Botryllus schlosseri sensu Brunetti et al. (2017) and
Botryllus gaiae) have unreliable support values < 0.5. Therefore, based
on the RAXML phylogenomic tree neither Botryllus gaiae nor Botryllus
schlosseri sensu Brunetti et al. (2017) are monophyletic (Clade “f” in
Figure 3), but based on the ASTRAL tree (Supplementary File 5) these
relationships are unresolved. Finally, the RAXML result is in
disagreement with our mtCOI species delimitation analyses that
identify all Botryllus schlosseri sensu Brunetti et al. (2017) as
belonging to the same OTU, distinct from the OTU of Botryllus
gaiae (Supplementary Table 2; see also blue circles in Figure 3 for
Botryllus gaiae and Botryllus schlosseri). A clear distinction between
Botryllus gaiae and Botryllus schlosseri sensu Brunetti et al. (2017) was
also obtained in all previous mtCOI analyses (Lopez-Legentil et al,
2006; Bock et al., 2012; Yund et al., 2015; Nydam et al,, 2021) based on
even longer mtCOI alignments (Salonna et al.,, 2021), as well as by the
analysis of the entire mitochondrial genome in several samples
(Brunetti et al., 2020).
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Overall, these results highlight a possible inconsistency between
nuclear and mitochondrial data in the clade of the former Botryllus
schlosseri species complex, which appear when only the RAxML
result is taken into account. There could be several explanations for
this inconsistency:

a) The anchored hybrid enrichment here used is designed for
capturing orthologous loci characterized by conserved anchor
regions plus neighboring variable flanking regions, so in
principle it is able to resolve both shallow and deep
taxonomic relationships (Hamilton et al., 2016). However, it
is still possible that our dataset does not include enough
variable informative loci to accurately resolve the short
branches inside the former Botryllus schlosseri species
complex. This explanation is supported by the inconsistency
of the results of the RAXML compared to the ASTRAL analyses
and by the finding that the nuclear locus 18S rDNA recovered
distinct well-supported cryptic species in the Botryllus schlosseri
species complex (Bock et al, 2012), and between Botryllus
schlosseri and Botryllus gaiae (Nydam et al., 2017b).

We cannot exclude the possibility that the inconsistency
between the nuclear and the mitochondrial phylogenies (with
lack of monophyly of the former cryptic species in our nuclear
RAXML tree) could be due to introgression and hybridization
between the original cryptic species of the species complex.
However, no evidence of gene flow was found between B.
schlosseri and B. gaiae at seven microsatellite loci (Bock et al,,
2012), and one of the two B. gaiae samples in our nuclear tree
came from a population (Falmouth, UK) from which the
microsatellite data were obtained.

In conclusion, the current data make it impossible to determine
whether the nuclear or mitochondrial phylogeny represents the true
evolutionary history of the former Botryllus schlosseri species complex.
This issue could be solved only by the parallel analyses of a larger
dataset of complete mitochondrial genomes including representative of
all cryptic species of this taxon, and of a larger dataset of nuclear loci, ad
hoc designed for the evolutionary distances present within the former
Botryllus schlosseri species complex.

Mapping mtCOl species delimitation on
the phylogenomic tree

The phylogenomic tree of Figure 3 was assembled to cover a
broad range of the genetic diversity within the Botrylloides/
Botryllus tree, so it does not allow the species delimitation
analyses because it contains insufficient information on the
intra-species variability. Therefore, our species delimitation
results based on mtCOI sequences (Supplementary Table 2)
were mapped on this nuclear phylogenomic tree in order to
identify species-level clades. The cross-referencing of these
results is particularly important for closely related taxa, i.e., for
the sister taxa/clades showing very short internal branch lengths
in Figure 3.
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In particular, the results of the mtCOI species delimitation analyses
(Supplementary Table 2) were summarized in Figure 3 using a blue
circle to indicate species consisting of a single OTU and a blue rectangle
to indicate species consisting of multiple OTUs. In most cases, the
nuclear and the mtCOI data used for the phylogenomic and the species
delimitation analyses, respectively, gave congruent results. For example,
the two Botryllus primigenus samples 1S and 2S, already identified as
distinct OTUs in Salonna et al. (2021), were not found to be sister taxa
but were placed in separate clades by the nuclear data. In agreement
with this result, they were identified as two distinct OTUs by the
mtCOI species delimitation analyses (Supplementary Table 2).
Therefore, these two samples should be considered as belonging to
two different species, named in Figure 3 as “Botryllus primigenus A” for
sample 1S and “Botryllus primigenus B” for sample 28, although they
were morphologically identified and provided by Saito Y. as belonging
to the same Botryllus primigenus species (personal communication). A
partial agreement between nuclear and mtCOI data can be seen in
Clade “f’, which includes the former Botryllus schlosseri species
complex (see above section).

A total of eight species are each identified as consisting of multiple
OTUs by the mtCOI species delimitation analyses (see species with a
blue rectangle in Figure 3), suggesting that additional molecular
samples/data are needed to better clarify the taxonomic status of
these species or indicating inconsistencies between molecular and
morphological data. Some of these cases were already discussed in
Nydam et al. (2021) (for Botrylloides marikabani n. sp.) and in
Palomino-Alvarez et al. (2022) (for Botrylloides unamensis and
Botrylloides catalitinae), while for Botrylloides violaceus the lack of
morphological information on the samples present in the tree prevents
us from formulating hypotheses explaining this result.

Within clade “n”, all our Botrylloides diegensis samples forms a
single OTU together with the Botrylloides leachii samples published
in Salonna et al. (2021) (Supplementary Table 2): this is in agreement
with Viard’s proposal that all published mtCOI sequences of B.
leachii should be re-assigned to Botrylloides diegensis (Viard et al.,
2019). However, the samples assigned to Botrylloides diegensis in
Viard et al. (2019) were described only for the colony color pattern,
without details on the anatomical traits discriminating Botrylloides
leachii from Botrylloides diegensis (i.e., the number of rows of
stigmata, the presence/absence of muscle in the branchial sac, and
the number of stomach folds (Brunetti and Mastrototaro, 2017)).
Since the absence of these morphological data prevent the evaluation
of a possible case of species synonymy, in Figure 3 we have labeled
this clade/OTU as “Botrylloides diegensis/leachii”. Combined
morphological and molecular analyses, performed on exactly the
same samples, will be necessary to resolve this question.

Additional comments on the mapping of mtCOI species
delimitation results on the phylogenomic tree are reported in
Supplementary File 6.

Phylogenomic implications for the
evolution of allorecognition

Our goal in building the botryllid phylogenomic tree was to
document the evolution of allorecognition in the Botrylloides and
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Botryllus genera. Allorecognition R-types were therefore mapped on
Figure 3 and Supplementary File 5, which was rooted with
Symplegma, i.e., the sister genus to the Botrylloides/Botryllus
group. Symplegma also has zooids connected via a vascular
system with ampullae (Shirae et al, 1999) and can undergo
allorecognition. The rejection reaction has so far been studied in
a single Symplegma species, S. reptans, where it has been found that
some colonies exhibit only R-Type B and other colonies only R-
Type E rejection reactions (Shirae et al., 1999). However, the R-
Type E of S. reptans differs from R-Type E of B. scalaris, since the
rejection process is mainly mediated by the activation of morula
cells in S. reptans and by phagocytes in B. scalaris (Shirae et al.,
1999). Thus, in these two species, the R-Type E is morphologically
similar, since it involves the same allorecognition site, but is
characterized by differences in the hemocyte behavior and thus
probably in the underlying molecular processes. Remarkably,
morula cells, not phagocytes, have been found to be principal
“effector cells” in the rejection reaction in the few other botryllids
(all R-Type A) in which the hemocyte histochemistry of this process
has been investigated (Shirae et al., 1999). With the caveat that this
inference is based on a single outgroup species, we can infer that at
least R-Type B and an R-Type “E-like” process are ancestral to the
entire botryllid group.

Cohen et al. (1998) showed that the allorecognition response
involving the most internal tissues (R-Type E) is the ancestral
allorecognition condition, thus providing evidence for an
evolutionary progression of the allorecognition system from R-
Type E to R-Type D and then to R-Type A (Cohen et al., 1998 and
Figure 2A). Our phylogenomic trees do not support this finding
(Figure 3 and Supplementary File 5) and the application of an
ancestral character state reconstruction program does not provide
conclusive results (Supplementary Files 7-9 and their detailed
description in Supplementary File 6). Indeed, in the ancestral
character state reconstructions, several clades show more than
one equiparsimonious state, and the results vary considerably
depending on the R-Type assigned to the outgroup species, which
is not definitely known (indeed Symplegma shows at least two
different R-Types). Our reconstructions should also be viewed with
several caveats since: 1) parsimony is not the only framework in
which to conduct these analyses; 2) 73-75% of our specimens have
an unknown R-Type, which decreases the robustness of the overall
analysis; and 3) the nested position of B. sexiens in our phylogeny,
inside Clade “h”, strongly affects the overall ancestral state
reconstructions since its R-type is only putative (it should be R-
Type E) and it is the only “not R-Type A” included in the large
Clade “h”. In our opinion, the preponderance of unknown R-Types
and the uncertainty of B. sexiens’ R-Type are the main reasons
leading to view our ancestral reconstructions as provisional.

Our analyses differ from those of Cohen in several aspects,
including the usage of an ancestral character state reconstruction
software strictly following the parsimony criterion and the outgroup
choice. In particular, this last factor can strongly affect the tree
topology. Compared to Cohen et al. (1998), our outgroup was
more accurately selected since it is the genus phylogenetically
nearest to botryllids, and also shows allorejection reactions similar
to botryllids. Our overall picture of the evolution of the rejection
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reaction in botryllids is much more complex but still not definitive.
First of all, we have insufficient data to define the ancestral R-Type in
the Symplegma outgroup, since the rejection reaction was studied
only in one species (Symplegma reptans) where both R-Type B and an
R-Type “E-like” were observed (Shirae et al, 1999). So, probably
many other R-Types are present in the Symplegma genus outgroup.
Thus, without clear and complete data on the R-Type of the
outgroups, several alternative scenarios can be hypothesized for the
botryllid allorecognition evolution. For example, R-Type D or E can
be considered as the ancestral status of all botryllids if the Symplegma
R-Types data are not taken into account (Supplementary File 7),
while R-Type B, D or E can be the ancestral status of all botryllids if
one of the known Symplegma R-Types is accepted as ancestral
(Supplementary Files 8 and 9). Although the R-Type is missing for
many species of our phylogeny, the R-Type A species are all clustered
“n” at the latest
(Supplementary Files 7-9). Finally, to understand the evolution of

together and certainly evolved later, in Clade

allorejection in botryllids, this process needs to be investigated also at
the level of hemocyte behavior (i.e., cells that recognize self-non-self
and effector cells), not only of allorejection sites (Shirae et al., 1999),
in order to better classify the different R-Types.

Although we do not obtain conclusive results, our data provide
interesting observations. Clade “d” includes all available samples of
the former Botryllus schlosseri species complex and it displays either
R-Type B or R-Type C phenotypes, with the R-Type B observed in
populations from California (Pacific Ocean) and from Venice
(Mediterranean Sea), and the R-Type C observed in populations
from Massachusetts (Atlantic Ocean) (Table 1). At the time the
Botryllus schlosseri rejection experiments were carried out (Boyd
et al., 1990), its status as species complex was unknown, so it is
now impossible to unambiguously associate a specific R-Type to each
cryptic species without repeating the allorecognition experiments on
genetically characterized colonies. However, based on sample
geographic origin, we have mapped R-Type B at the level of our
sample coming from California (i.e., “Botryllus schlosseri, unk. clade”
in Figure 3) and from Venice (i.e., “Botryllus schlosseri, NeoA and
NeoD in Figure 3), while we have not associated R-Type C to any
specific Botryllus schlosseri sample, since in our tree there are no
Botryllus schlosseri samples coming from Massachusetts. We have
also tentatively mapped R-Type C at the level of the basal node
including of the Botryllus schlosseri species complex, since California
and Massachusetts samples analyzed by Boyd et al. (1990) all
certainly belong to the Botryllus schlosseri species complex.
Moreover, we hypothesize that both R-Type B and R-Type C are
present in Botryllus schlosseri sensu Brunetti et al. (2017), i.e., in clade
A sensu Bock et al. (2012), since current cryptic species distribution
data shows that Botryllus schlosseri sensu Brunetti et al. (2017) is the
only species widespread worldwide, while Botryllus gaiae (ie., the
former cryptic clade E) is present only in the European waters
(including the Mediterranean Sea), and the other cryptic species
are geographically restricted to a few localities (see Brunetti et al,
2017; Nydam et al, 2017a; Brunetti et al, 2020 and references
therein). Botryllus scalaris (which, as previously discussed, should
be moved to the genus Botrylloides) is the only one of three known R-
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Type E species (Table 1) present in our tree, and is found in Clade
“d”, so close to the Botryllus schlosseri species complex.

Clade “h” includes all the currently known R-Type A species
(Table 1), however we do not know if this clade includes even other
R-Types, as many of its species have not been analyzed for R-Types.
In support of the presence of species other than R-Type A in Clade
“h”, Botryllus sexiens (that we proposed to move into the
Botrylloides genus) is thought to be R-Types E (Cohen et al,
1998). It would be interesting to study the R-Types in Clade “p”,
which is a small Botryllus clade in the large Clade “h” consisting
mostly of Botrylloides.

Botryllus R-Types so far known are B, C, D, and E, while
Botrylloides are only R-Type A, but they will also include R-Type E
if our proposal to reassign both Botryllus sexiens and Botryllus
scalaris to the genus Botrylloides is considered valid.

There are six genes present in the Botrylloides and Botryllus genera
that have characteristics consistent with a role in allorecognition: two
highly polymorphic genes (fuhc** and fuhc™) (Nydam et al., 2013a),
two genes encoding for putative receptors (fester and uncle fester)
(Nyholm et al., 2006; McKitrick et al., 2011), and two genes which may
be involved in generating specificity (Hsp40-L and BHF) (Nydam
etal, 2013b; Voskoboynik et al,, 2013). Since uncle fester is responsible
for the rejection response (McKitrick et al.,, 2011), we predict that a
different expression pattern of this gene could be responsible for the
different R-Type reactions. In particular, the presence of this protein
only on circulatory cells in R-Type E species would explain the
complete membrane fusion of colony circulatory systems prior to
rejection. On the contrary, R-Type A-D reactions are likely the result
of expressing uncle fester on more external tissues (e.g., on the surface
of the tunic cuticle, in the subcuticular region, within the tunic matrix,
or at the surface of the ampullar epithelium). This hypothesis needs to
be tested by tissue-specific transcriptome analyses.

The results of xenorecognition experiments, wherein colonies
from different species interact with each other (Saito, 2003), can also
be mapped onto our phylogenomic tree. Unlike the allorejection
reaction, in xenorecognition the rejection is the default, and the
fusion response is an interruption of that process. There are three
outcomes from xenorecognition experiments, which can also vary
depending on the conditions (contact at growing edges, at cut
surfaces, or blood plasma injection): 1) both species initiated a
rejection response, 2) neither species initiated a rejection response,
3) one species initiated a rejection response and the other did not
(Saito, 2003). If the loci responsible for initiating the rejection
response are species-specific, then the more closely related species
pairs would be predicted to initiate rejection responses, while the
more distantly related species pairs would not. The three participant
species in the Saito’s xenorecognition experiments were Botrylloides
simodensis (R-Type A), Botryllus primigenus (R-Type D), and
Botryllus scalaris (R-Type E) (Saito, 2003). Taking into account
the results of both growing-edge and cut surface contacts, B.
primigenus (R-Type D) initiated a rejection reaction with both B.
simodensis (R-Type A) and B. scalaris (R-Type E) (Saito, 2003).
B. simodensis (R-Type A) initiated a rejection reaction with both B.
primigenus (R-Type D) and B. scalaris (R-Type E) (Saito, 2003). In
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contrast, B. scalaris (R-Type E) did not react with either the R-Type A
or the R-Type D species in both conditions (Saito, 2003). In the
Cohen et al., 1998 phylogeny (Figure 2A), the R-Type E species is
sister to the rest of the species and is referred in that paper as
emerging early in the tree, so the earlier evolving species could not
initiate a rejection response with later evolving species, but the later
evolving R-Type A and the R-Type D species had the capacity to
initiate a rejection response with the earlier evolving R-Type E
species. In the current phylogeny (Figure 3 and Supplementary File
5), the R-Type E species B. scalaris is sister group to the former B.
schlosseri complex, including R-Type B and putative R-Type C
species (see Figure 3B; Supplementary File 5B and Clade “d” in
Figure 3A and Supplementary File 5A) but, to our knowledge,
rejection reactions between R-Type B/C and R-Type E have not
been tested. However, it seems that the loci responsible for
xenorejection initiation in R-Type E may have evolved in such a
way as to be incompatible with R-Type A and R-Type D. This is also
in accordance with a greater separation between R-Type E and all
other R-Types, due for example to the major involvement of
phagocytes instead of morula cells in the R-Type E allorejection
reaction (Shirae et al., 1999).

Xenorecognition experiments within R-Type A species (B.
fuscus, B. lentus, B. simodensis, and B. violaceus) have also been
conducted (Hirose et al., 2002). The results of a contact at colony
growing edges do not correlate with phylogenetic position. Indeed,
B. violaceus reacts with B. fuscus with an intense hemolytic reaction
but not with B. lentus or B. simodensis (Hirose et al., 2002), although
B. violaceus is sister to the clade that includes the other three species
(Figure 3 and Supplementary File 5). B. fuscus and B. lentus are
sister species in our phylogeny, but they do not react the same way
when the growing edges of their colonies contact either B.
simodensis or B. violaceus (Hirose et al., 2002).
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