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Synopsis  Salps are marine pelagic tunicates with a complex life cycle, including a solitary and colonial stage composed of
asexually budded individuals. These colonies develop into species-specific architectures with distinct zooid orientations, in-
cluding transversal, oblique, linear, helical, and bipinnate chains, as well as whorls and clusters. The evolutionary history of
salp colony architecture has remained obscured due to the lack of an ontology to characterize architectures, as well as a lack
of phylogenetic taxon sampling and resolution of critical nodes. We (1) collected and sequenced eight species of salps that
had never been sequenced before, (2) inferred the phylogenetic relationships among salps, and (3) reconstructed the evolu-
tionary history of salp colony architecture. We collected salp specimens via offshore SCUBA diving, dissected tissue samples,
extracted their DNA, amplified their 18S gene, and sequenced them using Sanger technology. We inferred the phylogeny of
Salpida based on 18S using both Maximum Likelihood and Bayesian approaches. Using this phylogeny, we reconstructed the
ancestral states of colony architecture using a Bayesian ordered Markov model informed by the presence and absence of specific
developmental mechanisms that lead to each architecture. We find that the ancestral salp architecture is either oblique or linear,
with every other state being derived. Moreover, linear chains have evolved independently at least three times. While transversal
chains are developmentally basal and hypothesized to be ancestral, our phylogenetic topology and reconstructions strongly
indicate that they are evolutionarily derived through the loss of zooid torsion. These traits are likely critical to multijet loco-
motory performance and evolving under natural selection. Our work showcases the need to study the broader diversity of salp
species to gain a comprehensive understanding of their organismal biology, evolutionary history, and ecological roles in pelagic
ecosystems.

Spanish Abstract Las salpas son tunicados peldgicos marinos con un ciclo vital complejo que incluye una fase solitaria
y una colonial, compuesta de individuos gemados asexualmente. Al desarrollarse, estas colonias forman arquitecturas difer-
entes segin la especie con orientaciones distintivas de los zooides. Estas arquitecturas incluyen las cadenas transversales, las
oblicuas, las lineales, las solenoides, y también las formas de rueda y conglémero. La historia evolutiva de la arquitectura colo-
nial de las salpas ha permanecido en la sombras debido a la falta de un ontologia para caracterizar estas arquitecturas, ademas
de por falta de representacion taxondmica y resolucién de nodos criticos en la filogenia. Hemos (1) muestreado y secuenciado
ocho especies de salpa que nunca antes habian sido secuenciadas, (2) hemos inferido las relaciones filogenéticas entre salpas,
y (3) reconstruido la historia evolutiva de la arquitectura colonial en salpas. Hemos obtenido especimenes de salpas medi-
ante buceo con escafandra en alta mar, diseccionado muestras de tejido, extraido el ADN, amplificado y secuenciado el gen
ribosomal 18S mediante tecnologia Sanger. Hemos inferido la filogenia del orden Salpida en base al gen 18S utilizando tanto
Mixima Verosimilitud como métodos Bayesianos. Utilizando esta filogenia, hemos reconstruido los estados ancestrales de la
arquitectura colonial mediante un modelo Bayesiano Markov ordinal informado por la presencia y ausencia de mecanismos
ontogenéticos que derivan en cada arquitectura. Hallamos que la arquitectura ancestral en las salpas fue o bien oblicua o lineal,
con todos los demas estados derivados. Ademas, las cadenas lineales han evolucionado de forma independiente por lo menos
tres veces. Las cadenas transversales son el estado basal en el desarrollo y han sido hipotetizadas como el estado ancestral. Sin
embargo, nuestra topologia filogenética y reconstrucciones indican firmemente que son en realidad derivadas a través de la
pérdida del mecanismo de torsion de los zooides. Es probable que estos rasgos morfoldgicos sean criticos para la eficiencia lo-
comotora de la propulsiéon multi-chorro y por tanto hayan evolucionado bajo el efecto de la seleccién natural. Nuestro trabajo
demuestra la necesidad de estudiar la amplia diversidad de especies en las salpas para obtener una comprension integral de su
biologia organismica, historia evolutiva, y roles ecoldgicos en los ecosistemas peldgicos.

© The Author(s) 2023. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. This is an Open
Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

$202 IMdy €2 uo 1senb Aq 28€¥8Z///£0PBAO/|L/S/a[01ME/Ol/W0o dNo olWepeoe//:sdny wouy papeojumoq


https://academic.oup.com/journals
https://doi.org/10.1093/iob/obad037
https://orcid.org/0000-0002-2544-0489
mailto:adamians@uoregon.edu
http://www.omega.com

Introduction

Salps (Chordata: Tunicata: Thaliacea: Salpida) are ma-
rine pelagic tunicates that filter-feed on microbial
plankton. Salp life cycles consist of a solitary stage
(oozooid) that asexually buds aggregate colonies of
blastozooids, which can sexually reproduce, and brood
00zooids in their placenta (Bone 1998). Salp colonies
are budded in double chains of zooid pairs with mir-
ror (chiral) symmetry. These colonies develop into a
wide variety of architectures across species, including
transversal chains, oblique chains, linear chains, whorls,
clusters, and helical solenoids (Damian-Serrano &
Sutherland 2023a; Madin 1990). These architectures
present different relative orientations of the individual
zooids relative to each other and to the colony elonga-
tion axis (Madin 1990).

The diversity of salp colony architectures (Fig. 1)
is distributed across 41 species of salps (Madin 1990),
but the phylogenetic distribution and evolutionary
history remain unknown (Damian-Serrano & Suther-
land 2023a). The main challenges in reconstructing this
history have been two-fold: first, the lack of a hypothesis
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framework for comparing homologies and understand-
ing differences in their structure, and second, the lack
of a phylogenetic tree that includes taxa from every
architecture and from every described lineage where
it has evolved. The first challenge comes from how the
arrangement and relative orientation of blastozooids
in different colony architectures present a three-
dimensional problem, where the axes and angles of
reference shift in ways that are challenging to
compare. All blastozooid colonies are budded as
transversal double chains and then develop into the
different colonial architectures we observe across the
diversity of salp species. Damian-Serrano & Sutherland
(2023a) leveraged the similarity of this developmental
stage as a baseline to define planes of observation and
reference, from which we can examine deviations in
angles, establish the series of gains and losses of trans-
formation mechanisms that determine the distinct
developmental pathways, and identify homologies be-
tween extant adult terminal stages of some species and
intermediate stages in the development of other species
(Fig. 2). Damian-Serrano & Sutherland (2023a) tracked

Fig. 1. Salp colonies representing every colonial architecture we observed across salp species. A. Linear chain (Soestia zonaria), B. transversal
chain (Pegea sp.), C. cluster (Cyclosalpa sewelli, video frame by Brad Gemmell), D. bipinnate chain (Ritteriella retracta), E. whorls (Cyclosalpa
affinis), F. helical chain (Helicosalpa virgula), and G. oblique chain (Thetys vagina, photograph by Patrick Webster).
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Fig. 2. Developmental pathway model of salp colony architectures from Damian-Serrano & Sutherland (2023a), with the transversal architec-
ture representing the earliest developmental stage of every species as well as in the adult stage of some species.

the shared developmental stages in colony reconfigura-
tion, which provided preliminary evidence on the ho-
mology relationships between architectural states. This
hierarchical, developmentally informed, characteriza-
tion of architectural variation provides a grounding in
homology that a flat distribution of categorical states
does not. The second challenge relates to phylogenetic
node resolution and taxon sampling. Govindarajan
et al. (2011) used 18S sequencing to create the first
comprehensive phylogenetic tree of Thaliacea (second
after the tunicate phylogeny presented in Tsagkogeorga
etal. 2009), including 20 salp species. However, it could
not provide a complete picture of how salp colony ar-
chitecture evolved since the phylogenetic placements of
Pegea (transversal architecture) and Thalia (one of two
lineages where oblique architectures are found) had low
statistical support; and Helicosalpa spp. (helical archi-
tecture) had never been sequenced. Moreover, several
other morphologically unique salp species with known
colony architectures (such as Metcalfina hexagona or
Ihlea punctata) remained to be sequenced and placed
on a phylogenetic tree and may be representatives of
under-sampled lineages. Madin (1990) hypothesized
that the lineage containing salps with transversal ar-
chitectures such as Pegea is sister to all other salps, that
the most recent common ancestor (MRCA) of salps is
also transversal, and that Pegea species (as well as the
elusive species Traustedtia multitentaculata) thus retain
this ancestral character. Govindarajan et al. (2011)
discuss similar ideas from Madin (1974), including that
whorl and transversal chain architectures are closer

to the ancestral form while linear chains are the most
derived.

In addition to a robust phylogeny with ample taxon
sampling, we need a realistic model of character evo-
lution to accurately reconstruct the evolutionary his-
tory of colonial architecture in salps. A reliable evo-
lutionary model should be based on external biolog-
ical information about the nature of the character in
hand, its homologies, and development (Wagner et al.
2000). From the developmental ontology in Damian-
Serrano & Sutherland (2023a), every architecture can
be understood as a product of one or more specific
developmental transformation mechanisms. Moreover,
some adult colony architectures are conceptualized as
intermediary stages in the development of other archi-
tectures (Fig. 2), where only a partial transformation
occurred (i.e., oblique chains with zooids partially ro-
tated, between a transversal and a linear chain form),
or where further developmental transformations build
upon previous ones (i.e., clusters derive from whorls
with subsequent separation of serial neighbors and
elongation of peduncles). This developmental ontol-
ogy suggests that ordered or structured Markov models,
where some character state gains depend on the loss of
others (Tarasov 2019), would be a realistic approxima-
tion to the mode of evolution of colony architecture, and
thus can serve as a model for an evolutionary ontology,
where new architectural states can only arise from the
gain and loss of developmental transition mechanisms.
Alternatively, we hypothesize that the dorsoventral
zooid-stolon angle drives the primary differentiation
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between transversal-like (transversal, whorl, and clus-
ter), oblique, and linear-like (linear and bipinnate) ar-
chitectures could be conceptualized as a continuous
character with a gradual mode of evolution along the
branches.

Here, we (1) collected and sequence eight species of
salps for the first time, (2) inferred the phylogenetic
relationships among salps using the 18S gene through
Maximum Likelihood (ML) and Bayesian approaches,
and (3) reconstructed the evolutionary history of salp
colony architecture using Bayesian ordered Markov
models (OMM:s) and continuous character models.

Materials and methods

Obtaining 18S gene sequences for phylogenetic
analysis

To build a well-resolved molecular phylogeny, we pri-
marily used the 18S gene accession list for salps and
outgroups from Govindarajan et al. (2011) with a few
modifications. First, we suspect that the accession num-
ber HQO015280.1 (uncultured bacterium) is a typo for
HQO015380.1 Pyrosomella verticillata, and thus used the
latter instead. Second, the authors from Govindarajan
et al. (2011) state to have included a sequence for the
ascidian Halocynthia igaboja but the accession number
is not reported, so we searched GenBank and found
accession AY903925.1 for this species, which we used.
Third, we included an additional outgroup 18S se-
quence AJ250778.1 for Ciona intestinalis, which helped
stabilize many nodes. Fourth, we included four new salp
accessions found in Genbank representing the species
Brooksia lacromae, Thalia longicauda, and Salpa younti,
which were not available at the time of the Govindarajan
etal. (2011) study. Finally, we expanded taxon sampling
by collecting tissue samples from understudied (not se-
quenced before) salp species (M. hexagona, I. punc-
tata, Helicosalpa virgula, Helicosalpa younti, Cyclosalpa
bakeri, Cyclosalpa pinnata, and Ritteriella amboinen-
sis) using tissue samples from specimens we collected
while bluewater SCUBA diving (Haddock & Heine
2005) from a small vessel off the coast of Kailua-Kona
(Hawai’i Big Island, 19°42“38.7“ N 156°06715.8” W),
over 2000 m of offshore water. When possible, we sam-
pled a variety of tissues from the zooid, excluding the
gut to avoid contamination from food particles, as well
as the tunic to avoid clogging the DNA extraction
columns. These samples were preserved in ethanol at
room temperature until the point of DNA extraction
in the lab. We included species representing every salp
genus with the exception of Traustedtia. A list of acces-
sion numbers for all the sequences used in this study is
available in Supplementary Table 1.

In order to obtain new 18S sequences from the
tissue samples we collected, we extracted DNA and
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amplified the 18S gene using the following protocol. We
digested the tissue samples with proteinase K at 56°C for
1-2 h after rehydrating them in nuclease-free water for
2 min and used the DNeasy Blood & Tissue kit (Qiagen,
Hilden, Germany) to extract DNA, eluting twice at 56°C
for 10 min to a final volume of 50 ul. Then, we evalu-
ated extraction yields using Qubit 2.0 in the High Sen-
sititvity (HS) range. To reduce Polymerase Chain Re-
action (PCR) inhibition from co-extracted compounds
in salp tissues, we diluted these extracts 1:10 in wa-
ter. This dilution was necessary to successfully per-
form PCR from these materials. We amplified the 18S
gene from these templates using the universal animal
primers designed in Damian-Serrano et al. (2022) 18S
400-420 5 AAC GGC TAC CAC ATC CAA GG 3]
1851651-16755 CCT TGT TAC GACTTT TACTTC
CTCT 3’ For each 20 ul reaction volume, we used 1 ul
of diluted extraction template, 0.5 ul of each primer
(10 uM), 3 ul of BSA (20 pg/ ), 10 ul of 2X PCR Mas-
termix (Thermo Scientific, USA), and 5ul of water. This
higher than usual concentration of Bovine Serum Albu-
min (BSA) was necessary to reduce the inhibitory effect
of coextracted compounds in the extraction template.
The thermal cycles included an initial denaturation at
95°C for 2 min, followed by 30 cycles of denaturation at
95°C for 25 s, annealing at 54°C for 25 s, and elongation
at 72°C for 2 min, followed by final elongation at 72°C
for 10 min. Each batch of reactions included a negative
control using the AE elution buffer used in extraction.
We then visualized the PCR products using gel elec-
trophoresis (1.5-2% agarose gel dyed with SYBR Safe
DNA Stain and purple loading dye) to check for amplifi-
cation. Those PCR products that showed a distinct band
in the gel were then purified using Omega Mag-Bind
magnetic beads or Zymo DNA Clean & Concentrator-5
(Zymo Research) and quantified using a Qubit 2.0 flu-
orometer (Thermo Fisher Scientific, USA).

In order to sequence these purified amplicons, we re-
lied on Sanger sequencing. First, we aliquoted the pu-
rified amplicons into two sets, with the addition of 12
picomoles of forward and reverse primers, respectively.
These samples were sent to the Center for Quantitative
Life Sciences at Oregon State University for sequenc-
ing. The forward and reverse chromatographs of each
sample were trimmed to an error probability limit of
0.05 and assembled de novo them using Geneious Prime
(version 2023.0.4) software.

Phylogenetic inference

We aligned these sequences using MUSCLE 5.1 (Edgar
2004) with default settings. As a sensitivity analy-
sis, we alternatively aligned them with MAFFT 7.419
(Katoh et al. 2009) with default settings. In addition, we
experimented with post-processing these alignments
with GBLOCKS 0.91b (Castresana 2000) with default
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Fig. 3. Maximum Likelihood phylogeny. Nodes labeled with bootstrap support. Unlabeled nodes have bootstrap support of 100. Tip labels in

bold font are new additions from this study.

settings except for allowing half-gap positions (as used
in Govindarajan et al. 2011). The alignment con-
tained every sequence except for C. bakeri specimen
D27-Cbak-B-1, which appeared truncated and non-
comparable after post-processing. GBLOCKS retained
43% of sites when aligning with MUSCLE and 45%
of sites when aligning with MAFFT. To make an
ML inference from these alignments, we used IQTree
1.6.12 (Nguyen et al. 2015) with 1000 bootstrap repli-
cates (Fig. 3). Node support was reported using boot-
strap support (BS). The consensus trees obtained us-

ing the model selected by the best Bayesian Information
Criterion (TIM3e + R5: transition model with equal
base frequency, with five rate categories) and using
GTR + I + Gamma are congruent, regardless of
whether MAFFT or MUSCLE was used for alignment.
However, the consensus trees with GBLOCKS were not
congruent with these trees by several nodes which had
low support, due to many trimmed sequences appear-
ing identical. We suspect that GBLOCKS is removing
critical phylogenetic signal from the data, and there-
fore decided not to use it for downstream analyses.
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All phylogenetic tree files and sequence alignments are
available in the Dryad repository (Damian-Serrano &
Sutherland 2023b).

To infer a Bayesian phylogeny, we used RevBayes
1.0.10 (Hohna et al. 2016) with a GTR + I + Gamma
model on the MUSCLE alignment. The Bayesian topol-
ogy analysis converged across all parameters and the
consensus tree was congruent with the ML trees,
though some shallow nodes (comprising individual
genera which bear very short branches in the ML tree)
were unresolved as polytomies (SM Fig. 1). Node sup-
port was reported using posterior probabilities (PP).
All trees were rooted post-inference using Branchios-
toma floridae (a representative of Cephalochordata) as
the known sister tip to all other taxa based on pub-
lished phylogenomic analyses (Dunn et al. 2008). In or-
der to examine the evolution of traits on the salp species
phylogeny, we built an ultrametric time tree using a re-
laxed molecular clock in RevBayes with uncorrelated
lognormal rates under a GTR + I + Gamma process.
We constrained the topology to be congruent with the
ML consensus tree. The ML tree was used instead of
the Bayesian tree to provide the topology constraint
because the former presents no polytomies. This con-
straint tree was rooted and made ultrametric using the
chronos function in the R package ape 5.6 (Paradis &
Schliep 2019). The resulting time tree (SM Fig. 2) was
subsequently pruned to remove non-salp outgroups
and the undescribed salp species ingroup. Further, we
pruned the tree to retain a single representative of each
species. In the cases where the species appear as pa-
raphyletic, we choose to drop the species duplicates
that maximize branch lengths between species, since we
hypothesize that specimens that are more nested with
another species are more likely to represent hybrids or
misidentifications within the genus.

Mapping salp colony architecture

We hand-collected between one and five specimens of
adult blastozooid colonies from each target species in
1-liter jars via bluewater SCUBA diving (Haddock &
Heine 2005). Within 12 h of collection, we took pho-
tographs of these live colonies using a Nikon DSLR
camera with a 75 mm lens facing downwards on a tri-
pod with the colonies fully submerged in glass dishes
and a ruler for scale. We anesthetized the salp speci-
mens using 0.2% MS-222 prior to photographing them
in order to avoid swimming motion in the dishes.
We coded the colony architecture for each species we
encountered in the field based on our photographs
and observations. In addition, we complemented these
observations with published records such as Madin
(1990) for species we did not encounter, such as Pegea
confoederata, Pegea bicaudata, Thalia democratica,
Thalia orientalis, Thetys vagina, Cyclosalpa floridiana,

A. Damian-Serrano et al.

S. younti, and Salpa thompsoni. In addition to catego-
rizing each architecture as transversal, helical, whorl,
cluster, oblique, linear, or bipinnate; we also measured
the dorsoventral zooid-stolon (zooid oral-aboral axis
to stolon axis) angle. To do so, we photographed salp
colonies from the dorsoventral-normal (normal sensu
perpendicular) homologous plane of observation de-
fined in Damian-Serrano & Sutherland (2023a). Using
these photographs, we measured the zooid-stolon angle
in Image] using the aligned endostyle and gill bar as a
proxy for the zooid oral-aboral angle, and the line con-
necting the opaque guts of serially neighboring zooids
as a proxy for the stolon angle. For species present-
ing cluster, whorl, and bipinnate architectures, we used
the endostyle as a proxy for the ventral parallel of the
zooid axis. We measured at least three zooids per colony
(except for Salpa fusiformis where we could only mea-
sure two zooids) and between one and four individual
colonies per species (see SM Table 2). For Pegea socia,
we used a photograph taken from a specimen collected
off the coast of Newport (Oregon, USA) in February
2022. For S. thompsoni. we used a frame grab of a video
taken from a specimen collected off the coast of Panama
in 2005. For T. democratica. we used an online photo-
graph by David Shale. For T. vagina. we used a frame
grab of an online video taken by Patrick Webster off
Carmel River (California, USA) in September 2014. For
P. bicaudata, we used an online photograph taken by
Ryu Minemizu off the shore of Kiyan-Cape (Japan) in
March 2019.

Phylogenetic comparative methods

We used the Bayesian time tree to reconstruct the
ancestral states of colonial architectures as a categorical
character. The developmental ontology in Damian-
Serrano & Sutherland (2023a) served as the basis for
developing the OMM accounting for the hypothe-
sized homology relationships between architectures,
based on the presence or absence of shared develop-
mental mechanisms and pathways. We performed a
Bayesian ancestral state reconstruction in RevBayes by
constraining the rate matrix to allow only transitions
between states that are adjacent in the developmental
ontology. To do this, we hard-coded the transition
rates between non-adjacent states (e.g., between helical
and linear architectures) to be zero, thus requiring
states changes across developmental pathways to tran-
sition back to a transversal architecture (representing
the loss of specific developmental mechanisms) and
then shift toward a different pathway following the
required order of underlying mechanism gains and
losses. This model estimated 12 rate parameters allow-
ing for asymmetrical rates of gain and loss for each
transition between architecture states. Alternatively,
we repeated this analysis estimating a single rate for all
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transitions, while still constraining non-adjacent tran-
sitions (SM Fig. 4). We used RevBayes for this analysis,
adapting the categorical Markov model ancestral state
reconstruction protocol described in the “morph_ase”
tutorial on the RevBayes website. Alternatively, we
reconstructed the ancestral states using stochastic
mapping with simpler “equal rates” (single rate pa-
rameter for all state transitions with 100 simulations,
SM Fig. 5) and “all rates different” (42 independent
rate parameters with 25 simulations, one for each rate
transition in each direction, SM Fig. 6) models in the R
package phytools (Revell 2012). While a myriad of alter-
native models could be estimated and compared, this
is beyond the scope of this study. All code scripts and
data used for these analyses are available in the Dryad
repository (Damian-Serrano & Sutherland 2023b).

While colonial architecture can be conceptualized
as a categorical trait, some architectures differ from
each other across a gradient in a continuous trait that
drives their structural differences. The dorsoventral
zooid-stolon angle is one such trait, which drives the
streamlining of salp chains. This continuous trait ranges
from one extreme with zooids arranged perpendicu-
larly (90°) to the stem of the colony (transversal, helical,
whorl, and cluster architectures), all the way to linear
chains with zooids arranged in parallel to the stem (as
in the linear chains of Soestia zonaria), with a gradation
of more or less oblique intermediate forms. We recon-
structed the evolutionary history of the dorsoventral
zooid-stolon angle of salp colonies on the Bayesian time
tree using zooid-stolon angle tip values measured from
our photographs, and a Brownian Motion model in the
R package phytools (Revell 2012). We used an ML ances-
tral state reconstruction with 95% confidence intervals
in the R package ape 5.6 (Paradis & Schliep 2019). To
test the sensitivity of our comparative analyses to phy-
logenetic uncertainty, we took the 3001 trees generated
by the Bayesian topology inference, pruned them to re-
move the same tips as in the main time tree, and made
them ultrametric using R ape:: chronos. We ran our con-
tinuous estimates of phylogenetic signals on these trees
to evaluate the effect of topological uncertainty.

We matched the sequences that form the tips of the
molecular phylogeny to the species of the specimens
from which we took the morphological data. In the case
of Pegea, the species we observe oft Hawaii has interme-
diate traits between P. confoederata (blastozooid mor-
phology) and P. socia (0oozooid morphology), possibly
representing either a new species, a hybrid, or pheno-
typic variation within either species. Since we are confi-
dent that this is a Pegea species and that the genus Pegea
is likely monophyletic, the branch length for this spec-
imen should be congruent to that of any other Pegea
species as long as it is the only Pegea species in the tree.

Thus, we mapped the morphological data of these Pegea
specimens to the species tip of P. confoederata on the

phylogeny.

Results
Phylogenetic relationships

The phylogenetic relationships between salp species as
estimated by ML and Bayesian approaches (SM Figs. 1
and 2) were congruent, except relationships between
the Cyclosalpa species C. pinnata, Cyclosalpa polae, Cy-
closalpa quadriluminis, and Cyclosalpa sewelli which
were unresolved as a polytomy. Our trees reveal for the
first time (and with strong support) the position of the
genera Helicosalpa (H. virgula and H. younti) and Met-
calfina (M. hexagona), as well as the species C. pinnata,
C. bakeri, 1. punctata, and R. amboinensis in the salp
phylogeny (Figs. 3 and 4). We report six novel phylo-
genetic relationships for salps, including: (1) that the
linear-chained M. hexagona is sister to all other salp
species; (2) that the genus Helicosalpa is monophyletic
and sister to the genus Cyclosalpa; (3) that the genus Ih-
lea as currently described is polyphyletic, with 1. punc-
tata being sister to the genus Ritteriella and not to Ihlea
racovitzai; (4) that C. pinnata is nested within a clade
of genetically and morphologically similar Cyclosalpa
species including C. polae, C. sewelli, and C. quadrilu-
minis; (5) that C. bakeri is sister to C. floridiana; and (6),
that R. amboinensis is sister to Ritteriella retracta. While
the node that links I. punctata to Ritteriella spp. ap-
pears unstable (BS 63, PP 0.75), none of the alternative
bootstrap topologies place both Ihlea species together
as amonophyletic clade. As previous studies have found
(Tsagkogeorga et al. 2009; Govindarajan et al. 2011), we
did not recover the Salpinae as monophyletic, since Cy-
closalpidae is nested among them.

Contrary to traditional views, Pegea is not the most
distant relative to other salps nor is closely related to
the Thetys-Soestia clade as it appears in the partially
supported nodes in Govindarajan et al. (2011). Pegea
appears to be sister to the clade containing all other
salps excluding Thetys, Soestia, and Metcalfina (BS 79,
PP 0.6). In addition, Thalia is not the closest relative of
Iasis cylindrica (formerly known as Weelia cylindrica)
as indicated in the partially supported node (PP 0.71)
in Govindarajan et al. (2011), but instead, it appears to
be sister to the clade containing all other salps exclud-
ing I. racovitzai, Pegea, Thetys, Soestia, and Metcalfina
(BS 84, PP 0.69). These phylogenetic findings may have
important implications for the evolutionary history of
salp colony architecture.

The main alternative topologies found among boot-
strap replicates comprise alternations of relationships
(1) within Cyclosalpa species with low support; (2) with
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the shifting position of I. racovitzai as sister to Pegea, or
as an outgroup to the clade containing Pegea and Salpa;
(3) alternative relationships where Thalia is sister to 1.
cylindrica, or appears as a closer relative of the clade
containing Salpa and Cyclosalpa than I. cylindrica; and
(4) with the shifting position of I. punctata as sister to
Brooksia instead of Ritteriella. Since both Brooksia and
Ritteriella have a bipinnate colony architecture and are
sister taxa to each other, we predict that the marginal
topological uncertainty around these variants has lit-
tle to no impact on the evolutionary history of colonial
architecture in salps, and therefore it was not incorpo-
rated into the main analyses.

Evolutionary history of salp colony architecture

We used a Bayesian ancestral state reconstruction anal-
ysis of salp colony architecture (coded as a categor-
ical character) using an OMM matrix to reveal the
evolutionary history of this complex trait (Fig. 5). We

find that the most likely state of the most recent com-
mon ancestor of salps is the oblique chain architecture
(PP 0.95), with a marginal PP (0.04) of being linear.
This ancestral oblique architecture is then retained in
Thetys and Thalia. From this ancestral state, we ob-
serve the independent evolution of the linear colony ar-
chitecture in three lineages including M. hexagona, S.
zonaria, and the ancestor of the clade containing Salpa
and Cyclosalpa. This linear architecture is then retained
in the genera Salpa and Iasis. A fourth independent
evolution of linear architecture is partially supported
(PP 0.34) in I. punctata in the scenario where its com-
mon ancestor with Brooksia rostrata is reconstructed as
bipinnate, followed by the secondary loss of the bip-
innate architecture back to a linear form in I. punc-
tata. Thus, the bipinnate architecture has either evolved
twice independently (in B. rostrata and in Ritteriella
spp., with a PP 0f 0.68) or once (PP 0.32) and then lost in
L punctata.
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The dorsoventral zooid rotation mechanism that
gives rise to oblique and linear chains is lost twice inde-
pendently, once in the lineage leading to Pegea spp. (PP
0.95), and again in the lineage leading to the ancestor of
Cyclosalpa and Helicosalpa. From this latter hypotheti-
cally transversal-chained ancestor, the helical architec-
ture evolved once in the lineage leading to the genus He-

licosalpa with the gain of stolon twisting. On the other
hand, its sister lineage evolved the whorl architecture
via the continuous growth mode of developing blasto-
zooids and the development of peduncles, leading to
the common ancestor of the genus Cyclosalpa (PP 0.98).
Several Cyclosalpa species (Cyclosalpa affinis, C. bak-
eri, and C. quadriluminis) retain this whorl architecture,
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while the common ancestor of the subclade containing
C. polae, C. sewelli, and C. pinnata evolved from a whorl
architecture to a cluster form (PP 0.92) through the loss
of attachment between serial neighbors.

The Bayesian OMM reconstruction with a single
rate (SM Fig. 3) was congruent with the 12-rate re-
construction, with even stronger PP support of the re-
constructed ancestral states across nodes. We also re-
constructed this evolutionary history using stochastic
mapping (SIMMAP) with alternative simpler models
such as “equal rates” (SM Fig. 4) and “all rates different”
(SM Fig. 5). These reconstructions are mostly congru-
ent with the OMM reconstruction in Fig. 3, but present
great uncertainty on the ancestral states of deep nodes
of the phylogeny. The “equal rates” model reconstructs
the common ancestor of Helicosalpa and Cyclosalpa as a
whorl architecture, while the “all rates different” model
reconstructs it as a cluster architecture. Both models
had slightly stronger support for a linear state at the
MRCA retained along most lineages with two indepen-
dent gains of oblique colony architecture.

We calculated the phylogenetic signal of the
dorsoventral zooid-stolon angle across salp species
using Blomberg’s K (Blomberg et al. 2003) with the
species’ means and standard errors (accounting for
intraspecific variation) and obtained a significant and
strong signal (K of 1.61, P-value of 0.001), indicat-
ing phylogenetic conservatism (K > 1) of this trait.
This signal ranged between 0.97 and 1.9 across all
bootstrap tree topologies (1st quartile = 1.42, 3rd
quartile = 1.65), indicating it is robust to phylogenetic
uncertainty. We then reconstructed the evolutionary
history of the species’ mean zooid-stolon angle under a
single-rate Brownian Motion (BM) model (Fig. 6). This
reconstruction shows that the MRCA of all salps was
likely either linear or oblique, with two independent
losses of dorsoventral zooid-stolon rotation in Pegea
and Cyclosalpidae (Cyclosalpa and Helicosalpa) respec-
tively, in agreement with the categorical reconstruction.
Moreover, this continuous trait approach shows that
dorsoventral zooid-stolon angles in the oblique range
evolved thrice, with the bipinnate B. rostrata presenting
wider angles than T. vagina (a species traditionally
considered oblique), the latter presenting a 40.49°
angle that approaches the 40° threshold of linearity.
Finally, this reconstruction also shows that linearity has
evolved at least three (assuming a linear MRCA) or four
(assuming an oblique MRCA) times independently, in
agreement with the findings from the categorical OMM
reconstruction.

Discussion

Salp colonies present a striking diversity of three-
dimensional architectures that is unique among colo-

A. Damian-Serrano et al.

nial organisms. The evolutionary history of these archi-
tectures has eluded scientists for decades due to a lack
of a comparative characterization of architectural vari-
ation and a lack of phylogenetic taxon sampling. Here
we present a phylogenetic tree for salps including sev-
eral novel sequences that have led to the resolution of
formerly ambiguous nodes, as well as the discovery of
the phylogenetic relationships of understudied yet crit-
ical lineages of salps. In addition, we leveraged this phy-
logeny as well as a recently published developmental
ontology of colonial architectures and new measure-
ments of zooid orientations to reconstruct the elusive
evolutionary history of the striking architectural diver-
sity among salp colonies.

In the absence of reliable means to empirically recon-
struct this evolutionary history, researchers have gener-
ated some hypotheses based on colonial development
and complexity. Transversal architectures are develop-
mentally basal as the initial primordial state of newly
budded blastozooids (Damian-Serrano & Sutherland
2023a). This developmentally simple state was hypoth-
esized to be the ancestral state of colonial architec-
ture in the MRCA of salps (Madin 1974). Therefore,
species that retain a transversal architecture through
adulthood have been hypothesized to be the sister taxon
of all other salps (Madin 1990), where species with
more developmentally derived architectures (such as
linear chains) shared more recent common ancestry
and such architectures as a synapomorphy. Moreover,
species with colonial architectures that lack dorsoven-
tral zooid-stolon rotation such as whorls and clusters
were hypothesized to be closer relatives of those with
transversal architectures (Madin 1974; Govindarajan
etal. 2011).

Our results show that the salp sister taxon to all
other salps (M. hexagona) presents a linear architec-
ture and that transversal forms like Pegea are nested
among oblique and linear forms. Moreover, we find
that transversal-like forms (helical chains, whorls, and
clusters) are not closely related to transversal forms
and have evolved independently. Our ancestral recon-
structions using both continuous and categorical char-
acters further support that the developmental invari-
ance in the colony architecture of Pegea is derived, not
ancestral, marked by a loss of ancestral zooid rota-
tion mechanisms. Our findings overturn the hypoth-
esis that transversal forms are less derived but cast a
complex picture of the evolutionary history of linearity.
While the dorsoventral zooid-stolon rotation mecha-
nism (shared by oblique and transversal forms) respon-
sible for linearity is present in the MRCA, accentu-
ations in the degree of linearity (from likely oblique
ancestors) have been gained several times indepen-
dently, partially supporting the hypothesis that linear
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Fig. 6. Continuous reconstruction of dorsoventral zooid-stolon angle evolution with BM. Black lines indicate the average ancestral states, while
faint blue lines represent the 95% confidence intervals from an ML ancestral state reconstruction.

forms are derived. These findings profoundly change
the paradigm of salp evolution. These findings are con-
tingent on the phylogenetic position of Thalia and
Pegea in the tree. While the support values in our
tree are moderately robust, further efforts in phylo-
genetic reconstruction using larger genomic datasets
may reveal alternate topologies that could alter these
conclusions.

In Damian-Serrano & Sutherland (2023a), the
bipinnate architecture is described as a derived state
following the development of an intermediary linear
architecture. This is congruent with the dorsoventral

zooid-stolon angle measurements we recorded for Rit-
teriella spp. However, our quantitative measurements
for this angle for Brooksia show that while this taxon
does present dorsoventral zooid rotation in its early de-
velopment, it does not undergo a full transition to lin-
ear before rotating and flaring its zooids into a bipin-
nate position. This represents an exception to the ontol-
ogy that suggests that the developmental mechanisms
that give rise to each architecture operate independently
of each other. As more salp diversity is uncovered and
characterized, we expect to find more of these novel
combinations of architectural traits.
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We hypothesize that the simpler “equal rates” and
“all rates different” models fail to reconstruct realistic
ancestral states since they assume it is equally likely
to transition between developmentally adjacent states
(such as oblique to linear) as it is to transition from
one terminally derived architecture to another (such as
linear to cluster), without requiring intermediate steps
of gain and loss of dorsoventral zooid-stolon rotation
or asynchronous zooid development with peduncles.
These developmental mechanisms can also be modeled
asindependent characters, which we hypothesize would
yield very similar results as our ordered rate matrix re-
construction. This is because modifying the aggrega-
tion of characters is equivalent to modifying the aggre-
gation of rates (Tarasov 2019). Furthermore, while we
aggregated all linear colonial architectures as the same
(hypothetically homologous) state, we hypothesize that
the multiple independent origins of this architecture
may have different developmental underpinnings. Fur-
ther research comparing the detailed anatomy of zooid-
zooid connections across Metcalfina, Soestia, lasis, Ihlea
and Salpa colonies may be able to assess their homology.

Since the true model of evolution is unknown, we
considered an alternative continuous model in addition
to a categorical ordered Markov process and an equal
rates stochastic mapping. To explore a gradual evolu-
tion approach, we used a BM model that would capture
the gradual variation in zooid angles observed among
species with oblique and linear chains. This model was
congruent with the ancestral reconstruction conclu-
sions drawn from the categorical approach. While it
was unable to distinguish between transversal, helical,
whorl, and cluster forms; it did provide more detailed
insights into the phylogenetic distribution of “linear-
ity” across oblique, bipinnate, and linear colonies. For
example, this continuous comparative analysis revealed
that some bipinnate chains (such as B. rostrata) are in
fact less linear than traditionally oblique species (such
as T. vagina).

The evolutionary history of salp colony architecture
generates hypotheses on the functionality of the differ-
ent colonial forms. Salp colonies move in the water col-
umn as a single animal through coordinated multi-jet
propulsion that emerges from the sum of pulsatile jets
of each zooid’s excurrent siphon (Sutherland & Weihs
2017). The differential arrangement of blastozooids in a
colony will likely affect the orientation of the propulsive
jets to each other and to the overall colony motion axis.
In Damian-Serrano & Sutherland (2023a), we hypoth-
esized that different architectures would differ in how
cross-sectional area scales with the number and size of
propeller zooids, as a function of its motion-orthogonal
frontal drag. Moreover, we hypothesized that the an-
gle of excurrent jets relative to the motion axis will

A. Damian-Serrano et al.

depend on colony architecture and impact the thrust-
to-torque ratio. These hydrodynamic properties may
determine the propulsive efficiency of different archi-
tectures. Linear chains are hypothesized to present the
most efficient hydrodynamic properties (Bone & True-
man 1983). Natural selection may favor architectural
variants with greater propulsive efficiency in response
to pressures such as predation, habitat patchiness, and
vertical migration behavior. Our results suggest that lin-
ear chain architecture has re-evolved several times in-
dependently, more often than any other architecture.
This is congruent with a scenario where linear archi-
tecture is favored across multiple ecological contexts.
However, our results also indicate that linear architec-
tures (or near-linear oblique architectures) may be an-
cestral, indicating that the set of traits required for high
locomotory performance was lost multiple times with
the evolution of transversal, helical, whorl, and clus-
ter forms. Many of these species are not long-distance
vertical migrators (Madin et al. 1996), which may lead
to reduced selective pressure on hydrodynamic effi-
ciency, allowing for the evolution of alternative config-
urations of zooids. However, the ecological advantages
conferred by these other architectures (if any) remain
unknown.

In the past decade, salps have attracted the atten-
tion of oceanographers given their role as consumers
of microbial and primary production in pelagic ecosys-
tems (Henschke et al. 2016). Salp fecal pellets are re-
sponsible for a large fraction of the biological carbon
pump (Décima et al. 2023) that exports large quantities
of phytoplankton-fixed carbon fixed into deep waters.
However, most studies remain focused on a few species
(typically within Salpa and Thalia) while the bulk of
salp biodiversity remains understudied. This phylogeny
will help biologists contextualize knowledge from dif-
ferent salp species from an evolutionary perspective.
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