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o Abstract

71 The open ocean is a vast, highly connected environment, and the organisms found there have
72 been hypothesized to represent massive, well-mixed populations. Of these, the Portuguese
73 man-o’-war (Physalia) is uniquely suited to dispersal, sailing the ocean surface with a muscu-
74 lar crest. We tested the hypothesis of a single, panmictic Physalia population by sequencing
75 133 genomes, and found five distinct lineages, with multiple lines of evidence showing strong
76 reproductive isolation despite range overlap. We then scored thousands of citizen-science pho-
77 tos and identified four recognizable morphologies linked to these lineages. Within lineages, we
78 detected regionally endemic subpopulations, connected by winds and currents, and identified
79 individual long-distance dispersal events. We find that, even in these sailing species, genetic
so variation is highly partitioned geographically across the open ocean.

s Summary

82 The open ocean is a vast and highly connected environment. The organisms that live there
83 have a significant capacity for dispersal and few geographic boundaries to separate populations.
sa  Of these, the Portuguese man-o’~war or bluebottle (genus Physalia) is uniquely suited to long-
&5 distance travel, using its gas-filled float and muscular crest to catch the wind and sail the sea
s surface. Physalia are distributed across the globe, and like many pelagic organisms, have been
87 hypothesized to represent a massive, well-mixed population that extends across ocean basins.
83  We tested this hypothesis by sequencing whole genomes of 133 samples collected from waters
s of over a dozen countries around the globe. Our results revealed five distinct lineages, with
o0 multiple lines of evidence indicating strong reproductive isolation, despite regions of range
o1 overlap. We combined these data with an independent dataset of thousands of images of
o2 Physalia uploaded to the citizen-science website inaturalist.org, which we scored for mor-
o3 phological characters including sail size, tentacle arrangement, and color. From these images,
o« we identified four recognizable morphologies, described their geographical distribution, and
o5 linked them to four of the lineages identified with genomic data. We conclude there are at
o6 least four species, three of which correspond to species proposed by scientists in the 18th and
o7 19th centuries: P. physalis, P utriculus, and P. megalista, along with one as yet unnamed
o8 species Physalia sp. from the Tasman Sea. Within each species, we observe significant pop-
90 ulation structure, with evidence of persistent subpopulations at a regional scale, as well as
10 evidence for individual long-distance dispersal events. Our findings indicate that, instead of
101 one well-mixed, cosmopolitan species, there are in fact multiple Physalia species with distinct
102 but overlapping ranges, each made up of regionally endemic subpopulations that are connected
103 by major ocean currents and wind patterns.
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. Main text

105 Introduction

10s  The open ocean has few geographic barriers that might limit connectivity (7). The organisms
17 that live there often have strong dispersal potential (2) and massive effective population sizes
ws (&), contributing to the assumption that populations are predominantly well-mixed, even at a
100 global scale. However, a series of recent studies have found evidence for population structure
uo in the open ocean, despite the absence of geographic barriers (4—6). Those studies challenge
1 expectations of uninterrupted gene flow and bolster claims that open-ocean diversity has rou-
112 tinely been underestimated (7).

us  Studies of oceanic population structure have largely focused on benthic and planktonic species
14 (either holoplanktonic or planktonic in the larval stage), meaning far less is known about
us populations that live at or near the ocean surface (8), collectively termed neuston (9). The
16 surface ecosystem represents a unique biological environment, and the physical processes at
uz play at the air-water interface (e.g. winds, surface currents) have distinct potential to mediate
us dispersal (10). At the same time, the ocean surface ecosystem is imperiled by plastics and
ne pollutants that aggregate there, as well as by efforts to clean pollutants at a large scale (11).
120 A common but unproven justification for potentially destructive clean-up efforts is that there
121 is relatively little diversity at the ocean surface, and the organisms present there have robust
122 population sizes (12). It is urgent that we evaluate this claim by examining genetic diversity
123 at the surface to build informed strategies moving forward (13).

124 Bluebottles or Portuguese man-o’-war, cnidarians in the genus Physalia, present a compelling
15 test case for exploring open-ocean population structure. They are among the few invertebrates
126 to utilize wind-powered movement, sailing the ocean surface with a muscular crest, and they
17 are the largest to do so, making them particularly capable of long-distance dispersal. There
128 is only one species of Physalia currently recognized, with a hypothesized population that ex-
129 tends across the Atlantic, Indian, Pacific, and Southern Oceans (1/-16). However, a recent
130 study, analyzing marker genes from samples around New Zealand, found preliminary evidence
131 of substantial genetic variation, even within a relatively small geographic area (17). An anal-
132 ysis of genomic variation in Physalia therefore represents a prime test for the existence of a
133 globally panmictic population, targeting a widespread taxon with a significant capacity for
134 long-distance dispersal (18).

135 Physalia populations are potentially influenced by the dynamics both at and below the ocean
36 surface. Reproduction occurs below the surface, as reproductive structures (gonodendra) sep-
137 arate from the main body, sink, and release gametes into the water column (19). Following
138 fertilization, juvenile Physalia return to the surface using specialized gas-producing tissues
130 to inflate their nascent float (20). Growth occurs through the addition of asexually-budded,
1o clonal bodies (called zooids) that remain integrated to one another through shared nervous
141 and gastric systems, similar to a colony of coral, but in Physalia these bodies perform spe-
12 cialized functions (e.g., reproduction, prey capture, digestion) (14). Mature Physalia colonies
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13 are key predators within the neuston assemblage (21), extending their tentacles up to tens of
s meters into the water column to kill and retrieve fish (22). They additionally serve as prey
1s  within the neuston (9, 23) and shoreline ecosystems (24), since onshore winds can blow these
us colonies onto beaches, often in large numbers (25, 26). Given their potent sting, near-shore
147 arrivals present a medical risk to humans and affect tourism via beach closures. These impacts
us create an additional need to understand the factors influencing their dispersal and distribution

s (27-29).

150 Variation in colony size is associated with ocean region (e.g., Atlantic specimens are typi-
151 cally the largest). Two alternative hypotheses can explain this pattern (14, 16): [1] the large
152 Physalia in certain parts of the world represent the oldest colonies — ones that sailed in from
153 elsewhere, or [2] there are distinct populations in different regions that reach different sizes
154 at maturity. New technologies make it possible to distinguish between these hypotheses, in-
155 cluding increased efficiency of next-generation sequencing that has made it feasible to collect
156 genomic data despite their large genome size (estimated at 2-3Gb (30)). In addition, partic-
157 ipatory science on the internet has generated thousands of images of Physalia from beaches
155 and waters around the world (Fig. 1B). In this study, we evaluate the population structure
159 and diversity of Physalia by evaluating two independent datasets of Physalia diversity: [1]
10 whole genome sequencing of 133 specimens, and [2] morphological data from more than 4,000
161 images submitted via participatory science to the natural history website inaturalist.org.
162 We test for evidence of multiple species associated with distinct morphologies, describe their
163 ranges and distributions, and analyze the spatiotemporal dynamics within each lineage.

1« Results
165 Reference genome

166 We generated a new genome assembly for Physalia from a specimen collected in Texas, USA in
167 2017. This assembly, along with its alternate haplotype counterpart, has high contiguity (N50
s of 10.4 and 4.6 megabases, see Table S1) and high BUSCO completeness scores (89.7% and 86.9%,
160 Table S2). The length of the primary and alternate assemblies are 3.33 and 2.69 gigabases
170 (Gb) respectively, and like other siphonophores (81), the Physalia genome is characterized
i1 by a substantial fraction of repeat sequences (~65%). To assess genome size variation, we
12 used a k-mer analysis to estimate the genome size of 11 specimens that were sequenced to an
173 coverage >20x of a 3.3Gb genome. This analysis estimated that genome sizes vary between
174 1.5 and 2.0 Gb (Fig. S1), indicating a potentially inflated number of repeat sequences in the
175 reference assembly (note however that these estimates are significantly smaller than previous
176 estimates based on flow cytometry that estimated the size as 3.2 Gb (30)). To account for this
177 in all downstream analyses we used only reads mapped to non-repeat regions of the primary
178 assembly. In addition to the genome assembly, we also generated a new transcriptome using
1o full-length ¢cDNA generated with PacBio Iso-Seq on an additional specimen of P. physalis,
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180 collected in Florida in 2023. We tested the robustness of our results to reference assembly by
181 repeating analyses over both the genome and transcriptome assemblies.

182 Distinct clusters

183 1o test hypotheses about Physalia diversity and population structure, our team collected >350
184 specimens, the majority of which were deposited at the Yale Peabody Museum (Fig 1, and see
155 supplementary text). We sequenced the genomes of 133 samples, 123 of which were identified
186 as high quality datasets, and performed a principal component analysis (PCA). Results show
157 samples are divided into five clusters along the first two principal components of genomic
188 variation (Fig. 1C, S2). These five clusters are labeled as A, B1, B2, C1, and C2, given the
180 adjacency of the latter pairs to one another along principal components. We repeated the
1o PCA including the ten sequenced samples found to be of moderate (rather than high) quality,
191 and observed the same five clusters (Fig. S3). We also repeated the analysis mapping reads
12 to the Iso-Seq transcriptome reference, and observed the same results (Fig. S4), indicating
13 that population genomic studies similar to those presented here may not require reference
104  genomes.
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Figure 1: Anatomy, distribution, and genomic variation of Physalia. A, Physalia colonies
comprise a muscular sail attached to a gas-filled float which maintains the mature
animal at the surface of the water. Colony bodies (zooids), including those special-
ized for feeding (gastrozooids), prey capture (palpons with tentacles), and reproduc-
tion (gonozooids) are added to the float via asexual reproduction at growth zones.
Tentacles drape below the float to trap, sting, and retrieve fish using batteries of
stinging capsules contained in tentilla. Photos of Physalia sp. C2, specimens YPM
1Z 111236 (main), YPM IZ 111237 (growth zone), and YPM IZ 111240 (tentacle).
B, Physalia are observed throughout the world, as shown by observations posted to
inaturalist.org (red). Samples for genomic analysis (blue) were collected by an
international collaboration of scientists. C, The first three principal components of
genomic variation reveal five clusters labeled A, B1, B2, C1, and C2.

Genomic differentiation

The geographic distribution of the five clusters shows that at least two were observed across
multiple ocean basins (Fig. 2A): cluster B1 was found in the S. Atlantic, S. Indian, and S.
and N. Pacific; cluster C1 was found on both sides of the S. Indian and S. Pacific oceans. By
contrast, cluster A was observed only in the N. Atlantic, B2 on the northernmost sampling
locations on both sides of the N. Pacific, and C2 only in New Zealand and Tasmania. We
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201 evaluated genomic differentiation by calculating the reciprocal fixation index (Fst), averaged
202 across non-repeat windows. Average Fst values range from 0.29 between B1 and B2, to 0.64
203 between A and C1, suggesting little genetic exchange between any pair of clusters (Fig. 2B,
24 see Fig. S5 for range across genomic windows). Estimates of nucleotide diversity, pi, indicate
205 that cluster A has the lowest overall diversity and clusters B1 and C2 have the highest (Fig.
2006 S6), consistent with estimates of individual heterozygosity (Fig. S1B).

207 We tested the monophyly and phylogenetic relationships of these genomic clusters using two
208 approaches. First, we assembled mitochondrial genomes for each sample and inferred a mito-
200 chondrial tree. For this analysis, we combined the mitogenomes generated in this study with
210 all publicly available Physalia mitogenomes, and included all publicly available mitogenomes
ann - of the closely related genus Rhizophysa as an outgroup. The most likely tree shows clusters
212 are monophyletic, with relatively little sequence variation within clusters (Fig. 2C). Clusters
213 B1 and B2 were found to be sister to one another with high bootstrap support, and the clade
2 of B14+B2 sister to cluster A. Support values were lower (bootstrap of 82) for the relationships
215 at the base of the Physalia phylogeny.

a6 Second, we estimated the phylogeny from a dataset of 800k high-quality SNPs, using the
217 coalescent-based software SVDQuartets. A phylogeny of all specimens confirmed the reciprocal
215 monophyly of the five lineages (Fig. S7). We examined the relationships between lineages by
219 estimating a tree with individuals assigned to their respective clusters. Our results indicated a
20 split between the clade (C1, C2), and the clade of (A and B1+B2) (Fig. S7C). Support values
221 for both partitions in this unrooted tree showed unanimous support (bootstrap of 100).

222 We used a shared ancestry analysis to understand how genetic variants are partitioned across
23 these lineages. The results favored five ancestry groups, corresponding to the five clusters
24 above, and showed little evidence of mixture between groups (Fig. 2D, see Table S2 for
25 D-statistics indicating no significant signatures of introgression). Repeating this analysis in-
226 cluding the ten samples of moderate quality returned the same general results (Fig. S3), with
227 the exception of three moderate-quality specimens of C2 that showed a minor proportion of
28 mixture with C1 (Fig. S3). Repeating analyses using the reference transcriptome returned
29 the same results (Fig. S4).

230 Several studies have generated data on individual genetic markers from Physalia (17, 32—
231 35). In order to place those data in the context of our findings, we inferred individual trees
22 for four loci: mitochondrial CO1 and 16S, and nuclear ITS and 18S (Fig. S8-S11). We
233 combined publicly available sequences from the National Center for Biotechnology Information
24 (NCBI) with assembled marker sequences from our specimens, inferred using in silico PCR as
235 implemented in our custom software sharkmer. This tool uses PCR primer sequences to seed a
236 de Bruijn graph assembly of raw sequencing reads. These results furthered our understanding
237 of Physalia diversity in the following ways: [1] a specimen reported from the Sargasso Sea
28 (N. Atlantic) extended the predicted range of B1; [2] a specimen reported from Pakistan (N.
230 Indian) extended the predicted range of B2; [3] using the internally transcribed spacer gene
20 ITS, we were able to assign three clans, described in New Zealand (17), to clusters we describe
21 here: clan 1 = cluster C2, clan 2 = cluster B1, clan 3 = cluster C1; however, using COI we
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22 found an incongruent result for the identity of clan 3. Without further information we cannot
23 determine whether this result may be due to a potential exchange of mitochondrial sequences
224 between clusters C1 and C2 in New Zealand.
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Figure 2: Multiple lines of evidence indicate reproductive isolation between lineages. A, The
distribution of the five clusters from Fig. 1 shows some lineages span multiple ocean
basins (e.g., B1, C1) and others are restricted to smaller areas (e.g., C2 observed in
New Zealand and Tasmania). Labels indicate cluster present at collecting site. B,
Reciprocal fixation index ( F'st) averaged across non-repeat genomic windows indicate
high levels of reproductive isolation between all lineages, with the weakest between
B1 and B2. C, Phylogenetic analysis of 141 mitochondrial genomes shows reciprocal
monophyly of lineages. Bootstrap values are shown at internal Physalia nodes. D,
Shared ancestry analysis of 123 samples recovers five lineages with little evidence of
mixture.

proportion

25 Morphology-based analysis

26 We tested for the evidence of distinct morphologies of Physalia by analyzing a dataset of images
27 of Physalia uploaded to the citizen-science website inaturalist.org. While most of these
23 images are of beached specimens, many aspects of the gross morphology are often preserved
20 and identifiable. We scored the following characters (Fig. 3A): the height and length of the sail
250 relative to the float; the color of the sail apex and the colony bodies (primarily gastrozooids);
21 the arrangement of principal tentacles (defined as those with dense aggregations of tentilla);
252 and the visible presence of a gap between the posterior and main zone of the colony. We
253 scored characters on a dataset of 4,047 images, selected to include multiple images from all
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254 represented countries and time zones, with additional images scored for locations hypothesized
255 to have increased diversity (e.g., New Zealand (17)). To ensure reproducibility of scoring, we
256 had three independent observers score the same set of 100 images.

27 From these images, we identified four distinct morphologies (Fig. 3A-C). These were defined
258 by describing a series of rules for positive identification based on suites of characters (Fig. S12),
250 excluding images of poor quality or of specimens scored as having juvenile characteristics (e.g.,
20 globular float, few zooids). These rules constitute a strict definition for a high-confidence
261 observation of each type; for example, images were positively identified as the P. physalis
22 morphology if they had reddish feeding bodies, multiple major tentacles, and a sail that is
263 as tall as the float and extends nearly to the anterior end. While individual specimens of P.
264 physalis may deviate from these characters (e.g., if the sail is not raised), the rules were designed
265 to minimize overlap between morphologies and allow for high-confidence identifications.

266 Three of the morphologies we identified are congruent with species proposed by scientists
267 centuries ago (16). P. physalis was named by Linneaus in 1758 based on specimens from
s the Atlantic that had large sails and multiple major tentacles (Fig. 3A). P. utriculus was
260 named by Gmelin (1788) (36), based on illustrations by La Martiniere (1787) (37) of a Pacific
270 specimen collected on the Lapérouse expedition that had a single major tentacle, yellow-tipped
on1 gastrozooids, and a flared posterior growth zone. P. megalista was named and illustrated by
272 Lesueur and Petit (1807) (38) from specimens from the Southern Ocean that had an short
273 sail and a sinuously postured float. Each of these species was synonymized with P. physalis in
o later centuries (14, 16, 89, 40); our results indicate these synonymies to have been incorrect.

o5 We linked these morphotypes to clusters identified through genome sequencing by analyzing
276 the morphology of specimens we had analyzed genetically, using images taken upon collection,
277 when available, as well as the morphology of fixed specimens (Fig. 3D, see supplementary text
27s  for specimen photos). Our results confirm that cluster A corresponds to P. physalis, B1 to P.
a9 utriculus, C1 to P. megalista, and C2 to P. sp. Cluster B2 could not be assigned given that
230 no images of specimens were taken upon collection; analysis of the morphology of the single
281 available fixed specimen suggested a general similarity to specimens of B1, P. utriculus.

232 Based on the assignment of morphotypes to clusters, we re-examined the distribution of the
283 lineages using positively identified images (Fig. 3C). We found that cluster A, P. physalis was
23 observed in the N. Atlantic, consistent with genomic findings, as well as the SW. Atlantic; B1,
285 P. wtriculus was found throughout the Pacific, Indian, as well as the SW. Atlantic and Gulf of
286 Mexico; Cl, P. megalista was found in the Southern edges of the Pacific, Indian, as well as the
287 SW. Atlantic; and C2, P. sp. was found in New Zealand, Tasmania, as well as E. Australia.

10


https://doi.org/10.1101/2024.07.10.602499
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.10.602499; this version posted July 11, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

crest:float length . ™ . e 0
A, T B representative c positively identified D genomic
crest inaturalist images inaturalist observations cluster
color | ——— | i
| ME—— assignment

float:crest height
g
D

—
@

.
’i‘?' ) X =
o o c
i ad .
‘.. 5 . ﬂ
- i z
feeding g
body t— :‘“ >
color
)
P. physalis
tentacle
arrangemem
- v fy
\ L4 o
% &, T \?: =
aap / . S et . ° @
.
between L . X 4 Y
colon . . % »
zonesy -~ . } : = 'f“ E
L 4
P._utriculus
@l
c
(7]
—~
()
=
. i (@)
> % ..: * 2 3 —
L]
.

Physalia sp.

Figure 3: Distinct morphologies are detectable in citizen science images. A, Morphological
traits such as aspects of size, color, and tentacle number were scored for thousands
of images on inaturalist.org. From these, four morphologies were identified, three
of which correspond to historically proposed species (38). B, Representative photos
of each morphology from iNaturalist, image credits listed below. C, Ranges of
positively identified iNaturalist records for each morphology, using a rule-based
analysis of morphological traits. D, Morphologies were assigned to a genomic cluster
by scoring the same traits of genomic specimens. Cluster B2 could not be definitively
assigned due to lack of images and fixed material.
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238 Geographic population structure

289 Given these animals can move with wind and currents, and combined with the evidence of
200 distributions extended across ocean basins, we tested for evidence of long-distance dispersal
201 and subpopulation structure by performing PCA on genomic variation within each of the
202 four species: P. physalis, P. utriculus, P. megalista, and P. sp. C2. For P. utriculus we
203 repeated this analysis both including and excluding cluster B2 (Fig. S13). Within species,
24 samples are largely grouped by geographic region (Fig. 4), and not by date of collection
205 (Fig. S14). The observation of a strong geographic signature, persistent even at sites with
26 collection events over the span of multiple years, suggests that Physalia subpopulations largely
207 stay in the same region over time. The extent of these geographic regions appears linked by
208 major ocean currents; for example P. physalis specimens from Florida, Bermuda, and New
200 England are highly similar, without substructure corresponding to collection sites, indicating
so0 these samples are part of a subpopulation aligned with the Gulf Stream current system (Fig.
s 4A) E).

32 We observed several individual exceptions to the pattern of persistent regional subpopulations
03 within the dataset, indicating individuals can disperse over long distances (Fig. 4, STA). In
s4  P. physalis, two of the samples collected in Bermuda showed an E. Atlantic subpopulation
305  signature, and one sample in the Azores had a W. Atlantic signature, suggesting dispersal
36 events in both directions across the N. Atlantic. In P. utriculus, one sample collected in
307 Hawai’i showed a genomic signature associated with samples collected in Guam and Japan,
s08  suggesting an individual eastward dispersal event across the N. Pacific. In P. megalista, one
300 sample collected in E. Australia had an Indian Ocean signature, suggesting dispersal across
310 ocean basins.

s We also tested the strength of differentiation between subpopulations within species. Using a
sz k-means clustering analysis, we identified two subpopulations within P. physalis, three in P.
si3 wtriculus, and two each in P. megalista and P. sp. C2 (Fig. S15). Lineage B2 was treated
314 as a single cluster, given limited sampling. Genomic differentiation between subpopulations
a5 (calculated as average Fst) was small (<0.05), with the exception of the division within P.
sie  megalista (average Fst of 0.103, Fig. S16), a division also reflected in the mitochondrial and
s1i7 nuclear phylogenetic results (Fig. 2C, STA), suggestive of a barrier to gene flow within P.
sis megalista. We also examined genomic differentiation between specimens from different species
s10  that shared the same sampling region (Fig. S17), and confirmed that genomic differentiation
»0 is equivalent for groups of specimens regardless of co-occurence (e.g., P. utriculus and P.
;21 megalista that both occur in the SW. Pacific, average F'st value of 0.459).
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32 Discussion

323 This study, targeting an organism capable of long distance dispersal via ocean currents and
324 winds, suggests that panmictic, cosmopolitan populations are the exception, and not the rule,
325 for marine invertebrates. Our results show multiple lines of evidence that there are at least
326 four species of Physalia, each composed of regionally endemic subpopulations. These lines of
327 evidence include high genomic differentiation (measured as average reciprocal Fst), reciprocal
328 monophyly of mitochondrial and nuclear phylogenies, clear morphological differentiation, and
320 consistent mapping between genomic and morphological groupings. The four species we iden-
330 tify have distinct but overlapping ranges: Physalia physalis from the Atlantic; P. utriculus,
331 present throughout the Pacific, Indian, and into the SW Atlantic; P. megalista, present in the
332 southern portion of the Pacific, Indian, and Atlantic, and P. sp. C2, present in the Tasman
313 Sea. We also find evidence to suggest a potential fifth species (cluster B2), but the absence
s3¢  of morphological data for sequenced specimens, combined with the relatively lower Fst value
335 and phylogenetic proximity to P. utriculus, precludes its designation at this time.

;36 Within species we observe genomic signatures endemic to specific regions, which are persistent
337 over multiple years of sampling. In the case of P. utriculus in Hawai’i, we collected reproduc-
338 tively mature adults (e.g., YPM IZ 110777), juveniles collected before surfacing (e.g. YPM 17
330 110881, YPM 1Z 110882, YPM 1Z 110883, collected at ~6 meters depth), and a range of sizes
s0 in between (see supplementary text), and observed that they shared the same subpopulation
s signature, suggesting reproduction happens in situ. Regional genomic signatures are robust
32 despite our observation of five individual specimens with incongruent genomic and geographi-
343 cal signatures that suggest cross-regional dispersal events. Subpopulation boundaries appear
a4 to be defined by patterns of winds and currents, as demonstrated by the close genetic affinity
us  of samples collected at sites adjacent to the Gulf Stream (Texas, Florida, Bermuda, and New
s England).

37 The southern hemisphere, and in particular the southwest regions of ocean basins, consistently
us  represent centers of Physalia diversity: three species are found in the SW. Pacific (P. utriculus,
s P. megalista, and P. sp. C2), two species in the S. Indian Ocean (P. utriculus and P. megalista),
50 and three species in the SW. Atlantic (P. physalis, P. utriculus, and P. megalista). In no case,
51 do we observe evidence of gene flow between species at the sites of range overlap (Fig. S17).
352 Furthermore, the phylogenetic relationships between species suggest that diversification may
353 have originated from the Pacific Ocean. The most recent species division is between P. physalis
s« and P. utriculus, potentially as the ancestral population of these lineages came to occupy the
355 Atlantic Ocean. In addition, we observe moderate genomic differentiation between clusters
56 Bl and B2 in the N. Pacific (ave. Fst of 0.29, Fig. 2), and between subpopulations of P.
357 megalista in the Pacific and Indian Oceans (ave. Fst of 0.12, Fig. S16), both suggesting
358 population structure due to potential ecological or geographic divides within species.

359 This study builds on the work and observations of sailors, swimmers, and scientists over
0 the course of centuries. As early as the 18th century, hypotheses about multiple species
ss1  emerged, based on reports from global voyages (16). Among these are three of the species we
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62 observed, P. physalis, utriculus, and megalista. These species were not “cryptic”; they were
363 proposed, debated, and ultimately rejected over the course of 250 years. Our results vindicate
364 their original descriptions, showing clear and strong support for distinct species matching
365 the original illustrations. The central challenge faced by taxonomists in past centuries was
s66  that there was no way to simultaneously observe live or recently beached Physalia across its
37 huge range, and key characteristics like posture, color, and behavior are lost during fixation.
s These results underscore the power of participatory science and social media to provide an
360 unprecedented lens on biodiversity.

30 Conflicting expectations and observations of the number of planktonic species have spawned
s multiple discourses in the literature (e.g., “the paradox of the plankton” (48) and its companion,
sz “the inverted paradox of the plankton” (44)). Here we demonstrate that, in the case of Physalia,
s73  there is more diversity than previously assumed (four species instead of one), and that the open
st ocean ecosystem might indeed have high evolutionary potential (4). Across the open ocean
375 we observe substantial geographic partitioning of genetic variation, evidence for reproductive
a6 isolation events that have resulted in strong barriers to reproduction, as well as events that
s77 - suggest isolation may be currently underway (e.g. clusters B1 and B2), and in the case of P. sp.
s C2, we report a previously undescribed species that represents a single-sea endemic. Future
379 research into the physical, environmental, and biological processes that generate and maintain
ss0  this genetic variation will be crucial in recalibrating our expectations towards open-ocean
381 biodiversity.
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= Data and materials availability

a7 Sequence data for genome assembly (PacBio reads and 10X Genomics Chromium linked-reads)
ars are available at the National Center for Biotechnology Information (NCBI) Bioproject PR~
a9 JNAT35958, and the principal and haplotype assembly sequences are available at NCBI Bio-
a0 project PRINA1040906. Full-length, non-chimeric PacBio Iso-Seq RNA data are available at
41 BioProject PRIJINA1126252. Illumina sequence data for specimens intended for population
42 genomic analysis are available at Bioproject PRJNA1092115. Sequence alignment and phylo-
483 genetic tree files, along with all code used to analyze data to reproduce the figures shown here
84 (Snakemake workflows and Rmarkdown files) are available at https://github.com/shchurch/
a5 Physalia_ population_ genomics, commit 7a2adac. Specimens collected for this study are de-
486 posited at the Yale Peabody Museum, with the exception of specimens deposited at the New
7 Zealand National Institute for Water and Atmospheric Research (NIWA) Invertebrate Col-
a8 lection, and those loaned by the Western Australian Museum, Tasmanian Museum and Art
a9 Gallery, and the Field Museum of Natural History. Specimen catalog numbers listed in sup-
200 plementary text: specimen collection information.

1 Materials and Methods

w2 Sample collection and DNA extraction

203 Physalia specimens were collected by a global collaboration of scientists. Full sampling details
204 and required permit information can be found in the supplementary text: specimen collection
205 information. The majority of specimens were collected after they washed ashore, using appro-
106 priate safety protocols to avoid stings. A few specimens were collected directly from the water,
a7 either sampling from a boat or while diving (for juvenile specimens that hadn’t yet surfaced).
a8 Specimens were preserved in >70% ethanol, when available, and stored at room temperature,
a9 with the exception of two samples collected from Hawai’i that were stored in DNAshield, and
so0  several samples from the Eastern United States that were flash-frozen.

so0  When possible, whole specimens were collected and shipped to the Yale Peabody Museum,
sz Invertebrate Zoology Division (YPM 1Z). All sequenced specimens were photographed, and
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503 images are shown in the supplementary text. Additional specimens were loaned from the
soe  Western Australia Museum, the Tasmanian Museum and Art Gallery, and the Field Museum
sos in Chicago.

sos  High molecular weight DNA for genome sequencing and assembly was extracted from a flash-
so7  frozen specimen, YPM IZ 110876, collected in Texas, USA in 2017. Extractions were performed
so8 following the protocol described by Chen and Dellaporta, 1994 (45), with modifications. In this
s00  protocol, tissue was homogenized under liquid nitrogen and extracted with 5 mL of a urea-based
sio  extraction buffer for 15 minutes at 65 degrees C. Three 25:24:1 phenol:chloroform:isoamyl-
sii alcohol (P:C:I) extractions were performed, each allowed to rock for 5 minutes before centrifu-
sz gation. The P:C:I extractions were followed up with extraction with one volume of chloroform
513 prior to precipitation with isopropanol. Extracted DNA and RNA was resuspended in 100 ul
sie. TrissEDTA buffer, analyzed by gel electrophoresis, then brought to a volume of 400 L and
si5 subjected to RNase treatment with 3 yL. RNase I and 2 uL. of RNAse Cocktail Enzyme Mix for
si6 60 minutes at 37 degrees C. The RNA-free DNA was then brought to 500 pl with 5M NaCl and
si7 - extracted with 400 pl P:C:1. The aqueous phase was removed and 400 pL of 5M NaCl, 500 mM
sis EDTA, 10 mM Tris was added to the P:C:I for back extraction. The back-extracted aqueous
519 phase was combined with the first aqueous phase and 0.3 volumes of 100% ethanol was added
520 to precipitate polysaccharides, pelleted at 17,000 x G. DNA was precipitated with 1.7 volumes
s21 of 100% ethanol, pelleted, and washed with 70% ethanol and resuspended in Tris-EDTA. The
s2»  purified DNA was examined by pulse-field gel electrophoresis and showed a strong band at
53 >98Kkb.

s« RNA for transcriptome sequencing was extracted from a flash-frozen specimen, YPM 17 110436,
s25  collected in Florida, USA in 2023. Tissue was homogenized using a mortar and pestle chilled
56 to -80 degrees C, and RNA was extracted using the RNAqueous Total RNA Isolation Kit
527 following manufacturers instructions and including a lithium-chloride precipitation step. RNA
58 was processed for library preparation and PacBio Iso-Seq sequencing by the Keck Microarray
520 Shared Resource at Yale University. Delivered reads were clustered with the PacBio isoseq
s30 cluster2 command, version 1.0.1. These were then further deduplicated with treeinform (46)
531 as implemented in the code available at https://github.com/dunnlab/isoseq, commit 7a2adac.
ss2 This tool implements a phylogenetically informed refinement of the transcriptome to remove
533 species-specific variants, by building gene trees from the target transcriptome (here Physalia)
s and gene predictions for related species (here 23 species, including 10 cnidarians). Clades with
535 short total branch length and that contain only sequences from the target species are collapsed
s3  to the longest sequence.

537 For samples intended for population genomic analysis, tentacle pieces were dissected from
s3s  whole specimens and stored in 95% ethanol prior to DNA extraction for genome sequencing.
539 DNA extractions were performed using the EZNA Mollusk kit following manufacturers instruc-
s tions and an overnight digestion, with the exception of several samples from Japan, Guam, and
sa1 Texas that were extracted using the urea-based phenol-chloroform protocol described above, as
s22 well as one sample from the Gulf of California, extracted at Monterey Bay Aquarium Research
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sa3  Institute with the DNeasy DNA Blood and Tissue kit (Qiagen), following manufacturer’s in-
sa¢  structions. Whole genome DNA was processed for library preparation and sequencing by the
ss5 Yale Center for Genome Analysis.

ssc Genome assembly

sa7 - Eight Single-Molecule Real-Time (SMRT') sequencing cells of PacBio HiFi data were assembled
sss with canu, v. 2.2 (-pacbio-hifi option) (47-49), with the estimated genome size parameter
sa0  set to three gigabases. HiFi reads were mapped to this assembly with minimap2, v. 2.22-r1101
50 (50), to determine the appropriate cutoffs for purging duplicated contigs. These were removed
ss1 using purge_haplotigs, v. 1.1.2 (low, medium, and high cutoffs set at 5x, 40x, and 200x
ss2 respectively) (51), and overlapping contig ends were clipped with the same program. The
553 parameters for purge_haplotigs were modified to avoid memory limitation (-I was set to
ssa 1G, —p was dropped, and -N was set to 1000).

ss5 A foreign contamination screen (FCS, via the National Center for Biotechnology Information,
ss6  NCBI) was performed on both the purged and haplotype assemblies, using the tool provided
ss7 for GenBank submissions which detected and removed one adapter sequence. We used the tool
sss  LongStitch, v. v1.0.4 (52), to scaffold both the purged (primary) and haplotype (alternate)
ss  assemblies. Scaffolding was performed first using the eight HiFi cells used for assembly and
seo the ntLink-arks functionality, and then using a dataset of 225 gigabases of linked-read data
so1 sequenced with 10XGenomics Chromium sequencing, interleaved with LongRanger (provided
ss2 by 10X Genomics). The FCS was repeated on this assembly and detected no further foreign
563 contaminants.

s6¢+  Repeat regions were detected and masked with RepeatModeler and RepeatMasker, v. 4.1.5
s (53), to build a general feature format (gff) file, used to exclude repeats from downstream
ss6 analyses. BUSCO, v 5.4.4 (54), and BBMap stats.sh were used to evaluate final assemblies.
se7 Genome assembly is made publicly available at NCBI, BioProject number PRJNA1040906.

s  Genome mapping

s60  Paired-end genome sequencing targeting a read length of 150 base pairs was performed for 145
s libraries using an Illumina NovaSeq at the Yale Center for Genome Analysis. Full details on
s quality control, mapping statistics, and final library parameters are available in the GitHub
s document  https://github.com/shchurch/Physalia_ population_genomics/manuscript__files/
s3 quality__control.html. Briefly, sequencing depth range varied across samples from a target
s of 10-60x genome size. These 145 samples included two replicate libraries, generated from
55 repeated DNA extractions from the same specimens. In addition, from sequenced libraries
576 we generated two technical replicates by randomly splitting read files. These replicates were
s77 used to evaluate reproducibility and were excluded from the main analyses presented in this
s7s - work.
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s7o Overall sequence quality (e.g. GC content, adapter content) was evaluated using FastQC, v.
ss0 0.11.9. Reads were trimmed for Illumina adapters using Trimmomatic, v. 0.39 (55). Poten-
ss1 tial human, bacterial, and viral DNA contamination was evaluated using Kraken2, v. 2.1.2
ss2 (56), standard database. Additional cross-species contamination was evaluated using in sil-
ss3 ico PCR of the ribosomal 18S gene from genomic reads, and comparing results to publicly
ss¢ available datasets with a basic local alignment search tool, BLAST. Potential kinship or cross-
sss  contamination between Physalia samples was evaluated by calculating the kinship-based infer-
sss ence for genomes (KING-robust) relatedness score on reads mapped to the assembled genome
ss7 using PLINK2, v. 2.00a5LM (57), calculated only using SNPs within Hardy-Weinberg equilib-
sss  rium (p-value <le-7), and excluding those with missing alleles >0.1 or a minor allele frequency
ss9 >0.01).

soo  Based on the results of the quality control analyses, six samples were identified as contaminated
so0 and an additional four samples were identified as replicated sampling events from a single
sz specimen (e.g. multiple tentacle tips taken from the same animal in the field). These samples
s03  were excluded from downstream analyses, such that the final dataset, excluding technical and
so4 biological replicates, consisted of 133 samples. Of those, 123 were marked as high quality
sos  based on overall sequencing depth, read quality, and proportion of missing sites. Analyses
so6  were performed on a strict dataset of only high-quality samples, and repeated on the full
so7  dataset of high- and moderate-quality samples.

s Reads were mapped to the reference genome using BWA, v. 0.7.17-r1188 (58). Mapped reads
so9  were sorted, deduplicated, and indexed using picard, v. 2.25.6. Alleles were called using
00 BCFtools, v. 1.16, mpileup (59). To test the robustness of downstream analyses to reference
61 assembly, reads were mapped to the independent transcriptome assembly, using only R1 reads
602 as single-end data.

e03 Genome size estimates

s We estimated the genome size for 19 specimens sequenced to >20x coverage, estimated against
65 a genome size of 3.3 Gb. Genome size, repeat content, and heterozygosity were estimated
s0s using GenomeScope, v. 2.0 (60) and jellyfish, v. 2.2.3 (61). GenomeScope was run on the
607 combined set of R1 and R2 reads, trimmed to remove Illumina adapters as described above.
s08 Size estimates were discarded for eight samples with a maximum model fit <95% or when the
600 fitted model failed to follow the curve coverage histogram.

s Phylogenetics

611 Mitochondrial genomes were assembled from a subset of ten million trimmed reads for each
12 sample, using the software GetOrganelle, v. 1.7.7.0 (62), using the animal_mt database
613 and default parameters. GetOrganelle failed to circularize the assemblies, in line with
14 the expected linear mitochondrial genomes in siphonophores (31); the resulting top path
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615 assembly was used as the final linear genome. Assembled sequences were combined with
616 publicly available mitochondrial assemblies for Physalia and their outgroup Rhizophysa
617 from NCBI, accession numbers: 0Q957220, KT809328, LN901209, KT809335, NC_ 080942,
s1is. NC_ 080941, OQ957206, OQ957199. Mitochondrial genomes were aligned using MAFFT, v.
10 7.505, ——adjustdirectionaccurately option (63). A mitochondrial phylogeny was inferred
20 using IQtree2, v. 2.2.6 (64), model autoselected (65) and 1,000 ultrafast bootstraps (66),
621 with Rhizophysa selected as the outgroup.

62 Individual marker sequences were assembled from raw reads using in silico PCR as im-
623 plemented in sharkmer (available at https://github.com/caseywdunn/sharkmer, commit
s c43cfc2). Four markers were selected to infer individual gene trees: mitochondrial cy-
625 tochrome oxidase I (CO1), mitochondrial large ribosomal subunit 16S, nuclear ribosomal
s26 internal transcribed spacer (ITS), as well as small nuclear ribosomal subunit 18S. These
627 markers were combined with all publicly available Physalia and Rhizophysa sequences for the
e8 same genes, from NCBI. Sequences were aligned with MAFFT, and gene trees inferred with
620 IQtree2, as described above.

630 A phylogeny of single nucleotide polymorphisms (SNPs) was assembled using SVDquartets,
631 as implemented in PAUP*  v. 4.0a (67). SNPs were selected based on the following filters:
6322 minimum Phred quality of 40, minimum and maximum depth of 2x and 99x respectively,
633 maximum proportion of missing data of 25%, minimum distance between SNPs set to 100
63¢ base pairs, excluding sites with only alternative alleles called, and only selecting bi-allelic SNPs.
635 The final dataset contained 839,510 SNPs. SVDquartets was used to infer a phylogeny of all
636 specimens without population-level information, and a phylogeny with specimens assigned to
637 populations based on results of the principal component and shared ancestry analyses. For
638 the latter, support was evaluated using 100 bootstraps.

30 Principal components analysis

0 Principal component analysis (PCA) was performed on estimated genotype likelihoods, calcu-
a1 lated using ANGSD, v. 0.935 (68), on reads mapped to a random sample of 100,000 non-repeat
62 genomic regions, each larger than 1,000 base pairs. Sites were included based on the follow-
643 ing filters: p-value of variability below le-6, minimum Phred quality score of 40, minimum
64« and maximum depth of 2x and 99x respectively, and present in a minimum of 92 individuals
s (75% of 123 samples). PCA and ancestry analyses were performed using PCANGSD, v. 1.21
o6 (09), —admix-alpha set to 50 and allowing the software to choose the optimal number of
647 components.

sss PCA and shared ancestry analyses were repeated on the full subset of samples, using a min-
0 imum of 100 samples (75% of 133 samples), as well as with reads mapped to the reference
650 transcriptome. PCA was also performed within each lineage detected in this study. Subpopu-
651 lations were classified using k-means clustering of the resultant covariance matrices, with the
652 optimal number of clusters chosen using an elbow plot of eigenvalues.
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3 Population statistics

s« Populations genomic statistics (pi, Dzy, and Fst) were calculated using pixy, v. 1.2.7 (70),
655 on a dataset of alleles filtered with the following metrics: minimum Phred quality score of
656 40, minimum and maximum depth of 2x and 99x respectively, maximum missingness of 25%.
657 Statistics were calculated on a random sample of 100,000 non-repeat genomic regions, each
s larger than 1,000 base pairs, and summary statistics were averaged over these regions. Statis-
650 tics were calculated between lineages as assigned using PCA and ancestry analyses; between
660 subpopulations, as defined using PCA and ancestry within species; and between lineage +
661 sampling location combinations.

2 D-statistics were calculated using Dsuite, v. 0.5 r57 (71), the Dquartets function on the same
663 dataset of filtered alleles. Populations were defined using the results of the shared ancestry
664 analysis on 133 high and moderate quality samples. Significant signatures of introgression
665 were defined as having a Z-score >2 and a p-value <0.05.

sss Morphological scoring of images

667 ID numbers for ~11,000 research-grade photos of Physalia were downloaded from
668 inaturalist.org in October, 2023. Of these, a subset of 4,047 images were scored,
660 selected to include multiple images from all represented countries and time zones, as well as
70 to maximize representation in areas hypothesized to have increased diversity (specifically New
o1 Zealand, South Africa, and Brazil). Images were categorized based on quality and perspective
2 on the animal (e.g., ventral, dorsal, or lateral), and were scored for the following traits:

673 o sail height, binned into four categories: as tall as float, >1/3 the height of float, <1/3

674 the height of float, or flush with float / no visible height

675 o length of float anterior to the end of the sail, binned as <1/4 sail length, >1/4 and <3/4
676 sail length, and >3/4 sail length

677 e presence of pink or purple coloration on the sail

678 o presence of yellow or reddish coloration on gastrozooids

679 e clear, glassy float coloration

680 o arrangement of principal fishing tentacles (defined as having tentilla tightly packed),
681 categorized as having one central tentacle, two central tentacles, or many

682 o presence of a gap between the central (main) and posterior colony zone of zooids

683 ¢ juvenile morphology, defined as having a globular float with one or no major tentacles,
684 no sail height, and few zooids.

65 Hach trait was only scored when visible, therefore absence of a score is not evidence of trait
sss absence. Images were scored in batches by three different researchers (SHC, RBA, and NA).
ss7 'To ensure consistency, researchers independently scored the same set of 100 randomly sampled
688 photos, and compared results to bring qualitative assignments into alignment. Images classified
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680 as being of poor quality, taken from a ventral perspective, or of a juvenile specimen as defined
s0 above, were excluded from downstream analyses.

601 Four morphological types were identified from scored images in combination with descriptions
62 and diagrams of historically hypothesized species. Rules for assigning images to one of these
e03 four morphologies were established based on combinations of characters, see Fig. S12. Given
s« the potential plasticity of the traits in question (e.g., color, size), no single trait was considered
eos diagnostic. Genomic clusters were associated with these morphologies by scoring the same
696 traits on the specimens processed for genomic analyses.

e7  When image assignments extended the known range of a genomically defined lineage, these
608 images were independently rescored by two researchers. If there was any discrepancy in the
609 resulting scores for a trait relative to the morphological assignment, the image was excluded
700 from the rule-based analysis.
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