








Figure 7: Images of formalin fixed juvenile Physalia physalis zooids, images obtained by optical projection
tomography. Images are different views of the same specimen. Scale bar is 2mm. The 3D image was seg-
mented and false-colored to highlight tripartite groups. The un-segmented image is shown below. Green-
gastrozooid; Dark blue- tentacular palpon; Yellow- developing gonodendron. A. Tripartite group with de-
veloping tentacular palpon, gonodendron and gastrozooid. B. Two sets of developing tripartite groups at
different developmental stages are highlighted, while others are visible but not segmented.

11

.CC-BY-NC 4.0 International licensea
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 

The copyright holder for this preprint (which was notthis version posted May 27, 2019. ; https://doi.org/10.1101/645465doi: bioRxiv preprint 



Figure 8: Schematic of the lifecycle of the Portuguese man of war. The mature Physalia physalis is pictured
floating on the ocean surface, while early development is thought to occur at an unknown depth below the
ocean surface. The gonodendra is thought to be released from the colony when mature. The egg and planula
larva stage have not been observed. The egg and planula drawings are from a Nanomia bijuga lifecycle
schematic drawn by Freya Goetz, wikimedia commons.

immediately to the capture of prey, and begin writhing and opening their mouths52. Many gastrozooids
attach themselves to the prey – upwards of 50 gastrozooids have been observed to completely cover a 10cm
fish with their mouths spread out across the surface of the fish16. The gastrozooids release proteolytic
enzymes to digest the fish extracellularly, and are also responsible for intracellular digestion of particulate
matter22,53. The digested food products are released into the main gastric cavity for uptake by the rest of
the colony22,53. While P. physalis is a voracious predator of fish, it is predated upon by sea turtles54,55, and
Glaucus atlanticus and Glaucus marginatus, species of nudibranch that store intact Physalia nematocysts
and redeploy them for their own defense56–58. A number of juvenile fish live commensally with Physalia and
are found near the gastrozooids and gonodendra, however one species, Nomeus gronovii, has been observed
to swim among and feed upon the tentacles30,59. Nomeus gronovii is significantly more tolerant of Physalia
venom than other species, but can nevertheless be killed by P. physalis26,60.

Conclusions

Physalia physalis differs significantly from all other siphonophores in terms of its habitat, development, body
plan, and colonial organization. The radical modification of the colony body plan is likely associated with a
transition from a planktonic to pleustonic lifestyle. Using photographs, specimens and new volumetric imag-
ing methods to create 3D reconstructions, we were able to clarify aspects of P. physalis colony organization
in juvenile specimens, and also early development in larval specimens. The study underscores the value of
fixed specimen collections – all of the developing specimens used in this study were collected in the 1970s
and 1980s, and it was still nevertheless possible to 3D image these colonies using fluorescent stains. Optical
projection tomography is particularly useful for imaging these complex, highly branching structures, and we
are able to use these images to build upon the existing knowledge about the development, morphology and
colony organization of this species. In particular, larval and juvenile specimens were key for this work, be-
cause growth and secondary budding in mature specimens makes it significantly more difficult to understand
the order and pattern of growth.
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Many open questions remain about this species, however. While Totton was able to observe gonodendra that
are more mature than those examined in this study, fully mature gonodendra with mature eggs or sperm
have not been described yet. Mature gonodendra are hypothesized to be released into the water column,
however there is no data on the depth ranges that the gonodendra occupy. Additionally, there is also no
information about the depth at which any of the early developmental stages can be found, nor their ecology.
While there is abundant data on the occurrence and location of P. physalis, particularly beached specimens,
there is frequently little recorded information about the size of the colony, and it is not clear if there is
seasonality to their reproduction. Most of our experiences of the Portuguese man of war are close to shore,
where news stories warn of purple flags, vicious stings, and ruined beach days, however we still know almost
nothing about their behavior, ecology, and lifecycle out in the open ocean.

Methods

Collecting and fixing

Juvenile specimens, defined as colonies with float length 8-10cm and immature developing gonodendra, were
collected from locations along the exposed Gulf coast of Galveston Island, TX in March 2016 and February
2017, from East Beach (Lat. Lon. 29.328090, -94.737542) to east of Galveston Island State park (Lat. Lon.
29.195358, -94.948335). Information on when to collect large numbers of P. physalis was obtained from
sightings submitted to the citizen science website Jelly Watch (www.jellywatch.org). Juvenile specimens
were collected alive fresh from the surf, and transferred directly to the lab for examination and fixation
in 4% formalin in seawater after relaxation in 7.5% MgCl2 hexahydrate in distilled water, mixed 1/3 with
seawater. Physical vouchers are deposited at the Peabody Museum of Natural History (Yale University),
New Haven, CT (exemplar specimens YPM 103765, YPM 103766). Developing specimens were obtained
from the collections of Philip R. Pugh, and are now deposited at the Peabody Museum of Natural History
(Yale University). These specimens were collected in various locations in the Atlantic Ocean during research
expeditions in 1972, 1973 and 1983. Two additional vials of developing specimens were kindly provided by
Dr. Pugh, however no collection information is available. Details of the collected specimens are provided in
table 1.

Image capture and processing

Optical Projection Tomography (OPT) was used as a tool to collect serial images for three-dimensional
reconstruction of fixed P. physalis tissue. Before imaging, formalin fixed specimens were washed 2x quickly
in cold phosphate buffered saline (PBS), 3x PBS (5 min) and placed in 1:1000 4’,6-diamidino-2-phenylindole
(DAPI) and PBS overnight to fluorescently stain nuclei. Samples were then washed in PBS twice (5 min)
and embedded in 2.5% Ultra Low Melting Point Agarose (Invitrogen, 16520-050) within a syringe cylinder.
Agarose cylinders, containing the embedded tissue, were dehydrated into methanol (25% MeOH/H2O, 50%
MeOH/H2O, 75% MeOH/H2O for 4hs each step, and 100% MeOH overnight). Specimens were optically
cleared using benzyl alcohol-benzyl benzoate (BABB) (MeOH/BABB (1:1) 1h, BABB overnight). Specimens
were then imaged on a custom built optical projection tomography system in the Optical Imaging & Vital
Microscopy Core, Baylor College of Medicine, Houston TX, with a camera pixel size of 6.7um, an image pixel
size of 8.75um, and a round scanning trajectory. OPT images were reconstructed using NRecon software
(Bruker microCT, v. 1.3). The files were subsequently resampled for segmentation and volume rendering
by removing every other slice and also by scaling the images by half. The 3D reconstructions were created
and segmented using Amira Software (ThermoScientific v. 5.3.3). Raw fluorescent images are included in
supplementary information (Figs. S1, S2, S3, S4).
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Table 1: Collection information for larval developing Portuguese man of war specimens used in this study
Date of collection Latitude, Longitude Depth (m) Expedition information Catalog number
18 February 1972 22.80555556, -22.55277778 0 RRS Discovery 7800 YPM 105036
22 February 1972 17.93888889, -24.88611111 0 RRS Discovery 7803 #13 YPM 105035
1 March 1973 32.00277778, -34.38055556 0 RRS Discovery 8270 YPM 105037
1 August 1983 13.31861111, -56.01861111 NA BWP 1093-15 PPP106 YPM 105038
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