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ABSTRACT

How deep-sea fauna evolved is a question still being
investigated. One of the most accepted theories is
that shallow water organisms migrated to deeper
waters and gave origin to the deep-sea communities.
However, many organisms are prevented from
performing long vertical migrations by the increasing
hydrostatic pressure. Tadpole larvae of the ascidian
Polyandrocarpa zorritensis were submitted to
pressure treatments of 1, 50, 100 and 200 atm.
Survival, settlement and metamorphosis rates were
verified after 24 hour incubation in a pressure
chamber. The majority of larvae settled (84%,
62%, 83% and 77% respectively) and successfully
underwent metamorphosis (93%, 59%, 85% and
60%) in all pressure treatments. Larval mortality
was of less than 15% in all treatments, except for the
50 atm treatment, which presented 38% mortality.
Nearly 100% of the surviving larvae underwent
metamorphosis in the treatments of 1, 50 and 100
atm. However, 1/3 of the individuals were still
in their larval stages in the 200 atm treatment and
presented delayed development. These data suggest
that ascidian larvae can withstand the hydrostatic
pressure levels found in the deep-sea. It is therefore
feasible that the current abyssal ascidian species
may have colonized the deep-sea through vertical
migration and in only a few generations.

Descriptors: Deep-sea, Pressure, Tolerance, Ascidian
larvae, Polyandrocarpa zorritensis.

http://dx.doi.org/10.1590/S1679-87592015100606304

ResumMmo

Dentre as teorias mais aceitas de como surgiu a
fauna de oceano profundo esta a de que organismos
de 4guas rasas migraram para dguas mais profundas
e la especiaram até originarem as comunidades de
mar profundo atuais. No entanto, muitos organismos
sdo impedidos de fazer longas migragdes verticais
por conta do aumento da pressdo hidrostatica.
Larvas da ascidia Polyandrocarpa zorritensis foram
submetidas a pressoes de 1, 50, 100 e 200 atm. Taxas
de sobrevivéncia, assentamento e metamorfose foram
avaliadas apds incubagao de 24 horas em uma camara
de pressdo. A maioria das larvas assentou (84%,
62%, 83% e 77%, respectivamente) e completou
a metamorfose (93%, 59%, 85% e 60%) em todas
as pressoes. A mortalidade ficou abaixo de 15%
para todas as pressdes, com exce¢do do tratamento
de 50 atm, em que a mortalidade ficou em 38%.
Quase 100% das larvas sobreviventes completaram
a metamorfose nos tratamentos de 1, 50 e 100 atm.
No entanto, para o tratamento de 200 atm, 1/3 dos
individuos ainda estavam no desenvolvimento
larval e apresentaram um desenvolvimento atrasado.
Esses resultados sugerem que larvas de ascidia
podem suportar valores de pressao hidrostatica
que sdo encontrados no oceano profundo. Portanto,
¢ provavel que as atuais espécies de ascidias de
oceano profundo podem té-lo colonizado por meio
de migragoes verticais em algumas geragdes.

Descritores: Oceano profundo, Pressio, Tolerdncia,
Larva de ascidia, Polyandrocarpa zorritensis.
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Whether the deep-sea fauna sprang from ancestors
within the deep-sea or instead from multiple invasions
of shallow water species is a question that has yet to be
answered (TYLER; YOUNG, 1992; TYLER; YOUNG,
1998; BROWN; THATIJE, 2014). Factors affecting the
successful colonization of deeper waters are mainly
physical, including advection to suitable areas and
temperature and pressure tolerances (SMITH; THATIJE,
2012). An invasion of the deep-sea likely occurred when
the water column was less stratified, allowing longer
vertical migrations to take place (MENZIES et al.,
1973; HESSLER; WILSON, 1983). For that scenario,
the temperature could have been similar to either the
cold conditions currently found in higher latitudes or the
reported warm conditions during the Paleocene-Eocene
Thermal Maximum approximately 55 million years ago
(TRIPATI; ELDERFIELD, 2005) and found today in the
Mediterranean sea.

Increased pressure can be deleterious to various
early stages in the life cycle of many neritic and shallow
water (i. e., depths lower than 200 m) inhabitants
(PRADILLON, 2012), such as described for the oocytes
of the polychaete Chaetopterus sp. (SALMON, 1975)
and also for the embryos of the sea urchin Psammechinus
miliaris (AQUINO-SOUZA et al., 2008). However, some
early dispersal stages from shallow water organisms are
known to withstand high pressure and have been reported
as possible deep-sea colonizers, such as is the case of
the Atlantic asteroids Asterias rubens and Marthasterias
glacialis (VILLALOBOS et al., 2006), the Antarctic sea
urchin Sterechinus neumayeri (TYLER et al., 2000) and
the gastropods Crepidula fornicata (MESTRE et al.,
2013) and Buccinum undatum (SMITH; THATIE, 2012).
Furthermore, it has been documented that both shallow-
and deep-water populations of the sea urchin Echinus
acutus present embryonic and larval pressure tolerances in
agreement with those required for a current invasion of the
deep-sea by this species (TYLER; YOUNG, 1998). Some
species of adapted shallow water organisms therefore
have the potential to invade the deep-sea through larval
migration and dispersal.

For a shallow-water organism invasion to be
successful, the larvae of such organisms must then
metamorphose under high pressure. While this ability
has been detected in some echinoderms and gastropods,
it has never been observed in other taxa. We chose a
chordate as a model organism for the investigation of

potential deep-sea invasion as they can be very diverse

and abundant in the deep-sea (MONNIOT, 1998; MECHO
et al., 2014). Ascidians are good test organisms because
they comprise a group easily bred in captivity and have
a brief lecithotrophic larval stage (SVANE; YOUNG,
1989), as well as wide horizontal distribution across the
oceans. We investigated the capability of larvae of the
compound ascidian Polyandrocarpa zorritensis (VAN
NAME, 1931) (Tunicata: Styelidae) to develop normally
and successfully metamorphose while withstanding high
hydrostatic pressure. We also tested for the occurrence of
possible delays in the development of larvae exposed to
different pressure levels.

Colonies of the non-native temperate ascidian brooder
Polyandrocarpa zorritensis were collected in the intertidal
zone at the Fort Pierce Marina in Florida, USA (ca. 27°
27° N and 80° 19 W) during summer. Specimens were
transferred to the laboratory and maintained in a holding
tank at 23°C with flow-through seawater. Release of
brooded larvae was induced by exposing adult colonies
to bright sunlight (WATANABE; LAMBERT, 1973;
VAZQUEZ; YOUNG, 1998). Swimming tadpoles were
collected and placed in beakers at the same temperature
as the holding tank that contained the adult colonies.
Ten tadpoles of P. zorritensis were then incubated in 10
mL plastic scintillation vials containing 0.2 um filtered
seawater and kept at a density of 1 tadpole mL-1. One
set of four replicate experiments was placed in one of
four different stainless steel pressure vessels at 1 (control
pressure), 50, 100 and 200 atm, simulating the pressure
found at depths of 0, 500, 1,000 and 2,000 m, respectively.
Temperature was kept stable at 23°C. After 24 hours of
incubation, the mortality, settlement and metamorphosis
of tadpoles were observed and analyzed. The development
of tadpoles was classified in five different stages using tail
resorption as a proxy for metamorphosis (HADFIELD
et al., 2001); these categories were not metamorphosed
(early tadpole, stage T), 25% tail resorption (stage A),
50% (stage B), 75% (stage C) and fully metamorphosed
without any vestiges of the tail (juvenile, stage J). The
proportions of successful metamorphosis, settlement,
mortality and developmental stage attained were assessed
through contingency tables for each pressure treatment.
Pearson’s Chi-squared test was performed to check the
statistical significance among these proportions.

Brooded larvae of Polyandrocarpa zorritensis were
released soon after light stimuli. The majority of larvae
settled and underwent metamorphosis in all pressure

treatments during the 24 h incubation period (Table 1). No
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significant difference was found in the number of ascidian
larvae that successfully achieved settlement under the tested
pressures of 1, 50, 100 and 200 atm (y*> = 6.65; d.f. = 3; p
=0.083). The highest level of mortality was observed at 50
atm (y* = 14.60; d.f. = 3; p = 0.0022), with a mean value
of 38%. The mortality rate remained below 15% for the 1,
100 and 200 atm pressure vials and no significant statistical
difference related to mortality was found among them.

Table 1. Metamorphosis, settlement and mortality rates
for Polyandrocarpa zorritensis larvae incubated at four
different pressure levels.

Pressure level Successful Settlement  Mortality
(atm) metamorphosis

1 0.93+0.15 0.84+0.17 0.08+0.15
50 0.59+0.10 0.62+0.12 0.38+0.12
100 0.85+0.13 0.83+0.12 0.15+0.13
200 0.60+0.17 0.77+0.28 0.08+0.11

Nearly all the individuals had completed metamorphosis
(Stage J) after 24 h for the pressures of 1, 50 and 100 atm.
However, 33% of the individuals were still in their larval
development under the 200 atm treatment (Figure 1).
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Figure 1. Frequencies of different ontogenetic stages attained by live
Polyandrocarpa zorritensis individuals after incubation at 1, 50, 100
and 200 atm for 24 hours. Stages are T - early tadpole; A - 25% tail
resorption; B - 50% tail resorption; C - 75% tail resorption; and J -
complete tail resorption, juvenile.

Many shallow water adult organisms are known to
cope with increasing levels of hydrostatic pressure, such
as in palaemonid shrimps (OLIPHANT et al., 2010)
and hermit crabs (THATJE et al., 2010). However,

that number decreases significantly when the tested
organisms are still undergoing larval development
(MESTRE et al., 2009). Our results show that the larvae
of Polyandrocarpa zorritensis were resilient to increased
pressure and metamorphosed successfully under such
conditions (Table 1, Figure 1). It is expected that intense
hydrostatic pressure could negatively affect survival rates
of ascidian larvae given the substantial physiological
change that occurs at metamorphosis, such as the rotation
of organs, the expansion, elongation or reciprocation of
ampullae (CLONEY, 1978) and significant cell and tissue
differentiation (DAVIDSON; SWALLA, 2002). CLONEY
(1971) also reports that the tadpoles of the aplousobranch
ascidian Distaplia occidentalis fail to contract the caudal
epidermis at pressures above 400 atm.

However, pressure seemed to have no influence on
the survival of tadpoles in this experiment. Most of the P.
zorritensis larvae settled and metamorphosed successfully
at all the pressures examined (Figure 1). Mortality was
low, especially at 200 atm which was equivalent to
that of control pressure treatment (Table 1). Overall,
the experiments demonstrated that ascidian larvae are
capable of developing normally under pressure conditions
found at 2,000 m. While the development was normal
at this pressure, one third of the individuals had still not
undergone metamorphosis after 24 h incubation (Figure
1). This suggests that the time for development may be
slightly longer for individuals at pressures > 200 atm.

Ascidian larvae are known to behave either by actively
swimming or by passively drifting (YOUNG, 1986;
ZEGA et al., 2006) and perform daily vertical migrations
(VAZQUEZ; YOUNG, 1996). It has been shown that the
average swimming speed of the tadpoles of eleven ascidian
species is 1.0 cm s (BERRILL, 1931), which would
account for a migration of 864 m daily if the larvae swam
constantly in only one direction. MCHENRY and PATEK
(2004) created a model to estimate the swimming speed of
ascidian tadpoles based on trunk radius, trunk volume and
tail length. Using the dimensions of a P. zorritensis tadpole,
approximately 0.25 mm for the trunk radius, 0.065 mm3
for trunk volume and 1.3 mm for tail length, the estimated
speed is of 4.0 mm s7!; this would account for a migration
of 350 m daily. Along with other ascidian species, P.
zorritensis is known to occur in the North Atlantic and
in the Mediterranean (BRUNETTI; MASTROTARO,
2004), sites that are known to aid in deepwater formation
(PICKART et al., 2003). Thermohaline circulation could
therefore aid large-scale vertical migrations. Considering
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that larval development for ascidians may range between
1 and 10 days (KANARY et al., 2011), it is possible that
ascidian larvae could have colonized the deep-sea in a very
few generations, especially if the development is delayed
as shown by our results. Therefore, it is feasible that some
of the 124 known abyssal ascidian species (MONNIOT
et al., 1976; LAMBERT, 2005) could have colonized the
deep-sea through migration. Temperature is not expected
to act as a barrier, as P. zorritensis and other ascidians (e.g.,
Styela clava, Didemnum vexillum) are known to withstand
both temperature fluctuations of more than 20°C and low
winter temperatures (BRUNETTI, 1978-79; LAMBERT;
LAMBERT, 1998; 2003).

Our results suggest that the larvae of the ascidian P
zorritensis are capable of tolerating pressure variations
that prevent many organisms from migrating deep into
the ocean. Furthermore, the duration of the tadpole stage
may be extended by the delay in metamorphosis when
the larvae are exposed to increased pressure. This study
may contribute to the better comprehension of the origins
of deep-sea fauna and of the possibility of new invasions
by non-indigenous species. Placed in a broader ecological
context, the information on pressure tolerance can aid in the
current understanding of the ecology of such invertebrates,
as well as their physiological responses to those conditions.
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