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The Identification of Functional, Sequestered, Symbiotic Chloroplasts in Elysia clarki: A
Crucial Step in the Study of Horizontally Transferred, Nuclear Algal Genes
Nicholas E. Curtis
ABSTRACT

A comparison of Elysia (=Tridachia) crispata (Mörch, 1863) from the Virgin Islands
with elysiid slugs from the mangrove swamps and canals in the Florida Keys that have
previously been identified as E. crispata reveals many differences in habitat, gross and
microscopic anatomy, food preferences of juveniles, sources of symbiotic chloroplasts
and their localization within the digestive tubules, radular morphology, and nucleic acid
sequences of two genes. The differences between the two groups of slugs are such that
the Florida Keys animals are considered to represent a new species, Elysia clarki. Elysia
clarki feeds on siphonaceous algae, and intracellularly sequesters the chloroplasts, which
actively photosynthesize for up to 4 months.
We have determined the algal source of the chloroplasts in adult E. clarki from 2
populations in the Florida Keys, using molecular techniques, feeding experiments, and
electron microscopy. Our results clearly demonstrate that adult E. clarki sequester
chloroplasts from 7 different species of algae, representing two genera, of which 5 were
identified; Penicillus lamourouxii, P. capitatus, Halimeda incrassata, H. monile, and
ix

Bryopsis pennata. In addition, chloroplasts from more than 1 species of algae are
sequestered in the same digestive cell simultaneously. Phylogenetic analysis of rbcL
sequences from the order Bryopsidales showed that E. clarki feeding was restricted to
calcareous members of the family Udoteaceae and the family Bryopsidaceae.
Feeding experiments were conducted, using individuals raised in the laboratory
from egg masses laid by E. clarki adults which had been collected from Grassy Key,
Florida, USA, and 29 species of macroalgae. For the first 14 d post-metamorphosis,
juveniles ate only the thin filamentous coenocytes, Bryopsis plumosa or Derbesia
tenuissima. Electron microscopy showed that the chloroplasts from both algae were
sequestered intracellularly in juvenile slugs. Individuals offered any other macroalga,
including the four calcareous species fed on by adults, did not feed on or incorporate any
chloroplasts, and soon died. Juveniles switched from B. plumosa to P. capitatus at a
length of ~ 1.0 cm, and fixed for microscopy 14 days later had intact intracellular
chloroplasts from both algae.
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Introduction

Sacoglossan sea slugs (Opistobranchia, Mollusca) feed on siphonaceous algae and
then cells lining the digestive diverticulum take up and sequester algal chloroplasts from
the gut lumen (Trench et al. 1969). It has been suggested that this mechanism arose as a
form of camouflage to compensate for the loss of a protective shell (Rumpho et al. 2000).
In some sacoglossans, these stolen chloroplasts are photosynthetically functional (Clark
et al. 1990), and can be maintained from just a few days in some species, to many months
in others (Clark & Busacca 1978) in an association known as "chloroplast symbiosis" or
"kleptoplasty" (Williams & Walker 1999). The chloroplasts are not vertically transmitted
between generations, so new chloroplasts must be acquired by juvenile slugs in each
generation (Trench et al. 1969). Functional, sequestered chloroplasts provide
sacoglossans with a stable food supply, which allows them to be less dependant on food
availability for survival, than species without sequestered chloroplasts. The animals only
need to feed to replace chloroplasts as they are breaking down. Thus, in environments
where algae are scarce, seasonal, or highly variable, longer kleptoplastic associations
provide slugs with an advantage over organisms that must continuously feed.
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The sea slug Elysia (=Tridachia) crispata (MÖRCH 1863) has one of the longest
kleptoplastic associations known (3-4 months) (Clark & Busacca 1978), and is found on
coral reefs throughout the Caribbean (Jensen & Clark 1983, Weaver & Clark 1981,
2Verrill 1900). The sequestered chloroplasts in E. crispata are functional, and
photosynthetic products are used by the animal (Trench et al. 1969, Clark & Busacca
1978, Greene 1970). Because of its long association with sequestered chloroplasts, E.
crispata is an ideal organism for studying how stolen chloroplasts are able to remain
functional in the complete absence of an algal nucleus (e.g. Pierce et al. 2003).
Research conducted by our lab on what we first thought to be Elysia crispata
from a borrow pit, mooring canals, and mangrove swamps in the Florida Keys, has
demonstrated that nuclear encoded chloroplast proteins vital to photosynthesis are
synthesized in these slugs (Pierce et al. 2003). In addition, a homolog of the nuclear gene
encoding fucoxanthin chlorophyll binding protein (fcp) has been detected in total DNA
extracted from these animals by Southern Blotting (Pierce et al. 2003). This is the
strongest evidence so far that an algal gene has been horizontally transferred to the sea
slug genome.
Unfortunately, further work on potential horizontal gene transfers in these animals
has been hampered by several problems. First, there is considerable confusion in the
literature over E. crispata feeding preferences. In some studies, Caulerpa verticillata
was described as the primary food source (Jensen 1980, Jensen & Clark 1983), but C.
verticillata was not eaten by E. crispata in others (Clark & Busacca 1978, Thompson &
Yarman 1989). Caulerpa sertularioides was determined to be the food source in still
other studies (Roller & Bianchi 1995), but was found to be toxic in yet others (Thompson
2

& Yarman 1989). Feeding experiments combined with changes in whole animal
chlorophyll content showed that E. crispata adults fed on Halimeda sp., Penicillus sp.,
Bryopsis plumosa, and Batophora oerstedii (Clark & Busacca 1978). However,
confusingly, Clark and Busacca (1978) also state that Florida E. crispata are not capable
of feeding on Penicillus capitatus. Other reported algal food sources for E. crispata have
been C. racemosa, Chaetomorpha sp., and Halimeda discoidea (Thompson & Jarman
1989). These studies used a variety of methods, and none looked for molecular or
microscopic evidence of symbiotic chloroplast origin, or actually determined chloroplast
sequestration.
In addition, when we had occasion to compare the animals collected from
mangrove swamps and mooring canals of the Florida Keys with Elysia crispata collected
on coral reefs off of St. Thomas, Virgin Islands, it became apparent that there were
numerous, large morphological differences between the two populations. Furthermore,
we found slugs with Virgin Island-type morphology in coral reef-type habitats adjacent to,
but never co-mingling with, those in the mangroves or canals. Elysia crispata was
originally described based on specimens collected from St. Croix, (Mörch 1863), and in
all subsequent discussion about the taxonomy of this species, none of the specimens
examined were collected in Florida (Engle, 1927; Prvot-Fol, 1946; White, 1952; Marcus
& Marcus, 1960; Gosliner, 1995). From the original descriptions, subsequent drawings,
photos and personal observations, it is clear that all the encountered specimens of E.
crispata from everywhere in its range, including slugs in the reef habitats adjacent to the
near-shore, mangrove-dwelling Keys slugs, match the gross morphology of the Mörch
(and subsequent authors) description. However, the slugs collected from mangrove
3

swamps and mooring canals in the Florida Keys differ so much from the E. crispata
description, that we felt it was necessary to establish if these specimens are E. crispata, or
a new species.
Before any further work on kleptoplasty and potential horizontal gene transfers in
these organisms can continue, the feeding and taxonomic issues must be clarified. Thus
those issues were worked out by completing four interacting investigations. First, E.
crispata from St. Thomas were carefully compared with slugs collected from mangrove
swamps and mooring canals in the Florida Keys using gross morphology, radula
morphology, developmental patterns, digestive morphology with respect to kleptoplasty,
and molecular markers to establish if there are enough differences to require a new
designation for the Keys slugs. Second, phylogenetic analyses on the Ulvophyceae, and
in particular the Bryopsidales, were necessary to aid in the identification of sequestered
chloroplasts. Third, the identity of sequestered chloroplasts from adult Keys slugs was
determined using molecular markers and transmission electron microscopy (TEM).
Finally, the feeding behavior of Keys slugs was further elucidated with juvenile feeding
experiments, and chloroplast sequestration was verified using TEM and molecular
markers.
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Chapter 1: A morphological and molecular comparison between Elysia crispata and
a new species of kleptoplastic sacoglossan sea slug (Gastropoda: Opisthobranchia)
from the Florida Keys, USA

Introduction

For several years, we have been studying the molecular mechanisms of symbiotic
chloroplast maintenance in elysiid sacoglossan opisthobranchs. One species in particular
that we have been utilizing is found in the mangrove swamps and mooring canals in the
Florida Keys, and has been identified as the lettuce slug Elysia (=Tridachia) crispata
(MÖRCH, 1863). Although all of our work on this species has been done with specimens
from those Keys habitats, we have recently compared the Keys slugs with specimens of E.
crispata collected in the waters around St. Thomas, Virgin Islands. Although the gross
morphology was similar between individual slugs from each locality, it was quite
different between the two groups. In addition, we have noted lettuce slugs with Virgin
Island-type morphology in Florida, from reef-type habitats adjacent to, but never comingling with, those in the mangroves or canals. An analysis of the literature indicates
that E. crispata is a relatively large-sized, elysiid slug, commonly occurring in coral reef
5

habitats throughout a geographic range that extends from the north coast of South
America, throughout the Caribbean (e.g. Marcus 1980), into the Florida Keys
(Jensen & Clark 1983), the Bahamas (Weaver & Clark 1981) and Bermuda (Verrill 1900).
The species has a confused and complicated nomenclatural history which is
discussed later in this paper (Engel 1927; Pruvot-Fol 1946; White 1952; Marcus &
Marcus 1960; Gosliner 1995). It has usually been placed in the genus Tridachia Deshayes,
1857 but the validity of the genus has been a matter of continuing debate (Gosliner 1995).
Most recently the uniqueness of Tridachia has been supported by molecular
evidence (Bass & Karl 2006). From the original descriptions, subsequent drawings,
photos and our own observations, it is clear that all published accounts of E. crispata
from elsewhere in its range, and slugs in the reef habitats adjacent to the near-shore,
mangrove dwelling Keys slugs, match the gross morphology of the Mörch description
and that of subsequent authors (Fig. 1A, C). A detailed comparison was undertaken
between E. crispata from St. Thomas, Virgin Islands and animals from our collecting
sites in the Florida Keys, using gross morphology, radular morphology, developmental
patterns, digestive morphology with respect to kleptoplasty. Using molecular markers we
have determined the algal sources of the symbiotic plastids and the nucleic acid
sequences of two genes. While we found some similarities between the two, the Keys
slugs differed from the Caribbean specimens in a number of important aspects.
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Material and Methods

Animals and Habitats
Florida Keys: Slugs were mainly collected from two sites, a borrow pit and its
associated mangrove swamp on Grassy Key and a man-made mooring canal near the east
end of Vaca Key. Both sites were on the Florida Bay side (north) of the islands. The pit
and canal have almost vertical sides consisting of carved-out limestone covered by a wide
array of algal species. The water in the pit is usually slightly turbid, while that in the
canal is quite clear. The mangrove swamp opens into Florida Bay and the bottom
sediments are also covered with a broad range of algal species. The water in the swamp is
shallow (1.5 m or less) and usually quite clear. The slugs are not often associated with
any particular algae in any of the locations, except for Penicillus sp. if present. All of
these areas are fairly sheltered from wave action, experience broad fluctuations in
temperature seasonally (12–35°C, Jensen & Clark 1983), and are exposed to runoff
following rains. Clark often noted that the slugs appeared only at certain times of the day
(see for example, Weaver & Clark 1981), but we were always able to find them in large
numbers, regardless of the time of day or stage of the tide. We have not made systematic
or extensive collecting efforts in all areas in the Florida Keys, but in six years of
collecting, we have never found a Keys type slug offshore on the reefs or on the Atlantic
side of any of the islands, whereas we have found thousands of specimens in the other
areas described above. On the other hand, we have occasionally found specimens with
7

the Virgin Islands morphology off shore of the Keys, but never in the mangrove areas or
man-made canals. In addition, we have examined specimens identified as E. crispata in
the Invertebrate Museum collection at the University of Miami’s Rosenstiel School of
Marine and Atmospheric Science. These preserved slugs were collected at several
locations in the Caribbean, in the Keys, and north into Biscayne Bay by several biologists
over a period of several decades. Slugs with Keys and Virgin Islands morphologies were
present in the collection. Information on the exact collection site of these specimens was
sometimes vague, but where we could tell, the Keys type slugs were always associated
with mangrove areas similar to our collecting sites and Virgin Islands type slugs had been
collected only from offshore reefs, including those from Florida.
Virgin Islands: Slugs were collected from a variety of sites around St. Thomas. These
included both high-energy sites on the north side of the island (Bordeaux Bay and
Stumpy Bay), which are exposed to swells generated by the prevailing NE trade winds,
and from more protected sites in the south side of the island (Brewers Bay and
Perseverance Bay). The substrate in these bays is typically fringing coral reef and
colonized hard bottom, dominated by live and dead coral, macroalgae and sessile
invertebrates, giving way to a sandy bottom on the seaward side. The water is generally
clear in the north side bays and slugs were collected from depths of less than 1m to
approximately 5 m. Water clarity is often reduced in the Southside bays and here the
slugs were found in depths ranging from 0.25 m to approximately 2 m. The only habitat
in St. Thomas remotely comparable to the Keys collecting sites is the Mangrove Lagoon
on the SE side of the island. Much of the substrate here is hard pavement dominated by
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Penicillus capitatus LAMARCK, 1813 and Halimeda opuntia (LINNAEUS) LAMOUROUX,
1816. A recent survey of the Mangrove Lagoon (intertidal to 3 m depth) found no slugs.

Radular Preparation
The very small radulae were found by squashing the anterior ends of similarly sized slugs
separately between two thin glass plates. The squashed tissue was examined under a
microscope to locate the radula inside the semi-transparent buccal mass, which was often
recognizable by its brownish color and striations. Once the radula was located, the glass
slides were gently separated, the buccal mass containing the radula removed from the rest
of the debris and placed into 5N NaOH overnight during which most of the tissue
dissolved, leaving the radula behind. Any remaining tissue was carefully removed with
microdissecting tools and the NaOH carefully washed away with several rinses of
distilled water. Finally, the water was removed with several washes with 100% ethanol,
which, in turn, was allowed to evaporate to dryness. The clean, dry radula was transferred
to and stuck on a metal stub, sputter-coated with platinum, and then viewed and
photographed with a scanning electron microscope (SEM) (JEOL model JSM-35).
Chloroplast Localization and Morphology
In order to compare the location and structure of the symbiotic plastids within the
digestive tubules of the slugs from the Keys with those from the Virgin Islands, small
specimens or cut pieces of parapodia were fixed in 2% glutaraldehyde in 0.15 M
cacodylate buffer (pH 7.5, 1050 mosm, adjusted with sucrose) at least overnight. This
was followed by post fixation with 2% osmium tetroxide in the same buffer for 1 h,
followed by a stain in 2% uranyl acetate en bloc for 1 h. Dehydration consisted of 10
9

minutes (min) washes in an ethanol series (35%–100%) followed by three 10 min washes
in propylene oxide, and then infiltrated by three 60 min washes in propylene oxide:
Araldite-Epon resin (1:1, 1:2, and 1:3 in sequence) (Araldite 502/ Embed 812, Electron
Microscopy Sciences). Samples were then immersed in 100% Araldite-Epon resin for 60
min and embedded in fresh Araldite-Epon. Thin sections (60-90 nm) were cut on an
ultramicrotome (M2T-B, Sorvall Porter-Blum) and placed on copper mesh grids. Samples
were stained 1 min with 0.01M lead citrate, counter stained with 2% uranyl acetate for 1
min, stained again with lead citrate for 1 min, and rinsed a final time with double distilled
water. Sections were viewed and photographed using a transmission electron microscope
(TEM) (FEI, model Morgagni 268D).
Chloroplast Identifications
DNA extractions: All slugs were starved for at least one week before DNA extraction.
Then, each sea slug was ground to a powder in liquid nitrogen using a baked mortar
and pestle. An extraction medium consisting of a 1:1 mixture of phenol (pH 8.0) and
buffer [200 mM Tris (pH 8.0), 1% SDS, 0.01M EDTA, and 2.5 mg/ml heparin] was
added to the powder, mixed gently for 10 min and centrifuged 4300 x g for 5 min. The
aqueous phase was removed and mixed with an equal volume of phenol:chloroform (1:1)
for 5 min, and then centrifuged again as above. The aqueous phase was saved, mixed
with an equal volume of chloroform for 5 min, and centrifuged as before. DNA was
ethanol precipitated from the resulting aqueous phase, lyophilized, and re-suspended
in double distilled, membrane-filtered (0.2 µm), autoclaved water. The DNA solution was
then centrifuged at 115,000 x g (L2-80 Ultracentrifuge, Beckman) for 48 hours
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on a 0.87 g/ml cesium chloride gradient and extracted with isopropanol (Rumpho et al.
1994).

PCR and Sequencing
Degenerate primer sequences were designed to conserved regions of the large subunit of
the ribulose-1,5-bisphosphate carboxylase (rbcL) gene, as determined by alignments of
31 chlorophyte rbcL sequences available in Genbank. The forward primer sequence was
5’AAAGCXGGKGTWAAAGAYTA 3’ (rbcL 1) and the reverse primer sequence was 5’
CCAACGCATARADGGTTGWGA 3’ (rbcL 2). PCR reaction mixtures (25 µL) were
made with 1X Enzyplus 2000 reaction buffer (Enzypol, Denver, CO) [2mM Tris HCl
(pH8.8) 1mM KCl, 1mM (NH4)2 SO4, 0.01% Triton-X 100, and 0.01 mg/ml BSA], 12.5
nM dNTPs, 0.25 mM rbcL 1, 0.25 mM rbcL 2, 1 ng/µl DNA and 1 unit polymerase
(Enzyplus 2000, Enzypol, Denver, CO). PCR touchdown reactions were performed on a
thermocycler (model Gene Amp PCR 2400, Applied Biosystems) with a denaturing
temperature of 94°C for 30 s, annealing temperature starting at 45°C for 30 s and an
extension temperature of 72°C for 1 min for 35 cycles, with the annealing temperature
lowered by 0.5°C in each cycle after the first. PCR products were purified using the
StrataPrep PCR purification kit (Stratagene) and then cloned using the Zero blunt TOPO
PCR cloning kit (Invitrogen) according to the manufacturer’s instructions, and colonies
were screened by PCR using T3 and T7 primers. Colonies possessing inserts close in size
to the PCR product were miniprepped using the Nucleospin Plasmid kit (Clontech).
Sequencing was conducted by a commercial vendor [Northwoods DNA Inc., Solway,
MN (www.nwdna.com)], using T3 and T7 primers. The rbcL sequences determined were
11

aligned with 16 ulvophyte rbcL sequences, obtained from Genbank, using ClustalW
(Thompson et al. 1994). Alignments are available from one of the authors (NEC). A
Neighbor-Joining tree was constructed from the alignment using Phylip 3.63 (Felsenstein
2004), utilizing the F84 model (Thorne et al. 1992) with 100 bootstrap replicates.

Comparison of Mitochondrial Gene Sequences
Twenty Keys and six Virgin Islands slugs were anesthetized with 0.3M MgCl2 and
placed in 95% ethanol. Total DNA was extracted from a small portion of the posterior
end of each slug by a non-boiling chelex method (Walsh et al. 1991). An aliquot of the
chelex isolated DNA was diluted with 1X TE (10 mM Tris, 1 mM EDTA; pH 7.5)
and stored at -20°C until used in PCR amplifications. Segments of the mitochondria
cytochrome c oxidase subunit I gene (COI; ~700 bp) were PCR amplified following Bass
and Karl (2006). Segments from the large subunit RNA (16S; ~450 bp) were PCR
amplified from DNA extracted from single individuals from both locations.
Amplicons were purified using double distilled H20 and filtration (30,000 MW cut off,
Millipore Inc., Bedford, MA). The mass of the amplicons was determined by comparing
EtBR staining intensity of 2.0–5.0 ml of each purified reaction product relative to a
standard mass DNA ladder (Invitrogen Life Technologies, Carlsbad, CA). Cycle
sequencing reactions (Amersham ET-Terminator Kit, Amersham Biosciences Corp.,
Piscataway, NJ) were conducted with approximately 100 ng of purified PCR product
according to manufacturer’s specifications, except that reaction sizes were reduced to
25%. Fluorescently labeled products were size sorted and visualized (ABI 310 Genetic
Analyzer, Applied Biosystems, Inc., Foster City, CA). The sequences from both strands
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of the amplicons were compared and edited, if needed, using Sequencher (v4.1; Gene
Codes Corp., Ann Arbor, MI). The open reading frame for COI was used to aid proper
alignment. The 16S gene region fragments were aligned to Aplysiomorpha secondary
structure using Seaview (Gaultier et al. 1996). Alignments are available on request from
one of the authors (ALB). COI and 16S sequences were determined from one individual
from the Keys and from the Virgin Islands, along with one individual from each of the
outgroups. The sequence data were used in a phylogenetic analysis. Intrapopulation
divergence estimates were based on results from twenty individuals from the Keys and
six from the Virgin Islands using COI sequences only. The phylogenetic relationships
among Elysiella pusilla BERGH, 1872, Elysia timida RISSO, 1818 (data from Bass and
Karl 2006) and the Keys and Virgin Island slugs were evaluated using both COI and 16S
consensus sequences, using maximum likelihood and a heuristic search with 10 replicates
of random stepwise addition (Genbank sequence data accession numbers: 16S E. pusillaDQ480201, E. timida-DQ480166, Keys- DQ480197, Virgin Islands-DQ480198 and COI
- E. pusilla- DQ471236, E. timida-DQ471245, Keys-DQ471225, Virgin IslandsQ471224). Percent sequence divergence for the concatenated sequences was estimated by
maximum likelihood divergences with PAUP* (v4.0b10; Swofford 1998) using the bestfit model (GTR+I) as selected by Modeltest with Akaike information criteria (v3.06;
Posada and Crandall 1998). Intra- and inter-population maximum likelihood divergences
for COI were calculated similarly using a TrN+I model of evolution indicated with
Akaike information criteria by Modeltest.
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Results

Taxonomy
Order Sacoglossa VON IHERING, 1876
Superfamily Placobranchiodea GRAY, 1840
Family Placobranchidae GRAY, 1840
(see Bouchet & Rocroi, 2005)
Genus Elysia RISSO, 1818
Elysia clarki n. sp.
Etymology: Named for the late Professor Kerry B. Clark of the Florida Institute of
Technology, some of whose students introduced us to the collecting sites that he used in
his extensive studies of elysiid slugs in the Florida Keys.
Type specimens: Holotype: American Museum of Natural History, AMNH 318222, 3.2
cm long alive.
Paratypes: American Museum of Natural History, AMNH 318223, 5 specimens, 2.8, 3.2,
3.1, 3.7, 4.6 cm long alive: Invertebrate Museum, Rosenstiel School of Marine and
Atmospheric Sciences, University of Miami. UMML 30.12717. From the same collection
as the holotype material. 5 specimens 3.2, 3.1, 3.2, 3.8, 5.5 cm long alive.
Type locality: Eastern end of Vaca Key, Florida Keys, USA, 24°44’ N 81°02’ W, Florida
Bay side, in 1 m, July 2005.
Distribution: Commonly found in mangrove swamps some borrow pits and mooring
canals on the Florida Bay side of Long Key, Grassy Key, Crawl Key, Fat Deer Key and
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Vaca Key, Florida Keys, USA, in depths of 0–2.5 m. Description: Large for this genus,
up to 35 mm long, 30 mm wide, tapering to point posteriorly. Prominent, posterior of
head, but not fused, there being a small gap even in largest specimens. Prominent neck
and head extending beyond anterior edge of parapodia. Background color of most of
external surface green, from presence of intracellular algal chloroplasts located in cells at
terminal ends of the digestive diverticula. Numerous white, translucent spots, mostly
comprised of white and scarce turquoise iridescent pigment cells, dispersed on both
dorsal and ventral surfaces; dorsal translucent spots circular, with larger spots (<0.75 mm
diameter) interspersed between many smaller spots; ventral spots often oval and aligned
length-wise. Ventral foot transparent and both green colored tubules and translucent
spots visible through it. Narrow (0.5 mm) distal edge of parapodia translucent, not
opaque, and underlaid by as many as three color bands; an orange band (0.1 mm wide)
continuous, discontinuous or lacking, just beneath transparent margin, followed
proximally by continuous green-turquoise band (0.1 mm wide), also lacking in some
specimens, followed by proximal, continuous grey-green band (1.25 mm wide).
Pericardial prominence thinly covered by transparent mantle with two major vessels
exiting posteriorly and running towards posterior tip of body; major vessels with few
random branches. Rhinophores prominent, enrolled, translucent white near tip, turning to
green at base. Black eye-spot at base of each rhinophore. Mouth broad with prominent
lips, centrally cleft. Radula microscopic, single row of 14 teeth on average (range 13–17).
No discarded teeth present in ascus of any specimen examined. All teeth similarly dagger
shaped, with deep groove on outer face and serrated mid-ridge on underside. Average
tooth length 129 mm.
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Comparison between E. clarki n. sp. and E. crispata

Figure 1 Dorsal and ventral views of Elysia species. A, C. E. crispata. B, D. E. clarki n.
sp.
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External Morphology: There are several, obvious, external morphological differences
between E. clarki and E. crispata. Well-fed E. clarki are nearly uniformly green,
interspersed with comparatively small round or oval white spots. The green color is
present on most external surfaces including much of the head, the distal edges of the
parapodia and the sole of the foot, which are almost completely transparent (see below)
(Fig. 1B). Viewed under a dissecting microscope, it is clear that the green color is
localised in a large number of tiny spots just below the external body surface, which are
the blind ends of the digestive diverticula that contain the symbiotic plastids (see below).
The white spots are iridescent clusters of cells containing white or bluish-white pigment
of unknown composition and function. The green color in E. crispata is much more
localised in certain areas of the body (Fig. 1A) than in E. clarki. The dorsal surface
between the parapodia of well-fed E. crispata is generally green, interspersed with much
larger white spots than those in E. clarki. The head of E. crispata is usually only lightly
pigmented with green along the dorsal surface, sometimes with a diffuse blue band
extending between the rhinophores. The outer surface of the body between the base
of the parapodia and the foot also is green with large white spots in well-fed individuals.
The outer aspect of the parapodia in E. crispata often has a deep blue band of variable
thickness. The blue pigment is contained in large, round cells, which are located below
the epidermis in the haemocoel. We have never seen the blue band in thousands of E.
clarki, although some have a very faint blue tinge on the outer edge of the parapodia and
on the edges of the mouth. Both species can have an orange band, sometimes tending to
red in E. crispata, along the distal margin of the parapodia. This band may be continuous,
intermittent or lacking entirely. The pigment is contained within large, round, unattached
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cells of unknown function located in the haemocoel at the distal edge of the parapodia
(Fig. 2).

Figure 2. Light micrograph of a squashed, unfixed and unstained parapodium of an
Elysia crispata n. sp. The central clear area is traversed by small digestive diverticula
tubules (D) which terminate in the green-colored chloroplast containing cells (C). Mucus
secreting cells (M) are also present. Two types of free floating round cells are shown here.
Smaller red cells (O) (which are generally concentrated in a broken or continuous band at
the outer edge of the parapodia [see Fig. 1A]). Similar sized cells are present in the E.
clarki, but are generally orange in color. Much larger brown cells (B) (which are green in
E. clarki) which Yonge and Nicholas (1940) incorrectly described as zooxanthellae.
Scale bar = 50 mm.
In E. clarki, a layer of much larger, unattached, round green cells, often appearing as an
iridescent green band proximal to the orange cell band, is also present in the haemocoel.
Free, round cells similar in size to the green cells are also present in E. crispata, but they
have a brown-colored pigment. Based on light microscopy of sections from preserved
slugs, Yonge and Nichols (1940) identified these brown cells as zooxanthellae, but they
clearly are not as they lack chloroplasts and cell walls (Fig. 3). Most of the interior of the
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cell is composed of an amorphous, granular-appearing substance, most likely the pigment,
which confines the nucleus, other organelles and cytoplasm to a thin layer just under the
outer cell membrane.

Figure 3. Electron micrographs of cross sections of the two types of round cells present
in the haemocoel of the parapodia of Elysia crispata (similar cells are also present in the
same location in E. clarki). A. Larger of the two cells, which was described as
zooxanthellae by Yonge and Nicholas (1940). The centre of the cell is filled with
amorphous droplets, probably of pigment. The droplets are surrounded by an outer
cortical layer comprised of a more electron dense substance. The cytoplasm and
organelles, including the nucleus, are squeezed into the outer reaches of the cell between
the pigment and outer cell membrane. There are no signs of chloroplasts or other plant
characteristics in these cells. B. Smaller of the two cell types. These cells contain a
bright-red or orange pigment and can be concentrated in sufficient numbers at the
edge of the parapodia to form a continuous band of color. However, the band can also be
discontinuous, or the cells can be located entirely away from the parapodial edge. The
pigment is located in several large droplets. The cytoplasm and organelles are
interspersed between the droplets. Unlike the larger round cell, the nucleus in the smaller
cell is usually located in the centre of the cell. There are no signs of any plant
characteristics in these cells.
Starvation eventually results in chloroplast loss from the digestive cells (Curtis et
al. 2006a), and concomitant loss of the green color. Depending on the length of starvation,
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slugs can be colored from a dark green through various shades of light green to yellow
with no green remaining in slugs that have not fed for months. The green color will
usually reappear over a period of weeks if starved slugs are provided with the appropriate
algae (Curtis et al. 2006a). Ventrally, the foot of an E. clarki is nearly indistinguishable
from the rest of the external surface and is almost completely transparent (Fig. 1D). The
lateral margins of the foot are difficult to distinguish from the adjoining body wall
without magnification. Both the chloroplast containing digestive tubules and the white
cell pigment spots are visible through the surface of the foot. In contrast, the foot of an E.
crispata is thick, white, opaque, has definite lateral margins and no plastids are visible in
it or within the ventral part of the body covered by the foot (Fig. 1C). Specimens of E.
crispata typically have a narrow blue pigment band running the length of the outside
margin of the foot which is absent in E. clarki. Furthermore, the foot of E. crispata ends
in a blunt, squared-off margin at the posterior end, while that of E. clarki terminates in a
tapered point (Figs. 1A, B). Both species have prominent, wavy parapodia that form the
lateral margin of the dorsal surface, and together with the green color, give the slugs the
common name, lettuce slug. A very obvious difference between the two species is that in
E. crispata the parapodia are fused into a continuous structure that crosses the anterior
midline between the pericardium and the head, but the parapodia remain separate,
although often overlapping in E. clarki (Fig. 4).

20

Figure 4. Photographs of the anterior dorsal surface of Elysia species in the region where
the parapodia cross in front of the pericardium (P) A. E. clarki n.sp. B. E. crispata. In E.
crispata the parapodia are entirely fused, while in E. clarki, the parapodia are separated
by a gap (arrow labelled G) in the mid-line. The unlabelled arrows are pointing in the
anterior direction faced by each specimen.
In addition, there are major differences in the gross structure of the parapodia. In
E. crispata, the parapodia have a number of primary folds that are often symmetrical on
each side (Fig. 1A). The edges of the parapodia also have many secondary folds making
them appear very frilly, relative to the parapodia of E. clarki (Fig. 1B). While the
parapodia of E. clarki have primary folding, the folds are neither symmetrical nor fixed.
Movement of the parapodial edges of E. clarki appears peristaltic-like, while in E.
crispata the peristalsis occurs only along the edge within each primary fold. Indeed,
when unfurled in the sunlight, E. clarki can become flat like a leaf with an almost smooth,
distal parapodial edge, while the parapodia of E. crispata retain both the primary and
secondary folding. Also, the distance between the anterior limit of the parapodia and the
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head is comparatively much shorter in E. crispata, so while E. clarki has a distinct ‘neck
region’, E. crispata is almost neckless, with the anterior parapodia often overlapping the
head (Fig. 1A, B).
Dorsal Surface Venation: The pattern of superficial veins on the dorsal surface has
been used as a diagnostic characteristic among elysiid species by some (Marcus 1980)
and dismissed by others as less reliable because of ‘within species’ variability (Jensen
1980). Although the location and arrangement of minor and secondary veins can be quite
variable from slug to slug within a species (see for example, Gosliner 1995), the
arrangement of the major dorsal surface vessels is quite similar within each species. In E.
clarki, two major veins leave the posterior aspect of the pericardium at
about a 45° angle from the mid-line, and run along the surface to the proximal base of the
inner face of each parapodium. Both main veins then run posteriorly along the surface for
the length of the slug, occasionally giving off lateral branches that are usually not
symmetrical in position or number. The lateral branches traverse the surface of the inner
face of the parapodia almost to the edge. Both the two major vessels and lateral
parapodial vessels are covered by a thin, transparent layer of the mantle and are easily
visible. In contrast, the two major veins of E. crispata slugs are covered by a thick layer
of mantle and often are obscured by the green digestive tubules and the white mantle
spots. Approximately halfway between the pericardium and the tail, the major vessels
disappear from view in E. crispata. Usually, no lateral branches are visible anywhere
along the dorsal surface. The pericardium in E. crispata is covered by a more opaque
mantle layer than that of E. clarki. Typically, the ventricle is visible through the external
surface in E. clarki, but entirely obscured by green tubules and white mantle spots in E.
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crispata. Developmental pattern: Both slugs deposit egg masses and have lecithotrophic
larval development. E. clarki hatch as free swimming veligers 28 to 35 days after
deposition (20° C in filtered artificial sea water). Within 5 days, the veligers
metamorphose into juvenile slugs, which extensive feeding experiments (Curtis et al.
2004) have found will eat Bryopsis plumosa (HUDSON) AGARDH, 1823 or Derbesia
tenuissima (MORIS & DE NOTARIS) CROUAN & CROUAN, 1867 [but not Caulerpa
verticillata AGARDH, 1847 as reported elsewhere (Jensen 1980)]. The larvae from E.
crispata egg masses hatch as free swimming veligers faster (19 days after deposition,
20°C in filtered artificial sea water) and also metamorphose after four to five days. While
their food source is unknown, feeding experiments found that E. crispata juveniles do not
eat Bryopsis hypnoides LAMOUROUX, 1809, Bryopsis pennata LAMOUROUX, 1809 or C.
verticillata. The length of the life cycle is unknown, but we have raised E. clarki from
eggs in the laboratory that are still alive after 22 months and have not yet reproduced.
Radula: As with other elysiids, the radulae in both species are microscopic. The radulae
(from specimens of similar body size) consist of a short row of single teeth (E.
crispata, 12 x 0.1.0; E. clarki 14–17 x 0.1.0) (Fig. 5A, B).
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Figure 5. Scanning electron micrographs of the radulae of field-collected Elysia clarki
n.sp. (A,C,E,G) and E. crispata (B, D, F, H), showing differences in shape between
species. In both E and F, the ligament that attaches the tooth to the radular membrane is
still present. G (E. clarki) and H (E. crispata) are lateral views of a radular tooth in its
position within the radula. The arrow in (G) points to the attachment ligament. Scale bars
= 100 mm (A, B), 10 mm (C–H).
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In overall appearance, the teeth have a typical elysiid shape (see Gosliner 1995),
but there are some specific differences in tooth structure between the two species. In both
cases, the teeth are narrow and pointed, with a longitudinal, central groove on the dorsal
[following Gosliner’s (1995) terminology] aspect into which fits the next distal tooth (Fig.
5C, D). The dorsal side of the tooth in E. clarki (Fig. 5C) has a deeper, broader groove
than in E. crispata (Fig. 5D), the tooth is longer and wider in E. clarki, and the basal
articulations are further apart and much more prominent. The ventral sides of the teeth
are similar in both species (Fig. 5E, F), but the broader, longer shape of the E. clarki
tooth (Fig. 5E) compared to E. crispata (Fig. 5F) is obvious. The ventral cutting face of
the tooth has a central, serrated ridge that runs the length from the outermost point to the
apodeme-like attachment point where the bilateral tendon attaches the tooth to the radular
membrane (Fig. 5E, F). The serrations extend laterally beyond the central ridge to the
lateral edges of the ventral side of the tooth. Beyond these similarities, measurements
made of several aspects on radular teeth from several, similarly sized specimens of both
slug types revealed that the teeth of E. crispata are significantly shorter, by about 10% (p
< 0.05, t test) (Table 1) and appear broader than those of E. clarki, although measuring
this aspect exactly from micrographs (Fig. 5) is very difficult. Although there is some
evidence that radular tooth morphology can change with diet in some sacoglossans
(Bleakney 1990; Jensen 1993), the teeth in E. clarki raised from egg masses and
maintained for a year in our aquaria feeding only on Bryopsis plumosa were
indistinguishable from field collected Florida Keys specimens that had been feeding for
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at least three to four months before capture, primarily on Penicillus capitatus (Table 1),
based on DNA evidence.

Table 1. Comparison of the lengths of radular teeth from Virgin Islands slugs, wild Keys
slugs and laboratory raised Keys slugs that have been fed only Bryopsis plumosa. All
slugs were approximately 1 cm in length.
Slug Type
Virgin Islands#
Keys (Field collected)
Keys (Lab raised)

Number of radula teeth *

Tooth length**

12 (12)

114 ± 4.2 (n= 12)

14 (13-17)

129 ± 4.1 (n= 3)

14 (14)

128 ± 2.5 (n= 3)

*Average number of teeth in four radulae (range)
** mm (central tooth measured from micrograph) ± SD
# Separate measurements made on teeth from blue, green and white specimens were
merged when no significant differences were found.

Chloroplast Location and Morphology: The location of the symbiotic chloroplasts
within the digestive diverticula is different in the two species. In E. clarki, two types of
terminal tubules are present (Fig. 6). One type is straight, ending blindly, with the plastids
located in several cells along the length of the terminus (Fig. 6B).
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Figure 6. Light micrographs of the termini of the digestive diverticula tubules of Elysia
species. A, B. E. clarki n.sp. C, D. E. crispata. The tubules in E. clarki are usually much
more highly lobed at the terminus than in E. crispata (compare A with C) and never end
in a single lobe (compare B with D). The symbiotic plastids are located in a single cell at
the tip of the tubule (arrows in C and arrow labelled c in D) in E. crispata. The tubule
cells proximal to the terminus (arrow labelled T in D) do not contain symbiotic plastids.
In contrast, the symbiotic plastids are located in cells along the length of the tubules
(arrows in B) as well as the terminal cell in E. clarki. Scale bars = 75 mm (A), 40 mm (B),
80 mm (C), 50 mm .
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In the second type of tube, the end branches into several lobes (Fig. 6A), and the plastids
are all contained in a single cell that forms a cul-de-sac around each terminus of each
lobe (Fig. 7).
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Figure 7. Montage of electron micrographs of a longitudinal section through the terminus
of a digestive tubule of Elysia clarki n.sp. Many symbiotic plastids (C) are present in the
cell that wraps around the terminus (arrow labelled D) of the tubule in a cul-de-sac. The
plastids in this cell are mostly from P. capitatus, but a few (unlabeled
arrow) have a different morphology, indicating that they are from a different algal species.
The lumen of the diverticulum tubule (T) is surrounded by a single layer of cells, which
have a dense layer of microvilli (MV) on the luminal side. Lipid bodies (L) are present in
both the plastid-containing cell and the cells further proximal in the
tubule. The tubule is surrounded by haemolymph (H). Cell nuclei are labelled (N). Scale
bar = 3 mm.
This cell is often packed with 20 or more plastids. All of the green tubule tips lie just
under the external surface of the slug. In contrast, digestive tubules in E. crispata are
generally similar to the first type of tubule described above; straight and ending blindly
(Fig. 6D). Usually, the chloroplasts are located only in the cell at the tubule end in E.
crispata (Fig. 6C, D), unlike E. clarki (Fig. 6B). The ends of the tubules are occasionally
branched into lobes in E. crispata (Fig. 6C), but not into the multi-branched, multi-lobed
type seen in E. clarki. Indeed, it is the highly branched, multi-lobed termini that give the
more uniform green surface color to E. clarki compared to E. crispata. In both slugs, it is
not unusual to find plastids from more than one algal species in the same cell (Fig. 8).
Also in both slug types, the morphology of most of the plastids is consistent with that in
Penicillus spp., but larger plastids containing starch granules and pyrenoid bodies are
often present, usually in the same cell with Penicillus plastids. The smaller chloroplasts
from different species of Penicillus are indistinguishable from each other at the electron
microscope level. The larger plastids are morphologically similar to those in other species
of algae, which we have identified (see next section), but are different between the two
species of slugs.
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Figure 8. A, B. Electron micrographs of sections of chloroplast containing digestive cells
in E. crispata. Most of the symbiotic plastids have an identical morphology to Penicillus
plastids (C). However, in A, a large plastid containing a pyrenoid body (P) is present in
the midst of the smaller Penicillus plastids and in B a large plastid containing starch
granules (S) is present in the same cell as the Penicillus plastids. These larger plastids are
from other algal species. MV = microvilli in the tubule lumen, N=nucleus of the plastidcontaining cell, unlabelled arrow in B points to a cilium in the tubule lumen. Scale bars =
2 mm.
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Chloroplast Identification: PCR with rbcL primers on E. crispata DNA yielded a 600
bp amplicon. Sequencing of 20 clones identified six different rbcL sequences (VIrbcL 16) 562 bp in length, all of which group phylogenetically within the green algal family
Udoteaceae (Fig. 9).

Figure 9. Neighbor Joining tree (F84 model-see methods) of partial rbcL nucleotide
sequences of VIrbcL 1-6 obtained by PCR from E. crispata. Ulva lactuca is the outgroup.
The scale shown represents substitutions per site, and the bootstrap values (= 50%) are
indicated at the nodes. VIrbcL 1-6 all group within the Udoteaceae clade, with VIrbcL 3,
4, and 6 having over 99% similarity to H. incrassata, P. capitatus, and H. opuntia
respectively. Genbank accession numbers for the sequence data are listed after each
species.
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This group consists of several species of siphonaceous, often calcareous, macroalgae that
occur throughout the Caribbean (e.g., Littler & Littler 2000). We were able to identify the
exact algal species of chloroplast origin for two of the rbcL sequences from E. crispata.
VIrbcL 3 was identical to Halimeda incrassata (Ellis) LAMOUROUX, 1816 rbcL sequence
and VIrbcL 4 is 1 bp different from the Penicillus capitatus sequence. In addition,
VIrbcL 6 was 99% similar to H. opuntia (4 bp difference) and VIrbcL 5 clearly groups
within Penicillus, but does not match the rbcL sequences (data not shown) derived from
any of the four known Caribbean species, Penicillus pyriformis GEPP & GEPP, 1905,
Penicillus dumetosus (LAMOUROUX) BLAINVILLE, 1834, Penicillus lamourouxii
DECAISNE, 1842, or P. capitatus (Fig. 9). VIrbcL 1 and 2 did not group strongly with any
genus for which there are rbcL sequences in the Genbank database, although they clearly
fall within the Udoteaceae clade (Fig. 9). In comparison, molecular and microscopic
evidence indicates that E. clarki feeds on and sequesters chloroplasts from P. capitatus
and H. incrassata in the field and will survive for as long as two years in the laboratory
on B. plumosa (Curtis et al. 2006b).
Mitochondrial gene sequences: A total of 1,164 nucleotides (630 from COI and 534
from 16S) of the mitochondrial DNA genome were sequenced and analyzed from a single
individual E. clarki and E. crispata and used in a phylogenetic analysis. The third
position of COI was deleted due to saturation. The maximum likelihood divergence was
estimated at 2.26% between the two slugs, based on concantenated COI and 16S
sequences. The third positions were not deleted to estimate mean divergence in COI
comparisons among multiple individuals, as saturation is not an issue at this level. The
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mean percent divergence among 20 E. clarki individuals sequenced at the COI gene was
0.50% (± 0.26% S. D.) and ranged from 0.15%–1.11%. The situation for the 6 E. crispata
individuals was similar with an average divergence of 0.30% (± 0.001 S. D.). The
mean divergence for COI between the two species was 7.08% (± 0.44 S. D.) and ranged
from 6.23%–7.75%. The phylogenetic relationships (Fig. 10) were consistent with the
broader systematic study of Bass and Karl (2006).

Elysia timida

Elysiella pusilla

Keys

0.1 substitutions/site
V. Islands

Figure 10. Maximum likelihood phylogeny using a heuristic search of sequences based
on COI and 16S mitochondrial DNA from Elysia clarki n.sp. and E. crispata individuals
and outgroup taxa. Elysia timida Elysiella pusilla Elysia clarki
E. crispata 0.1 substitutions/site
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Discussion

The differences we have found between E. clarki and E. crispata at every level (gross
morphology, light microscopy, electron microscopy, developmental, feeding, and
molecular), along with the habitat difference, provide conclusive evidence that these
slugs are different species. Furthermore, in spite of their abundance, the existence of E.
clarki was unknown to the 19th century biologists who described E. crispata. Subsequent
investigators, including Clark, Jensen and Yonge, at least, may have collected and
worked on E. clarki, without recognizing it as a unique species. Elysia crispata (=
Tridachia crispata) has a complicated and confused nomenclatural history. It was first
noted by Deshayes (1857) in a report on the collections of M. Schramm from Guadeloupe,
in which he erected the genus Tridachia. Although Deshayes is not considered to have
named a species in this paper, he says: ‘Nous proposons pour le genre le nom de
TRIDACHIA, et pour l’espèce, celui de M. Schramm auquel en est dù la découverte’
(‘we propose for this genus the name Tridachia and for the species, the name of M.
Schramm, who discovered it’). Elsewhere in that publication, Deshayes names another
species Aplysia schrammi which suggests that he was implying ‘schrammi’ for the new
species of Tridachia. In our opinion, the ‘next revisor’ was Mörch (1863) who described
a new species, Tridachia crispata, which he considered different from T. schrammi.
Importantly, he treated the name, Tridachia schrammi, not as new, but as an accepted
name introduced by Deshayes (1857). Although the Rules of Nomenclature were still
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evolving then, there seems no doubt that Mörch considered T. schrammi to have date
priority over T. crispata. Other names which may apply to T. schrammi or T. crispata are
too poorly known to resolve. Verrill (1900) identified an animal from Bermuda as ‘Elysia
crispa Mörch’ which Pruvot-Fol (1946) decided was not T. crispata Mörch, and he
renamed it Elysia verrilli. Later, Marcus (1957) noted the homonymy with E. verrilli
(THIELE, 1931) and introduced a second replacement name E. pruvotfolae. Since Verrill
was not naming a new species neither replacement name would seem necessary.
Similarly, White (1952) identified an animal from Dry Tortugas, Florida with the
Hawaiian Elysia ornata (PEASE, 1860). That identification is almost certainly incorrect
and Marcus (1957) felt obliged to rename it Tridachia whiteae, introducing another
unnecessary name to the literature. Clearly, this is not the place to resolve the confusing
history of these names (see Marcus 1957; Marcus and Marcus 1960; Marcus and Marcus
1967; Marcus 1980; Marcus 1982). However, it is important to determine whether or not
T. crispata or T. schrammi could be an earlier name for E. clarki. One of the more
obvious external differences reported here is that the parapodia are fused in the anterior
midline of E. crispata and are separate in E. clarki. Deshayes (1857: 137–143) in his
description of the name Tridachia, based on Schramm’s material, clearly states that the
parapodia join in the anterior midline ‘où celles d’un côté se réunissent à celles de
l’autre’, which means that E. schrammi, by definition, has the parapodia joining
anteriorly as well. So, regardless of the true relationship between E. crispata and E.
schrammi, they both differ from E. clarki, where the parapodia remain separate in the
anterior midline. Thus, the Virgin Islands Elysia is properly referred to as E.
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crispata, leaving the Keys species unnamed until now. The phylogenetic and population
analyses indicate that E. crispata and E. clarki are closely related, but genetically distinct.
We have never seen any indication of a mixture of phenotypes in either group, nor does E.
crispata occur in the mangrove habitat of E. clarki or vice versa. Furthermore, the genetic
analysis using COI indicates clearly that the two species are genetically distinct. The
average sequence divergence between E. crispata and E. clarki individuals was
approximately 14 times larger than within E. clarki and 23 times larger than within E.
crispata, indicating a clear evolutionary separation between the two species. The
average magnitude of divergence between E. crispata and E. clarki, using the COI and
16S data, is within the range of intraspecific comparisons of related taxa (5.8% ± 4.9 S. D,
Bass & Karl 2006), again indicating that E. clarki and E. crispata are closely related and
genetically distinct. Furthermore, the significant COI divergence indicates that
gene flow is limited between the two species. Thus, genetic distinction can be added to
the morphological and physiological variations we have described. Both our molecular
results and microscopy confirm that E. crispata and E. clarki not only eat a variety of
algal species, but also are able to establish a chloroplast symbiosis with several species.
In both cases, electron microscopy indicated that the predominate intracellular plastid in
both slug species was from Penicillus spp. Furthermore, it was not unusual to find
plastids from more than one algal species within the same digestive cell. In addition, the
results indicate differences as well as similarities in algal species eaten between E.
crispata and E. clarki. The Keys slugs eat and sequester chloroplasts from Bryopsis
plumosa and Derbesia tenuissima as juveniles (Curtis et al. 2004) and as adults, eat and
sequester chloroplasts from P. capitatus, P. lamourouxii, H. incrassata and H. monile, in
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addition to B. plumosa (Curtis et al. 2006a, b). The Virgin Islands slugs do not eat either
B. hypnoides or B. pennata as juveniles. Like E. clarki, E. crispata contained symbiotic
plastids from H. incrassata and P. capitatus, but not from any other species of Halimeda
or Penicillus present in the Virgin Islands habitats. The molecular results presented here
indicate the presence of plastids from other algal species in E. crispata as well, which
we could not identify exactly, probably due to lack of information in the database. Even
so, they all clearly group within the Udoteaceae and none of the unknowns were found in
E. clarki. The large number of algal chloroplast donor species utilized by E. crispata is
surprising since many sacoglossans have been reported to have a single or only a few
algal species as the chloroplast source (e.g., Jensen 1980).
One final issue is the use of the presence or absence of so-called ‘zooxanthellae’
as a taxonomic characteristic in these species. Our results have demonstrated that
zooxanthellae are not present in either E. crispata or in E. clarki. Nevertheless, for
several years after Yonge and Nicholas (1940) reported zooxanthellae in E. crispata, their
presence or absence was used as a taxonomic character (Marcus & Marcus 1960; White
1952), until Trench (1969) reported that the zooxanthellae described by Yonge and
Nicholas were actually symbiotic chloroplasts. However, Yonge and Nicholas (1940) and
Trench (1969, also Trench et al. 1969) were looking at two different things. Trench’s
discovery of symbiotic plastids in the digestive tubule ends in E. crispata was indeed
correct, but Yonge and Nicholas had missed the plastids entirely. Instead, on the basis of
iron haematoxylin staining, Yonge and Nicholas (1940) concluded, incorrectly, that the
digestive tubule ends were full of zymogen granules. In addition, Yonge and Nicholas
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found the large round, brown cells, of which Trench (1969) makes no mention, and
identified them as zooxanthellae. Our electron microscopy revealed that the brown cells
are not zooxanthellae, but are molluscan pigment cells. The same is true of the smaller,
round red cells. The function of these cell types is not known, but the pigments may have
to do with protection of the plastids from too much sunlight. The exact location of the
round cells varies from slug to slug, sometimes forming a solid band at the edge of the
parapodia, sometimes a broken band, sometimes not at the parapodial edges at all. Both
types of round cell seem to be free in the haemocoel and it is not clear what governs their
distribution. Elysia clarki has similar types of round cells, although the pigment colors
are different. In any event, our results indicate that the presence of a solid, broken, or
even absence of a line of pigment at the parapodial tips is probably of some physiological
significance, but not a reliable taxonomic character.
Another species which needs to be considered is Elysia diomedea (Bergh, 1894)
from the Pacific coast of Central America (Marcus & Marcus 1967). It has long been
considered related to E. crispata, first being described as a species of Tridachia because
of its extremely folded parapodia and then placed in a subgenus, Tridachiella
MacFarland, 1924 because of the anterior gap separating the parapodia. The parapodia in
E. diomedea are not joined anteriorly and branches of the digestive gland ramify into the
sole of the foot causing green patches, similar to E. clarki. However, it differs
considerably from E. clarki in color and in the extremely folded edge to the parapodia, as
in E. crispata. Furthermore, while in E. clarki, the green on the sole of the foot is
interspersed with rounded and oval whitish spots, in E. diomedea the translucent white
regions are broken lines running parallel to the long axis of the body. Elysia diomedea
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also differs in having a characteristic pattern of black and white lines running down the
rhinophores onto the head. Other differences in color, compared to E. clarki, are the small
blue spots scattered over the dorsum and inner walls of the parapodia, and a border of
black spots, and sometimes red or orange spots, on the parapodial edge (Rudman 2001).

39

Chapter 2: Molecular Phylogeny of the Bryopsidales (Ulvophyceae, Chlorophyta)
based on a partial sequence of the chloroplast encoded, large subunit ribulose
bisphosphate carboxylase/oxygenase gene

Introduction

The newly designated sacoglossan species Elysia clarki (PIERCE ET AL., 2006) feeds by
piercing algal siphon cell walls with their radula teeth, and then sucking the contents out
of the filament (Curtis et al. 2006b). As this species was just recently named, there is a
lack of data on the algal food source of the sequestered chloroplasts. The most ideal
sacoglossan food sources would be those that yield the most chloroplasts, with the least
energetic investment. Thus, siphonaceous algae of the order Bryopsidales, lacking cross
walls, are the most likely sacoglossan food sources as they would yield the largest
amount of cell sap for the animal per radula puncture (Greene 1970). In order to
positively identify the algal chloroplasts that are sequestered by E. clarki, the chloroplast
encoded gene of the large subunit for ribulose bisphosphate carboxylase/oxygenase (rbcL)
was PCR amplified and sequenced from total E. clarki DNA (See chapters 1, 3, and 4).
Unfortunately, a major obstacle to identifying the rbcL sequences obtained was an
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overall lack of available algal rbcL sequences for comparison. However, by comparing
the obtained rbcL sequences to known algal sequences, the general clade can be
identified, significantly narrowing the potential algal sources, which can then be collected
from the field and their rbcL sequenced. As part of this project, a large set of rbcL
sequences from the Bryopsidales, and in particular the Udoteaceae were collected.
Although the primary purpose of these algal rbcL sequences was to provide a match to
the rbcL sequences obtained from E. clarki DNA, they also allow for phylogenetic
analysis, providing several important conclusions on the taxonomy of the Bryopsidales.
This chapter focuses on the taxonomy of the Bryopsidales, and the phylogenetics of the
order based on rbcL sequence alignments.
The class Ulvophyceae includes all green algae that possess a cruciate flagellar
root system, contain motile cells that display a clockwise absolute orientation of basal
bodies, and the absence of a phycoplast (Mattox & Stewart 1984, Hillis-Colinvaux 1984).
The ulvophytes are primarily marine macroalgae, and represent a wide range of
morphologies, including multicellular, coenocytic, and uninucleate forms (Graham &
Wilcox 2000). Within the Ulvophyceae are five orders containing marine algae:
Bryopsidales (= Caulerpales), Dasycladales, Cladophorales (= Siphoncladales), Ulvales,
and the Ulotrichales (Graham & Wilcox 2000, Wynne 2005). Analysis of nuclear
encoded rDNA sequences has shown the Ulvophyceae to be polyphyletic, with the
multinucleated and septaleoide Cladophorales, the siphonaceous Bryopsidales, and the
uninucleated Dasycladales forming a monophyletic clade that is more closely related to
the classes Chlorophyceae and Pleurastrophyceae than to the orders Ulvales and
Ulotrichales based on molecular data (Zechman et al. 1990).
41

The order Bryopsidales is represented exclusively by algae composed of
coenocytic, siphonaceous filaments, and contains 5 marine families split into two
suborders: the Bryopsidineae (Ostreobiaceae, Bryopsidaceae, and Codiaceae) and the
Halimedineae (Caulerpaceae and Udoteaceae) (Hillis-Colinvaux 1984). Some have also
placed the freshwater species Dichotomosiphon tuberosus (the only member of the genus)
in the monotypic family (Dichotomosiphonaceae) within the Bryopsidales (O'Kellys &
Floyd 1984). There is a large amount of morphological diversity within the Bryopsidales,
ranging from fine filamentous algae (Bryopsidaceae) to calcified, complex morphologies
(Udoteaceae), and genera are classified based on the vegetative traits of adult thalli
(Vroom et al 1998). Cladistic analysis based on morphological, anatomical, reproductive,
cellular, and ecological characters has shown the Bryopsidales to be monophyletic, and
has supported the monophyly of Udoteaceae, Caulerpaceae, Codiaceae, and
Bryopsidaceae (Vroom et al 1998). However, three genera within the Udoteaceae
(Penicillus, Udotea, and Chlorodesmis) are polyphyletic based on nuclear rDNA
(Kooistra 2002).
The purpose of this analysis was to help clarify the phylogenetic structure of the
Bryopsidales, using rbcL sequences. The analysis focuses on the viability of the
suborders Halimidineae and Bryopsidineae and the structure both within and between
established families. Particular attention was focused on the Udoteaceae, as prior
analysis based on nuclear rDNA has shown genera in the group to be polyphyletic.
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Materials and Methods

Specimen Sampling and Outgroup Selection
Algal species were collected in Florida from a borrow pit and its associated mangrove
swamp on the Florida Bay side of Grassy Key (24o 45.5' N, 80o 59.5'W) and Vaca Key
(24o 44.1'N, 81o 02.0' W), or from Sunset Beach in Tarpon Springs, Florida (27º 75.2' N,
82º 76.3' W) (Table 2). Also, Bryopsis plumosa was collected from the south end of the
bay side of the Sunshine Skyway Bridge in Tampa, Florida (27º 62.0' N, 82º 65.5' W),
while Boodleopsis pusilla was collected from Cockroach Bay near Ruskin, Florida (27º
40.7 N, 82º 30.2' W). Penicillus pyriformis and Bryopsis pennata were collected from
reef habitats near St. Thomas, Virgin Islands by Dr. Colin M. Finney, and Udotea
cyathiformis was provided from Twin Cays, Belize by Randi Rotjan. Voucher specimens
were identified by NEC and Dr. Clinton Dawes, and have been deposited at the
University of South Florida Herbarium.
The species Ulva curvata was selected as the outgroup based on prior 18s rDNA
analysis which showed the Cladophorales, Dasycladales, and Bryopsidales forming a
monophyletic group, and the Ulvales grouping separately (Zechman et al. 1990).
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Table 2: List of algal species sampled in this study.
Phylum
Order

Algal Species

Source

Accession
Number

Halimeda discoidea DECAISNE
Halimeda opuntia (LINNAEUS) LAMOUROUX
Halimeda incrassata (ELLIS) LAMOUROUX
Halimeda monile (ELLIS & SOLANDER) LAMOUROUX
Penicillus capitatus (LAMARCK)
Penicillus lamourouxii DECAISNE
Penicillus dumetosis (LAMOUROUX) BLAINVILLE
Penicillus pyriformis (G EPP & GEPP)
Avrainvillea nigricans f. floridana LITTLER & LITTLER
Avrainvillea mazei MURRAY & BOODLE
Cladocephalus luteofuscus (CROUAN & CROUAN)
BØRGESEN
Udotea flabellum (ELLIS & SOLANDER) HOWE
Udotea conglutinata (ELLIS & SOLANDER) LAMOUROUX
Udotea cyathiformis DECAISNE
Rhipocephalus phoenix (ELLIS & SOLANDER) K ÜTZING
Rhipocephalus oblongus (DECAISNE) K ÜTZING
Boodleopsis pusilla (COLLINS) TAYLOR, JOLY, &
BERNATOWICZ

GENBANK
GENBANK
Tarpon Springs, FL
Tarpon Springs, FL
Tarpon Springs, FL
Grassy Key, FL
Grassy Key, FL
St. Thomas, VI
Grassy Key, FL
Grassy Key, FL
Grassy Key, FL

AB038488
AB038489
DQ469328
DQ469329
DQ469332
DQ469333
DQ469330
DQ469331
DQ469325
DQ469326
DQ469324

Grassy Key, FL
Vaca Key, FL
Twin Cays, Belize
Vaca Key, FL
Vaca Key, FL
Cockroach Bay, FL

DQ469334
DQ469322
DQ469318
DQ469321
DQ469319
DQ469320

Bryopsis plumosa (HUDSON) A GARDH
Bryopsis pennata LAMOUROUX

Tampa Bay, FL
Long Key, FL

DQ469327
DQ469323

Codiaceae

Codium fragile (SURINGAR) H ARIOT
Codium lucasii SETCHELL

GENBANK
GENBANK

AB103021
AB038481

Caulerpaceae

Caulerpa brachyopus HARVEY
Caulerpa racemosa (FORSSKÅL) AGARDH
Caulerpa okamurae WEBER-VAN BOSSE

GENBANK
GENBANK
GENBANK

AB038483
AB038486

Ostreobiaceae

Ostreobium quekettii BORNET & FLAHAULT

GENBANK

AY004765

Dasycladales

Batophora oerstedii AGARDH

GENBANK

AY177748

Cladophorales

Dictyosphaeria cavernosa (FORSSKÅL) BØRGESEN

Grassy Key, FL

DQ469335

Ulvales

Ulva curvata LINNAEUS

GENBANK

AF189071

Family
Chlorophyta
Bryopsidales
Udoteaceae

Bryopsidaceae

DNA Extraction
Algae were rinsed with deionized water, patted dry with Kimwipes, placed in liquid
nitrogen, and ground to a fine powder using a mortar and pestle. Algal powder was
added to 2x CTAB buffer (Doyle & Doyle 1987) (0.1g algal powder / mL CTAB buffer)
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mixed thoroughly, and incubated for 1 hr at 65o C in a water bath. An equal volume of
chloroform:isoamyl alcohol (24:1) was added, mixed gently for 5 min, and centrifuged at
16,000 x g for 10 min. The supernatant was removed, and the DNA was precipitated
from it with 100% ethanol, rinsed 3x in 70% ethanol, lyophilized, and re-suspended in
distilled, filtered, and autoclaved (dfa) water.

PCR and Sequencing
Degenerate, consensus primer sequences were designed to conserved regions of the
chloroplast encoded gene for ribulose bisphosphate carboxylase/oxegenase (rbcL), as
determined by alignments of 31 chlorophyte rbcL sequences available in GENBANK.
This gene was chosen because rbcL sequences are conserved enough to design consensus
primers (e.g. Manhart 1994, McCourt et al. 2000), but distinct enough between even the
most closely related species to distinguish them (Chase et al. 2005, Negrisolo et al. 2004).
The forward primer sequence was 5’AAAGCXGGKGTWAAAGAYTA 3’ (rbcL 1) and
the reverse primer sequence was 5’ CCAACGCATARADGGTTGWGA 3’ (rbcL 2).
Reaction mixtures were made with Enzyplus 2000 reaction buffer (Enzypol) [2mM Tris
HCl (pH8.8) 1mM KCl, 1mM (NH4)2 SO4, 0.01% Triton-X 100, and 0.01 mg/ml BSA],
12.5 nM dNTP, 0.25 mM rbcL 1, 0.25 mM rbcL 2, 1 ng/µl DNA and 0.1 units/µl
polymerase (Enzyplus 2000, Enzypol). PCR touchdown reactions were performed on a
thermocycler (Gene Amp PCR 2400, Applied Biosystems) with a denaturing temperature
of 94o C for 30 s, annealing temperature starting at 45o C for 30 s and an extension
temperature of 72o C for 1 min for 35 cycles, with the annealing temperature lowered by
0.5o C on each subsequent cycle.
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PCR products were purified, polished, ligated, and transformed using the PCR
Script Amp (sk+) cloning kit (Stratagene) according to the manufacturer’s instructions,
and colonies were screened by PCR using T3 and T7 primers. Colonies possessing
inserts close in size to the PCR product were mini-prepped using the Nucleospin Plasmid
kit (Clontech). Sequencing reactions were performed using the CDQ DCTS Quick Start
Kit (Beckman Coulter) and the insert sequences were determined (QSM 8000, Beckman
Coulter), or sequenced by commercial vendors (Northwoods DNA, Minnesota or
Macrogen, South Korea) with T3 and T7 primers.

Phylogenetic Analysis
Sequences were obtained from collected specimens or from GENBANK (Table 2).
Several taxa (Codium lucasii, C. fragile, and Caulerpa okamurae) contain an intron, but
only the coding regions of the sequences were used. The gene rbcL is appropriate for
elucidating relationships for both older and younger taxa because, although it is highly
conserved, there is enough variation, especially at the third codon position to provide
phylogenetic information (Källersjö et al. 1999). While considered uninformative by
some due to saturation (Swofford et al 1996), others have shown that the third codon
position contains most of the phylogenetic signal (Zechman 2003, Nickrent et al 2000,
Källersjö et al 1998). Therefore, all codon positions were included in the analysis. For
all obtained sequences, the 5' and 3' primer sequences were discarded, and sequences
obtained from GENBANK were edited to correspond to the remaining region. Algal
rbcL sequences were aligned using Clustal W (Thompson et al. 1994), and converted to
NEXUS format using MEGA v 3.1 (Kumar et al. 2004).
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The proportions of conserved, variable, and parsimony informative sites were
determined using Mega v. 3.1 (Kumar et al. 2004). To evaluate the amount of
phylogenetic signal in the data set (Hillis & Huelsenbeck 1992), un-weighted maximum
parsimony was used to evaluate the skewness (g1 ) of 100,000 random tree lengths with
Paup 4.10b (Swofford 2003).
Exhaustive Maximum Parsimony (MP tree) was performed using Paup v. 4.10b
(Swofford 2003). Since it is not possible to perform an exhaustive search with more than
12 taxa, taxa were selected in an effort to represent all major groups.
Bayesian analysis (BI tree) was performed using Mr. Bayes v. 3.1 (Huelsenbeck
& Ronquist 2001, Ronquist & Huelsenbeck 2003). The best model was determined using
Modeltest v. 3.7 (Posada & Crandall 1998), and the settings used were "nst=6" with
"rates=invgamma". Two runs were generated using 4 chains, and 1,000,000 generations
with a frequency of sampling of 10.

Results

The resulting rbcL sequence for the majority of species was 562 bp. Two sequences
(Ulva curvata and Dichtyosphaeria cavernosa ) were 559 bp due to a single amino acid
deletion. Among the aligned characters, 317 (56.4%) were constant, 245 (43.6%) were
variable and 209 (37.2%) were parsimony informative. Random tree length distributions
were left skewed (g1=-0.51) indicating that the data contain phylogenetic structure.
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Exhaustive Maximum Parsimony
Exhaustive Maximum parsimony analysis on 12 taxa resulted in a single tree (Fig. 11).
This tree reveals the that Dasycladales is a sister taxa to the Bryopsidales. The
Udoteaceae is polyphyletic, with the single species of Penicillus and Halimeda grouping
closer to the Caulerpaceae than to those of Avrainvillea and Cladocephalus. Ostreobium
quekettii is a sister taxa to Caulerpa racemosa, while Dichotomosiphon tuberosus groups
with the single species in the Avrainvillea and Cladocephalus clade. Codium lucasii and
Bryopsis plumosa group together as a sister clade to the rest of the Bryopsidales.

Figure 11. Exhaustive Maximum Parsimony tree based on 12 taxa generated using Paup
V. 4.10b
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Bayesian Analysis
Bayesian analysis (BI tree) (Fig. 12) shows the order Bryopsidales to be a monophyletic
clade, with the Dasycladales as a sister group. The suborder Bryopsidineae is supported
with the Codiaceae and the Bryopsidaceae as sister taxa, and the Ostreobiaceae grouping
basally. Support for the suborder Halimedineae is weak (posterior probability = 0.51).
The family Udoteaceae is shown to be polyphyletic, with the majority of species
grouping together as a sister clade to the Caulerpaceae (which are shown to be
monophyletic), and the genera Cladocephalus and Avrainvillea grouping with the
freshwater species Dichotomosiphon tuberosus outside of this clade. The genera
Penicillus, Udotea, Rhipocephalus, and Halimeda are all shown to be polyphyletic, with
Halimeda being basal to the rest of the Udoteaceae (except for Avrainvillea and
Cladocephalus). When Batophora oerstedii is used as the outgroup (data not shown) the
topology of the tree is identical except that the placement of Ostreobium quekettii is not
resolved and falls outside of the rest of the Bryopsidales.
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Figure 12. Bayesian analysis based on rbcL sequences. The values at the nodes are
posteror probabilities, and the scale bar represents substitutions/site. Tree generated
using Mr. Bayes v. 3.1
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Discussion

The maximum parsimony (MP) and bayesian inference (BI) support similar topologies,
with the only major discrepancy being the placement of Ostreobium queketii. When the
suborders Halimedineae and Bryopsidineae were originally established, the placement of
the Ostreobiaceae in the Bryopsidineae was tentative (Hillis-Colinvaux 1984). The
Ostreobiaceae live in calcareous substrates, and are sometimes separated from the rest of
the Bryopsidales due to the presence of occasional septa (Lukas 1974, Kornmann &
Sahling 1980, in Vroom et al. 1998). However, BI tree appears to support the
Bryopsidineae as a clade, while the MP tree analysis shows the Ostreobiaceae to be part
of the Bryopsidales, but as a sister taxa to the Caulerpaceae. Phylogenetic analysis of
Dasycladales rbcL suggests that the BI tree analysis is more robust than the MP tree due
to potential inconsistencies caused by third codon position saturation, and the BI tree was
more congruent with fossil records than the MP tree analysis (Zechman 2003). Therefore
where discrepancies arise, the BI tree is given preference over the MP tree in this analysis.
There is strong support (posterior probability [pp] 0.99) to suggest that members
of the Udoteaceae are more closely related to the Caulerpaceae, than to the AvrainvilleaCladocephalus-Dichotomosiphon clade. The results demonstrate the first molecular based
phylogeny to establish the genera Avrainvillea and Cladocephalus outside of the
Udoteaceae. Avrainvillea and Cladocephalus have long been placed in the Udoteaceae
based on cladistic analysis of morphological characters (Vroom et al. 1998, Littler &
Littler 2000, Wynne 2005). However, Roth and Friedman (1980) suggested Avrainvillea
and Cladocephalus should be placed in a separate clade based on the macrosegregation of
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nucleoli, and the presence of pyrenoids in the chloroplasts that are surrounded by starch
plates which are encircled by thylakoid lamellae (Roth & Friedmann 1987). These
morphological characters are not found in any other members of the Bryopsidales. Both
the MP and BI trees show that while the Avrainvillea-Cladocephalus-Dichotomosiphon
clade may belong in the suborder Halimedineae, it may be more appropriate to consider
this clade a separate family, sister to the Caulerpaceae-Udoteaceae group.
The placement of Dichotomosiphon tuberosus in the Bryopsidales has been
dubious since it is a freshwater alga, lacks the pigment siphonaxanthin, and has
oogamous reproduction (Hillis-Colinvaux 1984). However, both the BI and MP analysis
clearly shows D. tuberosus belongs in the Bryopsidales, grouping very closely within the
Avrainvillea-Cladocephalus clade. Dichotomosiphon tuberosus has spherical structures
near the basal end of amyloplasts, which are similar to structures found only in
Avrainvillea and Cladocephalus of the Bryopsidales (Roth & Friedmann 1987).
Additionally, electron-dense bodies contained in vesicles from species of Avrainvillea
and Cladocephalus are similar in size and shape to structures found in Dichotomosiphon
tuberosus (Roth & Friedmann 1987, Moestrup & Hoffman 1973). These characters may
be considered synapomorphies of the Avrainvillea, Cladocephalus, and Dichotomosiphon
clade. However, the distinct differences between Dichotomosiphon tuberosus and the
rest of this clade are likely due to it now being an exclusively freshwater alga. It is
possible that D. tuberosus arose from a marine alga, similar to species of Avrainvillea and
Cladocephalus. However, once moving from a marine environment to an exclusively
freshwater environment, a whole new set of environmental factors would direct the
evolution of this alga, leading to rapid phenotypic changes. It is interesting to note that
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Dichotomosiphon tuberosus was long placed with the heterokontic algal genus Vaucheria,
which it is often confused with it due to similar morphologies, similar forms of
reproduction, and co-occurence in the same habitat (del Grosso 1988, Møestrup &
Hoffman 1973). These similarities must be due to convergent evolution from the
evolutionary pressures of the same freshwater habitat, as the two genera are from
different phyla.
The polyphyly of the genera Penicillus and Udotea supports previous data based
on nuclear encoded rRNA (Kooistra 2002). Penicillus and Udotea were originally
designated as distinct genera due to the brushes of Penicillus and the blades of Udotea
(Wynne 2005). However, the brush of Penicillus may be considered simply an
uncorticated Udotea blade whose siphons have lost adherence (Kooistra et al. 2002),
while the blades of Rhipocephalus may be considered a type of Udotea blade that is split
regularly, thus explaining the apparent non-monophyly of the three groups. The
grouping of Penicillus lamourouxii more closely with P. dumetosis and P. pyriformis
than P. capitatus was surprising since P. capitatus and P. lamourouxii both have blunt,
truncated lateral siphons of the stipe, while the stipe lateral siphons of P. dumetosis and P.
pyriformis end in long tapered apices (Littler & Littler 2000). However, U. conglutinata,
which groups basally to P. lamourouxii, has lateral appendages of the stipe more similar
to P. dumetosis than to P. lamourouxii, as do several other species of Udotea (Littler &
Littler 2000). Further, the lateral appendages of P. dumetosis and P. pyriformis are so
similar, that this trait is likely a synapomorphy of the two species.
The apparent polyphyletic nature of the genus Halimeda revealed by BI analysis
is interesting because it is usually viewed as a strong monophyletic clade (Kooistra &
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Verbruggen 2005, Verbruggen et al. 2005, Verbruggen & Kooistra 2004, Hillis et al.
1998). Our analysis contains representatives of three of the five recognized Halimeda
lineages: section Halimeda (H. discoidea), section Opuntia (H. opuntia), and section
Rhipsalis (H. incrassata and H. monile) (Verbruggen & Kooistra 2004, Verbruggen et al.
2005). Prior analysis, both molecular and morphological was made with the assumption
that the genus Halimeda is a monophyletic group, and other Udoteaceae taxa like
Penicillus capitatus and Udotea flabellum are used as outgroups (Verbruggen et al. 2005,
Verbruggen & Kooistra 2004). Based on our results, however, Penicillus sp. or Udotea
sp. may not be an appropriate outgroup selection since Halimeda groups basally to the
rest of the Udoteaceae. Without the inclusion of more taxa from the Udoteaceae, the
genus Halimeda would appear to be a monophyletic clade. Based on the fossil record, it
is estimated that H. incrassata appeared during the early cretaceous, while H. opuntia
does not appear in the fossil record until the late cretaceous period (Dragaston & Solimon
2002). This correlates with the BI analysis which shows H. incrassata to be basal to a
clade that includes H. opuntia. The fossil record of H. discoidea is less clear. H.
discoidea would be expected to pre-date them in the fossil record because it groups
basally to the other Halimeda species in this study, unless it arose from a now extinct
species. Although not reflected in the fossil record, it is possible that the remainder of the
Udoteaceae (excluding members of Avrainvillea and Cladocephalus) is derived from the
Halimeda section Opuntia. Unfortunately, our study only contains 4 species of Halimeda
representing three lineages. Thus, the Halimeda lineage that the Udoteaceae arose from
cannot be discerned, but it appears that the Udoteaceae arose of the Halimeda group.
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Clearly a phylogeny that includes a more complete set of Halimeda species should
provide more insight into the origins of the Udoteaceae than is presently available.
Boodleopsis pusilla is the only non-calcified member of a clade in this analysis
that is otherwise represented by entirely by calcified algae. Boodleopsis pusilla has
similar morphological characteristics to Avrainvillea species (moniliform filaments)
(Littler & Littler 2000) and Dichotomosiphon tuberosus (branch dichotomies), and was
originally thought to be in the genus Dichotomosiphon (Taylor et al. 1953). Therefore, it
could be expected to group with the Avrainvillea-Cladocephalus-Dichotomosiphon clade.
But, B. pusilla also has similarities to the juvenile phases of Penicillus and some species
of Udotea (Taylor et al. 1953), and therefore its placement in the Udotea-PenicillusRhipocephalus clade appears appropriate. As B. pusilla groups basally to Penicillus and
Udotea, it may be that that the Udotea-Penicillus-Rhipocephalus clade arose from
Boodelopsis or a now extinct taxa, similar to it. The loss and re-aquisition of
calcification within the Bryopsidales, and particularly the Udoteaceae is an interesting
issue. The most parsimonious explanation is that calcification was lost in the genus
Boodlepsis, and was maintained in the rest of the clade. Yet, analysis based on rDNA has
also shown the non-calcified genus Chlorodesmis to be part of this clade, and
polyphyletic with Udotea and Penicillus, indicating calcification has been lost or reacquired multiple times within this clade (Kooistra 2002). That the sister order to the
Bryopsidales (the Dasycladales) also contains some calcified and some non-calcified
genera provide another possible scenario of where calcification was lost or arose. It is
possible that the ancestor of the both the Bryopsidales and the Dasycladales may have
been calcified, and this was subsequently lost several times in the both orders. However,
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the fossil record shows many now extinct chlorophyte genera and calcification which
arose long before the Bryopsidales and the Dasycladales (Wray 1977). Therefore, it may
be that the mechanism for calcification is relatively simple to turn on and off, and
therefore has commonly arisen and been lost in many green algal taxa.
In conclusion, the BI tree and the MP tree analysis demonstrate that the
Dasycladales and the Bryopsidales are sister taxa. Within the Bryopsidales, BI analysis
strongly supports the monophyly of the suborder Bryopsidineae, with Ostreobium
queketti grouping basally, and there is weak support for the monophyly of the suborder
Halimedineae. Both the MP tree and the BI tree showed the family Udoteaceae to be
polyphyletic, with the non-calcified genera Avrainvillea and Cladocephalus grouping
with Dichotomosiphon tuberosus in a separate family. The rest of the Udoteaceae are
more closely related to the monophyletic Caulerpaceae, with the only non-calcified
member of this group being Boodelopsis pusilla. Within the Udoteaceae, the BI tree
confirms the polyphyly of the genera Penicillus, Rhipocephalus, and Udotea, while P.
lamourouxii groups with P. dumetosis and P. pyriformis. The genus Halimeda does not
form a monophyletic clade in the BI tree, and groups basally with the rest of the calcified
members of the Udoteaceae suggesting that the Udoteaceae arose from a lineage of
Halimeda.
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Chapter 3: The Symbiotic Chloroplasts in the Sacoglossans Elysia clarki are From
Several Algal Species

Introduction

Sacoglossans feed on siphonaceous algae; cells lining the digestive diverticulum
take up and sequester algal chloroplasts from the gut lumen (Trench et al. 1969). In
Elysia clarki PIERCE ET AL. 2006, the captured, intracellular plastids retain photosynthetic
function for 3–4 months, one of the most persistent chloroplast symbioses known (Curtis
et al. 2004). Both plastid and nuclear-encoded chloroplast proteins are synthesized while
the chloroplasts reside in cells in E. clarki (Pierce et al. 2003). Therefore, the genes for
the nuclear-encoded chloroplast proteins must be present in the sea slugs. A homolog of
fucoxanthin chlorophyll-binding protein (fcp), a nuclear-encoded algal gene, has been
detected in total DNA extracted from specimens of E. clarki. This is the first evidence for
the horizontal transfer of a gene between multicellular organisms (Pierce et al. 2003).
Unfortunately, the algal source of the plastids in E. clarki has not been identified to date,
making further study of horizontal gene transfer difficult.
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Elysia clarki was only recently described and was previously confused by us and
others with a closely related species, Elysia crispata (Pierce et al. 2006). Prior to
taxonomic clarification, our reports on aspects of the chloroplast symbiosis attribute our
results to E. crispata, but in fact, all of our studies were done with E. clarki (see, for
example Pierce et al. 2003). In addition, it is not clear whether previous authors have
worked with E. crispata or E. clarki, especially in Florida (Clark & Busacca 1978; Jensen
1980; Thompson & Jarman 1989), even though investigations on chloroplast symbiosis in
E. crispata date back to the 1940’s (Yonge & Nicholas 1940).
Many studies of chloroplast symbiosis have focused on sacoglossans in which the
source of the chloroplasts is restricted to a single algal species. For example, the
chloroplasts in Elysia viridis are taken from Codium fragile (Hawes 1979), adult Elysia
timida feed on Acetabularia acetabulum (Marin & Ros 1993) and specimens of Elysia
chlorotica feed on and sequester plastids from Vaucheria litorea, although in the lab it
will also consume V. compacta (West et al. 1984). In many other sacoglossan species, the
source of chloroplasts was determined either by electron microscopy or by extensive
laboratory feeding experiments (Jensen 1980; Jensen 1981; Brandley 1984). In some
cases, the algal source of the symbiotic chloroplast is contradictory. For example, even
before E. clarki was recognized as a distinct species from E. crispata, there were
discrepancies about feeding in E. crispata. In some studies, Caulerpa verticillata was
described as the primary food source (Jensen 1980, Jensen & Clark 1983), but in others,
C. verticillata was not eaten by individuals of E. crispata (Clark & Busacca 1978,
Thompson & Yarman 1989). Caulerpa sertularioides was the food source in still other
studies (Roller & Bianchi 1995), but was toxic in yet others (Thompson & Yarman 1989).
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Feeding experiments combined with changes in whole animal chlorophyll content show
that adults of E. crispata feed on Halimeda sp., Penicillus sp., Bryopsis plumosa, and
Batophora oerstedii (Clark & Busacca 1978). However, confusingly, Clark & Busacca
(1978) also state that Florida E. crispata (which may have actually been E. clarki) are not
capable of feeding on Penicillus capitatus. Other reported algal food sources for E.
crispata are C. racemosa, Chaetomorpha sp., and Halimeda discoidea (Thompson &
Jarman 1989). All of these studies use various types of feeding experiments, and none
look for molecular or microscopic evidence of symbiotic chloroplast origin. At least in
order to clarify our own work, we have examined the source of the symbiotic plastids in
E. clarki.

Materials and Methods

Animals and Algae
Specimens of Elysia clarki and several species of algae were collected from a borrow pit
and its associated mangrove swamp on the Florida Bay side of Grassy Key, Florida (24o
45.5' N, 80o 59.5'W). Both the borrow pit and mangrove swamp contained a wide range
of macroalgae. Additional samples of algal species were collected from Sunset Beach in
Tarpon Springs, Florida. Algal samples were identified by NEC using taxonomic keys
(Littler & Littler 2000) All specimens were maintained in the laboratory in aquaria filled
with aerated artificial sea water, (ASW) (Instant Ocean, 1000 mosm) on a 16 hr light-8 hr
dark cycle with fluorescent (cool-white) tubes at room temp (26º C).
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DNA Extractions
DNA extractions were performed on several pooled samples of 3–5 sea slugs, and
separately on a single sea slug. All sea slugs were starved for at least a week before DNA
extractions. The slugs were ground to a powder in liquid nitrogen with a baked mortar
and pestle. An extraction medium consisting of a 1:1 mixture of phenol (pH 8.0) and
buffer [200 mM Tris (pH 8.0), 0.1% SDS, 0.01M EDTA, and 0.5 mg/ml heparin] was
added to the powder and mixed gently for 10 min. The aqueous phase was removed and
mixed with an equal volume of phenol:chloroform (1:1) for 5 min, and then centrifuged
at 16,000 x g for 5 min. The aqueous phase was again saved, and then mixed gently with
an equal volume of chloroform for 5 min, and centrifuged (16,000 x g) for 5 min. DNA
was precipitated from the resulting aqueous phase with 100% ethanol, lyophilized, and
re-suspended in double distilled, filtered (0.2 µm), autoclaved (dfa) water. The DNA
solution was centrifuged at 115,000 x g (L2-80 Ultracentrifuge, Beckman) for 48 hr on a
0.9 g/ml cesium chloride gradient. The DNA band was visualized using a UV lamp,
removed with a wide bore syringe, and extracted with isopropanol (Rumpho et al. 1994).

PCR and Sequencing
Degenerate, consensus primer sequences were designed to conserved regions of the
chloroplast encoded gene for ribulose bisphosphate carboxylase/oxygenase (rbcL), as
determined by alignments of 31 chlorophyte rbcL sequences available in GENBANK.
The rbcL gene is ideal for identifying the chloroplasts in E. clarki because it is
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chloroplast encoded and single copy (Pombert et al. 2005). In addition, rbcL sequences
are conserved enough to design consensus primers (e.g., Manhart 1994, McCourt et al.
2000), but are different enough between even the most closely related species to
distinguish them (Chase et al. 2005). The forward primer sequence was
5’AAAGCXGGKGTWAAAGAYTA 3’ (rbcL 1) and the reverse primer sequence was 5’
CCAACGCATARADGGTTGWGA 3’ (rbcL 2). Reaction mixtures were made with
Enzyplus 2000 reaction buffer [(NH4)2 SO4, 0.01% Triton-X 100, and 0.01 mg/ml BSA],
12.5 nM dNTP, 0.25 mM rbcL 1, 0.25 mM rbcL 2, 1 ng/µl DNA and 0.1 units/µl
polymerase (Enzyplus 2000, Enzypol). PCR touchdown reactions were performed on a
thermocycler (Gene Amp PCR 2400, Applied Biosystems) with a denaturing temperature
of 94º C for 30 s, annealing temperature starting at 45º C for 30 s and an extension
temperature of 72º C for 1 min for 35 cycles, with the annealing temperature lowered by
0.5º C on each subsequent cycle.
PCR products were purified, polished, ligated, and transformed using the PCR
Script Amp (sk+) cloning kit (Stratagene) according to the manufacturer’s instructions,
and colonies were screened by PCR using T3 and T7 primers. Colonies possessing inserts
close in size to the PCR product were miniprepped using the Nucleospin Plasmid kit
(Clontech). Sequencing reactions were performed using the CDQ DCTS Quick Start Kit
(Beckman Coulter) and the insert sequences were determined (QSM 8000, Beckman
Coulter). Algal rbcL sequences from GENBANK and obtained slug rbcL sequences were
aligned using Clustal W (Thompson et al. 1994).

61

Electron Microscopy
Based on the PCR identifications, samples of Elysia clarki, Penicillus capitatus LAMARK
1813, Penicillus lamourouxii DE CAISNE 1842, Halimeda incrassata (ELLIS)
LAMOUROUX 1816, Halimeda monile (ELLIS & SOLANDER) LAMOUROUX 1816 were fixed
in 2% glutaraldehyde in cacodylate buffer (0.15M cacodylate containing 0.58M sucrose,
pH 7.5) overnight followed by three 10 min washes in the cacodylate buffer. The
calcareous algal samples were then decalcified overnight in 3% EDTA in cacodylate
buffer. All samples were post-fixed in 2% osmium tetroxide for 60 min followed by three
10 min washes in distilled water. Samples were soaked in 2% aqueous uranyl acetate for
60 min. Dehydration consisted of 10 min washes in an ethanol series (35%–100%)
followed by three 10 min washes in propylene oxide, and then infiltrated by three 60 min
washes in propylene oxide: Araldite-Epon resin (1:1, 1:2, and 1:3 in sequence) (Araldite
502/ Embed 812, Electron Microscopy Sciences). Samples were then immersed in 100%
Araldite-Epon resin for 60 min and embedded in fresh Araldite-Epon.
Thin sections (60–90 nm) were cut on an ultra-microtome (M2T-B, Sorvall
Porter-Blum) and placed on 200 µm copper mesh grids. Samples were stained 1 min with
0.01M lead citrate, counter stained with 2% uranyl acetate for 1 min, stained again with
lead citrate for 1 min, and rinsed a final time with double distilled water. Sections were
viewed and photographed using a transmission electron microscope (TEM) (Morgagni
268D, FEI).
Feeding
Feeding experiments were performed to confirm that specimens of Elysia clarki fed on
the species of algae identified by the molecular marker described above. Specimens of E.
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clarki were isolated in ASW for 3 months until the body coloration turned from green to
yellow, indicating chloroplast loss. The starved sea slugs were photographed and then
placed on a single species of fresh algae (Penicillus capitatus, P. lamourouxii, or
Halimeda incrassata) for two weeks, after which the specimens were again photographed
for color comparison, and a sample of tissue was taken for electron microscopy as
described above.
Results
rbcL Sequence Identity
The PCR with rbcL primers using Elysia clarki total DNA produced a 562 bp amplicon.
After cloning the PCR product, then screening and sequencing clones, four different rbcL
sequences (E. clarki 1, 2, 3, and 4) were obtained from the borrow pit specimens, both in
the pooled DNA samples (75 clones sequenced), and in the DNA sample extracted from
the single slug (20 clones sequenced). The sequence Elysia clarki 1 (GENBANK #
DQ537220) had a 100% sequence identity with Penicillus capitatus rbcL (GENBANK #
DQ469332), E. clarki 2 (GENBANK # DQ537221) had a 100% identity to Penicillus
lamourouxii rbcL (GENBANK # DQ469328), E. clarki 3 (GENBANK # DQ537222) had
a 100% identity to Halimeda incrassata rbcL (GENBANK # DQ469328) and E. clarki 4
(GENBANK # DQ537223) had a 100% sequence identity to Halimeda monile rbcL
sequence (GENBANK # DQ469329). No other rbcL sequences were detected in any of
the specimens.
Electron microscopy
The fine structure of the chloroplasts of Halimeda incrassata (Fig. 13) and Halimeda
monile (not shown) were indistinguishable.
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Figure 13. Electron micrograph of a portion of a Halimeda incrassata siphon. The
chloroplasts (C) contain a large, central starch granule (S), and several plastoglobuli (P).
Nucleus (N), mitochondrion (M), and the cell wall (CW). Scale, 1 µm.
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Similarly, the morphology of Penicillus capitatus (Fig. 14) chloroplasts was the same as
that of Penicillus lamourouxii (not shown) chloroplasts.

Figure 14. Electron micrograph of a portion of a Penicillus capitatus siphon. The
chloroplasts (C) do not contain a starch granule, but usually contain plastoglobuli (P).
Lipids (L), mitochondria (M), and the cell wall (CW). Scale, 1 µm.
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However, the chloroplast morphology of Penicillus sp. was different in some
aspects from that of Halimeda sp. chloroplasts. In all four species of algae, the oval
chloroplasts were bound by a smooth, double membrane, and contained stacked
thylakoids in bands of 2–5 lamellae, longitudinally spanning the chloroplast from one end
to the other (Fig. 13 and 14). Occasionally, neighboring thylakoid bands lay side by side,
appearing as 6–10 stacked lamellae. Round plastoglobuli ranging in diameter from 100–
300 nm were present in the plastids of the Halimeda sp. (Fig. 13) and Penicillus sp.(Fig.
14). The Halimeda sp. chloroplasts were distinguished from those in Penicillus sp. by a
central starch granule, ranging up to 1500 nm in length (Fig 13). The presence or absence
of such starch grains in chloroplasts is of phylogenetic importance in ulvophytes (Calvert
et al. 1976). Starch granules were not present in chloroplasts of P. capitatus (Fig. 14). In
this algal species, starch was deposited in amyloplasts outside the plastid (Turner &
Friedman 1974).
The symbiotic chloroplasts in Elysia clarki were present inside a large cell that
surrounded the blind end of the tubules of the digestive diverticulum (Fig. 7), and in
several cells that surrounded the tubule just below the terminus (Pierce et al. 2005). The
tubules extended distally from the center of the animal to just below the external body
surface. The tubules ramified throughout the body of the entire animal, giving rise to its
green appearance. The sequestered chloroplasts were much rounder than the oblong
shape of the plastids in the algal cell. The symbiotic chloroplasts were separated from the
cytoplasm of the digestive diverticulum cells by a membrane, and were interspersed
among mitochondria, the nucleus, and other intracellular inclusions (Fig. 7). In addition,
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the outer membrane was wavy and appeared more loosely associated with the chloroplast
(Fig. 15), unlike the algal cell where the outer membrane was smooth and tightly outlined
the chloroplast (Figs. 13 and 14) (see also Turner et al. 1974).

Figure 15. Electron micrograph of a chloroplast in a field collected E. clarki. The
thylakoids (TH) are arranged in bands of 2 -6 lamellae all running in the same direction.
Small lipid (L) droplets are present within the chloroplast, and larger lipid droplets are
present in the cytoplasm between the chloroplasts. The plastid is surrounded by a loose,
wavy outer membrane (O) outside the chloroplast envelope (E), and a vesicle is trapped
between them (unlabelled arrow). Mitochondrion (M). Scale, 300 nm.
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The chloroplast thylakoids in E. clarki were stacked in bands of 2–6 lamellae and
often contained lipid droplets (Fig. 15), which were never found in chloroplasts of the
algae. These lipids in the symbiotic chloroplasts were similar in size and shape to
plastoglobuli, but were clearly different since they stained a light grey color, as opposed
the dark black staining of plastoglobuli in the plastids still in the algae. Large lipid bodies
were also present in the cytoplasm of the E. clarki digestive cells (Fig. 7). These lipid
bodies were found in the algal cell also, but much less frequently (Fig. 14).
Occasionally, chloroplasts with a large central starch granule such as that
characteristic of Halimeda sp. were present in E. clarki cells (Fig. 14). Large starch
granules were found in the chloroplasts of both species of Halimeda, but not in Penicillus
sp., so the presence of these rarer chloroplasts suggested that individual cells of E. clarki
sequestered plastids from more than one species of alga simultaneously.
Yellow-colored, starved E. clarki (Fig. 16A) that were subsequently fed on P.
capitatus (Fig. 16B) or P. lamourouxii (data not shown) turned dark green after 30 days.
Elysia clarki did not feed on H. incrassata in laboratory feeding experiments. The recolored Penicillus capitatus fed E. clarki had incorporated chloroplasts into the digestive
diverticulum cells (Fig. 17). The morphology of these plastids in the re-colored E. clarki
was uniform throughout the re-colored animal, and the sequestered chloroplasts (Fig. 16)
were identical to the majority of chloroplasts in field-collected specimens (Fig. 7). Thus,
most of the sequestered chloroplasts in the field-collected animals were from a species of
Penicillus.
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Figure 16. A. Specimen of E. clarki that has been starved for 4 months until its plastids
have been lost and it has changed color from green to yellow due to chloroplast loss. B.
The same specimen fed on P. capitatus for 30 days after starvation has regained its green
coloration.
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Figure 17. Electron micrograph of chloroplasts (C) inside cells lining the digestive
diverticulum of a starved E. clarki and subsequently fed on P. capitatus (See figs. 5 A
and 5B). The lumen (L) of the digestive diverticulum is densely lined with microvilli
(MV) and cilia (CL). Lipids (L) and mitochondria (M). Scale, 1 µm.
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Discussion

The PCR results show that Elysia clarki sequesters chloroplasts from 4 species of
algae at the same time: Penicillus lamourouxii, Penicillus capitatus, Halimeda incrassata,
and Halimeda monile. This result is unexpected because many species of Elysia are
thought to house symbiotic chloroplasts from only a single algal species. Some
microscopic evidence suggests that both chlorophyte plastids and rhodophyte plastids
may co-occur in Elysia furvacauda (Brandley 1984). Still, the specific algal sources of
the plastids in E. furvacauda were not reported, and it is not clear if the rhodophyte
chloroplasts were actually sequestered in cells, or were just located in the lumen of the
digestive diverticulum as no other cellular structures are visible in the micrographs.
Nevertheless, both our molecular and microscopic results presented here show the
simultaneous presence of symbiotic plastids from more than one algal species in the E.
clarki digestive cells.
The chloroplasts in E. clarki cells have a more rounded shape than their oval
counterparts in the alga. A similar shape difference was also present between symbiotic
plastids in Elysia chlorotica and those in its algal food Vaucheria litorea (Mondy &
Pierce 2003), and between sequestered chloroplasts of Elysia viridis and its algal food
source Codium fragile (Trench et al. 1973).
Most previous work on sacoglossan feeding preferences was done before the
advent of modern molecular techniques such as PCR. Instead, sea slug feeding
preferences were determined using adult feeding experiments combined with either
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changes in body weight (Thompson & Jarman 1989) or changes in chlorophyll content
(Clark & Busacca 1978), and, occasionally, electron microscopy (Brandley 1984).
Unfortunately, such feeding experiments alone cannot determine if chloroplasts are being
sequestered and, as many species of algae have similar chloroplast morphology (for
example, P. capitatus and P. lamourouxii chloroplasts are structurally indistinguishable),
it is not always possible to determine the specific origin of symbiotic chloroplasts in
field-collected specimens by electron microscopy alone. Thus, molecular methods such
as those used in this study are the most conclusive method available for determining the
species identity of sequestered chloroplasts in sacoglossans.
Not only do our molecular results demonstrate that E. clarki feeds on P.
lamourouxii and P. capitatus, but also our feeding experiments clearly show that plastids
from both algal species were taken up and sequestered in the digestive cells. It seems the
main source of sequestered plastids for E. clarki in the borrow-pit where we collected
them, is Penicillus, since the morphology of the majority of chloroplasts in cells of E.
clarki collected from the field were identical to that in slugs which had been fed P.
capitatus in the lab. Indeed, both P. lamourouxii and P. capitatus are abundant in the
quarry from which our specimens were collected. In contrast, although field collected E.
clarki contained some symbiotic chloroplasts from H. incrassata, starved E. clarki
showed no signs of feeding on H. incrassata in our experiments. Unlike the filaments
from Penicillus sp., mature H. incrassata siphons are heavily calcified, so they may be
difficult for E. clarki to pierce with their radulae. New growth of filaments of H.
incrassata is not calcified initially (Borowitzka & Larkum 1977), so these filaments may
be easier for the slugs to feed on. For example, Elysia tuca feeds on the noncalcified
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gametangic thalli of H. incrassata, but not on the calcified vegetative siphons (Clark &
Defreese 1987). In our aquaria, H. incrassata grows slowly, and the new growth area was
likely too little for the slugs to feed on effectively, perhaps explaining the negative result.
However, the conflict between the results of our PCR and feeding experiments with H.
incrassata demonstrates that our molecular protocol is a more reliable means of
determining the source of sequestered chloroplasts in sacoglossans than feeding
experiments alone.
Recently, the importance of accurate sacoglossan feeding preferences has been
highlighted by the consideration of using sacoglossan sea slugs as bio-control agents for
infestations of an invasive strain of Caulerpa taxifolia in the Mediterranean Sea (Thibaut
et al. 2001). This strain of C. taxifolia is unusually large, fast growing, not known to
occur naturally, and highly toxic (Musnier et al. 2001), and most chemical and physical
control methods have failed. Oxynoe olivacea, Lobiger serradifalci, and Elysia subornata
have all been proposed as possible bio-control candidates (Thibaut & Meinesz 2000;
Zuljevic et al. 2001). While using sacoglossans to control Caulerpa infestations seems
logistically impossible, any attempt to do so should be sure that the slug species chosen
actually eats the algae. Our methods would allow certain identification of the food
sources of all algal feeding, kleptoplastic sacoglossans, so that the best candidate for biocontrol could be recognized correctly.
Finally, the vast majority of chloroplast proteins are nuclear encoded. For
example, estimates from the Arabidopsis thaliana genome suggest that up to 3500
different nuclear-encoded proteins are targeted to the chloroplast, while the chloroplast
itself only contains about 150 genes (Bruce 2001). In addition, photosynthesis is
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accomplished in part by light-harvesting complex (LHC) proteins, which are all nuclearencoded (Deanne et al. 2000). Furthermore, thylakoid proteins are rapidly degraded
during photosynthesis and must be continuously replaced (Mattoo et al. 1984; Zer &
Ohad 1995). Both our previous microscopical (Mondy & Pierce 2003) and biochemical
(Pierce, et al. 2003; Green et al. 2000) data indicate that once sequestered by the sea slug,
an algal chloroplast is no longer associated with a corresponding algal nucleus. However,
we have shown previously that nuclear encoded chloroplast proteins are synthesized in
Elysia crispata (actually E. clarki) (Pierce et al. 2003). Thus, it is likely that the ability of
E. clarki to maintain photosynthetically functional chloroplasts from four different algal
species, in two different genera, and the extreme longevity of these chloroplasts must be
due to the presence of algal nuclear encoded chloroplast genes in the animal; a horizontal
gene transfer between alga and slug. The identification of the algal sources of sequestered
chloroplasts is a critical step in the study of potential horizontal gene transfers in E. clarki.
Indeed, we have already detected a homolog of the nuclear encoded Vaucheria litorea
gene, fcp, which is a LHC protein gene associated with photosystem II (Apt et al. 1995)
in E. crispata (actually E. clarki) total DNA (Pierce et al. 2003).
Our results have identified the presence of four types of symbiotic chloroplasts,
from different algae (P. lamourouxii, P. capitatus, H. incrassata, and H. monile) in E.
clarki using molecular and microscopic techniques. These findings will be used in future
research on chloroplast symbiosis, searching for nuclear genes that have been transferred
from an algal nucleus into the E. clarki genome.
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Chapter 4: Newly Metamorphosed Elysia clarki Juveniles Feed on and Sequester
Chloroplasts from Algal Species Different from Those Utilized by Adult Slugs

Introduction

The recently named, kleptoplastic sea slug, Elysia clarki PIERCE ET AL., 2006, feeds on
siphonaceous algae and cells lining the digestive diverticulum take up and sequester algal
chloroplasts from the gut lumen (Pierce et al. 2006). The captured, intracellular plastids
retain photosynthetic function in E. clarki for 3-4 mo, one of the longest chloroplast
symbioses known (Curtis et al. 2004). Both plastid-encoded and nuclear-encoded
chloroplast proteins are synthesized while the plastids reside in E. clarki cells (Pierce et
al. 2003). Therefore, the genes for the nuclear-encoded chloroplast proteins must be
present in the sea slugs. Already, a homolog of the gene encoding fucoxanthin
chlorophyll-binding protein (fcp), a nuclear encoded algal gene, has been detected in total
DNA extracted from E. clarki, the strongest evidence so far for a horizontal transfer of a
nuclear gene between multi-cellular organisms (Pierce et al. 2003).
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Further work on horizontal gene transfers between Elysia clarki and algae has
been delayed by a lack of knowledge of this species’ life history. In particular, the species
identity of the sequestered algal chloroplasts, vital for designing effective strategies to
identify transferred genes in E. clarki DNA, was unknown until recently. Molecular
markers and transmission electron microscopy (TEM) showed that digestive cells of
field-collected, adult E. clarki contain chloroplasts from four different siphonaceous,
coenocytic algal sources of the order Bryopsidales: Penicillus capitatus, P. lamourouxii,
Halimeda incrassata, and H. monile (Curtis et al. 2006a). While these results
unequivocally identified the algal origins of sequestered chloroplasts in E. clarki adults in
the field, the present study investigates the possibility that other species of algae might be
used as plastid donors in earlier stages of the E. clarki life cycle.
Simply testing E. clarki for ingestion, as is often the only observation made in
sacoglossan feeding experiments (Jensen 1983, Trowbridge & Todd 2001), is not
sufficient for our purposes. Several levels of kleptoplastic complexity have been
described, from ingestion only to the most highly developed being the ability to take up
and sequester the chloroplasts by certain cells lining the digestive diverticulum, retention
of the plastids in those cells for longer than a week, and ongoing photosynthesis (Clark et
al. 1990). In a species with the long term retention of functional symbiotic plastids such
as E. clarki, it seems unlikely that some algal species are merely eaten without
subsequent sequestration of the chloroplasts. However, if that were the case, those nonsequestered chloroplasts would have no relevance to potential horizontal gene transfers.
Thus, in this study, we determined algal food species which provided chloroplasts that
were sequestered by E. clarki digestive cells.
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The algal species for our feeding experiments were chosen to provide a wide
taxonomic coverage within the Bryopsidales (class Ulvophyceae), since these
siphonaceous, coenocytic alga are the type fed on by the adult slugs. In addition, we
wished to know if Elysia clarki would feed on any other Ulvophytes outside of the
Bryopsidales, so species from the orders Dasycladales, Ulvales, and Cladophorales were
also included. Vaucheria litorea was also used in feeding experiments because even
though it is in a different phylum (Heterokonta) than most sacoglossan food sources
(Chlorophyta), it is a coenocytic, siphonaceous alga, and is the preferred food of Elysia
chlorotica (West et al. 1984).

Materials and Methods

Sea Slugs and Algae
Specimens of adult Elysia clarki (Pierce et al. 2006) and several species of algae (Table 3)
were collected from a borrow pit and its associated mangrove swamp on the Florida Bay
side of Grassy Key, Florida (24o 45.5' N, 80o 59.5'W), and a man-made, mooring canal
near the east end of Vaca Key, Florida (24o 44.1'N, 81o 02.0' W), also on the Florida Bay
side. While no quantitative surveys have been performed at either site, the algal species
Halimeda spp. and Penicillus spp. (Table 3) are almost always present at the Grassy Key
site, but Bryopsis spp. and Derbesia spp. have never been found there in 6 years of
collecting. In contrast, Bryopsis pennata is sometimes found at the Vaca Key collecting
site, while Penicillus spp. and Halimeda spp. have never been found there. Additional
samples of algal species were collected from Sunset Beach in Tarpon Springs, Florida or
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were purchased from The Culture Collection of Algae at the University of Texas at
Austin, Texas (UTEX) (Table 3). Bryopsis plumosa was collected from the south end of
the bay side of the Sunshine Skyway Bridge in Tampa, Florida, and Bryopsis pennata
was collected from holding tanks containing circulating natural sea water at the Keys
Marine Lab on Long Key, Florida. Codium fragile and Enteromorpha prolifera were
collected from stone jetties in Woods Hole, Massachusetts. Vaucheria litorea was
obtained from our own laboratory culture, which was originally collected from a salt
marsh near Menemsha, on Martha’s Vineyard, Massachusetts (Pierce et al. 1996). All
other specimens were maintained in the laboratory in aquaria filled with aerated Artificial
Sea Water (ASW) (Instant Ocean, 1000 mosm), on a 16 h light: 8 h dark cycle with
fluorescent (cool-white) tubes at room temperature. Algal scpecimens were identified by
NEC using taxonomic keys (Littler & Littler 2000). Voucher specimens for all algal
species were deposited at the University of South Florida Herbarium.
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Table 3. List of algal species presented to juvenile Elysia clarki. All algal species were
presented to the juveniles in both feeding experiments with identical results.
Phylum
Order

Algal Species

Source

Portion
Presented to
Juvenile

Halimeda discoidea
Halimeda incrassata
Halimeda monile
Penicillus capitatus

Tarpon Springs, FL
Tarpon Springs, FL
Tarpon Springs, FL
Tarpon Springs, FL

Penicillus lamourouxii

Grassy Key, FL

Avrainvillea nigricans
Boodleopsis pusilla

Grassy Key, FL
Grassy Key, FL

Growing tip
Growing tip
Growing tip
Brush
filaments
Brush
filaments
Whole algae
Whole algae

Bryopsis plumosa
Derbesia tenuissima

Tampa Bay, FL
UTEX

Whole algae
Whole algae

Woods Hole, MA

Whole algae

Caulerpa mexicana
Caulerpa paspaloides
Caulerpa racemosa
Caulerpa verticillata

Grassy Key, FL
Grassy Key, FL
Grassy Key, FL
Grassy Key, FL

Whole algae
Whole algae
Whole algae
Whole algae

Dasycladales

Acetabularia crenulata
Batophora oerstedii
Cymopolia barbata
Neomeris dumetosa
Dasycladus
vermicularis

Grassy Key, FL
Grassy Key, FL
UTEX
UTEX
Grassy Key, FL

Whole algae
Whole algae
Whole algae
Whole algae
Whole algae

Cladophorales

Chaetomorpha aerea
Boodlea composita
Cladophora albida
Cladophora vagabunda
Cladophoropsis
membranacea
Valonia macrophysa

UTEX
UTEX
UTEX
UTEX
UTEX

Whole algae
Whole algae
Whole algae
Whole algae
Whole algae

UTEX

Whole algae

Ulva lingulata
Ulva prolifera
Ulva lactuca

UTEX
Woods Hole, MA
Tampa Bay, FL

Whole algae
Whole algae
Whole algae

Vaucheria litorea

Lab Culture

Whole algae

Family
Chlorophyta
Bryopsidales
Udoteaceae

Bryopsidaceae
Codiaceae
Caulerpaceae

Ulvales

Heterokonta
Vaucheriales

Codium fragile ssp.
tomentosoides
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Fed on by
Juveniles

X
X

Culture of Elysia clarki
Natural sea water (NSW, 1050 mosm), collected from St. Petersburg Beach, Florida, was
dosed with penicillin G and streptomycin (100µg ml-1 each), filtered (0.2-µm pore filter),
and stored at 4o C. Aquaria containing adult Elysia clarki collected from Grassy Key,
Florida were monitored daily for the appearance of egg masses. An egg mass was
collected within 24 hr of deposition. A second freshly deposited egg mass was collected
at the Grassy Key, FL site on a mass of Boodleopsis pusilla, in the vicinity of several
adult E. clarki. The eggs were confirmed to be from E. clarki by growing them into
adults. Both egg masses were placed into a separate, covered culture dish containing
week-old NSW with 5 µg ml-1 rifampicin (West et al. 1984), in an incubator on a 12 h
light: 12 h dark cycle at 26o C. Larval development was observed daily under a
dissecting microscope. Every 48 h, each egg mass was gently removed from the dish,
rinsed with ASW on a 48-µm nylon mesh, and replaced in fresh filtered NSW and
rifampicin. Elysia clarki exhibit lecithotrophic larval development, hatching as free
swimming veliger larvae 28-35 d after egg deposition (at 26o C), and they metamorphose
into juveniles 5 d after hatching without any algal cues (Pierce et al. 2006). The
swimming, post hatched veligers were not fed, rinsed with ASW every 48 h on a 48 µm
mesh nylon filter, and then returned to fresh sea water until they metamorphosed into
juveniles in the absence of any macroalgal cues.

80

Juvenile Feeding
Samples of field-collected algae were osmotically shocked in fresh water for 1 min, and
then thoroughly rinsed with ASW to clean the external surfaces of contaminating
organisms. Two feeding trials were performed, one using juvenile slugs from the field
collected egg mass, and the other using the egg mass laid in our aquaria. The same algal
species were presented to juveniles in both trials. In each feeding experiment, 20 juvenile
slugs from the same egg mass, 1-2 d after metamorphosis, were placed into individual
dishes containing a single algal species (Table 3) and were kept in an incubator at 20o C
in NSW with 5 µg ml-1 rifampicin (12/12 light/dark cycle). The algal filaments covered
the entire bottom of the dish so that it was impossible for the juveniles to move around
without encountering the algae. The juveniles were observed daily until either they ate
the algae, grew, and turned green or until they died (approximately 2 wks after
metamorphosis). In addition, E. clarki juveniles that fed and grew on Bryopsis plumosa,
were transferred to cultures with Penicillus capitatus after reaching lengths of 0.5 cm or
1.0 cm, and monitored for evidence of additional growth.

Electron Microscopy
Elysia clarki adults, juveniles that had eaten single species of algae in the feeding
experiment, Derbesia tenuissima, and juveniles that were fed Penicillus capitatus after
initially feeding on Bryopsis plumosa, were fixed in 2% (v/v) glutaraldehyde in
cacodylate buffer (0.15M cacodylate containing 0.58M sucrose, pH 7.5) overnight,
followed by three 10 min washes in the cacodylate buffer. Samples were post-fixed with
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2% (w/v) osmium tetroxide in the same buffer for 1 h, followed by staining in 2% (w/v)
uranyl acetate en bloc for 1 h. Dehydration consisted of 10 min washes in an ethanol
series (35% - 100%) followed by three 10 min washes in propylene oxide, and then
infiltration by three 60 min washes in propylene oxide: Araldite-Epon resin (1:1, 1:2, and
1:3 in sequence) (Araldite 502/ Embed 812, Electron Microscopy Sciences). Samples
were then immersed in 100% Araldite-Epon resin for 60 min and embedded in fresh
Araldite-Epon.
Bryopsis plumosa filaments did not fix well with the above protocol. Instead, B.
plumosa filaments were immersed in 2 % (v/v) glutaraldehyde (4o C) in ASW (pH 7.3,
900 mosm), and placed in a microwave oven (3440, Pelco) operated at 100% power with
temperature restriction set to 37o C with the microwave on for 10 sec, off for 20 sec, on
for 10 sec. The filaments were placed outside the oven for 5 min and this regimen was
repeated. Samples were rinsed for 5 min each in ASW of decreasing osmolarity (900
mosm, 560 mosm, 300 mosm), then post-fixed in 2 % osmium tetroxide in ASW (pH 7.3,
300 mosm) using the same microwave regimen as above 2 times. The samples were
rinsed in double distilled water 3 times for 5 min each. Dehydration in acetone consisted
of 4 steps (50%, 70%, 95%, and 100%) in the microwave (temperature restriction set to
45o C) for 40 sec twice each. Samples were infiltrated with three washes of acetone:
Spurr’s resin (1:1, 15 min in the microwave full power, temp 50oC; 1:2, 60 min to
overnight on benchtop; 1:3, 60 min to overnight on benchtop; 100%, 60 min, three times).
Finally, the algal filaments were embedded in fresh Spurr’s resin, and incubated 8-15 h at
70o C.
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Thin sections (60-90 nm) were cut on an ultra-microtome (M2T-B, Sorvall PorterBlum) and placed on copper mesh grids. Samples were stained for 1 min with 0.01M
lead citrate, stained with 2% uranyl acetate for 1 min, stained again with lead citrate for 1
min, and rinsed a final time with double distilled water. Sections were viewed and
photographed using a transmission electron microscope (TEM) (Morgagni 268D, FEI).

DNA Extractions
Elysia clarki, collected from Vaca Key, Florida, were starved for at least one week before
DNA extractions to clear the gut lumen and ensure that any plastid extracted DNA was
from sequestered chloroplasts only. As the symbiotic chloroplasts in E. clarki are
maintained for up to 3 months (Curtis et al. 2006a), the week-long starvation has little
impact on the number of sequestered chloroplasts. Each sea slug was ground to a powder
in liquid nitrogen using a baked mortar and pestle. An extraction medium consisting of a
1:1 mixture of phenol (pH 8.0) and buffer (200 mM Tris [pH 8.0], 1% SDS, 0.01M
EDTA, and 2.5 mg ml-1 heparin) was added to the powder, mixed gently for 10 min, and
centrifuged (4300 g) for 5 min. The aqueous phase was removed and mixed with an
equal volume of phenol:chloroform (1:1) for 5 min, and then centrifuged again as above.
The aqueous phase was saved, mixed with an equal volume of chloroform for 5 min, and
centrifuged as before. DNA was ethanol precipitated from the resulting aqueous phase,
lyophilized, and re-suspended in double distilled, membrane-filtered (0.2 µm), autoclaved
water. The DNA solution was then centrifuged at 115,000 x g (L2-80 Ultracentrifuge,
Beckman) for 48 h on a 0.87 g ml-1 cesium chloride gradient and extracted with
isopropanol (Pierce et al. 2006).
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Algae (Bryopsis plumosa and B. pennata) were rinsed with deionized water,
patted dry with Kimwipes, placed in liquid nitrogen, and ground to a fine powder using a
mortar and pestle. Algal powder was added to 2x CTAB buffer (Doyle & Doyle 1987)
(0.1g algal powder ml-1 CTAB buffer) mixed thoroughly, and incubated for 1 h at 65o C
in a water bath. An equal volume of chloroform:isoamyl alcohol (24:1) was added,
mixed gently for 5 min, and centrifuged at 16,000 g for 10 min. The supernatant was
removed, and the DNA was precipitated from it with 100% ethanol, washed three times
with 70% ethanol, lyophilized, and re-suspended in double distilled, filtered (0.2 µm),
autoclaved water (Curtis et al. 2006a).

PCR and Sequencing
To determine the identity of sequestered chloroplasts in field collected Elysia clarki, the
gene for ribulose bisphosphate carboxylase/oxegenase (rbcL), which is located in the
chloroplast genome in Ulvophytes (Pombert et al. 2005), was amplified from sea slug
total DNA, sequenced, and compared to algal rbcL sequences. Degenerate primer
sequences were designed to conserved regions of the gene encoding rbcL, as determined
by alignments of 22 chlorophyte rbcL sequences available in GENBANK. The forward
primer sequence was 5’GATTATCGTTTAMCATAYTA3’ (rbcL 1) and the reverse
primer sequence was 5’CATAATTTTTAGNGATAAACCTA3’ (rbcL 2). Reaction
mixtures were made with Enzyplus 2000 reaction buffer (Enzypol) (20mM Tris HCl [pH
8.8]) 10mM KCl, 10mM [NH4]2 SO4, 0.1% Triton-X 100, and 0.1 mg ml-1 BSA), 12.5
µM dNTPs, 0.25 mM rbcL 1, 0.25 mM rbcL 2, 1 ng µl-1 DNA, and 1 unit polymerase
(Enzyplus 2000, Enzypol). PCR touchdown reactions were performed on a thermocycler
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(Gene Amp PCR 2400, Applied Biosystems) with a denaturing temperature of 94o C for
30 s, annealing temperature starting at 45o C for 30 s, and an extension temperature of 72o
C for 1 min for 35 cycles, with the annealing temperature lowered by 0.5o C in each cycle
after the first (Curtis et al. 2006a).
PCR products were purified and cloned using the Zero blunt TOPO PCR cloning
kit (Invitrogen) according to the manufacturer’s instructions, and colonies were screened
by PCR using T3 and T7 primers. Colonies possessing inserts close in size to the PCR
product were miniprepped using the Nucleospin Plasmid kit (Clontech). Sequencing was
conducted by a commercial vendor (Northwoods DNA Inc., Solway, Minnesota
[www.nwdna.com]), using T3 and T7 primers.
The rbcL sequences determined from this sequencing were aligned with 22
ulvophyte rbcL sequences obtained from Genbank using ClustalW (Thompson et al.
1994). A Neighbor-Joining tree was constructed from the alignment using Phylip 3.63
(Felsenstein 2004) using the F84 model (Thorne et al. 1992) with 100 bootstrap replicates.
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Results

Juvenile Feeding Preferences
Although some sacoglossan species require a microalgal food source as veligers, and a
macroalgal presence for metamorphosis (West et al. 1984), E. clarki veliger larvae
hatched after 28 d without the addition of any food sources, and metamorphosed after 4-5
d in the absence of any alga.
Of the 29 algal species tested in both feeding trials, juvenile E. clarki fed only on
Bryopsis plumosa and Derbesia tenuissima (Table 3). Juveniles that fed on those two
algal species began to turn green after 6 d, and after 8 d, parapodia and rhinophores
started to appear. After 14 d of feeding the sea slugs reached a length of 0.5 cm, and
showed the external morphological characteristics of adult E. clarki. Once those slugs
fed on B. plumosa had reached at least 1 cm in length (~ 21 d of feeding), they were
transferred to P. capitatus, a preferred food of field-collected adults. The sea slugs
continued to feed and grew to 3.0 cm (~ 14 d of feeding), and were subsequently fixed
for TEM analysis. Smaller E. clarki (0.5 cm long) reared on B. plumosa stopped feeding
and ultimately died if transferred to P. capitatus. Juveniles placed on all the other species
of algae, including those previously shown to be fed on by E .clarki adults (Curtis et al.
2006a), showed no evidence of feeding, and died within 14 d. Adult E. clarki fed
exclusively on B. plumosa have a darker green coloration than adult E. clarki from the
Grassy Key, Florida collecting site (Fig. 18).
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Figure 18. A. Elysia clarki Specimen was collected from a borrow pit at Grassy Key,
Florida and had spent about 4 wk in an aquarium. Its symbiotic plastids were from
Penicillus capitatus. B. Larger specimen is 1 yr old. It was raised from an egg mass in the
lab on Bryopsis plumosa. Smaller specimen was raised on B. pennata that was collected
near the Keys Marine Lab on Long Key, Florida. Dark green color of B. plumosa-fed
slugs has only been seen in the field in a population found in a mooring canal on Vaca
Key, where B. pennata is abundant.

Ultrastructure of Symbiotic Chloroplasts
The oval chloroplasts of Derbesia tenuissima (Fig. 19) and Bryopsis plumosa (Fig. 20)
both contain central pyrenoid bodies surrounded by multiple starch granules. The
thylakoids are in stacks of 3-6 lamellae. One to two thylakoids traverse the middle of the
pyrenoid body (Figs. 19 and 20).
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Figure 19. Longitudinal section near the tip of a siphonaceous filament of D. tenuissima
showing several chloroplasts (C) in the cytoplasm and the outer cell wall (W).
Thylakoids (black arrow, labeled T) run the entire length of the long axis of the oval
plastid, in parallel bands of 3 lamellae. Several starch granules (S) are always present in
each plastid, interspersed between the thylakoids, surrounding a central pyrenoid body
(Y), which surrounds, in turn, a central thylakoid (white arrow labeled T). Many
mitochondria (arrow labeled M) also present. Scale bar = 1 µm
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Figure 20. Section through chloroplast (C)-containing region of a filament of Bryopsis
plumosa. Thylakoids (arrow labeled T) run the length of the oval chloroplasts in parallel
bands of 3-6 lamellae. Starch granules (S) surround a large central pyrenoid body (Y),
which is traversed by 1-2 central thylakoid bands (arrow labeled T). Mitochondria (M)
are also visible. Scale bar = 1 µm

However, D. tenuissima chloroplasts are smaller (3-4 µm length) than those in B.
plumosa (6-9 µm length). In addition, the B. plumosa filaments were extremely difficult
to fix (see methods), implying further structural differences that are not apparent at the
microscopic level. After ingestion, the chloroplasts of Derbesia tenuissima are
sequestered into cells lining the lumen of the digestive tubule of juvenile Elysia clarki
(Fig. 21).
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Figure 21. Cross section of digestive tubule of a lab-reared juvenile Elysia clarki = (3
wk old), fed only Derbesia tenuissima. Patent tubule lumen (D) is lined with microvilli
(V) and also contains a few cilia extending into the center. Chloroplasts (C) have already
been sequestered in tubule cells of this very young sea slug. Plastids have a central
pyrenoid body (Y) surrounded by starch granules (S). Thylakoids (arrow labeled T) run
in bundles the length of the plastid. Shape of the plastids is circular inside digestive cells
instead of the oval, euglenoid shape of the plastids inside algal filament. This shape
difference occurs also with the P. capitatus plastids inside the adult digestive cells (Curtis
et al. 2006a) and, in addition, with Vaucheria litorea plastids inside E. chlorotica cells
(Mondy & Pierce 2003), and is most likely due to a tightly fitting, surrounding animal
cell membrane. Mitochondria (arrow labeled M) and a cell nucleus (N) are present.
Tubule is surrounded by hemolymph (H). Scale bar = 1 µm

90

Also, the juveniles fed initially on B. plumosa for 21 d then later transferred to P.
capitatus for 14 d had digestive cells containing sequestered chloroplasts with the
morphologies of both B. plumosa and P. capitatus plastids (Fig. 22).

Figure 22. Longitudinal section of digestive tubule of Elysia clarki fed Bryopsis plumosa
and then Penicillus capitatus. Plastids from both species of algae are present in the same
tubule cells. The P. capitatus chloroplasts (arrow labeled P) are much smaller (3.5 µm
long) than the B. plumosa (B) chloroplasts (5.5-9 µm long). Latter contain starch granules
(S) and a central pyrenoid body (Y) which are never present in P. capitatus plastids.
Lumen of digestive tubule (D) is full of microvilli (V). Nuclei (N) and lipid droplets (L)
present in the cells. Tubule is surrounded by hemolymph (H). Scale bar = 3 µm
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The B. plumosa chloroplasts are easily distinguished by the central pyrenoid bodies and
multiple starch granules, neither of which is present in the P. capitatus organelles, as well
as the larger width (5.5-9.0 µm diameter and length) of the B. plumosa than P. capitatus
chloroplasts (1.5-4.0 µm diameter and length) (Curtis et al. 2006a). All of the
sequestered chloroplasts are round (Figs. 21 and 22), unlike their oval shape in the algae
(Figs. 19 and 20). This difference in the morphology of algal and sequestered
chloroplasts has been demonstrated previously (Trench et al. 1973, Mondy & Pierce 2003,
Curtis et al. 2006a). The digestive cells of the Elysia clarki collected in the mooring
canal in the presence of Bryopsis pennata clearly contained sequestered chloroplasts from
more than one algal species (Fig. 23). Although the species identities of these
chloroplasts cannot be determined from TEM analysis alone, chloroplasts with pyrenoid
bodies and dimensions (5.5 – 9.0 µm diameter and length) similar to those of Bryopsis
plumosa, along with other smaller (2.5 – 4.0 µm diameter and length) chloroplasts
resembling Penicillus capitatus were both present.
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Figure 23. Cross section of plastid-containing cells in digestive tubule of Elysia clarki
collected from mooring canal on Vaca Key, Florida where Bryopsis pennata is abundant.
Larger chloroplasts (B) contain pyrenoids (Y), and are similar in size (5.5 – 10 µm length)
to B. plumosa chloroplasts. Smaller chloroplasts are close in size (2.5 – 4 µm length) to
Penicillus capitatus (P) chloroplasts, and similar morphologically. Nuclei (N),
mitochondria (M), and lipids (L) also present in cell, and tubule is surrounded by
hemolymph (H). Scale bar = 3µm
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Molecular Identification of Elysia clarki Chloroplasts
The PCR with rbcL primers of total DNA extracted from adult E. clarki collected from
the Vaca Key mooring canal yielded a 500-bp amplicon. Sequencing of 20 clones
yielded 3 rbcL sequences 497 bp in length, indicating the presence of three different algal
chloroplasts (Canal rbcL 1-3). The phylogenetic analysis indicates that only Canal rbcL
1 (DQ537224) matched a known sequence, with 99% similarity to rbcL from Bryopsis
pennata (GENBANK # DQ537227) collected from the Florida Keys, (Fig. 24). Canal
rbcL 2 and Canal rbcL 3 did not match any rbcL sequences available in GENBANK, but
phylogenetic analysis shows that Canal rbcL 2 (GENBANK # DQ537226) groups with
another species of Derbesia, and, although it does not group with a particular genus,
Canal rbcL 3 (GENBANK # DQ537225) groups within the Udoteaceae clade (Fig. 24).
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Figure 24. Neighbor Joining tree (F84 model) of partial rbcL nucleotide sequences
obtained by PCR from Elysia clarki collected from mooring canal on Florida Bay side of
Vaca Key, Florida (Canal rbcL 1-3, text in bold). Chlamydomonas reinhardtii was the
outgroup. Scale shown substitutions per site, and bootstrap values (≥ 50%) are indicated
at nodes. Canal rbcL 1 has 99 % similarity to the rbcL sequence from Bryopsis pennata
collected from Florida Keys. Canal rbcL 2 groups with Derbesia marina, and Canal rbcL
3 groups within the family Udoteaceae, but not strongly with any genus of alga. Previous
experiments have determined that adult E. clarki sequester chloroplasts from the algal
species Penicillus capitatus, P. lamourouxii, Halimeda incrassata, and H. monile (Curtis
et al. 2006a)
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Discussion

Although Elysia clarki adults collected from Grassy Key contained symbiotic
chloroplasts from Penicillus capitatus, P. lamourouxii, Halimeda incrassata, and H.
monile (Curtis et al. 2006a), the current study found that E. clarki juveniles from 2
different egg masses (one collected from the field and one collected from our aquaria) did
not feed on those algal species, but instead ate and sequestered chloroplasts from algal
species with much finer filaments, Bryopsis plumosa and Derbesia tenuissima. In
addition, E. clarki adults, from the field or raised in the lab, will continue to feed on B.
plumosa, if it is available to them, for at least 1.5 years. Furthermore, while juvenile
feeding preference may be influenced by the feeding preferences of the parents in some
sacoglossans (Trowbridge & Todd 2001) the feeding history of adult E. clarki does not
influence the offspring.
The rbcL sequences from the dark green Elysia clarki collected from the canal on
Vaca Key reveal that individuals from this population sequestered chloroplasts from three
algal species that are different from those sequestered by Grassy Key Adults. The
presence of a Bryopsis pennata sequence (Canal rbcL 1) demonstrates that adult slugs
feed on this alga in the field, if it is available. In addition, Canal rbcL 2 and 3 represent
two more algal species from which E. clarki sequesters chloroplasts. While not matching
any known rbcL sequences exactly, the phylogenetic results indicate that the algal
sources fall within the same family clades as the identified algal chloroplasts sequestered
in E. clarki. In addition, although chloroplast fine structure does not allow for an exact
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species identification of the algal source, the two morphologically distinct types of
chloroplasts in the cells of the Vaca Key collected E. clarki are similar to BryopsisDerbesia spp. chloroplasts, and in the same cells, the smaller chloroplasts resemble those
of Penicillus-Halimeda spp. However, since no Penicillus spp. or Halimeda spp. rbcL
sequences were found, these smaller chloroplasts may be from the unidentified plastid
source of Canal rbcL 3.
Our original identification of the algal sources of the sequestered chloroplasts in
Grassy Key Elysia clarki did not find Bryopsis spp. or Derbesia spp. chloroplasts, either
through microscopy or molecular techniques (Curtis et al. 2006a). However, adult E.
clarki from Grassy Key, which contained only sequestered chloroplasts from Halimeda
spp. and Penicillus spp. (Curtis et al. 2006a), will readily feed on B. plumosa in
laboratory experiments and E. clarki from Vaca Key will feed on P. capitatus if
presented with it (data not shown). Thus, it is likely that Bryopsis spp. was simply not
available to the E. clarki at the Grassy Key site, while Penicillus capitatus, P.
lamourouxii, Halimeda incrassata, and H. monile were not available to the Vaca Key
slugs. Clearly, local algal species composition determines which chloroplasts are present
in a particular E. clarki.
In the laboratory, even though the sea slugs could switch food sources,
sequestered chloroplasts from the original food source, Bryopsis plumosa, persisted in the
digestive cells along side plastids from Penicillus capitatus. Thus, chloroplasts from
different algal species can be sequestered in the same digestive cell simultaneously, and
are not turned over when new chloroplasts are sequestered. The reason that juvenile
Elysia clarki only feed on a few of the algal species utilized by adults is unknown, but
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mechanical issues are an obvious possibility. In our study, all of the algal species eaten
by Elysia clarki are coenocytic. However, Penicillus capitatus, P. lamourouxii,
Halimeda incrassata, and H. monile are all calcareous algae, which may cause
difficulties for the teeth of the juvenile radula in piercing the cell walls of the filaments.
In addition, these four algae have fairly broad filaments. In contrast, B. plumosa and D.
tenuissima are not calcified and have very fine filaments, which may be easier for the
juvenile slug to grasp and perforate in order to suck out the cellular contents. However,
juveniles did not feed on Vaucheria litorea, which is very similar morphologically to B.
plumosa (fine filamentous and coenocytic), but is a chromophyte. Thus, filament size
and shape alone does not determine feeding ability in E. clarki. There is a close
correlation between the size and shape of radular teeth in other sacoglossans, and the
diameter of the filaments of food algae (Jensen 1981, Jensen 1993). Also, algal cell wall
composition may be a factor affecting sacoglossan feeding ability (Jensen 1981).
Our results show that, unlike some elysiids, such as Elysia chlorotica (Pierce et al.
2003), which rely on a single species of algae for symbiotic plastids, Elysia clarki feeds
on and sequesters functional chloroplasts from at least nine different species of algae,
representing four genera, during its life cycle. Other sacoglossans have been reported to
feed on multiple algal sources, (e.g. Elysia viridis [Trowbridge, 2000] and Elysia cf.
furvacauda [Brandley 1984]) although feeding studies do not often provide evidence of
chloroplast sequestration. Elysia clarki clearly sequesters chloroplasts from all the algal
species that we have demonstrated it feeds on, and plastids from more than one algal
species co-exist in the same digestive cell. This plastid diversity, together with the
maintenance of the association for many months, indicates that the plastid-containing
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cells lining the digestive diverticulum are well suited to chloroplast maintenance. Since
many chloroplast proteins, especially those associated with photosynthesis require
turnover for persistent function and are also nuclear-encoded, E. clarki’s ability to
maintain such a wide range of chloroplasts must be due the presence of algal, nuclearencoded chloroplast genes in the animal.
In conclusion, the results of this study show that Elysia clarki feeds on and
sequesters chloroplasts from at least 9 different species of green algae from 4 genera, all
from the order Bryopsidales. None of the juvenile E. clarki fed on the algae preferred by
adults (Penicillus capitatus, P. lamourouxii, Halimeda incrassata, and H. monile).
Instead the juveniles chose Bryopsis plumosa and Derbesia tenuissima, and sequestered
chloroplasts from those algal species. Adults in the field and in the lab will feed on
Bryopsis spp. if it is available, and sequester plastids. A complete understanding of the
feeding preferences of E. clarki is a critical step in the study of horizontal transfer of
nuclear genes between alga and sea slug.
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Conclusions

The comparisons between Virgin Island collected Elysia crispata and Keys
collected slugs reveal enough clear differences in gross morphology, radular morphology,
developmental patterns, digestive morphology with respect to kleptoplasty, and
molecular sequences of two genes to require a new species designation for the Keys slugs,
which we have named Elysia clarki (PIERCE ET AL., 2006). Although we solved that
essential issue, all of our previous work on these animals used E. clarki, and on E.
crispata (Pierce et al. 2003). However, since that work has shown E. clarki has one of
the longest known kleptoplastic associations, that nuclear encoded, chloroplast proteins
are synthesized in E. clarki, and that a homolog of the nuclear encoded algal gene, fcp, is
present in slug total DNA (Pierce et al. 2003), in spite of the taxonomic confusion, it is a
good system to examine chloroplast symbiosis, and in particular, potential horizontally
transferred nuclear encoded algal genes.
Unfortunately, prior to this study, the life history of E. clarki was unknown. The
data collected in this study are essential to further work on kleptoplasty in these slugs.
The source of sequestered algal chloroplasts in E. clarki must be known for a variety of
reasons including providing the correct experimental controls, accurate primer design,
and sequence comparisons. In addition, this is the first study to identify the algal source
of sequestered chloroplasts in any sacoglossan using a molecular marker, the chloroplast
encoded gene rbcL. One of the advantages of using rbcL sequences to identify the
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sequestered chloroplasts is that it allows for the exact algal species to be determined if the
corresponding algal rbcL sequence is available. Elysia clarki will feed on at least 7
different algal species as adults in the field, of which we were able to positively identify
Penicillus capitatus, Penicillus lamourouxii, Halimeda incrassata, Halimeda monile, and
Bryopsis pennata. The two other rbcL sequences did not match anything in the database
but one was closely related to the genus Derbesia, and the other grouped within the
calcareous members of the Udoteaceae.
The phylogenetic analysis of the algal rbcL sequences also allows for several
conclusions to be drawn about Elysia clarki feeding. First, all rbcL sequences obtained
from E. clarki are within the monophyletic order Bryopsidales, from the monophyletic
suborders Bryopsidineae and the monophyletic Halimedineae (although posterior
probability support for this clade was weak). Furthermore, within the Halimedineae, the
feeding appears to be restricted to calcified species of the Udoteaceae. No rbcL
sequences were found from the non-calcified members of the Caulerpaceae or the
Avrainvillea-Cladocephalus-Dichotompsiphon clade. Cladocephalus luteofuscus, and
several species of Caulerpa and Avrainvillea are present in the borrow pit in close
proximity to collected adult Elysia clarki, and yet no rbcL sequences from these algae
have ever been found in our analysis. Thus, while adult E. clarki will eat calcified algae,
there must be other factors preventing them from feeding on the rest of the non-calcified
Halimedineae.
Juvenile E. clarki, however, do not feed on the calcified algal species utilized by
the adults. Instead they eat and retain plastids from the fine, filamentous species Bryopsis
plumosa and Derbesia tenuissima. The reason for the inability of juveniles to feed on
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Penicillus sp. and Halimeda sp. may be mechanical issues —juvenile E. clarki radular
teeth are probably too small to pierce the larger, calcified filaments, while the finer, uncalcified filaments of Bryopsis sp. and Derbesia sp. are easier to penetrate. When the
juveniles have grown into adults and reach a length of approximately 1 cm, they can
switch to P. capitatus if presented with it, although they can continue to grow normally
on B. plumosa.
Our results are a critical step in the study of kleptoplasty in Elysia clarki. Our
methods are the first developed that allow positively identify sequestered chloroplasts
from field collected adults at the species level, depending on the availability of
corresponding algal rbcL sequences. Since algal sources of sequestered chloroplasts are
now known, the correct algal species can be collected and cultured to provide controls for
all work performed on the sea slugs.
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