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Abstract Sacoglossa is a rather small taxon of marine slugs
with about 300 described species, yet it is quite fascinating
scientists for decades. This is mainly because of the ability of
certain species to incorporate photosynthetically active plas-
tids of their algae prey, a phenomenon known as functional
kleptoplasty. With the stolen plastids, these slugs endure
weeks (short-term retention) or months (long-term retention)
of starvation, though contribution of the plastids to the surviv-
al and factors enhancing plastid longevity are unknown.
Likewise, contrasting hypotheses on evolution of functional
kleptoplasty exist and the phylogenetic relationship of
Sacoglossa taxa is still under debate. We analyzed the phylo-
genetic relationship of 105 sacoglossan species to address the
question of the origin of functional kleptoplasty. Based on our
phylogenetic analysis and the ancestral character state recon-
struction, we conclude that functional short-term retention
most likely originated two times and long-term retention at
least five times. Previous suggestions that functional long-
term kleptoplasty is established with specific plastids are
supported by our food analyses in Elysia clarki that finally
harbors only plastids of certain algae species over a prolonged
starvation period.
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Introduction

Sacoglossan sea slugs, a small but famous group of marine
gastropods, feed upon siphonous green algae by piercing the
cell wall, sucking out the cell content, and sequestering the
plastids in cells of the digestive glands (Händeler et al. 2009;
Jensen 1980). The plastids of the algal food are then main-
tained by the slug, for which the term functional kleptoplasty
was established (Rumpho et al. 2006; Waugh and Clark 1986;
Wägele and Martin 2013). How the slugs benefit from the
kleptoplasts, e.g., via transfer of photosynthates from plastids
into the cell lumen (Gallop 1974; Trench and Gooday 1973),
is still unknown, and despite results of former studies
(Giménez-Casalduero and Muniain 2008; Hinde and Smith
1975; Trench 1975), there is nowadays evidence that the slugs
are not photoautotrophic (Christa et al. 2014a, b).

The taxon Sacoglossa, with about 300 described species,
comprises twomajor sister clades: the shelled Oxynoacea with
about 20 % of all known species and the shell-less
Plakobranchacea (Jensen 1997; Kohnert et al. 2013). The
ability to retain functional plastids varies among sacoglossan
species, and some taxa digest the plastids instead of maintain-
ing them, like taxa of the Oxynoacea (Händeler et al. 2009).
While functional kleptoplasty is only known from the genus
Costasiella in the Limapontioidea (Clark et al. 1981; Christa
et al. 2014c), it is fairly common in the Plakobranchoidea
(Clark et al. 1981; Händeler et al. 2009; Johnson 2010;
Klochkova et al. 2010; Wägele and Martin 2013; Yamamoto
et al. 2009).

Three categories of functional kleptoplasty are differentiat-
ed based on chlorophyll a fluorescence measurements
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(Maxwell and Johnson 2000) and the change—mostly the
decrease—of the maximum quantum yield value (Fv/Fm)
during starvation (Evertsen et al. 2007; Händeler et al.
2009): (1) non-retention (NR), (2) short-term retention (StR),
and (3) long-term retention (LtR). Currently, the classification
of Händeler et al. (2009) is mostly followed, despite the fact
that the limitation of the three states is to some degree difficult
and that the photosynthetic capability of species can be influ-
enced by various factors (see review of Cruz et al. 2013;
Serôdio et al. 2014).

The analyses of phylogenetic relationships in Sacoglossa
are still ongoing and yet only partially resolved (Maeda et al.
2010; Händeler et al. 2009). However, the relationship of
Sacoglossa in Heterobranchia could recently be clarified and
the taxon is now strongly considered as a member of the
Panpulmonata (Jörger et al. 2010; Kocot et al. 2013;
Neusser et al. 2011; Wägele et al. 2014). Especially findings
that the shelled genus Cylindrobulla is now assigned to the
Oxynoacea (Jörger et al. 2010; Maeda et al. 2010; Neusser
et al. 2011; Christa et al. 2014c; Laetz et al. 2014) are the basis
for a more thorough analyses of the relationship of Sacoglossa
taxa and the estimation of the evolution of functional
kleptoplasty. Therefore, relationships in Plakobranchacea
(Limapontioidea and Plakobranchoidea) as well as in
Limapontioidea are particularly important to estimate the evo-
lution of functional kleptoplasty. Händeler et al. (2009) hy-
pothesized its origin at the base of the Plakobranchoidea, but
did not consider the genus Costasiella that exhibits functional
kleptoplasty (Clark et al. 1981; Christa et al. 2014c). Maeda
et al. (2010), including Costasiella in their analysis, estimated
the evolution of functional kleptoplasty at the base of the
Plakobranchacea . However, the re la t ionship of
Limapontioidea and Plakobranchoidea was not resolved in
this analysis; thus, they probably overestimated the evolution
of functional kleptoplasty.

The mechanisms that enhance functional kleptoplasty are
still unknown. Studies on LtR forms have convincingly
shown that no algal genes were transferred to the slugs’
genome that could have provided genetic information to sup-
port plastid longevity (Bhattacharya et al. 2013; Pelletreau
et al. 2011; Wägele et al. 2011). Hence, mechanisms must
have evolved to at least somehow control the digestion since
LtR forms obviously do not digest the plastids in the same
extent as NR forms (Evertsen and Johnsen 2009; Händeler
et al. 2009). The plastids, on the other hand, must also posses
some features enabling survival outside the algal cell environ-
ment (Clark et al. 1990; Evertsen and Johnsen 2009; Gallop
1974; Trench 1973; Wright and Grant 1978). Recently, FtsH,
a proteolytic enzyme important in the repair of the photosys-
tem II, was discussed as such a factor (de Vries et al. 2013). It
is plastid encoded in at least two algal food sources of LtR
forms (Acetabularia and Vaucheria), but not in another alga
(Bryopsis) consumed by StR and NR forms (de Vries et al.

2013). Eventually, this can help to explain recent results on
longevity of plastids in the polyphagous species
Plakobranchus ocellatus van Hasselt, 1824 that only harbors
plastids of Halimeda after a distinct starvation period (Christa
et al. 2013). Thus, the correct identification of plastid
origin in sacoglossan sea slugs with knowledge on their
ability for short- and long-term retention is therefore
necessary to understand the role of FtsH in this enig-
matic system. Especially polyphagous species, known to
perform functional kleptoplasty, like Elysia clarki
Pierce, Curtis, Massey, Bass, Karl & Finney, 2006 are
of particular interest.

Here we present and include new results on the distribution
of functional kleptoplasty within the Sacoglossa by measuring
the chlorophyll a fluorescence. We identified food sources of
some taxa unprocessed by DNA barcoding so far using rbcL
and examined if some plastids remain longer periods than
others during starvation in E. clarki. We performed a compre-
hensive phylogenetic analysis of Sacoglossa to examine more
thoroughly the relationship between Limapontioidea and
Plakobranchoidea and executed an ancestral character state
analysis (ACR) to investigate the most likely origin of func-
tional kleptoplasty.

Materials and methods

Specimen collection and maintenance

Specimens for phylogenetic analysis and food barcoding were
collected at different localities and immediately fixed in 96 %
EtOH and stored at −20 °C (see Supplementary Data 1 and 2).
For analysis of functional kleptoplasty, specimens were col-
lected from February to May 2012 and May 2013 on the
Florida Keys by snorkeling and examined either at Mote
Marine Laboratory, Summerland Key, or at Keys Marine
Laboratory, Long Key. Alderia willowi Krug, Ellingson,
Burton and Valdes, 2007 and Alderia modesta (Loven,
1844) were collected at San Francisco Bay and gently provid-
ed by Dr. Patrick Krug (California State University, Los
Angeles, USA).

Depending on the size, animals were cultivated under
natural light conditions in individual petri dishes or
300-ml plastic container, with daily water change at
22–24 °C. Individuals of E. clarki, A. willowi, and
A. modesta were transferred to Bonn, Germany, and
examined under laboratory light conditions with light
intensity of 40 μmol quanta m−2 s−1 under a
12 h:12 h light/dark cycle in artificial seawater (Aqua
Marin) at 22 °C. Light conditions were set up by a full
spectrum day light lamp (Androv Medical, model
AND1206-CH) and water changed on a daily basis.
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Phylogenetic analysis

Phylogenetic relationships of Sacoglossa were reconstructed
using two partial nuclear markers (H3 and 28S) and two
partial mitochondrial markers (COI and 16S). Sequences were
either generated de novo or downloaded from GenBank
(Supplementary Data 1). For specimens that were processed
de novo, DNA was extracted using the DNeasy Blood &
Tissue Kit (Qiagen) following the manufacturer’s instructions
and stored at −20 °C. Sequences were generated with
Sacoglossa specific primers (see Christa et al. 2013;
Händeler et al. 2009; Krug et al. 2013) under the following
conditions: 1 μl of genomic DNA was used in a 20 μl final
volume reaction supplied with 5 μl sterilized water, 2 μl
Qiagen Q-Solution, 10 μl of double concentrated Qiagen
Multiplex PCR Master Mix, and 1 μl of 10 pmol/μl concen-
trated gene specific primer each. Amplification of partial COI
was performed by denaturation for 15 min at 95 °C, followed
by 25 standard cycles (94 °C for 90 s, 48 °C for 90 s, and
72 °C for 90 s) and a final extension at 72 °C for 10 min.
Amplification of partial 16S was performed by denaturation
for 15 min at 95 °C, followed by nine touch-down cycles
[94 °C for 90 s, 58 °C (−1 °C per cycle) for 90 s, 72 °C for
90 s] followed by 25 standard cycles (94 °C for 90 s, 49 °C for
90 s, and 72 °C for 90 s). Amplification of partial H3 was
performed by denaturation for 15 min at 95 °C, followed by
25 standard cycles (94 °C for 90 s, 50 °C for 90 s, and 72 °C
for 90 s). Amplification of partial 28S was performed by
denaturation for 15 min at 95 °C, followed by nine touch-
down cycles [94 °C for 90 s, 65 °C (−1 °C) for 90 s, 72 °C for
90 s] followed by 25 standard cycles (94 °C for 90 s, 56 °C for
90 s, and 72 °C for 90 s).

Each gene was aligned separately using MAFFT (Katoh
et al. 2002) (lengths of single gene alignments were 269 bp for
H3, 1351 bp for 28S, 657 bp for COI, and 537 bp for 16S,
respectively), subsequently concatenated using Fasconcat
(Kück and Meusemann 2010) and manually improved when
necessary (total alignment length 2480 bp). Based on previous
analysis (Händeler et al. 2009), only the first and second
position of COI was used for phylogenetic reconstruction in
the concatenated alignment. We performed a Bayesian analy-
sis using Akera bulata, Haminoea japonica, Haminoea
hydatis, Scaphander lignarius, Siphonaria pectinata, and
Siphonaria concinna as outgroup. We used MrBayes (v. 3.2;
Ronquist et al. 2012) as implemented via the CIPRES Science
Gateway server (http://www.phylo.org/portal2/login) (v. 10.7.
5) with the GTR model and four random starting trees. For
each tree, three heated and one cold Markov chain were
used for 5,000,000 generations with sampling each 1000th
generation. Runs stopped after 1,687,000 generations
(average standard deviation of split frequencies was lower
than 0.005 and log-likelihood values of the cold chain did
not further increase). The first 1000 trees of all runs were

discarded as “burn-in” and a majority rule consensus tree, of
the remaining 2748 trees (687 of each run), calculated.
Posterior Probabilities (PP) were calculated to determine nod-
al support of the 50 % majority rule consensus tree.

Reconstruction of ancestral state character of functional
kleptoplasty

To estimate the origin of functional kleptoplasty, an ancestral
state reconstruction (ASR) was performed using BayesTraits
(v2; Pagel et al. 2004). States of functional kleptoplasty for
every taxon in the tree were encoded as 0: NR; 1: StR; 2: LtR
or as missing data when no information was available. We
applied the BayesMultistate function and the continuous-time
Markov model of trait evolution to the dataset generated by
the Bayesian phylogenetic analyses. We used a reverse-jump
model and set the exponential prior to a uniform hyper prior
with the interval 0 to 30 and the automatic set rate dev
parameter, as the acceptance rate varied between 20 and
40 % in pilot runs as recommended by the developer. The
calculations were run for 20,000,000 generations and sam-
pling every 1000th generation with a burn-in period of
100,000. We then analyzed four different clades (see
Supplementary Table 1) to estimate the ancestral state at each
of the representing nodes. At each of these nodes, we used the
Most Recent Common Ancestor (MRCA) function in a first
run to examine the posterior probability distribution of the
character states. At each node examined, we fixed in individ-
ual runs each of the possible states using the Fossil command.
The same run parameters were then applied as described
earlier, and the Log Bayes Factor test (Log BF) was used to
test the log harmonic means gained by the MRCA runs to
examine if a certain state is favored compared to the others.
Results of this calculation are summarized in Supplementary
Table 1.

PAM measurements

Maximum quantum yield (Fv/Fm) values were measured for
all examined species during starvation with a Diving-PAM
(Walz, Germany) with set-ups as described elsewhere
(Supplementary Data 2; Christa et al. 2014c; Händeler et al.
2009). One measurement of every individual was taken on a
regular base. Specimens starved in the light were dark accli-
mated for 15 min prior to measurements.

Food analyses

For barcoding of sacoglossan food sources, several non-
starved slug specimens were directly fixed in 96 %
EtOH after collection. Sacoglossan species identification
was done by morphological examination and by se-
quencing of the COI gene (for sequencing details, see
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section “Phylogenetic analysis”). For E. clarki, a starvation
experiment under two different light conditions was set up:
f ou r i nd iv idua l s we r e s t a rved in t he l i gh t a t
40 μmol quanta m−2 s−1 and four individuals starved in
complete darkness. After 7, 28, 35, and 49 days, one individ-
ual per starvation experiment was fixed in 96 % EtOH and
used for food analysis. rbcL was used as Barcoding marker
with Ulvophyceaen specific primer (forward primer rbcLF—
5′ AAA GCN GGK GTW AAA GAY TA 3′ and reverse
primer rbcLR—5′-CCA WCG CAT ARA NGG TTG HGA-
3′; Pierce et al. 2006). One microliter of genomic DNA was
used as template in a 10μl final volume reaction supplied with
1 μl sterilized water, 1 μl Qiagen Q-Solution, 5 μl of double
concentrated Qiagen Multiplex PCR Master Mix, and 1 μl of
10 pmol/μl concentrated primer each. Amplification of rbcL
was performed by an initial denaturation for 15 min at 95 °C,
followed by nine touch-down cycles at 94 °C for 45 s, 60 °C
(−1 °C per cycle) for 45 s, 72 °C for 90 s, followed by 25
standard cycles (94 °C for 45 s, 51 °C for 45 s, and 72 °C for
90 s) and a final extension at 72 °C for 10 min. Afterwards,
PCR products were size-fractionated in a 1.5% agarose gel for
90 min at 70 Vand bands extracted from the gel and purified
using Machery-Nagel Nucleo Spin Extract II kit. Isolated
fragments were ligated into pGEM t-easy Vector (Promega)
and cloned into competent Escherichia coli XL1-blue cells
(Stratagene). Of each individual, 12 clones were amplified in a
20 μl final volume reaction supplied with 14 μl sterilized
water, 5 μl of double concentrated Larova PCR Master Mix
(Berlin, Germany), and 1 μl of 10 pmol/μl concentrated
primer each (forward primer T7Promoter 5′ TAATAC GAC
TCA CTA TAG GG 3′ and reverse primer SP6Promoter 5′
ATT TAG GTG ACA CTA TAG 3′). Amplification was
performed by an initial denaturation for 15 min at 95 °C,
followed by 25 standard cycles (94 °C for 45 s, 50 °C
for 45 s, and 72 °C for 90 s) and a final extension at
72 °C for 10 min. Amplification products were purified
using Machery-Nagel Nucleo Spin Extract II kit and all
samples were sequenced by Macrogen Inc. (Amsterdam,
The Netherlands). All obtained sequences were verified
by BLAST search using the NCBI homepage. Subsequent,
consensus sequences for one individual were generated
when sequence divergence of chloroplast genes was lower
than 1 %. For identifying origin of plastid sequences
obtained of the slugs, we used a hybrid of identity and
tree-based DNA-barcoding method (Little 2011).
Sequence identity was verified first by BLAST search
using the NCBI homepage and assigned to an algae spe-
cies if sequence similarity was 99–100 %.

When sequence similarity was lower than 99 % or when
multiple hits with 99–100 % were obtained, sequences were
assigned to higher algal taxa according to a tree-based DNA-
barcoding approach. For this purpose, we combined all se-
quences created by ourselves with a set of corresponding algal

sequences and reduced the size of this data set after a
pre-analyses that included all available algae taxa in the
beginning (alignment available upon request, 561 bp in
length). A maximum likelihood tree was generated
using RaxML server with substitution model GTR+G+
I (http://embnet.vital-it.ch/raxml-bb/; Stamatakis 2006) to
finally assign obtained plastid sequences to certain algal
taxa. Sequence assignment according to the higher taxon
was based on forming monophyletic groups with
distinct algal species. When no monophyletic grouping
was present, sequences were defined as “Ulvophyceae
sp.” (Supplementary Fig. 1–3).

Results

PAM measurements and survival of starvation periods

Oxynoe antillarumMörch, 1863 (n=13) survived a maximum
starvation period of 14 days, though Fv/Fm values indicate no
capability of functional kleptoplasty at all (Fig. 1a). Cyerce
antillensis Engel, 1927 (n=5) and Cyerce sp. 4 (n=6) showed
only minor chlorophyll a fluorescence (if any) and survived a
maximum of 4 and 5 days of starvation, respectively (Fig. 1b).
No initial fluorescence was measured for A. modesta (n=4),
A. willowi (n=4), Mourgona germaineae Marcus & Marcus,
1970 (n=4), Ercolania sp. 1 (n=2), and Ercolania fuscata
(Gould, 1870) (n=2) (we did not record maximum survival
rates of these five species). Overall, eight plakobranchoid
species were investigated: Fv/Fm values of Bosellia marcusi
(n=3), Elysia tuca Marcus & Marcus, 1967 (n=22), and
Elysia zuleicae Ortea & Espinosa, 2002 (n=7) were always
lower than 0.4 during starvation, while the species are able to
survive 9 days or, in the case of E. tuca, even 20 days of
starvation (Fig. 1f). According to the classification introduced
by Händeler et al. (2009), we assign these species as NR
forms.

Elysia cornigera Nuttall, 1989 (n=4), Elysia patina
Marcus, 1980 (n=4), Elysia papillosa Verill, 1901 (n=4),
and Elysia pratensis Ortea & Espinosa, 1996 (n=5) are clas-
sified as StR forms as the Fv/Fm values are above 0.4 for
at least 1 day of starvation. However, starvation periods
differ between these species (12, 8, 22, and 8 days,
respectively) (Fig. 1c, e, f). In our analysis, E. clarki
(n=6) survived for at least 49 days while Fv/Fm values
were always above 0.5 (Fig. 1e). We include here a

�Fig. 1 Chlorophyll a fluorescence measurements of several sacoglossan
species. The anaspidean Phyllaplysia sp. was measured in order to
compare accuracy of Fv/Fm measurements for Sacoglossa with a slug
that feeds on algae but digests at once. Error bars indicate standard
deviation between different species for each measuring point
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non-sacoglossan species, Phyllaplysia sp. (Anaspidea,
Heterobranchia), that feeds on epiphytic algae on sea
grasses but does not incorporate plastids. Phyllaplysia
sp. (n=3) is able to starve up to 10 days with Fv/Fm

values between 0.1 and 0.2 (Fig. 1a).

Food analysis

We analyzed the food source of overall eight species of
the Florida Keys, out of which seven species were not
processed using molecular tools to date (Table 1). All
individuals of the limapantiodean C. antillensis fed on
Halimeda sp. 1, but differences in additive food sources
depending on collection locality were found (Table 1).
Cyerce sp. 4, which was only found on a single locality,
ingested almost exclusively Halimeda sp. 1, besides sin-
gle findings of Polyphysa sp. (S251) and Udotea sp.
(S252; see Table 1). E. papillosa only consumed
Halimeda spp. (Halimeda incrassata, Halimeda monile,
Halimeda simulans, and Halimeda sp. 2), while Elysia
patina’s identified food source is Udotea sp. 1 and
Udoteaceae sp. 1. Elysia subornata incorporated plastids
of Rhipocephalus phoenix, whereas Elysia cf. zuleicae
those of Halimeda sp. 1 and Halimeda sp. 3 ,
Pseudochlorodesmis sp. 1, Avrainvillea sp., and
R. phoenix. E. zuleicae, on the other hand, sequestered
H. incrassata, Bryopsis hypnoides, Udotea flabellum,
Pseudocodiaceae sp., and Polyphysa parvula. Specimens
of E. clarki all fed upon H. incrassata but also exhibit
different additive food sources depending on collection
site, similar as observed in C. antillensis (Table 1).

Food analysis in Elysia clarki during starvation

As E. clarki is assigned as LtR species but consumes
several different algae plastids (Table 1), we analyzed
the food content of E. clarki under starvation to identify
if all plastids remain at the same length of time. We
measured the Fv/Fm values to ensure plastid activity dur-
ing the experiment and compared specimens starved in the
dark and in the light to reveal a possible influence of
photo-damage to plastid composition. Plastids in
E. clarki individuals kept in the dark always exhibit
higher Fv/Fm values during the 49 days of starvation than
in the light, though in both cases values are generally
higher than 0.4 (Fig. 2). H. incrassata, Rhipiliaceae sp.,
and Pseudocodiaceae sp. are still incorporated after a
starvation period of 49 days, independent on light regime
(Table 2). Acicularia schenckii and Penicillus sp. se-
quences were only retrieved in one animal after 7 days
of starvation (at 40 μmol quanta m−2 s−1; Table 2).
Bryopsis, however, was not found in any of the starved
specimens. Between individuals of both light regimes and

various starvation periods, only minor differences are
found in food composition (Table 2).

Phylogeny and evolution of functional kleptoplasty

The dataset presented here comprises 146 specimens of
105 species, with six species belonging to the
outgroup. Within Sacoglossa, the Oxynoacea are mono-
phyletic, as well as all families herein. Cylindrobulla
represents the first offshoot and appears as sister taxon
to the remaining oxynoacean members, though support
is weak (PP<0.6; Fig. 3).

The Limapontioidea and the Plakobranchoidea, in the
sense of Bouchet & Rocroi (2005) appear paraphyletic,
in the latter because of the basal position of the
Platyhedylidae in Plakobranchacea (Fig. 3). The mono-
phyletic Costasiellidae form the most basal taxon of the
paraphyletic Limapontioidea with high nodal support
(PP>95). Within Limapontiidae, the genus Placida is
paraphyletic, including Ercolania boodleae (Baba,
1938) and Stiliger ornatus Ehrenberg, 1831 and is po-
sitioned as sister taxon to the remaining Limapontiidae
(PP>95; Fig. 3). Alderiopsis nigra (Baba, 1937),
Limapontia senestra (de Qautrefages, 1844), and
Ercolania felina (Hutton, 1882) are set as first offshoot
within Limapontiidae (PP 86) and the genus Alderia
forms the sister taxon of Ercolania with high support
(PP 100; Fig. 3). Ercolania is found to be polyphyletic
since E. felina and E. boodleae are not grouped within.
The Polybranchiidae are paraphyletic, with monophylet-
ic Cyerce branching off first (Fig. 3). Hermaeidae forms
a sister group to the monophyletic Polybranchiidae (with
Cyerce excluded). Within the latter, the relationship of
Caliphylla mediterranea (da Costa, 1867), Mourgona,
and Polybranchia is well supported. The clade
Hermaeidae and reduced Polybranchiidae is sister taxon
to the Plakobranchoidea (PP>95; Fig. 3). Within
Plakobranchoidea, two major clades are well supported
(both with 93, respectively). The first comprises
Bosellia as sister taxon to monophyletic Thuridilla and
Plakobranchus (PP 93; Fig. 3). This clade is with high
nodal support the sister taxon to Elysia (PP 100;
Fig. 3).

Bayesian ancestral state reconstruction indicates that
in basal sacoglossan lineages (i.e., Oxynoacea,
“Limapontioidea”), no functional kleptoplasty existed
(Fig. 3, Supplementary Table 1). Then the ability to
retain plastids functional for a certain period of time
within the cytosol originated twice as short-term reten-
tion, once within the Costasiellidae and once at the base
of Plakobranchoidea (Fig. 3, Supplementary Table 1).
Long-term retention arose obviously five times indepen-
dent in Costasiella ocelli fera (Simroth, 1895),
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Table 1 Food analysis in freshly collected Sacoglossa

Species Collection place Specimen Identified food Accession no.

rbcL COI

Cyerce antillensis Sunset Drive, Summerland Key S216 Halimeda sp. 1 KJ138323 KM879893

Udotea sp. 1 KJ138322

Udotea sp. 2 KJ138324

Geiger Beach, Boca Chica Key S217 Halimeda sp. 1 KJ138325

Halimeda sp. 2 KJ138331

Rhipiliaceae sp. 2 KJ138327

Avrainvillea sp. KJ138328

Bryopsis hypnoides KJ138330

Bryopsis sp. 1 KJ138329

Pseudochlorodesmis sp. 2 KJ138326

Henry Street, Summerland Key
Niles Road, Summerland Key

S218 Halimeda sp. 1 KJ138333

Udotea sp. 2 KJ138332

S219 Halimeda sp. 1 KJ138334 KM879892

Cyerce sp. 4 Horseshoe Pit, Spanish Harbour Key S214 Halimeda sp. 1 KJ138320 KM879891

S215 Halimeda sp. 1 KJ138321 KM879890

S251 Halimeda sp. 1 KJ138345 KM879889

Polyphysa sp. KJ138346

S252 Halimeda sp. 1 KJ138347 KM879888

Udotea sp. 2 KJ138348

Elysia clarki Niles Road, Summerland Key N1 Halimeda incrassata KJ138390

Pseudocodiaceae sp. KJ138389

Mote Laboratory, Summerland Key 48 Halimeda incrassata KJ138393

Halimeda sp. 2 KJ138394

Rhipiliaceae sp. 1 KJ138397

Bryopsis sp. 1 KJ138392

Bryopsis sp. 2 KJ138396

Pseudocodiaceae sp. KJ138395

Ulvophyceae sp. 1 KJ138391

71 Rhipiliaceae sp. 1 KJ138404

Bryopsis sp. 3 KJ138402

Ulvophyceae sp. 1 KJ138405

Pseudocodiaceae sp. KJ138403

Geiger Beach, Boca Chica Key 49 Halimeda incrassata KJ138399

Acetabularia KJ138398

crenulata

Henry Street, Summerland Key 50 Halimeda monile KJ138367

Halimeda incrassata KJ138366

Pseudocodiaceae sp. KJ138400

Rhipiliaceae sp. 1 KJ138401

Sunset Drive, Summerland Key 72 Halimeda monile KJ138407

Pseudocodiaceae sp. KJ138406

73 Pseudocodiaceae sp. KJ138408

Rhipiliaceae sp. 1 KJ138409

Elysia papillosa Sunset Drive, Summerland Key S223 Halimeda incrassata KJ138342 KM879887

Halimeda monile KJ138341

S224 Halimeda incrassata KJ138344

Halimeda sp. 2 KJ138343
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P. ocellatus, Elysia chlorotica Gould, 1870, Elysia
crispata, and Elysia timida (Risso, 1818), respectively
(Fig. 3).

Discussion

Food sources of Sacoglossa

Due to new hypotheses on longevity of plastids outside their
natural environment, de Vries et al. (2013) most recently
stressed the importance of rapid and precise identification of
plastid sources within Sacoglossa. Clearly, the food source is
not exclusively sufficient to establish functional kleptoplasty,
but without adequate physiological prerequisites of target
plastids, this relationship may not have been established in
the first place. Especially the results on starving experiments
with polyphagous species such as P. ocellatus (Christa et al.
2013) and E. clarki (this study) indicate that sequestered
plastids of different algae are not maintained equally over
time. In E. clarki, plastids of Bryopsis were identified after
seven days of food depletion independent on light regime.

Table 1 (continued)

Species Collection place Specimen Identified food Accession no.

rbcL COI

S257 Halimeda monile KJ138351

Halimeda simulans KJ138349

Halimeda sp. 2 KJ138350

Elysia patina Sunset Drive, Summerland Key S258 Udotea sp. 1 KJ138352 KM879884

Udoteaceae sp. 1 KJ138353

S259 Udotea sp. 1 KJ138354 KM879883

S260 Udotea sp. 1 KJ138355 KM879882

Elysia subornata Henry Street, Summerland Key S263 Rhipocephalus phoenix KJ138356 KM879881

Elysia cf. zuleicae Sunset Drive, Summerland Key S220 Halimeda sp. 3 KJ138335 KM879880

S222 Pseudochlorodesmis sp. 1 KJ138336

Halimeda sp. 1 KJ138339

Avrainvillea sp. KJ138337

Rhipocephalus KJ138338

phoenix

Elysia zuleicae Geiger Beach, Boca Chica Key S269 Halimeda incrassata KJ138357

Bryopsis hypnoides KJ138358

S270 Halimeda incrassata KJ138359 KM879879

Udotea flabellum KJ138360

Pseudocodiaceae sp KJ138362

Polyphysa parvula KJ138361

Food sources are identified with the DNA-barcoding marker rbcL; species identification/confirmation of sacoglossan species by COI
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Fig. 2 Maximum quantum yield measurements (Fv/Fm) of Elysia clarki.
Specimens of E. clarki were either starved under 40 μmol quanta m−2 s−1

(diamonds) or in complete darkness (rectangles) over a period of 49 days.
Error bars indicate standard deviation between different specimens for
each measuring point. Because specimens were fixed at certain intervals,
finally only one individual was left at day 49
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This may indicate that photo-damage has probably only a
minor impact on plastid retention in this species.Elysia ornata
(Swainson, 1840) also feeds upon Bryopsis and starves up to
13 days but loses photosynthetic activity within 6 days (see
supplementary data of Händeler et al. 2009). It is therefore
necessary to analyze how fast plastids ofBryopsis degrade and
how much they support the slug’s survival. A faster degrada-
tion under light regimes may be based on the lack of a plastid
encoded repair mechanism of PSII (de Vries et al. 2013), while
this is still present in Vaucheria litorea and Acetabularia
acetabulum , the food sources of two LtR forms
(E. chlorotica and E. timida, respectively). The slugs, howev-
er, do not need to actively discriminate between plastids: they
would most probably digest degrading plastids by autophagy,

as in the case of mitochondria (Kim et al. 2007; Kiššová et al.
2007; Lee et al. 2011).

Besides targeting plastids that are essential for establishing
functional kleptoplasty, food analyses in Sacoglossa are an
important task in understanding ecological associations and
the reconstruction of the ancestral food source to examine host
shift processes. To achieve this, a method is needed that
identifies food sources without knowing the life history of
the slugs. So far, DNA barcoding provides profound insights
in Sacoglossa food sources (Curtis et al. 2006; Händeler et al.
2009; Maeda et al. 2012; Christa et al. 2014c, d). Yet, in our
analysis, no single sequences ofCaulerpa species were found.
This is surprising, as some species are known to feed on
Caulerpa species. This may indicate flaws of the applied

Table 2 Food analysis of
E. clarki during starvation

All specimens were collected at
Mote Lab and starved for overall
49 days under either light
(40 μmol quanta m−2 s−1 ) or
complete darkness. Food analyses
were carried out by DNA
barcoding after four different
starvation periods, in each case on
a single individual. Halimeda
incrassata was the only food
source found in every sample

Starvation condition Starvation
period (days)

Specimen no. Identified food
via barcoding

Accession no.

Non-starved – Halimeda incrassata

Halimeda monile

Halimeda sp. 2

Rhipiliaceae sp. 1

Bryopsis spp.

Ulvophyceae sp. 1

Pseudocodiaceae sp.

Acetabularia crenulata

40 μmol quanta m−2 s−1 7 B6 Halimeda incrassata KJ138383

Acicularia schenckii KJ138382

Penicillus sp. KJ138381

28 B3 Halimeda incrassata KJ138412

Halimeda sp. 2 KJ138410

Rhipiliaceae sp. 1 KJ138411

35 B4 Halimeda incrassata KJ138415

Halimeda sp. 2 KJ138414

Rhipiliaceae sp. 1 KJ138375

Pseudocodiaceae sp. KJ138413

49 B5 Halimeda incrassata KJ138379

Halimeda sp. 1 KJ138378

Rhipiliaceae sp. 1 KJ138377

Pseudocodiaceae sp. KJ138380

Darkness 7 B10 Halimeda incrassata KJ138369

Ulvophyceae sp. 1 KJ138368

28 B12 Halimeda incrassata KJ138371

Rhipiliaceae sp. 1 KJ138370

35 B9 Halimeda incrassata KJ138385

Halimeda sp. 2 KJ138384

Rhipiliaceae sp. 1 KJ138387

Pseudocodiaceae sp. KJ138386

49 B15 Halimeda incrassata KJ138372

Rhipiliaceae sp. 1 KJ138373

Pseudocodiaceae sp. KJ138374
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marker rbcL in identifying Caulerpa sequences or reflects the
fact that hardly any Caulerpa species were found during
sample collection. Händeler et al. (2010) and Christa et al.
(2013) identified several Caulerpa species in Elysia
tomentosa, Volvatella viridis, and P. ocellatus by applying
tufA as barcoding marker, whereas no Caulerpa sequences

were obtained in the latter study when applying rbcL. In either
way, identified foot items based on DNA barcoding should
only be interpreted as the minimum possible consumed algae,
but handled with care in drawing overall conclusions on food
preferences. In order to make clear assumption of what is the
primary diet, several different approaches, like development

Fig. 3 Phylogeny of the Sacoglossa based on Bayesian analysis (50 %
majority rule consensus tree). Numbers at nodes indicate Posterior Prob-
ability (PP), black circles indicate PP=100, and black asterisks indicate
PP=95–99. The inner dark gray circle borders functional-retention infor-
mation of taxa, the outer food sources (displayed are only three major
food sources per species). The scale bar displays substitutions per site.
Yellow highlighted is the “outgroup”, pink the Oxynoacea, purple the
Platyhedylidae, green the “Limapontioidea” , and blue the

Plakobranchoidea. Numbers in brackets behind species names indicate
number of investigated individuals for this species.Gray circle in the tree
displays the evolution of non-functional retention at the base of the
Sacoglossa obtained by Ancestral Character State reconstruction (ASR);
blue circles display the multiple, independent evolution of short-term
retention. Information on food sources and retention form was taken out
of literature (Christa et al. 2014d) or generated in this study

32 G. Christa et al.



on different algae or the chemical structure of the slugs, need
to be combined. In this study, we however only focused on the
minimum consumed algae that are present in different
Sacoglossan slugs.

Our results indicate that, depending on collection locality,
food sources may differ to some degree and can also differ
between specimens of the same collection locality, as was
previously reported for P. ocellatus, E. clarki, and E. viridis
(Maeda et al. 2012; Baumgartner et al. 2014; Middlebrooks
et al. 2014). This can be based on seasonality of algae or
differences in the abundance of certain algae (Marìn and Ros
1993). The latter hypothesis is more supported by the results
of Gallop et al. (1980) who showed that the slugs most likely
are not able to actively find their algal prey by chemotaxis but
by a “try-and-error” system (Gallop et al. 1980).

Furthermore, differences in food source identification be-
tween feeding experiments, laboratory cultures (Krug 2009),
or observation and DNA barcoding occur (see also Christa
et al. 2014d) as in the case of E. subornata or E. zuleicae:
results obtained by barcoding revealed several different puta-
tive food source; however, they were known only to feed on
Caulerpa and on Udotea, respectively (Krug 2009; Händeler
and Wägele 2007; Jensen 1996). This may implement that
sacoglossan sea slugs are not always closely associated with
their food sources, a fact that was shown, e.g., for E. clarki
(Middlebrooks et al. 2014), and that some species may feed
occasionally on algae as well that do not comprise their usual
food. Even if slugs feed upon algae under laboratory condi-
tions, this may not happen in the natural environment, as was
shown recently for E. timida (Schmitt et al. 2014).

Functional kleptoplasty in Sacoglossa

Including the results presented in this study, 77 sacoglossan
species are investigated with regard to their photosynthetic
capability by means of PAM measurements to date
(Supplementary Data 2). Considering E. clarki and
E. crispata as two distinct species (Pierce et al. 2006), six
LtR species are now known to science. These additionally
comprise the plakobranchoid species E. timida, E. chlorotica,
P. ocellatus, and the limapontioid species C. ocellifera
(Händeler et al. 2009; Rumpho et al. 2001; Christa et al.
2014c). Short-term retention is now verified for 34 species
of the Plakobranchoidea and two species of Costasiella, but
still not known from taxa of the Oxynoacea. Only about 25 %
of known Sacoglossa species are investigated by means of
PAM measurements. Especially within the Limapontioidea,
many taxa are unfortunately not analyzed yet. Former inves-
tigations based on CO2 fixation experiments, for example,
indicate potentially functional kleptoplasts inHermaea bifida,
although evidences are not conclusive (Kremer and Schmitz
1976; Taylor 1971). Higher Fv/Fm values in the Japanese
oxynoacean Julia zebra Kawaguchi, 1981 measured by

Yamamoto et al. (2009) certainly need to be re-investigated
since no further information on the time frame and conditions
of the slugs after collection were given.

To our knowledge, members of the Oxynoacea are not able
to incorporate functional chloroplasts at all. Their digestive
gland surrounds the stomach as a compact mass and does not
show any adaptation for functional plastid retention. Even the
surrounding shell would reduce efficiency of plastids.
Therefore, it is more likely that the values obtained from
J. zebra do not reflect functional kleptoplasty but rather dis-
play the functionality of plastids within the stomach shortly
after feeding. For these reasons, J. zebra is handled as NR
form.

Furthermore, PAM values might not always be appropriate
since even for Phyllaplysia fluorescence was measured during
starvation, though this species does not incorporate plastids of
its algal prey but digests its food source at once. A combina-
tion with CO2 fixation seems therefore needed to really iden-
tify if photosynthesis, and hence phototrophic CO2 fixation, is
still ongoing in specimens with low PAM values. Considering
especially these conflicting data, the identification of func-
tional kleptoplasty within Sacoglossa is still an ongoing task,
but some basic requirements should be considered or men-
tioned, including the time in between animals were collected
and the measurements were taken. So far, survival of starva-
tion periods of sacoglossan sea slugs was connected to pho-
tosynthetic activity of kleptoplasts especially in LtR forms
(Giménez-Casalduero and Muniain 2008; Hinde and Smith
1975; Yamamoto et al. 2013). Yet in our analyses, even NR
forms and a non-sacoglossan slug, Phyllaplysia, are able to
starve up for distinct periods. Thus, in these peculiar species,
photosynthesis seems not to be essential for survival of star-
vation periods, as was also already hypothesized for three LtR
forms (Christa et al. 2014a, c).

Evolution of functional kleptoplasty within Sacoglossa

Händeler et al. (2009) estimated the evolution of functional
kleptoplasty at the base of the Plakobranchoidea, although
Costasiella was not included as retention form. On the other
hand, Costasiella was included as retention form in the study
by Maeda et al. (2010) that estimated the evolution of
kleptoplasty in the stemline of Plakobranchacea. However,
in both studies, the taxa Platyhedyle denudata Salvini-
Plawen, 1973 and Gascoignella nukuli Swennen, 2001 were
not included. According to our analysis, which is based on a
broader taxon sampling and included the two latter species,
functional kleptoplasty originated multiple times: functional
short-term kleptoplasty probably originated two times (once
in Costasiella and once in the Plakobranchoidea), whereas
LtR forms evolved five times independently. The results un-
derline the importance in identifying functional kleptoplasty
in Sacoglossa in order to reveal a robust hypothesis of the
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evolution of functional kleptoplasty. Therefore, our conclu-
sions may eventually be superseded when more information
on hardly investigated taxa becomes available. Irrespective of
this general uncertainty when working on historical aspects,
our results broaden our knowledge with regard to importance
of plastid origin, evolutionary food traits within Sacoglossa,
and functional kleptoplasty. These results will help to specify
further experiments and investigations to finally explain evo-
lution of longevity of chloroplasts and their relevance in
survival of the slugs.
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