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Trench (1969) was the first to characterize the
Kleptoplastic (i.e. “stolen plastid”) relationship be-
tween the sacoglossan mollusc Elysia chlorotica and
its algal prey (Vaucheria litorea). In contrast to E.
chlorotica, which retains only the plastids of the alga
in densely packed digestive tissue (Fig. 1), aquatic
invertebrates (e.g. corals, clams, worms, tunicates) and
the recently reported spotted salamander (Ambystoma
maculatum; work of R. Kerney, reported by Petherick,
2010) owe their photosynthetic capacity to the reten-
tion of intact unicellular algae (for review, see Rumpho
et al.,, 2011). Photosynthetic sacoglossans vary in the
ability to retain plastids and to maintain their func-
tions. Whereas some of these animals can only utilize
transferred photosynthate for several hours before the
plastids are degraded, others sustain plastid function
for months (for review, see Rumpho et al., 2006, 2011;
Héandeler et al., 2009; Yamamoto et al.,, 2009). E.
chlorotica exhibits one of the longest time frames for
plastid maintenance in the absence of algal food, up to
10 to 12 months in the laboratory (for review, see
Rumpho et al., 2011). The obvious question to be asked
about this system is how the plastids remain photo-
synthetically active in the absence of algal nuclei that
are presumably required to furnish transcripts for
plastid-targeted proteins involved in photosynthesis,
signaling, regulation, and protein turnover. This up-
date will compare and contrast past approaches used
to understand the basis of plastid maintenance and
function with recent work using next-generation se-
quencing to reconcile what appear to be contradictory
outcomes in the observed data.
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FUNCTIONAL SEA SLUG KLEPTOPLASTY

The exploitation of photosynthesis by heterotrophic
organisms is well documented in aquatic (Trench,
1993; Venn et al., 2008) and terrestrial (Nash, 2008)
ecosystems. In these opportunistic relationships, the
algal symbiont gains refuge and a stable nutrient
source in exchange for supplying the host (e.g. inver-
tebrate, amphibian, plant) with carbon (Trench, 1993;
Yellowlees et al., 2008). Symbiotic sacoglossans de-
velop a similar relationship, although exploiting only
the plastid captured from specific algal prey (Jensen,
1982; Marin and Ros, 2004; Handeler et al., 2009).
This phenomenon was recognized in Elysia species
by Kawaguti and Yamasu (1965) and Trench (1969),
followed by a description of the ecology (Hinde and
Smith, 1974; Jensen, 1986; Clark et al., 1990) and de-
velopment (Harrigan and Alkon, 1978, West, 1979;
West et al., 1984). E. chlorotica has an obligate relation-
ship with Vaucheria species, feeding only on Vaucheria
litorea (Fig. 1) or Vaucheria compacta (West et al., 1984).
Development is predominantly planktonic, and the
deposited eggs and planktonic larval veligers lack
plastids. Growth of the veligers occurs by feeding on
microalgae in the environment, and metamorphosis
occurs after 10 to 21 d in the water column. However,
settlement and metamorphosis of the veligers into
adult sea slugs require the presence of Vaucheria. Most
often, the veligers settle on the algal filaments, ensur-
ing a food supply for recently metamorphosed juve-
niles (West, 1979). Growth and maturation of E.
chlorotica are dependent on feeding on Vaucheria for
about 1 week, after which plastids are able to support
continued growth of the animal (Rumpho et al., 2011).
The mechanisms that allow long-term plastid photo-
synthetic ability in a heterotrophic host have been
studied in detail but remain enigmatic.

HYPOTHESES TO EXPLAIN THE ENIGMA
Retention of Algal Nuclei

A reasonable explanation for long-term plastid
maintenance is the presence of algal nuclei within
the animal that provide the transcripts needed to
support plastid functions. Analyses of adult, green,
kleptoplastic sacoglossans using microscopy, PCR,
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Figure 1. A, Adult E. chlorotica feeding on its
algal prey, the coenocytic heterokont V. litorea.
Bar = 5 mm. B, Confocal micrograph showing the
red autofluorescent plastids densely packed
within the digestive diverticula of E. chlorotica.
Once established, these plastids remain photo-
synthetically active within the adult for several
months. Bar = 50 um.

and Southern-blot analysis, however, have failed to
substantiate this hypothesis (Graves et al., 1979; Mujer
et al., 1996; Green et al., 2000; Rumpho et al., 2001;
Mondy and Pierce, 2003; Pierce et al., 2003; Wégele
etal., 2011). In addition, molecular markers for nucleus-
encoded algal genes (e.g. internal transcribed spacer
1 and spermidine synthase) are not found with PCR
using DNA derived from starved animal tissue (Pierce
et al., 2007, 2009; Rumpho et al., 2008; Schwartz et al.,
2010).

Plastid Genetic Autonomy

Another potential explanation for long-term plastid
function in E. chlorotica is the existence of a genetically
autonomous V. litorea plastid genome. It is formally
possible that this genome has regained, via horizontal
gene transfer (HGT), critical genes encoding plastid
proteins involved in photosynthesis that have been
transferred to the nucleus in other algae and plants. To
address this idea, Rumpho et al. (2008) sequenced the
plastid genome of V. litorea and found it to be compa-
rable to other algal and plant plastids in terms of gene
content and found no evidence for HGT.

Plastid Stability

Although containing a typical algal genome, the
Vaucheria plastid exhibits unique physical and bio-
chemical properties that may play a role in the estab-
lishment of the sacoglossan symbiosis (Jensen, 1982;
Héndeler et al., 2009; Wégele et al., 2011). Vaucheria,
like many of the algae consumed by sacoglossan
molluscs, is filamentous and coenocytic: in essence,
a single multinucleate cell. This allows the sea slug
to rapidly acquire numerous plastids while feeding
but also favors plastids that appear to have a greater
longevity than those associated with multicellular
algae. Green et al. (2005) investigated the physiology
of isolated Vaucheria plastids and found that 30% to
40% (in light versus dark, respectively) remained
intact 14 d after isolation from the alga, whereas less
than 20% of isolated spinach (Spinacia oleracea) chloro-
plasts were intact after 24 h. Isolated V. litorea plastids
exhibited electron transport activity, CO,-dependent
oxygen evolution, and CO, fixation 72 h post isolation.
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The isolated plastids were also largely unaffected by
osmotic fluctuations, tested up to £70 mm mannitol. In
addition, over a 3-d period, de novo synthesis of
plastid proteins in isolated plastids changed mini-
mally in banding patterns and intensity on SDS-PAGE
gels, and both Rubisco (large and small subunits) and
the PSII D1 protein were synthesized in plastids 3 d
post isolation. These data support the unique nature of
V. litorea plastids in not requiring o-factors or other
nucleus-encoded regulatory factors for transcription
and translation of plastid genes or that the factors are
stable for a minimum of 3 d in vitro.

Dual Targeting of Proteins

Dual targeting of animal-derived proteins as an
explanation for plastid replenishment has yet to be
carefully studied. All of the nucleus-encoded enzymes
of the Calvin-Benson carbon reduction cycle have cy-
tosolic counterparts in E. chlorotica except for phospho-
ribulokinase and sedoheptulose-1,7-bisphosphatase
(both subunits of Rubisco are plastid encoded in V.
litorea). In addition, transcripts for all of these nucleus-
encoded enzymes are present in the partial E. chlorotica
transcriptome library discussed in more detail below
(Supplemental Table S1). Because these proteins are
encoded in the animal genome, they could be coopted
for use in the plastid, providing much of the necessary
machinery for carbon fixation.

HGT

The most highly cited hypothesis to date, and the
focus of this update, is extensive HGT from the algal
nucleus to the animal, thereby supporting long-term
plastid function (Olendzenski and Gogarten, 2009;
Bock, 2010; Boto, 2010; Moran and Jarvik, 2010). The
majority of the existing work (Table I; see refs. below)
has investigated the presence of genes required for
photosynthesis in the nuclear genome and transcrip-
tome of E. chlorotica in both adults and larvae (with
and without plastids present, respectively). Until re-
cently, these studies used the candidate gene approach
to putatively identify alga-derived genes in the ani-
mal. The methods have included PCR (Green et al.,
2000; Mondy and Pierce, 2003; Pierce et al., 2003, 2007,
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Table I. Molecular and biochemical evidence for nucleus-encoded algal genes in E. chlorotica

Protein Method Gene Source
Fucoxanthin a/c chlorophyll-binding protein **S immunolabeling fcp Pierce et al. (1996, 2003)
Fucoxanthin a/c chlorophyll-binding protein PCR fcp Pierce et al. (2007)
Light-harvesting complex-binding protein 1 35S immunolabeling thev-1 Hanten and Pierce (2001)
Light-harvesting complex-binding protein 1 PCR lhev-1 Pierce et al. (2007)
Light-harvesting complex-binding protein 2 PCR lhev-2 Pierce et al. (2007)
Light-harvesting complex-binding protein 3 PCR lhev-3 Pierce et al. (2009)
Light-harvesting complex-binding protein 4 PCR lhev-4 Pierce et al. (2009)
Oxygen evolution complex protein PCR psbO Rumpho et al. (2008)
Oxygen evolution complex protein Quantitative PCR psbO K. Soule and M.E. Rumpho

(unpublished data)

Phosphoribulokinase %S immunolabeling prk Rumpho et al. (2009)
Phosphoribulokinase PCR prk Rumpho et al. (2009)
Phosphoribulokinase Quantitative PCR prk Soule (2009)
Uroporphyrinogen decarboxylase PCR uroD Pierce et al. (2009)
Magnesium chelatase subunit D PCR chiD Pierce et al. (2009)
Magnesium chelatase subunit H PCR chiH Pierce et al. (2009)*
Chlorophyll synthase PCR chlG Pierce et al. (2009)
Chlorophyll synthesis 4C labeling ND" Pierce et al. (2009)

“Where identical data were presented in more than one publication, the earliest publication date is noted.

PND, Not determined.

2009; Rumpho et al., 2008, 2009), detection of de novo
synthesis of nucleus-encoded plastid proteins using
radiolabeling and immunolabeling in combination
with specific inhibitors of transcription or translation
(Pierce et al., 1996, 2007; Green et al., 2000; Hanten and
Pierce, 2001; Rumpho et al., 2001, 2009), northern-blot
analysis and genome walking (Rumpho et al., 2008),
!C incorporation and synthesis of chlorophyll in ani-
mal tissue (Pierce et al., 2009), and quantitative reverse
transcription-PCR of nucleus-encoded algal genes in
the animal (Soule, 2009). All of these data support
the presence of a few (Rumpho et al., 2008, 2009) to
numerous (Pierce et al., 2009; Schwartz et al., 2010)
nuclear algal genes or gene fragments in E. chlorotica.

Recently, partial transcriptome data from two klep-
toplastic sea slugs, Elysia timida and Plakobranchus
ocellatus, were generated by Wagele et al. (2011). Both
of these sea slugs feed on multiple chlorophycean
algae in nature and retain functional plastids for about
57 and 69 d, respectively (Evertsen et al., 2007). Anal-
ysis of 77,648 ESTs from a single P. ocellatus individual
and 24,200 ESTs from 15 E. timida individuals showed
that 96% to 98% of the expressed genes were metazoan
and none were of algal provenance. Based on these
data, the authors concluded that HGT plays no role
in sustaining long-term plastid function in these sea
slugs. Rather, they attributed this unique relation-
ship to the physical characteristics of the algal plas-
tids and the morphology and cellular environment of
the animal (physically and biochemically protecting
the plastids), based on their ultrastructural, pulse
amplitude modulated fluorescence, and phyloge-
netic analyses (Widgele and Johnsen, 2001; Evertsen
et al.,, 2007; Evertsen and Johnsen, 2009; Héndeler
et al., 2009).

Using essentially the same approach, we generated
partial transcriptome data from E. chlorotica to inves-
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tigate the extent of HGT within this system (Supple-
mental Materials and Methods S1; Supplemental Table
S1; to download a complete list of the isotigs and
singletons produced by GS Assembler, see http://
dblab.rutgers.edu/home/downloads/). Unlike the sa-
coglossans studied by Wégele et al. (2011), cumulative
data (summarized above and in Table I) resulting from
multiple experimental approaches and investigators
over many years have supported HGT in the E.
chlorotica/V. litorea system, although the extent of this
transfer has been in question: in several key genes
(Rumpho et al., 2008, 2009) or in entire metabolic
pathways (Pierce et al., 2009; Schwartz et al., 2010).
Using 454 pyrosequencing, we generated 148 Mb
of cDNA sequence data from starved but actively
photosynthesizing adult E. chlorotica (n = 5). From this
partial transcriptome, 13,978 assembled unigenes and
99,873 unassembled singletons were analyzed using
BLASTx (e-value cutoff = 107'%) to generate putative
gene annotations and to assign the taxonomic origin
of ESTs. As expected, at least 95% of the predicted
proteins had top hits to Metazoa. The putative non-
metazoan top hits returned by BLASTx analysis of the
E. chlorotica unigenes (123) and singletons (354) were
used as queries in a phylogenomic pipeline specifi-
cally designed to identify genes of foreign origin from
the host using the methods and database described by
Moustafa et al. (2009). This approach identified 20
ESTs of potential foreign origin derived from different
prokaryotes, eukaryotes, and viruses (Supplemental
Table S2) as well as several plastid-derived transcripts
primarily from V. litorea, indicating plastid activity
(Supplemental Table S3). None of these 20 ESTs, how-
ever, has a direct involvement in photosynthesis. In
addition, specific BLASTn searches of both the contig
and singleton data for genes previously identified as
HGT candidates (lhcv-1, -2, -3, and -4; fcp; psbO; prk;
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uroD; chlD, -H, and -G; Table I) failed to identify
homologs.

In all of these transcriptome studies, no evidence
exists to indicate that nucleus-encoded algal genes are
expressed in photosynthetic sacoglossans. Wigele
et al. (2011) noted the high expression level of photo-
synthetic genes in the transcriptome of the source alga
Acetabularia, comparable to that observed in the model
green plant Arabidopsis (Arabidopsis thaliana), and yet
none of the “top 50” highly expressed nuclear tran-
scripts for plastid protein were found in the two
sacoglossans used in their study. Although data are
not publicly available from the V. litorea transcriptome
to conduct such a comparative analysis (Pierce et al.,
2009), one can assume that a similar hierarchy of
expression patterns would be observed in this alga. In
the partial transcriptome data presented here from E.
chlorotica, we also did not find evidence of expression
of any of the photosynthetic top 50 nucleus-encoded
algal genes. However, it is important to note that
expression patterns of a putatively transferred gene in
the animal may not mirror what is observed in the
alga, and to assume similar expression patterns in the
foreign environment is highly speculative. Not only
might the copy number of the genes be markedly
different, but the expression levels and modes of
regulation of expression in the animal are unknown.
Recent studies employing quantitative reverse tran-
scription-PCR support the expression of both prk and
psbO in starved E. chlorotica. However, the expression
levels of these genes in the animal were markedly
lower, as much as 525 times lower for prk (Soule, 2009)
and 63 times lower for psbO (K. Soule and M.E.
Rumpho, unpublished data), compared with expres-
sion levels measured in V. litorea under identical (2 h
post illumination) conditions. Differential expression
of both prk and psbO in the animal was observed over a
diurnal cycle, but again these patterns were markedly
different from that observed in V. litorea. Similar pat-
terns were also observed with the plastid-encoded
transcripts rbcL and psaA. These studies provide evi-
dence of the expression of nucleus-encoded plastid-
targeted proteins in E. chlorotica starved for several
months, but more importantly, they suggest that levels
and patterns of expression of foreign genes may not
mirror those in the alga (e.g. Acetabularia or Vaucheria).
Thus, although Wégele et al. (2011) provide compel-
ling arguments to suggest that nucleus-encoded algal
transcripts could not have been missed in their tran-
scriptome libraries, we feel that more exhaustive se-
quencing may be required to adequately address this
issue.

Of interest in both studies is the finding of plastid
gene expression, indicating that this genome is ac-
tively transcribed in the animals. The 46 plastid ESTs
identified included 19 unique genes in E. chlorotica,
some of which were represented multiple times (Sup-
plemental Table S3). Together with the data from
Wagele et al. (2011), these data suggest that nucleus-
encoded transcription factors or regulatory molecules
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are not necessarily required for plastid gene expres-
sion in these taxa.

FUTURE DIRECTIONS

Alternative hypotheses to HGT need to be consid-
ered to explain plastid function in sacoglossans. It is
apparent that plastid stability is essential for the
success of these symbioses, from initial uptake to
establishment of kleptoplasty (Green et al., 2005;
Wiégele et al, 2011). The extent to which HGT is
occurring is less clear and warrants further exploration
to resolve the conflicting results to date. Wégele et al.
(2011) conclude that HGT does not explain plastid
longevity and function in the two sacoglossans inves-
tigated in their study. A similar conclusion cannot yet
be drawn for E. chlorotica due to the longevity of this
functional association and multiple lines of evidence
that indicate that nuclear algal genes have been trans-
ferred. Therefore, either these sacoglossan species (E.
chlorotica versus E. timida and P. ocellatus) have evolved
unique mechanisms to obtain and sustain photosyn-
thetic abilities, one utilizing gene transfer and the
others not, or additional explanations are required to
reconcile current data.

Finally, reconciliation of these data will only occur
through the investigation of new mechanisms that
could be working synergistically with limited HGT
and plastid stability toward plastid function. This
could include investigating whether (1) the animal
cells transiently use proteins and transcripts in an
opportunistic fashion when available, (2) transcripts
are integrated into extrachromosomal elements, which
may restrict detection due to extremely low copy
number and expression levels, (3) the unique stability
of the plastids translates to unusual protein turnover
rates of essential plastid- and nucleus-encoded photo-
synthetic proteins in the animal versus alga and/or
protease activity, and (4) the regulation of expression
of foreign genes in the animal impacts traditional
detection approaches.

Supplemental Data
The following materials are available in the online version of this article.
Supplemental Table S1. List of Metazoa-derived unigenes.
Supplemental Table S2. ESTs of putative nonmetazoan origin.
Supplemental Table S3. ESTs of plastid origin.
Supplemental Materials and Methods S1. Library preparation and

bioinformatic analysis.
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