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ABSTRACT: Kleptoplasty is a rem arkable form of symbiosis w hereby photosynthetically functional 
algal chloroplasts are retained by the host organism. Certain sacoglossan sea slugs form such associ
ations and some species such as Elysia viridis (Montagu, 1804) can survive for months w ithout access 
to their food algae. We report evidence for light-dependent assimilation of ammonium, nitrite, and 
u rea (but not nitrate) in E. viridis w ith functional kleptoplasts. N uptake was decreased  in slugs with 
reduced chloroplast densities, and after exposure to inhibitors of glutam ine synthetase and glutam ate 
synthetase. Incorporation of 15N-labeled substrates was traced into individual hydrolyzable amino 
acids, w ith highest incorporation in glutam ine-glutam ate. N assimilation by kleptoplasts in multi- 
cellular hosts constitutes an additional mechanism  w hich may contribute to the unique and long-lived 
functionality of these symbioses.
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INTRODUCTION

The retention of functional chloroplasts (klepto
plasty) has been  reported for certain heterotrophic 
dinoflagellates, foraminifera, and sacoglossan sea 
slugs (Rumpho et al. 2006). This association provides 
these organism s with 2 pathw ays for organic carbon 
acquisition: (1) by phagotrophy (in dinoflagellates) or 
grazing (in the case of foraminifera and Sacoglossa) 
and (2) through photosynthesis by the kleptoplasts and 
transfer of organic com pounds to the host. The relative 
im portance of these 2 pathw ays for sacoglossans is still 
uncertain  (Raven et al. 2001). Kleptoplasts often show 
a short-lived functionality (implying the need  for 
steady replacem ent as in most dinoflagellates), but in 
some cases— in dinoflagellates (Gast et al. 2007), 
foraminifera (Grzymski et al. 2002), and certain 
sacoglossans (e.g. Hinde & Smith 1972, Rumpho et al. 
2000) — can rem ain functional for several months.

In sacoglossans, kleptoplasts are stored intracellu- 
larly in the the digestive gland cells, and their long- 
lived functionality enables the slugs to survive pro

longed periods without access to food, e.g. 3 mo in the 
case of Elysia viridis (see Hinde & Smith 1972) which 
typically derives its chloroplasts from the coenocytic 
green  alga Codium fragile (Williams & W alker 1999, 
Trowbridge & Todd 2001). The sustained functionality 
observed in certain species has led to the hypothesis 
that lateral gene transfer betw een the algal and host 
nucleus may have occurred (Hanten & Pierce 2001, 
M ondy & Pierce 2003), since — at least for E. chloro
tica, w hich has been  studied in more d e ta il— the 
chloroplast genom e does not hold the coding capacity 
for most of the chloroplast-targeted proteins necessary 
to sustain photosynthetic activity (Rumpho et al. 2006). 
Effective fixation of C 0 2 from the m edium  has been 
dem onstrated for E. viridis and traced into glucose, 
carotenoids, xanthophylls (e.g. Trench 1975), and non- 
essential phospholipid fatty acids (authors' unpubl. 
data). Different hypotheses have been  proposed to 
explain the advantages of kleptoplasty, but for some 
species it may certainly provide a m echanism  to over
come periods w hen food algae are absent (e.g. Codium  
fragile, the prim ary food algae for E. viridis, can be
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absent during w inter months), w hen access to food 
algae is restricted (e.g. for E. bangtawaensis which 
may at times be restricted to high intertidal pools; 
see Sw ennen 1997), or during periods w hen the food 
algae are calcifying (e.g. in the case of E. timida, see 
Gim énez-Casalduero & M uniain 2008 and references 
therein). However, the question arises of how the host 
metabolism can be sustained for such periods: while 
the kleptoplasts may provide carbon substrates to the 
host (Trench & Smith 1970, Trench et al. 1973), this 
could rapidly lead to nitrogen starvation. So far, no 
studies have addressed the possibility of inorganic 
nitrogen or urea acquisition by these symbioses.

We conducted a series of com parative experim ents 
on Elysia viridis (Fig. 1) w ith various densities of func
tional kleptoplasts (as indicated by their coloration 
ranging from dark green  in feeding individuals to light 
yellow in those starved for several w eeks or months) 
which w ere exposed to 15N -labeled ammonium, urea, 
nitrite, and nitrate under dark and light conditions. 
Uptake and incorporation of the 15N label was traced 
into bulk tissues and individual hydrolyzable amino 
acids. A general schem e showing the proposed p a th 
ways of N assimilation is shown in Fig. 2.

MATERIALS AND METHODS

Elysia viridis and several algal species, including the 
host alga Codium fragile (Suringar) Hariot w ere 
collected in the G revelingenm eer (the Netherlands) by 
SCUBA diving and snorkelling, and w ere kept in the 
laboratory in various 15 1 aquaria in either natural or a r
tificial seaw ater (ASW). All enrichm ent experim ents 
w ere conducted in ASW, typically filtered through 
0.22 pm Millipore filters to minimize any bacterial activ-

Fig. 1. Elysia viridis. Dorsal view, show ing the uniform 
distribution of chloroplasts
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Fig. 2. Elysia viridis. Schematic representation  of proposed 
pathw ays of nitrogen acquisition. NiR: nitrite reductase, GS: 
glutam ine synthetase, GOGAT: glutam ate synthetase, Glu: 
glutam ate, Gin: glutamine, GDH: glutam ine dehydrogenase, 
MSX: m ethionine sulfoximine. Dotted arrows indicate the 
sites inhibited by MSX and albizziin, broken  lines represen t 
transport of solutes, and solid lines represen t m etabolic reac 
tions. ‘Processes expected to be light-dependent (see 'Results 

and discussion' for details)

ity. For the various 13C and 15N labeling experiments, 
the ASW w as spiked w ith either N aH 13C 0 3 (1 mmol 
I-1 above background concentration) and/or K15N 0 3 
(40 pmol F 1), K15N 0 2 (40 to 70 pmol F 1), CO(15NH3)2 
(20 pmol F 1), and 15NH4C1 (10 to 40 pmol F 1). The incu
bation m edia w ere prepared  in 250 ml glass Erlenmeyer 
flasks and covered with Parafilm after addition of the test 
individuals. Experiments w ere run under natural light 
conditions (i.e. background light being adjacent to the 
w indow in the laboratory) and for all dark  experiments, 
the Erlenm eyer flasks containing the m edia w ere e n 
tirely w rapped in aluminum foil. All experim ents w ere 
run over short time frames (<30 h). To verify the effect of 
specific enzym e inhibitors on the apparent uptake of 
NH4+, E. viridis w ere first exposed to ASW supplem ented 
for 3 to 4 h w ith either m ethionine sulfoximine (MSX, 
10 mmol F 1) or albizziin (15 mmol F 1), w hich inhibit 
glutam ine synthetase (GS) and glutam ate synthetase 
(GOGAT), respectively (Turnbull et al. 1996). These 
slugs w ere then transferred to incubation m edia spiked 
w ith 15NH4C1 as described earlier in this paragraph. Af
ter exposure to the labeled substrates, E. viridis w ere 
taken  out of the m edium  and rinsed thoroughly with 
ASW. The slugs w ere left in ASW for 4 h, during which 
time the ASW was replaced every 30 min and slugs were 
rinsed each time to remove all adsorbed label as much as 
possible. Slugs w ere then frozen, freeze-dried and 
ground to a fine pow der using a m ortar and pestle. Sub
samples for 513C w ere acidified with a few drops of dilute
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(5%) HCl before analysis to remove any traces of 
carbonates and w ere then re-dried. 513C and 615N 
analyses w ere perform ed with a Therm oFinnigan 
F la sh lll2  elem ental analyzer, coupled to a Therm o
Finnigan Delta+XL isotope ratio mass spectrom eter 
(IRMS) via a Confio III interface.

For the determ ination of 15N incorporation into hydro
lyzable amino acids, a modified protocol of V euger et 
al. (2005) was used. Approximately 0.5 mg of hom oge
nized dry tissue was hydrolyzed in 1.5 ml 6 mol F 1 HC1 
under N2 atm osphere for 20 h at 110°C. After gentle 
evaporation, samples w ere derivatized w ith isopro
panol and pentafluoropropionic acid, and further puri
fied by solvent extraction. Relative concentrations and 
15N incorporation w ere analyzed using gas chroma- 
tography/combustion/IRM S (GC-C-IRMS) using an 
HP6809 GC coupled to a Thermo Delta+XL IRMS 
(see V euger et al. 2005). D-alanine, a bacteria-specific 
amino acid, was present only in trace amounts, and 
D:L-alanine ratios w ere below the hydrolysis-induced 
racem ization background (Veuger et al. 2005), indi
cating that bacterial biomass, and therefore the bacte
rial contribution to 15N incorporation, was negligible. 
During hydrolysis, glutam ine (Gin) is converted to 
glutam ate (Glu), so w e report data for the Glu-Gln 
peak w hich refers to both Glu and Gin.

Stable isotope ratios are expressed relative to the 
conventional standards (Vienna PeeDee Belemnite and 
atmospheric N2) as 5 values, defined as:

5 X  = A d a r e i  x1q3 {%o)
- ^ s ta n d a r d

w here X  = 13C:12C or 15N:14N
It should be stressed that our experim ents w ere not 

designed to m ake quantitative estim ates of N uptake or 
assimilation (i.e. the absolute amount of 15N assimilation 
per unit of biomass and time), but to verify w hether we 
could find evidence for N assimilation w hen using differ
ent N substrates, and how this was influenced by light 
conditions, density of kleptoplasts (i.e. coloration), and 
exposure to inhibitors for specific potentially involved 
enzymatic pathways. We used t-tests to evaluate differ
ences betw een experim ental treatm ents w hen levels of 
15N enrichm ents in the substrates w ere similar (e.g. light 
versus dark, exposed to inhibitors or not). As the levels of 
15N enrichm ent in the substrate and incubation condi
tions w ere not always similar betw een experiments with 
different substrates, absolute levels of 15N enrichm ents 
are not always to be com pared directly. Enrichm ent 
levels are expressed as A615N (or A513C) values, w here 
A615N = 515Nexposed -  515Ncontrol, w here the 615N of control 
organism s refers to those not exposed to 15N-labeled 
substrates (and equivalent for 13C), or in the case of the 
inhibitor experim ents, those exposed to 15N-labeled 
substrates but not to the specific inhibitors used.

RESULTS AND DISCUSSION

The functionality of the kleptoplasts in our experi
m ental organism s was dem onstrated by exposure to 
13C-bicarbonate in the medium, w hereby (1) dark- 
green  Elysia viridis (indicative of high chloroplast 
densities) exhibited significantly higher 13C uptake 
(i.e. photosynthesis) than small, yellow, starved 
individuals (i.e. w ith degraded chloroplasts), and (2) 
uptake of 13C was significantly higher under light 
conditions com pared to dark  treatm ents, and this was 
most pronounced for green  individuals (Fig. 3).

G reen Elysia viridis exposed to different 15N -labeled 
substrates showed clearly distinct 15N-labeling p a t
terns under dark and light conditions for the various N 
substrates (Fig. 4). No 15N uptake was found after 
exposure to 15N-nitrate (p > 0.2), w hereas significant 
uptake of 15N from ammonium (p < 0.001), u rea (p < 
0.001), and nitrite (p < 0.05) was detected. Moreover, 
the relative uptake rates w ere higher in light com 
pared  to dark incubations for both nitrite and am m o
nium (p = 0.01 and p = 0.03, respectively), but less p ro
nounced in the case of u rea (p = 0.06; Fig. 4). The 
light-dependent uptake patterns of ammonium and 
nitrite are consistent w ith the expected presence of the 
relevant enzym es (i.e. nitrite reductase [NiR] and 
GOGAT) in the kleptoplasts, since reduced ferredoxin 
(formed in the photosynthetic electron transport chain) 
are used as electron donors in their reactions (Gross
m an & Takahashi 2001). Similarly, the reported  p res
ence of ureases in the slug (Pedrozo et al. 1996, Pierce 
et al. 1996), which convert u rea to ammonium and
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Fig. 3. Elysia viridis. Enrichm ent in  13C for g reen and yellow 
individuals after exposure to artificial seaw ater spiked w ith 
1 mmol T 113C -bicarbonate for 30 h  in  either light or dark con
ditions. Error bars: 1 SD (n = 3 for g reen individuals, 

n  = 2 for yellow individuals)
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Fig. 4. Elysia viridis. 15N labeling of g reen  individuals after 
exposure to artificial seaw ater spiked w ith either 40 pmol P 1 
K15N 0 2l 40 pmol P 1 K15N 0 3l 40 pmol P 115NH4C1, or 20 pmol 
F 1 CO(15NH2)2 for 20 h  in  either light or dark conditions. 

Error bars: 1 SD (n = 3)

C 0 2r offers a plausible explanation for the labeling 
pattern  after exposure to 15N -urea (Fig. 4). The ab 
sence of nitrate uptake is consistent w ith the expected 
cytoplasmic localization of nitrate reductase in Codium  
fragile (Pedrozo et al. 1996). Direct evidence for assim 
ilation rather than m erely uptake of the 15N label was 
provided by amino acid 615N signatures, w hich w ere 
analyzed for the individuals exposed to labeled nitrite 
and ammonium (Fig. 5). Moreover, it is worth noting 
that in both cases, the degree of 15N labeling in Glu- 
GIn was m arkedly higher than  observed in bulk tissues 
(Fig. 5), stressing the im portance of amino acids as pri
mary compounds for the 15N assimilation observed. All 
amino acids analyzed except lysine showed significant 
incorporation of the 15N, w ith the majority of excess 15N 
(-60% ) in Gln-Glu, followed by aspartic acid and 
L-alanine (Fig. 6). This pattern  identifies Gin and/or 
Glu (see 'M aterials and m ethods': the hydrolysis p ro
cedure results in conversion of Gin to Glu) as the pri
mary amino acid(s) for N incorporation, w ith sub
sequent transfer of the 15N label to other amino acids 
through transferase reactions. These patterns are 
again consistent w ith the GS-GOGAT pathw ay p ro 
posed, although it must be stressed that NH4+ incorpor- 
tation may also take place through the glutam ine 
dehydrogenase (GDH) pathw ay in the mitochondria 
(Fig. 2). This process has indeed been  reported  in 
marine mollusks (e.g. Sadok et al. 2001, Reiss et al. 
2005) and could thus explain part of the NH4+ uptake 
observed. However, our further experim ents with 
selective inhibitors for GS and GOGAT (see paragraph 
after next) clearly dem onstrate that the GS-GOGAT 
pathw ay is at least partly involved in the observed 
NH4+ assimilation patterns.

4000
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Fig. 5. Elysia viridis. Enrichm ent in  15N in hydrolyzable g lu ta
m ine/glutam ate and bulk tissues for g reen individuals ex
posed to (A) 15N -labeled nitrite or (B) 15N -labeled ammonium 

under light and dark conditions. Error bars: 1 SD

Am ino acid

Fig. 6. Elysia viridis. Relative incorporation of 15N from 15N- 
ammonium in different hydrolyzable amino acids, for green 
individuals incubated  under both light and dark conditions 
(pooled data, since labeling patterns w ere similar, n  = 4). Note 
that during hydrolysis, Gin is converted to Glu, so the Glu-GIn 
peak  refers to both Glu and Gin. ’Partial overlap of Phe w ith 
the Glu-GIn p eak  occurs, and part of the 15N reported  for 
Phe m ay be due to high labeling of Glu-GIn. Error bars: 1 SD
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A second series of experim ents using Elysia viridis 
with different coloration (i.e. w ith a variable am ount of 
functional chloroplasts) provided further support for a 
role of kleptoplasts in N acquisition. In green  E. viridis, 
we found a larger 15N uptake in light com pared to dark 
incubations (p < 0.02), w hereas such a difference was 
not observed in yellow individuals, w hich had not had 
access to their host algae for a longer period of time 
and thus have a reduced am ount of rem aining chloro
plasts (p = 0.09; Fig. 7A). Because the yellow slugs 
w ere observed to be less active, we w anted  to exclude 
the possibility that the animals' general condition 
rather than  the absence or reduction of functional 
chloroplasts might have influenced our results. T here
fore, a new  control experim ent was carried out to com 
pare 15N assimilation betw een green- and red-colored 
E. viridis. G reen E. viridis had  been  held in the labora
tory w ith access to the normal food algae, while the 
coloration in (field-collected) red  E. viridis was due to 
feeding on red  algae such as Dasysiphonia sp. As the 
red  specimens had  had no access to Codium fragile for 
~4 mo in the field (the occurrence of C. fragile is sea
sonal) and since E. viridis is not known to derive func
tional kleptoplasts from non-green algae (Williams &
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Fig. 7. Elysia viridis. 15N labeling of individuals of different 
coloration after exposure to artificial seaw ater spiked w ith 
(A) 70 pmol F 1 15N-nitrite for 30 h, or (B) 25 pmol F 1 15N- 
ammonium for 7 h  in  either light or dark conditions. Error 

bars: 1 SD (n = 3)

W alker 1999), any functionality of their possibly re 
m aining chloroplasts would be reduced. Since they 
had actively fed on other algae and w ere of similar size 
than usual g reen  E. viridis, we can expect these to 
represent healthy, active but functional chloroplast- 
free individuals, i.e. ideal control specimens. Consis
tent with expectations for kleptoplast involvement in N 
uptake, red  E. viridis took up significantly less 15N- 
ammonium than  green  E. viridis in the light (p < 0.005; 
Fig. 7B), and in contrast to green  E. viridis, red-colored 
specimens did not show any difference in N uptake 
betw een light and dark conditions (p < 0.001 and p = 
0.38, respectively; Fig. 7B).

In order to link the observed uptake to a specific 
assimilation process, Elysia viridis w ere exposed to the 
GS inhibitor MSX and the GOGAT inhibitor albizziin. 
In both treatm ents, significantly less ammonium u p 
take was observed com pared w ith control animals 
(Fig. 8; t-test on the 615N data: p = 0.04 and p = 0.001 for 
the MSX and albizzin experim ent, respectively), con
firming that at least a part of the ammonium uptake 
can be explained by GS and GOGAT activity. Since 
GOGAT has been reported  from higher heterotrophic 
organism s in only a few cases (see Pedrozo et al. 1996), 
these experim ents provide further evidence that the 
kleptoplasts derived from Codium fragile are at least 
in part responsible for the observed N uptake in 
E. viridis.

Our results offer different lines of evidence for d is
solved nitrogen acquisition by Elysia viridis w ith func
tional kleptoplasts, and this is the first report for this 
function for kleptoplasts in multicellular hosts. Earlier 
studies dem onstrated the presence (but not func
tionality) of nitrate reductase in the benthic foraminifer 
Nonionella stella (Grzymski et al. 2002), w hich retains 
chromoplasts derived from diatoms and occurs in 
the aphotic zone. Uptake of dissolved inorganic and 
organic N species has also been  reported  for the 
dinoflagellate Pfiesteria piscicida, which retains 
chloroplasts from the cryptophyte Rhodomonas sp. 
(Lewitus et al. 1999). Although the function of klepto
plasts was originally considered to be limited to pro
viding cam ouflage (in the case of sacoglossans), 
synthesizing defense compounds, and C 0 2 fixation 
(Rumpho et al. 2006), the present study now clearly 
docum ents that the nitrogen acquisition function is not 
limited to unicellar organism s (Lewitus et al. 1999, 
Grzymski et al. 2002), but that it also exists in animals. 
The ability to assimilate dissolved N is likely to be b en 
eficial to m aintaining a long-lived functional associa
tion, and in particular for species w hich at times have 
no or limited access to their food algae and may thus 
becom e entirely dependent on kleptoplasty for a cer
tain period of time (see exam ples cited in 'Introduc
tion'). De novo protein synthesis has been  shown to
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Fig. 8. Elysia viridis. 15N labeling of g reen  individuals during 
exposure (which started  4 h  prior) to (A) MSX (10 mmol F 1) or 
(B) albizziin (15 mmol F 1) prior to incubation for 21 and 25 h, 
respectively, in  artificial seaw ater am ended w ith 15N-ammo- 
nium  under light conditions. Error bars: 1 SD (n = 5). Note 
that A815N in the control organisms is different for both ex
perim ents due to different enrichm ent levels and incuba
tion times. GS: glutam ine synthetase, GOGAT: glutam ate 

synthetase, MSX: m ethionine sulfoximine

occur for plastid-encoded m em brane proteins even 
after 8 mo of starvation in Elysia chlorotica (Mujer et al. 
1996), and this would appear unlikely w ithout an 
external supply of nitrogen. The approach used here 
offers exciting possibilities for future studies unravel
ling the biosynthesis and transfer of m etabolites 
betw een kleptoplasts and their hosts.
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