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Early in its life cycle, the marine mollusc Elysia chlorotica Gould forms an intracellular endosymbiotic association with
chloroplasts of the chromophytic alga Vaucheria litorea C. Agardh. As a result, the dark green sea slug can be sustained in
culture solely by photoautotrophic CO, fixation for at least 9 months if provided with only light and a source of CO,. Here
we demonstrate that the sea slug symbiont chloroplasts maintain photosynthetic oxygen evolution and electron transport
activity through photosystems I and II for several months in the absence of any external algal food supply. This activity is
correlated to the maintenance of functional levels of chloroplast-encoded photosystem proteins, due in part at least to de
novo protein synthesis of chloroplast proteins in the sea slug. Levels of at least one putative algal nuclear encoded protein,
a light-harvesting complex protein homolog, were also maintained throughout the 9-month culture period. The chloroplast
genome of V. litorea was found to be 119.1 kb, similar to that of other chromophytic algae. Southern analysis and polymerase
chain reaction did not detect an algal nuclear genome in the slug, in agreement with earlier microscopic observations.
Therefore, the maintenance of photosynthetic activity in the captured chloroplasts is regulated solely by the algal chloroplast

and animal nuclear genomes.

The majority of animal-algal symbioses are cellular
associations with a unicellular alga either residing
between animal cells or within a vacuole produced
by the animal (Douglas, 1994). In contrast, the asco-
glossan sea slug Elysia chlorotica Gould establishes an
intracellular symbiotic association with chloroplasts
from the siphonaceous, chromophytic alga Vaucheria
litorea C. Agardh (West, 1979; West et al., 1984). Ju-
venile sea slugs feed on V. litorea filaments and
phagocytotically incorporate the chloroplasts into the
cytoplasm of one of two morphologically distinct
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epithelial cells that line the tubules of the digestive
system (Graves et al., 1979; West, 1979). During this
process the chloroplast endoplasmic reticulum, a
structural characteristic of chromophytic plastids
(Lee, 1989), is lost resulting in symbiotic plastids with
their outer envelope in direct contact with the animal
cytoplasm (Graves et al., 1979; Mujer et al., 1996;
Rumpho et al.,, 2000). Heterokont algae (chromo-
phytes or autotrophic stramenopiles) such as V. lito-
rea do not typically contain nucleomorphs, and elec-
tron microscopy studies have not revealed any
unusual nucleomorph-type structures or algal nuclei
in the sea slugs (Graves et al., 1979; Mujer et al., 1996;
Rumpho et al., 2000). It is important to note that the
captured chloroplasts are functional, i.e. they are ca-
pable of light dependent oxygen evolution (Graves et
al., 1979; West, 1979).

When maintained in the laboratory in artificial sea-
water (ASW), E. chlorotica sustains itself apart from
any algal food source for at least 9 months when
provided with only light and a source of CO, (Mujer
et al., 1996; Pierce et al., 1996). Whether in their native
salt marsh or in culture, the life cycle of the sea slugs
lasts 8 to 10 months. There is no evidence for plastid
division in the animals and the plastids are not trans-
mitted in the eggs; thus, the endosymbiosis must be
re-established with each generation (West, 1979;
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West et al., 1984). Symbiotic associations of this type
occur in other ascoglossan species, but they are far
more transient (Greene, 1970; Trench, 1975; Clark and
Busacca, 1978; Rumpho et al., 2000). The E. chio-
rotica/V. litorea symbiosis represents the longest
known functional association of its kind (West, 1979;
Pierce et al., 1996).

The longevity and functional capacity of E. chlo-
rotica is surprising considering the complexity of
chloroplast function and regulation evidenced, in
part, by the unsuccessful attempts to culture isolated
chloroplasts on a long-term basis in an artificial sys-
tem (Nass, 1969; Ridley and Leech, 1970; Giles and
Sarafis, 1971). Seventy percent to 90% of all polypep-
tides needed for plastid function have a nuclear ori-
gin in plants (Reith, 1995; Palmer and Delwiche, 1996;
Martin and Herrmann, 1998). Even in chromophytic
algae whose chloroplast genomes tend to have a
greater coding capacity than chlorophytes (due in
part to low intron no. and relatively small inverted
repeats), only 120 to 130 gene products are plastid
encoded, accounting for only about 13% of all gene
products required for plastid function (Reith, 1995;
Martin and Herrmann, 1998). Furthermore, although
the gene products D1, D2, PsaA/B, and several other
polypeptides that assemble to form the photosyn-
thetic complexes are plastid encoded, they depend on
nuclear regulation at either or both the transcrip-
tional and translational levels (Stern et al., 1997; Mer-
chant and Dreyfuss, 1998). In turn this nuclear regu-
lation can be influenced by additional environmental
and physiological factors (Aro et al., 1993; Christopher
and Mullet, 1994; Russell et al., 1995).

The complex nucleocytosolic/chloroplast interac-
tions required for plastid function in plant and algal
species presents E. chlorotica with what would seem
to be insurmountable obstacles for maintaining plas-
tid function in a foreign environment for such an
extended period of time. Despite this, previous re-
sults indicated that several chloroplast encoded
polypeptides (specifically, D1, D2, CP43, the large
subunit of Rubisco [Rubisco LS]), and one probably
nuclear encoded protein (related to a fucoxanthin
chlorophyll [chl] a/c-binding protein [FCP]) are
present in the molluscan chloroplasts (Mujer et al.,
1996; Pierce et al., 1996). At least two of these pro-
teins, D1 and Rubisco LS, are synthesized de novo in
the animal (Mujer et al., 1996; Pierce et al., 1996). In
addition, levels of D1 transcripts were detected in the
endosymbiotic chloroplasts for as long as 7 months
(Mujer et al., 1996). Taken together, these data sug-
gest that in addition to photosynthesis, the captured
plastids are functionally capable of transcription and
translation.

To further understand how chloroplast activity can
be maintained in an animal cell, we have extended
these earlier studies and measured oxygen evolution
and photosynthetic electron transport (PET) capacity
of E. chlorotica chloroplasts through 9 months after
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removal of the sea slugs from an algal food source.
We have found a preliminary correlation between the
presence of photosystem (PS) proteins and activity.
We also provide the first molecular evidence sup-
porting earlier structural analysis that the photosyn-
thetically active animals do not contain an intact
algal nuclear genome.

RESULTS

Rates of Photosynthesis and Respiration in
Intact Animals

E. chlorotica’s symbiont plastids remained photo-
synthetically competent and capable of splitting wa-
ter through 7 months in culture in the absence of an
algal food source (Fig. 1). Oxygen evolution rates
were fairly low relative to typical values obtained for
plant and algal specimens including V. litorea fila-
ments, which exhibited rates between 98 and 120
pumol O, evolved mg ™" chl h™". The lower sea slug
photosynthetic rates probably reflect an underesti-
mate of the true rates due to gaseous diffusion limi-
tations to O, and CO, through the mucus-covered sea
slug body, the rapid respiration and O, utilization of
the animals even in the light, and the variability in
exposing the animals to the actinic light source (the
animals tend to fold up). Decreasing illumination
below the maximal output of the light source (1,500
umol photons m™2 s~ ') resulted in a decrease in
apparent photosynthetic rates (data not shown), sug-
gesting maximal rates may not have been obtained.

After 5 months of endosymbiotic association, pho-
tosynthetic rates dropped significantly in the sea
slugs and dark respiration rates exceeded the appar-
ent photosynthetic rates. However, respiration rates
also decreased over time in culture, indicating an
overall decline in metabolic activity as the animals
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Figure 1. Changes in photosynthetic and respiratory activity in E.
chlorotica symbiotically associated with V. litorea chloroplasts and
cultured over a 7-month period in the absence of algae. Apparent
photosynthesis was calculated by measuring the rate of CO,- and
light-dependent O, evolution. Respiration rates were based on the
uptake of O, in the dark. Gross photosynthesis was estimated by
summing the apparent photosynthesis and respiration rates. Data
represent means * St of at least three sea slugs for each time point.
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Table I. Concentration of chl a and chl c in E. chlorotica cultured
in the absence of algae for 9 months

Intact animals were extracted with 90% acetone and chl a and ¢
quantified by Age, and Ag;, measurements according to Sterman
(1988). Values represent the average of at least three sea slugs for
each time point. Corresponding data for V. litorea filaments are chl
a=0.27 pg chl mg™" fresh wt, chl ¢ = 0.016 ug chl mg™" fresh wt,
and chl a/c = 17.1.

Symbiotic Chla Chl ¢ Chl ae
Association
months g chl mg=" fresh wt

1 1.20 0.083 14.4
2 1.08 0.063 17.1
3 1.21 0.081 14.8
4 1.09 0.065 16.8
5 1.09 0.070 15.6
6 1.02 0.069 14.9
7 0.50 0.012 41.3
8 0.49 0.011 45.9
9 0.66 0.017 39.5

aged. The decline in activity after 5 months preceded,
by 1 to 2 months, a measurable decrease in chl con-
centration in the sea slugs (Table I). Eighty-five per-
cent of the original chl concentration was maintained
through 6 months in culture, ultimately decreasing to
50% by month 9. An increase in the ratio of chl a to
chl c was observed at month 7 as a result of a larger
decrease in the accessory pigment chl ¢ (80% decline),
compared with the reaction center pigment chl a
(45% decline). Both pigments remained at a steady,
but low, level through the final 3 months. As ex-
pected, the concentration of chl in the paler chromo-
phytic alga (0.27 ug chl mg ! fresh weight) was
significantly less than in the densely green sea slugs
(1.28 pug chl mg ™" fresh weight at month 1). However,
the algal chl a to chl ¢ ratio (17.1) was approximately
the same as the sea slug’s through the first 6 months
in culture, ranging from a low of 14.4 to a high of 17.1
(Table I).

PET Activity

Individual PS activities and whole chain PET were
measured in isolated thylakoids to eliminate any per-
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meability problems with the intact animals and to
determine the competency of each PS after several
months of symbiotic association and separation from
the algal nucleus. The ability to isolate chloroplasts
from E. chlorotica is limited by the copious amount of
mucus produced by the animals (Rumpho et al.,
1994); consequently, thylakoid yields were low per
extraction despite pooling several sea slugs. These
low yields limited the extent of analysis per extrac-
tion and collection, thereby necessitating analysis
from multiple collections. In any case reproducible
results were obtained with subsequent extractions or
collections and a consistent pattern for PSI and PSII
activity was observed.

At 6 months, the symbiont plastid thylakoids still
exhibited rates of PET (whole chain and PSI) compa-
rable with that of the algal thylakoids (Table II), even
though CO, fixation rates had begun to decline (Fig.
1). Whole chain PET rates declined after 6 months,
but this decline did not appear to be a specific oxygen
evolving complex (OEC) limitation since rates did
not increase if the complex was bypassed by using
1,5-diphenylcarbazide (DPC) as the electron donor.
In addition, OEC activity was detected through 8
months by measuring PET only through PSII from
water to FeCN, although rates were consistently lower
in the sea slugs compared with the algal thylakoids. In
contrast to whole chain and PSII activity, PSI activity
remained very high through 7 months symbiotic as-
sociation, even exceeding (at months 6 and 7) the
average rates measured for algal thylakoids.

Total Protein Analysis

The polypeptide profile of sea slug-enriched thyla-
koid membrane preparations did not vary signifi-
cantly over a 9-month time period (Fig. 2A). When
compared with thylakoid proteins from V. litorea,
there were numerous comigrating bands, especially
in the mid-to-low M, range. There were also signifi-
cant differences between the slug and algal thylakoid
fractions. The most obvious differences centered on a
cluster of peptides ranging from about 39 to 50 kD,

Table Il. Photosynthetic electron transport activity of thylakoids isolated from symbiont plastids in E. chlorotica cultured up to 8 months in

the absence of algae and from V. litorea chloroplasts

Thylakoids were isolated by differential centrifugation from Percoll-purified chloroplasts. Oxygen exchange values for the sea slug chloroplasts
are representative of several pooled animals from each month’s collection. Values represent the average of two independent experiments, unless

indicated otherwise.

Partial Reaction Electron Donor

PSII + PSI (including OEC) Water

PSII + PSI (after OEC) DPC

PSII (including OEC) Water

PSI Dichlorophenolindophenol

Months Symbiotic Association Algal
Electron Acceptor . . - Thylakoids
wmol O, mg=" chl h=!
Methylviologen (MV) 26.4 6.3 3.7 16.0
7.0 2.3 3.2 11.5°
8.8 nm® 4.7 47.9
236.0 266.5 22.4 100.5

2 Values represent a single collection of sea slugs or algal extraction.

b nm, Not measured.
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Figure 2. Coomassie Brilliant Blue-stained polypeptide patterns of
enriched-thylakoid (A) and soluble (B) extracts from E. chlorotica
over a 9-month period cultured in the absence of algae and from V.
litorea. Lane 1, Molecular mass markers in kD; lanes 2 through 10, E.
chlorotica months 1 through 9 in culture; lane 11, V. litorea. Sample
size, 50 pg protein per lane. B, Star, 52-kD Rubisco LS protein;
arrowheads, 38-, 36-, and 26-kD polypeptides, which predominate
in the alga, but are absent or greatly reduced in the sea slugs.

which increased in relative concentration over time
in the sea slug and always exceeded algal levels.
These are likely due to contamination of this mem-
brane fraction, a result of the difficulty of extracting
chloroplast membranes from the animal.

As expected, the algal soluble protein patterns dif-
fered vastly from those of E. chlorotica since the sol-
uble fraction contained cytosolic proteins as well as
chloroplast stromal proteins (Fig. 2B). The main ex-
ception was a prominent 52-kD protein in both or-
ganisms that hybridized with antibody to Rubisco LS
(data not shown). Three polypeptides with molecular
masses of 38, 36, and 26 kD were detected as major
polypeptides in the algal extract and absent or very
reduced in the sea slug extracts.
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Immunoblot Analysis of Chloroplast Proteins

Several PET proteins were identified and quanti-
fied by immunoblotting of algal and sea slug solubi-
lized thylakoid extracts. Three major PSII polypep-
tides D1, D2, and CP-43 were detected in the sea slug
over the entire 9 months (Fig. 3A). Of the two core
proteins, D2 exhibited the greatest relative decrease,
81% by month 9. D1 never decreased below 50% of
the level at month 1. Similarly, the chl a-binding
protein, CP-43, showed a steady decline in relative
concentration over the 9 months, but remained close
to 50% of the level at month 1. Since the algal levels
of each of the three PSII proteins approximated those
at month 1 in the sea slug, similar trends were seen
when comparing changes in the sea slug over time or
relative to the alga.

Both PSI core complex polypeptides (PsaA and
PsaB) exhibited doublets in the sea slug and algal
extracts although the level of the lower molecular
mass band was greatly reduced in the alga (Fig. 3B).
This may be due to differential proteolysis in the two
organisms and possibly influenced by the levels of
the other smaller PSI polypeptides around the core
complex as demonstrated in other organisms (Sun et
al., 1997). PsaA/B in E. chlorotica never declined be-
low 45% to 50% of month 1 levels or algal levels.

The PSI F,-Fg-binding protein, PsaC, exhibited an
initial decline of 30% by month 2, but thereafter
levels declined slower and stepwise an additional
23% over the remaining months (Fig. 3B). Algal PsaC
levels approximated sea slug month 1 levels. The PSI
ferrodoxin (Fd)-binding protein, PsaD, remained at a
steady level until month 5 in the sea slugs. A total
decline of only 39% was detected by month 9 (Fig.
3B). However, algal PsaD was about 50% greater than
month 1 levels in the sea slug. Thus, by month 9,
PsaD had decreased in the sea slug about 80% com-
pared with the alga.

Three chloroplast cytochromes (cyts) were also de-
tected in E. chlorotica extracts over the entire 9-month
period using a heme stain and identified as cyt bsso,
cyt f, and cyt ¢4 based on immunostaining (cyt f)
and/or published M, values (cyt bss9 and cyt c4). Of
the three proteins, the PSII associated mobile electron
carrier, cyt bssg, was the most stable and remained
about equal to or greater than levels measured at
month 1 or in the alga (Fig. 3C). Cyt f exhibited a
small, steady decline over time with levels in E.
chlorotica remaining greater than or equal to the alga
for 4 of the 9 months. Cyt ¢4 exhibited the greatest
decline over time relative to month 1 (66%) or the
algal sample (85%). Sea slug cyt cq, levels never
equaled that observed for the alga (Fig. 3C).

Levels of a protein immunoreactive to an antibody
generated against diatom FCP remained relatively
unchanged in E. chlorotica for 9 months and compa-
rable with that detected in the algal extract (Fig. 3D).

Plant Physiol. Vol. 124, 2000
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Figure 3. Immunoblot analysis of chloroplast polypeptides from E. chlorotica over a 9-month culture period in the absence
of algae, and V. litorea. The western blot is shown above the corresponding graph of densitometric quantification of each
protein. Antibodies used are listed to the left of each panel. For PsaA and PsaB, the larger molecular mass band of the two
shown was quantified. A, PSII proteins; B, PSI proteins; C, mobile electron carriers, and D, LHCP. Lanes 1 through 9, E.
chlorotica months 1 through 9 of culture; algae lane, V. litorea. The value obtained for month 1 in E. chlorotica (lane 1) was
set at 100% and all other values calculated relative to this control.

V. litorea does not contain fucoxanthin, but instead
uses vaucheriaxanthin as its major xanthophyll. Re-
gardless of accessory pigment, the chl a/c-binding
proteins are highly conserved (Green and Durnford,
1996; Durnford et al., 1999). The molecular mass of
the immunoreactive band in the sea slugs and algae
(19 kD) was similar to that reported for the diatom
FCP (20 kD; Green and Durnford, 1996).

Plant Physiol. Vol. 124, 2000

De Novo Polypeptide Patterns

E. chlorotica (at 3,5, 7, and 9 months of culture) and
V. litorea filaments were labeled with [>°S]Met to
compare the translational ability of the symbiont
plastids with that of chloroplasts maintained in their
native cellular environment and under the control of
the algal nucleus. Although the number of thylakoid
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Figure 4. De novo synthesis of enriched-thylakoid (A) and soluble
(B) polypeptides by E. chlorotica over a 9-month culture period in the
absence of algae, and by V. litorea filaments. Animals and algae were
labeled with [**S]Met and fractionated as described in “Materials and
Methods.” Lane 1, V. litorea; lanes 2 through 5, E. chlorotica labeled
at 3, 5, 7, and 9 months of culture. A, lane 3, asterisk, 32-kD D1
protein; lane 5, asterisk, four major membrane polypeptides synthe-
sized by the sea slugs after 9 months symbiotic association; B, lanes
1 and 4, asterisk, 52-kD Rubisco LS protein in algal and sea slug
extracts, respectfully. Samples were loaded on an equal radioactivity
basis (100,000 dpm/lane).

polypeptides actively translated in E. chlorotica de-
creased with time of association, at least four major
peptides detected in the algal extract were also de-
tected through 9 months in the sea slugs (Fig. 4A).
Several other minor peptides were labeled at months
3,5, and 7. The greatest decline in de novo synthesis
was observed for polypeptides less than about 25 kD
beginning with month 7. Between about 25 and 65
kD, several bands were detected even at 9 months. The
32-kD band immunoprecipitated with antibody against
the D1 protein (Pierce et al., 1996 and data not shown),
but the other polypeptides remain unidentified.
Soluble translation products in E. chlorotica varied
less over time of culture than the thylakoid products,
but considerable variation between E. chlorotica and
V. litorea was evident (Fig. 4B). One common soluble
fraction peptide noted in E. chlorotica and V. litorea
was a predominant 52-kD protein. This peptide has
been identified as Rubisco LS by immunoblotting
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(Pierce et al., 1996 and data not shown). Rubisco LS is
synthesized at high rates over the entire 9 months in
E. chlorotica and appears to be translated at levels
comparable with that seen in V. [itorea.

Absence of Algal nDNA in E. chlorotica

DNA from E. chlorotica adult animals and eggs and
V. litorea filaments and chloroplasts was subjected
to restriction digest and Southern-blot analysis us-
ing probes to V. litorea nuclear internal transcribed
spacer (ITS) and chloroplast Rubisco LS (rbcL). A
positive hybridization signal was detected with the
ITS fragment only with V. litorea total DNA when
the blot was exposed to film for 64 h (Fig. 5A). When
the blot was intentionally overexposed, the same pat-
tern of ITS hybridization signal was also detected in
the V. litorea chloroplast DNA (ctDNA) sample, but no
hybridization signals were seen in either of the E.
chlorotica samples (data not shown). The presence of
an ITS signal in the V. litorea ctDNA is a reflection of
nDNA contamination, which is common in our hands
and for V. litorea in general (Kowallik, 1989). To verify
that the sea slugs examined did contain endosymbi-
onts, rbcL was used as a control and gave a positive
signal for sea slug DNA as well as total algal and algal
ctDNA, as expected (Fig. 5B). The rbcL signals for total
algal DNA were stronger after an 8-h exposure rela-
tive to algal ctDNA because less algal ctDNA was
loaded and the majority of the total algal DNA frac-
tion is actually ctDNA. V. [itorea filaments are coeno-

E. chlorotica V. litorea E. chlorotica V. litorea

animal egg  alga cts animal egg alga cts

EP E P EP EP EP E P EP E P

Figure 5. Southern blots of E. chlorotica and V. litorea. DNA (2
g/sample except V. litorea ctDNA, which was 400 ng/sample) was
isolated from photosynthetically active adult sea slugs (animal), sea
slug eggs (egg), algal filaments (algae), and algal chloroplasts (cts),
digested with EcoRI (E) or Pstl (P), transferred to membranes, and
probed with V. litorea ITS (A) or V. litorea rbcL (B) coding region. The
ITS and rbcl autoradiograms shown are 64 and 8 h exposures,
respectively.

Plant Physiol. Vol. 124, 2000
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Figure 6. Ethidium bromide stained 1% (w/v) agarose gel showing
PCR reactions of photosynthetically active E. chlorotica (E) and V.
litorea (V) DNA and negative water control (W) using primers spe-
cific for the V. litorea ITS region (lanes 2—4) or rbcL (lanes 5-7). Also
shown is 0.5 g of size standards (1-kb ladder, Gibco-BRL, no. 15615-
016); SS, lane 1.

cytic with numerous ellipsoid chloroplasts found pe-
ripheral to a large central vacuole (Lee, 1989). No
chloroplasts are found in sea slug eggs and no rbcL
signal was detected even when the blots were overex-
posed (data not shown). The larger rbcL signal in the
E. chlorotica “animal” and V. litorea “alga” EcoRI di-
gested samples represents incomplete digestion due to
the large number of EcoRI sites in the nDNA relative
to the ctDNA. The stray rbcL hybridization signal to
the right of the V. litorea “alga” lane resulted from
spillover of the sample. This spillover was also evident
in the ITS Southern blot when it was overexposed
(data not shown).

PCR reactions were also utilized as an independent
and more sensitive means for determining if the sea
slugs contain even small amounts of an intact algal
nuclear genome. When V. litorea DNA was utilized as
a template, primer sets for rbcL and ITS both gave
strong positive signals (approximately 900 and 200
bp, respectively; Fig. 6). In contrast, when E. chlorotica
DNA was utilized, a positive signal was observed
only for rbcL. Negative controls did not yield positive
signals for either primer set.

Chloroplast Genome Size

In the absence of an algal nuclear genome in the sea
slug, it is possible that V. litorea chloroplasts have an

Plant Physiol. Vol. 124, 2000
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unusual chloroplast genome, possibly with a signif-
icantly increased coding capacity compared with that
of other algae and this is the major contributing
factor to the long-term functional activity of the sym-
bionts. V. liforea ctDNA was digested to completion
with the restriction endonuclease Pstl and the frag-
ment sizes summed to reveal a genome size of 119.1
kb (Fig. 7). This value is typical for chromophytes
and suggests that there is nothing remarkable about
the size of the V. litorea chloroplast genome.

DISCUSSION

The E. chlorotica/V. litorea symbiosis is the longest-
lived functional mollusc/plastid association known
(West, 1979; Pierce et al., 1996). Although it is possi-
ble that the chloroplasts provide some other benefit
to these shell-less molluscs (such as camouflage), this
and previous studies (Mujer et al., 1996; Pierce et al.,
1996) indicate that the plastids are photosynthetically
active for at least 5 months and minimally functional
for at least 9 months, following incorporation by the
sea slug. Here we have more closely dissected the

kb

19.5
15.6
11.8
10.6

79x2
6.8

6.3
Sl

22

L3

Figure 7. V. litorea ctDNA digested with Pstl and electrophoresed
through 1% (w/v) agarose. Fragment sizes (in kb) in descending order
are 19.5, 15.6, 11.8, 10.6, 7.9 X 2, 6.8, 6.3, 5.7, 4.8, 4.1, 3.7, 3.6,
3.3,2.9,2.2,1.7, and 0.7 (not visible on picture) for a total chloro-
plast genome size of 119.1 kb.
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nature of this functional interaction and provide a
correlation between the presence of PS proteins and
photosynthetic activity.

The symbiotic chloroplasts contained levels of plas-
tid encoded PS proteins similar to that in the alga for
at least 5 months following incorporation. These in-
cluded the core proteins, D1 and D2 for PSII and
PsaA and PsaB for PSI, which are generally accepted
as being essential (Nechushtai et al., 1996; Satoh,
1996). Chl-binding proteins (CP-43 and CP-47) are
also typically found associated with the PSII complex
(Bricker and Ghanotakis, 1996), as well as cyt bssg
(Whitmarsh and Pakrasi, 1996). Antibodies to CP-43
and heme staining for cyt bsso revealed that both
were present at relatively high levels throughout the
entire symbiotic association. In addition to PsaA/B in
PSI, PsaC, and PsaD, the terminal electron acceptor
and Fd-docking site of PSI, respectively (for review,
see Nechushtai et al., 1996), were also present in the
symbionts.

The decrease in oxygen evolution rates and PET
activity after about 5 months of incorporation paral-
leled reductions in PS core polypeptides, especially
D2, which exhibited the greatest decline over time of
any PS polypeptide examined. The lability of PSII-D2
and the stability of PSI-PsaA/B were also docu-
mented previously when a shorter time period was
examined (Mujer et al., 1996). The maintenance of
high levels of PsaA through D by protein stability or
de novo synthesis, supports the high PSI PET rates
measured through 7 months, possibly fueling cyclic
photophosphorylation.

One protein predicted to be nuclear-encoded in the
algae, a light harvesting complex protein (LHCP)
immunoreactive to diatom FCP, was found at greater
than or equal abundance in the endosymbionts com-
pared with algal plastids for at least 7 out of 9 months
(Fig. 3D). The turnover rate of the LHCPs in V. litorea
or chromophytes in general has not been studied in
detail (Green and Durnford, 1996; Pichersky and
Jansson, 1996). The persistence of FCP in the symbi-
onts is either due to extreme pigment-protein com-
plex stability or fcp genes have been transferred to the
sea slug nucleus where they are expressed along with
the appropriate targeting signals to route them to the
chloroplasts.

A link between sea slug longevity and plastid deg-
radation is not evident, but it should be noted that a
loss of pigmentation was observed in the sea slugs
similar to senescence of a leaf (Table I). Pigmentation
loss occurred at about the same time symbiont plas-
tid protein turnover increased (7 months) and shortly
after a decline in photosynthetic activity (5-6 months).
This suggests that as the natural life cycle of the sea
slug proceeds, the host may no longer be able to
provide the necessary cellular environment/compo-
nents for chloroplast protein production to maintain
the symbiont plastids’ photosynthetic machinery.
Pierce et al. (1999) have attributed the synchronized
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mass death of the sea slugs at about 9 to 10 months in
culture or in the sea to increased activity of a virus
endemic in the E. chlorotica population.

In view of the complex nuclear/plastid interactions
documented for numerous plant and algal species, a
functionally autonomous plastid seems unlikely. The
simplest explanation for functional plastids would be
the presence of an algal nuclear genome in the ani-
mal. No algal nuclei or nucleomorphs have been
observed by electron microscopy in this or other
ascoglossan/plastid symbiosis (Kawaguti and Ya-
masu, 1965; Graves et al., 1979; Rumpho et al., 2000).
However, this conclusion was still based on visual
observations and a final definitive answer required
biochemical and/or molecular evidence. Here we
have presented the first molecular evidence employ-
ing a gene probe and primers to the unique ribo-
somal ITS region of V. litorea nDNA. The absence of
positive ITS1 signals in sea slug tissue at the same
time positive plastid rbcL signals were detected dem-
onstrated that symbionts were present in the tissue,
but no algal nDNA was present. In contrast, positive
signals were obtained for both probes using the con-
trol algal total DNA. We chose the nuclear ribosomal
DNA ITS region because of its rapid evolutionary
change, which would prevent the V. litorea ITS probe
from hybridizing to slug ITS and because of its pres-
ence in multiple copies (White et al., 1990; Coleman
et al., 1994; Zechman et al., 1994, Manhart et al.,
1995).

Having ruled out any algal nucleocytosolic influ-
ence in the sea slugs, the question of what sustains the
E. chlorotica/V. litorea system for such extended peri-
ods of time, even relative to other mollusc/plastid
symbioses, shifts to the autonomy of the chromo-
phytic plastids. A completely autonomous plastid is
one possibility. It may be more than a coincidence
that Codium fragile, one of the shorter-lived plastid
endosymbionts (Greene, 1970), also possesses the
smallest chloroplast genome reported (89 kb) (Man-
hart et al., 1989). V. litorea’s plastid genome (119.1 kb)
is significantly larger than C. fragile’s, but much
smaller than the red alga, Porphyra purpurea (191 kb),
which represents the largest chloroplast genome
studied (Reith and Munholland, 1995). V. litorea’s
ctDNA is even smaller than the 124.6-kb ctDNA of
Vaucheria bursata, a freshwater species (Linne von
Berg and Kowallik, 1992), but it is very close in size
to that of the ctDNA of the diatom, Odontella sinensis,
which has been completely sequenced and found to
be 119,704 bp in length with 174 genes and open
reading frames (Kowallik et al., 1995). Although it is
doubtful that the ctDNA of V. litorea will contain
enough genes to make the plastids completely auton-
omous, complete sequencing will allow a detailed
comparison with other chloroplast genomes.

In the absence of any algal nuclear influence and
assuming a typical, less-than-completely autono-
mous plastid, possible mechanisms being explored

Plant Physiol. Vol. 124, 2000



that might contribute to the functional symbiosis in-
clude unusual stability of nuclear encoded plastid
proteins in the animal, unanticipated activity of tran-
scription/translation/PS complexes in the absence of
normally critical nuclear encoded subunits, targeting
of animal cytosolic or mitochondrial proteins with
related functions to the chloroplast, and lateral trans-
fer of algal genes to the animal nucleus (for review,
see Rumpho et al., 2000).

By combining information from oxygen exchange
and PET measurements, immunostaining, the highly
similar trends in peptide banding patterns between
E. chlorotica and algal de novo and constitutive thy-
lakoid preparations, and the previous work demon-
strating accumulation of chloroplast transcripts and
de novo protein biogenesis (Mujer et al., 1996; Pierce
et al.,, 1996), it appears that a significant number of
processes related to gene expression and protein bio-
synthesis are all occurring in the symbiotic plastids
for several months, enabling long-term photosyn-
thetic activity and survival. For a plastid within its
usual cellular environment to produce and process
transcripts and synthesize, fold, and process
polypeptides into their active forms, nuclear assis-
tance is required in most higher plant systems (Bar-
kan et al., 1994; Hayes et al., 1996). Understanding
how this all occurs in a marine mollusc harboring
symbiont algal plastids with a relatively small chlo-
roplast genome and no detectable algal nucleocyto-
solic influence continues to be investigated.

MATERIALS AND METHODS
Sea Slug and Algal Cultures

Elysia chlorotica Gould specimens originated from collec-
tions made in November 1997 and October 1998 from an
intertidal marsh on Martha’s Vineyard Island, MA. The
animals were maintained photoautotrophically in aerated
aquaria containing ASW (925 mosmol kg™, Instant Ocean,
Aquarium Systems, Mentor, OH) at 10°C on a 14-h photo-
period. Sea slugs were either sampled live for photosyn-
thetic measurements and chloroplast isolation or sacrificed
monthly for 9 months and analyzed later. For the monthly
harvests, 20 to 25 individual animals were blotted dry,
pooled, frozen, and powdered immediately in liquid nitro-
gen, and stored at —80°C until analyzed. “Months Symbi-
otic Association” or “Months in Culture” in the text and
figures refers to the number of months from the time of
collection from the intertidal marsh in which the sea slugs
are no longer associated with any algae. Vaucheria litorea C.
Agardh is maintained in culture in enriched one-quarter-
strength ASW (250 mosmol kg™) and a modified £/2 me-
dium as described previously (Pierce et al., 1996), except
that the cultures are illuminated by natural lighting and
aeration is limited to daily manual swirling.

Oxygen Evolution Measurements

Rates of O, exchange were measured at 15°C with an
oxygen electrode (2.5 mL vol, DW1, Hansatech, King’s
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Lynn, UK) illuminated with a high-intensity tungsten-
halogen light source (1,500 umol photons m™2 s~ '; LS2,
Hansatech). Individual animals were separated from the
stirring apparatus by a screen and suspended in 1 mL of
ASW supplemented with 10 mm NaHCO;. Samples were
incubated in the dark for 1 min prior to illumination. Rates
were recorded for 5 to 10 min, after which illumination
ceased and dark respiration rates (O, uptake) were re-
corded for at least 5 min. Apparent photosynthesis was
calculated by measuring the rate of CO,- and light-
dependent O, evolution, whereas respiration rates were
based on the uptake of O, in the dark. Gross photosynthe-
sis was calculated by summing the apparent photosynthe-
sis and dark respiration rates. At least three sea slugs were
analyzed for each time point. Rates were calculated on a
total chl basis with chl a and ¢ quantified by Agg, and Agy,
measurements following homogenization in 90% (v/v) ac-
etone (Sterman, 1988).

Electron Transport Measurements

Chloroplasts were isolated from live sea slugs and algal
filaments and purified on Percoll gradients (Pierce et al.,
1996). Intact chloroplasts were lysed by hypertonic freeze-
thawing and thylakoid membranes were collected by cen-
trifugation at 35,000¢ for 5 min. The washed thylakoids
were resuspended in reaction buffer (50 mMm HEPES [4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid], pH 7.6,
100 mm sorbitol, 5 mM NaCl, and 5 mm MgCl,) and used
immediately at a concentration of about 50 g chl mL™".
All PET measurements were made with an oxygen elec-
trode at 15°C and 1,500 umol photons m~ 2 s~ ' (Hind,
1993).

Whole chain PET including the OEC, but excluding Fd
and Fd-NADP reductase, was measured with water as the
electron donor and MV as the electron acceptor. Endoge-
nous catalase activity was inhibited by adding 5 mm NaNj.
For whole chain PET excluding the OEC, electron flow
from water was inhibited by incubating the thylakoids at
50°C for 2 min. The reaction medium was then supple-
mented with 5 mMm NH,CI (uncoupler), 0.5 mm DPC (elec-
tron donor), 2 mM NaNj;, and 50 um MV. Electron transport
through PSI (Mehler reaction) was measured as described
for whole chain PET except, after 5 min illumination, 10 um
dichloromethylurea was added to inhibit PSII and 2 mm
ascorbate and 50 um dichlorophenolindophenol were
added to provide electrons for PSI. Electron flow from
water through PSII including the dichloromethylurea-
sensitive site was measured by additions to the reaction
media of 5 mm NH,Cl, 1 mm p-phenylenediamine and
excess FeCN (4 mm).

Soluble and Thylakoid Membrane-Enriched Proteins

Powdered samples from the monthly collections were
aliquoted (200 mg fresh weight) and proteins isolated as
described by Russell et al. (1995). The powdered tissue was
homogenized in a microcentrifuge tube containing 400 uL
(1:2, w/v) of isolation buffer (330 mm sorbitol, 25 mm
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HEPES-KOH, pH 7.0, 5 mm MgCl,, 10 mm NaCl, 100 mm
N-acetyl-L-Cys, and 1 mM phenylmethylsulfonyl fluoride).
Enriched-thylakoid membranes (hereafter, thylakoid pro-
teins) were collected by centrifugation at 10,000¢ for 5 min
at 4°C. The resultant supernatant (containing soluble cyto-
solic proteins and the chloroplast stroma) was collected
and used as the soluble fraction. Thylakoid pellets were
washed once in isolation buffer lacking sorbitol and
N-acetyl-L-Cys, and resuspended in isolation buffer con-
taining 1% (v/v) Triton X-100 followed by continuous
shaking for at least 2 h at 4°C. Total protein was deter-
mined using the Bio-Rad (Hercules, CA) protein stain with
bovine serum albumin as the standard and corrected for
Triton X-100, when necessary.

Immunoblot Analysis and Quantification

Thylakoid proteins (50 ug protein lane ') were sepa-
rated by SDS-PAGE employing a 9% to 18% (w/v) linear
polyacrylamide gradient (Laemmli, 1970). Gels were either
stained with Coomassie Brilliant Blue G-250 or the proteins
were transferred to polyvinylidene fluoride membrane
(Immobilon-P, Millipore, Bedford, MA) by electroblotting
at 15°C and 75V for 3 h (Towbin et al., 1979). Proteins were
visualized using the alkaline phosphatase system as rec-
ommended by the manufacturer (Promega, Madison, WI).
Polyclonal, heterologous antibodies directed against D1,
D2, and CP43 (all from barley), FCP (diatom), PsaA and
PsaB (domain specific Synechocystis sp. PCC 6803 synthetic
peptides [Sun et al., 1997]), PsaC and PsaD (Synechocystis
sp. PCC 6803), and cyt f (Chlamydomonas reinhardtii), were
raised in rabbits and generously provided to us by a num-
ber of sources (please see “Acknowledgments”). Immuno-
blots were quantified densitometrically (Alphalmager
2000, Alpha Innotech, San Leandro, CA). The quantity of
each polypeptide at month 1 was set at 100% (control) and
all other samples were calculated relative to their respec-
tive control.

Super Signal Chemiluminescent Detection System

Cyts were detected using the chemiluminescent sub-
strate Luminol (Pierce Chemical, Rockford, IL), which re-
acts with proteins containing heme-functional groups. Due
to the hydrophobic nature of these proteins they were
transferred as described above, but in the presence of 0.5%
to 1% (w/v) SDS and onto nitrocellulose membrane
(Schleicher and Schuell). Once transferred, the blots were
incubated in Luminol for 5 min, exposed to x-ray film, and
the cyts identified by comparisons with known molecular
weights, protein fraction from which the samples origi-
nated, and immunostaining in the case of cyt f.

De Novo Protein Synthesis

For each time point, four to six sea slugs were placed in
glass scintillation vials containing 3 mL of ASW and 50 uCi
mL ™! [**S]Met, and illuminated for 7 h at 18°C. V. litorea
(450 mg fresh weight) was treated as above, but labeled for
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4 h. Following labeling, thylakoid and soluble proteins
were isolated and separated by SDS-PAGE as described
above. Equal radioactivity (100,000 dpm) was loaded for
each sample. Gels were fixed and processed for fluorogra-
phy according to Mujer et al. (1996).

DNA Isolation, Sizing, and Southern Blotting

DNA was isolated from E. chlorotica adult animals, E.
chlorotica eggs, V. litorea filaments, and V. litorea chloro-
plasts (Palmer, 1986; Mujer et al., 1996). Aliquots of DNA (2
pg sample ' except V. litorea ctDNA, which was 400 ng
sample ') were digested with EcoRI or Pstl and processed
for Southern analysis as described (Mujer et al., 1996). For
probes, the entire ITS from V. litorea genomic DNA was
amplified using ITS4 and ITS5 primers of White et al.
(1990). Primers to ITS1 only (5'-CCAACATATTCATCCTC
and 5'- ATTGCACCATTGCTGGC) were constructed from
this sequence and used to produce a 203-bp ITS1 probe by
amplification of V. litorea genomic DNA. Primers to rbcL
(5'-CCTTAATACAACTGCAG and 5-CCTTTATTTACA-
GCATAC) were designed using sequence information
obtained from V. litorea ctDNA clones (accession no.
AF207527) and used to produce an 892-bp rbcL probe. PCR
reactions for ITS and rbcL. were performed using the prim-
ers listed above with 2 ng of genomic DNA from photo-
synthetically active E. chlorotica (3 months in culture), V.
litorea, or water control as templates following standard
protocols (35 cycles, 1'-1'-2" extension times at 94°, 50°, and
72°C, respectively) using Tag polymerase (Gibco-BRL,
Gaithersburg, MD). For chloroplast genome sizing,
V. litorea ctDNA was digested with Pstl and analyzed as
described in Palmer (1986).
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