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ABSTRACT: Pigments present in the brown-greenish C morph of an intracellular endosymbiont of Pomacea
canaliculata were investigated. Acetone extracts of the endosymbiotic corpuscles showed an absorption spec-
trum similar to that of chlorophylls. Three fractions obtained from silica gel column chromatography of the
acetone extracts (C, C and C ), were studied by positive ion fast atom bombardment-mass spectrometry
(FAB-MS) and hydrogen-nuclear magnetic resonance (H-NMR). Results indicated the presence of (1) a
sterol in the yellow colored C, fraction; (2) a mixture of pheophorbides a and b in the major green fraction,
C,; and (3)amodified pheophorbide a in the smaller green fraction, C ;. Aqueous extracts of the C endosym-
biont did not show evidence of the occurrence of C-phycocyanin, allophycocyanin or phycoerithrin (light
absorption, fluorescence emission, and electrophoresis of the protein moieties) while cyanobacterial cells
(Nostoc sp.) showed evidence of C-phycocyanin and allophycocyanin. The possible phylogenetic and func-

tional significance of the pigments present in the C endosymbiont is discussed.

Introduction

Pomacea canaliculata (Architaenioglossa,
Ampullariidae) is a freshwater snail original from the
Plata basin (Hayes et al., 2008) but that it has spread
to South East Asia, China, Japan and Hawaii (Rawlings
et al., 2007) where it has become a pest of rice and
other crops (Halwart, 1994; Cowie, 2002).
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Brown-greenish corpuscles of an obligate endosym-
biont are contained within specific cells of the midgut
gland of this snail, where they appear to reproduce, and
are later released in the gut lumen and are expelled in
the feces (Vega et al., 2006).

A preceding investigation has suggested the occur-
rence of chlorophyll-like pigments in both the C and K
morphs of that endosymbiont (Castro-Vazquez et al.,
2002), and this work was aimed to follow up that study
in the C morph, which seems to be the vegetative form
(Castro-Vazquez et al., 2002; Koch et al., 2006). The
identity of the pigments contained within the symbiotic
corpuscles may shed light on the phylogenetic position
of the endosymbiont, and of the fuctional meaning of
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its consortium with P canaliculata. For such purpose
we have used light absorption, fluorescence emission,
positive ion fast atom bombardment-mass spectrometry
(FAB-MS), hydrogen-nuclear magnetic resonance (H-
NMR) and protein electrophoresis (SDS-PAGE) of ex-
tracts of the isolated C corpuscles (Vega et al., 2005).

Materials and Methods
Animals

Adult female snails from a cultured strain of P,
canaliculata were used. The origin of animals and the
culturing conditions were those described elsewhere
(Vega et al., 2005).

Materials used

All solvents used were HPLC grade. Acetone was
distilled on sodium carbonate before use. Thin layer
chromatography plates were from Merck (2292990),
Tris (ICN; 819620), NaCl (Merck, 1.06404.1000.1026)
and EDTA (ICN 800682) were used to isolate the C
endosymbiont.

Isolation of C corpuscles from midgut gland tissue

First the animals were immersed in an ice bath dur-
ing 10 min. The midgut gland was then dissected and
the C corpuscles were isolated according to the method
previously described (Vega et al., 2005). Purity of frac-
tions was microscopically controlled and only those C
fractions containing less than 5% of K corpuscles (the
putative kystic form of the endosymbiont) were weighted
and freeze-dried in plastic tubes and stored at -80°C
until their use for pigment extraction.

Acetone extraction of C corpuscles

C fractions of the midgut glands of 50 animals were
weighted and pooled, resuspended in 9 mL of acetone
per gram of tissue and then homogenized (Ultraturrax®
homogenizer) for 1 minute (this and the following pro-
cedures were performed at 4°C in darkness). The ho-
mogenate was centrifuged at 750 g for 5 minutes and
the supernatant was kept in the cold. Then, the precipi-
tate obtained was again resuspended in an acetone-wa-
ter solution (1:9; v/v), homogenized and centrifuged,
and the second supernatant was collected and mixed with
the first supernatant. A sample of the brown-greenish
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supernatants was used for light absorption spectrum
analysis while the remaining extract was evaporated
under a nitrogen flow and stored at -80°C until further
processing.

Pigments in a sample of the acetone extract were
first separated by thin layer chromatography and the R ’
values of the observed bands were determined. Three
bands were thus identified as C, (R/. =0.97), C, (Rf =
0.84)and C, (R ,=0.5 1). The C, band was yellow while
CII and CIII were green (CII was larger than CIII).

The corresponding fractions in the remaining ex-
tracts were then purified by silica gel column chroma-
tography, using nitrogen to push the solvents through
the column. The solvent used was chloroform, and its
polarity was increased by the addition of methanol (1-
3%). The fractions thus obtained were studied by (1)
positive ion fast atom bombardment mass spectrometry
(FAB-MS) and (2) hydrogen-nuclear magnetic reso-
nance (H-NMR).

Aqueous extraction of C corpuscles

Phycobiliproteins were extracted according to the
method of Bennett and Bogorad (1973) with minor
modifications. All procedures were performed in dark-
ness at 4°C. Midgut gland fractions containing C cor-
puscles were obtained from 4 snails and were controlled
for purity as described above. The fraction from each
snail was dispersed in phosphate-buffered saline solu-
tion (10 mM phosphate buffer, 150 mM NaCl, pH=7; 1
mL per gram of fraction). Then the samples were soni-
cated with the microtip of a Systems model W185D
sonifier (Heat Systems-Ultrasonics, Inc., Plainview, NY)
operated at power setting 5; each sample was exposed
to 16 cycles of 10 seconds duration, alternating with 1
min periods for cooling at 4°C. Sonicates were then cen-
trifuged at 100,000 g for 45 minutes; the precipitate was
discarded and the supernatant was kept at 4°C. Cells of
an axenic Nostoc sp. culture (Cyanobacteria, Nostocales)
were similarly processed and used as positive controls.

The supernatants from both C corpuscles and Nos-
toc sp. cells were then used to determine phycobiliproteins
through (1) light absorption spectrum (400-700 nm), (2)
fluorescence emission spectrum after excitation at 615
nm (for C-phycocyanin), 652 nm (for allophycocyanin)
and 575 nm for phycoerithrin, and (3) electrophoresis
(SDS-PAGE) of the protein moieties.

Soluble proteins in the supernatants from both C
endosymbiont and Nostoc sp. were determined by the
Lowry et al. (1951) method and were separated by SDS-
PAGE (10% SDS, 15% polyacrylamide) according to
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Sambrook ef al. (1989). Each sample was diluted at 14
ug of soluble proteins in sample buffer (50 mM Tris-
HCI, 2% SDS, 0.1% Bromophenol Blue and 10% glyc-
erol, 5% B-mercaptoethanol, pH 6.8). Each gel was run
at 30 mAmp using a Mini Protean II gel system
(BIORAD) and then stained with a 0.75% solution of
Coomassie Brilliant Blue R-250 in methanol-acetic acid
(90:10, v/v).

Results

Ligth absorption spectra of acetone extracts of C cor-
puscles and Nostoc sp.

The absorption spectra (between 400 and 700 nm)
of the acetone extracts of C endosymbiont (continuous
line) and Nostoc sp. (dashed line) are shown in Fig.1.
The values are expressed as percent of the maximum
absorption peak. The light absorption spectrum of C
corpuscles was characterized by a maximum peak at

% — Cocps
100; \ ---
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FIGURE 1. Ligth absorption spectrum of an acetone ex-
tract of C corpuscles isolated from the midgut gland of P.
canaliculata (continuous line) and of an axenic culture of
Nostoc sp. (dashed line). Results were expressed as per-
cent of the highest absorbance value in each case.
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420 nm followed by two shoulders at 440 and 470 nm.
Also, smaller peaks were observed at 540, 605, and 670
nm. Nostoc sp. cells showed a similar light absorption
pattern (Fig. 1; dashed line) though the maximum peak
shifted from 420 to 430 nm. Also, Nostoc sp. showed
the second largest peak at 660 nm (i.e., 10 nm to the left
of'the corresponding peak in the C corpuscles spectrum).

FAB-MS and H-NMR studies of the column chromatog-
raphy fractions

The FAB-MS pattern of the C, fraction shared 10
of 15 mass fragments with those of cholesterol (Fig. 2).

The C, fraction FAB-MS and H-NMR spectra are
shown in Figs. 3 and 4, respectively. The FAB-MS spec-
trum (Fig. 3) showed an intact molecular mass at m/z
603 with a relative intensity of 43%. Several fragmen-
tation peaks were observed at m/z 577 (28%), 549 (8%),
and 459 (4%) (relative intensities in parenthesis), which
suggest the loss of (1) an ethyl group in C, (m/z 577),
(2) a carboxyl-methyl group in C,* (m/z 549), and (3) a
propionic chain in C , position (m/z 459).

The H-NMR spectrum (Fig. 4A, B) showed sig-
nals indicative of a formyl group (11.17 ppm) and hy-
drogens positioned on the alpha (C,), beta (C, ) and delta
(C,,) carbons of the tetrapyrrol cycle (9.49, 9.37 and
8.55 ppm, respectively). The spectrum also showed four
signals (6.6-6.1 and 5.7-5.5 ppm) coupled with a signal
in 8.0 ppm indicating the presence of a vinyl group (Fig.
3A, C). In addition, two signals at 3.4 and 3.2 were ob-
served, indicating hydrogens belonging to two methyl
groups on C, and C , (Fig. 4A, D). These observations
were integrated in the proposed formulae (Fig. 5) which
correpond to pheophorbides a and b.

The smaller green fraction (C ) was also processed
by H-RMN. It showed a similar hydrogen resonance
pattern to that of the C, fraction, but the formyl group
in the C, position was replaced by a methyl group. Other
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FIGURE 2. FAB-MS of the C fraction obtained from the acetone extract of C corpuscles (A)
and its comparison with the ftagmentation pattern of cholesterol (B).
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signals could not be assigned but the pigment was ten-
tatively identified as a modified pheophorbide » with
some polar substituent/s which decreased its chromato-
graphic mobility.

Ligth absorption spectra of aqueous extracts of C cor-
puscles and Nostoc sp.

The absorption spectra (400 and 700 nm) of an
aqueous extract of C endosymbiont (continuous line)
and Nostoc sp. (dashed line) are shown in Fig. 6. The
values are expressed as percent of the maximum absor-
bance value in each case. Nostoc sp. showed the high-
est absorption between 550 and 650 nm (peak at 615
nm). The extract from the C endosymbiont showed very
low absorption, but the percent of the maximum was
higher than 50% between 550 and 650 nm, and a single
small peak was observed at 670 nm. This light absorp-
tion pattern may be explained by (1) the lack of
phycobiliproteins, and (2) the presence of small amounts
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of a polar pheophorbide as that of fraction C  of ac-
etone extracts.

Fluorescence emission spectra and protein electro-
phoresis

The fluorescence emission spectra of aqueous ex-
tracts of C corpuscles (continuous lines) and Nostoc
sp. (dashed lines) were obtained after excitation with
wavelengths suitable for C-phycocyanin (618 nm) and
allophycocyanin (647 nm). The Nostoc sp. extract
showed fluorescent emissions at 615 and 652 nm, as
expected for the corresponding phycobiliproteins (Fig.
7A, B; dashed line); sensitivity of detection was 1.4
and 14 pg protein/mL for C-phycocyanin and
allophycocyanin, respectively). However, no fluores-
cent emissions occurred when the aqueous extracts of
the C endosymbiont were excited with the same wave-
lengths (Fig 7A, B; continuous line), in a protein con-
centration range of 1.5-465 pug/mL.

603
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FIGURE 3. FAB-MS of the C,, fraction obtained from silica gel column chromatography of the acetone

extract of C corpuscles.
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Also, no fluorescence emission corresponding to
phycoerithrin (575 nm) was detected in aqueous extracts
of either C endosymbionts or Nostoc sp. cells (data not
shown in Fig. 7).

OCH,

FIGURE 5. Proposed structure of the major green pigments
present in the C, fraction of acetone extracts of the C endo-
symbiont. Either a methyl or a formyl group occurs at posi-
tion 7 (denoted by R) in pheophorbides a or b, respectively.

— Ccps

=== Nostoc sp. R

Relative absorbance

Wavelength (nm)

FIGURE 6. Ligth absorption spectrum of an aqueous extract
of the C endosymbiont isolated from the midgut gland of P.
canaliculata (continuous line) and of an axenic culture of
Nostoc sp. (dashed line). Results were expressed as per-
cent of the highest absorbance value in each case.
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The protein moieties of phycobiliproteins in both
aqueous extracts were separated SDS-PAGE as shown
in Fig. 7C. The extract from Nostoc sp. showed two
bands of 19.2 and 16.1 kDa corresponding to the pro-
tein moieties of both studied phycobiliproteins (Mac
Coll, 1998), while the extract of the C endosymbiont
only showed some bands larger than 50 kDa.

Discussion

The nature of the intracellular endosymbiont/s in
the midgut gland of Pomacea canaliculata is still an
unresolved matter. We have previously hypothesized that
it would be an endocyanobiont (Vega et al., 2006). How-
ever, we have recently found (Vega and Dellagnola,
unpublished) a striking similarity of the 16S rRNA gene
sequence found in C corpuscles with that of plant chlo-
roplasts. These findings should not be interpreted plainly
as to identify the C endosymbiont with a chloroplast,
since several observations point into other directions,
namely, (1) C corpuscles exhibit an electron dense wall
that chloroplasts do not have (Vega et al., 2005; Koch
et al., 2006); (2) they are directly transferred from the
mother to the offspring (Koch et al., 2003); and (3) they
are exocytized towards the gut lumen and expelled in
the feces to the environment, where they are found for
months or even years in sediments of aquaria or in en-
vironments formerly occupied by snails (Koch et al.,
2006; Vega et al., 20006).

1. Chlorophylls a and b, and their pheophorbides.

Chlorophyll @ is the most abundant chlorophyll
throughout the kingdom Plantae (which includes
chlorophyte algae, stoneworts, mosses, ferns, gymno-
sperms and angiosperms) (Raven et al., 2005) and is
also found in the Cyanobacteria (Lee, 2008). All oxy-
genic photosynthetic organisms utilize chlorophyll a but
differ in other pigments like chlorophyll b, which is also
found throughout the kingdom Plantae but not in the
Cyanobacteria, with the exception of the Prochlorales,
oxygenic-photosynthetic bacteria which also show chlo-
rophyll b, but that are now frequently included within
the Cyanobacteria based on their molecular affinities
(Lewin, 2002; Litvaitis, 2002).

Indeed, not the chlorophylls but the corresponding
pheophorbides a and b (and also a modified, and more
polar, pheophorbide a) have been found in the C endo-
symbiont. Pheophorbides are not functional for light
harvesting but are the result of chlorophyll breakdown
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initiated by chlorophyllase, a process closely regulated
throughout the entire life cycle of plants (Hortensteiner,
2006), and which is induced in many cases by light dep-
rivation (e.g., Wittenbach, 1977). This may occur in the
C endosymbiont, which should be regarded as a poten-
tially phosynthetic organism or plastid that is kept in
darkness, at least when contained within cells of the
midgut gland, an internal organ of the snail which is
also covered by the melanic mantle epithelium and the
shell (Dellagnola, 2010).

Chlorophyll breakdown has also the functional sig-
nificance of preventing the potential damage resulting
from the photodynamic activity of free chlorophylls
(Goldschmidt, 2000). So, it is possible that both
chlorophylls are synthesized by the C endosymbiont,
and that they are largely converted to the correspond-
ing pheophorbides. The existence of the biosynthetic
machinery for both chlorophylls tends to support the
affinity of C corpuscles with plant chloroplasts.
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2. Phycobilins

No evidence of either C-phycocyanin, allophyco-
cyanin or phycoerithrin was found in C corpuscles,
which argues against a cyanobacterial affinity of the
endosymbiont. Again, one may wonder whether the ex-
pression of these pigments in C corpuscles was reduced
by darkness. However, no evidence of phycobiliproteins
was obtained when the concentration of the sample was
increased more than 300-fold.

3. 4 sterol

The C, fraction of the acetone extract of C cor-
puscles contained a substance bearing some similari-
ties with cholesterol. Cholesterol and other sterols are
well-known normal constituents of plant chloroplast
membranes (Grunwald, 1975) and so, the presence of a
sterol also argues in favor of the affinity of the C endo-

C Nostoc C Nostoc
MW cps sp. cps sp.
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FIGURE 7. A. Fluorescence excitation for C-phycocyanin (618 nm, gray line) and the resulting
emission spectrum of aqueous extracts of C endosymbionts (continuous lines) and Nostoc sp.
(dashed lines). B. Fluorescence excitation for allophycocyanin (647 nm, gray line) and the re-
sulting emission spectrum in aqueous extracts of C endosymbionts (continuous lines) and Nos-
toc sp. (dashed lines). C. Protein electrophoresis (SDS-PAGE 15%) of aqueous extracts of C
endosymbionts and Nostoc sp. (14 ug of soluble protein were loaded in each lane). MW= mark-

ers of apparent molecular weight.
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symbiont with plant chloroplasts. However, sterols have
also been reported in Cyanobacteria (De Souza and Nes,
1968; Kohlhase and Pohl, 1988) but later studies have
questioned their presence because of possible contami-
nations of cyanobacterial cultures (Volkman, 2003;
Volkman, 2005). So, at the present state of knowledge,
the current results do not shed any light on the problem
of the phylogenetic affinities of C corpuscles.

4. Concluding considerations

In general, the present work provides suggestive
evidence for the affinity of the C endosymbiont of P
canaliculata with plant chloroplasts, rather than with
Cyanobacteria.

A peculiar symbiotic consortium involves marine
slugs (Opistobranchia, Elysiidae) and chloroplasts,
which the slugs obtain from chlorophyte or xanthophyte
algae. This symbiosis is referred to as ‘kleptoplasty’
(Gilyarov, 1983). The chloroplasts involved are dietary
chloroplasts incorporated intracellularly in numerous
terminal tubules of the midgut gland, which are located
below the slug’s transparent dorsal mantle (Kawaguti
and Yamasu, 1965; Taylor, 1968; Trench et al., 1969)
and are able to photosynthetically reduce carbon when
the slug is exposed to light, and to transfer photosyn-
thate to their host (Rumpho et al., 2000).

As discussed elsewhere (Vega et al., 20006)
kleptoplasty shows interesting parallels with the symbio-
sis studied here. However, three major differences stand
out: (1) while the symbiotic chloroplasts are dietary ones,
and are continuously incorporated by the slugs to their
cells, the symbiont of P canaliculata and other Neotro-
pical Ampullaridae (Castro-Vazquez et al., 2002) is ver-
tically transferred from the mother to the offspring (Koch
et al.,2003) and so, the original association should have
occurred (perhaps only once) between the ancestor of
Neotropical Ampullariidae and the chloroplast of an
aquatic macrophyte; (2) while chloroplasts associated to
slugs are phosynthetically active, the pheophorbides
present in C corpuscles (this paper) as well as their loca-
tion in an intracellular dark environment (Dellagnola,
2010) do not support this possibility; (3) the C endosym-
biont shows features of an organism (i.e., its external wall,
and its ability to survive outside the snail; Koch et al.,
20006). So, it is still possible that the ancestral association
may have occurred with a free living prokaryont akin to
the Cyanobacteria and plastids.

Finally, if the C endosymbiont is unable to partici-
pate in photosynthesis, one may wonder which is the func-
tional meaning of its association with P canaliculata,
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especially if one considers the extent to which the mid-
gut gland is occupied by the symbiotic corpuscles (Vega
et al., 2005). Recent evidence indicates that they may at
least participate in metal detoxification (Vega et al., 2012)
and in protein digestion in the snail’s gut (Godoy, 2005).
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