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Kleptoplasty does not promote
major shifts in the lipidome
of macroalgal chloroplasts
e sequestered by the sacoglossan sea
et slug Elysia viridis
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. Sacoglossan sea slugs, also known as crawling leaves due to their photosynthetic activity, are highly

. selective feeders that incorporate chloroplasts from specific macroalgae. These “stolen” plastids -

. kleptoplasts - are kept functional inside animal cells and likely provide an alternative source of energy
. totheir host. The mechanisms supporting the retention and functionality of kleptoplasts remain

: unknown. A lipidomic mass spectrometry-based analysis was performed to study kleptoplasty of the
. sacoglossan sea slug Elysia viridis fed with Codium tomentosum. Total lipid extract of both organisms

. was fractionated. The fraction rich in glycolipids, exclusive lipids from chloroplasts, and the fraction

. richin betaine lipids, characteristic of algae, were analysed using hydrophilicinteraction liquid

. chromatography-mass spectrometry (HILIC-LC-MS). This approach allowed the identification of 81

© molecular species, namely galactolipids (8 in both organisms), sulfolipids (17 in C. tomentosum and 13
. in E. viridis) and betaine lipids (51 in C. tomentosum and 41 in E. viridis). These lipid classes presented

- similar lipidomic profiles in C. tomentosum and E. viridis, indicating that the necessary mechanisms to
. perform photosynthesis are preserved during the process of endosymbiosis. The present study shows
. that there are no major shifts in the lipidome of C. tomentosum chloroplasts sequestered by E. viridis.

© Sacoglossan sea slugs have been popularly termed as crawling leaves' due to their singular relationship with their
¢ food. This group of sea slugs are highly specialized feeders, using their radular teeth to penetrate the cell wall of
- siphonaceous algae and suck the entire cytosolic content®. While the whole cellular content of these algae, includ-
. ing the nucleus, is digested, chloroplasts are sequestered by the sea slugs. These “stolen” organelles, also known
. as kleptoplasts®, pass through the sea slugs’ gut and are phagocytized into the digestive epithelium. Inside animal
- cells, kleptoplasts are in direct contact with the cytosol, being able to keep their structural integrity and function-
. ality for variable periods (from hours to months)*. Therefore, these sea slugs are mixotrophic animals, with their
. energy being secured through heterotrophic and autotrophic pathways">.

: The mechanisms supporting the retention and functionality of chloroplasts inside sea slug cells are still
- unknown. Nevertheless, a recent study revealed that the abundance of kleptoplasts in juveniles of Elysia chlorotica
- isrelated with the abundance of lipid droplets®. This study proposes a protective mechanism of stolen plastids by
. the lipids generated by the kleptoplasts, which involves stabilization of plastids and their long-term retention®.
. The relationship between plastids and lipids is not totally new, as Trench et al.” already identified lipid trafficking
. from functional plastids to the sea slug E. viridis. Lipids are important components in all organisms, as source of
- metabolic energy and essential constituents of biological membranes. Although little attention has been given to
© the role of lipids in kleptoplasty, several studies have recognized the relevant role of these molecules in the process
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Figure 1. Schematic representation of lipid synthesis in chloroplasts. Lipids can be synthesized entirely
within the chloroplast - prokaryotic lipid synthesis - or in collaboration with the endoplasmic reticulum (ER)
- eukaryotic lipid synthesis. De novo synthesis of fatty acids occurs inside the chloroplast and can follow two
pathways: (i) prokaryotic pathway: fatty acids are transported to envelope membranes and used for glycolipid
synthesis (galactolipids and sulfolipids); (ii) eukaryotic pathway: fatty acids are exported as free fatty acids

to envelope membranes and their corresponding CoA thioesters are transferred to the ER to integrate lipid
structure. Lipid precursors assembled at the ER are exported to the outer envelope membrane for glycolipid
synthesis. Glycolipids are incorporated into thylakoid membranes. Although lipid trafficking between
membranes occurs through unknown mechanisms (dash lines), it is believed that transport between the ER
and the outer envelope membrane occurs by direct contact sites between both membranes or via vesicles;
while transport between inner envelope membrane and thylakoid membrane is mediated by vesicles. Under
phosphate starvation (Pi), DGDG can be transported to ER and then to the plasma membrane to replace
phospholipids. Figure adapted from Dérmann'’.

of endosymbiosis in other marine biological interactions®'°. These studies have identified significant changes in
the host lipidome during the establishment of symbionts® 11, suggesting an active role of lipids in this process.

Endosymbiosis is a rare process in nature because it requires the integration of host and symbiont membranes
and their common evolution'2. While kleptoplasty is a general phenomenon in protists'* 4, to date, sacoglossans
are the only metazoans known to maintain this type of association’®. This mechanism of endosymbiosis could
have some similar features to the interaction between eukaryotic cells and endosymbiotic cyanobacteria, which
gave rise to chloroplast-containing eukaryotes'2. Despite the evolution from cyanobacteria to vascular plants,
molecular composition of chloroplasts has been highly conserved!®. Chloroplast membranes are characterized
by the occurrence of high proportions of glycolipids, being monogalactosyl diacylglycerol (MGDG) and diga-
lactosyl diacylglycerol (DGDG) the most abundant'®, and sulfolipids (sulfoquinovosyl diacylglycerol, SQDG),
which are not found in extraplastidial membranes. These classes of specific lipids are biosynthesized within the
chloroplast!’~*° (Fig. 1). A conserved proportion of these molecules integrates the complexes of photosynthetic
machinery of chloroplasts, being critical to sustain an optimal rate of photosynthesis?. Inner chloroplast envelope
and thylakoid membranes show similar relative proportions of lipids, highlighting the role of the former in the
biogenesis of thylakoid membranes®. Additionally, betaine lipids (diacylglyceryl-N,N,N-trimethyl homoserine,
DGTS) are a class of lipids found in algae and that can be translocated to the chloroplast*’. DGTS is considered as
a more ancient membrane lipid, which has been progressively replaced by phosphatidylcholine (PC) during the
evolution of vascular plants??. Although algae have preserved the DGTS biosynthetic pathway?’, DGTS competes
with PC and therefore the levels of both lipid classes are reciprocal®?.

Lipidomic analyses applied to marine samples can provide information at the molecular level, being suc-
cessfully used to explain biological and molecular processes**-?°. In this sense, we selected the ecological model
E. viridis (Montagu, 1804) and Codium tomentosum (Stackhouse, 1797) to investigate the association of func-
tional macroalgal chloroplasts inside animal cells, by using lipidomic tools. Elysia viridis collected in the coast of
Portugal has a narrow feeding preference, mostly retaining functional plastids from genus Codium?, thus limiting
the origin of plastid lipids. Furthermore, E. viridis displays a relatively long-term retention of kleptoplasts>*,
which allows researchers to perform experiments on individuals that already display well established functional
kleptoplasts inside their animal cells.

Glycolipids and betaine lipids isolated from total lipid extracts of E. viridis and C. tomentosum were studied
using hydrophilic interaction liquid chromatography-mass spectrometry (HILIC-LC-MS). The objective of the
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Figure 2. Lipidomic profile of monogalactosyl diacylglycerol (MGDG) in Codium tomentosum and Elysia
viridis. (a) HILIC-LC-MS spectra of MGDG molecular species detected in C. tomentosum and E. viridis samples
and identified as [M + NH,] " ions; (b) Molecular species of MGDG identified in C. tomentosum samples (C
represents the total number of carbon atoms and N the total number of double bonds on the fatty acyl chains;
bold m/z value corresponds to the most abundant molecular species detected in HILIC-LC-MS spectrum); (c)
Molecular species of MGDG identified in E. viridis samples; (d) General structure of MGDG.

present study was to investigate if kleptoplasty promoted any major shifts in the lipidome of C. tomentosum plas-
tids sequestered by the sacoglossan sea slug E. viridis. Hence, we focused the analysis on lipid classes known to be
exclusive of chloroplast membranes (i.e., glycolipids), as well as on betaine lipids.

Results

HILIC-LC-MS and MS/MS allowed the identification of glycolipids (in fraction 3, see Methods) and betaine
lipids (in fraction 4) in the lipid extracts obtained from the marine species C. tomentosum and E. viridis. The
information gathered with the high resolution HILIC-LC-MS and MS/MS analyses provided the detailed struc-
tural information to identify the different lipid classes and their molecular species profiles (see Supplementary
Table S1). Overall, seventy-six molecular species were identified in C. tomentosum and sixty-two molecular spe-
cies in E. viridis samples, as glycolipids and betaine lipids.

Profile of glycolipids.  Glycolipids were identified in fraction 3 for both C. tomentosum and E. viridis, dis-
tributed between galactolipid (MGDG and DGDG) and sulfolipid classes. Twenty-five molecular species were
identified in C. tomentosum and twenty-one molecular species in E. viridis samples.

Galactolipids. Two classes of galactolipids were identified in both marine organisms: MGDG (Fig. 2) and
DGDG (Fig. 3). MGDG and DGDG were identified in HILIC-LC-MS spectra in positive mode as [M + NH,]*
ions*. Two molecular species of MGDG were identified in C. tomentosum and E. viridis samples: MGDG
(18:3/16:3) and MGDG (18:1/16:0), corresponding to [M + NH,]* ions at m/z 764.5 and 774.6, respectively
(Fig. 2). Regarding DGDG, a total of six molecular species were identified in both marine organisms. The most
abundant DGDG molecular species were DGDG (18:3/16:3) and DGDG (18:1/16:0) in both C. tomentosum and
E. viridis, corresponding to [M 4+ NH,]* ions at m/z 926.6 and 936.7, respectively (Fig. 3).

Sulfolipids. Two classes of sulfolipids were identified in C. tomentosum and E. viridis samples: sulfoquinovo-
syl monoacylglycerol (SQMG) (Fig. 4) and SQDG (Fig. 5). Both classes were identified by HILIC-LC-MS in neg-
ative mode, by the observation of the [M — H]~ ions® ?. In both marine organisms, only one SQMG molecular
species was identified, the SQMG (16:0), corresponding to [M — H]~ ion at m/z 555.3 (Fig. 4).

Opverall, sixteen molecular species of SQDG were identified in C. tomentosum samples, while in E. viridis sam-
ples twelve molecular species were identified. The same most abundant molecular species of SQDG were observed
in both marine organisms, namely SQDG (18:3/16:0) and SQDG (16:0/16:0), corresponding to [M — H]~ ions
at m/z 815.5 and 793.5, respectively (Fig. 5). The molecular species present only in C. tomentosum samples were:

SCIENTIFICREPORTS|7: 11502 | DOI:10.1038/541598-017-12008-z 3


http://S1

www.nature.com/scientificreports/

926.6
a) . 10? 936.7

g 0 926.5|| 9326 ’ 937.7

2 o s TN LLL 9498 o586 Elysia viridis

Qo

S 100 926.6

ki 9276 936.7

g %0 931.5 o416

0 9\1(\)6\ T \92\2\6\ \' rery l' ml 7 \95\4.\6\ ) Codium tomentosum
910 920 930 940 950 960
m/z
b) C. tomentosum C) E. viridis
[M+NH,]* Lipid species  Fatty acyl chains [M+NH,]* Lipid species  Fatty acyl chains

m/z (C:N) m/z (C:N)
910.6 DGDG (32:0) 16:0/16:0 910.6 DGDG (32:0) 16:0/16:0
926.6 DGDG (34:6) 18:3/16:3 926.6 DGDG (34:6) 18:3/16:3
932.6 DGDG (34:3) 18:3/16:0 932.6 DGDG (34:3) 18:3/16:0
934.6 DGDG (34:2) 18:2/16:0 and 18:1/16:1 934.6 DGDG (34:2) 18:2/16:0 and 18:1/16:1
936.7 DGDG (34:1) 18:1/16:0 936.7 DGDG (34:1) 18:1/16:0
954.6 DGDG (36:6) 18:3/18:3 954.6 DGDG (36:6) 18:3/18:3

/IOL OHO:() orp"
A Jomdorsy L.
0
RS o o
e
0]

Figure 3. Lipidomic profile of digalactosyl diacylglycerol (DGDG) in Codium tomentosum and Elysia viridis.
(a) HILIC-LC-MS spectra of DGDG molecular species detected in C. tomentosum and E. viridis samples

and identified as [M + NH,] " ions; (b) Molecular species of DGDG identified in C. tomentosum samples (C
represents the total number of carbon atoms and N the total number of double bonds on the fatty acyl chains;
bold m/z values correspond to the most abundant molecular species detected in HILIC-LC-MS spectrum); (c)
Molecular species of DGDG identified in E. viridis samples; (d) General structure of DGDG.

SQDG (14:0/16:1), SQDG (14:0/18:4), SQDG (18:3/16:3) and SQDG (18:2/16:0), corresponding to [M — H]~ ions
at m/z 763.5, 785.5, 809.5 and 817.5, respectively (Fig. 5).

Glycolipid profile of E. viridis samples was validated through the survey of specimens placed under starvation,
confirming the signature was from incorporated chloroplasts and not undigested algal material still present in the
animal digestive system (see Supplementary Fig. S1 and Supplementary Table S2).

Profile of betaine lipids. The analysis of the fraction 4, rich in betaine lipids and also containing phospho-
lipids, provided the identification of two classes within betaine lipids in C. tomentosum and E. viridis samples:
monoacylglyceryl-N,N,N-trimethyl homoserine (MGTS) (Fig. 6) and DGTS (Fig. 7). Both classes were identified
as positive [M + H] " ions?>2°. The analysis of MS/MS spectra allowed the identification of twelve molecular spe-
cies of MGTS in C. tomentosum samples and thirteen in E. viridis samples. The most abundant molecular species
were MGTS (18:3) and MGTS (16:0) in both marine organisms, corresponding to [M + H]* ions at m/z 496.4 and
474.4, respectively (Fig. 6). Codium tomentosum samples showed the molecular species MGTS (16:3) in its lipi-
domic profile, corresponding to [M +H] " ion at m/z 468.3, which was absent in E. viridis samples. On the other
hand, two molecular species were identified E. viridis samples but not in C. tomentosum samples: MGTS (20:2)
and MGTS (22:2), corresponding to [M + H]* ions at m/z 526.4 and 554 .4, respectively (Fig. 6).

Concerning the analysis of DGTS, a total of thirty-nine molecular species were identified in C. tomento-
sum and twenty-eight in E. viridis samples. The most abundant molecular species in C. tomentosum were DGTS
(16:0/18:3), with minor contributions of DGTS (16:2/18:1), DGTS (16:3/18:0), and DGTS (16:0/20:4), the first
three corresponding to [M + H]* ions at m/z 734.6 and the latter to 760.6 (Fig. 7). In E. viridis, the most abundant
molecular species were DGTS (16:0/18:3) and DGTS (16:0/18:1), corresponding to [M + H] " ions at m/z 734.6
and 738.6, respectively (Fig. 7). Moreover, DGTS lipidomic profile showed fourteen molecular species that were
only identified in C. tomentosum samples, while three DGTS molecular species were only identified in E. viridis
samples (Fig. 7). This profile of betaine lipids was confirmed in E. viridis samples being exposed to starvation
conditions (see Supplementary Fig. S1 and Supplementary Table S2).
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Figure 4. Lipidomic profile of sulfoquinovosyl monoacylglycerol (SQMG) in Codium tomentosum and Elysia
viridis. (a) HILIC-LC-MS spectra of SQMG molecular species detected in C. tomentosum and E. viridis samples
and identified as [M — H] ™~ ion; (b) Molecular species of SQMG identified in C. tomentosum samples (C
represents the total number of carbon atoms and N the total number of double bonds on the fatty acyl chain);
(c) Molecular species of SQMG identified in E. viridis samples; (d) General structure of SQMG.

Discussion

The lipidome of chloroplast membranes of C. tomentosum was reflected in the sea slug E. viridis. Indeed, the most
abundant lipid classes in chloroplast membranes, MGDG, DGDG and SQDG presented similar lipidomic profiles
in C. tomentosum and E. viridis samples. The presence of these exclusive lipid classes of chloroplast membranes in
E. viridis indicates that there are no major shifts in the lipidome promoted by kleptoplasty and suggests that the
mechanisms necessary to perform photosynthesis are preserved during the process of endosymbiosis. This find-
ing confirms the robustness of C. tomentosum chloroplasts, which do not experience major changes throughout
ingestion and establishment in the digestive epithelial cells of the host?.

The lipidomic profile of C. tomentosum is in concordance with that previously described by da Costa et al.>.
The glycolipids MGDG and DGDG are known to occur in all organisms performing oxygenic photosynthesis'e.
They are synthesized in the chloroplast envelope membranes and redistributed to the thylakoid membranes',
where, along with phosphatidylglycerol (PG), perform an important role in the stability and activity of photosyn-
thetic complexes!®. Moreover, MGDG and DGDG contribute to the stabilization of plastid membranes and lipid
trafficking with extraplastidial membranes?” ?°. Therefore, the conservation of MGDG and DGDG molecular
species, along with fatty acyl composition, evidences the preservation of plastid membrane composition and
function during kleptoplasty.

The lipidomic profile of sulfolipids shows the absence of several molecular species of SQDG in E. viridis when
compared to C. tomentosum samples. These differences may be due to either extremely low concentration, likely
below the detection limits, in sea slug samples or replacement during the process of endosymbiosis. Nevertheless,
the most abundant molecular species were the same in both marine organisms. SQDG plays an important role in
chloroplast development and regeneration®, thus the loss of these molecular species may be related with the pro-
cess of establishment of the stolen plastid in cells of its new host. Although SQDG is associated with photosystem
IT’!, the presence of SQDG does not always correlate with photosynthetic capacity*’. However, SQDG performs
relevant functions in chloroplasts and recently it has been discovered that in microalgae cells SQDG plays the role
of sulphur storage lipids that is used for protein synthesis in early phases of sulphur deprivation®. On the other
hand, under phosphate-limited conditions, phospholipids are replaced with non-phosphate containing lipids
such as MGDG, DGDG and SQDG?*. Under phosphate deprivation, DGDG levels increase and its excess is trans-
ferred to extraplastidial membranes to replace phospholipids (Fig. 1), limiting the consumption of phosphate for
membrane lipid synthesis*2. Furthermore, since SQDG and PG are anionic lipids, SQDG partially replaces PG to
maintain the anionic surface charge of thylakoid membranes®. Although glycolipids can replace phospholipids
under phosphate deprivation, lipid trafficking with extraplastidial membranes is limited to DGDG, since SQDG
and MGDG were never detected outside plastids®* 3>,
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Figure 5. Lipidomic profile of sulfoquinovosyl diacylglycerol (SQDG) in Codium tomentosum and Elysia
viridis. (a) HILIC-LC-MS spectra of SQDG molecular species detected in C. tomentosum and E. viridis samples
and identified as [M — H] ™ ions; (b) Molecular species of SQDG identified in C. tomentosum samples (C
represents the total number of carbon atoms and N the total number of double bonds on the fatty acyl chains;
bold m/z values correspond to the most abundant molecular species detected in HILIC-LC-MS spectrum); (c)
Molecular species of SQDG identified in E. viridis samples; (d) General structure of SQDG.

The location of glycolipids in the membrane of chloroplasts and thylakoids has been related with signalling
and coordination functions, regulating chloroplast lipids and cytosolic partners'® 2. Since the glycolipid profile
was preserved in kleptoplasts, these functions are likely retained during the process of chloroplast sequestration
in sea slug cells.

MGTS and DGTS belong to a less studied class of lipids, whose metabolic pathways and functions are still not
well characterized in marine algae®®. DGTS has been substituted by PC during the evolution of vascular plants®,
thus their distribution is limited to algae, lower plants and fungi®?. A study in freshwater algae has suggested that
DGTS acts as a donor of diacylglycerol (DAG), as well as polyunsaturated fatty acids, which will be used in the
biosynthesis of galactolipids®®. In accordance, rhythmic fluctuation of DGTS with time was inversely correlated
with the levels of MGDG?. The similar fatty acyl composition in MGDG and DGTS, in both C. tomentosum and
E. viridis, supports the hypothesis that DGTS acts as a donor of DAG®®*°. Our results corroborate that the fatty
acyl composition of MGDG molecular species identified in C. tomentosum samples are present in DGTS molec-
ular species (i.e., MGDG (18:3/16:3) and MGDG (18:1/16:0) versus DGTS (18:3/16:3) and DGTS (18:1/16:0)).
However, in E. viridis samples, the molecular species DGTS (18:1/16:0) appears as one of the most abundant in
this lipid class. This suggests that the metabolic pathways in which DGTS (18:1/16:0) is used as donor of DAG for
the synthesis of MGDG (18:1/16:0) may not be as efficient when chloroplasts are sequestered by E. viridis cells,
promoting an increase of this DGTS molecular species in kleptoplasts. On the other hand, the differences in the
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512.4 MGTS (19:2) 19:2 512.4 MGTS (19:2) 19:2
520.4 MGTS (20:5) 20:5 520.4 MGTS (20:5) 20:5
522.4  MGTS (20:4)  20:4 522.4  MGTS (20:4)  20:4
526.4  MGTS(20:2)  20:2
528.4  MGTS(20:1)  20:1 528.4  MGTS (20:1)  20:1
554.4 MGTS (22:2) 22:2
586.5  MGTS (24:0) 24:0 586.5  MGTS (24:0) 24:0

d) 0 —rll*—
RHI\O/\(\O/\)\,rOH
0

HO H

Figure 6. Lipidomic profile of monoacylglyceryl-N,N,N-trimethyl homoserine (MGTS) in Codium
tomentosum and Elysia viridis. (a) HILIC-LC-MS spectra of MGTS molecular species detected in C.
tomentosum and E. viridis samples and identified as [M + H] " ions; (b) Molecular species of MGTS identified
in C. tomentosum samples (C represents the total number of carbon atoms and N the total number of double
bonds on the fatty acyl chain; bold m/z values correspond to the most abundant molecular species detected in
HILIC-LC-MS spectrum); (c) Molecular species of MGTS identified in E. viridis samples; (d) General structure
of MGTS.

lipidomic profile of DGTS between the macroalgae and the sea slug point towards the occurrence of a minor
remodelling during the process of endosymbiosis. Interestingly, some SQDG and DGTS molecular species iden-
tified in C. tomentosum, but not in E. viridis samples, display a similar fatty acyl composition. The absence of these
molecular species in E. viridis may be related to chloroplast membrane adjustments during the integration in their
new host cells'’, or, as it was suggested above, to an extremely low concentration of these molecules in the sea slug.

The lipidomic approach used herein has opened a new perspective in the study of kleptoplasty. The minor dif-
ferences recorded in the lipidome of plastid membranes in C. tomentosum and E. viridis indicate that the integrity
of chloroplast membranes is conserved during the process of endosymbiosis.

Methods

Sampling. Samples of C. tomentosum and specimens of E. viridis were collected in September 2015 on the
intertidal rocky shore of Praia de Labruge (41°16'28.9"N; 8°43'45.3"W), Vila do Conde (Portugal). Macroalga and
sea slug samples were rinsed with freshwater purified through reverse osmosis, frozen, freeze-dried and stored
individually at —20°C for biochemical analysis. A total of five samples of C. tomentosum (n=>5) and E. viridis
(n=5) were analysed individually. Additionally, four specimens of E. viridis (n =4) were placed under starvation
during one week (a time frame that allows sea slugs to completely empty their guts) and subsequently analysed
individually. The analysis of starved sea slugs was performed to validate the results presented in this study, as any
algal lipid species detected in these specimens could only originate from kleptoplasts.
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b) C.tomentosum c) E. viridis
[M+H]* Lipid species Fatty acyl chains [M+H]* Lipid species Fatty acyl chains
m/z (C:N) m/z (C:N)
652.5 DGTS (28:2) 12:1/16:1
656.5 DGTS (28:0) 12:0/16:0 and 14:0/14:0
676.5 DGTS (30:4) 12:0/18:4
678.5 DGTS (30:3) 12:0/18:3 and 14:0/16:3 678.5 DGTS (30:3)
682.6 DGTS (30:1) 14:0/16:1 and 12:0/18:1 682.6 DGTS (30:1)
684.6 DGTS (30:0) 14:0/16:0
704.5 DGTS (32:4) 14:0/18:4; 12:0/20:4 and 16:1/16:3
706.6 DGTS (32:3) 14:0/18:3 and 16:0/16:3 706.6 DGTS (32:3) 14:0/18:3 and 16:0/16:3
708.6 DGTS (32:2) 14:0/18:2
710.6 DGTS (32:1) 16:0/16:1 and 14:0/18:1 710.6 DGTS (32:1) 16:0/16:1 and 14:0/18:1
712.6 DGTS (32:0) 16:0/16:0
720.6 DGTS (33:3) 15:0/18:3 720.6 DGTS (33:3) 15:0/18:3
722.6 DGTS (33:2) 16:0/17:2 722.6 DGTS (33:2) 16:0/17:2
724.6 DGTS (33:1) 16:0/17:1 and 15:0/18:1 724.6 DGTS (33:1) 16:0/17:1 and 15:0/18:1
728.5 DGTS (34:6) 16:3/18:3 and 16:2/18:4
730.6 DGTS (34:5) 14:0/20:5 and 16:1/18:4
732.6 DGTS (34:4) 16:0/18:4; 16:1/18:3 and 14:0/20:4 732.6 DGTS (34:4) 16:0/18:4 and 16:1/18:3
734.6 DGTS (34:3) 16:0/18:3; 16:2/18:1 and 16:3/18:0 734.6 DGTS (34:3) 16:0/18:3
736.6 DGTS (34:2) 16:0/18:2 736.6 DGTS (34:2) 16:0/18:2 and 15:2/19:0
738.6 DGTS (34:1) 16:0/18:1 738.6 DGTS (34:1) 16:0/18:1
746.6 DGTS (35:4) 15:0/20:4 and 16:2/19:2
748.6 DGTS (35:3) 15:0/20:3; 17:0/18:3; 16:0/19:3 and 16:2/19:1 748.6 DGTS (35:3) 17:0/18:3
750.6 DGTS (35:2) 16:0/19:2 750.6 DGTS (35:2) 16:0/19:2 and 17:0/18:2
752.6 DGTS(35:1) 16:0/19:1 752.6 DGTS(35:1) 16:0/19:1 and 17:0/18:1
754.6 DGTS(36:7) 16:3/20:4
756.6 DGTS(36:6) 16:1/20:5 756.6 DGTS(36:6) 18:3/18:3
758.6 DGTS (36:5) 16:0/20:5 758.6 DGTS (36:5) 16:0/20:5 and 18:2/18:3
760.6 DGTS (36:4) 16:0/20:4 760.6 DGTS (36:4) 16:0/20:4 and 18:1/18:3
762.6 DGTS (36:3) 16:0/20:3 762.6 DGTS (36:3)
764.6 DGTS (36:2) 16:0/20:2 and 18:1/18:1 764.6 DGTS (36:2) 18:1/18:1
766.7 DGTS (36:1) 16:0/20:1 and 18:0/18:1 766.7 DGTS (36:1) 18:0/18:1 and 16:0/20:1
774.6 DGTS (37:4) 19:1/18:3 7746 DGTS (37:4) 19:1/18:3
776.6 DGTS (37:3) 19:0/18:3
778.6 DGTS (38:9) 18:4/20:5
780.6 DGTS (38:8) 18:4/20:4
782.6 DGTS (38:7) 18:3/20:4; 18:2/20:5 and 18:4/20:3
784.6 DGTS (38:6) 18:3/20:3; 18:2/20:4 and 18:1/20:5
786.6 DGTS (38:5) 18:1/20:4; 18:0/20:5; 18:2/20:3 and 18:3/20:2 786.6 DGTS (38:5) 18:3/20:2; 18:1/20:4; 18:0/20:5 and 18:2/20:3
788.6 DGTS (38:4) 18:0/20:4; 18:1/20:3 and 18:3/20:1 788.6 DGTS (38:4) 18:3/20:1; 18:2/20:2; 18:0/20:4 and 18:1/20:3
804.6 DGTS (40:10) 20:5/20:5
806.6 DGTS (40:9) 20:4/20:5 806.6 DGTS (40:9) 20:4/20:5
808.6 DGTS (40:8) 20:4/20:4 808.6 DGTS (40:8) 20:4/20:4
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Figure 7. Lipidomic profile of diacylglyceryl-N,N,N-trimethyl homoserine (DGTS) in Codium tomentosum
and Elysia viridis. (a) HILIC-LC-MS spectra of DGTS molecular species detected in C. fomentosum and E.
viridis samples and identified as [M + H] " ions; (b) Molecular species of DGTS identified in C. tomentosum
samples (C represents the total number of carbon atoms and N the total number of double bonds on the fatty
acyl chains; bold m/z values correspond to the most abundant molecular species detected in HILIC-LC-MS
spectrum); (c) Molecular species of DGTS identified in E. viridis samples; (d) General structure of DGTS.

Lipid extraction. The Bligh and Dyer method*® was used to extract total lipids from C. tomentosum and
E. viridis samples. Codium tomentosum samples were previously macerated with liquid nitrogen. Briefly, sam-
ples were mixed with 5mL (C. tomentosum)/600 uL (E. viridis) of methanol in glass centrifuge tubes, vortexed,
followed by the addition of 2.5mL (C. tomentosum)/300 uL (E. viridis) of chloroform and vortexing. Then the
samples were incubated on ice for 3h (C. tomentosum)/30 min (E. viridis). An additional volume of 3 mL (C.
tomentosum) of methanol:chloroform (2:1, v/v)/300 uL (E. viridis) of chloroform was added, along with 1.3 mL
(C. tomentosum)/300 uL (E. viridis) of ultrapure water. Following vigorous homogenization, samples were cen-
trifuged at 2000 rpm for 10 min at room temperature to resolve a two-phase system. The lipids were recovered
from the organic lower phase. The extraction was repeated twice. The organic phases were dried under a nitrogen
stream and preserved at —20 °C for further analysis.
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Fractionation of lipid extract. Lipid extracts were fractionated according to da Costa et al. method*'.
Fractionation was performed by solid-phase extraction using a Supelclean™ LC-Si SPE Tube (bed wt. 500 mg,
volume 3mL cartridges, SUPELCO). Column was activated with 6 mL of n-hexane and then the sample of lipid
extract (110 and 4 mg of macroalgae and sea slug, respectively) was applied after to be dissolved on 300 pL of
chloroform. Subsequently, the following sequential elution was performed to separate lipid fractions: 5mL (C.
tomentosum)/4 mL (E. viridis) of chloroform, 8 mL (C. tomentosum)/3 mL (E. viridis) of diethyl ether:acetic acid
(98:2, v/v), 5mL of acetone:methanol (9:1, v/v) and 6 mL of methanol. Total lipid extracts were fractionated in
four lipid fractions: fraction 1 (rich in neutral lipids), fraction 2 (rich in pigments), fraction 3 (rich in glycolipids)
and fraction 4 (rich in betaine lipids and phospholipids). Fractions 3 and 4 were recovered separated and dried
under nitrogen stream and stored at —20 °C prior to analysis by HILIC-LC-MS.

Hydrophilic interaction liquid chromatography-mass spectrometry (HILIC-LC-MS). A high
performance LC (HPLC) system (Thermo scientific Accela™) with an autosampler coupled online to the
Q-Exactive® mass spectrometer with Orbitrap® technology was used. The solvent system consisted of two mobile
phases as follows: mobile phase A (acetonitrile:methanol:water 50:25:25, v/v/v with 1 mM ammonium acetate)
and mobile phase B (acetonitrile:methanol 60:40, v/v, with ] mM ammonium acetate). Initially, 0% of mobile
phase A was held isocratically for 8 min, followed by a linear increase to 60% of A within 7 min and a mainte-
nance period of 15 min, returning to the initial conditions in 10 min. A volume of 5 uL of each sample containing
5ug of lipid extract and 95 pL of eluent B was introduced into the Ascentis® Si column (15cm x 1 mm, 3 pm,
Sigma-Aldrich) with a flow rate of 40 uL min—" and at 30 °C. The mass spectrometer with Orbitrap® technology
was operated in simultaneous positive (electrospray voltage 3.0kV) and negative (electrospray voltage —2.7kV)
modes with high resolution with 70.000 and automatic gain control (AGC) target of 1e6, the capillary tempera-
ture was 250 °C and the sheath gas flow was 15 U. In MS/MS experiments, a resolution of 17.500 and AGC target
of 1e5 was used and the cycles consisted in one full scan mass spectrum and ten data-dependent MS/MS scans
were repeated continuously throughout the experiments with the dynamic exclusion of 60 seconds and intensity
threshold of 1e4. Normalized collision energy™ (CE) ranged between 25, 30 and 35 eV. Data acquisition was car-
ried out using the Xcalibur data system (V3.3, Thermo Fisher Scientific, USA). All the analyses were performed
in analytical triplicates. The identification of molecular species of polar lipids was based on the assignment of the
molecular ions observed in LC-MS/MS spectra. A mass accuracy (Qual Browser) of <5 ppm was used in order to
uniquely identify the molecular species.

References
1. Cruz, S., Calado, R, Serddio, J. & Cartaxana, P. Crawling leaves: photosynthesis in sacoglossan sea slugs. J. Exp. Bot. 64, 3999-4009
(2013).
2. De Vries, ], Rauch, C., Christa, G. & Gould, S. B. A sea slug’s guide to plastid symbiosis. Acta Soc. Bot. Pol. 83, 415-421 (2014).
3. Rumpho, M. E., Dastoor, E. P, Manhart, J. R. & Lee, J. The Kleptoplast in The Structure and Function of Plastids (eds Wise, R. R. &
Hoober, J. K.) 451-473 (Springer, 2007).
4. Evertsen, J., Burghardt, I, Johnsen, G. & Wigele, H. Retention of functional chloroplasts in some sacoglossans from the indo-pacific
and mediterranean. Mar. Biol. 151, 2159-2166 (2007).
5. Serédio, J., Cruz, S., Cartaxana, P. & Calado, R. Photophysiology of kleptoplasts: photosynthetic use of light by chloroplasts living in
animal cells. Phil. Trans. R. Soc. B. 369, 20130242 (2014).
6. Pelletreau, K. N., Weber, A. P. M., Weber, K. L. & Rumpho, M. E. Lipid accumulation during the establishment of kleptoplasty in
Elysia chlorotica. PLoS One 9, 1-16 (2014).
7. Trench, R. K., Boyle, J. E. & Smith, D. C. The association between chloroplasts of Codium fragile and the mollusc Elysia viridis. II.
Chloroplast ultrastructure and photosynthetic carbon fixation in E. viridis. Proc. R. Soc. B 184, 63-81 (1973).
8. Quesada, A.J., Schoo, K. L. & Bingham, B. L. Effect of symbiotic state on the fatty acid composition of Anthopleura elegantissima.
Mar. Ecol. Prog. Ser. 545, 175-187 (2016).
9. Imbs, A. B., Yakovleva, I. M., Dautova, T. N., Bui, L. H. & Jones, P. Diversity of fatty acid composition of symbiotic dinoflagellates in
corals: Evidence for the transfer of host PUFAs to the symbionts. Phytochemistry 101, 76-82 (2014).
10. Wang, L.-H,, Lee, H.-H., Fang, L.-S., Mayfield, A. B. & Chen, C.-S. Fatty acid and phospholipid syntheses are prerequisites for the
cell cycle of symbiodinium and their endosymbiosis within sea anemones. PLoS One 8 (2013).
11. Garrett, T. A., Schmeitzel, ]. L., Klein, J. A., Hwang, J. ]. & Schwarz, J. A. Comparative lipid profiling of the cnidarian Aiptasia pallida
and its dinoflagellate symbiont. PLoS One 8 (2013).
12. Cavalier-Smith, T. Membrane heredity and early chloroplast evolution. Trends Plant Sci. 5, 174-182 (2000).
13. Stoecker, D., Johnson, M., de Vargas, C. & Not, F. Acquired phototrophy in aquatic protists. Aquat. Microb. Ecol. 57,279-310 (2009).
14. Johnson, M. D. The acquisition of phototrophy: Adaptive strategies of hosting endosymbionts and organelles. Photosynth. Res. 107,
117-132 (2011).
15. Raven, J. A. Phagotrophy in phototrophs. Limnol. Oceanogr. 42, 198-205 (1997).
16. Holzl, G. & Dérmann, P. Structure and function of glycoglycerolipids in plants and bacteria. Prog. Lipid Res. 46, 225-243 (2007).
17. Guschina, I. A. & Harwood, J. L. Lipids and lipid metabolism in eukaryotic algae. Prog. Lipid Res. 45, 160-186 (2006).
18. Costa, E,, Silva, J., Mendonga, S. H., Abreu, M. H. & Domingues, M. R. Lipidomic approaches towards deciphering glycolipids from
microalgae as a reservoir of bioactive lipids. Mar. Drugs 14, (2016).
19. Dérmann, P. Lipid Synthesis, Metabolism and Transport in The Structure and Function of Plastids (eds Wise, R. R. & Hoober, J. K.)
335-353 (Springer, 2007).
20. Boudiére, L. et al. Glycerolipids in photosynthesis: Composition, synthesis and trafficking. Biochim. Biophys. Acta 1837, 470-480
(2014).
21. Guschina, I. A. & Harwood, J. L. Algal Lipids and Effect of the Environment on their Biochemistry in Lipids in Aquatic Ecosystems (eds
Arts, M. T, Brett, M. T. & Kainz, M. J.) 1-24 (Springer, 2009).
22. Sato, N. Betaine lipids. Bot. Mag. Tokyo 105, 185-197 (1992).
23. Dembitsky, V. M. & Rozentsvet, O. A. Distribution of polar lipids in some marine, brackish and freshwater green macrophytes.
Phytochemistry 41, 483-488 (1996).
24. Rey, E et al. Unravelling polar lipids dynamics during embryonic development of two sympatric brachyuran crabs (Carcinus maenas
and Necora puber) using lipidomics. Sci. Rep. 5, 14549 (2015).
25. Costa, E. da. et al. Decoding bioactive polar lipid profile of the macroalgae Codium tomentosum from a sustainable IMTA system
using a lipidomic approach. Algal Res. 12, 388-397 (2015).

SCIENTIFICREPORTS|7: 11502 | DOI:10.1038/541598-017-12008-z 9



www.nature.com/scientificreports/

26. Melo, T. et al. Lipidomics as a new approach for the bioprospecting of marine macroalgae - unraveling the polar lipid and fatty acid
composition of Chondrus crispus. Algal Res. 8, 181-191 (2015).

27. Cruz, S., Calado, R., Serddio, J., Jesus, B. & Cartaxana, P. Pigment profile in the photosynthetic sea slug Elysia viridis (Montagu,
1804). J. Moll. Stud. 80, 475-481 (2014).

28. Trench, R. K. & Ohlhorst, S. The stability of chloroplasts from siphonaceous algae in symbiosiswith sacoglossan molluscs. New
Phytol. 76,99-109 (1976).

29. Wang, Z. & Benning, C. Chloroplast lipid synthesis and lipid trafficking through ER-plastid membrane contact sites. Biochem. Soc.
Trans. 40, 457-463 (2012).

30. Shibuya, I. & Hase, E. Degradation and formation of sulfolipid occurring concurrently with de- and re-generation of chloroplasts in
the cells of Chlorella protothecoides. Plant Cell Physiol. 6, 267-283 (1965).

31. Jones, M. R. Lipids in photosynthetic reaction centres: Structural roles and functional holes. Prog. Lipid Res. 46, 56-87 (2007).

32. Shimojima, M. Biosynthesis and functions of the plant sulfolipid. Prog. Lipid Res. 50, 234-239 (2011).

33. Sugimoto, K., Tsuzuki, M. & Sato, N. Regulation of synthesis and degradation of a sulfolipid under sulfur-starved conditions and its
physiological significance in Chlamydomonas reinhardtii. New Phytol. 185, 676-686 (2010).

34. Jouhet, . et al. Phosphate deprivation induces transfer of DGDG galactolipid from chloroplast to mitochondria. J. Cell Biol. 167,
863-874 (2004).

35. Hartel, H. & Benning, C. Can digalactosyldiacylglycerol substitute for phosphatidylcholine upon phosphate deprivation in leaves
and roots of Arabidopsis? Biochem. Soc. Trans. 28, 729-32 (2000).

36. Kato, M., Skai, M., Adachi, K., Ikemoto, H. & Sano, H. Distribution of betaine lipids in marine algae. Phytochemistry 42, 1341-1345
(1996).

37. Dembitsky, V. M. Betaine ether-linked glycerolipids: Chemistry and biology. Prog. Lipid Res. 35, 1-51 (1996).

38. Khozin-Goldberg, I, Didi-Cohen, S., Shayakhmetova, I. & Cohen, Z. Biosynthesis of eicosapentaenoic acid (EPA) in the freshwater
eustigmatophyte Monodus subterraneus (Eustigmatophyceae). J. Phycol. 38, 745-756 (2002).

39. Haigh, W. G., Yoder, T. E, Ericson, L., Pratum, T. & Winget, R. R. The characterisation and cyclic production of a highly unsaturated
homoserine lipid in Chlorella minutissima. Biochim. Biophys. Acta 1299, 183-190 (1996).

40. Bligh, E. G. & Dyer, W. J. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 37,911-917 (1959).

41. Costa, E. et al. Valorization of lipids from Gracilaria sp. through lipidomics and decoding of antiproliferative and anti-inflammatory
Activity. Mar. Drugs 15, 62 (2017).

Acknowledgements

The authors are thankful to the Marine Lipidomics Laboratory, University of Aveiro, Fundag¢do para a Ciéncia
e a Tecnologia (FCT, Portugal), European Union, QREN, Programa Operacional Factores de Competitividade
(COMPETE) and FEDER. The present study was funded by FEDER through COMPETE (POCI-01-0145-
FEDER-016754), by National funding through FCT (research projects IF/00899/2014/CP1222/CT0010 and
PTDC/BIA-ANM/4622/2014) and by the Integrated Programme of SR&TD “Smart Valorization of Endogenous
Marine Biological Resources Under a Changing Climate” (Centro-01-0145-FEDER-000018), co-funded by
Centro 2020 program, Portugal 2020, European Union, through the European Regional Development Fund.
Thanks are also due to FCT/MEC through national funds, and the co-funding by the FEDER, within the PT2020
Partnership Agreement and Compete 2020 for the financial support to CESAM (UID/AMB/50017/2013).
Thanks are also due to FCT, European Union, QREN, POPH, FEDER, and COMPETE for funding QOPNA
research unit (UID/QUI/00062/2013) and also to the Portuguese Mass Spectrometry Network (Rede Nacional
de Espectrometria de Massa, RNEM). Felisa Rey (BI/CESAM/00042/IF/00899/2014/CP1222/CT0010), Elisabete
da Costa (SFRH/BD/52499/2014) and Elisabete Maciel (SFRH/BPD/104165/2014) are grateful to FCT for their
grants. Ana M. Campos was funded by Mass Spectrometry Centre (2.20.400.46/4944).

Author Contributions

Conceived and designed the experiments: ER., E.C., M.R.M.D,, R.C. and S.C.; Performed the experiments: ER.,
E.C., AM.C. and P.C,; Analysed the data: ER., E.C., PD. and M.R.M.D.; Contributed reagents/materials/analysis
tools: P.C., P.D., M.R.M.D., EM,, R.C. and S.C.; Wrote the manuscript: ER. and E.C.; All authors reviewed the
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-12008-z.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7: 11502 | DOI:10.1038/541598-017-12008-z 10


http://dx.doi.org/10.1038/s41598-017-12008-z
http://creativecommons.org/licenses/by/4.0/

	Kleptoplasty does not promote major shifts in the lipidome of macroalgal chloroplasts sequestered by the sacoglossan sea sl ...
	Results

	Profile of glycolipids. 
	Galactolipids. 
	Sulfolipids. 
	Profile of betaine lipids. 

	Discussion

	Methods

	Sampling. 
	Lipid extraction. 
	Fractionation of lipid extract. 
	Hydrophilic interaction liquid chromatography–mass spectrometry (HILIC-LC-MS). 

	Acknowledgements

	Figure 1 Schematic representation of lipid synthesis in chloroplasts.
	Figure 2 Lipidomic profile of monogalactosyl diacylglycerol (MGDG) in Codium tomentosum and Elysia viridis.
	Figure 3 Lipidomic profile of digalactosyl diacylglycerol (DGDG) in Codium tomentosum and Elysia viridis.
	Figure 4 Lipidomic profile of sulfoquinovosyl monoacylglycerol (SQMG) in Codium tomentosum and Elysia viridis.
	Figure 5 Lipidomic profile of sulfoquinovosyl diacylglycerol (SQDG) in Codium tomentosum and Elysia viridis.
	Figure 6 Lipidomic profile of monoacylglyceryl-N,N,N-trimethyl homoserine (MGTS) in Codium tomentosum and Elysia viridis.
	Figure 7 Lipidomic profile of diacylglyceryl-N,N,N-trimethyl homoserine (DGTS) in Codium tomentosum and Elysia viridis.




