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Abstract

Background: Several species of sea cucumbers of the family Holothuriidae possess a particular mechanical defense system 
called the Cuvierian tubules (Ct). It Is also a chemical defense system as trlterpene glycosides (saponlns) appear to be 
particularly concentrated In Ct. In the present study, the precise localization of saponlns In the Ct of Holothuria forskali Is 
Investigated. Classical hlstochemlcal labeling using lectin was firstly performed but did not generate any conclusive results. 
Thus, MALDI mass spectrometry Imaging (MALDI-MSI) was directly applied and completed by statistical multivariate tests. A 
comparison between the tubules of relaxed and stressed animals was realized.

Results: These analyses allowed the detection of three groups of Ions, corresponding to the Isomeric saponlns of the 
tubules. Saponlns detected at m/z 1287 and 1303 were the most abundant and were apparently localized In the connective 
tissue of the tubules of both relaxed and stressed Individuals. Saponlns at m/z 1125 and 1141 were detected In lower 
amount and were present In tissues of relaxed animals. Finally, saponin Ions at 1433, 1449, 1463 and 1479 were observed In 
some Ct of stressed holothurolds In the outer part of the connective tissue. The saponin group m/z 14xx seems therefore to 
be stress-specific and could originate from modifications of the saponlns with m/z of 11xx.

Conclusions: All the results taken together Indicate a complex chemical defense mechanism with, for a single organ, 
different sets of saponlns originating from different cell populations and presenting different responses to stress. The 
present study also reflects that MALDI-MSI Is a valuable tool for chemical ecology studies In which specific chemical 
signalling molecules like allelochemlcals or pheromones have to be tracked. This report represents one of the very first 
studies using these tools to provide a functional and ecological understanding of the role of natural products from marine 
Invertebrates.
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Introduction

Sea cucum bers seem to be vulnerable anim als regarding their 
num erous predators referenced in the literature [1], However, 
m any authors consider predation  on  adult holothuroids to be 
infrequent [2,3]. Am ongst the num erous anti-predation  m echa­
nisms developed by these animals, the toxicity o f the body wall and 
the presence o f C uvierian tubules seems to be  the m ost effective 
against non-specialist predators [4,5]. Cuvierian tubules are little 
caeca located in the posterior p a rt o f the anim al, that can  be ejected 
tow ard a p redato r in response to an  aggression [6]. Expelled tubules 
lengthen into sticky white threads susceptible to entangle the

p redato r [7,8]. A lthough only some species o f holothuroids from  the 
family H olothuriidae, including Holothuria forskali, possess Cuvierian 
tubules, all the sea cucum bers contain saponins in their body wall 
and  viscera. Saponins o f sea cucum bers are secondary metabolites 
having a triterpene glycoside structure. T hey  have long been 
suggested to play a  role in the defense of these anim als as a  toxin 
[4,9], Indeed, due to their m em branolytic action [10,11], saponins 
have a  wide range o f pharm acological effects such as cytotoxicity to 
tum or cells, o r antifungal and hemolytic actions [12,13]. T riterpene 
glycosides are particularly concentrated  in the Cuvierian tubules of 
holothuroids [14,15] and  specific congener m ixtures are usually 
associated with the defensive function o f this system [12,16,17,18],
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R ecent studies dem onstra ted  th a t mass spectrom etry (MS) 
procedures represent very valuable techniques for the detection 
and  identification o f saponins [17-20]. How ever, classical 
techniques require the com plete pounding  o f the organs to allow 
the extraction o f their contents. In  consequence, the determ ination  
o f the precise localization o f saponins in the tissues is impossible. 
For 10 years, M A LD I-M SI (Matrix-Assisted Laser D esorp tion / 
Ionization-M ass Spectrom etry Imaging), also called M A LD I- 
Im aging, has undergone m any developm ents [21,22] and  has 
achieved a  certain  m aturity , allowing it to be  now used in m any 
dom ains like clinical proteom ics [23] or pharm aceutical fields 
[24]. This procedure  perm its to detect and  localize ions o f interest 
directly on  tissue sections an d  nearly w ithout any p reparation . T he 
benefit o f this technique is the high sensitivity and  the use o f a  soft 
ionization technique, like M A LD I-M S, w hich allows a label free 
m olecular im aging o f a  biological tissue section. T h e  great added 
value o f using M A LD I-M S direct tissue analysis is to detect 
hundred  of m olecules in one spatially-resolved analysis. By this 
way, M A LD I-M SI or M A LD I profiling will open the door for 
im portan t breakthroughs in the field o f chem ical ecology.

In  the present study, we investigated the triterpene glycosides of 
the Cuvierian tubules in the sea cucum ber H. forskali and  attem pted 
to localize saponins in their tissues. W e com bined classical 
histochem ical labelling to M A LD I-M S direct tissue profiling and 
M A LD I-M SI in o rder to detect saponins and  describe their spatial 
localization in the Cuvierian tubules. A statistical m ultivariate test 
using the Principal C om ponent Analysis (PCA) m ethod which 
allows highlighting groups o f close ions from  dense an d  complex 
da ta  sets was conducted to com pare the m olecular da ta  o f Cuvierian 
tubules from  stressed and relaxed holothuroids.

Results and Discussion

Use o f lectins to localize saponins on tissue sections
As no antibodies to saponins are available, lectins were 

considered as a  tool to detect these m olecules on C uvierian tubule 
sections. Lectins are proteins o r glycoproteins o f non-im m une 
origin th a t are able to b ind  specific carbohydrate  motifs in a  way 
similar to the form ation o f the antibody-antigen com plex [25]. 
E ach lectin recognizes specifically one oligosaccharidic chain  b u t it 
m ay also b ind  to similar oligo- o r m ono-saccharides, a lthough with 
a  lower affinity. T o  the best o f ou r knowledge, no com m ercially 
available lectin is specific o f the saponin carbohydrate  moiety 
w hich encloses glucose (Glc), 3-O-methylglucose (MeGlc), quino- 
vose (Qui) an d  xylose (Xyl) residues. How ever, m annose-binding 
lectins also show an affinity for glucose [25] and  could therefore 
label saponins.

T h ree  lectins specific to glucose- and  m annose-containing 
oligosaccharides (Con A, LC A  and  PSA) were therefore selected. 
T o  confirm  th a t these lectins are able to recognize the saccharidic 
chain  o f the saponins o f H. forskali, we used a  lectin-binding assay 
based on the technique developed by Sm ith [26] to detect cell 
surface glycolipids o f hu m an  and  bovine erythrocytes on  th in  layer 
chrom atogram s (TLC). These lectin-binding assays were realized 
directly on  saponin extracts spotted onto nitrocellulose m em brane 
and  T L C  plate strips. T h e  developm ent o f the dark blue staining 
a t the level o f the saponin spots varied w ith the lectin used except 
for the positive control for w hich the reaction was always strong 
and  fast (data no t show). A lthough the three lectins labeled the 
saponin spots, C on  A presented  the strongest and  fastest reaction 
com pared to LCA  an d  PSA w hich were bo th  characterized by a 
m uch lighter staining. T hese results indicated th a t the considered 
lectins p robably  b ind  to the saccharidic chain o f saponins and  thus 
could also be used on C uvierian tubule sections.

M ost o f the ultrastructural inform ation available on Cuvierian 
tubules comes from  V andenSpiegel an d  Jan g o u x  [27] and  
V andenSpiegel et al. [28], who clarified m uch o f the structure 
and  function o f these organs in the species H. forskali. Q uiescent 
C uvierian tubules are hollow organs consisting o f a  narrow  central 
lum en surrounded by  a  thick wall. T h e  tubule wall is m ade up of 
an  ou ter m ésothélium  an d  an  inner epithelium  encom passing a 
thick connective tissue sheath (Fig. 1A). This sheath includes 
longitudinal and  circular m uscle fibers th a t separate it into a  thick, 
collagen-rich inner layer and  a m uch th inner ou ter layer. T he 
o ther cell types p resent in the connective tissue sheath are the 
vacuolar cells, always present in the vicinity o f the m uscular layer, 
and  the neurosecretory-like cells whose processes form  an 
extensive netw ork in the inner connective tissue layer [6]. T he 
m ésothélium  is the tissue involved in the adhesive process. It is a 
pseudostratified epithelium  m ade up  of two superposed cell layers, 
an  outer layer o f adlum inal cells and  an  inner layer o f granular 
cells w hich is highly folded along the long axis o f the tubule. T he 
inner epithelium  also consists o f  two cell types: inner epithelial cells 
and  spherulocytes [6]. Before the lectin experim ents, the PAS 
m ethod  was used on C uvierian tubule sections for staining 
structures contain ing  a  high proportion  o f carbohydrate-contain­
ing m olecules and  m acrom olecules (Fig. 1A). PAS-positive 
molecules are p resent on  the whole section b u t m ainly concen­
tra ted  in the m ésothélium  (especially in adlum inal cells), in the 
m uscular fibers, and  in the inner epithelium  (especially in 
spherulocytes).

T h e  three  selected lectins specific (Con A, LC A  and  PSA) were 
then  used to label the C uvierian tubules. Investigations were 
perform ed on paraffin sections and  on cryo-sections. T h e  pa tte rn  
o f labeling was very similar on  bo th  types o f sections and  with the 
three  lectins tested (Figs. 1B-D). T h e  m ajor difference laid  in the 
labeling intensity, reactivity with C on  A being always stronger 
th an  w ith the o ther two lectins (Fig. 1C). In  the m ésothélium , only 
adlum nial cells were intensely labeled a t the level o f large intra- 
cytoplasm ic vesicles. M uscle cells also presented  im portan t lectin 
reactivity. In  the inner epithelium , bo th  the inner epithelial cells 
and  the spherulocytes were lightly labeled, the form er w ith C on  A 
and  the latter with LC A  and  PSA (Figs. 1B-D). Finally, two types 
o f lectin reactive structures were also observed in the connective 
tissue sheath: a  few scattered vacuolar cells and  the netw ork of 
narrow  cell processes from  neurosecretory-like cells.

A lthough several cell types were reactive with the three  lectins 
tested, this does no t m ean  th a t all these cells contain saponins. 
Indeed  these three  lectins certainly label o ther m olecules like tissue 
glycoproteins. I t  was postulated th a t com parison betw een paraffin 
and  cryo-sections could give a  clue abou t saponin localization as 
the e thanol solutions used to p repare  the form er should have 
extracted the saponins from  the tissues. How ever, no difference 
was found betw een paraffin an d  cryo-sections, so either saponins 
have been  extracted  in the two types o f sections (saponins are also 
soluble in water) or they have no t been  extracted  (possibly because 
o f the fixatives used). In  b o th  cases, the use o f lectins only cannot 
give any precise inform ation abou t the localization of saponins in 
the C uvierian tubules.

Mass spectrometry detection o f saponins directly on 
Cuvierian tubules

After lectin experim ents, a  direct analysis o f a  cryo-section 
th rough  a  bundle o f  a  dozen C uverian tubule was done using a 
M A LD I-Im aging mass spectrom eter. C on trary  to the usual 
procedure  [29,30], rinsing steps were no t possible due to the high 
solubility o f saponins an d  the risk o f their delocalization or their
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Figure 1. Histochem ical labeling o f the Cuvierian tubules o f H o lo th u ria  forskali. (A, C, D: paraffin  sec tio n s; B: cryo-section). A: C ross sec tion  
th ro u g h  a w h o le  tu b u le  s ta in ed  w ith  th e  PAS m e th o d ; B-D: T ransverse  sec tio n s  th ro u g h  th e  tu b u le  wall lab e led  w ith  PSA, C on A an d  LCA, 
re spec tive ly  (C a n d  D w ere  c o u n te rs ta in e d ), ae: ad lum inal cell layer o f th e  m éso th é liu m ; cm : circular m uscle; ct: c o n n ec tiv e  tissue ; g: g ran u la r cell layer 
o f  th e  m éso th é liu m ; ict: in n e r c o n n ec tiv e  tis su e  layer; ie: in n e r e p ith e liu m ; Im: lon g itu d in a l m uscle; m: m éso th é liu m ; ml: m u scu lar layer; ncp: 
neu rosec re to ry -like  cell p ro cesses; o c t: o u te r  c o n n ec tiv e  tis su e  layer; s: sp h eru lo cy tes . 
do i:10 .1371/jou rnal.pone .0013923 .g001

loss. After m atrix  deposition, a  mass spectrum  was averaged by 
random ly acquired  da ta  across the entire tissue section surface 
(Fig. 2A). T his spectrum  displays, in the mass range m /z  1100 to 
1500, eight m ajor peaks a t m /z  1125, 1141, 1287, 1303, 1433, 
1449, 1463 an d  1479 (m arked with an  asterisk in the Figure 2A). 
In  view of their m /z ,  these peaks m ight correspond to triterpene 
glycosides. A com parison was done betw een the M A LD I-M S 
direct tissue profiling spectrum  and  a mass spectrum  from  a 
classical M A LD I-tof analysis following chem ical extraction of the 
saponins [17]. T h e  p a tte rn  o f the spectra was very similar for bo th  
types o f analyses and  presents the same m /z  ratios w ith a 
conservation o f the relative abundance o f the ions for the eight 
m ajor peaks (Fig. 2).

In  o rder to obtain  m ore inform ation on  the com pounds 
detected by M A LD I-M S direct tissue profiling and  to confirm  
that these peaks correspond to saponins, tandem  mass spectrom ­
etry (M S/M S) was undertaken  directly on tissue section. As an 
exam ple, the M A L D I-M S /M S  mass spectrum  for the ions 
detected at m /z  1287, w hich present the m ost intense signal, is 
depicted in Figure 3. M S /M S  spectra o f saponins in the Cuvierian 
tubules were characterized by the presence o f two typical signals at 
m /z  507 an d  523, corresponding to the oligosaccharidic chains

[M eG lc-G lc-Q ui -fNa"*] and  [M eGlc-Glc-Glc + N a^ |, respectively 
(Fig. 3). T his perm itted  to highlight the presence o f isomers (see 
[17] for details). In  our case, these two ions were observed in the 
M A L D I-M S /M S  spectrum  realized directly from  the tissue 
section and  confirm ed that the ions detected a t m /z  1287 
correspond to the isomeric saponins holothurinosides E an d  E l.  
Sim ilar fragm entation patterns were obtained for the 8 peaks 
observed upon M A LD I-M S direct profiling o f the Cuvierian 
tubules, each one presenting m /z  507 and  523 ions as the key 
decom position products. These results confirm ed the detection o f 
the 16 principal saponins in C uvierian tubules (Table 1; Fig. 4). 
Like in  the extraction experim ents holothurinosides E an d  E l  
(detected at m /z  1287) were characterized  by the m ost intense 
signal (Fig. 2) and  consequently seemed, in first approxim ation, to 
be the m ost abu n d an t saponins in the C uvierian tubules. O n  the 
o ther hand, holothurinosides Cl an d  C l  (at m /z  1125) presented  
the least intense signal.

This first approach  shows th a t the M A LD I-M S direct tissue 
analysis makes the detection o f saponins directly on  tissue possible, 
w ith results similar to those obtained by conventional techniques, 
bu t w ithout any step o f extraction an d  by consum ing only a  small 
pa rt o f  tissue sample.
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Figure 2. D etection  o f Saponins by MALDI direct tissu e  
analysis. C om parison  o f  an  a v e rag e  m ass  sp ec tru m  o f th e  C uvierian 
tu b u le s  o f Holothuria forskali o b ta in e d  by  d irec t MALDI-MSI (A) an d  a 
m ass  sp e c tru m  o b ta in e d  by  classical MALDI-MS analysis a fte r ex trac tio n  
an d  purification  o f  s a p o n in s  from  th e  tu b u le s  (B). S ap o n in  ions a re  
m arked  by  an  asterisk. 
do i:10 .1371/jo u rn a l.p o n e .0 0 1 3 9 2 3 .g 0 0 2

Tissue profiling o f Cuvierian tubules at different states of 
stress

T h e  saponin content o f  C uvierian tubule sections was 
investigated by M A LD I profiling in o rder to com pare their 
com position depending on the stress level o f  the holothuroids. For 
an  in-depth  com parison, 3 sections in different parts o f a  group of

tubules were realized for b o th  relaxed an d  stressed individuals o f 
H. forskali. T hese tissue sections were random ly analyzed by 
selecting arb itrary  positions on the sample. This type o f analysis is 
defined by the fact th a t the specific spot positions a re  selected for 
the da ta  acquisition and  that it does not result in a  full m olecular 
image. A pproxim ately 150 spots were selected for each condition. 
For the statistical analyses, the mass spectra were internally 
recalibrated  and  norm alized on the total ion count. A virtual gel 
view of individual spectra is presented  in Figure 5A. Some 
differences can be  observed from  a visual inspection of the spectra, 
especially in the mass range of saponins. Peaks a t m /z  1125 and  
1141 seemed to be present exclusively in the relaxed state whereas 
ions at m /z  1433, 1449, 1463 and  1479 appeared  to be m ore 
ab u n d an t in a  stressed specimen.

T o  confirm  this visual feeling, a  statistical analysis was done on 
the data  set. O ne o f the techniques used to reduce the complexity of 
the inform ation is the PG A [31]. T h e  3D plots o f  the first three 
principal com ponents are shown in Figure 5. W hen all the ions of 
the M A LD I spectra are considered for PC A  analysis, the data  were 
quite scattered (Fig. 5B) bu t the stressed state da ta  (green dots) were 
clearly distinguishable from  the relaxed state group (red dots). 
Considering only the saponin peaks for PC A  analysis (Fig. 5C), the 
d ata  were m ore concentrated  in a  specific region o f the principal 
com ponent space. Figure 5D showed the result o f a  3D loading plot 
o f  the first three loadings. R egarding the loading axis, three different 
groups having a  high variance could be observed. T h e  first group 
was com posed o f the saponins detected at m /z  1125 and  1141 (red 
oval) and  seemed to be m ore specific to the relaxed state data  set. 
A nother group (green oval), com prising peaks at m /z  1433, 1449, 
1463 and  1479, was characteristic o f  the stressed state. A third 
group, betw een the two others and  com bining the saponins a t m /z  
1287 and  1303, m ay also be distinguished. T h e  m ultivariate analysis 
used here thus dem onstrated the capacity o f identifying differential 
aspects o f the profile o f ionic species from  relaxed or stressed 
animals. T h e  point to em phasize is that a  correct grouping can  be 
achieved by  using only the peaks o f saponins. O u r findings suggest 
that, in Cuvierian tubules, saponins are the m ost variable 
com pounds during  a stress response.

1287S  1500-

1250-

1000-

750-

500-

250-

200 400 600 800 1000 1200
m/z

Figure 3. Direct tissu e MS/MS analysis o f the saponin  ions at m /z  1287. C harac teris tic  s ig n a tu re  p eak s  o f  s a p o n in s  {m /z  50 7  a n d  m /z  523) a re
m arked  by  a n  asterisk .
doi:10 .1371 /jo u rn a l.p o n e .0 0 1 3 9 2 3 .g 0 0 3
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T a b le  1. Com plete list of saponins de tected  by MALDI Direct 
Tissue Analysis of a Cuvierian tubule section in Holothuria forskali.

[M+Na+1 N am e M olecular Form ula

1125 Holothurinoside C 
Holothurinoside Q

Q 4H86O23

1141 Desholothurin A 
Desholothurin Aí

C54H86O24

1287 Holothurinoside E 
Holothurinoside Et

Q 0H96O28

1303 Holothurinoside A 
Holothurinoside At

Q 0H96O29

1433 Holothurinoside F 
Holothurinoside Ft

QöHi 06̂ 32

1449 Holothurinoside G 
Holothurinoside G-i

QöHi 06̂ 33

1463 Holothurinoside H 
Holothurinoside Hi

Q 7H108̂ 33

1479 Holothurinoside I 
Holothurinoside \̂

Q 7H108̂ 34

doi:10.1371 /journal.pone.0013923.t001

W ith F lexim aging software, it is possible to visualize, using a 
color gradient, the distribution o f the signal obtained for each 
group o f saponins previously defined after PC A  on  the direct 
profiling of C uvierian tubule sections. Results are shown in 
Figure 6 . As expected from  the PC A  results, the three  groups 
correspond to different physiological states. T h e  group o f m /z  
1 lx x  was m ore conspicuous in the da ta  o f the relaxed state 
whereas it corresponded to a  low signal in the stressed state 
(Fig. 6B). In  com parison, the group of m /z  14xx (Fig. 6D) was 
m ore specifically correlated  to the stressed state. Finally the group 
o f m /z  1287 and  1303 (Fig. 6C) was present in  the same 
p roportion  w hatever the physiological state o f the anim al. In  view 
o f these results (sum m arized in T able  2), some hypotheses can  be 
m ade concerning the kinetic o f saponin use in the Cuvierian 
tubules during a  stress. H olothurinosides C l/C l and  desholothur- 
ins A /A l  (m /z  1125 and  1141) seem to be rapidly used or released 
outside o f the C uvierian tubules. O n  contrary, holothurinosides F /  
F l ,  G /G l ,  H / H l  an d  I / l l  (m /z  1433, 1449, 1463 an d  1479), 
appear to be abundantly  p roduced  in a  state o f stress com pared  to 
their low level in the relaxed condition. A similar tren d  has been 
observed for the saponins present in the body wall o f relaxed and  
stressed individuals o f  H. forskali [32]. In  view o f the structures o f 
these different saponins, it seems likely that, in case o f a  prolonged 
stress situation, holothurinosides C l/C l (m /z  1125) are converted 
to holothurinosides F /F l  and  H / H l  (m /z  1433 an d  1463, 
respectively), and  desholothurins A /A l  (m /z  1141) to holo thurino­
sides G /G l  and  I / I  1 (m /z  1449 an d  1479, respectively). T his is 
simply done by the addition  o f a  disaccharide: either Q ui-G lc or 
M eG lc-G lc (Fig. 4). T hese m odifications w ould m ake the saponins 
m ore m em branolytic (i.e. m ore toxic) an d  m ore hydrophilic (i.e. 
m ore soluble in sea water) [33]. It is not surprising therefore that 
holothurinoside G  (m /z  1449) is the only saponin detected in the 
sea w ater surrounding relaxed individuals o f H. forskali [32]. 
C oncerning the last group including the holothurinosides A /A l 
and  E /E l  (m /z  1303 an d  1287) their expression level look to be 
the same in the relaxed or stressed states.

MALDI-lmaging o f Cuvierian tubules
M A LD I-M S direct tissue analysis is able to detect saponins on 

C uvierian tubules and  to study the changes occurring during  a

stress response bu t our purpose was also to establish if M A LD I- 
M SI could be perform ed on C uvierian tubules to visualize the 
spatial distribution o f saponins in the tissues. T o  achieve a 
m olecular image, a  cross section o f a  dozen o f tubules was 
p repared  an d  a  m easurem ent region was defined. T ubules are very 
small, i.e. a  cross section presents a  d iam eter o f about 500 pm . T o 
localize the saponins as precisely as possible, the distance betw een 
each po in t was set to 60 pm . In  total, a  cross section o f 15 tubules 
was analyzed at a  spatial resolution o f 6 0 x 6 0  pin".

Figure 7 shows the m olecular images for each m /z  ratio 
(corresponding to a  p a ir o f isom eric saponins). Ions detected  at m /  
Z  843 were used as a  counterstain  due to their specific localization 
in the m ésothélium , thereby defining the tubule outer lim it. T he 
da ta  clearly provided evidences that there  is a  differential 
distribution o f saponins w ithin a  cross section o f Cuvierian 
tubules. Ions at m /z  1125 and  1141 w ere slightly detected and  
w ithout any specific location. This is in agreem ent with the 
average spectrum  in Figure 2, in w hich these saponins presented  a 
very low intensity. C oncerning ions a t m /z  1287 and  1303, the 
most intense in the average spectrum , they had  internal 
localization concentra ted  in w hat appears to be the connective 
tissue. T h e  saponin group at m /z  14xx showed a  distinct 
distribution, different from  the previous one, except for m /z  
1449 w hich presented  a  m ore diffuse signal. This group of 
saponins was only present in  some tubules while saponins at m /z  
1287 and  1303 w ere distributed in all the tubules imaged. 
M oreover the distribution was not uniform  inside the connective 
tissue and  seemed to concentrate on  the ou ter edges. Thus, in 
addition to their high abundance irrespective o f the physiological 
state, saponins a t m /z  1287 and  1303 also show a specific 
localization in the C uvierian tubules. It is notew orthy that in the 
body wall o f H. forskali, these saponins are very clearly separated 
spatially from  all the o ther saponins. Indeed, they present a 
m ésothélial or n ear m ésothélial localization (i.e., in the inner body 
wall epithelium  facing the coelom ic cavity) while saponins a t m /z  
1 lx x  an d  14xx have an  epiderm al o r n ear epiderm al localization 
(i.e., in the outer body wall epithelium  facing sea water) [32].

T h e  fact th a t saponins at m /z  1433, 1463 an d  1479 are only 
present in some tubules could be corre lated  to the fact th a t this 
saponin group w ould be  specific to stressed C uvierian  tubules. 
T h ey  could be specifically expressed in  the tubules w hich are 
ready  to be expelled. Indeed, a lthough individuals o f  H. forskali 
possess betw een 200 and  600 tubules, only 10 to 20 o f them  are 
fired at a  tim e, p resum ably  in a  p redefined sequence [27]. 
A lternatively, the difference o f localization o f the saponins a t m /z  
14xx could correspond to a  m ix o f fully functional tubules and 
regenerating  tubules. Indeed, to m ain tain  the line o f defense, 
H. forskali is capable to regenerate its C uvierian  tubules [28], 
D uring  the collection o f the tubules directly after dissection, 
no distinction was possible betw een com plete tubules and 
regenerating  ones.

Conclusions
W e have shown that it is possible to use direct tissue mass 

spectrom etry profiling and  M A LD I-lm aging to study saponins 
contained in the C uvierian tubules o f holothuroids. These 
molecules are soluble in m ost solvents and  their localization is 
therefore difficult through classical cytochem istry m ethods. 
M oreover, saponin detection by histochem istry w ith lectins is also 
ham pered  by their weak specificity tow ards saponins. In  this 
context, the use o f M A LD I tissue analysis (profiling o r imaging) 
seemed a good alternative. W e have dem onstra ted  that, by  using 
M A LD I profiling on C uvierian tubules, it was possible to detect 
signals o f the 16 principal tubule saponins from  H. forskali. T he
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Figure 4 . M olecular structures o f sap onins from th e  Cuvierian tubules o f Holothuria forskali. Isom eric c o n g e n e rs  a re  p re s e n te d  in co lu m n s 
(a) a n d  (b). S tru c tu re s  an d  c o rre sp o n d in g  n a m e s  a re  from  Van Dyck et al. [17]. 
do i:10 .1371/jo u rn a l.p o n e .0 0 1 3 9 2 3 .g 0 0 4

com parison obtained by a statistical analysis o f da ta  from  relaxed 
and  stressed holothuroids indicates that there  is a  differential 
com position in saponins depending on  the condition o f the anim al. 
Finally, we dem onstrate that M A LD I-lm aging can  be used to 
localize saponins inside C uvierian tubule sections. An im portant 
future extension m ight be the use o f M A L D I-lm aging at higher 
resolution to check if saponins a re  specific to certain  cell types. 
Indeed, the curren t resolution is too low for this purpose. 
How ever, com paring  the saponin-specific M A LD I-M SI images

with the high-resolution bu t non-specific lectin-labeled images 
suggests that saponins w ould be p roduced  a t the level o f  the 
connective tissue layer. H olothurinosides A /A l  an d  E /E l  (m /z  
1303 an d  1287, respectively) could originate from  the vacuolar 
cells, while the o ther congeners w ould be p roduced  by the 
neurosecretory-like cells. All the results taken together indicate a 
com plex chem ical defense m echanism  with, for a  single organ, 
different sets o f saponins originating from  different cell populations 
and  presenting different responses to stress.
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ions. Each d a ta  p o in t re p re s e n ts  o n e  m /z  ratio . 
do i:10 .1371/jo u rn a l.p o n e .0 0 1 3 9 2 3 .g 0 0 5

Finally, this study reflects th a t M A LD I profiling and  M A LD I- 
M SI are valuable tools for chem ical ecology studies in which 
specific chem ical signaling m olecules like allelochemicals or 
pherom ones have to be tracked [34,35]. This report represents 
one o f the very first studies using these tools to provide a functional 
and  ecological understanding o f the role o f n atural products from 
m arine invertebrates.

M ethods

Chemicals and materials
a-cyano-4-hydroxycinnam icacid (HCCA), trifluoroaceticacid 

(TFA), acetonitrile (ACN), aniline (ANI), w ere purchased  from 
Sigm a-Aldrich (Saint-Q uentin  Fallavier, France).

Sampling
Individuals o f  H. forskali were collected at depths ranging from  10 

to 30 m  by scuba diving at the Biological Station o f Banyuls-sur-M er 
(Pyrénées-Orientales, France). T hey were transported to the M arine 
Biology L aboratory o f the Lhiiversity o f Mons, where they were kept 
in a  m arine aquarium  with closed circulation (13"C, 33%o salinity). 
Two different physiological states were investigated: relaxed and 
stressed individuals (only the form er were used, however, for the 
histochemical approach). Relaxed animals were anesthetized 2 h  in 
a  0.1 % solution o f 1 -phenoxy-2-propanol (Sigma-Aldrich, Germany) 
in sea water. Stressed individuals were mechanically disturbed for 
4 h  by  repetitive hitting using a  specific device. T he device consisted 
o f three loads hanging from a  horizontal ro tating ba r and im m erged 
in the tank containing the anim al. Loads w ere em bedded in parafilm
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s a p o n in s  a t  m/z  1125 a n d  1141 (B); th e  g ro u p  o f  s ap o n in s  a t  m/z  1287 a n d  1303 (C); a n d  th e  g ro u p  o f  s ap o n in s  a t  m /z  1 4 3 3 ,1 4 4 9 , 1463 an d  1479 (D) 
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do i:10 .1371/jo u rn a l.p o n e .0 0 1 3 9 2 3 .g 0 0 6

in order to avoid injuries to the body wall. Animals stimulated in this 
way contracted bu t never expelled their Cuvierian tubules. After 
each treatm ent, the holothuroids were dissected in order to collect 
their Cuvierian tubules. A fraction o f the tubules was stored in 70% 
ethanol for saponin extraction, another fraction was fixed for 
histology and histochemistry, and a  last fraction was quickly frozen in 
liquid nitrogen for M A LD I-M SI.

Lectin assays
Lectins are proteins o r glycoproteins o f non-im m une origin 

that are able to b ind  carbohydrates w ithout chem ically modifying

T a b le  2 . A b u n d a n c e  o f  s a p o n in s  in  t h e  C u v ie r ia n  t u b u le s  o f  
r e la x e d  a n d  s t r e s s e d  in d iv id u a ls  o f  Holothuria forskali.

S ap o n in s
[M+Na]+ Relaxed S tres sed

1125 + -

1141 + -

1287 + +

1303 + +

1433 - +

1449 - +

1463 - +

1479 - +

The saponins ions are present (+) or absent (— 
doi:10.1371 /journal.pone.0013923.t002

).

them  [36]. T h ree  glucose- an d  m annose-specific, biotinylated 
lectins purchased from  V ector Laboratories (Burlingame, CIA) 
were tested on  saponin extracts from  C uvierian tubules: 
concanavaline A (Clon A), Lens culinaris agglutinin (LCIA) and  
Pisum sativum agglutinin (PSA).

Saponins w ere extracted as described in [17]. Briefly, the 
hom ogenized tissue was extracted twice w ith ethanokw ater (70:30) 
followed by filtration. T h e  extract was then  evaporated  a t low 
pressure in a  double boiler at 30 Cl using a ro tary  evaporator 
(Laborota 4001 efficient, Heidolph). T h e  dry extract was diluted in 
90% m ethanol and  partitioned  against n-hexane (v/v). T h e  w ater 
content o f  the hydrom ethanolic  phase was adjusted to 20 % (v/v) 
then  to 40%  (v/v), these solutions being partitioned  against 
CIHoCIL and  CIHCII3, respectively. Finally, the hydrom ethanolic 
solution was evaporated  and  dissolved in w ater in o rder to 
undergo chrom atographic  purification. T h e  crude aqueous extract 
was p laced on a  colum n o f Am berlite X A D -4 (Sigma-Aldrich, St. 
Louis, M O ). W ashing the colum n w ith w ater rem oved the 
inorganic salts an d  subsequent elution w ith m ethanol allowed to 
recover saponins. T he m ethanolic phase was then  evaporated  and  
the dry extract was d iluted in w ater in o rder to undergo a last 
partition ing  against iso-butanol (v/v). T h e  butanolic fraction 
contained the purified saponins.

T h e  final butanol fraction was spotted onto strips from  two 
different supports: nitrocellulose m em branes (BA 85, Schleicher & 
Schnell, Dassel, Germ any) and  th in  layer chrom atography  plates 
(TLCI plates, silica gel on  alum inium , Sigma-Aldrich, St. Louis, 
M O ). A diluted aqueous solution o f com m ercial milk pow der was 
used as a  positive control. T h e  strips were p re-incubated  for 
30 m in in phosphate-buffered saline containing 0.05%  o f T w een
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20 (MP Biomedicals, Solon, O H ) and  0.1%  bovine serum  album in 
(Sigma, St. Louis, M O ) (PBS-Tween-BSA), rinsed in PBS, and  
were then  incubated  for 2 h  at room  tem peratu re  in the 
biotinylated lectins diluted at 0.25 fig /m l in PBS-Tween-BSA. 
After several washes in PBS, the strips were incubated  for 1 h  in a 
solution o f streptavidine-conjugated alkaline phosphatase (Vector 
Laboratories, Burlingam e, CIA) diluted 1:500 in PBS-Tween-BSA, 
then  w ashed again in PBS-Tween-BSA. Finally, the strips were 
incubated  for 10 m in in a  2% solution o f N B T /B C IP  (Roche, 
M annheim , Germ any) in the revelation buffer (0.1 M  Tris-H C l, 
p H  9.5, 0.1 M  N aC l, 0.05 M  M gCL). T he reaction was stopped 
in deionized water.

Histology and histochemistry
C uvierian tubules were fixed in B ouin’s fluid, in 10% form alin 

in sea water, o r in 4% paraform aldehyde in PBS. B ouin’s fluid- 
fixed tubules were dehydrated  in graded ethanol, em bedded in 
paraffin w ax using a routine m ethod, and  sectioned a t 7 pm  using 
a  ro tary  m icrotom e (M icrom  H M 340E). Form alin- and  parafor­
m aldehyde-fixed tubules were em bedded in a  com m ercial tissue 
freezing m edium  (TBS from  T riangle Biomedical Sciences, 
D urham , N.C.) in o rder to realize 10 pm  cryo-sections using a 
Leica C ryocut 1800 cryostat operated  at —25 UCI. Som e sections 
(paraffin- an d  cryo-sections) were stained with H e idenhain ’s azan 
trichrom e stain, w ith M asson’s trichrom e stain o r with the periodic 
acid-Schiff (PAS) m ethod. O th e r sections were subjected to an 
indirect histochem ical labeling m ethod.

For lectin histochem istry, non-specific background staining was 
blocked by a 30 m in pre-incubation  o f the sections in PBS 
contain ing 0.05%  o f T w een 20 and  3% BSA (PBS-Tween-BSA2). 
B iotinylated lectins, diluted a t 2.5 or 0.25 ffg /m l in PBS-Tween- 
BSA2, w ere then  applied for 2 h  at room  tem peratu re. After 
several washes in PBS, the sections were incubated  for 30 m in in 
the ABCIomplex solution (Dako, Denm ark) consisting of strepta- 
vidin and  biotinylated peroxidase. Following a final wash in PBS, 
lectin-carbohydrate complexes were revealed by incubation o f the 
sections with a  0.05%  solution o f DAB (3 ,3 '-diam inobenzidine 
tetrahydrochloride; Sigma, St. Louis, M O ) in PBS containing 
0.02%  H 20 2. T h e  reaction was controlled under m icroscope and, 
w hen the optim al contrast was obtained, the revelation was 
stopped in deionized water. Finally, the sections w ere lightly 
counterstained with hem alum  an d  luxol blue and  observed w ith a 
Zeiss Axioscope A Í m icroscope (Cari Zeiss M icrolm aging, 
G öttingen, Germ any) equipped w ith a  Zeiss Icc-3 digital cam era.
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Tissue preparation for mass spectrometry
T h in  12 pm  tissue sections were obtained from  a  frozen bundle 

o f C uvierian tubules using a cryostat C M 1510S (Leica M icro­
systems, N anterre , France) and  applied onto an  indium -tin  oxide 
(ITO )-coated conductive glass slides (Bruker Daltonics, Brem en, 
Germ any).

A solid ionic H C C A /A N I m atrix  was used to analyze the 
saponins on  tissue sections an d  was p rep ared  following a 
previously established procedure  [37]. Briefly 7.2 pi o f A N I (1.5 
equivalent) was added  to a  solution contain ing 10 m g /m l of 
H C C A  (1 equivalent) in A C N /aq u eo u s T FA  0.1% (6:4, v/v). T he 
m atrix  solution was then  deposited using an  autom atic vibration 
vaporization system (Im agePrep, B ruker Daltonics, Brem en, 
Germ any) to cover the whole surface of the tissue section. T he 
Im agePrep m ethod  for H C C A /A N I deposition is based on  a 
m odified H C C A  m ethod  included in the Im agePrep.

MALDI-MS direct tissue analysis
D ata  were acquired  a t different positions on  the tissue section 

using an  LfltraFlex II M A L D I-T O F /T O F  mass spectrom eter 
(Bruker Daltonics, Brem en, Germ any) equipped w ith a Sm art- 
beam  ™  laser. D irect profiling da ta  were perform ed in positive 
reflectron m ode, for a  mass range from  m /z  800 to 3000. A total o f 
300 spectra were acquired  a t each spot at a  laser frequency of 
100 H z. Flexlm aging ™  2.1 software was used for autom atic data  
acquisition of 150 spots for each condition. S tandards for spectral 
calibration consisted o f a  m ixed solution o f peptides ranging 
betw een m /z  900 to 3500 Da.

PCA statistical analysis
Statistical analyses were perform ed using C linProTools 2.2 

software (Bruker Daltonics, Brem en, Germ any). After loading data  
o f  each condition, mass spectra were internally recalibrated and  
norm alized. An average spectrum  created  from  all single spectra 
was used for peak picking. A first PCIA analysis was done using all 
peaks detected in the average mass spectrum . A second PCIA was 
com pleted using only peaks corresponding to the saponins.

MALDI-lmaging
T h e  images were acquired  using an  LfltraFlex II M A L D I-T O F / 

T O F  mass spectrom eter (Bruker Daltonics, Brem en, Germ any) 
equipped w ith a S m artb eam ™  laser. Im ages da ta  were perform ed 
in positive reflectron m ode, an d  M A LD I-M S spectra were 
acquired  in the m /z  range from  m /z  800 to 3000. A total o f 300
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spectra w ere acquired  a t each spot a t a  laser frequency o f 100 Hz. 
Spatial resolution was set to 6 0 x 6 0  p m 2. Flexlm aging ™  2.1 
software was used for m olecular image reconstruction. S tandards 
for spectral calibration consisted of a  m ixed solution o f peptides 
ranging betw een m /z  900 to 3500 Da.
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