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Abstract
In com parison with terrestrial plants the mechanistic know ledge of chemical defences is poor for marine macroalgae. This 
restricts our understanding in the chemically m ediated interactions that take place betw een algae and o ther organisms. 
Technical advances such as metabolomics, however, enable new approaches tow ards the characterisation of the chemically 
m ediated interactions of organisms with their environm ent. We address defence responses in the red alga Gracilaria 
vermiculophylla using mass spectrom etry based metabolom ics in com bination with bioassays. Being invasive in the north 
Atlantic this alga is likely to possess chemical defences according to  th e  prediction tha t well-defended exotics are most 
likely to  becom e successful invaders in systems dom inated by generalist grazers, such as marine macroalgal comm unities. 
We investigated the effect of intense herbivore feeding and simulated herbivory by mechanical w ounding of the algae. Both 
processes led to  similar changes in the m etabolic profile. Feeding experim ents with the generalist isopod grazer Idotea 
baltica show ed that mechanical w ounding caused a significant increase in grazer resistance. Structure elucidation of the 
m etabolites of which som e were up-regulated more than 100 tim es in the w ounded tissue, revealed known and novel 
eicosanoids as major com ponents. Among these w ere prostaglandins, hydroxylated fatty acids and arachidonic acid derived 
conjugated lactones. Bioassays with pure m etabolites show ed tha t these eicosanoids are part of the innate defence system 
of macroalgae, similarly to  animal systems. In accordance with an induced defence mechanism application of extracts from 
w ounded tissue caused a significant increase in grazer resistance and the up-regulation of o ther pathways than in the 
activated defence. Thus, this study suggests tha t G. vermiculophylla chemically deters herbivory by tw o lines of defence, a 
rapid w ound-activated process followed by a slower inducible defence. By unravelling involved pathways using 
m etabolom ics this work contributes significantly to  the understanding of activated and inducible defences for marine 
macroalgae.
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Introduction

A n extensive p a rt o f chem ical ecology research focuses on  plant- 
herbivore interactions. Both terrestrial plants and  m arine m acro- 
algae produce a  rich variety o f secondary m etabolites that can 
function as defences against herbivores [1,2]. T hese defence 
m etabolites can be constitutively expressed or induced, w hereby 
the p roduction  is increased in response to the attack. T he 
occurrence o f inducible chem ical defences following herbivory, 
o r m echanical sim ulation of herbivory is well docum ented for a 
large num ber o f  terrestrial plants [3]. Fewer exam ples exist for 
m arine m acroalgae, bu t recent research suggests that induced 
resistance m ay also be  com m on am ong them  [4-6], A nother 
dynam ic response in plants is the activated defence, w hereby p re ­
form ed m etabolites are rapidly transform ed into m ore reactive and  
effective substances after tissue d isruption [7]. This process is 
com m on in terrestrial plants [8], an d  has also been  observed for

m acroalgae [5,9,10], A ctivated defences resem ble inducible 
defences in  that they need  to be stim ulated, bu t are m ore similar 
to constitutive defences in that the response tim e to herbivory is 
very rapid  and  resources are invested in the precursors o f defence 
m etabolites before the injury occurs [3,7]. A ctivated strategies 
m ight be  selected over constitutive defences to pro tect the p lant 
from  autotoxicity [11,12] o r to avoid attraction  o f specialist 
herbivores cuing on the defensive chem icals [13-15]. Inducible 
and  activated defences can be stim ulated by m echanical dam age 
o f tissue, exposure to herbivore-derived elicitors, o r a  com bination 
o f bo th  [3,16], In  com parison to terrestrial plants, however, the 
m echanistic knowledge o f chem ical defences is poor for m arine 
m acroalgae. This restricts our understand ing  in the chem ically 
m ediated  interactions that take place betw een algae and  o ther 
organisms.

In  m any cases, chem ical ecologists have shown defence roles o f 
previously described p lant m etabolites by  testing their effect on
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palatability an d  grazer perform ance [17-19]. Alternatively, 
defence m etabolites have been  identified by  bioassay-guided 
fractionation, w hereby active extracts are chrom atographically  
separated and  the fractions are tested for activity. Bioactive 
m etabolites are thereby purified in an  iterative way until the 
metabolite(s) responsible for the biological effect can  be identified 
[20,21]. A lthough these approaches resulted in com prehensive 
knowledge of the chem ical m ediation o f p lant-herbivore in terac­
tions there are lim itations like the tim e consum ing fractionation 
and  the requirem ents for single active m etabolites th a t excludes 
the identification o f m ixtures w here com pounds exhibit synergistic 
activity. How ever, recent developm ents in m etabolom ics enable 
new  approaches towards the characterisation o f the chem ically 
m ediated  interactions o f organisms with their environm ent [22]. 
Particularly  in chem ical ecology research, w here often m etabolic 
responses to stimuli like herbivory or m echanical tissue disruption 
are relevant, m etabolom ic techniques have the potential to be an 
im portan t com plem ent to traditionally used m ethods [23]. U sing 
m etabolom ic techniques secondary m etabolites produced  or 
transform ed during  p lan t herbivore interactions can  be recognized 
and  constitutively expressed m etabolites can  easily be  excluded 
from  further analysis. T hereby  the task o f identifying relevant 
m etabolites in e.g. defence responses is eased.

In  this study we use m etabolom ic techniques based on  liquid 
chrom atography-m ass spectrom etry (L C /M S) an d  gas chrom a- 
tography-m ass spectrom etry (G C /M S ) to profile the m etabolic 
response o f the red  alga Gracilaria vermiculophylla (synonym G. 
asiatica) against herbivory. G. vermiculophylla is a  perennial 
m acroalga native to the N orthw est Pacific [24], D uring  the last 
two decades this alga has been detected a t the w estern and  eastern 
coast o f the A dantic  and  recently also to the K attegat and  the 
w estern Baltic [25-28]. This species spreads continuously and  
invasively changes the local flora and  fauna. It has been  predicted  
th a t well-defended exotics are m ost likely to becom e successful 
invaders in systems, such as m arine benthic com m unities, where 
generalist consum ers exert a  significant selection pressure [29]. 
Previous feeding trials show th a t in the w estern Baltic G. 
vermiculophylla is low preferred  by  generalist herbivores, which 
m ay indicate the presence o f defence m echanism s against 
herbivory [30]. H ere  we present results from  an explorative 
search for possible induced an d  activated chem ical defence 
m etabolites in this red alga using m etabolom ics an d  bioassays 
with the m esoherbivore Idotea baltica, an  im portan t and  abu n d an t 
generalist grazer in the Baltic Sea [31,32]. Specifically we asked 
w hether (1) sim ulation o f herbivory by  m echanical w ounding 
elicits an  activated defence, (2) m echanical w ounding causes a 
similar m etabolic response as natural grazing, (3) defence can be 
induced by signals from  attacked tissue, and  (4) local m echanical 
w ounding leads to an  activated defence reaction in neighbouring 
tissue in G. vermiculophylla (Table 1)? A particu lar focus was to 
elucidate the biochem ical pathw ay involved in the activated 
defence.

Results

Wounding of algal tissue - effects on palatability and 
metabolic profile

In  a  2-way choice feeding experim ent w here the m esoherbivore 
I. baltica was offered food containing extracts from  m echanically 
w ounded and  intact G. vermiculophylla, it consum ed significantly 
m ore o f controls containing extracts from  intact tissue (<D>1; 
Fisher’s exact test, p < 0 .0 0 1 ; Fig. 1A). This increase in grazer 
resistance was accom panied by a  significant change in the 
m etabolic profile o f the alga (L C /M S  data: 1-factor PER M A -

N O V A , F l>la = 123.14, pCO.OOOl; G C /M S  data: 1-factor PER- 
M A N O V A , fq ; 14  = 6.54, p  = 0.0011; Fig. 2A & C). Analysis o f 
L C /M S  da ta  using C A P showed th a t 11 m etabolites were 
significantly up-regulated an d  3 significantly dow n-regulated in 
the extracts from  m echanically w ounded algae com pared to the 
controls (Fig. 3A). Tw o o f the up-regulated m etabolites were 
identified as 8 -H E T E  and  7,8-di-H E T E  (metabolite No. 5 an d  11 
T able  2, Fig. 4), by com parison to know n standards [33]. T he 
prostaglandins P G E 2 and  15-keto-PGE2 (metabolites No. 2 and  3 
T able  2, Fig. 4) were identified by com parison o f their *H- and  
13C -N M R  da ta  to the literature as well as co-injection with 
com m ercially available standards. Inspection o f the L C /M S  
chrom atogram s revealed a  m inor arachidonic acid derived 
m etabolite th a t was no t detected by the chem om etric  analysis. 
T his m etabolite was significantly up-regulated in the extracts from 
m echanically w ounded algae com pared  to the controls (t-test, 
t=  13.89, pCO.OOOl; m etabolite No. 4 Table 2, Fig. 3A) and  
com parison of its *H- and  13C -N M R  da ta  to the literature as well 
as co-injection with a  com m ercially available standard  identified it 
as the prostaglandin PG A 2 (Table 2, Fig. 4). T h e  o ther up- 
regulated m etabolites were no t identified. T w o com pounds that 
were detected  from  inspection o f U V  spectra w ere selected for 
further structure elucidation (Fig. 4 m etabolite No. 16 and  17). 
T h e  m etabolites in question were only p resent in the extracts from 
m echanically w ounded algae and  N M R  analysis revealed the 
structures o f isomers o f  a  conjugated lactone (No. 16 in Fig. 4, 
R em p t et ah, submitted). T h e  three  prostaglandins as well as the 8- 
H E T E , the 7,8-di-H E T E  an d  one unidentified m etabolite (No. 7) 
were 70 to 400 times up-regulated in the m echanically w ounded 
tissue (Fig. 3A). T h e  m ost p ronounced  regulated m etabolites were 
all derived de novo from  arachidonic acid, as could be proven by 
analysis o f the labelling pa tte rn  after adm inistration  o f deu terated  
precursors (Table 2, Fig. 4).

Analysis o f G C /M S  data  using C A P identified 8 m etabolites 
significantly up-regulated in the m echanically w ounded algae 
(Table 3A). F ragm ent p a tte rn  analysis and  com parison of obtained 
mass spectra w ith N IS T  library entries identified four o f the 
m etabolites, oleic acid and  three  oxylipins (7,8-di-H ETE, P G E 2, 
15-keto-PGE2) also detected  by  the analysis o f  L C /M S  data  
(Table 3A).

N atural grazing o f G. vermiculophylla by I. baltica caused a 
com parable m etabolic response as m echanical sim ulation of 
herbivory (Fig. 3A & B). Analysis o f L C /M S  da ta  showed th a t 1 
and  2 h  grazing significantly changed the concentration  of 
m etabolites th a t were also effected in m echanically w ounded 
tissue (1 h  grazing: 1-factor PE R M A N O V A , _F114 = 3.25,
p  = 0.021; 2 h  grazing: 1-factor PE R M A N O V A , _F114 = 3.74, 
p  = 0.0038). Fu rther analysis using C A P showed th a t P G E 2 (2), 15- 
keto-PG E 2 (3) prostaglandins and  7,8-di-H E T E  (5) were signifi­
cantly up-regulated in tissue exposed to grazing for b o th  1 an d  2 h, 
com pared to controls (Fig. 3B). These w ere the same m etabolites 
as 3 o f  the 5 m ost up-regulated ones in the m echanically w ounded 
tissue (Fig. 3A & B). T he consum ption of algal tissue by I. baltica 
varied betw een 5 and  30 % o f initial m aterial.

Induction experiment - effects on palatability and 
metabolic profile

In  a  2-way choice feeding experim ent w here I. baltica was 
offered food m ade o f G. vermiculophylla previously exposed to 
extract from  m echanically w ounded or in tact algae, it consum ed 
significantly m ore of the food derived from  in tact algal treated  
samples (m > l; Fisher’s exact test, p < 0 .0 0 1 ; Fig. 1A). This 
decrease in palatability  was accom panied  by a  significant change 
in the m etabolic profile o f the alga (G C /M S  data: 1-factor
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T a b le  1 . Questions asked and m ethods used to study chemical defences in Gracilaria vermicuiophyiia.

Q u estio n M ethod

Does simulation o f herbivory by mechanical wounding elicit an 
activated defence?

LC/MS and GC/MS based metabolomics to  study metabolic responses in mechanically wounded 
tissue. Resulted grazer deterrence assessed by Idotea baltica bioassays.

Follow-up question: Are up-regulated metabolites in the activated 
defence produced de-novo from arachidonic acid?

LC/MS analysis of labelling pattern following administration of deuterated arachidonic acid to 
mechanically wounded tissue.

Does mechanical wounding cause a similar metabolic response as 
natural grazing?

Exposure of algae to  1 and 2 h intense grazing by Idotea baltica followed by targeted analysis of 
the metabolites significantly up-and down regulated in response to mechanical wounding.

Can a defence be induced by signals from attacked tissue? LC/MS and GC/MS based metabolomics to study metabolic responses in intact tissue exposed to 
extracts from mechanically wounded algae. Resulted grazer deterrence assessed by Idotea baltica 
bioassays.

Does local mechanical wounding lead to  an activated defence 
reaction in neighbouring tissue?

Local mechanical wounding of tissue and extraction of intact neighbouring tissue for targeted 
analysis of the metabolites significantly up-and down regulated in response to mechanical 
wounding.

doi:10.1371 /journal.pone.0029359.t001

PE R M A N O V A , F h u  = 13.65, p  = 0.0009; Fig. 2D). Analysis o f 
G C /M S  data  using C A P showed that 44 m etabolites were 
significantly up-regulated (Table 3B). C om parisons o f spectral data  
with spectra in the N IS T  library resulted in  26 tentative 
identifications o f the m etabolites and  9 o f  them  w ere verified by 
com parisons to know n standards (Table 3B). PE R M A N O V A

showed no significant change in the m etabolic profile o f L C /M S  
detected m etabolites (ig 12 = 2.86, p  = 0.062; Fig. 2B), although 
further analysis using C A P showed that two m etabolites were 
significantly up-regulated in tissue previously exposed to extract 
from  m echanically w ounded algae (Fig. 3C). M S fragm ent pa tte rn  
analysis showed that one o f the m etabolites was identical to
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F igu re 1. F eed in g  p r e feren ce  o f  Ido tea  baltica. O d d s ta fo r th e  re la tive  d e te r re n c e  o f th e  h e rb iv o re  by  artificial d ie ts  co n ta in in g  e ith e r  algal 
ex trac ts  o r b io m ass  (A) o r iso la ted  e ico san o id s  (B) a re  g iven . M ea n s ± 9 5  % co n fid e n c e  in tervals  a re  g iven , aste risk s in d ica te  o d d s  th a t  a re  significantly  
a b o v e  o r b e lo w  1 (F isher's e x ac t te s t ,  p < 0 .0 5 ) . A: ex trac t from  m echan ica lly  w o u n d e d  a lg a e  w as te s te d  re la tive  to  co n tro ls  c o n ta in in g  ex trac t from  
in tac t a lg ae  a n d  tissu e  o f  a lg ae  in d u ced  w ith  e x tra c t from  m echan ica lly  w o u n d e d  a lg a e  w as  te s te d  re la tive  to  tis su e  o f  co n tro l a lg ae  th a t  w ere  
t re a te d  w ith  ex trac t from  in tac t a lg ae . B: five d iffe ren t e ic o san o id s  w e re  te s te d  re la tive  to  so lv en t c on tro ls , e ith e r  iso la ted  o r in c o m b in a tio n  
(PGA2:PGE2:15-keto-PGE2:7,8-de-HETE in a ra tio  o f 1:1:1:05). 
do i:10 .1371/jo u rn a l.pone.0029359 .g001

PLoS ONE I w w w .p lo so n e .o rg D ecem b er 2011 | V olum e 6 | Issue 12 | e2 9359

http://www.plosone.org


M etabo lie  A ssessm en t o f Algal C hem ical D efence

co
c d

' s 0
■Ocou<û
CO

LC/MS, wounded algae Ao LC/MS, induced algae B

o

■
o

o
■

^  o

o o É 
o o

■ ■ ■o

■ o

%

■
■

■

-50
First axis (61.0 %)

50 -35

O  control 
■  treatment

First axis (62.9 %)

CNJ

W
s  ° l
T3
COu
G)w

-50 50 -25

CO
CD O O 3 Q. 
DI 

0 XUl
TS
co

-35

GC/MS, wounded algae C GC/MS, induced algae D

o
U yJ

■ „  °
■ ■ ■ o °0

ooo

■ ■ O O
■ o

■ I  1 ■
■

■ ■

■ o

o

CO
CD

U
Ö

25
First axis (17.5 %) First axis (31.7 %)

F igu re 2 . LC/MS an d  GC/MS m e ta b o lic  p ro filin g . Principal c o o rd in a te  analysis o f RT- m /z  pairs deriv ed  from  LC/MS an d  GC/MS analyses  o f 
Gracilaria vermiculophylla ex trac ts . A & C: Extracts from  m echan ica lly  w o u n d e d  a lg ae  a n d  con tro ls , ana ly sed  by  LC/MS an d  GC/MS, respec tive ly . B & D: 
Extracts from  a lg ae  e x p o se d  to  ex trac ts  from  p rev iously  m echan ica lly  w o u n d e d  a n d  co n tro l tissu e , ana ly sed  by  LC/MS an d  GC/MS, respectively . 
N um bers  in b rack e ts  a re  th e  p e rc e n ta g e s  o f orig inal v a rian ce  ex p la in ed  by  th e  de riv ed  axes. 
do i:10 .1371/jo u rn a l.p o n e .0029359 .g002

m etabolite No. 6 from  the m echanically w ounded algae. T he 
m etabolites detected by L C /M S  an d  G C /M S  were only slightly 
up-regulated (less than  2 times) in the algae previously exposed to 
extract from  m echanically w ounded tissue with one exception: 
m etabolite No. 42 detected by G C /M S  was up-regulated 6 times 
(Fig. 3C, T able  3B).

Neighbouring effect of local wounding
Local m echanical w ounding of G. vermiculophylla tissue caused a 

m etabolic response in neighbouring intact tissue that was 
com parable to the response to m echanical sim ulation o f herbivory 
(Fig. 3D). Analysis o f L C /M S  da ta  showed that this treatm ent 
significantly changed the abundance o f m etabolites that were also 
effected in m echanically w ounded tissue (1-factor PE R M A N O V A , 
■fi,14 = 5.92, p  = 0.0007). Fu rther analysis using C A P showed that 
again the two prostaglandins P G E 2 (2), 15-keto-PGE2 (3), the 7,8- 
d i-H E T E  (5), 8 -H E T E  (11) an d  an  unidentified m etabolite (7) 
were significantly up-regulated in the undam aged  tissue rem oved 
from  filaments with dam aged tips (Fig. 3D). T hese were the same 
m etabolites as 5 o f the 6 m ost up-regulated ones in the 
m echanically w ounded tissue (Fig. 3A & D). T h e  relative 
abundance o f the o ther m etabolites (6, 8 to 10 and  12 to 15) 
was not significantly different betw een treatm ents and  controls.

Natural concentration and biological activity of up- 
regulated metabolites

W e tested available up-regulated m etabolites in feeding assays 
with I. baltica in concentrations close to their na tu ra l abundance in 
w ounded tissue (Table 2) and  in elevated concentrations. T he 
concentrations were selected to simulate on the one han d  the 
concentration  in the entire w ounded tissue bu t also to evaluate the 
effect o f potential high local concentrations a round  feeding sites. 
This p rocedure also allowed generation o f structure activity 
profiles. O f  the 5 tested m etabolites (three naturally  occurring 
prostaglandins, an  isom er o f PG A 2 th a t is no t found in G. 
vermiculophylla and  the 7,8-di-HETE) only PG A 2 exhibited a 
significant inhibitory activity (m > l; Fisher’s exact test, p  = 0.001; 
Fig. IB). P G E 2, 15-keto-PGE2 and  the d i-H E T E  m ade food ra th e r 
m ore attractive to the herbivore (Fig. IB). I f  a  m ix o f the oxylipins 
was adm inistered in  close to natural concentrations a  significant 
inhibition o f feeding activity was observed (m > l; Fisher’s exact 
test, p  = 0.01).

Discussion

Generally, the understanding o f m echanism s in activated and  
inducible defences is poor for m arine m acroalgae in com parison
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m echan ica l w o u n d in g  on  th e  ex p ress io n  o f m e ta b o lite s  2 (PGEJ, 3 (15-keto-PGE2), 5 (7,8-di-HETE), 6 -1 0 ,1 1  (8-HETE) a n d  12 -1 5 . M etabo lic  re sp o n se s  
to  th e  tre a tm e n ts  a re  sh o w n  as p e ak  a re as  no rm alised  to  c o rre sp o n d in g  con tro ls . *S ignificant d iffe ren ce  from  th e  con tro l (see  th e  te x t fo r details). 
D ata a re  m eans+SE, n = 10 (A), 8 (B, D) o r 7 (C). N um bers  a t  th e  e n d  o f th e  bars  in A are  th e  re la tive  p e ak  a rea  fo r th e  m e ta b o lite s  u p  an d  d o w n - 
re g u la te d  fo llow ed  by s im u la tion  o f herb ivory . N ote  logaritm ic  scale  in A. 
do i:10 .1371/jo u rn a l.p o n e .0029359 .g003

with terrestrial plants, w here defence pathw ays involving receptors 
for chem ical signals o f the herbivores, horm onal cascades and  up- 
regulated biosynthetic m achineries are ra th e r well understood 
[34-36]. M ost studies on m acroalgae have tested the effect o f 
direct grazing or artificial dam age on palatability  to herbivores 
[9,37], and  only a  few have focused on identifying the defence 
m etabolites o r the elicitors o f the defence response [7,16,38,39]. In 
this study we used a m etabolom ics approach  to investigate the 
na ture  o f m etabolites causing the increased resistance against 
herbivory, observed in m echanically w ounded tissue and  intact 
algae exposed to extracts from  such tissue, an d  underlying

m etabolic pathw ays. T h e  m etabolom ic m easurem ents and  the 
choice feeding experim ents in this study show that G. vermiculophylla 
can rapidly respond to m echanical sim ulation o f herbivory by a 
significant an d  substantial change in the m etabolic profile (Fig. 2A) 
that leads to increased resistance against grazing by the isopod I. 
baltica (Fig. 1A). T hese m etabolic changes cannot only be  elicited 
by m echanical w ounding in vitro; they are also observed after 
intense herbivory o f I. baltica (Fig. 3B). Interestingly, not only direct 
m echanical w ounding bu t also w ounding of neighbouring tissue 
leads to the m etabolic defence responses (Fig. 3D). In  addition to 
these two rap id  responses, signals released after m echanical
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T able 2. Identified com pounds with LC-UV/Vis-MS.

Label
R eten tio n  tim e  
(min)

H ighest s ig n ifican t 
m /z  (ESI-negative) Id en tity

D e u te ra ted  a ra ch id o n ic  acid  
in c o rp o ra tio n  ra te  (%)

N atu ra l c o n ce n tra tio n  
(P-9 9 1 w e t w eigh t)

1 2.64 431 arachidonic acid derived 53.8 -

2 3.00 351 p g e 2 88.5 2.1 ±0.8

3 3.14 349 15-keto-PG E2 104.1 7.9 ±4.2

4 3.52 333 p g a 2 70.0 0.6 ±0.4

5 4.22 335 7,8-di-HETE 110.1 2.4 ±0.9

6 4.47 589 not identified 0 -

7 4.56 555 not identified 0

8 4.62 699 not identified 0 -

9 4.75 483 not identified 0

10 4.85 585 not identified 0 -

11 4.90 319 8-HETE 77.8 0.38±0.11

12 5.13 537 not identified 0 -

13 6.92 814 possible phospholipd 0

14 7.13 816 possible phospholipd 0 -

15 7.70 872 possible phospholipd 0

16 and 17 5.89 301 (ESI-pos) c o n ju g a te d  la c to n e 56.4 9.8±3.2

Data showing natural concentrations of up-regulated metabolites are means±SD, n = 3. Incorporation rates are based on the  ratio of the  molecular ion of a metabolite 
and the  molecular ion of the  corresponding labelled metabolite. Bold entries were verified with authentic standards. 
doi:10.1371 /journal.pone.0029359.t002

4.56O H100
'O H

5 (7,8-di-HETE)
■OH \

O H O H

'O H

11 (8-HETE)

OH ^
O H

3 (15-keto-PGE2)
16*t

17 (E/Z stereoisomer of 16)*tH O 4.22

O H

3.14
I.00

H O O H

7.70

¡.92

0 0.5 1.5 2.5 4.5 5.5 6.5 7.5 8.5 9.5

Retention time (min)

F igu re 4 . LC/MS ch ro m a to g ra m  o f  m ech a n ica lly  w o u n d e d  Gracilaria verm iculophylla . * Ind ica tes d e  no v o  b io sy n th esis  a fte r labelled  
a rach id o n ic  acid ad m in is tra tio n  w ith  in co rp o ra tio n  ra te s  o f 4 3 .2 -6 2 .4  %. f  Ind icates co -e lu tin g  peaks. 
do i:10 .1371/jo u rn a l.pone .00 2 9 3 5 9 .g 0 0 4
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T able 3. M etabolic response of Gracilaria vermiculophylla analysed by GC/MS.

Label R eten tion  tim e  (min) B ase p e a k 1 S u g g e s te d  s tru c tu re 2 P eak  a re a  re la tiv e  to  c o n tro ls

A A 6.28 131 1.4 ±0.1

B 9.25 129 12.2±3.1

C 13.15 243 14.7 ±3.0

D 15.22 339 o le ic  acid 2.2 ±0.5

E 17.46 239 9.9 ±1.9

F 17.69 287 7,8-di-HETE 62.1 ±22.7

G 18.04 436 1 5-keto-PG E2 2.3 ±0.6

H 18.27 225 p g e 2 2.2 ±0.6

B 1 6.13 174 n-butylamine 1.8 ±0.1

2 6.17 116 1.5 ±0.1

3 7.03 210 1.1 ±0.0

4 7.50 117 1.1 ±0.0

5 7.73 299 phosphoric acid 1.4 ±0.1

6 8.08 174 g lycine 1.7 ±0.2

7 8.52 204 s e rin e 1.9 ±0.2

8 8.73 218 th re o n in e 1.2 ±0.0

9 9.35 350 1.2 ±0.1

10 9.52 234 saccharide 1.4 ±0.1

11 9.62 233 malic acid 1.5 ±0.1

12 9.97 156 pyroglutamic acid 1.4 ±0.1

13 10.19 292 rythroric acid 1.2 ±0.1

14 10.35 198 1.7 ±0.1

15 10.67 142 1.5 ±0.1

16 10.70 246 g lu ta m in e 1.7 ±0.1

17 10.90 315 1.7 ±0.4

18 11.75 299 glycerophosphate 1.8 ±0.2

19 11.85 319 1.8±0.1

20 11.89 156 1.7 ±0.2

21 11.95 392 1.6±0.1

22 12.17 273 citric acid 1.2 ±0.0

23 12.19 142 ornithine 1.2 ±0.0

24 12.24 157 1.5 ±0.0

25 12.30 287 methyl citric acid 1.4 ±0.1

26 12.40 173 1.6±0.1

27 12.47 117 m yristic  acid 1.3 ±0.0

28 12.70 319 monosaccharide 1.8±0.1

29 12.90 260 1.4 ±0.1

30 13.05 218 1.6±0.2

31 13.27 319 monosaccharide 1.4 ±0.1

32 13.70 319 monosaccharide 1.8 ±0.1

33 13.79 313 pa lm itic  acid 1.3 ±0.0

34 14.02 217 myo-inositol 1.2 ±0.1

35 14.59 319 monosaccharide 2.3 ±0.2

36 15.74 117 a ra ch id o n ic  acid 1.6 ±0.1

37 16.03 527 1.5 ±0.1

38 16.86 371 m o n o p a lm itin  g lycero l 1.5 ±0.2

39 16.94 283 1.1 ±0.1

40 17.18 572 2.0 ±0.2

41 17.26 557 1.6 ±0.2

42 17.64
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T able 3. Cont.

Label R eten tion  tim e  (min) B ase p e a k 1 S u g g e s te d  s tru c tu re 2 P eak  a re a  re la tiv e  to  c o n tro ls

43 19.83 204 saccharide 2.5 ±0.2

44 20.36 129 c h o le s te ro l

©+
A: metabolites significantly up-regulated followed by mechanical simulation of herbivory. B: metabolites significantly up-regulated followed by exposure to extracts
from previously mechanically wounded algae. Metabolic responses are presented as peak areas normalised to corresponding controls (means±SE, n = 8 (A), or 7 (B)). 
Suggested structures are from comparisons of MS spectral data with spectra in the NIST library. Metabolites with confirmed structure by comparisons to known 
standards in bold.
1The most intense ion is given (the ion m/z=73 in not considered in this listing).
2Library suggestion are only included if the match and reverse match were more than 790. 
doi:10.1371 /journal.pone.0029359.t003

w ounding of algae also induce a  slower defence response in G. 
vermiculophylla since exposure o f intact algae to extract from 
m echanically w ounded tissue resulted in increased resistance 
against grazing (Fig. IB) and  m etabolic changes (Fig. 2D, 
T able  3B). A ltogether, the results o f this study suggest th a t G. 
vermiculophylla chem ically deters herbivory by  two lines o f defence: 
a  rap id  w ound-activated response that is followed by an  inducible 
defence. T h e  palatability o f algae and  algal extracts were assessed 
with bioassays using the crustacean I. baltica. This m esoherbivore 
species is an  im portan t and  abu n d an t generalist grazer [31,32] and  
the m ain  feeding enem y o f G. vermiculophylla in the Baltic [30]. T he 
results have thus a  direct im plication for the evaluation of the 
defence of the invasive alga.

T h e  m ost p ronounced  m etabolic changes detected in L C /M S  
experim ents include the up-regulation o f arachidonic acid derived 
oxylipins. Several eicosanoids, such as the prostaglandins P G E 2, 
15-keto-PGEo, PG A 2, as well as the hydroxylated fatty acid 
derivatives 8-F1ETE and  leukotriene B4 have previously been 
extracted from  G. vermiculophylla [40-42]. In  our experim ents we 
detected also prostaglandins an d  8-F1ETE involved in the 
m etabolic response to w ounding. In  addition, 7 ,8-di-H E T E  and  
a  novel conjugated lactone were found to be highly up-regulated in 
w ounded tissue. T h e  results could be  partly  confirm ed in G C /M S  
studies, bu t there the responses were not as pronounced, 
presum ably due to the low stability o f the eicosanoids during  
derivatisation, injection an d  separation. C ontrary  to h igher plants, 
w hich generally do not produce derivatives o f  arachidonic acid 
[43], eicosanoids have been docum ented  for a  num ber o f m arine 
m acroalgae [44,45]. Such eicosanoids are well know n as 
m etabolites regulating cell differentiation, im m une responses and  
hom eostasis in anim al systems [46], T h e  role o f eicosanoids in 
m acroalgae is no t well understood, bu t a  few studies suggest that 
they are parts o f their innate defence system as well [6,33,47,48]. 
A lthough free arachidonic acid was detected in  G. vermiculophylla, 
we did not detect elevated levels in w ounded tissue, possibly due to 
a  rap id  oxygenation of the m olecule. This is confirm ed by 
experim ents w here stable isotope labelled arachidonic acid is 
adm inistered to w ounded algal tissue. T h e  labelled fatty acids were 
readily converted to the prostaglandins, the hydroxylated and  
dihydroxylated C 20 fatty acids as well as in the conjugated lactone 
(Fig. 4, incorporation  rates given in T able  2). This m etabolic 
response is rem arkable, since apparen tly  the entire enzym atic 
m achinery  required  to p roduce prostaglandins an d  hydroxylated 
fatty acids is active in the w ounded algae. T h e  up-regulation o f the 
hydroxylated eicosanoids 8 -H E T E  and  7,8-di-H E T E  in m echan­
ically w ounded tissue suggests that G. vermiculophylla responds to 
tissue dam age similarly as the closely related  Gracilaria chilensis [33]. 
This alga releases free arachidonic acid, 8 -H E T E  and  7,8-di- 
H E T E  th a t are involved in the defence against biofouling, it does 
however no t produce elevated am ounts o f prostaglandins. T he

release o f free arachidonic acid and  subsequent form ation of 8- 
H E T E  in G. chilensis was shown to be  controlled by  phospholipase 
A, while 7 ,8-di-H E T E  was directly released from  galactolipid [33]. 
Incorporation  rates w ith G. vermiculophylla however prove that this 
alga can  also produce 7,8 d i-H E T E  in response to w ounding from 
arachidonic acid (Table 2). Both Gracilaria species are thus relying 
on  w ound activated production  o f C 20 oxylipins bu t exploit 
fundam entally  different m echanism s resulting in different m eta­
bolic patterns as well as in a  different use o f resources.

W e tested the involvem ent o f the up-regulated m etabolites in 
bioassays with I. baltica using artificial food containing single 
m etabolites o r m ixtures. N atural concentrations o f arachidonic 
acid derived m etabolites in w ounded algae are  in the concentra­
tion range of 1-13 pg g" algae (fresh weight). T h e  relative and  
absolute concentrations vary significantly, m ost likely due to 
biological variability o f the algal m aterial and  the poor 
reproducibility o f the w ounding procedure. W e therefore tested 
concentration  ranges o f the respective m etabolites (Fig. IB). T he 
prostaglandin PG A 2 exhibited a  significant concentration  depen­
den t defensive potential against I. baltica, supporting the role o f the 
eicosanoids as parts o f the innate defence system in m arine 
m acroalgae. Even if this prostaglandin showed up as only a m inor 
m etabolite in  ou r analysis (Fig. 3, T ab le  2) it m ight no t have been 
detected in h igher quantities due to its lim ited stability. This has 
been  confirm ed in later studies using an  extraction protocol 
optim ized for this com pound  class w here levels o f PG A 2 higher 
th an  0.6 pg  g-1  algal wet weight, w hich we found in this study, 
have repeatedly been detected in w ounded algal samples 
(H am m ann et al. unpublished). T his observation reflects a  known 
lim itation o f m etabolom ics, a  technique designed to pick up as 
m any m etabolites as possible, w hich is no t optim ised for specific 
com pound  classes. In  contrast, all o ther m etabolites tested were 
virtually inactive o r even rendered  the artificial food m ore 
attractive. It is rem arkable to observe that the isom er 8-iso- 
PG A 2 of P G A 2, w hich only differs in the relative configuration of 
the side chains, is inactive even at elevated concentrations. T he 
defensive potential o f m etabolites is thus strongly structure 
dependent, indicating the requirem ent for a  specific structure 
activity relation. A m ixture o f  the m ost ab u n d an t up-regulated 
na tura l oxylipins (PGA2 : P G E 2 : 15-keto-PGE2 : 7 ,8-di-H ETE 
1:1:1:0.5) tested at concentrations also found in w ounded algal 
tissue was no t m ore active th an  PG A 2 tested at corresponding 
concentration  in isolation, w hich suggests that PG A 2 is solely 
responsible for the grazing deterren t effect. How ever, given the 
high specificity o f defence potential o f  the m etabolites it can be 
envisaged, th a t h itherto  uncharacterized  or untested  m etabolites 
contribute in addition  to the chem ical defence o f the alga.

A lthough all herbivory results in p lan t tissue dam age, tissue 
disruption pe r se is not always a  reliable indicator o f grazer attack

PLoS ONE I w w w .p lo so n e .o rg 8 D ecem b er 2011 | V olum e 6 | Issue 12 | e2 9359

http://www.plosone.org


M etabo lie  A ssessm en t o f Algal C hem ical D efence

[39,49], In  this study, herbivory was sim ulated by m echanical 
w ounding a n d  it can  be argued th a t this caused a reaction different 
from  direct grazing. H ow ever, direct grazing of I. baltica caused a 
similar m etabolic response as m echanical wounding. This shows 
th a t the observed defence m echanism s in  G. vermiculophylla, elicited 
by m echanical wounding, also are stim ulated by  I. baltica feeding, 
and  thus indeed occur in response to herbivory.

In  the L C /M S  investigations w here we m onito red  for the 
induced defence o f G. vermiculophylla we observed only a  m inor up- 
regulation o f one m etabolite th a t was also up-regulated in the 
m etabolic response to w ounding. All o ther m etabolites th a t show a 
p ronounced  response to w ounding are no t affected by  the 
induction protocol. In  contrast a  p ronounced  change in the 
m etabolic profile m onitored  with G C /M S  was observed upon 
induction (Fig. 2D). Analyses o f  G C /M S  da ta  showed th a t 44 
m etabolites were significandy up-regulated in algae exposed to 
extracts from  m echanically w ounded tissue. C om parisons with the 
N IS T  library and  co-injections w ith know n standards suggested 
th a t a  considerable p a rt o f the up-regulated m etabolites were 
prim ary  m etabolites, such as am ino acids, saccharides, sterols and  
fatty acids, w hich indicates a  general stress response in induced 
algae [48,50-52]. T hese com pounds w ere no t tested in bioassays 
and  thus the identification o f the true induced defensive 
m etabolites still rem ains open. Alternatively, the poor palatability 
o f  the induced algae m ight be explained with a  reduced food 
quality as a  result o f changed levels o f  p rim ary  m etabolites. Studies 
investigating horm onal activity in m arine m acroalgae are  rare  
[47,51,53], and  an  algal horm one is still to be  identified. Results 
from  our study again illustrate the difference o f the defence 
response o f G. vermiculophylla in com parison to the related  G. 
chilensis w here an  induced defence against epiphytes could be 
triggered by an  oxylipin enriched fraction, b u t the m etabolic 
response included the up-regulation o f lipases, lipoxygenases and  
the de novo production  o f eicosanoids [6]. T he fact th a t an 
eicosanoid rich extract is capable to induce chem ical defence and  
to regulate m ultiple m etabolic pathw ays in bo th  algae suggests that 
they rely on  defence hormone(s) as it is known from  higher plants.

It has been pred icted  th a t well-defended exotics are m ost likely 
to becom e successful invaders in systems such as m arine 
m acroalgal com m unities th a t are dom inated  by  generalist grazers 
exerting a  strong selection pressure [29]. T h e  underlying logic is 
th a t generalist enem ies, w hich by definition are  p rone to host 
sw itching a n d /o r  diet mixing, should accum ulate on  potential 
invaders com pared  to native species th a t are likely to have evolved 
effective defences against the coexisting generalist enem ies [54], 
Such selective attack o f exotic plants w ould select for well- 
defended exotic species o r genotypes. A num ber o f studies have 
shown th a t high defence levels can be  a  successful strategy for 
invaders in systems dom inated  by generalist herbivores 
[29,55,56,57]. How ever, a  recent survey o f 19 invasive plants 
and  21 co-occurring native plants shows th a t a lthough particular 
invasive species m ay possess de terren t secondary m etabolites 
chem ical deterrence does no t seem to be  a  general feature for 
invasive species [58]. Thus, the described chem ical defence against 
herbivory in G. vermiculophylla m ay be one o f several possible 
explanations to the rap id  expansion o f G. vermiculophylla into new 
areas, although it was beyond the scope o f this study to explain 
m echanism s o f invasion success.

In  conclusion, this study suggests th a t G. vermiculophylla 
chem ically deters herbivory by a  rap id  w ound-activated defence 
followed by an  inducible defence. T h e  use o f a  m etabolom ics 
approach  enabled  a straightforw ard detection o f defence m etab­
olites and  provided novel inform ation abou t the biochem ical 
pathw ay involved in the defence.

Materials and M ethods

Study organisms and collections
G. vermiculophylla is a  perennial red  m acroalga native to the 

N orthw est Pacific [24], It has an  isom orphic lifestyle w ith male 
and  female gam etophytes an d  sporophytes o f similar m orphology 
(O hm i 1956). G. vermiculophylla typically grows shallow as loose- 
lying thalli o r a ttached  to small stones and  mollusc shells within 
low-energy bays an d  estuaries [28,30]. For chem ical investigations 
and  bioassays, algal specimens were collected from  the Kiel Bay, in 
the Baltic, the G reat Belt, and  Horsens Fjord. Several collections 
were m ade during  the study.

T h e  palatability  o f algae an d  algal extracts was assessed with 
bioassays using the crustacean I. baltica. Individuals o f I. baltica 
were collected from  seaweeds in the Kiel Bay and  m aintained in 
the laboratory  in a  flow-through system with natural seawater until 
used in  the bioassays. T h e  herbivores were offered m ixtures o f 
various seaweeds as diets. No specific perm its were requ ired  for the 
collection and  experim entation  o f the study organisms.

Mechanical wounding and intense grazing of algal thalli
Fresh algal m aterial was blo tted  dry w ith precision wipes and  20 

samples (200 m g w et weight) were p repared . T o  m onitor the 
m etabolic profile in intact tissue, 10 samples (n = 10) w ere shock 
frozen in liquid nitrogen, g round to a  fine pow der an d  the cold 
pow der was extracted in 3 ml m ethanol (M eOH ) for 5 h  on  a 
vortex. H erbivory  was m echanically sim ulated by grinding the 
o ther 10 samples in a  m o rta r and  subsequent incubation  for 5 m in 
a t room  tem perature  before M eO H  extraction as described above. 
After extraction, the samples were centrifuged to rem ove solid 
m aterial and  stored a t —20°C until chem ical analyses. Additional 
extractions o f totally 20 g wet weight o f each m echanically 
w ounded an d  control algae were m ade as above to p repare  
extracts for bioassays an d  induction experim ents.

In  o rder to investigate if natural grazing causes a  similar 
m etabolic response as m echanical sim ulation o f herbivory high 
densities o f I. baltica (8 individuals pe r 100 m g alga) w ere allowed 
to graze on G. vermiculophylla samples (n = 8) for 1 and  2 h, before 
the algal samples were frozen in liquid n itrogen and  extracted  as 
above. T h e  algae were weighed before an d  after the trea tm en t to 
calculate grazer consum ption. Algal samples incubated  for 1 and  
2 h  w ithout grazers served as controls. After extraction and  
centrifugation to rem ove solid m aterial, the m etabolites signifi­
cantly up- an d  down regulated following m echanical sim ulation of 
herbivory w ere m easured in the samples.

Induction experiment
G. vermiculophylla (2.5 g, n  = 7) were incubated  for 7 h  in 50 ml 

seawater containing 5 m g M eO H -ex trac t from  m echanically 
w ounded or control algae th a t was evaporated to dryness and 
dissolved in  0.5 ml D M SO . T h e  final concentration corresponded 
to the am ount o f extract from  approxim ately 150 m g algal tissue in 
50 ml seawater. After incubation, the algae were transferred to 
aquaria  o f 2.5 1 volume with running  seawater (1 1 h -1 ) a t am bient 
w ater tem perature  and  a light:dark cycle o f 10:14 h. After 4 d  of 
incubation, the algae were removed, freeze-dried, individually 
ground to a  fine pow der o f w hich 50 m g was extracted in 3 ml 
M e O H  for 5 h  on a  vortex. T h e  resulting extracts were centrifuged 
to rem ove solid m aterial and stored a t —20°C until chemical 
analysis. T he rest o f the algal pow der was used for bioassays.

Neighbouring effect of local mechanical wounding
U n b ranched  filaments o f equal sizes (length 4 cm) were isolated 

from  fresh specimens o f G. vermiculophylla (n = 8). T h e  tips o f the
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filaments (0.5 cm) were w ounded w ith forceps and  the algal 
samples were incubated  in seawater for 1 h  a t room  tem perature. 
After the incubation, 1 cm  o f the tips (0.5 cm dam aged and
0.5 cm  undam aged  tissue) was cut and  the rem aining parts were 
shock frozen in liquid n itrogen and  ground to a  fine pow der before 
extraction w ith cold M eO H . C ontro l algae w ith undam aged  tips 
were also incubated  for 1 h  and  1 cm  of the tips w ere collected 
according to the above m entioned procedure  to control for 
possible cutting  effects. T hereafter, the control samples were 
extracted the same way as the w ounded samples. After extraction 
and  centrifugation to rem ove solid m aterial, the m etabolites 
significandy up- an d  dow n regulated following m echanical 
sim ulation o f herbivory were m easured in the samples.

Herbivore bioassays
Two-way-choice feeding assays tested the feeding behaviour o f 

the isopod I. baltica using agar-based artificial food as described 
previously [59]. Briefly, two different (“ contro l” an d  “trea tm en t”) 
food pellets containing 10 % freeze-dried algal biomass, 3.6 % 
agar and  m osquito gauze as a  uniform  internal grid w ere offered in 
a  Petri dish to two individuals o f  I. baltica, w hich w ere allowed to 
consum e ad libitum a t 15°C. T h e  consum ption of bo th  pellets 
during  up to 3 d  was recorded repeatedly as the num ber o f squares 
o f  the gauze th a t had  been cleared. T o  test if exposure o f intact G. 
vermiculophylla to extracts from  w ounded algae causes increased 
resistance against grazing, G. vermiculophylla pow der from  induced 
and  uninduced  p lants was offered to Idotea baltica (n = 7, see above). 
This experim ent was run  for 40 h, although the da ta  used for the 
statistical analysis cam e m ostly from  readings after 17 an d  24 h. 
T o  test for the effect o f  m echanical sim ulation o f herbivory on 
palatability, all pellets were m ade up with a  ba tch  o f freeze-dried 
Ulva lactuca biomass. T rea tm en t pellets were charged with M eO H - 
extract o f w ounded G. vermiculophylla redissolved in D M SO , while 
control pellets contained ex tract o f intact G. vermiculophylla (n = 10, 
see above). All extracts were dosed a t na tura l concentration , based 
on  the assum ption o f a  dry m atter con ten t in seaweeds of 10 %,
1.e., pellet containing 0.5 g U. lactuca dry m atter in 5 ml H 20  was 
charged with extract yielding from  5 g w et weight G. vermiculophylla 
and  redissolved in 250 pi D M SO . In  this experim ent readings 
after 40 h  o f incubation with I. baltica were used for the statistical 
analysis. For the testing o f pu re  m etabolites, U. lactuca biomass was 
also used as the m ain  com ponent o f food pellets, while m etabolites 
dissolved in M eO H  (acetonitrile in the case o f 7,8-di-H ETE) were 
em ployed a t concentrations betw een 0.2 an d  20 pg g-1  o f algal 
w et weight and  tested against solvent only as a  control (n = 6).

For da ta  evaluation the ratio o f eaten  and  uneaten  m esh squares 
o f  the control pellet was divided by  the ratio  o f eaten  and  uneaten  
m esh squares in the trea tm en t pellet as described previously [59]. 
T h e  resulting odds ratio  ffl represents the approxim ate risk o f 
preferential feeding o f the control pellet. No feeding preference is 
given if co = 1, while m < l  indicates a  preference for the treatm ent 
pellet and  ffl> 1 a  preference for the control pellet. T h e  divergence 
o f to from  1 was tested using Fisher’s exact test.

Non-targeted metabolic profiling
M etabolic profiling was perform ed using L C /M S  an d  G C /M S  

analyses. For L C /M S  analysis, M e O H  extracts p repared  as 
described above were injected into a  W aters Acquity u ltra­
perform ance liquid chrom atography  (UPLC, W aters, M anchester, 
UK) coupled to a  tim e of flight Q -T O F  m icro mass spectrom eter 
(Waters) equipped w ith electrospray ionisation (ESI). Mass spectra 
were recorded in negative ion m ode. A 5 cm  B EH  C 18 U PLC  
colum n (2.1 m m , 1.7 pm ; W aters) a t 30°C was used for 
separation. T h e  flow ra te  was 0.6 ml m in  1 and  the m obile phases

were 0.1 % form ic acid an d  2 % acetonitrile in w ater ( = A), and  
0.1 % formic acid in acetonitrile ( = B). T he solvent g radient was: 
100 % A to 100 % B in 7 m in, 100 % B for 2 m in, 100 % B to 100 
% A in in 30 s, 100 % A for 30 s (all solvents U L C /M S  grade, 
Biosolve, Valkensw aard, the Netherlands). M ass-spectra were 
recorded a t a  scan ra te  o f 1 scan s 1 with an  inter scan delay o f 
0.1 s and  a  scan range o f 100 to 1000 m lz. T h e  collision energy 
was 5 V , the sample eone voltage was 25 V, the eone gas flow was 
50 1 N 2 h  1 an d  the desolvation gas flow was 650 1 N 2 h  *. 
Q uantification o f up-regulated m etabolites was perform ed after 
calibration with external standards. C alibration  substances were 
either com m ercial available (com pound 2, 3 and  4, C aym an 
Chemicals, A nn A rbor, M I, USA) or isolated from  extracts that 
were accredited by  G C /M S , L C /M S  an d  N M R . T h e  m ost 
ab u n d an t pseudom olecular ion trace o f the respective m etabolites 
was used for quantification.

For G C /M S  analysis, 100 pi M e O H  extracts p repared  as 
described above w ere evaporated  and  derivatised by m ethoxya- 
m ination an d  subsequent trim ethylsilylation as described previ­
ously [60]. A W aters G C T  p rem ier (Waters, M anchester, UK) 
coupled to an  Agilent 6890N  G C  equipped w ith a  DB-5 ms 30 m 
colum n (0.25 m m  internal diam eter, 0.25 pm  film thickness, 
Agilent, USA) an d  a 10 m  duraguard  guard  colum n was used for 
G C /M S  m easurem ents. T h e  inlet tem perature  was m aintained at 
280°C an d  the colum n held a t 60°C for 1 m in, ram ped  a t 15°C 
m in -1  to 310°C and  held a t this tem perature  for 10 m in. H elium  
was used as carrier gas a t a  constant flow o f 1 ml m in 1 and  the 
transfer line was held  a t 250°C. Ionisation energy was 70 eV  with 
the ion source a t 250°C. T h e  T O F  mass detector was operated  at 
a  scan rate o f 2 scans s_ w ith an  inter scan delay o f 0.05 s and  a 
scan range o f 20 to 1000 m lz. using the dynam ic range extension 
m ode.

Chemometric analysis
L C /M S  and  G C /M S  raw  da ta  were analysed using the 

M arkerL ynx V4.1 software (Waters). T his application integrates 
peaks using A pexT rack peak detection. Lists o f peak intensities 
were generated  using retention  tim e (RT) and  m lz. da ta  pairs as 
the identifier for each peak.

This process was repeated  for each run  in the ba tch  and  the 
da ta  were com bined by aligning peaks w ith the same R T  - m !  z 
pair from  each data  file in the da ta  set. For da ta  binning, re tention 
tim e windows o f 0.4 m in and  m ! z  windows o f 0.5 D a  were 
allowed as tolerance, and  peaks w ithin this w indow  were 
considered to be identical. T h e  resulting 3-dim ensional data , R T  
- m ! z  pair, sample nam e and  ion intensity were analysed with 
canonical analysis o f  principal coordinates (CAP), using range- 
transform ed data  norm alised to the am o u n t o f extracted m aterial 
and  the B ray-Curtis distance m easure [61-63]. C A P is a 
constrained ordination  th a t accounts for the inform ation inherent 
in the experim ental design by finding the canonical axis that 
maximises the separation am ong trea tm en t and  control samples. 
C orrelations betw een m Q -retention  tim e pairs an d  canonical axis 
represent the individual contribution  o f a  m Q -reten tion  tim e pa ir 
to the axis. Fragm entation  o f m olecules in G C /M S  and  to some 
extent L C /M S , as well as na tura l isotopes results in several R T  - 
m ! z  pairs pe r unique molecule. Such R T  - m ! z  pairs were 
com bined into arbitrarily  nam ed  m etabolites by visual inspection 
o f mass spectra and  retention  times. This was perform ed w ith the 
R T  - m l z  pairs th a t were significantly correlated  to the canonical 
axes. T h e  peak areas o f the obtained m etabolites were then  
analysed w ith perm utational m ultivariate analysis o f variance 
(PERM A NOV A) and  CAP, using the C an b erra  distance m easure 
to create the m atrix  o f dissimilarities betw een objects [62-65].
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T o graphically represent the relationships betw een the samples, 
principal coordinates analysis with range-transform ed da ta  and  the 
Bray-Curtis distance m easure was used [61].

Characterisation of up-regulated metabolites
W e used results from  the m etabolom ic studies to identify up- 

regulated signals th a t were selected for further structure elucida­
tion. Co-injections with know n standards form ed the basis for 
characterisation o f known m etabolites. T h e  choice o f standards 
was based on a com bination  o f studies o f mass spectra and  
retention  times, com parisons o f spectral data  with spectra in the 
U .S. N ational Institute o f S tandards an d  T echnology (NIST) 
library (only G C /M S  analyses) an d  previous chem ical studies on 
G. vermiculophylla an d  G. chilensis [33,40-42]. For oxylipins identified 
in L C /M S  studies *H and  13C N M R  da ta  w ere collected from 
purified fractions for verification o f the structures. E ight known 
eicosanoids and  fatty acids were used to characterise L C /M S  
detected up-regulated m etabolites, and  a m ixture o f  totally 56 
am ino acids, fatty acids, fatty alcohols, sterols an d  sugars were 
used to characterise G C /M S  detected up-regulated metabolites.
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