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However, fewstudies haveattempted tojointly investigate whether the inductionof plantdefencesis
specifictoatargeted planttissue,plantspecies,herbivoreidentity,and defensivetrait. Herewestudied
thosefactorscontributingtothespecificityofinduced defensiveresponsesintwoeconomicallyimpor-
tantpinespeciesagainsttwochewinginsectpestherbivores.Juveniletreesof Pinuspinaster and P.radiata
wereexposedtoherbivorybytwomajorpestthreats,thelarge pineweevil Hylobiusabietis (abark-fee-
der)andthepineprocessionary caterpillar  Thaumetopoeapityocampa (afolivore).Wequantifiedintwo
tissues(stemandneedles)theconstitutive(controlplants)andherbivore-inducedconcentrationsoftotal
polyphenolics, volatileand non-volatileresin,as well as the profileofmono-and sesquiterpenes. Stem
chewingby the pine weevilincreased concentrations of non-volatile resin, volatile monoterpenes, and
(marginally)polyphenolicsinstemtissues.Weevil feedingalsoincreased the concentrationofnon-vol-
atileresinand decreased polyphenolicsin the needle tissues. Folivory by the caterpillar had no major

effects on needle defensive chemistry, but a strong increase in the concentration of polyphenolics in
thestem.Interestingly, we foundsimilarpatternsforalltheseabove-reported effectsinboth pinespe-

cies. These results offer convincing evidence that induced defences are highly specific and may vary
depending on the targeted plant tissue, the insect herbivore causing the damage and the considered

defensivecompound.

1.Introduction

Because constitutive and induced plant defences are costly to
produce and maintain, their concentration and distribution can
vary considerablyacross planttissuesand within-plant parts dif-
feringinvalue,costorriskofattack(ZangerlandRutledge, 1996;
OhnmeissandBaldwin,2000).Inparticular,within-plantdistribu-
tionofinducedresponsestoherbivoresmayvarydependingonthe
fitnessvalueandthefrequencyofherbivoreattackoneachorgan
and/ortissue (Zangerl and Rutledge, 1996; Gutbrodtetal.,2011;
Moreira et al., 2012). According to the Optimal Defence Theory,
plantsinvestinhighconstitutivelevelsofdefenceandlowinduc-
ibility for tissues that have high fitness value and are most fre-
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quently attacked, and vice-versa (Zangerl and Rutledge, 1996;
Ohnmeiss and Baldwin, 2000). On the other hand, there is also
increasing evidence that plants responses to herbivores can be
highlyspecificandrelyontherecognitionofthespecificherbivore
speciescausingdamage(e.g.MithéferandBoland,2008;Bingham
andAgrawal,2010;Halitschkeetal.,2011;Karban,2011;Bonaven-
ture, 2012; Gutbrodt et al., 2012). Accordingly, these plant re-
sponses could differ among plant tissues or be restricted to
particulartissuesorplant partsinordertominimize costsof de-
fenceinduction.
Overthepastdecade,ithasbecomeincreasinglyacceptedthat
plantinducedresistancetoherbivoresdependsonplantandherbi-
vorespecies-specificcharacteristics(e.g.Underwood, 1999; Agra-
wal, 2000; Mumm et al., 2004; Képke et al., 2010; Halitschke
etal.,2011;Carrillo-Gavilanetal.,2012).Thebioticstimulineeded
toelicit specificinduced responses may include adirect recogni-
tionofthe physical stimuliand specificmolecular patternsofthe
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enemies (denoted as herbivore-associated molecular patterns, eliciteddirectlyorindirectlybyherbivorefeedingcouldbeshared
MithéferandBoland,2008).Moreover,thisbioticstimulimayalso tosomeextentwithintaxonomicalinsectgroupsorwithinherbi-
includeindirectcluessuchastherecognitionofspecificcombina- vorefeedingguilds.Plantresponsestoherbivoryhavebeenrepeat-
tions of biogenic volatile compounds (reviewed by Kessler and edlyshown,however,tovarydependingontheinsectdietbreath
Baldwin, 2002), and the independent and interactive effects of andinsectfeedingguild.Itiswellknown,forexample,thatgener-
those exogenous triggering factors with damage-self recognition alistand specialist herbivores can elicit different plant defensive
clues (damage-associated molecular patterns) from their own responses(reviewedbyAliandAgrawal,2012).0Ontheotherhand,
plant tissues after being damaged by the herbivores (Heil, 2009; herbivoresfromdifferentfeedingguildsvaryintheirsalivarycon-
Erbetal., 2012; Heil etal.,2012). The suite of triggering factors stituents, timing, intensity and pattern of damage, and may thus
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Fig.1. Effectsoftheherbivory-inductionbythelargepineweevil Hylobiusabietis (greybarsfortheherbivore-treatmentandwhitebarsforthecontrol)ontheconcentration
of(a)non-volatileresin,(c)volatileterpenesand(e)totalphenolicsinthestemtissues;and(b)non-volatileresin,(d)volatileterpenesand(f)totalphenolicsintheneedlesof
twopinespecies.DataareshownasLSmeanszs.e.m. N =10.Asterisksindicatesignificantdifferences(  ***P <0.001, **P <0.01, *P <0.05)amongpinespecies(SP),herbivore-

inductiontreatments(T)andtheirinteraction(SP  x T).n.s.=non-significantdifferences. ~F and P-valuesareshownintheTable1.
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provokelargelydifferent plantinducedreactions(Agrawal,2000;
MithéferandBoland,2008).Moreover,thereisincreasingevidence
thatdependingontheirfeedingbehavioursomeinsectherbivores
could actively suppress or disrupt effective immune plant re-
sponses (Musser et al., 2002; Bede et al., 2006; Zarate et al.,
2007; Consales et al., 2012). This strategy is likely more widely
spread than previously thought, and differences in the ability for
disruptive damage signalling between closely related insect spe-
ciesorhost plants may exist(e.g.Sarmentoetal.,2011; Verhage
etal.,2011).Althoughthereareanumberofstudiesinvestigating
theparticulardefensiveresponsesinadiversearray of plantspe-
cies(mostly non-woody model plants)andinsect herbivores(see
MithoferandBoland,2008;AgrawalandHeil,2012andreferences
therein),fewhavejointly tested whethertheinducibility of plant
chemical defences is specific to targeted plant tissues, particular
herbivores,plantspecies,and defensivetraits.

Inthisstudy,weusedtwoeconomicallyimportantpinespecies
to evaluate whether induced chemical responses elicited by two
chewinginsectherbivoresarespecifictoaplanttissue, herbivore
species,plantspecies,and/orvarydependingonthedefensivetrait
considered. To achieve these objectives, we conducted a green-
houseexperimentwithyoungpinetreesthatwereexposedtoher-
bivory by two chewing insects: a bark-feeder and a folivore
(Hylobiusabietis and Thaumetopoeapityocampa ,respectively).After
exposure, we analyzed the concentration of constitutive (control
plants) and herbivore-induced chemical defences in two tissues
with contrasting fitness value: stem and needles. We measured
polyphenolics,and non-volatile and volatile resin as quantitative
chemical defensive traits, and also analysed the profile of mono-
and sesqui-terpenes in each plant tissue. Phenolic compounds
areusuallynon-nutritiousandunpalatableforherbivoresandinhi-
bit herbivore digestion by binding to consumed plant proteins
(SalminenandKaronen,2011).Ontheotherhand,coniferresin-
a complex, toxic mixture of terpenes segregated in specialized
ducts - is one of the best known examples of chemical defence
in conifer trees (Phillips and Croteau, 1999; Trapp and Croteau,
2001).

2.Results

2.1.Effectsofherbivore-inductiontreatmentsandpinespecieson
chemicaldefencesinthestemandneedles

Phloem feeding by the pine weevil significantly increased the
concentrationofnon-volatileresininthestemandintheneedles
fivedaysafterexperimental herbivory(Fig.1a,b).Feedingbythe
weevilalsocausedamarginallysignificantincreaseinpolypheno-
licsinthephloem( P =0.082;Fig.1e),andastrong5-folddecrease
ofpolyphenolicsintheneedles( P <0.001,Fig.1f).Phloemfeeding
bythepineweevilsignificantlyincreasedtheconcentrationoftotal
volatile terpenes (Fig. 1c) and monoterpenes (Fig. 2a) in the
phloem 2.5-fold, butdid notsignificantly affect that of sesquiter-
penes (Fig. 2b). Such changes led to an increased molar fraction
ofmonoterpenesintheoleoresin(Table1a)afterpineweevilfeed-
ingthatraisedfrom80t095%(TableSM1).Phloemfeedingbythe
pineweevildidnotsignificantlyaffectthetotalconcentrationand
relativecontributionofmajorgroupsofmonoterpenesandsesqui-
terpenes, and total volatile terpenes in the needles (Fig. 1d;
Table1b;TableSM1).

Defoliationbytheprocessionarycaterpillardidnotsignificantly
affecttheconcentrationofnon-volatileresinandvolatileterpenes
ineitherthestemorneedles(Fig.3a-d),nordiditchangepolyphe-
noliccontentintheneedles(Fig.3f),ortheconcentrationofmono-
andsesquiterpenesinthephloemandneedles(Table2).However,
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Fig.2. Effectsoftheherbivory-inductionbythelarge pineweevil Hylobius abietis
(grey bars for the herbivore-treatment and white bars for the control) on the
concentrationofvolatile(a)monoterpenesand(b)sesquiterpenesinthephloemof

two pine species. Data are shown as LS means#s.e.m. N =10. Asterisks indicate
significantdifferences( ***P <0.001, **P <0.01)amongpinespecies(SP),herbivore-
induction treatments (T) and their interaction (SP  x T). n.s.=non-significant
differences. F and P-valuesareshownintheTable1.

wefoundthatpolyphenolicsinthephloemincreased5-foldinre-
sponsetoneedlechewingbythecaterpillar( P <0.001,Fig.3e).

All the studied major chemical traits significantly differed be-
tweenthetwopinespecies(Tables1and2).Wedidnotfind,how-
ever, significant interactive effects between pine species and
herbivoreinductiontreatmentforanyofthedefensivetraitsmea-
sured, i.e.inducedresponsestoherbivore feeding were of similar
magnitudeanddirectionbetween pinespecies(Figs.1and3; Ta-
bles1and?2).

2.2.Effectsofherbivore-inductiontreatmentsandpinespeciesonthe
profileofvolatileterpenesinthestemandneedles

Pinespeciesdifferedintheconcentrationofthemajorgroupsof
volatileterpenesandalsointhatofmanyindividualterpenes(Ta-
blesSM2-SM5),with Pinusradiata havinggreaterconcentrationof
almostall single terpenesthan  Pinus pinaster (TablesSM6-SM7).
The monoterpenes B-pinene, a-pinene B-phellandrene,limonene,
and the sesquiterpene trans-caryophyllene were the most abun-
dantcompoundsinbothspecies(TablesSM6-SM?7).

Barkfeedingbythepineweevilsignificantlyincreasedthecon-
centrationofthreeindividualmonoterpenesinthe phloem:limo-
nene, B-phellandrene and p-pinene (Figs. 4 and 5a). The
concentration of limonene increased 4- and 2-fold in weevil-in-
duced P.pinaster and P.radiata ,respectively (Fig.4a). Concentra-
tion of B-phellandrene in the phloem was 4.0 and 1.3 times
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Table1
Summaryofthemixedmodelfortheconcentrationofchemicaldefencescontained(a)inthephloemand(b)intheneedlesofpinetreesshowingtheeffectsofpinespecies( P.
pinaster and P.radiata ),herbivorybythelargepineweevil  Hylobiusabietis ,abark-feeder,andthecorrespondinginteraction.Molarfractionofthelightermonoterpenefractionis
alsoshowed.Bold P valuesaresignificant.
Pinespecies Weevilinduction Species x weevil
Faas) P Fa9) P Faas) P
(a)Phloem
Total phenolics 10.73 0.004 3.82 0.082 0.71 0.409
Non-volatileresin 9.14 0.007 9.58 0.013 1.49 0.237
> Monoterpenes 18.38 <0.001 12.65 0.006 0.01 0.925
X Sesquiterpenes 31.61 <0.001 0.54 0.480 0.09 0.766
Totalvolatileterpenes 8.32 0.010 8.50 0.017 0.12 0.730
Monoterpenes%mol 38.14 <0.001 6.30 0.033 3.66 0.072
(b)Needles
Totalphenolics 0.53 0.477 117.84 <0.001 297 0.102
Non-volatileresin 7.68 0.013 16.41 0.003 1.86 0.190
> Monoterpenes 30.87 <0.001 3.45 0.096 0.28 0.601
X Sesquiterpenes 13.76 0.002 0.28 0.607 0.63 0.438
Totalvolatileterpenes 21.49 <0.001 2.81 0.128 0.56 0.462
Monoterpenes%mol 50.45 <0.001 2.30 0.164 1.20 0.288
greaterinweevil-induced P.pinaster and P.radiata plants,respec- Table SM4). Similarly to that found in response to pine weevil,
tivelythaninthecorrespondingcontrol plants(Fig.4b).Similarly, the concentration of bornyl acetate in the phloem of P. pinaster

theconcentrationof B-pineneinthephloemwas2-foldgreaterin
weevil-induced P. pinaster and P.radiata plants than in control
plants(Fig.5a). We did not find significant pine species x weevil
interactionforthesemajorchangesinvolatileterpenoidchemistry,
suggestingsimilarpatternsofinducedresponseagainsttheweevil

in both pine species (Figs. 4 and 5a). We also found significant
changesinthephloemconcentrationofminorterpenesafterpine
weevilfeedingsuchasa2-foldincreaseinbornylacetateobserved

in P.pinaster andasignificantdecreaseintheconcentrationofthis
terpenein P.radiata (TableSM6)(pinespecies x pineweevileffect
F118=7.97; P=0.011,TableSM2).Weobservedfor  P.pinaster (but
not P.radiata )asignificantreductioninthemolarfractionoftrans-
caryophyllene(thedominantsesquiterpene)from28%molincon-
trolplantsto11%molinweevilplants(pinespecies x pineweevil
effect F; 13 =8.01; P=0.011).

Weevilfeedingdidnotaffectthemonoandsesquiterpenecon-
centrationintheneedles,exceptinthecaseof B-pinene.Thecon-
centrationof B-pineneintheneedlesofweevil-inducedplantswas
2timesthatofcontrolplantsforbothpinespecies(Fig.5b,Tables
SM3,SM7).Thismagnitudeofchangewassimilartothatobserved
for B-pineneinthephloem(Fig.5a).

A subsequent analysis showed that phloem wounding by the
weevil did not affect the enantiomeric composition of o-pinene,
B-pinene andlimonenein P.pinaster (Appendix 2 inthe Supple-
mentarymaterial).

Needlefeedingbythepineprocessionary caterpillarinduceda
marginallysignificant1.4-and2-foldincreaseintheconcentration
of B-pineneintheneedlesof P.pinaster and P.radiata ,respectively
(Fig.5b,TableSM5).Consequently,themolarfractionof B-pinene
intheneedlesofboth pinespeciesraised fromca.20%in control
plantsto35%oftotalneedlevolatileterpenesinplantsexperienc-
ingdamagebythecaterpillar( F;9=11.9; P=0.007).Wealsofound
a significant effect of caterpillar feeding on the concentration of
limoneneintheneedles,butwiththisresponsevaryinginmagni-
tude between pine species(pinespecies  x caterpillarinteraction:
F118=6.79; P=0.018, Table SM5). Caterpillar feeding induced a
2-foldincreaseintheconcentrationoflimoneneintheneedlesof
P. pinaster , while causing a 50% reduction in P. radiata (Tables
SM6,SM7).In P.pinaster ,thiseffectraisedthelimonenemolarfrac-
tionintheneedlesfrom2.6%molinthecontrolplantsto5.4%mol
inthecaterpillar-inducedplants.Whilethosein =~ P.radiata dropped
from20%to8%mol.

Needlefeedingbythecaterpillarinducedasignificant2-foldin-
crease in the concentration of ~ B-pinene in the phloem (Fig. 5a;

was 3.8-foldgreaterincaterpillar-induced plantsthanthatinthe
control plants (significant pine species
F;18=12.21; P=0.003;TablesSM4,SM6).

3.Discussion

Wefoundstrongchangesinmajorgroupsof defensive chemi-
calsinresponsetophloemchewingby thelarge pine weevil,but
smallorundetectableeffectsafterneedlechewingbythepinepro-
cessionary caterpillar. Just five days after exposure to the weevil
wefoundsignificantlyincreasedconcentrationsofnon-volatilere-
sin (diterpenoid fraction), volatile monoterpene fraction and a
marginally greaterconcentrationofpolyphenolicsinthestemtis-
sues.Moreover,theweevilalsocausedasignificantincreaseinthe
concentration of non-volatile resin, a marked decrease of poly-
phenolicsandamarginallysignificantincreaseinthevolatilemon-
oterpenes in the needles. Likewise, the analysis of individual
volatile terpenoids showed that the 2-fold increase in monoter-
penes was not due to a generalized rise in their concentration,
butduetoaquitespecificandmarkedincreaseinasmallnumber
of highly responsive monoterpenes (limonene, B-pinene and
phellandrene).Incontrast,chewingbythepineprocessionarycat-
erpillarcausednomajorquantitativechangesindefensivechemi-
cals, except for a strong increase in the concentration
polyphenolicsinthephloemandamarginallysignificantincrease
inthemonoterpenoid fraction.Interestingly, we found similarin-
ducedresponsepatternstoeachherbivoreacrossbothpinespecies
(P.pinaster and P.radiata ).Overall,theseresultsstronglyevidence
thatdefensiveinducedresponsesinyoungpinetreesarespecificto
the targeted plant tissue, the insect herbivore that elicits the re-
sponse,andthechemicalcompoundunderstudy,butthatthesere-
sponsesareequivalentbetweentwo pinespecies.

Pineinducedresponses were moreintenseinthetargeted tis-
sues, even when signalling of damage was clearly systemic. This
factwasevidenced by the existence of changesinthe concentra-
tionofsomecompoundsandchemicalspeciesinthefoliageinre-
sponse to phloem wounding by pine weevil, and also changes in
the phloem after needle chewing by the caterpillar. Particularly,
wefoundasignificantincrease(5-fold)intheconcentrationofto-
talphenolicsinthestemafterneedlechewingbycaterpillars,sug-
gesting a strong basipetal response to caterpillar feeding. The
occurrenceofsystemic-inducedresistancebasipetallytothedam-
agesitehasbeenincreasinglyreportedinadiversearrayofplant

x caterpillar interaction,

of


http://dx.doi.org/10.1016/j.phytochem.2013.05.008

Stem
(a) SP ns.
= T ns.
£ 5 SPxT ns.
83 20 -
~- 0
B 15 -
= 2
-_ O 10 -
g
2 o
52
= o
(c) . S
| T ns.
§’§ wl SPxT ns.
[T
2w 30 -
L=
o O 20
o 10
O
=&
(e) SP *
30 -~ T KKK
) 54 SPxT *
g =2
= 20 -
2B
o = 15 -
-g_-o 10_
_
==
24 i
P £ .

Needles

(b) SP ns.
T ns.

2 SPxT ns.

20 -
15

10 A

SP **
(d) 10 - T ns.
SPxT n.s.

SP *
(f) 30 - T n.s.
SPxT ns.

25 4
20 +
15

10 -

Pinus pinaster Pinus radiata Pinus pinaster Pinus radiata

Fig.3. Effectsoftheherbivory-inductionbythepineprocessionarycaterpillar

T.pityocampa (greybarsfortheherbivore-treatmentandwhitebarsforthecontrol)onthe

concentrationof(a)non-volatileresin,(c)volatileterpenesand(e)totalphenolicsinthestemtissues;and(b)non-volatileresin,(d)volatileterpenesand(f)totalphenolicsin

theneedlesoftwopinespecies.DataareshownasLSmeans#s.e.m.

N =10.Asterisksindicatesignificantdifferences(

(SP),herbivore-inductiontreatments(T)and theirinteraction(SP x T).n.s.=non-significantdifferences. F and P-valuesareshownintheTable2.

species(e.g.Erbetal.,2009; Gutbrodtetal.,2011),indicatingthat
signallingpathwaysinvolvedininducedherbivoreresistancemay
bemultidirectional. Theseresultshaveimportantimplicationsfor
ourunderstandingoftissue-specificinducedresponsesassociated
topineherbivoreresistance.First,anumberofresearchershavere-
ported that defences can be induced throughout a plant, evenin
unattacked tissues, producing systemic induced resistance in
small-sizedplants(e.g.HeilandBostock,2002;HeilandSilvaBue-
no,2007).However,becauseplantdefencesare expensiveto pro-
duce and maintain the induction of tissue-specific resistance

traits may be considered as a cost-saving energy strategy that
avoids redundant defensive responses (Sampedro et al., 2011a;
Moreiraetal.,2012).Pinesmaythusallocatemoreresourcestoin-
ducespecificdefencesindamagedtissuesindetrimentofundam-
aged tissues. Second, the induction of specificresistance traits is
likely to be more precisely focused, so plants may deploy their
defensive mechanisms more rapidly providing less time for ene-
miestoattackthem.

Pine induced responses were much lower for pine caterpillar
thanpineweevil.Oneofthepossibleexplanationsisthatconstitu-

***P<0.001, **P<0.01, *P <0.05)amongpinespecies
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Table2

Summaryofthemixedmodelfortheconcentrationofchemicaldefencescontained(a)inthephloemand(b)intheneedlesofpinetreesshowingtheeffectsofpinespecies( P.
pinaster and P.radiata ),herbivorybythe pine processionary caterpillar(  Thaumotopoeapytiocampa ),afolivore,andthe correspondinginteraction.Molar fractionofthelighter
monoterpenefractionisalsoshowed.Bold P valuesaresignificant.
Pinespecies Caterpillarinduction Species x caterpillar
Faas) P Fa9) P Faas) P
(a)Phloem
Total phenolics 5.23 0.034 36.12 <0.001 8.97 0.008
Non-volatileresin 030 0.588 0.11 0.742 1.28 0.273
> Monoterpenes 18.36 <0.001 3.73 0.086 0.03 0.866
X Sesquiterpenes 23.13 <0.001 0.10 0.762 0.00 0.978
Totalvolatileterpenes 8.28 0.010 3.07 0.114 0.04 0.845
Monoterpenes%mol 30.61 <0.001 0.88 0.372 1.62 0.219
(b)Needles
Totalphenolics 717 0.015 0.28 0.610 0.58 0.457
Non-volatileresin 0.14 0.713 1.31 0.282 0.88 0.362
> Monoterpenes 19.36 <0.001 0.68 0.430 0.28 0.606
X Sesquiterpenes 8.79 0.008 0.80 0.393 0.17 0.683
Totalvolatileterpenes 12.67 0.002 0.85 0.382 0.05 0.825
Monoterpenes%mol 22.45 <0.001 0.07 0.794 2.01 0.174
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species.DataareshownasLSmeanszts.e.m. N =10. Asterisksindicate significant X R . o . .
- . . . ) . : ) pine weevil ( Hylobius abietis ), a bark-feeder, and defoliation by the pine proces-
differences ( **P <0.01, *P<0.05) among pine species (SP), herbivore-induction . . ) X
L . s X sionary caterpillar ( Thaumotopoea pytiocampa ), a folivore. Meansts.e.m.; N =10.
treatments(T)andtheirinteraction(SP  x T).n.s.=non-significantdifferences. L o
The symbols s and + over the error bars indicate significant ( P <0.05) and

tiveconcentrationofchemicaldefencesinneedles(targetedtissue
for caterpillars) might be already very high, leaving only a small

margin forinduction, as suggested for needle volatile terpenoids
by Sampedro et al. (2010). Another possible explanation would

marginally significant differences (P <0.06), respectively, in comparison to the
controlplants.

be,asreportedbysomepreviousstudies,thatdefoliatingcaterpil-
larsareabletointerfereandsuppressthehost’simmuneresponses
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ofsomeplantspecies(Musseretal.,2002;Bedeetal.,2006;Zarate
etal., 2007; Consales et al., 2012). For instance, Consales et al.
(2012)foundthatoral secretions by twolepidopteran herbivores
(Pierisbrassicae and Spodopteralittoralis )are able tosuppressthe
wound-induced expression of defence genes in  Arabidopsis, and
insodoing,increaselarvalgrowth.Similarly, Musseretal.(2002)
found that salivary components from the caterpillar Helicoverpa
zea suppressed induced resistance inthe tobaccoplant  Nicotiana
tabacum. Such presumable lack of induced chemical responses
against the processionary caterpillar (despite the high amount of
damageusuallyinflictedbythiscaterpillar)deservesfurtheratten-
tion under the context of interfering and inhibitory mechanisms
throughoralsecretionsinpineimmuneresponsesleadingtosup-
press pine chemical defences. Athird possible explanationwould
be that processionary caterpillar elicited other kinds of induced
defensive responses rather than terpenoids and phenolics, such
as defensive proteins (e.g. digestive and proteinase inhibitors or
polyphenol oxidases), changes in the emission of volatile com-
pounds for indirect defence or even delayed induced resistance
(changes in following year needle morphology and chemistry).
Althoughwefounddifferentplantinducedresponsesamongboth
chewing herbivores, we cannot strictly talk about a specific re-
sponsetotheinsectspeciesidentity,aswehavetestedonlyanher-
bivore species per plant tissue. Specificity in the response of the
herbivore identity should be tested with different herbivore spe-
ciesfeedinginthesamewayonthesametissue(Agrawal,2000).
Ourresultsshowedthatthetwostudiedpinespeciesdisplayed
similar induced responses after insect herbivory for most of the
studieddefensivechemicals,eveninthecaseofindividualvolatile
terpenes.Responsestoinsectherbivorywerefairlysimilarinboth
pinespeciesdespitetheirdisparatebiogeographicaland phyloge-
netical relationship,and no known congeners of pine weevil and
caterpillarlivingintherangeof  P.radiata .Pinespeciesresponses
were in the same direction (even not the same fold-changes for
all compounds), with no major discrepancies in the responding
compoundsandtissuesbetweenthem.Thisfactleadstospeculate
on a common evolutionary history of herbivore pressure. More-
over,wecouldalsospeculateaboutshared damage-selfsignaling
(Heil, 2009), plant perception of herbivore damage (Bonaventure,
2012),herbivoreassociated molecular patterns(Mithoferand Bo-
land, 2008) and possible common herbivore associate effectors
and modulators of pine immunity between the two pine species.
It could be also thatresponse patterns are shared within feeding
guilds.Theexistenceofacommonresponsepatternbetweenpine
speciescouldbeconsistentwiththeideathatthereisageneralized
response patternagainstall the weevil-stem feeders and another
againstall the caterpillar-needle folivores across continents (Eur-
opeandNorthAmerica)whichshouldbefurtherinvestigated.
Aswementionedabove,wefound particularchangesforthree
compoundsinresponsetopineweevilfeeding(limonene, B-pinene
and B-phellandrene)andoneinresponsetopinecaterpillarfeeding
(B-pinene). Some previous studies have reported that both limo-
neneand B-pinenearelikelymoreherbivore-deterrentthanother
monoterpenes in conifer trees (e.g. Cook and Hain, 1988; Nord-
lander, 1990; Sadof and Grant, 1997; Latta et al., 2000; Mita
etal.,2002;ThossandByers,2006),andmightbethusmoreinduc-
ible after herbivore attack(Holopainenetal.,2009; Heijarietal.,
2011).Forexample,Nordlander(1990)foundthatlimonenecom-
pletelyinhibitedtheattractionoftwo  Hylobius speciesto o-pinene
infieldtraps.Mitaetal.(2002)foundthat P.pinea treeswithhigh
contentoflimoneneweremoreresistanttothecaterpillar March-
alinahellenica (Hemiptera:Margarodidae).Inadditiontolimonene
changes after herbivore-induction, we found a similar 2-fold in-
creaseintheconcentrationof B-pineneinthephloemandneedles
irrespectivefromtheidentity ofthechewinginsect,thepinespe-
cies,andthetargetedtissue.Theroleofthiscompoundasadeter-

rent to herbivores in coniferous trees has been also previously
reported (e.g. Litvak and Monson, 1998; Sampedro et al., 2010).

For instance, large increases in the needle concentration of B-
pineneinyoungpinetreesafterexogenousapplicationof methyl
jasmonate,achemicalelicitorofinducedresponses,havebeenre-
portedinseveral coniferspecies(Holopainenetal.,2009; Sampe-
droetal.,2010;Zhaoetal.,2010).

4.Conclusions

Thisstudydemonstratesthatpinetrees,irrespectiveofwhether
theyhave co-evolvedornotwithparticularinsectherbivores,are
abletodiscriminateherbivoryfeeding patternsormolecularcues
andrespondagainstthemwithspecificinducedresponses,which
are mostly restricted to the targeted tissues, and depend on the
defensivetrait.Thesespecificresponsesareprobablydifferentially
biosynthetized in order to reduce overlapping or redundant de-
fence responses. Interestingly, responses of the two pine species
werevery similardespite thelarge biogeographical and phyloge-
netic distance separating them. Further studies should identify
the signal and receptors of herbivore-associated molecular pat-
ternstoimproveourunderstanding ofthe mechanismsbywhich
conifersmayrecognizeinsectherbivores.

5.Experimental
5.1.Naturalhistory

We studied two Mediterranean pine species largely used for
forestrypurposesinthelberianPeninsulaandthewholeMediter-
raneanBasin: P.pinaster Ait.nativetothelberianPeninsula,and P.
radiata D.Don.,nativetoCaliforniaandintroduced tothelberian
Peninsulaaround1840.Bothpinespeciescoexistinmixedforests
in southern Europe, with overlapping distributions ranging from
altitudesof0to800minNorthernSpain.

Weusedtwochewinginsectsfortheinductiontreatment: the
large pine weevil, H. abietis L. (Coleoptera: Curculionidae) and
thepineprocessionarycaterpillar, Thaumetopoeapityocampa Den-
nis and Schiff (Lepidoptera: Thaumetopoeidae) (hereafter pine
weevil and pine caterpillar, respectively). The pine weevil is a
bark-chewer, feeding on the bark, phloemand vascularcambium
tothexylem of youngconifers, especially pines, firsand spruces.
Itiswidely distributed across Europeand northern Asiawhere it
causes extensive damage and mortality (e.g. Wainhouse et al.,
2005;Zasetal.,2011).Thepinecaterpillarisapineneedlefolivore
fromtheMediterraneanregionofsouthernEuropeandNorthAfri-
cathatcausesseveredefoliationtoyoungandadulttreesofseveral
Mediterraneanpinespecies,significantlossintreegrowthand,in
extremeinfestations,treedeath(e.g.Palacioetal.,2012).Bothher-
bivoreinsectsaretwoofthe mosteconomicallyimportantinsect
threatstopineforestsin Europe.

5.2.Experimentaldesign

Wecarriedoutatwo-factorialgreenhouseexperimentwithtwo
pine species ( P.pinaster and P.radiata ), and three treatments of
plantdefenceinduction(control,pineweevilfeedingandpinecat-
erpillarfeeding; hereafter herbivore-induction treatments)as the
mainfactors.Theexperimentfollowedarandomizedsplit-plotde-
signreplicatedin 10blocks, with herbivore-induction treatments
as the whole factor and pine species as the split factor. In total,
therewere60pineseedlings.
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5.3.Plantgrowth, greenhouse conditionsand herbivore-induction
treatments

InOctober2008,pineseedswereindividuallysownin2-Lpots
filled with a mixture of perlite and peat(1:1v:v), fertilized with
12gofaslow-release fertilizer(Multicote ~ ® N:P:K15:15:15),and
covered witha 1-2cmlayerof'sterilized sand. Toavoid interfer-
ence from pathogens, seeds were treated with a fungicide before
sowing (Fernide ®, Syngenta Agro, Spain). Pots were placed in a
glass greenhouse with controlled light (minimum 12h per day),
andtemperature(10 °Cnight,25 °Cday)andwatereddaily.Plants
weregrownattheForestryResearchCentreofLourizan(Xuntade
Galicia)greenhousefacilities.

Oneyearafter sowing, when plantheight of P.pinaster and P.
radiata plants were 41.2+2.4cm and 62.7+4.0cm respectively
(meantS.E.),weappliedtheherbivore-inductiontreatments(pine
weevil and caterpillar, see Fig. SM1 in the Supplementary mate-
rial). Adultpineweevilswere collectedinthefield(SanXurxode
SacosForest,Galicia,Spain,42.30 °N;8.30 °W)duringthe summer
of 2009 following the method described by Moreiraetal.(2008),
storedinculturechambersat15 °Candfedwithfreshpinetwigs
foramaximumoftwoweeksbeforetheexperimentstarted.Prior
to initiating the weevil-induction treatment, pine weevils were
food-deprivedfor48hinlabeledPetridisheswithamoistfilterpa-
per(15 °C,dark)andthenweighed.Onespecimenwasplacedon
each pine seedling, allowed to feed for 5days and then removed
andweighedagain.Damageinflictedbytheweevilafterthefeed-
ingperiodwasevaluatedindependentlyinevery1/5stemsections
astherelativedebarkedareausingafour-level scale(0=undam-
aged; 1=1-25% damaged; 2=26-50% damaged; 3=>50% dam-
aged),and the sum of values for the 5 sections per seedling (i.e.
0-15score)wasconsideredtobethedebarkedarea.

Samplingofpineprocessionarycaterpillarwasachievedbycol-
lectingentirecaterpillarnestsdirectlyfrominfestedtreesatArou-
salsland(Galicia,Spain,42.33 °N;8.51 °W)during the summer of
2009.Nestswerecarefullyopenedatthelaband2nd-instarlarvae
randomlyseparatedintogroupsof10caterpillars,starvedfor12h
and weighed as above. One pre-weighed group of 10 caterpillars
wasaddedonneedlesofthetopplantsectionandanotheronnee-
dlesofthebottomplantsectionofeachpineseedling.Caterpillars
wereallowedtofeedontheneedlesfor6days,andthenremoved,
counted and weighed. Foliar damage caused by caterpillars after
thefeedingperiodwasevaluatedforthewholeplantinathree-le-
velscale:0=undamagedneedles,1=lessthan5damagedneedles,
2=morethan5damagedneedles(i.e.0-2score).

Allplantswithineachinductiontreatments(control,pinewee-
vil and caterpillar) were carefully covered with a nylon mesh to
avoidherbivoreescapeorinterferenceamongtreatments.Nowee-
vils or caterpillars died during the feeding period, and all plants
weredamaged.Theextentofdamagecausedbyweevilsandcater-
pillarsdidnotsignificantlydifferbetweenpinespecies(seeCarril-
lo-Gavilanetal.,2012).

5.4.Sampling, measurementsandchemical analyses

Oneweekafterinitiatingtheherbivore-inductiontreatment,we
measured plant height and stem basal diameter. Then, all pine
juvenileswereharvestedbycuttingthestemaboveground,trans-
portedtothelabinice coolersandimmediately sampled for fur-
ther chemical analyses and total aboveground biomass
determination. A fresh 5-cm-long segment of the lowest part of
thestemofeachplantwascollected,weighed,immediatelyfrozen
andpreservedat —30 °Cforanalysisofnon-volatileresincontent.
Afresh,1.5-cm-longstemsegmentlocatedmidwayalongthestem,
aswellasasampleofneedles(approximately0.2grandomlycho-
sen from the whole pool of needles) were collected from each

plant,weighed,thenfrozenand preservedat ~ —80 °Cincryogenic
vials for volatile terpenoid analysis. In parallel, another fresh, 5-
cm-long segment of the medium part of the stem and a sample

of needles (approximately 2g) was immediately weighed, oven-
dried (45 °Ctoconstant weight)and then manually ground ina
mortar with liquid nitrogen for analyses of total phenolic com-
pounds. We specifically targeted phloem tissue for the analyses

of phenolics and volatile terpenes. Phloem was separated from
thexylembyhandusingasurgicalknife.

Total phenolicsinthe phloemand needleswereextractedand
analyzed as described by Moreira et al. (2009). Briefly, phenolics
wereextracted from300mgofplanttissuewithaqueous metha-
nol(1:1vol:vol)inanultrasonicbathfor15min,followedbycen-
trifugation and subsequent dilution of the methanolic extract.
TotalphenoliccontentwasdeterminedcolorimetricallybytheFo-
lin-Ciocalteu method in a Biorad 650 microplate reader (Bio-Rad
Laboratories Inc., Philadelphia, PA, USA) at 740nm, using tannic
acid as standard, and concentrations were based on dry weights
(d.w.).

Conifer resin is composed mainly of a volatile fluid fraction,
monoterpenes (C ;o) and sesquiterpenes (C 1s),and a non-volatile
fraction, diterpenes (C 50), which make resin thick and sticky.
Non-volatile terpenoids provideanexcellent physical and chemi-
calbarrieragainstherbivores(PhillipsandCroteau,1999).Volatile
terpenoids (mono-and sesqui-terpenes)are known to have toxic
effectsornegativelyaffectthesuccessofinvadingherbivoresand
pathogens(e.g.Schiebeetal.,2012).However,duetotheirvolatile
nature, they also have multiple ecological roles in plant-insect
interactions(e.g.attractingherbivorepredatorsMummandHilker,
2006), insect-insect interactions (e.g. co-factors for bark beetle
aggregation, Erbilginetal.,2003)and even plant-plantsignalling
(e.g.interplantpriming,HeilandSilvaBueno,2007).Thus,weper-
formed a more detailed chromatographic analysis of the concen-
tration of the wvolatile terpenoid fraction (mono- and
sesquiterpenes)inthepinetissues.

Concentration of non-volatile resin in the stem (phloem+xy-
lem) and needles was estimated gravimetrically (Moreira et al.,
2013).About5gfreshweight of stem/needle material was trans-
ferredintopreweighedborosilicatetesttubes,resinwasextracted
with 3mL of hexane (15min at 20 °Cinan ultrasonic bath and
thenfor24hatroomtemperature),theextractwasfiltered(What-
man GFF, Whatman Int. Ltd, Maidstone, Kent, UK) into new pre-
weighed test tubes, and the entire extraction step was then
repeatedagain.Thesolventinthetubeswasevaporatedtodryness
andthemassofthenon-volatileresinresiduewasdeterminedat
the nearest 0.0001g and expressed as mg of non-volatile resin
g~ ! stemd.w.Thisgravimetricdeterminationofnon-volatileresin
was highly correlated with the concentration of the diterpenoid
fraction( r=0.9214; P =0.00002),asquantifiedbygaschromatog-
raphyinprevioustrials(Sampedroetal.,2011b).

Extractionandanalysisofvolatileterpenoidsinthephloemand
needleswere performed followingdescriptionby Sampedroetal.
(2010).Briefly,needleand phloemsampleswereground underli-
quid nitrogen in Teflon tubes and terpenes were extracted with
ultrapure n-hexaneinanultrasonicbathat25  °Cusingdodecane
(Merck,#1.09658.0005; M =170.33gmol ~!)asinternalstandard.
The monoterpenes and sesquiterpenes in the extract were ana-
lysed at KTH (Stockholm, Sweden) by gas chromatography mass
spectrometryinsingleionmonitoringmode(SIM: m/z 68,69,93,
121,136,161,170,204,222,272 )usedtomakevisibleknownter-
penefragments.TheinstrumentusedwasaHP7890Atwodimen-
sional GC-MS (2DGC-MS, Agilent Technologies, CA, USA), where
the first GCis equipped with a HP-5MS capillary column (30m,

ID 0.25mm, film thickness 0.25  pm, Agilent Technologies, CA,
USA).Avolumeof1 plofeachofthesamplewasinjectedinsplit-
lessmode,usingHeliumascarriergas.Theoventemperaturepro-
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gramwassetat40 °Cfor3min,followedbyatemperatureriseof
4°Cmin ~! upto235 °Candmaintained atthis final temperature
for 18min.Theinjector wassetat 60 °Cfor 1min, followedbya
temperature rise of 10 °Cmin ~! to 240 °C and isothermal for
Tmin, spliless to column for 1.5min. The identification of each
present peakin the chromatogram was performed by comparing
theretentiontimesandmassspectratoknownstandards(allfrom
Fluka, Chemie AG, Buchs, Switzerland) and to those in the NIST
MassSpectralLibraryincludedinG1701EAMSDChemStationsoft-
ware(AgilentTechnologies,CA,USA).Calibrationcurvesforquan-
tification were prepared with commercial standards of the most
abundant compoundsin the samples. Individual terpene concen-
trationwas expressedinmgg  ~! leafdry weight (d.w.). Asubset
ofsampleswererunonthesecondGC-MSequippedwithaCyclo-
dex-Bcapillarycolumn(30m,ID0.25mm,filmthickness0.25 wm,
AgilentTechnologies,CA,USA)toconfirmthecorrectidentification
oflimoneneand B-phellandrene which co-elute onthe HP-5 col-
umn but separates on a chiral column for monoterpene enantio-
meric analysis (see Appendix 2 in the Supplementary material).

The HP-5 column peak area assigned tolimonene was calculated
onthe m/z 68-93ratio( m/z 68 presentinlimonenebutnotin B-
phellandrene)andtherestofthepeakwasassignedto B-phelland-
rene. For these selected samples the chiral composition of limo-
nene, B-pinene and o-pinene were also determined (see
Appendix 2 in the Supplementary material). As it is known that

pine weevil neurons may be more responsive to one enantiomer
thantheother(Wibeetal., 1998),itisofinterestnottooverlook
thepossibilitythatchiralanalysismaybeofimportance.

5.5.Statisticalanalyses

The effects of each insect herbivore on the concentration of
chemical defences in the stem and needles of each pine species
were analysed with a mixed model for solving split-plot designs
accordingto Littell et al. (2006) using the Proc Mixed procedure
inSAS9.2(Cary,NC).Foreachherbivorespecies,themaineffects
ofinductiontreatment(T),pinespecies(SP)andT x SPinteraction
weretreatedasfixedfactors.Theblock(B)andB x Tinteractionef-
fectswereconsideredrandomfactorsinordertotestfortheherbi-
vore-inductiontreatmentusingtheappropriateerrorterm(Littell
etal., 2006). Independent analyses were performed for studying
the effect of each insect herbivore. When needed, normality was
achieved by log-transforming the raw data. We use least square

meanststandard error of the mean (s.e.m.) as descriptive
statistics.
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