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Case of a complex network structured
by chemical mediation
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Figure 1. Plant damage and HIPVs. A plant that is locally damaged by a herbivore emits induced volatiles systemically, both above- and belowground, The HIPVs can affect
various community members that each exert different selection pressures on the plant.



Case of a complex network structured
by chemical mediation:
communities of fig wasps associated with Ficus species

Over 750 distinct but comparable communities
e Ficus (Moracea) / pollinator (Agaonidae): nursery pollinator mutualism
e Usually one Ficus species-one pollinator species

*1-30 species of Non-pollinating fig wasps (NPFW)/ community
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Cycle fig/pollinator mutualism and NPFW

_Receptive fig, B-phase

Oviposition and pollen

deposition _

NPFW ~ i C- phase

N Fig in D- phase Development of

: ™~ seeds and insects

Constrasting ~
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Female
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e Cleptoparasites
e Parasitoids Wasps mate and

leave the fig



1. Importance of fig VOC in the
organization of fig wasp communities
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3. Inter-specific variation of fig VOC and
implication for fig wasp communities

4. Intra-specific variation of fig VOC and
implication for fig wasp communities




1. Importance of fig VOC in the
organization of fig wasp communities




1. Importance of fig VOC in the
organization of fig wasp communities

Attraction of fig wasps towards fig VOC Methods

Y-tube Wind tunnel 4-arms 6-arms
olfactometer olfactometer olfactometer
N / p—

<§33 € §;0

r”\f

(E)-B-caryophyllen:

j5'<

In the field | Fig VOC as
contact stimulation

Sticky traps ?

Marbles

_________________________________________



1. Importance of fig VOC in the
organization of fig wasp communities

Pollinating fig wasps

Fig VOC are attractive for 11 pollinator spp.
(Europe, Asia, Africa)

Non-pollinating fig wasps (NPFW)

Fig VOC are attractive for 6 NPFW spp.
(Europe, Asia)




1. Importance of fig VOC in the
organization of fig wasp communities

Pollinating fig wasps

Fig VOC are attractive for 11 pollinator spp.
(Europe, Asia, Africa)

Non-pollinating fig wasps (NPFW)

Fig VOC are attractive for 6 NPFW spp.
(Europe, Asia)

. & @

Pre-receptive Receptive Post-receptive Fruit

Chemical mediation facilitates resource
partitioning of the fig wasp community Proffit et al,, 2007, JAE



2. Mechanisms of fig and fig
wasps chemical communication
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2. Mechanisms of fig and fig wasps chemical communication




2. Mechanisms of fig and fig wasps chemical communication

Characterization of the VOC emitted Methods

Enclose figs in an
= Collection of « headspace » by adsorption-desorption inert plastic bag

voC Air
trapped on clean by
a cartridge charcoal
with filter
adsorbent

Trap

Micro trap

(Porapak) (Tenax + Carbotrap )

Desorption by solvent Thermal desorption



2. Mechanisms of fig and fig wasps chemical communication

Characterization of the VOC emitted Methods

= Analyze of the samples by Gas — Chromatography and Mass Spectrometry (GCMS)

7

Plateforme d’Analyse Chimique en Ecologie (PACE)

Chemical message emitted by
receptive figs of Ficus hispida




2. Mechanisms of fig and fig wasps chemical communication

Characterization of the VOC emitted

Headspace of 30 Ficus spp.
- in total < 360 VOC
- Mean VOC / individual (Mean + SD) : 24 + 12

- More than 50% of the samples contained :
Monoterpenes
(E)-B-ocimene
linalool

Sesquiterpenes
o-copaene
a-humulene
germacrene D



2. Mechanisms of fig and fig wasps chemical communication
Characterization of the VOC emitted

Headspace of 30 Ficus spp.

- in total < 360 VOC

- Mean VOC / individual (Mean + SD) : 24 + 12

- More than 50% of the samples contained :

Monoterpenes
(.E)-B-ocimene :| Occur in more than 50 % of plant families
linalool (Knudsen et al., 2006, Bot. Rev.)

Sesquiterpenes
o-copaene
a-humulene
germacrene D

‘ Fig volatile profile is composed of common floral VOC



2. Mechanisms of fig and fig wasps chemical communication
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2. Mechanisms of fig and fig wasps chemical communication

Characterization of the VOC used by fig wasps

In insects specific attraction to host plant is mediated by :
Raguso, 2008, Annu. Rev. Ecol. Evol. Syst

= Specific ratio of common compounds

= One unique compound



2. Mechanisms of fig and fig wasps chemical communication

Characterization of the VOC used by fig wasps

In insects specific attraction to host plant is mediated by :
Raguso, 2008, Annu. Rev. Ecol. Evol. Syst

= Specific ratio of common compounds

» For most fig / pollinating fig wasp

" One unique compound ‘ Private channel

100

60
» C. gravelyi is attracted by one compound 40

emitted by F. semicordata 20
CHs 0

B EFR

B MR

G

4-Methylanisole

Chen et al. 2009, Func. Ecol.



2. Mechanisms of fig and fig wasps chemical communication

Characterization of the VOCs detected by fig wasps | Methods

Gas chromatography coupled with Electro-antennographic recordings




2. Mechanisms of fig and fig wasps chemical communication

Characterization of the VOCs detected by fig wasps

F. carica / B. psenes

@AOH SOUN Study site Montpellier
benzyl alcool / linalool

0 =

OH
cis-linalool-oxide

W / oH

B-ocimene

Odeur Fig \ /
WJL.—JLMWW

Réponse

B. psenes WMMnNMMMMWWN M

0
trans-linalool-oxide

Indole
/

Réponse
P. caricae

Proffit et al., in prep.



2. Mechanisms of fig and fig wasps chemical communication

Characterization of the VOCs detected by fig wasps

F. carica / B. psenes

@AOH SOUN Study site Montpellier
benzyl alcool / linalool

0 =

OH
cis-linalool-oxide

W / oH

B-ocimene

Odeur Fig \ /
WJL.—JLMWW

Réponse

B. psenes WMMnNMMMMWWN M

Réponse
P. caricae

0
trans-linalool-oxide

Indole
/

‘ v B. psenes detects only 4 of the 40 VOC emitted by receptive figs

v' P. caricae detects 2 VOC extra
Proffit et al., in prep.



2. Mechanisms of fig and fig wasps chemical communication

VOCs used by fig wasps

Pollinating fig wasps

(peciﬁc ratio of common compourD

Or
= One unique compound ‘ Private channel

F. semicordata/ C. gravelyi



2. Mechanisms of fig and fig wasps chemical communication

VOCs used by fig wasps

Pollinating fig wasps

(peciﬁc ratio of common compourD

Or

= One uniqwe channel

F. semicordata/ C. gravelyi

mm) v Minor compounds have a major role in the attraction
v' 4-Methylanisole is emitted in small amount by F. curtipes
(Guetal., 2012, J. chem. ecol.)



2. Mechanisms of fig and fig wasps chemical communication

VOCs used by fig wasps

Pollinating fig wasps

(peciﬁc ratio of common compourD

Or

= One uniqwe channel

F. semicordata/ C. gravelyi

mm) v Minor compounds have a major role in the attraction
v' 4-Methylanisole is emitted in small amount by F. curtipes
(Guetal., 2012, J. chem. ecol.)

NPFW ?



2. Mechanisms of fig and fig wasps chemical communication

Olfactory
sensilla

(;' DRSS '/

Olfactory
receptor neurone

AIR

LYMPH

Channel

SNMP
83b Family

(Rutzler and Zwiebel, J. Comp. Physiol. A, 2005)

v" Many proteins are involved in the molecular process of VOC detection in insect
- odorant-binding proteins (OBPs), chemosensory proteins (CSPs)

- odorant receptors (ORs), gustatory receptors (GRs), ionotropic receptors (IRs),

sensory neuron membrane proteins (SNMPs)

- odorant-degrading enzymes (ODEs)



2. Mechanisms of fig and fig wasps chemical communication

AIR

CUTICLE

LYMPH

lon
Channel

Olfactory Olfactory
sensilla receptor neurone @
(Rutzler and Zwiebel, J. Comp. Physiol. A, 2005)

v" Many proteins are involved in the molecular process of VOC detection in insect

v’ Several multigenic families code for these proteins



2. Mechanisms of fig and fig wasps chemical communication

= Characterization of the genes involved in the olfaction Methods

Antennal transcriptome compared with body transcriptome

Dissection of different parts ARN extraction cDNA bank construction
of the body

3 antennae
| ¥ 3 heads
| 3 bodies

Body Head Antennae



2. Mechanisms of fig and fig wasps chemical communication

Characterization of the genes involved in the olfaction

v Putative chemosensory genes expressed in the antennae of

B. psenes:

- 16 ORs (incl. Orco)
- 7IRs

- 2 SNMPs

- Plus de 30 OBPs et ODEs

Proffit et al., in prep.

AIR

I .

LYMPH

lon
Channel

(Riitzler and Zwiebel, J. Comp. Physiol. A, 2005)

CYTOSOL




2. Mechanisms of fig and fig wasps chemical communication

= Characterization of the genes involved in the olfaction

v Putative chemosensory genes expressed in the antennae of

B. psenes: C. solmsi Nasonia vitripennis
- 16 ORs (incl. Orco) 46 301
- 71Rs 11 10
- 2SNMPs NA ?
- Plus de 30 OBPs et ODEs 7 + NA 90 +?

Xiao et al., 2013, Genome Biology

mm) Is specificity “coded” by a reduced number of chemosensory
genes and proteins ?



3. Inter-specific variation of fig VOC and
implication for fig wasp communities




3. Inter-specific variation of fig VOC

Comparison of VOC profiles among 7 fig species (3 subgenera)
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‘ Inter-specific variation of the total bouquet of VOC emitted by figs




3. Inter-specific variation of fig VOC

‘ Chemical mediation maintains host specificity

of fig wasps

Grison-Pigé et al., 2001; Chen et al., Funct. Ecol.,
2009; Proffit & Johnson, S. Afr. J. Bot. 2009;
Proffit et al., Ento. Exp. Appl., 2009

‘ Chemical mediation can represent a barrier to host shift

and pre-zygotic barrier for Ficus spp.



3. Inter-specific variation of fig VOC

Breakdowns of strict species-specificity exist

Intra - community Two or more agaonid wasps

pollinate the same host

One agaonid wasp pollinates
several species

For NPFW



3. Inter-specific variation of fig VOC

Breakdowns of strict species-specificity exist

Exist in the section Galoglychia

Elisabethiella_comptoniella

E.socotrensis sp. 1
1
E. socolrensis sp.
/____. - Daynalin
E. bergi

E. stuckenbergi sp.1
E. stuckenbergi sp.2
E. articulata

E. gfumosa7
E. sp.
Agaon sp.

fettensis

Platyphyllae

cralerostoma

burtt-davyii

Platyppyllae ... stuhlmanii Nigeriella excavata
:, elasticoides 1

Crassicdstae N. fusciceps
usambarensis Alfonsiella binghami

A. pipithiensis

Cyasthipuke. A\ scott-ellfoth

Galoglychia /....\ /utea Courtella sp.
bizanae C. armata
Caulocarpae 3} , sansibarica C. michaloudi
Allotriozoon
bubu heterandromorphum

(from Jousselin et al., Evolution,2008)

What are the biological traits allowing this breakdown of specificity?



3. Inter-specific variation of fig VOC

Breakdowns of strict species-specificity exist

F. n. natalensis

Elisabethiella Elisabethiella
socotrensis stuckenbergi

4

KwaZulu-Natal, South Africa



3. Inter-specific variation of fig VOC
Breakdowns of strict species-specificity exist

Proportion of figs / tree visited by :

|
I Swaziland Kos| Bay
~ &

c

St Lucia n=5
Richard's bay n=1

p

Mtunzini p =8
B E. socotrensis

Miunzin
* Tugela Mouth

W E. stuckenbergi

Fu_-’hz-rrau'cl:,ug ‘
bl

g b |
Vermeen Crooks 100 km— Durban n=8 both species

Vernon Crooks 1

‘ Relative frequency of the two pollinators homogeneous in KZN
(Cornille et al., Proc. R. Soc. Lond. B, 2012)

>
I




3. Inter-specific variation of fig VOC

Breakdowns of strict species-specificity exist

F. natalensis

1.0

glumosa
F. burkei

0.5

F. glumosa

Dimension 2
0.0

F. stuhlmannii

F. sur

F. sycomorus

stuhlmannii Eﬁig}

-0.5
i
i

ANV m

/-sycomorus

A'..i

A

H

A A “Anatalensis

-1.5 -1.0

-0.5 0.0 0.5 1.0
Dimension 1

‘ Volatile profiles of F. natalensis and F. burkei overlap

(Cornille et al., Proc. R. Soc. Lond. B, 2012)




3. Inter-specific variation of fig VOC

Phylogenetic inertia



Related figs usually have related pollinators

., 2012
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3. Inter-specific variation of fig VOC

Phylogenetic inertia

25 Ficus spp.
(9/14 sections)

3<n<30parsp

360 VOCs

Scent matrix (0/1 and %)

build chemograms (=“scent phylogenies”)
&

Compare them with Phylogenies

Soler et al., in prep.
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Comparison between Ficus phylogeny and chemogram

F. montana F. carica
g F. glumosa fulva
—
F. natalensis fatalehgis F esquiroliana e
F. tn:k i . aspétifolia ———
F. aspérifolis ' " F. exasperata —
F. pechycledap montana
F. auriculats cymphylla —
posssssss F. trichopoda TF. pachyclada pachyelada
F. sycomo tinctotia
F. oligody . subulata _1_
- — m NO phylogenetic inertia!
b F. subulata | . condensa
F. femicordata A\

\ ‘, F semicordata
. auticulata
‘ .
F. racemosa - oligodon
F. lutea F botryoides

prs F stuhlma . Sycomotus

F. botryoi s UF. racemosa
F.fulva ,/ ‘ F.tsjahela gibbosae

V%

s (F. CONAENSE / ‘ .glumosa
i i tichopoda
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F. exaspergh . stuhlmantii —
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3. Inter-specific variation of fig VOC

Phylogenetic inertia

‘ Phylogenetic inertia on scent seems negligible

Confirms previous studies
(e.g., Levin et al., 2003, Syst. Biol.)

Soler et al., in prep.
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4. Intra-specific variation of fig VOC and
implication for fig wasp communities



4. Intra-specific variation of VOC



4. Intra-specific variation of VOC

-> Spatial variation

Two species with large geographic ranges (F. hispida and F. racemosa):
scent is different in India but constant within East Asia

AF.racemosalndia ~ AF.racemosaChina  AF racemosaThailand  OF hispidaindiaA  @®F hispidaindiaB  OF. hispida China

r %0

30

Component 2

20

10

A
- A ———
Q S @ Arm A s Componentl

-10

(a) 20

(Soler et al., 2011)



4. Intra-specific variation of VOC

-> Spatial variation

‘ Two species with large geographic ranges (F. hispida and F. racemosa):
scent is different in India but constant within East Asia
Molecular data show that population in China and India-Thailand form
distinct groups (Bain et al., 2016, Evol. Ecol.)

AF. racemosa India

AF. racemosa China

A F.racemosa Thailand

OF. hispida India A

®F. hispida India B

OF. hispida China

o~
o}
a
S
o
Q

-20 -10
o ° o

-10

20

ATA 7\
a0 Componegbt

(Soler et al., 2011)



4. Intra-specific variation of VOC

-> Temporal variation

Floral ontogeny / Post-pollination

Qualitative and quantitative differences of floral scent over the development
Pic of emission during receptivity

“linalool

“ (E)-B-farnesene
5 “ germacrene A
4

—

Total emission (ng/fig/h)
Do

R+12 R+16

R-1 Receptivity R+2 R+4 R+8 -
(Proﬁ%%%%l., 2008)



4. Intra-specific variation of VOC

Inter-sexual variation

® © .-~

- .
’ -~ ’ U
Y N ‘. Y

Male % % Female

TRENDS in Ecology & Evolution



4. Intra-specific variation of VOC

Inter-sexual variation

) © . ---_

Female

TRENDS in Ecology & Evolution

Why don’t wasps avoid female figs?

=» Chemical mimicry hypothesis
(Grafen & Godfray 1991)

(Hossaert-McKey et
al., 2016, Sc. Report)



4. Intra-specific variation of VOC

Inter-sexual variation

Male Female
Why don’t wasps avoid female figs?
=» Chemical mimicry hypothesis
(Grafen & Godfray 1991)

0.0 05
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" S
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Dimension 1
F. hispida
-1.0 -0.5 0.0 0.5 1.0

Dimension 1

(Hossaert-McKey et
al., 2016, Sc. Report)



4. Intra-specific variation of VOC

Inter-sexual variation

Female
TRENDS in Ecology & Evolution
Why don’t wasps avoid female figs?
‘ Chemical mimicry
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(Hossaert-McKey et
al., 2016, Sc. Report)



4. Intra-specific variation of VOC
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What to do next ?

1. Importance of fig VOC in the
organization of fig wasp communities

" Vo s |
ﬁ ( ) ’M 2. Mechanisms of fig and fig
» wasps chemical communication

~ A

3. Inter-specific variation of fig VOC and
implication for fig wasp communities

4. Intra-specific variation of fig VOC and
implication for fig wasp communities




Perspectives

1. Importance of fig VOC in the
organization of fig wasp communities

» Increase the number of species, specially NPFW



Perspectives

(o]

ﬂ @_)%&‘ 2. Mechanisms of fig and fig
. wasps chemical communication

w

# - Compare the VOC used by the pollinator and NPFW
- Compare the genes coding for olfactory proteins



Perspectives

# Compare the VOC detected and used by wasps sharing the same host

3. Inter-specific variation of fig VOC and
implication for fig wasp communities




Perspectives

Quantify the variation within VOC ratio still eliciting a
behavioral response

4. Intra-specific variation of fig VOC and
implication for fig wasp communities
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