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Host-shift speciation resulting in congruent phylogenies,
but with shorter branches in the parasite lineages
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Where to find genuine plant - insect coevolution?

The plant - insect mutualisms where
* the insect pollinates flowers

e then oviposits to some of them so that the larval survival depends
on successful pollination

Ficus - Agaonidae wasps
Yucca - Tegeticula moths (Yponomeutidae)
Trollius - Chiastocheta (Anthomyiidae) flies

Glochidium - Epicephala (Gracillaridae) moths




Ficus and their pollinating wasps
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Ficus — pollinator wasp evolution
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Australasia
Afrotropical
Neotropical

Australasia + Eurasia
Afrotropical + Eurasia

Cruaud et al. Syst.
Biol. 61(6):1029—
1047, 2012



How the fig - wasp relationships evolved?

(a) Cospeciation

(b) Speciation by host switching

Aaaonidae mean aae (Ma)

Temporal congruence of the 198
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Coevolution: reciprocal evolutionary change in interacting species

Escape-and-radiate coevolution

1. Plants evolve (via mutation, recombination) a new toxin/deterrent.

2. New chemical leads to protection from herbivores.

3. Protected plants enter a new adaptive zone, in which they are free to radiate.
4. Herbivores evolve (via mutation, recombination) ways to deal with new toxin.
5. Herbivores enter a new adaptive zone and are free to radiate.

6. The cycle is repeated.
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Tetraopes beetles and Asclepias hosts: evolutionary defence escalation

beetles

FPhaea jucunda

P. canescens

P. biplagiata

P. maryannae

P. mirabilis
Tetraopes paracomes
T. ineditus

T. discoideus (MEX)
T. discoideus (USA)
T. umbonatus

T. melanurus

T. linsleyi

T. quinquemaculatus
T. annulatus

T. pilosus

T. mandibularis

T. tetropthalmus

T. varicornis

T. femoratus

T. sublaevis

T. basalis

Ipomoea pandurata
I. leptophylla
Stemmadenia
Stemmadenia

Thevetia

Matelea

Marsdenia

Asclepias curassavica
A. subverticillata

A. glaucescens

A. tuberosa

hostplants

simple
cardenolides

A. linaria

A. amplexicaulis
A. sullivanti

A. arenaria

more complex,

A. Iarg‘i:ﬁ.fm toxic
A. syriaca cardenolides
A. notha
A. speciosa most toxic
A erosa cardenolides,
concentrated in latex

A. eriocarpa

Farrell & Mitter
1998
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Phylogenetic signal in a forest
plant-caterpillar food web
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Phylogenetic congruence for the most abundant lepidopteran species and plant species. Each
rectangle represents a family for tree species; colours indicate different lepidopteran
superfamilies. The trophic network is nonrandomly structured. Wang et al. Molecular Ecology. 2020;29:2747-2762
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Swiss Alp meadows: 231 most abundant plant species vs. all butterfly species
Strong phylogenetic signal but a lot of phylogenetically unexplained
variability

Pellissier et al. 2013, Ecology Letters



Blepharida beetles on Bursera plants:
secondary chemistry has low phylogenetic signal, explains multiple host colonizations
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with phylogeny of its beetles
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Host selection by
beetles can be better
explained by plant
similarity in secondary
metabolites than by
plant phylogeny

Becerra 1997



Asclepias defense strategies: life history traits and phylogeny

A, amplexicaulis &

—— A. purpurascens &
A. erfocarpa A

A. hallii C
A exaltata

A. fuberosa C
A, syriaca A

J A. asperula C
| E A. viridis C
/ A, sullivantif

— A. varfegata &

— A, hirtella &
1.00

A. speciosa A
A. oenotheroides C

.59
j: A. califarnica A
A. cordifolig ©

(R

A. curassavica C

| A. incarnata C

A i. pulchra C

[ G. cancellatus C
G. fruticosus C

= 0.001 substitutions/site

0.
0.83
0.89 A. verticiltata C
1.00 A perennis C

A calfornica
A. eriocarpa
A. speciosa
A. syriaca
A exailtata

A. californica

A. hirfella

G. cancellatus
A. asperula
A. exaltata G fruticosus
A. viridis

A. i, puichra

A. senotheroides
A, curassavica

A perennis

A. lubercsa

A. verticillata

A. fascicularis

A. incarnata

A hallis

A. cordifolia

A. asperula

A. fascicularis C

Distribution of defense strategies on Asclepias phylogeny

Agrawal & Fishbein, Ecology, 87 Suppl., 2006, S132-S149

A: soft leaves, many trichomes, high latex
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Phenogram recognizing three defense strategies

Putative defense trait

Latex (mg)

Cardenolides (% dry mass)
Trichomes (no. hairs/cm”)
Toughness (g)

C:N

Walter content (%)
Specific leal’ area (mm~/mg)

B: tough leaves, low water content, medium latex

C: soft leaves, low latex, high cardenolides



Asclepias defense strategies: phylogenetically unstable

Molecular cladogram Defense phenogram
A. amplaxicaulis -_A_amplaxicaylis ———
A. purpurascens .~ A variegata
A, hirtella —______ " A sullivanti
A. speciosa ~_ ‘v A. hirtella
A. oenotheroides™ ’ A. exaltata ——
A. variegata d A, purpurascens ———
A. asperula . A. californica | B: tough leaves, low water
A, viridis " ' A. eriocarpa —— .
o content, medium latex

A. sullivantii i‘# 4 A. SPECIOSa =—— ’
A, eriocarpa *- A. syriaca
A. hallii ' A. asperula ————
A. exaltata /. A. viridis ——

— A. tuberosa ‘ G. fruticosus

—— A. syriaca ( G. cancellatus
A. californica A. cordifolia ——
A, cordifolig ———— A hattii —J C: soft leaves, low latex,
A. curassavica [\ ——— A fascicularis high cardenolides
A. fascicularis —— 5/ A. INCAMNAE ——— e N
A. verticillata )" A. curassavica
A. perennis M A, oenotheroides
A. incarnata AL pulchra ——d
A, I pulchra ' A, DETENNIS —
G. cancellatus A, tuberosg —
G. fruticosus A. verticillata

Agrawal & Fishbein, Ecology, 87 Suppl., 2006, S132-S149



Inga spp.: chemistry, biotic protection by ants, trichomes, and leaf production seasonality,
not phylogeny, correlate with the composition of herbivore communities

A Gelechioidea phylogeny

) Inga .phylogeny
p=0.7

Riodinidae phylogeny
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Chemical profile Molecular network

Extraction

I -u' - = Metabolomic
d analysis

Relative abundance
L 4 . IE
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() Saponin glycosides @ Flavones @ Flavan-3-ol polymers ® Inga sapindoides
() Quinic acid gallates @ Flavonols @ Other ® Inga umbellifera
0 Cinnamic acid derivatives @ Flavan-3-ols () Unknown () Both

98 tropical species of Inga (Fabaceae). Endara et al Annu. Rev. Ecol. Evol. Syst. 2023. 54:107-27



Herbivores feeding on latex-rich Asclepiadaceae - Apocynaceae colonize
preferably other latex plant lineages

_ Rhamnales |
Other angiosperms . Magnoliales |
Rutaceae |
Anacardiaceae
Ebenales
. Theales
Latex/resin Violales
clades Euphorbiales
Urticales
Fabales
Asterales §
_ Solanales
Asteridae Dipsacales [os<]
Lamiales ST

Scrophulariales | TS

|
0 10 20
Number of milkweed herbivore groups

Number of colonization of plants from various orders by herbivores feeding on latex-rich Asclepiadaceae -
Apocynaceae plants: insects retain their taste for latex
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Compounds found in:
@ ECI tree species
BCI large genera only

@ SERC tree species

36,223 compounds in leaves of tree and
shrub species from Maryland and Panama.
Nodes represent compounds. Links
between nodes represent structural
similarity between compounds.
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Percent dry mass
cardenolides (®) or phenolics (0)

Escalation: the trait value increases in the course of evolution

1- Phylogenetic escalation

0.9 o of phenolics and decline

0.8+ 0, O of cardenolides in

0.7 1 0 Asclepia spp.

0.6 - 0 0 oy .- Cardenolide

0.54 0 . —Q'o‘o'@ - 0

04 1 ,‘,,—8'" oo o ©

0.3+ O“'D-:,_____ oo.%oo o

021 o8 e, Divergent plant defences:

0.1+ * "o’\‘. o ¢ traits more dissimilar between close relatives than
0 . = . - expected under a conserved model of evolution
0.000 0.005 0.010 0.015 0.020

Insect herbivore ENEMY PARTITIONING

Root to tip distance (substitutions / site) > Plant Diversity

specialization

Becerra JX 2015: PNAS 112, 6098
Agrawal et al. 2009’ Evolution 63-3: 663—673 Futuyma & Agrawal, 2009, PNAS 106: 18054-18061
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Defence divergence in a species-rich genus: Inga

tenuistipula
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phylogeny
cladogram
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chemistry
dendrogram

Inga species co-occurring as neighbors are
more different in anti-herbivore defenses
than random, suggesting that possessing a

rare defense phenotype increases fitness.

Defense Trait

Phylogenetic
Dispersion

Dispersion

Peru Panama
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NRI: net relatedness index, NTI: nearest taxon index

Community species composition phylogenetically clustered in Peru and over-dispersed in
Panama, defence traits over-dispersed in both locations

Kursar et al. PNAS 2009. 106:18073
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When anti-herbivore secondary metabolites become useless

Willows: protected by salicylates

* some species invest large resources (represent up to 20% of plant biomass)
» salicylates only work against generalist herbivores

* overall herbivore density not correlated with salicylate content

e some species lost salicylates

P. tremula ©
100 = S. cinerea L
0.72 ’
S. aur
0.95 |te.1 . = 10
—_— e 5. Myrsinifolia D
N : S. caprea o 8
s S. viminalis =
0.84 —S. purpurea § © Q .
— —S.rosmarinifolia £ 4
1.00 == S, fragilis 5 5
100 _C S. pentandra 2 g o o .
S. alba 0 | |
0 1 2 3 4 5 6
Species that lost salicylates Salicylate content (logaritmical scale)

Volf, et al 2015. J. Anim. Ecol. 84, 1123, and 2015 Ent. Exp. Appl. 156, 88



Is narrow host specialization an evolutionary dead-end?

Chrysomela beetles dependent for anti-predator defence on salicylates from Salicaceae hosts
develop a new defense, butyric acid, that allows expansion of their host range to Betulaceae

= gutogenous

host derived

unknown

butyric acids

salicylaldehyde
from salicin

monoterpene
iridoids

et it

m—— Tiixed

dual
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C. nterrupta”™
C. knabi *

C. mainensis™
C. lapponica-Que
. lapponica-MC
G, lapponica-Cze
C. lapponica-Finl

C.sp"
C. aenicollis™
C. littorea™

C. falsa™
C. walshi *

C. intermna®

C. zalicivorax

C. scripta
C. laurentia
C. eonfluens
C. schaefferri

C. colleris

C. cuprea

C. populi
C. tremulae

C, 20punctata

d

m— Salicaceae
=== Betulaceae

rww Egquivocal

L. aonas
Pl. versicolora

P tibialis

P laticolis
Ph, brassicas

G, viridula

G. cyarea
Pl. viridipannis

Cutgroup

=

|

|
- -

::II_.II N W NN NN NN NN N

=== Pglygonaceae

== Brassicaceae

=== Sterculiaceae

Termonia et al. 2001




I 1 Inrasorinae
O Parnipinae
M Synergus complex
eelkd Rhoophilus
@ Periclistus

m Ceroptres

m Synophromorpha
W Xestophanes

| Insect-parasitic in galls

inquilines in galls
on woody rosids

gallers of Rosaceae,

[ Gonaspis -
— & Diastrophus mostly Potentilla & Rubus
@ Liposthenes s. str.
@ L. kerneri
0 Cecconia mostly _gallers
WHE Antistrophus of Lamiaceae
@ Rhodus (Nepeta, Phlomis
B Hedickiana & Salvia)
B Neaylax
@ /socolus
| w1 Aulacidea s. str. | gallers of Asteraceae
@ A. phlomica
@ A. verticillica
@ Vetustia
W Panteliella complex
| 10 Barbatinia
L| 0 Aylax gallers of Papaveraceae
J L' 100 lraella
meprsnnrna s PhaTim complex | gallers of Asteraceae
LLI = B Eschatocerus
- ® Diplolepidini | gallers of woody rosids,
Himalocynips } including familiar rose
WIK] Pediaspis and oak gallers
. MW Cynipini
Host plant family
1 Papaveraceae I Rosaceae polymorphic
B |amiaceae B Fagaceae B uncertain

E5 Asteraceae [*##{ other

inquilines do not induce their own galls,
feed inside galls of other spp.

Host plants of galling cynipid wasps:
numerous transitions

Evolution, 55(12), 2001, pp. 2503-2522
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Gall wasps (Cynipidae): second largest radiation of gallers, 1300 spp.

other woody
plants

roses

herbs

=5 Inquilines
L[ Xestophanes
|0 Gonaspis

—L @ Diastrophus

:El Liposthenes s. str.
' O L. kerneri
O Cecconia
@ Antistrophus
W Rhodus
T Hedickiana
10 Neaylax

£ /socolus

@ Aulacidea s. str.
== A. phlomica
O A. verticillica
O Vetustia
& Panteliella complex
IO Barbotinia
1] Aylax
S =0 fraeffa

—E PhaTim complex

___F00 Eschatocerus

“1L = Diplolepidini

=] Himalocynips

~E Fediaspis
3 Cynipini

Lamiaceae

Most of species on woody plants, particularly oaks (a),
species on herbaceous plants mostly on Asteraceae (b)

Asteraceae

Phylogenetic conservatism in the
position of galls on host plants

[ fruit, seed or flower
BT stem, twig or runner

BB leaf

B bud

polymorphic Evolution, 55(12), 2001, pp. 2503-2522
- U nCE rtEH n EVOLUTION OF THE GALL WASP-HOST PLANT ASSOCIATION

FREDRIK RONQUIST!Z AND JOHAN LILJEBLAD?#



Cynipid gallers Andricus on oaks in Europe: evolutionary conservatism in gall type

Outgroup

A. lignicola (2)

A. gallaetinctoniae (3)
A. kollari (1)

A. carruptrix

A. corigrius (4)

A. conglomeratus

A. confficus (5)
A. curtisii (6)

P A_hartigi {7}

A. gemmea (8)

A. dentimitratus (10)
. capuimedusae (11)
. quercuscalicis (9)

. coronatus (12)
. mitratus
.quercustozae (13)

.hungaricus
. lucidus (15)
. seckendorfi(14)

. pantali (16)
.mayri{17)

Y O TR Y T X X X2 Xa Is

. schroeckingeri

_solitanius
fecundator (18,19}
. eurvatar

. guadrilineatus

T I Ix Xn X Ia

. maipighii (20)

™

-

’

;

—

A. kollar
clade

A. hartigr
clade

A. quercuscalicis %5

clade

A. fecundator
clade

TRENDS in Ecology & Evolution

Figure 4. Pat
data [19,20].
(solid woody galls
sticks b
cor

du

ers have evolved
twice (green bars)
ingle larva. Images 35, 7,10-12, 17



Guilds of sawflies:
surprising phylogenetic flexibility
[for such complex change]

rval f ing habi
[ External feeder
[ Leaf miner
[ Gall inducer
B shoot borer
B Leaf roller
[ Fruit miner
I Feticle miner

Helerarthrinae

o et External feeder
Leaf miner

s acens (Shz1)
74 Hunmmmhnstsnsn
Heferariins ucomedn (S)

B4
LT T

== Shoot borer
- i TN Leaf roller

- _m,,,mﬂrrgw Fruit miner
B Petiole miner

suwm (B4}

Pseudodineurini

BED. (ME)
Pl pers ; mmmnmm:sc&p

Leppanen 2014




When the Brinish biologist J. B. S. Haldane
was asked by a group of theologians what one

could conclude as to the nature of the Creator
from a study of His creation, Haldane 15 sand
to have answered, “An nordinate fondness
tor beetles™ ( /). Haldane’s remark retlects the

8

td Herbivores
L1 Camnivores
B Saprophages

77
7%

8

Number of beetle genera
L]
3

Permlan

“Inordinate Fondness”
Explained: Why Are There So
Many Beetles?

Brian D. Farrell

Triaasic Jurassic Cretaceous Tertiary

N

N
NN

/ § - 20000
%sf‘

Recent

Fig. 1. The number of beetle genera of each of
three trophic levels (34) per geological period
(Permian to Tertiary) and epoch (Recent) (5,
35). Permian fossils are entirely of the saproph-
agous Archosternmata (5), and the first
Adephaga and Polyphaga (the curculionoid Ob-
rienidae) appear in the Triassic (9). Low diver-
sity in the Cretaceous likely reflects the paucity
of studied strata. The proportions of fossil gen-
era in each beetle series (defined by Crowson)
in the Tertiary and Recent are significantly
correlated (P = 0.001). The disproportionate
rise in the diversity of the post-Cretaceous
phytophagous beetles likely reflects the expo-
nential rise in angiosperm diversity, particularly
of herbaceous taxa.
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Nemonychidae(85)
Attelabinae(

— Rhynchitinae(] 300)

Antliarhininae(24)
Apioninae(1500)
Rhynchophoridae(1100)
Curculionidae(40502)
Oxycoryninae(10)
Allocoryninae(20)
Belinae(150)
Prioninae(770)
Asemmac(?'i}
Spondylinae(3)
( erambycinae( 10000)
I.amiinae( 14000)
Lc turinae( 1000)
Palophaginae(3)
Megalopodinae(350)
Zcugop orinae(50)
Orsodacninae(8)
Aulacoscelidinae( 18)
Eyncunae(t 1)
umolpinae(3200)
Megas:,elldmae(ﬁﬂ)
Lamprosomatinae( 190)
Chlamisinae(360)
Clytrinae(947)
Cryptocephalinae(2290)
Chrysomelinae(2000)
Galerucinae(53
Alticinae(8000)
Cassidinae(3000)
Hispinae(3000)
Donaciinae( 165)
Criocerinae( 1400)
Pach mennaei??)
Amblycerinae(400)
Bruchinae(3000)

early Oligovene

Farrell 1998

angiosperms
conifers
Cycadales

1 - 5: colonizations
of angiosperms

Beetles: high species
diversity associated
with feeding on
angiosperms




Host specificity:
1s narrow specialization determined by speciation dynamics?

Transition from a generalist to a specialist is more likely than reverse transition

Elachistidae

Mymphalini butterlies

Dendroctonus bark beetles

Heliothinae butterlies

Fapilio butterlies

Oreing leaf beetles

Uraleucon aphids

Timatcha leaf beetles

Cphraella |eaf beetles

Timema walking sticks

(Graphivm butterlies

zomoctean |eaf beetles

Chngsoling leaf beetles

Oraosonhila flies

Enchenopa treshoppers ‘

0 0.5
Proportion of speciation events

Nosil 2002 B Generalist to Specialist O Specialist to Generalist




Mass extinction (Cretaceous-Tertiary boundary): specialists die first
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#Specimens

10 100

510
ESLO
BriLd
avrld
G910
0ol1d
G510
BoL0
S0
Evld
arld
L¥FlO
Or1d
SELd
G5ld
Ze10
a510
GO
rEld
EELD
ZELd
6210
8210
8s10d
Lald
8510
210
ecld
0210
GLLlO
Li10
aL1d
SiLa
Fi1d
ELLd
£L1d
ald
ea.Ld
L5100
L510
0510
Lild
8010
|0Ld
L0100
a0.10a
SoLd
010
£014
alld
LoLa

Labandeira et al. 2002 PNAS 99:2061

Damage types



30 No. of mouthpart

o 9.

Mouthpart Classes classes
20
10
0
600 .
No. of insect
Taxa (Families) 500 families
400
300
200
100
- 0
Paleozoic Mesozoic Cenozoic
Devonian —E'“%E%'-’- Permian | Trias.| Jurassic Cretaceous Tertiary
T T T T ¥ T T T
400 350 300 250 200 150 100 50 1]

While number of insect families is steadily increasing through evolution, there has not
been any major inovation in mouthparts dor almost 100 million years:
has everything been already invented?

Bt ooy 2 5050
prertalivk i

Why are there so many insect species?

Perspectives from fossils and phylogenies

Peter | Maghew®



Evolution of larval feeding in insects

By AT TGRS Danceties & FUNGIVORY

Mosquitoes, Robber flies  Fruit flies,

Fleas

Scorpionflies :ﬂr::gg;i?es it fﬁes Pmmﬁngﬁd flies D ET R IT | VO RY

and allies and allies

oion Sogtes, PHYTOPHAGY

Caddisflies i i PREDATORY

Weevils, Leaf beetles
and allies

Darkling beetles and allies &

lf}arpet beetles and allia;a;é\

Scarabs and allies Q

PARASITOIDS

Micromoths”

Water Scavenger Beetles
(=
: » 15 )
e - Click Beetles and allies ahrqchmurgaor:‘i:s --e-- Fungivory o
7" Ground Beetles and w o ;
Water Beetles I ® —e— Phytophagy .
Reticulated Beetles and Skiff Beetles & o | ~® Predation >
& ) = - ..
Strepsiptera \—Diplura =R e ®-  Parasitoidism Ty
Lacewings lProtura . £ ——d ¥
=] s .
Alderflies and Fishflies - __Springﬁa” s l‘. '1 5 —®— Ecto-Parasitism . .
Snakeflies’ Bristletails B
Stinging Wasps, 'Silverfish :ﬁ— T
Ants and Bees E
Mayflies ’4) 5
5]
Q
<
“Parasitic wasps” Dragonfiles
Damselflies |
“Sawflies” Eani
arwigs )
Flat bugs, Stink bugs, iy
Seed bugs and allies \ Stoneflies /ﬁ:
Assassin bugs, Plant bugs, i i} Crickets and Katydids
Bed bugs and aliies N b w._.,
Shore bugs Xy — —— Grasshoppers M
Gnat Bugs, Litter bugs 0SS )
and Semi aquatic bugs / bugs ce crawlers and Gladiators
Water bugs Webspinners .
_ Planthoppers Thrips Mantids Stick insects %
; # . Cicadas, froghoppers, [ "Booklice” and Parasitic Lice ~ “Roach osaﬁ:? o
{ Ieaﬂ-mppsrs and allies ches 8 enni.te_e_;_

Aphids, Whitefly and scale insects / ﬁ
aﬁs * ";M o Rainford & Mayhew 2015, Amer Nat 186

Figure 2: Reconstructed dietary ecologies for the larval raw data set under maximun likelihood. Ecologies are denoted as follows: dark blue =
fungivory, cyan = detritivory, green = phytophagy, red = predatory, magenta = parasitoids, and yellow = ectoparasites. Taxa and nodes with
mixed states are indicated by dashed lines. Taxa with unknown states are shown in gray. Colored dots denote the positions of sister-group
comparisons (table 2). The coloration of the outer ring denotes major clades (gray = Entognatha, black = basal insects, cyan = Palacoptera,
purple = green = red = ‘The pie chart (insef) gives the relative species richness associated with
uting to all relevant states; see data deposited in the Dryad Digital Repository: htp://




Extinction of large mammalian herbivores in past 130,000 years:

what are ecological consequences?
(b)

100
j _
(a) H 100,000 10,000 1,000 100
100
50
S 0
E 100,000 10,000 1,000 100
5

Generic extinctions {%)

100,000 10,000 1.000 100

0.01-5 5-100 100-1,000 1.000+ 100,000 10,000 1,000 100
Body mass range (kg) Years ago

{a) The percentoge of genera of large mommalion herbivores that have gone extinct in the lost 130,000 years is sirongly size dependent {data from North and South America, Europe,
and Australia combined). {Afier Owen-Smith, 1987.) (b) Percentage survival of large animals on three continents and two large islands (New Zealond and Modogoscar). (After Martin,
1984.)



recently extinct and extant megafauna -
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What were ecological roles or recently extinct megafauna?

Janzen & Martin (1982) NEOTROPICAL
ANACHRONISMS: The Fruits the
Gomphoteres Ate

THE END

Large recently extinct fauna, such as gomphoteres in S. America,
could be important consumers and dispersal agents of large fruits

Crescentia alata Enterologium cyclocarpum

Similar role played by
forest elephants in Africa



http://upload.wikimedia.org/wikipedia/commons/f/f3/Loxodontacyclotis.jpg
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