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Résumé

De nombreux et divers micro-organismes vivent dans les tissus interne et externe des
feuilles des plantes, la phyllosphère. Ils influencent de nombreux traits, les interactions bio-
tiques, le flux d’énergie, la tolérance au stress de leur hôte et en fin de compte la valeur sélec-
tive de leurs hôtes. Il a été montré que plusieurs traits quantitatifs de plantes structurent
la communauté microbienne de la phyllosphère. Ainsi des Loci de ces traits quantitatifs
(Quantitative Trait Loci QTL) liés à la structure de cette communauté étaient attendus.
L’objectif principal de ce travail était de rechercher des régions génomiques chez le chêne
(Quercus robur L.), dont l’effet se prolonge jusqu’au niveau de la communauté, influencant
ainsi le microbiote de la phyllosphère. Tout d’abord, nous avons étudié la composition et
le réseau d’interactions du microbiote de la phyllosphère partant un intéret particulier à
Erysiphe alphitoides, un agent pathogène majeur pour les chênes. Nous avons montré que
l’infection par E. alphitoides est accompagnée par des changements dans la composition de
la communauté fongique foliaire, mais pas dans le composition de la communauté bactéri-
enne. Nous avons souligné certains partenaires d’interaction d’E. alphitoides et nous avons
montré que le réseau d’interactions microbiennes, contrairement aux résultats précédents,
été dominé par des interactions positives. Ensuite nous avons effectué une analyse QTL
de descripteurs de la communauté microbienne dans une population de pleins frères. Nous
avons trouvé 8 QTL correspondant à des traits de la communauté microbienne: composi-
tion fongique et bactérienne, diversité fongique, pourcentage de Erysiphe alphitoides. Trois
d’entre eux sont colocalisés avec un QTL de sensibilité à E. alphitoides, suggèrent un fort
déterminisme génétique de la résistance à l’oïdium chez Q. robur . Enfin, nous présentons
les résultats préliminaires d’une étude d’association génétique et discutons nos resultats
avec une perspective évolutive.

Mots clés : microbiote de la phyllosphère, séquençage de dernière génération, Ery-
isphe alphitoides, Quercus robur, génétique des communautés, réseaux
d’interactions microbiennes
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Abstract

Numerous and various microorganisms inhabit inner and outer tissues of plant leaves, the
phyllosphere. They influence many plant traits, biotic interactions, energy flux, host stress
tolerance and ultimately the fitness of their hosts. Many plant quantitative traits were
shown to structure the phyllosphere microbial community. Hence quantitative trait loci
(QTLs) linked to the structure of this community were expected. The main objective of
this work was to search for genomic regions in oak (Quercus robur L.), whose effect extends
to the community level, influencing the phyllosphere microbiota. First, we studied the
composition and the interaction network of oak phyllosphere microbiota with specific focus
on Erysiphe alphitoides, a major biotrophic pathogen of oak. We showed that infection by
E. alphitoides is accompanied by changes in the foliar fungal community composition but
not in the bacterial community composition. We highlighted likely interaction partners of
E. alphitoides and we showed that the complex microbial interaction network, in contrast
to previous findings, was dominated by positive interactions. Next we performed QTL
analysis of microbial community descriptors in a full-sib mapping population of oak. We
found 8 QTLs for microbial community traits: fungal and bacterial composition, fungal
diversity, and percentage of Erysiphe alphitoides reads. Three of these QTLs colocalized
with a QTL for powdery mildew sensibility, suggesting for strong genetic determinism of
powdery mildew resistance in Q. robur . Finally we present preliminary results of a genetic
association study and discuss our findings within an evolutionary perspective.

Keywords: phyllosphere microbiota, next-generation sequencing, Erysiphe alphi-
toides, Quercus robur, community genetics, microbial interaction net-
works
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Chapter 1

Introduction

Today it is commonly accepted that microbe-free plants probably do not exist
(Partida-Martínez & Heil, 2011). The entirety of Bacteria, Archea and Fungi in-
habiting the plant outer and inner tissues is called plant microbiota1. It impacts
plant hormones, nutrient cycling, plant resistance to biotic and abiotic stress, in
essence plant growth and survival, two key components of fitness. Plant fitness
therefore depends on the plant per se and its microbiota, which collectively form
a holobiont2 (Vandenkoornhuyse et al., 2015). The holobiont concept requires a
holistic perception for the understanding of plant ecology and evolution. A broad
overview of plant fitness thus needs: 1) an exhaustive description of the microbiota,
2) the determination of the core microbiota, 4) an understanding of the community
assemblage rules shaping those communities, 5) an understanding of the functions of
the microbiota, 6) an understanding of the plant-microbiota interactions, and 7) of
the interactions occurring between the members of the microbiota. The community
genetics approach provides tools to better understand how the plant influences its
microbiota.

1.1 Community genetics (Plant genetics structures
associated communities)

Community genetics3 unifies the diverse theories, concepts and techniques of com-
munity ecology, evolutionary biology, genetics and genomics to understand the ecol-
ogy and evolution of interactions among species within communities (Antonovics,
1992; Agrawal, 2003; Whitham et al., 2006; Rowntree et al., 2011; Hersch-Green
et al., 2011). The idea was born out of the recognition that most ecological systems

1Microbiota: the sum of all microorganisms (Bacteria, Archea, Fungi) that inhabit a specific
ecological niche

2Holobiont: the animal or plant with all of its associated microorganisms
3Community genetics: the study of the role of genetic variation in influencing species inter-

actions and determining community structure

1
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Figure 1.1: Extended phenotype (modified after Whitham et al. (2006))

do not involve simple pairwise interactions among species, but multiple complex
interactions within and among trophic levels, and that traditional coevolutionary
models were too limited to explain species interactions in this context (Neuhauser
et al., 2003; Rowntree et al., 2011).

An important milestone in the development of community genetics as an au-
tonomous research area was the 2003 Ecology special feature edited by A.A. Agrawal
(2003). In this feature, Whitham et al. (2003) reviewed the evidence for the pres-
ence of an extended phenotype4 sensu Dawkins (1982), i.e., the effects of genes
at levels higher than the population (Figure 1.1), in multiple ecological systems and
highlighted the role of genetic variation in important traits of dominant5 and of
keystone species6 in structuring natural communities. Neuhauser et al. (2003)
demonstrated in turn that neither ecological nor evolutionary models alone could
explain the response of communities under strong selection and highlighted areas of
applied research where a community genetic approach could answer tangible ques-
tions with a large socio-economic impact. For example, a community genetics per-
spective helps to understand how natural enemies (predators, parasitoids, pathogens)
may affect the rate of resistance evolution of herbivores to plant defenses because of
the role that natural enemies play in biasing the mortality of resistant vs. susceptible
herbivore genotypes (Neuhauser et al., 2003). In the case of strong resistance (e.g.,
plants expressing high doses of Bt toxin), the density of feeding-stage herbivores on
Bt plants will initially be orders of magnitude lower than the density of feeding-stage
herbivores on non-Bt plants. However, resistant individuals will form a much higher
fraction of the herbivores feeding on the Bt plants than on the non-Bt plants. A pos-

4Extended phenotype: the effects of genes at levels higher than the population.
5Dominant species: a species, which garners a disproportionate share of resources and con-

tributes most to productivity.
6Keystone species: a species whose effect is large, and disproportionately large relative to its

abundance
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itively density-dependent attack rate implies lower risk at low densities, which would
allow resistant genotypes to ’escape’ from attacks by natural enemies in the Bt crop.
The result would be accelerated resistance evolution. An inversely density-dependent
attack rate, on the other hand, would imply increased risk at lower herbivore densi-
ties and a delay in the evolution of resistance (Neuhauser et al., 2003). Community
genetics has largely focused on the role of genetic variation in plant populations for
associated microbial, arthropod and plant communities (Whitham et al., 2006; John-
son & Stinchcombe, 2007; Hughes et al., 2008; Bailey et al., 2009; Whitham et al.,
2012). It supports the hypothesis that intraspecific genetic variation has cascading
effects on communities and ecosystems. For instance, genetic differences among in-
dividual plants influence abundance, composition and diversity of herbivorous and
predaceous arthropod species (Table 1.1 on the following page), the performance
and the coexistence of competing plant species (Table 1.2 on page 6), the microbial
communities (Table 1.3 on page 7), and the flow of energy and nutrients through
ecosystems (Table 1.4 on page 9).

Every biotic interaction of an individual is considered as a part of its commu-
nity phenotype7, whether the partners interact directly, e.g. they are involved
in a predator-prey or a host-pathogen interaction, or indirectly through indirect
trait-mediated interactions. The community phenotype was shown to be partially
inheritable, and high levels of heritability were reported (broad sense) (Johnson &
Agrawal, 2005; Bailey et al., 2006; Shuster et al., 2006; Schweitzer et al., 2008a;
Whitham et al., 2008). Host plant genotype explained for example up to 41% of the
variation in the diversity of insect communities associated with the evening prim-
rose (Johnson & Agrawal, 2005) and 50–63% of the community composition on a
single cottonwood species (Shuster et al., 2006). In these cases, some traits and thus
some genes must drive the community phenotype more than others and Quantita-
tive Traits Loci (QTL) for community descriptors are thus expected (Whitham et al.,
2003). A highly accessible study system to apply community genetics concept is the
plant and its phyllosphere8 associated communities, as many of the plant traits
exert direct effects on the phyllosphere habitat with the potential of extended effects
at the community and ecosystem levels (Whipps et al., 2008; Bodenhausen et al.,
2014). These traits vary between individual plants and are ultimately controlled by
plant genotype (Hunter et al., 2010; Reisberg et al., 2013).

7Community phenotype: effects of genes at community level
8Phyllosphere: foliar tissues and foliar surfaces (see Section 1.2 on page 11)



CHAPTER 1. INTRODUCTION 4

T
ab

le
1.

1:
E
xa

m
pl
es

of
pl
an

t
ge
ne
ti
c
va
ri
ab

ili
ty

eff
ec
ts

on
ar
th
ro
po

d
co
m
m
un

it
ie
s.

O
rg
an

is
m

E
ffe

ct
s
of

pl
an

t
ge
ne
ti
c
va
ri
ab

ili
ty

R
ef
er
en
ce
s

La
te

go
ld
en
ro
d

(S
ol
id
ag
o
al
tis

si
m
a)

G
ol
de
nr
od

cl
on

es
di
ffe

re
d
in

re
si
st
an

ce
to

15
of

16
he
rb
iv
or
ou

s
in
se
ct

sp
ec
ie
s.

A
ut
ho

rs
fo
un

d
he
ri
ta
bl
e
va
ri
at
io
n
in

re
si
st
an

ce
fo
r

10
of

th
es
e
in
se
ct
s.

M
ad

do
x
&

R
oo

t,
19

87

A
rr
oy
o
w
ill
ow

(S
al
ix

la
si
ol
ep
is
)

T
he

to
ta
lc

om
m
un

ity
st
ru
ct
ur
e
of

fo
ur

sa
w
fly

sp
ec
ie
s
va
ri
ed

am
on

g
w
ill
ow

cl
on

es
.
B
et
w
ee
n
9
an

d
50

%
of

va
ri
at
io
n
in

th
e

de
ns
ity

of
th
es
e
sp
ec
ie
s
w
as

du
e
to

w
ill
ow

cl
on

e
ge
no

ty
pe

.

Fr
it
z
&

P
ri
ce
,1

98
8

Se
as
id
e
ta
ns
y

(B
or
ri
ch
ia

sp
.)

P
la
nt

cl
on

e
an

d
en
vi
ro
nm

en
t
w
er
e
fo
un

d
to

ha
ve

si
gn

ifi
ca
nt

eff
ec
t

on
th
e
su
cc
es
s
of

th
e
ga

ll
m
id
ge

A
sp
ho
nd

yl
ia

bo
rr
ic
hi
ae
,a

nd
on

th
e
pa

ra
si
to
id

co
m
m
un

ity
co
m
po

si
ti
on

.
T
he

eff
ec
t
of

en
vi
ro
nm

en
t

w
as

us
ua

lly
st
ro
ng

er
th
an

th
at

of
ge
no

ty
pe

.

St
ili
ng

&
R
os
si
,1

99
6

C
ot
to
nw

oo
ds

in
te
rs
pe

ci
fic

hy
br
id
s

(P
op
ul
us

an
gu
st
ifo

lia
x
P
.
fr
em

on
tii

)

P
la
nt

cr
os
s
ty
pe

st
ru
ct
ur
ed

th
e
ar
th
ro
po

d
co
m
m
un

ity
(2
07

sp
ec
ie
s)

of
in
di
vi
du

al
tr
ee
s
(c
om

m
on

ga
rd
en

an
d
w
ild

st
an

ds
).

P
la
nt

ge
ne
ti
c
di
ve
rs
ity

ac
co
un

te
d
fo
r
ne
ar
ly

60
%

of
th
e
va
ri
at
io
n

in
ar
th
ro
po

d
di
ve
rs
ity

.

W
im

p
et

al
.,
20

04

C
om

m
on

ev
en
in
g-
pr
im

ro
se

(O
en
ot
he
ra

bi
en
ni
s)

G
en
ot
yp

ic
di
ffe

re
nc
es

am
on

g
pl
an

ts
(1
4
ge
no

ty
pe

s,
92

6
pl
an

ts
)

ac
co
un

te
d
fo
r
as

m
uc
h
as

41
%

of
th
e
va
ri
at
io
n
in

ar
th
ro
po

d
di
ve
rs
ity

.
T
he
re

w
er
e
si
gn

ifi
ca
nt

pl
an

t
ge
no

ty
pe

-b
y-
ha

bi
ta
t

in
te
ra
ct
io
ns

(fi
ve

na
tu
ra
lh

ab
it
at
s)
.

Jo
hn

so
n
&

A
gr
aw

al
,

20
05

La
te

go
ld
en
ro
d

(S
ol
id
ag
o
al
tis

si
m
a)

In
cr
ea
si
ng

po
pu

la
ti
on

ge
no

ty
pi
c
di
ve
rs
ity

in
S.

al
tis

si
m
a

de
te
rm

in
ed

ar
th
ro
po

d
di
ve
rs
ity

an
d
co
m
m
un

ity
st
ru
ct
ur
e.

C
ru
ts
in
ge
r
et

al
.,
20

06

co
nt
in
ue
d.
..



CHAPTER 1. INTRODUCTION 5

O
rg
an

is
m

E
ffe

ct
s
of

pl
an

t
ge
ne
ti
c
va
ri
ab

ili
ty

R
ef
er
en
ce
s

C
om

m
on

ev
en
in
g-
pr
im

ro
se

(O
en
ot
he
ra

bi
en
ni
s)

G
en
et
ic

va
ri
at
io
n
in

he
ri
ta
bl
e
pl
an

t
tr
ai
ts

(%
of

le
af

w
at
er

co
nt
en
t,
tr
ic
ho

m
e
de
ns
ity

,a
nd

%
of

le
af

N
)
ex
pl
ai
ne
d
49

%
of

th
e

va
ri
at
io
n
in

ap
hi
d
po

pu
la
ti
on

gr
ow

th
ra
te
.

Jo
hn

so
n,

20
08

Q
ua

ki
ng

as
pe

n
(P

op
ul
us

tr
em

ul
oi
de
s)

V
ar
yi
ng

pl
an

t
ge
no

ty
pi
c
di
ve
rs
ity

an
d
w
at
er
in
g
tr
ea
tm

en
t
al
te
re
d

m
ul
ti
va
ri
at
e
ar
th
ro
po

d
co
m
m
un

ity
co
m
po

si
ti
on

an
d
st
ru
ct
ur
e.

K
an

ag
a
et

al
.,
20

09

M
ay
a
nu

t
(B

ro
si
m
um

al
ic
as
tr
um

)

M
or
e
ge
ne
ti
ca
lly

si
m
ila

r
tr
ee
s
ho

st
m
or
e
si
m
ila

r
co
m
m
un

it
ie
s
of

ep
ip
hy

ti
c
pl
an

ts
,l
ea
fl
it
te
r
in
ve
rt
eb
ra
te
s
an

d
tr
un

k
dw

el
lin

g
in
ve
rt
eb
ra
te
s.

Zy
ty
ns
ka

et
al
.,
20

11

Q
ua

ki
ng

as
pe

n
(P

op
ul
us

tr
em

ul
oi
de
s)

A
rt
hr
op

od
co
m
m
un

ity
si
m
ila

ri
ty

w
as

be
tt
er

ex
pl
ai
ne
d
by

ge
og

ra
ph

ic
(5
6%

)
an

d
en
vi
ro
nm

en
ta
l(

32
%
)
di
st
an

ce
th
an

ge
ne
ti
c

di
st
an

ce
in

cl
on

al
as
pe

n
st
an

ds
.
T
he
re

w
as

a
si
gn

ifi
ca
nt

re
la
ti
on

sh
ip

be
tw

ee
n
ge
ne
ti
c
an

d
ar
th
ro
po

d
di
ve
rs
ity

in
hy

br
id

st
an

ds
.

M
en
es
es

et
al
.,
20

12

P
op

ul
us

fr
em

on
ti
i,
P
.

an
gu
st
ifo

lia
an

d
th
ei
r

F
1
hy

br
id
s

P
la
nt

hy
br
id
iz
at
io
n
an

d
ge
no

ty
pe

im
pa

ct
lit
te
r-
dw

el
lin

g
sp
id
er
s.

W
oj
to
w
ic
z
et

al
.,
20

14

Se
ss
ile

oa
k

(Q
ue
rc
us

pe
tr
ae
a)

P
ed
un

cu
la
te

oa
k
(Q

.
ro
bu
r)

C
on

tr
ar
y
to

pr
ev
io
us

fin
di
ng

s
au

th
or
s
fo
un

d
no

si
gn

ifi
ca
nt

in
flu

en
ce

of
oa

k
ge
no

ty
pe

on
ar
th
ro
po

d
co
m
m
un

it
ie
s.

G
os
sn
er

et
al
.,
20

15



CHAPTER 1. INTRODUCTION 6

T
ab

le
1.

2:
E
xa

m
pl
es

of
pl
an

t
ge
ne
ti
c
va
ri
ab

ili
ty

eff
ec
ts

on
as
so
ci
at
ed

pl
an

t
co
m
m
un

it
ie
s.

O
rg
an

is
m

E
ffe

ct
s
of

pl
an

t
ge
ne
ti
c
va
ri
ab

ili
ty

R
ef
er
en
ce
s

Sc
ot
s
pi
ne

(P
in
us

sy
lv
es
tr
is
)

G
en
et
ic
al
ly

de
te
rm

in
ed

ch
em

ic
al

di
ve
rs
ity

of
m
on

ot
er
pe

ne
s
of

in
di
vi
du

al
tr
ee
s
w
as

si
gn

ifi
ca
nt
ly

po
si
ti
ve
ly

as
so
ci
at
ed

w
it
h
th
e

sp
ec
ie
s
ri
ch
ne
ss

of
th
e
gr
ou

nd
ve
ge
ta
ti
on

be
ne
at
h
th
e
tr
ee
.

Ia
so
n
et

al
.,
20

05

Sm
oo

th
co
rd
gr
as
s

(S
pa
rt
in
a
al
te
rn
ifl
or
a)

D
iff
er
en
t
cl
on

e
ge
no

ty
pe

s
in
flu

en
ce
d
re
cr
ui
tm

en
t
an

d
gr
ow

th
of

ot
he
r
pl
an

t
sp
ec
ie
s.

P
ro
ffi
tt

et
al
.,
20

05

Sc
ot
s
pi
ne

(P
in
us

sy
lv
es
tr
is
)

T
he

m
on

ot
er
pe

ne
ph

en
ot
yp

e
of

P
.
sy
lv
es
tr
is

ha
d
an

eff
ec
t
on

th
e

pa
tt
er
ni
ng

of
th
e
un

de
rs
to
ry

ve
ge
ta
ti
on

.
P
ak

em
an

et
al
.,
20

06

B
la
ck

m
us
ta
rd

(B
ra
ss
ic
a
ni
gr
a)

G
en
et
ic

va
ri
at
io
n
in

th
e
co
nc
en
tr
at
io
n
of

an
al
le
lo
pa

th
ic

se
co
nd

ar
y

co
m
po

un
d
in

B
.
ni
gr
a
is

ne
ce
ss
ar
y
fo
r
th
e
co
ex
is
te
nc
e
of

B
.
ni
gr
a

an
d
it
s
co
m
pe

ti
to
r
sp
ec
ie
s.

La
nk

au
&

St
ra
us
s,

20
07

C
oy
ot
e
br
us
h

(B
ac
ch
ar
is

pi
lu
la
ri
s)

G
en
et
ic
al
ly

ba
se
d
ar
ch
it
ec
tu
ra
ld

im
or
ph

is
m

w
it
hi
n
a
do

m
in
an

t
na

ti
ve

sh
ru
b,

B
.
pi
lu
la
ri
s,

in
flu

en
ce
d
ri
ch
ne
ss

an
d
co
ve
r
of

co
lo
ni
zi
ng

pl
an

t
sp
ec
ie
s
(b
ot
h
na

ti
ve

an
d
ex
ot
ic

sp
ec
ie
s)
.

C
ru
ts
in
ge
r
et

al
.,
20

10

C
ot
to
nw

oo
ds

in
te
rs
pe

ci
fic

hy
br
id
s

(P
op
ul
us

an
gu
st
ifo

lia
x
P
.
fr
em

on
tii

)

U
nd

er
st
or
y
bi
om

as
s
an

d
co
ve
r
in
cr
ea
se

al
on

g
th
e
ge
ne
ti
c
gr
ad

ie
nt

fr
om

P
.a

ng
us
tif
ol
ia

to
P
.f
re
m
on

tii
.
A
lo
ng

th
e
sa
m
e
hy

br
id
iz
at
io
n

gr
ad

ie
nt
,s

pe
ci
es

ri
ch
ne
ss

de
cr
ea
se
s
an

d
sp
ec
ie
s
co
m
po

si
ti
on

sh
ift
s.

La
m
it
et

al
.,
20

11

N
ar
ro
w
le
af

co
tt
on

w
oo

d
(P

op
ul
us

an
gu
st
ifo

lia
)

Tr
ee

ge
no

ty
pe

aff
ec
te
d
lic
he
n
sp
ec
ie
s
ri
ch
ne
ss
,t
ot
al

lic
he
n
co
ve
r,

lic
he
n
sp
ec
ie
s
co
m
po

si
ti
on

,a
nd

ro
ug

h
ba

rk
co
ve
r,
w
he
re
as

en
vi
ro
nm

en
t
on

ly
in
flu

en
ce
d
co
m
po

si
ti
on

an
d
th
er
e
w
er
e
no

ge
no

ty
pe

by
en
vi
ro
nm

en
t
in
te
ra
ct
io
ns
.

La
m
it
et

al
.,
20

15



CHAPTER 1. INTRODUCTION 7

T
ab

le
1.

3:
E
xa

m
pl
es

of
pl
an

t
ge
ne
ti
c
va
ri
ab

ili
ty

eff
ec
ts

on
m
ic
ro
bi
al

co
m
m
un

it
ie
s.

O
rg
an

is
m

E
ffe

ct
s
of

pl
an

t
ge
ne
ti
c
va
ri
ab

ili
ty

R
ef
er
en
ce
s

M
ou

nt
ai
n
bi
rc
h

(B
et
ul
a
pu

be
sc
en
s)

M
ou

nt
ai
n
bi
rc
h
tr
ee
s
sh
ow

ed
he
ri
ta
bl
e
va
ri
at
io
n
in

th
ei
r
fo
lia

r
en
do

ph
yt
ic

fu
ng

i.
E
la
m
o
et

al
.,
19

99

F
1h
yb

ri
ds

of
P
op
ul
us

fr
em

on
tii

x
P
.

an
gu
st
ifo

lia
,b

ac
kc
ro
ss

P
.
an

gu
st
ifo

lia
,a

nd
P
.
fr
em

on
tii

In
tr
og

re
ss
io
n
of

Fr
em

on
t’
s
co
tt
on

w
oo

d
m
ar
ke
rs

w
as

st
ro
ng

ly
an

d
ne
ga

ti
ve
ly

re
la
te
d
to

th
e
co
nc
en
tr
at
io
n
of

co
nd

en
se
d
ta
nn

in
s
an

d
po

si
ti
ve
ly

re
la
te
d
to

en
do

ph
yt
es
,i
nd

ic
at
in
g
th
at

th
es
e
co
m
po

un
ds

m
ay

be
a
ch
em

ic
al

m
ec
ha

ni
sm

th
at

in
hi
bi
ts

fu
ng

al
co
lo
ni
za
ti
on

in
co
tt
on

w
oo

ds
.

B
ai
le
y
et

al
.,
20

05

F
1h
yb

ri
ds

of
P
op
ul
us

fr
em

on
tii

x
P
.

an
gu
st
ifo

lia
,b

ac
kc
ro
ss

P
.
an

gu
st
ifo

lia

M
ic
ro
bi
al

co
m
m
un

ity
co
m
po

si
ti
on

ab
ov
e-

an
d
be

lo
w
-g
ro
un

d
w
as

co
rr
el
at
ed

to
th
e
co
nc
en
tr
at
io
n
of

co
nd

en
se
d
ta
nn

in
in

th
e
fo
lia

ge
of

th
e
as
so
ci
at
ed

tr
ee

ge
no

ty
pe

.

Sc
hw

ei
tz
er

et
al
.,
20

06

E
ur
op

ea
n
be

ec
h

(F
ag
us

sy
lv
at
ic
a)

D
is
si
m
ila

ri
ty

be
tw

ee
n
fu
ng

al
as
se
m
bl
ag
es

w
as

co
rr
el
at
ed

w
it
h
th
e

ge
ne
ti
c
di
st
an

ce
ra
th
er

th
an

th
e
ge
og
ra
ph

ic
di
st
an

ce
be

tw
ee
n

tr
ee
s.

C
or
di
er

et
al
.,
20

12
a

G
ar
lic

m
us
ta
rd

(A
lli
ar
ia

pe
tio

la
ta
)

V
ar
ia
ti
on

in
al
le
lo
ch
em

ic
al

pr
od

uc
ti
on

am
on

g
A
.
pe
tio

la
ta

in
di
vi
du

al
s
al
te
re
d
th
e
pl
an

t’
s
im

pa
ct

on
so
il
co
m
m
un

it
ie
s,

es
pe

ci
al
ly

ar
bu

sc
ul
ar

m
yc
or
rh
iz
al

fu
ng

i.
T
he
se

al
te
re
d
so
il

co
m
m
un

it
ie
s
in

tu
rn

le
ad

to
a
gr
ad

ie
nt

of
im

pa
ct
s
on

na
ti
ve

tr
ee

se
ed
lin

gs
.

La
nk

au
,2

01
1

B
al
sa
m

po
pl
ar

(P
op
ul
us

ba
ls
am

ife
ra
)

H
os
t
ge
no

ty
pe

s
ha

d
a
st
ru
ct
ur
in
g
eff

ec
t
on

th
e
co
m
po

si
ti
on

of
fo
lia

r
fu
ng

al
co
m
m
un

it
ie
s.

B
ál
in
t
et

al
.,
20

13

co
nt
in
ue
d.
..



CHAPTER 1. INTRODUCTION 8

O
rg
an

is
m

E
ffe

ct
s
of

pl
an

t
ge
ne
ti
c
va
ri
ab

ili
ty

R
ef
er
en
ce
s

N
or
w
ay

sp
ru
ce

(P
ic
ea

ab
ie
s)

A
ut
ho

rs
fo
un

d
a
st
at
is
ti
ca
lly

si
gn

ifi
ca
nt

cl
on

e-
sp
ec
ifi
c
eff

ec
t
on

ec
to
m
yc
or
rh
iz
al

fu
ng

al
di
ve
rs
ity

an
d
do

m
in
at
in
g
fu
ng

al
sp
ec
ie
s.

V
el
m
al
a
et

al
.,
20

13

T
ha

le
cr
es
s

(A
ra
bi
do
ps
is

th
al
ia
na

)

D
iff
er
en
t
A
ra
bi
do
ps
is

ac
ce
ss
io
ns

ex
hi
bi
te
d
di
ffe

re
nt

ba
ct
er
ia
l

co
m
m
un

it
ie
s,

in
di
ca
ti
ng

th
at

pl
an

t
ho

st
ge
ne
ti
c
fa
ct
or
s
sh
ap

e
th
e

as
so
ci
at
ed

m
ic
ro
bi
ot
a.

B
od

en
ha

us
en

et
al
.,

20
14

W
in
e
gr
ap

e
(V

iti
s
vi
ni
fe
ra
)

V
ar
ie
ta
lp

at
te
rn
s
in

gr
ap

e-
su
rf
ac
e
m
ic
ro
bi
ot
a
su
gg

es
t
a
ge
ne
ti
c

co
m
po

ne
nt

to
ho

st
-m

ic
ro
bi
al

in
te
ra
ct
io
ns

on
th
e
gr
ap

e
su
rf
ac
e.

B
ok

ul
ic
h
et

al
.,
20

14

N
ar
ro
w
le
af

co
tt
on

w
oo

d
(P

op
ul
us

an
gu
st
ifo

lia
)

E
nd

op
hy

ti
c
fu
ng

al
co
m
m
un

ity
st
ru
ct
ur
e,

in
cl
ud

in
g
co
m
po

si
ti
on

an
d
ab

un
da

nc
e,

va
ri
ed

am
on

g
ge
no

ty
pe

s.
La

m
it
et

al
.,
20

14

B
al
sa
m

po
pl
ar

(P
op
ul
us

ba
ls
am

ife
ra
)

T
he

ph
yl
lo
sp
he
re

fu
ng

al
co
m
m
un

it
ie
s
ar
e
st
ro
ng

ly
in
flu

en
ce
d
by

th
e
in
te
ra
ct
io
n
of

en
vi
ro
nm

en
t
an

d
ho

st
ge
ne
ti
c
pr
op

er
ti
es
.

B
ál
in
t
et

al
.,
20

15

Le
tt
uc
e
ac
ce
ss
io
ns

(L
ac
tu
ca

sp
p.
)

D
iff
er
en
t
le
tt
uc
e
ge
no

ty
pe

s
su
pp

or
te
d
si
gn

ifi
ca
nt
ly

di
ffe

re
nt

ph
yl
lo
sp
he
re

fu
ng

al
co
m
m
un

it
ie
s.

H
un

te
r
et

al
.,
20

15

C
er
ea
ls

(T
ri
tic

um
ae
st
iv
um

,H
or
de
um

vu
lg
ar
e,

A
ve
na

sa
tiv

a,
Se
ca
le

ce
re
al
e,

Tr
iti
cu
m

x
Se
ca
le
)

H
os
t
ge
no

ty
pe

at
bo

th
th
e
sp
ec
ie
s
an

d
cu
lt
iv
ar

le
ve
li
s
im

po
rt
an

t
in

sh
ap

in
g
th
e
ph

yl
lo
sp
he
re

fu
ng

al
co
m
m
un

it
ie
s,
w
he
re
as

fu
ng

ic
id
e

tr
ea
tm

en
t
an

d
lo
ca
ti
on

ha
d
m
in
or

eff
ec
ts
.

Sa
pk

ot
a
et

al
.,
20

15



CHAPTER 1. INTRODUCTION 9

T
ab

le
1.

4:
E
xa

m
pl
es

of
pl
an

t
ge
ne
ti
c
va
ri
ab

ili
ty

eff
ec
ts

on
ec
os
ys
te
m
s.

O
rg
an

is
m

E
ffe

ct
s
of

pl
an

t
ge
ne
ti
c
va
ri
ab

ili
ty

R
ef
er
en
ce
s

P
op
ul
us

fr
em

on
tii
,P

.
an

gu
st
ifo

lia
an

d
th
ei
r

F
1
hy

br
id
s

A
ut
ho

rs
fo
un

d
th
at

th
e
co
nc
en
tr
at
io
n
of

co
nd

en
se
d
ta
nn

in
s
is

ge
ne
ti
ca
lly

ba
se
d
an

d
is

th
e
be

st
pr
ed
ic
to
r
of

ec
os
ys
te
m
-le

ve
l

pr
oc
es
se
s.

C
on

de
ns
ed

ta
nn

in
in
pu

ts
fr
om

fo
lia

ge
ex
pl
ai
ne
d

55
–6

5%
of

th
e
va
ri
at
io
n
in

so
il
ne
t
ni
tr
og

en
m
in
er
al
iz
at
io
n.

Sc
hw

ei
tz
er

et
al
.,
20

04

Tr
em

bl
in
g
as
pe

n
(P

op
ul
us

tr
em

ul
oi
de
s)

A
sp
en

ge
no

ty
pe

id
en
ti
ty

ex
pl
ai
ns

a
la
rg
e
po

rt
io
n
of

va
ri
at
io
n
in

le
af

lit
te
r
de
co
m
po

si
ti
on

ra
te
s,

an
d
th
er
ef
or
e
in
flu

en
ce
s
nu

tr
ie
nt

cy
cl
in
g.

M
ad

ri
tc
h
et

al
.,
20

06

P
op

ul
us

m
od

el
sy
st
em

C
on

de
ns
ed

ta
nn

in
s
in

pl
an

ts
co
ns
is
te
nt
ly

sl
ow

ra
te
s
of

le
af

lit
te
r

de
co
m
po

si
ti
on

an
d
re
du

ce
nu

tr
ie
nt

av
ai
la
bi
lit
y
in

te
rr
es
tr
ia
l

ec
os
ys
te
m
s.

Sc
hw

ei
tz
er

et
al
.,

20
08

b

P
op
ul
us

fr
em

on
tii
,P

.
an

gu
st
ifo

lia
an

d
th
ei
r

F
1
an

d
ba

ck
cr
os
s

hy
br
id
s

Tr
ee

ge
ne
ti
c
va
ri
at
io
n
co
rr
el
at
ed

w
it
h
so
il
m
ic
ro
bi
al

co
m
m
un

ity
co
m
po

si
ti
on

an
d
nu

tr
ie
nt

av
ai
la
bi
lit
y
(i
no

rg
an

ic
N
it
ro
ge
n,

A
m
m
on

iu
m
,N

it
ra
te
).

Sc
hw

ei
tz
er

et
al
.,
20

10

V
ar
io
us

tr
ee

sp
ec
ie
s

Tr
ee

ge
no

ty
pe

s
di
ffe

r
in

th
ei
r
co
m
pa

ti
bi
lit
y
w
it
h
pa

rt
ic
ul
ar

ec
to
m
yc
or
rh
iz
al

fu
ng

al
sp
ec
ie
s,
an

d
th
er
ef
or
e
co
ul
d
ha

ve
ca
sc
ad

in
g

eff
ec
ts

on
so
il
C

se
qu

es
tr
at
io
n.

H
oe
ks
em

a
&

C
la
ss
en
,

20
12

V
ar
io
us

te
rr
es
tr
ia
l

pl
an

t
sp
ec
ie
s

B
ec
au

se
di
ffe

re
nt

ge
no

ty
pe

s
of

te
rr
es
tr
ia
lp

la
nt

sp
ec
ie
s
su
pp

or
t

di
ffe

re
nt

so
il
bi
ot
a
an

d
so
il
pr
oc
es
se
s,

sh
ift
s
in

ge
ne
ti
cs

ar
e
lik

el
y

to
ha

ve
ca
sc
ad

in
g
eff

ec
ts

on
ec
os
ys
te
m
s.

F
is
ch
er

et
al
.,
20

14

co
nt
in
ue
d.
..



CHAPTER 1. INTRODUCTION 10

O
rg
an

is
m

E
ffe

ct
s
of

pl
an

t
ge
ne
ti
c
va
ri
ab

ili
ty

R
ef
er
en
ce
s

P
op
ul
us

fr
em

on
tii
,P

.
an

gu
st
ifo

lia
C
lo
se
ly

re
la
te
d
tr
ee

sp
ec
ie
s
di
ffe

re
nt
ia
lly

m
od

ul
at
e
el
em

en
ta
l(
C
,

N
)
flu

xe
s
in

st
re
am

w
at
er

du
ri
ng

de
co
m
po

si
ti
on

,w
it
h
in
it
ia
ll
it
te
r

ch
ar
ac
te
ri
st
ic
s
lik

el
y
dr
iv
in
g
nu

tr
ie
nt

cy
cl
in
g
du

ri
ng

de
co
m
po

si
ti
on

.

P
as
to
r
et

al
.,
20

14



CHAPTER 1. INTRODUCTION 11

1.2 The phyllosphere, a link between the plant and
the world

Definition of the term

Two definitions of the term “phyllosphere” (Greek “phyllo” - leaf) are commonly
found in the literature. One refers to all aboveground parts of a plant (e.g. Lindow
& Brandl, 2003; Vorholt, 2012; Bulgarelli et al., 2013), the other refers solely to the
leaf surface and the leaf tissues (e.g. Andrews, 1992; Morris, 2001; Rastogi et al.,
2013; Peñuelas & Terradas, 2014). Further in this work, I will use the latter, unless
indicated otherwise:

“The phyllosphere is the microenvironment extending from the leaf sur-
face outward to the outer edge of the boundary layer surrounding the
leaf and inward into the leaf tissues” (Morris, 2001)

The phyllosphere has been studied as a microbial ecosystem since the 1950s (Kerling,
1958; Morris, 2001). Since the dawn of the next-generation molecular technologies
(Handelsman, 2004; Liu et al., 2007; Bartram et al., 2011; Di Bella et al., 2013), their
application in the area of phyllosphere microbiology is rapidly increasing and so is the
number of new studies providing further insights into community variation, drivers,
functions, and interactions with biotic and abiotic components (Whipps et al., 2008;
Jumpponen & Jones, 2010; Redford et al., 2010; Finkel et al., 2011; Cordier et al.,
2012b; Bálint et al., 2013; Rastogi et al., 2013; Kembel et al., 2014).

Topography and microclimatic conditions

Millions of years of plant evolution have selected for adaptations to allow plants to
survive in nearly all possible habitats on earth. These adaptations are reflected in the
astonishing variability of microscopic surface structures on plant leaves (Figure 1.2
on the next page). The epidermal cells create a sculpturing of the surfaces in the
micro-scale, but on a smaller scale, these surface cells are structured as well (Koch
et al., 2009). Epidermal cells can differ in the shape of the outer (periclinal) wall and
the shape of the boundaries to the adjacent cells (anticlinal walls). If the anticlinal
walls are sunken, they provide favorable conditions for microbial colonization, pos-
sibly due to better capability to retain surface water (Morris, 2001). Periclinal walls
are covered with a continuous extracellular hydrophobic membrane, the cuticle. One
of the most important properties of the cuticle is the transpiration barrier function.
This property is based on the integrated (intracuticular) and superimposed (epi-
cuticular) waxes, which can differ in composition, thickness and microtopography
(Andrews, 1992; Yeats & Rose, 2013). Epicuticular wax structures and composition
are important in determining fungal pathogen development and, thus, pathogenic-
ity (Yeats & Rose, 2013). In addition to protection against water loss, the cuticle
prevents leaching of ions from the inside of the cells. These plant adaptations to the
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Figure 1.2: Macroscopically visible optical appearance of plant surfaces and their
surface micro-structures, shown in the SEM micrographs. In (a) leaves appear glossy
because of the flat surface structure of the surface, shown in (b). In (c) the flower
leaves appears velvet, because of the micro-structure of the epidermis cells shown in
(d). In (e) the white appearance of the leaves is caused by a dense layer of hairs,
shown in (f). (g) Shows a white or bluish leaf surface, which is densely covered with
three-dimensional waxes (h) (Koch et al., 2009)

terrestrial life, create unfavorable conditions for microbial survival on the leaf sur-
faces – an oligotrophic environment with limited water availability (Derridj, 1996).
Mercier and Lindow (2000) showed for various plant species that the population size
of epiphytic bacteria is limited by the abundance of carbon sources on the leaf sur-
face. They hypothesized that this is due to limitations in wettability and/or diffusion
of nutrients across the leaf surface. Additionally the available nutrients are highly
heterogeneously distributed on the leaf surface (Leveau & Lindow, 2001; Lindow
& Brandl, 2003), which leads to aggregated distribution of micro-organisms on the
leaves and their non-random associations with surface structures likely providing nu-
trients and water, e.g. along veins, anticlinal walls and trichomes (Monier & Lindow,
2004, 2005; Yadav et al., 2005). To overcome the water limiting conditions, some
bacteria developed the ability to increase water permeability of leaf cuticle, which in
turn increased the availability of water and dissolved compounds in the phyllosphere
(Schreiber et al., 2005; Van Der Wal & Leveau, 2011). From the perspective of a
microbial cell the topography of the leaf is one of hills, peaks, valleys, and craters
(Figure 1.3 on the following page). Additionally to the aforementioned features com-
mon to most plants, some structural elements might be present or absent depending
on plant taxonomic identity. These include trichomes and emergences, stomata, and
hydathodes (Andrews, 1992). Leaf surface is a dynamic structure and its topogra-
phy changes during leaf development and maturation and with it the conditions of
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Figure 1.3: The phyllosphere. The middle panel shows a soybean plant, and the
right panel shows a magnified schematic cross-section of a leaf. Various microor-
ganisms, and in particular bacteria (shown) and fungi (not shown), can colonize the
surface of the leaf and the apoplast. a) Scanning electron micrograph (SEM) showing
the edge of an Arabidopsis thaliana leaf with trichomes visible on the upper side. b)
Sem of epiphytic Sphingomonas sp. Fr 1 on the surface of a leaf. The bacterial cells
are located in the grooves formed by the junctions of the epidermal plant cells. c)
Epifluorescence image of Pantoea agglomerans str. 299R constitutively expressing
cfp, and Pseudomonas syringae pv. tomato str. DC3000 producing mCherry, on an
A. thaliana leaf. Parts a, b images courtesy of G. Innerebner, ETH Zurich; part c
image courtesy of M. Remus-Emsermann, ETH Zurich (Vorholt, 2012)

leaf as microbial habitat. For instance young holm oak (Quercus ilex ) leaves possess
trichomes on adaxial9 and abaxial10 surfaces and shed the adaxial trichomes dur-
ing the maturation, which decreases the wettability of the adaxial part of the leaf
(Fernández et al., 2014). Whereas for the birch trees it was shown that the num-
ber of trichomes seems to be established during the early leaf development, as their
density decreases with leaf expansion (Valkama et al., 2004). The adaxial surface of
young cranberry (Vaccinium macrocarpon) leaves is characterized by regular pattern
of broad expanses on the cell surfaces, which are damaged during the leaf matura-
tion, creating irregular abrasions, and altered microclimatic conditions on the leaf
surface (Mechaber et al., 1996).

The phyllosphere environment encompasses a variety of microclimatic conditions
9adaxial: upper surface of a leaf

10abaxial: lower surface of a leaf
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with cyclic and noncyclic environmental variables, including temperature, relative
humidity, dew, rain, wind and radiation (Andrews, 1992; Morris, 2001; Peñuelas
et al., 2012). These conditions are of varying importance for the phyllosphere mi-
croorganisms: depending on whether they reside as epiphytes in exposed sites on
the leaf surface or as endophytes, avoiding the stresses on the exterior by inhabiting
the interior of the leaf. Leaves are surrounded by a boundary layer, a zone within a
few millimeters of each leaf in which the diffusion resistance and heat transfer rates
of the air are different from those of the ambient air, and which is influenced by
the microtopography of the leaf (Koch et al., 2009). Relative humidity within the
boundary layer is generally greater than that of ambient air. Much of the water va-
por in the boundary layer originates from stomata as leaves transpire (Morris, 2001).
The temperature at the leaf surface may be as much as 5–7°C greater than that of
the air and it can vary by as much as about 4°C across a single leaf, the leaf edges
generally being cooler than the central part of the leaf (Morris, 2001; Pincebourde &
Woods, 2012). Some fungal and bacterial pathogen infections can also lead to ther-
mal changes on a leaf by either impeding (Oerke et al., 2006) or increasing (Melotto
et al., 2006) its transpiration. The microbes on leaves within a plant canopy are ex-
posed to a combination of both direct and diffuse UV light depending on the position
of the leaf within the canopy and adaxial or abaxial position of the microbes on the
leaf (Lindow, 2006). Tolerance to UV irradiation is reflected in the relatively high
frequency of occurrence of pigmented bacteria and fungi on plants (Sundin, 2002;
Lindow & Brandl, 2003; Jacobs et al., 2005; Andrews, 1992; Atamna-Ismaeel et al.,
2012; Mizuno et al., 2012).

As shown above many leaf morphological properties influence the microclimatic
conditions of the phyllosphere and exert direct or indirect effects on its microbial
inhabitants. Additionally leaf chemical properties can effect leaf microbiota on dif-
ferent levels. Leaf emit volatile organic compounds (VOC), which may constitute
a carbon source for microbes (e.g. methane) or may protect the plant by inhibit-
ing microbial growth (e.g. monoterpenes) (Junker & Tholl, 2013). Furthermore the
chemical properties of leaves can have far reaching effects by influencing microbial
communities on litter and thereby also the decomposition rate and the nutrient cy-
cling (Pastor et al., 2014). As it was shown for aspen, soil microbial communities
adapt to rapidly process specific genotypes of aspen leaf litter, accelerating nutrient
cycling. Hence the extended phenotype of aspen feeds back to influence the fitness
of causal genotypes through soil processes (Madritch & Lindroth, 2011). It can not
be ruled out, that leaf litter and soil microbiota influence the microbial community
assembly of a tree phyllosphere as it was shown for crop plants (Copeland et al.,
2015).

Microbial inhabitants of the phyllosphere

The majority of the 1.5 · 108km2 of terrestrial surface of the Earth is covered with
plants (Figure 1.4 on the next page). The total leaf surface area of these plants,
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Figure 1.4: Global vegetation cover. Map by Robert Simmon, based on data from
the MODIS Land Cover Group, Boston University.

that might be colonized by microbes, has been estimated to be about 2− 6 · 108km2,
or approximately twice as great as the land surface (Morris, 2001; Vorholt, 2012).
Assuming that there are on average 106 − 107 bacteria per square cm of leaf sur-
face, the planetary phyllosphere bacterial population could comprise up to 1026 cells
(Morris & Kinkel, 2002; Vorholt, 2012). The total size of the fungal population of
the planetary phyllosphere has not yet been estimated but is expected to be very
high, yet lower than that of bacteria (Vorholt, 2012).

A wide range of microorganisms survives and proliferates in the phyllosphere.
Natural openings in the leaf tissue, such as stomata and hydathodes, allow ready
passage of microorganisms between the external and internal domains of the phyl-
losphere (Morris, 2001). But some fungal parasites developed the ability to breach
through the cuticle and plant cell wall to reach plant cytoplasm (s. Section 1.4 on
page 19). Bacterial and fungal populations on leaves are hyperdiverse (Arnold et al.,
2000; Yang et al., 2001; Lambais et al., 2006; Jumpponen & Jones, 2009; Zimmerman
& Vitousek, 2012; Lau et al., 2013), but some phyla and groups are frequently found
on many plant species. Among Bacteria Proteobacteria (and within this phylum,
the classes Alphaproteobacteria and Gammaproteobacteria in particular), predomi-
nate the phyllosphere of distinct plant species (Whipps et al., 2008; Vorholt, 2012;
Kembel et al., 2014; Delmotte et al., 2009; Redford & Fierer, 2009). Ascomycota
dominate phyllosphere fungal communities of many plant species with the families
Taphrinaceae and Mycosphaerellaceae seeming to be commonplace (Jumpponen &
Jones, 2009; Cordier et al., 2012b; Lau et al., 2013; Douanla-Meli et al., 2013; Meiser
et al., 2013).

Bacterial cells on leaves are commonly found as aggregates which are generally
embedded within extracellular polymeric substances and can include multiple bac-
terial and fungal species (Lindow & Brandl, 2003; Monier & Lindow, 2005; Whipps
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Figure 1.5: Fluorescence micrograph of the natural microbial flora colonizing the
bean phyllosphere. A large mixed bacterial aggregate (green arrow), which also in-
cludes a fungal hypha (orange arrow), has formed at the base of a glandular trichome
(white arrow). Bacteria are present also at plant cell junctions and on veins (blue
arrows). The red background originates from the autofluorescent chloroplasts within
the leaf epidermal cells. Gram-negative bacteria are green and gram-positive bacteria
are red. Bar: 20 μm. (from Lindow & Brandl 2003)

et al., 2008; Vorholt, 2012; Danhorn & Fuqua, 2007). These aggregates are particu-
larly common at the depressions formed at the junctions of epidermal cells, along the
veins and at the bases of trichomes (Figure 1.5) (Lindow & Brandl, 2003; Monier &
Lindow, 2004). The formation of aggregates provides protection from environmental
stresses and increases epiphytic survival. However about 70% of the overall space
on the leaf-surface, and up to 85% in the interveinal regions, remains uncolonized
(Andrews, 2006).

Potential sources of colonists for the phyllosphere are the soil, seed, insect vec-
tors, local vegetation and plant debris, air, precipitation, or buds and overwintering
shoots (Lindemann et al., 1982; Andrews, 1992; Kinkel, 1997; Morris et al., 2008;
Bodenhausen et al., 2013; Bulgarelli et al., 2013; Kembel et al., 2014; Zarraonaindia
et al., 2015). Microbial population dynamics on leaves is a function of four popu-
lation processes: immigration, emigration, growth, and death (Lindow & Andersen,
1996; Upper et al., 2003; Woody et al., 2007; Whipps et al., 2008; Maignien et al.,
2014). The importance of these processes varies during the growing season of the
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plant and is strongly influenced by the environmental conditions - wind, rainfall, so-
lar radiation, temperature, and moisture levels (Kinkel, 1997; Pietrarelli & Balestra,
2006; Zimmerman & Vitousek, 2012; Lau et al., 2013). For instance intense rains can
lead to large and rapid decreases in leaf surface bacterial populations by washing off
the bacterial cells and depositing them on the ground (Hirano & Upper, 2000). The
bacterial and fungal communities vary throughout the growing season (Lindow &
Andersen, 1996; Redford & Fierer, 2009; Jumpponen & Jones, 2010; Peñuelas et al.,
2012; Rastogi et al., 2012). For the crop plants, the bacterial communities at the
beginning of the growing season more strongly resemble soil communities, but as the
season progresses, they differentiate and become more leaf-specific (Copeland et al.,
2015). Whereas in a greenhouse experiment the bacterial communities of Arabidop-
sis thaliana phyllosphere initially resembled airborne communities before converging
to leaf-specific communities (Maignien et al., 2014). The findings of Woody et al.
(2007) for resident and immigrant populations of the yeast-like fungus Aureobasidium
pullulans (Ap) suggest strong competition from resident Ap populations against im-
migrating Ap, whereas immigrants have little impact on residents. In addition they
suggest that the Ap dynamics are dominated by density-dependent processes and
resource limitation. While the immigration of Ap during the early stages of leaf
development is essential, it likely plays a minor role during the later stages of leaf
development (Woody et al., 2007). Another study showed that resident bacterial
aggregates of Pantoea agglomerans facilitated survival of immigrant bacterial cells
of P. agglomerans itself and of Pseudomonas fluorescens (Monier & Lindow, 2005).
As can be seen the microbial population already resident in the phyllosphere is likely
to influence the ability of incoming organisms to successfully colonize the leaf surface
(Hunter et al., 2010; Venturi & da Silva, 2012). Antagonistic interactions between
phyllosphere microorganisms are of special interest for biological control of pathogens
(Kiss, 2003; Sylla et al., 2013).

Microbiota functions in the phyllosphere

The relationship between phyllosphere microbiota and their host ranges from mutu-
alistic to parasitic (Friesen et al., 2011; Mitter et al., 2013; Vandenkoornhuyse et al.,
2015). Phyllosphere microbiota mediates plant functional traits either by altering
the existing plant pathways or by providing novel biochemical capabilities (Friesen
et al., 2011). It impacts nutrient and energy fluxes, e.g. many bacterial taxa found in
the phyllosphere are able to fix atmospheric nitrogen (Pati & Chandra, 1993; Müller
et al., 2003; Peñuelas et al., 2012; Kembel et al., 2014). Other common bacteria in
the phyllosphere - methylotrophs (Mizuno et al., 2012) - can utilize methane and/or
methanol as sole carbon and energy sources, methanol being a byproduct of cell
wall-associated pectin metabolism in growing plant cells (Galbally & Kirstine, 2002;
Delmotte et al., 2009; Iguchi et al., 2015). Furthermore phyllosphere microbiota can
improve stress tolerance of their host to biotic and abiotic stresses. For example
bacterial and fungal endophytes procure increased drought tolerance (Hamilton &
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Bauerle, 2012; Naveed et al., 2014). Other microorganisms increase plant pathogen
resistance (Arnold et al., 2003; Kiss, 2003; Podolich et al., 2015) through competition
(Innerebner et al., 2011), antibiosis (Stockwell et al., 2002), mycoparasitism (Own-
ley et al., 2010), or through modulation of plant immunity, which induces systemic
resistance primed for accelerated activation (Bakker et al., 2007; Vandenkoornhuyse
et al., 2015). Furthermore microbiota mediates the outcome of plant-insect interac-
tions (Omacini et al., 2001) by killing (Lacey et al., 2009) or deterring herbivores
(Crawford et al., 2010), attracting herbivores (Ponzio et al., 2013), impacting their
life-cycle (Laine, 2004), or attracting predators and parasitoids (van Nouhuys &
Laine, 2008; Ponzio et al., 2013).

1.3 Plants strategy to cope with the diversity of
biotic interactions might select for specific
networks of interacting species in the
associated communities

Plants have evolved sophisticated mechanisms to deal with biotic interactions and
to respond with defensive or conducive compounds either to combat pathogens and
herbivorous insects or to accommodate beneficial organisms (Kessler & Baldwin,
2002; Dicke & Hilker, 2003; Chisholm et al., 2006; Jones & Dangl, 2006; Pierik et al.,
2014). The success of any response depends on its fitness consequences and needs to
be viewed within a community context (Whitham et al., 2008; Dicke, 2009).

Multi-species interactions form complex networks of interactions. These interac-
tions are of different types: direct or indirect, ranging from antagonistic to benefi-
cial. Leaf-associated species interact directly through predator-prey, host-parasite,
mutualistic, facilitative or competitive interactions. The nature of the interaction
between a given pair of species is dynamic, depending both on the biotic and the
abiotic environment. For instance, changes in biotic and abiotic conditions can tip
the balance away from mutualistic exchange towards exploitative outcomes (Kiers
& Van Der Heijden, 2006). In the case of interacting species associated with plant
leaves, the abiotic environment corresponds to the physical and chemical proper-
ties of plant leaves and we therefore expect direct interactions to be controlled by
plant traits, which are themselves controlled by plant genotype. Species associated
with plant leaves also interact indirectly, the interaction being mediated by the plant
(Stout et al., 2006). For instance, plants respond to herbivore damage by phenotypic
changes in allelochemistry, physiology, morphology, and phenology (Ohgushi, 2005;
Ponzio et al., 2013) and these changes may impact other species living on plants
(Dicke & Hilker, 2003; Kniskern et al., 2007). These changes therefore represent the
mechanistic basis of trait-mediated indirect interactions among species (Utsumi &
Ohgushi, 2008).
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Figure 1.6: Quercus leaves expressing symptoms of Erysiphe alphitoides infection.
© Malcolm Storey, 2011

Plants traits are heritable, also are interactions among species if they depend on
these traits. We are thus expecting a genetic control of the network of interactions
occurring on the plant foliage. The idea has been suggested recently for insects by
Utsumi et al. (2010), and extended to microbes by Miki & Jacquet (2010).

1.4 Powdery mildew, a putative agent of
phyllosphere community change

Powdery mildews (Ascomycota, Erysiphales) are some of the world’s most frequently
encountered plant pathogenic fungi. They are often conspicuous owing to the profuse
production of conidia (Figure 1.6 and Figure 1.7 on the next page) that give them
their common name (Glawe, 2008). Powdery mildew is a very common disease of
pedunculate (Quercus robur) and sessile (Quercus petraea) oaks in Western Europe.
This disease can be very severe, particularly in seedlings growing in naturally re-
generating forest, decreasing the growth of the plant and causing its death in some
cases (Feau et al., 2012). Molecular data for ITS sequences has suggested that at
least four genetic lineages cause oak powdery mildew disease in European forests:
Erysiphe alphitoides, E. hypophylla, E. quercicola, and Phyllactinia guttata (Mougou
et al., 2008; Desprez-Loustau et al., 2010).

An infection is initiated when an ascospore or conidium lands on a suscepti-
ble host, germinates, and forms a germ tube that elongates to form a hypha with
appressoria, penetration pegs, and haustoria. Appressoria are short, lateral hyphal
outgrowths or swellings that produce penetration pegs to infect host cells (Figure 1.7,
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Figure 1.7: Left panel - Erysiphe alphitoides, anamorph. (A) Appressoria. (B)
Conidiophores. (C) Primary conidia. (D) Secondary conidia (partly with germ
tubes). Bar = 10 μm. Right panel – E. alphitoides teleomorph. (A) Chasmothecium.
(B) Asci. Bars = 25 μm (chasmothecium), 10 μm (asci). U. Braun (Takamatsu et al.,
2007)

(A), left panel). Penetration pegs are narrow protrusions produced from appressoria
that penetrate the walls of host cells by means of turgor pressure and enzymatic
activity (Glawe, 2008). If the fungus is successful in breaching the host wall, the
penetration peg extends into the host cell, invaginating the cytoplasm, and enlarg-
ing to form a feeding structure, the haustorium. The haustorium is surrounded by
extrahaustorial matrix, a noncytoplasmic, gel-like material that may help protect
the fungus from host responses. The haustorium, extrahaustorial matrix, and host
cell are the sites of molecular signaling events. Host responses and nutrient trans-
fer determine whether a successful parasitic relationship develops and is maintained
(Glawe, 2008).

E. alphitoides can be found on a wide range of oak species, including Quercus den-
tata, Q. crispula, Q. petraea, Q. robur, Q. serrata, Fagaceae (occasionally attacking
Aesculus hippocastanum, Hippocastanaceae; Mangifera indica, Anacardiaceae; Paeo-
nia lutea, Paeoniaceae). Its distribution stretches from Asia (Armenia, Azerbaijan,
China, Georgia, India, Iran, Iraq, Israel, Japan, Kazakhstan, Korea, Lebanon, Nepal,
Russia, Sri Lanka, Turkey, Turkmenistan), over North Africa (Ethiopia, Morocco)
to all Europe, and it was introduced in South Africa, Australia, New Zealand, North
and South America (Takamatsu et al., 2007). Oak powdery mildew fungi are widely
thought to survive from one growing season to the next by generating chasmothecia,
the sexual fruiting bodies, or by mycelia infecting shoot primordia under bud scales
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(Feau et al., 2012).
In general phytopathogens may have strong impact on the dynamics of the mul-

titrophic plant-based food web. They impact herbivore performance, preference and
population dynamics (Laine, 2004; Stout et al., 2006), they modify the interaction
between the herbivore and its carnivorous natural enemies and consecutively the in-
sect population structure (Biere et al., 2002; Cardoza et al., 2003; van Nouhuys &
Laine, 2008). Plant pathogens drive plant density, diversity and composition (Tack
& Dicke, 2013; Bagchi et al., 2014). E. alphitoides infection in particular negatively
influences the diversity and number of gall-forming wasps (Zargaran et al., 2012).
Furthermore it modifies the insect community structure as different herbivores re-
spond differently to the pathogen presence on oak (Tack et al., 2012). In turn the
insect defoliation increases the risk of subsequent severe powdery-mildew infection
(Marçais & Desprez-Loustau, 2012), which in synergy can lead to death of the host
plant. The prevalence of powdery-mildew infection on oaks, its impact on the oak-
associated community, high variability in susceptibility to it among the individual
trees, and the known genetic variability for resistance to it in oak (Robin et al.,
2010; Mougou-Hamdane, 2009) make E. alphitoides a suitable species to link oak
genetics with the oak-associated community in the sense of the community genetics
framework.

1.5 Metabarcoding for studying microbial
community

The study of microbial communities is boosting with the technological advances of
Next-Generation Sequencing (NGS) techniques (Di Bella et al., 2013; Knief, 2014),
which provide lowered cost experimental tools without the cloning process inherent
in conventional capillary-based methods. Up until ten years ago, the vast majority of
microbial communities’ descriptions were realized with culture-dependent methods,
which largely under-estimate species richness as many species cannot be grown in
culture (Christen, 2008). The recent revolution in DNA sequencing brought about
by NGS techniques allows a more thorough description of microbial communities
and we are now, in principle, able to detect any microbial organism in nature, even
those that cannot be isolated or grown in the lab (Horton & Bruns, 2001; Anderson
& Cairney, 2004; Hamelin, 2006; Cardenas & Tiedje, 2008; Peay et al., 2008). In the
case of the phyllosphere, culture-independent approaches have shown that although
assumptions regarding the dominant inhabitants were largely correct, the diversity
of phyllosphere communities is far greater than previously recognized (Whipps et al.,
2008).

A very powerful technique for species identification in microbiology is the screen-
ing for DNA barcodes with NGS techniques. A DNA barcode, in its simplest defini-
tion, is one or few relatively short gene sequences taken from a standardized portion
of the genome and used to identify species. (Kress et al., 2015; Schlaeppi & Bulgar-
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elli, 2015). Different barcodes are necessary to provide adequate species identification
across lineages.

Fungi

The most popular DNA barcode for mycological studies is the internal transcribed
spacer (ITS) region of the nuclear ribosomal repeat unit (Schoch et al., 2012).
Rapidly evolving ITS1 and ITS2 subloci are thereby widely used for fungal species
identification (Figure 1.8). ITS1 and ITS2 yield similar results when used as DNA
metabarcodes for fungi (Blaalid et al., 2013). However, the variability of ITS1, at
least on average, exceeds that of ITS2 (Nilsson et al., 2008).

Figure 1.8: Overview over the fungal ITS region. ETS - external transcribed spacer;
ITS - internal transcribed spacer.

Bacteria

The 16S small ribosomal subunit gene (16S rRNA) has been widely used to study
and characterize bacterial community compositions (Hamady & Knight, 2009). The
16S rRNA gene contains conserved regions as well as nine hypervariable regions(V1-
V9) (Figure 1.9). Sequencing of one or more of these hypervariable regions and
comparing them to large bacterial databases can be effectively used to distinguish
between taxa (Youssef et al., 2009).

Figure 1.9: Overview over the bacterial 16S rDNA gene. V1, V2, ... - hypervariable
regions (after Kuczynski et al., 2011 )
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1.6 Objectives of this work
The first objective of the dissertation at hand is the description of the bacterial and
fungal communities of the phyllosphere microbiota of English oak (Quercus robur
L.), and the study of species association network with a specific focus on Erysiphe
alphitoides, the causing agent of powdery-mildew disease. The phyllosphere environ-
ment is described as a stressful environment. Will this kind of environment promote
positive or negative interactions among microbial members of the phyllosphere? And
how will a pathogen effect the interaction network? Will it team up with the res-
idents to successfully infect the leaf or will it compete with the residents for the
resources? In Chapter 2 we tackle the first objective and present our findings in the
manuscript, which is currently in revision for resubmission to Microbial Ecology.

The second objective is the determination of the genetic basis explaining the
structural features of the oak phyllosphere microbiota, as well as its association
network properties. Are there genes, whose effects extend to the community level
and influence the structure and interactions of the phyllosphere microbiota? In
Chapter 3 we deal with this objective and present the results of the QTL search for
traits describing the properties of the phyllosphere microbiota and its association
network.

The third objective is not only to confirm but also to find alternative loci in oak
genome explaining the phyllosphere microbiota structure and its interaction network
properties. To achieve this objective we perform an association study. In Chapter 4
we present our preliminary analysis of the association study.

Finally we develop an evolutionary perspective on our results in Chapter 5.
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Abstract

Plant-inhabiting microorganisms interact directly with each other, forming
complex microbial interaction networks. These networks may be disrupted by
the arrival of a new species, such as a pathogen infecting the plant. Here we
decipher intra-kingdom and cross-kingdom interactions involving a pathogen
species, by using a Bayesian method of network inference. We use this method
to highlight the most likely interactions between Erysiphe alphitoides, the
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causal agent of oak powdery mildew, and other foliar microorganisms of pe-
dunculate oak (Quercus robur L.). Our results showed that infection by E.
alphitoides is accompanied by drastic changes in the foliar fungal community
composition but no significant change in the bacterial community composi-
tion. Our analyses highlighted 13 fungal Operational Taxonomic Units (OTUs)
and 13 bacterial OTUs that are likely to interact directly with E. alphitoides.
Four of the fungal OTUs were phyllosphere yeasts. The fungal endophytes
Mycosphaerella punctiformis and Monochaetia kansensis were highlighted as
potential antagonists of E. alphitoides. These potential interactions will have
to be validated experimentally. The study of the temporal dynamics of mi-
crobial networks during the course of infection also appears to be a promising
research avenue, that will undoubtedly give deeper insights into the ecology
of this disease. Overall, we showed that combining metagenomics and net-
work ecology may improve biological control of plant diseases, by highlighting
potential antagonists of pathogen species.

Keywords: community ecology, microbial diversity, ecological network, network in-
ference, high-throughput sequencing, pathobiome, powdery mildew, Quercus.

2.1 Introduction
Almost all plant tissues host a microbial community (Turner et al., 2013). These
microbes may interact with each other directly, through pairwise ecological inter-
actions such as predation, parasitism or mutualism (Faust & Raes, 2012). These
interactions may involve micro-organisms belonging to the same kingdom, or dif-
ferent kingdoms (Frey-Klett et al., 2011). These microbes may also interact indi-
rectly through shared resources or shared environment (Frey-Klett et al., 2011; Little
et al., 2008; Kemen, 2014). Some of them modulate the physicochemical conditions
within plant tissues and impact other plant-associated organisms. Such interactions,
called plant-mediated indirect interactions (Stout et al., 2006), can involve fungal
pathogens. The latter have been shown to activate or deregulate plant immune
responses, thereby influencing other plant-associated organisms, including herbivo-
rous arthropods (Stout et al., 2006; Tack et al., 2012; Tack & Dicke, 2013) and the
resident plant microbiota (Rovenich et al., 2014). Our aim here is to decipher the
complex relationships between a fungal pathogen and the resident microbial com-
munity, by combining high-throughput sequencing techniques (Di Bella et al., 2013)
and network inference methods (Faust & Raes, 2012).

The notion that the pathogens live and interact with other microorganisms has
led to the development of the “pathobiome” concept, which represents the pathogenic
agent integrated within its biotic environment (Vayssier-Taussat et al., 2014). Elu-
cidating the components of the pathobiome is one of the prerequisites for under-
standing the pathogenesis, persistence, transmission and evolution of pathogenic
agents (Vayssier-Taussat et al., 2014). Pathobiome studies will promote renewed
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approaches of plant protection paralleling those currently developed to study hu-
man diseases (Thiele et al., 2013). The role of commensal flora in animal health
is indeed well recognized and its manipulation to treat human diseases is a highly
promising and competitive field of current medical research (Clemente et al., 2012;
Ursell et al., 2013). Similar approaches should be considered to improve plant health
(Berlec, 2012; Newton et al., 2010).

Here we study the pathobiome of the fungus Erysiphe alphitoides, the causal
agent of oak powdery mildew (Mougou et al., 2008; Mougou-Hamdane et al., 2010).
This fungus, which covers oak leaves with spots or patches of white mycelium and
spores, is nowadays causing one of the most common diseases in European forests
(Mougou et al., 2008). Like most powdery mildews, E. alphitoides grows superficially
on leaves, sometimes covering up to 80% of the upper leaf surface, whilst deriving re-
sources from leaf cells with haustoria (Glawe, 2008). E. alphitoides interacts directly
with certain foliar microorganisms, such as the mycoparasites belonging to the Am-
pelomyces genus (Kiss, 2003), and indirectly with other microorganisms by altering
the foliar traits. Oak infection by E. alphitoides indeed changes leaf chemistry and
physiology (Hajji et al., 2009; Copolovici et al., 2014). It reduces net CO2 assim-
ilation, alters stomatal conductance, increases leaf nitrogen content and alters the
composition of volatile emissions. Moreover, infection is suspected to increase leaf
tannin content (Zargaran et al., 2012). In the case of severe infection, leaf life-span
is drastically reduced (Hajji et al., 2009).

To better understand the relationships between E. alphitoides and other foliar
micro-organisms, we thoroughly analyzed the foliar fungal and bacterial communities
of three oak trees (Quercus robur L.) with different levels of susceptibility to the
pathogen. We assessed the composition of the entire foliar microbial community,
including both epiphytes and endophytes. We then addressed the following questions:
(1) Does the number of sequences assigned to E. alphitoides in high-throughput
sequencing datasets reflect the abundance of symptoms on the leaves? (2) Does
infection by E. alphitoides is accompanied by changes in the composition of the
foliar microbial community? (3) Which microbial species are the most likely to
interact directly with E. alphitoides?

2.2 Material and methods

Study site and sampling design

We sampled three trees which belonged to a full-sib family of Quercus robur L.
planted for a field experiment established in 2000 at INRA-Bourran, located in
the South-West of France (44°19’43” N, 0°25’26” W) (Scotti-Saintagne et al., 2004).
These trees were previously characterized as highly susceptible, intermediately re-
sistant or strongly resistant to powdery mildew based on five years of visual obser-
vations (Desprez-Loustau M-L, personal communication). They were located within
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5 m from one another and were thus expected to experience similar environmental
conditions. On the 29th of July 2011, we collected 10 leaves each from four branches
at approximate height of 2 m, resulting in 40 leaves per tree. The leaves taken were
evenly spaced between the trunk and the tip of the branch. We collected leaves
strictly from the first flush. We measured the powdery mildew infection level as the
proportion of the upper leaf area displaying the symptoms. We also measured the
position of each leaf within the canopy: its distance to the ground, to the base of
the branch, to the tree trunk and the orientation of the branch (South-West versus
North-East). Each leaf was then cut at the base of the petiole and placed into a ster-
ile bag containing silica gel. The bags, sealed and made airtight, were then stored in
dark at +18°C in the laboratory. A preliminary experiment had been performed to
assess the effect of oak leaf storage in silica gel on the fungal community composition
inferred by 454 pyrosequencing. We did not find any significant difference between
the communities of fresh leaves and leaves stored in silicagel (Methods S1 2.7 on
page 68).

Leaf DNA extraction

Leaf DNA extraction was performed three months after the sampling date. We
prepared the leaf material for the DNA extraction in a laminar flow hood. In order to
avoid contaminating the samples, the hood and all tools were disinfected with sodium
hypochlorite followed by 70% ethanol and 40 min of UV exposure. Plastic ware and
tungsten carbide beads were autoclaved for 2 h prior to utilization. Similarly, the
tools used for leaf handling were sterilized prior to each use, by dipping them into 70%
alcohol and flaming over an electric bunsen burner. Using a metal corer we excised
two discs of 0.5 cm 2 each on both sides of the middle leaf vein. The four discs
were evenly distributed on the leaf, with their position not being chosen according
to E. alphitoides symptoms. The four leaf discs were placed in a collection microtube
(QIAGEN DNeasy® 96 Plant Kit) containing one tungsten carbide bead. We used
Geno/Grinder® (SPEX SamplePrep, Metuchen, NJ, USA) to homogenize the leaf
material at 1 600 strokes per minute for 90 s. Homogenized samples were stored at -80
°C overnight. We used QIAGEN DNeasy 96 Plant Kit to extract the DNA (following
the protocol for frozen plant tissue). We determined the DNA concentration with
NanoDrop 8000 and diluted all DNA working solutions to 1 ng μl-1.

Amplification and sequencing of the fungal assemblages

We chose the rapidly evolving internal transcribed spacer 1 (ITS1) as the DNA
metabarcoding marker for fungi (Schoch et al., 2012). We used titanium fusion
primers for the PCR amplification as follows. The forward primers were composed
of the 454 A-adaptor, a sample-specific 6-bp tag, and the ITS1F primer (Gardes
& Bruns, 1993). The reverse primer was composed of the B-adaptor and the ITS2
primer (White et al., 1990) (Tab. S1). The PCR reactions (50 μl) contained 2.5
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Titanium fusion adaptors:
adaptor A: CGTATCGCCTCCCTCGCGCCATCAG
adaptor B: CTATGCGCCTTGCCAGCCCGCTCAG
ITS1 primers:
ITS2 (forward in PCR): GCTGCGTTCTTCATCGATGC
ITS1F (reverse in PCR): CTTGGTCATTTAGAGGAAGTAA
Multiplex tags:

ACTCAG ACAGTA TGCTAG ATGCAT
AGCTCT CGAGAG CGACTA CACATC
TAGTCT GTCTGT CTGCGC GATGTA
TGTGCA ATACGA AGTACG TACTGC
GCTACT ATCGCA ACGAGA GACACA
TCATCA TGCGTC TATCGT TCTGTG
TGCAGT CTCAGA GCAGAC GCGTGC
TCACAT CACTCG ATGTCG GCACTG
GATCAC TAGATA CTGATG CGATGT
CGTAGC GTAGCG CAGTAC TACGAT

Concatemer scheme:
5´- 454 adaptor A + multiplex tag + forward ITS2 -3´
5´- 454 adaptor B + reverse ITS1F -3´

Table S1: 454 pyrosequencing primer sequences (forward) used for the amplification
of fungal rITS1 and concatemer scheme

units Silverstar Taq polymerase (Eurogentec), 5 μl 10x PCR buffer supplied by the
manufacturer, 2 μl MgCl2 (50 mM), 2 μl dNTPs (5 mM), 1 μl of each primer (10 μM),
0.5 μl of 100 mg ml-1 BSA, and 5 ng DNA template. The PCR reaction was carried
out as follows: an initial phase at 95 °C (5 m), followed by 35 cycles at 95 °C (30 s), 54
°C (60 s) and 72 °C (90 s), and a final step at 72 °C (10 m). Samples were amplified
in triplicate and pooled before purification with AMPure magnetic beads (Beckman
Coulter Genomics, Danvers, MA, USA). After the DNA concentration measurement
was performed using a NanoDrop 8000, the samples were pooled in equimolar ratios
to obtain the amplicon libraries. We used 40 tags in total, hence we obtained one
amplicon library per tree. The libraries were sequenced in separate 1/8 th runs on
454 GS Junior sequencer (454 Life Sciences, Branford, CT, USA) at the Centre de
Génomique Fonctionnelle de Bordeaux (CGFB, Bordeaux, France). Sequencing was
unidirectional and started with the A adaptor. The 454 sff files are available from the
European Nucleotide Archive (http://www.ebi.ac.uk/ena/data/view/PRJEB7319).

Amplification and sequencing of the bacterial assemblages

We applied the microbiome profiling method developed by Gloor et al. (2010),
which uses combinatorial sequence tags attached to PCR primers amplifying the
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HVR6 primers:
left primer (forward primer): CAACGCGARGAACCTTACC
right primer (reverse primer): ACAACACGAGCTGACGAC
Multiplex tags:
left tags: CATGCG GACTGT ACGTA AGTA

GCAGT CGTCGA CACTAC ATGA
TAGCT GTCGC TGAC TGCA

right tags: ACTGC GCGAC TACT CGA
AGCTA TACGT TCAT TAC
ACAGTC GTAGTG TGCA
TCGACG GTCA AGT

Concatemer scheme:
5´- left tag + left primer -3´
5´- right tag + right primer -3´

Table S2: Illumina primer sequences used for the amplification of bacterial HVR6
and concatemer scheme

hypervariable V6 region of the 16S rRNA gene (Huse et al., 2008). This type of
tagging combined with the Illumina paired-end protocol enabled for the examina-
tion of hundreds of samples with far fewer primers (Tab. S2) than is required when
tags are incorporated at only a single end. The PCR mix (50 μl) contained 2.5
units Silverstar Taq polymerase (Eurogentec), 5 μl 10x PCR buffer supplied by the
manufacturer, 2 μl MgCl2 (50 mM), 2 μl dNTPs (5 mM), 1 μl of 10 μM forward
primer, 1 μl of 10 μM reverse primer, 0.5 μl of 100 mg ml-1 BSA, and 5 ng DNA
template. The PCR was carried out as follows: an initial phase at 95 °C (2 m),
followed by 30 cycles at 95 °C (30 s), 56 °C (30 s) and 72 °C (30 s), and a final
extension at 72 °C (5 m). Samples were amplified in triplicate and pooled before
purification with AMPure magnetic beads (Beckman Coulter Genomics, Danvers,
MA, USA). We quantified the PCR products using the Nanodrop 8000 and pooled
them at equimolar ratios. The final DNA library was sequenced on the Illumina plat-
form GAIIx at the Centre de Génomique Fonctionnelle de Bordeaux (CGFB, Bor-
deaux, France). The fastq files are available from the European Nucleotide Archive
(http://www.ebi.ac.uk/ena/data/view/PRJEB7319).

Processing of the fungal 454 pyrosequencing data

We used QIIME v.1.7.0 (Caporaso et al., 2010) for quality filtering, demultiplex-
ing, and denoising. After the removal of tags and primers, all sequences shorter
than 100 nucleotides were discarded. Quality filtering was done with a sliding win-
dow test of quality scores having a window size of 50 nucleotides and a minimum
quality score of 25. The sequences were truncated at the beginning of the poor
quality window and tested for the minimum sequence length of 100 nucleotides. Be-
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cause the highly conserved ribosomal genes flanking the ITS1 marker may distort
sequence clustering and similarity searches, we removed these from the dataset using
Fungal ITS Extractor 1.1 (Nilsson et al., 2010). ITS1 sequences shorter than 100
nucleotides were discarded and sequences longer than 280 nucleotides were trimmed
at the 3’-end. Before the clustering step we combined the dataset with a larger, un-
published 454 fungal dataset acquired by sampling leaves on 203 oak trees planted
in the same field test. In doing so we aimed to reduce the number of singletons. We
discarded singleton reads before clustering to minimize spurious Operational Taxo-
nomic Units (OTUs). OTU clustering was done with UPARSE-OTU (Edgar, 2013),
an algorithm implemented within Usearch v.7 (Edgar, 2010) that performs chimera
filtering and OTU clustering simultaneously. The algorithm identifies a set of OTU
representative sequences at the 97% sequence similarity threshold, that corresponds
roughly to the differences at the species level (Nilsson et al., 2008). Unfortunately,
other Erysiphe species, such as E. quercicola and E. hypophylla, have an ITS se-
quence which has less than a 3% difference from the E. alphitoides ITS sequence
(Mougou et al., 2008). ITS sequences of these species therefore cluster together at
97% similarity threshold. To circumvent this issue we performed a BLAST search
of all sequences against a custom taxonomic database of the Erysiphe genus. We
extracted all sequences with successful hits to E. alphitoides into a separate file,
and assigned the corresponding read counts. Taxonomy assignments were done by
BLAST searches against Fungal ITS Database (Nilsson et al., 2009) (as of March
15, 2012). We modified the taxonomic file associated with this database to equalize
the length of taxonomic ranks, by using the NCBI Taxonomy Browser. Additionally
we corrected a few false taxonomic assignments in the case of Erysiphe species and
removed a few non-fungal sequences. We used this database to assign the taxonomy
to the most abundant sequence of each OTU, using QIIME (v.1.7.0) with standard
settings (BLAST searches, e-value: 0.001, minimum percent identity: 90). To ex-
clude possible Q. robur sequences, we also compared the most abundant sequence of
each OTU with the sequences deposited in GenBank, using the BLASTN algorithm
(Altschul, 1990). We then constructed the OTU table in QIIME and transformed
it from BIOME into tab delimited text format for downstream analyses with R (R
Core Team, 2013).

Processing of the bacterial Illumina data

We assembled the paired-end reads using PANDAseq (Masella et al., 2012). Reads
were then demultiplexed following the method described in Gloor et al. (2010)
using a custom Bash shell script. We removed oak chloroplast sequence prior to the
clustering step. OTU clustering and OTU table construction were done by following
the same procedure than for fungi. Taxonomic assignments were performed with the
RDP Classifier program (v.2.5) (Wang et al., 2007) as it is implemented into QIIME
(v.1.7.0), with standard settings and Greengenes 13_5 as the reference sequences.
The origin of OTU representative sequences (archaeal, bacterial, nuclear eukaryote,
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mitochondrial or chloroplast origin) was identified using Metaxa (Bengtsson et al.,
2011) and we retained only the bacterial OTUs.

Statistical analyses

All statistical analyses were done in R (R Core Team, 2013). We first investigated
whether the number of reads assigned to E. alphitoides reflected the level of infec-
tion estimated by visual inspection of foliar symptoms. The effect of tree on the
percentage of symptomatic upper leaf area (arc-sine transformed) was tested, using
a generalized linear model (GLM) with a Gaussian distribution. A second model was
built to test differences in number of E. alphitoides reads amongst trees. To control
for overdispersion, we used negative binomial generalized linear model (NBGLM)
with the total number of reads per sample (log-transformed) as an offset. In the case
of the susceptible tree, we also examined the relationship between the percentage
of symptomatic upper leaf area and the number of E. alphitoides reads, by using
NBGLM.

We then investigated the relationship between infection by E. alphitoides and
the composition of foliar microbial communities, by using data collected for the
susceptible tree. We used principle component analysis (PCA) on rarefied datasets
to visualize variations in microbial community composition between leaves. The
rarefaction threshold was 1226 reads for fungal data and 114 reads for bacterial
data. The reads assigned to E. alphitoides were not included in the fungal dataset
because they were used as an explanatory variable for variations in fungal community
composition. To assess the robustness of our results to rarefaction, we performed
100 rarefactions, followed by 100 PCAs. We calculated the mean and the standard
error of the mean of the coordinates of the samples on two first axes of the PCA.
The mean coordinates (named comp1 and comp2) were used as proxies for microbial
community composition. The effect of the percentage of E. alphitoides reads on these
two variables was tested with a GLM with a Gaussian distribution. Moreover, we
examined the associations between microbial OTUs and leaf type (highly infected
by E. alphitoides versus "uninfected") by using the abundance-based version of the
Pearson’s phi coefficient of association. A leaf was considered as highly infected if
the percentage of reads assigned to E. alphitoides was higher than 5%. Associations
were calculated for all OTUs representing more than 0.5% of the sequences for the
tree susceptible to E. alphitoides.

We finally highlighted the most likely interactions between E. alphitoides and
other foliar microorganisms, by using a Bayesian method for network inference
(Schwaller et al., 2015) implemented in the R package saturnin (Schwaller, 2015).
Network inference aimed at disentangling the processes underlying the patterns of
co-association and co-exclusion between all pairs of OTUs. These processes may be
(i) direct ecological interactions between OTUs (predation, parasitism, mutualism,
commensalism or amensalism; see Faust & Raes 2012), (ii) shared environmental
requirements (e.g. two OTUs are associated because they are both adapted to shade
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leaves) and (iii) shared interacting partners (e.g. two OTUs are associated because
they are both parasites of a third OTU). Here we constructed microbial networks
having only (i) as edges. We constructed one microbial network per tree. Each net-
work had OTUs as nodes and putative direct interactions between OTUs as edges.
Network construction was based on a subset of the most abundant OTUs, composed
of 48 bacterial OTUs and 66 fungal OTUs (including Erysiphe alphitoides). These
OTUs were the same for the three trees. Each of them represented at least 0.5% of
the sequences for at least one of the three trees. The model developed by Schwaller
et al. (2015) aims at separating (i) from associations due to (iii). The model indeed
considers a class of acyclic undirected networks (called spanning trees) as possible
structures of dependency between the nodes. These structures only include direct
dependencies. Environmental variables cannot be included in the model as covari-
ates. Therefore, to remove associations due to (ii), we fitted the number of reads of
each OTU using NBGLMs with environmental variables as predictors and the total
number of reads per sample (log-transformed) as an offset. GLMs with a Poisson dis-
tribution were used for a few OTUs. The Pearson residuals obtained from the fitted
models were then used to infer the direct interactions between the OTUs, making
use of gaussian copulas to model the bivariate distributions between the residuals
associated to any pair of OTUs. The position of a leaf within the canopy was taken
as a proxy for its abiotic environment (e.g. temperature, UV exposure). The four
variables describing the position of the sampled leaves - their distance to the ground,
to the base of the branch, to the tree trunk and the orientation of the branch - were
included as predictors in the GLMs, as single factors. The inference yielded, for
any possible edge, the probability of its belonging to the true network. The prior
probability of interactions was fixed to 0.5. Only edges with posterior appearance
probability higher than 0.5 were kept in the interaction network. The sign of the
interactions was retrieved by looking at the sign of the maximum a posteriori of the
correlation in the associated bivariate gaussian copula. The inferred microbial net-
works consequently had positive and negative edges, that were visualized with the
Gephi (v. 0.8.2 beta) software (Bastian & Heymann, 2009). Based on the theoretical
outcome of each interaction type for each interacting partner (positive (+), negative
(-) or null (0); see (Faust & Raes, 2012)), positive edges may indicate mutualism
(+/+) or commensalism (+/0). Negative edges may indicate competition (-/-) or
amensalism (-/0). The correspondence between network edges and parasitism or
predation (+/-) is less straightforward to predict.

2.3 Results

Taxonomic composition of oak foliar microbial communities

Sequencing the fungal ITS1 amplicon libraries yielded 297888 sequences of which
259075 (86.97%) passed the quality filtering procedures, and 251039 (84.27%) se-
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Figure S1: Taxonomical distribution of the fungal OTUs (a) at the phylum level
and (b) at the order level

quences remained after discarding the singleton sequences and after chimera filter-
ing. The number of sequences per sample ranged from 1202 to 3725 with a mean
of 2166 and a median of 2146. These sequences clustered into 1074 OTUs. Two
OTUs assigned to Q. robur were excluded from the dataset. Of the remaining OTUs
a putative taxonomy could be assigned to 747 OTUs. In agreement with previous
findings on foliar fungal communities (Jumpponen & Jones, 2009; Cordier et al.,
2012; Douanla-Meli et al., 2013), the taxonomically assigned OTUs were dominated
by Ascomycota (492 OTUs, 55.1% of the high quality sequences), followed by Basid-
iomycota (252 OTUs, 10.5%). One OTU was assigned to Glomeromycota and two
to Zygomycota. Taxonomic composition at the phylum and order level is available
in the supplementary materials (Figure S1).

Sequencing of the bacterial 16S amplicon pool yielded 30.5 · 106 sequences of
which 28.1·106 were oak chloroplast sequences that were filtered out. OTU clustering
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Figure S2: Taxonomical distribution of the bacterial OTUs (a) at the phylum level
and (b) at the order level

yielded 1507 OTUs, of which 820 were of bacterial origin. The number of bacterial
sequences per sample ranged from 73 to 11706 with a mean of 1160 and a median
of 668. Within the bacterial OTUs, 816 were taxonomically assigned. The bacterial
phyla associated with the oak leaves were dominated by Proteobacteria (406 OTUs,
49% of the high quality bacterial sequences), which comprised Alphaproteobacteria
(205 OTUs, 25%), Betaproteobacteria (96 OTUs, 12%), Gammaproteobacteria (76
OTUs, 9%), and Deltaproteobacteria (29 OTUs, 4%). Other phyla were Firmicutes
(175 OTUs, 21%), Actinobacteria (114 OTUs, 14%), Bacteroidetes (83 OTUs, 10%),
Acidobacteria (11 OTUs, 1%), and others (31 OTUs, 4%). Detailed taxonomic
composition at the phylum and order level is available in the supplementary materials
(Figure S2).
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Relationship between the abundance of powdery mildew
symptoms and the number of reads assigned to E. alphitoides

As expected, the three trees differed significantly in both the percentage of symp-
tomatic upper leaf area (GLM; F=30.72, df1=2, df2=113, p<0.001) and the E. alphi-
toides read number (NBGLM; Chisq=91.62, df=2, p<0.001). Percentages of E. al-
phitoides symptoms and number of E. alphitoides reads were significantly higher for
the tree previously characterized as highly susceptible to powdery mildew (Figure 1
on the next page).

Percentages of symptomatic upper leaf area equaled 12.9%, 1.3% and 0.4% on
average for the highly susceptible, intermediately resistant or strongly resistant trees,
respectively. Percentages of E. alphitoides reads equaled 5.4%, 0.17% and 0.01% on
average, respectively. Analysis of leaves within the susceptible tree showed that the
number of reads assigned to E. alphitoides increased significantly with the percentage
of symptomatic upper leaf area (NBGLM; Chisq=12.14, df=1, p<0.001; Figure 2 on
page 54).

Relationship between the level of infection by E. alphitoides
and the composition of foliar microbial communities

Analysis of leaves within the susceptible tree also showed that the level of infection by
E. alphitoides was significantly related to fungal community composition. The per-
centage of E. alphitoides reads had a significant effect on the variable comp1 (GLM;
F=13.56, df1=1, df2=37, p<0.001) but not comp2 (GLM; F=0.79, df1=1, df2=37,
p=0.39). Variations in the percentage of E. alphitoides reads thus explained com-
positional variations observed along the first axis of the PCA (Figure 3 on page 55).
Highly infected leaves harbored a higher abundance of OTU 3 (taxonomically unas-
signed; contributing to 23.6% of the compositional variations along the first PCA
axis) and OTU 26 (assigned to Taphrina carpini ; 1.4%). Leaves with low abundance
of E. alphitoides were divided into two groups differing in their fungal community
composition. The first group had a high abundance of OTU 1 (assigned to Nae-
vala minutissima; 4.6%), OTU 10 (unassigned; 2.4%), and OTU 19 (unassigned;
6.3%). The second group had a high abundance of OTU 1278 (assigned to My-
cosphaerella punctiformis). This latter species was the main driver of variations
in fungal community composition. Its contributions to the first and second axis
of the PCA equaled 58.5% and 34.7%, respectively. Pearson correlations between
OTUs relative abundances showed that it is significantly, negatively associated to
the pathogen E. alphitoides (r=-0.40; p-val=0.01). Analyses of associations between
fungal OTUs and leaf type (highly infected by E. alphitoides versus "uninfected")
confirmed these results. OTU 3 and OTU 26 were significantly associated to highly
infected leaves (phi=0.38, p-val=0.02 and phi=0.33, p-val=0.03, respectively), while
OTU 1278 and OTU 19 were significantly associated to uninfected leaves (phi=0.39,
p-val=0.01 and phi=0.39, p-val=0.007, respectively). OTU 28 (taxonomically as-
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Figure 1: Percentage of (a) symptomatic upper leaf area and (b) reads assigned
to the fungal pathogen Erysiphe alphitoides for three oak trees (Quercus robur L.)
that were previously characterized as highly susceptible, intermediately resistant or
strongly resistant to powdery mildew based on five years of visual observations.
Box and whisker plots show the median percentage (thick black line), the quartiles
(boxes) and the quartiles plus (or minus) one and a half times the interquartile range
(whiskers). Outliers are shown as circles. Letters indicate the results of pairwise
comparisons performed using Tukey’s tests. Different letters indicate significant
differences between trees.
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Figure 2: Relationship between the percentage of symptomatic upper leaf area and
the number of reads assigned to Erysiphe alphitoides, across leaves sampled in an
oak tree (Quercus robur L.) highly susceptible to E. alphitoides. The number of
reads was obtained from a rarefied dataset having 1466 sequences per sample. The
solid grey line represent predictions of a negative binomial generalized linear model.
Dotted lines represent standard errors of the predictions.
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Figure 3: Principal coordinate analysis showing dissimilarities in fungal community
(663 OTUs) composition among leaves of an oak tree (Quercus robur L.) highly
susceptible to Erysiphe alphitoides. The arrows indicate the OTUs driving variations
in fungal community composition and which contribute at least 1% to either of the
principal components. The ordination is based on 100 rarefied datasets and is very
robust to rarefaction. E. alphitoides was considered as being external to the fungal
community. The colors indicate the percentage of reads assigned to E. alphitoides
for each leaf.

signed to Sporobolomyces gracilis) was also strongly associated to uninfected leaves
(phi=0.47, p-val=0.007). In contrast to the fungal community, the bacterial commu-
nity composition was unrelated to the level of infection by E. alphitoides (GLM;
F=1.45, df1=1, df2=37, p=0.23 for comp1; F=0.03, df1=1, df2=37, p=0.87 for
comp2). This result may nevertheless be due to the low rarefaction threshold that
was used for analyzing the bacterial dataset (114 sequences per sample).

Inferred interactions between E. alphitoides and other
members of the foliar community

We used the microbial network for the susceptible tree to highlight the most likely
interactions between E. alphitoides and other foliar microorganisms, because E. al-
phitoides had a very low abundance in the two other trees. In that network, E.
alphitoides had 26 interactions in total (Figure 4 on the following page), of which 13
were interactions with bacterial OTUs (6 positive, 7 negative) and 13 were interac-
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Figure 4: Model of the pathobiome of Erysiphe alphitoides on oak leaves (Quercus
robur L.). Network nodes correspond to microbial OTUs. OTUs are linked if they
are likely to interact together through direct ecological interactions, according to the
results of a Bayesian model of network inference. The big grey node is E. alphitoides
(Ea). Small black nodes correspond to bacterial OTUs. Big green nodes are fungal
OTUs that are positively associated with Ea. Big red nodes are fungal OTUs that
are negatively associated with Ea. Interactions between Ea and other OTUs are
represented in green when the OTUs are positively associated, and in red when they
tend to exclude each other. Interactions between the interacting partners of Ea are
represented in grey. The names of the fungal OTUs that could be assigned to the
species level is indicated. Cc: Cladosporium cladosporioides ; Li: Lalaria inositophila;
Nm: Naevala minutissima; Mp: Mycosphaerella punctiformis ; Mk: Monochaetia
kansensis ; Tc: Taphrina carpini ; Sg: Sporobolomyces gracilis ; Sr: Sporobolomyces
roseus.



CHAPTER 2. DECIPHERING THE PATHOBIOME 57

tions with fungal OTUs (6 positive, 7 negative). The list of these OTUs with their
taxonomic assignment is given in Table 1 on the next page. All the fungal species
highlighted in ordination and association analyses, except OTU 3, were likely to in-
teract directly with E. alphitoides. OTU 1 (assigned to Naevala minutissima), OTU
10, OTU 19 (both taxonomically unassigned), OTU 28 (assigned to Sporobolomyces
gracilis) and OTU 1278 (assigned to Mycosphaerella punctiformis) were linked to
E. alphitoides through negative edges. OTU 26 (assigned to Taphrina carpini) was
linked to E. alphitoides through a positive edge. The network inference highlighted
seven other fungal OTUs that were likely to interact directly to E. alphitoides. Both
of them, OTU 2 (also assigned to Mycosphaerella punctiformis) and OTU 15 (as-
signed to Monochaetia kansensis), were linked negatively to E. alphitoides. These
interactions were embedded within a larger network dominated by positive edges.
The whole network for the susceptible tree had 1099 edges, including 65% of positive
edges. Within-kingdom interactions were predominantly positive (71% for bacteria-
bacteria interactions and 63% for fungi-fungi interactions), as well as cross-kingdom
interactions (60%). The two other networks were also dominated by positive edges.
The one for the intermediately resistant tree had 1112 edges, including 66% of posi-
tive edges. The one for the resistant tree had 1082 edges, including 65% of positive
edges. A total of 95 positive interactions and 5 negative interactions were common
to the three networks.

2.4 Discussion
The pathobiome concept has been defined in the context of microbial community
interactions (Vayssier-Taussat et al., 2014). It can be viewed as a subset of the
microbiome of a host, centered on a pathogen species. The microbiome corresponds
to the totality of microbes (bacteria, archaea and fungi) in a given environment
and the totality of functions encoded by this microbiota (Schlaeppi & Bulgarelli,
2015). The pathobiome can thus be defined as the totality of microbes interacting
with a given pathogen species and their influence on pathogenesis. In this study we
showed that the pathobiome can be studied by combining metagenomics and network
inference. We used these tools to decipher the pathobiome of Erysiphe alphitoides,
the causal agent of oak powdery mildew (Mougou et al., 2008; Mougou-Hamdane
et al., 2010).

A prerequisite for studying the pathobiome of a given pathogen using high-
throughput sequencing is a significant relationship between the level of infection by
the pathogen and the number of sequences assigned to it. Our results showed that
this is the case for oak powdery mildew, both at the leaf level and at the tree level.
These results parallel those obtained recently by Sapkota et al. (2015) for two foliar
diseases of cereals. Another prerequisite is a good preservation of the microbial com-
munity composition during tissue storage. Our results suggested that the storage of
oak leaves in silica-gel for a period of two weeks does not bias the composition of the
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Phylum OTU
num-
ber

Interaction
with

E. alphi-
toides

Closest
match in
GenBank

Coverage
(%)

Similarity
(%)

Putative species

Bacteria

625 -0,243 KR265624.1 97 97 Acidovorax sp.
27 -0,221 JN545036.1 100 98 Ralstonia sp.
49 -0,204 LN829899.2 100 99 Arsenophonus sp.
63 -0,195 JX993414.1 97 98 Methylobacterium sp.
90 -0,187 KM253240.1 97 94 Burkholderia sp.
112 -0,175 KM253240.1 97 98 Burkholderia sp.
87 -0,165 HQ179145.1 97 100 Staphylococcus sp.
31 0,144 JX448502.1 96 99 Sphingomonas sp.
444 0,151 KR265692.1 97 98 Methylobacterium sp.
1191 0,186 KM203869.1 94 97 Hymenobacter sp.
42 0,19 KF681060.1 97 98 Methylobacterium sp.
33 0,2 KR181798.1 97 99 Frondihabitans sp.
20 0,21 AB698681.1 97 98 Methylobacterium sp.

Fungi

19 -0,244 -
10 -0,194 -
1 -0,179 AY853228.1 100 100 Naevala minutissima

1278 -0,179 KC339234.1 100 97 Mycosphaerella punctiformis
28 -0,161 KJ706995.1 100 99 Sporobolomyces gracilis
15 -0,145 KC345691.1 100 100 Monochaetia kansensis
2 -0,139 KC339234.1 100 100 Mycosphaerella punctiformis

1567 0,124 -
9 0,146 KP836326.1 100 100 Cladosporium cladosporioides
25 0,178 -
23 0,181 HG008766.1 100 99 Sporobolomyces roseus
20 0,241 AY239214.1 100 100 Lalaria inositophila
26 0,265 AF492085.1 100 100 Taphrina carpini

Table 1: Taxonomic assignment of the 26 operational taxonomic units (OTUs) po-
tentially interacting with Erysiphe alphitoides according to the results of a Bayesian
model of network inference. The interaction indicates the maximum a posteriori
of the correlation in the associated bivariate Gaussian copula. The sign of the in-
teraction indicates whether the OTUs are positively or negatively associated to E.
alphitoides. Taxonomic assignments are based on BLAST analysis of OTU seed se-
quences against GenBank. Coverage is the percentage of the query length covered
by the alignment. Similarity is the percentage identity over the alignment.
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foliar fungal community composition inferred by 454-pyrosequencing. These results
nevertheless contrast with those obtained by U’Ren et al. (2014) for moss and lichen
species. The last but not least requirement is to be able to predict intra-kingdom
and cross-kingdom interactions involving a pathogen species, based on metagenomic
data. Here we used the Bayesian method of network inference developed by Schwaller
et al. (2015) to highlight the most likely microbial interactions.

To decipher the pathobiome of E. alphitoides, we characterized the fungal and
the bacterial community composition of oak leaves (Quercus robur L.) differing in
their level of infection by the pathogen. Our results showed that the fungal commu-
nity composition changes markedly with the level of infection by E. alphitoides. The
community composition of phyllosphere yeasts, in particular, varied significantly with
infection. The yeast species Taphrina carpini was for instance associated to highly
infected leaves, while Sporobolomyces gracilis was preferentially found on leaves with
a low abundance of E. alphitoides. Another fungal species whose abundance dif-
fered significantly between infected and uninfected leaves was Mycosphaerella punc-
tiformis. This species asymptomatically colonizes living oak leaves as an endophyte,
and then sporulates on senescent leaves (Verkley et al., 2004). Its relative abundance
was significantly, negatively correlated to that of E. alphitoides. This finding suggests
that this fungal endophyte may play a protective role against oak powdery mildew.
According to the microbial interaction network, there might be a direct ecological
interaction between both species. Controlled inoculations will have to be performed
to validate the antagonistic relationship between both species, and to understand
the mechanism of interaction. According to our results, another foliar endophyte
that might compete with E. alphitoides is Monochaetia kansensis. This fungus has
already been observed on various Quercus species, including pedunculate oak (Gen-
naro et al., 2003), and produces a variety of bioactive compounds (Yogeswari et al.,
2012). In contrast, the ubiquist foliar endophyte Cladosporium cladosporioides was
positively linked to E. alphitoides in the microbial interaction network. This endo-
phyte is considered as a weakness parasite that becomes virulent when the host plant
is weakened by stress. Its abundance was shown to be higher in declining oak trees
than in healthy trees (Ragazzi et al., 2001). Our results suggest that leaf infection
by E. alphitoides might be beneficial to this species.

Contrary to our expectations, our results suggested that mutualism, facilitation
and commensalism dominate microbial interactions in the habitat formed by oak
leaves. More than half of the egdes in the microbial interaction networks were indeed
positive. These results contrast with other findings, suggesting that competition is
by far the most dominant outcome in microbial species interactions (Hibbing et al.,
2010; Foster & Bell, 2012). This high proportion of positive microbial interactions
may be accounted for by the fact that our analyses were based on a snapshot of
the microbial communities, taken about three months after leaf unfolding. Many
competitive interactions may have occurred before this snapshot. The weaker com-
petitors may have already been excluded, tipping the scales towards positive inter-
actions. The positive interactions between E. alphitoides and some bacterial OTUs
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may be accounted for by endosymbiosis (Hoffman & Arnold, 2010), commensalism
or facilitation. Bacteria may use the dead hyphae as a nutrient source. They may
also facilitate the infection (Venturi & da Silva, 2012) because they benefit from the
changes induced by the fungal pathogen in the plant metabolism. These changes may
indeed enlarge the quantity and/or the spectrum of substrates available to bacteria.
For instance, the transpiration rate of oak leaves increases with powdery mildew
infection as a result of transpiration via mycelium (Hewitt & Ayres, 1975). This
change may be beneficial to bacteria, as water availability on the leaf surface was
previously shown to be one of the major factors limiting bacterial growth (Lindow
& Brandl, 2003).

In conclusion, our results showed that complex networks of microbe-microbe in-
teractions occur on oak leaves. Network inference highlighted 13 bacterial OTUs and
13 fungal OTUs that are likely to interact directly with the E. alphitoides, the causal
agent of oak powdery mildew. Among the fungal OTUs, nine could be assigned at
the species level. Two foliar endophytic species - Mycosphaerella punctiformis and
Monochaetia kansensis - were highlighted as potential antagonists of E. alphitoides.
Several phyllosphere yeasts were also likely to have direct interactions with E. alphi-
toides. Controlled inoculations will have to be performed to validate these potential
interactions. Additionally, the study of the temporal dynamics of microbial networks
during the course of infection appears to be a promising research avenue, that will
give deeper insights into the ecology of this disease and may improve its biological
control. Endophyte-based biocontrol of forest diseases is still rare nowadays (Witzell
et al., 2014). Here we showed that combining metagenomics and network ecology
may foster this method of forest protection, by highlighting potential interactions
between pathogens and endophytes. The study of the effect of tree genotype on
the structure and functioning of microbial networks is another promising research
avenue. Our results suggest that there are differences in foliar microbial networks
between trees, but replicates are needed to test the effect of tree genotype. Under-
standing how tree genetics shapes microbial interaction networks will strengthen the
field of community genetics (Lamit et al., 2015) and may have applied perspectives
for tree breeding (Hacquard & Schadt, 2014; Pautasso et al., 2014; Desprez-Loustau
et al., 2015).
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2.7 Supplementary methods S1 - Preliminary
experiment aimed at assessing the effect of oak
leaf storage on fungal community composition.

Study site and sampling design

On the 5th of July 2011 at 2pm, 30 leaves were collected from the tip of three
branches of a Q. robur tree growing in front of the lab at the INRA Pierroton
forestry research station (Aquitaine, France; 44°44’N, 00°46’W). The branches were
at 5m above ground and faced different orientations (North, South-East, South-
West). Ten leaves of each branch, chosen randomly, were placed into sterile plastic
bags containing silica gel, as performed in the present article. Bags had been filled
with silicagel under the sterile hood. All materials required for filling the bags
(including silica gel) had been previously placed for 40min under UV light. The
bags, sealed and made airtight, were then stored in dark at ambient temperature in
the laboratory. Ten other leaves were placed into commercial zipper locking plastic
bags containing silica gel. Bags had been filled with silicagel under the sterile hood.
The bags were also stored in dark at ambient temperature in the laboratory. The ten
remaining leaves of each branch were placed in sterile plastic boxes and brought back
immediately to the lab. Foliar disks were excised under the sterile hood and placed
in microtubes containing one tungsten carbide bead, as described in the present
article. Then the samples were immediately frozen under liquid nitrogen and ground
by using Geno/Grinder® (SPEX SamplePrep, Metuchen, NJ, USA) at 1 300 strokes
per minute for 180s. The samples were placed at -80°C at 4pm (2 hour after leaf
collection). These three treatments - leaves dried in silica gel in sterile bags, leaves
dried in silica gel in commercial zipper locking bags and fresh leaves immediately
frozen after sampling - are hereafter referred to as SS, SC and FF respectively.

DNA extraction and fungal communities sequencing

On the 20th of July 2011, foliar disks were excised from the dried leaves as described
in the present article. Then they were ground by using Geno/Grinder® (SPEX
SamplePrep, Metuchen, NJ, USA) at 1 300 strokes per minute for 180 s. DNA was
then extracted from all samples using the QIAGEN DNeasy® 96 Plant Kit. Several
frozen samples (belonging to the same branch) were lost at this stage. Amplification
of the fungal ITS1 region and purification of the PCR products was then performed
as described in Coince et al. (2014). The purified PCR products were quantified
(NanoDrop) and pooled in equal proportion at the branch level, resulting into 8
samples (2 FF, 3 SS and 3 SC). 454 pyro-sequencing of these samples and 26 others
was then performed at the Centre de Génomique Fonctionnelle de Bordeaux (CGFB,
Bordeaux, France) on one run of a GS-Junior sequencer (454 Life Sciences, Brand-
ford, CT, USA) . Bioinformatic analysis was performed with QIIME 1.6.0 (Caporaso
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et al., 2010) following the same procedure as Cordier et al. (2012), with an additional
step of sequence denoising performed by using the function denoise.wrapper.

Statistical analyses

We calculated the compositional dissimilarity matrix between samples, based on the
Pearson index for 100 rarefied data sets. The rarefaction threshold was of 2692
sequences per sample. We then calculated the average dissimilarity matrix from
these 100 matrices. Average dissimilarities in community composition between sam-
ples were represented by non-metric multidimensional scaling (NMDS). The effect of
branch and treatment were assessed separately by performing permutational multi-
variate analyses of variance (PERMANOVAs) using the R vegan package (Oksanen
et al., 2014).

Results

The composition of foliar fungal communities differed significantly between branches
(PERMANOVA; F=163.9, df1=2, df2=5, p-val=0.07), but not between treatments
(F=0.06, df1=2, df2=5, p-val=0.96).

Figure 1: NMDS plot illustrating significant within-canopy differences in foliar
fungal community composition in Quercus robur. Effect of tissue treatment - leaves
dried in silica gel in sterile bags (SS), leaves dried in silica gel in commercial zipper
locking bags (SC) and fresh leaves immediately frozen after sampling (FF) - on the
community composition inferred by pyrosequencing was not significant.
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Discussion

We showed that branches of an oak tree (Q. robur L.) harbor significantly different
foliar fungal communities. These results parallel those found by Cordier et al. (2012)
for foliar fungal communities of European beech (Fagus sylvatica) and by Leff et al.
(2015) for foliar bacterial communities of Gingko biloba. Leaf treatment-tissues dried
in silicagel versus flash-freezing of fresh tissues - did not have any significant effect
on the composition of the foliar fungal community inferred by pyrosequencing, in
contrast to the results obtained by U’Ren et al. (2014) for two species of moss and
lichen. Our results thus suggest that leaf storage in silica gel is an adequate method
for studying oak foliar fungal communities.
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Abstract

Phyllosphere microbiota influences host plants interactions with the biotic
and abiotic environment. The structure of the phyllosphere microbial commu-
nity is influenced by plant functional traits, which in turn are encoded in the
plant genome. Therefore we hypothesized the existence of genomic regions,
whose effects extend to the community level and influence the phyllosphere
microbiota structure. We surveyed the phyllosphere bacterial and fungal com-
munities of English Oak (Quercus robur L.) full-sib (F1) mapping population
using next-generation sequencing methods. We performed quantitative trait
loci (QTL) analysis of microbial community descriptors. We found 8 QTLs for
microbial community traits: fungal and bacterial composition, fungal diversity,
and percentage of Erysiphe alphitoides reads. Three of these QTLs colocalized
with a QTL for powdery mildew sensibility, suggesting for strong genetic de-
terminism of powdery mildew resistance in Q. robur. We discuss our findings
in the light of putative functional traits shaping microbial community of the
phyllosphere.
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3.1 Introduction
Microorganisms associated with plants influence the fitness of their hosts (Bolton,
2009; Hamilton et al., 2010; Junker & Tholl, 2013). Plant phenotype is hence the
product of the concerted and highly co-regulated expression of both plant and mi-
crobial genes (Partida-Martínez & Heil, 2011). Myriads of microorganisms inhabit
inner and outer plant tissues above and below-ground and are collectively called the
plant microbiota. They augment the plant genome by microbial genes, hence they
extend plant genome functionality by providing novel biochemical capabilities or by
modifying existing plant pathways (Friesen et al., 2011). They influence carbon (C)
and nitrogen (N) cycling (Delmotte et al., 2009; Peñuelas et al., 2012; Kembel et al.,
2014), plant growth (Compant et al., 2010), plant defense-responses (Reinhold-Hurek
& Hurek, 2011), plant biotic (Raghavendra & Newcombe, 2013) and abiotic stress
tolerance (Hamilton & Bauerle, 2012), and other plant functional traits, plant bi-
otic interactions, and ultimately ecosystem services (van Loon et al., 1998; Friesen
et al., 2011; Bulgarelli et al., 2013). Plant microbiota can help the plant to adapt
to its environment and might help it to respond to rapid climate change (Compant
et al., 2010). Hence, the enrollment of cooperative microbial partners enables the
plant to improve its fitness and to promote the evolution of cooperation processes
(Vandenkoornhuyse et al., 2015).

Plant genetic identity was shown to be important in structuring the above- and
below-ground microbial communities (Schweitzer et al., 2006, 2008; Ulrich et al.,
2008; Bailey et al., 2009; Bálint et al., 2013; Fischer et al., 2014; Bodenhausen et al.,
2014; but see Mason et al., 2015), whereby the effects of plant diversity were stronger
on the above-ground microbiota (Bailey et al., 2009). The effects of genetic factors
are mediated by plant functional trait variation (Schweitzer et al., 2010), like produc-
tivity traits (leaf water and phosphorous content, leaf mass per area, leaf thickness,
thickness of the leaf epidermis, wood density, growth/mortality rate) or defense-
related traits (total phenolics content, trichome density, ethylene signaling and cuti-
cle composition) (Yadav et al., 2005; Kembel et al., 2014; Bodenhausen et al., 2014).
The quantitative nature of these traits suggests for existence of QTLs (Balint-Kurti
et al., 2010), whose effects extend to the community level influencing the leaf micro-
biota, consistent with the community genetics framework (Whitham et al., 2006).
Thus within this framework it was hypothesized that specific QTLs in plant host
would be linked to properties of the plant associated community (Whitham et al.,
2003).

Forest trees offer a powerful system for testing community-level effects of genetic
variation, as they are the basal resource in most food webs. They often are dom-
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inant and keystone species in ecosystems, encompassing a huge number of biotic
interactions, and thus having cascading effects throughout communities (Johnson
& Stinchcombe, 2007). English oak (Quercus robur) grows under a wide range
of climatic and edaphic conditions and is a dominant tree species in many forests
throughout Europe (Gailing et al., 2009). There are genetic maps available for oak
and its genome data was recently released in public sequence repositories (Plomion
et al., 2015). Several QTLs were mapped for traits potentially involved in shaping
oak associated microbial community through trait-mediated effects. These include
leaf morphology (Saintagne et al., 2004), bud burst (Scotti-Saintagne et al., 2004),
water use efficiency (Brendel et al., 2007), and stomatal density (Gailing et al., 2008).
Here we hypothesized the existence of QTLs in oak, which are linked to the proper-
ties of oak phyllosphere microbiota. Those QTLs would be linked to oak traits with
major effects on associated community.

3.2 Material and Methods

Experimental site and leaf-sampling design

The oaks belonged to a full-sib oak family obtained by a controlled cross realized
during 1992 that provided acorns to construct a clonal bank composed of 278 clones.
The female parent (accession 3P) is from the Forestry Research Station of Pierro-
ton (latitude 44°44’18” N, longitude 0°46’38” W) and the male parent (accession
A4) originates from Arcachon (latitude 44°39’10” N, longitude 1°10’5” W). The 278
seedlings were raised in a seedbed in the nursery until age 3, and they were then
transplanted in a clonal bank as stool beds. Rooted cuttings were produced from the
clonal bank and planted in their second year of growth in an open-air experimental
site in the South-west of France (Experimental Unit of Bourran 44°20’30” N, 0°23’35”
E). The plantation comprising 207 full-sibs was planted in 2000 in a randomized in-
complete block design (183 blocks with 12 cuttings each, in total 2196 individuals).
This mapping population was used in numerous experiments to detect QTLs for leaf
morphology traits (Saintagne et al., 2004), phenology (Scotti-Saintagne et al., 2004;
Derory et al., 2010), growth (Scotti-Saintagne et al., 2004), water efficiency (Brendel
et al., 2007), and powdery-mildew resistance (Robin et al., 2010; Mougou-Hamdane,
2009).

On the 29th of July 2011, we collected randomly three leaves each from North-
East and South-West side of each tree at approximate height of 2 m, resulting in six
leaves per tree and 180 trees. We collected leaves strictly from the first flush. Each
leaf was cut at the base of the petiole and placed into a sterile bag containing silica
gel. The bags, sealed and made airtight, were then stored in dark at +18°C in the
laboratory. It was shown by Jakuschkin et al. (in prep., see Methods S1 on page 68)
that the storage of Q. robur leaves in silica gel prior to the DNA-extraction (when
compared to flash-freezing) did not have any significant effect on the composition of
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the foliar fungal community inferred by pyrosequencing.

DNA extraction

We performed the DNA extraction under a laminar flow hood. We disinfected the
hood and all tools with sodium hypochlorite followed by 70% ethanol and 40 minutes
of UV exposure. All plastic ware and tungsten carbide beads were autoclaved for 2
hours prior to utilization. Using a metal corer we excised two discs on each side of the
leaf middle vein – four discs of 2 cm2 in total. Each set of four leaf discs was placed in
a collection microtube (QIAGEN DNeasy® 96 Plant Kit) containing one tungsten
carbide bead. The tools were sterilized prior to each leaf handling by dipping into
70% alcohol and flaming over an electric Bunsen burner. We used Geno/Grinder®
(SPEX SamplePrep, Metuchen, NJ, USA) to grind the leaf material at 26 Hz for 90
seconds into homogenous powder. The samples were stored at -80°C overnight. We
used the QIAGEN DNeasy 96 Plant Kit to extract the DNA (following the protocol
for frozen plant tissue); we measured the DNA concentration with NanoDrop 8000
and diluted DNA working solutions to 1ng DNA μl-1. Total DNA extracts from
leaves were pooled by tree prior to the PCR step.

Amplification and sequencing of the fungal assemblages

To characterize the fungal assemblages on oak leaves we targeted the internal tran-
scribed spacer 1 (ITS1) sublocus of the ITS region of the nuclear ribosomal repeat
unit (Schoch et al., 2012). The PCR reactions were pipetted under a laminar flow
hood using the same disinfection protocol as for the DNA extraction. The PCR
reactions (50µl) contained 2.5 units Silverstar Taq polymerase (Eurogentec), 5µl 10x
PCR buffer supplied by the manufacturer, 2µl MgCl2 (50mM), 2µl dNTPs (5mM),
1µl of 10µM forward primer, 1µl of 10µM reverse primer, 0.5µl of 100mg/ml BSA, and
5ng DNA template. The PCR reaction was carried out as follows: an initial phase at
95ºC (5 min), followed by 35 cycles at 95ºC (30 sec), 54ºC (60 sec) and 72ºC (90 sec),
and a final step at 72ºC (10 min). Samples (leaf as a sample unit) were amplified
in triplicate and pooled before purification with AMPure magnetic beads (Beckman
Coulter Genomics, Danvers, MA, USA). The DNA concentration in each sample was
quantified using Nanodrop8000 (Thermo Fischer Scientific, Waltham, MA, USA) and
pooled to an equimolar concentration to obtain the amplicon libraries, five in total.
The final DNA libraries were sequenced (unidirectional, starting with A adaptor) on
454 GS Junior sequencer(454 Life Sciences, Branford, CT, USA) at the Centre de
Génomique Fonctionelle de Bordeaux (CGFB, Bordeaux, France).

Amplification and sequencing of the bacterial assemblages

To characterize the bacterial assemblages on oak leaves we targeted the hypervari-
able region 6 (V6) of the 16S small ribosomal subunit gene (16S rRNA). We applied
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the microbiome profiling method developed by Gloor et al. (2010), which uses com-
binatorial sequence tags attached to PCR primers amplifying the hypervariable V6
region of the 16S rRNA gene (Huse et al., 2008). This type of tagging combined
with the Illumina paired-end protocol enabled for the examination of hundreds of
samples with far fewer primers than is required when tags are incorporated at only
a single end. The PCR set up (50µl) contained 2.5 units Silverstar Taq polymerase
(Eurogentec), 5µl 10x PCR buffer supplied by the manufacturer, 2µl MgCl2 (50mM),
2µl dNTPs (5mM), 1µl of 10µM forward primer, 1µl of 10µM reverse primer, 0.5µl
of 100mg/ml BSA, and 5ng DNA template. The PCR was carried out as follows: an
initial phase at 95ºC (2 min), followed by 30 cycles at 95ºC (30 sec), 56ºC (30 sec)
and 72ºC (30 sec), and a final extension at 72ºC (5 min). Samples were amplified
in triplicate and pooled before purification with AMPure magnetic beads (Beckman
Coulter Genomics, Danvers, MA, USA). Amplicon samples were then individually
quantified using the Nanodrop8000 and pooled to an equimolar concentration. The
final DNA library was sequenced on the Illumina platform GAIIx (Illumina, Inc, San
Diego, CA, USA) at the Centre de Génomique Fonctionelle de Bordeaux (CGFB,
Bordeaux, France). Paired-end sequencing allowed for full coverage of the V6 region
with reads overlapping at full length.

Processing of the fungal 454 pyrosequencing data

We used QIIME v.1.7.0 (Caporaso et al., 2010) for quality filtering, demultiplexing,
and denoising. After the removal of tags and primers, all sequences shorter than 100
nucleotides were discarded. Quality filtering was done with a sliding window test of
quality scores having a window size of 50 nucleotides and a minimum quality score of
25. The sequences were truncated at the beginning of the poor quality window and
tested for the minimum sequence length of 100 nucleotides. We removed the highly
conserved ribosomal genes flanking the ITS1 marker region from the dataset using
Fungal ITS Extractor 1.1 (Nilsson et al., 2010). ITS1 sequences shorter than 100
nucleotides were discarded and sequences longer than 280 nucleotides were trimmed
at the 3’-end. Before the clustering step we combined the dataset with the fungal
dataset acquired from 118 leaves from three oak trees planted in the same field test
(see Section 2 on page 41). In doing so we aimed to reduce the number of singletons.
We discarded singleton reads before clustering to minimize spurious Operational
Taxonomic Units (OTUs). OTU clustering was done with UPARSE-OTU (Edgar,
2013), an algorithm implemented within Usearch v.7 (Edgar, 2010) that performs
chimera filtering and OTU clustering simultaneously. The algorithm identifies a
set of OTU representative sequences at the 97% sequence similarity threshold, that
corresponds roughly to the differences at the species level (Nilsson et al., 2008). Un-
fortunately, other Erysiphe species, such as E. quercicola and E. hypophylla, have
an ITS sequence which has less than a 3% difference from the E. alphitoides ITS
sequence (Mougou et al., 2008). ITS sequences of these species therefore cluster to-
gether at 97% similarity threshold. To circumvent this issue we performed a BLAST
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search of all sequences against a custom taxonomic database of the Erysiphe genus.
We extracted all sequences with successful hits to E. alphitoides into a separate file,
and assigned the corresponding read counts. Taxonomy assignments were done by
BLAST searches against Fungal ITS Database (Nilsson et al., 2009) (as of March
15, 2012). We modified the taxonomic file associated with this database to equalize
the length of taxonomic ranks, by using the NCBI Taxonomy Browser. Additionally
we corrected a few false taxonomic assignments in the case of Erysiphe species and
removed a few non-fungal sequences. We performed BLAST searches using QIIME
(v.1.7.0) with standard settings (e-value: 0.001, minimum percent identity: 90) to
assign the taxonomy to the most abundant sequence of each OTU. We also per-
formed BLAST searches against the Nucleotide collection database (nr/nt database)
to exclude possible Q. robur sequences. We then constructed the OTU table in QI-
IME and transformed it from BIOME into tab delimited text format for downstream
analyses with R (R Core Team, 2013).

Processing of the bacterial Illumina data

We assembled the paired-end reads using PANDAseq (Masella et al., 2012). Reads
were then demultiplexed following the method described in Gloor et al. (2010)
using a custom Bash shell script. We removed oak chloroplast sequence prior to the
clustering step. OTU clustering and OTU table construction were done by following
the same procedure than for fungi. Taxonomic assignments were performed with the
RDP Classifier program (v.2.5) (Wang et al., 2007) as it is implemented into QIIME
(v.1.7.0), with standard settings and Greengenes 13_5 as the reference sequences.
The origin of OTU representative sequences (archaeal, bacterial, nuclear eukaryote,
mitochondrial or chloroplast origin) was identified using Metaxa (Bengtsson et al.,
2011) and we retained only the bacterial OTUs.

Construction of foliar microbial networks

We used the SparCC software (Friedman & Alm, 2012) to construct the microbial
association network. SparCC approximates linear Pearson correlation coefficients
between log-transformed OTU abundances. It does not require any normalization
or downsampling of the data (Friedman & Alm, 2012). Given the very high total
number of OTUs, we only included the most abundant fungal OTUs (representing
in total 90% of the fungal sequences in the dataset) and the most abundant bacte-
rial OTUs (representing in total 90% of the bacterial sequences in the dataset) to
reduce computation time. We used 20 iterations to compute the correlation coeffi-
cients between OTU abundances. Their significance was assessed by generating 100
bootstrapped datasets (see Friedman & Alm (2012) for the bootstrap procedure).
The pseudo p-values were defined as the proportion of random datasets for which
a correlation value at least as extreme as the one computed for the original data
was obtained. Only significant correlations (with p-value < 0.01) were retained as
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network links. Each node of the network corresponds to an OTU and each link be-
tween two OTUs corresponds to a significant correlation between their abundances
across all samples. The weight of each link (hereafter referred to as the association
strength) is the Pearson coefficient correlation value.

Choice of traits for QTL analysis

All data handling, trait calculations and QTL analysis were performed in the R
Program, version 3.1.3 (R Core Team, 2013). We measured bacterial and fungal
diversity using the inverse Simpson index. The value of this index starts with 1 as
the lowest possible value, with larger values indicating greater diversity. And the
maximum possible value equals to the number of OTUs in the sample (richness).
Inverse Simpson index is defined as 1

D
, where D =

∑
p2i and pi is the proportional

abundance of species i. This index is comparatively insensitive to numerically mi-
nor constituents (Bent & Forney, 2008) and it better differentiates between highly
diverse samples, which is the case in our data. We chose the percentage of Erysiphe
alphitoides reads in fungal samples as a proxy for the powdery mildew infection as
the reads were previously shown to correlate with the disease symptoms (Figure 2
on page 54). Additionally we included measurements of powdery-mildew inocula-
tion experiment performed in 2006 (Mougou-Hamdane, 2009). In this experiment
excised leaves were inoculated with one strain of Erysiphe alphitoides and the lesion
surface was measured every day. The “pm sympt” represents the average growth of
lesion surface in μm2·day-1. As the measurement of the community composition we
chose the axis projections of principal coordinate analysis (PCoA). We have used
the Bray-Curtis dissimilarity index calculated on the bacterial and fungal datasets.
Bray-Curtis index was previously shown to perform best in recovering environmental
gradients (Austin, 2013). For each tree we also computed traits describing proper-
ties of the microbial association network (Table 3.1 on the next page). Changes
in microbial community association networks will have implications for microbiome
dynamics and functioning (Bakker et al., 2014). Trait abbreviations and explana-
tions are summarized in Table 3.2 on page 79. The pattern of phenotypic variation
differed by trait (Figure 3.1 on page 81). Summary statistics of each trait are given
in Table 3.3 on page 80.

Genotyping and map construction

A map was constructed for each parent of the cross following the so called double-
pseudo-testcross mapping strategy (Grattapaglia & Sederoff, 1994) as previously
described in Saintagne et al. (2004). In the pseudo-testcross configuration markers
are present in one parent and absent in the other or vice versa, and are expected to
segregate 1:1 in the F1, generation (Grattapaglia & Sederoff, 1994). From the high-
density map (Bodenes et al. in prep.), a skeletal map with uniformly distributed



CHAPTER 3. QTLS FOR MICROBIAL COMMUNITY DESCRIPTORS 78

Network trait Formula

Average frequency of associations

T−1∑
i=1

T∑
j=i+1

|Sij |·Ai·Aj

T−1∑
i=1

T∑
j=i+1

Ai·Aj

Average frequency of positive associations

T−1∑
i=1

T∑
j=i+1

|Pij |·Ai·Aj

T−1∑
i=1

T∑
j=i+1

Ai·Aj

Average frequency of negative associations

T−1∑
i=1

T∑
j=i+1

|Nij |·Ai·Aj

T−1∑
i=1

T∑
j=i+1

Ai·Aj

Average strength of associations

T−1∑
i=1

T∑
j=i+1

Rij ·Ai·Aj

T−1∑
i=1

T∑
j=i+1

Ai·Aj

Average strength of positive associations

T−1∑
i=1

T∑
j=i+1

Pij ·Rij ·Ai·Aj

T−1∑
i=1

T∑
j=i+1

Pij ·Ai·Aj

Average strength of negative associations

T−1∑
i=1

T∑
j=i+1

Nij ·Rij ·Ai·Aj

T−1∑
i=1

T∑
j=i+1

Nij ·Ai·Aj

Rij is the association strength between OTU i and OTU j in the microbial
network inferred with SparCC method, 0 6 Rij 6 1. Sij is the associations sign
between OTU i and OTU j, Sij ∈ {−1, 0, 1}. Pij is the presence of a positive
association between OTU i and OTU j . Pij = 1 if Sij = 1 otherwise Pij = 0. Nij

is the presence of a negative association between OTU i and OTU j. Nij = 1 if
Sij = −1 otherwise Nij = 0. T is the total number of OTUs. Ai and Aj represent
the relative abundances of OTU i and OTU j in the sample, respectively.

Table 3.1: Traits describing properties of the microbial association network inferred
with SparCC method.
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Abbreviation Trait explanation

fung div fungal diversity (inverse Simpson index for fungal data)

bact div bacterial diversity (inverse Simpson index for bacterial data)

fung comp1 1st principal component of PCoA with Bray-Curtis distance
on fungal community data

fung comp2 2nd principal component on fungal data

bact comp1 1st principal component of PCoA with Bray-Curtis distance
on fungal community data

bact comp2 2nd principal component on bacterial data

Erys %reads percentage of Erysiphe alphitoides in the sample

pm sympt visual assessment of powdery-mildew infection in 2006:
linear growth of lesion surface after controlled inoculation of
excised leaves (μm·day-1)

netw int freq average frequency of network associations

netw pint freq average frequency of positive network associations

netw nint freq average frequency of negative network associations

netw int strngth average strength of network associations

netw pint strngth average strength of positive network associations

netw nint strngth average strength of negative network associations

Table 3.2: Microbial community traits, listing their abbreviation and explanation
of traits.

markers (approximately 2 cM per marker interval) was extracted and used for QTL
identification.

Number and type of markers

The female framework map was composed of 345 SNP markers and covered a distance
of 686.8 cM, with an average spacing between markers of 2.01 cM (max: 5.5 cM).
The male framework map comprised 341 SNP markers over a total distance of 768.6
cM, with an average marker spacing of 2.3 cM (max: 8.7 cM).
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Trait Phenotyped individuals Min Max Mean SD

fung div 181 2.88 31.71 16.44 6.63

bact div 174 1.48 47.68 21.82 7.52

fung comp1 181 -0.39 0.23 0 0.16

fung comp2 181 -0.22 0.29 0 0.11

bact comp1 174 -0.26 0.38 0 0.13

bact comp2 174 -0.19 0.27 0 0.09

Erys %reads 181 0 0.17 0.01 0.02

pm sympt 143 0 897.94 321.95 327.67

netw int freq 181 0.29 0.48 0.39 0.03

netw pint freq 181 0.14 0.36 0.23 0.04

netw nint freq 181 0.08 0.24 0.16 0.03

netw int strngth 181 0.08 0.16 0.11 0.02

netw pint strngth 181 0.04 0.13 0.07 0.02

netw nint strngth 181 0.02 0.06 0.04 0.01

Table 3.3: Phenotypic values in microbial traits in the Q. robur mapping popula-
tion.

QTL analysis

Identification of quantitative trait loci (QTL) was performed using composite inter-
val mapping (Zeng, 1994) with three marker covariates, a window size of 50cM in
R/qtl (Broman et al., 2003). The LOD threshold was established separately for each
trait using 1,000 permutations at a significance threshold of 0.05. The position and
effect of significant QTL were refined using the Haley–Knott regression method and
then assessed for additive effects and percent variation explained by fitting a model
containing all QTLs identified for a given trait in R/qtl. An approximate Bayesian
credible interval was calculated for each QTL.
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Figure 3.1: Phenotypic variation in microbial traits in the Q. robur mapping pop-
ulation.

3.3 Results

Sequencing data

Fungal data

Out of the initial 718193 raw reads, 94668 were found to be of poor read quality,
too short, chimeric or singletons, leaving 623525 (87%) sequences for subsequent
analyses. The number of sequences per sample ranged from 1764 to 6804 with the
mean of 3445 (median: 2961). A total of 1443 OTUs were identified. Out of these
OTUs a putative taxonomy could be assigned to 981 OTUs. The 462 not-assigned
OTUs represented 25.5% of the reads and were confirmed as uncultured fungi.

Bacterial data

Sequencing of the bacterial amplicon pool yielded 31 · 106 sequences, of which 30.6 ·
106 were chloroplast sequences, mitochondria sequences, poor quality, too short,
chimeric or singletons, leaving 351000 sequences for subsequent analyses. In total
1102 bacterial OTUs were identified. The number of reads per sample ranged from
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83 to 11890 with a mean of 1939 and a median of 1526. All OTUs were assigned at
differing taxonomical resolution.

Correlation among traits

Significant correlations were observed between traits (Table 3.4 on the next page).
Strong and significant correlations were observed between association network traits:
average frequency of associations (netw int freq) and average strength of associations
(netw int strngth). Three pairs of traits showing very strong correlations were av-
erage frequency of positive associations (netw pint freq) and average strength of
positive associations (netw pint strngth), average frequency of negative associations
(netw nint freq) and average strength of negative associations (netw nint strngth),
average strength of associations (netw int strngth) and average strength of positive
associations (netw pint strngth). These pairs were expected to give very similar or al-
most identical results in the QTL analysis, consequently we kept only one trait from
each pair for the subsequent QTL analysis: netw pint freq, netw nint freq, netw int
strngth. Furthermore we observed moderate significant correlations between fungal
diversity (fung div) and fungal community composition (fung comp1), between fungal
(fung comp1) and bacterial (bact comp1) community composition, between Erysiphe
alphitoides read abundance (Erys %reads) and bacterial (bact comp1) community
composition, between fungal community composition (fung comp1) and association
network properties (netw int freq, netw nint freq), between network properties (netw
int freq and netw pint freq, netw pint freq and netw nint freq). Among the weak
significant correlations following correlations were to point out: between E. alphi-
toides read abundance (Erys %reads) and the visual assessment of powdery-mildew
symptoms from 2006 (pm sympt), between E. alphitoides read abundance and fungal
composition (fung comp1), and between E. alphitoides read abundance and network
traits (netw pint freq, netw nint freq).

Chromosomal loci for the microbial community descriptors
(QTLs)

We found 11 chromosomal regions for eight out of 12 traits: fung div, fung comp1,
fung comp2, bact comp1, Erys %reads, pm sympt, netw nint freq and netw int
strngth (Table 3.5 on page 84). QTLs were identified on linkage groups (LG) 4,
6, 8, 9 and 10 explaining between 2.98% and 55.26% of phenotypic variation. The
QTL with the largest effect was for the powdery-mildew symptoms observations from
inoculation experiment (pm sympt) and was identified on male (m) LG10. QTL for
fung div was found on female (f) LG6. QTLs for fung comp1 and fung comp2 were
found on LG9f and LG10m respectively. QTLs for bact comp1, fung comp2, Erys
%reads, and pm sympt co-localized on LG10m. QTLs for netw nint freq and fung
div co-localized on LG6f. QTLs for netw nint freq and fung comp1 co-localized on
LG9f (Figure 3.2 on page 86).
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3.4 Discussion
We found a major QTL on LG 10m for powdery-mildew lesion growth to be associ-
ated with QTLs for bacterial and fungal phyllosphere community composition. This
QTL overlapped with a QTL for the number of reads of E. alphitoides, suggesting
number of reads of E.a. is a good proxy of leaf infection by the pathogen (Jakuschkin
et al., Section 2). Furthermore the stability of this QTL over two different seasons
(2006 and 2011) and experimental designs (inoculation experiment vs. natural infec-
tion) suggests strong genetic determinism of powdery mildew resistance in Q. robur.
Powdery mildew infection is associated with changes in the fungal and bacterial com-
munity composition, the latter being however more subtle. E. alphitoides competes
with other fungal species, and resident bacteria tend to facilitate or take advantage of
the infection (Jakuschkin et al., Section 2). Oak resistance/sensitivity to Erysiphe
alphitoides might therefore drive phyllosphere microbial community. Overall this
result extends the knowledge of fungal-mediated interactions on community demon-
strated in insects (Tack et al., 2012; Zargaran et al., 2012; Milanovic et al., 2014),
and on microbial community (Section 2) and suggests that evolutionary history of
pathogen resistance in a plant can shape the entire community of interacting species.
The origin of oak powdery-mildew species in Europe is still unclear, also the coevo-
lution between this species and European Quercus species (Desprez-Loustau et al.,
2011). Meanwhile, their coevolutionary history might have left signatures within oak
genome and oak associated microbial community.

The putative oak resistance locus we found would open new exciting areas in
trees-pathogens molecular evolution. Plant resistance genes are crucial in plant de-
fense against pathogens (Jones & Dangl, 2006). Resistance genes often fail to provide
long-term resistance in an agricultural context, and they often persist as long-lived
balanced polymorphisms in nature (Stahl et al., 1999; Tian et al., 2002; Bakker et al.,
2006). The maintenance of polymorphisms is based on the balance between costs
and benefits of resistance on one side and virulence on the other in a coevolving
host–pathogen pair (Anderson & May, 1982; Frank, 1992), but, like for powdery-
mildew infection, many plant–pathogen interactions lack such specificity (Barrett
et al., 2009). Karasov et al. (2014) showed that selection for a resistant gene in A.
thaliana involves multiple non-homologous effectors and multiple pathogen species.
The resistant gene polymorphism in A. thaliana may thus not be maintained through
a tightly coupled interaction involving a single coevolved R gene and effector pair.
The stable polymorphism is more likely maintained through complex and diffuse
community-wide interactions. Our results are in line with their finding as the ge-
nomic region associated to a major pathogen in oak is also associated with the oak
microbial community phenotype.

We found QTL for fungal diversity that possibly co-localize with QTLs for leaf
stomatal density (Gailing et al., 2008). Oak powdery-mildew causing Erysiphe
species do not indirectly penetrate the mesophyll via stomata and we were not expect-
ing genes for stomatal density to be linked to powdery-mildew infection. However,
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Figure 3.2: Microbial community quantitative trait loci (QTL) locations on Q.
robur linkage groups (LG). Map distances are in centimorgans (cM). Colored bars
show the confidence intervals of QTLs. Color coding: black for diversity traits,
blue for network traits, red for microbial composition traits, blue for network traits.
Markers with highest LOD value for each traits are marked in bold and underlined
Explanations of traits abbreviations are listed in Table 3.2 on page 79
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variation for that trait might influence fungal diversity by selecting against species
which need to colonize the leaves through stomatal openings. A reduced stomatal
density might increase competition during the colonization step. Interval confidences
of QTL for fungal diversity and QTL for Negative Interaction overlap on LG 6f (Fig-
ure 3.2). Because stomata constitute a resource-rich micro-environment compared
with other leaf parts, we were expecting the genomic region associated with stomatal
density to be linked to fungal and/or bacterial species in general. Further experi-
ments are needed to get a better insight of the microbial phyllosphere community
response to an increase in competition.

Finally, a genomic approach using oak genome (Plomion et al., 2015) will shed
light on putative plant function that matter in shaping phyllosphere community.
Horton and colleagues’ (2014) search for genes associated with phyllosphere here
is a mark microbiota of Arabidopsis thaliana highlighted defense responses, signal
transduction, kinase-related activities, and processes associated with the cell wall
modification as putative biological functions associated with those microbial com-
munities. Bodenhausen et al. (2014) established a synthetic community approach
to study the effect of host genotype on bacterial composition and abundance in the
phyllosphere. They showed strong influence of cuticle thickness and permeability on
bacterial composition and density as it represents the initial interaction surface with
microorganisms (Beattie, 2002). The anatomy and surface features of the leaves often
determine plant resistance to infection and intrusion (Yadav et al., 2005). Aspects of
stomata, cuticle and leaf morphology can be involved in resistance (Niks & Rubiales,
2002). Trichomes can also act as physical barriers to infection (Martin & Glover,
2007) and this can delay germination by trapping the spores (Mmbaga et al., 1994),
because they reduce the probability of germ tubes to reach leaf surface (Wynn, 1976;
Shaik, 1985). Leaf and cuticular or epidermal thicknesses have also been associated
with powdery mildew resistance (Commenil, 1997). Indeed, biotrophy by powdery
mildew is initially dependent on the morphology of the epidermal surface and the
adhesion capacity of pathogen spores to the cuticle/cell wall (Vanacker et al., 2000;
Kruger et al., 2002). All abovementioned traits might provide good candidate genes
linked to the community phenotype QTLs we found in this study, and will be inves-
tigated in the next future with the help of a genomic approach using oak genome
(Plomion et al., 2015).
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4.1 Introduction
In the previous QTL experiment we have identified 11 QTLs for eight traits de-
scribing phyllosphere microbial structure (fung comp1, fung comp2, bact comp1),
fungal diversity (fung div), association network properties (netw nint freq, netw int
strngth), and severity of powdery-mildew infection (Erys %reads, pm sympt). The
majority of these QTLs were minor QTLs explaining less than 10% of the pheno-
typic variation. As mentioned earlier the phyllosphere as a microbial habitat is likely
influenced by a broad set of traits, which themselves are complex and are controlled
by multiple genes, e.g. genetic control of phenolic contents (DeWoody et al., 2013).
The outcome of each trait is determined by the combined effects of variants in nu-
merous genes and nongenetic factors. Therefore many genetic loci of minor effects
are expected for each of these traits. The main limitation of a QTL experiment
is that only those loci segregating in the mapping population under consideration
can be identified. Because the number of recombination events per meiosis is rela-
tively small the mapping resolution of a QTL experiment is typically low, i.e. the
confidence intervals of detected QTLs are very big. Another difficulty of detecting
a QTL of a polygenic trait is that the effect sizes of individual variants are likely
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too small to be detected via cosegregation within pedigrees. Rapid advances in se-
quencing technologies allowed for discovery and scoring of vast numbers of SNPs
allowing to design and perform genome wide linkage disequilibrium association map-
ping studies (GWASs) on unrelated individuals. Association analysis searches for
correlation between genomic region and phenotype in population, whereas a linkage
analysis tests for correlation in families. Association analysis can achieve much bet-
ter mapping resolution than linkage analysis, because close relatives share stretches
of genetic material over larger parts of chromosomes than do unrelated individuals
(Hirschhorn & Gajdos, 2011). However, GWA mapping suffers from the limitation
that it generates false positives due to population structure. Statistical methods
to control for population structure have been developed to reduce the inflation of
false positives associations. Knowledge of kinship relationship among individuals in
the population provides additional important information for control of population
stratification (Gauderman et al., 1999). But an alternative is the complementary
use of traditional QTL mapping in controlled crosses and the use of GWA mapping
(Brachi et al., 2010; Horton et al., 2014). Genome-wide association studies (GWASs)
are most often used for studying the genetic basis of human diseases and by 2013
they have identified over 2000 SNPs associated with more than 300 polygenic dis-
eases and traits (Manolio, 2013). But this methodology also has great utility for
studying the natural variation in model organisms like Arabidopsis thaliana (Atwell,
2010) and mouse (Flint & Eskin, 2012), in economically important plants (Ogura
& Busch, 2015) and cattle (Olsen et al., 2011). Here we aim to identify the genetic
regions that contribute to the structure of oak phyllosphere community. The results
of this study should complement our findings from the previously performed QTL
experiment. I present and discuss preliminary analyses.

4.2 Material and Methods

Population structure and Sampling

The open-air experimental site was located in a clearing surrounded by pine trees
(Pinus pinaster Ait.) and broadleaved species (predominantely Q. robur) in the
South-West of France (Pierroton, Cestas, 44°44’23” N, 0°46’1” W). The site was
fenced to prevent grazing by mammalian herbivores. This study site was designed
to study the effects of powdery-mildew infection on oak seedlings (Desprez-Loustau
et al., 2014) and to perform genome-wide association study (GWASs) to identify the
genetic basis of powdery-mildew resistance (Barres et al. unpublished work). The
half-sib trees originate from 15 open pollinated progenies. The trees were planted
in 2009 from acorns collected in 2008. They were planted in nine blocks: three
replicated blocks per treatment (control, fungicide treated, inoculated with E. alphi-
toides), at a 10 cm x 10 cm distance in each block, in eight rows of 38 plants. And
the trees of the inoculation treatment were not treated for one year previously to our
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sampling date. On 3rd of July 2012, we sampled three leaves from each of the 218
trees, which were previously successfully genotyped and used in the GWAS study
by Barres et al.. The trees were sampled within the three replicated blocks, which
previously belonged to the control treatment (no treatment). All trees were sampled
on the same day. At that moment the trees were three years old and were between 30
and 80 cm tall. Additionally we sampled 12 of the 15 maternal trees (12 leaves per
tree, four leaves per cardinal direction, 144 leaves), which were interspersed among
other trees at the campus of Inra Pierroton research facility, but had non-overlapping
canopies with their neighbors. Three maternal trees were fallen in previous years due
to construction works. The leaves were sampled at the lowest accessible branches
at approximate height of eight to ten meters. Each leaf was cut at the base of the
petiole and placed into a sterile bag containing silica gel. The bags, sealed and made
airtight, were then stored in dark at +18°C in the laboratory. This storage method
was shown to be adequate for studying oak foliar fungal communities (Section 2.7
on page 68).

DNA extraction

Leaf DNA extraction was performed four months after the sampling date. We pre-
pared the leaf material for the DNA extraction in a laminar flow hood. In order
to avoid contaminating the samples, the hood and all tools were disinfected with
sodium hypochlorite followed by 70% ethanol and 40 min of UV exposure. Plastic
ware and tungsten carbide beads were autoclaved for 2 h prior to utilization. Sim-
ilarly, the tools used for leaf handling were sterilized prior to each use, by dipping
them into 70% alcohol and flaming over an electric bunsen burner. Using a metal
corer we excised two discs of 0.5 cm2 each on both sides of the middle leaf vein.
The four discs were evenly distributed on the leaf, with their position not being
chosen according to E. alphitoides symptoms. The four leaf discs were placed in
a collection microtube (QIAGEN DNeasy® 96 Plant Kit) containing one tungsten
carbide bead. We used Geno/Grinder® (SPEX SamplePrep, Metuchen, NJ, USA)
to homogenize the leaf material at 1 600 strokes per minute for 90 s. Homogenized
samples were stored at -80 °C overnight. We used the QIAGEN DNeasy 96 Plant Kit
to extract the DNA (following the protocol for frozen plant tissue). We determined
the DNA concentration with NanoDrop 8000 and diluted all DNA working solutions
to 1 ng μl-1. We pooled the samples (798) by tree obtaining 218 DNA samples for
the progeny and 12 for the maternal trees.

Amplification and sequencing of the fungal assemblages

To characterize the fungal assemblages on oak leaves we targeted the internal tran-
scribed spacer 1 (ITS1) sublocus of the ITS region of the nuclear ribosomal repeat
unit (Schoch et al., 2012). Hereby we have used the primers and the protocol de-
scribed in Section 3.2 on page 74. The DNA concentration in each sample was
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quantified using the Nanodrop8000 and pooled to an equimolar concentration to ob-
tain the amplicon libraries, five in total. The final DNA libraries were sequenced on
Ion PGMTM Platform using IonXpressTM Library Kit (Life Technologies, Thermo
Fischer Scientific, Waltham, MA, USA) at the Centre de Génomique Fonctionelle de
Bordeaux (CGFB, Bordeaux, France).

Amplification and sequencing the bacterial assemblages

To characterize the bacterial assemblages on oak leaves we targeted the hypervari-
able region 6 (V6) of the 16S small ribosomal subunit gene (16S rRNA). We used the
primers and the protocol described in Section 3.2 on page 74. However we designed
new barcodes of uniform length of 8 nucleotides, because the company upgraded their
sequencing kits allowing for reads length of 250 bp. New barcode design was used to
allow for sequencing of all samples in one sequencing run and to facilitate sequence
processing during the demultiplexing step. Amplicon samples were then individu-
ally quantified using the Nanodrop8000 and pooled to an equimolar concentration.
The final amplicon library was sequenced on the Illumina platform at the sequenc-
ing center of Bordeaux (Plateforme génome-transcriptome Bordeaux). Paired-end
sequencing allowed for full coverage of the V6 region with reads overlapping at full
length. The final DNA library was sequenced on the Illumina platform GAIIx (Il-
lumina, Inc, San Diego, CA, USA) at the Centre de Génomique Fonctionelle de
Bordeaux (CGFB, Bordeaux, France).

Processing of the fungal Ion Torrent sequencing data

Ion torrent sequencing output file was a mixture of sense and anti-sense reads. We
created a reverse complement of the sequencing file. Both files were processed in
the same way until the ITS extraction step, after which the output files of Fungal
ITS Extractor 1.1 (Nilsson et al., 2010) were joined to a single file. We used QIIME
v.1.7.0 (Caporaso et al., 2010) for quality filtering, demultiplexing, and denoising.
After the removal of tags and primers, all sequences shorter than 100 nucleotides were
discarded. Quality filtering was done with a sliding window test of quality scores
having a window size of 50 nucleotides and a minimum quality score of 25. The
sequences were truncated at the beginning of the poor quality window and tested
for the minimum sequence length of 100 nucleotides. Highly conserved ribosomal
genes flanking the ITS1 marker were removed using Fungal ITS Extractor 1.1. ITS1
sequences shorter than 100 nucleotides were discarded and sequences longer than 280
nucleotides were trimmed at the 3’-end. We discarded singleton reads before cluster-
ing to minimize spurious Operational Taxonomic Units (OTUs). OTU clustering was
done with UPARSE-OTU (Edgar, 2013), an algorithm implemented within Usearch
v.7 (Edgar, 2010) that performs chimera filtering and OTU clustering simultaneously.
The algorithm identifies a set of OTU representative sequences at the 97% sequence
similarity threshold, that corresponds roughly to the differences at the species level
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(Nilsson et al., 2008). We filtered out E. alphitoides sequences as described in Sec-
tion 2.2 on page 47. Taxonomy assignments were done by BLAST searches against
Fungal ITS Database (Nilsson et al., 2009) (as of March 15, 2012). We modified
the taxonomic file associated with this database to equalize the length of taxonomic
ranks, by using the NCBI Taxonomy Browser. Additionally we corrected a few false
taxonomic assignments in the case of Erysiphe species and removed a few non-fungal
sequences. We performed BLAST searches using QIIME (v.1.7.0) with standard set-
tings (e-value: 0.001, minimum percent identity: 90) to assign the taxonomy to the
most abundant sequence of each OTU. We also performed BLAST searches against
the Nucleotide collection database (nr/nt database) to exclude possible Q. robur se-
quences. We then constructed the OTU table in QIIME and transformed it from
BIOME into tab delimited text format for downstream analyses with R (R Core
Team, 2013).

Processing of the bacterial Illumina sequencing data

We assembled the paired-end reads using PANDAseq (Masella et al., 2012). Reads
were then demultiplexed following the method described in Gloor et al. (2010)
using a custom Bash shell script. We removed oak chloroplast sequence prior to the
clustering step. OTU clustering and OTU table construction were done by following
the same procedure than for fungi. Taxonomic assignments were performed with the
RDP Classifier program (v.2.5) (Wang et al., 2007) as it is implemented into QIIME
(v.1.7.0), with standard settings and Greengenes 13_5 as the reference sequences.
The origin of OTU representative sequences (archaeal, bacterial, nuclear eukaryote,
mitochondrial or chloroplast origin) was identified using Metaxa (Bengtsson et al.,
2011) and we retained only the bacterial OTUs.

Statistical analysis and choice of traits

All data handling, trait calculations and QTL analysis were performed in the R
Program, version 3.1.3 (R Core Team, 2013). We measured bacterial and fungal di-
versity using the inverse Simpson index, which is defined as 1

D
, where D =

∑
p2i and

pi is the proportional abundance of species i. This index is comparatively insensitive
to numerically minor constituents (Bent & Forney, 2008) and it better differentiates
between highly diverse samples, which is the case in our data. We chose the per-
centage of Erysiphe alphitoides reads in fungal samples as proxy for the powdery
mildew infection (Chapter 2 on page 54). As the measurement of the community
composition we chose the axis projections of principal coordinate analysis (PCoA).
We have used the Bray-Curtis dissimilarity index calculated on the fungal and bac-
terial datasets (Figure 4.1 on the next page a) and b) respectively). Bray-Curtis
index was previously shown to perform best in recovering environmental gradients
(Austin, 2013). Trait abbreviations and explanations are summarized in Table 4.1
on page 102. Summary statistics of each trait are given in Table 4.2 on page 102.
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Abbreviation Trait explanation

fung div fungal diversity (inverse Simpson index for fungal data)

bact div bacterial diversity (inverse Simpson index for bacterial data)

fung comp1 1st principal component of PCoA with Bray-Curtis distance
on fungal community data

fung comp2 2nd principal component on fungal data

bact comp1 1st principal component of PCoA with Bray-Curtis distance
on fungal community data

bact comp2 2nd principal component on bacterial data

Erys %reads percentage of Erysiphe alphitoides reads in the sample

Table 4.1: Microbial community traits, listing their abbreviation and explanation
of traits

4.3 Results

Sequencing data

Fungal data

Out of the initial 2089540 raw reads, 1561541 were found to be of poor read qual-
ity, too short, chimeric or singletons, leaving 527999 (25%) sequences for subsequent
analyses. The number of sequences per sample ranged from 754 to 3709 with the

Trait Phenotyped offspring Min Max Mean SD

fung div 217 2.39 61.63 26.84 11.35

bact div 217 2.54 33.58 16.93 5.79

fung comp1 217 -0.5 0.30 0.03 0.16

fung comp2 217 -0.24 0.27 -0.01 0.12

bact comp1 217 -0.38 0.39 0 0.16

bact comp2 217 -0.33 0.36 0 0.10

Erys %reads 217 0 0.28 0.01 0.03

Table 4.2: Phenotypic values in microbial traits in the Q. robur offspring popula-
tion.
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Trait Phenotyped offspring Min Max Mean SD

fung div 11 3.15 16.57 9.04 3.75

bact div 11 7.59 28.14 21.25 6.36

fung comp1 11 -0.55 -0.25 -0.48 0.08

fung comp2 11 0.14 0.37 0.26 0.07

bact comp1 11 -0.10 0.04 -0.01 0.05

bact comp2 11 -0.12 0.06 -0.05 0.05

Erys %reads 11 0 0.01 0 0

Table 4.3: Phenotypic values in microbial traits in the Q. robur maternal trees.

mean of 2158 (median: 2098). A total of 1124 OTUs were identified. Out of these
OTUs a putative taxonomy could be assigned to 934 OTUs. The 190 not-assigned
OTUs represented 2.11% of the reads and were confirmed as uncultured fungi. The
samples were grouped into five amplicon libraries and were sequenced in five sepa-
rate sequencing runs. Analysis of a possible sequencing run effect on fungal diversity
and fungal composition revealed that the amplicon library number two was signif-
icantly different from other libraries (fung div, GLM, F4,212=17.62, p<0.001; fung
comp2, GLM, F4,212=40.67, p<0.001). Additionally sequences from the amplicon
library one were significantly different from the libraries three and five, when tested
for fungal composition (fung comp1, GLM, F4,212=4.11, p=0.003). The data re-
vealed also block effect for diversity (fung div, LMM with library as random effect,
F2,215=3.39, p=0.03) and composition (fung comp1, LMM with library as random
effect, F2,215=13.93, p<0.001). Overall, there was no family effect, but on the per-
centage of Erysiphe alphitoides reads (Erys %reads, LMM with library and block as
random effects, F13,204=3.18, p=0.0002).

Bacterial data

Sequencing of the bacterial amplicon pool yielded 22.9·106 sequences, of which 22.5·106

were chloroplast sequences, mitochondria sequences, poor quality, too short, chimeric
or singletons, leaving 391867 sequences for subsequent analyses. In total 1395 bac-
terial OTUs were identified. The number of reads per sample ranged from 123 to
12440 with a mean of 1633 and a median of 1052. All OTUs were assigned at dif-
fering taxonomical resolution. We found no block effect on bacterial diversity and
on bact comp1, however there was block effect on bact comp2 (GLM, F2,214=6.84,
p=0.001). Like for the fungal data, we found no family effect on bacterial diversity
and composition.
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Figure 4.2: Canonical correspondence analysis (CCA) of the fungal dataset using
cca function from vegan package in R (Oksanen et al., 2014). Only the offspring
data is shown to emphasize the run effect. Different colors correspond to different
sequencing runs. Left panel shows obvious run effect. Right panel shows CCA with
run being partialled out from the analysis as confounding effect.

Differences between maternal and offspring trees

It is notable, that we observed differences between maternal mature trees and young
offspring trees in fungal and bacterial diversity. Samples of maternal trees had lower
fungal diversity (LMM with run as random effect, F1,229=34.97, p<0.001) and higher
bacterial diversity (GLM, F1,229=7.72, p=0.005).

4.4 Discussion
The confounding effects of sequencing run/amplicon library in fungal data and block
effect in fungal and bacterial data need to be dealt with before conducting the GWAS.
One possibility is to work on the residuals of the model, which takes these effects
into account. Alternatively, for the microbial composition data, it is possible to use
constrained ordination analysis to ’partial-out’ the confounding effects, for instance
canonical correspondence analysis (CCA), and then use the residuals from CCA as
phenotypes in GWAS (Figure 4.2) (Horton et al., 2014).

In the preliminary analysis we found no family effect on bacterial and fungal di-
versities and on the bacterial and fungal compositional data. Following explanations
are possible: (a) it could be that the small sizes of the families and large variations
in the traits within each family blur the differences between the families and do not
allow to reach the statistical power to show significance due to the large influence of
outliers; (b) it is possible, that our chosen traits are not sensitive enough to depict
the differences between the families, for instance the first two coordinates of PCoA
of the bacterial data explain 16.53% of the total compositional variability between



CHAPTER 4. ASSOCIATION MAPPING STUDY 105

the samples, thus much of the variability remains unexplained, which also could ex-
plain the differences between the families; (c) the structure and composition of the
microbial community are shaped by many genes of variable minor effects and the
differences between the families in some of these genes could be diminished due to
high number of possible gene combinations within each progeny; (d) maternal trees
originate from a very narrow geographical range (within radius of about one hundred
meters) and they could be too similar in the scored traits (Table 4.3 on page 103,
exception: bacterial diversity) to produce family signature between the progenies
due to the adaptation to the similar environmental pressures experienced by their
ancestors; (e) the non-genetic component of these traits is too big and obscures the
differences among genotypes: for instance, the stochastic variation during the initial
colonization process of the phyllosphere may determine the developmental trajec-
tory of the microbial community on newly emerged leaves (Maignien et al., 2014);
and (f) it is possible that poorly characterized/sequenced taxa, occasional sequenc-
ing artifacts, and the choice of OTU clustering threshold obscure the effects of host
genetics, which probably has the strongest effect on most common/sequenced taxa
within samples (Horton et al., 2014). Environmental factors may conceal the genetic
differences – rain, for instance, represents a strong perturbation and can wash off
big parts of the phylloplane community (Hirano & Upper, 2000), changing the pro-
portions of the microbial components and inducing recolonization processes anew.
Also the trees within each block grew so close that their canopies were in contact
with each other and visually formed a hedge. This could contribute to the reduced
differences in microbial community traits among closely spaced trees. Nevertheless,
we can expect to detect SNPs linked to genes involved in the structuring of phyl-
losphere community, especially because of (c) possible involvement of many loci of
minor effect. Barres et al. (unpublished) has successfully identified 18 SNPs linked
to the differences in powdery-mildew susceptibility using the GWA analysis within
the same experimental setup. As we have seen previously powdery-mildew is linked
to changes in microbial communities (Chapters 2 and 3).

Another notable result is the striking difference in fungal and bacterial diversity
between old and young trees and the fact that these differences do not have the same
sign: mature trees have lower fungal and higher bacterial diversities than young trees.
This result needs to be viewed with caution because of the different locations of the
trees and therefore experienced different environmental conditions. Nonetheless it
inspires to speculate about possible reasons. First striking difference is the position
of the sampled leaves. Leaves of the young trees were sampled about 40–60 cm above-
ground, while the hight of lower branches of the sampled mature trees was about
8-10 m. Differences in the leaf hight will likely mean differences in inoculum sources
and pressures. It is likely that grass as inoculum source will have greater impact
on low positioned leaves, as well as soil. In the same time the lack of protective
upper leaf stories of a big canopy results in stronger fluctuations of humidity levels,
and prolonged periods of UV radiation in young oak plants. But leaf morphology
of trees of different age is also different. Leaves do not only differ in size but also
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in other characteristics, like leaf thickness and leaf water content. For instance, leaf
water content of eight perennial species was shown to be strongly linked to the size
of epiphytic bacterial population (Yadav et al., 2005).
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Chapter 5

General discussion

5.1 Recapitulation of the major findings
Forest trees are most likely to be foundation species, structuring communities and
ecosystems by influencing a multitude of processes at local and global scales (Ellison
et al., 2005): they influence energy flux and water cycling; they influence local mi-
croclimate; and they provide food source and dwelling for below- and above-ground
organisms of divers taxonomic origin, ranging from unicellular bacteria over nema-
todes to arthropods, birds, and mammals. These organisms, whether they interact
directly or indirectly with each other, form complex interaction networks with the
tree as a hub - the crucial network element connecting all the network components
(Simard, 2009). Consequently hub properties will have great effect on the network
composition and structure. For instance, leaf quality structures insect herbivore com-
munity and consequently influences higher trophic levels - parasitoids and predators
of herbivores (Tack & Dicke, 2013). However, the herbivores might be influenced
either by direct effects of tree traits or indirect effects - either of microbes, mediated
by the tree, or of the tree, mediated by the microbes (Biere & Bennett, 2013). In
either case microbes are pivotal to the tree associated community and they influ-
ence almost all plant functional traits (Friesen et al., 2011). Phytopathogens, like
powdery-mildew, can thereby exert strong and measurable effects on the plant host
(Hajji et al., 2009) and its associated communities, as it was shown for the insect
(Tack et al., 2012), bacterial (Suda et al., 2009), and fungal communities (Jakuschkin
et al., Chapter 2 on page 41). But how are the pathogens integrated into the inter-
laced microbial community of a tree? In Chapter 2 we investigated the pathobiome
of Erysiphe alphitoides, the causal agent of oak powdery-mildew. We showed that
powdery mildew infection is associated with compositional changes in fungal commu-
nity (Figure 5.1 on the next page). Using network inference we detected 13 bacterial
and 13 fungal OTUs, which are likely to interact directly with E. alphitoides within a
larger microbial network dominated by positive interactions. With 816 bacterial and
1073 fungal OTUs detected on three trees we showed that oak phyllosphere harbors
very rich microbial community.
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As it was previously discussed, besides the environmental and stochastic vari-
ables, plant functional traits play important role in phyllosphere microbial commu-
nity assembly (Section 3.1 on page 72). These plant traits vary between individual
plants and are ultimately controlled by plant genes (Hunter et al., 2010; Reisberg
et al., 2013). Thus we expected to find QTLs in oak genome, which would affect
properties of phyllosphere microbial community. In Chapter 3 we presented QTLs for
several descriptors of oak phyllosphere community: we found QTLs for fungal diver-
sity, fungal and bacterial composition, microbial network properties, E. alphitoides
reads, and powdery-mildew infection symptoms (Figure 5.1). Especially notable re-
sult was the confirmation of the QTL for E. alphitoides on the LG 10: the QTL for
E. alphitoides inoculation experiment from 2006 co-localized with the QTL for E.
alphitoides read counts from 2011. Furthermore QTLs for bacterial and fungal com-
position were also located in this region of LG 10. Hence we showed that intraspecific
genetic variation can have cascading effects beyond population, effecting oak phyllo-
sphere microbial community. If this genetic variability is non-neutral with respect to
fitness consequences for the tree host, it provides a mechanism upon which natural
selection can act, affecting the evolution of oak phyllosphere microbial community.

Figure 5.1: Summary of major findings of this thesis with references to the relevant
chapters. Question marks indicate the detected correlations, however the causations
remain to be determined.
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5.2 Possible evolutionary mechanisms
The evolution of plants is tightly linked to microbial life. Eukaryotic ancestors of
plantae acquired cyanobacteria, which became chloroplasts (Mereschkowsky, 1905;
Bhattacharya et al., 2004). Equipped with chloroplasts, early plants were ready
to colonize the land and transform Earth into the green planet (McFadden, 2001).
Another key role in the colonization of land by plants was played by mycorrhizal in-
teractions, which evolved about 400 to 450 million years ago (Bucking et al., 2012),
and which are present in approximately 80% of land plants surveyed so far (Wang
& Qiu, 2006). The tight evolutionary link can also be traced back in more re-
cent evolutionary history of angiosperms and gymnosperms, and their endophytes.
The endophyte communities in angiosperms are frequently dominated by species of
Diaporthales and those in gymnosperms by species of Helotiales. Divergence of an-
giosperms and gymnosperms coincides with the divergence of the Diaporthales and
the Helotiales about 300 million years (Ma) ago, indicating that the Diaporthalean
and Helotialean ancestors of tree endophytes had been associated, respectively, with
angiosperms and gymnosperms since ≥300 Ma (Sieber, 2007).

While the generation time for a tree, e.g. Quercus robur, can take as long as
30-45 years (Ducousso et al., 1993), such simple unicellular plants like green algae,
e.g. Chlamydomonas reinhardtii, can have several generations per day (Ness et al.,
2012). Consequently evolution of plant-microbe interactions will be different for the
two cases as the generation time for most bacteria is between 20 minutes and 20
hours, and is typically less than 1 hour (Black, 2012). Therefore unicellular plants
and microbes are more likely to evolve in the Red Queen-race manner. Along with
multicellularity and increased body size plants have evolved longer generation times.
In the years, that a typical tree needs to reach maturity, microbes will have passed
many thousands of generations. Some authors argue that mutations take place at
constant rates (Ochman & Wilson, 1987) and the difference in generation times be-
tween trees and microbes would, therefore, be negligible. This is not always true, as,
for instance, stressful conditions lead to the emergence of hypermutator clones (Fos-
ter, 2007; Bertrand et al., 2015). Another microbial “weapon” in the evolution race
is lateral gene transfer, which can accelerate the spread of advantageous genes in a
population. Furthermore microbes have large effective population size, which in com-
bination with short generation times provides copious material for natural selection
to act. This stands in contrast with relatively small effective population size of trees.
So how come that trees did not loose the evolutionary race to microbial pathogens?
“The ace up the trees’ sleeve” is their broad phenotypic plasticity, which allows them
to adapt to various environmental conditions and changing environmental pressures
during their life-time. It is likely that beneficial microbial partners contribute sub-
stantially to this plasticity (Desprez-Loustau et al., 2015) and some of these partners
may act as antagonists to pathogens (Arnold et al., 2003). Therefore trees, as units of
evolution, should, probably, be viewed as holobionts (Zilber-Rosenberg & Rosenberg,
2008), consisting of two components: slow evolving host genome and fast evolving
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microbiome.
Plant host exert a strong selective force on the microbial colonizers as it was

shown for the crop plants, whose bacterial communities differentiated from soil-
like at the beginning of the growing season to leaf-specific as the season progressed
(Copeland et al., 2015), and for Arabidopsis thaliana, whose phyllosphere microbes
differentiated from air-like to leaf-specific (Maignien et al., 2014). Thereby various
environmental variables (e.g. precipitation, UV-radiation, Section 1.2 on page 11)
along with host functional traits (e.g. resource availability, leaf topography) could
be acting as an ecological filter that selects for certain taxa or functional groups
and influences community assembly on leaves (Kembel & Mueller, 2014). The ques-
tion arises whether reciprocal case is true and the phyllosphere microbes can exert
selective pressure on their tree hosts? Erysiphe alphitoides, for instance, can exert
strong selective pressure in oak seedlings, negatively affecting their growth and even
causing death in some cases (Feau et al., 2012). Furthermore it was shown to influ-
ence host phenology significantly speeding up the second flush in the growing season
(Desprez-Loustau et al., 2014), which might influence the phyllosphere microbiota,
as the available microbial inoculum pool varies throughout the year (Jumpponen &
Jones, 2010; Kaneko & Kaneko, 2004). E. alphitoides also induced growth polycy-
clism changing plant architecture (Desprez-Loustau et al., 2014), which in turn may
affect the microclimatic conditions in the phyllosphere and influence the phyllosphere
microbial community. In Chapter 2 we also have shown that E. alphitoides infection
is associated with changes in microbial communities. It is therefore possible that
some microbes, e.g. phytopathogens like E. alphitoides, exert (strong) selective pres-
sure on their host and the microbial community follows this evolutionary trajectory.
On the other hand it is possible that the infection is the consequence of the mi-
crobial community structure, which represents the host extended phenotype. Both
options are not mutually exclusive and could act in concert to influence the evolution
of plant host. Additionally, the phyllosphere microbial community might influence
the evolution of the host by influencing the decomposer community (Osono, 2006;
Voriskova & Baldrian, 2013), soil microbiota, and hence the nutrient cycles (Kembel
& Mueller, 2014) in which the host is involved, which in turn can contribute to host
fitness and evolution (Schweitzer et al., 2008) (Figure 5.2 on the following page).

But which attributes of the microbial community are best suited to study its in-
fluence on host and associated microbiota evolution? Application of NGS techniques
in combination with DNA metabarcoding provides great taxonomical resolution and
reveals the diversity of phyllosphere microbiota (Huse et al., 2008; Schoch et al.,
2012), bypassing the cloning bias of Sanger method and outperforming other cul-
ture based methods (Rappe & Giovannoni, 2003; Cardenas & Tiedje, 2008). Using
this approach we have observed large taxonomical variability within the same host
– only few OTUs were shared among all leaves, e.g. within the susceptible tree 3
bacterial and 15 fungal OTUs were shared among all 39 leaves, and 72 bacterial and
78 fungal OTUs were shared among at least 20 leaves (51.28%), while total bacte-
rial and fungal richness for the leaves of this tree was 820 and 1071, respectively
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Figure 5.2: Microbiota dynamics and interactions - representation of the linkage
between a plant host and its microbiota within their ecological context.

(Chapter 2). Microenvironmental differences between the leaves, e.g. UV exposure
differences due to the plant architecture, along with the stochastic “lottery” proba-
bly play major role in the observed variability (Maignien et al., 2014). However it
is possible that the microbial assemblies on the leaves are more alike than can be
reveiled with the taxonomical approach. Why could it be so? Firstly, the metage-
nomic approach has inherent methodological weaknesses: the usage of metabarcodes
and fixed similarity thresholds blurs true taxonomical composition by combining dif-
ferent species within same OTUs and by splitting same species into different OTUs
(Erysiphe example, Section 2.2 on page 47; also Table 2 in Nilsson et al., 2008;
Blaalid et al., 2013); PCR step introduces errors due to polymerase errors, primer
biases, biases due to the chosen metabarcode (Soergel et al., 2012; Blaalid et al.,
2013). Secondly, detection of a DNA barcode in the sample does not necessarily
mean that the detected microorganism is metabolically active, it could be in a spore
state and not contributing to the ecological interactions at this particular moment.
Next, the biological species concept has its difficulties when applied to microorgan-
isms, which do not form sexual populations Mayr (1996). Even on the strain level
there can be remarkable genetic diversity as it was shown by comparison of three
E. coli genomes, which had only about 2998 (39.2%) genes in common of total 7638
present in at least one of the three strains. The matter is additionally complicated by
the possibility of lateral gene transfer, which can weaken or uncouple the relationship
between ecological similarity and evolutionary relatedness (Horner-Devine & Bohan-
nan, 2006; Doolittle & Zhaxybayeva, 2009). Hence we can expect to find microbial
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species of different evolutionary origin being adapted to similar ecological niche due
to convergent evolution or lateral gene transfer (Boon et al., 2014). Therefore, as
traits ultimately dictate the interactions among organisms and between organisms
and the environment, trait-based approaches might provide more accurate commu-
nity analyses (Violle et al., 2007). Metagenomic, -transcriptomic, -proteomic, and
-bolomic studies will become more and more attractive due to the lowering costs
and technological advances and will provide tools for trait-based plant microbiota
studies (Knief, 2014), which should overcome the limits of current taxonomy based
approaches.
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Abstract
& Key message Increasing human impacts on forests, in-
cluding unintentional movement of pathogens, climate
change, and large-scale intensive plantations, are associated
with an unprecedented rate of new diseases. An evolution-
ary ecology perspective can help address these challenges
and provide direction for sustainable forest management.

& Context Forest pathology has historically relied on an eco-
logical approach to understand and address the practical man-
agement of forest diseases. A widening of this perspective to
include evolutionary considerations has been increasingly de-
veloped in response to the rising rates of genetic change in
both pathogen populations and tree populations due to human
activities.
& Aims Here, five topics for which the evolutionary perspec-
tive is especially relevant are highlighted.
&Results The first relates to the evolutionary diversity of fungi
and fungal-like organisms, with issues linked to the identifi-
cation of species and their ecological niches. The second
theme deals with the evolutionary processes that allow forest
pathogens to adapt to new hosts after introductions or to be-
come more virulent in homogeneous plantations. The third
theme presents issues linked to disease resistance in tree
breeding programs (e.g., growth-defense trade-offs) and pro-
poses new criteria and methods for more durable resistance.
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The last two themes are dedicated to the biotic environment of
the tree–pathogen system, namely, hyperparasites and tree mi-
crobiota, as possible solutions for health management.
& Conclusion We conclude by highlighting three major con-
ceptual advances brought by evolutionary biology, i.e., that (i)
“not everything is everywhere”, (ii) evolution of pathogen
populations can occur on short time scales, and (iii) the tree
is a multitrophic community. We further translate these into a
framework for immediate policy recommendations and future
directions for research.

Keywords Emerging disease . Invasive pathogen .

Microbiota . Mycoparasite . Fungal diversity . Coevolution .

Tree breeding

1 Introduction: a brief history of forest pathology
and its primary concepts

Forest pathology deals with the diseases of forest trees, which
are mainly caused by fungal and oomycete pathogens, in both
their fundamental and applied aspects. As such, the history of
forest pathology has been shaped not only by the progress of
ideas and concepts in the more general disciplines of micro-
biology and health sciences but also by changes in the practice
of forestry. Forest pathology has obvious common roots with
plant pathology, but is not simply one of its specialities. Long
time scales, diversity, and heterogeneity are hallmarks of for-
ests, in both their biological and socio-economic dimensions.
Forest trees are still mostly nondomesticated species, highly
diverse, growing in richly biotic and heterogeneous environ-
ments. Until recently, forest products have been harvested for
the greatest part from natural or seminatural forests, with ro-
tation periods generally exceeding 50 years (FAO 2010). As a
consequence, forest pathology, as a speciality of forestry, has
had a tradition of systemic and long-term thinking and, prob-
ably more so and earlier than plant pathology, an ecological
approach. Integrating an evolutionary perspective is a natural
extension, especially in the context of global changes.

Robert Hartig, the author of two forest pathology textbooks
in 1874 and 1882, is generally recognized as the father of
forest pathology, following in Anton de Bary’s footsteps,
who is considered to be the father of plant pathology
(Kutschera and Hossfeld 2012). In support to the germ theory
of disease, de Bary provided experimental evidence of the role
of Phytophthora infestans in potato late blight epidemics, re-
futing the old theory of spontaneous generation, while Hartig
proposed a new concept of tree decay whereby fungi were the
cause and not the consequence of the degradation (Merrill and
Shigo 1979). The identification and biological characteriza-
tion of the causal agents of the diseases affecting trees were
still the primary objectives of forest pathologists at the end of
the nineteenth and the beginning of the twentieth centuries.

From the very beginning, forest pathologists were concerned
with both productivity (fungi affecting wood production and
preservation) and conservation issues (pathogens threatening
natural resources) (Peterson and Griffith 1999). As the potato
late blight epidemics did for plant pathology, severe outbreaks
caused by the introduction of exotic pathogens have marked
the history of forest pathology, such as chestnut blight and
white pine blister rust in North America and Europe
(Anagnostakis 1987; Delatour et al. 1985). Forest health has
also been recurrently marked by regionally important declines
affecting a variety of species, e.g., oaks in Europe or maple in
North America (Delatour 1983; Tainter and Baker 1996). The-
se phenomena, leading to progressive debilitation of trees and
ultimately mortality, highlight the potential long-term effects
of weakening factors, especially soil and climate, interacting
with the genetic background of trees. As early as 1963,
George (Hepting 1963) wrote that “field crops [mostly annual
plants]…reflect weather changes; whereas trees […] will re-
flect, in addition, climate changes.” The “tree decline concept,”
with biotic and abiotic factors acting and interacting in se-
quence as predisposing, inciting, or contributing factors was
later formalized by Manion (1981). More generally, forest pa-
thologists have long been interested in and have studied the
relationships between environment, e.g., local site factors, and
disease. In contrast to more intensively managed agricultural
systems, forest environments are heterogeneous, and their nat-
ural constraints (fertility, water availability) are not usually
overcome by external, human inputs. Moreover, direct control
of diseases through fungicide applications has usually not been
considered to be necessary or appropriate, for reasons such as
cost, practical feasibility, and environmental concerns. Disease
management in forests has thus traditionally been viewed as
necessarily based on “good” silvicultural practices and preven-
tive actions deriving from the knowledge of risk factors.
Hazard-rating systems, which identify sites where pathogens
are likely to have a high impact and which should thus be
avoided for the planting of susceptible species, are examples
of successful applications of forest epidemiology (Tainter and
Baker 1996).

The issues faced by forest pathologists today would not be
so different than those addressed by their predecessors, but for
the dramatic acceleration and intensity of changes. The appa-
rition of new diseases caused by alien invasive pathogens is
rapidly increasing with the intensification of international
trade and travels (Brasier 2008; Desprez-Loustau et al. 2010;
Pyšek et al. 2010; Santini et al. 2013; Roy et al. 2014), pre-
senting a major challenge to forest pathology today. Mean-
while, climate change is expected to affect the probability of
establishment of introduced pathogens and more generally to
affect the distribution and severity of diseases (e.g., Shaw and
Osborne 2011; Sturrock et al. 2011). Indeed, forest patholo-
gists pioneered the use of risk mapping for plant disease under
climate change by combining epidemiological models and
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climate change scenarios (Brasier 1996; Booth et al. 2000;
Bergot et al. 2004). The rapid intensification of forestry is
likewise influencing forest pathology. The increasing demand
for wood, biomass, fuel, and other forest-derived products has
led to a large expansion of planted forests, by around 5 million
hectares per year on average in the last decade, with the aim to
increase productivity (FAO 2010). In some countries, especial-
ly in the southern hemisphere and Southeast Asia, where forest
industries have implemented large-scale, management-
intensive monocultures of Eucalyptus, Acacia, and Pinus, plan-
tations currently account for most of the wood supply (Paquette
andMessier 2009). However, new disease emergences threaten
productivity in these new forest ecosystems, as has been report-
ed for stem cankers and leaf and shoot blight of Eucalypts or
root rots of Acacia spp. (Su-See 1999; Mohan and Manokaran
2013; Liebhold and Wingfield 2014). The strong impact of
pathogen introductions and forest management practices on
forest diseases can be illustrated by trends observed in the da-
tabase of the French Forest Health service (Fig. 1).

Long before disease regulation was formally recognized as
an ecosystem service (Millennium Ecosystem Assessment
2005), forest pathology took an empirical approach to the
study of the ecological processes that regulate forest health.
The overall low level of disease in natural and seminatural
forests, with a few exceptions of devastating native diseases
(Hansen and Goheen 2000), is consistent with the general
observation that native plant populations rarely suffer from
devastating epidemics, contrary to what is observed in crops
without fungicide applications (Jousimo et al. 2014). A major
exception to the effectiveness of natural disease regulation, at
least in the short term, is constituted by diseases caused by
some exotic pathogens. The awareness of the increasing im-
pacts of human activities on ecosystems, including forests, has
emphasized the need for global approaches and has changed
our views on evolution of species. It has been increasingly
realized that evolutionary changes can be observed at short
time-scales, especially in ecosystems under strong anthropo-
genic influence (Palumbi 2001; Burdon and Thrall 2008;
Jousimo et al. 2014). Thus, the traditional view considering
evolutionary biology and ecology as two independent fields
has changed dramatically (Koch et al. 2014). The speed of
adaptation of organisms to keep pace with the human alter-
ations of the environment has become a matter of concern
(Carroll et al. 2014). In particular, the ever-faster pace of dis-
ease emergences and the severity of the damage they cause
has emphasized the need to better understand and take into
consideration the coevolutionary processes between patho-
gens and their host tree populations (Parker and Gilbert
2004; Schoettle and Sniezko 2007; Hendry et al. 2011; Ennos
2015). At the same time, the revolution brought by DNA
technologies and their reducing costs has opened new pros-
pects for population genetic and environmental metagenomic
studies (Neale and Ingvarsson 2008; Di Bella et al. 2013),

which can shed new light on the ecology and evolution of
forest diseases and open new avenues for disease control.

In the current context of human-induced accelerated
changes, applying evolutionary principles to disease and
pest management has been advocated by several authors
as the way forward to slow the pathogen arms race in
human, animal, or plant diseases, (Combes 2001; Palumbi
2001; Varki 2012; Vander Wal et al. 2014). Anton de Bary
himself referred to Darwin’s principle of natural selection
when defining plant–parasite interactions (Kutschera and
Hossfeld 2012). Indeed, evolutionary biology provides the
concepts and methods to understand the diversity and
adaptive characteristics of organisms, thus allowing the
identification of pathogens through phylogenetics, and
the prediction and even manipulation of selection and ad-
aptation processes involved in immune or pathogenic
functions (Carroll et al. 2014). The idea that “nothing in
forest pathology makes sense except in the light of evolu-
tion,” paraphrasing Dobzhansky, could now seem obvious
and not deserving of further development (Varki 2012).
Many recent articles dealing with forest pathology indeed
have an evolutionary background (e.g., Hansen and
Goheen 2000; Pinon and Frey 2005; Kinloch et al. 2008;
Garbelotto et al. 2010; Hayden et al. 2011; Cruikshank
and Jaquish 2014; Franceschini et al. 2014). However,
we contend that an evolutionary perspective is still not
sufficiently emphasized and applied to the management
of forest diseases. For example, evolutionary consider-
ations, especially relating to interactions with pathogens,
are still ignored in a recently proposed “novel tree breed-
ing strategy” advocating domestication of forest trees in a
changing world (Harfouche et al 2012). In line with other
recent initiatives in forest pathology (e.g., Cavers 2015;
Cavers and Cottrell 2015) and taking benefit of insights
from other fields (plant pathology, invasion ecology, ecol-
ogy of parasitism, etc.), this article aims to show how an
evolutionary ecology perspective can improve and even
change our understanding of forest diseases and help ad-
dress the challenges of today and tomorrow. Rather than a
comprehensive review of recent developments in forest
pathology, we highlight and focus on some key topics,
for which the evolutionary perspective is especially rele-
vant and could provide new directions for forest research
or disease management: (i) fungal evolutionary diversity
(species diversity of forest pathogens and their ecological
niches); (ii) pathogen evolution (how forest pathogens be-
come adapted to their hosts); (iii) forest resistance to dis-
ease, especially in relation to tree breeding (trade-offs,
tolerance, emerging properties in populations); and (iv)
the role of hyperparasites and tree microbiota in the regu-
lation of pathogen populations and disease. Finally, we
show how knowledge acquired in an evolutionary frame-
work can translate into recommendations for forest
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pathology in the future, both from an academic and an applied
perspective. Although we focus here on forest pathology as the
art and science of forest diseases and their control, it should be
reminded that forest pathologists more generally contribute to
the ecology of parasitism. In this ecosystem perspective, fungal
pathogens are no longer “enemies” but key actors of the evo-
lution and ecology of local communities, andmore generally of
the ecosystem health (e.g., Burdon 1987; Gilbert 2002; Hudson
et al. 2006; Ostry and Laflamme 2009).

2 Towards a better knowledge of the diversity,
biogeography, and ecology of forest pathogenic fungi
and Phytophthora spp.

The emergence of new diseases has underlined the poor cur-
rent knowledge of microbial evolutionary diversity. Here, we
refer not only to the diversity of organisms as taxonomic units
but as evolutionary lineages that have diverged and thus pres-
ent specific distributions and ecological niches (Taylor et al.
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Fig. 1 The database of the French Health Service includes approximately
60,000 reports, from 1989 to 2014, which provides a general view of all
pathogens (and other causes) affecting forest health. A total of 24,375
records have been identified at the pathogen species level, for a total of
231 species, among which 29 introduced species for 8634 records and
202 nonintroduced species for 15741 records. a Introduced pathogens are
overrepresented among the most frequent forest diseases; Fisher’s exact
test ; **p=0.0014. The value above each column indicates the number of

pathogen species. The 19 more frequent pathogens represent 81% of all
disease records. b The part of reports associated with introduced
pathogens has much increased in the recent period especially since the
detection of Hymenoscyphus fraxineus in 2008 in eastern France. c A
much higher rate of reports is observed in forest plantations compared
to less intensively managed forests (1989–2006 data). This probably
includes both higher pathogen load but also higher attention paid to
growth losses in these systems (lower tolerance to damage by the forester)
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2006). In many cases, new diseases of forest trees and wild
animals have been caused by introduced organisms, including
fungi and oomycetes, which were not even formally described
before their invasive behavior (Kupferschmidt 2012). Well-
documented examples are forest epidemics caused by
Cryphonectria parasitica on American chestnut, the Dutch
elm disease caused by Ophiostoma ulmi and Ophiostoma
novo-ulmi, the beech bark disease caused by Neonectria
faginata, the Port-Orford cedar rot by P. lateralis and sudden
oak death by Phytophthora ramorum (Garbelotto 2008; Loo
2009). Indeed, the kingdom Fungi alone has been estimated to
include between one to fivemillion species among which only
approximately 5% are identified (Blackwell 2011). Similarly,
diversity in taxonomic groups such as Phytophthora spp. is
probably still largely undescribed (Brasier 2009; Hansen et al.
2011; Hayden et al. 2013; Hüberli et al. 2013; Oh et al. 2013).
Understudied areas of Asia, Central America, or Africa are
thought to host a huge diversity of undescribed fungi and
fungal-like organisms that probably go unnoticed on their na-
tive hosts and could potentially be destructive pathogens if
introduced outside their native area. (Hyde 2001; Brasier
2009; Schmit and Mueller 2007; Blackwell 2011). The lack
of baseline data on fungal diversity and biogeography makes
it difficult to say whether an emerging disease is caused by an
alien species or a pre-existing pathogen, which has evolved
increased virulence or been favored by changing environmen-
tal conditions (Jeger and Pautasso 2008; Shaw et al. 2008;
Linzer et al. 2009; Shaw and Osborne 2011). Identifying the
origin of fungal introductions solely from historical and geo-
graphical arguments is rarely feasible because temporal or
spatial data retracing the chronology of invasion are often
missing, and species descriptions are inaccurate, making it
difficult to separate different putative population sources (see
for example Kim et al. 2010; Goss et al. 2014). Once the
causal organism has been isolated, only a rigorous phyloge-
netic study associated with epidemiological studies can deci-
pher the causes of emergence among introduction of an exotic
pathogen by human-mediated long-distance transport, chang-
es in climatic conditions, and human disturbance to forests
ecosystems, in particular, changes in host density, which often
interact (Anderson et al. 2004; Desprez-Loustau et al. 2007;
Stukenbrock and McDonald 2008; Stenlid et al. 2011; Santini
et al. 2013).

The full recognition of fungal and fungal-like diversity has
long been hampered by a lack of diagnostic criteria, but the
availability of improved molecular techniques now allows the
recognition of fungal species consistent with the Evolutionary
Species Concept (Taylor et al. 2000). For example, detailed
phylogenetical studies have demonstrated that the fungal lin-
eage causing ash dieback was different from the indigenous
European species Hymenoscyphus albidus, which is not path-
ogenic, and that it was conspecific to the Asian species for-
merly reported as Lambertella albida (Queloz et al. 2011;

Husson et al. 2011; Zhao et al. 2012). In many cases, species
defined from morphological traits were shown to be pools of
genetically isolated lineages that differed significantly in bio-
logically relevant features such as geographic distribution and
pathogenicity (Taylor et al. 2000, 2006). Many plant diseases
have thus been shown to be caused by a complex of cryptic
species (de Wet et al. 2003; Fitt et al. 2006; Crous et al. 2004;
Cai et al. 2011; Pérez et al. 2012). In particular, recent studies
using DNA sequences have clarified the taxonomic confusion
that existed for some important forest pathogens, leading to
revisions such as the split of the red band needle blight of Pinus
into two distinct species: Dothistroma septosporum and
Dothistroma pini (Barnes et al. 2004), the redefinition of the
genus Ceratocystis (de Beer et al. 2014), and the description
and characterization of the Gibberella fujikuroi complex (Kvas
et al. 2009). Another example is oak powdery mildew in Eu-
rope, which was shown to be associated with four different
cryptic species often coexisting in the same stands: Erysiphe
alphitoides, Erysiphe quercicola, Erysiphe hypophylla, and
Phyllactinia roboris (Mougou et al. 2008; Mougou-Hamdane
et al. 2010). The geographic origin of these species is still
hypothetical (Desprez-Loustau et al. 2011), as is the possibility
that some of them evolved in sympatry in their region of origin,
as a result of evolutionary branching. Such evolutionary
branching could explain their temporal niche differentiation,
in which certain species predominate at different points in the
season (Feau et al. 2012; Hamelin et al. 2011).

The resolution of species complexes and the reappraisal of
fungal phylogeny has not only produced taxonomic clarification
but also changed our views on the biology of the fungi and their
ecological niche. For example, Fabre et al. (2011) showed that
the two different Dothistroma species causing similar foliar
symptoms in pines,D. septosporum andD. pini, have a different
climatic niche, the latter being present in warmer climate. The
use of species-specific tools proved that the disease outbreak in
the 1990s in France could not be explained by a recent introduc-
tion of D. pini, as it was already present in the country in old
herbarium samples, but rather by increased temperature condi-
tions in recent years. The long-held belief that powderymildews,
like many biotrophic pathogens, are highly specialized was put
into question when the same species were found on distantly
related hosts, as wereE. alphitoides andE. quercicola on various
tropical hosts in plant families very distant to Fagaceae
(Takamatsu et al. 2007). Similarly, Fusarium circinatum, part
of the large G. fujikuroi complex (Kvas et al. 2009), which had
been thought to be specialized on the Pinus genus, was recently
shown to be able to behave as an endophyte of different grasses
(Swett andGordon 2012) and to infect maize (Swett andGordon
2015). This finding raises the question whether grass species can
act as reservoir for F. circinatum.

Pathogens that cause minor damage are often unseen—es-
pecially in the region of origin of diseases, where pathogens
and hosts have coevolved (Parker and Gilbert 2004; Loo
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2009; Jousimo et al. 2014). Tracking the origin of invasive
fungi and Phytophthora spp. has thus improved our knowl-
edge of these organisms in their natural environments. A few
well-documented epidemics caused by introduced pathogens
have allowed the reconstruction of the invasion pathways or
the exclusion of potential sources by testing different scenarii
of introduction, using recent advances in molecular and statis-
tical Bayesian analysis (Grünwald and Goss 2011; Barrès
et al. 2012; Dutech et al; 2012; Graça et al. 2013; Tsui et al.
2014). For instance, molecular studies completed since the
European invasion ofHymenoscyphus fraxineus strongly sug-
gested that the fungus originates from East Asia, (Gross et al.
2014), where no epidemics have been reported on the local
ash species. The number of described Phytophthora species
has dramatically increased in the last years, and it is now clear
that forest soils host numerous and diverse resident commu-
nities of Phytophthora species (Hansen 2008). The bulk of the
increase is attributable to better survey and discrimination of
Phytophthora spp. in temperate forests and wild land ecosys-
tems (e.g., Burgess et al. 2009; Oh et al. 2013). Whereas these
surveys originally focused on highly pathogenic and mostly
introduced Phytophthora species, they allowed the discovery
of several species unassociated with disease symptoms
(Kroon et al. 2011; Hansen et al. 2011). One example is
Phytophthora uniformis which does not cause decline of its
host, Alnus incana, in its native environment in Alaska (Ad-
ams et al. 2009), but is one of the parental species of P.×alni,
which has decimated riparian populations of black alder in
Europe since the early 1990s (Brasier et al. 1995, see below
for the hybridization process).

3 Pathogen evolution: understanding and predicting
the success of invasive forest pathogens
and the adaptation of pathogens in intensively
managed plantations

Invasions by forest pathogens most often lead to new species
interactions, without any previous coevolutionary history
(Parker and Gilbert 2004). This differs from what is observed
in widely planted crop plants, which have a worldwide distri-
bution and are mainly affected by pathogens with which the
plant species coevolved in the center of origin. New interac-
tions in these cases occur at the intraspecific level between
cultivars and strains of the pathogens, after a period of inter-
ruption in the natural coevolutionary process, as in the famous
example of potato late blight in Europe (Desprez-Loustau
et al. 2007). How a species introduced into a new environment
can thrive and develop biotic interactions in the invaded com-
munity is a central question in invasion ecology (Elton 1958;
Parker and Gilbert 2004; Facon et al. 2006; Keller and Taylor
2008; Vacher et al. 2010). In particular, the outcomes of evo-
lutionary novelty in plant–pathogen interactions, i.e., new

encounters between pathogens and naive plants, have led to
contradictory predictions. Some have argued for biotic resis-
tance: that is, the novelty of a new environment will be too
difficult to overcome, thus only a fraction of introduced path-
ogens will cause disease (Newcombe and Dugan 2010). In-
deed, it has been shown for plants that most biological inva-
sions fail (Williamson and Fitter 1996). In contrast, evolution-
ary novelty has been suggested to generally benefit plant en-
emies, since there will have been no selective pressure on
resident plants to develop or maintain resistance to the new
antagonist (Parker et al. 2006). Verhoeven et al. (2009)) pro-
posed that the outcomes of novel interactions between plants
and pathogens or insects can be predicted by the mechanisms
underlying the interaction. In particular, novelty is expected to
benefit pathogens in the case of recognition-based defense, as
occurs in the elicitor–receptor system (Jones and Dangl 2006),
since, in this case, the plants have not evolved receptors able
to recognize the specific elicitors of the new pathogen and
ultimately to trigger resistance responses.

The success of pathogen invasions relies on various pro-
cesses, from preadaptation or plasticity to postinvasion adap-
tation (Agosta and Klemens 2008). Deciphering the relative
contributions of these processes requires genetic and pheno-
typic comparisons between source and introduced populations
(Keller and Taylor 2008). These analyses have been only rare-
ly performed for forest pathogens, notably in a study demon-
strating key differences in transmission between native and
introduced species ofHeterobasidion (Garbelotto et al. 2010).

In many cases, successful invasive forest pathogens have
jumped to new hosts with close phylogenetic relationship,
often in the same genus, e.g. C. parasitica from Asian to
American or European Castanea spp. (Anagnostakis 1987),
Cronartium ribicola from Asian to American or European
Pinus spp. (Kim et al. 2010), O. novo-ulmi from Asian to
European and American elms (Brasier and Mehrotra 1995),
Phytophthora lateral is f rom Asian to American
Chamaecyparis (Brasier et al. 2010), and H. fraxineus from
Asian to European ash (Zhao et al. 2012; Goss et al. 2014).
The close relationship between original and new hosts fits
with the experimental demonstration that the likelihood that
a pathogen can infect two plant species decreases continuous-
ly with phylogenetic distance (Gilbert and Webb 2007; De
Vienne et al. 2009). This relationship between ease of host
jumps and phylogenetic distance could be explained by “eco-
logical fitting” or exaptation, i.e., that infectivity traits evolved
in a host interaction in its place of origin would allow the
pathogen to be able to infect a closely related host species in
its area of introduction (Agosta and Klemens 2008; Agosta
et al. 2010). A second, not mutually exclusive hypothesis is
that fewer evolutionary changes in the pathogen are required
to adapt to a new host more closely related to its original host
(Altizer et al. 2003; Schulze-Lefert and Panstruga 2011). Only
a fewmutations events in pathogen effectors and their targeted
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host proteins were shown to explain successful host jumps
among sister species in Phytophthora (Dong et al. 2014).
The phylogenetic signal in plant pathogen–host range could
help identify potential risks for forest ecosystems and cautions
against the introduction of seedlings or trees of exotic species
to an area with wild relatives among the indigenous trees
(Vacher et al. 2010; Gilbert et al. 2012). However, the gener-
ality of these predictions is questioned by the observation of
several invasions with apparent host jumps to more distantly
related hosts, for example, in the case of P. ramorum (Hansen
et al. 2005; Brasier and Webber 2010), oak powdery mildew
(Takamatsu et al. 2007; Desprez-Loustau et al. 2011), or
Neofusicoccum parvum (Sakalidis et al. 2013). In some in-
stances, ecological proximity plays a larger role than phylo-
genetic proximity in host jumps (Roy 2001; Refregier et al.
2008). Agosta et al. (2010) proposed a scenario to explain
hosts jumps by specialized pathogens with a two-step process.
In a first phase, host expansion is favored by ecological per-
turbations, which put into contact pathogens and new hosts,
with a high level of stochasticity. The success of this first
phase, i.e., the initiation of a new interaction, is enabled by
mechanisms such as ecological fitting or exaptation, which do
not require evolutionary innovation. This phase is followed by
a phase of host specialization based on evolutionary changes.

This raises the question of the evolutionary potential
for introduced pathogens. Indeed, species introductions
are often accompanied by severe genetic bottlenecks
(Lee 2002). The resulting reduced genetic diversity could
happen to be insufficient to allow adaptation to the new
environment (i.e., the invasion paradox, Frankham 2005).
Multiple introductions from genetically divergent popula-
tions have often been invoked to explain the successful
invasion of plants or animals despite this apparent para-
dox (e.g., Kolbe et al. 2004; Lavergne and Molofsky
2007). Multiple introductions not only increase the prop-
agule pressure but also increase overall population genetic
variance, hence evolutionary potential. In particular, re-
combination can occur between previously allopatric, di-
vergent genetic lineages, what is called genetic admixture
(Rius and Darling 2014). Such intraspecific hybridization
generates novel allelic combinations that can be beneficial
for the colonization of new hosts and environments
(Lavergne and Molofsky 2007; Rius and Darling 2014).
Multiple introductions have been documented for some
forest pathogens, such as C. parasitica in Europe (Dutech
et al. 2010), F. circinatum in Spain (Berbegal et al. 2013),
or Diplodia pinea in South Africa (Burgess et al. 2001).
Genetic admixture among genetically divergent popula-
tions has been identified in some examples, such as
C. parasitica (Dutech et al. 2012), but the demonstration
of a benefit for invasion has not yet been rigorously
established (Dlugosch and Parker 2008). The respective
roles of admixture and adaptation within populations thus

represent an important and as-yet unanswered question in
understanding the causes of invasive success in forest
pathogens.

Interspecific recombination events involving nuclear and
mitochondrial genomes have been increasingly recognized
as an important factor in the evolution of plant pathogens
and their adaptation to new environmental conditions, for ex-
ample enabling them to perform host jumps between phylo-
genetically divergent species (Newcombe et al. 2000; Schardl
and Craven 2003; Parker and Gilbert 2004; Giraud et al.
2008a,b; Stukenbrock and McDonald 2008; Stukenbrock
2013). Partial sexual compatibility between phylogenetically
close species (Le Gac and Giraud 2008) and regular non-
Mendelian genetic transmission (Roper et al. 2011) are com-
monly observed in fungi. These genetic processes increase the
probability of genetic introgression among species and, there-
fore, the likelihood of acquisition of new genes associated
with pathogenic functions (Dhillon et al. 2015). Furthermore,
the dramatic increase in worldwide movement of pathogens
through plant trade (Roy et al. 2014) has favored the encounter
in the same environment of phylogenetic taxa that did not
develop interfertility barriers during allopatric speciation
(Taylor et al. 2006; Le Gac and Giraud 2008). Recent studies
on Phytophthora alni, the causal agent of alder decline in
Europe, clearly illustrate the consequences of hybridization
on the emergence of a new disease. A hybrid origin of the
P. alni complex was first concluded from the study of mor-
phological and physiological characters (Brasier et al. 1999).
The investigation of ploidy and mitochondrial and nuclear
genes in the P. alni complex have confirmed that the epidemic
taxon P. xalni was the result of an interspecific hybridization
between two close phylogenetic species, P. uniformis and
Phytophthora×multiformis (Ioos et al. 2006; Husson et al.
2015). In addition, genetic studies using polymorphic micro-
satellite markers strongly suggested that the parental species
P. uniformiswas alien to Europe (Aguayo et al. 2013) and that
its introduction subsequently led to its hybridization with P.×
multiformis and to the emergence of the aggressive hybrid
species P.×alni, which is responsible for the epidemics.

Once the species barrier has been overcome and very high
mortality rates have occurred in a new host, it has long been
supposed that pathogen populations should evolve towards
lesser virulence, in the meaning used by evolutionary biolo-
gists, i.e., the amount of damage a parasite causes to its host,
encompassing both infectivity (the ability to colonize a host)
and severity of the disease (Frank 1996; Parker and Gilbert
2004). Such a decline in virulence is expected as populations
move toward equilibrium so long as there are trade-offs be-
tween pathogen transmission and virulence—that is, patho-
gens that cause their hosts to die more quickly have fewer
opportunities to spread (May and Anderson 1983; Frank
1993; Alizon et al. 2009). In the case of oak powdery mildew,
for example, the severity of epidemics in Europe (associated
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with mortalities) rapidly declined after the first outbreaks.
However, whether this decreased disease severity is attribut-
able to a decreased virulence of the pathogen or to other fac-
tors (e.g., changes in forest practices, such as abandonment of
pollarding and coppicing, or regulation by hyperparasites) re-
mains unclear (Mougou et al. 2008). In other, long-time inva-
sions, no decrease in virulence has yet been observed (e.g.,
O. novo-ulmi in Europe or C. parasitica in North America;
Jarosz and Davelos 1995). In addition to the classic virulence/
transmission trade-off and subsequent intermediate optimum,
several factors such as cost of virulence/resistance, trait corre-
lations, and geographic distributions can determine the out-
comes for virulence evolution (Bull 1994; Frank 1996;
Gandon 2002; May and Anderson 1983). Moreover, the
transmission-virulence trade-off may be released in some sit-
uations, especially when high transmission rates are favored,
allowing virulence to be maintained or increased (Gandon and
Michalakis 2002). The strength of the virulence-transmission
link varies according to pathogen life-history traits. For exam-
ple, transmission is expected to remain high even for virulent
strains for pathogens that can persist on their dead host as
saprobes, as is often observed for necrotroph forest pathogens
(e.g., Prospero et al. 2006 for C. parasitica). An increase in
virulence is also expected to occur as a consequence of im-
proved pathogen transmission in artificialized ecosystems,
such as agroecosystems or planted forests (Stukenbrock and
McDonald 2008). Large host plants surfaces with low genetic
diversity maintain large pathogen populations, with high evo-
lutionary potential and great opportunities for transmission,
thus allowing rapid adaptation to the hosts (Stukenbrock and
Bataillon 2012). Increased incidence of qualitative virulence
types in response to forest host density has been clearly dem-
onstrated, as in the examples of the breakdown of rust resis-
tance types in plantation poplars (Pinon and Frey 2005). Sim-
ilarly, C. ribicola populations have been demonstrated to in-
crease in the proportion of strains carrying virulence types in
the presence of five-needle pines with corresponding qualita-
tive resistance (Kinloch et al. 2004, 2008). Increased virulence
in the quantitative sense (often referred to aggressiveness by
plant pathologists ) has been reported in some agroecosystems
(Milus et al. 2009; Delmotte et al. 2014). The risk of evolution
of increased virulence in response to quantitative resistance
has been acknowledged for forest diseases (Ennos 2001),
but there is still no clear empirical demonstration. Increasing
damage caused by some endemic pathogen species following
the extension of host plantations on large surfaces have been
reported in the last decades (Woods et al. 2005; Lieberei 2007;
Fabre et al. 2011; Xhaard et al. 2012). However, climatic
changes (Fabre et al. 2011; Woods et al. 2005) or simply the
increase in host density and extent (Lieberei 2007; Xhaard
et al. 2012) have been invoked as causes of increasing damage
in these studies. Because planted forests are expected to in-
crease rapidly in the next future, special attention toward

predicting pathogen evolution in interaction with future forest
management practices is surely required.

4 Disease resistance: revisiting the ideotype concept
for breeding trees

The forces that allow disease to persist at an overall moderate
level in otherwise undisturbed ecosystems have long been a
subject of study and speculation (May and Anderson 1983).
Wide genetic variation in host resistance and pathogen viru-
lence have been evidenced in such ecosystems, where they are
sustained by and result from coevolutionary dynamics be-
tween hosts and pathogens (Burdon and Thrall 2000; Keesing
et al. 2006; Burdon et al. 2013; Ennos 2015; Jousimo et al.
2014). In contrast, the association between low diversity and
high disease incidence has been called the “monoculture ef-
fect” in reference to the agricultural context in which frequent,
severe epidemics require the use of pesticides to maintain
yield loss below acceptable levels (King and Lively 2012).
This model of intensification with a strong dependence on
external, fossil fuel inputs has been increasingly put into ques-
tion, and new paradigms for intensification have been widely
adopted (Tittonell 2014). However, recent forest intensifica-
tion has largely followed the old model, with a great expan-
sion of monospecific, and sometimes monoclonal, plantations
(Paquette and Messier 2009). The philosophy of some tree
breeding strategies still strongly relies on selecting or design-
ing an ideal tree, i.e., “superior genotypes” for mass propaga-
tion using biotechnology and genome engineering (Campbell
et al. 2003, Harfouche et al. 2012). The questions raised by
this approach—what should be an ideal tree? how to select the
ideal tree?—have been addressed by many studies and re-
views (e.g., Dickmann et al. 1994; Martin et al. 2001;
Dubouzet etal. 2013; Franklin et al. 2014). Here, we would
like to highlight three topics that have been comparatively
little dealt with or applied in the field of tree breeding: trade-
offs, tolerance, and group selection.

The idea of an “ideal tree” derives from the ideotype con-
cept, first coined by Donald (1968) for crop plants. In general,
targeted phenotypes are mostly defined from growth-related
traits (Martin et al. 2001; Harfouche et al. 2012). However,
selecting fast-growing trees may be at the expense of defense
traits, due to trade-offs between growth and defense (Franklin
et al. 2014). A predicted lower resistance to pathogens and
herbivores in faster growing plants due to the metabolic cost
of resistance has gained empirical support (Lind et al. 2013),
and has been observed in trees (Loehle and Namkoong 1987;
Fine et al. 2006; Oliva et al 2012, 2014). In a recent study with
Populus trichocarpa, McKown et al. (2014) demonstrated the
occurrence of trade-offs in the evolution of stomatal traits that
were positively related to growth (photosynthesis and shoot
elongation) and negatively to defense (foliar tannins and
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Melampsora infection). Such negative relationships between
growth and disease resistance could have important implica-
tions for breeding programs. A recent meta-analysis demon-
strated that the selection of poultry lines for rapid growth
unintentionally resulted in a strongly reduced immune func-
tion (Van der Most et al. 2011). The authors however conclud-
ed that, by explicitly taking the relative costs of growth and
immune functions into consideration during selection, it may
be possible to breed animals for increased growth without loss
of immune function. It has also been shown for plants that the
growth-defense trade-offs are complex and may vary accord-
ing to the resistance traits involved, e.g., constitutive vs. in-
duced resistance, or resistance sensu stricto vs. tolerance
(Kempel et al. 2011). Moreover, environmental constraints
also interact with the growth-defense trade-off to determine
fitness. In a recent study, Franklin et al. (2014) proposed a
mechanistic model of tree fitness integrating the most relevant
traits involved in growth and survival (including defense allo-
cation), in addition to limiting factors, such as light environ-
ment and drought, disturbance frequency (including pests and
pathogens), and competition. This modeling framework can
be used to explore the potential and limitations of artificial
selection to increase productivity in a managed forest environ-
ment, by identifying optimal combinations of traits for a given
goal and explicitly relating expected productivity gains to
changes in tree vulnerability to biotic and abiotic risks in var-
ious environmental conditions. Using a similar framework,
selection for qualitative disease resistance in limber pine has
been shown to alter trees’ drought and temperature tolerances,
potentially changing their environmental range (Vogan and
Schoettle 2015).

When dealing with plant (tree) defense against pathogens,
much emphasis has been put on resistance in its restricted
meaning, i.e., mechanisms that prevent or limit the develop-
ment of the pathogen (see review in Telford et al. 2015). These
mechanisms therefore exert a selection pressure on pathogen
populations, the strength of which depends, on the plant side,
on the level of resistance (from partial to complete) and the
spatial scale of the deployment of resistant genotypes
(McDonald and Linde 2002; REX Consortium 2013; Ennos
2015). The evolutionary constraints affecting the long-term
efficacy of resistance strategies are well illustrated by past
failures in the breeding programs of rust resistant poplar cul-
tivars in Europe. The complete resistance conferred by race-
specific genes widely deployed inmonoclonal plantations was
rapidly overcome by virulent races of the pathogen, in several
boom-and-bust cycles (Pinon and Frey 2005). These failures
have pushed breeders to consider other types of resistance,
such as polygenic partial resistance, with the goal to slow
down the evolution of virulent pathogen variants, thus in-
crease the durability of resistance (Dowkiw et al. 2012). The
increasing knowledge of plant–pathogen molecular interac-
tions and technological advances are enabling the discovery

and functional profiling of new resistance genes, the break-
down of which would incur high fitness costs in correspond-
ing virulent pathogens (Vleeshouwers et al. 2008;
Michelmore et al. 2013). Tolerance in its restricted meaning
(i.e., mechanisms that reduce the host fitness costs of infec-
tion, Roy and Kirchner 2000; Simms 2000) has been the sub-
ject of a growing interest as a potentially more stable defense
component than true resistance since it was considered to
place little or no selective pressure on the pathogen (Schafer
1971; Ney et al. 2013; Ennos 2015). Tolerance, however, is in
nearly all cases expected to impose positive feedbacks leading
to more prevalent and/or more virulent pathogens (Little et al.
2010; Miller, White, and Boots 2006; Roy and Kirchner
2000). Therefore, introducing tolerant hosts to a population,
through breeding for example, has the potential to increase
pathogen pressure overall (Restif and Koella 2004). More
pathogens in the landscape can lead to negative effects on
nontarget host species such as wild relatives (Power and
Mitchell 2004), or even to host jumps to new species, since
the probability of eventual emergence on new hosts is in-
creased with a larger pathogen reservoir (Antia et al. 2003).
While it has been observed that asymptomatic infections can
be important drivers in the epidemiology of forest diseases
(Elegbede et al. 2010; Denman et al. 2008), the potential for
host tolerance to increase disease prevalence in adjacent pop-
ulations or nontolerant host species is rarely acknowledged in
a management context (Hayden et al. 2013; Little et al. 2010).
Breeding strategies combining both resistance and tolerance
mechanisms therefore appear to be the most desirable (Walters
et al. 2012). This requires an accurate assessment of resistance
and tolerance traits and their interactions (Simms and Triplett
1994), as investigated in the Douglas fir–Armillaria ostoyae
pathosystem (Cruikshank and Jaquish 2014).

Just as disease tolerance has the potential to increase dis-
ease overall, a major challenge for breeders lies in the fact that
characters of interest are relevant at stand level, while selec-
tion is based on individual performance. This issue was central
to Colin Donald’s ideotype concept, which balanced individ-
ual performance against competitive ability and population
performance, but it was largely overlooked (Zhang et al.
1999). As an agronomist, Donald focused on yield, but his
arguments are particularly relevant for disease resistance. Dis-
ease resistance can be visualized as an emerging property of
populations, in that it is strongly affected by density- and
frequency-dependent ecological and evolutionary processes
(Burdon et al. 2014; Ennos 2015; Telford et al. 2015; Papaïx
et al. 2015). Indeed, durable resistance to pathogens is a pop-
ulation attribute that can only be assigned retrospectively
(Johnson 1984). Rather than relying on “durable resistance
genes,” durable resistance should be considered in terms of a
strategy to minimise the pace of evolution of virulence in the
pathogen population (REX Consortium 2013; Michelmore
et al. 2013). This can be achieved by a variety of approaches
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based on an adequate deployment of multiple resistance genes
either by pyramiding and/or by heterogeneous deployment in
space and time, so as to diversify the selection pressure on the
pathogen (McDonald and Linde 2002; Michelmore et al.
2013; REX Consortium 2013). Growing clonal mixtures of
5–20 genotypes for short-rotation coppice of willow has prov-
en to be feasible and effective for both disease reduction and
yield increase over a long term (McCracken et al. 2011). Nev-
ertheless, such experiments with trees are relatively few, and
are centered on genotypes that were selected on their individ-
ual performance. Going still further, breeding for genetically
diverse populations has received increasing attention in recent
years, especially in the context of a “Darwinian agriculture” to
address future challenges of changing climate and sustainable
management (e.g., Denison et al. 2003; Dawson and
Goldringer 2011). In particular, human-mediated (artificial)
group selection has been suggested to offer a wider scope
for improvement than selection on individual fitness traits
(Zhang et al. 1999; Denison et al. 2003). Natural selection is
thought to operate mostly among individuals and more weak-
ly at a group level, and is thus expected to have favored traits
linked to individual performance even if costly to group pro-
ductivity. As a consequence, individual traits that improve
group performance could offer greater opportunities for artifi-
cial selection (Carroll et al. 2014). An application of this con-
cept for resistance traits was recently proposed by Anche et al.
(2014), who investigated the use the basic reproduction ratio,
R0, which is a key epidemiological parameter defined at the
population level, in breeding programs using individual as-
sessments. The theoretical basis of breeding strategies
targeting population traits, i.e., an association of “cooperative
phenotypes,” has been developed and applied with success in
animals and cereals (Ellen et al. 2014; Carroll et al. 2014).
Recently initiated tree species diversity experiments have
allowed for the testing of associational effects (those linked
to interactions between species) on traits including disease
resistance and susceptibility (Castagneyrol et al. 2014;
Hantsch et al. 2013, 2014). The same type of experiments
could be used to explore within-species associational effects,
which may be even higher in magnitude than between-species
effects (Crawford and Rudgers 2013).

5 Hyperparasitism of fungal pathogens: a poorly
understood but promising means of bio-control

The long-stable coexistence of plants and their pathogens is
generally explained by coevolutionary processes (Newton
et al. 2010; Jousimo et al. 2014). However, pathogens and
plants are included in larger networks where interacting spe-
cies may also contribute to the natural regulation of disease
(Lafferty et al. 2006; Selakovic et al. 2014). In particular,
trophic cascades, where negative effects of herbivores on plant

biomass are reversed by the effects of herbivore predators,
have been widely studied and used in agricultural and forest
entomology systems, including predatory insects, parasitoids,
or disease-causing pathogens (Wainhouse 2005). Developing
these methods for pathogens presents a challenge to forest
pathologists and managers, in order to face increasing forest
disease risks in the context of global change and new planta-
tions. A necessary prerequisite for achieving this goal is im-
proved understanding of mycoparasite diversity, ecology, and
evolution (Roderick et al. 2012).

Because of their deleterious effect on host fitness (i.e., vir-
ulence), hyperparasites play a key role in the ecology and the
evolution of parasite populations (Tollenaere et al. 2014).
Koskella (2013, 2014) has nicely demonstrated that bacterial
populations on horse-chestnut trees are engaged in coevolu-
tionary dynamics with their virus phage parasites and more-
over exhibit reciprocal adaptation across time and space.
However, very few tri-trophic interactions involving a
mycoparasite, a fungal or oomycete pathogen, and a tree host
have been studied so far. This can be explained by the diffi-
culty of detecting the hyperparasites (the biodiversity of which
is even less known that that of parasites) and the complexity of
these interactions due to the life cycles of both microbial pro-
tagonists. The best studied examples of hyperparasites of fun-
gi are hypovirulent viruses, which decrease the virulence of
their fungal hosts [e.g., Cryphonectria Hypovirus1 (CHV1)
infecting the chestnut blight fungus and Dutch elm fungi
O. ulmi and O. novo-ulmi]. Their role in the regulation of
diseases has been established (Davelos and Jarosz 2004;
Springer et al 2013; Swinton and Gilligan 1999). Insights
gained in CHV1 ecology (phenotypic and genetic diversity,
transmission and evolution), which is used for biocontrol in
chestnut orchards (Grente 1981) could help to improve bio-
control strategies. However, fungi can also be parasitized by
other fungi (Barnett 1963; Kiss 2003). This fungal lifestyle
has attracted an increased interest in recent years, with studies
of the ecological impact of mycoparasites on fungal host pop-
ulations (Tollenaere et al. 2014) and investigations about their
mode of action at the molecular level (Mukherjee et al. 2013;
Siozios et al. 2015). Metagenomic studies applied to
mycoviruses (Pearson et al. 2009; Ghabrial and Suzuki
2009; Roossinck et al. 2010; Xie and Jiang 2014) and fungi
(see next section) point to new hyperparasite or fungal antag-
onist candidates. Some mycoviruses have followed the route
of invasion of their invasive fungal hosts and have been first
detected in the introduced range of their hosts (Bryner et al.
2012; Feau et al. 2014; Voth et al. 2006; Schoebel et al. 2014;
Martinez-Alvarez et al. 2014). However, according to the en-
emy release hypothesis (Mitchell and Power 2003), hyperpar-
asites are expected be more frequent in the native range of
their hosts than elsewhere, and thus, systematic searches
should be concentrated in these areas (Roderick and Navajas
2003; Hale et al. 2014; Ridout and Newcombe 2015). Such a

M.-L. Desprez-Loustau et al.



search for hyperparasites requires a known centre of origin of
the parasite, which is far from the rule, as seen before.

Releases of biocontrol agents outside their native ranges
have not always been successful (Roderick and Navajas
2003). For example, in spite of several introductions of
CHV1 in Northern America, the hyperparasite never
established there (Milgroom and Cortesi 2004). As it has been
shown for invasive species, hyperparasite establishment suc-
cess depends on demographic, genetic, and environmental
factors (Hufbauer and Roderick 2005; Roderick et al. 2012;
Fauvergue et al. 2012). The identification and selection of
transmission and virulence traits is a necessary step for
short-term success of hyperparasites strains for biological con-
trol (Robin et al. 2010; Swinton and Gilligan 1999). For dif-
ferent reasons, transmission and virulence are not easy to
quantify for hyperparasites. Most mycoviruses have no extra-
cellular life stages and are transmitted both vertically and hor-
izontally (Pearson et al. 2009). The horizontal transmission of
mycoviruses is controlled by the fungal vegetative incompat-
ibility system, which, until recently, was thought to impede
virus transmission in populations. However, some
mycoviruses have a global distribution [e.g., CHV1 (Bryner
et al 2012), Gremmenellia virus (Botella et al 2014)]. Recent
results showed that in situ transmission rates of CHV1 are
higher than in vitro studies had suggested (Carbone et al.
2004; Brusini and Robin 2013). Moreover, different strate-
gies, aiming at decreasing the vegetative incompatibility reac-
tion, finding a universal mycovirus donor, or creating vectors
for mycoviruses, have been proposed to increase transmission
efficiency of mycovirus within and among fungal species (Xie
and Jiang 2014). Mycovirus virulence results from interac-
tions of both parasite and hyperparasite genomes, which give
it the attribute of an extended phenotype (Lambrechts et al.
2006). In conditions where transmission between hosts is not
restricted, “mild” hyperparasite strains, characterized by low
virulence and high transmission rates, are more apt to regulate
disease than severe strains because they more readily establish
in a host population than severe strains (Morozov et al. 2007).
When between-host transmission is restricted by fungal veg-
etative incompatibility (transmission rates varying from 0 to
100%), mycoviruses exert a frequency-dependent selection on
their host, which increases with increasing virulence of the
mycovirus, resulting in an increase in fungal population diver-
sity (Brusini et al. 2011). However, highest levels of polymor-
phism in the host population result in unfavorable conditions
for mycovirus transmission. Thus, by this feedback mecha-
nism, less virulent mycoviruses are likely favored in diverse
fungal host populations. This theoretical result supports regu-
lation efforts to impede an increase in the diversity of Euro-
pean C. parasitica populations in Europe where biological
control of chestnut blight is still effective and used.

Establishment success of hyperparasites may also be
strongly dependent on the biotic and abiotic environment.

Milgroom and Cortesi (2004) have argued that failures of
biological control against chestnut blight disease in eastern
North America could be linked to forest ecosystem character-
istics, quite different from the European orchard
agroecosystems where virus-infected strains are successfully
released. This suggests that biological control may have great-
er success in forest plantations with higher tree density and
lower heterogeneity than in seminatural forests, due to the
facilitated development of the fungal parasite (Xie and Jiang
2014). Moreover, virus×fungus×environment interactions al-
so affect the outcome of hyperparasite×parasite interactions
(Bryner and Rigling 2011), which suggests that adaptation of
mycovirus lineages to new environments can occur.

The hyperparasite’s evolutionary history can also provide
useful insights to develop a successful biocontrol strategy.
Genetic analyses of CHV1 populations in western and south-
ern Europe have demonstrated that establishment and spread
of the mycovirus are associated with a few recombinant virus
lineages (Feau et al. 2014). These results, together with the
known effect of hybridization on vigor of biological control
agents (Szucs et al. 2012), the high rate of beneficial recom-
binations in viruses (Vuillaume et al. 2011), and the demon-
strated high cost of bacterial resistance in coevolution with
multiple phage viruses (Koskella et al. 2012) suggest to use
several hyperparasite lineages in biological control strategies,
especially in areas where releases of hyperparasites have
failed until now. Coinfection strategies should be thoroughly
studied in experimental systems prior to deployment, since the
coexistence of different strains of a mycovirus within one host
may not only lead to homologous recombinations but also
result in the selection of more virulent strains, with lower
transmission efficiency (Frank 1996; Mosquera and Adler
1998).

6 The tree microbiota: a rapidly evolving trait that
will allow trees to face anthropogenic environmental
change?

Due to their short generation time, pathogens are expected to
quickly adapt to human-driven environmental change through
changes in distribution and physiology, with or without host
switches. By comparison, trees are expected to adapt more
slowly and to experience a phenotype–environment mismatch
(Carroll et al. 2014). There is, however, one facet of the tree
phenotype that may evolve as quickly as the pathogens: the
tree microbiota, which belongs to the extended phenotype of a
tree (Dawkins 1999; Whitham et al. 2006; Partida-Martínez
and Heil 2011). Indeed, virtually, all tissues of trees are colo-
nized by microorganisms (Turner et al. 2013). These microbi-
al communities, which are the outcome of millions of years of
coevolution (Partida-Martínez and Heil 2011), modulate the
tree’s resistance against multiple stresses, including pathogens
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(Arnold et al. 2003; Hacquard and Schadt 2015). Within the
current context of rapid environmental change, it is thus cru-
cial to tackle the following issues: (i) Which properties of the
resident microbiota protect the tree against biotic and abiotic
stresses? (ii) How will these properties respond to environ-
mental change? (iii) Can we select tree genotypes with bene-
ficial microbiota to facilitate their adaptation to environmental
change? Theoretical ecology provides a powerful framework
for approaching the first issue. For instance, the biodiversity–
ecosystem function (BEF) theory posits that biodiversity in-
creases the intensity and stability of ecosystem functions
(Cardinale et al. 2012). Future research aimed at improving
tree performance could examine whether this relationship
holds at the individual level. For instance, it could examine
whether the diversity of tree microbiota improves the various
components of tree fitness, including the resistance to patho-
gens. Such microbiota diversity-individual fitness (MIF) rela-
tionship can now be studied by using new sequencing tech-
nologies (Di Bella et al. 2013; Vayssier-Taussat et al. 2014),
which allow the various properties of tree microbiota (com-
munity richness; taxonomic, phylogenetic, or functional di-
versity; and composition) to be readily described (Buée et al.
2009; Jumpponen and Jones 2009). By combining these novel
technologies with methods for network inference (Faust and
Raes 2012), the networks of microbial interactions can also be
deciphered. Such an approach could enable the identification
of potential pathogen antagonists, and thus facilitate protec-
tion strategies based on microbial epiphytes and endophytes
(Witzell et al. 2014). This approach may also reveal network
properties driving the stability of the residential microbiota, in
particular its invasibility by pathogens (Kemen 2014).

The second issue is to assess how fast and in which direc-
tion the beneficial properties of the resident microbiota will
respond to environmental change. There is already a large
body of knowledge showing that the composition and struc-
ture of the tree microbiota strongly respond to environmental
factors such as temperature, drought, atmospheric CO2, or
urbanization (Jumpponen and Jones 2010; Compant et al.
2010; Peñuelas et al. 2012; Cordier et al. 2012a; Coince
et al. 2014; Rico et al. 2014). There is also increasing evidence
showing that the tree microbiota is influenced by the genetic
variability of trees, both at intraspecific (Schweitzer et al.
2008; Cordier et al. 2012b; Bálint et al. 2013) and interspecific
(Knief et al. 2010; Redford et al. 2010; Kembel and Mueller
2014; Kembel et al. 2014) levels. Tree microbiota properties
can thus be considered to be phenotypic traits that are influ-
enced by both the environment and the tree genotype (Bálint
et al. 2015). Phenotypic plasticity may induce a rapid change
in tree microbiota properties, in response to anthropogenic
environmental change. This change may then be followed
by an evolutionary change, caused by the genetic adaptation
of tree populations (Donnelly et al. 2012). Both mechanisms,
plasticity and genetic adaptation of the tree microbiota, may

allow tree populations to cope with novel, emerging patho-
gens; thus, a current challenge for forest pathologists is to
assess their relative influence.

Finally, the last challenge will be to integrate the benefi-
cial properties of the tree microbiota into the selection pro-
cess for tree genotypes (Newton et al. 2010;Chakraborty and
Newton 2011). After the characterization of the beneficial
properties through observations and manipulative experi-
ments, their genetic architecture will have to be deciphered
and their heritability to be assessed (Peiffer et al. 2013;
Horton et al. 2014). Evolutionary models simulating the
complex network of interactions formed by the novel tree
genotypes, their pathogens, and microbiota (Kemen 2014)
could then be used to define tree breeding strategies that will
sustain forest health. However, such simulations are far from
being trivial. Numerous evolutionary models have been de-
veloped in the case of simple, pairwise plant–pathogen inter-
actions (Gilligan 2008; REX Consortium 2013). Extending
these models to a greater number of species remains a chal-
lenge for evolutionary biologists (Brännström et al. 2012;
Fortuna et al. 2013).

7 Conclusions and recommendations for the future

At the turn of the twenty-first century, Paul Manion (2003)
reviewed some recently evolved concepts in forest pathol-
ogy, which had modified the way of thinking about diseases
and their practical management. Shortly more than 10 years
after, the ecological view advocated in this prospective ar-
ticle has gained increasing recognition, and has also been
the subject of substantial new evolution. It is remarkable to
note that neither of the terms “global” nor “evolution” (ex-
cept for that of concepts) were used by Manion. The rec-
ognition of global change in all its dimensions, including
not only climate change but also accelerating global trade,
habitat destruction, and other human-caused effects on the
environment, has profoundly affected all areas of science
and society in the last 15 years. In particular, two major
changes affecting forest pathology—the world movement
of species with trade, and the rise of plantation forestry to
meet growing needs of an increasing human population—
have led to an increasing number of emerging diseases,
mobilizing the efforts of forest pathologists, and these
trends are expected to continue (Essl et al. 2011; FAO
2010). In this context of global changes, characterized by
strong new selective pressures put on entire ecosystems by
human activities, the coupling of ecology and evolutionary
biology has become essential for the understanding of for-
est diseases and their management. Three important ad-
vances, which have important practical implications and
which also open new questions for future research, can be
highlighted (see Table 1).
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Table 1 Three important evolutionary concepts that have gained increased supporting evidence and have direct policy and practical implications and
open directions for future research. A few key references are given; more are included throughout the main text

Supporting evidence Practical and policy recommendations Directions for future research

Not everything is everywhere

• Data on the biogeography of
fungi and Phytophthora spp
(Taylor et al. 2006)

• Emerging diseases in naive
tree populations susceptible
to new pathogens (Santini
et al 2013)

• Emergence of aggressive
pathogen species by
hybridization of allopatric
species with low
interfertility barriers
(Brasier 2001)

• “Lucky monoculture
plantations” of exotic tree
species that benefit from
enemy escape (Pautasso
et al. 2005)

• Appropriate trade regulations to decrease the
risks associated with exotic pathogens
(pathway approach) (Goss et al. 2009;
Liebhold et al. 2012; Roy et al. 2014):

– traceability (passports) for plants-for-planting
(Parke and Grünwald 2012)

– inclusion of the phylogenetic signal (Gilbert
et al. 2012) and network theory applied to
trade exchanges (Dehnen-Schmutz et al. 2010)
in phytosanitary risk analysis

• Improvement of phytosanitary inspections
(Liebhold et al. 2012; Eschen et al. 2015;

• Monitoring and surveillance
– improved and non-specific detection: generic
detection (e.g. of Phytophthoras) and
detection without a priori identification (Fears
et al. 2014); sentinel trees in areas of origin of
imported plants and use of arboreta

– improvement of disease management in
nurseries (Parke et al. 2014)

• Further investigations of fungal diversity, especially in
poorly studied and taxonomically rich ecosystems
(Tedersoo et al. 2014)

• Theoretical developments for general predictions about the
intensity of infection in various host-pathogen interactions;
in-depth analyses of some communities, including life-
history traits of host and pathogens, and genomic analyses
of resistance genes in order to test predictions (Garcia-
Guzman and Heil 2014; Gilbert andWebb 2007, Gilbert et
al. 2012)

• Diversification, specialization and speciation in fungi and
Phytophthora spp.: theoretical models and empirical
approaches (Hamelin et al. 2011; Giraud et al. 2010)

Pathogen evolution can occur at short time scales

• Adaptation of pathogens
after introduction (Gladieux
et al. 2015)

• Breakdown of resistance
developed in breeding
programs and deployed on
large scales (McDonald and
Linde 2002)

•Avoidmultiple introductions: regulations aimed
not only at the species but also intra-specific
level, to avoid admixture and increase
efficiency of biological control

• Evolutionary breeding and forestry (Lefevre
et al 2014; Cavers and Cottrell 2015)

– use natural disease regulation mechanisms
associated with tree diversity (Pautasso et al.
2005)

- consideration of defense trade-offs in tree
breeding (Vogan and Schoettle 2015; Franklin
et al. 2014)

- combination of resistance and tolerance
mechanisms

- study and prediction of associational traits:
target an "ideapop" or "ideacomm" instead of
an ideotype (Anche et al. 2014)

• Evolutionary potential of pathogens
– experimental approach to the relative contributions of
preadaptation and adaptation processes in invasive
pathogens (Dlugosch and Parker 2008)

– species barrier effect: genes explaining the determinants of
host range in fungal species and their potential for
evolution (Schulze-Lefert and Panstruga 2011)

– trade-offs between virulence and other adaptive traits in
pathogens: transmission, phenology (adaptation to
climate) (Lively et al. 2014)

– effect of hybridization, admixture and multiple infections
on the evolution of virulence (Susi et al. 2014)

– empirical studies of the impact of host tolerance and
qualitative and quantitative resistance to disease on the
evolution of virulence in forest systems

• Study of general/cross resistance mechanisms to disease in
trees (Yanchuk and Allard 2009)

– nonhost resistance (Schulze-Lefert and Panstruga 2011),
recessive resistance (van Schie and Takken 2014)

• Development of demo-genetic models of host–parasite
interactions (e.g., Bazin et al. 2014)

• Ecological and evolutionary mechanisms regulating disease
in wild plant pathosystems (Jousimo et al. 2014)

• Ecoimmunology (Schulenburg et al 2009)

The tree is a multitrophic community

• Tree pathogens have their
own enemies

(Kiss 2003; Pearson et al
2009)

• Microbial communities
around and inside trees are
highly diverse (Buée et al.
2009; Peay et al. 2013)

• More systematic search of antagonists and
hyperparasites in the native ranges of forest
pathogens (Hale et al. 2014; Ridout and
Newcombe 2015)

• Development of platforms for the coupling of
metagenomic and phenotypic characterization
of microbial communities (Lebeis 2014)

• Mycoparasitism by fungi, bacteria, virus
– significance in natural ecosystems (Tollenaere et al. 2014)
– role of hybridization, admixture and multiple infections on
the efficiency and evolution of the biocontrol agents(Feau
et al. 2014)

• Tree endophytic fungi: continuum or shift from
opportunistic, weak pathogenicity, and their interaction
with true pathogens (Pautasso et al. 2014).
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1. Not everything is everywhere (especially forest patho-
gens)

The view on the processes underlying geographic var-
iation in microbial distributions has changed from purely
ecological explanations (“everything is everywhere but
the environment selects,” according to Beijerinck’s and
Becking’s famous claim; see in O'Malley 2008) to a com-
bination of ecological and evolutionary (diversification)
explanations supported by evidence of limited (natural)
dispersal in many microbial taxa (Taylor et al. 2006;
Hanson et al. 2012; Tedersoo et al. 2014 ). Human-
mediated transfers putting into contact non-coevolved
species therefore result in ecological and evolutionary dy-
namics that challenge processes operating in natural com-
munities (Burdon et al 2013). These new introductions
may overwhelm the ability of the community, or even of
artificial selection, to respond (Cobb et al. 2012). For
instance, European and American chestnuts have been
successively impacted by three exotic pests and patho-
gens in the last century, Phytophthora cinnamomi,
C. parasitica, and Dryocosmus kiruphilus, showing the
increasing difficulty for breeding programs to keep pace
with biotic threats in woody perennials (Anagnostakis
2012).

2. Pathogen evolution can occur at short time scales
The recognition that evolution can take place at short

time scales is not very new (e.g., Cook and Askew 1970),
but it has been increasingly supported by evidence linked
to anthropogenic changes, such as breakdowns of human-
selected resistance in a medical or agricultural context
(McDonald and Linde 2002; REX 2013) and adaptation
of invasive organisms (Gladieux et al. 2015). Forests have
already paid heavy tribute to invasions by exotic patho-
gens, but still, limited domestication of forest trees has up
to now restricted impacts on forest pathogen virulence as
those seen in agriculture. Phytosanitary problems in
monospecific (monoclonal) planted forests are likely to
increase in the future, since experience demonstrates that

high productivity achieved in the first rotations, often as-
sociated with enemy escape, is likely to fade away with
time due to the progressive arrival of natural enemies, i.e.
tree pests and diseases (Harwood and Nambiar 2014;
Liebhold andWingfield 2014). New prospects for an eco-
logical and evolutionary intensification could benefit
from rapid changes in technology and wood usages as
material or fuel (e.g., engineered wood products, compos-
ite materials, wood pellets), which will likely remove
some of the obstacles to the use of diverse plantations.

3. The tree is a multitrophic community
Community fingerprinting methods, and, more recent-

ly, high-throughput sequencing techniques, have revealed
that the epiphytic and endophytic microbial communities
are much more complex than previously realized (e.g.,
Yang et al. 2001; Jumpponen and Jones 2009). Pathogens
themselves host a diversity of parasites, especially
mycoviruses ( Witzell et al. 2014). Some experimental
manipulations at small spatial scales have highlighted
the role of microbial communities in disease control
(Arnold et al. 2003;Matos et al. 2005), while observations
at larger scales have revealed environmental factors driv-
ing these communities (Cordier et al. 2012a; Peñuelas
et al. 2012). Both approaches are required to predict,
and ultimately manage, microbial interactions and func-
tions in the context of global change (Kinkel et al. 2011;
Berlec 2012; Borer et al. 2013; Lebeis 2014; Vayssier-
Taussat et al. 2014; Hacquard and Schadt 2015). Future
studies working toward this aim will benefit from the
development of functional metagenomics (Knief et al.
2012), microbial interactions modeling (Faust and Raes
2012), as well as evolutionary platforms predicting the
outcomes of multispecies interactions (Fortuna et al.
2013).

Uncertainties, especially regarding the emergence of
new diseases, are likely a key component of the future
of forest pathology (Shaw and Osborne 2011). An obvi-
ous policy recommendation is therefore to maintain the

Table 1 (continued)

Supporting evidence Practical and policy recommendations Directions for future research

• Mechanisms through which plants control their microbiota
and through which the microbiome controls plant health
(Berendsen et al. 2012; Pautasso et al. 2014).

– identifying the microbial species and community properties
sustaining tree health (Hacquard and Schadt 2015)

– understanding the genetic vs. environmental determinism of
beneficial microbiota (Lively et al. 2014; Pautasso et al.
2014); how does plant immune system regulate plant
microbiote? (Lebeis 2014; Kliebenstein 2014)

– integration of the microbiota into epidemiological and
evolutionary models of tree disease (Bálint et al. 2015)
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expertise in the taxonomy, biology, epidemiology, and
ecology of forest fungal pathogens needed to respond
quickly to disease outbreaks in more economically devel-
oped countries (BSPP 2012). Special efforts should also
be developed in regions, such as tropical areas, where
high biological diversity is present but has received lim-
ited attention so far due to a lack of funding and trained
researchers (Kamgan et al. 2008). Spectacular advances
and reducing costs in DNA technologies have recently
enabled considerable progress in the knowledge of phy-
logenetic diversity (inter- and intraspecies) of forest path-
ogens. However, an ecological and evolutionary forest
pathology cannot neglect the study of phenotypes and
functional traits. Investigations of a greater number of
forest pathosystems (not only focused on recent introduc-
tions) and the development of high-throughput phenotyp-
ing methods are certainly deserving more efforts.

Forest pathologists have increasingly tried to dissemi-
nate their research outcomes to contribute to policy rec-
ommendations (e.g. the Montesclaros declaration, http://
www.iufro.org/science/divisions/division-7/70000/
publications/montesclaros-declaration/; Cavers 2015).
Increasing links between biologists, sociologists, and
economists, for example to investigate the perception of
risks or the economic impacts of pathogens, or to assess
the ecological service of disease regulation, could help
identify the best levers to tackle forest health issues in a
globalised and changing environment (Stenlid et al. 2011;
Fears et al. 2014). Particular effort should also be
dedicated to education, not only to raise awareness in
the public and stakeholders of forest health issues and
their dependence on human activities but also to attract
young scientists, from diverse scientific horizons, to the
field of forest pathology.
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Agricoles, Dijon Cedex, France
1Corresponding author: e-mail address: corinne.vacher@pierroton.inra.fr

Contents

1. Introduction 2
1.1 Ecological Interactions Are Drivers of Ecosystem Functioning 2
1.2 Ecological Interactions Are Altered by Anthropogenic Activity 4
1.3 Next-Generation Sequencing Can Be Used for Monitoring Ecological

Interactions 5
2. Why Learning Ecological Networks from NGS Data? 7

2.1 Limitations of Classical Methods for Resolving Ecological Interactions 7
2.2 Advantages of NGS for Identifying Species and Their Interactions 8

3. Examples of NGS-Based Ecological Networks and Their Applications 10
3.1 Deciphering Pathobiomes Using NGS-Based Microbial Networks for Improving

Biological Control 10
3.2 Studying the Hologenome Theory of Evolution Using NGS-Based Microbial

Networks 12

Advances in Ecological Research # 2016 Elsevier Ltd
ISSN 0065-2504 All rights reserved.
http://dx.doi.org/10.1016/bs.aecr.2015.10.004

1

ARTICLE IN PRESS



3.3 Testing the Niche Partitioning Theory with NGS-Based Trophic Networks 14
3.4 Challenges to Be Addressed to Get Predictive Insights from NGS-Based

Networks 17
4. Theoretical Methods for Deciphering Ecological Networks from NGS Data 18

4.1 The Input Data 18
4.2 Inferring Ecological Interactions Using Statistical Models 21
4.3 Learning Ecological Interactions Using Logic-Based Machine-Learning

Algorithms 23
5. Conclusion 26
Acknowledgements 27
Glossary 27
References 29

Abstract

Species diversity, and the various interactions that occur between species, supports eco-
systems functioning and benefit human societies. Monitoring the response of species
interactions to human alterations of the environment is thus crucial for preserving
ecosystems. Ecological networks are now the standard method for representing and
simultaneously analyzing all the interactions between species. However, deciphering
such networks requires considerable time and resources to observe and sample the
organisms, to identify them at the species level and to characterize their interactions.
Next-generation sequencing (NGS) techniques, combined with network learning and
modelling, can help alleviate these constraints. They are essential for observing cryptic
interactions involving microbial species, as well as short-term interactions such as those
between predator and prey. Here, we present three case studies, in which species
associations or interactions have been revealed with NGS. We then review several cur-
rently available statistical and machine-learning approaches that could be used for
reconstructing networks of direct interactions between species, based on the NGS
co-occurrence data. Future developments of these methods may allow us to discover
and monitor species interactions cost-effectively, under various environmental condi-
tions and within a replicated experimental design framework.

1. INTRODUCTION

1.1 Ecological Interactions Are Drivers of Ecosystem
Functioning

For a considerable part of the history of ecology, ecologists have tried to

observe and explain the relationships between biodiversity and ecosystem

functioning (BEF relationship) and how these change with environmental

conditions and human-derived stressors (see Bohan et al., 2013; Cardinale
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et al., 2012; chapter ‘Towards an integration of biodiversity-ecosystem

functioning and food-web theory to evaluate relationships betweenmultiple

ecosystem services’ by Hines et al.; chapter ‘Linking biodiversity, ecosystem

functioning and services, and ecological resilience: towards an integrative

framework for improved management’ by Truchy et al.; Raffaelli et al.,

2014). There is now a broad consensus that species diversity supports many

ecosystem functions (Bohan et al., 2013; Cardinale et al., 2012). Ecological

explanations of BEF have largely invoked two effects. First, a ‘sampling

effect’ where highly productive species are more likely to be present in a

diverse species pool and consequently function increases with diversity. Sec-

ond, a ‘complementarity effect’ where the link between diversity and func-

tion is explained as a difference in species resource requirements (Loreau and

Hector, 2001). Given that some species exploit resources more efficiently

than others, then across increasingly diverse pools of species, functionality

will tend to increase.

Species diversity not only supports ecosystem functions, but also influ-

ences the stability of ecosystems (Haddad et al., 2011; Loreau and de

Mazancourt, 2013; Tilman et al., 2006). For system-level properties, such

as total biomass/productivity and biological control, resilience of ecosystem

function can arise with both the sampling and complementarity effects. As

interacting species react in different ways to external stress, some species will

benefit while others will not (see May, 1973). Across a portfolio of species

within a diverse ecosystem, the stability of the entire portfolio will be greater

than the fluctuations in the function of each species, due to an effect of aver-

aging (Tilman et al., 1998). In high-diversity systems, stability across the

portfolio of species is therefore preserved in the face of variation (insurance

hypothesis, see Loreau et al., 2003; Yachi and Loreau, 1999).

These effects of biodiversity on ecosystem functioning are mediated by

the ecological interactions between species (Duffy et al., 2007; Thébault and

Loreau, 2006). For studying diverse systems of many interacting species,

ecological network approaches have become the standard method (Ings

et al., 2009; Lewinsohn et al., 2006; Pocock et al., 2012). These consider

species as nodes, and the interactions between species (e.g. predator–prey
interactions, host–parasite interactions, plant–pollinator interactions) as a

series of links. The links may be weighted (quantitative ecological network)

or not. Link weight is often defined the observed frequency of the interac-

tion or the effect of the interaction on the performance of the interacting

partners (Bascompte et al., 2006; Berlow et al., 2004; Laliberté and
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Tylianakis, 2010). Building upon the BEF knowledge already acquired, the

aim of network approaches is to understand how the network structure leads

to the ‘emergence’ of ecosystem functions (see chapter ‘Towards an integra-

tion of biodiversity-ecosystem functioning and food-web theory to evaluate

relationships between multiple ecosystem services’ by Hines et al.;

Thompson et al., 2012). It has long been known that the provision of a spe-

cific ecosystem function may be maximized through management of the

abundance of functionally important species (Gaston, 2010), such as polli-

nator honeybees (Calderone, 2012; Hagen et al., 2012). But what has

become clear from network approaches is that the resilience of ecosystems

and the stability of their functions rely directly on species diversity and the

interactions between all species within the network (Naeem et al., 2009).

One interesting development in recent years has been a growing appre-

ciation that ecological interactions and evolutionary dynamics can interact

(Hairston et al., 2005). The structure of ecological networks and evolution

can feedback, one upon the other. For instance, in plant–pollinator and
plant–seed disperser mutualistic networks, network structure depends on

co-evolution with and between partner species (Bascompte et al., 2006;

Nuismer et al., 2013). In trophic networks (food webs), link connectance

and the number of trophic levels can be affected through the evolution of

body–size relationships (Loeuille and Loreau, 2006) and adaptive foraging

(Beckerman et al., 2006). The evolutionary history can in turn affect net-

work modularity and nestedness (Robinson et al., 2015; Vacher et al.,

2008). These changes in ecological network structure, caused by the evolu-

tion of life-history traits, affect the functioning of ecosystems (Abrams and

Matsuda, 2005; Loeuille et al., 2002), as well as their long-term stability and

resilience (Kondoh, 2003; Loeuille, 2010a,b; Thébault and Fontaine, 2010).

1.2 Ecological Interactions Are Altered by Anthropogenic
Activity

Anthropogenically accelerated biodiversity loss and larger global-scale envi-

ronmental impacts have provoked much public concern and a drive to

improve our management of the planet (Cardinale et al., 2012; Raffaelli

and White, 2013; Rockstr€om et al., 2009). Starting at the Rio ‘Earth

Summit’ in 1992, this need to protect and monitor ecosystems and their

functions have more recently coalesced around the concept of ecosystem

services, as the ecosystem functions that directly benefits humanity

(Millennium Ecosystem Assessment, 2005; see also chapter ‘Detrital
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dynamics and cascading effects on supporting ecosystem services’ by Mulder

et al.). There is, however, little agreement on, or clear understanding of, the

best practices for preventing losses in species diversity, and of how networks

of interacting species may be restored (but see Pocock et al., 2012).What we

do have are expectations regarding how networks may change with envi-

ronmental stressors, such as agricultural intensification (Albrecht et al.,

2007; Laliberté and Tylianakis, 2010; Tylianakis et al., 2007) or biological

invasions (Aizen et al., 2008; Albrecht et al., 2014; Heleno et al., 2009;

Lopezaraiza-Mikel et al., 2007; Vacher et al., 2010). However, predicting

a priori exactly how a particular ecological network metric (e.g. species rich-

ness, number of links, interaction strength, connectance, modularity,

nestedness) will change in response to a particular stressor remains difficult

(Heleno et al., 2012). Defining ecologically relevant network metrics

(Blüthgen et al., 2008; Fortuna et al., 2010; Joppa et al., 2010; Leger

et al., 2015) and predicting how they affect network structural stability

and the persistence of the species within it (Bascompte et al., 2003;

Montoya et al., 2006; Rohr et al., 2014; Saavedra et al., 2011; Thébault

and Fontaine, 2010) is also very challenging.

Simply reducing or removing anthropogenic stressors may not be

enough to restore the structure of ecological networks and the functioning

of ecosystems. For example, in a recent grassland experiment, plant diversity

in plots that received high rates of nitrogen for 10 years had not recovered to

control levels 20 years after the nitrogen inputs had stopped (Isbell et al.,

2013). This suggests that ‘turning back the clock’ to a more benign set of

management practices, even where this is feasible, might not achieve resto-

ration goals. There is, indeed, increasing evidence that network structure

and dynamics modulates the trajectory and rate of change of the response

to stressors, with time lags and the presence of multiple alternative stable

states, due to ecological inertia in the food web. Alternative stable states have

been suggested as the reasons for the slow or non-existent biological recov-

ery of commercial marine fisheries following reductions in fishing effort, and

of freshwaters following acidification (Layer et al., 2010, 2011) and eutro-

phication (Scheffer et al., 2001).

1.3 Next-Generation Sequencing Can Be Used for Monitoring
Ecological Interactions

While ecological networks play a central role in the development of basic

and applied ecological science, most empirical networks remain at best
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incomplete due to persistent methodological shortcomings that hinder

our capacity to resolve species (i.e. network nodes) and their interactions

(i.e. network links) (Ings et al., 2009). Resolving ecological networks

require considerable (and often prohibitive) investments of time and

resources to observe and sample the organisms present within an ecosys-

tem, identify them to the species level and then characterize the possible

links that exist between those species. Quantifying the importance of

these links, in terms of frequency and effect on the performance of the

interacting partners, is even more difficult. This means that relatively

few well-resolved ecological networks have been constructed, there is

little replication amongst those networks (see Pocock et al., 2012), and

ultimately our understanding of network-based BEF and ecosystem

change is limited.

Here, we speculate that reconstructing ecological networks directly

from environmental DNA (eDNA), by combining next-generation

sequencing (NGS; high-throughput sequencing) (Di Bella et al., 2013)

and theoretical approaches, such as statistical modelling (Faust and Raes,

2012) and machine learning (Bohan et al., 2011), will alleviate these meth-

odological and financial constraints. Our arguments are the following:

(1) NGS platforms generate several millions of DNA sequences for a

few hundred dollars (Liu et al., 2012; Quail et al., 2012); (2) they permit

the characterization of DNA diversity in complex environmental samples

(e.g. soil, water, plant tissues, faeces, pellet, gut content, etc.) containing

hundreds of microbial species and the imprint of many macro-organisms;

(3) many of these organisms can be identified at the species level by using

GenBank or reference taxonomic databases such as Greengenes, BOLD,

SILVA and UNITE (Abarenkov et al., 2010; DeSantis et al., 2006;

Kõljalg et al., 2005; Quast et al., 2013; Ratnasingham and Hebert,

2007) and (4) methods are being developed to predict species interactions

from their abundance patterns and additional information such as their

functional traits or the features of the environmental samples (Bohan

et al., 2011; Deng et al., 2012; Faust and Raes, 2012; Kurtz et al.,

2015). With these advancements, the potential of NGS techniques for

resolving complex ecological networks is enormous. Below we review

the types of ecological interactions for which NGS data are the most

relevant, present some examples of NGS-based ecological networks and

give an insight into the theoretical approaches that may be applied to

NGS data to highlight ecological interactions.
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2. WHY LEARNING ECOLOGICAL NETWORKS FROM
NGS DATA?

2.1 Limitations of Classical Methods for Resolving
Ecological Interactions

Network ecology primarily emerged based on the observation of interac-

tions between macro-organisms (e.g. plant–pollinator, plant–herbivore,
plant–seed disperser, anemone–fish; see IWDB, https://www.nceas.ucsb.

edu/interactionweb/resources.html). These observations require consider-

able time and resources and have limitations. Smaller species, such as

microbes and parasites, have often been overlooked (Lafferty et al., 2008)

despite their importance for ecosystem functioning (Ducklow, 2008;

Gilbert and Neufeld, 2014; Hudson et al., 2006). As a consequence, integra-

tion of macro-organisms and micro-organisms resolved at the species level

into the same networks is far from the norm (but see Vacher et al., 2008,

2010). Short-term interactions such as those between predator and prey

are also difficult to observe. This lack of completeness and integration of

ecological networks critically limits our understanding of BEF and should

be resolved (Fontaine et al., 2011).

Micro-organisms have not been fully integrated in network ecology

largely due to the enormous difficulty associated with identifying the inter-

acting microbes. Microbial interactions have long been studied using lab-

oratory culture-dependent methods. However, testing the hundreds of

combinations of culture conditions necessary to find the conditions

required to grow successfully a single microbial species is often prohibitive

(Lok, 2015). As a consequence, an estimated 85–99% of bacteria and

archaea cannot yet be grown in the lab, drastically limiting our knowledge

of microbial life. Culturing is not only a (inadvertently) selective environ-

ment, but also a labour intensive and tedious task that cannot be extended

to the whole microbial community in a given environment. Co-culture

experiments are traditionally used to detect antagonistic or mutualistic

interactions between microbial taxa but the extrapolation of results to nat-

ural conditions is risky (Sher et al., 2011). High-throughput cultivation

platforms, such as microfluidic chips and iChips, are currently revolution-

izing this field of research. They are based on complex cultivation media,

closer to those of the natural environment and may support multiple

microbial species (Lok, 2015). Culturing and co-culturing microbes
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nevertheless remain a complicated task (Haruta et al., 2009). Many scien-

tists have, therefore, chosen to bypass it entirely and move to sequencing

directly microbial DNA.

Many scientists studying trophic networks have also chosen to use

DNA sequencing for characterizing predator–prey or host–parasitoid
interactions. The visual and microscopic examination of guts, faeces, or

pellets (Hengeveld, 1980; Pisanu et al., 2011) and the rearing of parasitoids

from hosts (Eveleigh et al., 2007; Müller et al., 1999) are indeed time con-

suming, labour intensive and highly dependent on the observer’s experi-

ence. They tend to overlook cryptic species and are very difficult to

compare between systems or researchers (reviewed by Symondson,

2002). Direct methods have expanded recently to include the analysis of

ratios of naturally occurring stable isotopes (mostly carbon and nitrogen),

permitting the integration of trophic information over an extended time-

scale (several days to several months) (Boecklen et al., 2011). Nevertheless,

the technique can only be applied to a small number of prey species (Moore

and Semmens, 2008) and often does not permit obtaining accurate trophic

data at individual level (Vanderklift and Ponsard, 2003). Other biomarkers,

such as fatty acids (reviewed by Traugott et al., 2013) have similar

constraints.

2.2 Advantages of NGS for Identifying Species and Their
Interactions

The emergence of NGS techniques and associated bioinformatic pipelines

has boosted the characterization of species and their interactions over the last

10 years. In particular, it has boosted the characterization of microbial com-

munities (Di Bella et al., 2013; Hibbett et al., 2009) and facilitated the quan-

tification of trophic links (Smith et al., 2011; Staudacher et al., 2015). NGS

indeed overcomes the limitations of culture-dependent methods and pro-

vides a more thorough description of microbial communities. We are

now, in principle, able to detect any microbial organism in nature, even

those that cannot be isolated or grown in the lab. The first step is to collect

environmental samples (e.g. samples of soil or water, tissues of plant, animal,

etc.) and extract total DNA from these samples. The taxonomic description

of microbial communities with NGS techniques then relies on the amplifi-

cation and sequencing of DNA barcodes (Chakraborty et al., 2014). Simi-

larly, the sequencing of faeces, pellet, or gut content gives an insight into the

diet of an organism with little or no need for a priori information about the

8 Corinne Vacher et al.

ARTICLE IN PRESS



target prey species (e.g. Boyer et al., 2013; Brown et al., 2012; Quéméré

et al., 2013; Shehzad et al., 2012). Moreover, the use of tags (i.e. unique

identifiers) to recover data from each sample after sequencing (Clarke

et al., 2014; Taberlet et al., 2012) facilitates the mass screening of several

hundreds of individual samples (e.g. Kartzinel et al., 2015; Mollot

et al., 2014).

A DNA barcode, in its simplest definition, is one or small number of

short genetic sequences taken from a standardized portion of the genome

that are used to identify species (Schlaeppi and Bulgarelli, 2015). Different

barcode regions are used for different taxonomic groups. The most popular

DNA barcode for identifying fungal species is the internal transcribed spacer

(ITS) region of the nuclear ribosomal repeat unit (Schoch et al., 2012),

except for Glomeromycota ( €Opik et al., 2014; Stockinger et al., 2010).

The 16S small ribosomal subunit gene (16S rRNA) is the ‘gold standard’

for characterizing bacterial community composition (Sun et al., 2013),

although other barcode regions have been proposed (Chakraborty et al.,

2014). The 16S rRNA gene contains conserved regions as well as nine

hypervariable regions (V1–V9). One or more of these hypervariable regions

are usually sequenced (Gloor et al., 2010; Sun et al., 2013). Universal

barcode genes are also available for algae and protozoa, but, to our knowl-

edge, not for viruses (Chakraborty et al., 2014). The standardized barcode

region for eukaryotic animals is part of the cytochrome c oxidase 1 (CO1)

mitochondrial gene and a growing library of identified specimens exists (see

BOLD, http://www.boldsystems.org/; Ratnasingham and Hebert, 2007).

In the case of trophic ecology, the best barcode depends upon the model

organism, its likely preys, and the question being addressed (Pompanon

et al., 2012). Generally, as dietary samples are complex mixtures of highly

degraded DNA, the best barcode should target very short DNA fragments

with the same amplification efficiency across very distantly related taxa.

These constraints sometimes preclude species-level taxonomic assignment

of preys as the probability to encounter variable sites decreases with the

sequence length. Therefore, classical DNA-based methods such diagnostic

PCR followed by Sanger sequencing remains very useful for the quantitative

assessment of predator–prey (Clare et al., 2009; Rougerie et al., 2011) and

host–parasitoid interactions (Condon et al., 2014; Kaartinen et al., 2010;

Smith et al., 2008). These molecular-based techniques have been used suc-

cessfully to reveal previously unseen trophic interactions (Derocles et al.,

2015; Wirta et al., 2014).
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3. EXAMPLES OF NGS-BASED ECOLOGICAL NETWORKS
AND THEIR APPLICATIONS

3.1 Deciphering Pathobiomes Using NGS-Based Microbial
Networks for Improving Biological Control

Population growth and changes in dietary habits are likely to double human

demand for food in the coming decade. However, in addition to these issues,

there are inherent inefficiencies in modern agriculture where plant patho-

gens can claim 10–16% of the global food harvest. Reducing this percentage

has become, therefore, a priority for achieving food security (Chakraborty

and Newton, 2011). Biodiverse ecosystems can support natural antagonists

of pathogens and they have been argued to limit or prevent disease devel-

opment (Berendsen et al., 2012; Penton et al., 2014). The notion that the

pathogens live and interact with other organisms in their environment

has led to the development of the pathobiome concept (i.e. the pathogen

species integrated within its biotic environment; Vayssier-Taussat et al.,

2014). Elucidating the components of the pathobiome is one of the prereq-

uisites for understanding the persistence, transmission and evolution of path-

ogen species, and for improving methods of biological control with naturally

occurring antagonists.

Microbial networks give insight into the relationships between a patho-

gen species and the other micro-organisms interacting with the host species.

Their study may enable the identification of potential pathogen antagonists

and may reveal network topological properties driving the stability of the

residential microbial community, including its invasibility by pathogens

(Desprez-Loustau et al., 2015; Kemen, 2014). Microbial networks typically

represent the patterns of co-existence between microbial taxa, irrespective

of the underlyingmechanism.Nodes represent microbial taxa and links indi-

cate spatial or temporal associations between taxa. Such networks are

referred to as microbial co-occurrence networks (Aires et al., 2015;

Barberán et al., 2012; Kara et al., 2013; Navarrete et al., 2015), microbial

association networks (Chow et al., 2014; Faust and Raes, 2012;

Fuhrman, 2009), microbial correlation networks (Duran-Pinedo et al.,

2011; Friedman and Alm, 2012), or networks of co-existing microbes

(Chaffron et al., 2010). Direct ecological interactions may account for the

observed co-existence patterns. As with macroscopic organisms, microbes

interact with each other directly, through pairwise ecological interactions

such as competition, predation, parasitism, mutualism, commensalism, or
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amenalism (Faust and Raes, 2012). These interactions can involve micro-

organisms belonging to the same kingdom or different kingdoms (Frey-

Klett et al., 2011). Competition, which is considered to be the dominant

type of microbe–microbe interaction (Foster and Bell, 2012; Hibbing

et al., 2010), is expected to produce co-exclusions between microbial taxa.

Amensalism is also expected to produce co-exclusions while mutualism and

commensalism are expected to yield co-associations between microbial taxa.

The outcome of parasitism or predation, in terms of spatial or temporal asso-

ciation, is less straightforward to predict, with the consumer relying on, but

potentially depleting, its prey. Associations between microbial taxa may also

be explained by two other mechanisms: because they both depend on the

presence of a third microbial taxa (indirect ecological interaction) or because they

are adapted to similar environmental conditions (shared environmental prefer-

ence) (Ovaskainen et al., 2010).

Here, we reconstructed the microbial association network (Fig. 1) of the

leaves of an oak tree (Quercus robur L.) susceptible to the fungal pathogen

Erysiphe alphitoides, the causal agent of oak powdery mildew (Mougou

et al., 2008). Forty leaves were sampled and DNA was extracted from four

0.5 cm2 discs per leaf. Fungal taxa were characterized by 454

pyrosequencing of the ITS1 region (as described in Cordier et al., 2012).

Bacterial taxa were characterized by sequencing the hypervariable V6 region

of the 16S rRNA gene on an Illumina platform (as described in Gloor et al.,

2010). The taxonomic composition of the samples was obtained by filtering

and clustering the sequences using QIIME (Caporaso et al., 2010) and

Usearch (Edgar, 2013). The software SparCC (Friedman and Alm, 2012)

was then used to compute the correlations between the abundances of

microbial taxa across samples. Only significant positive correlations (co-

associations) and significant negative associations (co-exclusions) were

retained as links in the microbial network. The network was visualized using

Gephi (Bastian and Heymann, 2009). Its analysis revealed that E. alphitoides

has a particular connectivity behaviour, as it is predominantly connected to

the network through strong negative links. The presence of the pathogen is

thus associated to the absence of other micro-organisms. To go further into

the mechanistic interpretation of this network, the microbial association

network should be turned into a microbial interaction network having only

direct ecological interactions as links. This may be done by firstly using envi-

ronmental conditions to screen out associations that indicate a shared environ-

mental preference and, secondly, using network inference methods to predict

direct links between microbial taxa (Faust and Raes, 2012; Kurtz et al., 2015;
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Schwaller et al., 2015). Such network would allow us to identify the micro-

bial species that directly impede or facilitate pathogen development.

3.2 Studying the Hologenome Theory of Evolution Using
NGS-Based Microbial Networks

Humans are drastically and rapidly altering the environment, including cli-

mate, and many species may not be able of adapting quickly enough to these

new conditions (Carroll et al., 2014). The mismatch between the phenotype

of agriculturally important plants and new climate is an overarching

Figure 1 Microbial association network of the leaves of an oak tree (Q. robur L.) suscep-
tible to the foliar fungal pathogen E. alphitoides (Ea). Each node represents a microbial
taxon (either bacterial or fungal) and each link represents a significant correlation
between their abundances. Red (grey in the print version) and green (grey in the print
version) links indicate co-exclusions and co-associations, respectively. The arrow indi-
cates the node with the highest degree (i.e. the highest total number of links). Degree
decreases clockwise, with nodes stacked on the same line having the same degree. The
size of the nodes is inversely proportional to the sum of the correlation coefficients:
larger nodes have more number and/or stronger negative associations. Darker nodes
have higher betweenness centrality (calculated on the absolute values of associations),
suggesting that they are topological keystone taxa. E. alphitoides is predominantly con-
nected to the network through strong negative links (co-exclusions) but is not a good
candidate for topological keystone species.
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challenge in forestry, agriculture and conservation biology. A widespread

debate concerns whether to use local versus external sources of genetic

material for replanting to best anticipate responses to climate change

(Carroll et al., 2014). The hologenome theory of evolution is relevant to

this debate. It posits that the holobiont (the plant or animal with all of its

associated micro-organisms) is a unit of selection in evolution. According

to this theory, host and ‘associates’ genomes act as a consortium that copes

with environmental change by promoting adaptation and evolving as a

whole. During periods of rapid environmental change, a diverse microbial

symbiont community can aid the holobiont in surviving, multiplying and

‘buying the time’ necessary for the host genome to evolve (Zilber-

Rosenberg and Rosenberg, 2008). There is indeed empirical evidence that

host speciation is under the influence of its interactions with micro-

organisms ( Janson et al., 2008) and that microbial communities can be

one determinant shaping the adaptation and evolution of higher organisms

(Dittami et al., 2015; Rosenberg et al., 2007) .

NGS techniques are useful tools to characterize the tight associations of

eukaryotes with microbes. In a recent study, they were used to characterize

the internal microbial communities of the algae Caulerpa at the scale of the

Mediterranean Sea (Aires et al., 2015). These endophytic microbial commu-

nities are hypothesized to play important roles in development, defence and

metabolic activities of their host algae. Three Caulerpa species were sampled

and the bacterial lineages within each sampling unit were identified through

high-throughput sequencing of the hypervariable V4 region of the 16S

rRNA gene. Then, networks of co-occurring bacterial lineages were ana-

lyzed by combining percolation theory (Moalic et al., 2012; Stauffer and

Aharony, 1994) and community detection algorithms (Fortunato, 2010;

Lancichinetti and Fortunato, 2009; Leger et al., 2014). Here, the Bray–
Curtis index was used to assess the similarity in the distribution of bacterial

lineages across samples: two lineages are linked if their distribution similarity

is higher than 0.62, which is the percolation threshold of the network. Sec-

ond, modules were delimited by using the leading eigenvector algorithm

(Fig. 2). The results revealed that a very large fraction of the bacterial com-

munity is species-specific, even in areas where distinctCaulerpa species occur

in sympatry. These species-specific bacterial lineages account for the mod-

ular structure of the co-occurrence network. Such specificity of endophytic

bacterial communities is coherent with the hologenome theory of evolu-

tion. As several Caulerpa taxa have extended their range through invasion

in different parts of the world, including the Mediterranean Sea, future
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studies should investigate the role of these microbial communities on the

invasiveness of their host.

3.3 Testing the Niche Partitioning Theory with NGS-Based
Trophic Networks

The niche partitioning theory is central to our understanding of biodiversity.

The term niche partitioning refers to the process by which natural selection

drives competing species into different patterns of resource use or different

Figure 2 Associations between the endophytic bacterial lineages of the algae Caulerpa
at the scale of the Mediterranean Sea. Each node is a bacterial lineage. Two lineages are
linked if they tend to co-occur in the same samples. The Bray–Curtis index was used to
assess the similarity in their distribution across samples: two lineages are linked if their
distribution similarity is higher than 0.62, which is the percolation threshold of the net-
work. Nodes are coloured according to their belonging to a module. Modules were del-
imited by using the leading eigenvector algorithm. The modules form three larger
clusters that are, respectively, dominated by bacterial lineages specific of C. prolifera,
C. racemosa var. turbinata-uvifera, and C. racemosa var. cylindracea.
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niches (Hector and Hooper, 2002; MacArhur, 1958). This differentiation of

ecological niches reduces competition and promotes co-existence between

species (Chesson, 2000; Levine and HilleRisLambers, 2009). NGS tech-

niques promise to bring significant changes in our understanding of niche

partitioning because they provide information about the entire diet range

of a species, while also highlighting new and unexpected trophic links.

For instance, Ibanez et al. (2013) carried out a trait-based estimation of

the trophic niche width of four species of grasshoppers through choice

experiments and NGS study of their diet. They showed that observed tro-

phic niche breadth in generalist herbivorous insects depends on both

species-specific food preferences and habitat diversity, and that it is not an

intrinsic property of the species as usually considered in theoretical studies.

Kartzinel et al. (2015) also used NGS techniques, in combination with stable

isotope analyses, to investigate trophic niche partitioning among sympatric

large mammalian herbivores in Kenya. They observed unsuspected fine-

scale resource partitioning even between species within the same trophic

guild. Consequently, through this study, NGS methods illuminated mech-

anisms behind the large diversity of co-existing herbivorous mammal species

observed in African savannas.

Here, we used NGS techniques to resolve the trophic interactions in a

community of carabid beetles inhabiting European arable landscapes. These

beetles significantly contribute to the biological control of pests (Kromp,

1999) but their contribution is unpredictable given their broad diet spectrum

including alternative preys such as other natural pest enemies.We used NGS

approach in order to investigate changes in carabid diet among 14 common

arable species by analyzing the prey DNA contained in their guts. The cara-

bid beetles were sampled in six arable fields in two different agroecosystems

in Brittany, France. To cover the whole carabid diet spectrum, four barcode

genes were combined, including mitochondrial 16S and COI for character-

izing animal prey (Bienert et al., 2012; De Barba et al., 2014) and the chlo-

roplast trnL for detecting consumed plant species (Taberlet et al., 2007). We

obtained bipartite ecological networks showing an extensive degree of niche

overlapping between carabid species (Fig. 3), confirming their generalist

feeding behaviour. The use of NGS also allowed us for the first time to

quantify carabid community contribution to ecosystem services (the con-

sumption of several animal and plant pest species) and dis-services (the con-

sumption of other service-providing organisms) (Fig. 4). These findings

suggest that important ecological functions as pest regulation and intraguild

predationmay not be associated with the identity of particular species but are
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Figure 3 Quantitative predator–prey network recovered by analysing gut contents of
1414 carabid species using an NGS approach. Lower bars represent prey category
(arachnids, collembolans, insects, plants, and earthworms) abundance and upper bars
represent the abundance of carabid species positive for at least one prey category.
Scales are indicated at right. Linkage width indicates frequency of each trophic interac-
tion. Carabid beetles were sampled in six different fields.
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Figure 4 The relative proportions of five major prey categories (arachnids, collembo-
lans, insects, plants, and earthworms) recovered in gut contents of 503 individuals from
14 carabid species using NGSmeta-barcoding approach. Using their taxonomic identity,
all animal and plant preys were assigned into three functional categories (pest species,
detritivore species, and other natural predators). All preys that did not fit any functional
category (e.g. tree or non-pest plant DNA) were grouped into a forth category (miscel-
laneous). This approach allowed us to quantify the relative contribution of the carabid
community to ecosystem services (i.e. pest control) and dis-services (i.e. control of other
service-providing organisms) within agroecosystems.
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more likely an emergent property of the community probably modulated by

extrinsic environmental factors. Further investigations are required for see

how important agronomical features such as the cropping system ormanage-

ment intensity impact the structure of the trophic web.

3.4 Challenges to Be Addressed to Get Predictive Insights from
NGS-Based Networks

In the three-aforementioned examples, the NGS-based ecological networks

were static (Figs. 1–3). To predict the impact of environmental stressors on

ecosystem services, future research should move from static networks to

dynamic ones. In particular, it should explore whether time-varying net-

works have ‘early warning’ properties that can predict abrupt ecological

transitions or ‘tipping points’ (Dakos and Bascompte, 2014; Faust et al.,

2015). Metagenomic time series data can provide useful information on

the dynamics of microbial communities (Fuhrman et al., 2015). Future

research should also go beyond community composition by integrating data

about functional gene expression, transcripts, proteins and metabolites.

These data will yield crucial information, in addition to current

co-occurrence patterns, about ‘who?’ does ‘what?’ and ‘when?’ within

the community (Faust et al., 2015).

Future research should also aim at validating the ecological interactions

learned from NGS data. In the first example (Fig. 1), co-association and

co-exclusion patterns indicate which pairs of microbial taxa are the most

likely to interact together. But experimental validation of these interactions

is required. Reference networks, with well-known ecological interactions,

are necessary to assess the relevance of the methods of network reconstruc-

tion. For instance, a machine-learning methodology to reconstruct net-

works from co-occurrence data and species functional traits has been

demonstrated (Bohan et al., 2011). This produced hypothetical food webs

in an agricultural system that bore all the hallmarks of real food webs and

were validated against both the literature and direct molecular biological

data for specific trophic interactions (Davey et al., 2013). Other methods

have also been used successfully to reconstruct known ecological networks

based on species abundance data (Aderhold et al., 2012; Faisal et al., 2010;

Milns et al., 2010). The current challenge is to test all these methods on

occurrence or abundance data derived from NGS datasets, by using a

well-resolved empirical network as a reference.

Finally, future research must continue to improve the qualitative and

quantitative reliability of NGS data, while keeping the costs down. Future
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research must continue to evaluate and reduce the biases in species compo-

sition due to primers choice and amplification by PCR (Berry et al., 2011;

Gonzalez et al., 2012; Lee et al., 2012; Patin et al., 2013; Pinto and Raskin,

2012), to characterize the noise profiles of the various sequencing platforms

and to develop bioinformatic pipelines for taking them into account (Gaspar

and Thomas, 2013; Gilles et al., 2011; Reeder and Knight, 2011). Future

research must also develop new statistical methods for estimating species

richness and diversity from NGS data (Haegeman et al., 2013) and improve

the taxonomic assignment of the species. For instance, the combination of

several barcodes targeting restricted groups of organisms could improve the

taxonomic resolution of preys in dietary samples (e.g. Deagle et al., 2009).

However, combining of several barcode markers could increase consider-

ably the costs of NGS techniques. Multiplexing several barcodes within

the same PCR would help improving the cost effectiveness (De Barba

et al., 2014), but these still require time-consuming methodological devel-

opment. Additionally, the direct comparison of the relative proportion of

prey groups, by comparison of their barcode sequence counts, is highly

questionable due to the step of variation in amplification among barcodes

by PCR (Taberlet et al., 2012). The rapid development of direct shotgun

sequencing techniques, which requires no PCR amplification step, promises

to resolve these problems. In two recent studies, the shotgun sequencing of

long fragments of nuclear, mitochondrial and chloroplast DNA fragments

from an herbivorous mammal (Srivathsan et al., 2014) and a carnivorous

coleopteran (Paula et al., 2015) provided reliable and quantitative species-

level identification of their consumed preys. The shotgun sequencing simul-

taneously revealed detailed information about the host’s genetics, as well as

information about the diversity of host’s parasites and bacterial symbionts.

These findings open several exciting perspectives for merging multiple types

of ecological interactions in the same network (Fontaine et al., 2011; Kéfi

et al., 2012), or for assessing the impact of host genetic differentiation or spe-

ciation into ecological network dynamics (e.g. Robinson et al., 2015).

4. THEORETICAL METHODS FOR DECIPHERING
ECOLOGICAL NETWORKS FROM NGS DATA

4.1 The Input Data
Meta-barcoding, also referred to as amplicon-based community profiling,

generates a list of operational taxonomic units (OTUs) and their distribution

in the environmental samples. Each OTU is a group of related sequences
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(with a similarity percentage higher than 97%, in most cases) (Schlaeppi and

Bulgarelli, 2015). Taxonomic assignment of OTUs is usually performed by

comparing the most abundant sequence of each OTU to the sequences

deposited in GenBank or in curated databases such as Greengenes, BOLD,

SILVA or UNITE (Abarenkov et al., 2010; DeSantis et al., 2006; Kõljalg

et al., 2005; Quast et al., 2013; Ratnasingham and Hebert, 2007). The eco-

logical relevance of the number of sequences per OTU and per sample is a

matter of debate as the quantitative link between sequence reads and species

relative abundance is not always straightforward due to methodological

biases. The storage of environmental samples, before DNA extraction,

may cause biases in the community composition revealed byNGS technique

(U’Ren et al., 2014). In the case of gut samples, differences in digestion rates

between types of prey may also cause bias (Deagle et al., 2009). Finally,

whatever the type of environmental sample, variations in the amplification

efficiency of the barcode region among species may distort the community

composition (Berry et al., 2011; Gonzalez et al., 2012; Lee et al., 2012; Patin

et al., 2013; Pinto and Raskin, 2012). Studies of plant pathogen species have,

however, shown that pathogen abundances measured by visual symptoms

correlate with their relative abundance in NGS datasets (Sapkota et al.,

2015). The number of sequences of a given OTU in a given sample there-

fore contains some information on the OTU abundance in that sample,

despite potential biases introduced by PCR (Cotton et al., 2014). This is

important, because associations or interactions between OTUs are often

derived from sequence counts (Faust and Raes, 2012; Friedman and Alm,

2012; Kurtz et al., 2015).

The datasets required for reconstructing ecological networks from NGS

data are the OTU table, giving the estimated abundance of each OTU in

each sample, with or without some additional information on the OTUs

(e.g. functional traits of the corresponding species) and on the environmental

samples (e.g. host species, abiotic conditions at the time of sampling)

(Table 1). Association networks can be derived from the OTU table, as

shown in the two first examples (Figs. 1 and 2). In these examples, the nodes

of the association networks were fungal and/or bacterial OTUs. The links

were the significant correlations between their abundance across samples

(Fig. 1) or the similarity in their distribution across samples (Fig. 2). In

the first example, links were positive or negative depending on the correla-

tion sign. Such correlations should not be calculated based on raw sequence

counts because variations in the total number of sequences per sample (a

technical bias) may yield spurious results. Correlations between normalized
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counts may also yield spurious results and several methods have been pro-

posed to circumvent this issue (Deng et al., 2012; Faust and Raes, 2012;

Friedman and Alm, 2012; Kurtz et al., 2015).

Such networks representing spatial or temporal associations between micro-

bial OTUs are not entirely satisfactory because they do not match the mech-

anistic framework typically used in network ecology. As mentioned above,

network ecology developed mainly on the observation of direct ecological

interactions between several sets of macro-organisms (e.g. predator–prey,
plant–pollinator, plant–herbivore, plant–seed disperser, anemone–fish inter-
actions) (Ings et al., 2009). The predator–prey network recovered by using

NGS techniques to describe gut contents (Fig. 3) is similar in terms of inter-

action type, but not the microbial association networks of the two first

examples (Figs. 1 and 2). To go beyond these association networks, the first

challenge is to distinguish associations due to direct ecological interactions and

those due to indirect ecological interactions (Kurtz et al., 2015; Schwaller

et al., 2015). The second challenge is to take into account environmental

Table 1 Description of the Data Entering in the Construction of NGS-Based Ecological
Networks, with Their Names in the Two Main Fields of Research (Statistical Inference of
Networks and Logic-Based Machine-Learning Algorithms)

Data Description
Type
of Data

Name Given
in Statistical
Modelling

Name Given in Logic-
Based Machine Learning

Measured occurrence

or abundance of

species/OTUs in the

studied sites/samples

Input Observed

variables

Observable predicates

Additional information

on the species/OTUs

(e.g. functional traits) or

on the sites/samples (e.g.

abiotic environment)

Input Covariates Background knowledge

Rules of interaction (e.g.

species/OTU X can eat

Y if X is bigger than Y)

Input

or

output

Constraints on

the space of

possible networks

to explore

Logical rules which can be

part of background

knowledge or can be

learned from input data

Hypothetical relationships

between species/OTUs

that can be visualized as a

network

Output Inferred edges Abduced links
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variables into network models (Faust and Raes, 2012) in order to remove

associations due to shared environmental preference (Ovaskainen et al., 2010).

The third challenge is to integrate ecological knowledge on OTUs, in

the form of ‘rules of interaction’. This integration may improve the reliabil-

ity of the network, as shown previously for macro-organisms (Bohan et al.,

2011), and limits the space of possible networks that has to be explored.

Belowwe review the methods that can be used for addressing these chal-

lenges. These methods can be classified into two categories: statistical infer-

ence of networks and logic-based machine-learning algorithms. Both

categories use similar input data and aim at constructing plausible and test-

able networks, which explain the observed data the best. However, they

constitute different fields of research and therefore use a different vocabu-

lary. The main terms are summarized in Table 1.

4.2 Inferring Ecological Interactions Using Statistical Models
Statistical models of graphs (Lauritzen, 1996; Whittaker, 1990) are a natural

approach to depict the intricate interactions and relationships between spe-

cies (or OTUs). They have proved to be a valuable framework for modelling

direct relationships between species (or OTUs), based on conditional depen-

dencies in occurrence and abundance data (Table 1). Here, we describe two

popular approaches that might have value for reconstructing networks from

NGS data.

4.2.1 Bayesian Networks and Dynamic Bayesian Networks
Bayesian Networks (BNs, Jensen and Nielsen, 2007) and their temporally

explicit extension Dynamic Bayesian Networks (DBNs) framework

(Dean and Kanazawa, 1989) have been used to reconstruct interactions

from occurrence or abundance data. In ecology, BNs have been used to

model species interactions and species–habitat relationships (Aderhold

et al., 2012; Milns et al., 2010), while DBNs have been used to infer

microbial networks from time series (Faust et al., 2015). The structure of

BNs and DBNs can be derived from occurrence or abundance data, and

possibly covariates representing environmental conditions, by using score-

and-search techniques (Daly et al., 2011; Friedman et al., 1998). A score

function (e.g. the Bayesian Information Criterion) is used to measure the

fit between the observed data and an inferred network. Rules of iteration

then move from one possible network structure to another in the space

of possible network structures to evaluate fit. The aim is to find a network

that maximizes the fit. Exact optimization of the score is out of reach because
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of the high number of possible network structures. Various heuristics have

been proposed to improve the search and its efficiency, including the ‘greedy

search’ where only local improvements of the network structure are

explored.

4.2.2 Gaussian Graphical Models with Sparse Regularization
Coupling Gaussian graphical models (GGM) with sparse regularization has

become a popular method of inference in the last decade, because it allows us

to deal with large networks involving thousands of nodes by setting many of

the links to be zero. In the standard Gaussian setting, when the data are nor-

mally distributed, the approach assumes that the joint distribution of all

OTUs follows a multivariate Gaussian distribution. The associated covari-

ance matrix entirely describes the dependency structure between the OTUs.

The precision matrix, which is formed as the inverse of the covariance

matrix, is then a direct proxy for the expected network structure as the

matrix entries are proportional to the partial covariances between the

OTU abundances. Therefore, learning the graphical structure of conditional

dependencies can be reduced to a problem of variable selection to optimize

fit. This task can be efficiently performed by means of sparse regularization

such as the Lasso (Tibshirani, 2011). Various lasso algorithms have been

developed, including the ‘neighbourhood selection’ (Meinshausen and

Bühlmann, 2006) and the ‘Graphical Lasso’ (Friedman et al., 2008). Some

implementations can deal with millions of nodes.

To overcome the Gaussian assumption and comply with sequence count

data like those obtained with NGS techniques, research is being done to

broaden the applicability of GGM. Two lines of research have emerged

on this topic. The first is to transform the original data into a ‘Gaussian’ set-

ting, via simple transformations in order to use the well-understood GGM

with sparse regularization framework (Liu et al., 2009). The second, which

we do not discuss here, relies on the use of statistical models tailored to count

data (Yang et al., 2013). The technique of data transformation has been suc-

cessfully applied to ecological network inference (Kurtz et al., 2015), using a

general workflow, as follows: (i) the OTU count data are preprocessed and

normalized to meet the Gaussian assumption; (ii) a standard sparse GGM

inference method (either ‘neighbourhood selection’ or ‘graphical-Lasso’)

is used to select networks, describing direct links between OTUs; and,

(iii) step (ii) is iterated several times on many random subsamples of the orig-

inal data. The final network only retains the most stable edges, which appear

robust because they are selected in most of the subsamples. This three-step
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strategy—normalization plus inference plus stabilization—has also been suc-

cessfully used on other types of genomic data (Marbach et al., 2012).

An advantage of the GGM framework is that it is well suited to theoret-

ical analysis, which provides insights into the ‘data’ situations where the

methods may either be useful or not. Most strikingly, an analysis of network

selection consistency by Ravikumar et al. (2011) suggested that it should be

possible to infer network structure when a network has many nodes and the

sample size remains moderate, under the provision that there are no nodes in

the network with very high connectance. Such statistical results are practi-

cally important because they give some confidence that networks may be

inferred from NGS-based data where the number of samples is typically

much smaller than the number of OTUs.

4.3 Learning Ecological Interactions Using Logic-Based
Machine-Learning Algorithms

Like statistical models of graphs, the purpose of logic-based machine-

learning algorithms is to construct plausible and testable networks, which

best explain the observed data. The possibility of easily integrating the exis-

ting background knowledge into the learning process, e.g. in the form of

‘rules of interaction’, is a key advantage of logic-based machine-learning

algorithms over statistical models (Table 1). Logic-based machine-learning

algorithms have already been used successfully to automatically generate tro-

phic networks directly from species occurrence data combined with back-

ground knowledge, including information about the species body size and

functional groups (Bohan et al., 2011; Tamaddoni-Nezhad et al., 2013).

They have also been applied successfully to other problems in ecology, in

particular to model population dynamics (e.g. modelling phytoplankton

growth for the Danish Lake Glumsø; Todorovski et al., 1998), and their rel-
evance has also been demonstrated in many challenging domains in compu-

tational biology including predictive toxicology (e.g. King et al., 1996),

pharmacophore design (e.g. Srinivasan et al., 2006) and protein structure

prediction (e.g. Cootes et al., 2003).

Below, we describe two types of logic-based machine-learning algo-

rithms that may be used to learn ecological networks from NGS data. Both

types are capable of learning networks from species (or OTU) occurrence or

abundance data. The first type, called inductive logic programming (ILP;

Muggleton, 1991), is capable of using background knowledge, such as

the existing knowledge about the species and their environment to hypoth-

esize (learn) interactions (Table 1). In the case where background
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knowledge may be incomplete or a subject of the learning itself, a new

approach called meta-interpretive learning (MIL; Muggleton et al., 2014)

may be used. To our knowledge, neither of these approaches have yet been

used to learn ecological networks from NGS data, but the first approach has

been used for classical ecological association data (co-occurrences in spatially

replicated field sampling) to learn predator–prey networks (Bohan et al.,

2011; Tamaddoni-Nezhad et al., 2013). Ecological interactions recovered

from the high-throughput sequencing of predator gut contents (e.g.

Fig. 3) or predicted by functional traits (e.g. body size or gape width),

may be included as background knowledge, or may be used to validate

the machine-learnt network. The second approach is likely to be more

appropriate to the learning of microbial networks (e.g. Figs. 1 and 2) where

background knowledge on microbial OTUs is often scarce.

4.3.1 Inductive Logic Programming
ILP systems (Muggleton, 1991) use a given set of positive and negative

examples E¼{E+[E�}, i.e., E is the union of positive and negative exam-

ples, background knowledge B to construct a hypothesis, H, that explains

E+ relative to B such that the extended theory is self-consistent, i.e.

B[H logically implies E+ and B[H[E� is logically consistent. The com-

ponents E, B andH are each represented as logic programmes. In the case of

machine learning of trophic networks, ILP systems can be used to learn gro-

und hypotheses H in the form of trophic relations between species

(or OTUs). Background knowledge includes logical rules, such as R�B

(i.e. R is a subset of B), to describe the species occurrence or abundance

(observable predicates) in terms of the trophic interactions (abducible pred-

icates) (Table 1).

This approach was used to learn a trophic network from an extensive

Vortis suction sampling of invertebrates in 257 arable fields across the UK

(Bohan et al., 2011). These fields were part of the farm scale evaluations

(FSE) of genetically modified, herbicide-tolerant (GMHT) crops. The

change in invertebrates abundance data with the GMHT treatment was reg-

arded as the primary observational data for the learning: observable predi-

cates were represented by abundance(X, S, up) (or abundance(X, S, down))

expressing the fact that the GMHT treatment increased or decreased the

abundance of species X at site S. The aim was to learn abducible predicates

eats(X, Y), capturing the hypothesis that species X eats species Y. Additional

information on the species were used to constrain the search for abducible

predicate eats(X, Y), by assuming that X should be a predator and bigger
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than Y. Predicates predator(X) and bigger_than(X, Y) were provided as part of

the background knowledge. This information was integrated within a log-

ical rule describing the observable predicates (abundance) in terms of the

abducible predicates (eats):

abundance(X, S, Dir) if predator(X), bigger_than(X, Y), eats(X, Y),

abundance(Y, S, Dir) where Dir can be either up or down. This rule

expresses the inference that following a perturbation in the ecosystem

(i.e. the introduction of GMHT crops), the increased (or decreased) abun-

dance of species X at site S can be explained by X eating species Y, which is

lower in the food chain, and by changes in the abundance of species Y.

Given this model and the observable data, the Abductive ILP system Progol

5.0 was used to generate a set of ground hypotheses (i.e. hypothetical trophic

links) which was visualized as a trophic network (Bohan et al., 2011). The

initial study was then extended by learning the trophic network from a larger

dataset (Tamaddoni-Nezhad et al., 2013). In both cases, a probabilistic ILP

approach, called Hypothesis Frequency Estimation (HFE, Tamaddoni-

nezhad et al., 2012), was used for estimating probabilities of hypothetical

trophic links. These probabilities were represented as the thickness of tro-

phic links in Bohan et al. (2011) and Tamaddoni-Nezhad et al. (2013). Ecol-

ogists who examined the first machine-learned food web (Bohan et al.,

2011) found that many of the learnt trophic links were corroborated by

the literature. In particular, links ascribed with high probability by machine

learning were shown to correspond well with those having multiple refer-

ences in the literature. Novel, high probability links were also suggested, and

some of these have recently been tested and confirmed by subsequent empir-

ical studies. For example, in the hypothesized food webs, some species of

spiders always appeared as prey for other predators; a result that was unex-

pected because spiders are obligate predators. This hypothesis was tested

using molecular analysis of predator guts and it was found that in this system

spiders do appear to play an important role as prey (Davey et al., 2013). This

finding was reconfirmed in Section 3.3 and Fig. 3. Thus, even though some

of the hypothesized links were unexpected, these were in fact confirmed

later and this provided an extremely stringent test for the machine-learning

approach.

4.3.2 Meta-Interpretive Learning
In themachine-learning settings described in the previous section, the search

for trophic links was constrained by additional information on the species
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(e.g. body size, trophic behaviour) which were provided as part of back-

ground knowledge. The logical rule stated thatXmay eat Y ifX is a predator

bigger than Y. However, for most communities and ecosystems, including

microbial communities, this kind of background knowledge may not be

available or it may be incomplete. MIL (Muggleton et al., 2014) is a

new machine-learning approach capable of predicate invention and recur-

sive rule learning. This new approach can be used for learning both the

interactions between species (or OTUs) and the ‘rules of interaction’

directly from species occurrence or abundance data. In this case, back-

ground knowledge does not include any specific knowledge on the species

but includes higher-order meta-rules, M�B, which are activated during

the proving of examples in order to generate hypotheses, H. A recent study

showed that MIL can be used to re-construct a simplified food web and

learn interaction rules directly from data (Tamaddoni-Nezhad et al.,

2015). We believe that this new learning setting will be useful for learning

ecological networks from NGS data whenever the interaction rules are not

known before hand.

5. CONCLUSION

Most interactions between species are difficult to observe, and as a

consequence the ecological networks that we typically reconstruct and ana-

lyze to understand ecosystem function are incomplete. Through the exam-

ples given in this review, we have argued that NGS techniques permit the

characterization of biodiversity in complex environmental samples (e.g. soil,

water, plant tissues, faeces, pellet, gut content, etc.) containing hundreds of

microbial OTUs and multiple macro-organism species. In the lists of

co-occurring species and OTUs that we can discern with NGS techniques,

there are the ‘ghosts of interactions past’ from which we could learn robust

and more complete ecological networks, at any specified taxonomic resolu-

tion and for organisms from all the Kingdoms of life. In this review, we have

then showed that various statistical and machine-learning approaches are

available for performing such network reconstruction, but the majority have

yet to be applied to NGS data. We believe that the combination of these

theoretical approaches with cost-effective NGS techniques will allow us

to study species interactions under all environmental conditions at high rep-

lication. However, three outstanding challenges remain to be overcome to

achieve these aims. These are to:
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• improve the qualitative and quantitative reliability of NGS data, while

keeping the costs down;

• use well-characterized networks of ecological interactions, in order to

test the validity of the various methods of network learning and

reconstruction;

• develop theoretical approaches to enable the learning of temporally

dynamic ecological networks.

Should these three challenges be met, then we foresee a step change in our

ability to measure, understand and monitor the world’s ecosystems and the

functions and services they provide.
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GLOSSARY
Barcode A short genetic sequence taken from a standardized portion of the genome that is

used to identify species.

Biodiversity The variety of life, including variation among genes, species, and functional

traits. It is often measured as: richness is a measure of the number of unique life forms;

evenness is a measure of the equitability among life forms; and heterogeneity is the dis-

similarity among life forms (Cardinale et al., 2012).

Conditional dependency The relationship between two variables conditioned on all other

variables. In a Gaussian setting, conditional dependency is measured by partial

correlation.

Diagnostic PCR A PCR assay which is used to test samples for the presence of DNA

from a specific species or a group of organisms.

Ecosystem functions (or functioning) Ecological processes that control the fluxes of

energy, nutrients, and organic matter through an environment. Primary production,
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for instance, is an ecosystem function. It is the process by which plants use sunlight to

convert inorganic matter into new biological tissue (Cardinale et al., 2012).

Environmental DNA (eDNA) Genetic material obtained directly from environmental

samples (soil, sediment, water, etc.).

Graph A mathematical object where entities (represented by vertices) are connected with

links (called edges). In graphical models, graphs are used to depict the structure of con-

ditional dependencies between variables.

Holobiont The functional entity composed by a macro-species and its associated symbiotic

microbes.

Logic-basedmachine learning A form of machine learning which uses logic-based infer-

ence and representation. For example, in inductive logic programming (ILP), the train-

ing examples, background knowledge, and the learned hypotheses are all represented as

logic programmes.

Meta-barcoding (amplicon-based community profiling) A method of biodiversity

assessment combining DNA-based identification and high-throughput sequencing. It

uses universal PCR primers to mass-amplify genetic markers from mass collections of

organisms or from environmental samples.

Next-generation sequencing (high-throughput sequencing) Technologies that para-

llelize the sequencing process, producing thousands, or millions of sequences

concurrently.

Niche partitioning theory refers to evolutionary and ecological processes leading to dif-

ferential resource exploitation between species in response to interspecific competition.

Operational taxonomic units (OTUs) are usually defined as clusters of similar barcode

sequences (16S rDNA, ITS etc.), frequently intended to represent some degree of tax-

onomic relatedness.

OTU table Matrix giving the number of sequences per OTU and per sample.

Pathobiome The pathogenic agent plus the members of its biotic environment.

Sanger sequencing (chain-terminationmethod) Method of DNA sequencing based on

the selective incorporation of chain-terminating dideoxynucleotides by DNA polymer-

ase during in vitro DNA replication. Developed by Frederick Sanger and colleagues in

1977, it was the most widely used sequencing method for approximately 25 years. It

can be used for fairly short strands of 100–1000 bp.
Shotgun sequencing Method used for sequencing long DNA strands that was one of the

precursor technologies for full genome sequencing. DNA is fragmented into numerous

small fragments that are sequenced using the chain termination method to obtain reads.

Multiple overlapping reads for the target DNA are obtained and computer programmes

then use the overlapping ends of different reads to assemble them into a continuous

sequence.

Sparse regularization Technique from constrained optimization used to force some

entries to zero in a vector of parameters. When applied to network inference, it allows

to deal with thousands of nodes, by coercing many of the edges to zero.

Statistical inference The process of drawing conclusions on a population based on data.

Tag A unique DNA sequence ligated to fragments within a sequencing library for down-

stream sorting and identification. Tags are typically a component of adapters or PCR

primers and are between 8 and 12 bp. Libraries with unique tags can be pooled together

and sequenced in the same sequencing run (¼multiplexing). Reads are later identified

and sorted via bioinformatic pipelines.
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CHAPTER 6. APPENDIX 186

6.3 Appendix C - Résumé en français

Titre de thèse: "Architecture génétique des
interactions entre le chêne pédonculé (Quercus
robur L.) et les communautés microbienne de sa
phyllosphère."
Les micro-organismes qui habitent la surface et l’intérieur des tissus des parties aéri-
ennes des plantes constituent la phyllosphere. Ils influencent de nombreux traits des
plantes, interviennent comme intermédiaire dans les interactions biotiques, les flux
d’énergie, modulent les réactions aux stress de leurs hôtes et donc in fine influen-
cent la fitness des plantes qu’ils colonisent. L’identité génétique de l’hôte est un
facteur important qui structure les communautés microbiennes en interactions avec
la plante. Cet effet est la conséquence des variations des traits fonctionnels comme
la productivité (contenu en eau et en phosphore des tissus, structure et composition
des feuilles, densité du bois etc...) ou des traits liés aux défenses des plantes contre
les infections (contenu en composés phénolique, densité des trichromes, voie de sig-
nalisation à l’éthylène et composition des cires de la cuticule). Ses traits quantitatifs
étant sous contrôle génétique, des QTLs (Quantitative Traits Loci) des plantes dont
les effets s’étendent au niveau des communautés sont à rechercher, en accord avec le
cadre conceptuel de la génétique des communautés.

Le premier chapitre présente le concept de génétique des communautés suivit de
la présentation de la phyllosphère comme habitat microbien et se termine par un
zoom sur un de ses habitants, Erysiphe alphitoides, l’agent responsable du mildiou
du chêne, une maladie commune du chêne pédonculé (Quercus robur), notre modèle
d’étude. La technique de metabarcoding pour l’étude des communautés microbiennes
est également présentée et détaillée dans ce chapitre.

Le chapitre suivant présente les résultats d’une expérience décrivant les com-
munautés bactérienne et fongique du chêne pédonculé à l’aide des techniques de
séquençage de deuxième génération (NGS). Ses communautés sont étudiées à l’aide
de la construction de réseaux d’association avec une attention portée à l’influence du
mildiou sur l’architecture de ce réseau. L’étude du pathobiome (le pathobiome intè-
gre l’agent pathogène dans son environnement biotique) à l’aide des technologies de
NGS se fonde sur la bonne représentation de l’intensité de l’infection par le nombre
de séquences du pathogène détectées par ses techniques dans l’échantillon, ce que
montre nos résultats. Nos résultats montrent que la composition des communautés
est affectée par le niveau d’infection du pathogène, de façon très marquée chez les le-
vures. Treize Unités Taxonomique (OTU – Operational Taxonomic Unit) fongiques
et treize Unités Taxonomiques bactériennes ont été identifiés comme étant en in-
teraction directe avec l’agent pathogène. Les endophytes fongiques Mycosphaerella
punctiformis et Monochaetia kansensis sont d’ailleurs de possible antagoniste à E.
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alphotoides. D’une façon générale les interactions positives de type mutualiste, fa-
cilitatrices et commensales dominent au sein de la phyllosphere. Ses résultats con-
trastent avec les précédents résultats montrant la compétition comme le principal
type d’interaction au sein de ce système.

Le troisième chapitre présente les résultats de la recherche de QTL chez le chêne
liés aux variations de communautés de sa phyllosphère. Les communautés fongique
et bactérienne ont ainsi été analysées à l’aide des NGS sur une collection de 180 ar-
bres issus d’un croisement contrôlé dédié à la cartographie génétique. Huit QTLs de
traits des communautés microbiennes ont ainsi pu être identifiés. Ses traits sont la
composition des communautés microbiennes et fongiques, la diversité fongique, ainsi
que le pourcentage de séquences attribuées à E. alphitoides. Trois de ses QTLs colo-
calisent avec des QTLs liés à la sensibilité de l’arbre à l’infection par ce dernier agent
pathogène, suggérant un fort déterminisme génétique de la résistance du chêne à cet
agent. Ses résultats sont discutés à la lumière des traits fonctionnels potentiellement
impliqués dans la modification de structure des communautés microbiennes de la
phyllosphère.

La quatrième chapitre présente l’utilisation d’une méthode de génétique d’association
(GWA – Genome Wide Association study) comme méthode alternative et complé-
mentaire à la précédente recherche de QTLs.

Le cinquième et dernier chapitre résume les résultats obtenus et les mets en
perspective dans un cadre d’écologie évolutive.
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