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Arbuscular mycorrhizal colonization in black poplar roots after 
defoliation by a non-native and a native insect
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A major goal in ecology is to understand how interactions among organisms
influence ecosystem services. This work compares the effects of two Lepidop-
tera defoliators, one non-native (Hyphantria cunea) and one native (Lyman-
tria dispar) to Europe, on the colonization of black poplar (the Populus nigra
clone “Jean Pourtet”) roots by an arbuscular mycorrhizal (AM) symbiotic fun-
gus (Funneliformis mosseae) in a pot experiment. The effects of defoliation
have also been assessed on the expression of fungal and plant genes playing a
role during symbiosis. Both control and defoliated poplars have shown a low
level of mycorrhization. Additionally, neither the non-native nor the native
insect seem to strongly affect the AM colonization, at  least  at  the time of
observation (eight days from the end of the defoliation). Concerning the gene
expression analysis, our results suggest that defoliation does not influence nei-
ther the expression of genes coding for a fungal and a plant phosphate trans-
porter nor that of a gene coding for a fungal ATPase, and that there were no
differences between defoliation carried out by the non-native and the native
insect.

Keywords: Exotic, Defoliators, Arbuscular Mycorrhizal Symbiosis, qPCR, Poplar,
Gene Expression

Introduction
Terrestrial ecosystems can be roughly di-

vided into above- and below-ground, linked
together by plants (Wardle 2002). A major
goal in ecology is to understand how inter-
actions among organisms influence ecosys-
tems (Bezemer & Van Dam 2005). Invasive
organisms  –  i.e. non-native  organisms,
which threaten ecosystems, habitat or in-
digenous species – are a major element of
global change and are contributing to bio-
diversity loss,  ecosystem degradation and
impairment  of  ecosystem  services  world-
wide (Baker et al. 2005).

More than 90% of plants form root inter-
actions with mycorrhizal fungi that provide

the host plant with water and mineral nu-
trients and can lead to an improved toler-
ance  against  biotic  and  abiotic  stresses
(e.g., salinity,  drought,  heavy  metals),  in
exchange  for  photoassimilates  (Smith  &
Read 2008). In particular,  arbuscular myc-
orrhizal (AM) symbiosis involves fungi be-
longing to Glomeromycota (Schüssler et al.
2001)  and the majority  of  land plants,  in-
cluding both important crop species, such
as  tomato,  wheat,  rice,  maize,  soybean,
and  forest  tree  species,  such  as  poplars
(Populus  spp. –  Tisserant et al.  2012).  The
root  colonization  process  involves  both
epidermal and cortical cells, where the fun-
gus  develops  inter-  and  intra-cellular  hy-

phae, coils, and arbuscules (Genre & Bon-
fante 2005). Despite the improved mineral
nutrition, AM fungi cause a significant car-
bon cost for the host plant, allocating up to
20% of the photosynthates (Saravesi et al.
2014). AM fungi are obligate biotrophs and
they are thus not able to survive long peri-
ods without the host plant  (Bécard et al.
2004). Enzymes for saprotrophic behavior
are lacking in the genome of the AM fun-
gus  Rhizophagus  irregularis,  which  has
been recently  sequenced (Tisserant  et  al.
2013). Over long-term, leaf herbivory (and
clipping) may eventually result in reduced
carbon accessibility for the host plant and
fungal  partners  (Barto  &  Rillig  2010,  Sar-
avesi et al. 2014), although, in spite of the
re-growth of the above-ground tissue, car-
bon allocation to roots often increases im-
mediately  after  defoliation,  while  alloca-
tion to shoots decreases (Dyer et al. 1991,
Holland et al.  1996).  Although the impact
of leaf herbivory on colonization by mycor-
rhizal  fungi  has  mainly  been  reported  as
negative,  sometimes  even  positive  or  nil
effects on fungal symbiosis have been de-
tected  (Gehring  &  Whitham  1994,  2002,
Cullings et al. 2001, Eom et al. 2001, Hokka
et al. 2004,  Kula et al. 2005,  Pietikäinen et
al. 2005,  Walling & Zabinski 2006,  Gehring
&  Bennett  2009,  Saravesi  et  al.  2014,
Trocha  et  al.  2015).  It  has  been  reported
that  the  variability  in  responses  might
depend on the type and extent of defolia-
tion,  the duration of  the experiment,  the
mycorrhizal  type  or  plant  species  consid-
ered,  the  availability  of  soil  nutrients  or
other  not  yet  known  factors  (Gehring  &
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Whitham 2002,  Gehring & Bennett 2009).
Barto  &  Rillig  (2010) conducted  a  meta-
analysis  study,  focusing on the sensitivity
of AM and ectomycorrhizal (ECM) coloniza-
tion of  roots to the removal  of  leaves or
shoots by herbivory or clipping. Meta-anal-
ysis results showed that the carbon-limita-
tion hypothesis of reduced mycorrhizal col-
onization  following  removal  of  above-
ground  biomass  was  generally  not  sup-
ported, and that herbivory (or clipping) did
not reduce mycorrhizal colonization by bio-
logically meaningful levels in many types of
plants (Barto & Rillig 2010). More recently,
Saravesi  et  al.  (2014) reported a different
effect of host plant defoliation on root AM
and  dark  septate  endophyte  (DSE)  fungi
colonization.  In  particular,  negative  im-
pacts on AM colonization and a slightly po-
sitive impact on DSE colonization were ob-
served, suggesting divergent ecological ro-
les of the two fungal associates in the plant
carbon economy.

The increasing threat of invasive species,
among which are several defoliators, raises
a question about their possible impact on
the components of native ecosystems (Ke-
nis et al.  2009).  In Europe,  Hyphantria cu-
nea Drury, a moth native to North America,
became  invasive  in  the  1940s  (Warren  &
Tadic  1970).  Being a  polyphagous  defolia-
tor,  it  feeds  on  hundreds  of  host  plants,
including black poplars.  P. nigra L. is also a
host  plant  for  native  defoliators,  such  as
Lymantria  dispar  L.  In  a  scenario  where
losses  of  above-ground  biomass  might
impact mycorrhizal response as previously
reported (Gehring & Whitham 2002,  Geh-
ring & Bennett 2009), the issue is whether
invasive defoliators could play a role in af-
fecting native ecosystem components such
as AM fungi. 

In this  work we compare the effects  of
two Lepidoptera defoliators, a species non-
native  to  Europe,  H.  cunea,  and  a  native
species,  L.  dispar,  on black poplar  (the  P.
nigra L.  clone “Jean Pourtet”) roots colo-
nized by the AM fungus Funneliformis mos-
seae (T.H. Nicolson & Gerd.) C. Walker & A.
Schüßler  2010.  In  particular,  we  assessed
the  AM  fungal  colonization  in  the  black
poplar roots and the expression of fungal
genes  coding  for  a  fungal  amino  acid
permease  (GmosAAP1),  two  H+-ATPases
(GmHA5, GmPMA1) and a phosphate trans-
porter (GmosPT),  as well  as of  a plant PT
gene (PopPT)  which  have  a  putative  role
during symbiosis. The effects of both par-
tial  and total  defoliation by  larvae  of  the
two defoliators have been evaluated.

Material and methods

Mycorrhization of Populus nigra with 
Funneliformis mosseae

Cuttings of the P. nigra clone “Jean Pour-
tet” were harvested in January 2014 at the
CREA-PLF (Casale Monferrato, Italy).  They
were  kept  in  tap  water  for  5/7  days  and
then planted in pots (10 × 10 × 17 cm) con-
taining quartz sand previously sterilized at

180 °C for  3h.  For  one month,  they were
watered  twice  a  week  with  tap  water  in
order to obtain shoots and roots.

Forty-five seedlings were then inoculated
with  Funneliformis  mosseae  BEG  12  (for-
merly Glomus mosseae) inoculum (MycAgro
Lab, France), by mixing the inoculum with
sterile  quartz  sand  (30%  v/v).  All  plants
were watered three times a week with tap
water,  and  kept  in  a  greenhouse  for  ap-
proximately 75 days, following the natural
photoperiod (from March to June 2014).

Defoliation of Populus nigra seedlings
The  defoliation  occurred  between  the

24th of June and the 16th of July 2014. The
potted  plants  were  kept  in  the  field  at
Agripolis  campus  (Legnaro,  Italy)  inside
cages to protect them from insect attack,
under  conditions  that  mimic  the  natural
ones. Five theses were considered: undefo-
liated control plants, partial and total defo-
liation  by  H.  cunea and  partial  and  total
defoliation by L. dispar. In the partial treat-
ment defoliation, about 50% of the leaves
was exposed to defoliation, whereas in the
total treatment defoliation experiment the
whole foliage was exposed to defoliation.
To achieve this, the half-lower part of plant
bearing about 50% of leaves was enclosed
in the mesh bag in the partial  defoliation
thesis and the entire plant in the total defo-
liation  thesis.  Each  thesis  included  nine
replicates. Each plant had a single pot and
was  enclosed,  kept  separately  from  the
others,  in  a  mesh  bag,  where  5  larvae
(fourth-fifth instars) of H. cunea or L. dispar
were placed for partial  defoliation and 10
larvae  of  H.  cunea or  L.  dispar for  total
defoliation experiments,  respectively.  The
plants  were watered every two days and
checked, evaluating the degree of defolia-
tion  and  replacing  any  dead  larvae.  The
experiment was stopped at the same time
for all the plants.

Estimation of the mycorrhization
All plants were unrooted after eight days

from the end of the defoliation treatment,
in order to assess the effects of the pests
on the mycorrhizal colonization. The whole
root  apparatus  from  each  plant  was
washed under tap water and divided into
two parts: one part was used to estimate
the  level  of  mycorrhiza  formation  (see
below), while the other part was frozen in
liquid nitrogen and kept at -80 °C for subse-
quent molecular analysis. Colonization was
assessed  using  the  method  described  by
Trouvelot  et  al.  (1986).  Twenty-cm-long
root  segments  were  sampled  from  each
root system, cleared in 10% KOH at 45 °C for
1  h,  washed  twice  in  10%  KOH  for  24  h,
stained with 0.1% cotton blue in lactic acid
(Lingua  et  al.  2008),  and  mounted  on
slides.

Nucleic acid extraction and cDNA 
conversion

The  DNA  extraction  was  performed  on
about 100 mg of leaves and of roots using

the DNeasy Plant Mini Kit® (Qiagen, Valen-
cia,  CA,  USA)  according  to  the  manufac-
turer’s instructions.

The RNA was extracted from about 100
mg of roots using the “pine-tree method”
(Chang et al.  1993). After extraction, RNA
was cleaned of DNA, using Promega DNase
(RQ1  RNase-Free  DNase®,  Promega Corp.,
Madison,  WI,  USA),  and  then  measured
using a NanoDrop® (ThermoScientific, Hud-
son,  NH,  USA).  The  absence  of  genomic
DNA was verified through one-step retro-
transcription  PCR  (One-Step  RT-PCR,  Qia-
gen)  with  primers  (Gmostef1,  Gmostef2)
previously  designed  for  the  F.  mosseae
elongation factor reference gene (Cappel-
lazzo  et  al.  2008).  Briefly,  the  same  ex-
tracted  RNA  was  used  as  template  for
retro-transcription  and  for  PCR  amplifica-
tion or for PCR amplification only (RT- reac-
tions).  The  absence  of  signal  after  PCR
amplification  without  retrotranscription
was  regarded  as  absence  of  DNA.  Total
RNA for each sample was used to synthe-
size  the  cDNA,  according  to  the  Super-
Script II Reverse Transcriptase® (Invitrogen,
Carlsbad,  CA,  USA)  procedure  using  ran-
dom primers.

Selected genes and primers
The fungal genes selected for the analysis

were an amino acid permease (GmosAAP1
–   Cappellazzo  et  al.  2008),  a  phosphate
transporter  (GmosPT  –  Balestrini  et  al.
2007)  and  two  different  H+-ATPases
(GmHA5,  GmPMA1 –  Requena et al.  2003).
The fungal reference gene was the elonga-
tion  factor  (Gmostef –  Cappellazzo  et  al.
2008). Concerning the plant, an elongation
factor 1, beta subunit (PopEF1) was used as
reference gene (Regier et al. 2009), in addi-
tion  to  a  phosphate  transporter  (PopPT)
for which the primers were designed using
the  web-interface  program  Primer3Plus
(http://www.bioinformatics.nl/cgi-bin/prim
er3plus/primer3plus.cgi/).  To  this  aim,  the
mycorrhizal-inducible  Solanum  lycopersi-
cum phosphate  transporter  4  (LePT4  –
accession AAV97730.2) was used to search
the  homologous  in  the  genome of  P.  tri-
chocarpa (http://phytozome.jgi.doe.gov/pz/
portal.html#!info?alias=Org_Ptrichocarpa –
Tuskan et  al.  2006).  Among the P.  tricho-
carpa homologous  sequences  identified
using  the  tomato  LePT4  sequence,  the
Potri.015G022800.1  was  the  best  hit.  The
poplar  and  tomato  aminoacid  sequences
showed 76% of identity and 98% of cover-
age  with  0.0  of  E-value.  In  addition,  the
poplar aminoacid sequence showed 74% of
identity and 98% of coverage with 0.0 of E-
value with the high affinity inorganic phos-
phate  transporter  of  Medicago  truncatula
(accession  XP_013466381.1),  which  corre-
sponds to the mycorrhiza-inducible MtPT4
(accession AAM76744.1).

The primers used in this work are listed in
Tab.  1.  Fungal  primers  were  tested  on
poplar DNA in order to verify the absence
of  cross-amplification.  The  primers  for
PopPT  were  tested  in  silico to  verify  the
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amplification on the target gene.  In addi-
tion, PCR fragment has been sequenced at
BMR Genomics S.r.L. (Padua, Italy).

Relative fungal DNA abundance
To evaluate the relative fungal abundance

in  poplar  roots,  quantitative  PCR  (qPCR)
was carried out with Connect™ Real-Time
PCR Detection System (Bio-Rad Laborato-
ries, Hercules, CA, USA). Each PCR reaction
was conducted on a total volume of 10 μl,
containing 1 μl DNA (4.5 ng μl -1), 5 μl SsoAd-
vanced™ Universal SYBR® Green Supermix
(Bio-Rad Laboratories), 3.4 μl of water and
0.3 μl of each primer (10 μM), using a 96
well plate. The reference genes for the fun-
gus (elongation factor –  Cappellazzo et al.
2008) and for the plant (elongation factor
1,  subunit  beta  –  Regier  et  al.  2009)  are
listed in Tab. 1. The following PCR program,
which includes the calculation of a melting
curve, was used: 95 °C for 30 s, 45 cycles of
95 °C for 10 s, the optimal annealing tem-
perature for 30 s,  ramp from 65 to 93 °C
with a temperature increment of 0.5 °C and
a  read  plate  every  2  s.  All  the  reactions
were  performed  for  three  biological  and
three  technical  replicates.  The  baseline
range and Ct values were automatically cal-
culated  using  the  Bio-Rad  CFX  Manager
software.  The  fungal  reference  gene  ex-
pression  was  normalized  to  that  of  the
plant reference gene by subtracting the Ct
value of the plant reference gene from the
Ct value of the fungal reference gene and
obtaining a  ΔCt. The measure of the aver-
age  PCR  efficiency  was  carried  out  using
the  software  PCR miner  (Zhao & Fernald
2005), showing comparable values for the
two genes (0.87-0.88).  The Kruskal  Wallis
test  was  carried  out  using  the  free  soft-
ware Past  version  3.07  (http://folk.uio.no/
ohammer/past/),  with  a  0.05  cut-off  level
of significance.

Gene expression analysis
Gene  expression  analyses  on  plant  and

fungal genes were performed by quantita-
tive real-time (RT-qPCR) on the cDNAs pro-
duced  starting  from  the  extracted  RNAs,
using the same machine, the same mix and

the  same  PCR  program  described  above.
The  primers  used  are  listed  in  Tab.  1.  In
order to compare the data from different
PCR runs or cDNA samples, the Ct values of
all  the  genes  were  normalized  to  the  Ct
value of the reference. Candidate gene ex-
pression was normalized to that of the ref-
erence gene by subtracting the Ct value of
the  reference  gene from  the  Ct  value  of
the candidate gene without efficiency cor-
rection,  from equation 2-ΔΔCT (Livak & Sch-
mittgen 2001), where ΔΔCt represents the
ΔCt sample -  ΔCt  control  (control  plants).
The  Kruskal  Wallis  test  was  carried  out
using Past version 3.07, with a 0.05 cut-off
level of significance.

Results and discussion
It  has  been  reported  that  herbivores,

such  as  insects,  could  have  contradictory
effects on the mycorrhization (Barto & Ril-
lig 2010,  Saravesi et al. 2014). In this work,
the  effect  of  a  non-native  defoliator  on
poplar colonization by an AM fungus was
compared with that induced by an ecologi-

cally related native one, both in total and in
partial  defoliation.  The  consequences  of
defoliation were evaluated at the level of
mycorrhizal  colonization  and  on  the  ex-
pression  of  specific  genes,  which  play  a
role in symbiosis functioning.

All poplar leaves were defoliated similarly
by the two insects, resulting in a 50% defoli-
ation in the partial defoliation experiment
and in a 100% defoliation in the total defoli-
ation experiment.

Extent of colonization
AM fungus colonization occurred in both

control and defoliated poplars, although it
never  reached  very  high  levels,  as  previ-
ously  reported on the same poplar  clone
(Lingua et al. 2008) and on P. alba (Lingua
et  al.  2012).  The  colonization  was  very
patchy  with  some  fragments  very  highly
colonized and the most uncolonized. How-
ever, morphological observations in the co-
lonized fragments allowed to identify the
presence  of  the  typical  structures  of  the
symbiosis  (such as  inter-  and  intracellular
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Tab. 1 - List of the primers used in the study and their temperature of annealing (Ta).

Name Gene Function Reference Sequence Ta (°C)
GmosPT For Pi transporter Balestrini et al. 2007 ACTGTTGGCGCTTAGTGCTTGG

60
GmosPT Rev CAGCCCAACTTGATTTTGGTACG
GmPMA1F3 H+-ATPase Requena et al. 2003 CCAGTCAAGAAAGTTCCCAAG

60
GmPMA1R1 CACGTTCAGCTGCTGATATCG
GmHA5up1 AATAATGTCTCCGAGGCGAGG

60
GmHA5up3 TTGAAGTAGCTTGCCTTTTCGC
Gmostef1 Elongation factor Cappellazzo et al. 2008 GCAGAACGTGAGCGTGGTAT

63
Gmostef2 ACCAGTACCGGCAGCAATAA
GmosAAP1 Amino acid permease TACTCCTCCCACCGATTACG

54
GmosAAP2 CCGATGATGAGATAGCCGAT
PopPT4for Poplar phosphate 

transporter
This work TACGCAACCTCAGGCGGATT

60
PopPT4rev CGGTTTCGGGCATCTTCATC
EF1 F Poplar elongation factor 1, 

beta subunit
Regier et al. 2009 AAGCCATGGGATGATGAGAC

60
EF1 R ACTGGAGCCAATTTTGATGC

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry

Tab. 2 - Relative DNA quantities of F. mosseae obtained from the qPCR assays on the
roots of P. nigra. The Ct value was the mean of three qPCR runs for each DNA sample
both for the fungus (F. mosseae) and for the plant (P. nigra). (ΔCt): Ct  Gmostef  - Ct
PopEF1. ΔCts followed by the same letter are not significantly different after the least
significant difference test (p > 0.05).

Biological replicate Ct Gmostef Ct PopEF1 ΔCt
Control plant_C8 32.91 24.58 8.34 a

Control plant_C9 30.20 24.31 5.89 a

Control plant_C21 30.10 23.55 6.55 a

Hyphantria cunea_100_1 31.46 24.25 7.22 a

Hyphantria cunea_100_2 28.01 23.94 4.07 a

Hyphantria cunea_100_28 28.71 24.23 4.48 a

Hyphantria cunea_50_7 30.31 24.91 5.39 a

Hyphantria cunea_50_12 30.36 23.86 6.50 a

Hyphantria cunea_50_26 36.15 23.42 12.73 a

Lymantria dispar _100_5 29.33 25.21 4.13 a

Lymantria dispar _100_11 32.17 24.85 7.32 a

Lymantria dispar _100_16 31.54 25.28 6.27 a

Lymantria dispar _50_4 31.63 23.83 7.80 a

Lymantria dispar _50_6 31.67 24.86 6.81 a

Lymantria dispar _50_19 29.87 25.07 4.81 a

http://folk.uio.no/ohammer/past/
http://folk.uio.no/ohammer/past/
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hyphae,  coils,  vesicles  and  arbuscules)  in
the roots of plants, regardless of the thesis
(Fig. 1). Here, the low level of colonization,
as well as the quality of the root segments
after  the  staining,  made  morphological
quantification  difficult,  and  therefore  the
presence of the AM fungus has been quan-
tified by calculating the relative fungal DNA
abundance  (Tab.  2).  Quantitative  PCR
(qPCR) results showed that fungal Cts are
higher  than  plant  ones  in  all  the  theses,

suggesting  that  fungal  DNA  is  in  lower
amount  than the  plant  one  as  previously
described (Li et al. 2008). Statistical analy-
sis  showed  that  there  was  no  significant
difference in the amount of fungal DNA in
the roots of plants from the different the-
ses (p > 0.05).

Gene expression analysis
To verify the effect of defoliation on AM

symbiosis  functioning,  the  expression  of

fungal genes, for which a previous role dur-
ing symbiosis was reported, has been eval-
uated (Requena et al. 2003, Balestrini et al.
2007, Cappellazzo et al. 2008, Gomez-Ariza
et al. 2009). Due to their role in symbiosis,
fungal and plant PT genes are considered
as key genes for the symbiosis (Balestrini
et  al.  2007,  Bucher  2007).  Together  with
the  expression  of  fungal  genes,  we  ana-
lyzed a  poplar  PT gene (PopPT),  selected
on  the  basis  of  the  homology  with  a

871 iForest 9: 868-874

Fig. 1 - Cotton blue staining of poplar roots colonized by  F. mosseae. Typical AM fungal structures, stained with 0.1% cotton blue,
developed in P. nigra “Jean Pourtet” fine roots from F. mosseae-colonized control (a, b) and defoliated plants, with both H. cunea (c,
d) and L. dispar (e, f). (a) Intracellular structures (intracellular hyphae and collapsed arbuscules) are visible in a poplar root. Bar = 80
μm. Inset: Detail of a root region where vesicles (V) are visible. Bar = 80 μm. (b) Intracellular arbuscules (A) are present in the root
cortex. C, coil. Bar = 50 μm. (c) Root colonization after defoliation with H. cunea. Vesicles (V) along the intercellular hyphae (IH) per-
vaded the root apparatus. Bar = 50 μm. (d) Arbuscules (A) are visible, as expected, in the root cortex. CC, central cylinder; V, vesicle.
Bar= 50 μ m. Inset: Detail of an arbuscule. Bar = 40 μm. (e) Root colonization after defoliation with L. dispar. Inter- and intracellular
hyphae and vesicles (V) pervaded the root apparatus. Arrows point on extra-radical mycelium. Bar = 90 μm. (f) A coil (C) is evident
among the several inter-and intracellular hyphae (IH). Bar = 60 μm. Inset: Detail of an arbuscule. Bar = 40 μm.
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tomato PT gene (LePT4),  which is  consid-
ered as a marker for a functional symbiosis
(Nagy et al. 2005, Xu et al. 2007).

The ΔCt for each biological replicate was
shown in Tab.  S1 in Supplementary mate-
rial, coupled with mean and standard devi-
ation (SD). In Tab. S2 (Supplementary ma-
terial) the Ct values coupled with mean and
standard  deviation  (SD)  were  shown  for
each gene and for each technical replicate.

Starting  from  the  fungal  genes,  Gmos-
AAP1 gene expression was detected in one-
step RT-PCR (data not shown), while it was
not  possible  to  quantify  its  transcripts  in
RT-qPCR. Cappellazzo et al. (2008) demon-
strated that this gene is expressed in the
extra-radical mycelium, but not in the intra-
radical  one,  suggesting a  role  in  the first
steps  of  amino  acid  achievement  and  in
favoring a  direct  amino acid  uptake from
the soil. In poplar-F. mosseae association, it
was not possible to quantify its expression
by  RT-qPCR,  while  a  signal  has  been  de-
tected by one-step RT-PCR. This may sug-
gest that this AM fungus can produce only
a small  quantity of extra-radical mycelium
in our system or that only a little amount of
extra-radical  mycelium remained attached
to the roots after the repotting. Concern-
ing  the  two  H+-ATPases,  GmHA5 was  ex-
pressed in all the five theses and no differ-
ent expression was assessed in control and
defoliated plants (p >0.05 – Fig. 2b), while
GmPMA1 transcripts were detected only in
one  replicate  of  the  defoliated  samples
using one-step RT-PCR (data  not  shown),
and  not  in  RT-qPCR.  Looking at  the  data
previously  reported  by  Requena  et  al.
(2003),  GmHA5  showed a very low expres-
sion  during  non-symbiotic  growth  and  a
highly  induced  expression  in  mycorrhizal
roots and in extra-radical hyphae. GmPMA1
was on the contrary more expressed in the
pre-symbiosis and less in the late stages of
symbiosis,  in  agreement  with  our  results.
H+-ATPases play a role in the establishment
of  an electrochemical  gradient,  necessary
for  the  transport  of  nutrients  across  the
plasma  membrane  in  both  fungi  and
plants, but each isoform could be engaged
at different developmental  stages,  proba-
bly in function of the different necessities
in the symbiosis (Requena et al. 2003).

In this study, no significant differences in
GmosPT expression  were  observed  be-
tween the control and defoliated samples
(p  >  0.05  -  Fig.  2a),  suggesting  that  the
feeding activity of insects has no influence
on the phosphate (Pi) transport by the fun-
gus. A role and a control action in Pi trans-
fer by  GmosPT was suggested and its  ex-
pression was reported both in extra-  and
intra-radical  mycelium  (Benedetto  et  al.
2005). Our results suggest that defoliation
does not  influence the expression of  this
fungal  gene and that  there are no differ-
ences  between defoliation carried  out  by
the non-native or the native insect consid-
ered,  at least at the sampling time (eight
days after the end of  the defoliation). As
regards  the  plant,  the  expression  of  the

selected poplar PT gene was not affected
by the defoliation in any of the theses (Fig.
2c).  In  tomato  mycorrhizal  roots  LePT4
transcripts have been specifically detected
in arbuscule-containing cells together with
other  tomato PT genes  and  GmosPT (Ba-
lestrini  et  al.  2007,  Gomez-Ariza  et  al.
2009), suggesting that in arbusculated cells
the fungus can compete with the plant for
the Pi uptake. Taken together, the results
on  PT  genes,  which  are  considered  as
markers of a functional symbiosis, confirm
the quantitative results, showing no differ-
ences  in  the  mycorrhization  among  the
samples.

Additionally,  neither  the  non-native  nor
the  native  insect  seem  to  strongly  affect
the AM colonization, at least at the time of
observation.

Previous studies on the impact of defolia-
tion  on  roots  colonized  by  AM  fungi  re-
ported  controversial  results.  In  Lotus  te-
nuis,  the  reduction  in  the  photosynthetic
capacity by defoliation did not change the
root length colonized by AM fungi and the
proportion  of  root  colonized  by  arbus-
cules, while it decreased vesicular coloniza-
tion.  García  & Mendoza  (2012) suggested
that  the  strategy  of  the  AM  fungus  con-
sisted in investing more of the C resources
to  preferentially  maintain  the  arbuscules
and  the  inoculum  density  in  the  soil  by
exporting  C  compounds  to  retain  extra-

radical  structures  such as  spores  and the
hyphal network. In woody species, the ex-
tensive  below-ground  carbon  reserves
could  limit  the  effects  of  defoliation  on
mycorrhizal  colonization,  even  after  the
loss  of  large  amounts  of  above-ground
biomass (Kosola et al. 2004). In particular,
the results of a field experiment with the
hybrid poplar Populus x canadensis Moench
“Eugenei”  showed  that  neither  ECM  nor
AM colonization were affected by L. dispar
defoliation during two years. Barto & Rillig
(2010),  through a  meta-analysis  of  99 ex-
periments from 33 publications, suggested
that, in contrast with the carbon-limitation
hypothesis, herbivory did not reduce myc-
orrhizal colonization by biologically signifi-
cant levels in the majority of plants, includ-
ing perennial grasses and forbs. Recently,
Trocha  et  al.  (2015) have  not  found
changes in the composition of  ECM com-
munities  of  Fagus  sylvatica and  Pinus
sylvestris after damages, including defolia-
tion.  On  the  contrary,  Markkola  et  al.
(2004) and  Saravesi  et  al.  (2008) found
changes  in  the  ECM  composition  when
Betula pubescens or P. sylvestris were defo-
liated,  suggesting  that  high-biomass  ECM
fungal species need great quantities of car-
bon  because  they  found  a  reduction  of
these fungi after defoliation.

iForest 9: 868-874 872

Fig. 2 - Relative 
transcript level 
of two F. mos-
seae and one 
poplar genes. 
GmosPT (a: a 
fungal phospha-
te transporter, 
Gomez-Ariza et 
al. 2009), 
GmHA5 (b: a fun-
gal H+-ATPase, 
Requena et al. 
2003) and PopPT
(c: a poplar 
phosphate 
transporter) in 
presence of a 
total (100) or 
partial (50) defo-
liation carried 
out by H. cunea 
(Hc) or L. dispar 
(Ld). Histograms
with the same 
letter are not 
significant differ-
ent after the 
least significant 
difference test 
(p > 0.05).
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Conclusions
Although the poplar roots showed a low

level  of  AM  fungal  colonization in  all  the
theses, our results suggest that neither the
non-native nor the native insect considered
seem to strongly affect  the AM coloniza-
tion,  at  least  in  our  conditions  and  sam-
pling time. Two levels of defoliation (total
and partial)  were considered and the  im-
pact of the defoliators on the colonization
by an AM fungus was investigated, show-
ing the expression of fungal and plant ge-
nes  putatively involved in symbiosis  func-
tioning. No defoliation theses showed any
significant differences compared to the un-
defoliated ones. Despite several studies si-
mulated herbivory effects on plants using
mechanical  defoliation  or  included  me-
chanically  defoliated  control  plants,  this
approach  is  deemed  appropriate  when
studying simple biotic interactions, but not
necessarily for complex interactions includ-
ing different  trophic  levels  (Hjältén 2004,
Lehtilä & Boalt 2004), as the ones investi-
gated.  Although most of  the papers pub-
lished on AM symbiosis  report  open field
experiments, pot experiments in semi-con-
trolled conditions, like those performed in
this work, have allowed to study some of
the mechanisms involved in plant-AM fungi
interaction  under  defoliation  conditions.
However,  it  cannot  be  excluded  that  a
longer  time  after  defoliation  would  be
needed  to  affect  fungal  colonization.  In
addition, an analysis of other fungal genes
(such as a hexose transporter gene) could
be useful  to obtain a more complete pic-
ture, but unfortunately the  F. mosseae ge-
nome  has  not  been  sequenced  and  the
sequences available are still  limited. Inter-
estingly,  differential  impact  of  seasonal
defoliation  on  root  fungal  symbionts  has
also been reported (Saravesi et al. 2008). It
could be interesting to compare the data
obtained  in  this  work  employing  other
defoliators, or to study the AM symbiosis in
defoliated  poplars  directly  in  nature.  As
suggested by  Saravesi et al. (2008), differ-
ent  herbivore  organisms,  which have dis-
similar feeding regimes during the growing
season, could have diverse effects on the
composition  or  condition  of  fungal  sym-
bionts.  Data  presented  in  this  study  im-
prove the knowledge on differential effect
that  invasive  organisms  may  have  com-
pared to native ones on plant  symbionts,
an  issue  recently  reported  for  plant  pa-
thogens (Sillo et al. 2015), but rarely investi-
gated for defoliators.
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