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a  b  s  t  r  a  c  t

In  plants,  indole-3-acetic  acid  (IAA)  amido  hydrolases  (AHs)  participate  in auxin  homeostasis  by  releas-
ing free  IAA  from  IAA-amino  acid  conjugates.  We  investigated  the role of  IAR3,  a member  of the  IAA
amido  hydrolase  family,  in  the response  of  Solanaceous  plants  challenged  by biotrophic  and  hemi-
biotrophic  pathogens.  By  means  of  genome  inspection  and  phylogenic  analysis  we  firstly  identified
IAA-AH  sequences  and putative  IAR3  orthologs  in  Nicotiana  benthamiana, tomato  and  potato.  We  eval-
uated  the  involvement  of IAR3  genes  in defense  responses  by using  virus-induced  gene  silencing.  We
observed  that  N.  benthamiana  and  tomato  plants  with  knocked-down  expression  of  IAR3  genes  contained
lower  levels  of  free  IAA  and  presented  altered  responses  to  pathogen  attack,  including  enhanced  basal
defenses  and  higher  tolerance  to infection  in  susceptible  plants.  We  showed  that  IAR3  genes  are  con-
ladosporium fulvum
ndole-3-acetic acid amido hydrolases
icotiana benthamiana
hytophthora infestans
olanum lycopersicum

sistently  up-regulated  in  N.  benthamiana  and  tomato  upon  inoculation  with  Phytophthora  infestans  and
Cladosporium  fulvum  respectively.  However,  IAR3  expression  decreased  significantly  when  hypersensi-
tive  response  was triggered  in  transgenic  tomato  plants  coexpressing  the  Cf-4  resistance  gene  and  the
avirulence  factor  Avr4.  Altogether,  our  results  indicate  that  changes  in  IAR3  expression  lead  to  alteration
in auxin  homeostasis  that  ultimately  affects  plant  defense  responses.

©  2016  Elsevier  Ireland  Ltd.  All  rights  reserved.
. Introduction

The plant hormone indole-3-acetic acid (IAA) is the most com-
on  natural auxin. IAA plays essential roles throughout the plant

ife cycle participating in growth, development and responses
gainst environmental stresses. Plants coordinate IAA homeosta-
is by regulating its biosynthesis, transport, oxidation, degradation
nd conjugation [1,2]. Auxin conjugates play important roles as
torage forms for the active IAA. Auxin conjugates can be divided
n low molecular weight conjugates (with sugars or aminoacid
oieties, either via ester or amide bonds respectively) and high
olecular weight conjugates, with peptides and proteins via amide

ond. In particular, the formation of IAA-amido-conjugates through

∗ Corresponding authors.
E-mail addresses: dippolit@mdp.edu.ar (S. D’Ippolito), vankova@ueb.cas.cz

R. Vankova), matthieu.joosten@wur.nl (M.H.A.J. Joosten), casalong@mdp.edu.ar
C.A. Casalongué), diefiol@mdp.edu.ar (D.F. Fiol).

ttp://dx.doi.org/10.1016/j.plantsci.2016.09.008
168-9452/© 2016 Elsevier Ireland Ltd. All rights reserved.
the conjugation of IAA with amino acids results in the hormone
inactivation and also creates a reservoir of IAA that can be rapidly
made available by IAA amido-hydrolase (IAA-AH) enzymes [3]. In
Arabidopsis, seven genes encoding IAA-AHs have been identified
[4]. Gene sequences for IAA-AHs have been also identified in other
plant species, including Triticum aestivum, Brassica rapa and Med-
icago truncatula [5–7]. However, the role of the amido-hydrolase
enzymes in the physiology of the plant has not been well deter-
mined yet. IAA amido-hydrolases could be promiscuous enzymes
and their respective conjugated IAA substrates could have addi-
tional functions associated with plant defense mechanisms [7].

The ability of many plant pathogenic microorganisms to pro-
duce IAA during infection also points to the involvement of
this hormone in plant disease development [8,9]. In particular,
disruption of IAA-conjugate metabolism, leading to IAA-Asp accu-

mulation, has been reported as part of a strategy to promote disease
by the necrotroph Botrytis cinerea and the hemibiotroph Pseu-
domonas syringae infecting Arabidopsis thaliana [10]. Previously,
we identified a potato transcript coding for a protein that is 67%
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dentical to AtIAR3 which was also up-regulated in potato tubers
pon infection with Fusarium solani f. sp.  eumartii [11].

In this work, we studied the involvement of IAR3 gene in defense
esponse in two plant-pathogen interactions; Nicotiana benthami-
na inoculated with an avirulent strain of Phytophthora infestans
an incompatible interaction) and tomato (Solanum lycopersicum)
noculated with a virulent strain of Cladosporium fulvum (a compat-
ble model). By means of virus induced gene silencing experiments
nd gene expression analysis we conclude that modifications in
AR3 genes expression promote changes in auxin homeostasis that
ffect pathogen proliferation in plant tissues.

. Material and methods

.1. Plant material and growth conditions

Nicotiana benthamiana, Solanum lycopersicum “Money Maker”-
f4 (MM-Cf4) and “Money Maker”-Cf0 (MM-Cf0) plants were
rown on organic substrate and vermiculite (8:1) and placed in
he greenhouse with the following settings: 25 ◦C with 60% relative
umidity under 120 �mol  photons/m2 s−1 with 16:8 h light:dark
ycles.

Tomato plants offspring expressing the resistance Cf-4 (=Hcr9-
D) gene and the avirulence gene Avr4 from Cladosporium fulvum
ere generated by crossing transgenic MM-Cf0 plants expressing

vr4 (“Money Maker”-Cf0:Avr4) to transgenic “Money Maker”-
f0:Hcr9-4D (“Money Maker”-Cf4) plants as described earlier
12,13]. Seeds of the obtained Cf-4/Avr4 and parental lines were
erminated and kept for 7 days under normal daylight conditions at
oom temperature as described by [14]. At day 8 after germination
eedlings were incubated at 33 ◦C and 100% relative humidity (RH)
nder a 16:8 h light:dark regime for an additional 14 days. In order
o promote the initiation of the response induced by Cf-4/Avr4
nteraction, seedlings were shifted to 20 ◦C/70% RH [15].

.2. Generation of microbial inoculums

Phytophthora infestans (Mont.) de Bary (race R2 R3 R6 R7 R9,
ating type A2) was isolated from infected leaflets of potato and

outinely grown on potato slices for one week at 18 ◦C and 90% RH in
he dark [16]. Sporulation was induced by incubation of mycelium
ver night in water at 4 ◦C. Sporangiospores were isolated by fil-
ration through a 10-�m nylon mesh. Spores were counted under
n optic microscope (Nikon Eclipse E200) by using a Neubauer
hamber and inoculations were performed with a suspension of

 × 104 spores/ml. C. fulvum race 5, that express Avr4 and contains
 pGPD:GUS transgene expressing the GUS gene under control of the
onstitutive glyceraldehyde-3-P dehydrogenase promoter (pGPD)
as cultured on potato dextrose agar at room temperature in the

ark. After 10 days, spores were isolated and tomato plants were
noculated at the lower side of the leaves, as described by [17].

.3. Silencing of N. benthamiana and tomato plants

Construction of silencing vectors was performed as described
Liu et al., 2002a; Liu et al.,  2002b). Tobacco rattle virus (TRV)-
ased binary vectors pTRV1 and pTRV2 were obtained from Dr.
. P. Dinesh-Kumar (UC Davis, USA). For pTRV2:IAR31 construc-
ion, a 339 bp fragment corresponding to Solanum tuberosum IAR31
rom position 316 to 654 with respect to the ATG initiation
odon (see table S1 for primer sequences) was subcloned, digested
ith BamHI/XhoI and ligated into BamHI/XhoI-digested pTRV2.
he resulting pTRV2:IAR31 silencing vector was transformed to
grobacterium tumefaciens strain GV3101 by electroporation [18]. A
on-functional 396 bp fragment of the �-glucuronidase gene (GUS)
f E. coli, with no significant homology with any gene in Solanaceous
nce 253 (2016) 31–39

plants, was  cloned into pTRV2 (pTRV2:GUS) and used as a control
[19]. Constructions pTRV:Cf-4 and pTRV:PDS have been previously
described [20,21]. pTRV2:PDS was  used as a control in VIGS assays;
phytoene desaturase (PDS) silencing caused by pTRV2:PDS leads to
the inhibition of carotenoid synthesis and a photo-bleached phe-
notype [22]. Equal aliquots of A. tumefaciens containing pTRV1 and
pTRV2:GUS, pTRV2:IAR31,  pTRV2:PDS or pTRV2:Cf-4 were mixed
to OD600 = 1.0 and used to infiltrate the abaxial side of the leaves
of 3-week-old N. benthamiana plants or alternatively, 10-day-old
tomato seedlings. Five plants were infiltrated with the mixed
cultures containing pTRV1 and either pTRV2:IAR3, pTRV2:GUS or
pTRV2:PDS in each experiment. Targeting of IAR3 in MM-Cf4 and
MM-Cf0 tomato plants was  performed similarly using the same
pTRV constructs. Additionally, MM-Cf4 tomato plants were inocu-
lated with pTRV:Cf-4 as control.

2.4. P. infestans inoculations and growth quantification

Three-week-old N. benthamiana plants were inoculated with P.
infestans by infiltration of 100 �l of a 10 mM MgCl2 solution con-
taining 2 × 104 spores/ml on the abaxial and right sides of detached
leaves. Control plants were mock-inoculated with 100 �l of 10 mM
MgCl2 solution on the left side of the leaf. VIGS-silenced plants were
inoculated 21 days after infiltration with the recombinant virus tar-
geting the gene to be silenced. Detached leaves were placed in
Petri dishes with 16:8 h light:dark cycles at 18 ◦C under 120 �mol
photons/m2 s−1. Hypersensitive response (HR) development was
scored daily. Leaf disks of 1.5 cm diameter were dissected from the
area surrounding the inoculated site at 0, 24 and 72 h post inoc-
ulation (hpi) and used for determination of viable P. infestans or
frozen in liquid nitrogen and stored at −80 ◦C for RNA or protein
extraction.

Determination of viable pathogen on inoculated leaves was
assessed by a growth assay in fresh media plates. Leaf disks dis-
sected from the inoculated area were incubated on potato dextrose
agar by 48 h in darkness at 18 ◦C. Mycelium growth was pho-
tographed and an index of the oomycete growth was  calculated
by using ImageJ software (National Institutes of Health; http://rsb.
info.nih.gov/ij).

2.5. C. fulvum inoculations and GUS measurements in MM-Cf0
and MM-Cf4 tomato plants

C. fulvum conidial suspensions (OD600 = 0.6) were used to inoc-
ulate MM-Cf0 and MM-Cf4 tomato plants by spraying 3 weeks
after inoculation IAR3 silencing. Thirteen days later, 2 to 4 leaflets
of putatively silenced leaves (as determined by the observation
of bleached phenotype occurrence in PDS silencing experiments)
from at least 5 plants were harvested and vacuum-infiltrated
with X-gluc buffer (0.1 M NaPO4, pH 7.0, 1% Triton X-100, 1%
DMSO, 10 mM EDTA and 1 mg/  mL  X-gluc). Leaflets were incubated
overnight at 37 ◦C in the darkness, distained with 70% ethanol and
photographed. Blue staining was quantified using ImageJ software
(National Institutes of Health; http://rsb.info.nih.gov/ij). Leaflets
were harvested, immediately frozen in liquid nitrogen, and stored
at −80 ◦C at the indicated times for RNA extraction.

2.6. Plant phenotypic analysis

Phenotypes of pTRV2:IAR31-  and pTRV2:GUS-infiltrated N. ben-

thamiana plants were analyzed 3 weeks post viral inoculation.
Relative values of leaf area and plant height were calculated using
ImageJ software (National Institutes of Health; http://rsb.info.nih.
gov/ij).

http://rsb.info.nih.gov/ij
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Fig. 1. Phylogenetic tree of 32 IAA-AH protein sequences from A. thaliana, S. tubero-
sum,  S. lycopersicum and N. benthamiana. Details on the genes included in the
phylogeny are listed in Table S2. Protein sequences were aligned with ClustalW
and phylogenetic analysis was  performed with MEGA5, using the Neighbor-Joining
method [50]. Numbers next to the branches indicate the percentage of replicate
S. D’Ippolito et al. / Pla

.7. RNA isolation, cDNA synthesis and PCR analysis

RNA was isolated from leaf disks dissected from the inocu-
ated area using Trizol reagent (Invitrogen, USA) following the

anufacturerı́s instructions. RNA (2 �g) was reverse-transcribed
n the presence of oligo dT primers (Biodynamics SRL, Argentina)
nto cDNA using ImProm II first strand synthesis for RT-PCR kit
Promega, USA). Semi-quantitative PCR was performed using a

asterCycler (Eppendorf) under the following cycling parameters:
4 ◦C for 1 min, 30 cycles of 94 ◦C for 30 s, 60 ◦C for 30 s, 72 ◦C
or 1 min  and 72 ◦C for 5 min. Digitalized images of PCR products
esolved in agarose gels were quantified using ImageJ software
National Institutes of Health; http://rsb.info.nih.gov/ij). Real Time
uantitative PCR (qPCR) was performed using SYBR Green Master
ix  (PE Applied Biosystems) in an ABI Step One 700 (PE Applied

iosystems). qPCR parameters were as follows: 95 ◦C for 10 min,
ollowed by 40 cycles of 95 ◦C for 30 s, 60 ◦C for 30 s and 72 ◦C for
0 s. Results were normalized to actin content and expressed as
old-change over controls using the comparative cycle threshold
CT) method (��CT) [23]. PCR products were analyzed by melt-
ng curve analysis and agarose gel electrophoresis to confirm the
resence of a single product. Gene-specific primer sequences were
esigned with Primer 3 software [24] and are listed in table S1.

.8. Western blot assays

Total protein was extracted from pTRV2:GUS- or pTRV2:IAR31-
nfiltrated N. benthamiana leaf disks dissected from the area
urrounding the inoculated spot at 2 days post inoculation (dpi)
ith P. infestans. Tissue was ground in 50 mM sodium acetate pH

.2, 0.1% � mercaptoethanol, 0.5 M NaCl using a glass homog-
nizer. Proteins were separated on 12% SDS gels, blotted onto
itrocellulose membranes and analyzed by western blot using an
nti-chitinase antibody (1:5000) obtained from Dr. E. Kombrink
Max-Planck-Institut für Züchtungsforschung, Cologne, Germany).
lkaline phosphatase conjugated goat anti rabbit secondary anti-
ody (Sigma) and alkaline phosphatase staining kit (Sigma-Aldrich,
SA) were used to develop the western blot. Digitalized images of

evealed blots were used to quantify band intensity using ImageJ
oftware (National Institutes of Health; http://rsb.info.nih.gov/ij).
he blots were previously stained with Ponceau S to confirm equal
rotein loading.

.9. IAA measurements

Plant hormones were purified and analyzed according to
25,26]. Leaves pooled from 5 to 7 plants were ground in liquid
itrogen and the powder was lyophilized. Samples for each con-
ition (ca. 300 mg  fresh weight) were homogenized and extracted
ith methanol/water/formic acid (15/4/1, v/v/v) and deuterium-

abeled internal standards (10 pmol per sample) were added. The
xtract was cleaned using a SPE-C18 column (SepPak-C18, Waters)
nd compounds were fractionated using a reverse phase–cation
xchange SPE column (Oasis-MCX, Waters). The fraction eluted
ith methanol contained IAA and derivatives. Auxins were sep-

rated by HPLC (Ultimate 3000, Dionex) and quantified using a
ybrid triple quadrupole/linear ion trap mass spectrometer (3200

 TRAP, Applied Biosystems).

. Results

.1. IAR3 homologs in S. tuberosum, S. lycopersicum and N.

enthamiana

To identify IAA-AH gene sequences we inspected genomic
atabases of S. tuberosum (PGSC DM v3.4 Release), S. lycoper-
trees in which the associated taxa will cluster together in the bootstrap test (1000
replicates).

sicum (ITAG2.3 Release) and the N. benthamiana draft genome
(Niben.genome.v1.0.1 Release), using BLAST analysis with Ara-
bidopsis sequences as queries. We  found 8 IAA-AHs in S. tuberosum,
7 in S. lycopersicum and 12 in N. benthamiana. (Table S2). Translated
nucleotide sequences were subjected to phylogenetic analysis,
together with A. thaliana IAA-AH sequences corresponding to IAA-
Leucine Resistant1 (ILR1) and ILR1-like (ILL) families (Fig. 1, Table
S2). Solanaceae proteins were named according to their phyloge-
netic clustering and homology with A. thaliana proteins. Two IAR3
branches were identified. One branch, depicted in bold characters
in Fig. 1, included StIAR31 (the protein coded by the previ-
ously identified potato transcript up-regulated upon biotic stress),
SlIAR31, NbIAR31, NbIAR32 and Arabidopsis IAR3 and ILL5. The sec-
ond branch contained StIAR32, SlIAR32, NbIAR33, NbIAR34; all of
them Solanaceous sequences.

3.2. IAR3 gene expression is up-regulated in P.
infestans-inoculated N. benthamiana leaves

The expression of the newly identified N. benthamiana IAR3
genes (NbIAR31, NbIAR32, NbIAR33 and NbIAR34) was analyzed in

plants inoculated with a P. infestans strain that generates an incom-
patible interaction. An incompatible interaction is characterized
by the appearance of necrotic spots containing dead plant cells at
the sites of pathogen inoculation, a plant response referred to as

http://rsb.info.nih.gov/ij
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Fig. 2. Real Time qPCR analysis of NbIAR31 (A), NbIAR32 (B), NbIAR33 and NbIAR34
(C) expression in P. infestans-inoculated N. benthamiana plants. Expression levels are
relative to time 0 in infected and control plants. Error bars represent the standard
d
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Fig. 3. Real Time qPCR analysis of IAA-AH gene expression in plants inoculated
with recombinant pTRV constructs. NbIAR31, NbIAR32, NbIAR33, NbIAR32, NbILL1
and NbILL6 transcripts were quantified at 21 dpi in plants infiltrated with Agrobac-
terium carrying pTRV2:GUS or pTRV2:IAR31. Transcript levels are relative to values
of  pTRV2:GUS-infiltrated plants. Error bars represent the standard deviation from
eviation from three biological replicates. Asterisks indicate significant differences
s  assessed by Student’s t-test P < 0.05.

he hypersensitive response (HR). This type of programmed cell
eath requires recognition of the pathogen by the plant, followed
y signal transduction and finally activation of several plant defense
enes. To assess a putative role for N. benthamiana IAR3 genes
n this type of interaction, transcript levels of NbIAR31, NbIAR32
nd NbIAR33 were measured in P. infestans inoculated and non-
noculated plants. The transcript levels corresponding to each of the
 genes were higher in inoculated plants at 24 and 72 hpi, as com-
ared with control plants (Fig. 2). On the other hand, expression of
bIAR34 was undetectable under control conditions and remained
naltered upon the inoculation (data not shown). Occurrence of the
three biological replicates. Asterisks indicate significant differences as assessed by
Student’s t-test P < 0.05.

HR was  confirmed by determining the transcript level of harpin-
induced protein 1 (HIN1), a molecular marker for the occurrence of
HR [27]. HIN1 was up-regulated at 24 h after P. infestans inoculation,
indicating HR (Fig. S1).

3.3. Knocking down of IAR3 results in a stunted N. benthamiana
phenotype

As a first approach to conduct VIGS in N. benthamiana plants,
silencing of PDS gene was performed to set up experimental condi-
tions and timing for assays. The PDS suppression was  early visible
as photobleaching at 14 dpi with the Agrobacterium strain carry-
ing the pTRV2:PDS construct and it became clearer at 21 dpi, so this
time point was  chosen for the subsequent analysis (Fig. S2). IAR3
transcript levels were analyzed in pTRV2:IAR31-  and pTRV2:GUS-
infiltrated plants. NbIAR31, NbIAR32 and NbIAR33 transcript levels
were lower in pTRV2:IAR31-infiltrated plants, as compared to
the pTRV2:GUS-infiltrated control plants (Fig. 3). NbIAR31 and
NbIAR32 transcript levels were both 57% lower than the control,
whereas NbIAR33 transcript level was  37% lower than th were
harvested, immediately frozen in liquid nitrogen, and stored e con-
trol. The stronger silencing of the NbIAR31 and NbIAR32 genes was
according to our expectations, given the identity of these genes
with the StIAR31 fragment used in the silencing vector (92.3%,
92% and 74.0% identity in ungapped aligned regions to NbIAR31,
NbIAR32 and NbIAR33 respectively) (Fig. S3). In contrast, tran-
script levels of the more distantly related IAA-AH family members,
NbILL1 and NbILL6 did not change significantly in the pTRV2:IAR31-
infiltrated plants respect to the pTRV2:GUS-infiltrated control
plants (Fig. 3). Interestingly, pTRV2:IAR31-infiltrated plants consis-
tently displayed a stunted phenotype, showing a decrease of 26%
in height compared with control plants at 21 dpi (Fig. 4). In addi-
tion, a decrease of 33% in the total leaf area was  also measured in
pTRV2:IAR31-infiltrated plants (Fig. S4). Free IAA levels decreased
in pTRV2:IAR31-infiltrated N. benthamiana plants. Free IAA and
IAA derivatives were analyzed in pTRV2:IAR31- and pTRV2:GUS-
infiltrated plants. The levels of free IAA decreased to about 40%
in pTRV2:IAR31- as compared with pTRV2:GUS-infiltrated plants
(Table 1). The levels of the inactive derivative oxo-IAA, which is
the product of ring oxidation, decreased also to about 40% in the
pTRV2:IAR31-infiltrated plants. On the other hand, the levels of
the IAA-amino acid conjugates IAA-Asp and IAA-Glu, both consid-

ered to be inactive and not hydrolysable in Arabidopsis, showed no
differences between the pTRV2:GUS- and pTRV2:IAR31-infiltrated
plants. Other IAA-amino acid conjugates such as IAA-Ala and IAA-
Leu could not be detected by the analytical method used.



S. D’Ippolito et al. / Plant Science 253 (2016) 31–39 35

Fig. 4. Phenotype of pTRV2:IAR31-infiltrated N. benthamiana at 21 dpi (A) Plants infiltrated with pTRV2:GUS or pTRV2:IAR31.  (B) Height of pTRV2:IAR31–infiltrated and
pTRV2:GUS-infiltrated control plants. Values represent the average obtained for at least four independent experiments, in which at least five plants were included. Asterisk
indicates significant difference as assessed by Student’s t-test P < 0.05.

Table 1
Levels of free IAA and IAA derivatives in non-treated, pTRV2:GUS- and pTRV2:IAR31-infiltrated N. benthamiana plants. Levels are indicated in pmol/g FW.  Different letters in
the  same column indicate significant differences as assessed by Student’s t test P < 0.05.

IAA IAA-Asp IAA-Glu OxIAA

a 3.57a a a

6.19b
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Non-treated 439.39 ± 34.1 5
pTRV2:GUS-  infiltrated 564.72b ± 38.57 8
pTRV2:IAR31-infiltrated 224.10c ± 38.02 9

.4. pTRV2:IAR31-infiltrated N. benthamiana plants showed an
ltered response to P. infestans inoculation

Detached leaves from pTRV2:IAR31- and pTRV2:GUS-infiltrated
. benthamiana plants at 21 dpi, were inoculated with P. infes-

ans or a MgCl2 solution as a control. The progression of the plant
esponse to the inoculation was monitored daily. Necrotic lesions
esulting from the incompatible interaction were observed in both
TRV2:GUS- and pTRV2:IAR31-infiltrated leaves at 2 dpi. How-
ver, pTRV2:IAR31-infiltrated plants showed larger necrotic lesions
han pTRV2:GUS-infiltrated plants (Fig. 5A), suggesting an alter-
tion in the HR. In order to evaluate the responses displayed, P.
nfestans growth was quantified in leaf disks from pTRV2:IAR3-
nd pTRV2:GUS-infiltrated plants. Microbial growth was 40% lower
n pTRV2:IAR31-  as compared to pTRV2:GUS-infiltrated plants
Fig. 5B). This result shows a positive correlation between larger
ecrotic lesions and a restriction of fungal spread. Display of the
efense response was confirmed by quantifying defense markers:
IN1, at the transcript level and the pathogenesis related protein
hitinase at the protein level. HIN1 transcripts levels were 2-fold
igher in pTRV2:IAR31- as compared with pTRV2:GUS-infiltrated
lants at 2 dpi. In addition, chitinase protein levels increased 2.7-

old. These results suggest that despite the larger necrotic lesions
bserved, HR was not compromised in pTRV2:IAR31-infiltrated
lants (Fig. 5C).

In order to obtain an additional insight, the expression level of
wo genes associated with the salicylic acid (SA) pathway, encoding
henylalanine ammonia lyase (PAL) and the pathogenesis-related
rotein 1a (PR1a) [28], were analyzed. None of them showed
ignificant differences between the pTRV2:IAR31- and pTRV2:GUS-
nfiltrated plants (Fig. 5D).

.5. IAR3 expression is up-regulated in C. fulvum-inoculated

omato plants

In order to further characterize IAR3 function, we used tomato
ultivars MM-Cf0 and its near isogenic line MM-Cf4, in which the
± 5.4 19.17 ± 3.24 1451.70 ± 335.11
± 13.31 23.53a ± 2.42 2365.89b ± 183.96
± 5.73 23.36a ± 3.85 925.28c ± 92.47

resistance gene Cf-4 has been introgressed. MM-Cf0 and MM-Cf4
develop compatible and incompatible interactions respectively,
upon inoculation with a C. fulvum strain carrying the avirulence
gene Avr4 [29]. Analysis of IAR31 expression in this plant-pathogen
system showed that IAR31 transcript levels increased about 2- and
3-fold in MM-Cf0 and MM-Cf4 respectively, at 10 dpi with the fun-
gus (Fig. S5).

3.6. IAR3 silencing in tomato plants causes an increase in basal
defense against C. fulvum

Ten-days old MM-Cf0 and MM-Cf4 seedlings were infiltrated
with pTRV2:IAR31 aiming the silencing of IAR3 genes expression.
These plants exhibited a similar stunted phenotype as observed
in N. benthamiana IAR3 knocked-down plants (Fig. S6; compare to
Fig. 4). As controls, MM-Cf0 and MM-Cf4 plants were infiltrated
with pTRV2:GUS but no changes in the phenotype were observed.
At 3 weeks after infiltration, the pTRV2:GUS- and pTRV:IAR3-
infiltrated MM-Cf0 and MM-Cf4 plants were inoculated with a
transgenic Avr4-carrying strain of C. fulvum,  which also expresses
the pGPD:GUS transgene. This strain was used as a reporter of
pathogen proliferation. Thirteen days after C. fulvum inoculation,
leaflets from compound leaves were analyzed for the presence of
mycelia growth by performing a GUS activity stain. Fully resistant
MM-Cf4 plants infiltrated either with pTRV2:GUS or pTRV2:IAR3
did not show any fungal colonization, while pTRV2:GUS-infiltrated
MM-Cf0 plants showed a characteristic susceptible phenotype after
C. fulvum inoculation. On the other hand, pTRV2:IAR31-infiltrated
MM-Cf0 plants showed a much lower level (about 40% less) of
pathogen proliferation as compared to the pTRV2:GUS-infiltrated
MM-Cf0 plants (Fig. 6A). As a positive control, MM-Cf4 plants
were infiltrated with pTRV2:Cf-4, aiming to silence the Cf-4 gene

required to confer resistance to the Avr4-expressing C. fulvum
strain. Mycelial growth was  detected when pTRV2:Cf-4-infiltrated
MM-Cf4 plants were inoculated with C. fulvum (Fig. 6A), evidencing
the loss of full resistance due to a successful silencing of Cf-4.



36 S. D’Ippolito et al. / Plant Science 253 (2016) 31–39

Fig. 5. Defense response of pTRV2:IAR31-infiltrated N. benthamiana plants inoculated with P. infestans. Three weeks after pTRV constructs inoculation plants were infiltrated
with  P. infestans on the right side of the leaves (+P.i.), or with a MgCl2 solution on the left side. (A) Leaves were photographed two  days after P. infestans inoculation. In the
lower  panel, a 2× magnification of the HR is shown. (B) Relative P. infestans growth in infected leafs of pTRV2:GUS- and pTRV2:IAR31-  infiltrated N. benthamiana plants.
Mycelium growth was measured in leaf disks incubated for 2 days and values were normalized to pTRV2:GUS-infiltrated plants. Data marked with an asterisk mean significant
differences as assessed by Student’s t-test at P < 0.05. Error bars represent the standard deviation from three biological replicates. (C) HIN1 transcript (left panel) and chitinase
protein expression (right panel) in pTRV2:GUS- and pTRV2:IAR31-infiltrated plants inoculated with P. infestans at 2 dpi. (D) Expression of salicylic acid-stimulated pathway
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.7. IAR31 is downregulated in Cf-4/Avr4 tomato seedlings upon
riggering of defense response

To gain further insights into the role of IAR3 during the HR,
e analyzed the expression level of IAR3 in tomato seedlings that

xpress a matching pair of resistance (Cf-4) and avirulence (Avr4)
enes in the same plant [15]. The defense response that MM-
f4 plants undergo when inoculated with a strain of C. fulvum
xpressing Avr4 can be triggered without the participation of the
athogen. A systemic HR is mounted in the whole plant when the
eedlings are exposed to a temperature and humidity shift (Fig. 6B).
sing this model, we observed that the IAR31 transcript levels
ecreased about 80%, as compared with the parental seedlings, at

 h after the initiation of the Cf-4/Avr4-triggered defense response

Fig. 6C). This indicates that there is a downregulation of IAR31
riggered by the interaction Cf-4/Avr4 in a pathogen-free sys-
em.
ith P. infestans.

4. Discussion

So far, the IAA-AH gene family has been studied in Arabidopsis
[4], T. aestivum [5], B. rapa [6] and M. truncatula [7]. In this work,
we identified the IAA-AH family members of three Solanaceous
species: tomato, potato and N. benthamiana. Phylogenic analysis
supported an early divergence of the IAA-AH family, as evidenced
by the occurrence of orthologs for most IAA-AH family members;
ILR1, ILL3, ILL6, and IAR3, in Solanaceous species and in Arabidopsis.
In addition, subsequent gene duplications occurred after diver-
gence, as evidenced by the presence of two  or more homologous
genes for most IAA-AH family members.

A consistent IAR3 up-regulation by biotic stress in potato tubers
[11] and in this work, in tomato and N. benthamiana leaves (Figs.

2 S5), led us to initially hypothesize that IAR3 may have a role in
the plant defense response. In agreement with that, transcription
of the Brassica rapa IAR31 homologue (BrIAR3) has been reported to
be induced upon infection with the biotrophic pathogen Plasmodi-
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Fig. 6. Defense response of pTRV2:IAR31-infiltrated tomato to C. fulvum and IAR3 expression in Cf-4/Avr4 tomato seedlings model. (A) Tomato plants MM-Cf4 and MM-Cf0,
(that  express the Cf-4 resistance gene or not, respectively) infiltrated either with pTRV:GUS, pTRV2:Cf-4 or pTRV2:IAR31 were inoculated with a strain of C. fulvum expressing
Avr4  (Cf-4 matching avirulence gene) and a GUS reporter construct at three weeks after infiltration. Colonization of the leaflets was  studied with an X-gluc assay at 13 days
after  inoculation. Leaflets representative of three independent experiments are shown. (B) Cf-4/Avr4 tomato seedlings grown at 33 ◦C and shifted to 20 ◦C to induce defense
s  (pare
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ignaling (right). MM-Cf4 and transgenic Avr4-expressing seedlings were combined
omato seedlings and parental lines was determined at 8 h after the temperature s
rror  bars represent the standard deviation from three biological replicates. The ast

phora brassicae [6]. However, the mechanism of such a regulation
as not been explored yet. The up-regulation of IAA-AH genes has
lso been reported for the beneficial interactions between M. trun-
atula and symbiotic rhizobia or arbuscular mycorrhiza [7].

In order to gain insight into a possible role of IAR3 in defense
esponse we performed IAR3 silencing experiments in N. ben-
hamiana and in tomato plants. VIGS-mediated IAR3 knocked-down
omato and N. benthamiana plants showed consistently a stunted
henotype with reduced apical dominance, evidencing that auxin
ransport resulted altered. IAR3-silenced plants were also affected
n auxin homeostasis; diminished levels of free IAA and oxo-IAA,
he first precursor in the auxin inactivation pathway [1] were
etected. In agreement with our results, it was recently reported
hat the knock-out of the expression of the IAA-amino synthetase
H3.17-VAS2 generated plants with affected spatial distribution of
uxins and increased levels of free auxin [30]. Interestingly, authors
oncluded that the local metabolism of auxins is able to regulate

uxin homeostasis and transport in Arabidopsis hypocotyls [30].

Analysis of IAR3 knocked-down tomato and N. benthamiana
lants subjected to biotic stress showed consistently alterations in
ntal lines) and treated similarly (left). (C) The expression level of IAR31 in Cf-4/Avr4
he expression level of the parental seedlings was assigned an arbitrary value of 1.
indicates significant difference as assessed by Student’s t-test P < 0.05.

the defense responses. When IAR3 knocked-down N. benthamiana
plants were treated with an incompatible P. infestans race, altered
necrotic lesion areas but higher expression levels of HR markers
with a concomitant reduced pathogen spread was detected (Fig. 5).
Similarly, IAR3 knocked-down tomato plants susceptible to the
pathogen C. fulvum presented increased basal defenses and reduced
colonization when inoculated with this pathogen (Fig. 6). Previ-
ously, it was reported that plants with altered auxin homeostasis
due to an enhanced expression of GH3 also exhibited resistance
to biotic stress [31]. Modification in the auxin signaling was  also
reported to affect susceptibility to infection in Arabidopsis [32].
Defense response elicited by flg22 −the bacterial peptide derived
from flagellin- includes a miRNA-mediated regulation of auxin
receptor proteins that leads to the suppression of auxin signaling
and restricts P. syringae growth [32].

According to Glazebrook [33], programmed cell death taking
place in the host and the concomitant activation of SA-dependent

defense responses are the main responsible of an effective defense
against biotrophic pathogens. However, transcript levels of genes
associated with the SA pathway were not significantly altered in
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AR3 knocked-down, more resistant plants (Fig. 5). In agreement
ith our result, it was reported that P. syringae manipulates auxin

hysiology via a SA-independent mechanism to promote patho-
enesis in Arabidopsis [34]. Thus, low levels of free IAA do not per
efinition induce SA-mediated defenses. It has been proposed that
uxins might have a physiological effect on plant tissues and cells
hat may  benefit the progression of disease, such as for example cell
all loosening [35]. Interestingly, it has been also suggested that

AA might act as a signaling molecule for bacteria, being involved
n the survival of the pathogen to the defense exerted by the plant
36].

Consistently, knocking down IAR3 expression led to decreases in
he pathogen spread, controverting the initial hypothesis of a role
or IAR3 in the defense response. In order to clarify whether IAR3 up-
egulation could be part of the plant defense response to pathogens,
e took advantage of the model referred to as “dying seedlings”,
hich allows studying several aspects of the defense response trig-

ered by the specific recognition of Avr4 by Cf-4 in a pathogen-free
ystem [15]. By using this model, we observed that the Cf-4/Avr4-
riggered defense response did not include an increase in the
mount of IAR31 transcripts, but on the contrary, IAR31 transcript
evels had significantly decreased at 8 h after the initiation of the
ystemic defense response (Fig. 6). At this time point, the plants
how massive expression of defense- related genes, indicating that
he defense response is fully activated [15,37].

The alteration of auxin metabolism in the defense response
hould not be taken isolated from other responses in the plant that
nvolve other plant hormones. For instance, a role for ethylene in
lant defense has been found in the recent years [38–40]. As ethy-

ene biosynthesis is transcriptionally up-regulated by auxin [41],
hen IAR3 is up-regulated, an increase of free auxin is expected

nd as a result, an increase in ethylene biosynthesis. It is also known
hat the ethylene-induced pathway has a negative effect on SA-
ependent defenses [42]. Thus, an increase in IAR3 would not only
irectly favor infection spread as a result of higher levels of free
uxin but also by promoting ethylene biosynthesis that in turn
ownregulates the SA-defense pathway. Supporting the participa-
ion of other plant hormones in the regulation of IAR3 expression,
he scrutiny of the promoter region of SlIAR31 identified responsive
lements for absicic acid, ethylene, salicylic acid, drought, anaero-
ic stress, heat stress, fungal elicitor and light (Table S3).

On the other hand, it has been recently reported in Arabidopsis
hat IAR3 is a target of miR167 −that also targets different com-
onents of the auxin signaling pathway [43]. In addition, miR167

s known to be upregulated during incompatible infections [44].
ence, downregulation of IAR3 might be also the result of miR167
ctivity as part of a more general response to downregulate auxin
ignaling pathway. Future work is intended to unravel regulatory
athways involved in IAR3 regulation.

Contrasting the results obtained for IAR3 regulation upon the
nset of HR in the presence and in the absence of the pathogen,

t could be suggested that the pathogen might target IAR3 expres-
ion affecting IAA homeostasis in the host. The ability of bacterial
nd fungal pathogens to interfere with the auxin homeostasis has
lready been described for different pathosystems [45–47]. Nowa-
ays, there is growing evidence that plant pathogens are able
o modify IAA host homeostasis upon colonization and thereby

anipulate host developmental processes in their own benefit
48]. To promote disease development, the necrotrophic fungus
. cinerea and the hemibiotroph P. syringae are able to hijack the
etabolism of auxins of the host, causing to the accumulation

f the IAA-conjugate IAA-Asp in Arabidopsis [10]. The compati-

le interaction between M.  truncatula and the necrotrophic fungus
acrophomina phaseolina has been attributed to active down-

egulation of IAR34 expression [49].
[

nce 253 (2016) 31–39

Altogether, our results suggest that the increase in IAR3 tran-
script levels that takes place upon pathogen challenge would not
be part of the defense response to biotrophs and hemibiotrophs in
Solanaceae. On the contrary, IAR31 up-regulation could be the result
of a manipulation of the host IAA homeostasis by the pathogens.
Such manipulation would lead to changes in the levels of IAA
metabolism compounds, such as increases in free IAA content,
thereby favoring the spread of the infection.
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