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Summary

1. Plants possess numerous mechanisms to control infections by deleterious organisms. Unspecific
resistance mechanisms may, however, also exert ecological costs when they have a negative effect
on beneficial plant—microbe interactions. Such negative effects may even cross the border between a
plant’s aerial parts and its roots and then affect very central functions such as nutrient uptake and
root resistance to micro-organisms. Whereas an impaired nodulation indeed appears common after
resistance expression in the leaves, contradictory results have been published for the case of arbus-
cular mycorrhizal (AM) fungi.

2. We analysed the effect of induction of resistance mechanisms in foliar tissues on AM coloniza-
tion in soybean plants, using acibenzolar-S-methyl (ASM) as chemical elicitor. By determining
different physiological and biochemical parameters, we assessed whether the effects are related to the
activation of the plant defence mechanisms or rather to the re-allocation of primary metabolites.
3. Colonization with AM fungi transiently decreased after pathogen resistance mechanisms were
elicited in the aerial parts of the plant. The induction with ASM led to a significant, yet moderate,
defence response in the roots, which was modulated in mycorrhizal plants. No allocation or fitness
costs associated with the induction of resistance were detected in this study.

4. Synthesis. Our study confirms a transient negative impact of the elicitation of foliar defences on
root—AM interactions. The results show that induced resistance to foliar pathogens can (i) move
from the above-ground to the below-ground compartment and (ii) affect mutualistic micro-organ-
isms as well as plant pathogens. We also conclude that (iii) the negative effect is likely linked to
changes in the defence status of the plant rather than to changes in resource allocation patterns and
(iv) the AM association can modulate the activation of the plant defence mechanisms and overcome
such effects.

Key-words: allocation costs, arbuscular mycorrhizal fungi, fitness costs, pathogenesis-related
proteins, photosynthesis, plant-soil (below-ground) interactions, PR-1 gene expression,
B-1,3-glucanase; chitinase, systemic acquired resistance

Introduction and micro-organisms such as leaf endopyhtic fungi and soil-
borne rhizobia and fungi. Fungi forming arbuscular mycorrhi-

Higher plants largely rely on mutualisms with a diverse set of zas (AM) are believed to associate with the roots of over 80%

organisms such as pollinators, natural enemies of herbivores, of all higher plants in nature and have significant influences on
the nutrition of the plant (Parniske 2008; Smith & Read 2008)
*Correspondence author. E-mail: mjpozo@eez.csic.es as well as on its defensive status (Pozo & Azcon-Aguilar 2007,
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Kempel et al. 2010). As a consequence, AM have a significant
impact on plant interactions with other organisms and, ulti-
mately, on ecosystem functioning (van der Heijden, Bardgett
& van Straalen 2008).

Plant must, however, also cope with pathogenic
micro-organisms, and they do so by activating various defence
mechanisms (Pieterse er al. 2009). Because plants interact
simultaneously with multiple other organisms, their responses
to specific events may have a significant impact on other
interactions, and these effects can even cross the border
between the aerial compartments and the roots (van Dam
2009). In fact, the relevance of induced plant defence responses
for above-ground and below-ground communities and their
interactions is now being recognized (Bezemer & van Dam
2005; Erb et al. 2009; van Dam and Heil 2011). Because of the
intimate association of plants with mutualistic micro-organ-
isms, several cross-reactions may occur between plant resis-
tance to pathogens and beneficial associations with, for
example, nodulating rhizobia, free-living bacteria in the rhizo-
sphere and mycorrhizal fungi (Pozo & Azcon-Aguilar 2007,
Soto et al. 2009; Yang et al. 2011). In this study, we investigate
whether the induction of resistance mechanisms to pathogens
in foliar tissues can cross the above-ground-below-ground
border and have an impact on the symbiosis of roots with AM
fungi.

Systemic acquired resistance (SAR) is an induced resis-
tance in plants that is expressed upon local pathogen infec-
tion and confers resistance to a broad spectrum of attackers
(Ryals et al. 1996; Sticher, Mauch-Mani & Métraux 1997).
In most plant species, this response requires the synthesis of
the endogenous signalling molecule salicylic acid (SA) in the
infected tissue and its accumulation in the systemic tissue
(Heil & Ton 2008; Xu et al. 2009) and it is characterized by
the synthesis of pathogenesis-related (PR) proteins (Durrant
& Dong 2004). Fourteen families of PR proteins have been
described so far, and chitinases and B-1,3-glucanases are
among them (van Loon & van Strien 1999). Chitinases
and B-1,3-glucanases catalyse the hydrolysis of chitin and
B-p-glucans, respectively, so both possess direct antimicrobial
activity by degrading common microbial cell wall compo-
nents (Dumas-Gaudot et al. 1996; van Loon 1997). Thus,
PR proteins, together with other elements of SAR, contribute
to a broad-spectrum resistance against diverse pathogenic
bacteria, fungi and viruses. Because of this lack of specific-
ity, they may also have a negative impact on microbial
mutualists of the plant, then leading to significant ‘ecological
costs’ of SAR (Heil 2002).

In fact, several studies have reported negative effects of
SAR on beneficial plant-microbe interactions: Martinez-
Abarca et al. (1998), Ramanujam, Jaleel & Kumaravelu
(1998), Lian et al. (2000), Heil (2001b) and Faessel et al.
(2010) reported an inhibition of root nodule formation after
chemical induction of pathogen resistance in several Faba-
ceae species. We can conclude that an above-ground elicita-
tion of SA-dependent resistance responses generally impairs
the capacity of plant roots to consecutively establish a sym-
biosis with nodulating bacteria (van Dam & Heil 2011). By
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contrast, variable results have been reported concerning
AM associations, depending on the application method of
the chemical elicitor and experimental conditions (Salazar
Costa, Rios-Ruiz & Rodrigues Lambais 2000; Tosi &
Zazzerini 2000; Sonnemann, Finkhaeuser & Wolters 2002;
Faessel et al. 2010).

How does a resistance against leaf pathogens affect
below-ground symbioses with mutualistic micro-organisms?
Unfortunately, the physiological mechanisms of the above-
ground-below-ground interactions are unclear in most cases,
although a re-allocation of primary metabolites or a systemic
resistance expression appears to be the most common reason
(van Dam & Heil 2011). Besides the induction of active resis-
tance, elicitation of SAR can cause a reduction in plant pro-
ductivity and fitness, which results from a shift in the
allocation pathways from growth to defence (Heil 2001a;
Walters & Heil 2007). A common phenomenon associated to
this ‘shift from housekeeping to resistance expression’ is a
reduction in photosynthesis (Logemann et al. 1995; Scheidel-
er et al. 2002; Swarbrick, Schulze-Lefert & Scholes 2006;
Schwachtje & Baldwin 2008; Heil & Walters 2009). Thus,
negative effects of foliar resistance expression on below-
ground mutualisms could result from re-allocation of assimi-
lates, as described from those cases in which plant tolerance
responses increased root susceptibility to root herbivores
(Kaplan ef al. 2008). The goal of our present study was,
therefore, to elucidate the physiological mechanisms that
underlie any putative phenotypic effects of elicitation of
resistance in above-ground tissues on the interaction of roots
with AM fungi.

Several chemical elicitors of plant resistance are available,
which mimic the mechanism by which pathogen infection
induces resistance and thereby elicits SAR (Oostendorp er al.
2001). The benzothiadiazole derivative benzo-[1,2,3]-thiadiaz-
ole-7-carbothioic acid-S-methyl ester (Gorlach et al. 1996),
also known as acibenzolar-S-methyl (ASM), is a functional
analogue of SA and effectively induces systemic resistance
against pathogens and nematodes in multiple plant species
including soybean (Dann et a/. 1998; Chinnasri, Sipes & Sch-
mitt 2003; Meyer et al. 2006; Faessel et al. 2008), Arabidopsis
thaliana (Dietrich, Ploss & Heil 2004, 2005), barley (Sonne-
mann, Streicher & Wolters 2005), tobacco (Friedrich er al.
1996; Ginzberg et al. 1998; Shaul et al. 1999), tomato (Baysal,
Soylu & Soylu 2003; Rossi Cavalcanti et al. 2006) and papaya
(Zhu et al.2003).

Considering the contradictory studies on the effect of
SAR on mycorrhizas cited above, and the lack of knowledge
on the underlying mechanisms, detailed research is required
to understand the impact of plant resistance regulation on
AM. Using a well-characterized chemical elicitor and a
mycotrophic model plant such as soybean allows a detailed
investigation of such potential effects and the underlying
biochemical and molecular mechanisms. We tested the
hypothesis that SAR-expressing soybean plants are colo-
nized by the AM fungus Glomus mosseae to a lower extent
than untreated plants. In order to assess if such effects are
related directly to the defence mechanisms or to the alloca-
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tion costs that are associated with the expression of the
defence, we analysed defence responses and growth-associ-
ated parameters. Protein content, the activity of chitinases
and f-1,3-glucanases and the expression of the PR-Ia gene
were chosen as disease resistance markers, whereas plant
weight, sugar content, photosynthetic activity and seed
production were chosen as markers for allocation and fitness
costs.

Materials and methods

PLANT AND FUNGAL MATERIAL, GROWTH CONDITIONS
AND CHEMICAL INDUCTION OF RESISTANCE

Soybean seeds (Glycine max (L.) Merr. cv. Williams 82) were surface
sterilized with a commercial bleach solution (10%, v/v) and germi-
nated under sterile conditions on wet filter paper at 28 °C for 3 days.
Plants were grown in 500 mL pots containing a sterile mixture of
quartz sand and soil (1:1, v/v).

Arbuscular mycorrhizal fungal inoculum consisted of propagules
from G. mosseae (Nicol. and Gerd.) Gerd. and Trappe (BEG 12)
including spores and chopped Allium porrum L. roots colonized by
the fungus in a sand:sepiolite (1:1, v/v) substrate. Mycorrhizal inocu-
lation was carried out by mixing with the growing substrate 7% of the
inoculum. In control plants 7% sand:sepiolite (1:1, v/v) was mixed
with the growing substrate. At potting, all plants received a filtrate
(< 20 pm) of the AM fungal inoculum in order to provide the micro-
bial populations accompanying the mycorrhizal inocula but free from
AM propagules.

Soybean plants were cultivated in a controlled environment room
(25/18 °C day/night temperature, 60% relative humidity, 16 h pho-
toperiod, with a photosynthetic photon flux of 400 pmol pho-
257!, Plants were watered three times a week, the first
3 weeks only with water, and then twice a week with water and once a
week with 50% Long Ashton nutrient solution (Hewitt 1966) at one-
quarter phosphorus strength.

Six weeks after planting half of the plants were sprayed with an
aqueous 400 mg L™ Bion® solution at 10 mL per plant in order to
induce resistance. Bion® is the name under which ASM is marketed

tons m~

by Syngenta (Basel, Switzerland). The rest of the plants were sprayed
with the same amount of distilled water. Plant roots had no direct
contact with ASM as the application was done by spraying only the
shoots. The experimental design consisted, thus, of four different
treatments: non-induced non-mycorrhizal plants (Nm-), induced
non-mycorrhizal plants (Nm +), non-induced plants inoculated with
G. mosseae (Gm-—), and induced plants inoculated with G. mosseae
(Gm+).

PLANT HARVEST AND ASSESSMENT OF MYCORRHIZAL
COLONIZATION

Plants were harvested 1 and 2 weeks after the application of ASM
(7 and 8 weeks after planting). The root system was carefully washed
in running tap water and then the fresh weight of shoots and roots
was annotated. About one-third of the root system from each
plant was kept for determination of mycorrhizal colonization, and
the rest was immediately frozen in liquid nitrogen and stored at
—80 °C until protein and RNA extraction. Leaf samples were also
frozen and stored at —80 °C.

For the estimation of mycorrhizal colonization, samples from the
root system were cleared and stained (Phillips & Hayman 1970), and

the percentage of total root length colonized by the AM fungi was
determined by using the gridline intersect method (Giovannetti &
Mosse 1980).

The remaining plants were harvested at the end of their growth per-
iod (17 weeks after planting) to record the seed dry weight per plant
and the number of seeds per plant.

SUGAR EXTRACTION AND QUANTIFICATION

Sugars were extracted following a modified procedure of the method
described by Bligh & Dyer (1959). One gram of fresh leaf material
from the plants harvested 1 and 2 weeks after the application of ASM
was homogenized in a mortar filled with 7.5 mL methanol for 2 min.
Then 7.5 mL chloroform was added and the mixture was homoge-
nized for 1 min. Finally, 3.75 mL of water with 0.88% NaCl were
added, the solution was centrifuged at 4500 g for 10 min at 0 °C, and
the upper layer containing the sugars was kept for further analysis.

Quantification of sugars was carried out following the anthrone
method (Morse 1947). One hundred microlitre sugar solution,
900 pL water and 3 mL anthrone solution (200 mg anthrone +
100 mL 72% H,SO4) were mixed and boiled for 10 min at 100 °C.
Samples were then put on ice to stop the staining reaction. The
absorbance was measured at 620 nm in a spectrophotometer. The
amount of sugars released was determined by comparison with a
glucose standard curve with concentrations ranging from 0 to
400 pg mL™". One millilitre of each glucose concentration was mixed
with 3 mL anthrone solution, boiled and the absorbance measured as
described above.

PHOTOSYNTHESIS DETERMINATION

Photosynthetic assimilation was measured with a portable photosyn-
thesis system (Li-Cor 6400, Lincoln, NE, USA) 1 week after ASM
treatment. The CO, concentration was set at 400 p.p.m. and the pho-
tosynthetically active radiation at 1000 umol m™2 s™'. All measure-

ments were performed in the morning, between 9:00 and 12:00 am.

PROTEIN EXTRACTION AND QUANTIFICATION

Frozen plant material (root and leaf samples) from the plants har-
vested 1 week after the application of ASM was ground at 4 °C in an
ice-chilled mortar with liquid nitrogen and the resulting powder was
suspended in 100 mm Macllvaine extracting buffer (citric acid/
Na,HPOy,), pH 6.8 (1:1, w/v). Crude homogenates were centrifuged
at 15000 g for 30 min at 4 °C and the supernatant fractions were
kept frozen at —20 °C. Protein contents were determined by the
method of Bradford (1976) using BSA as standard.

CHITINASE AND B-1,3-GLUCANASE ACTIVITY ASSAYS

Chitinase activity was determined with a fluorimetric assay (Ren,
Wee & Chang 2000). Five microlitre methylumbelliferyl B-b-N,
N’,N-triacetylchitotrioside hydrate (0.5 mg mL™"; Sigma, Alcoben-
das, Madrid, Spain) were added to 95 pL plant extract (root and leaf
samples) in a black 96-well microplate. Samples were incubated at
40 °C for 30 min in a shaker. The fluorescence was measured using a
Perkin Elmer luminescence spectrometer LS50 (excitation 365 nm,
emission 450 nm). All values were reported as fluorescence units.

The activity of B-1,3-glucanase was performed in 96-well micro-
plates using an adaptation of the method described by Somogyi
(1952). Laminaria digitata laminarin (Sigma) was used as substrate.
The total volume of 180 pL reaction preparation contained 50 pL

© 2011 The Authors. Journal of Ecology © 2011 British Ecological Society, Journal of Ecology, 99, 36-45



Table 1. Primers used for the quantitative real-time PCR
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Organism Gene

Accession number

Primer sequence (5-3")

Glomus intraradices GintEF (Benabdellah et al. 2009)

Glycine max

Gm18S (Porcel et al. 2006)

Glycine max GmPR-1a

DQ282611

X02623

AF136636

F-(5-GCTATTTTGATCATTGCCGCC-3')
R-(5-TCATTAAAACGTTCTTCCGACC-3)

F-(5-CCATAAACGATGCCGACCAG-3)
R-(5-CAGCCTTGCGACCATTACTCC-3)

F-(5-ATGTGTGTGTTGGGGTTGGT-3")
R-(5-ACTTTGGCACATCCAAGACG -3)

plant extract (root and leaf samples), 10 pL laminarin (20 mg mL™"
in 50 mm Na-acetate buffer, pH 5.0), 60 uL copper reactive and
60 pL arsenic reactive. The absorbance was measured at 650 nm in a
spectrophotometer. The amount of sugars released was determined
by comparison with a glucose standard curve with concentrations
ranging from 0 to 200 pg mL™".

RNA EXTRACTION AND GENE EXPRESSION ANALYSIS
BY QUANTITATIVE REAL-TIME PCR

Total RNA was isolated from root and leaf samples using Tri
Reagent® (Ambion, Foster City, CA, USA) and treated with DNase
RQ!l (Promega, Madison, WI, USA). cDNA synthesis was per-
formed using iScript™ ¢cDNA Synthesis Kit (Bio-Rad Laboratories,
Hercules, CA, USA) starting with 1 pg of total DNAse-treated
RNA.

Gene expression levels were determined by quantitative real-time
PCR, using the primers detailed in Table 1. The sets of primers for
Gm18S and GintEF have been previously used as constitutive expres-
sion controls for soybean and Glomus intraradices, respectively
(Porcel et al. 2006; Benabdellah ez al. 2009). The soybean PR-1a gene
was selected as marker for SA-regulated defence responses, and the
corresponding set of primers was designed using the privEr 3 software
(Rozen & Skaletsky 2000). Prior to real-time PCR analysis, the speci-
ficity of the selected primers was checked by conventional RT-PCR.
The efficiency of the primer sets was evaluated by performing real-
time PCR on several dilutions of genomic DNA. All quantitative
real-time PCR reactions were performed using iQ SYBR Green Su-
permix (Bio-Rad Laboratories) on an iQ5 Multicolor Real-Time
PCR Detection System (Bio-Rad Laboratories). The amplification
protocol included an initial denaturation at 95 °C for 3 min followed
by 35 cycles of 95 °C for 30 s, 58 °C for 30 s, and 72 °C for 30 s. The
specificity of the PCR amplification procedure was checked with a
heat dissociation protocol (from 70 to 100 °C) after the final cycle of
the PCR. The results obtained for the different treatments were
standardized to the soybean 18S rRNA levels, which were amplified
with the primers Gm18S shown in Table 1.

Real-time PCR experiments were carried out at least three times,
with the threshold cycle (Ct) determined in triplicate. The relative
levels of transcription were calculated by using the 2-DDCT method
(Livak & Schmittgen 2001). Negative controls without cDNA were
included in all PCR reactions.

REPLICATION AND STATISTICAL ANALYSIS

Eighteen replicated plants were used per treatment, four of them were
harvested at each time point (7 and 14 days after treatment) and used
for the physiological and biochemical analyses and the rest (10 repli-
cated plants) were used for the quantification of seed production.
staTisTICA 6.1 software (StatSoft Inc., Tulsa, OK, USA) was used for

the statistical analysis. A Student’s r-test was carried out to detect sig-
nificant effects of induction of resistance on AM colonization.
Mann-Whitney U tests were conducted to detect significant effects of
induction of resistance on fresh weight, sugar content, photosynthetic
activity, protein content, chitinase and B-1,3-glucanase activity, and
seed production parameters. Mean + SE were calculated. Signifi-
cance levels were set at 5%.

Results

Soybean plants inoculated with G. mosseae harvested 1 week
after the application of ASM (Gm+) showed significantly
lower AM colonization than Gm plants sprayed only with
water (Gm-) (Fig. la; ¢ = 2.63; d.f. = 6; P = 0.038; t-test).
A second harvest of Gm+ plants 2 weeks after ASM treat-
ment revealed that the differences in AM colonization between
Gm+ and Gm- plants had levelled off (r = 0.35; d.f. = 6;
P = 0.735; t-test). Thus, the negative effect of the induction of
systemic resistance on the AM colonization of soybean plants
appeared transitory. The absence of AM colonization was con-
firmed in non-inoculated plants (Nm) (data not shown).

Quantifying the expression level of a fungal ‘housekeeping
gene’ is known to be an accurate and sensitive method to esti-
mate the amount of active, living AM fungus within root
tissues (Isayenkov, Fester & Hause 2004). The quantitative
real-time PCR of transcript levels of GintEF, constitutively
expressed in AM fungi (Benabdellah ez al. 2009), confirmed a
significant reduction of the AM fungus in Gm + roots 1 week
after treatment (0.4-fold compared to untreated plants;
Fig. 1b). The fungal presence increased with time in both trea-
ted and untreated plants, and 2 weeks after the chemical treat-
ment the inhibition was completely overridden. The results
confirm that the negative effect of ASM application on AM
colonization was transitory.

Resistance induction has been associated to a shift in
resources allocation from growth to defence, and this shift
may potentially limit the resources available for the fungal
symbiont, thus limiting AM colonization. To assess if this is
the case, we compared plant biomass, sugar content and pho-
tosynthetic activity in induced and non-induced plants. Nei-
ther the fresh weight, nor the sugar content, nor the
photosynthetic activity changed significantly in either Nm or
Gm plants after the induction of resistance (P > 0.05; Mann—
Whitney U test; Table 2).

Nm+ plants produced fewer seeds than Nm-— ones
(Fig. 2a,b), although the difference was insignificant both for
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Fig. 1. Determination of arbuscular mycorrhizal (AM) fungal colo-
nization of soybean roots by histochemical and real-time PCR analy-
sis. Effect of the chemical induction of plant resistance to pathogens
on AM colonization in soybean plants inoculated with Glomus mos-
seae (Gm) harvested 1 and 2 weeks after the application of acibenzo-
lar-S-methyl (ASM). (a) Percentage of root length colonized by Gm
estimated under the dissecting microscope upon staining of fungal
structures with trypan blue. Measurements summarize mean percent-
age of AM colonization + SE of induced plants (black bars, ll) com-
pared with non-induced plants (white bars, (). The sample size was
four plants per treatment. *P < 0.05, ns P > 0.05 according to
t-test. (b) Relative transcript levels of the Glomus elongation factor
gene GintEF. Total RNA was extracted from soybean mycorrhizal
roots, RNAs were reverse transcribed and gene expression was deter-
mined by quantitative real-time RT-PCR using gene-specific primers
for Glomus elongation factor and normalized to soybean 18S rRNA.
The figure represents mean fold change compared to the non-induced
plants 1 week after treatment, set at 1. Black bars (M) represent
induced plants and white bars ((J) non-induced plants. n = 3.
Changes in gene expression were calculated by using the 2-DDC
method. Bars represent SE.

seed dry weight per plant (P = 0.155; Mann—Whitney U test)
and numbers of seeds per plant (P = 0.073; Mann—Whitney
U test). No hints towards changes in either the seed dry weight
per plant (P = 0.934; Mann—Whitney U test) or the number
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Fig. 2. Seed production. (a) Seed dry weight per plant and (b) number
of seeds per plant of soybean. Nm, non-mycorrhizal plants; Gm,
plants inoculated with Glomus mosseae. Measurements summarize
mean parameters + SE of induced plants (black bars, W) compared
with non-induced plants (white bars, [J). The sample size was 8-10
plants per treatment. *P < 0.05, ns P > 0.05 according to Mann—
Whitney U test.

D Non-induced plants

of seeds per plant (P = 0.866; Mann—Whitney U test) were
observed between Gm + and Gm-— plants.

We also analysed the impact of ASM treatment on the
protein content and defence-related enzyme activities. The
chemical induction of resistance led to a significant increase in
protein content both in leaves and roots (P < 0.05; Mann—
Whitney U tests) of Gm+ plants harvested 1 week after the
application of ASM as compared to Gm— plants (Fig. 3a.,b).
No significant differences in protein content were observed
between Nm+ and Nm- plants (P > 0.05; Mann—Whitney
U test).

Chitinase activity (Fig. 4a,b) in leaves of Gm+ plants
(P < 0.01; Mann—Whitney U test) 1 week after the induction
of resistance was significantly higher than in Gm— plants. No

Table 2. Photosynthetic activity, sugar content and fresh weight of soybean plants 1 and 2 weeks after the application of acibenzolar-S-methyl

(ASM)

One week after induction Two weeks after induction

Photosynthesis Sugar content Fresh wt.  Fresh wt.  Sugar content Fresh wt.  Fresh wt.
Treatment (umol CO, m™2s7h) (mg g’1 fresh wt. leaves) shoots (g) roots (g)  (mg g~' fresh wt.leaves) shoots (g) roots (g)
Nm- 7.08 3.69 5.19 4.77 10.13 6.61 5.08
Nm+ 5.84 ns 4.59 ns 5.47 ns 4.81 ns 9.24 ns 6.82 ns 5.56 ns
Gm- 5.62 3.74 5.70 4.45 8.74 6.99 5.08
Gm+ 6.99 ns 3.74 ns 5.40 ns 4.21 ns 8.60 ns 7.59 ns 5.03 ns

Fresh wt., fresh weight; Nm—, non-induced non-mycorrhizal plants; Nm+, induced non-mycorrhizal plants; Gm—, non-induced plants
inoculated with Glomus mosseae; Gm+, induced plants inoculated with G. mosseae. Mean values of Nm— and Nm+ and Gm- and
Gm+ in each column were compared using paired Mann—Whitney U tests. n = 4; ns P > 0.05.
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Fig. 3. Protein content. Protein content in pg mL™" g~' fresh weight
(fresh wt.) of plant material in (a) leaves and (b) roots of soybean
plants 1 week after the application of acibenzolar-S-methyl (ASM).
Note that Y-axes differ between panels. Nm, non-mycorrhizal plants;
Gm, plants inoculated with Glomus mosseae. Measurements summa-
rize mean protein content + SE of induced plants (black bars, W)
compared with non-induced plants (white bars, (). *P < 0.05, ns
P > 0.05 according to Mann—Whitney U test.

significant differences were observed in root chitinase activity
between Gm + and Gm-— plants or in either roots or leaves of
Nm+ and Nm- plants (P > 0.05; Mann—Whitney U test).

B-1,3-glucanase activity (Fig. 5a,b) was significantly higher
in leaves of induced Nm+ and Gm+ plants compared to
non-induced plants, as well as in roots of Nm+ plants when
compared with Nm— plants (P < 0.05; Mann—Whitney U
tests). No significant changes in B-1,3-glucanase activity were
observed in roots of Gm plants after the induction of resistance
(P > 0.05; Mann—Whitney U test).

Acibenzolar-S-methyl is a functional analogue of SA, and
its application induces resistance in plants through the activa-
tion of the SA signalling pathway. In order to monitor this
pathway we analysed the expression levels of the soybean
PR-1a gene, coding for an acidic isoform of PR-1, a common
marker for SA-regulated responses. ASM application resulted
in an increase in PR-Ia transcript levels in shoots in Nm and
Gm plants, confirming the activation of the SA signalling path-
way (Fig. 6a). In agreement with the reported systemic nature
of the elicitor, the expression levels of the gene were also signifi-
cantly higher in the roots of Nm + plants. Although the basal
level of PRIa expression was higher in mycorrhizal plants than
in non-mycorrhizal controls, no increase in PR-/a expression
was observed in roots of Gm plants upon induction by ASM
treatment (Fig. 6b). Elevated levels of PRla expression in
roots were still found 2 weeks after induction in Nm+ plants,
but again no difference was detected between Gm + and Gm-—
plants (Fig. 6¢).
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Fig. 4. Chitinase activity. Chitinase activity in fluorescence uni-
ts min~" in (a) leaves and (b) roots of soybean plants 1 week after the
application of acibenzolar-S-methyl (ASM). Note that Y-axes differ
between panels. Nm, non-mycorrhizal plants; Gm, plants inoculated
with Glomus mosseae. Measurements summarize mean chitinase
activity + SE of induced plants (black bars, W) compared with non-
induced plants (white bars, (). *P < 0.05,ns P > 0.05 according to
Mann—Whitney U test.

I:I Non-induced plants

Discussion

Plants live in a complex environment and interact with multi-
ple micro-organisms that can behave as pathogens or as mu-
tualists. The level of infection by mutualists such as rhizobia
and AM fungi is in part controlled by the same physiological
mechanisms that suppress infections by pathogens (Pozo &
Azcon-Aguilar 2007; Soto et al. 2009). Therefore, plant resis-
tance to pathogens can interfere with mutualistic interactions
and vice versa, and these effects can systemically move
through the plant, from the above-ground to the below-
ground compartment and vice versa (see references in the
Introduction, and van Dam & Heil 2011). Indeed, several
studies found inhibitory effects of SAR expression on benefi-
cial plant-microbe interactions, but all clear results have been
obtained from experiments with nitrogen-fixing bacteria that
form nodules in the roots (Martinez-Abarca et al. 1998;
Ramanujam, Jaleel & Kumaravelu 1998; Lian et al. 2000;
Heil 2001b; Faessel et al. 2010). In the case of AM fungi, by
contrast, three seemingly different responses have been
observed: the induction of resistance (i) inhibits AM coloniza-
tion (Salazar Costa, Rios-Ruiz & Rodrigues Lambais 2000;
Faessel et al. 2010); (ii) leads to a transitory decrease in AM
colonization (Tosi & Zazzerini 2000); and (iii) does not have
any effect on AM colonization (Sonnemann, Finkhaeuser &
Wolters 2002).

Our study agrees most with that of Tosi & Zazzerini (2000),
because we also found a transitory decrease in AM coloniza-
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Fig. 5. B-1,3-Glucanase activity. -1,3-glucanase activity as expressed
by amount of glucose released in pg mL™" g™' fresh weight (fresh wt.)
of plant material in (a) leaves and (b) roots of soybean plants 1 week
after the application of acibenzolar-S-methyl (ASM). Note that
Y-axes differ between panels. Nm, non-mycorrhizal plants; Gm,
plants inoculated with Glomus mosseae. Measurements summarize
mean chitinase activity + SE of induced plants (black bars, l) com-
pared with non-induced plants (white bars, [0). *P < 0.05, ns
P > 0.05 according to Mann—Whitney U test.

tion. Treating leaves with ASM sufficed to alter root coloniza-
tion by G. mosseae. The long-term inhibitory effect reported
by Salazar Costa, Rios-Ruiz & Rodrigues Lambais (2000) fol-
lowed the repeated application of SA as soil drench to bean
plants, a very intensive treatment compared to standard stud-
ies in which chemical elicitors are applied just once (Baysal,
Soylu & Soylu 2003; Dietrich, Ploss & Heil 2004, 2005; Sonne-
mann, Streicher & Wolters 2005; Rossi Cavalcanti et al.
2006). It is likely that the constantly low levels of AM coloni-
zation were due to this intensive induction of resistance. Fur-
thermore, direct effects of the elicitor on the AM fungus
cannot be ruled out at high concentrations of ASM (Faessel
et al. 2010). In the study by Sonnemann, Finkhaeuser & Wol-
ters (2002), the time lag between the application of ASM as
foliar spray and the harvest of barley samples was very long
(3 months), so any possible transitory effect of the induction
of resistance on AM colonization could have levelled off at
the time of data acquisition. In summary, the results of all
available studies on negative effects of SAR on AM coloniza-
tion (Salazar Costa, Rios-Ruiz & Rodrigues Lambais 2000;
Tosi & Zazzerini 2000; Sonnemann, Finkhaeuser & Wol-
ters2002; Faessel et al. 2010; and the present study) are consis-
tent with a transient inhibitory effect of SAR elicitation on
mycorrhization. Because, the other way round, AM coloniza-
tion affects the capacity of a plant to express above-ground
resistance to pathogens and herbivores (van Dam & Heil
2011; Vannette & Hunter 2011), our results highlight the rele-
vance of the correct timing of events in studies that aim at
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Fig. 6. Fold change in PR-Ia gene expression upon acibenzolar-S-
methyl (ASM) treatment. Total RNA was extracted from soybean (a)
shoots and (b, ¢) roots of non-mycorrhizal (Nm) or mycorrhizal
(Gm) plants harvested 1 (a, b) or 2 weeks (¢) after resistance induc-
tion by treatment with ASM. RNAs were reverse transcribed and
gene expression was determined by quantitative real-time RT-PCR
using gene-specific primers for soybean PR-/a gene and /8S rRNA.
The figure represents mean fold change compared to the non-
induced, non-mycorrhizal plants, set at 1. Black bars (H) represent
induced plants and white bars (J) non-induced plants. n = 3.
Changes in gene expression were calculated by using the 2-DDC
method. Bars represent SE.

understanding the outcome of plant interactions with multiple
organisms (Erb er al. 2011).

What is the biochemical or genetic mechanism that underlies
this phenomenon? Negative effects of SAR induction on the
interaction of plants with beneficial microbes can principally
result from two different phenomena: (i) the ‘metabolic shift’
from primary to secondary metabolism that usually occurs
during resistance elicitation might lower photosynthesis and,
thus, the allocation of assimilates to the root system (as sug-
gested by Russin et al. 1990), or (ii) defensive traits such as PR
proteins might exert direct negative effects on the beneficial
microbes (as suggested by Heil 2001b). In fact, the AM associ-
ation, although a mutualistic one, is still a form of fungal inva-
sion, and the plant activates its defence mechanisms (Riedel,
Groten & Baldwin 2008). Remarkably, local defence responses
such as increases of chitinase and [-1,3-glucanase activities are
activated during early steps of compatible AM interactions
(Ruiz-Lozano et al. 1999; Pozo & Azcon-Aguilar 2007), but
these enzymatic activities are repressed at a later stage of
mycorrhiza formation (Dumas-Gaudot et al. 1996; Gian-
inazzi-Pearson et al. 1996; Kapulnik et al. 1996). However,
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induction of specific hydrolytic enzymes (chitinase, chitosanase
and B-1,3-glucanase isoforms) as a response to the AM symbi-
osis that differ from those induced as the result of general
defence mechanisms have been reported in different plants
(Dumas-Gaudot et al. 1996; Pozo et al. 1996, 1998, 1999). The
induction of these hydrolytic enzymes and other defence-
related compounds in AM symbiosis seems to be involved in
the plant control over the fungal symbiont, but it may affect
other organisms (Pozo et al. 2002; Lopez-Raez et al. 2010).
Indeed, the AM symbiosis is usually associated with an
enhanced disease resistance or mycorrhiza-induced resistance
(Pozo & Azcon-Aguilar 2007). Thus, besides a shift in assimi-
late allocation patterns, a shift in the delicate balance
between host resistance and AM infection (Bennett, Bever &
Bowers 2009) provides an alternative explanation of the pat-
tern reported here.

In order to distinguish among these two alternatives we
quantified photosynthetic rates and resistance expression in
our plants. No changes in photosynthetic activity, sugar con-
tent or plant growth were recorded in either mycorrhizal or
non-mycorrhizal plants after the induction of resistance. We
conclude, therefore, that the negative effects of resistance
induction on AM colonization were linked to the biochemical
changes associated with the defence response rather than a
shift in the allocation pathways from growth to defence. The
application of ASM elicited a significant, yet moderate,
increase in protein content and PR protein activity. To further
analyse the activation of defence responses by ASM, we moni-
tored expression levels of the PR-/a gene, commonly used as
marker for SA-dependent defence responses (Uknes et al.
1993). Gene expression levels confirmed the activation of this
signalling pathway not only in shoots, but also in roots of
ASM treated non-mycorrhizal plants. SA-dependent
responses are effective against biotrophic pathogens (Glaze-
brook 2005), but they may also impact mycorrhizal fungi
because of their biotroph condition (Pozo & Azcon-Aguilar
2007). It is, therefore, likely that the activation of the SA signal-
ling pathway upon ASM treatment results in an inhibition of
AM root colonization.

Interestingly, ASM treatment led to a significant change
in leaf chitinase activity in Gm plants but not in Nm plants.
This pattern was caused by both, a lowered chitinase activity
in Gm controls and a higher chitinase activity in Gm-
induced plants, compared to the respective groups of Nm
plants (Fig. 4a). This pattern is consistent with a successful
suppression of chitinase activity by G. mosseae, which is
transiently lost after ASM treatment. Our results are, there-
fore, consistent with the hypothesis that a shift in the bal-
ance between host resistance and control of AM infection
explains why resistance induction transiently inhibits myco-
rrhization.

It is assumed that the induction of disease resistance incurs
allocation and/or fitness costs, but only few studies have dem-
onstrated or quantified them (Heil ez al. 2000; Cipollini 2002;
Heil 2002). In other cases, the results depended on growing
conditions (Dietrich, Ploss & Heil 2005). In our study, plant
growth was not affected by the induction of resistance. Similar
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results were reported by Iriti & Faoro (2003), and Zhu ez al.
(2003) and Faessel et al. (2008) recorded only transitory nega-
tive effects on plant growth. As for the seed production, the
induction of resistance was associated with a lower number of
seeds per plant and a lower seed dry weight per plant in
non-mycorrhizal plants, although the differences were not
significant. This trend was not observed in plants inoculated
with G. mosseae.

In conclusion, our results support the hypothesis that the
elicitation of foliar plant defence responses may negatively
affect beneficial plant-microbe interactions below-ground, as
a decrease in AM colonization of soybean roots was detected
after the application of the chemical elicitor ASM to the leaves.
The negative effects of the induction of resistance on AM
seemed to be directly linked to the biochemical changes associ-
ated with the defence response and not to a possible shift in the
allocation pathways from growth to defence. Because AM col-
onization plays an important role in plant nutrition and resis-
tance, these effects likely will affect the future capacity of the
plant to survive in the presence of competitors and enemies.
Thus, it appears adaptive from the perspective of the plant to
minimize these effects as far as possible and indeed, the
decrease in AM colonization was only transitory. Because the
ability of AM fungi to modulate the plant defence responses
likely explains the transitory nature of the effect, we speculate
that traits of both the host and its symbiont may be involved in
overcoming the negative effects of above-ground resistance
expression on the below-ground mutualism. Future studies
aiming at an identification of the mechanisms of this co-opera-
tive effort would involve studying the interaction under differ-
ent nutrient conditions and densities of AM colonization
(Vannette & Hunter 2011) and monitoring physiological and
transcriptomic changes in both plant roots and AM fungi dur-
ing the various phases of the interaction.
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