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Abstract In addition to direct defenses, some plant spe-

cies provide extrafloral nectar (EF-nectar) and/or food

bodies (lipid-rich particles) to attract ants for their own

indirect defenses. To ascertain why such plants use indirect

defenses, we investigated the respective costs of direct and

indirect defenses of Mallotus japonicus seedlings grown

with and without ants present. Mallotus japonicus plants

growing with ants present (ant-present) secreted larger

volumes of EF-nectar, containing greater amounts of sug-

ars, as an indirect defense trait. These plants also showed

chemical defensive traits, such as the number of pellucid

dots and the amount of accumulated phenolics, to a lesser

degree than plants without ants (ant-absent) did. Moreover,

the ant-present plants grew faster. The estimated amounts

of EF-nectar sugars and food bodies were small compared

to the amount of phenolics. Plant biomass was correlated

negatively with pellucid dot density and phenolic concen-

tration. Plant height was correlated negatively with phe-

nolic concentration. Moreover, leaf biomass was correlated

negatively with trichome density. Taken together, these

results suggest a tradeoff between the expression of direct

defense traits and plant growth. Mallotus japonicus

achieves more rapid growth with ants present. We propose

that this occurs because these ants provide low-cost indi-

rect defenses allowing plants to re-allocate their energy

from direct defenses to growth instead. This mutual benefit

apparently facilitates ant–plant defensive mutualism.

Keywords Cost � Defense tradeoff � Extra-floral nectar �
Phenolics � Plant–ant mutualism

Introduction

Mutualism, interspecific interaction that enhances the re-

spective fitnesses of the involved organisms, is often based

on an exchange of rewards and services (Doebeli and

Knowlton 1998; Leigh 2010). Defensive mutualism is one

such mutualistic relation (Bronstein and Barbosa 2002;

Leigh 2010). Under defensive mutualism, an organism

provides nutrition or shelter to its partner. In return, it re-

ceives defense against its natural enemies (Koptur 1992;

Stadler and Dixon 2008). For example, in addition to direct

defenses, plants might make use of indirect defenses that

attract bodyguards, such as ants, by providing alternative

food via secreted extrafloral nectar (EF-nectar) and via
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specialized food bodies (FBs). The ants then remove her-

bivores from the plants (Koptur 1992). To ascertain why

those organisms use indirect defenses, assessing the re-

spective costs and benefits of direct and indirect defenses is

useful. Most earlier studies have particularly examined the

costs and benefits of particular indirect defenses (O’Dowd

1979; Barton 1986; Heil et al. 1997; Agrawal 2011).

Generally speaking, the expression of direct defense

measures such as trichomes, leaf toughness, and chemical

substances is costlier (e.g. Vickery and Vickery 1981;

Redman et al. 2001; Strauss et al. 2002; Feng et al. 2009)

than expression of indirect defenses (O’Dowd 1979; Heil

et al. 1997; Rutter and Rausher 2004; Katayama and

Suzuki 2011). Therefore, it is possible that plants which

have efficient indirect defenses stop investing plant re-

sources in direct defenses and instead redirect resources to

growth and reproduction (Redman et al. 2001; Strauss et al.

2002; Feng et al. 2009). In doing so, plants can achieve

higher rates of growth and reproduction (Katayama and

Suzuki 2011).

The relative costs and benefits of various defense traits

must be affected by biotic conditions such as the species

composition of herbivores and mutualistic partners. For

example, EFN-bearing plants invest more in physical and

chemical defenses in areas with lower ant density because

of the low effectiveness of indirect defenses (Koptur 1985;

Rios et al. 2008). In contrast, in regions with higher den-

sities of mutualistic ants, plants invest more in indirect

defenses (Rudgers and Strauss 2004; Rios et al. 2008).

Biotic conditions are often heterogeneous in space and

time. Plants change their intensities of anti-herbivore de-

fenses depending on biotic factors such as the degrees of

herbivory and ant activity (Risch and Rickson 1981; Heil

et al. 1997, 2000, 2009; Dyer et al. 2001; Agrawal 2011;

Bixenmann et al. 2011; Heil 2013). Most myrmecophytes

reduce their production of FBs and EF-nectar when they

are not well defended by their attendant ants (Heil et al.

2000, 2009; Heil 2013). In the attendance of mutualistic

ants, some EFN-bearing plants increase their production of

EF-nectar (Heil et al. 2000, 2009; Bixenmann et al. 2011)

or FBs (Risch and Rickson 1981; Heil et al. 1997) and

decrease their production of chemical defense substances

(Dyer et al. 2001). Under such conditions, plants tend to

prepare for indirect defense by ants rather than direct de-

fense, probably because the former is more effective than

the latter.

This paper presents and evaluates the hypothesis that

defensive mutualism with ants in EFN-bearing plants fa-

vors growth. A shift from direct to indirect defense in the

presence of mutualistic ants must make more energy

available to the plant if the costs of indirect defense are

lower than the costs of direct defense. That energy resource

is expected to be allocated to growth. To test this

hypothesis, we examined Mallotus japonicus (Euphor-

biaceae), a pioneer plant that grows in gaps and disturbed

areas in temperate regions of eastern Asia. Mallotus

japonicus has physical, chemical, and biotic defenses

against herbivores (Yamawo et al. 2012a, b). Trichomes,

which are produced on leaf surfaces, function as a physical

defense for the plants (Yamawo et al. 2012b). Pellucid

dots, which are also present on leaf surfaces, typically

contain toxic metabolic substances or essential oils (Witt-

stock and Gershenzon 2002). The plant bears EFNs on its

leaf edges and FBs on its leaf and stem surfaces as biotic

defenses (Yamawo et al. 2012a). The EFNs and FBs attract

ants, which subsequently remove herbivores from the plant

(Yamawo et al. 2012b).

Materials and Methods

Effects of Ant Presence on Defense Trait Expression

and Plant Growth

Fifty seeds of M. japonicus were collected during May

2011 from five trees (10 from each) growing on Amami

Island (28�370N, 129�490E). On November 15, 2012, a

plastic container (45 9 35 9 15 cm) was filled to 10 cm

depth with wet soil. The collected seeds were sown at 1 cm

depth. This container was kept in a growth chamber

(Biotron; NK System, Osaka, Japan) for 24 h at 35 �C

under a 12L–12D photoperiod because M. japonicus seeds

germinate after experiencing high temperatures (Washitani

and Takenaka 1987). Then the container was kept at 25 �C

under the same photoperiod for 30 days. It was watered on

alternate days.

On December 15, 2012, 30 randomly selected shoots

were transplanted into plastic pots (20 9 20 9 25 cm)

containing 70 % tuff loam and 30 % humus. The pots,

placed in the same conditioned chambers, were cultivated

for 20 days. Water was applied on alternate days. No pest

insect was allowed to invade the chambers.

Thirty pots were then assigned evenly to ant-present and

ant-absent (control) conditions (n = 15 each) on January 4,

2013. At the start of experiment, each shoot had cotyledons

and the first leaf. To assess the possibility of grouping bias

of the plants, we examined the height and defense traits on

the first leaf of each plant, such as quantities of EFNs and

FBs, volume of EF-nectar, and the densities of trichomes

and pellucid dots, on the first day of grouping. The plant

height was measured using a ruler to accuracy of 10-1 cm.

All FBs on the plant were removed using a fine brush. To

measure the nectar volume secreted from EFNs, all leaves

of cultivated plants were washed with distilled water to

remove the accumulated EF-nectar. The leaf surfaces were

wiped softly with towels (Kim-towels; Jujo Kimberly,
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Tokyo, Japan). After 24 h, the FBs produced during one

day were counted on each plant. Then the nectar secreted

within 24 h was collected from all EFNs using a 0.5-ll

microcapillary tube (Drummond Scientific Co., Broomall,

Pennsylvania, USA). The nectar concentration (amount of

sugars) for each plant was measured immediately after

collection using a portable, temperature-compensated re-

fractometer (ATAGO hand refractometer; L. Kubler,

Karlsruhe, Germany). The EFNs on the first leaf were

counted. The densities of trichomes and pellucid dots were

examined as follows. A small center area of the leaf un-

dersurface was selected and photographed using a digital

camera (Cyber-shot T10; Sony Corp., Tokyo, Japan). Then

trichomes and pellucid dots in the 0.79-cm2 photographed

area were counted. The respective densities (cm-2) of these

materials were calculated for each leaf.

As the experimental ant species in the ant-present con-

dition, we used Pheidole noda Smith (Hymenoptera:

Formicidae) workers, which frequently visit M. japonicus

(Yamawo et al. 2012b). Fifteen colonies of P. noda were

collected from Mt. Kinryu (33�330N, 130�310E, alt.

40–250 m), Kanzaki, Saga, during June and August of

2012. After collection, every colony was adjusted to in-

clude 1000 workers, one queen, and 50 broods. Then each

colony of P. noda was confined in a glass test tube

(1.5 9 15 cm long), which was used as an artificial ant

nest. To arrange an ant entrance, a vinyl chloride tube

(6 9 10 cm long) was connected to the opening of each

tube using a cotton mass. Each artificial ant nest was placed

in a plastic container (35 9 15 9 5 cm), the inner surfaces

of which had been covered with talc (Wako Pure Chemical

Industries Ltd., Osaka, Japan) to prevent ants’ escape from

the container.

On January 5, 2013, ant-present plants were prepared as

follows. First, to prevent the ant path from reaching the

ground, Tanglefoot (The Tanglefoot Co., Grand Rapids,

Mich.) was applied to the lower stem of each plant at ap-

proximately 1 cm above the ground surface. Next, one end

of a 20-cm cotton string was tied to the upper stem of the

plant, approximately 1 cm above the Tanglefoot. The other

end was tied to the vinyl chloride tube of an artificial ant

nest, allowing the ants to visit the plant. These ants were

provided no bait during the experiment. For each control

plant, Tanglefoot was applied similarly. Then a 3 cm string

was tied on the upper stem with no connection. Both ant-

present and ant-absent plants were kept for 30 days at

25 �C under a 12L–12D photoperiod. They were watered

on alternate days. During cultivation, the ants on each ant-

present plant were counted five times at one-week intervals

from the second day of setting, between 9:00 and 12:00.

After cultivation, on February 4, 2013, the string tied to

each plant was loosened. All ants were removed from the

plant. Then the leaves were counted. To ascertain the

expression of defense traits on the plant, the fully expanded

fifth leaf of each plant, each with more than six leaves, was

selected because defense traits were best expressed on the

fifth leaf (Yamawo et al. 2012b). All FBs on the plant were

removed using a fine brush. All leaves were washed with

distilled water and were wiped softly with Kim-towels. The

productivity of EF-nectar and FBs in M. japonicus was

examined for these ant-free plants. After 24 h, the FBs

produced during one day on the fifth leaf were collected.

The EF-nectar secreted within 24 h was collected from

EFNs after counting. The total amount of sugars in EF-

nectar was then measured. The collected FBs were counted

and dried at 80 �C for 3 days. The dried FBs were weighed

as a mass to a precision of 10-3 mg using an electronic

balance (MC5; Sartorius, Goettingen, Germany).

Thereafter, all plants were collected and sandwiched for

14 days in moisture-absorbing paper. They were then di-

vided into leaves and other parts. These two parts of each

plant were weighed separately to the nearest 10-4 g using

an electronic balance (BP211D; Sartorius, Goettingen,

Germany). The stem length of each plant was measured

using a ruler to an accuracy of 10-1 cm. It was recorded as

the plant height. The densities of trichomes and pellucid

dots on the fifth leaf were examined as follows. Two small

areas near both sides of the midrib on the leaf under surface

were selected. The areas were located approximately on the

one-fifth line of the leaf length. The trichomes and pellucid

dots in each of the 23.7 mm2 selected areas were counted

under a microscope (409). Then the densities (cm-2) of

these traits were calculated.

Finally, the foliar phenolic contents of the plant were

measured because foliar phenolics function as a defense

against many herbivorous arthropods (Feeny 1970; Dudt

and Shure 1994). The dried fifth leaf of each plant was

powdered using a mill. Total phenolics in a 20-mg leaf

powder sample were extracted using 50 % methanol

(10 ml) for 1 h in a 40 �C ultrasonic bath. Then the phe-

nolic concentration (mg/g) was measured using Folin–

Ciocalteu method (Julkunen-Tiitto 1985).

Statistical Analyses

The plant heights, amounts of FBs, volumes of EF-nectar,

pellucid dot densities, concentrations of nectar and phe-

nols, and dry weights of leaves and whole plants were

compared between the groups using a generalized linear

model (GLM) with a Gaussian distribution and an identity

link. The numbers of leaves, quantities of EFNs, and

quantities of FBs were compared using a GLM with a

Poisson distribution after log-link transformation. The ant

condition, either presence or absence, was used as a fixed

factor. The false discovery rate control was applied for

multiple tests following GLM. The relations between
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growth characteristics and several leaf characteristics (i.e.,

trichome density, pellucid dot density, phenolic concen-

tration, amount of sugars, and amount of FBs) were ex-

amined using a multivariate GLM with a Gaussian

distribution and identity link after confirming correlation

among all leaf characteristics (Table S1). Numbers of ants

at five counts were analyzed using GLM with a Gaussian

distribution. Thereafter, multiple comparisons were per-

formed using Tukey–HSD tests. Statistical analyses were

conducted using software (R ver. 2.15.1; R Development

Core Team 2012).

Results

No grouping bias was detected between ant-present and

ant-absent (control) plants (n = 15 each) for any leaf

characteristic examined at the start of the experiment:

number of EFNs, v2 = 0.34, P = 0.73; number of FBs,

v2 = 0.51, P = 0.73; volume of EF-nectar, F = 0.67,

P = 0.73; amount of sugars, F = 0.32, P = 0.73; trichome

density, F = 0.56, P = 0.73; and pellucid dot density,

F = 2.22, P = 0.73. Plant heights were not different be-

tween the groups (control: 3.1 ± 0.2 cm (mean ± SD);

ant-present: 3.1 ± 0.4 cm, F = 0.12, P = 0.73).

During 30-day cultivation, no ants were observed on

control plants. The plants under the ant-present condition

were commonly visited by ant workers. The mean ± SD

numbers of ant workers observed at the five counts were

0.4 ± 0.5, 1.3 ± 0.8, 2.7 ± 2.1, 4.3 ± 2.5, and

12.4 ± 11.9 (n = 15 each), which underscored the in-

creasing tendency. The ants of the last count were sig-

nificantly more numerous than those of other counts

(Tukey–HSD, P \ 0.001).

After 30-day cultivation, the plant height and biomass of

ant-present plants were significantly higher and greater,

respectively, than those of control plants (P \ 0.01 for

both; Table 1). The numbers of leaves were not different

between the groups. The trichome density did not differ

significantly between control and ant-present plants.

However, other direct traits such as the pellucid dot density

and phenolic concentration in the leaves of control plants

were significantly higher than those of ant-present plants

(Table 1). By contrast, the volumes of EF-nectar and

amounts of sugars in ant-present plants were significantly

larger than those in control plants (P \ 0.05). The num-

bers, or amounts, of FBs on ant-present plants were ap-

proximately three times greater than those on control

plants, although not significantly greater (Table 1).

The trichome density was correlated significantly and

negatively with leaf biomass (P \ 0.05; Table 2). The

phenolic concentration was significantly and negatively

correlated with plant height, leaf biomass, and whole

biomass (P \ 0.05 for all). The pellucid dot density was

correlated negatively with the leaf biomass and with the

whole-plant biomass (P \ 0.05 for both). Amounts of

sugars were positively correlated with the leaf biomass

(P \ 0.05), but no significant correlation was found be-

tween the FB amount and growth characteristics (Table 2).

Discussion

Ant presence in the EFN-bearing plant M. japonicus pro-

motes increased expression of indirect defense traits and

decreased expression of direct ones. These indirect de-

fenses are probably less costly than direct defenses, leaving

resources that the plants can redirect to growth. These re-

sults support our hypothesis that defensive mutualism with

ants in EFN-bearing plants favors growth: a readily ap-

parent benefit of indirect defense by ants.

Growth characteristics of M. japonicus were correlated

negatively with the expression of direct defense traits such

as the densities of both trichomes and pellucid dots and leaf

phenolic concentration (Table 2). Such a relation is often

called a tradeoff, suggesting that the expression of direct

defense traits is costly. Many earlier works have demon-

strated that the expression of trichomes and chemical

substances impedes plant growth and reproduction (e.g.

Redman et al. 2001; Strauss et al. 2002), although the

expression of indirect defense traits such as EFNs and EF-

nectar has little effect (Rutter and Rausher 2004). Rutter

and Rausher (2004) reported that EF-nectar production in

Chamaecrista fasciculata did not reduce plant growth or

seed production. In addition, ant attendance for C. fasci-

culata showed no influence on plant growth (Barton 1986).

These results suggest that the costs for displaying indirect

defense traits are lower than those for displaying direct

defense traits.

In Thea (=Camellia) sinensis, the cost of secondary-

compound production accounted for 30 % of leaf dry-

weight (Vickery and Vickery 1981). In myrmecophytic

Macaranga tanarius (Euphorbiaceae), the phenolic content

was about 20 % of the leaf biomass (Lim et al. 2009). In

contrast, the cost of EFN-production was as low as ap-

proximately 1 % of the total energy invested in leaves in

Ochroma pyramidale (O’Dowd 1979). In M. triloba, the

production cost of FBs was about 5 % of the above-ground

biomass production in unbranched saplings (Heil et al.

1997). In M. japonicus, the production costs of indirect

defense traits proved to be lower than those of direct de-

fense traits (Table 1). Our results are therefore consistent

with the results of several earlier studies.

Differences in costs between those of indirect defenses

and those of direct, or physical/chemical, defenses must

reflect the differences in materials used to produce the
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respective defense traits. Actually, trichomes consist

fundamentally of cellulose (Betancur et al. 2010). Pellucid

dots typically contain toxic metabolic substances or

essential oils (Wittstock and Gershenzon 2002; Schilmil-

ler et al. 2008; Sirikantaramas et al. 2008). Although the

pellucid dot contents in M. japonicus have not been

identified, the pellucid dots of an allied species, M. ta-

narius, secrete the prenylated flavanone nymphaeol-C

(Guhling et al. 2005). Food bodies (FBs) of facultative

Macaranga species contain higher amounts of carbohy-

drates in the form of common soluble sugars compared to

lipids and proteins (Heil et al. 1998). The FBs of M.

japonicus probably include these substances. EF-nectar

contains primary sugars (Heil et al. 2001; Katayama and

Suzuki 2011). Synthesis costs of cellulose and the

prenylated flavanone nymphaeol-C are regarded as higher

than those of carbohydrates or primary sugars (Scott

2008).

Our results demonstrate that ant-present M. japonicus

plants express more indirect defense traits and fewer direct

defense traits than ant-absent plants do. The phenolic

concentration in ant-present plants is approximately

15 mg/g lower than that of ant-absent plants, representing a

substantial difference. The expressions of indirect defense

traits such as EF-nectar and FBs are higher in ant-present

plants, but the costs of indirect defenses are evidently low

compared with the costs of direct defense (Table 1).

Therefore, ant-present plants invest less in defenses than

ant-absent plants do.

Mallotus japonicus plants in ant-present conditions are

regarded as allocating the saved energy to growth. Ant-

attendant M. japonicus shoots grew higher. Their biomass

became greater than that of the ant-absent shoots. In other

words, M. japonicus can achieve rapid growth by entrust-

ing their defense mainly to indirect defense by ants.

Millán-Cañongo et al. (2014) reported that plant growth

Table 1 Growth and leaf-

characteristics of Mallotus

japonicus growing under ant-

present and ant-absent

conditions (n = 15 each)

1 Fully expanded fifth leaves

were examined
2 P-values were corrected using

the false discovery rate (FDR)
3 v2-value

Condition F-value P-value2

Ant-present Ant-absent

Growth characteristic

No. leaves 7.5 ± 1.1 7.4 ± 1.2 0.12 0.7476

Plant height (cm) 8.1 ± 0.4 7.2 ± 0.5 29.14 0.0013

Leaf biomass (g) 0.31 ± 0.06 0.24 ± 0.06 16.12 0.0029

Stem and root biomass (g) 0.22 ± 0.05 0.16 ± 0.04 14.33 0.0029

Whole biomass (g) 0.53 ± 0.09 0.40 ± 0.09 18.32 0.0013

Leaf characteristic (Resistance traits)1

Trichome density (cm2) 6.83 ± 4.0 8.7 ± 4.9 1.35 0.2762

Pellucid dot density (cm2) 74.1 ± 29.3 108.8 ± 33.5 9.08 0.0130

Phenolic concentration (mg/g) 110.5 ± 22.0 127.8 ± 16.3 5.98 0.0341

No. EFNs 2.3 ± 0.6 2.0 ± 0.4 0.253 0.1808

Volume of EF-nectar (ll) 0.029 ± 0.026 0.009 ± 0.014 6.56 0.0297

Amount of sugars (lg) 17.9 ± 23.2 1.9 ± 4.2 6.89 0.0297

No. FBs 9.0 ± 12.1 3.1 ± 3.1 2.763 0.1521

Amount of FBs (mg) 0.08 ± 0.11 0.02 ± 0.03 2.62 0.1521

Table 2 Relations between growth characteristics and leaf characteristics of Mallotus japonicus growing under ant-present and ant-absent

conditions

Leaf characteristic Growth characteristic

Plant height Leaf biomass Whole biomass

df F P Estimate df F P Estimate df F P Estimate

Trichome density 1 0.812 0.376 -0.004 1 6.536 0.017 -0.003 1 3.302 0.081 -0.001

Pellucid dot density 1 3.884 0.060 -0.002 1 8.381 0.008 -0.001 1 9.138 0.006 -0.001

Phenolic concentration 1 7.785 0.010 -0.014 1 7.792 0.010 -0.001 1 7.218 0.013 -0.002

Amount of sugars 1 2.009 0.169 0.006 1 6.630 0.017 0.001 1 4.685 0.065 0.002

Amount of FBs 1 0.221 0.643 0.683 1 0.473 0.498 0.096 1 0.064 0.802 -0.062

Evol Biol (2015) 42:191–198 195

123



and EF-nectar secretion depend on sugar flux in the

phloem. Ant attendance is apparently beneficial to M.

japonicus. In several EFN-bearing plant species, ant at-

tendance promotes the induction of EF-nectar (Heil et al.

2000, 2009; Bixenmann et al. 2011) or the reduction of the

chemical defense level (Dyer et al. 2001). Such a phe-

nomenon by which resources are conserved in ant-atten-

dant conditions through the principal use of indirect

defense might be common in EFN-bearing plants. Re-

cently, several reports have described that some plants can

receive nutrient benefits from ants (e.g. Wagner and

Nicklen 2010; Chanam et al. 2014). However, our ex-

perimental design eliminated that possibility because the

ants were given no bait and were isolated completely from

outside influences during the experiment.

How do plants sense the presence of ants? Reportedly,

in M. tanarius (Heil et al. 2000) and in Acacia spp. (Heil

et al. 2009; Heil 2013), the plants can alter EF-nectar

volume in response to nectar removal. Mallotus japonicus

plants might detect the presence of ants through the re-

moval of EF-nectar. In addition, plants can recognize the

visitation of ants directly through tactile and/or chemical

stimuli (Braam 2005; Hilker and Meiners 2010). Ants have

adhesive pads on their legs and leave chemical footprints

on a substrate (Hölldoble and Palmer 1989; Federle et al.

2002). It is probable that ant-derived chemicals inform a

plant about the presence of ants. Further studies must be

conducted to reveal plants’ ant-recognition mechanisms.

In obligate ant–plant mutualism, plants bear a few

specific ant species. EF-nectar secretion is induced only by

mutualistic ant species (Heil et al. 2009; Heil 2013). In

facultative ant–plant mutualism, not a few ant species are

attracted by EF-nectar, exhibiting a loose relation. Young

M. japonicus plants in the field are visited by many ant

species (Yamawo et al. 2012b, 2014), among which the

workers of P. noda are most frequently observed as being

effective at excluding herbivores (A.Y. unpublished).

Some ant species seem to be less effective. The difference

of ant species on the plants might affect the switching of

defense tactics of M. japonicus. However, this effect is not

probable because our results were obtained under herbi-

vore-free conditions and because the ant–M. japonicus

system is loose. If herbivores are present, then differences

of ant species, expecially in terms of whether they are

effective for herbivore exclusion or not, might affect the

results. This point remains to be investigated in future

studies.

The modification of defense tactics in M. japonicus must

be promoted by plant hormones such as jasmonic acid (JA).

The induction of EF-nectar production often depends on JA

(Heil et al. 2001, 2004), which is increased by herbivory

(Heil et al. 2001), tactile stimuli (Chehab et al. 2012), and

chemical stimuli (review in Heil and Karban 2009).

Therefore, ant tactile stimuli might increase the amount of

JA in M. japonicus. Although a large amount of JA gen-

erally inhibits plant growth (review in Wasternack 2007;

Radhika et al. 2010; Izaguirre et al. 2013), several studies

have demonstrated that a small amount of JA facilitates

growth (Martı́n-Closas et al. 2003; Toro et al. 2003). For

instance, Toro et al. (2003) reported positive effects of

jasmonates on cabbage growth (Brassica oleracea L. var

Capitata L.). It is probable that tactile and/or chemical

stimuli by ants facilitate the growth of M. japonicus plants

through the action of JA.

Mutualism has evolved, facilitated by the competitive

processes of natural selection (Darwin 1862; Palmer et al.

2008; Degnan et al. 2009). Actually, EFNs and FBs are

more common in pioneer plant species, but their expression

of these indirect defense traits is reportedly influenced by

light availability (Bentley 1977; O’Dowd 1982; Schupp

and Feener 1991; Koptur 1992). Pioneer plants such as M.

japonicus, which are under severe light competition and

herbivory pressures, are expected to benefit most from

rapid growth, which can be achieved by investing less in

defense traits because the large investment in direct de-

fense traits reduces plant growth. Therefore, plants must

balance rapid growth against effective defense in a tradeoff

relation. The adoption of indirect defenses by ants con-

tributes not only to the reduction of herbivory but also to

the increase of resource allocation to growth. This dual

benefit can be regarded as facilitating ant–plant defensive

mutualism.
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