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Abstract

We evaluated directly the role of extrafloral nectary (EFN) for ant attraction and
herbivore exclusion by experimental removal of EFN in laboratory. When EFN of
Vicia faba Linnaeus (Leguminosae) was artificially removed, the number of workers of
Tetramorium caespitum Linnaeus (Hymenoptera: Formicidae) visiting a plant decreased
and the efficiency of herbivore exclusion by ants was also decreased. The herbivore
exclusion by ants was mostly ineffective on a plant when less than four workers visited
a plant, but when more than four workers visited a plant the residence time of a
herbivore on a plant rapidly decreased with increasing numbers of ants on a plant.
Thus, the efficiency of herbivore exclusion from plant is determined by the number of

ants visiting a plant, and EFN plays an important role for ant attraction.
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INTRODUCTION
Plants have evolved various anti-herbivore strategies (Howe & Westley 1988). These
are mainly categorized as physical, chemical, and biological defenses. In the realm of
biological defense, some plant species depend on natural enemies of herbivores, such as
parasitoids (Turlings & Fritzsche 1999) and ants (e.g. Koptur 1992). Because ants
generally remove a great variety of insect species from plants (Risch & Carroll 1982;
Beattie 1985), many plant species attract ants by the extrafloral nectary (EFN), the food
body and so on for their biological defense.

It is known that plants with EFN occur at least in 93 families (Kopt’ur 1992).
EFN is commonly found on leaves, stems, petioles, stipules, and so on, and their
structures are greatly diverse (Bentley 1977; Koptur 1992). However, ﬂle adaptive
significance of EFN has been controversial for decades (Bentley 1977; Beattie 1985;
Koptur 1992) because assoéiations bétween ants and plants with EFN are not specific,
and are not shaped by tight coevolutionary interactions between them, especially in
temperate regions. The costs and benefits of EFN for plants are affected by several
factors such as the intensity of herbivore pressure (Inouye & Taylor 1979; Barton 1986;
de la Fuente & Marquis 1999), environmental conditions (Kelly 1986), the composition
of the local ant fauna (Horvitz & Schemske 1990), the abundance of ants (Bentley 1976;
Inouye & Taylor 1979; Koptur 1985; Barton 1986), and the presence of other
carbohydrate resources for ants (Buckley 1983; Horvitz & Shemske 1984).

Furthermore, it has also been clarified experimentally that the amount and/or contents of




extrafloral nectar are variable according to different degrees of plant damage by
herbivory and/or artificial injury (Stephenson 1982; Smith et al. 1990; Agrawal &
Rutter 1998; Heil et al. 2000, 2001; Ness 2003).  Changes in the amounts and contents
of extrafloral nectar influence the ant’s activities on the plants (Bentley 1977,
Stephenson 1982; Swifl et al. 1994; Agrawal '& Rutter 1998; Heil ef al. 2001; Ness
2003).

In many studies, it has been reported that plants with EFN suffer high
herbivory when ants were excluded from the plants experimentally (Stephenson 1982;
Barton 1986; Koptur ef al. 1998; Del-Claro et al. 1996; de la Fuente & Marquis 1999).
Furthermore, it is likely that the efficiency of herbivore exclusion will depend on the
number of ants visiting a plant. For example, it has been reported that plants which
were visited by more ants suffer less seed damage and showed more fruit production
(Inouye & Taylor 1979; Oliveira et al. 1999). Therefore, in order to understand the
significance of EFN, we must measure EFN’s attractiveness to ants and the
effectiveness of herbivore exclusion in relation to the number of ants visiting a plant.

In many studies seeking to clarify the benefits of EFN, ants were removed by
adhesives such as a Tanglefoot. However, the efficiency of herbivore exclusion cannot
be accurately evaluated by adhesives, because adhesives are likely to exclude other
insects including herbivores. Thus in order to more accurately evaluate the benefits
derived from EFN, we should artificially remove EEN from a plant and directly
measure the efficiency of herbivore exclusion following by attractiveness of ants by

EFN.



In this study, we examined ants’ attraction to the EFN of Vicia faba Linanaeus
(Leguminosae) and the efficiency of herbivore exclusion by an ant, Tetramorium
caespitum Linnaeus (Hymenoptera: Formicidae), in laboratory experiments. We then
- addressed following questions: (1) How does EFN removal influence the number of
ants visiting a plant, and (2) how does the efficiency of herbivore exclusion change in

relation to the number of ants visiting a plant?

MATERIALS AND METHODS

Organisms

Vicia faba is an annual legume herb having EFN on each stipule. The plant grows
vegetatively in late winter to early spring and begins to bear flowers in early spring, and
produces pods and seeds in April to May in western Japan. In spring, it is often
observed that workers of 7. caespitum visit V. faba to collect extrafloral nectar.

Workers of 7. caespitum are small omnivorous ants approximately 2 mm in
body length. They forage mainly on insect carcasses, but also prefer sugars such as the
extrafloral nectar of plants and the honeydew of homopteran insects. When a 7.
caespitum worker’ finds a preferable food resource, she recruits many colony members
to that resource.

In July 2000, colonies of T. caespitum were collected at Kobe, western Japan
(34°41°N, 135°11’E), and were colonized in ten glass test tubes (12 mm in diameter and
120 mm length), each of which contained 300 workers. The bottom of each tube was

packed with wet cotton wool about 30 mm deep in order to maintain a suitable humidity



level. The tube was covered with aluminum foil to maintain darkness as an ant nest.
To form an entrance, each tube was connected to a vinyl chloride tube 6 mm in inner
diameter and 100 mm long. The colonies were fed 10% sucrose solution, delivered via
a test tube (12 mm in diameter, 120 mm long) plugged with cotton wool.

First instar larvae of the silkworm, Bombyx mori Linnaeus (Lepidoptera:
Bombycidae), were used as a model organism for herbivores. B. mori was regarded as
equivalent of V. faba’s herbivores such as lepidopterén larvae. Eggs of the silkworm
stocked at 5°C were soaked in HCI at 48°C for seven min and after washing, put on wet
cotton in petri dishes at 25°C under a photoperiod of LD 24:0. Hatchlings were

supplied to the experiments.

Experiments
The expefiments were carried out at 25°C under a photoperiod of 24L0D in a laboratory.
Twenty seedlings of V. faba each about 200 mm in height, containing eight to ten EFN,
were transplanted individually into water-filled plastic pots, 100 mm in diameter and 45
mm high, FEach plasﬁc pot was covered with a petri dish lid with a 15 mm hole in the
center to allow penetration by the plant’s stem. We removed all EFN from ten plants
by cutting each stipule. The plant was kept under a fluorescent lamp (100W) (Toshiba,
EFD23EN, Tokyo, Japan) hanging about 200 mm above the plant.

Once in a nest, the ants were starved for four days prior to the experiments in
order to increase the sensitivity of their reactions to extrafloral nectar. The entrance of

the ant nest was then set on 20 pots of both ten plants with EFN and ten plants without




EFN, giving the ants a chance to visit the plant freely. At that time, one first instar
larva of silkworm was released on the plants. We then recorded the residence time of
the silkworm larva on the plant until it was excluded from the plant. If the larva
remained on the plant for more than 100 min, we finished the observation.
Simultaneously the number of ants on the plant was counted at 10 min intervals for 100

min and the average numbers of ants were used for analysis.

RESULTS

Significantly smaller number of ants visited the plants without EFN than those with
EFN (the average number of visiting ants; plants with EFN: » =10, mean £ SE = 10.6 £
1.4, plapts without EFN: n =10, 4.8 &+ 1.2; Mann Whitney U—tc;st, z=-2.54, P=0.011;
Fig. 1).

On a plant with EFN, 42% of aﬁts visiting a plant utilized EFN of the plant (the
average number of ants utilizing EFN: » =10, mean + SE =4.4 +2.2). The presence
of EFN affected ants’ exclusion of silkworm from a plant.  Silkworm larvae were
removed by ants on ten plants with EFN (10 / 10, 100%) within 100 min, whereas they
were removed on four of ten plants without EFN (40%) (Fisher’s exact probability test,
P=0.0108).

In the trials that silkworm larvae were removed by ants on plants, the residence
time of a silkworm larva on a plant did not significantly differ between plants with EFN
and without EFN (the average residence time of a silkworm larva; plants with EFN :‘ n=

10, mean £ SE = 25.4 £ 6.6 min; plants without EFN: n =4, 33.3 + 16.6 min; Mann



Whitney U-‘?est, z=-0.28, P=0.78). Among eight trials in which the average number
of workers visited a plant was less than four, a silkworm larva was not excluded from a
plant in six trials and resided on a plant for more than 60 min in two trials. On the
other hand, in all of the trials (12 trials) in which the average number of workers visiting
a plant was more than four, a silkworm larya was excluded within 100 min from the
plant either with or without EFN. When the larvae were removed by ants on plants
within 100 min, a negative correlation was found between the number of ants on a plant
and the residence time of a silkworm larva on a plant (the power regression: n =14, Y=
136.64 X093 p=0.031, multiple correlation coefficient: R = 0.794, Fig. 2). The
residence time of a silkworm larva on a plant rapidly decreased with increase of ant

number on a plant.

DISCUSSION

Ant attractiveness and efﬁciency of herbivore exclusion by EFN

In this study, we evaluated directly the role of EFN for ant attraction and herbivore
exclusion by experimental removal of EFN. The number of ants visiting a plant
decreased and the efficiency of silkworm larva exclusion by ants was also decreased
when EFN was artificially removed from V. faba. Therefore, we considered that the
efficiency of herbivore exclusion from a plant is determined by the number of ants
visiting a plant. Thus, EFN attracted ants and they excluded herbivores from the plant
as reported in Koptur (1979) and Apple and Feener (2001).

On a plant with EFN, 42 % of ants visiting a plant utilized EFN of the plant.




Katayama and Suzuki (2003a) also reported that about half of ants visiting a plant
utilized EFN in a similar experiment to that in this study. Thus, we expect that EFN
plays an important role for ant attraction.

It has been reported that plants injured by herbivores attracts predators and/or
parasitoids of the herbivores by emitting herbivore-induced plant volatiles (Takabayashi
& Dicke 1996; Dicke et al. 2003). However, the attraction of ants by
herbivore-induced plant volatiles has not been reported. Therefore, even if the
removal of stipules triggered to emit herbivore-induced plant volatiles, it may be
considered that the ant attraction by EFN may be hardly influenced by the removal of
stipules.

The herbivore exclusion by ants was mostly ineffective on a plant with less
than four workers.  Other studies have also reported that herbivores were excluded
frpm a plant when many ants visited a plant (Oliveira ef al. 1999; Apple & Feener 2001,
Giusto et al. 2001; Heil et al. 2001), because the efficiency of exclusion by ants is likely
to depend on the encounter rate with ants (Katayama & Suzuki 2003b).

Furthermore, the aggressiveness of ants may be one of important factors
influencing on the efficiency of herbivore exclusion. It has been reported that workers
with many nest mates become more aggressive to intruders than workers with Aa few
nest mates (Sakata & Katayama 2001). We observed that workers of T. caespitum
became more aggressive to herbivores with increased number of ants on a plant (N.
Katayama & N. Suzuki, unpublished data, 2003). Therefore, not only high encounter

rate between ants and herbivores but also high ant aggressiveness to herbivores by




increasing the number of ants visiting a plant may result in high efficiency of herbivore
exclusion by ants.

Vicia faba is frequently parasitized by several aphid species, such as Aphis
craccivora Koch, Acyrthosiphon pisum Harris and Megoura crassicauda Mordvilko
(Homoptera: Aphididae) (Katayama & Suzuki 2003a). Among these aphid species, 4.
craccivora is tended by ants (Sakata & Hashimoto 2000; Katayama & Suzuki 2002,
2003a). Therefore, if V. faba is parasitized by 4. craccivora, the ant attraction by EFN
decreased with increased number of aphids on a plants (Sakata & Hashimoto 2000;
Katayama & Suzuki 2003a). However, high attractiveness by honeydew of aphids

facilitates the efficiency of herbivore exclusion by ants (Suzuki et al. 2004).

Facultative mutualism between ants and plants with EFN

As well as T. caespitum, many ant species are ferocious hunters and utilize a great
variety of insect species including herbivores on plants as preys (Beattie 1985). Plants
have exploited this foraging behavior 0f ants by intensifying the association to ants.
Ant defense for plants has some particular advantages relative to other defensive
strategies. Chemical defense (especially qualitative chemical defénse) is effective on
relatively wide range of herbivore groups (generalists), but often ineffective on some
herbivore group (specialists). Ants, on the other hand, attacks regardless of the
chemical susceptibilities of herbivores (Beattie 1985). Therefore, ant defense is

effective not only on generalist herbivores but also on specialist herbivores (Keeler

1989).



However, ants are not consistently reliable (Howe & Westly 1988) and plants
with EFN are not necessarily distributed within the foraging areas of ants. In a field
census of insects on V. faba plants, we observed that ants visited only 39% of 186 plants
inves‘?igated (N. Katayama & N. Suzuki, unpublished data, 2000). Therefore, it would
be expected that the defensive strategy depending on ants has low level of certainty and
consistency in herbivore exclusion, compared with other defensive strategies. This
uncertainty may result in ambiguity regarding the efficiency of herbivore exclusion by
ants on plants with EFN in the temperate regions, causing controversy concerning the
adaptive significance of EFN. Furthermore, it is often difficult to evaluate the ant
defense for plants because the relationéhips between ants and plants with EFN are
affected by many factors (e.g. Kelly 1986), and therefore, they are unstable under field
conditions. However, we showed that EFN functions certainly as a biological defense
strategy and its efficiency is influenced by the number of ants attracted to EFN. In the
field, many ant species forage at various places and many plant species with EFN can
certainly attract them in universal areas.

In this study, we evaluated the effect of EFN on herbivore exclusion by ants in
the simplest experimental unit (i.e. one plant, one ant colony and one herbivore) in
laboratory in order to remove the unexpected factors affecting the relationships. In the
future, it is necessary to analyze the interactions among ants, herbivores and other
organisms on plants with and without EFN under a field condition, and we must

evaluate what factors influence the relationships between ants and plants with EFN.
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Legends for Figures

Figure 1 Number of ants visiting a Vicia faba plant with EFN and that in which EFN

were artificially removed. The bars show SE,

Figure 2 Relationship between the number of ants visiting a Vicia faba plant and the
residence time of a silkworm larva on the plant (the power regression: n =14, ¥ =
136.64X %2, P=0.031). Solid triangles and open squares indicate the larvae

excluded from the plants with and without EFN, respectively. Bars show SD.
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