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Abstract

Spider mites become easy prey for ants when they leave their protective webs; therefore,
the ability to avoid traces of ongoing ant activity should confer a selective advantage to
mites. We examined avoidance of ant traces by the spider mites Tetranychus kanzawai
and Tetranychus urticae. Both mite species avoided host plant leaves with active traces of
Pristomyrmex punctatus or Formica japonica ants. Pristomyrmex punctatus trace avoid-
ance by T. kanzawai lasted for more than 1 h, but not more than 3 h. Tetranychus kan-
zawai also avoided P. punctatus traces on plant stems, along which the mites access leaves.
Moreover, T. kanzawai avoided hexane extracts of P. punctatus or F. japonica applied to
a filter paper pathway. This study represents the first demonstration of a repellent effect
of ant chemical traces on spider mites. Considering the substantial abundance and global
distribution of ants in nature, such repellent effects may help to answer the long-standing
question of why only a small fraction of available plant resources is used by herbivores.
Although spider mites have developed resistance against many synthetic pesticides, natu-
ral compounds that simulate ant chemical traces may repel spider mites from agricultural
Crops.

Keywords Ant traces - Spider mites - Tetranychus kanzawai - Tetranychus urticae -
Pristomyrmex punctatus - Formica japonica

Introduction

Because successful predation involves several stages—detection, identification, approach, sub-
jugation, and consumption (Endler 1986)—the most effective antipredator defenses are those
that stop predation at the earliest stages (Edmunds and Brunner 1999). Thus, some prey ani-
mals have likely developed means to detect chemical cues of predators to reduce encounters
with the predators (Petranka et al. 1987; Kiesecker et al. 1996; Grostal and Dicke 1999).
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Ants are generalist predators that use various semiochemicals to communicate with nest-
mates and conspecific foreigners (Attygalle and Morgan 1985; Holldobler and Wilson 1990).
Such chemicals within ongoing active ant territories are also detectable by their potential prey.
Therefore, prey species with the ability to avoid ant chemical traces, which signal ongoing
ant activity, will experience a selective advantage by reducing encounters with ants. Indeed,
herbivorous beetles avoid feeding on food leaves with anal spots left by ants (Offenberg et al.
2004), and fruit flies avoid ovipositing on ant-exposed fruits (Van Mele et al. 2009). Even
other predatory insects avoid ant cues. For example, ladybird beetles avoid semiochemicals
left by the ants in prey (aphid) patches (Oliver et al. 2008). The beetles depredate aphids but
are frequently attacked by ants tending the aphids (Oliver et al. 2008).

Spider mites in the genus Tetranychus feed on hundreds of wild and cultivated plant spe-
cies across many plant families and are globally considered major agricultural pests (Jeppson
et al. 1975; Helle and Sabelis 1985; Johnson and Lyon 1988). These mites construct three-
dimensional protective webs on leaf surfaces and usually live underneath them (Saito 1983).
Although mites within webs are seldom preyed upon by ants (Otsuki and Yano 2014a, b),
mated female mites disperse from their webs in response to resource deterioration (Branden-
burg and Kennedy 1982; Kennedy and Smitley 1985) and predator intrusion (Bernstein 1984;
Grostal and Dicke 1999; Oku et al. 2004). Dispersed females settle on new hosts, and their off-
spring feed and grow under protective webs constructed by the females (Saito 1983). There-
fore, host plant use by spider mites is practically determined by the dispersing females (Yano
et al. 1998; Oku and Yano 2006). Because the mites (<0.5 mm) are much smaller and have
much less mobility compared to ants, dispersing female mites outside of the webs may exhibit
low probabilities of survival when targeted by ants. Therefore, any trait that reduces encoun-
ters between female spider mites and ants should confer a selective advantage to the mites.
Both T. urticae (Grostal and Dicke 1999; Skaloudova et al. 2007) and Tetranychus kanzawai
(Bowler et al. 2013) exhibit the ability to detect chemical cues left by predatory mites; how-
ever, no studies have examined their abilities to detect chemical cues left by ants.

In the present study, we explored whether mated females (i.e., the dispersing stage) of T.
urticae and T. kanzawai (<0.5 mm) avoid traces of the co-occurring ants, Pristomyrmex punc-
tatus (ca. 2.5 mm) and Formica japonica (ca. 5 mm). Pristomyrmex punctatus often co-occurs
with T kanzawai on wild plants such as bush killer, Cayratia japonica (Vitaceae), and has
been reported to depredate T. urticae and T. kanzawai under laboratory conditions (Otsuki and
Yano 2014a, b; Adachi and Yano 2017). Formica japonica is among the most abundant ant
species in western Japan, but it does not prey upon mites presumably because mites are much
smaller (S Yano unpubl.). We further examined trace avoidance characteristics using P. punc-
tatus and T. kanzawai, which exhibit natural predator—prey interactions in the wild. In particu-
lar, chemical attributes of trace avoidance are discussed in the context of non-consumptive
biocontrol of spider mites in both natural and agricultural ecosystems.

Materials and methods

Arthropods

In 2018, we collected > 50 adult females of T. kanzawai from trifoliate orange trees (Pon-
cirus trifoliata) in Kyoto, Japan. Because T. urticae does not occur on wild plants in
Kyoto, > 100 adult females of T. urticae were collected from chrysanthemum plants (Chry-
santhemum morifolium, Asteraceae) in 1998 in Nara, Japan. These populations were reared
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on kidney bean (Phaseolus vulgaris, Fabaceae) leaf discs formed by pressing expanded
primary leaves onto water-saturated cotton in plastic Petri dishes (90 mm diameter, 14 mm
high). Phaseolus vulgaris is among the most suitable host plants for 7. kanzawai (Yano
et al. 2003) and T. urticae (Yano et al. 1998). The water-saturated cotton served as a bar-
rier to prevent mites from escaping. The leaf discs were placed in ventilated transparent
plastic containers (22x30X6 cm) maintained at 25 °C using automatically controlled
air conditioners and 60% RH using automatically controlled dehumidifiers. A 16 h light
(07:00-23:00):8 h dark photoperiod was maintained using timer-controlled fluorescent
lamps. All the following laboratory experiments were conducted under these conditions.
Each study population of spider mites was consistently maintained at> 1000 individuals.
We maintained the mites for> 10 (7. kanzawai) and > 500 (T. urticae) generations prior to
the experiment.

We collected > 100 P. punctatus and F. japonica worker ants in Kyoto, Japan. The ants
were reared in separate microcosms, each containing an artificial ant nest placed in a trans-
parent plastic container (22xX30X6 cm). A plastic Petri dish (85 mm diameter, 11 mm
high) with a wet 6 mm plaster layer on the bottom and a cover painted with red pigment
was used as an artificial ant nest (Fig. 1a). The ants were fed water and honey twice per
week and freshly killed insects weekly as protein sources following an established protocol
(Otsuki and Yano 2014a). Examples of insect prey include diamondback moth larvae (Plu-
tella xylostella), termite workers (Reticulitermes speratus), adult vinegar flies (Drosophila
melanogaster), and adult mosquitoes (Aedes albopictus). The ants were maintained under
laboratory conditions described above for>1 month before the experiment. During this
period, the number of P. punctatus individuals increased to> 130 through worker repro-
duction, whereas that of F. japonica individuals decreased slightly from 100 due to a lack
of recruitment. Pristomyrmex punctatus is a queenless ant species (Mizutani 1980); all
workers are reproductive when young and forage outside the nest as they grow older. There
have been many reports of the effects of queen absence on worker reproduction in Formica
ants, but orphaned colonies usually continue to forage (Helanterd and Sundstrom 2004,
2007). Therefore, the colony fragment used in our experiments was characterized by active
foraging, similar to an entire colony.

In 2020, we collected ca. 10 individual Aphis gossypii aphids from bush killer plants in
Kyoto, Japan. The aphids were maintained on C. japonica leaf discs pressed onto water-
saturated cotton for more than two generations under laboratory conditions described
above. During the maintenance period, the aphid population increased to>200 individuals
via thelytoky.

Avoidance of ant traces on leaf surfaces by spider mites

To examine whether spider mites avoid settling on food plant surfaces with ant traces,
we conducted dual-choice experiments using paired adjacent leaf squares with and with-
out ant traces under laboratory conditions described above. To preclude the effect of
time, we conducted the following experiments within a short time period (13:30-16:30),
when adult female spider mites actively disperse by walking. We used fully expanded
fresh primary kidney bean leaves for the experiment. We cut a 1 X2 cm flat leaf piece
into two equal squares (1 X 1 cm) and placed one square on a piece of wet paper towel
in front of the entrance to the ant nests, resembling a doormat, to introduce ant traces
to the square (Fig. la). We introduced traces of >20 ants to each leaf square because
preliminary observations indicated that a minimum of ca. 20 ant trails were required to
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Fig. 1 Experimental setups used to a introduce ant traces on a leaf square and to investigate b the avoidance
of ant traces by spider mites on leaves, ¢ the avoidance of Pristomyrmex punctatus traces by Tetranychus
kanzawai on stems, and d the avoidance of ant trace extracts by 7. kanzawai

induce traces on all areas of the square. Formica japonica ants seldom left their arti-
ficial nests, which allowed for little replication. After>20 ants had walked across the
square, we transferred the square to touch the other square (without ant traces) on water-
saturated cotton. We then placed a 2- to 4-day-old mated adult female of 7. urticae or
T. kanzawai on a pointed piece of Parafilm in contact with both leaf edges using a fine
brush (Fig. 1b). We recorded the leaf square onto which the mite settled at 1 h after
its introduction because preliminary observations confirmed that all females would set-
tle on a particular leaf position within that period. Each female mite and pair of leaf
squares was used only once. We used 28 replicate mites of T. urticae and 27 of T. kan-
zawai for P. punctatus traces, as well as 16 (T. urticae) and 12 (T. kanzawai) replicates
for F. japonica traces. The data were subjected to two-tailed binomial tests with the
common null hypothesis that a spider mite would settle on the two squares with equal
probability (i.e., 0.5). All statistical analyses were performed using R v.3.2.2 (R Core
Team 2015).

To determine whether spider mites avoid traces of species other than ants, we confined
the three final instars of A. gossypii aphids (ca. 1 mm body length) on a 1 X 1 cm bean leaf
square under laboratory conditions described above. Aphid individuals that escaped from
the bean square during the 5 min introduction period were gently transferred back to the
square using a fine brush. After 5 min, we transferred the square to touch the other square
(without aphid traces). We then introduced an adult female of T. urticae (n=35) or T. kan-
zawai (n=36) on the leaf squares in the same manner as described above. We recorded the
leaf square onto which the mite settled. The numbers were compared using binomial tests.
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Duration of Pristomyrmex punctatus trace avoidance by Tetranychus kanzawai

To examine whether the effects of ant traces on spider mite avoidance decline over time,
we prepared leaf squares with P. punctatus traces in the same manner described above, and
preserved them on water-saturated cotton for 1 h (n=28), 3 h (n=37), and 24 h (n=32)
under laboratory conditions described above. We then transferred the square to lie in close
proximity to the other square (without ant traces) that had been preserved for the same
periods of time, and compared the avoidance response of 7. kanzawai females using bino-
mial tests. Tetranychus kanzawai and P. punctatus were selected because only these two
species exhibit natural predator—prey interactions in Kyoto.

Avoidance of Pristomyrmex punctatus traces on plant stems by Tetranychus
kanzawai

To examine whether T. kanzawai females avoid walking along plant stems bearing ant
traces, we conducted dual choice experiments using Y-shaped kidney bean stems (Fig. 1c)
under laboratory conditions described above. We cut symmetric bean plants from their
bases ca. 15 days after sowing and inserted them perpendicularly into 5 mL glass bottles
filled with water and wet cotton. We removed cotyledons, primary leaves, extrafloral nec-
taries, and buds from the stems. To induce ant traces on one branch of the Y-shaped stem,
we covered the main stem and one branch with a piece of wet paper. Then, we introduced
20 ants onto the tip of the uncovered branch. All ants walked along the uncovered branch
and soon escaped from the plant via the main stem covered with wet paper. Following
trace induction, we carefully removed the wet paper from the plant (trace+, n=11). To
address environmental bias between covered and uncovered branches (see Results), we
used Y-shaped stems without ant traces as controls (trace —, n=28). Then we introduced a
T. kanzawai female onto a release point 3 cm below the bifurcation of each Y-shaped stem
using a fine brush (Fig. 1c). We recorded the branch along which the female walked to the
far end. Each female mite and each Y-shaped stem was used only once. The proportions
of females that walked along the uncovered branch were compared between ‘trace+’ and
‘trace — plants using Fisher’s exact test.

Avoidance of ant trace extracts by Tetranychus kanzawai

To extract chemical traces of ants, we introduced 20 P. punctatus ants to a glass Petri dish
(45 mm diameter, 16 mm high) under laboratory conditions described above and covered
the dish with a glass slide. We introduced the ants carefully to ensure that they would not
be excited by the movement. After 1 h, we removed all ants and washed the inside bottom
of the dish with 500 pL of hexane. We introduced 10 F. japonica ants to a glass Petri dish
(56 mm diameter, 3 cm high) as described above. The interior wall of the dish was coated
with fluon (AGC Chemicals, Tokyo, Japan) to prevent the ants from escaping. After 2 h,
we removed all ants and washed the inside bottom of the dish with 500 pL of hexane. For
each ant species, we replicated the procedure 20 X using different individuals to combine
all extracts and to acquire enough extract for the following experiment. For the control sol-
vent, we poured the same amount of hexane into dishes left for 1 or 2 h without ants, and
then consolidated the solvent as described above.

To examine avoidance of ant trace extracts by 7. kanzawai females, we conducted dual-
choice experiments using T-shaped pathways of filter paper (35 X 35 mm, 2 mm wide;
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Fig. 1d) under laboratory conditions described above. Using disposable micropipettes
(Drummond Scientific, Broomall, PA, USA), we applied 0.175 ant equivalent (i.e., 5 uL)
of hexane extract to an alternately selected branch (17.5 mm long) of each pathway (i.e.,
0.01 ant equivalent/mm), with the control hexane applied to the other branch. The extract
dose of 0.01 ant equivalent/mm reflects the traces of 20 ants during a period of 5 min,
which approximately corresponds to the number of ants that left trails in previous experi-
ments. We applied each solution dropwise at the junction point to minimize mixing. After
evaporating the solvent from those pathways, we perpendicularly suspended them (Fig. 1d)
and introduced a female adult at 2 days post-maturation onto the bottom of each pathway
using a fine brush and recorded the branch along which the female first walked to the far
end. Each female mite and T-shaped filter paper were used only once, with 46 replicates
for P. punctatus and 44 replicates for F. japonica. Each female mite made a choice within
10 min. Avoidance was analyzed using a binomial test.

Results
Avoidance of ant traces on leaf surfaces by spider mites

Significantly fewer T. urticae females settled onto leaf squares with traces of either P.
punctatus or F. japonica ants (Fig. 2a). Similarly, significantly fewer T. kanzawai females
settled onto leaf squares with traces of P. punctatus or F. japonica ants (Fig. 2a). In con-
trast, the number of T. urticae and T. kanzawai females settled did not differ significantly
between control squares and squares with traces of A. gossypii aphids (Fig. 2a). These
results indicate that both mite species avoided ant traces but not aphid traces.

Duration of Pristomyrmex punctatus trace avoidance by Tetranychus kanzawai

Tetranychus kanzawai females significantly avoided 0- and 1-h-old traces of P. punctatus,
but did not avoid 3- and 24-h-old traces (Fig. 2b), suggesting that the avoidance of P. punc-
tatus traces by T. kanzawai lasted for more than 1 h but not for more than 3 h.

Avoidance of Pristomyrmex punctatus traces on plant stems by Tetranychus
kanzawai

In the absence of ant traces (control), 7. kanzawai females tended to avoid branches that
had previously been covered with wet paper (binomial test: P=0.087). However, signifi-
cantly fewer mites walked along uncovered branches with ant traces than along branches
without traces (Fig. 2c), indicating that the mites avoided walking along ant traces on plant
stems.

Avoidance of ant trace extracts by Tetranychus kanzawai

Significantly fewer T. kanzawai females walked along the branch applied with trace extracts
of P. punctatus or F. japonica (Fig. 2d), indicating that the mites avoided ant trace extracts.
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Fig.2 a Avoidance of ant (Pristomyrmex punctatus, Formica japonica) and aphid (Aphis gossypii) traces
on leaf surfaces by Tetranychus urticae and T. kanzawai. Both spider mite species avoided ant traces, but
not aphid traces (binomial test). b Duration of P. punctatus trace avoidance on leaf surfaces by T. kanzawai.
Spider mites avoided 0- and 1 h-old traces but did not avoid 3- and 24 h-old traces (binomial test). The data
for 0 h were identical to those presented in (a). ¢ Avoidance of P. punctatus traces on plant stems by T
kanzawai. Although spider mites tended to avoid branches that had previously been covered with wet paper
(trace —; binomial test: P=0.087), fewer mites walked along uncovered branches with ant traces than along
branches without traces (Fisher’s exact test), indicating that the mites avoided ant traces on plant stems. d
Avoidance of P. punctatus and F. japonica trace extracts applied to filter paper pathways by T. kanzawai.
Spider mites avoided the trace extracts of both ant species (binomial test)

Discussion

This study is the first to demonstrate that spider mite females, which mainly determine mite
host use (Yano et al. 1998; Oku and Yano 2006), avoided ant traces. The avoidance of ant
traces, which decline over time, diverts spider mites from active ant territories, thereby
reducing their predation by ants. However, the cost of ant trace avoidance by spider mites
on food plants may be considerable under certain conditions. The reason that T. kanzawai
mites tended to avoid branches that had previously been covered with wet paper remains
unknown; however, the mites clearly avoided walking along ant traces on feed plant stems.
Because most plant leaves are hierarchically connected by stems, spider mites that avoid
walking along ant traces on a plant stem must abandon all food leaves on that stem. The
avoidance of ant traces on stems by female mites also reduces available food resources for
their offspring.

Spider mites avoided traces of P. punctatus ants that depredate mites (Otsuki and
Yano 2014a, b; Adachi and Yano 2017) and those of F. japonica ants, which do not
appear to prey upon them (S Yano, unpubl.). By contrast, female mites did not avoid

@ Springer



. A Self-archived copy in R D b
,IR ﬁﬁ j( % Kyoto University Research Information Repository ?ﬁﬁ%ﬂ N;&\i I{[

KYOTO UNIVERSITY https://repository.kulib.kyoto-u.ac.jp Kyoto Unversty Research Informaion Reposiory

160 Experimental and Applied Acarology (2022) 88:153-163

aphid traces. Previous studies also reported that 7. urticae females do not avoid traces
of cowpea aphids (Adachi and Yano 2017), fungivorous mites, or pollen-feeder mites
(Grostal and Dicke 2000). Therefore, it is unlikely that spider mites avoid any trace left
on leaf surfaces.

This study is also the first to reveal that ant trace avoidance by T. kanzawai is asso-
ciated with chemical residues in the traces, which may explain the decline in ant trace
avoidance by spider mites over time and the apparent non-specificity of this avoidance
to predatory ant species. It may be that spider mites cannot develop species-specific
avoidance strategies against all predator species due to their limited cognitive ability.
This hypothesis coincides with the fact that 7. urticae avoids traces of both enemy and
non-enemy predatory mite species (Grostal and Dicke 2000). However, spider mites are
expected to strongly benefit from avoiding the traces of many ant species because ant
species other than P. punctatus also depredate spider mites (Haney et al. 1987; Osborne
et al. 1995) and many ant species whose workers are similar in size to those of P. punc-
tatus prey upon spider mites under laboratory conditions (S Yano, unpubl.). Because
ants are generalist predators that consume many arthropod prey species, the need to
avoid ant trace chemicals is not restricted to spider mites. Indeed, some herbivorous
(Oftenberg et al. 2004; Van Mele et al. 2009) and predatory (Oliver et al. 2008) insects
reportedly avoid ant cues left in their habitats. Additional studies are needed to clarify
how often ant traces and their chemical extracts are avoided by pest arthropods other
than spider mites.

Predators reduce prey population densities through consumption and by driving prey to
adopt defenses (Werner and Peacor 2003; Preisser et al. 2005) that are costly due to reduced
foraging (Morrison 1999; Downes 2001), enhanced predation risk (Losey and Denno 1998;
Sih et al. 1998; Otsuki and Yano 2014a) or exposure to abiotic stressors (Hirayama and
Kasuya 2014; Okada and Yano 2021). The non-consumptive effects of predators on prey
are sometimes comparable in strength to the effects of direct consumption (Lima 1998;
Morrison 1999; Bolker et al. 2003; Creel and Christianson 2008; Okada and Yano 2021).
Considering the vast abundance of ants in nature (Holldobler and Wilson 1994) and that
their repellent traces do not immediately decline, prey arthropods that avoid ant traces may
have far less flexibility in colonizing and moving onto their host plants than previously
expected. Such non-consumptive control of prey by ant traces may partly explain why only
a small fraction of available plant resources without effective defenses is used by herbi-
vores (Hairston et al. 1960; Strong and Lawton 1984).

It is possible that spider mites avoid substances that are commonly contained in the
traces of many ant species. Identifying the compounds responsible for avoidance of ant
traces by spider mites is especially important for potential applications. Ant chemical traces
are widely distributed in the wild, even on the surfaces of agricultural products. Therefore,
if the chemical substances responsible for avoidance are known, it would be possible to
manufacture spider mite repellents that simulate ant traces, which are apparently harmless
to humans. Although spider mites have developed resistance to many synthetic pesticides
(Mayank 2020), they would not easily develop ‘resistance’ against repellents that simulate
ant traces, as the avoidance mechanism is seemingly based on natural prey-predator inter-
actions. That is, spider mites that do not avoid ant trace chemicals are subjected to higher
predation pressure from ants.
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