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Fig. 4. Variation of the protuberances on the outer surface of the eversible organs of the fifth-instar larva of Aquatica
ficta. (a) three-spined protuberance; (b) four-spined protuberance; (c) five-spined protuberance; (b) six-spined

protuberance.
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Fig. 5. Inner surface of the eversible organs of the
fifth instar larva, observed by transmission
electron microscope. (a) Inner surface of the
eversible organs in the body; (b) Inner surface
of the eversible organs covered with secretion
glands; (c) Hemi-sphere secretion gland.
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Fig. 6. Transmission electron microscopic images of

the eversible organs of fifth-instar larva of
Aquatica ficta. (a) protuberance connected with
hemisphere secretion gland; (b) transection of
the protuberance. fb: fat body.
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Fig. 7. Result of GC-MS of the glandular secretion of the eversible organs of Aquatica ficta larvae. (a) (-)-sabinene,
9.31%, RT = 11.07 mins; (b) terpinolene, 20.87%, RT = 17.35 mins; (c) L-(-)-verbenone, 12.23%, RT = 21.13

mins.
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Table 1. Identified compounds of chemical results of gas chromatography-mass spectrometry
RT! (mins) Chemical compounds Molecular formula Relative area (%) Identification
11.07 (-)-sabinene CioHig 9.31 MS, KI
11.21 (1S)-(-)B-pinene CyoHyg 0.69 MS
13.52 a-terpinene CioHig 0.73 MS
13.97 p-cymene CioH1g 0.52 MS
14.20 (+)-limonene C1oHys 1.28 MS
(-)-limonene

15.82 y-terpinene CioHig 1.22 MS
17.35 terpinolene CioHyg 20.87 MS, KI
21.13 L-(-)-verbenone CyoH14,0 12.23 MS
23.09 Unknown 1.02 MS
25.16 Unknown 16.95 MS
33.04 Unknown 18.26 MS
37.97 (+)-B-gurjunene CisHoy 0.78 MS

! Retention time
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Table 2. The results of the chemical defense of Aquatica ficta larvae to different predators

Predator Predator Aquatica ficta Attracted larvae Ate larvae
numbers larvae numbers numbers numbers
Coenagrionidae 20 100 16 0
Macrobrachium lar 5 15 15 15
Misgurnus 5 33 33 0
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(a) Bioassay of terpinolene --
Misgurnus anguillicaudatus
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Fig. 8. Deterrent effectiveness of artificial food pellets with different concentrations of terpinolene for different
predators. (a) bioassay of Dojo Loach, Misgurnus anguillicaudatus, and of (b) freshwater prawn,

Macrobrachium lar.
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Chemical Defense of Aquatic Larvae of the Firefly (Aquatica
ficta): Microanatomy of Eversible Organs, Chemicals of
Glandular Secretion, and Effectiveness to Different Predators

Chun-Tai Chen', Chia-Hsiung Wu', Ming-Luen Jeng?, and Ping-Shih Yang'*

! Department of Entomology, College of Bio-Resources and Agriculture, National Taiwan University. 10617 No. 1, Sec. 4,
Roosevelt road, Taipei city, Taiwan
% Department of zoology, National museum of natural science. 40453, No. 1 Guacian road, Taichung city, Taiwan

ABSTRACT

The larval chemical defenses of the Yellow-rimmed Aquatic Firefly,
Aquatica ficta (Olivier), were studied. The larvae, when simulated by touch,
would curl up their body into a ball and stretch their forked-shape eversible
organs accompanied with a pine- odor. Ten pairs of eversible organs are located
bilaterally on meso- and metathoracies, as well as on the first 8 abdominal
segments, just above the abdominal tracheal gills. The external surface of the
eversible organs of the fifth-instar larvae bears many bud-like micro-protuberances,
each with 3-6 spines radially arranged on the top. No significant ultrastructure
was found within the micro-protuberance. On the internal surface of the
eversible organs there are many hemispherical structures, which have rich
mitochondria inside, each of which is connected to a micro-protuberance on the
external surface with a tubule. These hemispherical structures are believed to
be the secretion glands. Four kinds of predators were used to test the
effectiveness of the chemical defense of the firefly larvae. The larvae successfully
defended against attacks by Dojo Loaches (Misgurnus anguillicaudatus), and
were unharmed ejected out of the mouth of the loach. The larvae were hunted
and partially consumed by damselfly naiads (of Coenagrionidae). Freshwater
prawns (Palaemonidae, Macrobrachium lar) were able to mechanically neutralize
the chemical defense of the firefly larvae and consumed the whole larval body.
This suggests that the larval chemical defense is less effective against
invertebrate predators, although the predator may eventually abandon the
dead prey. Using gas chromatography-mass spectrometry (GC-MS), we
identified nine chemical components, plus another three unknown substances,
that were extracted from the larval eversible organs. The identified components
are largely monoterpene compounds, such as terpinolene, L-(-)-verbenone,
(-)-sabinene, limonene, and y- terpinene, etc. Among them terpinolene has the
richest content (20.87%) and was chosen for a bioassay test. Agar-based pellets
containing commercial fish food and three different concentrations of
terpinolene (0.0425, 0.425 and 4.25%) were fed to the Dojo loaches and
freshwater prawns (Macrobrachium lar) to determine their deterrence. Pellets
of each of the three concentrations showed a deterrent effect of different
degrees to the subject predators in relation to non-terpinolened pellets. The
higher the concentration, the stronger the deterrence. Dojo loaches showed a
30-95% deterrent efficiency. Freshwater prawns were less sensitive to
terpinolene than loaches, and showed a 20-80% deterrent efficiency. The
terpinolene secreted by the larval eversible organs was confirmed to be a
repellent against predators.

Key words: Aquatica ficta, larvae chemical defense, predators, terpinolene, bioassay
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