" ELECTRON MICROSCOPIC STUDIES OF ANTENNAL SENSILLA

IN THE AMBROSTA BEETLE TRYPODENDRON LINEATUM (OLIVIER)
(SCOLYTIDAE)
by
HENRY A, MOBCK -

B.Sc., University of British Columbia, 19AL

A THESIS SUBMITTED IN PARTTAL FULFILMENT OF
THE REQUIREMENTS FOR THE TECREE OF
Master of Science

in the Department of Zoology

We accept this thesis as conforming to the

. required standard

THE UNIVERSITY OF BRITISH COLUMBTA

May, 1967



In presenting this thesis in partial fulfilment of the requirements
for an advanced degree at the University of British Columbia, | agree
that the Library shall make it freely available for reference and
study. | further agree that permission for extensive copying of this
thesis for scholarly purposes may be granted by the Head of my
Department or by his representatives, |t is understood that copying

or publication of this thesis for financial gain shall not be al lowed

without my written permission,

Department of ﬁierewaeﬂg4q
v

The University of British Columbia
Vancouver 8, Canada

Date 9/M¢_ ?( /96 7




ii
ABSTRACT

The antennae of the ambrosia beetle Tryvodendron lineatum (Olivier)

were examined with the light and electron microscopes to determine the types;
distribution, and structure of sense organs found therson,

At least six tyves of sense organs were found, with an additional seventh
cuticular structurse, the hypodermal gland pore, which is thought to be non-
sensory. The sensilla are sensilla chaetica, three types of sensillum tri-
choideum, sensilla basiconica, and sensilla campaniformiap Distribution maps
of the various sensillum types and thé gland pores are prgsented, for one
each of fgmale and male left antenna.

o Sensilla chaeticé, evenly distributed over all parts of the aﬁtennae,
as wéil as the rest 6f the body, consist of a long thick-walled hair 20 to
140 micra long which articulates in a socket composed of a. hair root, socket
lining, and spongy cylinder. A single bipolar neuron terminates in a scolo-
pale attached at one side of the ﬂair base;

Sensilla trichoidea, Type I, Situatéd at the base of the scape and the
base of the first.funicular ségment,~are short thin hairs articulating in a
socket, Their fine structure and innérvation are ndt known.

Sensilla trichoidea, Type II, found on the distal periphery of the élub‘
only, consist of sharply pointed smooth hairs 18 to 25 micra long, the hair
wall being thin and pérforated. The hair is solidly joined to the body
cuticle. The sensillum has two bipolar neurons, thé dendrites of which ex--
tend, with slight branching,vto the distal limits of ﬂhe hair lumen., ©No den-
dritic endings‘could be demonstrated at tbe hair perforations, |

| Sensillé trichoidea, Type TITJ, aré evenly distributed over the distal
half of the anterior club_surfaée; The hair is 26 to 36 micra iong, blunt-
tipped, and curved in reverse, with the result that the hairs protrude at

right angles to the club surface and beyond all other vestiture. The hair
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afticulates in a socket, and has a dbuble lumen, The dendrités of four to
seven bipolar neurons extend through the eccentric small lumen to the hair
tip, where, presumably, they are open to the air.

Sensilla basiconica cover both club surfaces. At least two types exist,
'one.group being short pegs'é to 8 micra long, and anothervgroup being longer
pegs or hairs 1L to 18 micra long. The long sensilla basiconica have a3 thin
perforated hair wall, the openings being slit-shaped (700% by 100 to 200%).
The two nerve cells,of this sensillum send two distal processes into the
hair where subsequent repeated branching.OCCurs. The relationship of the
dendrite branches to the hair perfqrations is not clear, |

Sensilla campaniformia are féund in small numbers on all parts of the
antennae, as well as other parts of the body. They consist of a short thin
. canal leading from the outside. to a sub-surface dome 3 micra in diameter, in
the centre of which lies the nerve ending similar in apoearance to the scplo-
_pale and nerve of the sensillum chaetiéum.

Also, a cross section of the antennal nerve in the proximal portion of
the scape revealed about QlOOiaxons. A count of the sensilla, corrected
for the number .of sense cells present per sensillum, gave expected axon:

- numbers of 1845 and 1921 for female and male antennae, resbectively,-with
Johnston's organ not aécounted for. Since more axons than expected are
present, axon fusion-is considered unlikely.

This sudy may serve as the basis for further eleqtrophysiological

. work to determine the functions of the various sense organs.
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INTRODUCTION

The sensilla of insects have been objects of interest and study by
entomologists fof a long time. ‘Knowledge of the sensory equipment of
~ insects is of interest to the insect anatomist, and to the behaviourist
'who wishes to investigate the siteé and.kihds of specifié behavioural res;

ponses. The ambrosia beetle Trypodendron lineatum'(Olivier) has been a

specific object of béhaviour'studies in recent years {see references).
These studies have been of a groés nature on the entire organism,. conduc-
ted in the absence of detailed knowledge of the physical nature of the sen-
sory equipment involved. o

Hersetofore our knowledge of insect sensilla has been based mainly on
studies utilizing conventional histological methods and optical microscopes.
ﬁue t0 the relatively low resolving power of the light microscope, and the .
extremely small dimensions of éensilla and their components, a precise un-
derstanding of their structure was uncertain, giving rise to much specula-
'tion, discussion, and debate among entomologists. The: application of the
electron microscope, with its superior resolving power, to biological speci- |
mens in the past decade has settled many arguments regarding sense organ

structure and'possible function, provided more precise definition of pfob-‘

1ems which could be investigated with other methods, particularly electro-
physiological, and either confirmed or refuted findings based on light
microscopy.

It is known from various kinds of evidence thaﬁ'the antennae of insects,
as well as other arthropods, are the site of various typés of sensilla (for

a recent review on insect antennae, see Schneider, 196L). Accordingly,

’Syndnyms: Xyloterus lineatus (Erichson) in Europej and T, bivittatum (Xirby),
T. cavifrons (Mannerheim), T, vittiger (Eichhoff), T. borealis (Swaine).
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. attention in the present study was directed toward antennal sense organs,
particularly those of the club region (Fig.l), because the work of Borden

and Wood (1966) on Ips confusus, another scolytid beetle, based on conven-

tional microscopic techniques, ablation-behavior and covering-behaviour sfu-
dies, as well as some preliminary electrophysiological work (Bordgn, 1966,
1967) indicated that this region in Scolytidae is.the site of a number of
different sensilla mediating several behavioural responsés;.particularly ﬁo
specific odorous chemicals.: In T. lineatum it-has been established that
adults of both sexes are attracted to a suitable host tree’by primary attrac-
tants produced in the wood, and that beetles deprived of their antennae fail
ip respond to attractive wood odours'(Graham and Werner, 1956). The pur-
pose of the present sﬁudy is to furnish a description of the types, distri-
bution, and structure of sense~orgéns situated on the antennae of T. linea-

tum, as a basis for further work on this and related species.



MATERIALS AND METHODS

1. The Insect

The two-striped ambrosia beetle Trypodendron lineatum (Olivier) is a

species of the family Scolytidae, The adults are of.a dark brown to black
coloration, with éiterhating dark and light longitudinal stripes on thé
‘elytra. Adult length varies between 3 and 3.5 millimeters. They are bisexu-
al, and therefore it may be_presumed that while all individuals posses
certain sensory equipment characteristic of thé species, they may also

. possess other sensory equipment peculiar to one sex which‘searches for ﬁates.
It was necessary therefore to identify the sex of each individual studied,
'Since the sexes are conspicuously dimorphic, the task of distinguishing

them is easy. The fémale pronotum appears rounded anteriorly as seen from
above, and the front of the head is rounded, whereas in the male the pro- '
notum appears sraight anteriorly, and the front of the head is deeply‘ex-

cavated (hence the synonym T, cavifrons),

The antennae (Fiés.l,?), which were chosen as the specific region for

| this Study, are composed of three regions, namely an elongated basal segment,
the'SEape (0.31 to 0.3L mm long by 0,10 mm at widest point), a series of
foﬁr very short segments, the funicle (0,13 to 0.15 mm total length by 0,07
mm at widest poiht) and a terminal, flattened club of oval form (0.28 to
0.31 mm long bj 0.18 to 0,20 mm at widest point), Additionally, the sex of
the speéimen can be identified from_the shape of the antennal club under tﬁé
light microscopse, the male's'having a narrower and mofe elongate proximal
portion‘than the female's, which appears more_oval in form (compare Figures

| 1 and 2). |

The base of the scape articulates with the head, and the base of the
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Fig.,1

Figure 1. Photomicrograph of Trypodendron linestum male left antennsa,
anterior surface. Compare club shape to that of female (Fig.2).
Distilled water mount.




Figure 2,

Photomicrograph of Trypodendron lineatum female left antennae,
(at left, posterior surface, at right, anterior surface), Note

greater density of sensilla on anterior club surface, Distilled
water mount,
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‘ ‘first.funicular segment articulates, by membrane only, with the distal por-
tion of the scape; b&th joints are provided with muscles, |
2. Methods
Adult beetles were removed from galleries in logs and stored in the
.refiigerator at L Hegrees c ﬁntil used.. Whole mounts of antennae were made
from dead dry beetles, as well as from fresh,
Light micrOSCOpyl
Whole mounts of unstained anﬁennae were made in distilled water (Refrac-
tive index 1.33), Permoupt (R.I. 1.53), and Hyrax (R.I. }.63), between
cover slips to permit observation of both surfaces. Sections were made frém
. Epon-embedded material, prepared as below, and stained with methylene blue
(1% in 1% acueous borax solution) (Richardson et al, 1960), Mapé and other
drawings were made with the aid of an eyepiece grid.
Electron microscopy o
"(a) Antennae from live béetlés were fixed for two hours in nhosphate-
buffered 5% glutaraldehyde (Sabatini et al, 1963), washed in buffer, post-
fixed in 1% OsOh, washed, dehydrated in the ethanol series, followed by
propylene oxide, and embedded in Epon 812 (Luft, 1961; Kay, 1965). Sections
were cut on glass knives on the Sorvall Porter-Blum MT-1 ultramicrotome,
mounted on carbon-collodion and carbon coated copper grids (Molenaar and
Schotanus, 1962), stained with lead citrate, and examined in the Hitachi
.HS-7S and HU-11A Electron Microscopes, at accelerating voltages of 50 XV
for the former, and 50 and 75 KV for the latter. |
(b) Antennae were fixed for two hours in phosphate-bufferqd 1x% 0s0),,
washed in buffer, dehydrated with 15%, then L0O% ethanol, stained for one
hour in 1% phosphotungstic acid (PTA) in 70% ethanol, washed in 2. M1Z NaOH
in 95% ethanol'(modified from Kay, 1965); dehydrated to completion in

absolute ethanol, stained for two hours in saturated lead acetate in alcohol:



acetone as 1:1, washed in alcohol-acetone (Yushida, 1966), followed by
o propylene oxide, and embedded in Epon, Sections were cut and mounted as
‘before, and examined without further staining,

(¢) For correlating light microscope observations with the electron
‘microscope, thick sections.(S to‘10 1) were cut on the ultramicrotome from
blocks nrepared by metﬁod (a), and examined with the ligﬁt microscope; areas
 containing known sense organ(s) were then cut out with a micro-scalpel, and‘
the section pieces eﬁbedded,'with the desired orlentation, in the thermo-
plastic chlorinated polyphenol resin Aroclor LL65T with the aid of an elec-
trically heated minutennadel. Thin sections were then cut, stained, and

examined with the electron microscope as before.

20rganic Chemicals Division,.Monsanto Chemical Company, St. Louis, Yo,



RESULTS

With the 1light microscope one can distinguish six main tyﬁes of cuticu-
lar sense organs on the antennae of both sexes of T. lineatum. Using the
terminology of Snodgrass (1926), they are, respectively, sensilla chaetica
(Fig.15), three types of sensillum trichoideum, sensilla basiconica (Fig.lS);
and sensilla campaniformia (Fig.85). The main distinguishing features of the
trichoid senéilla are as follows: the Type I sensilla are short (Lu to &u)
hairs situated at the base of the scape and the base of the first funicular
segment; no other sensilla are present in thesé»regions (Figs.3L,35). The
other two types are only on the club, the Type IT sensilla being 18u to 25p
long, thii@alled, and sharply pointed, whereas the TypeIlI sensilla are 26n
to 36n loné, thicker-walled, and blunt-tipped (Figs.LO,L1),

A seventh recognizable cuticular structure, the hypodermal gland pore
"(McIndoo, 1926), distributed over most parts of the body, including the
antennas, is believed to be non-sensory, and will not be referred to further
(Figs.3 to 11,1L,87), |

The fbllowing descriptions are basqd on évidence‘obtained with both the
light and electron microscopss, |

1, Sensilla Chaetica

The sensilla chaetica are distributed over m§s£ of the body as well as
the antennae (Figs.16-19), -and consist of a long stiff(hair hair set in a
socket, with formative cells, and a sensory bipolar neuron which tefminates’
at the base of the hair (Fig,20),
| The hair may be from 18u to 1LOn long, the majority of hairs being about
LOn long. The longeét ones are on the mid-distal portion of the scape in
" such a position that when the club and funicle are bent back along the scape
they come iﬁ'contact with these long hairs (Fig.lB). Each hair is gently

curved, with many small pointed projections, and tapers to a very fine point
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Fiéure 3. Distribution map of all sensilla éhd hypodermal gland pores
on male left antenna, posterior surface.



10

Distribution map of all sensillaAand hypodermal gland pores

on male leéft antenna, anterior surface.

Figure L.
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' Figure‘ 5. Distribution map of all sensilla and hypodermal gland pores
on female left antenna, posterior surface,
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Distribution map of all sensilla and hypodermal gland pores

on female left antenna, anterior surface.

Figure 6.



Figure 7.
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Distribution mab of hypodermal gland pores and sénsilla trichoi-
dea, Type I, on male left antenna, posterior surface,
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Figure 8, Distribution map of hypodermal gland pores and sensilla trichoi-
dea, Type I, on male left antenna, anterior surface.



Figure 9,
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Distribution map of hypodermal gland pores and sensilla trichoi-
dea, Type I, on female left antenna, posterior surface.
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Figure 10, Distribution man of hypodermal gland poreszand sensilla trichoi-
dea, Type I, on female left antenna, anterior surface.



Figure 11.

Figure 12,

Figure 13.

‘Photomicrograph of hypodermal gland pore. 'Permount' mount.

Photomicrograph of sensilla chaetica, Note sharp long points, 2
pointed projections along hairs, Distilled water mount, ,,,,a/ '

Photomicrograph of same antenna as in Fi showing long
sensilla chaetica on scape (arrow) which may act as proprio-
ceptors for club position in relation to scape.
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Figure 1L, Electron micrograph of hypodermal gland pore cell,
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Figure 15. Photomi¢rograph of antenna at left in Fig. 2, showing sensilla’
: chaetica and long sensilla basiconica, Note thick hair wall,

small central lumen in sensilla chaetica, and thin wall of
sensilla basiconica,
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(Fig.12). The hair appears circular and solid in cross section, save for
a small empty central lumen (Fig,23),

The hair base and socket are of a complex structure, with the following
features (Fig.22): the proximal portion of the hair is attached to the body
cuticle by a conical ring of longitudinally ribbed'cuticle (hair root) which
stains like articulating membrane, as for examplg that between the scape and
first funicular segment., In a hair of 1 p diameter near the base the coneil
has a diameter of 1.8u at point of hair attachment, 2,51 at widest point of
body-cuticle attachment, and a wall thickness of O.lpm to 2.5u. Total height
of tﬁe cone is abogt 1.81. The socket lining is cylindriéal proximally,‘
flaring outwards distally. It is composed of a similarly staining, though
more homogeneous cuticular méterial, and has a wall thickness of 0,151. It
partly bends inwards at the point of hair attachment just distal to thé'hair
root, thus forming a slightly wider groove around the'hair base., The soéket
lining and the distal half of the hair rbot are surrounded by a Sponge-like
cavity which seems to be filled with air, and does not communicate with the
external ana internal environménts (during specimeﬁ preparation nothing
. penetrates into this cavity)(Fig.26). The méximum diameter of about 2u of
the cavity occurs where the socket lining and distal portion of the hair root
join., There 1is a fing-like constriction of the body cuticle just proximal
to the base of the hair root. In a hair of the above dimensions the base of
the socket lies approximately L.S5p below the exfernal cuticular surface,

The length of ﬁhe pore canal leadiﬁg from the.base of the hair téwards
the interior deoends upon the cuticle thickness at that pointi Indeed, if
the cuticle is very thin, it shows a thickening interiorly in the immediate
vicinity of the sensillum. In the sensillum described above the cuticle is-
5.5n thick at the sensillum and only 3,5u thick éu away.

The cellular component of the sensillum consists of the following: 'a
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Figure 16, Distribution map of sensilla chaetica on male left antenna,
posterior surface,
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Figure 17. Distribution map of sensilla chaetica on male left antenna,
anterior surface ‘ '
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Figure 18.
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Dlstrlbutlo map of sensilla chaetica-on female left antenna,
posterior surface,
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Figure 19.

Distribution map of sensilla chaetica on female left antenna,
anterior surface,
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- Figure 20. Schematic diagram of sensillum chaeticum, to scale.

. "Figure 21. Schematic diagram of sensillum chaeticum, ciliary region, with
cross sections at levels indicated.
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Figure 22, Séhematic diagram of sensillum chaeticum, socket region,
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ﬁormogen or socket-secreting cell (also called a cap cell), a trichogen or
~ hair-secreting celi (enveloping cell), a single bipolar neuron, and its
associated glial cell (Figs.20,30).

The tormogen ce11 has an elongate shape, forming a sheath around the
'trichogen cell and the den&rite,-and extending as a thin lining of the sen-
sillum canal to the coﬁstricting cuticular ring at the bése of the socket,
’.Fine cytoplasmiec villiform processes extend into an extracellular vacuole

(tormogen vacuole) wﬁich surrounds the distal pqrtions of the trichogen cell
and nerve.process, and extends from the base of the hair to about'l.Sp'to 2n
Hproximal to the inner surface of the cuticle., Endoplasmic reticulum, smooth
or rough, appears to be largely absent, whereas welf&ormed mitochondria of
an ovoid Shapé (0.6n by 0,9u) are abundant, A few‘microtubules are présent
. in the homogeneous cytoplasm, . The cell nucleus, with its darkly staining
central nucleolus, is variously situated, apparently depending on space
considerations within the club, but is often found just proximal to the
- above-mentioned vacuole, Maximum cell dimensions ére about Sp by 10u.
The trichogen cell is even ﬁdre elonéate, extending from the proxi-

mal portion of the nerve cell body to the base of the hair, a distance:of
~ 20u or more. It forms a thin (N,3u) sheath around the neﬁron except around
a small portion of thé ciliary process, where a small flask-shaped extra-
cellular vacuole (trichogen vacuole) is founé. This is a constant feature
in this sensillum, but of unknown significance, The distal portion of the
trichogen cell in the tormogen vacuole just beneath tﬁe hair base is exten-
ded into concentric incomplete lamellae which are about 6004 thick (Fig.27).
Desmosomes joining the cell membrane to oVerlanping'parts of itself or to
neural membrane are present. Endoplasmic reticulum is séarse, and mitochon-
_ drié are small and few, Microtubules again are present and longitudinally

oriented.
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The bipolar neuron is attached at its distal end to the base of the
hair by means of a darkly staining cuticular sheath or scoldpala which ter-
minates distally in a short (0.3n to 0.lu) strand of cuticle continuous with
the cuticle at the point of juncture of hair base and hair root (Figs,2L,25).
The point of attachment is constant, being in the plane of curvature of the
hair, and on the outside cﬁrve. The scolopale is bullet-shaped, pointed dis-
~ tally, about 0.6u in diameter, 3u long, and with a maximum wall thickness of
hOOl, which decreases proximally and disappears., The scolopale is surrounced
by a 0.13u thick lipghtly staining area which in turn is sufrounded by cuti-
cular strands extending to the hair base (Fig.??); Fine radially arranged
- strands connect the outer strand layer with the scolopals,

Within the scolopale the nerve ending is separated from it by a clear
‘extracellular layer 75} thick,. The unit membrane is separated from struc-
tures internal to it by another clear layer about 2003 thick (Fig.27). The
distal ln portion of the nerve process contéins a darkly staining mass
(tubular body) which at higher magnification has a mottled appearance, and
shows uniform curved striation both in longitudinal aﬁd in cross section,
.reminiscent of protein crystals (Figs.2L,28), The periodicity of 1308 to
150f is unrelated to microtubule diameter'(2OOK to 250k), Microtubules are
abundant, and sll are longitudinally oriented in the more proximal p§rtion
of the outer segment (Figs.21,32), gradually decreasing in number proximally
until in the region.of the trichogen vacuole tﬁe dendrite has the appearance
of a cilium in cross section,.that is, nine double pefipherél strands (lack--
iﬁg,'however, the two cehtral single ones) bounded by the cell membrane.

This ciliary segment is about 1.51 long, and 0.21n to 0.26u in diameter, with
the base siﬁuated about ép to 10u from the tip of the scolbpale, depending
on canal length, A ciliary rootlet-apparatus is found at the tip of the

inner segment of the dendrite, and consists of a dense cup-shaped region of



 Figure 23.

Figure 2.

Figure 25.

Electron micrograph of sensillum chaeticum, cross section

just distal to hair base, Hair socket was broken open during
specimen preparation, Note small empty hair lumen, thick

hair wall staining like surrounding body exocuticle, and dark-
ly staining socket.lining, 0s0), fixation, PTA and lead acetate’
block stain, '

Electron micrograph of sensillum chaeticum longitudinal section
in socket region, Note tubular body, attachment of scolopale
to hair base. Glutaraldehyde-osmium fixation, lead citrate
section stain,

Electron micrograph of sensillum chéeticum, longitudinal
section through tubular body., Osmium fixation, PTA and lead
acetate block stain, ‘
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Figure 26.

~ Figure 27,
Figure 28.

" Figure 29.

Electron micrograph of "sensillum chaeticum, cross section
through tubular body, Osmium fixation, PTA and lead acetate
block stain, ) :

Electron micrograph of sensillum chaeticum, cross section
through tubular body, Glutaraldehyde-osmium fixation, lead
citrate section stain,

Electron micrograph of sensillum chaeticum, cross section
of tubular body. Glutaraldehyde-osmium fixation, lead citrate
section stain, '

Electron micrograph of sensillum chaeticum, cross section of
tubular body. Osmium fixation, PTA and lead acetate block
stain, o ‘ : ‘
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0.15n diameter from the proximal baée of which emerge niné solid fibres
which pass on the outside of the centriole and continue proximally aé the
ciliary rootlets which appear collagen-liké, being banded at 7308 intervals
(Fig.30), The centriole, situated 0,151 below the basal cup, is a hollow
cylinder 0.25u long and 0,16n in diameter (Fig.31). The inner segment, thch.
is 0.5u in diaheter, contains some smooth endoplésmic.reticulum, microtubules,
"and occasionally mitochondria, |

The nerve cell body is élongate, aboﬁt ﬁu in‘diameter, with a compara-
tively large oval nucleus (Fig.33). ‘Endoplasmic reticulum'ié sparse, but
.the Golgi comblex is very prominent. Mitodhondria and microtubules ére re-
latively abundant, An interestingAstructure is founcd in most heurons near
the axonal process: it is spherical, 0.8n to 1y in diameter, and consiétg
of a dome-shapedvhomogeneous mass from the surface of which emerge concen-
tric lamellae SOK thick, separated by 703. The solid mass appearé crystal-
line (Fig.33). |

The axon, which broceéds without synapse to the brain, is about 0.6én to
- 0.8u in'diametef,.becoming thinner proximally, and contains mitochondria and
microtubules aiong'its entire length, The axon surface is coated with a
~ dense extracellular layer which apparent1y is produced by the glial celis
(Fig. 89). - o

The neﬁrones characteristically show a lighter staining than the forma-
tive.ceIISy'making their identificatin somewhat easier,

2. Sensilla Trichoidea, Type I

These sensilla, which are situated at the'base of the scape and the base‘
Aof the first funicular éegment (Figs.7-11), are short (Lu to 8n) thin hairs
articulating in a socket (Figs,3L,35). Little else is known of their struc-
ture, sinée no sections of these sensilla were studied in the electron mi-

°

croscops,



Figure 30. Electron micrograph of sensillum chaeticum, longitudinal section
of cellular components, Glutaralcehyde-osmium fixation, lead
. citrate section stain. :

Figure 31. Electron micrograph of sensillum chaeticum, cross section
through inner segment of dendrite at the level of the centri-
ole. Glutaraldehyde-osmium fixation, lead citrate section
stain, '

Figure 32. Electron micrograph of sensillum chaeticum, cross section of
: outer segment of dendrite. Note abundant microtubules, -
Glutaraldehyde-osmium fixation, uranyl acetate and lead citrate
. section stain, ‘ -
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Figure 33. Electron micrograph of typical sensory neuron cell body and
axon, Glubaraldehyde-osmium fixation, lead citrate section
stain, '






j.Figuré BL; PhotOmlcrograph of sensillum trichoideum, Type I, on first
' . _funicular segment, Distilled water mount.

‘ fi Figure 35, -Photomicrograph of sehsillum trichoideum, Type I, on proximal
: . bulb of scape, Distilled water mount,
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3. Sensilla Trichoidea, Type II

These sensilla trichoidea are found on the distal periphery of the club
only, and are about four dozen in number, with most of these being on the
anterior club surface (Figs,36-39). The hair is 18u to 251 long, smooth,
éharply pointed distally, and hollow, with a wall thickness of 0.2n proxi-
mally, tapering to 0.ln distally, The hair diameter near the base is about
l.Su. The gentle curvature of the hair is in a direction opoosite to that
of the sensilla chaetica, but is not as pronounced as that of the Type IJI
sensilla trichoidea described below (Figs,LO,L1)., The hair wall is perfora-
ted, the holes appearing flask-shaped, with a narrow (QOQZ) diameter opeping

“to the exterior (Fig.h3). No hair socket per se exists, the hair base being
joined directly to a softer cuticular ring which tapers to a sharp line proxié '
‘mally, and is solidly j&ined by its outer surface to the surrounding body - |
cuticle. Only slight bending of the hair isvﬁhus possiple. On this basis
this sensillum could be called a'long sénsillum basiconigum. The pore canal
is straight and wide, and is lined by the tormozen cell; A large tormogen .
vacuole is present (Fig.lLl). |

The sensillum hasvpr bipolar neuréns, the dendritic processes of which
are enclosed loosely in a cuticular sheath which extends a short way into the
hair lumen (Fig.Li2). One dendritic process is larger in diameter (0.25n)

'vthan the other (Q.lZn). The processes, which contain only microtubules,
extend,‘with slight brahching, to the distal limits of the hair lumen.- No
~ dendritic endings were demonstrafed at the hair perfofations. |

The appearance and limits of the remainder of the tormogen cell, as well
as of the trichogen cell and the nerve cell bodies are not known, since only
one sensillum of this type was successfully'secfioned to slightly past the
base of the'hair. However, no significant differences in structure are

expected from that described for sensilla chaetica.
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Figure 36, Distribution map of sensills trichoidea, Type II, on male
: left antenna, posterior surface,

CHML



=M.

Figure 37. Distribution map of sensilla trichoidea, Type II, on male
left antenna, anterior surface,
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Figure 38,

Distribution map 6f sensilla trichoidea, Type II, on female
left antenna, posterior surface,
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Figuré 39, Distribution map of sensilla trichoidea, Type II, on female
left antenna, anterior surface.
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Figure LO,

Figure lLl,

Figure L2,

Figure L3.

Photomicrograph of distal edge of club, showing Types IT and
ITT sensilla trichoidea, Compare length, shape, and tips,
Distilled water mount. o

Photomicrograph of distal edge of club, showing tipé of Types
IT and III sensilla trichoidea., DNistilled water mount,

Electron micrograph of sensillum trichoideum, Type II, cross
section near hair base,  Note two dendrites, cuticular sheath,
Glutaraldehyde-osmium fixation, lead citrate section stain.

Electron micrograph of same hair as in Fig.l2, cross section
near tip, Note dendrite branches, perforated hair wall.






Figure Ll. Schematic diagram of sensillum trichoideum, Type II, with
cross sections at levels indicated, A
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L., Sensilla Trichoidea, Type III

Type III sensilla trichoidea are evenly'diétributed over the distal -

half of the anterior ¢lub surface, very few of the approximatély 20 to 30
'sénsilla occurring on the posterior surfacé, and these being only on the
periphery (Figs.hS-bB). The disti&ctive feature of these hairs, which are
- 26u to 3%p long, is théir cﬁrvafure, which is quite pronounced in a direction
opoosite that of the sensilla chaetica, with the result that the ﬁairé, dis-
tél halves at Ieast, protrude at right angles. to the club surfacé, and beyond
all other vestiture. Thus ' the tips of these sensilla would be the first to -
come in contact with aﬁijgzgggggfg:igp beetle encountered with its antennae
. (Fig.hO). These also are the only blunt sensilla, all others of the hair
type being sharply pointed (Fig.L9). The hair exhibits longitudinal fluting
which in cross section appears. as a wavy hair surface, this being more pro-~
nounced distally (Fig.50). An eccentric lumen with a diameter one-third that
of the hair contains the nerve cell_dist31 processes. A lighter staining
central region ih the proximal half of the hair contains an extraéellular
homogensous material of unknown nature, The impression is thus one of a
double lﬁmen, a small one apposed to one side of the hair wall and extending.
into a lérge one which thus has a crescentic form in cross saction. The hair
wall is relatively thick (Fig,52).

| The hair base and socket are very similar in structure tovthose of the

sensilla chaetica, differing only in a slightly greater total socket diame-

- ter (gn), the presence of a hair lumen, and a less pronounced sponge-like

cavity. The pore canal also is shorter and wider. The hair.is thus probab-
ly more rigid in its socket (Fig.58).

The large tormogen vaéuole is almost totally filled yith lamellate cyto-~
plasmic extensions of the tormogen cell (Fig,S5L). The proximal limits of

the tormogen cell, as well as of the trichogen cell, are however poorly known,



Figure LS.
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D;Lst.rlbut.lon map of sensilla trichoidea, _Type III, on male

: left antenna, posterior surface.
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Figure L6.

Distribution map of sensilla trichoidea, Type III, on male
left antenna, anterior surface.
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Figure U7, Distribution map of sensilla trichoidea, Type III, on female
left antenna, posterior surface. :
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Figure L8,

Distribution map.of sensilla trichoidea,. Type IIT, on femalse
left antenna, anterior surface,
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Figure L9, Photomicrograph of sensillum trichoideum, Type III, Note
' blunt hair tip, Distilled water mount,

Figure 50, Electron micrograph of sensillum trichoideum, Type III, cross
. section near tip, showing four dendrites, fluted hair wall,
Glutaraldehyde-osmium fixation, lead citrate section stain,

Figure 51, Electron micrograph of sensillum trichoideum, TypeAIII, oblique
‘ section showing two lumina, six dendrites. Glutaraldehyde-
osmium fixation, lead citrate section stain,

Figure 52, Electron micrograph of sensillum trichoideum, Type III, cross
- . section showing two lumina, seven dendrites, Glutaraldehyde-
- osmium fixation, lead citrate section stain,
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Fig, 50

Fig, 52
Fig, 51



Figure 53, Electron micrograph of sensillum trichoideum, Type ITI, cross

: section through pore canal showing cuticular sheath containing
six dendrites, Osmium fixation, PTA and lead acetate block
stain.

- Fgure 5L, Electron micrograph of sensillum trichoideum, Type III, cross

: section just proximal to pore canal, showing five, possibly
six dendrites, Glutaraldehyde-osmium fixation, lead citrate
and uranyl acetate section stain,

AFigure 55. Electron micrograph of sensillum trichoideum, Type III, cross.
- section just distal to ciliary regions of dendrites, showing
five dendrites, Osmium fixation, PTA and lead acetate block
stain, - B '

Y






Figure 56.

Figure 57.

Electron micrograph of sensillum trichoideum, Type IIT, longi-
tudinal section showing inner segment, ciliary rootlet aonara-~
tus, and portion of ciliary segment of one dendrite. Glutar-
aldehyde-osmium fixation, lead citrate section stain,

Electron micrograph of sensillum trichoideum, Type III, slight-
ly oblique section through outer segments of dendrites, schow-
ing microtubules, . Glutaraldehyde-osmium fixation, lead citrate
section stain.






Figure 58. Schematic diagram of sensillum trichoideum, Type III, with
' cross sections of hair at levels indicated,

Figure 59. Schematic diagram of sensillum trichoideum, Type ITI, cross
: section at level 1ndicated in Fig.58
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owing to the difficulty of obtaining longitudinal sectioﬁs of the rather |
long (30m or more ) cellular component of the sensillum.

The nervous component consists of four to seven bipolar neurons (Figs.
50-52), which send their distal processes, containing only microtubuleé,
ﬁhrough the eccentric lumen of the hair to the tip, whefe, presumably,'they

"are open to the air; no sections of the hair tip were obtained. A cuticular
sheath encloses the nerve processes from the distél parfs.of the inner seg- |
ments of the dendrites to the hair tip, formiﬁg the wall of the small lumen
(Figs.5L,55,57). No pores along the hair wall are evident, The distal ends
of the inner segmenfs show exactly the sameléiliary rootlet apparatus as

 that described in the sensillum chaeticuﬁ (Fig.56). The appearances of the
inﬁer segments, nervé celi bodies, and axons are also the same, The nerve
cell bodies form a cluster whiéh can be-readily recognized in the seqtions;

No nerve ending terminating at the base of the hair was found,

5. Sensilla Basiconica

Sensilla basiconica occur onlyvon the club, covering both surfaces except
the.cornéous basal segment region (Figs.67-63). The densit& of sensilla on
"theAéﬁterior surface is approximately three times that on the posterior sur-
 face, the total number being about 550, The length of the sensilla varies
continuously beﬁween 6n and 18p, ﬁowevar, it is probable that at least two
types of sensillum basiconicgm exist, One group occurs in small numbers on '
the anterior clﬁb surface,.the sensilla'being’short (u to 8u), almost stréight,
continuously tapering to a sharp point, and having a wider pore canal (Tig,
- 65,s), Those of the other group covering both club surfaces are long (1p
to 1§u),'cylindrical for most of their length and sharply tapering to a
point, bent shérbly near the base so that the sensillum lies paréllel to thé
¢ludb surféce, and have a narrower pore canal (Figs.6L,65,1). Hair diameter

is l.Qp to 1.6u., The sensilla of intermediate 1eﬁgth appear to be less fully
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Figure 60. Distribution map of sensilla basiconica on male left antenna,
posterior surface, ' ‘

52



O ™
&o o ° 0o © ©°
O ° 0 O
o 000 (o295 Qoooo o o°°o°° (%)
[} Oo 0 © o oo
< o o [ O%O 4 o o
o o0 o o° [<) ()
0 % o C. o o o°
o ) ° (boo 02, op [« o oD
g o 0o 08§ oD %0°%° o o & %oo o
o 8o Lo 00000 o © © ©9Co
o o s 0 L ©“g 00 0 o
o o 000~ fe) o o o o
Q [} ©o0 0 0 o o o
0 o0 0o ©S0 o %% o ) (o)
o ° o oo co ©6 0
co ©O O [+ o o
o o0 o G O
%5 o 0030 oo © o
Oo OOD o S0 [=] 0 O
0,9, ° oY, o o
0 o0 o 0% 007
o8 % o o 0 o °0
0 p0 O o .
° o o o0 o o 04
o 0% o
oo o <] 0" 0 4
o o Q iy
o2 o © © [+ 54
S 00 o °
2o o 080 .
Q ° o © 00 o %9
' (o) o @ o©0OO o
o o
o Oop
Q 0¢ o °
o ©° °
Oo‘g o OO o
o o %, o
o © °°
o o
o ”® L0 4
O o o

: HM.

Figure 61. Distribution map of sensilla. basiconica on male left antenna,
anterior surface, '
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Figure 63.

Distribution map of sensilla ba51con1ca on female left antenna,
anterior surface.
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develloped long sensilla basiconica, although a third similar but smaller
type is not exciuded. Sincé these differences were not noted until most of
the fine structure work had been done, the following desgription probably
holds fqr the_long basiconic.sensilla, whicb, since they are most numerous;
'wbuld be most frequently sectioned.,

The typical sensillum basiconicum is about 16u long, curved, with a non-
~articulated base., These sensilla are shielded from contact with a substrate
bj the sensilla chaetica, and the Types II and III sensills trichoidea,
Since they come to a very sharp point, an opening at the tip is presumed
. absent, The.hair wall is very thin, tapering from 0,22un near the base'to
0.10n near the tip., From abéut 3n from the base the hair wall shows many
perforations, about 50 to 60 per ‘square micron of surface area (Fig.66).
The holes are flask-shaped, being wide internally (S00A&), and opening to the
exterior by a narrow longitudinally oriented slit which is about 7004 long.
and 100X to 200X wide. The base is not articulated, the hair>wa11 being
joined directly to the body cuticle as in the Type II sensilla trichoidea.A
- The pore canal is simple, cylindrical, about 3u long and 1.7u in diameter
(Fig.79). | . | |

The tormogen cell again is typically disposed, forming the pore canal
lining, and ensheathing proximally ﬁhe trich@gen cell, The tormogen vacuole
is characteristiqally very large, extending from the base of the hair to lp
or more proximal to the inner cuticular surface, and withAa maximum diameter
aporoaching Lp, The vacuole is léosely filled wiﬁh t&rmogen cell cytoplasmic
extensions which are villiform-to somewhat lamellate, and which centraily |
terminate ln to 2u proximal to the pore canal (Fig.71). The cytoplasm ié i
dense, with sparse endoplasmic reticulum, and a moderate number'of mito=-
“chondria, The ﬁucleus is usually situated proximﬁl to the vacuole.

’

The trichogen.cell shows a characteristic speciaiization: a large"



| Figure 6L. Photomicrograph of long sensilla basiconica and sensilla
chaetica. Note the hint of perforations in the hair wall
of the sensilla basiconica, Distilled water mount.

Figure 65. Photomicrograph of short (s) and long (1) sensilla basico-
. ' nica, Compare length and peg shape, 'Permount' mount.

Figure 66, Electron micrograph of sensillum basiconicum, surface view of
sectioned unstained unfixed dried hair., Note slit-shaped
openings. : .






Figlre 670

Figure 68,

" Figure 69,

- Figure 70.-

Electron micrograph of sensillum basiconicum, oblidue section
of hair showing dendrite branches, hair perforations. Glutar-
aldehyde-osmium fixation, lead citrate section stain,

Electron micrograph of sensillum basiconicum, cross section of
hair showing numerous hair wall perforations and dendrite
branches in the hair lumen, Note dendrite branch ending in

‘a perforation (arrow).

Elec¢tron microgranh of sensillum basiconicum, oblinque section
of hair showing fine filaments extending part-way into the hair
perforations. (arrow), Osmium fixation, PTA and lead acetate
block stain,

Electron micrograph of sensillum basiconicum, cross section of
portion of hair wall, showing three dark bodies with fine
finger-like projections in wall perforations, Glutaraldehyde-
osmium fixation, lead citrate section stain,

\






. Figure T1.
Figure 72,

Figﬁre.73.

Electron micrograph of sensilla basiconica, oblique section
through cellular components. Osmium fixation, PTA and lead
acetate block stain, :

Electron micrograph of sensillum basiconicum, cross section
in region of pore canal. Note two dendrites., Osmium fixation,
PTA and lead acetate block stain,

_Electron micrograph of sensillum basiconicum, longitudinal

section, Glubaraldehyde-osmium fixation, lead citrate section
stain, . ' ‘
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trichogen vacuolé,,approxim;tely 5p long and L,51 in diameter,lextends from
.jp proximal to the tips’of the £wo inner segments of the dendrites of this
sensillum to the tormogen vacuole, from which it is separated by a cﬁticular
sheath which encloses»the dendritic outer segménté (Figs(76,77). In this |
Aregibn the dendrites.are_completely but lposely surrounded by S to 7 cyto-
plasmic anastomosing lamellae which originate at the proximal end of the
trichogen vacuole, ﬁith occaéional connections to the lateral cytoplasmic
walls; giving this région a myelin-like appearance in cross section, The
lamellae contain microtubules, and mitochohdria'which'causg loﬁal swellings,
"Desmosomes join the inner lamellar membranes to the dendrite cell membranes.
(Fig.80). Proximally the trichogen cell encloses the remaining parts 6f the
" inner segments and the nerve cell bodies, The nucleus is near the proximal
‘pért of the nerve éell bodies,.2Sn to 30n from the base of the hair,

The cuticular sheath mentioned earlier is thin-walled (3004 to Look),
0.51 to 0,81 in diameter, an irregularly wa&y line in longitudinal sectioh,
Aand extends from the distal portion of the trichogen vacuole to a short dis-
tance into the hair luﬁen where it flares_outwards to join the hair wall
(Figs.71,73). |

The two nerve cells of this sensillum,. similar in appearance to those
of the other Sehsilla, send tﬁo,disfal processes (which again are cilium-
like proximally, with the ciliary rootlet apparatus, Figs.7L-77) unbranched
into the hair, where subsequent repeated bfanching occurs, ' Curiously, each
of the 15 to 20 branches contains at 1ea§t'one.microtﬁbule. Each hair per-
~ foration contains a darkly staining body which fills the small cavity, but
| bears no apparent connectiop-to the nerve branches in the hair lumen (Fig.
| 70). AOnly-one hair éegyion photographed shows'a nerve branch terminating
within a perforation, with several small finger-like projections about 1303

thick (Fig,68), The dark bodies alsdihave on.their distal border finger-like



Figure 7L.
Figure 765,

Figure 760

Electron micrograph of sensillum basiconicum, cross section

of outer segments of dendrites, showing single and paired
tubules. Glutaraldehycde-osmium fixation, lead citrate section
stain, ‘

Electron hicrograph of sensillum basiconicum, cross section
of ciliary region of one of two dendrites, showing 9 peripheral -
tubule pairs, absence of central pair, Glutaraldehyde-osmium

Tixation, lead citrate section stain.

Electron micrograph of sensillum basiconicum, cross section
through inner segments of dendrites at level of centrioles,
‘Glutaraldehyde-osmium fixation, lead citrate section stain,






Figure 77. Electron micrograph of sensillum basiconicum, cross section
through inner segments of dendrites proximal to centrioles,
Noete oiliary reotlets, desmosomea, Olutaraldehyta=ogmium
fixation, lead citrate section stain, -






Figure 78. Electron micrograph of nerve cell body, Osmium fixation, PTA
and lead acetate block stain.






Figure 79, Schematic diagram of sensillum basiconicum, with cross section
of hair at level indicated.

Figure 80, Schematic diagram of sensillum basiconicum, cross section at
level indicated in Fig.79. ' B
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: projections, thase, however, being only 15} to 20} in diameter (Fig.70).
;f This point is still unsettled; and could bear further critical examination,

6, Sensilla Campaniformia

The sensilla cahpaniformia occur in small numbers on all parts of the
'antenna, as well as oﬁher parts of the body (Figs.Bl—Sh). They consist of a
short thin canél leading from the outside to a'subsurface s0lid dome=-shaped
‘structure 3u in diameter, into the centre of which extends the nerve ending
similar in appearance to the scolopale and nerve of the sensillum chaeticum
(Pigs.B86,88)., The pore canal flares outwards distally, giyihg'the entire
structure the appearance‘of an icécream cone. Little else is known of the
structure of these sensilla.dgg'to their infrequent appearance in sections,

7. Axon Fusion -
Mention can be made at this time of the attempt to determine whether
fusion of sensory axong occurs in the antennae, as has been reported in other
insects (Wigglesworth,1959; Dethier, Larsen; and Adams,1963), A cross section

of the antennal nerve.in the proximal oportion of the scape of a female re-
vealed approximétely 2100»axoné (Fig.89)., The sensillum count and expected -
' nerve fierS_inAthé illustréted antennae is given in Tables I and II, 'Thé
total expected axons thus are 18L5 gnd 1921‘for female and male respectively,
with Johnston's'organ not accounted for. Fusion of axons is thus considered

~unlikely, since more axons than expected are present in the antennal nerve.
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Figure 81, Distribution,map of sensilla campaniformia on male left antenna,
‘ posterior surface, '
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Figufe 82, Distribution map of sensilla campaniformia on male left antenna,
anterior surface, , :



Figure 83,

Distribution map of sensilla campaniformia on female left
antenna, -posterior surface. ’
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Figure 81,

Dlstrlbutlon map of sensilla campanlformla on female left
antenna, anterior surface.
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‘Figure 85, Photomicrograph of sensillum campaniforme, Distilled water
mount.

Figure 86. Electron micrograph of sensillum campaniforme, oblique section
L through tubular body and dome, Glutaraldehyde-osmium fixation,
lead citrate section stain. ' o '
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Figure 87. Schematic diagram of hypodermal gland pore,

Figure 88. Schematic diagram of sensillum campaniforme,
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..Figure 89. Electron micrograph of antennal nerve, cross seéction at
proximal portion f/o) scape, Glutaraldehyde-osmium fixation,
lead citrate and uranyl acetate section stain,






Table I, Sensillum count on T. lineatum female antenna (Figs.5,6)

73

: Type of sensillum

Mumber of sensilla Nerve Total
Posterior| Anterior | Total cells nerve
surface | surface per fibres
sensillum
Sensillum chaeticum 192 280 k72 1 L72
- |Sensillum tichoideum Type I 9 15 2l 1? 2l
Sensillum trichoideum Type II 8 39 L7 2 ol
Sensillum trichoideum Type III 3 2L ry 6 162
Sensillum basiconicum 126 Lo8 53k 2 1068
Sensillum campaniforme 15 10 25 1 25
Totals 353 776 1129 18L5
Table II. Sensillum count on T. lineatum male antenna (Figs.3,U)
Type of sensillum : Numbér of sensilla Nerve Total
Posterior{ Anterior | Total cells nerve
surface | surface per fibres
: sensillum
Sensillum chaeticum 195 31} 509 1 509
Sensillum trichoideum Type I 9 20 - 29 1? 29
Sensillum trichoideum Type II 6 L2 L8 2 96
Sensillum trichoideum Type III L 18 22 6 132
Sensillum basiconicum 130 L3l 564 2 1128
Sensillum campaniforme 16 11 27 1 27
Totals 360 839- | 1199 - 1921




DISCUSSION

1, General

Much of the exisﬁing confusion regarding insect sense organ functioh
stems from the fact that sense organs, of necessity, were originélly classi=
fied according to gross morphological characteristics (Snodgrass,1935).
Since most of the critical specialized structures of the nerve endings are -
smaller than the resolving power of the light microscope, few conclusions
vcould be drawn regarding the possible functions of sense organs. Behavioural_
studies, coupled witﬁ.ablation experiments could, at best,.give.information
only on the bodily location of sense organs, but due to the abundance and
density of various types of sensilla on, for example, the antennae, little
could be said regarding the sense organ(s) actually mediating a given beha-
vioural pattern. Matters are further complicated by the presence of up to
31xty sense cells in one sensillum (Sllfer,1961), each possibly respondlng
'to dlfferent stimuli, or in a different manner to the same stimuli., Only
under. very favorable conditionS'could a function be ascribed to a given
sense organ, This, however,'did nqt mean that the ascribed function was the
only one the sense organ possgsseé, if'more than one sense cell was present.
For example, each of ﬁp to five sense cells of the labellar hairs of blow5>
flies has a different funcfibn (Hodgson,1965). vFurthermOre, electrophysio-
" logical work has revealed qualitative as well aé quantitative differences in
.response to the same stimuli by the sense cells of morohologlcally indistin-
guishable sensilla (Starckow,1963; Schneider, Lacher, and Kaissling,196k).
 Thus great care must be taken when attempting to make generalizations about
the function of a given type of sensillum, even wﬁen fine-structural and
. electrophysiological evicdence is available,
The present study on 1nsect sensilla has revealed several interesting ’

features, - Firstly, all blpolar neurons so far studied are virtually indis-
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: ‘tinguishable from each other proximal to and including the ciliary portion

© of the dentrite, The main differences lie in the terminal épecialization

Vof the outer segments, i.e, the manner in whicﬁ the sense cell is exposed to
‘the environment, which is either directly through holgs in the cuticle, or

by m&ans of a cuticular transducer mechanism, Secondly, sense cells which
reSpond to similar environhental modalities show a similar fine-structursl

- organization of the outer segments, This does not necessarily apply to the
Type II multidendritic neurons. Comparisonvof the present results with those.
of other workers using'the electron microscops indicates tbat thé above fea-~
tures may be common to most cuticular sense organé found in oﬁher insect
orders (Adams and Holbert,1963; Adams, Holbert, and Forgash,1965; Anonymous,
196L; - Boeckh, Kaissling, and Schneider,1965; Dethier,1963; Dethier, Larsen,
and Adams,1963; Dethier and Wolbarsht,1956; Gray,1960; Hodgson,l965; Kuwaba=-
ra,1963; Larsen,1962, 1963; Larsen and Dethier,1963; Noble-Nesbitt,1963a,
1963b; Osborne,1963, 196li; Osborne and Finléyson,l965; Peters,1960; Pres-

~ tage, Slifer, and Stephéns,l963; Schneider,196L; Schneider, Lacher, and

o Kaissling,196kL; Slifer,1961, 1963; Slifer, Prestage, and Beams,1957, 1959;
Slifer and‘Sekhon,l961, 1962, 1963, 196La, 196lb, 195Lc; Slifer, Sekhon, and
Lees,196L; Thurm,196l, 1965; Uga and Kuwabara,1965).

2. Sensilla Chaetica_.

The‘abundant and widely distributed sensilla chaetica are probably all
innervated by é siﬁgle neuron each, For that reason multiple function of a
given sensillum can be excluded, Also, chemical function, ésbwell'as respon-

ses to temperature, osmolérity, and CO, can be readily excluded, since the
hair is thick-walled with an empty small lumen, and the sense cell terminatés
at the base of the hair,‘being additionally encased by the.scolopale, thﬁs
effectively shielding the neuron ffom stimulation by those modalities. On

- the other hand, the structure of the socket and hair, with the attached
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'scolopale, provides an excellsnt opportunity for stiﬁulating the cell by a
bending of the hair. Whether this is accompiished by contact with a(é??E:)
strate, by air-borne sound, by air currents, or by differentiél cutiéulér
‘absorption of water as a result of humidity changes éan at present not be
resélved, but the first seems the most likely possibility. The thickﬁess of
* the hair; relative shoftness; éurvature; and apparent stiffness make air-
bqrne sound and air currents unlikely stimuli; hairs which are known‘to
respond td sound or:air currents are usually very'loﬁg, thin, proﬁruding
aimost at right anglqsvto the cuticle surface, and set in a wide membrane,
all features apparently making deflection of the hair‘eaéier.(Dethier,l963;
v SchwartZkopff;l96h). 'Since the hair itself seems to be constructed entirely
of non-staining impermeable exocuticle, and since no differentisl substruc-
A"ture was noted, water absorption as a means of humidity detection is consi-
dered unlikeiy. If an effect does occur‘in the socket only, the hair itself
would be superfluous, and one would have to‘explain iﬁs presence as well as
structure; the single sense cell precludes a double function, The remaining
choice of function, touch reception, is a logical one when one considers the
presence of the sensilla on all exposed body parts, their greater density on
criﬁical.parts like the antennae, front bf the head, pronotum, legs, posterior
region, and their orientation and fine structure, The distal nerve process
of known-mechanoreceptors,-tﬁe hair plate sensilla and campaniform sensilla
of bees examined by Thurm (1963, 196lLa, 196Lb, 1965), contains a special
" terminal structure in the form of a bundle of tubules.designated the 'tubular
body', consisting of 59 to 100 tubules lying parallel to one another in an
electron dense material. The total diameter of each tubule is approximately
1508, Physiological and morphological results indicate that compression at -
the site of this body probably acts as'the stimulus at the cellular level .

- (Thurm,196lLa). A similar structure is foqnd_invthe terminal nerve process
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of the sensilla chaetica examined here, although the tubular nature has not
been so clearly demonstrated., The 1303 to 150% periodicity described, how-
evéf, agreas closely with £he above measuremenﬁk/<§fe Fig.29:>¢Thevhair plate
~ sensilla were found by Thurm (1965) to possess directional sensitivity, this
béing directly related to the point of attachment of ihe scolopale to the
hair base. A similar relationship appears to hold in the sensilla chaetica;
by. comparison, a force acting on the hair from upber left to lower right in
Fig.20 would be most readily perceived, This would be of maximal advaniage
to the animal, since this is the most likely direction a natural stimulus
would have, Electrophysiological verification is 6f coﬁrse essential, Sen-"
éillum position may further indicate function: The long sensilla chaetica on
the scape may act as proprioceptors, informing the beetlevof the position of
the_club when the antenna is withdrawn against the head.

3. Sensilla Trichoidea, Type I

Since nothing is known of the fine strﬁcture of the Type I sensilla
trichoidea, nothing cén be said about the possible function on this basis.
However, their very localized distribution, as well as their gross resem-
blance to hair plate sensilla of other insects, suggest proprioception as a
likely functioﬁ. In some whole mounts of antennae the hairs on portions of
‘the first funicular segment are visibly bent against the cuticle of the
scépe;' Similarly, different hairs on the proximal bulb of the scape would
be bent against the surrounding head capsule, depending on antennal position,
lFurther work to determine fine structure of these senéilla.is reauired,

L. Sensilla Trichoidea, Type II

The most interesting feature of these sensilla is the pgrforated hair
wall., Although the relationship between the nerve branches and the pores

.could not be clearly demoﬁstrated, comparisons can still be drawn between

‘these sensilla and the long trichoid sensilla of Bombyx and Antheraea
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males (Boeckh, Kaissling, and Schneider,1965), and the basiconic sensilla of

 several insect orders, including Colebptera (Slifer,1961, 1963; Slifer et al,

11957, 1959; Slifer and Sekhon, 1961, 1962, 1963, 196lLa, 196Lb, 196kc): the

nerve branches each contain at least one microtubule, and the number of cuti-

.cular pores far exceeds the number of nerve branches in the hair, Since

Slifer and Sekhon (196La, 196Lc) have clearly demonstrated filaments oassing

from the sides of the nerve branches to the pores, a similar relationship is '

% = x ‘
assumed to hold herg{‘/EEE;69 indicates that this is probably the case, at

‘least in the sensilla basiconica.

~ The long trichoid sensilla on the antennae of male Bombyx mori and

Antheraea pernyi were examined electrophysiologically (Boeckh, Kaissling,

and Schneider;l965; Schneider, Lacher, and Kaissling,196L) and were found to -

- respond to the respective female-produced sex attractant., No resaction was

~found to mechanical, thermal, COp, or humidity stimuli., The other one or

two cells of the sensilla trichoidea usually present did not respond to the

) sexual attractant bub gave a phasic impulse increase or decrease to the

PAPSER ey

- .
genep§;<9dgur.r’Curiqusly,/phe females, which do not respond to their own
sex attractant, lack the long sensilla trichoidea. In the present case it

is thus assumed that the Type II sensilla trichoidea are olfactory receptors,

.not excluding possiblé responses to temperature, humidity, and CO,. Mecha-b

noreception is considered unlikely: the hair base is not articulated, and
no neuron terminates at the base,

5. Sensilla Trichoidea, Type TIT

The Type IIT sensilla trichoidea hold a considerable number of-features
in common with the contact chemoreceptor trichoid sensilla of many other
insects, These are the reverse curvature of the halr, the longitudinal hair
fluting, the blunt tip,'the double luﬁen, the eccentric small lumen apposed

to one side containing the distal processes of several neurons, and the arti-
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6ulated hair base, It is thus very tempting to consider these sensilla as
cﬁntact chemoreceotors, The position of thesebsehsilla on the distal half
of_the anterior club surfacé, as wgll as their eprsed nature, facilitating
contact with a substrate, further strengthen this view, Sections of the
'hair tip are still required to determine the relationship of nerve endings
' to the external epvironmént; .aﬁ this time the presence of terminal pores is
assgmed. Since a systematic study of the fine structure of each hair én a

- given club was not undertaken, the relatioﬁship between hair position and

‘ nerﬁe c¢ell number, and_the absence or presence of a nerve cgll terminating
at the hair base were not determined. This would have tohbe done if any
attempts.are m#de at electrophysiological recording of responses. Further-
more, it must be kept in mind that morphological idenfity, with respect to
nerve cell number and disposition, does not neceésarily mean physiological
identity, since different combinations of cells responding to various stimuli
" may be present in hairs of similar appearancé. Each hair must thus be exa-
mined separatély, both. for morpholégy and function., Speculation on.the

" function of individual cells ié pointless since this insect has a highly
specialized diet. (ambrosis fungus), the chemical composition of which is
unknown, Contact chemoreceptor cells responding to water, carbohydrates,
and salts were found in Diptera (Nethier,1963); this information may be
uséd as an initial guide. Additionally, some contact chemoreceptor sensilla'
were found to respond to mechanical stimulation - bending of.the hair, this
:being related to the presence of a nerve termination'aﬁ the hair base (Pethier
1963).

6. Sensilla Basiconica

In common with the Type IT sensilla trichoidea, the sensilla basiconica .
have a perforated hair wail, two neurons each, and branching of the outer

segments, differing only in the greatef amount .of nerve bfanching and the

greater number of hair perforationé. Since their fine structures are so si-
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‘milar, the sensilla basiconica are also assumed to be olfactory organs, again
ﬁob excluding possible reception of water vapor, COp, and temperature. Due
to their gtoutness, lack of articulation, and protected nature, they are also -
considered unlikely as mechanoreceptors., The exact nature of the receptor
mémbrane, and the relationship of pores to dendrite branches remain to be
elﬁcidated. Since no study exists in which given sensilla basiconica were
examined both electron microscoﬁically and electroohysiologically, no reaso-
nable comparisons can be made using only fine structure as the basis, Fur-
thermore, at least two general types of sensillum basiconicum presumed res-
ponsive to odours exist: one type with perforated hair wall§ as described
above, and another type in which the cuticular sheath containing the dendri-
tes passes up the hair lumen to the tip of the hair, whére the dendrite tips
are exposed to the air (S1ifer, Prestage, and Beams,1957, 1959), Due to thg'
large differences in receptive surféce area presented to ﬁhe-environment,
these two types undoubtedly differ greatly ih the types of chemicals to which
they can respond, as well as to theif concentration, Perforated hairs and
pegs were found by other workers on the antennae of bees (Slifer and Sekhon,
1961), moths (Boeckh, Kaissling, and Schneider,1965), mosquitoes (Slifer and
Sekhon,1962) ,bugs (Slifer aﬁd Sekhon,1963), flies (Slifer and Sekhon,196Lb),
'grasshoppers (S1ifer and Sekhon,196kLc), andvbeetles (Slifer and Sekhon,196ka).
The second type of sensillum basiconicum has not yet been_found on the an-

tennae of T. lineatum; their presence is however not excluded,

7. | Sensilla Campaniformia

The mechanoreceptive function of campéniform sensilla has been well es-
ﬁablished for some time (Pringle;1938a, 1938b), cohtrary~to McIndoo's belief
that they functioned as olfactory receptors (McTndoo,191k). More specificél-
ly; the sensilla fespond fo stresses in‘the.cuticle fesulting from mechanicai

deformation'(Dethier,l963). Since no‘éighificant differences in structure
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' wére found in the sensilla of this insect, compared to those of others, a
similar function is assumed, The fine structure of the nerve ending aopears
almost identical to that of the bee campaniform sensillum examined with the
§1ectron microscope by Thurm (196L). He concludes that compression at the
site of the tubular body is the adequate stimulus at the cellular level,
8; Axon Fusion |

The probable absence of sensory cell axon fusion is an important finding'
since it means that the function of each sense cell can be-individually recor-
ded in the brain, without summation effects, Since Steinbrecht (unpublished,
cited in Boeckh, Kaissling, and Schneider,1965), using the electron micros-.v
'~ cope, also found no evidence of axon fusion in Bombyx antennae, and since
many of the‘nerve fibres are of a size below the resolution limit of the
light microscope, the situation should be reinvestigéted with the electron

microscope in Rhodnius and Phormia antennae, in which extemsive axon fusion

- supposedly exists (Wigglesworth,1959; Dethier, Larsen, and Adams,1963).
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SUMMARY AND CONCLUSIONS |

The antennae of the ambrosia beetle Trypodendron lineatum (Olivier)

were examined with the light and electron microscopes to determine the tyoes,
"qdistribution, andAstructure of cuticular sense organs found thereon,. Whole
mounts of antennae were used to determine types and distribﬁtion of sensilla,:
Sectidns of Epon-embedded specimens were eithef stained with methylene blue

- and examined with the light microscope, or stained with heavy metal salts

and examined with the electron microscope, A brief‘investigation waé made
_of”the presence or absencé of sensory axon fusion in the antennae,

The conclusions are as follows:

1. Six main types of sense organs are present on the antennae, with an
additional seventh cuticular structure, the hypodermal gland pore, which is
thought to be non-sensory. |

2. The sensilla are sensilla chaetica, sensilla trichoidea Tyves I, II,
and IIT, sensilla basiconica, and sensilla éampaniformia. |

3. Distribution maps of all sensilla and the'hypodermal gland poreS”
on one each of left male and female antenna aré presented,

Lk, Sensilla chaetica, of wide distribution, possess one bipolar neuron -
terminating in a scolopale at the base of the thick-walled articulated hair,

| 5. Type I sensilla trichoidea are short hairs at the base of the scape
and the base of the first funicular segment. Their fine structure and
innervation are not known, o

6. Type II sensilla trichoidea are sharp-pointed hairs of intermediate
length, with thin, perforated hair walls and two neurons with slightly
branched dendrites as the main features. Distfiﬁution is restricted to the
‘distal periphery of the club,

7. Type IIT sensilla trlch01dea, on the distal half of the anterior

club surface, are blunt-tipped, reversely-curved hairs possessing. a double .
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luﬁen and four to seven bipolar‘neurons, the unbranched dendrites of which-
"extend to the hair tip, The presence of hair tip perforations is assumed.

8. Sensilla basiconica, on both club surfaces, are relatively short
thin-walled perforated hairs or pégs, possessing two‘neurons each, with much-
Bfanched dendrites, The relationship of dendrite branches to hair perfora-
tions is.ndt clear,

9. Senéilla campaniformia, of wide distribution, consist of a sub~-sur-
face dome in the centre of which lies the nerve ending of one neuron similar .
in appearance to that of the sensilla chaetica.

10, The number of antennal nerve axons exceeds the expected'number of
axons obtained by a sensillum count corrected for the number of nerve cells
present per sensillum type, with Johnston's organ unaccounted for, indicating
the probsble absence of sensory axon fusion in the antennae.

11, The possible functions of the six sensillum types are discussed.

12, The implications of past research into insect sense organ function,

‘and the value of studies such as the present one, are discussed,



8l
REFERENCES
(References marked with an asterisk are not specifically referred to
in the Thesis).
‘#Adams, J.R., and A.J. Forgash. 1966, The location of the contact chemore-

ceptors of the stable fly, Stomoxys calcitrans (Diptera: Muscidae).
Ann, Ent. Soc, Amer, 59(I s 133-111 .

Adams, J.R., and P.E. Holbert. 1963, The fine structure of insect contact
chsmoreceptors, Proc, XVI Int, Congr, Zool. 3: 93-95

Adams, J.R,, P,E. Holbert, and A.J. Forgash, 1965. Electron microscopy
of the contact chemoreceptors of the stable fly, Stomoxys calcitrans
(Diptera; Muscidae). Ann, Ent, Soc, Amer, 58: 909-917

#Anderson, L.W., and H.J. Rall, 1959. Antennal hygroreceptors of the milk-
weed bug Oncopeltus fasciatus (Dallas) (Hemiptera, Lygaeidae). o
Ann, Ent, Soc, Amer, 52: 279-28l

Anonymous. 196k, Photographs of labellar sensilla as studiediby scanning
electron microscope, Life 56(18): 69-72

#Barber, S.B., and W.F, Hayes. 1963, Properties of Limulus chemoreceptors,
Proc., XVI Int, Congr. Zool., 3: 76-78

¥Barrows, W.M. 1907, The reactions of the pomace fly, Drosophila amnelophila
Loew, to odorous substances. J. Exp. Zool, L: 515-537

- #Barton-Browne, L, 1960, The role of olfaction in the stimulation of ovipo-
' sition in the blowfly, Phormis regina., J. Ins, Physiol, 5: 16-22

#Barton-Browne, L., 1963, Some possible modes of actidn of humidity and water-
receptors in insects. Proc, XVI Int, Congr. Zool. 3: 86-88

#Barton-Browne, L., and E.S. Hodgson, 1962, Latency, independence and spe-
cificity of labellar chemoreceptors of the blowfly, Lucilia,
J. Cell, Comp, Physiol. 59: 187-202

“#Begg, M., and Hogben, L, 19L6, 'Chemoreceptivity of DrbsOphila melanogaster.
Proc, Roy, Soc, (B) 133: 1-19 - ;

#Birukow, G, 1958, Zur Funktion der Antennen beim Mistkifer (Geotrupes 311va-
ticus)(Panz.), Z, Tierpsychol. 15: 265-276

'*Boeckh, J., 1962, Elektrophysiologische Untersuchungen an einzelnen Geruchs-
rezeptoren auf der Antenne des Totengribers (Necrophorus). 2. Vergl,
Physiol, L6: 212-2L8 -

Boeckh J., K.E. Kaissling, and D. Schneider. 1960. Sensillen und Bau der
, Antennengeissel von Telea polyphemus, Zool, Jb, (Anat,) 78 558-58)

#Boeckh, J,, K.E. Kaissling, and D, Schneider, 1965. Insect olfactory recep-
tors, Cold Spring Harbor Symp. Quant, Biol, 30: 263-230



85
Borden, J.H. 1966, Laboratory investigations of certain phenomena associa-
ted with the resnonse of Ips confusus (LeConte) (Coleoptera: Scolyti=<
dae) to male attractant, Ph D, Th331s, University of California

‘Bordeh, J.H. 1967, Personal communication

;.Bordén, J.H.; and D.L. Wood, 1966, The antennal receptors and olfactory
response of Ips confusus (LeConte) (Coleontera: Scolytidae) to male
sex attractant in the laboratory, Ann, Ent. Soc, Amer. 59: 253-261

*Bullock, T.H., and G.A. Horridge. 1965. Structure and Tunction in the v
Nervous System of Invertebrates, Freeman & Co,, San Fran, 2 Vol.

#Burkhardt, D. 1960, Action potentials in the antennae of the blowfly
(Calliphora erythrocephala) during mechanical stimulation., J. Ins,
Physiol. L: 136-1I5

*Byrne, H.D., and A, L. Steinhauer, 1966, The attraction of the alfalfa weevil,
- Hypera postica (Coleoptera: Curculionidae), to alfalfa. Ann. Ent, Soc,
Amer. 59(2): 303-309

- #Byrne, H.D., A.L. Steinhauer, and R.E. Menzer, 1966,. Attractiveness of alfal-
fa extracts to the alfalfa weevil, Hypera postica, in relation to water,
Ann, Ent, Soc, Amer, 59(5): 1013-101IL ,

#Chamberlin, W.J. 1939, The Bark and Timber Beetles of North America North °
of Mexico, OSC Co-op. Assoc,, Corvallis, Oregon

#Chamberlin, W.J. 1958, The Scolytoidea of the Northwest, Oregon, Washineton,
TIdaho, and British Columbia, Oregon State College, Corvallis, Oregon

#Chan, V,B. 1967 A study of some factors influencing the orientation beha-
viour of the ambrosia beetle Trvpodendron lineatum (Olivier) (Coleoptera:
Scolytidae). M, Sc. Thesis, University of British Columbia

#Chapman, J.A. 1955, Physiological and biological studies of the ambrosia
beetle, Trypodendron lineatum (0liv,) and the Douglas-fir beetls,
Dendroctonus pseudotsugae (Hopk.). Interim Rept. 1954-2, Can., Dept.
- Agr, Science Ser., For, Biol., Div,

#Chapman, J.A. 1956, Studies on the physiology of the Ambrosia Beetle
Trypodendron in relation to its ecology, Proc. X Int. Congr. Ent. L:
375-380 .

- #Chapman, J.A, 1962, Field studies on attack flight and log selection by the
: ambrosia beetle Trypodendron lineatum (0liv,) (Coleoptera: Scolytidae).
Can, Ent, 9L: 7L-92

#Chapman, J.A. 1966, The effect of attack by the ambrosia beetle Trypodendron
lineatum (Olivier) on log attractiveness, Can, Ent. 98: 50-59

#Chapman, J.A., S.H. Farris, and J.M. Kinghorn, 1963. Douglas-fir sapwood
- starch in relation to log attack by the ambrosia beetle, Trypodencdron.
‘For, Sci, 9: L30-L439




"~ #Chapman, J. 4., and J.M. Kinghorn, 1958 Studies of flight and attack acti-
' vity of the ambrosia beetle, Trynodendron lineatum (Oliv.), and other
scolytids. Can, Ent, 90: 362-372

#Chapman, K.M. 1965. Campaniform sensilla on the tactile spines of the legs
of the cockroach, J. Exp, Biol. L2: 191-203

#Dethier, V.G. 1952, Adaptation to chemical stimulation of the tarsal recep~
tors of the blowfly., Biol, Bull, 103(2): 178-189 '

#Dethier, V.G. 195h The physlology of olfaction in insects. Ann, N.Y.
Acad, Sci. 58: 139-157

#Dethier, V.G. 1955 The physiology and histology of the contact chemo-
receptors of the blowfly, OQuart. Rev, Biol, 30(L): 348-371

*Dethier, V.G. 1962, Chemoreceptor mechanlsms in insects, Soc, Exp., Biol.
Symp. 16: 180-196

Dethier, V.G. 1963. The thsiology of Insect Senses, J. Wiley, N.Y. 266 p.

Dethier, V.G., Larsen, J.R., and J.R. Adams, 1963 The fine structure of
the olfactory receptors of the blowfly. In: First Int, Symp, on 0lfac-
tion and Taste, Stockholm 1962, (Zotterman, Y., Ed ). Pergamon press,
Oxford, or N.Y., MacMillan. 105-110

Dethier, V.G.,, and M.L. Wolbarsht, 1956. The electron mlcroscopy of chemo-
sensory hairs. Experientia 12: 335-337

#Dyer, E.D.A, 1962, The effect of exposure of hibernation sites on the time
of Trypodendron spring flight. Can. Ent. 9L(9): 910-915

) *Dyér, E.D.A. 1963. Distribution of Trypodendron attacks around the circum=-
: - ference of logs, Bi-mo, Prog, Rep. Can, Dept. For. 19(2):

. #Dyery E.D.A., and J.M. Kinghorn, 1961, Factors influencing the distribﬁtion
of overwintering ambrosis beetles, Tryoodendron lineatum (Oliv, ).
Can. Ent. 93: 7L6-759 '

- #Evans, D.R. 1951, The.effect of odours on ingestion by the blowfly. J. Inms,
: Physiol. 7: 299-30L ’

*Evans, D.R. 1963. Chemlcal structure and stimulation by carbohydrates. In:
"~ Olfaction and Taste, Y., Zotterman, ed. MacMillan Po., N.Y., 185-176

- #¥Evans, D.R., and D. Mellon, Jr. 1962, Stimulation of a primary taste recep-
tor by salts, J. Gen. Physiol. L5(kL): 651-661

#Feir, D., J.I. Lengy, and W.B. Owen. 1961, = Contact chemoreception in the
mosquito, Culiseta inornata (W1111ston); sensitivity of the tarsi and
labella to sucrose and glucose, J, Ins. Physiol. 6: 13-20

*Ffancia, F.C.'1965. Studiés of some aspects of behaviour in the ambrosia
beetle Trypodendron lineatum Oliv, Ph D Thesis, University of British
Columbia B




87
#George, M, 1963, Studies on Campodea (Niplura): the anatomy of the glands
and sense-organs of the head. Ouart., J. Micr. Sci. 10L: 1-21

#*Gillary, H.L. 1966, Stimulation of the salt receptor of the blowfly: I. NaCl
II. Temperature TIIT, the alkali halides. J. Gen., Physiol, 50: 337-368

#G8rner, P, 1965. A proposed transducing mechanism for a multiply-innervated
- mechanoreceptor (trichobothrium) in spiders, Cold Spring Harbor Symp.
Quant, Biol, 30: 69-73 ' ' .

#Qraham, K, 1959, Release by flight exercise of a chemotropic response from
photopositive domination in a Scolytid beetle. Nature 18h: 283-28)

#Graham, K, 1961. Air-swallowing: a mechanism in photic reversal of the beetle
Tryoodendron. Nature 191: 519-520

Graham, K., and A.E, Werner. 1956. Chemical aspects of log selection by |
ambrosia beetles, Can, Dept. Agr, For. Biol, Div, Interim Rept. 1955-1
Victoria, (unpubl,) < .

Cray, E.G. 1960, The fine structure of the inseét ear. Phil, Trans. B 243:
75=-94 ' -

" #Hardee, N.N., E.B, MitChell; and P.M. Huddleston. 1966, Chemoreception of
attractants from the cotton plant by Boll weevils, Anthonomus grandis
(Coleoptera: Curculionidae), Ann, Ent, Soc. Amer. 59(5): B867-868

#Hardee, D.D., E.B. Mitchell, and P.M. Huddleston. 1966, Effect of age,
nutrition, sex, and time of day on response of boll weevils to an attrac-
tant from cotton, Ann, Ent. Soc, Amer. 59(5): 102L-1025 :

#Hodgson, E.S. 196L. Chemoreception, In: Physiology of Insecta, Vol. I.
M. Rockstein, ed. Academic Press. p. 363-396

' Hodgson, E.S. 1965, The chemical senses and changing viewpoints in sensory
physiology. Viewpoints in Biology. Ed J.D. Carthy and C,L. Duddington
P' 83 "12h

Kay, D.H. 1965. Techniques for Electron Microscopy,2nd Hd, Blackwell Scient,
Publ,  Oxford :

Kushida, H, 1966, Block staining with lead acetate, J. Electron Microscopy
15(2): 90-92 ,

: Kuwabara, M, 1963, Tarsal chemoreception in the butterfly, Vanessa indica,
Proc, XVI Int. Congr, Zool. 3: 96-97

" #Lacher, V, 196L. Elektrophysiologische Untersuchungen an einzelnen Rezep-
toren filir Geruch, Kohlendioxyd, Luftfeuchtigkeit und Temperatur auf den
Antennen der Arbeltsblehne und der Drohne (AplS mellifica L.).

Z. Vergl. Physiol. h8: 587-623

*Lacher, V,, and D, Schneider. 1963. Elektrophysiologischer Nachwéis der
Riechfunktion der Porenolatten (Sensilla Placodea) auf den Antennen
der Drohne und der Arbeitsbiene (Apis mellifera L, ) Z, Vergl. Physiol,
L7: 274-278




- 88
Larsen, J.R. 1962, The fine structure of the labellar chemosensory hairs
of the blowfly, Phormia regina Meig. J. Ins. Physiol, 8: 6A3-691

Larsen, J.R, 1963, 'Fine structure of the interpseudotracheal papillae of
the blow fly. Science 139: 3L7

Larsen, J.R., and V- G. Dethier. 1963, The fine structure of the labellar
and antennal chemoreceptors of the blowfly Phormia regina, Proec. XVI
Int. Congr. Zool, 3: B81-83

' Luft, J.H. 1961, Tmprovements in epoxy resin embedding methods, J. Cell
| Biol, 9: L09-L1k

‘McIndoo, N.E. 191L. The olfactory sense of insects. Smiths. Inst, Publ,
' Misc. Coll, 63: 1-63 '

‘M¢Indoo, N.E. 1926, Senses of the cotton boll weevil. An attempt to explain
how plants attract insects by smell, J. Agr. Res, 33: 1095-11L1

Molenaar, L. J.,'énd B. Schotanus, 1962. An improved method for making carbon
films for electron mlcroscooy. Science and Industry N.V. Philips

9(1): 2L-25

#Morita, H, 1963, Generator potential of-insect chemoreceptors, Proc. XVI
Int. Congr. Zool. 3: 105-106 :

#Nicklaus, R, 1965, Die Erregutheinzelner Fadenhaare von Perigléneta
americana in Abhingigkeit von der Or8sse und Richtung der Auslenkung,
Z, Vergl, Physiol. 50: 331-362

" Noble-Nesbitt, J. 1963a. The fully formed intefmoult cuticle and associated
: structures of Podura aquatica (Collembola), OQuart. J, Micr, Seci, lgg: '
253-270 ‘

Noble-Nesbitt, J, 1963b, The cuticle and associated structures of Podura
aquatica at the moult, Quart, J, Micr. Sei, 10L: 369-391

Osborne, M.P. 1963. The sensory neuronss and sensilla in the abdomen and
thorax of the blowfly larva. OQuart, J, Micr. Sci, 10L: 227-2L1

Osborne, M.P, 196k, Sensory nerve terminatlons in the epldermls of the blow-
fly larva., Nature 201: 526

Osborne, M.P., and L.H. Finlayson., 1965 An electron mlcfoscope study of
the stretch receptor of Antheraea pernyi (Lepidoptera, Saturniidas).
J. Ins, Physiol, 1l1l: 703-710 ,

" #0Owen, W.B. 1963, The contact chemoreceptor organs of the mosquito and thelr :
function in feedlng behaviour, J. Ins, Physiol. 9: 73-88

Peters, W, 1960. Mornhologische Untersuchungen an Chemischen Sinnesorganen
der Schmeissfliege Calliphora erythroceohala Mg. (Diptera). XI Int.
Congr. Ent, Wien, :L07-L09

#Peters, W,, and S, Richter, 1963. Morphological'ihvestigationS’on the sense
organs of the labella of the blowfly, Calliphora erythrocephala Mg,
. Proc, XVI Int, Congr, Zool, 3: 89-92




, : 89
Prestage, J.J,, E,H. Slifer, and L.B, Stephens. 1963. Thin-walled sensory
pegs on the antenna of the termite worker, Reticulitermes flavipes.
Ann, Ent, Soc., Amer, 56: 87L-878

Pringle, J.W.S. 1938a. Proprioception in insects, I. A new type of mechani-
cal receptor from the palps of the cockroach, J. Exp, Biol, lgz 101-113

Pringle, J.W.S. 1938b, Proprioception in insects. II. The action of the
campaniform sensilla on the legs. J. Exp, Biol, 15: 114-131

#Prosser, C.L., and F.A, Brown, 1961. Comparative Animal Physiology. W.B,
Saunders Co, .

Richardson, K.C., L.J. Jarett, and E.H. Finke, 1960. Embedding in epoxy
resins for ultrathin sectionlng in electron microscopy. Stain. Techn,

35: 313-323

| #Riegert, P.Wm. 1960, The humidity reactions of Melanoplus bivittatus (Say)
(Orthoptera, Acrididae): antennal sensilla and hygro-reception.
Can, Ent. 92(8): 561-570 :

#Roth, L.M. 1951, Loci of sensory end-organs used by mosquitoes (Aedes aegvpti.
' L. and Anopheles nuadrimaculatus Say) in receiving host stimuli. Ann.
Ent. Soc, Amer. LL(1): 59-7L

#Roth, L.M., and E.R. Willis., 1951, Hygroreceptors in coleoptera. . Exp."
Zool. 117: L51-L68 .

#Roth, L.M,, and E.R. Willis, 1952, Possible hygroreceptors in Aedes aegypt1
(L.) and Blattella germanica (L.). J. Morph. 91(1): 1-1l

-‘*Rudlnskv, J. A., and G.E. Daterman. 196La, Field studies on flight patterns
‘ and olfactory resoonses of ambrosia beetles in Douglas-fir forests of
Western Oregon. Can, Ent. 96(10)= 1339-1352

#Rudinsky, J.A., and G.E. Daterman, l96hb Responses of the ambrosia beestle
Trypodendron lineatum (Oliv,) to a female-oroduced oheromone. Zeitschr.
f. Angew, Ent. 5L(3): 300-303

Sabatini, D.D., K, Bensch, and R.J. Barrett, 1963, Cytochemistry and electron
microscopy. The preservation of cellular ultrastructure and enzymatic
activity by aldehyde fixation, J. Cell Biol, 17: 19-58 '

" #S5chmidt, G, 1960. Sinnesorgane bei Ameisenlarven, (Form. Hym, Ins.), XI Int.
: Congr. Ent, Wien : L03-197

#Schneider, D, 1957. Elektrophysiologische Untersuchungen von Chemo- und
' Mechanorezeptoren der Antenne des Seidenspinners Bombyx mori L,
Z. Vergl, Physiol, LO: 8-ll

#Schneider, D, 1962. Electrovhysiological investigation on the olfactory
specificity of sexual attracting substances in different species of
moths. J. Ins, Physiol. 8: 15-30

#Schneider, D, 1963. Function of insect olfactory sensilla., Proc, XVI Int.
Congr, Zool. 3: 8L-85 .



. ‘ 90
Schneider, D, 196L. Insect Antennae. Ann. Rev. Ent, 9: 103-122

" #Schneider, D., and J. Boeckh, 1962, Rezeptor Potentiale und Nervenimpulse
einzelner olfaktorischer Sensillen der Insektenantenne. Z., Vergl, -
Physiol, L5: LO05-L12

Schneider, D., V, Lacher, and X,Kaissling, 196L. Die Reaktionsweise und das
Reaktionspektrum von Riechzellen bei Antheraea pernyi (Lepidootera,
Saturniidae). Z. Vergl, Physiol. LB8: 632-662 '

Schwartzkopff, J. 196L. Mechanoreception, In: Physiology of Insecta, Vol, i.
M. Rockstein, ed. Academic Press, p. 509-561

- Slifer, E.H. 1961. The fine structure 4f insect sense organs. Int. Rev.
Cyt. 11: 125-159

#Slifer, E,H, 1963. Fine structure of insect olfactory receptors. Proc, XVI -~
Int. Congr. Zool. 3: 79-80 : :

Slifer, E.H., J;J}'Prestage, and H.W. Beams, 1957. The fine structure of
the long basiconic sensory pegs of the- grasshopper (Orthoptera, Acridi-
dae) with special reference to those on the antennae. J. Morph. 101:
359-397 ' '

Slifer, E.H., J.J. Prestage, and H.W., Beams, 1959, The chemoreceptors and
other sense organs on the. antennal flagellum of the grasshopper '
(Orthoptera, Acrididae). J. Morph, 105: 1L45-192

Slifer, E.H., and S.S. Sekhon. 1961, Fine structure of the sense organs on
the antennal flagellum of the honey bee, Apis mellifera Linnaeus,
-J. Morph, 109: 351-381

Slifer, E.H., and S.S. Sekhon, 1962, The fine structure of the sense organs
on the antennal flagellum of the yellow fever mosquito, Aedes segyotbi
(Linnaeus). J.Morph. 111: L9-67

Slifer, E.H., and S.S. Sekhon. 1963, Sense organs on the antennal flagellum
of the small milkweed bug, Lygaeus kalmii Stal (Hemiptera, Lygaeidae).
J. Morph. 112: 165-193 _ '

Slifer, E.H.,band S.S. Sekhon, 196ka. Fine structure of the thinwalled senso-
' ry pegs on the antennae of a beetle, Popilius disjunctus (Coleoptera:
Passalidae). Ann, Ent. Soc, Amer, 57: SLI-5L8

. Slifer, E.H., and S.S. Sekhon. 196Lb, Fine structure of the sense organs on
the antennal flagellum of the flesh fly, Sarcophaga argyrostoma R,-D.,
(Diptera, Sarcophagidae), J. Morph., 1lk: 185-208

.Slifer, E.H., and S.S. Sekhon, 196Lc. The dendrites of the thin-walled
olfactory pegs of the grasshopper (Orthoptera, Acrididae), J. Morph,
11h: 393-L10 K : '

Slifer, E.H., S.S. Sekhon, and A.D. Lees. 196l Thé sense organs on the
‘antennal flagellum of aphids (Homoptera) with special reference to the
plate organs, Quart. J. Micr, Sci., 105: 21-29



91
- Snodgrass, R.E. 1926, The morphology of insect sense organs and the sensory
nervous system, Smiths. Misc, Coll. 77: 1-80, 32 figs.

‘ Snodgfass, R.E, 1935, Principles of Insect Morphology. McGraw-Hill Book Co,

#Steinhardt, R.A., H. Morita, and E.S. Hodgson., 1966, Mode of action of
straight chain hydrocarbons on primary chemoreceptors of the blowfly,
Phormia regina. J, Cell, Physiol, 67(1): 53-62

Strekow, B, 1963, Electrophysiological studies of a single taste hair of
_ the fly during stimulation by a flowing system, Proc. XVI Int, Congr.
Zool. 3: 102-10L h

#Stlirckow, B, 196h., Some common features of three types of insect sensilla,
Experientia 20: 509-511

- Thurm, U, 1963. DNie Beziehungen zwischen mechanischen reizgr8ssen und statio-
n¥ren Erregungszustinden bei Borstenfeld-Sensillen von Bienen, Z. Vergl.
Physiol, L6: 351-382

Thurm, U, 196Lha, Mechanoreceptors in the cuticle of the honey bee: fine
structure and stimulus mechanism. Science 1L5: 1063-1065

Thurm, U, 196Lb. Das Rezeptorpotential einzelner mechanorezeptorischer ‘
Zellen von Bienen, 2, Vergl, Physiol, L8: 131-156.

Thurm, U, 1965. An insect mechanoreceptor, Part I, Fine structure and
adequate stimulus, Cold Spring Harbor Symp. Quant. Biol. 30: 75-82
Part II. Receptor potentials. Ibid. p. 83-9k

Uga, S., and Kuwabara, M. 1965. On the fine structure of the chordotonal
sensillum in antenna of DrOSOphlla melanogaster, J. Electron Micros,

1L(3): 173-181

Wigglesworth, V.B. 1959. The histology of the nervous system of an insect
Rhodnius prolixus (Hemiptera), I, The peripheral nervous system. Ouart,
J. Micr, Sci, 100: 285-298 ' -

#Wolbarsht, M.L. 1965, Receptor sites in insect chemoreceptors ' Cold Spring
Harbor Symp. OQuant, Biol, 30: 281-288

#Zacharuk, R.Y, 1962a. Some histochemical characteristics of tissues in
larvae of Ctenicera destructor (Brown) (Coleoptera, Elateridae), with
special reference to cutaneous sensilla. Can. J. Zool, Lo: 733-7L6

¥Zacharuk, R.Y, 1962b, Sense organs of the head of larvae of some Elateridae
(Coleoptera): their distribution, structure, and innervation., J. Morph.
S 111(1): 1-3L

*Zacharuk, R.Y. 1962c., Exuvial sheaths of sensory neurones in the larva of
Ctenicera destructor (Brown) (Coleoptera, Elateridae), J. Morph. 111:

35-4L7




