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Abstract—Fungal symbionts of the ambrosia beetle, Xyleborus dispar, are transported
within a glandular invagination of the body cuticle, termed the mycangium. The associ-
ated secretory cells pass their products into the mycangium via efferent cuticular
ductules. Hemidesmosomes on microvilli apparently anchor the end apparatus of each
ductule in the compartment. The fungal propagules within the mycangium are of 2
types: a small-celled fungus which is apparently the classical ectosymbiont, Ambrosiella
hartigii, and a large, multinucleate propagule, which is a yeast-like basidiomycetous
derivative.

Index descriptors (in addition to those in title) Symbiosis, mutualism, basidiomycete,
exocrine glands, cuticle, insect.

INTRODUCTION

IN MANY OF THE symbiotic associations between insects and fungi, the insect is a vector for
the fungal propagule. Often, the fungal ectosymbiont is transported within a mycangium—
a glandular cuticular invagination of the insect’s body surface (Buchner, 1965; Francke-
Grosmann, 1967; and Graham, 1967). To understand these associations better, it is neces-
sary to describe the morphology of the symbiotic partners, to probe their interactions
experimentally, and to analyze in some detail the properties of the micro-environment
within the mycangium. The glandular nature of the mycangium suggests that secretions of
the beetle regulate the species composition of the intramycangial fungal populations and
also provide nourishment for proliferating fungal propagules. (Francke-Grosmann, 1967;
Schneider and Rudinsky, 1969a, 1969b; Barras and Perry, 1971; Happ et al., 1971).

Two groups of scolytid beetles, differing both in their micro-habitats and taxonomic
affinities, are associated with fungal ectosymbionts. The phloem-feeding bark beetles, of
which the southern pine beetle ( Dendroctonus frontalis) is one representative, are associated
with blue-stain fungi of the genus Ceratocystis. D. frontalis transports an imperfect deriva-
tive of Ceratocystis and a basidiomycete (Barras, 1975; Barras and Perry, 1972; Barras and
Taylor, 1973; Happ et al., 1975; Happ et al., 1976). The second group of scolytids, am-
brosia beetles, lives primarily in the xylem, and most species are associated with fungi of
the genera Monilia, Cephalosporium, or Ambrosiella (Francke-Grosmann, 1967). When
growing in the galleries formed by beetles burrowing in the host tree, the symbiotic fungj

* Contribution No. 4in a series of papers on scolytid-fungal symbiosis.
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produce nutrient-rich spores, termed ‘“ambrosia” that are eaten by larvae and adultg
(French and Roeper, 1975). In the case of the beetle Xyleborus ferrugineus, the symbiotic
fungus also provides phytosterols which are required for pupation (Norris, 1972). The
subject of the present study is a congeneric ambrosia beetle, Xyleborus dispar. The funga]
ectosymbiont of X. dispar has been identified as Ambrosiella hartigii (Fungi Imperfecti)
(Batra, 1967). 4. hartigii in pure culture is mycelial (French and Roeper, 1972a). When
post-diapause adults of X. dispar were introduced into these mycelial cultures, the fungus
produced ambrosia (French and Roeper, 1972b).

With the exception of 6 previous papers (Barras, 1975; Happ et al., 1971, 1975, 1976;
Whitney and Farris, 1970; Livingston and Berryman, 1972), little is known of the ultra-
structure of the mycangia of most insect species or of that of the microsymbionts. In
previous papers, we have described the prothoracic mycangium of the southern pine
beetle (D. frontalis) (Happ et al., 1971) and the morphology and proliferation of 2 species
of fungal ectosymbionts transported therein (Happ ef al., 1975, 1976). In the study reported
below, we investigated the ultrastructure of the mesonotal mycangium in an ambrosia
beetle (Xyleborus dispar) and of the fungal microflora contained therein during winter
diapause.

MATERIALS AND METHODS

Females of X. dispar were allowed to enter diapause in the fall, were stored at 04°C (Corvallis, Oregon),
and were shipped to New York University (in April) for dissection, fixation, and embedding. Further
manipulations occurred at Colorado State University.

Females were fixed in alcoholic Bouin’s and embedded in paraffin or in glutaraldehyde (2.5%; in 0.05M
phosphate buffer pH 7.2) with 0.15M sucrose added, at 0-4°C for 2-6 hr, followed by washing overnight in 4
changes of the same buffer with 0.5M sucrose added (Locke, 1966), with post-fixation for 1 hrin 1%, osmium
tetroxide buffered with veronal-acetate (pH 7.3) containing 0.4M sucrose. The glutaraldehyde was pre-
purified by repeated washings through Norit EX charcoal. Tissues were dehydrated in graded alcohols and
embedded in Epon 812. Thick sections were stained with toluidine blue. Thin sections were stained routinely
for 20 min with saturated uranyl acetate in 50%, ethanol followed by lead citrate (Reynolds, 1963) with 1
drop of Triton X-100 added to each 50 ml of lead stain. The electron micrographs were obtained on a
RCA EMU 3D or an AE1 EM6B.

OBSERVATIONS AND DISCUSSION

The mycangium of the female X. dispar, lies at the forward margin of the mesonotum,
(Francke-Grosmann, 1967). The dorsal wall of the mycangium is derived from the recurved
scutellum and is lined with tall, secretory cells (Fig. 1).

Each secretory cell is associated with an efferent cuticular ductule (Figs. 3, 4). The
secretory unit is similar to that in type 1 cells of the mycangium of Dendroctonus frontalis
(Happ et al., 1971), and many other insect exocrine glands (Noirot and Quennedey, 1974).
Such secretory units constitute another example of an organule (references in Selman and
Kafatos, 1975). The secretory cells of the diapausing females appear inactive. The nuclei
are large (12-15 pm in diameter), oval, and quite smooth in outline, and they contain
numerous nuclear pores (Figs. 2, 6). The chromatin is mostly dispersed; only a few patches
of heterochromatin are present along the inner nuclear membrane, but nucleoli are promi-
nent. Mitochondria generally appear to be spherical, small (1.8 um in diameter), and contain
plate-like cristae. Some ribosomes are dotted along irregular cisternae of the endoplasmic
reticulum and many others lie free in the intervening cytosol. The intracisternal spaces
appear to be devoid of electron dense materials. Small clusters of dense vesicles, which may
be Golgi zones are frequently seen (Fig. 6).

Mesonotal Mycangium of X, dispar

PLATE 1.
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PLATE 2.
secretory cuticle. A granular inner epicuticle (1E) underlies a
discontinuous trilaminate outer epicuticle (between arrows). Scale = 0.1 um. X 100,000
nflated, electron transparent cisternae (cis), Golgi zones
and scattered mitochondria (m). Cytoplasmic ground

leus (SN) chromatin is dispersed. Nuclear pores (arrow-
o da 1 e 1Y &N

FiG. 5. Superficial layers of non-

FiG. 6. Secretory cell cytoplasm contains i
consisting of a variety of vesicles (G),
substance is of low density., Within nuc

Mesonotal Mycangium of X. dispar

: PLATE 3
FiG. 7. Lamellate cuticle (LC) of above the secre / epitheli
- Lar . tory epithelium of mycangium is t i
spine-like processes (asterisk). Two nuclei (N) of ductule-carrying cellsgare vlisib}lléov;nl;gomto
FiG. 8. A ductule running through lamellate cuticle (LC) and opening into the lumen. x 2300

FiG. 9. End apparatus (ea) of ductule lies in a se i
cretory cavity. Lamellate cuticle i
SC, Secretory Cell; DC, Ductule-carrying cells. Scale bar = 2 pm. X 21302:)t upper efl
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PLATE 4.

Mesonotal Mycangium of X. dispar 387

The plasma membrane of each secretory cell is deeply invaginated to enclose an irregular
compartment that is truly extracellular. This extracellular compartment is not continuous
with the hemocoel which surrounds the cell, for the narrow neck of the compartment is
tightly plugged with a cuticular ductule ensheathed in a process of ductule-carrying cell (Fig.
9). The end apparatus of the cuticular ductule lies within the cavity. The cuticular wall of
the end apparatus is perforated by fine tortuous channels, each about 150 A in diameter.
The channels are bounded by a denser zone, ca. 30 A wide, which is apparently continuous
with a similar dense zone on the outside surface of the wall (Fig. 13). In contrast to similar
cells which we have described in the mycangium of D. frontalis, secretory product was
absent within these fine channels and also absent from the surrounding extracellular
compartment. Dense granular and fibrous material lies in the lumen of the end apparatus
(Figs. 9, 12, 13). As suggested for the type 1 cells of D. frontalis (Happ et al., 1971), this
filamentous material may be a permanent structural feature rather than merely secretion in
transit.

The absence of secretory products around the end apparatus of these diapausing beetles
facilitated our examination of its outer surface. The outer surface is coated with a reticular
filamentous coat, 30~100 wm thick, and analagous in its position to subcuticle. Microvillar
evaginations of the plasma membrane impinge upon the filamentous coat. The microvilli
are not packed with parallel microfilaments, as are those in the spermathecal accessory
gland of Tenebrio (Happ and Happ, 1970) nor do they contain smooth endoplasmic reti-
culum, as do those in the type 1 cells in the defensive glands of Eleodes (Eisner et al., 1964).
Rather, the inner surface of the plasma membrane is associated with an undercoat of fine
filaments which often surrounds a clear central channel, free of well-defined structures,
that runs down the center of the microvillus (Fig. 12). Within the tip of each microvillus
is a dense plaque that resembles a hemidesmosome (Figs. 11, 12). Where microvilli are
densely packed around the end apparatus, these dense plaques are evaginated and can be
seen closely appressed to and sunken into the filamentous reticular coat of the end appara-
tus. Strands of material appear to radiate from each microvillus into the surrounding
reticulum (Fig. 13). Presumably, the massed microvilli anchor the end apparatus in place.

In cross sections through the end apparatus, the precise boundary between the wall and
the contents is sometimes difficult to distinguish (Figs. 10, 11). However, as the ductule

FiG. 10. A dense outer epicuticule (OE), absent from end apparatus (ea), is acquired as the end
apparatus joins the efferent ductule (d,). It is clearly seen as a cross-section through the efferent
ductule (d2). X 8900
Fic. 11. Inner epicuticle (IE, between solid arrows) forms the wall of end apparatus. It is coated
with a layer of fine filaments (between the hollow arrows). Tips of microvilli which are embedded
in this filamentous layer contain dense hemidesmosomes (hd). A number of vermiform electron-
dense anchoring processes are indicated by small arrowheads. % 16,700
FiG. 12. An oblique section through junction between end apparatus (at right) and efferent cuticular
ductule (at left). Inner epicuticle (IE) of efferent ductule is continuous with that of end apparatus
whereas outer epicuticle (OE) is restricted to efferent ductule. Loose fibrous material lies within
microvilli, and dense materials (hemidesmosomes, hd) are found at their tips. % 83,000
F1G. 13. Fine channels (dashed line) traverse inner epicuticle (IE) of end apparatus. Electron-dense
anchoring processes, indicated by white asterisks, are often attached to larger microvilli (mv).
Outer surface of these processes is covered with a fuzzy glycocalyx. Individual processes may be
connected to one another (large arrowhead) or glycocalyx may radiate out into filamentous coat
around the end apparatus (semi-circle of small arrowheads). x 120,000. Scale lines are in microns.
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leaves the cavity and becomes ensheathed in a ductule-carrying cell, an electron-dense
outer epicuticle appears and the fine perforations disappear (Figs. 9, 10, 12). The efferent
ductule runs into and through the layers of lamellate cuticle which form the dorsal wall of
the mycangium (Figs. 7, 8). The lamellate cuticle is thrown up into a variety of ridges and
projections which probably assist in retention of the mass of fungal propagules (Figs. 7, 8),
The configuration of ductule openings is rather like that in the pit glands of Scolytus sp.
(Livingston and Berryman, 1972).

The ventral mycangial wall, derived from invaginated inter-segmental membrane, is not
lamellate, and appears to lack a procuticle altogether. The inner layer is 4-6 pm thick and
contains loosely sweeping fine filaments, 20-30 A in diameter. The outer epicuticle is
granular, 130-140 pm thick, and appears to be coated with a waxy, trilaminate, and dis-
continuous superficial epicuticle, ca. 100 A thick (Fig. 5). This non-glandular anterior wall
is associated with muscle (Fig. 3).

The mycangial fungi

The propagules in the mycangium fall into 2 distinct size classes (Fig. 2): the larger
propagules (Figs. 2, 14, 15) are multinucleate and contain distinct storage vacuoles and
well-defined mitochondria. Their lamellate cell walls are characteristic of basidiomycetous
yeasts (Kreger-Van Rij and Veenhuis, 1971). Except for the slightly lower cytoplasmic
density, these propagules are very similar to the basidiomycetous yeast in the mycangium
of the southern pine beetle (Happ et al., 1976).

The more numerous smaller propagules are uninucleate and closely resemble Cerato-
cystis derivatives (Happ et al., 1975), and probably are Ambrosiella hartigii which has been
isolated previously from the mycangium of Xyleborus dispar. Their cell walls are not
lamellate (Figs. 16, 17), and their septa are of the ascomycete type (Fig. 18).

Ectosymbionts have been reported in a variety of insect-fungal associations; Attine ants
and macrotermitine termites culture basidiomycetes (Wilson, 1971). The fungal genus
Septobasidium is found on living plants in mutualistic association with scale insects (Couch,
1938). Perhaps the best-known example in a non-social insect is the multi-nucleate arthro-
spore of the fungus Amylostereum areolatum carried by the wood wasp Sirex noctilio (Gant,
1969).

Basidiomycetes have been found in trees infested with Dendroctonus (Bramble and Host,
1940; Borden and McClaren, 1970, 1971). More recently, basidiomycetes have been
isolated from the mycangia of 2 species of phloem-feeding bark beetles, Dendroctonus
Sfrontalis and Dendroctonus brevicomis (Barras and Perry, 1972; Whitney and Cobb, 1972).
At least in D. frontalis, the mycangial growth stage is multinucleate (Happ et al., 1976). In
the present report, we show that the mycangia of an ambrosia beetle harbor multinucleate
basidiomycetous propagules. To our knowledge, these few cases are the only known
multinucleate basidiomycetous yeasts in these scolytid beetles.

Apparently, the more obvious blue-stain fungi, which are faster growing in culture and
more readily isolated, caused the basidiomycetous microsymbionts of Dendroctonus and
Xyleborus to be overlooked in the past. Investigation of phylogenetic relationships among
the basidiomycetous ectosymbionts of the two genera of scolytid beetles, of termites, of
scale insects, of attine ants, and of Sirex offers an appealing set of problems for mycologists.
The interactions among the imperfect basidiomycetes, the ascomycetes, and the insect
suggest new challenges to microbial-ecologists. The involvement of exocrine secretions as
mediators of the association adds fascination. Since the biological success of many of these

PLATE §.

FiG. 14. A large propagule. Two nuclei (N) and nucleoli (n) are in plane of section, in addition to
numerous storage vacuoles (white asterisks) and mitochondria (black asterisks). This particular
cell is rather more elongate than most. x 11,520
F1G. 15. Cell wall of larger propagule is lamellate, a characteristic of basidiomycetous yeasts, Outer
2 lamellae have been lost at the upper right. x 13,600
F1G. 16. Cell wall (between arrows) of the smaller class of propagules is not lamellate and has an
electron-dense outer margin. x 45,200
FiG. 17. A small propagule containing several mitochondria (asterisks). x 17,400
FIG: 18. Short chains of cells, of small size class, are separated from one another by an ascomycete-
like septum, with a septal plug (sp) and Woronin bodies (wb). Scale bar = 1 um. % 15,800
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symbiotic associations causes significant financial loss, their further investigation is
certainly warranted on economic as well as scientific grounds.

Acknowledgments—This study was partially supported by a grant from the National Science Foundation
(GB-36284) to George M. Happ and an N1H Biomedical Sciences Support Grant to Colorado State Uni-
versity. Dr. S. J. Barras kindly read this manuscript and offered helpful suggestions. We thank Kirby
Maxwell and Reta Herbertson for typing this manuscript.

REFERENCES

BaTRA, L. R. 1967. Ambrosia fungi: a taxonomic revision, and nutritional studies of some species. Myco-
logia 59: 976-1017.

BARRas, S. J. 1975. Release of fungi from mycangia of southern pine beetles observed under a scanning
electron microscope. Z. Angew. Entomol. 79: 173-76.

BaRrRAs, S. J. and T. Perry. 1971. Gland cells and fungi associated with the prothoracic mycangium of
Dendroctonus adjunctus (Coleoptera: Scolytidae). Ann. Entomol. Soc. Amer. 64: 123-26.

BaRRas, S. J. and T. Perry. 1972, Fungal symbionts in the prothoracic mycangium of Dendroctonus
Jrontalis (Coleopt.: Scolytidae). Z. Angew. Entomol. T1: 95-140.

BARRAS, S. J.and J. J. TAYLOR. 1973. Varietal Ceratocystis minor identified from mycangium of Dendroctonus
frontalis. Mycopathol. Mycol. Appl. 50: 293-305.

BoORDEN, J. H. and M. McCLAREN. 1970. Biology of Cryptoporus volvatus (Peck) Shear (Agricales, Poly-
poraceae) in southwestern British Columbia: distribution, host species, and relationship with
subcortical insects. Syesis 3: 145-54.

BorpEN, J. H. and M. McCLAREN. 1971. Cryptoporus volvatus (Peck) Shear (Agricales, Polyporaceae) in
southwestern British Columbia: life history, development, and arthropod infestation. Syesis 5:
67-72.

BUCHNER, P. 1965. Endosymbiosis of Animals with Plant Microorganisms. Wiley-Interscience, New York.

CoucH, J. N. 1938. The Genus Septobasidium. Univ. N, Carolina Press, Chapel Hill, North Carolina.

EisNER, T., F. MCHENRY, and M. M. SALPETER. 1964. Defense mechanisms of arthropods. XV. Morphology
of the quinone-producing glands of a tenebrionid beetle (Eleodes longicollis Lec.) J. Morphol 115:
355-400.

FRANCKE-GROSMANN, H. 1967. Ectosymbiosis in wood-inhabiting insects, pp. 141-203. /n 5. M. HENRY (ed.)
Symbiosis, Vol. 2 Academic Press, New York.

FreENncH, J. R. 1., and R. A. ROEPER. 1972, In vitro culture of the ambrosia beetle Xyleborus dispar (Cole-
optera: Scolytidae) with its symbiotic fungus, Ambrosiella hartigii. Ann. Entomol. Soc. Amer. 65:
619-21.

FrENCH, J. R.J. and R. A. ROEPER. 1972a. Interactions of the ambrosia beetle, Xyleborus dispar (Coleoptera:
Scolytidae), with its symbiotic fungus Ambrosiella hartigii (Fungi Imperfecti). Can. Entomo!. 104:
1635-41.

Gaur, L. P. C. 1969. Identity of the fungal symbiont of Sirex noctilio. Aust. J. Biol. Sci. 22: 905-1026.

GraHaM, K. 1967, Fungal-insect mutualism in trees and timber. Annu. Rev. Entomol. 12: 105-26.

Harp, G. M. and C. M. HaPp. 1970. Fine structure and histochemistry of the spermathecal gland in the
mealworm beetle, Tenebrio molitor. Tissue Cell 2: 443-66.

Harp, G. M., C. M. HaPP, and S. J. BARRAS. 1971. Fine structure of the prothoracic mycangium, a chamber
for the culture of symbiotic fungi in the southern pine beetle, Dendroctonus frontalis. Tissue Cell 3:
295-308.

Harp, G. M. and C. M. HaPp, and S. J. BARRAs. 1975, Bark beetle-fungal symbiosis, ITI. Ultrastructure of
conidiogenesis in a Spororhrix ectosymbiont of the southern pine beetle. Can. J. Bot. 53: 2702-11.

Harp, G. M., C. M. Harp, and S. J. BArRRrAS. 1976. Bark beetle-fungal symbiosis, I1. Fine structure of a
basidiomycetous ectosymbiont of the southern pine beetle. Can. J. Bot. 54: 1049-62.

KREGER-VAN Rw, N. J. W. and M. VEENHUIS, 1971. A comparative study of the cell wall structure of basi-
diomycetous and related yeasts. J. Gen. Microbiol. 68: 87-95.

LiviNgsTON, R. L. and A. A. BERRYMAN. 1972, Fungus transport structures in the fir engraver, Scolyrus
ventralis (Coleoptera: Scolytidae). Can. Entomol. 194: 1793-1800.

LoCKE, M. 1966. The structure and formation of the cuticulin layer of the insect, Calpodes ethlius. J. Morphol.
118: 461-94.

Norrot, C. and A. QUENNEDEY. 1974, Fine structure of insect epidermal glands. Annu. Rev. Entomol. 19:
61-80.

REYNOLDS, E. S. 1963. The use of lead citrate at high pH as an electron-opaque stain in electron microscopy.
J. Cell. Biol. 17: 208-12.

Mesonotal Mycangium of X. dispar 391

SCHNEIDER, 1. A. and J. A. RuDINsKY. 1969a Mycetangial gl i i
. . . glands and their -
S trichus retusus and G. sulcatus. Ann. Entomol. Soc. Amer. 62: 39—4‘31 seasonal changes in Gnatho
SCHNEIDER, I. A, and J. A. RupINsky. 1969b. Anatomical and histologi h i i
. . gical changes in the int |
adult Trypodendron lineatum, Gnathotrichus retusus, and G. Sulcatuf (Coleopltgrgr'ngcglr g:}g:e(;f
Ann. Entomol. Soc. Amer. 62: 995-1003. ' Y )
SELMAN, K. and F. C. KaFATos. 1975. Differentiation in the cocoonase-
structural studies. Develop. Biol. 46: 132-50.
WHITNEY, H. S. and F. W. Coss, Jr. 1972 Non-staining fungi associated with the b
: : » JR. 1972, ark bettle D
W br}eivtgamls (Coleoptera: Scolytidae) on Pinus ponderosa. Can. J. Bor. 50: 1943-45 ¢ Dendroctons
HITNEY, H. S. and S. H. Ferris. 1970. Maxillary mycangium in the mountain pj ' j
ey teas In pine beetle. Science (Wash.

WILSON, E. O. 1971. The Insect Societies. Belknap Press of Harvard University Press, Cambridge, MA,

producing silkmoth galea: Ultra-



