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IIMVIARY

Scanning electron microscopy (SEM) of Pinus sp. decayed by the brown-rot
fungus Postia placenta confirmed the existence of extracellular membranous
structures previously described by transmission electron microscolﬁ)y (TEM).
These structures appear to be an integral part of the hyphal sheath and assume
a variety of forms including lamellar sheets, fibrils, and vesicles. These
structures were observed éa) on the surface of hyphae, (b) extending from
hyphae onto the wood surface and covering the S, layer, (CR embedded in the
hypShaI sheath and, (d) penetrating into the wood cell wall layers from

3793.
We conclude that penetration of the wood cell wall by the complex,
multistructured hyphal sheath facilitates the decay process in an orderly and
linear  progression. The directionality of the decay process appears to alter
the fiber orientation of individual wood cell wall layers. This model offers
an alternative hypothesis to simple diffusion of wood degrading agents during
wood decay by P. placenta.

Keywords: Brown-rot, wood decay, hyphal sheath, extracellular membranous
structures, wood anatomy, electron microscopy (SEM).

INTRODUCTION

Our current understanding of the ultrastructural micromorphology of
wood-fungus interactions during wood decay, has been derived in large part
from transmission electron micrographs (TEM) (12, 13, 19, 30, 33). Thus,
observations have been restricted to a thin two-dimensional plane providing
salient but limited information on the modifications of wood during the decay
process.  Questions specifically addressing enzyme penetration and decay
progression have not been satisfactorily resolved by TEM (8, 30, 31, 32).

There is an apparent void in the literature between early observations on
the decay fungi in wood by SEM and the present (4, 11, 14, 20, 21, 27). Many
of the earlier papers present low magnification SEM micrographs limited to
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surface phenomena of the S;. The current availability of high resolution
scanning electron microscopes, concurrent with improvements in creative
methodology of SEM specimen preparation provides an additional correlate to
TEM for ultrastructural studies. Application of SEM technology should confirm
fungal and wood structures during decay previously detailed by TEM.

In a series of provocative publications Foisner et al. (12, 13) and
Messner et al. (25, 26, 27) described in detail for the first time, us.in?1
transmission electron microscopy, extracellular membranous structures (sheath)
of brown- and white-rot basidiomycetes, and suggested a possible role for
these structures in wood decay.

Extracellular layers (hyphal sheath) enveloping ve%etative hyphae of
fungi are a common morphological feature (2, 295). Hyphal sheaths are
postulated to provide several functions for living hyphae; e.g., (a)
attachment to solid substrates, (b) a nutrient reserve, (c) reduce dessication
and nutrient loss, (d) provide protection against toxic chemicals, (e)
facilitate wood degradation by storing or concentrating wood degrading agents,
() maintain a favorable moisture/pH environment for enzyme activity, and (g)
conditioning the substrate prior to enzyme action (17).

The results presented In this communication confirm by SEM the existence
of extracellular membranous structures of the brown-rot fungus P. placenta,
and penetration of wood cell-wall layers by these structures. These results
also provide a supplemental mechanism to account for distribution of wood
decay agents during brown-rot decay.

MATERIALS AND METHODS

Wood blocks (8 x 8 x 4 mm) of southern yellow pine (Pinus sp.) were
decayed by the brown-rot fungus Postia placenta (Fr.) M. Lars. et Lomb.
élsqlate no. MAD-698) using the ASTM soil-block procedure (1). At intervals

uring the 2-13 week decay period, selected blocks were removed and rapidly
guenched in precooled (30 psi, -210C) liquid nitrogen (N,) without chemical
fixation.  After 15 minutes blocks were transferred to a precooled cryovessel
and lyophilized overni?ht (ca. 12 hours%. Blocks prepared in this manner were
then split longitudinally with a razor blade to expose the radial face, and
then coated with gold (Au) on a Balzer's sputter-coater for 22 sec. resulting
in an Au-layer ca. 65-70 A thick. Additional blocks were fixed by exposure to
vapors of osmium tetroxide (1%) in an environmental hood, air dried, and gold
coated as above. Specimens were observed with the aid of a Hitachi S-530
scanning electron microscope at an accelerating voltage of 20-25 Kv. Working
distances were ca. 5-10 mm.




RESULTS

Degradation of southern ¥_el|ow pine (Pinus sp.) by the brown-rot fungus
Postia placenta is shown in figures 1-21. Figures 1 and 2 illustrate fungal
hyphae in close proximity to the longitudinally fractured faces of the
tracheid cell wall. Extracellular hyphal structures extending from the hyphal
cell wall can be seen attached to the modified S; of the cell wall, with
decay pockets visible in the S, layer (Fig. 2).

The S; surface layer of nearl?/_ all tracheids observed in this study was
covered by sheath matrix, thus obliterating the underlying wood fiber
structure (Figs. 3-4). Although some tracheids examined contained more than
one hypha, usually only a single hypha per tracheid appeared sufficient to
mask the S, surface with hyphal sheath and branched mycofibrils.

As decay progresses, linear penetration by mycofibrils across the S;
and into the S; is observed extending from areas covered by hyphae and
extracellular hyphal sheath, especially in_close proximity to hyphae and
hyphal sheath structures (Figs. 4-5?. The mycofibrillar penetrations into
cell walls resemble the structures of the modified S; and penetrate radially
from S; to opposing S; of adjacent tracheid walls. Prior to tangential
penetration by mycofibrils into the S, preferential hydrolysis of the
S;-S, interface zone (z) of the wood cell wall was observed (Figs. 5-6).
Microfibrils, similar in size to mycofibrils, are visible within this decay
zone.

Extracellular  hyphal structures are variable in size and configuration.
Figures 7 and 8 illustrate branched, fused and vesicular manifestations of the
hyphal sheath. Figure 9 demonstrates mycofibrils §approx. 50 nm in diam.) on
a "hairy" hypha in contact with the wood cell surface. Hyphal sheath is also
observed as a smooth bilayer overlaying the mycofibrils which arise from the
fungal cell wall layer underneath the sheath (Fig. 10). Both sheath and
fungal cell wall-associated mycofibrils extend onto the surface of the S,
and are shown fusing into a uniform and ubiquitous structure éFlgs. 11-13).

Myecofibrillar structures are shown penetrating the modified S; and S,
radially, ~ The apparent orientation of the S, layer now follows the radial
penetration of the sheath mycofibrils. The radial orientation continues
through the compound middle lamellae into the opposing cell wall (Figs.
13-15). Decay gockets_ in the radial plane also reveal mycofibrillar
orientation to S;-S, interface. The preferential hydrolysis of the
S-S, interface (z) visible on the oblique surface (os) Is obscured by
mycofibrils or sheath on the longitudinal surface (1s) (Fig. 15). A
membranous remnant, apparently bilayered, is visible (Fig. 15). Penetration
of the S, is evidenced by membranous and fibrillar sheath elements which
extend from the S, (Fig, 1621. Mycofibrils and branched decay channels
within the S; and bridging the wood cell wall are evident in Figure 17.
Fibrous sheath is visible within the tracheid lumen and continues linearl
through the S, layer of the opposing wood cell wall (Fig. 18). Additiona
representations of the extracellular membranous structures (m) are shown in
apposition to modified S; of the wood cell wall (Figs. 19, 20 and 21).

DISCUSSION

Extracellular membranous and fibrillar structures were visualized by SEM
extending from the hyphal cell wall and penetrating wood cell wall layers.
These hyphal sheath structures provide an alternative model to account for
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transport of wood degrading agents during decay progression. This model also
provides a means for the uptake and transport of nutrients to the fungal
protoplasts. The primary barrier to the existing simple diffusion model to
explain the movement of wood decay enzymes has been the apparent lack of
appropriately sized pores in cell wall layers required to permit diffusion of
enzymes of the 30-60 kD range $15, 23, 24, 33, 34) even after decay has been
initiated. Therefore, a low molecular weight, non-enzymatic system was
ostulated (23). The sheath may be necessary to predispose the cell wall
ayers, especially the modification of the S, , as a prerequisite for
penetration of decay enzymes. Furthermore, decay pores and channels may be
p_rogresswe_lty obstructed by sheath structures during decay, thus blocking
simple diffusion.

Many of the underlying concepts and structures supporting this proposed
model of penetration of decay agents by hyphal sheath components already exist
in the literature. Numerous authors have suggested a role in fungus-host
interactions for penetration hyphae, appressoria, haustoria, needle-like
infection hyphae, and microhyphae $2, 10, 16, 24, 35). In a review of wood
decay, Liese (24) illustrated "mycofibrils" of Chaetomium globosum Kunze, and
suggested a role for these structures in penetration and decay. We concur
with the use of the term 'mycofibril'’ to designate the structure observed
here. We also propose consideration of the analogous term 'mycovesicle’ to
designate membranous vesicles exterior to the hyphal plasmalemma. Foisner et
al. (12, 13) and Messner et al. (25, 26, 27) described hyphal cell wall
systems and tripartite extracellular membranous structures of brown- and
white-rot  fungi. We conclude that the structures reported here from SEM are
essentiall?; the same as those reported in their studies. From TEM it is known
that the hyphal sheath extends some distance away from the hyphae (12. 18, 25,
26, 29, 30{3, and is confirmed here by SEM. Wood decay, especially brown-rot,
occurs in a ubiquitous fashion in the wood cell wall at great distances from
the hyphae (4, 17, 18?. Apé)arently, the small structures observed extending
into the wood cell wall are difficult to resolve in TEM, possibly due to
chemical modification during specimen preparation, elution or their inherent
low electron density (electron lucent) in wood (2). Low molecular weight
polysaccharides, such as water soluble b-1,3 (1,6) glucans, are known to be
components of the hyphal sheath 1(17|2/.| o

It is our understanding from TEM and SEM that mycofibrils and
mycovesicles are modifications of the hyphal plasmalemma, similar to lomasomes
(2). which arise in the periﬁlasmic space of the htyphal cell (unpublished
results). Wepropose that the fundamental unit of the extracellular h?/phal
sheath is the mycovesicle that can self-assemble within the fungal cell wall
and coallesce to form a fluid and dynamic assemblage of extracellular
structures (13). In concert with this perspective, we have observed that
mycovesicles and mycofibrils appear to coallesce into lamellar sheets and
dedifferentiate into mycovesicles and mycofibrils during penetration of the
wood cell wall. Sheath membranes, therefore, are probably "self-assembled"
from large numbers of mycovesicles and mycofibrils (13). Foisner et al. (13)
further — characterized tripartite extracellular membranes biochemically as
containing carbohydrate, lipid, and protein but without phospholipid. They
concluded that these membranes are functionally different from plasma
membranes. Bracker (3), reporting on Gilbertella, provided convincing
evidence for the ability of biomembranes to undergo numerous morphological
transformations, e.g., ''vesicles, tubes, or sheets.” We view the
intracellular representations of Bracker's membranes as analogous to the
extracellular  hyphal sheath structures described here.
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Inherent in the wood decay process is an intimate relationship between
the underlying physical and biochemical structure of the wood cell wall and
degradation by decay agents of Postia %Iacenta. _In this SEM study, the
microfibrillar “structure of decayed wood is modified by sheath structures.
The estimated hemicellulose content of the S; S, matrix, S; CML and
cell corners parallels sites of initial attack by P. placenta (9, 18, 31).
Lignin is not an obvious chemical barrier to brown-—rotdecay. by P. placenta,
despite the apparent absence of lignin-specific enzymes that are—formed in
white rot fungi (e.g. Phanerochaete chrysosporium Burds. in Burds. et Eslyn).
Brown-rot fungi have been reported to demethylate lignin resulting in an
accumulation of polymeric degradation products (22). ~All cell wall layers are
penetrated with rapid removal of hemicellulose (6, 17). Hemicellulose content
Is high at the S,-S, and S,-S; interfaces (32), predisposing the cell
wall to dpreferentlal hydrolysis at these interfaces. A similar pattern of
selective decay has been reported for Schizophyllum commune Fr. on Pinus
sylvestris L. (7). However, in our study the rapid hydrolysis at the
S;-S, interface may also be explained by direct penetration by decay
agents from transverse surfaces of colonized wood blocks.

Decay of the compound middle lamella and penetration of hyphae into cell
wall corners has been d|<_)reviously_ reported using TEM (18). Themechanisms by
which P. placenta modify or oxidize lignin during removal of hemicellulose and
cellulose remains obscure (18, 22). Subsequent reagglomeration or _
precipitation of modified lignin residues appears similar to residues which
remain following enzg/me hydrolysis and steam explosion (9.10). Fracture faces
of decayed and dehydrated wood blocks are most likely to occur in the weakest
planes. Thus, selective decay and penetration of existing wood cell-wall
structure by P. placenta apparently reveals underlying physical or chemical
structure not—evident in undecayed control blocks (unpublished results).
Progressive penetration of Pinus wood by P. placenta appears linear and
perpendicular to the tracheid cell wall. This directionality of decay
penetration has been previously documented by TEM (18, 32). Some anatomical
features of wood structure revealed by P. placenta appear similar to those
observed in Douglas-fir following removal of cellulose and hemicellulose by
hydrofloric acid (5).

It is likely that this SEM study is not free from modification of
biological structure due to the inherent nature of SEM preparative
methodology. Nevertheless, we have purposely avoided the standard procedures
of aqueous chemical fixation, alcohol dehydration and buffer washings which
may have adverse effects on the morphology and interpretation of extracellular
structures. Additional correlative studies using a variety of SEM and TEM
preparative procedures will be required to confirm or disprove this model.
However, our observations of wood and fungal structures during decay are
strengthened by the application of two dissimilar fixation methods, i.e.,
quenching in liquid N,-lyophilization and chemical fixation in OsO,
vapors. These interpretations might be invalid if the following can not be
excluded: ga) ‘microfracture planes or channels of decayed wood cell walls
mimic penetrating mycofibrils, (b) structural artifacts™ arise from fixation
and dehydration of existing woody structures, (c) dehydration results in
modification or condensation of some extracellular hyphal structures, (d)
disruption of hyphal integrity manifests extracellular membranous structures,
or (e) sheath and/or membranous structures are modified lignin layers.

In conclusion, we have confirmed by SEM the presence of extracellular
membranous, fibrous, and vesicular structures, previously designated as
sheath, which appear to originate within the fungal cell wall. These



structures cover the S; and penetrate all layers of the wood cell wall in a
linear and progressive manner. Our proposed model depends upon additional
confirmational evidence that the structures which appear to arise within the
cell wall of the hyphae are the same structures which appear within the wood
cell wall during decay by P. placenta.



Figures 1-3. Postia placenta on Pinus sp. quenched in liquid N, and
lyophilized. Fig. 1. Longitudinally fractured surface with sheath. (s) and
vesicles (v) associated with hyphae (h) on surface of modified S;. Note
mycofibrils on S; surface of adjacent tracheid (x 12,500). Fig. 2.
Longitudinally fractured surface with hyphae (h) and sheath (s). attached to
modified S;- Note linear arrangement of small decay pockets in S, and
extending across compound middle lamella (cml) (x 10,000). Fig. 3. With
hyphae (h), sheath (s) , and branched mycofibrils on S, surface of tracheid

(x 8,000; all bars = 1 um).




Figures 4-6. Longitudinal face of fractured Pinus sp. wood decayed by Postia
placenta quenched in liquid N, and lyophilized. Fig. 4. Intact hyphae of
P. placenta in adjacent cell fumen penetrating cell wall layers from S; to
S; by extracellular hyphal structures (arrows) . Note the extensive
development of the sheath (s) across the cell-wall surface (x 4,000). _Fig.
5. Membranous structure (m) associated with hyphae on surface of S,  Wwith
mycofibrils extending from the membranous structure through the S; into the
S, of the cell wall. Note small decay pockets in S, associated with

hyphae and the zone (z) of separation at the interface of the S, and S, (X
6,000). Fig. 6. Separation zone (z) at interface of S, and S, suggests
preferential decay of this layer. Note decay pockets (dp) in S, adjacent to
S; (x 6,000; all bars = 2 um).




Figures 7-9. Extracellular extensions of the hyphal cell wall of P. placenta
(Figs. 7-8, quenched in liquid N, and lyophilized). Fig. 7. Hyphae
extending across tracheid lumen with hyphal sheath components extending from
hypha to cell wall surface. Note what appears to be a hyphal track extending
underneath intact hyphae to a bore hole (lower left) (x 6,000; bar = 2 um).
Fig. 8. Increased magnification of portion of Fig. 7 depicting branched
mycofibrils and vesicle-like structures (x 50,000; bar = 05 um). Fig. 9.
Collapsed hyphae (h) bearing mycofibrils (mf) that are extending onto S;
surface. The membranous part of the sheath appears to be absent (x 30,000;
bar = 0.5 um; fixed in OsO, vapors and air dried).




Figures 10-12. Extracellular hyphal sheath associated with hyphae and surface
of S; (quenched in liquid N, and lyophylized). Fig. 10. Hypha juxtaposed

to wood cell wall (cw) with sheath (s) extending from hypha (h) to surface of
S;.  Note the fibrillar surface of hypha (x 15,000). Fig. 11. Overlying
membrane of sheath (s) revealing underlying mycofibrils (mf) in contact with
S;  (x 15,000 and x 30,000, respectively). Fig. 12. Hypha with a
membrane-like outer cell wall covering (m) associated with underlying
mycofibrils.  Note that both layers appear to have been attached to the
modified S; (x 20,000; all bars = 1 um).
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Figures 13-15. Longitudinal fracture face of pine showing linear penetration
of wood cell wall by extracellular mycofibrils of P. placenta (quenched in
liquid N, and lyophilized). Fig. 13. Hyphae in tracheid lumen.

Mycofibrils (arrows) can be seen on the hypha, on the surface of the S
extending from hypha to S,, and on the surface of the S, of an adjacent
tracheid. Note the linearity of the decay pattern in the S, (x 6,000; bar =
2 um). Fig. 14. Fractured hyphae (h) in direct contact with the S, of
tracheid and associated extracellular sheath (s) . Mycofibrils (arrows) have
penetrated the modified S  perpendicular to the Ilumen, across the S..

S;, and compound middle lamella (x 20,000; bar = 1 um). Fig. 15. Corner of
fractured cell wall formed by longitudinal (1s) and oblique (os) surface.
Mycofibrils (arrows) are shown extending from the S; into the S, on both
surfaces. A bilayered membrane remnant (mr) is also shown. Zone of
separation (z) at S;-S, interface is visible only on the o0s near decay
pockets (x 15,000; all bars = 1 um).
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Figures 16-18. Fungal sheath components in longitudinal fracture faces of
cell wall of Pinus decayed by P. placenta (quenched in liquid N, and
lyophilized). Fig. 16. Penetration from modified S; into S, by

mycofibrils (mf) associated with a putative membranous-like structure of the
sheath (s). The zone of separation (z) is apparent at the S;-S, interface
(x 15,000). Fig. 17. Topography of a longitudinally fractured cell wall.
Note linear orientation of areas of penetration by mycofibrils (mf). Modified
S; is apparent at left (x 15,000). Fig. 18. Sheath (s) extending through
lumen space in linear apposition to membrane remnants (mr) in S, and
compound middle lamella. Mycofibrils are evident at arrow (x 20,000; all bars
= 1 um).
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Figures 19-21. Longitudinal fracture of decayed Pinus sp. (quenched in liquid
N, and lyophilized). Figs. 19-20.  Penetration of cell wall by mycofibrils
(mf) and membranous-like structures. Note apparent tri-lamellar nature of
membranous fragment attached to modified S; (m) (x 15,000). Fig. 21.
Extracellular membrane (m) extending from hyphae (h) to S; surface. Note

the morphology of the membrane extension (me) in direct contact with modified
S;. Mycofibrils (mf) can be readily seen in association with membrane (X
12,500; all bars = 1 um)
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