ULTRASTRUCTURE OF LASIODIPLODIA
THEOBROMAE CAUSAL AGENT OF CARIBBEAN
PINE BLUE STAIN IN VENEZUELA
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(Pat.) Griff. and Maubl.

(=Botryodiplodia  theo-
bromae Pat.), anamorph of Botryosphaeria
rhodina (Cooke) Arx (Sutton, 1980), is a
widely distributed fungus in tropical and
subtropical regions where it has been re-
ported to cause various types of damage to
more than 500 plant species (Punithalin-
gam, 1976). In Venezuela, L. theobromae
affect important agricultural and forestry
species (Cedefio and Palacios-Prii, 1992;
Cedefio et al., 1992; Diaz and Salas, 1980).
A large number of woody species are at-
tacked, especially when under stress (Goos
et al., 1961; Lewis and Van Arsdell, 1978;
Mullen et al., 1991; Punithalingam, 1976,
1980 ). The fungus is also a major cause
of blue staining on fallen timber and
freshly sawn lumber in tropical and sub-
tropical areas (Findlay, 1959; Findlay and
Pettifor, 1939; Lambeth er al., 1989;
Pawsey, 1968 ). Blue staining limits the in-
dustrial usefulness and greatly reduces the

& asiodiplodia theobromae

value of sawn wood, and increases the cost
of the bleaching process in the manufacture
of pulp and paper (Mancini, 1989). In tem-
perate areas, most blue staining is caused
by Ceratocystis spp. and related fungi
(Findlay, 1959; Lambeth et al., 1989; Nel-
son, 1934). Spread of L. theobromae is
primarily by windborne spores, and infec-
tion usually occurs only through the ends
of the logs or where the bark has been
knocked off during harvest and transport
(Lambeth er al., 1989). L. theobromae oc-
curs commonly in the Eastern part of Ve-
nezuela where several hundred thousand
hectares of Caribbean pine (Pinus
caribaea Morelet) plantations have been
established over the past 25 years. The
wood of cut trees is quickly colonized and
heavily stained. Severe lumber degradation
due to staining by L. theobromae also oc-
curs if logs harvested during normal op-
erations are not promptly processed, and if
freshly sawn lumber is not treated with
fungicides.

Previous work on the de-
velopment of blue stained fungi in wood
has dealt primarily with stain caused by
Ceratocystis spp. and its effect on various
chemical and physical wood properties
(Findlay, 1959). No information exists on
the effects of L. theobromae on wood
properties of pine, nor on its development
in wood, with the exception of a study
demonstrating that the fibers extracted
from pine wood with blue stain caused by
the fungus were shorter than those from
nonstained wood (Mancini, 1989). Only
the pycnidiospores of L. theobromae have
been investigated ultrastructurally (Ekun-
dayo and Haskin, 1969; Uduebo, 1975;
Yaguchi and Nakamura, 1991).

The objectives of this
study were to determine, using the light
microscope (LM), scanning electron mi-
croscope (SEM) and transmission electron
microscope (TEM), the ultrastructure of
the hyphal cells of L. theobromae, the
development of the fungus in pine wood
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Figure 1. Longitudinal section of a hypha with abundant
cytoplasmic bodies filled with electron-dense material
(Edm). Note the large vacuoles (V) containing a slightly
electron-dense substance. The arrow indicates a set of cis-
terns disposed as a stacked pile. X 9,000.

-

Figure 3. Transversely sectioned hypha in which two
layers of cell wall can be observed. the outer one in-
vaded by electron-dense granular material and the in-
ner one devoid of this substance. Two nuclei (N) can
be seen with uniformly distributed chromatun. Edm,
electron-dense material; m, mitochondria. X 15,000,
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Figure 2. Section of stroma where the hyphae are cemented
by slightly electron-dense material. In the hypha interior
few dense bodies can be seen (curved arrow), Most of the
cytoplasmic vacuoles (V) are electron-transparent. The
straight arrow indicates a body with a highly electron-dense
core. X 7.500.

Figure 4. Longitudinally sectioned hypha show-
g electron-dense material (Edm) and an elon-
gated segment of cell wall. V. vacuole. X
7,500.




and it’s ability to affect the wood proper-
ties.

Materials and Methods

Isolation and identifica-
tion. To confirm that L. theobromae is
the causal agent of the blue staining af-
fecting Caribbean pine in Venezuela, 2 cm
transverse sections were cut from 50 in-
fected logs collected at Uverito, Monagas
State. Small pieces of blue-stained wood
(ca. 2 mm?) were treated for 5 min with
0.525% sodium hypochlorite, washed in
sterile distilled water, plated onto 2% wa-
ter-agar and incubated at room tempera-
ture. Later the emerging colonies were
subcultured on potato-dextrose-agar (Difco
PDA, 39¢/L) and oatmeal-agar (OMA,
oatmeal 30g and agar 20g/L) to identify
the isolates and to produce the inoculum
to be used in experimental infection tests.
Some cultures produced on PDA were in-
cubated at 37 °C in complete darkness.

Inoculation. Twenty
blocks of pine wood (3 x 3 x 3 cm’)
freshly cut from unstained logs were used
to determine the ability of the fungus to
produce blue staining. Ten blocks were
placed in contact with 7 day-old L. theo-
bromae cultures grown in flasks contain-
ing PDA and then incubated at room tem-
perature. Wood blocks used as control
were placed on PDA without the fungus.

Light and Electron Microscopy:

Hyphae of L. theobro-
muae from agar culture. The hyphae were
ultrastructurally examined to know the
features of the fungus to be observed
within naturally blue-stained pine wood.
The fungus was grown for 3-6 d on a thin
layer (7 ml) of OMA at room temperature.
Cultures were fixed for 3-4 hrs by flood-
ing them with 3% paraformaldhyde and
3% glutaraldehyde mixed in 0.1 M so-
dium cacodylate buffer pH 6.3. Later,
mycelial plugs. 3 mm in diameter, were
cut from different sites of the colonies and
postfixed overnight in 1% Osmium tetrox-
ide in the same buffer. The samples for
LM and TEM were dehydrated in a series
of graded ethanol (30, 50, 70, 80, 95 and
100%), pure acetone and finally embedded
in Spurr's resin (Spurr, 1969). Complete
polymerization was achieved in an oven at
70°C for 48 hrs. Thick sections of Spurr-
embedded specimens were treated with
2% paraphenylenediamine and the thin
sections were contrasted with uranyl ac-
etate (Gibbons and Grimstone, 1960) and
lead citrate (Reynolds, 1963). Specimens
were examined in Reichert Polyvar light
microscope, Hitachi $-2500 scanning elec-
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Figure 5. The hyphal variability that charac-
terizes L. theobromae is clearly seen in this
image in which adjacent hyphal cells of dif-
ferent diameters arc observed. Note that a
thinner hyphal cell growing from the thicker
one, X 7.500.

Figure 6. The hyphal segment thal appears
transversely sectioned in this image. possesscs
moderately electron-dense  material  within
large vacuole (v). The straight arrow indicates
lamellar cisterns disposed in a stacked pile.
Curved arrow a nuclear pore: arrow head indi-
cate a small rough endoplasmic reticulum cis-
tern; N, nucleous. X 30.000.

Figure 7. The septum of L. rheobromae is clearly seen in this photograph. Note the lengthened
mitochondrium (m) and the electron-dense material (Edm), which are associated with the sep-

tum. Arrow indicates
structure with a dense body. X 27,000.

tron microscope and Hitachi H-7000 trans-
mission electron microscope.

Blue-stained pine wood.
Materials to be examined in LM, SEM and
TEM were freshly cut from naturally in-
fected logs. Small pieces (ca. 2 mm?) were
fixed for one week in 3% formaldehyde
and 3% glutaraldehyde in 0.1 M sodium

endoplasmic reticulum: thin arrow points to a tubular membranous

cacodylate buffer, pH 6.3, and postfixed
overnight in 1% Osmium tetroxide in the
same buffer. Specimens for LM and TEM
were dehydrated in ethanol and embedded
in Spurr's resin. Samples for SEM were de-
hydrated in a series of graded acetone (30,
50, 70, 80 and 100%) and embedded in
Peldrix 1l (Ted Pella Inc., Reading, Califor-
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nia 96099). Some pieces of blue-stained
wood were fixed, dehydrated in ethanol as
above and then gradually embedded in 2. 8
and 10% parlodion mixed in 1:1 ethanol:
cther (v/v). Thick and thin sections of
Spurr-embedded material were treated as
previously described. Parlodion-embedded
sections were stained with 0.5% Azur I in
1% Borax.

Results

Isolation and identifica-
tion. L. theobromae was consistently iso-
lated from all the blue-stained tissues ana-
lyzed. On OMA, at the beginning the
colonies were white, becoming later dark
gray. The hyphae were initially hyaline,
later turning to dark brown. After 5 days
of growth at room temperature, abundant
hyphal aggregates were observed on the
surface of the colonies. These later devel-
oped into stromatic structures containing
pycnidial locules. Pycnidiospores (conidia)
grown within the locules were initially
hyaline, oval-shaped. one-celled and thick-
walled, but later became dark brown, two-
celled and longitudinally striated on their
surface. Both hyaline and pigmented pyen-
idiospores measured 22-29 pm in length
and 12-15 pm in width. Hyaline, cylindri-
cal and septate paraphyses were also seen
within the pyenidia. The fungus produced a
reddish pigment on PDA at 37°C.

Based on in vitro growth
characteristics, size and morphology of the
pycnidiospores, the fungus isolated from
blue-stained wood is Lasiodiplodia theo-
bromae (Pat.) Griff. and Maubl. (= Botry-
odiplodia theobromae Pat.), anamorph of
Botryosphaeria rhiodina (Cooke) Arx (Pu-
nithalingam, 1976; Sutton, 1980). Inocula-
tion tests further confirmed the association
of L. theobromae with blue staining of
pine wood in eastern Venezuela.

Inoculation.  Symptoms
of blue stain, similar to those occurring in
naturally infected logs, were observed on
pine wood blocks 5d after inoculation.
The blocks used as controls did not de-
velop blue staining. L. theobromae was
frequently isolated from experimentally in-
fected tissues.

Light and Electron Microscopy:

Hyphae of L. theobro-
mae from agar culture. L. theobromae
ultrastructural analysis revealed that hy-
phal diameter and cell wall thickness
show a great variability. Furthermore, the
cell wall also showed changes in the com-
position of its elements: in the stromatic
aggregates, some hyphae had electron-
dense, compact and very homogencous
cell walls, while the dispersed hyphae,
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Figure 8. Light microscopy image showing accumulation of electron-dense material (arrow).
around which the hyphae aggregates to form a pycnidial stroma. X 673,

Figure 9. Transmission electron micrograph showing a large spheroidal deposit of extrahyphal
electron-dense material (Edm). associated to this material some hyphae can be seen. X 6.000

showed irregular and granular cell walls.
A longitudinally-sectioned hypha, whose
cell wall shows electron- dense particles
on its surface, can be seen in Figure 1,
while in Figure 2, there are hyphae whose
homogeneous cell wall is not covered by
this granular, fine material. In other hy-
phae, such as those illustrated in Figure 3,
the cell wall had two layers: the outer one
containing electron-dense granular material
and the inner one is totally devoid of this
substance. The transverse and longitudinal

sections that are shown in Figures 4 and
5, respectively, illustrate the variability in
hyphal diameter of this fungus. Further-
more, it is important to note that thicker
hyphae form the thinner ones. Figure 4 il-
lustrates a longitudinally sectioned hypha
with an elongated segment which lacks
cytoplasmic content and is probably due
to the plane in which the section was
made. A transversely sectioned hypha
forming another thinner hypha is shown in
Figure 5.
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Transverse sections re-
vealed the cytoplasmic richness and the
diameter variability of L. theobromae hy-
phae. Figure 3 shows a typical hypha
with two nuclei, large amount of material
with different degrees of electron density,
prominent vacuoles containing heteroge-
neous material and numerous free ribo-
somes in the cytoplasmic matrix. The nu-
clei were often located in the most periph-
eral regions of the cytoplasm and were
generally rounded in shape in transverse
sections, and discretely elongated or fusi-
form in longitudinal sections (Fig. 4).
These nuclei had well developed nuclear
membranes; their nuclear pores were
clearly seen (Fig. 6, curved arrow) and the
chromatin  uniformly  distributed.  The
amounts of electron-dense material were
also variable. In some cells, large amounts
of electron-dense granules were observed
(Fig. 7), while in other cells of the same
hypha, the amount of this substance was
smaller.

Some membranous
structures consisting of flattened cisterns
of the same length were seen associated
with vacuoles (Fig. 6. straight arrow). The
rough and smooth endoplasmic reticulum
was rarely found (Fig. 6, arrow head and
Fig. 7, arrow). The vacuoles material was
homogeneous and moderately electron-
dense (Fig. 6). Large amounts of similar
electron-dense material was also observed
free in the extrahyphal space (Fig. 2). Par-
ticular tubular membranous structures
were also seen in the cytoplasm (Fig. 7,
thin arrow), sectioned in different planes
due to their irregular direction of growth.
Dense granules and electron-dense multi-
membranous bodies were observed associ-
ated with these tubular membranous struc-
tures (Fig. 7, thin arrow).

The septum showed typi-
cal characteristics of Ascomycetes, but in
the majority of the hyphae examined the
septal pore was not seen; however, in the
hypha illustrated in Figure 7. a simple sep-
tal pore was observed associated with a
lengthened mitochondria and with electron-
dense material that internally covers the in-
vaginated membranes which form the sep-
tum. This material also filled the pore.

L. theobromae has the
tendency to form hyphal aggregates, par-
ticularly in those sites where extrahyphal
clectron-dense material is deposited (Figs.
8 and 9). In Figure 9 several hyphae are
shown initiating the aggregation around
the electron-dense material similar to that
seen within the hyphae. When the hyphae
aggregate is completed, the extrahyphal
compacting material contributes to the ri-
gidity of these stromatic structures. The
cell walls of the stromatic hyphae did not
contain the electron-dense granular mate-
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Figure 10. Transverse section of the blug-stained pine wood material embedded in Spurr’s

resin, The hyphae of L theobromae

are clearly seen within and between tracheids (straight ar-
row). Curved arrow indicates electron-dense materia

| deposited in the area occupied by the

fungus. Notice the wide zone invaded by the fungus. X 312
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Figure 11. Tangential section of parlodion-embedded specimen showing hyphae growing longi-

tudinally within and between tracheids. Straight arrow

indicates straight. dark. thick hypha

showing regularily spaced septa from which a narrower and more hypha branches. Cury ed ar-

row shows hypha with closer septa

rial commonly observed in the hyphae
dispersed on the culture medium. On the
other hand, it is important to emphasize
that the cytoplasm in most of the
stromatic hyphae had scanty amounts of
electron-dense granules and the granules
that were observed were smaller in size
(Fig. 2). Large vacuoles were generally
seen in the cytoplasm of stromatic hyphae
(Fig. 2); some of these vacuoles contained
moderately electron-dense  material and
others were electron-transparent. In the
stromatic aggregates, the hyphae could not

and which grows through tracheid cell wall.

X 312,

be followed for long distances, indicating
that most of them had reduced their length
to fit into the glommerulate structure that
they form (Fig. 8).

Blue-stained pine wood,
The growth of L. theobromae could be
observed within the tissues of naturally
and experimentally infected wood (Figs.
10 and 11). Hyphae grew both trans-
versely and longitudinally, and could be
seen occupying an area in which the cell
wall of some tracheids had disappeared,
and in others showed fractures. The fun-
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gus was located in the interior of tracheids
as well as between tracheids (Fig. 10,
straight arrow). Large masses of homoge-
neous and moderately electron-dense ma-
terial were seen accompanying groups of
hyphae (Fig. 10, curved arrow). Variation
in the hyphal morphology was observed in
the histological sections of parlodion-em-
bedded material (Fig. 11). Hyphae of dif-
ferent diameters were found showing both
regular and irregular septal arrangements.
Regularly disposed septa were observed in
long, straight hyphae growing within and
between tracheids (Fig. 11, straight ar-
row), but this regularity was not observed
in hyphae of irregular direction of growth
which showed constrictions probably be-
cause they grow through cell walls (Fig.
11, curved arrow).

SEM revealed in better
detail the variation in thickness and in tra-
jectory of the hyphae of L. theobromae
The straight arrow in Figure 12 shows ¢
thin, transversely oriented hypha branch-
ing from a thicker one. However, not all
the hyphae that were transversely oriented
with respect to the tracheids are thin
since, in the same image, a thick hyphae
was also growing transversely (Fig. 12,
curved arrow). Some hyphae having ir-
regular trajectory (Fig. 12. asterisk), were
longitudinally oriented in relation to the
main axis of the tracheids. Figure 13,
shows the hyphae abundance in the inte-
rior of a ray. These hyphae have different
diameters and growth direction. Rays are
made up of parenchymatous cells and, in
the majority of the observed sections, a
large amount of hyphae could be seen
sending branches toward the tracheids.
This means that rays are invaded first and
then the tracheids.

TEM showed more in-
formation about the relationship existing
between L. theobromae hyphae and pine
wood elements. Figure 14, shows a trans-
versely sectioned hyphae whose cytoplasm
has degenerated and only few structures
appear adhered to the cytoplasmic mem-
brane. A large vacuole containing moder-
ately electron-dense granular material can
be observed in the interior of this hyphal
cell (Fig. 14, asterisk). The hyphae within
the wood had heterogeneous cell walls
formed by two layers (Figs. 14 and 15):
the outer one containing electron-dense
granular material giving it a mineralized-
like aspect. and the inner one without this
material, as usually observed in fungal cell
walls. The electron-dense substance forms
part of the complex that adheres the hy-
phae to the wood cells (Fig. 14). In some
sections several hyphae were seen aggre-
gated by the electron-dense material and
the same substance adhere the hyphal ag-
gregates to the wood elements (Fig. 15).
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Figure 12. The variability demonstrated by the hyphae of L. theebromae in thickness and in
direction of growth, can be clearly seen in this scanning electron microscope photograph. As-
terisk indicates a moderately thick hypha located within the lumen of a tracheid. Transversally
orientated thick hypha (curved arrow) and thinner hypha (straight arrow) are also seen.

Figure 13. Scanning electron microscope image of a ray invaded by hyphae having different di-
rections of growth. Straight arrow indicates part of the electron-dense material deposited in the

ray. Curved arrow shows an undulated hyvpha

Figure 16, shows a hypha in the intercel-
lular space of the wood. and in this case,
the electron-dense material could be ob-
served filling the intercellular space
around the hyphae

Discussion

This ultrastructural study

contributes to the information relative to

the structure and dynamics of L. theobro-
mae hyphae (Cedefio er al., 1992). It is
important to note that this fungus pos-
sesses a significant variability as shown
by it's growth on OMA, it's diversity in
cytoplasmic content and it's wide range of
hyphal diameter. During the first growth
stages, the fungus produced a white myce-
lium that later turned dark-gray and then
formed hyphal aggregates. Within these
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Figure 14, Hypha adhered to the cell wall of a tracheid by the elec-
tron-dense granular material produced by the fungus. Straight arrow
shows a thin layer of this material covering neighboring host cell
the electron-dense substance deposited

wall. Asterisk indicates

within a large” cytoplasmic vacuole. The substance can also be seen
attached to the inner face of the vacuole membrane (curved arrow).

X 19.000.

aggregates, large, spheroidal deposits of a
homogeneous and moderately electron-
dense substance were observed; this mate-
rial seems to contribute to organize the
hyphal stromatic structures. Pycnidial loc-
ules developed within these structures.
The variation in the hy-
phal diameter has been interpreted as evi-
dence that L. theobromae produces two
kinds of hyphae (Olofinboba, 1974). How-
ever, our observations indicate that the
fungus does not form different hyphae,
but simply that thin hyphae are branched
from the thick ones. This observation is
supported by the fact that the ultrastruc-
ture of both thin and thick hyphae was
similar. The hyphae forming part of
stromatic structures showed homogenous
cell walls, while those dispersed on the
substrate had two layers, the outer one,
surrounded by a highly electron-dense,
heterogeneous material and a homoge-
neous inner layer. Cell walls structured by
two layers have also been observed in
pigmented pyenidiopores (Ekudayo and
Haskin, 1969; Uduebo, 1975; Yaguchi and
Nakamura, 1991). This electron-dense ma-
terial is similar to the substance deposited
in the cell walls of mature pycnidiospores
(Yaguchi and Nakamura, 1991).
Similar electron-dense
material was also seen scattered on the
culture medium (Figs. 7, 9 and 10), indi-
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Figure 15. Hyphae aggregated by electron-dense material. The same
substance adhered the hyphal aggregate to the tracheid cell wall.
Curved arrow indicate extracellular
density. X 9.500.

material of medium electron-

Figure 16. Hyphae of L. theobromae were also found between tracheids. as can be observed in
this image. Notice the large amount of electron-dense material deposited in the space around

the hypha. X 19.000.

cating that the fungus contributes to the
precipitation of some salts that became ad-
hered to the outer layer of the cell wall.
This mechanism is favored by the fact
that in a given moment of the hyphal de-
velopment, the cell wall may be punc-

tured, facilitating the aggregation of the
electron-dense material that is deposited
on the surface of dispersed hyphae. On
OMA-medium, grown samples a colored
material was seen after the third day of
growth. At this time, the colonies turned
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from white to a bluish color similar to
that seen on blue-stained pine wood. With
respect to the in vifro behavior, Alasoa-
dura (1976) demonstrated that, during the
first 72 h of growth on OMA, the hyphae
of L. theobromae remained in a vegetative
stage with hyaline hyphae, but later cells
became dark-brown due to deposits of
melanin-like pigment. Hyphal cells, whose
cytoplasm appeared almost totally occu-
pied by vacuoles containing electron-dense
material, were seen in thin sections pre-
pared from 3-6 day-old cultures. As in
mature pycnidiospore (Yaguchi and Naka-
mura, 1991), the hyphae became dark pig-
mented due to deposits of electron-dense
material that this fungus produces in large
amounts.

The hyphae of L. theo-
bromae are multinucleate in longitudinal
sections, more than two nuclei were con-
sistently observed. Due to the abundance
of organelles, these nuclei were laterally
located and in no case nucleoli were ob-
served. The chromatin was uniformly dis-
tributed, in contrast to other fungi, e.i.
Rhizoctonia solani Kuhn (Cedefio and
Palacios-Prii, 1990), where the chromatin
forms central and peripheral clumps.
Abundant membranous elements were
found in the cytoplasm, such as vacuoles
and vesicles, all of which were related to
the formation of electron-dense material,
which in some vacuoles were seen frag-
mented and coagulated but preserving
their homogeneity and low electron den-
sity. Cytoplasmic organelles, such as
membranous bodies composed of three to
six flattened cisterns in a stacked pile, and
tubular membranous structures, were ob-
served in the hyphae and are similar to
those reported in R. solani (Cedefio and
Palacios-Prii, 1990). The stacked pile of
cisternae is similar to the non-identified
lamellate structure reported in pycnid-
iospores (Yaguchi and Nakamura, 1991).

LM, SEM and TEM re-
vealed that L. theobromae invaded all the
elements of Caribbean pine sapwood, but
it grew more abundantly in the rays. A
large amount of thin hyaline hyphae, as
well as thick, dark brown pigmented hy-
phae, were observed within the rays.
These observations differ from those of
Olofinboba (1974), who reported that L.
theobromae produced two kinds of hy-
phae in Antiaris africana: one thin and
hyaline hyphae mainly located in the med-
ullary rays and a second thick, dark pig-
mented hyphae growing predominantly in
vessels, tracheids and fibers. Our investi-
gation showed that this fungus developed
only one kind of hyphae, since thinner,
hyaline hyphae appeared to be terminal or
lateral branches of thicker, dark brown hy-
phae. The fungus adapted it's direction of
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growth according to it's location in the
wood. In those elements where L. theo-
bromae grew abundantly, such as in the
rays, numerous, longitudinally orientated
hyphae were observed. The infection by
L. theobromae caused staining and me-
chanical damages, such as distention and
breakage, which seemingly weakened the
anatomical structures. These results par-
tially support those published by Findlay
and Pettifor (1939) and Findlay (1959),
who showed that L. theobromae caused a
reduction in strength and the toughness,
and decreased the bending strength in
tropical hardwood of low density. How-
ever, these findings are opposed to those
of Lambeth er al. (1989) who published
that the blue discoloration induced by
fungi usually does not affect the strength
and the mechanical properties of lumber.
The deep-seated penetrating stains are
caused by fungi having dark-coloured hy-
phae which produce staining pigments that
diffuse into the cell walls of the wood
(Findlay, 1959). Our observations suggest
that the blue staining symptom is due to
the dark- coloured hyphae invading the
host tissues plus the electron-dense sub-
stance deposited on the wood cell wall.
Brown hyphae of Ceratocystis spp. also
produce a bluish staining in conifers (Nel-
son, 1934).
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