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ABSTRACT

Xylaria polymorpha is known to cause root rot disease in hardwood trees. In the present study, trees of the
species Lannea coromandelica infected with X. polymorpha showed symptoms consistent with root rot disease
and also presented with a soft rot decay pattern. Bright-field microscopy, Confocal Microscopy, and Scanning
Electron Microscopy revealed that fungal mycelia penetrated the S, layer of the fiber wall while axial parenchy-
ma was found to be relatively resistant without much visible damage. Occasionally, separation of the parenchy-
ma adjacent to fiber occurred due to the dissolution of the compound middle lamella. Ray parenchyma cells
showed several boreholes having irregular shapes and sizes. Enlargement of the pits in axial and ray parenchyma
was present in all the samples investigated. Xylem fibers were the most susceptible cell type and developed sev-
eral tunnels through the S, layer. Tunnels formed in the S, layer of the fiber wall by the mycelia showed L- and/or
T-bending. The diameter of the tunnels started narrow, increasing in size as the tunnels extended into the S, lay-
er.In some instances, complete removal of the S, layer and fusion of the tunnels with the fiber lumen appearing
as U-shaped erosion troughs was observed. At the advanced stage of decay, extensive damage was observed
in the vessel walls, leaving the middle lamella and wall layer facing the vessel lumen intact. In conclusion the
anatomical characteristics observed in the present study suggests that X. polymopha is an aggressive saprobe
with strong ligninolytic activity causing soft rot type 2 decay in the wood cell wall of Lannea coromandelica.

Keywords: Secondary xylem, soft rot, wood damage, wood degradation

oz

Xylaria polymorpha mantarinin sert agaclarda kok curtkligtne neden oldugu bilinmektedir. Bu calismada, X.
polymorpha ile enfekte olan Lannea coromandelica (Hint Disbudak agaci) tlr agaclarinda kok ¢lrikligu has-
taligr ile yumusak bir ¢lirik bozunmasi oldugu tespit edilmistir. Parlak alan mikroskobu, konfokal mikroskobu ve
taramali elektron mikroskobu ile yapilan incelemelerde mantar miselyumunun fiber duvarin S, katmanina nifuz
ettigi, eksenel paransimde ¢ok fazla gortintr hasar olmadigi ve nispeten direngli oldugu gortlmustur. Bazen, lifle-
re komsu paransimlerin ayrilmasi durumu orta lamel erimesinden kaynaklanabilmektedir. Isin paransim hiicreleri,
diizensiz sekil ve boyutlara sahip birkag delik olusturdugu gérilmistir. incelenen tiim drneklerde eksenel ve isin
paransiminde cukurlann blyudugu tespit edilmistir. Ksilem liflerinin en duyarl hiicre tipi oldugu ve S, katmani
boyunca birkag tinel gelistirdigi gortlmustdr. Miselyumun lif duvarinin S, tabakasinda olusturdugu tlnellerde
L- ve / veya T-egilmesi olusmustur. Tunellerin capinin daralmaya basladigi ve S, katmanina dogru genislemesi ile
boyutlarinin arttigi gézlenmistir. Bazi durumlarda, S, katmaninin tamamen kaldiriimasi ile tinellerin U-sekilli eroz-
yon cukurlar olarak gortinen fiber [imen ile kaynasmasi gozlemlenmistir. Ctriimenin ileri safhalarinda damar
duvarlarinda, orta lamel ve damar [imenine bakan duvar tabakasinin bozulmadigi ancak biytk hasar olustugu
gozlenmistir. Sonug olarak, bu calismada gozlemlenen anatomik ézelliklerde, X. Polymopha mantarinin, Lannea
coromandelica agi¢ tirtinde, ahsap hticre duvarinda yumusak curtklige (tip 2) neden olan guglu ligninolitik
aktiviteye sahip olan agresif bir saprob organizmasi oldugunu géstermektedir.

Anahtar Kelimeler: Sekonder ksilem, yumusak ¢trklik, ahsap hasari, odun bozunmasi

INTRODUCTION

Lannea coromandelica (Houtt.) Merr, commonly known as Indian ash tree, is a hardwood tree widely
distributed in tropical Asia. It is popular throughout Indian literature for the medicinal value of its
bark and leaves (Kaur et al,, 2012). It is a hardwood species that is preferred for use in the production
of bleachable pulp as well as in the manufacture of grain pounders, oil presses, plywood, block-
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boards, scabbards, light furniture, packing cases, spear shafts,
wheel-spokes, etc, (Gamble 1972; Nazma et al, 1981). It is also
used in construction and the manufacture of agricultural imple-
ments (Basri and Hadjib, 2005; Rahman et al.,, 2013; Vijigiri and
Sharma, 2012).

In August 2011, some L. coromandelica trees in the Junagadh
forest were observed to be wilting with subsequent death
occurring in December of the same year. At this time it was
observed that the dead trees had large, club-shaped fruiting
bodies which indicated the involvement of fungi in the wilting
disease. Since then, trees of this species have been under ob-
servation. In 2012, the same wilting symptoms were reported
in more L. coromandelica trees. By August 2013, there was a
continued increase in the incidence of the suspected fungal
disease in L. coromandelica and a few Bombax ceiba trees. The
fungus was isolated from the infected wood samples and
identified as Xylaria polymorpha using morphotaxonomic
studies of the fruiting bodies.

Xylaria polymorpha causes root rot and the leaves of the infect-
ed trees to dry out permanently and fall off (Anonymous, 2008;
Proffer, 1988). It is one of the few ascomycetes species that can
cause the degradation of wood belonging sugar maple (Acer
saccharum) and boxelder maple (Acer negundo) (Canadian
Forest Service, 2012) and causes root rot in L. coromandelica.
Root rot caused by the same fungus has also been reported

Figure 1. Fruiting bodies of X. polymorpha growing on the
main trunk of L. corromandelica. Figure not to scale

in black locust (Robinia pseudoacacia), elm (Ulmus spp), hon-
ey locust (Gleditsia triacanthos), maple (Acer spp), oak (Quercus
spp), hickory (Carya spp), sassafras (Sassafras albidum), walnut
(Juglans spp), and beech (Fagus spp) (Hartman et al., 2008). In-
fected trees show an off-white decay and a gradual decline in
vigor that eventually leads to the collapse of the weakened
tree (i.e. typical features of root rot). Several club-shaped,
large fruiting bodies are usually observed at ground level on
the main trunk of infected trees (Hartman et al., 2008). Fungal
infection is thought to take place when infected roots come
into contact with healthy roots. The mechanism of mortality in
trees infected with X. polymorpha has been extensively stud-
ied in Western tree species (Hartman et al., 2008; Proffer, 1988).
However, no information is available on the pattern of wood
decay caused by the fungus after the death of the trees. There-
fore, in the present study, samples of the dead trees were used
to study the pattern of wood decay caused by X. polymorpha.
The isolated fungus was also inoculated onto L. coromandelica
wood blocks for 120 days to confirm whether the pattern of
degradation was similar to that observed in naturally infected
trees.

Delignification is considered to be one of the important aspects
of wood decay and therefore, the ligninolytic activity of fungus
plays a pivotal role in their wood degradation ability. The anal-
ysis of lignin distribution patterns among different cell types in
the infected wood is an effective method to assess the lignino-
lytic properties of fungus. Since lignin has a broad fluorescence
emission range and can be excited by both UV and visible light,
confocal microscopy has become an indispensable tool in the
study of lignin distribution patterns in xylem cells (Donaldson
et al, 2010; Donaldson and Radotic, 2013). As a commercially
important wood species, assessing the extent of xylem cell wall
alterations of L. coromandelica infected by X. polymorpha is nec-
essary to understand the usefulness of the infected timber. The
present study is aimed at understanding the pattern and extent
of alterations in the cell wall structure, as it relates to delignifica-
tion, in L. coromandelica infected with X. polymorpha.

MATERIALS AND METHODS

Source of Material

Samples of dead L. coromandelica (Houtt.) Merr, trees infect-
ed with X. polymorpha (Figure 1) were collected from a natu-
rally growing population in Sarkhadiya Hanuman (21°32'11.13
“N, 70°33'51.75 “E) in the Girnar forest, Gujarat State (Figure 2).
Four wood blocks adjacent to fungal fruiting bodies measuring
60x20x60 mm in height, width, and depth respectively were ex-
cised from the main trunk of 5 individuals by using a chisel and
hammer. The wood blocks were packed in sterile polyethylene
bags and transported to the laboratory. For the microscopy,
samples were fixed in Formaldehyde-Acetic acid-Alcohol (FAA)
(Berlyn and Miksche, 1976), aspirated with a vacuum aspirator
(Millipore, Germany) to remove air from the wood while the rest
of the wood blocks were used for the isolation of fungus. After
24 h of fixation, samples were transferred into 70 % alcohol for
further processing and storage.



Pramod et al. Degradation of Lannea coromandelica xylem
Forestist

X 1 JAMNAGAR
\DEVBHUMI DWARKA ;

rQRBAN y U micar

. a%' .

* Place of sample collection (Junagadh district)

Figure 2. Distribution of L. coromandelica in Girnar forest of Gujarat state

Isolation and Identification of Fungus

Small pieces of unfixed wood samples were soaked in water
to restore the moisture content of the wood. The moisturized
wood was sterilized with 0.1% HgCl, for 40-45 seconds with
intermediate washing by sterile distilled water (after every 15
seconds) followed by treatment with 70% ethanol for a few sec-
onds. After sterilization, the wood pieces were inoculated onto
2.59% Malt Extract Agar media and incubated at room tempera-
ture. Pure cultures were established by serial transfer and cul-
tures were maintained at 4°C.

Sectioning and Light Microscopy

The FAA fixed wood blocks were washed in distilled water and
10-15 pm thick sections were obtained in transverse, tangential,
and radial view using a sliding microtome. Severely degraded
wood samples were hand sectioned and stained with 0.05%
aqueous toluidine blue O (Berlyn and Mikshe, 1976). The stained
sections were mounted on 50% aqueous glycerol, observed
and micro-photographed using a Leica DM 2000 microscope
attached with a Canon DC 150 Digital Camera (Germany).

Maule's reaction was used (Meshitsuka and Nakano, 1979) for
localizing different lignin monomers. Transverse sections were
stained in 1% KMnO, for 2-3 minutes, washed in distilled water,
immersed in 3-5% HCl, washed in D/W, and then treated with a
few drops of ammonium hydroxide. Syringil lignin gives a red-
dish color while guaiacyl lignin gives a yellowish-brown color.
Sections were observed and photographed immediately after
the staining.

Confocal Laser Scanning Microscopy (CLSM)

Samples were washed in water followed by 0.01M phosphate
buffer (pH 9.0). Hand sections (approximately 40-80 um thick)
were taken from the wood block and mounted on Fluoroshield
mounting medium (Sigma, Germany). Slides were examined

with a Zeiss confocal laser scanning microscope using a kryp-
ton/argon laser emitting at wavelengths of 488 and 568 nm
(Donaldson and Lausber, 1998). For localization of fungal my-
celia, sections were mounted on a clean glass slide with a drop
each of calcofluor white and 10% potassium hydroxide (Kitin
et al, 2010) followed by observation at blue excitation wave-
lengths (\exc=300-440 nm).

Scanning Electron Microscopy (SEM)

For SEM observations, wood samples were fixed in 2.5% glutar-
aldehyde in 0.2M phosphate buffer (pH 7.2) overnight. Samples
were cut into small blocks of 2-3 mm thickness using a sharp
razor blade, dehydrated in an acetone-isoamyl alcohol series,
and coated with gold using a Quorum Sputter coater, Model
SC 7610. Observations were then made with an LEO 440i SEM
at 10 kV.

RESULTS

Structure of Secondary Xylem

The secondary xylem of L. coromandelica was diffuse-porous
with an indistinct growth ring. The secondary xylem was com-
posed of axial and ray parenchyma cells, vessels, and fibers.
The axial parenchyma was vasicentric and arranged in narrow
bands forming tangential lines of one to two cells wide (Figure
3a) and possessed oval to circular simple pits. Ray parenchyma
cells were uni-multiseriate, heterocellular with oval to polygo-
nal clusters of ray cells. They were 300 to 620 (£48.392) um in
height and 30 to 50 (£7.778) um in width. Vessels were mostly
solitary but radial multiples of 2-3 vessels were also observed.
They were oval to oblong in outline with a simple perforation
plate on the transverse end walls. Parenchyma cells formed a
1-2 cell wide sheath around them. Vessel elements were 325
to 450 (£9.538) um in length and 120 to 207 (£19.686) um in
width. Fibers were thick-walled and septate with obliquely ori-
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ented simple pits. They measured about 594 to 752 (£16.729)
pm in length and 19.8 to 24.7 (+1.275) um in width.

Light Microscopy

The transverse sections stained with toluidine blue O revealed
that the tangential band of cell wall breaks across the xylem.
The ray and axial parenchyma showed cell wall breaks only in
these tangential bands (Figure 3a). On the other hand, the thick-
walled fibers showed a large number of boreholes in the cell
corners and much of the S, layer of the secondary wall (Figure
3b). The tangential longitudinal section showed the extension

Figure 3. (a-i). Transverse (a, b, d, g-i) and radial longitudinal
(c, &, f) sections from the wood of L. coromandelica infected
by X. polymorpha. (a) Extensive damage to the cell wall of
fiber (F) and ray (R). Note less damage to the thin-walled
axial parenchyma (P). (b) A longitudinal borehole formed
across the tangential wall of fiber (arrows). (c) Erosion
channels formed in the secondary wall of fibers (arrow). (d)
Separation of middle lamella between fiber and parenchyma
cells (arrow). (e) A large gap formed (arrow) near the middle
lamella region between the fiber and parenchyma cells.
Arrowhead indicates the fungal mycelia passing through the
degraded region of the cell wall. (f) Fungal mycelia passing
through the pits between parenchyma cells (arrow). Note
the narrowing of the hyphal body near the pit. Arrowhead
indicates the large erosion channel formed in the fiber

wall. (g) Fungal mycelia attached to the inner wall of the
parenchyma cell (P). Arrowhead indicates the erosion
channels formed by T-tunneling through the fiber (F) wall.
(h, i) Extensive degradation and breaking of the vessel (V)
wall (arrows). Arrowhead indicates the fungal mycelia in the
paratracheal parenchyma cells (P).

Scale bars: a=50 pm; b-1=25 pm

of the boreholes across the radial wall (Figure 3c). The separation
of fibers and parenchyma cells indicated the depolymerization
of the compound middle lamella region (Figure 3d, e). The tan-
gential sections showed that the separation of cell walls extend-
ed to the S, and S, layer region (Figure 3f). The space created
by cell wall separation facilitated the upward and/or downward
movement of fungal hyphae (Figure 3e). Hyphae entered into
the parenchyma cells through the cell wall pits; while passing
through, the hyphae adjusted its diameter becoming narrow-
er (Figure 3e). The mycelia grew on the cell wall and remained

Figure 4 .a-f. Transverse (a,c-f) and tangential longitudinal
sections (b) of the wood of L. corromandelica infected by
X. polymorpha (a-d, Toluidine blue staining). e-f (Maule’s
reaction). (a) A degraded wall between ray (R) and fiber.
Note the fungal mycelia migrating into the adjacent
paratracheal parenchyma (P) attached to the inner

wall. Arrowhead indicates the erosion of the vessel (V)
wall adjacent to the fungus inhabited parenchyma. (b)
Fiber wall showing T-shaped tunneling (arrow). (c) L- or
J-shaped tunneling in the secondary wall of fiber. (d)
Fiber wall during the advanced stage of decay showing
merging of numerous boreholes. (e) Fibers (F) showing
more distribution of syringyl lignin units (reddish color).
Note the axial parenchyma (P) and ray parenchyma (R)
with brownish cell walls indicating more guaiacyl units. (f)
Vessel (V) wall showing a negative color reaction (arrow)
indicating more guaiacyl units. Note the reddish colored
fiber (F) wall due to a higher amount of syringyl units.
Scale bars: a-f=25 pm
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Figure 5. a-g. Confocal images of transverse sections
from the wood of L. coromandelica infected by X.
polymorpha. (a) High auto-fluorescence from the cell
corners and compound middle lamella region of cells
due to a high concentration of condensed lignin.

Note the formation of erosion channels in the thick
secondary wall of fiber (F) while there is relatively less
damage in the thin-walled axial parenchyma (P) and
ray parenchyma (R). (b) Regions of cell wall separation
at delignified compound middle lamallae showing
weak fluorescence. Note the secondary wall of fibers
showing the beginning regions of T-tunneling (arrows).
Arrowheads indicate the lack of fluorescence from

the compound middle lamella of cells undergoing
separation. (c) The non-fluorescent gaps formed due to
large erosion channels (arrow) in the inner secondary
wall of fibers through the joining of adjacent channels.
(d) The sieve-like appearance of fiber secondary wall at
an advanced stage of decay due to extensive tunneling.
(e) High fluorescence from the vessels (V) due to the
distribution of condensed lignin throughout the wall.
The lack of fluorescence near the middle lamella region
indicates the spreading of pit erosion (arrow). (f) Lack
of fluorescence from the pockets of vessel (V) wall
indicating extensive pit erosion (arrow) and subsequent
secondary wall degradation during the advanced stage
of decay resulting in large erosion channels (arrowhead).
The asterisk indicates the broken wall between the
vessel and paratracheal parenchyma cells. (g) The
calcofluor white stained section showing fluorescence
from fungal hyphae (arrow) in the ray cell (R).

Scale bars: a, d-f=20 pm; b, c=10 pm; f=50 pm

attached to the inner wall area (Figure 3g). Mycelia traveled ra-
dially through the vessels and colonized the vessel-associated
parenchyma (Figure 3h). The pits in the vessels underwent se-
vere degradation and expansion of the pit erosion channels into
secondary wall regions leading to a complete break in the walls
in several regions (Figure 3h). The migration of fungal mycelia
into the various cell types of the secondary xylem was achieved
by tunneling through the cell wall (Figure 4a). Boreholes and the
tunneling activity of mycelia were observed only in the thick-
walled elements such as fibers and vessel elements in advanced
stages of decay. However, similar tunnels were absent in the ax-
ial parenchyma. Mycelia tunneled transversely through the cell
walls and either underwent branching and formed a T-shaped
tunnel (Fig. 4b) or bent vertically or tangentially to form L- or
J-shaped tunnels (Figure 4c). Sometimes several mycelia com-
bined or branched variously to form tunnels of many different
shapes (Figure 4d).

Histochemical Analysis of Lignin

The syringyl and guaiacyl monomer ratio in wood elements was
used to determine variations in fungal degradation patterns.
The results of Maule's reactions revealed that the secondary wall
of the fibers was rich in syringyl monomer units while vessels
had a greater proportion of guaiacy! units in the cell walls (Fig-
ure 4e, f).

CLSM Analysis

The appearance of auto-fluorescence at 488 nm (blue excitation
wavelength) is associated with lignin. The examination of infect-
ed xylem using blue excitation wavelengths with green light
showed greater fluorescence from the middle lamella regions
of fibers and parenchyma cells while the secondary wall region
was characterized by relatively less fluorescence, indicating the
presence of higher amounts of condensed lignin units in the
middle lamella region (Figure 5a). The boreholes in the fiber
secondary wall were more distinct by the nonexistence of fluo-
rescence from these regions. The thin wall of ray and axial paren-
chyma showed uniform, uninterrupted fluorescence suggest-
ing less damage to their cell wall (Figure 5a). On the other hand,
the lack of autofluorescence from the cell corners and the com-
pound middle lamella indicates lignin degradation from these
regions that leads to cell separation (Figure 5b). The T-tunneling
in the secondary wall of fiber was evident from the oval to cir-
cular erosion tunnels from the lumen toward the middle lamella
(Figure 3b). With the progression of the decaying process, large
non-fluorescent gaps were noticed in the fiber secondary wall
suggesting the joining of adjacent erosion tunnels leading to
a sieve-like appearance of secondary wall of fibers (Figure 5c,
d). The vessel wall was characterized by high fluorescence
throughout the wall compared with fiber walls and parenchy-
ma cells pointing to the distribution of highly condensed lignin
in the secondary wall (Figure 5e). The absence of auto-fluores-
cence as elongated patches near the middle lamella region was
evidence of lignin degradation during the initial stages of wood
decay and this strengthens the light microscopy observation
that pit erosion spreads into the adjacent secondary wall areas
(Figure 5e). In the advanced stages of vessel degradation, the
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cell corners and middle lamella region remain highly fluores-
cent while the secondary wall region became characterized by
the presence of large non-fluorescent gaps of different shapes
due to extensive removal of lignin in the cell wall (Figure 5f). The

Figure 6. a-j. Scanning electron micrographs of the

wood of L. coromandelica infected by X. polymorpha. (a)
Vessel (V) showing colonization of the lumen by fungal
mycelia. (b) Multiple vessels showing fungal hyphae
passing through the inter-vessel pits. (c) Mycelia passing
through the simple pits (arrow) of axial parenchyma
cells. (d) Simple pits in the axial parenchyma showing
erosion channels (arrows). (e) Fungal hyphae (arrowhead)
proliferating through the rays. Arrow indicates the

large erosion channel formed in the cell wall. (f) Fiber
secondary wall showing boreholes (arrows). (g) Enlarged
view of f’showing boreholes (arrow) located in the S2
layer of fiber. Arrowhead indicates the compound middle
lamella region. (h) The L-bending mode of borehole
formation in fiber. Arrowhead indicates the initiation site
of a borehole from the luminal side. Note the middle layer
of the secondary wall in the transverse view showing

a borehole indicating the progression of wall decay in

a tangential direction through the S2 layer. (i-j) Radial
longitudinal section showing boreholes in fiber wall
(arrows). Arrowheads indicate the regions undergoing
erosion.

Scale bars: a, ¢, f, h=6 pm; b=40 pm; d, g, j=2 pm; e=20
pm; i=4 um

regions of initial degradation showed complete removal of wall
polymers and resulted in cell wall break in these regions (Figure
5f). The intense fluorescence from the cell lumen following cal-
cofluor white staining revealed the presence of fungal mycelia
in non-contact rays (Figure 5g).

Scanning Electron Microscopy

Similar to bright-field and fluorescence microscopy, SEM analy-
sis showed colonization of the vessel lumen by fungal mycelia
(Figure 6a). In radial or tangential vessel multiples, the mycelia
traversed through inter-vessel pits (Figure 6b). Similarly, in axi-
al parenchyma, the presence of hyphae attached to the inner
wall which later migrated to adjacent cells through pits without
damaging the cell walls was observed (Figure 6¢). However, ero-
sion channels were seen predominantly in the simple pits (Fig-
ure 6d). The proliferation of fungal colonization in a radial direc-
tion was evident from the migration of mycelia through simple
pits and by the formation of boreholes in the ray cell wall (Figure
6e). Several boreholes were noticed in the secondary wall of fi-
bers which were located in the S, layer region of the walls (Fig-
ure 6f, g). As mentioned earlier, after tunneling through the cell
wall, mycelia bent to form L-shaped tunnels. The bending pat-
tern of tunnels was evident from the formation of boreholes in
transverse directions from the luminal side and the appearance
of holesin the S, layer in the region above the initiation site (Fig-
ure 6h). The radial longitudinal view also showed the presence
of large erosion channels in the fiber walls (Figure 6i). The thin-
ning of the cell wall by complete erosion of S3 layer and part of
S2 layer and the formation of minute holes were apparent in the
regions were erosion was progressing in the fibers (Figure 6j).

DISCUSSION

Xylaria is the largest genus of the family Xylariaceae, comprising
about 300 species of stromatic pyrenomycetes (Fournier et al,
2011). They are important components of the terrestrial eco-
system where they survive as saprophytes and play a vital role
in the decomposition of plant debris. Some members degrade
wood, as well as being plant pathogens that cause root rot dis-
ease in forest and orchard trees (Fournier et al., 2011; Hartman
et al, 2008; Okane et al,, 2008; Proffer, 1988). Reports indicate
that the majority of the members of the family, including Xylaria,
occur ubiquitously as endophytes of vascular plants and lower
plants such as liverworts and algae (Arnold et al,, 2000; Davis
et al, 2003; Sturz et al, 2000; Tenguria et al,, 2011). Xylaria poly-
morpha is a well-known pathogen that causes root rot disease
in several tree species growing in the USA, Europe, and Canada
(Proffer, 1988; Hartman et al., 2008). It infects trees through the
root system and infected plants show typical symptoms of root
rot that consequently lead to the death of the tree (Hartman
et al, 2008). Similar symptoms were observed in the present
study. Xylaria polymorpha shown to have strong ligninolytic and
hydrolytic activity (Liers et al.,, 2006, 2007; Pointing et al., 2005),
as well as some novel glycoside hydrolases that facilitate the
effective degradation of lignocelluloses (Nghi et al,, 2012). The
mechanism of infection and disease symptoms of the infected
trees were described by Hartman et al, (2008). However, infor-
mation on the characteristics of wood damage after tree mor-
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tality is lacking. Therefore, the present study attempts to show
the structural alterations in the cell wall as a result of fungal in-
fection.

Available information has shown that members of ascomyce-
tes produce a soft pattern of wood decay (Worall et al., 1997).
In hardwoods, all the constituents of the cell wall may be de-
graded in soft rot but the carbohydrates are more susceptible
(Worall et al,, 1997). Depending on which component of the cell
wall is damaged, these fungal infections have been classified as
white rot, brown rot, and soft rot. Soft rots usually occur in dry
environments and the decayed wood may macroscopically ap-
pear similar to brown rot (Blanchette, 2000). In vitro experiments
on the wood decay pattern in three hardwood species infected
by X hypoxylon, revealed a combination of both soft and white
rot characteristics (Koyani et al, 2017). Lannea coromandelica
wood infected by X. polymorpha forms boreholes and erosion
tunnels in the S, layer of the fiber wall, which is characteristic
of soft rot pattern. Similar characteristics of soft rot were also
reported by earlier studies (Blanchette, 2000; Fazio et al, 2010;
Nilsson et al.,, 1989; Schwarze, 2007). Formation of longitudinal
tunnels in the wood of L. coromandelica infected with X. poly-
morpha suggests that thick-walled elements such as fibers and
vessels are more susceptible to attack, while thin-walled cells
like axial and ray parenchyma show less cell wall damage. The
relatively lower amount of cell wall polymers in ray and axial
parenchyma and the presence of phenolic polymers in the liv-
ing parenchyma may result in their lower vulnerability during
the decaying process. However, when the extension of decay is
tangential or radial, these cells may also undergo degradation.
The diffuse type of axial parenchyma cells and contact rays have
shown degradation and breakage of the cell wall that facilitat-
ed the migration of mycelia into adjacent fibers and vessels.
The thick secondary wall is known to be rich in wall polysac-
charides mainly cellulose, hemicellulose, and phenolic polymer
lignin. Our light microscopy analysis revealed a large number of
boreholes in the middle layer of the fiber secondary wall. Two
types of soft rot has been identified based on the anatomical
charecteristics of wood decay following fungal invasion. The
type 1 decay is due to the repetitive start and stop pattern of
hyphal growth results in gradual breakdown of the secondary
wall layer of wood cells while discrete notches of cell wall ero-
sion by hyphal movement within the lumen along with cavities
formed within the cell wall leading to the formation of erosion
troughs is termed as type 2 soft rot decay (Schwarze, 2007). The
T-branching and L-bending patterns are characteristic of soft rot
(type 1) while the formation of diffuse cavities similar to white
rot is characteristic of type 2 soft rot. In the present study, fi-
ber walls showed the formation of T-branching and L-bending
patterns. The fiber secondary wall, especially the thick S, layer is
known to be more prone to degradation because of a higher
amount of hydrolyzable cellulosic polysaccharides and lower
lignin content while the lignin-rich compound middle lamel-
lae and S, wall layer are resistant to decay. The present study
showed degradation of the compound middle lamella which
resulted in the separation of cells suggesting that the lignin-rich
regions of the cell wall can also be degraded by X. polymorpha.

Compared to other xylem cell types, the vessels are charac-
terized by a relatively higher distribution of condensed lignin
throughout the cell wall (Saka, 2000). From a functional per-
spective, the highly condensed lignin in vessel walls has been
attributed to increased strength that is useful in withstanding
the compression forces caused by transpiration stress (Pramod
et al, 2013; Xu et al, 2006). Additionally, the increased strength
may be important against stem torsion and bending as well
as providing resistance to biodegradation by fungi. The CLSM
analysis of the infected L. coromandelica wood showed a high
intensity of auto-fluorescence throughout the vessel wall and
compound middle lamella of other cell types. Maule's reaction
confirmed the presence of more syringy!l units in the fiber sec-
ondary wall and more guaiacyl units in the cell wall. The guaia-
cyl residues absorb more light than syringyl residues and are
therefore more fluorescent (Micco and Aronne, 2007). The early
stages of lignification in Aspen (Populus spp) fibers are marked
by the distinct incorporation of guaiacyl subunits in the middle
lamella region while the incorporation of syringyl units is in-
creased in the secondary layers during later stages (Grinwald et
al, 2002). Therefore, the observed high auto-fluorescence from
the vessel wall and compound middle lamella may be due to
the presence of a high concentration of condensed, guaiacyl
lignin units, and this lignin distribution pattern is responsible for
the decay resistance in these wall regions. A similar lignin distri-
bution has been reported in literature and it has been conclud-
ed that the persistence of vessels may be due to a higher con-
tent of guaiacyl monomer content (Blanchette et al., 1987, 1988;
liyama and Pant, 1988; Koyani et al,, 2010; Nakano and Meshit-
suka, 1978; Sanghavi et al, 2013; Schwarze et al,, 2000). Confo-
cal microscopy showed the absence of auto-fluorescence from
the compound middle lamella of cells undergoing separation
indicating the removal of lignin. The disappearance pattern of
auto-fluorescence during sequential stages of vessel wall decay
suggests that the lignin degradation begins in the compound
middle lamella region through pit erosion and spreads into ad-
jacent secondary wall layers.

CONCLUSION

Fruiting bodies and fungi isolated from infected samples con-
firmed the infectious species as X. polymorpha. The in vitro wood
decay experiment using isolated organism from the infected
wood induced characteristic features of soft rot, including the
formation of boreholes of irregular size and shape in the S, layer
of the cell wall. Compared to thin walled parenchyma cells, xy-
lem fibers with thick secondary wall were the most susceptible
cell types and developed several tunnels through the S, layer.
Tunnels formed in the S, layer of the fiber wall by the myce-
lia showed L- or T-bending. Initially, the tunnels were narrow in
diameter but increased in size as they extended into the S, lay-
er. Occasionally complete removal of the S, layer and fusion of
the tunnels with the fiber lumen appeared as U-shaped erosion
troughs. At advanced stages of decay, extensive damage was
observed in the vessel walls, leaving the middle lamella and wall
layer facing vessel lumen intact. The degradation of the cell wall
and middle lamella of xylem cells suggest that X. polymorpha is
an aggressive saprobe with strong ligninolytic activity.
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