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Abstract 
 
Major wooden objects of cultural heritage have been found to suffer to varying degrees from microbial 
deterioration, resulting mainly from attack by bacteria that cause erosion and tunnelling of cell walls and 
fungi causing soft rot of wood. Investigations based on the use of electron microscopy as a major tool have 
provided wealth of information on the fine texture of the degraded wood tissues at the level of cell wall, 
which is proving helpful in developing appropriate methods for conserving these valuable wooden 
artefacts. The brief overview presented describes the different microbial decay patterns commonly 
associated with historically important archaeological wood.  
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1. INTRODUCTION 
 
Wood formation and degradation of biopolymers comprising cell walls are an essential 
component of carbon cycling in nature. Unfortunately, degradation processes cause deterioration 
of wooden objects that are of historical and cultural value. Among the factors that can degrade 
wood microorganisms play a major role. However, microorganisms that attack wood belong to 
different taxonomic groups and produce varied decay patterns. Often the conservation of 
recovered objects that may vary in the nature and extent of deterioration of their cell walls is a 
challenging task, requiring development of specific conservation methods. Knowledge of wood 
type, structure and composition as well as microbial decay patterns is helpful in achieving this 
goal. These aspects will be covered in this review, with an emphasis given to the role that 
electron microscopy as a tool has played in understanding various types of microbial wood decay. 
 
2. WOOD STRUCTURE 
 
Wood that is produced in trees from the activity of a lateral meristem called cambium falls into 
two broad categories: softwoods and hardwoods. Softwoods consist of two different types of 
cells, tracheids and parenchyma, with tracheids representing greater than 90% of the body of such 
woods. Compositionally, softwoods consist of cellulose (40-50%), hemicelluloses (15-25%), and 
lignin (15-25%). In addition, usually there is some amount of extractives also present. Hardwoods 
contain elements that vary considerably in their size, and are thus of a much less uniform texture 
than softwoods. Hardwoods consist of vessels, fibre-tracheids, fibres and parenchyma. The wood 
contains about the same amount of cellulose as the wood of softwoods, but less lignin and more 
hemicelluloses. The amounts of extractives present vary considerably; a large proportion of the 
wood in some tropical hardwoods consists of heartwood, which can contain massive amounts of 
extractives. 
 
Trees growing in temperate regions exhibit marked differences between the wood formed during 
the Spring (earlywood) and that developed during the Summer (latewood). The earlywood cells 
are thin walled and large in diameter, and the latewood cells are thick walled and smaller in size. 
Thus, the interface between the last formed latewood and the next season’s earlywood is sharply 
defined, particularly in the trees growing under temperate climatic conditions, and is a feature 
useful in dendrochronological studies. Axial and radial systems define the directions in which 
trees grow in their height and diameter as well as the orientation of tissue systems. All tissues 
except those that form rays are axially oriented. The tissues that constitute rays have a radial 
orientation, which is perpendicular to the axial direction or the vertical axis of trees. In the 
sapwood (conducting part of the wood in trees), except parenchyma all tissues are dead at 
maturity and consist of cell walls surrounding a cavity or lumen developed following the 
degradation of protoplast. Many trees also form heartwood in the centre of the trunk, which 
becomes occluded with extractives and thus can not function in the transport of water and 
minerals in trees. Compositionally, the cell walls consist of cellulose, hemicelluloses and lignin, 
which vary in proportions among wood species, particularly in hardwoods where significant 
variations can also occur among tissue types. In living trees tracheids and vessels function in the 
transport of water and minerals. Fibres in hardwoods provide mechanical support. In addition to 
transport softwood tracheids have mechanical functions. Rays function in the transport of food 
radially that nourishes the cambium and other living cells. 
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3. MICROBIAL DEGRADATION OF WOOD 
 

Effective preservation of ancient wooden objects of historical and cultural significance requires a 
thorough knowledge of the extent of damage that the objects may have suffered from the action 
of deteriorating factors at the sites of their recovery as well as the type of deterioration caused. In 
nature, wood can deteriorate from exposure to biological, chemical and physical factors. 
However, this review will focus only on biological deterioration, as microbial degradation of cell 
walls is considered to be the primary cause of deterioration of wood during long term exposure to 
natural environments. The vast majority of wooden objects of interest have come from sites 
supporting restrictive oxygen availability, such as deep burial in mud and in the sediments of 
river and ocean floors, where wood remains saturated with water. Understanding the nature of 
microbial attack and the extent of cell wall degradation is important from the perspective of 
conservation, and microscopy has played an important role in providing information of value. 
Wood is degraded by fungi as well as bacteria, which produce distinctive decay patterns, which 
when combined with visual appearance of the degraded wood are helpful in identifying decay 
types. Fungi cause white, brown and soft rot of wood, and bacteria degrade wood through 
tunnelling and erosion of cell walls. 
 
Among the microbial attacks reported in the wood of historical and cultural importance (Björdal 
et al. 1999, Blanchette 2000, Kim and Singh 2000), bacterial erosion, bacterial tunnelling and soft 
rot are most prevalent, and are the topic of discussion in this review. Illustrations are presented 
only for bacterial degradation.  
 
3.1. Bacter ial tunnelling  
 
Tunnelling bacteria (TB) are widespread in nature, occurring in both terrestrial and aquatic 
environments (Singh and Butcher 1991, Daniel and Nilsson 1998). The information available on 
this type of wood degradation is based largely on light and electron microscopic observations of 
wood exposed to various natural environments as well as from laboratory exposure tests 
(reviewed in Singh and Butcher 1991, Daniel and Nilsson 1998). TB can tolerate a wide range of 
temperature and humidity conditions, and in nature TB attack often occurs with fungal attack 
causing soft rot (SR) (Santhakumaran and Singh 1992) and has also been observed to co-exist 
with another type of bacterial attack referred to as bacterial erosion, particularly in wood exposed 
in service after preservative treatment (Singh et al. 1988, Singh 1989; Singh 1997a). TB appear to 
be uniquely adapted to substrate conditions, such as high lignin and extractives content (Singh et 
al. 1987, Nilsson et al. 1992), high preservative loading, considered extreme for basidiomycete 
fungi that cause white- and brown rot. 
 
After gaining entry into wood commonly via rays, TB degrade lignified elements, namely 
tracheids, fibres and vessels, by first attaching to the lumen face of the cell wall and then 
penetrating into the wall, thus breaching the S3 layer barrier and also the warty layer covering 
where present (Fig. 1). TB degrade the cell wall by tunnelling through the S2 and other areas of 
the cell wall in varying directions, and thus there does not appear to be a particular relationship of 
tunnelling to the direction in which cell wall microfibrils are oriented (Figs. 2, 3). In advanced 
stages all areas of cell wall, including the highly lignified middle lamella, are tunnelled into and 
degraded (Fig. 3). Tunnelling type bacterial decay can be readily distinguished in the images 
taken with transmission electron microscope (TEM) (Fig. 2) and can also be recognised at the 
light microscope level, particularly in the early stages of decay where characteristic features of 
TB colonies and decay patterns are still preserved. In advanced stages of decay, where adjoining 
colonies merge and are thus no longer discrete and tunnels lose their identity leading to irregular 
voids within the cell wall (Fig. 3), identification becomes difficult. 
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Tunnels that are formed during TB degradation of cell walls have a unique ultrastructural 
morphology. They are virtually devoid of any cell wall residues but contain crescent-shaped 
periodic bands (Fig. 3), that probably consist of the slime TB produce to glide on as they move 
within the cell wall. During active degradation TB are usually seen at the advancing front of 
tunnels, but even when absent particularly in the advanced stages of decay, the concavity of 
bands reveals the direction of tunnelling (Fig. 3). In the absence of any analytical chemical 
studies it is not known with certainty whether cell wall polymers are completely depolymerised 
and utilised by TB. However, TEM-EDX studies (Daniel et al. 1987) of TB degraded wood that 
had been preservative treated have provided evidence of the presence of high concentrations of 
the preservative components within tunnels, suggesting that TB have the capacity to sequester 
preservative components into the tunnel slime from adjoining areas of the cell wall. It appears 
that TB can cause complete loss in the integrity of wood cell walls in the severely degraded 
regions of wood, In the wood of historical and cultural importance, presence of TB attack has 
been reported in archaeological wood that had been waterlogged (Kim et al. 1996). 
 
3.2. Bacter ial erosion 
 
Erosion bacteria (EB) that cause cell wall erosion are also widespread in nature. This type of 
wood decay has been reported from observations of wood and wooden products exposed to both 
terrestrial and aquatic environments. EB attack can occur exclusively or together with TB, and 
TB and soft rot (Singh and Butcher 1985, Singh et al. 1988, Donaldson and Singh 1990, Kim et 
al. 1996, Singh et al. 1996, Singh 1997a, Björdal et al 1999, Björdal 2000, Blanchette 2000, Kim 
and Singh 2000, Hoffmann et al. 2004, Schmitt et al. 2005). EB can tolerate a wide range of 
temperature and humidity conditions, but are particularly prevalent in the environments where 
oxygen availability is highly restrictive (Singh et al. 1990, Björdal 2000). For example, EB attack 
has been found to be frequently associated with buried and waterlogged archaeological wood 
(Björdal et al. 1999, Blanchette 2000, Kim and Singh 2000). The decay pattern arising from EB 
attack is very different from TB and other types of microbial wood decay patterns, and thus is 
readily recognisable in TEM images. Under light microscope the decay pattern gives a 
stripy/striated appearance to wood, which can be readily identified from soft rot cavities. Heavily 
degraded cell walls appear to be completely devoid of cellulose, and the degraded wood tissues 
can be readily differentiated from intact tissues under polarisation light microscopy. 
 
Upon infection of wood and colonisation of nutrient rich parenchyma cells, EB attack lignified 
cell walls from lumen towards the middle lamella, producing erosion troughs in the exposed faces 
of the cell wall (Daniel and Nilsson 1986, Singh et al. 1990, Singh and Butcher 1991, Daniel and 
Nilsson 1998). EB decay pattern can be best viewed using SEM and/or TEM. Under SEM erosion 
troughs are readily resolved as long deep erosion channels, that run parallel to cell wall 
microfibrils (Daniel and Nilsson 1998). EB produce abundant slime and degrade cell walls by 
gliding movement along microfibrils. In TEM images taken from transversely cut through 
degraded wood tissues erosion troughs are visible as notches or crescent-shaped groves in the 
exposed faces of cell walls often containing EB (Singh et al. 1990, Singh and Butcher 1991, 
Daniel and Nilsson 1998). This plus the presence of copious amounts of degraded cell wall 
residues, which stain positively for lignin and appear as porous granular masses (Fig. 4) are a 
typical diagnostic feature of bacterial erosion, and the pattern can be identified even when EB are 
absent from degraded cells (Fig. 5). Whereas the S1 and S2 cell wall layers offer little resistance 
to bacterial erosion, highly lignified cell wall regions and wood elements, such as middle 
lamellae, initial pit borders and ray tracheids, appear to be highly resistant (Singh et al. 1996). In 
historic ancient wood EB erosion is the dominant form of cell wall degradation in buried and 
waterlogged wood (Björdal et al 1999, Blanchette 200, Kim and Singh 2000). 
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3.3. Soft rot 
 
Certain ascomycete and deuteromycete fungi cause soft attack on wood. These fungi are 
widespread in nature causing deterioration of wood in aquatic and a range of terrestrial 
environments. Soft rot fungi are particularly active under conditions, such as high moisture 
content and preservatives in wood, that discourage the activity of white and brown rot fungi 
which cause more rapid wood decay. These conditions also favour bacterial decay of wood, and 
there are several reports of co-existence of soft rot and bacterial attacks in water-saturated wood 
(Santhakumaran and Singh 1992, Kim et al. 1996, Singh and Wakeling 1997, Björdal et al. 1999). 
Soft rot attack of the expedition huts in Antarctica (Blanchette et al. 2004) suggests that soft rot 
fungi may also be adapted to other harse environmental conditions. 
 
Two different types of soft rot decay patterns have been described. Type 1 soft rot commonly 
occurs in gymnosperms, where, after infection, fungal hyphae penetrate into cell walls from the 
cell lumen and degrade the cell wall by forming cavities. The cavities frequently develop within 
the S2 layer, which being widest is the preferred part of the cell wall. Cavities can also develop 
within the S1 layer (Daniel and Nilsson 1998), which in most cases is sufficiently wide to 
accommodate fungal hyphae. Cavities have not been observed in the S3 layer, which is the 
thinnest part of the secondary wall of wood cells in both angiosperms and gymnosperms. In the 
many studies reporting soft rot decay of wood (Nilsson 1976, reviews in Blanchette et al. 1990, 
Eaton and Hale 1993, Daniel and Nilsson 1998) a close correspondence between the longitudinal 
profile of cavities and cell wall microfibrils has been observed. When fully developed, cavities 
appear to be devoid of any cell wall residues, which suggests that in the type 1 soft rot all cell 
wall components may be degraded. However, there appears to be a close relationship between 
this type of decay and the amount and type of lignin present in cell walls Nilsson et al. 1989). 
Cell structures and cell types that are highly lignified, such as the middle lamella (Daniel and 
Nilsson 1998), and initial pit borders and ray tracheids in Pinus radiata wood are very resistant 
(Singh 1997, Singh et al. 2006). Based on the unique morphological and other characteristics of 
the cavities, soft rot type 1 can be readily distinguished from all other forms of microbial decay of 
wood.  
 
Soft rot type 2 attack is generally associated with the wood of angiosperms and involves erosion 
of cell wall by fungal hyphae colonising cell lumens (Blanchette et al. 1990, Eaton and Hale 
1993). This is a diffuse form of cell wall degradation (in contrast to discrete cavities within the 
cell wall in the type 1 soft rot attack), where polysaccharides are extensively degraded, but 
considerable lignin residues remain in degraded cell wall regions (Nilsson et al. 1989). In the 
advanced stages of decay, fungal hyphae can erode all of the secondary cell wall. However, there 
are indications that middle lamella is not degraded. The type 2 soft rot can also be distinguished 
from bacterial attacks and most other fungal attacks. 
 
In historical and cultural wooden objects soft rot decay has been described in wood samples from 
a range of sites and environments, for example waterlogged archaeological wood (Kim et al. 
1996, Björdal et al. 1999, Blanchette 2000), construction timbers in great houses lived-in by 
native Americans, ancient wooden coffins and tomb structures, a wide range of ancient wooden 
Egyptian objects (Blanchette 2000), and the historic expedition huts in Antarctica (Blanchette et 
al. 2004). 
 
The brief overview provided here gives an insight into the micro/nano texture of cell walls 
degraded by microorganisms commonly associated with historically and culturally important 
archaeological wood. The information available on the nature and extent of the porosity in 
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degraded cell walls mainly from studies employing electron microscopy as a major tool is 
proving vitally important in technology innovations for properly conserving the discovered 
wooden artefacts. 
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Fig. 1. A diagram illustrating decay patterns 

produced during cell wall degradation 
by soft rot fungi and tunnelling and 
erosion bacteria. 

 

Fig. 2. Fibre-tracheid walls in Alstonia 
scholaris wood attacked by tunnelling 
bacteria (arrows). Bacteria are present 
within S1 and S2 layers. The 
arrowhead points to a bacterium in 
close contact with the lumen face of 
the cell wall. Bar=2 µm. 

  
Fig. 3. Fibre-tracheid walls in Alstonia 

scholaris wood attacked by tunnelling 
bacteria (arrows). Some parts of the 
cell wall are extensively degraded, 
resulting in large voids (*). Tunnels 
(T) indicate the pathways of bacterial 
penetration. Bar=2 µm. 

Fig. 4. Tracheid cell walls in Pinus sylvestris 
wood attacked by erosion bacteria 
(arrowheads), which are abundantly 
present along the cell wall and within 
cell wall residues (R) in one tracheid. 
Erosion bacteria are absent from 
other tracheids, which contain 
abundant cell wall residues and some 
scavenging bacteria (*). Bar=2 µm. 



 9 

 

 

 

Fig. 5. Tracheids in a podocarp wood from a 
buried forest in New Zealand. The cell 
walls are heavily degraded by erosion 
bacteria, and masses of intensely 
staining residues  (R) fill degraded cell 
wall regions. Bacteria are absent. 
Bar=2 µm. 

 

 
 


