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Spalting fungi show strong potential as natural colorants on a variety of materials, 

specifically textiles and wood. Four species of spalting fungi are currently utilized in 

this manner: Scytalidium cuboideum, which produces a red pigment called draconin 

red, Scytalidium ganodermophthorum, that produces an unknown yellow pigment, 

and Chlorociboria aeruginosa and Chlorociboria aeruginascens, that both produce a 

blue-green pigment known as xylindein. This research expanded the known spalting 

fungi through surveys in the Peruvian Amazon rainforest, and found similarities with 

temperate fungi in terms of classification (orders such as the Helotiales and Xylariales 

and genera, such as Scytalidium and Xylaria). Extracts from known spalting fungi 

were also tested on a new substrate, bamboo, and performed well as a top coating 

finish. Finally, microscopic analysis of the known spalting fungal pigments with light 

microscopy (LM), confocal microscopy, scanning electron microscopy (SEM) and 

focused ion beam (FIB) showed evidence that the extracted pigments bind to the 

materials where they are applied, although the type of structures formed when 

adhering to the substrate surface varies by species. Interestingly, the S. cuboideum 

pigment showed crystal-like structures. These were confirmed with a Kikuchi 

diffraction test and transmission electron microscopy (TEM) to be an organic crystal. 

An X-ray diffraction test is required to obtain detailed information about this crystal, 



 

 

but this crystal is likely novel to science, and one of the few naphthoquinone organic 

crystals produced by a microorganism.  The work herein represents a detailed 

analysis of the physical structure and binding ability of pigments extracted from 

spalting fungi—information which may be of use to manufacturers interested in 

replacing synthetic colorants with natural ones. The research also increases the 

number of known spalting fungi, and continued research in this field should lead to 

additional colors being available for extraction and study in the future.  
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Introduction 

 

Spalting is a by-product of the decomposition process of wood by decay fungi resulting 

in the coloration of the substrate (Robinson, Richter, and Laks 2007). Spalting is as 

diverse as the fungi that produce it. Due to this diversity, spalting is mainly grouped into 

three classes: white rot (bleaching), zone lines, and pigmentation (Robinson, Richter, and 

Laks 2007). Bleaching occurs when white rot fungi, mostly from the Basidiomycota 

phylum, start degrading the wood cell wall. Some of these fungi degrade all wood 

components, but others preferentially remove the lignin (Blanchette 1995), causing a 

visually lighter color in wood. 

 

Zone lines are areas that are mostly composed of melanin (Tudor et al. 2014), which can 

be produced by antagonistic white-rot Basidiomycetes (Rayner 1978), by somatic 

incompatibility between Ascomycetes in convergence areas (Coates 1984), and as a 

response to desiccation (Hubert 1925). Some, less common formation patterns, also 

occur. Zone lines can exhibit different colorations depending on their composition. The 

most common ones are melanin zone lines. The coloration of these lines will depend on 

type of melanin and its concentration, which generates colors raging from black to light 

brown. Rarely, zone lines may be composed of chemicals other than melanin, and appear 

red, orange, green or purple in color (Robinson 2016). The exact chemical composition of 

these colored lines is still unknown. 
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Internal pigmentation of wood is caused by one of two mechanisms: fungi secreting 

pigment extracellularly into the wood, or by the fungi themselves growing into the wood 

with pigment bound to their cell walls. The latter is primarily caused by blue stains in the 

Ophiostomatoid genera, although some other genera can also cause this effect (such as 

Scytalidium) (Liese 1970). Extracellular pigmentation is due to compounds (Golinski et 

al. 1995) such as the xylindein (blue-green) produced by Chlorociboria aeruginosa and 

Chlorociboria aeruginascens (Donner et al. 2012) that have been used since the 15th 

century for the decoration of musical instruments (Otterstedt 2001), Intarsia panels, 

furniture in the 16-18th century and Turnbridge ware from the 19-20th century 

(Blanchette, Wilmering, and Baumeister 1992). Recent studies on pigmenting fungi have 

determined that Scytalidium cuboideum produces draconin red, which generates a red 

color in wood (Hinsch 2015) and Scytalidium ganodermophthorum produce a yellow 

pigment (Robinson, Tudor, et al. 2014) with an unknown chemical composition. In the 

past it was believed that most of these fungi did not degrade the wood and its polymers 

(Zink 1988), and that they only developed in the wood rays were the nutrients were more 

readily available (Liese 1970). Recent research has shown this not to be the case. These 

fungi do erode the wood cell wall, at a slower rate than white rots, but eventually, they do 

consume wood polymers such as cellulose (Shigo 1967, Worrall 1997, Zabel 1992, 

Richter and Glaeser 2015).  

 

Since its first known use in the 1400s, spalted wood has been seen as a premium product. 

Furniture made with various marquetry techniques with Chlorociboria spalted wood 
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reached high prices and was considered a product for the elite (Vega Gutierrez and 

Robinson 2016) and is still used by artists and crafters today (Robinson 2011).  

  

Historical Spalting  

 

The use of spalted wood in woodcraft can be traced to 15th century Europe. This work 

primarily focused on the use of blue-green wood containing Chlorociboria aeruginosa 

and Chlorociboria aeruginascens (Michaelsen, Unger, and Fischer 1992, Blanchette, 

Wilmering, and Baumeister 1992), although other types of spalted wood, primarily zone 

lines and blue stain, were used during the same period of time (Bavendamm 1974, 

Kempe 1999).  

 

The most common objects decorated with spalted wood were walls, ceilings, chests, and 

paneling (Michaelsen and Buchholz 2006), then later furniture and musical instruments 

(Blanchette, Wilmering, and Baumeister 1992, Otterstedt 2001), and finally, decorative 

boxes (Austen 1989). Spalted wood was mostly used in veneer form, through various 

marquetry processes. Intarsia (a type of marquetry) was a technique developed in Italy in 

the 1400s (Blanchette, Wilmering, and Baumeister 1992) and was used heavily in 

conjunction with spalted wood. The technique involved cutting wood veneers with a 

knife in different shapes, and then the wood pieces were fixed to a carved piece of solid 

wood to create different images and patterns (Raggio and Wilmering 1999).  
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The intarsia technique expanded from Italy to Austria, Germany and Switzerland during 

the sixteenth century, and with it, the use of the “green-wood” followed (Hess and 

Loescher 2007, Windisch-Graetz 1983, Flade 1986). While the major woodworking 

guilds were concentrated in those countries, their art expanded through Europe, reaching 

the courts of Spain (Vega Gutierrez and Robinson 2016) and the Netherlands (Robinson, 

Michaelsen, and Robinson 2016). The use of spalted wood and Intarsia reached its peak 

during the 16th century, but it started to fade away during the 1800s. In the 1800s, the use 

of spalted wood and the marquetry technique reached England, specifically the town of 

Tunbridge Wells, where the famous Tunbridge ware was made (Austen 1989, Hinckley 

1960). This technique used dyed and spalted wood to make mosaic-like patterns for the 

fabrication of wooden boxes that used an inlay technique similar to intarsia. Tunbridge 

ware obtained fame across Europe, but during that time the industrial revolution took 

place, and synthetic dyes started to replace fungal colored wood, especially in Germany 

and Italy, where anilines took the place of the natural colored wood (Robinson, 

Michaelsen, and Robinson 2016). The techniques involved in finding, making, and 

working with spalted wood were mostly lost to time (Robinson, Michaelsen, and 

Robinson 2016). 

 

In the late 1800s, scientists began to take an interest in spalted wood. One of the oldest 

reports (Berkeley 1860) placed non-inoculated wood next to infected wood to allow the 

mycelium grow across the substrates to reproduce the natural green stain. During this 

same time period, several studies in Germany focused on the green pigment produced by 

Chlorociboria, including the extraction of the then named isoxylin acid by (Gümbel 
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1858) and the extraction of xylindein in concentrated aqueous solution of sulfuric acid 

and phenol by (Lieberman 1874).  

 

The extracellular pigment xylindein was not the only type of spalting being studied 

during this time. Observations were also being made about the mycelial and pigment 

distribution of Chlorociboria (Eidam 1880) and the first observations about the 

association of fungi with zone lines, blue stains (Hartig 1878) and pink stains (Eidam 

1880) were recorded. 

 

In the 1900s, a patent was filed called Improvements in or Relating to Colouring and/or 

Preserving Wood by (Brooks 1913). It stated that the green stain produced by the 

Chlorociboria genus limited colonization by other wood decay fungi. During this time, 

studies about the spalting fungi were published focusing on blue stain (Von Schrenk 

1903), but also for fungi that induced colors such as pink and purple (Hedgcock 1906). 

 

Studies focused on the roles of water, oxygen and temperature in the formation of blue 

stain were published in the 1920s (Lagerberg 1927), followed with publications that 

included how to limit stain fungi (Scheffer and Lindgren 1940). Other research focused 

on the pink/red stain with a special focus on how the moisture content in the wood 

increased pigment production, and how the pigment was primarily found in resin canals 

and rays (Chidester 1940).  
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It was suggested that zone lines were indicators of decay and wood desiccation (Hubert 

1925), that wood decay fungi marked their limits with black lines (Weir 1915), that more 

than one fungus often occupied the region where zone lines were found, and initial 

speculation considered that the zone lines were points of contact between two decay 

fungi (White 1919). The main component of the zone lines was not described until 1958, 

when it was identified as melanin (Kuwana 1958). Further studies indicated that melanin 

could serve as a protective barrier between fungi and other microorganisms (Kuo 1967). 

Researchers also found that some fungi produce melanin as a response to light (Lopez-

Real 1975a) and that humidity and desiccation of the wood substrate affected the 

production of zone lines (Lopez-Real 1975b). 

 

From the 1970s onward, the fungal pigments began to once again be of interest. Special 

focus was made on fungal pigments that could replace synthetic dyes, such as Gnomonia 

erystoma (Cross, Edinberry, and Turner 1972) and the pigments of the Monascus genus 

(Yoshimura et al. 1975, Lin 1973) including studies to increase Monascus pigment 

production (Carels and Shepherd 1978). During this time periods interest in the red 

pigment of Scytalidium cuboideum (Sigler 1976) also started focusing in the taxonomy. 

Further studies on this topic followed during the 1980 (Sigler 1983), and others started to 

focus on its pigmenting potential on treated wood (Schmidt 1985).  

 

 From the 1980s until the late 1990s, metabolites that caused wood staining were once 

again studied (Zink 1989, 1988, 1990). The blue-green pigment that decorated intarsia 

panels in the 15th century was definitively determined to be produced by Chlorociboria 
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(Blanchette, Wilmering, and Baumeister 1992, Michaelsen, Unger, and Fischer 1992). 

This was followed by research about culturing a species of this genus while maintaining 

its pigment production (Fenwick 1993). Scytalidium cuboideum also became more 

popular, its ability to decay wood was determined (Anagnost, Worrall, and Wang 1994), 

and one of its pigments was characterized (Golinski et al. 1995).   

 

During the 2000s more chemical research about the pigments was performed on 

Chlorociboria and its main pigment, xylindein. The absolute configuration of this 

pigment was published (Saikawa 2000). The rise of molecular identification let to 

cataloging and sequencing this same genus in New Zealand (Johnston and Park 2005). 

Other fungal pigments, with special focus on the Monascus genera (Lee et al. 2007) were 

also sequenced and their pigments elucidated during this decade. 

 

Modern Spalting 

 

Techniques to induce spalting in wood have abounded since the mid 1960s.  Most of 

these involve ‘recipes’ for increasing zone line production, such as the burial of logs in 

organic material or containing the wood in plastic bags with the purpose of retaining 

humidity (Robinson, Richter, and Laks 2007). Other methods include covering logs with 

sawdust, dirt or leaves, and nearly all recommend a waiting time that goes from months 

to years. 
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Starting in 2007, new research focused on controlled laboratory spalting. Studies about 

zone line formation in wood with an aesthetic goal, tests to determine machinability of 

spalted wood, best methods for incubation, and methods of color evaluation were 

established (Robinson, Richter, and Laks 2007, Robinson et al. 2007, Robinson, Laks, 

and Turnquist 2009, Robinson, Richter, and Laks 2009). Studies about the interaction of 

spalting fungi with copper sulfate and fungicides for creating patterns in wood were also 

published (Robinson 2010, Robinson and Laks 2010a, Robinson 2011, Robinson, Laks, 

and Richter 2011). 

 

Interaction between fungi and the wood upon which they grew was also of interest. The 

preference of genus Chlorociboria to produce pigments in the wood species of sugar 

maple (Acer saccarum Marsh.) and paper birch (Betula alleghaniensis Britt.) was 

determined (Robinson and Laks 2010b). A similar study showed that the fungus Xylaria 

polymorpha had preferences for wood species, but also that the age of the culture affected 

the development of zone lines in wood (Robinson and Laks 2010c).  Other studies used 

urban wood residues and evaluated their feasibility to be spalted to increase their value. 

Zone line producing fungi Trametes versicolor and Xylaria polymorpha were used, and 

the pink/red pigmenting fungus Scytalidium cuboideum (ex. Arthographis cuboidea). The 

results obtained in that research showed that wood species that are part of the urban 

landscape such as tree-of-heaven (Ailanthus altissima (Mill.) Swingle) were more 

suitable for pigmenting fungi than zone line fungi (Robinson, Tudor, and Cooper 2011a). 
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In 2011, studies of the red/pink stain caused by Scytalidium cuboideum showed that this 

fungus was the most suitable species for spalting purposes, compared with other species 

from the genus Fusarium that only caused superficial stains (Robinson, Tudor, and 

Cooper 2011b). This was followed by research on how moisture content affected pigment 

production, finding that pigmenting species like S. cuboideum preferred woods with a 

higher moisture content while zone line producing fungi such as X. polymorpha and T. 

versicolor preferred moisture contents below 22% (Tudor, Robinson, and Cooper 2012). 

Other research showed how the pH of the culture media could modify the color intensity 

of fungal pigments. Some of the results showed that Chlorociboria aeruginascens 

produced a light green pigment on an acidic media, while the pigment from S. cuboideum 

showed light pink coloration. The same specimens were dark brown to no pigmentation 

for C. aeruginascens under alkaline conditions and the pigment of S. cuboideum turned 

into a dark-blue shade (Tudor, Robinson, and Cooper 2013).  

 

Interest in fungal pigments resulted in developing a media that contained 2% MEA mixed 

with wood chips from different tree species for growing C. aeruginascens. Chlorociboria 

aeruginascens produced a higher amount of pigments on 2% MEA with ground sugar 

maple wood screened to a 30 mesh size (Robinson et al. 2012). Additional studies about 

the ideal substrates for spalting showed that a modified decay jar containing vermiculite 

instead of soil provided an excellent media for accelerated spalting testing (Robinson et 

al. 2012, Robinson et al. 2013, Robinson, Richter, and Laks 2007, Robinson et al. 2007). 
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As more information became available about fungal pigments and their potential for 

industry, additional fungi were investigated. Scytalidium ganodermophthorum (ex. 

Xylogone ganodermophthora), a fungus that produces yellow pigmentation as a parasite 

of Ganodermophthorum lucidum (Kang 2010), became of interest. This fungus, along 

with Inonotus hispidus showed a remarkable capability of developing yellow fungal 

pigments in wood (Robinson, Tudor, et al. 2014).  

 

The long incubation time was still a limiting factor in the production of spalted wood, 

because even with improved inoculation techniques, the fungi still required six weeks of 

incubation.  However, a new method has been recently been developed to extract the 

spalting fungal pigments. This method consists in the use of different solvents to extract 

the fungal pigments from C. aeruginosa, C. aeruginascens, S. cuboideium and S. 

ganodermophthorum. In this method, a Petri dish containing wood chips from sugar 

maple and 2% MEA, is colonized by one of the aforementioned fungi. The media is 

allowed to be completely colonized, and then is dried out. After drying it is broken into 

small pieces and a solvent is applied. Dichloromethane (DCM) proved to be the most 

appropriate solvent for both extraction and resolubilization. DCM is a probable human 

carcinogen and neurotoxin (Young 2004). However, its use has removed incubation time 

as a hurdle for commercial spalting. This method is only applicable for the pigments 

produced by S. cuboideum, S. ganodermophthorum, C. aeruginosa and C. aeruginascens 

(Robinson, Hinsch, Weber, and Freitas 2014). A method to extract and reapply the 

pigments developed by zone-line producing fungi still needs to be developed. 
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With the method developed to extract the fungal pigments, methods to apply the 

extracted pigment on wood were investigated. One of the methods consisted on applying 

different quantities of drops of an extracted pigment on the cross section of wood blocks. 

This method was successful for surface coloration, and some of the wood species like 

cottonwood (Populus trichocarpa Torr. and A. Grey) internally absorbed the pigments; 

however, many of the tested wood species showed only surface coloration. A possible 

reason for this is that DCM travels trough the wood cell walls by diffusion due to its 

chemical matrix. When it encounters the profiles of extractives, lignin and 

hemicelluloses, the quickness of the diffusion will vary depending on the wood species. 

This allows it to deliver the pigment in a more effective way on some woods than others. 

DCM also travels trough wood via capillarity. This movement allows the solvent to run 

and evaporate though the lumens of wood cells. Both actions cause the DCM to travel to 

the ends of the wood cells, carrying with it the fungal pigments. This results in a higher 

concentration of the pigments on the wood surfaces, as this is where the evaporation of 

the solvent occurs and thus, the binding of the pigment (Robinson, Weber, et al. 2014). 

Another method developed was to pressure treat the wood blocks with the extracted 

pigments. This method showed promising results for surface coloration of wood, but it 

failed to deliver the pigment internally due to the effectiveness of DCM (Robinson, 

Hinsch, Weber, Leipus, et al. 2014). 

 

The ability to extract the fungal pigments opened up the use of the pigments onto a 

menagerie of other materials. One of the first materials to be experimented with were 

textiles. One test looked at the application of the extracted pigments on textile test strips 
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containing different kinds of fibers. Two methods were used: layering the pigments by a 

dripping test, and submersion of the textiles in the solvent carrying the pigment. Both 

methods showed that the pigments were suitable for textiles, but the layering method 

provided more vivid colors than the submersion (Weber et al. 2014). This research was 

followed with the application of the pigments on different textiles and the color fastness 

of the pigments was tested. The pigments were stable and able to resist the mechanical 

and light wear, especially polyester (Hinsch et al. 2015, Hinsch 2015, Hinsch and 

Robinson 2016). In general those tests showed that fungal pigments had a great potential 

for their use in the textile industry. 

 

Current Research 

Extracted pigments 

The aforementioned advances lead to testing new carriers for the fungal pigments, 

including several oils (linseed, walnut, etc.), giving a new possibility use for their 

commercialization in the wood finish and paint industry (Robinson and Vega Gutierrez 

2016). Another investigated, potential application for extracted pigments is their use in 

the wood industry as a dye to change the color of blue-stained Pinus spp.  (Hernandez, 

Galleguillos, and Robinson 2016). 

 

Toxicity 

As a result of the multiple possible applications of the extracted fungal pigments in 

materials that are in contact with humans (like textiles), a test determining their toxicity 

level was performed. On this test, pigments extracted from wood chips at high 
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concentrations were tested on zebra fish embryos. Overall, the results indicate that the 

pigments extracted from these fungi are likely toxic to humans, but not necessarily 

bioavailable due to their ability to bind and stay on a substrate (Almurshidi 2015).  

 

Value of spalting 

Spalting is considered a unique and desirable effect on both decorative and functional 

wood. It’s presence can increase the consumer preference for it in comparison to plain 

wood of any species (Thomas and Schumann 1993, Nicholls 2002). This uniqueness is 

also highly valued by wood artists, for whom the patterns and textures generated by fungi 

are of aesthetic interest, as well as allow the finished pieces to sell for a price premium. 

In addition, current research in spalting has determined methods to separate the fungal 

pigments from the colonization process, making spalting fungal pigments a plausible 

option for textiles dyes, wood finishes, paper, flooring, inks, solar cells and more, thus 

giving them an inherent value for their future industrial use as a replacement for 

synthetic, non-renewable dye/pigments, and less effective natural pigments (Vega 

Gutierrez 2016). 

 

Tropical species – Pilot research for this thesis work 

All research done to date has focused on temperate species of spalting fungi. A growing 

interest in tropical fungi, and the apparent mega-diversity of the kingdom, led to research 

about the potential of tropical spalting species for wood coloration. This study used 

known sap-staining fungi in moderate value Peruvian woods and found that wood 

species, like congona (Brosimum alicastrum Sw.) were susceptible to spalting with 
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Lasiodiplodia theobromae, Nigrospora sphaerica and Cladosporium herbarum  (Vega 

Gutiérrez and Robinson 2015, Vega Gutierrez and Robinson 2014). Further studies with 

these fungi could not be continued due to their pathogenic and wood decay potential 

(Mohali, Burgess, and Wingfield 2005, Encinas and Daniel 1996, Starratt and Loschiavo 

1974, Lee et al. 2012), but this pilot studied served as the springboard for the following 

work.  

 

Research focus 

The Peruvian Amazon rainforest is considered a mega diverse area (Sánchez et al. 2001). 

Most of the fungal biodiversity of this region remains under researched, with studies 

about edible mushrooms and mycorrhizae (Ruiz, Rojas, and Sieverding 2011) being 

fairly recent. The Amazon forest is also considered an endangered ecosystem, due to land 

use change by mining and agriculture activities. Spalting fungi contribute to the value to 

the standing forest, as do spalted woods found within it. They do this through the value 

spalting imparts to every species of wood (not just those of current commercial interest), 

specifically in the wood turning markets.   

 

Identification of spalting fungi, through genetics work, is the first stage in understanding 

what potential the Amazon holds in terms of fungal diversity. The next step is to confirm 

if the fungi can produce pigments under laboratory conditions and test if they can be 

extracted. If it is possible to obtain the pigments (and such pigments are found to have 

industrial uses as dyes), additional value can be added to the standing forest. In addition, 
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there is the potential that spalted wood may give local communities in the Amazon a new 

income source in the form of added value wood products.  

 

Known spalting fungi such as S. cuboideum, S. ganodermophthorum and C. aeruginosa 

were also further investigated for their suitability as dyes on diverse materials, such as 

bamboo. Microscopic studies were performed to obtain a better understanding of how the 

pigments attach to their substrates surfaces. This information is valuable across several 

industries, as information on how these unique pigments attach to various substrates is 

pivotal in understanding if they will be effective when in use (de Meijer, Thurich, and 

Militz 1998). This will give companies greater flexibility in choosing renewable dyes and 

pigments over synthetic ones, and could make these fungal pigments fit well into current 

market trends.   

 

Spalting fungi research can be a considered a new science. Even though elements of 

spalting have been studied since the 1800’s, such as the pigment produced by 

Chlorociboria and the origin of zone lines, the breadth of spalting fungi and the 

chemistry behind their pigments has not been extensively explored until this last decade. 

The most current research in this field focuses on the pigments that are produced by 

spalting fungi, the fungi that produce these pigments, and the potential applications for 

the pigments across a wide variety of materials (wood, bamboo, textiles, solar cells, etc.). 

Specifically, the work detailed herein attempts to broaden the known database of spalting 

fungi (through research in the tropics) and the application and microscopy aspects of the 

pigments on wood, bamboo, and various textiles.  
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Research on natural pigments and the organisms that produce them is of high importance 

today, especially as spalting pigments may have the potential to replace current non-

renewable pigments (and dyes) in diverse industries such as in textiles, wood and 

bamboo. As petroleum resources become scarce and consumers demand more natural 

products, spalted pigments are poised to take a prominent role in the pigment and dye 

industry of tomorrow. 
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Abstract 

 

Most of the research related to fungi of the Peruvian Amazon is focused on edible mushrooms and 

pathogens. Other important fungi, such as spalting fungi, are not broadly studied because most of 

them do not produce fruiting bodies and can be difficult to locate. Spalting fungi, however, are of 

broad economic importance because of their ability to produce pigments that enhance wood 

aesthetics, resulting in an increased economical value. In order to begin cataloguing the diversity of 

spalting fungi within certain regions of the Amazon, a sampling of downed trees and branches 

(through the opening of the xylem to identify potential pigmenting and zone line producing fungi) 

was done in the district of Las Piedras, Madre de Dios, Peru. Fungi suspected of causing internal 

pigment and zone lines were collected, cultured, isolated, and sequenced. The species found 

belonged to the orders Helotiales, Xylariales, Hypocreales, Russulales, Polyporales, 

Botryosphaeriales and two specimens of the class Leotiomycetes. The fungi collected produced 

pigments or zone lines in wild conditions and all of them were capable of wood decomposition. 
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Interestingly, the fungi found were all genetically related to temperate forest spalting fungi in orders 

and genera, indicating that there exist a correlation within species that spalt wood. The results 

obtained start a specific database of spalted fungi in the Amazon and with it, help support an effort 

to increase the forest value of ecosystems primarily used for a few high-valued tree species. 

 

Key words: Peruvian fungi, spalting, pigments, zone lines, sequencing 

 

1. Introduction 

 

The Peruvian Amazon rainforest is one of the most mega-diverse places on earth (Sánchez et al. 

2001). It is also one of the most endangered ecosystems, due to land use changes that include 

agriculture, urban expansion and mining, which results in the loss of forest land (Escobal and 

Aldana 2003, Scullion et al. 2014, Swenson et al. 2011). Diversity studies have examined birds 

(Puhakka, Salo, and Saaksjarvi 2011), mammals, insects, reptiles (Duellman 1991) and mushrooms 

(Mori del Aguila et al. 2011). While a wide-diversity of spalting-type fungi grow in the Amazon 

rainforest, research on those that do not form an obvious sporocarp is fairly recent, and has 

consisted entirely of research into blue-staining fungi (Vega Gutiérrez and Robinson 2015).  

 

Spalting fungi produce internal pigmentation on wood (Robinson, Richter, and Laks 2007). This 

pigmentation can vary between species, but is generally broken out into three groups. The first 

group are bleaching fungi that cause a lighter coloration in wood due to the removal of lignin 

(mostly white-rot Basidiomycetes) (Robinson, Richter, and Laks 2008). The second group are zone 

line fungi that generate pigment lines in the wood. Most zone lines are black/brown from 

extracellular melanin, although green, red, yellow, and other colored zone lines do exist (Robinson, 

Weber, and Hinsch 2014, Robinson, Richter, and Laks 2009). The zone-line fungi are primarily 
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white-rot fungi (Henningsson 1967, Shigo 1970, Rayner 1977) along with the Ascomycete genera 

Xylaria and Armillaria (Campbell 1933).  

 

The third group is made up of rarer fungi that produce internal and/or extracellular pigmentation in 

wood. Very few of these organisms have been identified and tested (Robinson, Tudor, and Cooper 

2011, Robinson, Tudor, et al. 2014, Fenwick 1993, Maeda 2003). Known and well-studied 

pigment-type spalting fungi include Scytalidium cuboideum (Sacc. And Ellis) Singler and Kang, a 

fungus that produces a red pigment named Draconin red (Hinsch et al. 2015). This pigment has 

been chemically described by (Golinski et al. 1995), and current studies have determined that the 

pigment produces a naphthoquinone crystal (Vega Gutierrez and Robinson 2016). Another spalting 

fungus, Scytalidium ganodermophthorum Kang, Singler, Y. W. Lee & S. H. Yun, produces a 

yellow pigment that remains unidentified (Robinson, Tudor, et al. 2014, Hinsch et al. 2015, Weber 

et al. 2016). The genus Chlorociboria produces blue-green pigmentation caused by xylindein 

(Gümbel 1858, Lieberman 1874, Blackburn et al. 1965, Maeda 2003). All of these pigmenting fungi 

correspond to the order Helotiales. 

 

Spalted wood is part of an ancient art form (intarsia and marquetry) that dates back hundreds of 

years to Europe. From zone-lines to green pigment, artwork that used this wood is still brilliantly 

pigmented, showing the long lasting properties of the colors produced by these fungi (Otterstedt 

2001, Blanchette, Wilmering, and Baumeister 1992, Michaelsen, Unger, and Fischer 1992). Spalted 

wood is currently popular for woodwork where its unique aesthetics attracts customers (Nicholls 

2002) that are willing to pay premium prizes for it, classifying spalted wood as a value-added wood 

product (Vega Gutierrez 2016). 

 

Most research on spalting fungi has focused on fungal species in temperate forests (Ramamurthi 

1958, Robinson 2012) and has ignored the tropical forests and its vast potential. Recent 
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explorations in the Peruvian Amazon rainforest found that there are a wide variety of spalting fungi 

in the decomposing wood. Colors that range from the dark green to lilac have been identified, and 

initial genomic studies have also being performed on those samples (Vega Gutierrez and Robinson 

2015). Previous studies on moderate value Peruvian woods have shown that they can be 

successfully spalted (Vega Gutiérrez and Robinson 2015) and therefore, an increased knowledge on 

potential fungal species that can be used on them could further help increase their market value. 

 

This research establishes a genetic database of spalting fungi in the Peruvian Amazon by 

sequencing fungal collections from the southern Peruvian Amazon rainforest. The results of this 

study will give a better understanding of the genetic diversity of spalting fungi in Peru. It also will 

have a secondary effect of increasing the value of the forest, through identifying the biodiversity 

present and the potential use of such fungi in added value products such as wood art pieces and/or 

other value-added wood products, such as furniture.  

 

2. Materials and Methods 

 

Samples were collected at Field Station Tambopata in the district of Las Piedras, Madre de Dios, 

Peru; under the permit number 0328-2013-MINAGRI-DGFFS-DGEFFS, issued by the Peruvian 

Forest Service (SERFOR).  

 

The methodology of the collection consisted of locating and sampling dead logs and branches along 

all of the trails within the region. Collections were limited to a 20m radius from the trails, and no 

new trails could be put in, due to safety concerns in this section of the forest.  

 

All fallen logs and branches over two centimeters in diameter were sampled within the boundaries 

set forth above. To sample a piece, a longitudinal cut was made with a machete at approximately 45 
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degrees, until the xylem was visible. Only the sapwood was of interest. The logs were cut every 30 

cm, beginning from the end of the log. Smaller branches and logs that could be rotated were cut 

around the entire diameter. Those that were too large to rotate were cut only on the top surface.  

 

The first cuts had an average size of 15x15x9cm. If in one of these cuts, the presence of spalting 

fungi were confirmed, the cut was lengthened and widened until the end of the spalting area was 

found. The type of spalting was classified as follows: zone line (thickness, length, depth, color), 

pigment (width, length, depth, color), or undefined (explain re: combination of zone line and 

pigment, etc.) Tissue samples of the affected wood were collected from every distinct area. 

Collected samples were generally around 2cm x 5cm x 10cm, although were smaller in cases where 

the affected area was smaller. Samples were placed, individually, in brown paper bags. The bags 

were labeled with the unique ID code for each sample (multiple samples might be collected from a 

single log, so notation was used to indicate log number, as well as sample number) and were packed 

in paper bags back to base camp. Wood species were not identified for this study due for two 

reasons: first, the wood on which the spalting occurred was often too decayed to do a field ID (and 

the collection permit did not allow for wood to be removed from the forest to better laboratory sites) 

and second, the common names of the trees provided by the field guides (still recorded) often were 

made up of several genera.  

 

A GPS waypoint was taken for each specimen using a Garmin GPSMAP 64s marking the location 

and the type of spalting found. These date were used to make a general sampling map of the area. 

 

The spalting samples were processed each night in the base camp field laboratory. The laboratory 

contained only the most basic facilities, and no laminar flow hood was available. As such, 

successful monoculture isolation of the fungi from the affected wood did not have a high success 

rate. Tissue isolations consisted of slicing into the interior of the sample with a sterilized razor 



	 36	

blade, then using sterilized forceps to pull a piece of pigmented wood from the whole. For samples 

with pigments, the pieces for isolation came from only areas that contained the coloration, while in 

the case of zone lines samples were taken from each side of the zone line. Forceps of 114mm were 

sterilized with ethanol and fire from an alcohol lamp. With them a small piece of less than 0.5cm of 

the newly exposed area was taken and introduced into a slant containing 2% malt extract agar 

(MEA). Slants rather than Petri dishes were used to reduce the probabilities of contaminants in the 

cultures. This decision was made by previous experience while collecting samples in a similar 

environment by the same team.  

 

Samples were transported in sealed slant tubes to the Wood Protection Laboratory at Universidad 

Nacional Agraria la Molina (UNALM) in Lima, Peru. There, the purification of the cultures was 

performed under sterile conditions using a laminar flow hood. Transfer of viable cultures were done 

onto Petri dishes containing 1.5% potato dextrose agar (PDA). The transfer process was repeated 

until any molds, bacteria, or other fungi accompanying the wanted fungus were removed. As the 

purpose of the culturing was to propagate unknown fungal species, only a visual evaluation could 

be used to determine if the fungus growing on the plate was the fungus of interest from the forest. 

This was done through color matching (is the color the fungus made on the log the same as the 

color the fungus is making on the plate) or confirmation of zone line production.  

 

Once the cultures were pure, they were once again copies onto slants containing 1.5% PDA and 

placed into the tubes with parafilm around the lids. Then, the samples were shipped to the Forest 

Pathology Laboratory at Oregon State University (OSU) for further purification and DNA 

identification under the permit 002822 MINAGRI-DGFFS issued by SERFOR. 

 

In the Forest Pathology Laboratory, monoculture status was confirmed before the fungi were moved 

to 2% MEA in Petri dishes. This was done to confirm their spalting ability, as most fungi capable of 
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spalting will pigment 2% MEA, but many fungi pigment potato dextrose agar and do not perform 

similarly on wood (Robinson, Richter, and Laks 2009) If the fungi did successfully pigment the 

malt agar, they were prepared for DNA sequencing. 

 

For DNA sequencing, small amounts of active mycelium of each pure culture were taken and 

placed in micro-centrifuge tubes of 1.5mL containing 1mL of 2% potato broth. The fungi were left 

to grow for 3 days before performing the DNA isolation. The DNA isolation was performed with 

the QIAGEN® DNeasy Plant Mini Kit. PCR was performed using the hot start polymerase in a 

Bio-Rad PTC-100 following the protocol of Tudor, et al. (2014) (Tudor, Margaritescu, et al. 2014) 

and cleaned with EXOsap-IT. Samples were sequenced at the Center for Genome Research and 

Biocomputing at OSU. Results were analyzed using the 4Peak software. This software allowed the 

selection of the best sections of the resulting DNA and mostly consisted in 480-520 bases. The 

DNA was later compared in the BLAST® webpage to identify the samples collected. The 

parameters used to select possible matches consisted on a range of 95-100% of query cover and 90-

100% of the DNA identity. An extra parameter used to the selection of the possible identity of the 

specimens based on DNA consisted on the selection of accession numbers that were from studies 

performed in South America. 

 

3. Results 

A map from the collection area was obtained with the waypoints taken for each specimen found 

within the trails of the Field Station Tambopata (Fig. 1). A total of 250 samples were collected from 

the field. From that original number, several isolate attempts were contaminated with bacteria and 

other fungi such as the ones from the genera Trichoderma and Penicillium. From the field 

laboratory a total of 45 tubes containing possible isolates were shipped to UNALM in Lima, Peru. 

After further purification, a total of 35 fungal species were exported to the Forest Pathology 

Laboratories at OSU, USA. With the continuing isolation process on the samples, only 29 
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specimens were sequenced. This final number included fungi that had two or more specimens in 

one culture. This gives an isolation success rate of 11.6%. 

 

 

FIGURE 1. Map of Field Station Tambopata with points indicating the specimens sampled. The 

different colors indicate different collection dates (All in during October, 2013). 

 

Table 1 lists the fungi sample codes as well as the wood common name they were found on, and the 

genera associated with that common name. Most of the wood species had a high degree of 

decomposition, which did not allow for field identification.  
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TABLE 1. Wood common names and genera associated to the samples 

Sample code Common name Genera associated to the common name 

A2Z Jobo Spondias spp. 

A4 - Unknown 

A5, A5II - Unknown 

A8I - Unknown 

B3 Mashonaste Clarisia spp. 

C1b, C1930 - Unknown 

C3, C3I, C3II, C30917 Chimbillo Inga spp. 

C4 Chimbillo Inga spp. 

C5908, C5930, C5I Azucar huayo Hymenaea spp. 

C80922, C80922c - Unknown 

C90910 - Unknown 

D2BRN, D2BLK, D20930, D20930a, 

D20930b 
- Unknown 

D3 - Unknown 

D6 Pashaco Acacia spp, Schizolobium spp, Macrolobium spp. 

W2I - Unknown 

W7Z Pashaco Acacia spp, Schizolobium spp, Macrolobium spp. 

W14II Icigo Unknown 

 

From the obtained sequences, fungi were divided into zone lines and pigmenting fungi, based upon 

the kind of spalting that was observed during collection. The results are shown in Table 2.  
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TABLE 2. Fungi identified from the Peruvian Amazon rainforest from the region of Madre de Dios 

Spalting 

type 

observed 

Order Genus Species 

Origin of 

tissue used 

for ITS 

sequencing 

Culture 

collection 

number 

GenBank 

accession 

number 

ID % 

similarity 

Brown 

pigment 
Incertae cedis Xylogone 

Xylogone sp1. 

Arx & T. Nilsson 

Fallen 

branch, 

Madre de 

Dios, Peru 

C90910 KT264505.1 96% 

Yellow 

pigment 
Helotiales Scytalidium 

Scytalidium sp1. 

Pesante 

Fallen 

branch, 

Madre de 

Dios, Peru 

D2BRN HQ631037.1 96% 

Orange 

pigment 
Helotiales Scytalidium 

Scytalidium sp2. 

Pesante 

Fallen log, 

Madre de 

Dios, Peru 

C30917 KR093920.1 96% 

Black 

pigment 
Botryosphaeriales Lasiodiplodia 

Lasiodiplodia 

theobromae 

(Pat.) Griffon & 

Maubl. 

Fallen 

branch, 

Madre de 

Dios, Peru 

D2BLK KU507483.1 100% 

Purple 

pigment 
Hypocreales Fusarium 

Fusarium solani 

(Mart.) Sacc. 

Fallen 

branch, 

Madre de 

Dios, Peru 

C80922 JX282606.1 100% 

Yellow 

pigment 
Hypocreales Trichoderma 

Trichoderma 

atrobrunneum 

F.B. Rocha, P. 

Chaverri & W. 

Jaklitsch 

Fallen 

branch, 

Madre de 

Dios, Peru 

D3 FJ442677.1 100% 

Purple 

pigment 
Helotiales Scytalidium 

Scytalidium sp3. 

Pesante 

Fallen 

branch, 

Madre de 

Dios, Peru 

C5908 KR093920.1 97% 
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Spalting 

type 

observed 

Order Genus Species 

Origin of 

tissue used 

for ITS 

sequencing 

Culture 

collection 

number 

GenBank 

accession 

number 

ID % 

similarity 

Orange 

pigment 
Xylariales Neopestalotiopsis 

Neopestalotiopsis 

clavispora (G.F. 

Atkinson) 

Maharachch, 

K.D. Hyde & 

Crous 

Fallen log, 

Madre de 

Dios, Peru 

C1b KX721071.1 100% 

Lime green 

pigment 
Incertae cedis  Fungal sp1. 

Fallen log, 

Madre de 

Dios, Peru 

W14II KT996091.1 100% 

Lilac 

pigment 
Incertae cedis Xylogone 

Xylogone sp2. 

Arx & T. Nilsson 

Fallen 

branch, 

Madre de 

Dios, Peru 

W2I KU512708.1 92% 

Yellow 

pigment 
Incertae cedis Xylogone 

Xylogone sp3. 

Arx & T. Nilsson 

Fallen 

branch, 

Madre de 

Dios, Peru 

W7Z KU512708.1 92% 

Orange 

pigment 
Helotiales Scytalidium 

Scytalidium sp4. 

Pesante 

Fallen 

branch, 

Madre de 

Dios, Peru 

C1930 KR093920.1 92% 

Green and 

purple 

pigment 

Hypocreales Fusarium 
Fusarium sp1. 

Link 

Fallen 

branch, 

Madre de 

Dios, Peru 

C5930 KU950729.1 100% 

Yellow 

pigment 
Leotiomycetes Leotiomycete 

Leotiomycetes 

sp1. O.E. Erikss. 

& Winka 

Fallen 

branch, 

Madre de 

Dios, Peru 

D20930a KF638554.1 100% 
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Spalting 

type 

observed 

Order Genus Species 

Origin of 

tissue used 

for ITS 

sequencing 

Culture 

collection 

number 

GenBank 

accession 

number 

ID % 

similarity 

Purple 

pigment 
Leotiomycetes Leotiomycete 

Leotiomycetes 

sp2. O.E. Erikss. 

& Winka 

Fallen 

branch, 

Madre de 

Dios, Peru 

C80922c KF638554.1 96% 

Black zone 

line 
Xylariales Xylaria 

Xylaria 

guianensis 

(Mont.) Fr. 

Fallen log, 

Madre de 

Dios, Peru 

A5 AM993100.1 99% 

Black zone 

line 
Xylariales Xylaria 

Xylaria 

guianensis 

(Mont.) Fr. 

Fallen log, 

Madre de 

Dios, Peru 

A4 AM993100.1 99% 

Orange zone 

line 
Incertae cedis  Fungal sp2. 

Fallen log, 

Madre de 

Dios, Peru 

B3 KT996094.1 99% 

Black zone 

line 
Xylariales Xylaria 

Xylaria 

hypoxylon (L.) 

Grev. 

Fallen 

branch, 

Madre de 

Dios, Peru 

D6 KP143687.1 99% 

Orange zone 

line 
Hypocreales Trichoderma 

Trichoderma 

harzianum Rifai 

Fallen 

branch, 

Madre de 

Dios, Peru 

C3 KC576745.1 99% 

Black zone 

line 
Russulales Peniophora 

Peniophora sp. 

Cooke 

Fallen log, 

Madre de 

Dios, Peru 

D20930b KJ832046.1 99% 

Orange zone 

line 
Hypocreales Hypocrea 

Hypocrea lixii 

Pat. 

Fallen 

branch, 

Madre de 

Dios, Peru 

C3I FJ442252.1 100% 

Black zone 

line 
Incertae cedis  Fungal sp3. 

Fallen 

branch, 
A2Z  KT996094.1 99% 
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Madre de 

Dios, Peru 

Spalting 

type 

observed 

Order Genus Species 

Origin of 

tissue used 

for ITS 

sequencing 

Culture 

collection 

number 

GenBank 

accession 

number 

ID % 

similarity 

Brown zone 

line 
Hypocreales Cosmospora 

Cosmospora sp. 

Rabenh 

Fallen 

branch, 

Madre de 

Dios, Peru 

C4 KJ676175.1 100% 

Black zone 

line 
Xylariales Xylaria 

Xylaria 

adscendens (Fr.) 

Fr. 

Fallen 

branch, 

Madre de 

Dios, Peru 

A5II KP133288.1 96% 

Orange zone 

line 
Polyporales  

Polyporales sp. 

Gäum 

Fallen 

branch, 

Madre de 

Dios, Peru 

C3II LN997757.1 91% 

Black zone 

line 
Hypocreales Bionectria 

Bionectria sp. 

Speg 

Fallen 

branch, 

Madre de 

Dios, Peru 

A8I HM770964.1 99% 

Black zone 

line 
Xylariales Neopestalotiopsis 

Neopestalotiopsis 

clavispora (G.F. 

Atkinson) 

Maharachch, 

K.D. Hyde & 

Crous 

Fallen 

branch, 

Madre de 

Dios, Peru 

D20930 KX721071.1 100% 

Black zone 

line 
Incertae cedis  Fugal sp4. 

Fallen 

branch, 

Madre de 

Dios, Peru 

C5I KM265525.1 100% 
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The most common order was Hypocreales, which included the genus Fusarium, Trichoderma, 

Hypocrea, Cosmospora and Bionectria. The fungi in this order were in samples that contained 

pigments and zone lines at the moment of the collection. The second most common order that was 

Xylariales. This order included the genus Xylaria and Neopestalotiopsis. This order was found in 

samples that contained mostly black zone lines. The third most common order was Helotiales. The 

genus identified for this order was Scytalidium and it was found in samples that showed colored 

pigments. Other orders such as Botryosphaeriales, Polyporales and Russulales were identified, and 

they contained a single genus per order. Several samples were classified as Incertae cedis, which are 

the species that could not be fully identified and the genus Xylogone.  

 

The unidentified fungi collected and brought back to OSU that could not be genetically identified, 

could also not be microscopically identified due to the lack of reproductive structures recorded 

during the collection (under most circumstances, none existed), and the lack of development of 

asexual reproductive tissue in Petri dishes. 

 

4. Discussion 

 

There are some similarities between the tropical spalting fungi and the temperate forest fungal 

species. One of the most common orders was the common black zone line producer Xylariales. This 

order is known in temperate forests for the species Xylaria polymorpha (Campbell 1933, Rogers 

1986, Worrall 1997) and Xylaria hypoxylon (Coates 1984, Persoh et al. 2009). These fungi are 

prolific black zone line producers (melanin) (Phillips 1987, Tudor, Robinson, et al. 2014) in nature 

and under laboratory conditions (Robinson, Weber, and Hinsch 2014). Wood colonized by these 

fungi is commonly used in art pieces, both historically and in modern art, within work ranging from 

marquetry to turned objects (Robinson, Michaelsen, and Robinson 2016).  
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In the Amazon, fungi from the genus Xylaria were found in wood pieces that showed black zone 

lines, indicating that the production of melanin barriers is a common characteristic within the genus. 

The results obtained increase the information about the distribution of the genus Xylaria in the 

Neotropics. Previous studies in the cloud forest of Ecuador have shown the presence of X. 

guianensis and X. adscendens (Vandegrift 2013, Thomas et al. 2016). The DNA sequences obtained 

in the present study increases the distribution of those fungi by adding the southern Amazon 

rainforest of Peru. Within the order Xylariales the fungus Neopestalotiopsis clavispora was also 

found. This fungus is known as a plant pathogen (González et al. 2012), but has a wide distribution 

and can be found in decaying wood (Maharachchikumbura et al. 2014).  

 

In the order Helotiales, the identified Peruvian samples belonged to the genus Scytalidium, and all 

were found on deeply-pigmented wood. This genus also contains pigment-producing fungi 

Scytalidium cuboideum (Sigler 1983) and Scytalidium ganodermophthorum (Kang 2010). The 

genus Chlorociboria (Vahl 1797, Seaver 1936, Ramamurthi 1958) also belongs to this order. The 

aforementioned species are known for producing red (Robinson, Hinsch, et al. 2014, Robinson 

2012), yellow (Robinson, Tudor, et al. 2014) and blue-green pigments (Saikawa 2000) respectively, 

both in wood and in liquid cultures (Robinson, Richter, and Laks 2009, Weber et al. 2016). It is 

hopeful that the Helotiales fungi found in the Peruvian rainforest will also produce extracellular 

pigments under laboratory conditions, similarly to the spalting fungal species from the temperate 

forest species, since they are closely related to commonly used spalting fungi and were collected 

from stained wood (Robinson et al. 2013, Robinson, Tudor, et al. 2014, Robinson and Laks 2010). 

 

The Hypocreales in the samples included the genera Fusarium, Trichoderma, Hypocrea, 

Cosmospora and Bionectria, which are likely all culture contaminants. Trichoderma harzanium is a 

fungus that is used for biocontrol (Etebarian, Scott, and Wicks 2000), and is abundant in the 

Neotropical region, expanding across Central and South America (Hoyos-Carvajal, Orduz, and 
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Bissett 2009) similarly to T. atrobrunneum, which is considered part of the complex of species of T. 

harzanium (Chaverri et al. 2015) together with its teleomorph Hypocrea lixii (Chaverri and Samuels 

2002, Chaverri et al. 2003). Species from the genus Fusarium were also found. Fusarium 

oxysporum have already being used for pigmenting textiles (Nagia and El-Mohamedy 2007) while 

Fusarium acuminatum and Fusarium flocciferm have been used for promoting pigmentation in 

wood (Robinson, Tudor, and Cooper 2011). The species found in the Peruvian Amazon corresponds 

to F. solani, which has been reported as a lignin degrading fungus (Lozovaya 2006). The genus 

Fusarium may not be useful for controlled spalting due to its inability to produce significant 

internal coloration in wood under standard laboratory conditions (Robinson, Laks, and Richter 

2011, Robinson, Tudor, and Cooper 2011) and also because many Fusarium species are considered 

human pathogens (Milus 1994). Other fungal species found within this order were Cosmospora sp. 

and Bionectria sp., which have been previously reported in Peru (Gazis, Rehner, and Chaverri 2011, 

Herrera et al. 2015). 

 

Several fungi also were sequenced that were assigned to the order Incertia cedis. Three of the 

isolates belonged to the genus Xylogone, which are mainly fungal parasites. One of the temperate 

spalting fungi that previously belonged to this genus is S. ganodermophthorum (ex. Xylogone 

ganodermophthora) until a genetic and morphological study determined that it belonged to the 

order Helotiales and the genus Scytalidium (Kang 2010). Similarly to the yellow pigment produced 

by S. ganodermophthorum (Weber et al. 2014, Robinson, Tudor, et al. 2014), these unidentified 

samples were found on wood samples showing brown, lilac and yellow pigmentation. The 

pigmenting found on the wood, coupled with the genetics indicating a Xylogone species, indicate 

that this fungus likely will produce extracellular pigments under laboratory conditions, in a similar 

method to related temperate spalting fungi.  
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The other four fungi found in the group without an order did not match a genetic genus. This may 

indicate that they are new species, but further morphological research is required. Within the 

potential new species, two Leotiomycetes were found. They were identified from two different 

wood samples. One contained pigments and the other contained zone lines. It is possible that both 

specimens correspond to wood decay fungi in the class of soft-rots, as do the other fungi from this 

order (Lundell et al. 2014). To identify them, a morphological study is required to be able to 

classify their structures and with it, the possibility to find the potential species where they can 

belong. 

 

One other potential new species identified was in the order Polyporales (Polyporales sp.). Most of 

these fungi specialize in the decomposition of lignin (Floudas et al. 2012). The wood sample from 

which this fungus was isolated presented orange zone lines, a rare occurrence that differs from the 

common black zone lines. The orange lines will require an HPLC or FTIR analysis to identify the 

compounds within them. It will also be necessary to perform competition testing between the 

orange zone line fungi and other competing species, such as Trametes versicolor (L.) Lloyd due to 

the ability of Basidiomycetes to produce zone lines in the presence of an antagonistic white-rot 

(Rayner 1978). It is also possible the zone lines were formed due to somatic incompatibility within 

the same strain (Coates 1984, Rayner 1978), or by a reaction to desiccation (Hubert 1925). 

 

Within the white-rot fungi, an individual from the order Russulales, Peniophora sp. was also 

identified. Fungi from this genus are lignin decomposers (Bannwarth et al. 2004, Okamoto et al. 

2010) and some species have been identified as true endophites in tropical tree species such as the 

genus Hevea (Martin et al. 2015). It is possible that this fungus produces zone lines, for similar 

reasons to other white-rot fungi such as Trametes versicolor (Robinson, Richter, and Laks 2007).  

To confirm this, similar testing to the ones suggested for the Polyporales sp. should be performed. 
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Finally, a fungus from the order Botryosphaeriales, Lasiodiplodia theobromae was identified. This 

species is common in the tropics and is considered a plant pathogen for fruit trees (Mohali, Burgess, 

and Wingfield 2005) as well as a soft-rot wood decayer (Encinas and Daniel 1996). Previous testing 

on its spalting potential in tropical woods was performed due to its ability to produce a intense 

black pigmentation (Vega Gutiérrez and Robinson 2015) which was also observed in the sample 

were it was isolated.  

 

5. Conclusions 

 

Spalting fungi collected and identified from the Peruvian Amazon rainforest belong primarily to the 

order Helotiales—the order that also holds most of pigment-type spalting fungi of temperate forests. 

Representatives from several other orders were found, such as the Xylariales, which are known 

zone line producers. The other fungi identified belong generally to wood-decay groups (white rots 

and soft rots). These findings indicate that there are similarities between spalting genera and orders 

between the fungi of the tropical rainforests of Peru and the temperate rainforests of North America, 

within potential spalting fungi. Follow up testing should determine if these new fungi have similar 

capabilities as their temperate forest counterparts (in producing extracellular pigments) under 

laboratory conditions.  

 

The presence of spalting fungi in the Amazon has the potential to increase the use of undervalued 

wood, as well as add value to current marketable species. This in turn may help protect this 

endangered ecosystem by giving additional value to the decayed wood from the native forests, thus 

generating more revenue from forestland versus agriculture or grazing. This preliminary work on 

spalting fungi in the Amazon enriches our understanding of biodiversity of the area, and also should 

help to generally increase the value of the forest. 
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Appendix I 

 

Sequences of the organisms analyzed 

 

Xylogone sp1. (C90910) 

 

TCACGGGTAGATCTCCCACCCTTGTGTATTTCTCCACATTTGTTGCTTTGGCAGGCCGTT

AGTCCGCTAACCACCGGCTCCCGGGCTGGTGCGCGCCTGCCAGAGGATCTCTCAAACT

CGGTTTGTTAGTGTCGTCTGAGTACTATAACAATCGTTAAAACTTTCAACAACGGATCT

CTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAG

AATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCCTTGGTATTCCGAGGGGC

ATGCCTGTTCGAGCGTCATTTCAACCCCTCAAGCCCAGCTTGGTGTTGGGCCGCGCCAG

CGTGTGCTGGCGGGCCTTAAAATCAGTGGCGGTGCCGTTTGGGCTCTAAGCGTAGTAA

CATCTCTCGCTCTGGAGACCTGGCGGTTGCTTGCCAGACAACCCTTATT 

Scytalidium sp1. (D2BRN) 

GATCATTACAGAGTTCATGCCCTCACGGGTAGATCTCCCACCCTTGCGTATTTATACCT

TTGTTGCTTTGGCAGGCCGCCTGGGCTCGCGCCTGGCCACCGGCTCCCGGGCTGGTGCG

TGCCTGCCAGAGGATCTCCAAACTCTAGTTATCAGTGTTGTCTGAGTATTATAACAATC

GTTAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAA

TGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATT

GCGCCCCTTGGTATTCCGAGGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAAGCTC

TGCTTGGTCTTGGGCTCGGCTGCCATGGCCGGCCTTAAAATCAGTGGCGGTGCCGTCTC

GGCTCCAAGCGTAGTACATCTCTCGCTCCGGAGGCCTGGTGGTATCTTGCCAGACAACC 

Scytalidium sp2. (C30917) 
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GAGGTTCATGCCCTCACGGGTAGATCTCCCACCCTTGTGTATTTTATGTTTGTGTTGCTT

TGGCAGGCCGTGGGCCGCGCCCACCACCGGCTCTCGGGCTGGTGCGCGCCTGCCAGAG

GACCCCCCCAACTCTGTTTGTCAGTGTCGTCTGAGTATGATAACAATCGTTAAAACTTT

CAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTA

ATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCCTTGG

TATTCCGAGGGGCATGCCTGTTCGAGCGTCATTTCAACCCCTCAAGCCTCAGCTTGGTG

TTGGGCCGTGCCACTTGCCCTCTTGCGGCGCCGGCAGGCCTTAAAATCAGTGGCGGTGC

CCGCTGTGGTTCCAAGCGTAGTAATCTCTCTCGCTCTGGAGACCTGGCGGGCTGCTTGC

CAGACAACCCCAATCTTTCTCAAAAGTTTGACCTCGGATCAG 

Lasiodiplodia theobromae (D2BLK) 

GGCTCGACTCTCCCACCCTTTGTGAACGTACCTCTGTTGCTTTGGCGGCTCCGGCCGCC

AAAGGACCTTCAAACTCCAGTCAGTAAACGCAGACGTCTGATAAACAAGTTAATAAAC

TAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATG

CGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTG

CGCCCCTTGGTATTCCGGGGGGCATGCCTGTTCGAGCGTCATTACAACCCTCAAGCTCT

GCTTGGAATTGGGCACCGTCCTCACTGCGGACGCGCCTCAAAGACCTCGGCGGTGGCT

GTTCAGCCCTCAAGCGTAGTAGAATACACCTCGCTTTGGAGCGGTTGGCGTCGCCCGCC

GGACGAACCTTCTGAACTTTTCTCAAGGTTGACCTCGGATCAGGTAGGGATACCCGCTG

AACTTAA 

Fusarium solani (C80922c) 

CCGAGTTATACAACTCATCAACCCTGTGAACATACCTAAAACGTTGCTTCGGCGGGAA

CAGACGGCCCCGTAACACGGGCCGCCCCCGCCAGAGGACCCCCTAACTCTGTTTCTATT

ATGTTTCTTCTGAGTAAAACAAGCAAATAAATTAAAACTTTCAACAACGGATCTCTTGG

CTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTC
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AGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCC

TGTTCGAGCGTCATTACAACCCTCAGGCCCCCGGGCCTGGCGTTGGGGATCGGCGAGG

CGCCCCCTGCGGGCACACGCCGTCCCCCAAATACAGTGGCGGTCCCGCCGCAGCTTCC

ATTGCGTAGTAGCTAACACCTCGCAACTGGAGAGCGGCGCGGCCACGCCGTAAAACAC

CCAACTTCTGAATGTTGACCTCGAATCAGGTAGGAATACCCGCTGAACTTAAGCATATC

AATAA 

Xylaria guianensis (A5) 

TAAAGAGTTTTGATAACTCCCAAAACCCATGTGAACTTACCTTCTGTTGCCTCGGCGGG

TCGTATCTACCCTGTGGCCTCCTACCCTGTAGGAGGACTACCTGGTAGTCACGGGTATG

CCTGCCAATGGCCCATTAAACTCTGTTAAGTATATGTTATTCTGAATTTATAACTAAAT

AAGTTAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGA

AATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCAC

ATTGCGCCCATTAGTATTCTAGTGGGCATGCCTGTTCGAGCGTCATTTCAACCCTTAAG

CCCCTGTTGCTTAGTGTTGGGAGCTTACAGCCCGCTGTAGCTCCCTAAAGTTAGTGGCG

GAGTCGGTTTGCACTCTAGACGTAGTAGATTCTATCTCGTCTGTGGTTAGGCCGGTCTC

TCGCCGTAAAACCCCCAAATTTTTTTCAAGGTTGACCTCGGATCAGGTAGGAATACCCG

CTGAACTTAAGCATATCA 

Xylaria guianensis (A4) 

GGAGGGATCATTAAAGAGTTTTGATAACTCCCAAAACCCATGTGAACTTACCTTCTGTT

GCCTCGGCGGGTCGTATCTACCCTGTGGCCTCCTACCCTGTAGGAGGACTACCTGGTAG

TCACGGGTATGCCTGCCAATGGCCCATTAAACTCTGTTAAGTATATGTTATTCTGAATT

TATAACTAAATAAGTTAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAG

AACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCT

TTGAACGCACATTGCGCCCATTAGTATTCTAGTGGGCATGCCTGTTCGAGCGTCATTTC
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AACCCTTAAGCCCCTGTTGCTTAGTGTTGGGAGCTTACAGCCCGCTGTAGCTCCCTAAA

GTTAGTGGCGGAGTCGGTTTGCACTCTAGACGTAGTAGATTCTATCTCGTCTGTGGTTA

GGCCGGTCTCTCGCCGTAAAACCCCCAAACCTTTTTCAAGGTTGACCTCGGATCAGGTA

GGAATACCCGCTGAACTTAAGCATATCAA 

Fungal sp2. (B3) 

TCCCAAACCCATGTGAACATACCTATNNNTNCTTCGGCGGGATTGCCCCGGGCGCCTC

GTGTGCCCCGGNTCAGGCGCCCGCCTAGGAACTTTAACTCTTGTTTTATTTTGAATCTTC

TGAGTAGTTTTTACAAATAAATAAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATC

GATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCAT

CGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTCTGAGCG

TCATTTCAACCCTCATGCCCCTAGGGCGTGGTGTTGGGGATCGGCCAAAGCCCGCGAG

GGACGGCCGGCCCCTAAATCTAGTGGCGGACCCGTCGTGGCCTCCTCTGCGAAGTAGT

GATATTCCGCATCGGAGAGCGATGAGCCCCTGCCGTTAAACCCCCAACTTTCCAAGGTT

GACCTCAGATCA 

Xylaria hypoxylon (D6) 

AACTCCTAAAACCCATGTGAACTTACCTTCTGTTGCCTCGGCAGGTCGTGTCTACCCTG

TGGTCTCCTACCCTGTAGGAGACTACCTGGTGGTCACGGGTCTACCTGTCAGTGGCCCG

TTAAACTCTGTTTATTATATGCTATTCTGAATTATCAACTAAATAAGTTTAAAAACTTTC

AACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAA

TGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCATTAGT

ATTCTAGTGGGCATGCCTGTTCGAGCGTCATTTCAACCCTTAAGCCTTTGTTGCTTAGTG

TTGGGAGCCTACGGCCTTCTGTAGCTCCTTAAAGTTAGTGGCAGAGTCGGTTTACACTC

TAGACGTAGTAGATTCTATCTCGTCTGTAGTTAGGCCGGTCTCTTGCCGTAAAACCCCC

CTAAATTTTTTTTTTAAGGTTGACCTCGGATCAGGT 
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Trichoderma harzianum (C3) 

AACTCCCAAACCCAATGTGAACGTTACCAAACTGTTGCCTCGGCGGGATCTCTGCCCCG

GGTGCGTCGCAGCCCCGGACCAAGGCGCCCGCCGGAGGACCAACCTAAAACTCTTTTT

GTATACCCCCTCGCGGGTTTTTTTATAATCTGAGCCTTCTCGGCGCCTCTCGTAGGCGTT

TCGAAAATGAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAA

CGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTT

GAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTCCGAGCGTCATTTCAA

CCCTCGAACCCCTCCGGGGGGTCGGCGTTGGGGATCGGCCCTCCCTTAGCGGGTGGCC

GTCTCCGAAATACAGTGGCGGTCTCGCCGCAGCCTCTCCTGCGCAGTAGTTTGCACACT

CGCATCGGGAGCGCGGCGCGTCCACAGCCGTTAAACACCCAACTTCTGAAATGTTGAC

CTCGGATCAGGTAGGAATACCCGCTGAACTTAAGCATATCAAT 

Leotiomycetes sp2. (C80922) 

AGATCTCCCACCCTTGCGTATTTATACCTTTGTTGCTTTGGCAGGCCGCCTGGGCTCGC

GCCTGGCCACCGGCTCCCGGGCTGGTGCGTGCCTGCCAGAGGATCTCCAAACTCTAGTT

ATCAGTGTTGTCTGAGTATTATAACAATCGTTAAAACTTTCAACAACGGATCTCTTGGT

TCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCA

GTGAATCATCGAATCTTTGAACGCACATTGCGCCCCTTGGTATTCCGAGGGGCATGCCT

GTTCGAGCGTCATTTCAACCCTCAAGCTCTGCTTGGTCTTGGGCTCGGCTGCCATGGCC

GGCCTTAAAATCAGTGGCGGTGCCGTCTCGGCTCCAAGCGTAGTACATCTCTCGCTCCG

GAGGCCTGGTGGTATCTTGCCAGACAACCCCATCATCTTCTATGGTTGACCTCGGATCA

GGTA 

Peniophora sp. (D20930b) 

AAGCTCGGAACGCAGTGTCCGGTACTGATGCTGCCCAGCAATGGGATGTGCTCGTCCG

GGCGTGTGTCCCTTCCCTATTCCACCCCACTGTGAACCAAGCGTTGTGAGCCGAAGAGA
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GATCGGAGGCTTGCGCGCAACACTTATCATACCCCATACGAAGTAACAGAATGTACCT

TGCGTTAACTCGCACAAATATAACTTTCAACAACGGATCTCTTGGCTCTCGCATCGATG

AAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAA

TCTTTGAACGCACCTTGCGCCCCTTGGCATTCCGAGGGGCACGCCTGTTTGAGTGTCGT

GAACTCCTCCACCCTCTACCTTTTTCGAAGGGCATTGGGATGGGATTTGGGAGCTTGCG

GGTCCCTGGCCGATCCGCTCTCCTTGAATGCATTAGCGAAGCCCTCGCGGCCTTGGTGT

GATAGTCATCTACGCCTCGGCTTAGCGAACATGTGGGAGTCGCTCCTAACCGTCTCGCA

AGGGACAACACATACCAACTTGACCTCAAATCAGGCGGGACTACCCGCTGAACTTA 

Leotiomycetes sp1. (D20930a) 

AGATCTCCCACCCTTGCGTATTTATACCTTTGTTGCTTTGGCAGGCCGCCTGGGCTCGC

GCCTGGCCACCGGCTCCCGGGCTGGTGCGTGCCTGCCAGAGGATCTCCAAACTCTAGTT

ATCAGTGTTGTCTGAGTATTATAACAATCGTTAAAACTTTCAACAACGGATCTCTTGGT

TCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCA

GTGAATCATCGAATCTTTGAACGCACATTGCGCCCCTTGGTATTCCGAGGGGCATGCCT

GTTCGAGCGTCATTTCAACCCTCAAGCTCTGCTTGGTCTTGGGCTCGGCTGCCATGGCC

GGCCTTAAAATCAGTGGCGGTGCCGTCTCGGCTCCAAGCGTAGTACATCTCTCGCTCCG

GAGGCCTGGTGGTATCTTGCCAGACAACCCCATCATCTTCTATGGTTGACCTCGGATCA

GGTA 

Neopestalotiopsis clavispora (D20930) 

TTTCTAAACTCCCAACCCATGTGAACTTACCTTTTGTTGCCTCGGCAGAAGTTATAGGT

CTTCTTATAGCTGCTGCCGGTGGACCATTAAACTCTTGTTATTTTATGTAATCTGAGCGT

CTTATTTTAATAAGTCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAG

AACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCT

TTGAACGCACATTGCGCCCATTAGTATTCTAGTGGGCATGCCTGTTCGAGCGTCATTTC
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AACCCTTAAGCCTAGCTTAGTGTTGGGAATCTACTTCTCTTAGGAGTTGTAGTTCCTGA

AATACAACGGCGGATTTGTAGTATCCTCTGAGCGTAGTAATTTTTTTCTCGCTTTTGTTA

GGTGCTATAACTCCCAGCCGCTAAACCCCCAATTTTTTGTGGTTGACCTCGGATCAGGT

AGGAATACCCGCTGAACTT 

Fusarium solani (C80922) 

CCTGTGAACATACCTAAAACGTTGCTTCGGCGGGAACAGACGGCCCCGTAACACGGGC

CGCCCCCGCCAGAGGACCCCCTAACTCTGTTTCTATTATGTTTCTTCTGAGTAAAACAA

GCAAATAAATTAAAACTTTCAACAACGGATCTCTTGGCTCTGGCATCGATGAAGAACG

CAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGA

ACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCATTACAACC

CTCAGGCCCCCGGGCCTGGCGTTGGGGATCGGCGAGGCGCCCCCTGCGGGCACACGCC

GTCCCCCAAATACAGTGGCGGTCCCGCCGCAGCTTCCATTGCGTAGTAGCTAACACCTC

GCAACTGGAGAGCGGCGCGGCCACGCCGTAAAACACCCAACTTCTGAATGTTGACCTC

GAATCAGGTAGGAATACCCGCTGAACTTAAGC 

Fusarium sp1. (C5930) 

GAGTTATACAACTCATCAACCCTGTGAACATACCTAAAACGTTGCTTCGGCGGGAACA

GACGGCCCCGTAACACGGGCCGCCCCCGCCAGAGGACCCCCTAACTCTGTTTCTATTAT

GTTTCTTCTGAGTAAAACAAGCAAATAAATTAAAACTTTCAACAACGGATCTCTTGGCT

CTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAG

TGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTG

TTCGAGCGTCATTACAACCCTCAGGCCCCCGGGCCTGGCGTTGGGGATCGGCGAGGCG

CCCCCTGCGGGCACACGCCGTCCCCCAAATACAGTGGCGGTCCCGCCGCAGCTTCCATT

GCGTAGTAGCTAACACCTCGCAACTGGAGAGCGGCGCGGCCACGCCGTAAAACACCCA

ACTTCTGAATGTTGACCTCGAATCAGGTAGGAATACCCGCTG 
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Scytalidium sp4. (C1930) 

CCGCCCTCGCGCGGGGTAGATCTCCCCACCCTTGTGTATTTCTTGTGTTCGTGTTGCTTT

GGCAGGCCGTGGGCCTAGCTCACCACCGGCTCGCTCTCGCGGGCTGGTGCGCGCCTGC

CAGAGGACCCTTCAAACTCTGGTTTTGTCAGTGTCGTCTGAGCATGAATAAACAATCGT

TAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATG

CGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTG

CGCCCCTTGGTATTCCGAGGGGCATGCCTGTTCGAGCGTCATTTCAACCCCTCAAGCTC

TCAGCTTGGTGTTGGGCCGTGCCACCTTGCCCTTCGCGGGGTGCTGGCAGGCCTTAAAA

TCAGTGGCGGTGCCCGCTGTGGTTCCAAGCGTAGTAATCTTCTCTCGCTCTGGAGACCT

GGCGGGCTGCTTGCCAGACAACCCTCAAAAACAAAACAAAAAAGTTTGACCTCGGATC

AG 

Bionectria sp. (A8I) 

TACCGAGTTTACAACTCCCAAACCCCTGTGAACATACCTGTTTTGTTGCTTCGGCGGTG

CCCTCGCTCTCGTGGCGAGGCCCGCCAGAGGACCCAAACAAACTCTTTGATTTTGATCT

AGGATTTTACTTCTGAGTGATATACAAAATAAATCAAAACTTTCAACAACGGATCTCTT

GGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAAT

TCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATG

CCTGTTCGAGCGTCATTTCAACCCTCAAGCTCCGGCTTGGTGTTGGGGATCGGCAGCCC

GGCTTCGCGCCGACGCCGTCCCCCAAATGCAGTGGCGGTCACGCTGTAGCTTCCTATGC

GTAGTAGCACACCTCGCACTGGAGAGCAGCGCGGCCACGCCGTAAAACCCCCAACTTT

TTGTGGTTGACCTCGAATCAGGTAGGACTACCCGCTGAACTTAAGCATATCAATA 

Polyporales sp. (C3II) 

AACGGGTTGTAGCTGGCCTTCCGAGGCATGTGCACGCCCTGCTCATCCACTTTACACCT

GTGCACTTACTGTAAGTCTTTCGAGTTTGAAGGGAGGTGTCTCGCGACGCCTTCGGATT
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TCTCGAGGGGCTTACGTCTACTACAAACCATTAAAAAGTATCAGAATGTCTATTGCTAT

AAACGCATCTATATACAACTTTCAGCAACGGATCTCTTGGCTCTCGCATCGATGAAGAA

CGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTT

GAACGCACCTTGCGCTCCTTGGTATTCCGAGGAGCATGCCTGTTTGAGTGTCATGAAAT

TCTCAACCTACAAACCTTTGCGGGTTCTGTACGTGTTGGATATGGAGGGTTATTGTCGG

CGCAAGTCGGCTCCTCTTAAATGCATTAGCTTGATTCCTTGCGGATCGGCTCTCAGTGT

GATAATTGTCTACGCTGCGACCGTGAAGCGCTATGGCG 

Xylogone sp3. (W7Z) 

AGTTCGTGCCCCTCACCGGGTAGACCTCCCACCCTTGTGTATTTTCATACCTGTGTTGCT

TTGGCAGGCCGCTGGGCTGCGGTCCGGCCACCGGCTCCTCGGGGCTGGTGCGCGCCTG

CCAAAGGCCTTTTTAAACTCGTGTTTGTCAGTGTCGTCTGAGTTTTTATGCAAATCGTTA

AAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCG

ATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCG

CCCCTTGGTATTCCGAGGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAAGCTCTGC

TTGGTCTTGGGCTTCGCCATCCTCGTGGCGGGCCCTAAAATCAGTGGCGGTGCCGTCTC

GGCTCCAAGCGTAGTAGCACTATCTCGCTCTGGAGACCCGGTGGTTGCTGGCCAGATA

ACCCCCCCTTTTTTTCTTGTGGTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTTA 

Fungal sp4. (C5I) 

AGTTTACAACTCCCAAACCCATGTGAACATACCTATTGTTGCTTCGGCGGGATTGCCCC

GGGCGCCTCGTGTGCCCCGGATCAGGCGCCCGCCTAGGAAACTTAACTCTTGTTTTATT

TTGGAATCTTCTGAGTAGTTTTTACAAATAAATAAAAACTTTCAACAACGGATCTCTTG

GTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATT

CAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGC

CTGTCTGAGCGTCATTTCAACCCTCATGCCCCTAGGGCGTGGTGTTGGGGATCGGCCAA
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AGCCCGCGAGGGACGGCCGGCCCCTAAATCTAGTGGCGGACCCGTCGTGGCCTCCTCT

GCGAAGTAGTGATATTCCGCATCGGAGAGCGACGAGCCCCTGCCGTTAAACCCCCAAC

TTTCCAAGGTTGACCTCAGATCAGGTAGGAATACCCGCTGAACTTAAGCA 

Xylogone sp2. (W2I) 

GAGTTCGTGCCCCTCACCGGGTAGACCTCCCACCCTTGTGTATTTTCATACCTGTGTTGC

TTTGGCAGGCCGCTGGGCTGCGGTCCGGCCACCGGCTCCTCGGGGCTGGTGCGCGCCT

GCCAAAGGCCTTTTTAAACTCGTGTTTGTCAGTGTCGTCTGAGTTTTTATGCAAATCGTT

AAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGC

GATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGC

GCCCCTTGGTATTCCGAGGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAAGCTCTG

CTTGGTCTTGGGCTTCGCCATCCTCGTGGCGGGCCCTAAAATCAGTGGCGGTGCCGTCT

CGGCTCCAAGCGTAGTAGCACTATCTCGCTCTGGAGACCCGGTGGTTGCTGGCCAGAT

AACCCCCCCTTTTTTTCTTGTGGTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTT 

Xylaria adscendens (A5II) 

TTTGATAACTCCCAAAACCCATGTGAACTTACCTTCTGTTGCCTCGGCGGGTCGTATCT

ACCCTGTGGCCTCCTACCCTGTAGGAGGACTACCTGGTAGTCACGGGTATGCCTGCCAA

TGGCCCATTAAACTCTGTTAAGTATATGTTATTCTGAATTTATAACTAAATAAGTTAAA

ACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGAT

AAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCC

CATTAGTATTCTAGTGGGCATGCCTGTTCGAGCGTCATTTCAACCCTTAAGCCCCTGTT

GCTTAGTGTTGGGAGCTTACAGCCCGCTGTAGCTCCCTAAAGTTAGTGGCGGAGTCGGT

TTGCACTCTAGACGTAGTAGATTCTATCTCGTCTGTGGTTAGGCCGGTCTCTCGCCGTA

AAACCCCCAAATTTTTTTCAAGGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTT

AAGCATATCAA 
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Cosmospora sp. (C4) 

CAACTCCCAAACCCCTGTGAACATACCTATCGTTGCTTCGGCGGGATCGCCCCGGCGCC

CTCGGGCCCGGACCCAGGCGCCCGCCGGAGGACCCAAACTCTTGTCTTTCATGAGTAT

CTTCTGAGTAAACATAAGCAAAATAAATCAAAACTTTCAACAACGGATCTCTTGGTTCT

GGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCCGTG

AATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTT

CGAGCGTCATTTCAACCCTCAAGCCCCCGGGCTTGGTGTTGGGGATCGGCCGCCCCCCG

CGGCGCGCCGGCCCCGAAATCTAGTGGCGGTCTCGCTGTAGCCTCCTCTGCGTAGTAGC

ACACCTCGCACCGGAACGCAGCCTGGCCACGCCGTTAAACCCCCCACTTCTGAAGGTT

GACCTCGGATCAGGTAGGAATACCCGCTGAA 

Fungal sp3. (A2Z) 

GAGTTTACAACTCCCAAACCCATGTGAACATACCTATTGTTGCTTCGGCGGGATTGCCC

CGGGCGCCTCGTGTGCCCCGGATCAGGCGCCCGCCTAGGAACTTTAACTCTTGTTTTAT

TTTGAATCTTCTGAGTAGTTTTTACAAATAAATAAAAACTTTCAACAACGGATCTCTTG

GTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATT

CAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGC

CTGTCTGAGCGTCATTTCAACCCTCATGCCCCTAGGGCGTGGTGTTGGGGATCGGCCAA

AGCCCGCGAGGGACGGCCGGCCCCTAAATCTAGTGGCGGACCCGTCGTGGCCTCCTCT

GCGAAGTAGTGATATTCCGCATCGGAGAGCGATGAGCCCCTGCCGTTAAACCCCCAAC

TTTCCAAGGTTGACCTCAGATCAGGTAGGAATACCCGCTG 

Hypocrea lixii (C3I) 

CGAGTTTACAACTCCCAAACCCAATGTGAACGTTACCAAACTGTTGCCTCGGCGGGAT

CTCTGCCCCGGGTGCGTCGCAGCCCCGGACCAAGGCGCCCGCCGGAGGACCAACCTAA

AACTCTTTTTGTATACCCCCTCGCGGGTTTTTTTATAATCTGAGCCTTCTCGGCGCCTCT
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CGTAGGCGTTTCGAAAATGAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATC

GATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCAT

CGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTCCGAGCG

TCATTTCAACCCTCGAACCCCTCCGGGGGGTCGGCGTTGGGGATCGGCCCTCCCTTAGC

GGGTGGCCGTCTCCGAAATACAGTGGCGGTCTCGCCGCAGCCTCTCCTGCGCAGTAGTT

TGCACACTCGCATCGGGAGCGCGGCGCGTCCACAGCCGTTAAACACCCAACTTCTGAA

ATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGC 

Fungal sp1. (W14II) 

CCGAGTTTACAAAACTCCCAACCCCTGTGAACTATACCTGTTTGTTGCTTCGGCGGTGC

CCCTCGCTTCGCGGCGAGGGCCCGCCAGAGGACCCAAATTCTATGTTTTTTTTTGCATT

CGTTTTTATATTCTGAGTGGAATTTTTAAATAAAAATTAAAACTTTCAACAACGGATCT

CTTGGCTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAG

AATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGC

ATGCCTGTTCGAGCGTCATTTCAACCCTCAAGCCCCCCGGGCTTGGTGTTGGGGATCGG

CACAAGGCCCCTCGCGGCCCGCCGTCCCCCAAATGCAGTGGCGGTCACGTCGCAGCCT

TCTATGCGTAGTAGCAACACCTCGCACTGGAGCGCGACGCGGCCACGCCGTAAAACCC

CCGACTTTTTTCTGGTTGACCTCGAATCAGGTAGGACTACCCGCTGAACTT 

Neopestalotiopsis clavispora (C1b) 

AGAGTTTTCTAAACTCCCAACCCATGTGAACTTACCTTTTGTTGCCTCGGCAGAAGTTA

TAGGTCTTCTTATAGCTGCTGCCGGTGGACCATTAAACTCTTGTTATTTTATGTAATCTG

AGCGTCTTATTTTAATAAGTCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGA

TGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCG

AATCTTTGAACGCACATTGCGCCCATTAGTATTCTAGTGGGCATGCCTGTTCGAGCGTC

ATTTCAACCCTTAAGCCTAGCTTAGTGTTGGGAATCTACTTCTCTTAGGAGTTGTAGTTC
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CTGAAATACAACGGCGGATTTGTAGTATCCTCTGAGCGTAGTAATTTTTTTCTCGCTTTT

GTTAGGTGCTATAACTCCCAGCCGCTAAACCCCCAATTTTTTGTGGTTGACCTCGGATC

AGGTAGGAATACCCGCTGAACTTAAG 

Scytalidium sp3. (C5908) 

AGATCTCCCACCCTTGTGTATTTTATGTTTGTGTTGCTTTGGCAGGCCGTGGGCCGCGCC

CACCACCGGCTCTCGGGCTGGTGCGTGCCTGCCAGAGGACCCCCCAAACTCTGTTTGTC

AGTGTCGTCTGAGTATGATAACAATCGTTAAAACTTTCAACAACGGATCTCTTGGTTCT

GGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTG

AATCATCGAATCTTTGAACGCACATTGCGCCCCTTGGTATTCCGAGGGGCATGCCTGTT

CGAGCGTCATTTCAACCCCTCAAGCCTCAGCTTGGTGTTGGGCCGTGCCACTGCCCTCT

TGCGGCGCCGGCAGGCCTTAAAATCAGTGGCGGTGCCCGCTGTGGTTCCAAGCGTAGT

AATCTCTCTCGCTCTGGAGACCTGGCGGGCTGCTTGCCAGACAACCCCAATCTTTCTCA

AAAGTTTGACCTCGGATCAGGTAGGGA 

Trichoderma atrobrunneum (D3) 

TCATTACCGAGTTTACAACTCCCAAACCCAATGTGAACGTTACCAAACTGTTGCCTCGG

CGGGATCTCTGCCCCGGGTGCGTCGCAGCCCCGGACCAAGGCGCCCGCCGGAGGACCA

ACCTAAAACTCTTATTGTATACCCCCTCGCGGGTTTTTTTATAATCTGAGCCTTCTCGGC

GCCTCTCGTAGGCGTTTCGAAAATGAATCAAAACTTTCAACAACGGATCTCTTGGTTCT

GGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTG

AATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTC

CGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGGTCGGCGTTGGGGATCGGCCCTC

CCTTAGCGGGTGGCCGTCTCCGAAATACAGTGGCGGTCTCGCCGCAGCCTCTCCTGCGC

AGTAGTTTGCACACTCGCATCGGGAGCGCGGCGCGTCCACAGCCGTTAAACACCCAAC

TTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGC 
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Abstract: Fungal pigments, specifically those generated from spalting fungi, are being 

developed for broader use in the wood and textile industry, and due to their coloration 

properties, may also be useful as aesthetic bamboo dyes. This paper evaluates the potential 

use of fungal pigments in bamboo (Phyllostachys spp.), and compares the difference 

between natural spalting and the direct application of extracted fungal pigments of three 

known spalting fungi: Scytalidium cuboideum, Scytalidium ganodermophthorum, and 

Chlorociboria aeruginosa. Bamboo was significantly spalted by  

S. cuboideum under live inoculation, while the other two fungi did not colonize. For the 

direct application of fungal pigments, bamboo did not develop internal pigmentation with 

any pigment, but did develop visible surface color for S. cuboideium and C. aeruginosa. 

Light microscopy and scanning electron microscopy confirmed the presence of hyphae in 

bamboo vessels and parenchyma. An HPLC analysis for simple sugars showed the 

presence of glucose but no sucrose. Results indicate that the extracted pigments of the 
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aforementioned fungi are ideal for the surface treatment of bamboo, while only direct 

inoculation of S. cuboideum is appropriate for internal coloration. 

Keywords: fungal pigments; spalting; bamboo 

1. Introduction 

Bamboo holds a growing presence in the lumber market (Hunter 2003) due to its fast 

growth rate and the low cost of procurement (Farrely 1984, Wang, Li, and Ren 2010). 

Some of the most common bamboo products on the market today include tables, flooring, 

chairs, decorative bowls, and kitchenware. These items are in direct competition with dicot 

wood products, and have also bled into the traditional textile markets. The most widely 

used bamboo genus is Phyllostachys, also known as timber bamboo. 

Despite its current popularity, bamboo use in the aforementioned contexts is not recent, 

recorded as far back as the second century in China for buildings, furniture, and decorative  

works (Walkling 1979). Current uses are expanding worldwide, especially in the field of 

decorative design.  

In addition to use for its natural aesthetic, there is also a history of altering the surface of 

bamboo to create different visual styles. Traditional effects include carbonization, a method 

where the bamboo culm is exposed to high temperatures to give a darker color to the 

material (Lee and Liu 2003). The current style trends towards the application of varnishes, 

anilines, and other finishes to alter bamboo’s natural color (Terada 1907). Most of these 

finishes contain inorganic pigments that are composed of heavy metals such as lead, 

chromium, and copper, which come from non-renewable sources (Holley and Ladd 1908). 

Many of these inorganic pigments have been determined to be toxic, especially the ones 

containing lead. 

Spalting is the coloration of wood by fungi (Robinson, Richter, and Laks 2007), and it has 

been used since the 15th century on decorative wood intarsia and marquetry (Blanchette, 
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Wilmering, and Baumeister 1992). The past decade has seen significant advances in the 

development of this ancient coloring technique into commercial colorants, with a special 

focus  

on the genera Chlorociboria and Scytalidium (Fenwick 1993, Maeda 2003, Robinson 2012, 

Robinson et al. 2012, Robinson, Tudor, and Cooper 2012, Tudor, Robinson, and Cooper 

2013, Cease and Blanchette 1989, Robinson et al. 2013, Robinson, Hinsch, Weber, and 

Freitas 2014, Robinson, Weber, et al. 2014, Robinson, Hinsch, Weber, Leipus, et al. 2014). 

One of these advances is the ability to extract the fungal pigments and apply them directly 

to the wood without requiring the inoculation of live  

fungi (Robinson, Hinsch, Weber, Leipus, et al. 2014, Robinson, Weber, et al. 2014, 

Robinson, Hinsch, Weber, and Freitas 2014). 

Chlorociboria spp. have been used since the 1400s in spalting applications due to their 

ability to generate a blue-green color on wood (Blanchette, Wilmering, and Baumeister 

1992, Otterstedt 2001). This color is called xylindein, a secondary metabolite produced by 

the fungi which diffuses into wood (Blackburn et al. 1965, Edwards and Kale 1965). This 

metabolite has been widely studied, and there have been trials to synthesize it under 

laboratory conditions (Donner et al. 2012). 

The genus Scytalidium has two widely used species for spalting, Scytalidium cuboideum 

and Scytalidium ganodermophthorum. The first one produces red pigmentation on wood, 

while the second one produces yellow pigmentation (Robinson, Tudor, et al. 2014, 

Robinson, Tudor, and Cooper 2011b). For both species, the color is produced by quinones 

(Hinsch et al. 2015). 

Due to the renewable nature of spalting fungal pigments, experiments have been done to 

test their suitability for pressure treatment, submersion, and dripping applications 

(Robinson, Weber, et al. 2014, Weber et al. 2014, Robinson, Hinsch, Weber, Leipus, et al. 

2014). Currently, there are no tests for the suitability of fungal pigments, either extracted or 
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naturally grown, on monocots, specifically bamboo. There has been research on the decay 

ability of some fungi on bamboo, and bamboo’s susceptibility to blue stain fungi; however, 

none of these studies looked at decorative effects and were only focused on the physical 

property loss (Wei, Schmidt, and Liese 2013a, Schmidt et al. 2013, Wei, Schmidt, and 

Liese 2013b, Kim et al. 2011). 

The purpose of this research was to test the suitability of three common spalting fungi to 

color bamboo, specifically for decorative purposes, as well as to compare and visualize if 

there were differences between natural spalting (direct fungal inoculation) versus extracted 

spalting (applying extracted pigments directly). Results from this study will help to 

determine the capabilities of spalting bamboo. The use of fungal pigments for coloring 

bamboo represents a chance to replace traditional, non-renewable pigments with sustainable 

pigments for the finishing industry. In addition, by doing this replacement, toxic metals that 

are hazardous for humans—especially the workers that use these materials—will be 

reduced. 

2. Materials and Methods 

Two tests were run: A natural spalting test consisting of inoculation with live fungal 

cultures, and a dripping test where the extracted fungal pigment was applied directly to the 

test blocks. 

Three known spalting fungi were used: Scytalidium cuboideum UAMH 4801, isolated from 

treated red oak lumber, location unknown, Scytalidium ganodermophthorum UAMH 

10320, isolated from oak wood logs in Gyeonggi province, South Korea, and Chlorociboria 

aeruginosa UAMH 11657, isolated from a decaying hardwood log in Haliburton, ON, 

Canada. For the dripping test, the fungi were cultured on malt agar plates with chips of 

white-rotted maple (Robinson et al. 2012) and 2% malt agar, as previously used by 

Robinson et al. (Robinson, Richter, and Laks 2007). 
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Both tests were done on carbonized commercial bamboo (Phyllostachys spp.). Blocks were 

conditioned to at 8% moisture content (MC) and had a specific gravity (SG) of 0.6, and a 

density (D) of 0.65 cm3/g. 

2.1. Natural Spalting 

Before the beginning of the tests, a curcuma test was done to the bamboo samples to ensure 

there were no boron treatments (bamboo shipped into the United States is often subject to 

boron treatments to limit pest distribution) on the samples that could affect the development 

of the fungi (Wei, Schmidt, and Liese 2013a). No boron was found. 

Fourteen-millimeter cubes of bamboo (Phyllostachys spp.) were used for the experiment, 

with sugar maple (Acer saccharum Marsh, SG = 0.64, D = 0.67 cm3/g at 8% MC) used as a 

control to verify the conditions of the experiment (Robinson, Tudor, and Cooper 2011c). 

Both species were inoculated with one of the above fungal species using the protocol 

established by Robinson et al. (Robinson, Richter, and Laks 2007). 

Mason jars (250 mL) were filled with 15 g of medium-grade vermiculite with 50 mL of 

distilled water (Robinson, Richter, and Laks 2009, Robinson, Tudor, and Cooper 2011c, 

Wei, Schmidt, and Liese 2013a). Three blocks were placed in each jar. Three jars were 

inoculated per fungal species per week (n = 9). The jars were placed in an incubator at 19 ± 

2 °C, 80% ± 5% RH conditions for 4, 6, 8, 10, 12, 14, and 16 weeks. Three jars per fungus 

were pulled each week (nine replicates per fungus per week). Once pulled, blocks were 

removed and cleaned with a soft-bristled brush to remove mycelia and vermiculite. Blocks 

were then dried at 102 °C for 24 h, after which the external cross-section surface was color 

read using a Konica Minolta Chroma Meter CR-5 color reader together with the computer 

program Spectramagic NX, Color Data Software. This method is used to determine the 

color difference (∆E) in the CIE L * a * b color space, where the original color of the 

material (in this case, bamboo) is compared with the resulting color after treatment. 
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∆𝐸 = ∆𝐿! + ∆𝑎! + ∆𝑏! 

This is one of the current methods used for the determination of color variation for  

spalted wood (Tudor, Robinson, and Cooper 2013). 

After finishing the external cross-section color readings, the blocks were scanned on an 

Epson Perfection V370 Photo scanner on the same plane. After finishing the evaluation of 

the external face, the blocks were cut in the radial direction with a Grizzly G8976 bandsaw, 

and one internal face was scanned again to determine internal color coverage. The block 

images were analyzed with ImageJ 64, (National Institute of Health, USA) following the 

protocol established by Robinson (Robinson, Laks, and Turnquist 2009) to determine the 

amount of area pigmented on the inner and outer face of the maple and bamboo blocks. 

2.2. Dripping Test 

Scytalidium cuboideum, S. ganodermophthorum, and C. aeruginosa were grown on malt 

agar plates with white-rotted maple wood chips following the protocol established in 

Robinson et al. (Robinson et al. 2012). Pigments were extracted with dichloromethane 

(DCM) following the methodology of Robinson et al. (Robinson, Hinsch, Weber, and 

Freitas 2014). The pigments were standardized to the following CIE L * a * b values: C. 

aeruginosa = 82.28, = −11.06, = −5.40; S. cuboideum = 82.32, = 26.84, = 13.19; and S. 

ganodermophthorum = 95.46, = −3.00, = 8.15 with a range of ±2.0, which were used 

previously by Robinson el al. (Robinson, Weber, et al. 2014). 

For the pigment application by drops on the cross-section surface of the blocks, 5.75-inch 

disposable borosilicate glass Pasteur pipettes with reusable 2 mL latex bulbs were used. 

The average volume of each drop was of 0.0165 mL (Robinson, Weber, et al. 2014). One, 

five, ten, forty, and sixty drops of the solubilized extracted pigments were applied. In 

addition, tests with paused applications were done: 10 drops of pure DCM with 10 drops of 

pigment solution with a 10-min pause between (priming), 28 drops of solution and a 
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repetition of 28 more drops after 24 h, and 50 drops of solution with a repetition of the 

same amount after 24 h on the same surface. The blocks were left under a fume hood for 24 

h to allow the dichloromethane to evaporate, following the protocol of Robinson et al. 

(Robinson, Weber, et al. 2014). 

After 24 h, the cross-section was color read utilizing a Konica Minolta Chroma Meter CR-5 

paired with the Spectramagic NX, Color Data Software. The blocks were then cut on the 

radial direction  

with a Grizzly G8976 band saw, and one internal face was scanned on the aforementioned  

Epson scanner (Robinson, Weber, et al. 2014). The internal percentage of color on the 

blocks was analyzed with ImageJ 64 utilizing the threshold color tool to determine the 

pigmented surface area following the protocol in Robinson et al. (Robinson, Laks, and 

Turnquist 2009). 

2.3. Microscopy 

After cutting the blocks, a microscopy analysis was performed on random specimens from 

week 14 and 16 for all of the fungi, to see if there was fungal growth inside them. For this, 

a microtome (Spencer Buffalo) was used to obtain slides of 12 µm. Then, the slides were 

observed with a Nikon Eclipse Ni-U microscope, and pictures were taken with a Nikon 

DS-Ri 2 camera. The images were taken with the Nikon NIS Elements software. Samples 

from bamboo blocks containing S. cuboideum from week 14 and 16 were analyzed using a 

FEI Quanta 600 scanning electron microscope. The samples were sputter-coated with 

gold/palladium (Au/Pd) alloy before being analyzed. 

2.4. High Performance Liquid Chromatography (HPLC) 

Five samples of unspalted bamboo were kiln dried at 40 °C for 24 h and then ground and 

passed through a 20-mesh screen on a Wiley mill. Zero-point-five grams of bamboo dust 

was weighted and placed into 20 mL centrifuge tubes. The tubes were then filled with 10 
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mL of distilled water and placed on a sonicator Solid Tech™ (Solid Tech, China, Model# 

UC-ST130400) for 30 min and then placed in a water bath at 70 °C for 60 min. After this, 

1.5 mL was removed from the tubes and placed in a 2 mL microcentifuge tube. The tubes 

were then centrifuged, and the water decanted for free sugar analysis. The resulting product 

was used for ion chromatography with a Dionex™ (Dionex Corporation, California, USA) 

GP50 system, using an ED40 detector. The analytical column used was a Dionex™ 

CarboPac™ (Dionex Corporation, California, USA) MA-1 IC. The mobile phase was 375 

mM NaOH at a flow of 0.4 mL/min with an injection loop of 10 µL. 

2.5. Data Analysis 

Data from the dripping and the natural spalting tests were analyzed separately. A two-way 

ANOVA followed by Tukey HSD test was performed on SAS version 9.4 for each test. For 

the test of natural spalting, the independent variables were fungus and week, and the 

dependent variable was percentage of coverage. For the color difference evaluation, the 

independent variables were treatment and color; the dependent variable was the color 

difference (∆E). This statistical analysis was applied on the natural spalting and dripping 

test. 

3. Results 

3.1. Natural Spalting 

3.1.1. External and Internal Percentage of Area Coverage 

There was a significant interaction between incubation time and fungus (p = 0.0003). 

Scytalidium cuboideum had the highest percentage of external area coverage for all the 

incubation times overall, with the highest value for the exterior spalting in week 10 

(65.8%), and in week 14 (57.51%) for the internal area. Scytalidium ganodermophthorum 

and C. aeruginosa during weeks 6, 8, 10, and 14 did not differ significantly from each 
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other. In week 16, S. cuboideum showed a significant reduction of external red pigment, as 

shown in Table 1. 

TABLE 1. Mean area coverage of the external and internal surfaces of the bamboo 

blocks with natural spalting. Different letters classify the data as statistically 

different within each pigment color. 

Material Week Fungus 

Mean % 

Exterior 

Spalt 

Standard 

Deviation 

Mean % 

Internal Spalt 

Standard 

Deviation 

Bamboo 4 

C. aeruginosa 5.06 (D) 3.27 0 (C) 0 

S. cuboideum 33.25 (BC) 24.55 18.49 (BC) 17.83 

S. ganodermophthorum 5.94 (D) 14.82 0.97 (C) 2.90 

Bamboo 6 

C. aeruginosa 9.06 (CD) 3.14 0 (C) 0 

S. cuboideum 59.72 (A) 27.94 40.41 (AB) 22.89 

S. ganodermophthorum 16.22 (CD) 2.98 1.22 (C) 2.68 

Bamboo 8 

C. aeruginosa 10.58 (CD) 5.13 0 (C) 0 

S. cuboideum 57.71 (AB) 17.60 34.88 (AB) 24.08 

S. ganodermophthorum 10.35 (CD) 2.85 1.01 (C) 3.04 

Bamboo 10 

C. aeruginosa 12.66 (CD) 6.66 0 (C) 0 

S. cuboideum 65.8 (A) 26.52 33.39 (AB) 36.38 

S. ganodermophthorum 12.96 (CD) 4.50 0 (C) 0 

Bamboo 12 

C. aeruginosa 11.11 (CD) 3.56 0.22 (C) 0.46 

S. cuboideum 49.08 (AB) 27.15 36.38 (AB) 25.58 

S. ganodermophthorum 9.82 (CD) 5.53 2.28 (C) 2.79 

Bamboo 14 

C. aeruginosa 9.05 (CD) 3.63 2.91 (C) 4.91 

S. cuboideum 48.77 (AB) 28.32 57.51 (A) 31.67 

S. ganodermophthorum 11.93 (CD) 3.30 2.75 (C) 6.76 

Bamboo 16 

C. aeruginosa 4.01 (D) 3.51 0 (C) 0 

S. cuboideum 23.28 (CD) 18.89 15.65 (BC) 17.84 

S. ganodermophthorum 7.42 (D) 5.28 1.22 (C) 2.42 



 

 

79 

From week 6 until week 14, S. cuboideum had an internal coverage greater than 30% 

(Table 1), which is considered a successful spalting rate (Robinson, Laks, and Turnquist 

2009). In the 16th week, the pigmented area reduced to 15.65%, which is statistically 

similar to week four. Scytalidium ganodermophthorum and C. aeruginosa showed 

statistically different results compared to S. cuboideum. Both fungi had values between 

2.91% to 0%, respectively. Chlorociboria aeruginosa had the lowest area coverage, and 

was not significantly different from S. ganodermophthorum for all of the treatment weeks. 

3.1.2. Color Analysis 

For the color variation of the bamboo with natural spalting, there was a significant 

interaction (p < 0.0001) between weeks of incubation and the fungus for the external face 

of the bamboo blocks. On the cross-section, S. cuboideum had the highest color coverage 

for weeks 6 to 14, although there was no significant difference between S. cuboideum and 

the other two fungi for week 6. The second highest categories were S. cuboideum for week 

4 and S. ganodermophthorum for week 14. Neither were significantly different from each 

other, but were significantly different from S. cuboideum in weeks 6 to 14, as shown in 

Table 2. 
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TABLE 2. Mean ΔE of the external surfaces of the bamboo blocks for the natural 

spalting test. Different letters classify the data as statistically different within each 

pigment color. DF = 7. 

Material Week Fungus Mean ∆E Exterior Standard Deviation 

Bamboo 4 

C. aeruginosa 2.22 (C) 1.29 

S. cuboideum 7.33 (AB) 2.16 

S. ganodermophthorum 2.59 (C) 1.30 

Bamboo 6 

C. aeruginosa 8.35 (A) 0.70 

S. cuboideum 8.57 (A) 1.67 

S. ganodermophthorum 7.97 (A) 0.55 

Bamboo 8 

C. aeruginosa 2.33 (C) 1.03 

S. cuboideum 8.89 (A) 2.05 

S. ganodermophthorum 2.66 (C) 1.03 

Bamboo 10 

C. aeruginosa 3.62 (C) 1.45 

S. cuboideum 8.36 (A) 2.30 

S. ganodermophthorum 3.06 (C) 1.28 

Bamboo 12 

C. aeruginosa 3.90 (C) 0.89 

S. cuboideum 8.33 (A) 2.44 

S. ganodermophthorum 3.94 (C) 1.33 

Bamboo 14 

C. aeruginosa 3.78 (C) 1.28 

S. cuboideum 9.57 (A) 2.68 

S. ganodermophthorum 4.62 (BC) 0.72 

Bamboo 16 

C. aeruginosa 3.09 (C) 1.33 

S. cuboideum 4.47 (C) 1.62 

S. ganodermophthorum 3.19 (C) 1.92 
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3.1.3. HPLC 

The total sugar concentration of the uninoculated bamboo samples was 0.1746 g/100 

mL. From there, 0.0878 g/100 mL corresponded to glucose, 0.0806 g/110 mL to fructose, 

and 0.0062 g/100 mL to unknown sugars. No sucrose was detected in the samples. 

3.1.4. Scanning Electron Microscopy 

The images obtained by electron microscopy showed that the hyphae of S. cuboideum 

developed in the vessels (Figure 1) and parenchyma cells (Figure 2) of bamboo. Hyphae 

were able to spread through the vessel pits to the surrounding parenchyma cells (Figure 3). 

 

FIGURE 1. S. cuboideum hyphae developing inside a bamboo vessel on week 16. 
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FIGURE 2. S. cuboideum hyphae developing inside a parenchyma cell on week 

16. 

 

FIGURE 3. S. cuboideum hyphae developing across the vessel pits. 
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3.2. Dripping Test 

3.2.1. Percentage of Area Coverage 

No internal color was detected with any of the applied fungal pigments. No area percentage 

was calculated for external color, because the dripping test covered 100% of the block area 

on every replicate (Figure 4). 

  

FIGURE 4. External face of the bamboo blocks after the dripping treatments. Y = 

yellow pigment; B = blue pigment; and R = red pigment; DCM: dichloromethane. 

Scale 1:1 
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3.2.2. Color Analysis 

There was a significant interaction between the colors and the treatments at p < 0.0001.  

The highest amount of internal color variation was with S. cuboideum applied with 28 

drops, a pause of 24 h, and an additional application of 28 drops. This was followed by the 

treatment of 60 drops and 50 drops, a pause of 24 h, and the application of additional 50 

drops. In general, the extracted pigments from S. cuboideum showed the highest color 

variation when applied on bamboo, as shown in Table 3. 

TABLE 3. Mean ΔE of the internal and external surfaces of the bamboo blocks for 

the dripping test. Different letters classify the data as statistically different within 

each pigment color. DF = 7. 

Material 
Treatment 

(Drops) 
Color 

Mean ΔE 

Exterior 

Standard 

Deviation 

Mean ΔE 

Interior 

Standard 

Deviation 

Bamboo 1 

Blue 5.69 (FGHI) 0.35 6.95 (B) 0.94 

Red 5.30 (HI) 0.26 7.38 (B) 0.79 

Yellow 5.55 (GHI) 0.51 6.32 (B) 0.86 

Bamboo 5 

Blue 5.16 (I) 0.43 6.91 (B) 0.64 

Red 6.17 (DEFG) 0.63 7.06 (B) 0.85 

Yellow 5.51 (GHI) 0.73 6.62 (B) 0.70 

Bamboo 10 

Blue 5.97 (DEFGHI) 0.71 6.64 (B) 0.85 

Red 6.70 (BCD) 0.26 6.45 (B) 0.73 

Yellow 6.28 (DEFG) 0.49 7.15 (B) 0.45 

Bamboo 
DCM pause 

10 

Blue 5.57 (GHI) 0.44 4.35 (C) 0.54 

Red 6.16 (DEFGH) 0.56 4.56 (C) 0.74 

Yellow 6.34 (DEFG) 0.52 4.28 (C) 0.61 

Bamboo 40 

Blue 5.79 (EFGHI) 0.32 7.16 (B) 0.67 

Red 6.79 (BCD) 0.44 11.82 (A) 0.54 

Yellow 6.23 (DEFG) 0.48 4.23 (C) 0.72 
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Material 
Treatment 

(Drops) 
Color 

Mean ΔE 

Exterior 

Standard 

Deviation 

Mean ΔE 

Interior 

Standard 

Deviation 

Bamboo 28 pause 28 

Blue 6.09 (DEFGH) 0.49 4.27 (C) 0.74 

Red 7.74 (A) 0.28 4.53 (C) 0.81 

Yellow 6.29 (DEFG) 0.26 4.81 (C) 0.48 

Bamboo 50 pause 50 

Blue 5.75 (EFGHI) 0.57 6.61 (B) 0.89 

Red 7.42 (ABC) 0.53 6.25 (B) 0.61 

Yellow 6.59 (CDE) 0.47 6.70 (B) 0.77 

Bamboo 60 

Blue 6.06 (DEFGH) 0.53 11.26 (A) 0.74 

Red 7.48 (AB) 0.53 11.31 (A) 0.47 

Yellow 6.54 (DEF) 0.56 11.52 (A) 0.53 

4. Discussion 

4.1. Natural Spalting 

For the natural spalting test, S. cuboideum had the highest pigmentation rate, with an 

external pigmented area of 33.25% in four weeks. This result can be compared with a 

previous test performed by Robinson (Robinson, Richter, and Laks 2009, Robinson, Tudor, 

and Cooper 2011b), where S. cuboideum obtained a similar result in sugar maple from six 

to ten weeks. Interestingly, incubation conditions between this experiment and the previous 

cited were different—the bamboo was run at 19 ± 2 °C, while the experiment run by 

Robinson was at 27 ± 2 °C. The selection of a lower temperature was due to the inclusion 

of C. aeruginosa, which prefers lower growth temperatures (21 ± 2 °C) (Robinson et al. 

2012). Based on this observation, it is possible that with a higher temperature, S. cuboideum 

would have produced more pigment in a shorter time frame. 

For bamboo, only S. cuboideum pigmented the material, while S. ganodermophthorum and  

C. aeruginosa did not produce pigment or even develop mycelium in bamboo. A previous 

study of wood sugar content and pigment production by spalting fungi found that most of 

the tested fungi produced more pigment on woods high in sucrose (sugar maple, Acer 
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saccharum, in particular) (Robinson, Tudor, and Cooper 2011a). Interestingly, S. 

cuboideum produced the most pigment in the aforementioned study on tree of heaven 

(TOH, Ailanthus altissima), which had very low sucrose content, but high glucose content. 

The faster development of S. cuboideum seen in the bamboo study could be due to the 

abundance of glucose in the tested bamboo. 

Most of the aforementioned sugars accumulate in bamboo parenchyma cells (Fengel and 

Shao 1984). SEM results determined that these cells were where most of the hyphae of S. 

cuboideum developed, and that they used the vessel structures for mobility. Higher 

availability of parenchyma tissue with higher amounts of glucose may have encouraged the 

development of S. cuboideum pigment in bamboo. 

Noting the sugar preference of S. ganodermophthorum and C. aeruginosa (Robinson, 

Tudor, et al. 2014) for sucrose instead of glucose, the failure of these two fungi to produce 

internal pigment on bamboo test blocks was not unexpected. HPLC results on the bamboo 

confirmed the findings of Fengei and Shao (Fengel and Shao 1984), in which bamboo 

contained a higher amount of glucose and low to non-existent levels of sucrose, which did 

not allow the aforementioned fungi to develop pigmentation. In addition, the lack of 

sucrose in the commercial bamboo could be due to the carbonization process that was 

applied to the raw material. 

It is also possible that the anatomical differences between bamboo and wood affected the 

pigment production of the fungi, as well as the visibility of the produced color. In the SEM 

images, the hyphae only concentrated in the vessels and parenchyma cells, and did not 

expand to the fiber cells. This meant that the only visible color change was in the areas 

closer to the vascular bundles. This can affect the visibility of the pigments, where areas 

with a higher concentration of vascular bundles will have a more visible concentration of 

pigments, compared to areas with fewer bundles. This is correlated with the findings by 

Robinson et al. (Robinson, Hinsch, Weber, Leipus, et al. 2014), where the authors found 
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that the dispersion of the fungal pigments into small dots (or zones) did not create a visibly 

detectible color change. 

In general, S. cuboideum developed the most significant amount of pigment in bamboo, 

testing the highest of the three fungi in internal and external pigmentation with natural 

inoculation. 

4.2. Dripping Test 

For the dripping test, the highest surface color variation came from the red pigment paired 

with the 28–24 h—28 drops treatment, followed by the 60 and 50–24 h—50 drops 

treatments. The color variation could be related to the color difference that exists between 

the pigment and the natural color of bamboo. For the red pigment, a high variation was 

reported because the CIE L * a * b color of bamboo tends more toward the yellow color 

space, with CIE L * a * b values = 67.72, = 5.09, = 13.64 (making a greater contrast with 

the pigment from a red color space). The yellow tendency of bamboo could potentially 

mask the color effects of the yellow-producing S. ganodermophthorum. Similar results to 

the yellow pigment were obtained with the blue-green pigment from C. aeruginosa. It is 

possible that the results for the green pigment are also affected by the color of bamboo, due 

to the proximity of the bamboo “a” value to the blue spectra. In the samples, it was possible 

to observe a visible color change on the surface of the bamboo blocks with higher pigment 

concentration compared with the yellow pigment. 

On the internal face, the highest variation of color came from the application of 60 drops 

for all of the three tested pigments; however, there was no perceivable color coverage 

inside the blocks. A similar effect was observed in a previous study by Robinson et al. 

(Robinson, Hinsch, Weber, and Freitas 2014, Robinson, Hinsch, Weber, Leipus, et al. 

2014) on wood, where the authors postulated that there might be a significant internal color 

change; however, this color change is not visible to the naked eye. For a significant color 
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change to be perceivable to the human eye, the value of the ∆E must be higher than one 

(Robinson, Hinsch, Weber, Leipus, et al. 2014). Because of the lack of a perceivable color 

change, the fungal pigments might not be suitable for their use for internal pigmentation on 

bamboo. 

The pigment concentration used was standardized from previous wood experiments. It is 

possible that higher pigments concentrations would have shown a higher color variation in 

the external and internal face of the bamboo blocks. Anatomical differences may also be at 

play here, where the vascular bundles in bamboo may limit the pigment distribution within 

the material, whereas a wider scattering of vascular elements in wood can permit a more 

even distribution of the pigments, allowing them to have a more visible internal 

pigmentation (as with cottonwood, Populus trichocarpa (Torr. And A. Gray))(Robinson, 

Weber, et al. 2014). 

5. Conclusions 

Scytalidium cuboideum spalted bamboo thoroughly with live inoculation, with blocks 

showing external and internal pigmentation from week four, with increasing pigment until 

week 14. Scytalidium ganodermophthorum and C. aeruginosa showed significantly lower 

pigmentation, comparatively. In the dripping test, the red pigment (S. cuboideum) showed 

the highest color variation in bamboo with the treatments of 28 drops—24 h—28 drops, 50 

drops—24 h—50 drops and 60 drops, but no internal pigmentation was detected. Therefore, 

no internal spalting was achieved. Both methods showed promising results with S. 

cuboideum, however the natural method was successful in spalting the bamboo internally 

and externally, whereas the dripping method showed results in coloring the external surface 

only. 

The results obtained with the natural spalting test indicate that bamboo can be a 

suitable material for spalting with S. cuboideum, allowing the possibility to modify the 
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color of the material for decorative uses through live fungal inoculation. In terms of the 

application of the pigments through dripping, the red and green pigments show the potential 

to modify the surface color of bamboo; however, this method does not generate internal 

spalting. These results indicate a potential for spalting fungal pigments as surface stains of 

bamboo, and in the future may be applicable for large-scale commercial bamboo coloration 

use as a surface dye, replacing the synthetics currently on the market. 
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Abstract 

Pigments that are currently available in the market usually come from non-renewable 

sources, or, if natural, often need mordants to bind to the target substrate. Recent research 

on the fungal pigment extracts from Scytalidium cuboideum, Scytalidium 

ganodermophthorum, Chlorociboria aeruginosa and Chlorociboria aeruginascens have 

been shown to successfully dye materials like wood, bamboo and textiles, however there 

is no information about their binding mechanisms. Because of this a microscopic study 

was performed to provide information to future manufacturers interested in these 

pigments. The results of this study show that Scytalidium ganodermophthorum and C. 

aeruginosa form an amorphous layer on substrates while S. cuboideum forms crystal-like 

structures. The attachment and morphology indicate that there might be different 

chemical and physical interactions between the extracted pigments and the materials. 

This possibility can explain the high resistance of the pigments to UV-light and color-

fastness that makes them competitive against synthetic pigments. These properties make 
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these pigments a viable option for an industry that demands natural pigments with the 

properties of the synthetic ones.  

 

Keywords: extracted fungal pigments, spalting, microscopy, SEM, FIB 

 

1. Introduction 

 

The impact of nonrenewable dyes on the textile market is significant, in terms of the dyes 

ecological impact (Pointing 2001). Most pigments and dyes in use today come from non-

renewable sources. For example, the commonly used red pigments ferrite red oxide and 

Venetian red contains iron oxide, cadmium and copper oxide. One of the most common 

yellow pigments, ‘lead chromate’, contains lead chromate, and the popular green pigment 

‘chromium oxide’ includes, as one might assume, chromium oxide (Preuss 1974). Other 

commonly used dyes, such as aniline dyes, are amino based, and are a derivate from 

petroleum (Carrubba and Golden 1967).  

 

Natural pigment and dye alternatives do exist, although they are not competitive in the 

market anymore for a number of reasons. Many of these natural dyes come from plants, 

lichens, and insects, and may exhibit issues with colorfastness(Cristea and Vilarem 

2006), adherence (Cristea and Vilarem 2006), UV-stability (Oda 2002), toxicity 

(Erdoğrul and Azirak 2004), among others. Studies on bacterial-produced pigments have 

promising results for their use in textiles (Ahmad et al. 2012), although work with fungal 

pigments has been disappointing. Historic fungal pigment work focused on the use of 
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fruiting bodies of some fungal species for dye extractions, but these dyes had the same 

issues as other natural dyes (low resistance to UV light, need for mordants). Lichens, 

likewise, have similar issues (Ferreira et al. 2004). However, recent research by Hinsch 

(2015) showed the potential of spalting fungi pigments for their application in textiles in 

terms of their color fastness, crocking and stability in UV light, all without mordants 

(Hinsch et al. 2015).  Recent research on a specific group of spalting fungi, fungi that 

produce extracellular pigments into wood, has shown that these pigments have the 

potential to equal, and in some instances even outperform, synthetic pigments (Hinsch 

2015).  

 

Pigment-type spalting fungi are a select group of soft-rotting ascomycetes that have been 

shown to reliably dye a number of substrates, including wood (Robinson, Weber, et al. 

2014), bamboo (Vega Gutierrez et al. 2016) and textiles (Weber et al. 2014, Hinsch et al. 

2015). These pigments have been found to be light fast, color fast (Hinsch et al. 2015) 

and UV light stable (Beck et al. 2014, Hinsch et al. 2015, Hinsch 2015). The specific 

pigments of interest in these spalting fungi are as follows: Scytalidyum cuboideum (Sacc. 

And Ellis) Singler and Kang, which produces a red pigment called draconin red (Hinsch 

et al. 2015). Scytalidium ganodermophthorum Kand, Singler, Y.W., Lee and S.H., Yun, 

produces an unidentified yellow pigment (Hinsch et al. 2015, Weber et al. 2016) and 

Chlorociboria aeruginosa (Oeder) Seaver and Chlorociboria aeruginascens (Nyl.) 

Kanouse ex C.S. Ramamurthi, Korf & L.R. Batra. produce xylindein, a naphthoquinone 

blue-green pigment (Edwards and Kale 1965, Blackburn et al. 1965).  
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The commercial viability of the extracted pigments obtained from spalting fungi, 

especially if they are to be used within the textile and wood markets, requires a better 

understanding of their microscopic characteristics. Previous microscopic studies have 

focused on naturally produced fungal pigments. Tudor et al. (2014) focused mainly in 

melanin producing spalting fungi in natural form, finding that the pigments located 

mainly in rays and fibers. Blanchette et al. (1992) used transmission electron microscopy 

(TEM) to verify the presence of the fungus Chlorociboria sp. in art pieces of the 1400s 

finding evidence of hyphae mostly in rays and vessels of the wood of the analyzed art 

pieces (Blanchette, Wilmering, and Baumeister 1992) and Michaelsen et al. (1992) used 

thin-layer chromatography and mass spectrometry to identify the pigments produced by 

Chlorociboria in art pieces of the sixteenth to eighteenth century(Michaelsen, Unger, and 

Fischer 1992). These studies have focused mainly on the pigments produced naturally by 

the fungi in wood. No work has been done on extracted fungal pigments from these 

specific spalting fungi, likely due to the fact that the pigment extraction is relatively 

recent (Robinson, Hinsch, Weber, and Freitas 2014). Most of the pigment extraction 

research has been done on the genus Chlorociboria (Maeda 2003) but it was not until 

Robinson et al. (2014) developed a standard method to extract the pigments from the 

genera Chlorociboria and Scytalidium with dichloromethane (DCM) (Robinson, Hinsch, 

Weber, and Freitas 2014) that pigment extraction from spalting fungi became a common 

method for working with fungal pigments.  

 

These extracted pigments have a wide spectrum of possible applications in the wood 

finish and textile fields. Before this can be accomplished, however, it will be necessary to 
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better understand the spalting pigments: how they look, how they interact, and where 

they are deposited on their substrates. In this study, the pigments of Chlorociboria sp., S. 

ganodermophthorum, and S. cuboideum were characterized in terms of deposition on 

wood and textile substrates. The information gathered from this microscopic study will 

give a broader understanding of how the extracted fungal pigments work, and whether or 

not they effectively bind directly to their substrates. This is important because there are 

no prior studies on how extracted fungal pigments deposit to materials on a microscopic 

level. How dyes deposit is critical to understanding their ability to bind to substrates and 

thereby how long one can expect such dyes to last.   

 

2. Materials and Methods 

 

Different microscopy techniques were required for the different pigments studied. All of 

the techniques are detailed below.  

 

2.1. Light Microscopy 

 

Fourteen-millimeter cubes of cottonwood (Populus trichocarpa Torr. and A. Gray) were 

treated with 60 drops of extracted pigments of S. cuboideum UAMH 11517 (isolated 

from Quercus sp. in Memphis, TN), S. ganodermophthorum UAMH 10320 (isolated 

from oak wood logs in Gyeonggi Province, South Korea) and C. aeruginosa UAMH 

11657 (isolated from a decaying hardwood log in Haliburton, ON, Canada). All the 

pigments were standardized following the values set by Robinson et al. (2014)(Robinson, 
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Hinsch, Weber, Leipus, et al. 2014, Robinson, Weber, et al. 2014). The pigment drops 

were applied in the standard amount on the cross section of wood blocks following the 

protocol of Robinson et al. (2014) (Robinson, Weber, et al. 2014).  

 

After application, the blocks were air dried for 48h in a fume hood at 20oC to evaporate 

the DCM, then cut into slices between 10-14um with a Spencer Buffalo microtome 

(Spencer Lens Co., Buffalo, NY). The wood slides were mounted on VWR (VWR, 

Radnor, PA) glass slides and covered with VWR  #1 glass cover slides. The imaging was 

done with a Nikon Eclipse Ni-U equipped with a Nikon DS-Ri2 camera (Nikon 

Instruments Inc., Melville, NY). Samples were analyzed with special focus on the rays 

and vessels of the samples. Coordinates were taken from the areas that showed a higher 

wood coloration by the pigments for further analysis.  

 

2.2. Confocal microscopy 

 

The samples used for the light microscopy analysis were also used for their evaluation 

with confocal microscopy. A Zeiss LSM 780 NLO (Carl Zeiss Microscopy, LLC, 

Thornwood, NY) was used for this analysis. The coordinates taken during the light 

microscopy analysis were used on this experiment, as they were the areas of interest. 

Each area of interest was analyzed with a set power of the argon laser (488 nm) at 0-2%, 

and the filters were set from 405nm to 633 nm. The wider use of filters was used to 

identify the optimum combination to try to distinguish the pigments from the wood. The 
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images were obtained with the Zeiss ZEN software and analyzed with the Zeiss ZEN 2.3 

lite freeware.  

 

2.3. Scanning Electron Microscopy (SEM) 

 

Silica squares (2cm x 0.5mm) were used as a base to apply extracted pigments. Fifteen 

drops of each fungal pigment, solubilized in DCM at a standardized concentration were 

applied on them (Robinson, Hinsch, Weber, Leipus, et al. 2014, Robinson, Weber, et al. 

2014). The DCM was allowed to evaporate between each drop. Each silica piece was 

fixed to a Ted Pella, Inc. (Ted Pella, Inc, Redding, CA) aluminum stud of one centimeter 

of diameter for SEM. Ted Pella, Inc. double-coated carbon conductive tape was used to 

fix the samples to the aluminum studs. 

 

Wood pieces of sugar maple and cottonwood (6x3x0.3mm) were prepared, with the wider 

face oriented on the radial cut. Three pieces of each were treated on a similar way than 

the wood blocks, using 10 and 40 drops of each extracted fungal pigment, allowing the 

DCM to evaporate between drops.  

 

Fabric squares of cotton and polyester (Testfabrics, Inc., West Pittston, PA) of 5x5 mm 

were treated with 40 drops of extracted pigment of S. cuboideum, letting the DCM carrier 

to evaporate between drop applications. The selection of the pigment of S. cuboideum 

was done considering its characteristic morphology that would allow an easier 

identification of the pigments and the fibers. 
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The samples were mounted on Ted Pella, Inc. aluminum studs of one centimeter of 

diameter for SEM. A Ted Pella, Inc. double-coated carbon conductive tape was used to 

fix the samples to the studs. A sputter coating of gold-palladium was applied with a 

Cressington Sputter Coater 108 Auto (Cressington Scientific Instruments, Inc, Cranberry 

Twp, PA) for giving the samples an enhanced optical contrast on all of the samples. The 

samples were exposed for 35 seconds to develop an even coating of 30-45 nm to avoid 

the electron charging of the samples and an enhanced optical contrast. 

 

The samples were placed in the stage of a FEI QUANTA 600F environmental SEM (FEI 

Co., Hillsboro, OR). The samples were viewed at an electron spot size of 4.5 to 5 and a 

high voltage (HV) between 10kV to 20kV. 

 

2.4. Energy-dispersive X-ray spectroscopy (EDS) 

 

The extracted fungal pigment control samples were analyzed using the software EDAX 

Genesis (EDAX Inc., Mahwah, NJ) for EDS analysis. For the analysis different sections 

of the samples were selected in the SEM and they were read using the X-ray detector. 

The software was calibrated for the detection of basic organic and inorganic elements. 

The limitation of the analysis is that it cannot detect hydrogen (H) due to its low 

molecular weight. For this reason, the analysis was focused on the detection of carbon 

(C), oxygen (O) and other elements that could have been present in the samples. 
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2.5. Focused Ion Beam (FIB) 

  

The samples that showed higher saturation of the pigments on their surface during the 

SEM analysis were selected for performing an FIB cut. The selected samples were sputter 

coated with 10 nm of chromium oxide (Cr2O3) using a Varian Vacuum Evaporator VE10 

(Agilent Technologies, Santa Clara, CA). For the sputter coating, the bell of the sputter 

coater was opened and pieces of chromium (Cr) were placed in the holder connected to 

the back electrodes. On the stage below the holder, the aluminum studs with the wood 

samples were placed. Then the bell was closed and the vacuum system started. The first 

vacuum value required was 4x10-1 kPa, after reaching this value; the high-speed vacuum 

was activated to reach a pressure of 1x10-3 kPa. After obtaining the desired vacuum 

pressure, the stage where the samples were placed was set to a rotating speed of 10 rpm. 

After setting the vacuum and stage rotation, the electrodes where the holder with the Cr 

was connected was soaked at a power level of 2 for 60 seconds. Then, the power was 

increased to level 6 in 10 seconds. At this power level, the vaporization of the Cr and 

formation of the Cr2O3 started. The system was on at this level for 30 seconds to obtain 

the desired coating thickness. After the 30 seconds, the system was turned off and the 

vacuum system was led to reach atmospheric pressure before being opened to retrieve the 

samples. 

 

The coated samples were then placed in a FEI QUANTA 3D dual beam SEM/FIB (FEI 

Co., Hillsboro, OR). Imaging on the samples was done to identify areas with higher 

saturation of pigments. On these areas, a rectangle of 20um by 3 um was outlined. On 
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this rectangle, two coating deposits were applied. The first coating was a layer of 20um 

by three um by 100nm of carbon (C). The second layer of coating was platinum (Pt) with 

the same size and depth than the carbon one. Both deposits were applied at a current of 

5Kv with 3.4nA. After applying the deposits, the ion beam was turned on and the stage 

was tilted 52 degrees. The coated area was found with the ion beam and focused. There, a 

deposition of 1um of C and Pt was applied with a current of 5Kv and 3.4nA to protect the 

pre-coated area from the ion beam. Then the ion beam was activated to create a laddered 

cross section of 15x1.5x5um at 5Kv and 3nA on the wood samples. The depth was 

enough to erode the protective coating layers, the pigment and the wood cell wall. After 

finishing the cross section cutting, the borders were cleaned with the ion beam at a depth 

of 1um, to enhance the surface and clean debris generated during the cutting.  

 

3. Results 

 

3.1. Light microscopy 

The samples analyzed with light microscopy showed the pigments tended to accumulate 

in the wood vessels. Samples treated with S. cuboideum pigment extract showed 

filament-like structures accumulated on the vessels, especially in the helical thickenings 

of cottonwood as shown in Fig. 1.  
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FIGURE 1. Vessel cell from cottonwood with extracted pigments of S. cuboideum 

between the helical thickenings. Picture taken with Nikon Eclipse Ni-U at a 

magnification of 20X. 

 

The wood slides that contained C. aeruginosa pigments tended to accumulate in the 

intervessel pits (see Fig. 2). Compared with the pigments from S. cuboideum, C. 

aeruginosa pigment formed what looks like an even layer on the vessel wall and it 

covered also the helical thickenings. 
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FIGURE 2. a) Vessel cell wall of cottonwood covered with extracted pigment from C. 

aeruginosa taken at a 20X magnification. b) Detail of the vessel cell wall showing 

concentration of the pigment in the vessel pits at a 40X magnification. Picture taken with 

Nikon Eclipse Ni-U. 

 

With light microscopy, the pigment of S. ganodermophthorum was visible on the vessel 

cell walls and it also tended to accumulate on the helical thickenings (see Fig. 3). 

Compared with the other two pigments, the yellow pigment tended to create a thicker 

layer on the vessel cell walls in contrast with the pigment from C. aeruginosa. It also 

accumulated between the helical thickenings, but compared to S. cuboideum, the pigment 

of S. ganodermophthorum did not show a characteristic shape. 

 

a	
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FIGURE 3. a) Vessels of cottonwood with extracted pigment of S. ganodermophthorum 

accumulating on the cell walls and b) between the helical thickenings. Picture taken with 

Nikon Eclipse Ni-U at a 20X magnification. 

 

3.2. Confocal microscopy 

With confocal microscopy, no difference between pigments and wood was visible due to 

the autofluorescence of wood and the broad-spectrum fluorescence of the extracted 

pigments at the wavelengths of 405nm (see Fig. 4), 488nm (see Fig. 5) and 561nm (see 

Fig. 6). 
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FIGURE 4. Cottonwood with extracted pigment of S. cuboideum imaged at 405nm. 

Picture taken with a Zeiss LSM 780 NLO 
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FIGURE 5. Cottonwood with the extracted pigment of S. cuboideum imaged at 488nm. 

Picture taken with a Zeiss LSM 780 NLO 



	 111	

 

FIGURE 6. Cottonwood with the extracted pigment of S. cuboideum imaged at 561nm. 

Picture taken with a Zeiss LSM 780 NLO 

 

The images of the pure dry extracted pigments showed that they had textures. The red 

pigment had some peaks visible when analyzed at 561nm (see Fig. 7), the yellow pigment 

showed an uneven texture when analyzed at 488 nm (see Fig. 8). The green pigment 

imaged at 488nm showed an almost even surface (see Fig. 9) 
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FIGURE 7. Extracted pigment from S. cuboideum at 561nm. Picture taken with a Zeiss 

LSM 780 NLO 
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FIGURE 8. Extracted pigment from S. ganodermophthorum at 488nm. Picture taken with 

a Zeiss LSM 780 NLO 
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FIGURE 9. Extracted pigment from C. aeruginosa at 488nm. Picture taken with a Zeiss 

LSM 780 NLO 

 

3.3. SEM on dry extracted fungal pigments 

Results with SEM were the most promising. Silica squares with pure S. cuboideum 

pigment showed that they crystalize and form flower-like structure as shown in Figure 

10. This structure is composed by filament-like elements, which are consistent with the 

results obtained with light and confocal microscopy. 
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FIGURE 10. Crystal like structures from the extracted pigment of S. cuboideum. Picture 

taken with FEI QUANTA 600F. 

 

 It also showed that the crystals have a structure that is similar to a hook at the endings of 

each strand structure (see Fig. 11).  
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FIGURE 11. Hook-like structures on the extremes of the red pigments of S. cuboideum. 

Picture taken with FEI QUANTA 600F 

 

The controls for C. aeruginosa, showed that the pigment has an amorphous structure, but 

it also showed two distinct areas, that can correspond to a molecular difference that 

affects the way that the electrons impact the compound (see Fig. 12). Also, this pigment 

does not show a characteristic shape as the pigment from S. cuboideum, but it resembles a 

film. 
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FIGURE 12. Extracted pigment of C. aeruginosa showing two reflective electron areas. 

Picture taken with FEI QUANTA 600F 

 

The two electron reflective surface was also observed for S. ganodermophthorum (see 

Fig. 13). The control also showed a more rugged surface, compared to the one of C. 

aeruginosa. This uneven surface was also observed with the light microscope and 

confocal microscopy, but with the use of SEM it is possible to have a more detailed view 

of the topography of this pigment. 
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FIGURE 13. Extracted pigment of S. ganodermophthorum showing texture. Picture taken 

with FEI QUANTA 600F 

 

3.4. SEM on wood 

For the wood samples, all three pigments were deposited on the surface of wood. For S. 

cuboideum, the crystal-like structures accumulated on top of the cell walls on the radial 

section, and on the extremes of the cell walls (see Fig. 14). They also tended to group as 

seen the dry pigment on silica where the pigment forms the flower-like structure (see Fig. 

15) that could reach up to an average of 81um of diameter.  
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FIGURE 14. Crystal-like structures from the pigment of S. cuboideum at the end of the 

ray cells of cottonwood. Picture taken with FEI QUANTA 600F 
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FIGURE 15. Flower-like structures formed by the extracted pigment of S. cuboideum on 

the fiber cells of cottonwood. Picture taken with FEI QUANTA 600F 

 

Areas with less concentration of pigment presented smaller crystals on the surface of the 

wood cell walls. Fig. 16 shows small crystals forming on the surface of a vessel cell wall.  
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FIGURE 16. Small filament-like structure formed by the pigment of S. cuboideum on the 

vessel cell wall of cottonwood. Picture taken with FEI QUANTA 600F. 

 

For C. aeruginosa and S. ganodermophthorum, the pigments formed an uneven film, 

covering the surface of all of the cell elements of the wood samples (see Fig. 17).   
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FIGURE 17. Amorphous layer formed by the extracted pigment of C. aeruginosa. Picture 

taken with FEI QUANTA 600F. 

 

3.5. SEM on textiles 

The fabrics showed that the pigment of S. cuboideum formed crystal-like structures that 

wrapped to the fiber surface of the polyester sample as shown on Fig. 18.  
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FIGURE 18. Pigment of S. cuboideum wrapping around polyester fibers. Picture taken 

with FEI QUANTA 600F. 

 

The behavior of the pigment on cotton was similar to wood, tending to accumulate at the 

ends of the fibers  (see Fig. 19) and the pigment tended to form convoluted areas on top 

of the cotton fibers as shown in Fig. 20. 
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FIGURE 19. Extracted pigment of S. cuboideum concentrating at the endings of the 

cotton fibers. Picture taken with FEI QUANTA 600F. 
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FIGURE 20. Extracted pigment of S. cuboideum accumulating on top of a cotton fiber. 

Picture taken with FEI QUANTA 600F. 

 

3.6. EDX analysis 

The EDX analysis showed that the elements contained by the three pigments were carbon 

(C) and oxygen (O). No data were recorded for hydrogen (H) due to the limitation of the 

machine to detect that element.  This made the calculation of the elements show up to 

100% between C and O.  In the case of the pigments extracted from S. cuboideum, the 

readings detected a 2% of silica and gold, but this came from the silica base used as a 

support for the pigment and the gold was from the Au-Pd coating used on the sample. In 

general, the pigments showed similar amounts of C and O in their structure, and we can 
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infer the presence of hydrogen (H) on the three of them. No other elements such as 

copper (Cu) or iron (Fe) were detected (see Table 1). 

 

TABLE 1. Percentage of carbon (C) and oxygen (O) present in the extracted fungal 

pigments. 

 

Extracted pigment 
Carbon 

(C) % 

Oxygen 

(O) % 

Silica (Si) 

and Gold 

(Au) % 

Total 

Scytalidium cuboideum 78% 20% 2% 100% 

Scytalidium 

ganodermophthorum 
79% 21% 0% 100% 

Chlorociboria 

aeruginosa 
77% 23% 0% 100% 

 

 

3.7. FIB 

FIB images were obtained for the three pigments. They showed that all of the three 

extracted pigments have a surface attachment to the wood and they do not penetrate the 

wood cell wall. The sample of S. cuboideum and C. aeruginosa showed a similar 

attachment to the surface of wood, consisting of irregular void spaces between 

attachment points. For S. cuboideium, the void spaces were smaller than the ones seen for 

C. aeruginosa (see Fig. 21 and Fig. 22).  
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FIGURE 21. Cross-section of a crystal-like structure produced by S. cuboideum on 

cottonwood, showing void spaces between the attachment area of the pigment with the 

wood cell wall. Picture taken with FEI QUANTA 3D dual beam SEM/FIB 
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FIGURE 22. FIB cross section of the extracted pigment of C. aeruginosa with 

cottonwood, showing large void spaces between the wood cell wall and the pigment. FEI 

QUANTA 3D dual beam SEM/FIB 

 

For S. ganodermophthorum, the attachment to wood was in two primary areas. In the first 

area it is possible to observe a continuous layer of pigment on top of the cell wall, and on 

the second area the surface showed a sponge-like texture (see Fig. 23). 
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FIGURE 23. Cross-section of the area between the extracted pigment of S. 

ganodermophthorum and cottonwood. The left area shows an even attachment layer 

while the right side shows a sponge-like surface between the pigment and the wood. FEI 

QUANTA 3D dual beam SEM/FIB. 

 

4. Discussion 

 

The main distribution in wood of the extracted pigments was found in the vessels. The 

location of the extracted pigments contrast with naturally secreted pigments. Naturally 

secreted pigments will almost always be found in higher concentrations in wood ray cells, 

where the simple sugars are located (Zabel 1992). Fungi develop and deposit their 

pigments in the ray cells of wood as seen in the study by Tudor (2014) (melanin 
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producing fungi) (Tudor et al. 2014) and Robinson (2016) (Robinson, Michaelsen, and 

Robinson 2016) (pigmenting fungi such as C. aeruginosa). Compared to other decay 

fungi, spalting fungi, specifically those that secrete extracellular pigments not classified 

as melanin, are Ascomycetes that prefer to first digest the available simple sugars in 

wood rays (Zabel 1992). In contrast, extracted pigments, when applied by a dripping test, 

allocate in the vessels. This location is similar for wood coatings that are applied on the 

cross-section of wood (de Meijer, Thurich, and Militz 1998), and likely has to do with the 

solutions moving through a path of least resistance.  

 

The change of location of the pigments, from rays to vessels, could affect some of the 

inherent properties of the spalting fungal pigments, such as UV-light resistance or color 

fastness. Were this the case, it could be due to differences in cellular structure. Wood ray 

cells can compartmentalize the pigments and hold higher concentrations of them due to 

their septa, in contrast to the wider and continuous vessel cells (Shmulsky and Jones 

2011). Also, the location of the rays in the wood can make the pigments less exposed to 

the effects of light, as  they are organized in grouped structures. This is in contrast to the 

alignment of vessel elements, which, depending on the wood species, can be disperse in 

irregular patterns. However, recent studies on extracted fungal pigments focused on 

textiles (Weber et al. 2014, Hinsch et al. 2015)and UV-light resistance (Beck et al. 2014), 

have shown that these pigments still retain the same properties as the ones naturally 

deposited by fungi.  
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Unfortunately the confocal microscopy method was ineffective with the samples due to 

the autofluorescence of wood (due to lignin and extractives) (Billinton and Knight 2001, 

Olmstead and Gray 1993, Olmstead and Gray 1997, Albinsson et al. 1999), and also 

because the pigments showed a similar fluorescence range. Usually, markers like 

calcofluor white are used in confocal microscopy to highlight the structures of fungal 

cells (Hickey et al. 2004). In the case of the extracted fungal pigments, there are no 

fungal cell walls where the marker can attach. This made the use of confocal microscopy 

not viable for further analysis of extracted fungal pigments. 

 

Images obtained with SEM gave a detailed view of the extracted fungal pigments’ 

topography. A study by Vega et al. (2016) on bamboo (Vega Gutierrez et al. 2016), 

showed that the pigments of S. cuboideum formed a rough surface on the hyphae cell 

wall, while microscopy on the genus Chlorociboria did not find a specific structure of the 

pigments within the hyphae and the colored areas (Blanchette, Wilmering, and 

Baumeister 1992). The lack of a specific morphology was confirmed for the extracted 

pigments of S. ganodermophthorum and C. aeruginosa, but for S. cuboideum, crystal-like 

structures were observed. It was originally suspected that these crystals were calcium 

oxalates, which are commonly formed by fungi (Whitney and Arnott 1987, Dutton et al. 

1993, Dutton 1994), but the EDS analysis showed no presence of calcium (Ca) in the 

samples. Other fungal pigments are also known to crystalize as shiraiachrome B (Wu et 

al. 1989), a red crystal with a perylenequinone nucleus, which differs from the described 

naphthoquinone composition of the red pigment draconin red from S. cuboideum 

previously described by Golinsky et al. (1995), that only includes carbon, oxygen and 
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hydrogen in its structure (Golinski et al. 1995). Future studies could determine if the 

crystal-like structures identified on S. cuboideum pigments are organic single crystals or 

organic poly-crystals (aggrupation of single crystals) by determining if it has a diffraction 

pattern. This could be performed with a Kikuchi diffraction pattern analysis with a 

transmission electron microscope (TEM) which is broadly used for determining the 

crystal nature of materials (Morito et al. 2003) or with the accurate X-ray diffraction 

analysis (Woolfson 1970). If the aforementioned pigment is confirmed as a single crystal 

or poly-crystal, the synthesis of the pure pigment could be easier regardless of the crystal 

type. As a crystal compound, it would be possible to obtain a powder-like state pigment, 

which could allow a wider use of the pigment in diverse materials without the limitation 

of the solvent. 

 

Specifically for xylindein (from C. aeruginosa), a compound known since the late 1800s 

(Saikawa 2000, Gümbel 1858, Lieberman 1874, Edwards and Kale 1965, Blackburn et al. 

1965), two clear areas were identified in the SEM images. These two areas correspond to 

a difference in the way that the material reflects electrons. A study by Saikawa et al. 

(2000) determined that xylindein produces two isomers, one that reflects the blue 

spectrum of light, while the second isomer reflects the yellow spectrum of light (Saikawa 

2000). This characteristic in the xylindein molecule can explain the presence of the two 

areas where the electrons reflection differs. The images obtained from S. 

ganodermophthorum also presented a similar two-electron reflection area as C. 

aeruginosa, but the chemical identification of the yellow pigment is still not completed 
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(Hinsch et al. 2015, Weber et al. 2016). By the images obtained, it is possible to suspect 

that there might be two different molecules in the pigment or possibly isomers. 

 

For the textiles, S. cuboideum on polyester showed that the crystal-like structures wrap 

around the fibers of the material. This might confer better color stability on polyester than 

cotton by creating a more stable pigment deposition, which could make the pigments 

more resistant to physical and chemical abrasions. This was confirmed by Hinsch et al 

(2016), who found that the red pigment performed better on polyester, which has a 

chemical structure similar to lignin, in terms of color fastness compared to cellulosic 

fibers such as cotton (Hinsch et al. 2015). Is possible to theorize that the pigments have a 

higher chemical affinity to lignin-like materials over the cellulose-like ones, mainly due 

to a higher amount of bonding sites on lignin-like compounds compared with the 

cellulose-like ones (Shmulsky and Jones 2011).  

 

For the FIB analysis, the three pigments showed a similar attachment to wood. The 

pigments presented irregular attachment and void areas that looked similar to how 

adhesives attach to wood. It is possible that the pigments form similar hydrogen bonds to 

wood (Shmulsky and Jones 2011), and also mechanical interactions. Future research in 

this area should be able to confirm this using a nuclear magnetic resonance spectroscopy 

(NMR) or a proton nuclear magnetic resonance (HNMR) analysis. 
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5. Conclusion 

 

The results obtained shed new light on how these extracted pigments deposit on to wood 

and textiles, and offer a view of how coatings and dyes manufacturers can visualize the 

possibilities of these fungal pigments. Extracted fungal pigments from S. cuboideum, C. 

aeruginosa and S. ganodermophthorum, when applied on the cross section of wood, are 

transported through the vessels of wood and have a surface attachment that has void and 

contact spaces. This may mean that there can be a chemical and mechanical interaction 

between the pigments and the materials. On textiles it was observed that the pigment of S. 

cuboideum wrapped around the polyester fiber, while the pigment behaved similarly on 

cotton as it did with wood. For base morphology, the red pigment from S. cuboideum 

forms a crystal-like structure.  To confirm this, diffraction studies are needed. If a 

crystalline structure is confirmed, a broader use of fungal pigments can be conceived as 

the pigments could be turned into a powdered form that can then be applied to a wider 

variety of materials.  

 

Also, this study determined the best methods to analyze the pigments microscopically. 

Scanning electron microscopy was the best method to visualize and identify the extracted 

fungal pigments on different materials.  Light microscopy was useful to identify the 

allocation of the pigments in wood. Confocal microscopy was not effective to identify the 

attachment of pigments on wood, due to the autofluorescence of the material and the 

broad range fluorescence of the pigments. 
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Summary 

Intarsia was a woodworking art form from the 15th through 18th centuries that used wood 

pigmented by fungi (spalted wood) to create detailed landscapes, portraits, and other 

imagery. The art form was all but lost during the industrial revolution, but efforts in the 

20th and 21st centuries have been made to revive the practice and better understand the 

fungi responsible for the long-lasting, penetrating wood colors, which are still vibrant 

today. One of these spalting fungi is Scytalidium cuboideium, which produces a red/pink 

pigment. Previous microscopy research suggested that the pigment formed crystal-like 

structures—a very unique and rare occurrence with naphthoquinone pigments. A Kikuchi 

diffraction analysis was performed with transmission electron microscopy (TEM) and a 

Kikuchi pattern was found, confirming the crystalline nature of this compound. Light 

microscopy in the crystal showed that they have two distinct colors: red and orange. This 

crystal is unknown to science, and is the second instance of a stable, naphthoquinone 

crystal produced by a fungus.  

 

1. Introduction 

In the 1400s, the intarsia art form (a type of marquetry) spread across Europe. This 

technique used wood inlays dyed in striking colors to create complex paneling, furniture, 

and other decorative objects for the elites of that era (Otterstedt 2001, Vega Gutierrez and 
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Robinson 2016a). The natural and synthetic color palette was limited during this time, 

and woodworkers often turned to wood already colored by fungi (spalted wood) to add 

rich blue-greens, slate blues, reds, and black lines to their work. Although dye technology 

advanced rapidly, spalted wood was used routinely in marquetry work in Europe until the 

arrival of the industrial revolution, when the synthesis and cost effectiveness of chemical 

dyes overtook natural ones. Interestingly, the spalted pigments used in old marquetry 

woods are still vibrant and show no fading, while the synthetic pigments and other 

natural colorants used faded over time (Michaelsen, Unger, and Fischer 1992, Michaelsen 

and Buchholz 2006). 

 

This ancient art form has recently reentered the spotlight, as the pigments secreted by 

spalting fungi—a small group of wood soft-rotters—have shown promise as films in solar 

cells (Rath 2016, Johnson 2015), dye additives in paints and finishes (Robinson and Vega 

Gutierrez 2016), and as UV-stable, water-resistant textile dyes (Hinsch et al. 2015, Weber 

et al. 2014), when used as an extracted colorant carried in dichloromethane (DCM).   

 

One of these spalting fungi, Scytalidium cuboideum (Sacc. & Ellis) Singler & Kang., is a 

fungus that produces a red pigment called draconin red (Hinsch et al. 2015), although the 

color produced varies based upon substrate pH (Tudor, Robinson, and Cooper 2013). It 

was first identified by Golinski et al. in 1995, is capable of colonizing both wood and 

bamboo (Vega Gutierrez et al. 2016), and is useful as a textile dye (Hinsch et al. 2015, 

Weber et al. 2014). Recent research on this pigment has shown crystal-like structures 
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(Vega Gutierrez and Robinson 2016b), however these structures have not been confirmed 

nor determined to be real crystals. 

 

Crystals produced by fungi are not uncommon. There are several studies on calcium 

oxalate crystals produced by white rot fungi (Whitney and Arnott 1987) and several 

fungal pathogens of woody materials produce pigments that crystalize, such as the 

shiraiachromes (Wu et al. 1989). These crystals carry an inorganic element in their 

chemical structure, which is the base of their color. Previous work on the S. cuboideum 

pigment chemical structure (Golinski et al. 1995) and energy-dispersive X-ray 

spectroscopy (EDS) data, showed that this pigment is composed only of carbon (C), 

oxygen (O) and hydrogen (H) (Vega Gutierrez and Robinson 2016b)  

 

In natural form, naphthoquinone crystals are a rare occurrence. They occur in a few 

bacterial species such as Actinoplanes sp (Coronelli et al. 1974), and in fungi they can be 

induced in some Fusarium species (Parisot, Devys, and Barbier 1992), and others. 

Specifically for spalting fungi, xylindein naphthoquinone crystals can be synthetized 

from derivatives of this pigment (from the fungi in the Chlorociboria genus), but addition 

of chemicals, such as phenols, are required (Saikawa 2000, Donner, Gill, and Tewierik 

2004). The crystals of Scytalidium cuboideum are produced directly by the fungus and 

can be obtained by a simple cold acetone extraction. 

 

Herein, we detail the methodology and identification of a naphthoquinone crystal, 

produced from the spalting fungus S. cuboideium, as a naturally-occurring crystal. This 
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crystal sheds new light into the ancient art of marquetry, the unusual stability of the 

colors over time, and brings relevance to this art form in the modern day through its 

potential applications in the textile and paint industries as long lasting, stable, renewable 

dye.  

 

2. Methods 

 

Kikuchi patterns are a specific pattern for crystal materials, and can be compared to a 

fingerprint for crystalline materials (Kainuma 1955). With transmission electron 

microscopy, TEM, it is possible to perform an electron diffraction analysis in search of 

Kikuchi patterns (Liu 1995). To perform this experiment a FEI Titan 80-200 was used. 

Extracted pigment of Scytalidium cuboideum (carried in dichloromethane (DCM)) was 

obtained by following the protocol of Robinson, 2014 (Robinson, Weber, et al. 2014). 

Three drops of this pigment were applied into a Silicon-Nitride TEM grid that was 

previously polished with a PELCO easiGlow™ plasma cleaner. After letting the DCM 

evaporate, the grid was located in the sample holder and placed into the TEM and the 

diffraction analysis was performed.  

 

The pigment crystals were powdered by sublimation, achieved by applying liquid 

nitrogen to the element carried in a solvent with a low melting point. The solvent chosen 

for this experiment was acetone (melting point -95oC). 200ml of liquid nitrogen where 

applied to 100ml of acetone carrying the pigment to achieve a cold state (-60oC) that 

allowed the pigment to crystalize. After the crystals where formed on the cold solvent, 
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they were filtered with the use of VMW© filter paper 415. The crystals were then air-

dried.  

 

Light microscopy was used to see the morphology and color of the crystals obtained. For 

this, 0.5gr of the dry crystals were dispersed in 15ml of distilled water. Two drops of the 

solution was applied on a VWR glass slide and covered with a glass cover slip. Images of 

the crystals were obtained with a Nikon Eclipse Ni-U equipped with a Nikon DS-Ri2 

camera and the Nikon NIS-Elements Fr software. 

 

3. Results and Discussion  

 

A Kikuchi pattern was established (see Fig. 1), confirming the crystal nature of the 

pigment of S. cuboideum. A detailed search of the obtained Kikuchi pattern and the 

chemical composition of the pigment were performed in several diffraction databases 

such as the Crystallography Open Database, the International Center for Diffraction Data, 

and SciFinder Scholar, with no success. This indicates that the crystal produced by the 

pigment of S. cuboideum has a high probability of being a novel organic crystal. The 

tentative name given to this crystal is “Dramada”, but an X-ray diffraction study is 

required to confirm its discovery. Also, due to its naphthoquinone nature, it is likely one 

of the few naphthoquinone crystals produced by a fungus. Other known, microbial-

produced naphthoquinones come from some species in the Fusarium genus (Parisot, 

Devys, and Barbier 1992), as well as the bacterial genus Actinoplanes, both of which 

require phenols to produce (Saikawa 2000), as well as chlorinated chemicals (Parisot, 
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Devys, and Barbier 1992). In contrast, the S. cuboideum crystals were produced with 

acetone extraction and sublimation with liquid nitrogen.  Despite their difficulty in 

production, the naphthoquinone crystals obtained from the bacteria Actinoplanes are 

currently used in the pharmaceutical industry as next generation antibiotic (Coronelli et 

al. 1974). Further toxicological testing is required to determine the potential for the S. 

cuboideum crystal in the pharmacology industry. 

 

 

FIGURE 1. Kikuchi pattern obtained from the extracted pigment from S. cuboideum with 

a FEI Titan 80-200. 

 

Light microscopy shows the crystals to be square to rectangular (see Fig. 2). They 

occured in both red and orange hues (see Fig. 3). This may indicate that the fungus 

produces two different types of crystal compounds, or that the molecule described by 

(Golinski et al. 1995) has an isomer that reflects light differently, as also occurs with 
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xylindein (from Chlorociboria species, amusingly, also a very well known spalting 

fungus) (Saikawa 2000).  

 

 

 

 

 

 

 

 

 

 

FIGURE 2. Square cross-section of a crystal produced by the pigment of S. cuboideum. 

Image obtained with a Nikon Eclipse Ni-U at a magnification of 40X. 
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FIGURE 3. Red and orange coloration of the crystals produced by the pigment of S. 

cuboideum. Image obtained with a Nikon Eclipse Ni-U at a magnification of 20X. 

 

The crystals, when dry, existed in a powdered form. In this state, their use can be 

widened from a DCM solution (when dry, the pigment binds to its substrate and therefore 

no powder form has been achievable and so too, it is difficult to work with concepts of 

concentration by weight), to water-based carriers or simple powders for use in polymers, 

plastics, and water-based paints (Robinson, Hinsch, Weber, and Freitas 2014). 

Historically, DCM toxicity (Young 2004) has presented the greatest hurdle in terms of 

commercial use of the pigment (Robinson, Hinsch, Weber, Leipus, et al. 2014, Robinson, 

Weber, et al. 2014) making it undesirable for industrial applications.  

 

The discovery of this crystal would not have been possible if not for the regained interest 

1400s highly regarded spalted wood due to its variety of hues and stability in light. These 

properties have been of persistent interest to modern researchers in terms of both 
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revitalizing the ancient art form (Otterstedt 2001, Michaelsen and Buchholz 2006), and 

the potential of these highly stable pigments for modern applications such as colorants 

(Hinsch et al. 2015, Robinson, Weber, et al. 2014, Vega Gutierrez et al. 2016), 

biomarkers, and solar cells (Rath 2016). The discovery of the S. cuboideum crystal sheds 

new light into the color stability of an ancient art form, and offers a look at how this 

naturally occurring, renewable pigment can contribute to modern colorants and their 

industry potential. 

 

4. Conclusions 

 

The regained interest in the ancient art of intarsia has shed light on the potential of 

spalting fungal pigments, not as simple metabolites, but as materials. Within this research 

it was determined that the pigment extracted from S. cuboideum produces a novel, 

organic crystal with a naphthoquinone composition, in two different colors. These 

crystals can be obtained with simple extraction methods and represent new and wider 

possibilities for dye-based industries which are seeking highly stable, long lasting, natural 

colorants that can compete with synthetic ones 
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Conclusions 

	

This study sets the base line for further research on spalting pigments, covering four 

different aspects: genetics of tropical spalting fungi, application of spalting pigments on 

bamboo, the microscopic interaction of spalting pigments with cellulosic materials, and 

the discovery of a potential new organic crystal. 

 

Within the results of this research, the genetic identification and verification of spalting 

fungi from the Amazon forest found new species applicable for spalting. This broadens 

the current fungal pigments palette for uses in wood, textiles and other materials. In 

addition, pigments produced by temperate spalting fungi were tested successfully on 

bamboo, which increases the versatility of the known spalting pigments to non-wood 

materials. Microscopic investigation of the spalting pigments found that they formed 

diverse structures and bound in different ways across substrates. The type of binding 

formed can be correlated with previous work on textile dyeing with spalting fungi, to 

discuss how binding type affects the longevity and stability of the pigments. The 

microscopy work also lead to the discovery of a potential new organic crystal produced 

by S. cuboideum, which is tentatively named “Dramada”.  

 

The results of this work form a baseline for further research on extracted pigments from 

spalting fungi. It contributes to the identification and valuation of endangered 

ecosystems, increases the diversity of known spalting fungi, and helps show the potential 

for fungal pigments as a renewable material. As a material, the extracted pigments of 
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spalting fungi	may eventually have an important role in industry, as a sustainable 

alternative to non-renewable dyes. 
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