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Introduction 

Natural dyes have been used to color textiles for thousands of years. Woad (Isatis tinctoria), 

which produces a blue dye, was used as far back as ancient Egypt to dye mummy wrappings (de 

Melo et al., 2006). It was also one of the three major dyes, along with weld and madder, used in 

the textile dyeing industry in medieval Europe (Balfour-Paul, 1998). Madder (Rubia tinctorum), 

which produces a red dye, was used in India in the 4th century to dye cotton (Bhardwaj & Jain, 

1982). One website claims that madder replaced cochineal as the red dye for the British 

Redcoats (The First Foot Guards). The cochineal insect (Dactylopius coccus), which produces red 

cochineal dye, was used by the ancient Aztecs and Mayans to dye cotton blankets, and to dye 

woolen goods during the colonial period (Phipps, 2010). Even mollusks such as Bolinus 

brandaris, which produces the Tyrian purple used by the ancient Greeks, have been used to dye 

textiles (McGovern & Michel, 1985).  

Although artists and crafters have continued to use natural colorants up to the present day, 

commercial dye houses have almost entirely switched to synthetic dyes due to increased 

availability and decreased manufacturing expense. Despite controversy over whether or not 

natural dyes are “healthier” than synthetic dyes (Glover, 1995), there has been growing 

resurgence for more ecofriendly, sustainable, and natural colorants (Kumar & Sinha, 2004) 

(Shahid & Mohammad, 2013). The past decade or so has seen a focus on developing methods to 

use fungal pigments to dye textiles.  

Although synthetic dyes are used throughout the world, these dyes have several major 

problems. Most are toxic or carcinogenic in at least one state of preparation, or require 

potentially hazardous chemicals to adhere to fabrics (Slater, 2003). Even natural dyes from 

plants require mordants, some of which contain heavy metals. Additionally, most synthetic dyes 

are fiber specific. Acid reactive dyes will dye only protein fibers. Fiber reactive dyes will dye only 

cellulosic fibers. Disperse dyes will dye only manufactured fibers such as polyester. Natural plant 

or insect dyes work best on natural fibers that have been treated with a mordant. The fiber-

specificity of these dyes also suggests that the dyes are colorfast only when used for the 

coloration of their intended fiber genera and only when the specified dyeing method for each is 
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followed. All of the aforementioned dye categories require heat in at least one step of their 

preparation, and most require the fabric be dyed in heated solution, all of which requires energy 

usage. An ideal alternative to synthetic dyes would have the ability to dye across fiber genera, 

be colorfast to light, washing, perspiration, and rubbing (for use in garments) across genera, and 

would require no heat or chemicals other than the carrier. 

There have been many studies dealing with the colorfastness of extracted fungal pigments as 

textile dyes over the last 15 years (Räisänen, Nousiainen, & Hynninen, 2001) (De Santis et al., 

2005) (Nagia & El-Mohamedy, 2007) (Perumal et al., 2009) (Velmurugan et al., 2010) (Atalla et 

al., 2011) (Sharma et al., 2012)1. With few exceptions, the results of these studies have been 

inconsistent whether the pigments were used by themselves or with mordants (see Review of 

Literature below). Most of these studies, with the exception of Hinsch et al., used the 

extracellular pigments from common mold fungi, such as those from Monascus ruber (De Santis 

et al., 2005) or Penicillium spp. (Velmurugan et al., 2010). The fact that the colorfastness results 

for these pigments are inconsistent is not surprising as they are water soluble and are not 

intended to persist in nature on substrates (Blanc et al., 1994). Therefore, in order for fungal 

pigments to be potentially colorfast, the pigments would need to be non-water soluble. This 

assertion is borne out by the increased light fastness of woad and madder when compared to 

weld, due to the presence of indigotin, an insoluble colorant (Cristea & Vilarem, 2006). 

Additionally, natural dyes (water soluble) are not colorfast unless combined with a mordant to 

form an insoluble dye lake (Baker, 1968). 

During laboratory testing of extraction techniques for the pigments from the wood-staining 

fungi Chlorociboria spp., Scytalidium cuboideum, and Scytalidium ganodermophthorum 

(Robinson, S. C. et al., 2014), it has been observed that these pigments adhere to nearly every 

surface with which they come in contact. This includes the glassware used during the extraction 

process. The pigments from these fungi, xylindein, draconin red, and an unknown yellow 

pigment (hereafter referred to as “the yellow pigment” or “yellow”), respectively, are not water 

soluble, or very slightly so in the case of the latter. Due to the tenacious nature of these 

                                                 
1 Hinsch, E., Weber, G., Chen, H-L., Robinson, S.C. Colorfastness of extracted wood-staining fungal 
pigments on fabrics – a new potential for textile dyes. in review. 
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pigments, and their hydrophobicity, it is hypothesized that these pigments will not only adhere 

to the fibers of various textiles, but also remain colorfast to light, washing, perspiration, and 

rubbing.  

Purpose of Study 

The purpose of this study is to compare the cross-fiber dyeing capability and colorfastness of 

commercially available dye types (acid reactive, fiber reactive, disperse, traditional natural) to 

extracted pigments from wood-staining fungi. The dyeing technique employed is short-duration 

immersion dyeing without heat2. Colorfastness testing was conducted using American 

Association of Textile Chemists and Colorists (AATCC) standards, with the exception of 

colorfastness to light. The colorfastness to light test was developed based on AATCC standards 

and adapted for available equipment. All color comparisons were performed using a colorimeter 

and the CIE L*a*b* color space. Results were determined statistically using 3-way ANOVAs on 

the overall color difference of samples (ΔE*) before and after treatment. This method of color 

comparison and statistical analysis is more accurate than in previous studies on fungal pigments 

which used grayscale shade matching and a poor-to-excellent rating scale. 

Definition of Terms 

Listed below are definitions of terms as will be used throughout the rest of this document. 

Colorant – A generic term used for any substance which imparts color to a substrate. 

Crocking – Color loss and/or transfer due to two materials coming into contact and rubbing 

(Kadolph, 2007). 

Dye (noun) – “An organic compound with high color strength capable for forming a bond of 

some type with fibers” (Kadolph, 2010, p. 561). 

Dye (verb) – To apply a colorant to a fabric or textile. 

Fabric – A planar substance which can be constructed from a variety of fiber types, either singly 

or combined (Kadolph, 2010). 

                                                 
2 Except where heat is required to prepare the dye solution. 
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Mordant – A metal salt required by some dyes in order to bind with fibers (Kadolph, 2010). 

Pigment – Fungal coloration which can be extracted for use as dye. 

Spalting/Spalted – The coloration of any substrate by fungal pigments, whether occurring 

naturally, induced, or with extracted pigments. 

Textile – A general term used for flexible material composed of fibers or polymers (Kadolph, 

2010). 
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Review of Literature 

Fungal Pigments as Textile Dyes 

The three most common methods of commercial dyeing are heated dye bath, high-temperature 

dyeing, and immersion dyeing. In studies testing the colorfastness of fungal pigments as textile 

dyes, these same three methods were used, with the exception of the most recent studies by 

Weber et al. (2014) and Hinsch et al.3 All three genera of fibers have been tested to varying 

degrees. In most previous studies, the fungal pigments, mostly from mold fungi, were tested 

both with and without mordants. 

In studies on heated dye baths (30 - 100° C) without mordants, on both wool and silk, 

colorfastness to rubbing ranged from good to excellent (based on the ISO 105-C02 testing 

methods) (Nagia & El-Mohamedy, 2007) (Sharma et al., 2012), colorfastness to perspiration 

ranged from good to very good (Atalla et al., 2011), wash fastness ranged from good to excellent 

(Atalla et al., 2011) (Nagia & El-Mohamedy, 2007) (Sharma et al., 2012), and light fastness 

ranged from good to excellent (Atalla et al., 2011) (Nagia & El-Mohamedy, 2007) (Sharma et al., 

2012) with a moderate result for the pigment from Penicillim chrysogenum (Atalla et al., 2011).  

The results for heated dye baths with mordants on wool, silk, cotton, and leather are shown in 

Table 1. The key observation to note here is that mordants, i.e. additional chemicals, do not 

necessarily improve colorfastness for fungal pigments as they do for other forms of natural dyes 

such as those derived from plants, insects, etc.  

In studies on high temperature dyeing (101 - 130° C) without mordants on wool, polyamide, and 

polyester, the best results were achieved with polyester (high temperature disperse dyeing). 

The results for colorfastness to light, washing, and rubbing were very good to excellent 

(Räisänen et al., 2001) (Räisänen, 2009). For wool, colorfastness to rubbing was generally poor, 

although there were some results that ranged to excellent. Polyamide showed poor light 

                                                 
3Hinsch, E., Weber, G., Chen, H-L., Robinson, S.C. Colorfastness of extracted wood-staining fungal 

pigments on fabrics – a new potential for textile dyes. in review. 
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fastness, poor wash fastness, and good to excellent colorfastness to rubbing (Räisänen et al., 

2001) (Räisänen, 2009).  

Fabric/Mordant Rubbing Perspiration Wash Light 

Wool/Alum - Fair Fair - 

Wool/Stannic chloride - Excellent Excellent - 

Wool/Copper sulfate and 

ferrous sulfate 

Good to 

Excellent - 

Good to 

Excellent 

Good to 

Excellent 

Silk/Copper sulfate and ferrous 

sulfate 

Good to 

Excellent - 

Good to 

Excellent 

Good to 

Excellent 

Cotton/Ferrous sulfate - - 

Good to 

Very Good - 

Leather/Ferrous sulfate 

Moderate to 

Very Good - - - 

Table 1. Results of colorfastness testing for heated dye bath method using mordants (De Santis 
et al., 2005) (Sharma et al., 2012) (Velmurugan et al., 2009). 

In studies on high temperature dyeing with mordants (potassium alum, potassium dichromate, 

cobalt (II) sulfate, and ferrous sulfate) on wool and polyamide, colorfastness to rubbing was 

poor to very good for wool and good to excellent for polyamide. Both fabrics exhibited a change 

in color after washing, a result Räisänen (2009) states is undesirable for dyeing garments, 

although he presents no quantitative data. As seen with the heated dye bath method, 

mordanting did very little to improve colorfastness. 
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In heated dye bath and high temperature dyeing, heat causes fibers to open up and the removal 

of heat contracts the fibers trapping the dye molecules. If a mordant is used, the dye molecules 

adhere to the mordants (Johnson, 1989). Immersion dyeing is rarely done without mordanting 

due to the absence of heat (20 - 25° C).  Perumal et al. (2009) obtained excellent colorfastness 

results for washing, sunlight, heat, and steam using alum, copper sulfate, potassium dichromate, 

and stannous chloride, separately, as mordants on cotton and silk. The results of Velmurugan’s 

(2010) tests on cotton with alum and ferrous sulfate as mordants on five different species of 

fungi exhibited the following colorfastness results: Washing – moderate to very good, rubbing – 

poor to very good, perspiration – moderate to very good. Even with mordants, the results vary 

widely, indicating the need for a dyeing method that produces more predictable colorfastness 

results. At this time, there are no study results for colorfastness testing of fungal pigment 

immersion dyeing without mordants, which is one of the subjects of this study. 

Wood Staining Fungi 

Chlorociboria spp. and Xylindein 

The two known species of Chlorociboria in North America are aeruginosa and aeruginascens. 

Oeder (1770) first classified Chlorociboria aeruginosa in 1770 as Helvella aeruginosa. It was 

reclassified as Peziza aeruginosa (Oeder) by Vahl (1797) in 1797. In 1860 it was placed in the 

Helotium genus and the species name was changed to aeurginosum by Berkeley (1860). Tulasne 

and Tulasne (1865) placed this fungus into the Chlorosplenium genus in 1865. Finally, in 1936, 

Seaver (1936) created the genus Chlorociboria and the species name was reverted to 

aeruginosa. In a revised monograph, Ramamurthi, Korpf, and Batra (1957) confirmed Seaver’s 

classification. 

Chlorociboria aeruginascens was first classified by Nylander (1868) as Peziza aeruginascens. Two 

years later it was reclassified by Karst (1870) into the same genus and species as C. aeruginosa, 

but with a different variety (Chlorosplenium aeruginosum var. aeruginascens), and who the very 

next year reclassified it as Chlorosplenium aeruginascens. In 1947, Kanouse (1947) added 
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aeruginascens to the Chlorociboria genus, and this classification was confirmed by Ramamurthi 

et al. (1957). 

The blue-green pigment called xylindein was first extracted from wood infected with 

Chlorociboria in 1868 (Rommier, 1868). In 1874, Liebermann (1874) obtained the crystalline 

pigment by extracting the pigmented wood with phenol then recrystallizing the solid with 

aqueous phenol. Kögl et al. (Kögl & von Taeuffenbach, 1925) (Kögl & Erxleben, 1930) were the 

first to examine xylindein chemically and attributed to it the molecular formula C34H24O11. The 

structure of xylindein was first described, briefly, in 1962 (Blackburn, Todd, & Neilson, 1962) and 

the definitive structure was elucidated by Edwards and Kale (1965) in 1965 (Figure 1). The 

absolute configuration and tautomeric structure of xylindein were researched by Saikawa et al. 

(2000) in 2000. Giles et al. (Giles, Reuben, & Roos, 1979) (Giles, Green, & Hugo, 1990) studied 

the synthesis and precursors of xylindein in 1979 and 1990, respectively, and further 

investigations were conducted by Donner et al. (2012) in 2012. 

 
 
Figure 1. The structure of xylindein. 
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Scytalidium cuboideum and Draconin Red 

Scytalidium cuboideum was first classified by Saccardo and Ellis (Saccardo, 1882) in 1882 as 

Oospora cuboidea. In 1896 it was reclassified as Alysidium cuboideum by Pound and Clements 

(1896) where it remained until 1913 when Sumstine (1913) reclassified it as Geotrichum 

cuboideum. Ciferri and Caretta (1960) placed the fungus in genus Coremiella and changed the 

species name back to cuboidea in 1960. Sixteen years later it was placed in genus Arthrogrpahis 

(Sigler & Carmichael, 1976). Finally, in 2010 the species name was changed back to cuboideum 

and it was classified in genus Scytalidium (previously Xylogone), along with ganodermophthorum 

(Kang et al., 2010).  

Pink-stained wood was first attributed to Scytalidium cuboideum (= Geotrichum spp.) in 1940 

(Chidester, 1940). Schmidt and Dietz (1985) noted treated red oak lumber exhibited a pink stain 

and attributed the color to Arthrographis cuboidea. The red pigment from A. cuboidea was 

partially characterized by Golinski et al. (1995) in 1995 (Figure 2). In two as-yet unpublished 

works,4,5 the red pigment from Scytalidium cuboideum is referred to as “draconin red.” 

                                                 
4 Hinsch, E., Weber, G., Chen, H-L., Robinson, S.C. Colorfastness of extracted wood-staining fungal 

pigments on fabrics – a new potential for textile dyes. In review. 
5 Robinson, S.C., Michaelsen, H., Robinson, J.C. (2015) Spalted Wood: History, Science, and Art of a Unique 
Material. Atglen, PA: Schiffer Publishing. In press. 
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Figure 2. The only known component of draconin red. 

Scytalidium ganodermophtherum and the Yellow Pigment 

Scytalidium (previously Xylogone) ganodermophthorum was first identified by Kang et al.  (2010) 

as a yellow rot pathogen on Ganoderma lucidum in Korea. The structure(s) and components of 

the yellow pigment from S. ganodermophthorum have yet to be identified. 

Uses of Pigments from Wood-Staining Fungi 

As far back as the 15th century, wood pigmented with xylindein has been used for intarsia, fitting 

small, cut pieces of colored wood into a solid wood background (Blanchette, Wilmering, & 

Baumeister, 1992) (Michaelsen, Unger, & Fischer, 1992). In 15th century Italy and 17th century 

Germany, pieces of xylindein-pigmented wood veneer were applied in decorative patterns and 

designs to wooden musical instruments, a craft called marquetry (Otterstedt, 2001). The use of 

naturally occurring green stained wood began to decline in the 18th century, most probably due 

to the lack of availability of the wood and due to the increased use of natural stains and dyes 

used to color wood (Michaelsen & Buchholz, 2009). With very few exceptions, the use of 

naturally occurring green stained wood almost completely died out in the 19th century. 

The use of spalted wood, wood pigmented by fungi (Robinson, 2007), was re-popularized in the 

late 1970s after Lindquist (1977) published his article on the use of spalted wood by wood 

turners. As with the green-stained wood used in intarsia and marquetry, spalted wood used by 
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wood turners is naturally colored and requires no stains or dyes. Inoculating cut logs with fungi 

to create spalted wood eliminates the need to locate and acquire naturally spalted wood. Wood 

turners can make a ready supply of naturally colored wood to use for value-added objects, 

although the inoculation spalting process can take months (Robinson et al., 2013) (Robinson, S. 

et al., 2014).  It is only in the last decade that the use of extracted pigments, specifically from 

wood-staining fungi, has gained attention(Robinson, 2012) (Robinson, S. et al., 2014). Using 

pigments extracted from fungi on wood or wooden objects allows for the precise placement of 

pigment for creating patterns and designs (Robinson, 2012). Using extracted pigments also 

shortens the time it takes to create spalted wood from months to hours.  

Only in the last couple of years has interest surfaced in using the extracted pigments from 

wood-staining fungi for the direct dyeing of textiles (Weber et al., 2014)6. Application methods 

for depositing the pigments onto textiles has been researched (Weber et al., 2014), as have 

preliminary tests for colorfastness of these pigments using the drip method of application.7 The 

current study investigates using short-duration immersion dyeing and compares the 

colorfastness of wood-staining fungal pigments to that of commercially available dyes using the 

same dyeing method. 

CIE L*a*b* Color Space 

A colorimeter and the CIE L*a*b* color space are used in this study in order to be able to 

perform statistical analyses on overall color differences among samples. In AATCC Test Method 

standards, color change has been determined by visually comparing two samples to a gray scale 

(American Association of Textile Chemists and Colorists, 2012). This method is highly subjective 

and the interpreted results are apt to change from researcher to researcher. Using a colorimeter 

and being able to calculate an accurate, overall color difference allows for determining statistical 

                                                 
6 Hinsch, E., Weber, G., Chen, H-L., Robinson, S.C. Colorfastness of extracted wood-staining fungal 
pigments on fabrics – a new potential for textile dyes. In review. 
7 Ibid. 
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differences among multiple samples rather than relying on difficult-to-perceive visual 

differences. 

The CIE L*a*b* (often written as CIELAB) color space was adopted by the International 

Commission on Illumination (or, in French, Commission internationale de l’éclairage) in 1976 

(Adobe Systems Inc., 2000). It is the most commonly used color rubric for paints, pigments, 

textiles, and other substances (Nassau, 2001). CIE L*a*b* is a three-dimensional color space, 

with the two color axes ranging from green (-a) to red (+a) and blue (-b) to yellow (+b). The zero 

value for both axes is gray. The third, vertical axis (L*) ranges from black (0) to white (100). The 

two color axes are based on the theory that a color cannot be both red and green or both blue 

and yellow as the color pairs are opposites. The L* axis is a measure of lightness (Adobe Systems 

Inc., 2000). The ΔE* value, the overall color change between two samples, is calculated by: 

ΔE* = ((ΔL*)2 + (Δa*)2 + (Δb*)2)) / 2 
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Materials and Methods 

Fungal Cultures 

Plated Cultures 

Chlorociboria aeruginosa (strain UAMH 11657 isolate from a rotting hardwood log in 

Halliburton, Ontario, Canada), Scytalidium cuboideum (strain UAMH 11517 isolated from 

Quercus sp. in Memphis, TN), and S. ganodermophthorum (strain UAMH 10320 isolated from 

oak logs used for mushroom cultivation in Gyeonggi Province, Korea) were cultured separately 

on sterile disposable petri plates in 2% malt agar media (20 g barley malt, 15 g agar, 1 L 

deionized water) mixed with approximately 2.75 g of sugar maple shavings processed through a 

#20 mesh in a Wiley mill. The media was inoculated from cultures grown in 2% malt agar using 

the five-point inoculation technique (Figure 3). After inoculation, the cultures were sealed with 

Parafilm “M” and placed in drawers (separating Chlorociboria from Scytalidium) and allowed to 

grow at ambient room conditions (21° C and 35% RH) for two to four months based upon the 

growth requirements of the fungi. 
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Figure 3. Five-point inoculation. 

Liquid Cultures 

Due to the slow growth of plated cultures, liquid cultures were also used to produce pigments 

for this study. Liquid cultures were either static or shaken. The same strains of all three species 

of fungi were used for the liquid cultures, although C. aeruginosa was not grown in static 

culture. For the static liquid cultures, 50 mL of sterile 2% malt media was placed in sterile pint 

(236.6 mL) mason jars with plastic screw-type lids. Five 3 mm plugs of actively growing fungal 

cultures on 2% malt agar media were added to the liquid media. The jars were tightly sealed and 

placed on a shelf and allowed to grow at ambient room conditions for at least 4 weeks before 

use.  

For the shaken liquid cultures, various volumes were prepared based on laboratory needs. The 

shaken liquid cultures were prepared in sterile Erlenmeyer flasks, sufficiently large enough so 

that the volume of liquid media did not fill more than one-quarter of the capacity of the flask to 

allow for movement. For each volume of 2% sterile malt media, 3 mm plugs of actively growing 

fungal cultures on 2% malt agar media were added in a ratio of 1 plug/10 mL media. The flasks 
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were covered with sterile aluminum foil and placed on a Scientific Industries SI-1500 Orbital 

Genie shaker at 110 rpm and allowed to grow at ambient room conditions for 28 (for S. 

ganodermophthorum) to 48 (for C. aeruginosa and S. cuboideum) days. 

Pigment Extraction 

Plated Cultures 

Forty-eight hours prior to extraction, the Parafilm was removed from the plated cultures and the 

tops of the plates were removed. The opened plates were placed in a fume hood to allow them 

to dry out. After the cultures were dry, they were broken up by hand into approximately 2 cm 

sized pieces and placed in a 250 mL glass round-bottomed flask. A 7.0 mm x 24.5 mm octagonal 

magnetic stir bar was added to the flask along with 150 mL dichloromethane (DCM). A rubber 

stopper was placed on top of the flask, not inserted into it, to prevent evaporation of the DCM. 

The flask was then placed on a stir plate and stirred at 230 rpm for 30 min. After stirring, the 

contents of the flask were filtered through laboratory-grade Whatman No. 1002150 filter paper 

into a 250 mL glass beaker. A color reading was taken from the resultant solution on a Konica 

Minolta Chroma Meter CR-5, on the Liquid setting, utilizing the CIE L*a*b* color space. The 

target color readings are listed in Table 3 and represent 100% concentration of the pigments. If 

color readings did not fall within the acceptable range, the concentration of the pigment was 

adjusted by either adding or evaporating off DCM as necessary. The solution was then 

transferred to a 1 L glass storage jar. This entire process, along with the extraction process for 

the liquid cultures described below, was repeated until the initial 500 mL of pigment solution 

was obtained, and again to “refresh” the dye solution as needed throughout the dyeing process. 
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Fungus Pigment CIE L*a*b* Target 

   

Chlorociboria aeruginosa Xylindein L*= 82.28, a*= -11.06, b*= -5.40 

Scytalidium cuboideum Draconin red L*= 82.32, a*= 26.84, b*= 13.19 

Scytalidium ganodermophtherum Unknown L*= 95.46, a*= -3.00, b*= -8.15 

Table 2. Target color readings for fungal pigment extractions. Acceptable readings are ±2.00 for 
each value. 

Liquid Cultures 

Pigments from liquid cultures, whether static or shaken, were extracted by the same method. 

The liquid culture was filtered through laboratory-grade Whatman No. 1002150 filter paper to 

remove the biomass, either into a 250 mL glass beakers or into a glass container large enough to 

hold the liquid then divided into 100 mL portions into 250 mL glass beakers. A 7.0 mm x 24.5 

mm octagonal magnetic stir bar was added to each beaker. DCM was added to the beaker in a 

ratio (by volume) of 1:1 for S. ganodermophthorum and S. cuboideum and 0.5:1 for C. 

aeruginosa. A watch glass was placed on top of each beaker to prevent the evaporation of the 

DCM. The beakers were then placed on stir plates and stirred at 100 rpm for 30 min, after which 

the stir plates were turned off and the beakers were allowed to sit for 10 min. Three distinct 

layers resulted in the beakers, the bottom of which was the pigment/DCM solution. The top two 

layers were poured off into waste containers. The last little bit of unwanted liquid was removed 

by glass pipette, leaving only the pigment solution. A color reading was taken and adjustments 

were made as described for plated cultures. 

The pigment from the biomass of the liquid cultures was also extracted, using the same method 

as for the plated cultures. The only difference was the amount of DCM used. For the biomass, 

the amount of DCM used for extraction was the original amount of liquid culture media. For the 

static liquid cultures, 50 mL of DCM was added to the flask containing the biomass. If the 

volume of the shaken cultures was large enough to preclude using a single 250 mL flask, the 

biomass was divided as evenly as possible to allow for the addition of 100 mL of DCM. For 

example if the biomass was from a 500 mL shaken liquid culture, the biomass was divided 

evenly among 5, 250 mL flasks and 100 mL of DCM was added to each flask. As the resultant 

solution from each flask was color read and adjustments could be made to obtain target 
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parameters, precise measurements of biomass were not necessary. The important aspect was 

the result, the color of the pigment solution. 

Fabrics 

The fabrics for this study were chosen to be representative of the most common fiber genera 

and sub genera (Table 3).  

Fabric 
Weight 
(g/m^2) 

Threads per 
inch Structure Genera 

100% Cotton 149 78 x 76 
Plain 

weave Cellulosic seed 

100% Linen 159 78 x 76 
Plain 

weave Cellulosic bast 

100% Hemp 254 34 x 30  
Plain 

weave Cellulosic bast 

100% Wool  176 76 x 80  
Plain 

weave Protein 

100% Silk 186  54 x 54 
Plain 

weave Protein 

100% Rayon 136 64 x 38 
Plain 

weave Manufactured Regenerated 

100% 
Polyester  240 N/A  Knit Manufactured Synthetic 

Table 3. Test fabrics. 

 

Dyes and Dyeing 

The dyes selected for testing (other than the fungal pigments) are commercially available to 

both consumers and industry. All dyes were purchased from and manufactured by Dharma 

Trading Co. in Petaluma, CA. Colors selected were the closest matches available to the fungal 

pigments (Table 4). 
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Dye Class Target Fiber Type Color 

Fiber Reactive Cellulosic Clear Yellow 

Fiber Reactive Cellulosic Scarlet 

Fiber Reactive Cellulosic Better Blue Green 

Acid Reactive Protein Brilliant Yellow 

Acid Reactive Protein Fire Engine Red 

Acid Reactive Protein Teal Green 

Disperse Synthetic Yellow 

Disperse Synthetic Red 

Disperse Synthetic Green 

Natural Cellulosic, Protein Yellow (Osage orange) 

Natural Cellulosic, Protein Red (Madder) 

Natural Cellulosic, Protein Green (Spirulina) 

Table 4. Commercially available dyes used for testing. 

 

Fiber Reactive Dyes 

To make each color of fiber reactive dye, 855 mL of deionized (DI) water was added to a 2000 

mL glass beaker. 0.615 g clear yellow, 1.6 g scarlet, and 1.36 g better blue green dye powder 

were added to 500 mL glass beakers and mixed with enough DI water to make a paste. The DI 

water was increased to make 236.5 mL of dye slurry and stirred with a glass stirring rod. The dye 

slurry was then added to the 855 mL of DI water and stirred again. 66.6 g of non-iodized salt 

(NaCl) was added to the dye solution and stirred until the salt was dissolved. 5.85 g soda ash 

(purchased from Dharma Trading Co.) was added to the solution and stirred until dissolved.  
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Acid Reactive Dyes 

To make each color of acid reactive dye, 855 mL of DI water was added to a 2000 mL glass 

beaker.  0.60 g of each color of dye powder was added to 500 mL glass beakers with enough hot 

(82° C) DI water to make a paste. The DI water was increased to make 236.5 mL of dye slurry 

and stirred with a glass stirring rod.  The dye slurry was added to the water and stirred until well 

mixed. 10 mL of 5% distilled white vinegar was added to the solution and stirred for 30 sec.  

Disperse Dyes 

To make each color of disperse dye, 855 mL of hot (82° C) DI water was added to a 2000 mL 

glass beaker. 2.33 g of each color of dye powder and 2.3 mL of color intensifier (included with 

each packet of dye) was added to the DI water and stirred with a glass stirring rod until the dye 

powder was dissolved. The beakers where then covered with aluminum foil and allowed to cool 

to 21° C overnight. The dye solutions were stirred again for 30 sec prior to use.  

Natural Dyes 

For each color of natural dye, 855 mL of DI water was heated to 82° C in a 5.7 L enameled cast 

iron pot. 9 g Osage orange, 8 g madder, and 12 g spirulina were added to separate pots and 

allowed to simmer, covered, for 1 hour. The suspensions were then filtered through a fine mesh 

kitchen sieve lined with three layers of cheesecloth into 1 L mason jars. The jars were sealed 

with canning lids and allowed to cool overnight to 21° C. Prior to use, the dye solutions were 

poured into 2000 mL glass beakers. 

Dyeing Procedures 

Prior to cutting and dyeing, all fabrics were washed in a home washing machine in 

approximately 49° C tap water and 30 mL of textile detergent (purchased from Dharma Trading 

Co.) on the “regular” wash cycle. The fabrics were then tumbled dried on low for 45 minutes. 

For initial (rinse) testing, five replicates of each fabric/dye/color combination were dyed in the 

same manner. 15 fabric samples were placed in 500 mL of 21° C DI water in a 1000 mL glass 
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beaker and stirred with a glass stirring rod for 30 seconds to assure thorough wetting and 

immersion. The samples were allowed to soak for 15 minutes. Samples to be dyed with fungal 

pigments were not pre-wet as DCM is immiscible in water. The samples were then removed 

from the DI water with stainless steel forceps and placed in 2000 mL beakers containing dye 

solution, 5 samples per color. Each dye bath was stirred with a glass stirring rod for 30 seconds 

to assure thorough wetting and immersion. The samples were allowed to soak for 15 minutes. 

The samples were then removed from the dye solution with stainless steel forceps and placed 

under a canopy fume hood on a drying rack constructed from standard aluminum window 

screening. The samples were allowed to dry for 48 hrs at 21° C, after which they were color read 

on a Konica Minolta Chroma Meter CR-5 utilizing the CIE L*a*b* color space on the Reflectance 

setting with a 30 mm aperture. All 5 replicates of each fabric/dye/color combination were then 

scanned on an Epson Perfection V370 Photo color scanner. After being color read and scanned, 

the samples were rinsed by immersing them in 1 L of 21° C DI water and agitating moderately 

with stainless steel forceps for 60 seconds. This process was repeated until the rinse water 

remained clear. The samples were again transferred to the drying rack and allowed to dry for 48 

hrs, after which they were again color read and scanned. A three-way ANOVA and Tukey HSD 

were run on the ΔE* of the pre-rinsed and rinsed samples for each fabric type (see Data Analysis 

below). The fabric/dye/color combinations that were statistically colorfast (the ΔE* was not 

statistically different) were used for the remainder of the tests (washing, perspiration, light, and 

crocking). The samples from this initial test that were statistically colorfast were then used for 

the perspiration tests. 

The samples for the washing, light, and crocking tests were then dyed in a similar manner. The 

fabric samples were soaked in DI water for 15 minutes (with the exception of those to be dyed 

with fungal pigments) then dyed for 15 minutes as above. After dyeing, however, the samples 

were immediately rinsed as described above, and allowed to dry for 48 hrs at 21° C before being 

color read and scanned. The samples dyed with fungal pigments for these tests were not rinsed 

as fungal pigments do not require rinsing, and DCM is immiscible in water.  The samples for 

breaking strength testing were not color read or scanned since color change was not being 

analyzed. Only fungal pigments were used for breaking strength testing as strength changes due 

to commercial dyeing are already well established in the textile industry. 
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Testing Protocols 

Breaking Strength 

The procedure used for breaking strength testing was ASTM D5034 – (09)2013, Standard Test 

Method for Breaking Strength and Elongation of Textile Fabrics (Grab Test). From each fabric, 30 

samples were cut, each 100 mm wide by 150 mm long with the long dimension parallel to the 

warp direction of the fabric. A 2.54 cm margin was maintained from each selvedge and each end 

of the fabric. The samples were placed in separate Safeway Home brand 3.79 L zip baggies for 

each fabric. 

Five samples were randomly selected from each baggie and soaked in DI water for 15 min. The 

samples were removed with stainless steel forceps and allowed to dry for 48 hrs. This process 

was repeated for soaking the samples in DCM. Five samples for each color of fungal pigment 

were selected from each baggie and dyed according to the procedure outlined above. The 

remaining five samples from each fabric were used as controls. 

With a permanent marker, each sample was marked with a line along its length 31.75 mm from 

one edge. Each sample was placed in an Instron Model 4411, aligning the upper and lower jaws 

with the marked line on the fabric. Using Instron Corporation Series IX Automated Materials 

Test System ver. 7.40.00, the gauge length was set at 75 mm and the load rate was set for 300 

mm/min. The pre-programmed Tensile test was run and maximum breaking load (in Newtons) 

was recorded and stress (in MPa) was calculated. 

Colorfastness to Washing 

The procedure used to test for colorfastness to washing was AATCC Test Method 61-2013, 

Colorfastness to Laundering: Accelerated. For each fabric/dye/color combination that passed 

the colorfastness to rinsing test, 5 samples were cut, each 50.8 mm wide by 101.6 mm long with 

the warp in the direction of the long dimension, maintaining a 2.54 cm margin from each 

selvedge and each end of the fabric. The samples were placed in separate baggies for each 
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fabric. For each fabric/dye/color combination to be tested, 5 samples were randomly selected 

from the baggies and dyed in the method outlined above for washing testing. 

For each sample to be tested, 50 3 mm stainless steel balls were added to a Type I 500 mL lever-

lock stainless steel canister. The sample was added to the canister. 150 mL of 15% (by volume) 

AATCC standard detergent solution (without optical brighteners) was added to the canister. The 

lids of the canisters were clamped and the canisters were loaded into an Atlas Launder-O-Meter 

Model LEF filled with hot (49° C ) tap water. The heater of the Launder-O-Meter was set to 49° C 

and run for 45 minutes. The canisters were removed from the Launder-O-Meter and the 

specimens were removed from the canisters and rinsed under running warm water until the 

water ran clear. The specimens were allowed to dry at 21° C for 48 hrs before being color read 

and scanned. 

Colorfastness to Perspiration 

The procedure used to test for colorfastness to perspiration was AATCC Test Method 15-2013, 

Colorfastness to Perspiration. For each fabric/dye/color combination that passed the 

colorfastness to rinsing test, the 5 samples used for the colorfastness to rinsing test were used 

for the colorfastness to perspiration test.  

The 5 samples for each fabric/dye/color combination to be tested were placed in a 600 mL glass 

beakers with 250 mL freshly prepared AATCC simulated perspiration solution. The samples were 

soaked for 30 minutes with occasional stirring with a glass stir rod to ensure complete wetting. 

The samples were removed from the solution and the excess solution was squeezed out. A 

plastic plate was placed at the base of an AATCC Perspiration Tester Model PR-1. A sample was 

laid on top of the plastic plate, and another plastic plate was then placed on top of the sample. 

Each sample to be tested was stacked in the same way until there were 30 samples in the 

Perspiration Tester. After the last plastic plate was in place, a 3.6 kg weight was placed on top of 

the Perspiration Tester pressure plate and the thumbscrews were tightened. The Perspiration 

Tester was placed into a 38±2° C preheated Precision drying oven (Scientific Co.) for 16 hours. 

The Perspiration Tester was removed from the oven and the samples were removed from the 
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Perspiration Tester and allowed to cool and air dry at 21° C for 48 hrs before being color read 

and scanned. 

Colorfastness to Crocking 

The procedure used to test for colorfastness to crocking was AATCC Test Method 8-2013, 

Colorfastness to Crocking. For each fabric/dye/color combination that passed the colorfastness 

to rinsing test, 10 samples were cut on the bias, each 50.8 mm wide by 127 mm long, 

maintaining a 2.54 cm margin from each selvedge and each end of the fabric. The samples were 

placed in separate baggies for each fabric. For each fabric/dye/color combination to be tested, 

10 samples were randomly selected from the baggies and dyed 5 at a time in the method 

outlined above for crocking testing. 

For each sample to be tested, a 50.8 mm square of AATCC Crockmeter Test Cloth was attached 

to the finger of an AATCC Crockmeter with the spring clip of the Crockmeter. The sample was 

taped into place on the bed of the Crockmeter with masking tape. The Crockmeter bar was 

lowered so the finger rested on the sample and 10 full turns of the crank were made at a rate of 

1 turn/sec. The sample and test cloth were removed from the Crockmeter. Five samples of each 

fabric/dye/color combination were tested in this manner. The procedure was repeated for the 

remaining 5 samples of each combination, but the test cloth was first wetted by dipping it in 21° 

C DI water. The excess DI water was squeezed from the cloth and the cloth was blotted dry 

between two sheets of watercolor paper. The test cloth was then attached to the finger of the 

Crockmeter and the test proceeded as above. The samples tested with the wet cloth were 

allowed to dry at 21° C for 48 hrs, after which all samples, wet tested and dry tested, were color 

read and scanned. 

Colorfastness to Light 

The procedure to test for colorfastness to light was based on AATCC Test Method 16.2-2013, 

Colorfastness to Light: Carbon-Arc and AATCC Test Method 16.3-2013, Colorfastness to Light: 

Xenon-Arc, but adjusted for available equipment. For each fabric/dye/color combination to be 
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tested, 5 samples were cut, each 40 mm square, maintaining a 2.54 cm margin from each 

selvedge and each end of the fabric. The samples were placed in separate baggies for each 

fabric. For each fabric/dye/color combination to be tested, 5 samples were randomly selected 

from the baggies and dyed in the method outlined above for light testing. 

Four samples were mounted to a 292.1 mm x 76.2 mm pieces of 199 g/m2 bright white 

cardstock with double-sided clear tape so that the samples would be in the windows of the 

mounting brackets of a QUV Accelerated Weathering Machine, Model QUV/spray. Each piece of 

cardstock containing 4 samples was mounted in the mounting brackets. The shielding doors 

were closed and the QUV was programmed for 15 hours of UV-A exposure from UVA-340 lamps 

(365 nm – 295 nm). After 15 hours of exposure, the pieces of cardstock were unmounted and 

the samples were removed from the cardstock. The samples were color read and scanned on 

their exposed side. 

Mordanting 

All of the above dyeing and testing procedures, with the exception of the breaking strength test, 

were repeated exactly with the same seven fabrics that had been mordanted. 3.8 L of tap water 

were added to an enameled iron pot. The water was heated to 82° C. To the water was added 

13.45 g of alum and 2.6 g cream of tartar (both purchased from Dharma Trading Co.) All of the 

cut samples for a single fabric were added to the mordant solution. The lid was placed on the 

pot and the fabric was allowed to simmer at 82° C for 1 hr. The pot was removed from the heat 

and the fabric was allowed to cool to 21° C in solution. The fabric was then removed from the 

solution, rinsed in tap water, and the excess water was squeezed out. The samples were laid out 

on garment drying racks and allowed to dry for 48 hrs at 21° C. Dyeing and testing proceeded as 

above. 

Data Analysis 

All statistical analyses were conducted using SAS version 9.4. For the breaking strength test, a 

two-way ANOVA and Tukey HSD were run for each fabric on the model: 
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Stress = Fabric | Treatment 

Where Stress is the calculated breaking stress in MPa, Fabric is the fabric type (cotton, hemp, 

linen, wool, silk, polyester, rayon) and Treatment is control, DI water, DCM, or each fungal 

pigment. A statistical difference in the stress between the control and the other treatments 

indicated a statistically significant change in breaking strength.  

For the remaining tests, ΔE* was calculated by the SpectraMagic NX CMS-S100w 2.33.0004 

software used to run the Konica Minolta Chroma Meter CR-5 utilizing the CIE L*a*b* color 

space. The targets were undyed samples of each fabric. For each fabric and test, a three-way 

ANOVA and Tukey HSD were run on the model: 

ΔE* = Dye | Color | Treatment 

Where ΔE* is the overall change in color, Dye is the dye type (fiber reactive, acid reactive, 

disperse, natural, fungal pigment), Color is the dye color (yellow, red, or green), and Treatment 

is post-dyeing or post-testing. A statistical difference in ΔE* between post-dyeing and post-

testing indicated the fabric/dye/color combination was not colorfast to the specific test (rinsing, 

washing, perspiration, crocking, light). 
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Results and Discussion 

In the results and discussions below, discussion of interactions from the three-way ANOVAs of 

tests for washing, perspiration, crocking, and light can be complicated due to the elimination of 

dye/color combinations after rinse testing (see Rinse Test below). In some cases, such as 

unmordanted hemp and polyester, only a single dye type passed the initial rinse test and 

therefor a three-way interaction (dye*color*treatment) was not possible, nor was the two-way 

interaction of dye*treatment. In other cases, the available degrees of freedom for some 

interactions was zero. The p-values are therefore presented as tables with the corresponding 

available interactions (DF > 0), unless all of the results for a particular test fall within the same p-

value rage (e.g. 0 – 0.01). P-values of the two way interactions of dye*treatment and 

color*treatment are included where the p-value for the dye*color*treatment interaction 

presents anything less than strong evidence that there is an interaction. The phrase “highest 

possible level of interaction” is used when discussing results that include fabrics where the 

three-way interaction is absent. The p-values for dye*color for all fabrics and all colorfast 

treatments were <0.0001 at α = 0.05 or had zero degrees of freedom. 

Breaking Strength 

The results for breaking strength testing are shown in Table 6. There were no significant 

differences in maximum stress for any treatment within a fabric, with the exceptions of wool 

and polyester. For wool, the mean stress for draconin red and the yellow pigment were 

significantly different from each other, although neither were significantly different from the 

other treatments. For polyester, mean stress for treatment with the yellow pigment was 

significantly different from the control, DCM, and xylindein, but not significantly different from 

DI water or draconin red. P-values for the effect of Treatment are shown in Table 5. 

  



27 

 

Fabric P-value 

Cotton 0.040 

Linen 0.709 

Hemp 0.555 

Wool 0.023 

Silk 0.882 

Rayon 0.438 

Polyester 0.007 

Table 5. P-values for the effect of Treatment on Stress, at α = 0.05. 

The anomalies seen in wool and polyester could be due to instrument calibration or 

experimental error, although the values and Tukey groupings shown in Table 6 do not indicate 

there was any experimental error. The p-value for the effect of Treatment on wool (0.023) falls 

into a similar statistical range as that for cotton (0.040), i.e. there is moderate evidence against 

there being no effect. The p-value for polyester (0.007) indicates that there is strong evidence 

against there being no effect of treatment. Given the standard deviations of mean maximum 

stress for polyester and the fact that the Instron had been recently moved and not recalibrated, 

it will be assumed that although there was statistical significance in the difference of breaking 

strengths for wool and polyester, there was no practical significance. 

A contemporary study on dyeing silk with natural dyes (Punrattanasin et al., 2013) 

demonstrated that dyeing with mangrove bark extract decreased tearing strength by 8-38% 

compared to undyed silk. Tearing strength decreased by 4-25% when metallic-salt mordants 

were added after the silk was dyed (post-mordanting). Standard dyeing and mordanting 

methods were used in the Punrattanasin et al. study, both of which involved heat, and this may 

have contributed to the decrease in tearing strength. Although breaking strength was tested in 

the current study, the lack of a statistically significant change in breaking strength of silk for any 

treatment, specifically DCM and the fungal pigments, indicates that the fungal pigments would 

be a better choice over natural dyes to preserve the inherent strength of the fabric. 
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Fabric Treatment 
Mean Stress 

(MPa) 
Standard 
Deviation 

Tukey 
Grouping 

Cotton Control 111.90 13.70 A 

Cotton DI Water 95.30 4.97 A 

Cotton DCM 118.45 33.10 A 

Cotton Xylindein 80.91 30.84 A 

Cotton Draconin red 117.83 7.24 A 

Cotton Yellow 94.16 13.91 A 

Linen Control 59.65 66.27 A 

Linen DI Water 32.17 51.03 A 

Linen DCM 11.60 7.47 A 

Linen Xylindein 48.05 54.38 A 

Linen Draconin red 46.25 65.33 A 

Linen Yellow 66.49 75.64 A 

Hemp Control 52.79 15.66 A 

Hemp DI Water 47.58 10.53 A 

Hemp DCM 58.13 21.00 A 

Hemp Xylindein 43.39 20.24 A 

Hemp Draconin red 64.91 12.68 A 

Hemp Yellow 82.93 78.61 A 

Wool Control 16.95 12.45 A B 

Wool DI Water 29.77 33.60 A B 

Wool DCM 23.90 16.61 A B 

Wool Xylindein 57.27 44.97 A B 

Wool Draconin red 12.08 3.69 B 

Wool Yellow 75.76 48.02 A 

Silk Control 72.29 45.24 A 

Silk DI Water 79.41 17.39 A 

Silk DCM 90.80 21.09 A 

Silk Xylindein 77.13 38.59 A 

Silk Draconin red 68.01 28.67 A 

Silk Yellow 84.71 29.36 A 

Table 6. Breaking strength test results. Highlighted rows exhibit statistically significant 
differences.  
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Fabric Treatment 
Mean Stress 

(MPa) 
Standard 
Deviation 

Tukey 
Grouping 

Rayon Control 51.77 28.32 A 

Rayon DI Water 38.07 10.88 A 

Rayon DCM 50.30 22.07 A 

Rayon Xylindein 32.72 17.01 A 

Rayon Draconin red 49.47 28.60 A 

Rayon Yellow 31.81 5.72 A 

Polyester Control 303.01 11.67 A 

Polyester DI Water 302.20 1.90 A B 

Polyester DCM 267.86 41.01 A 

Polyester Xylindein 307.33 6.61 A 

Polyester Draconin red 299.04 5.67 A B 

Polyester Yellow 254.96 39.39 B 

Table 6 (continued). Breaking strength test results. Highlighted rows exhibit statistically 
significant differences. 

Rinse Test 

Of the 105 fabric/dye/color combinations for unmordanted fabrics, 30 were statistically 

colorfast to rinsing. Only these 30 combinations were further tested for colorfastness (see 

Appendix B). Of the 105 fabric/dye/color combinations for mordanted fabrics, 38 were 

statistically colorfast to rinsing. Only these 38 combinations were further tested for 

colorfastness (see Appendix C). P-values for the three-way interaction of dye*color*treatment 

for all rinse tests, unmordanted and mordanted, were 0.005 or less at α = 0.05. 

Noticeably absent from the table in Appendix B are the yellow pigment, disperse green, and all 

of the natural dyes. All of these rinsed out of every fabric. This is not surprising with the natural 

dyes as they require a mordant in order to adhere to fabric. The disperse green was a bit 

surprising as both disperse red and disperse yellow were colorfast to rinsing on at least two 

fabrics. The indication here is that disperse green is either more water soluble than either 

disperse red or disperse yellow, or that heat is essential to allow disperse green to adhere to the 

fabric fibers. Disperse green is also missing entirely from Appendix C, indicating that even 

mordanting did not improve its adherence to the fabrics. 
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The absence of the yellow pigment was unexpected as its tendency to adhere to most 

substrates is similar to that of both xylindein and draconin red. It has been observed previously 

in the laboratory that the yellow pigment is more water soluble than the other two wood-

staining fungal pigments, although this characteristic has not yet been studied or published 

(unpublished research). Even partial water solubility may explain the complete lack of 

colorfastness to rinsing for the yellow pigment.  

Appendix C shows the improved colorfastness to rinsing of the yellow pigment on mordanted 

cotton, hemp, and wool. A few of the natural dyes, green on cotton and yellow and red on wool, 

were also colorfast to rinsing on the mordanted fabrics. These results indicate that the yellow 

pigment seems to behave more like a traditional natural dye than do the other two fungal 

pigments.  

Draconin red on mordanted linen and wool was also not colorfast to rinsing. Figure 4 shows 

scans of the five samples of linen and wool dyed with draconin red before and after rinse and 

both mordanted and unmordanted. With the wool, even visually, it is obvious that the color 

change on the mordanted fabric is much more drastic than the color change on the 

unmordanted fabric. Rinsing seems to have “enhanced” the color on the mordanted fabric, that 

is, the color of the rinsed samples resembles the pinkish-red expected from draconin red. 

Although this type of color change may be desired, the result is still that the fabric/dye/color 

combination was not colorfast. Visually, the color differences between pre- and post-rinse on 

the unmordanted linen compared to the color differences on the mordanted linen would 

indicate that the mordanted linen should have been colorfast, or at least that neither the 

unmordanted or mordanted were colorfast. However, as the analysis is comparative, the 

differences in the ΔE* between mordanted and unmordanted, specifically for the three 

linen/dye/color combinations that were colorfast, make the result clearer. The differences in the 

mean ΔE* between pre- and post-rinse for the mordanted linen dyed with draconin red is 1.65. 

The differences in the mean ΔE* between pre- and post-rinse for the mordanted linen dyed with 

the three combinations that were colorfast (xylindein, fiber reactive red, and fiber reactive 

green) were no greater than 0.85. Statistically, therefore, the color change for draconin red was 

nearly twice as great as for the other three dye/color combinations.  
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Figure 4. Unmordanted and mordanted linen and wool dyed with draconin red. 

Looking at just the fabrics, mordanted cotton and hemp were both colorfast for more dye/color 

combinations than the same unmordanted fabrics. This was expected as mordants were 

developed to enhance the colorfastness of dyes on natural fabrics. Linen performed 

comparatively worse when mordanted, but as was pointed out, small overall color changes can 

be statistically significant when compared to the color changes of other dye/color combinations. 

Silk and wool exhibited little difference between being mordanted and unmordanted, with 60% 

and 53%, respectively, of the fabric/dye/color combinations being colorfast to rinsing. 

Punrattanasin et al. (2013) tested the colorfastness to water (AATCC Test Method 107-2009) of 

silk dyed with mangrove bark extract. The results indicated that mordanting had no effect on or 
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only slightly increased colorfastness. In the current study, mordanting increased colorfastness to 

rinsing only for the yellow pigment, and decreased it in some cases for draconin red. The 

benefits of mordanting for improving colorfastness to rinsing are therefore inconclusive. Further 

investigation is needed. 

Although not precisely a rinsing test, Inan, Kaya, and Kirici (2014) tested water spotting (Textiles 

- Tests for colour fastness. Part E07: Colour fastness to spotting: Water) on mordanted wool 

yarns dyed with different concentrations of several natural dyes. As dye concentration 

increased, so did the colorfastness to both dry and wet water dropping. Unmordanted yarn was 

not tested in the Inan et al. study, and the mordanting and dyeing methods both used heat, so a 

direct comparison with the current study is not possible. However, increasing fungal pigment 

concentrations may be a way to increase colorfastness to rinsing for those pigments.  

Washing Test 

Of the 30 fabric/dye/color combinations for unmordanted fabrics tested with washing, 6 were 

colorfast: cotton/xylindein, hemp/draconin red, hemp/xylindein, linen/xylindein, 

polyester/xylindein, and wool/xylindein (see Appendices A and B). Of the 38 fabric/dye/color 

combinations for mordanted fabrics tested with washing, 8 were colorfast: cotton/xylindein, 

hemp/yellow pigment, hemp/xylindein, polyester/xylindein, silk/xylindein, wool/yellow 

pigment, wool/xylindein, and wool/disperse/red (see Appendices A and C). It is worthy of note 

that all of these colorfast combinations but one were dyed with fungal pigments. P-values for 

interactions are given in Tables 7 and 8. 
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Fabric Interaction P-value 

Cotton color*treatment 0.0017 

Linen dye*treatment <0.0001 

Linen color*treatment <0.0001 

Hemp color*treatment 0.0548 

Wool dye*color*treatment <0.0001 

Silk dye*color*treatment 0.2647 

Silk dye*treatment <0.0001 

Silk color*treatment 0.8090 

Rayon dye*treatment <0.0001 

Rayon color*treatment <0.0001 

Polyester color*treatment <0.0001 

Table 7. Interactions and p-values for unmordanted wash-tested fabrics (p-values at α = 0.05). 

Fabric Interaction P-value 

Cotton dye*color*treatment <0.0001 

Linen dye*treatment <0.0001 

Linen color*treatment <0.0001 

Hemp dye*color*treatment 0.0979 

Hemp dye*treatment <0.0001 

Hemp color*treatment 0.0007 

Wool dye*color*treatment <0.0001 

Silk dye*color*treatment <0.0001 

Rayon dye*treatment <0.0001 

Rayon color*treatment <0.0001 

Polyester color*treatment <0.0001 

Table 8. Interactions and p-values for mordanted wash-tested fabrics (p-values at α = 0.05). 

Only 20% of the unmordanted and 21% of the mordanted fabric/dye/color combinations were 

colorfast to washing. Although this may seem like a low rate of success, the washing conditions 

do not accurately reflect all in-home laundering conditions. For example, several of the fabrics 

(wool, silk, and rayon) would not be washed in hot water and would more than likely not be 

washed with regular laundry detergent, but rather with something milder. Future testing should 

include hand-washing with warm or cool water and a mild detergent as well to determine if 

washing method has an effect on colorfastness. This being said, fabrics dyed with xylindein were 

clearly more colorfast to washing than any other dye, even on fabrics that hot water will 
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degrade, such as wool. For the mordanted fabrics, the 8 that were colorfast to washing were 

also the 8 that were either completely colorfast or colorfast to everything but light. The same 

pattern is seen with the unmordanted fabrics, although hemp/draconin red and hemp/xylindein 

were also colorfast to washing, but no other treatment in the case of the former and 2 of the 

other 4 treatments in the case of the latter. These results could indicate that using the AATCC 

Standard Test Method for colorfastness to washing may be a good single indicator to how 

colorfast a particular fabric/dye/color combination will be to other standardized tests. 

The p-values for the unmordanted fabrics indicate that there is strong evidence for an 

interaction at the highest possible level for most of the fabrics. The p-value for hemp indicates 

weak evidence for a color*treatment interaction, and the p-value for silk indicates there was no 

evidence for there being a three-way interaction. For mordanted fabrics, p-values indicate that 

there is strong evidence for there being an interaction at the highest possible level except for 

hemp where the evidence is very weak for there being a three-way interaction. Where three-

way interactions were possible, with the exceptions of unmordanted silk and mordanted hemp, 

the combination of dye, color, and treatment seem to have an effect on the overall color change 

after washing. 

Several current studies which include testing for colorfastness to washing on cotton, silk, nylon, 

and wool (yarn) dyed with natural dyes demonstrated mordanting had little effect on 

colorfastness to washing. In the study on cotton (Haar, Schrader, & Gatewood, 2013), differing 

concentrations of two different aluminum-based mordants were tested with madder, weld, and 

coreopsis (Coreopsis spp.). The results showed that colorfastness to washing was very poor to 

poor even with increased concentrations of mordant. By contrast, cotton dyed with xylindein 

was colorfast to washing even without a mordant. In the study on silk dyed with mangrove bark 

extract (Punrattanasin et al., 2013), mordanting did not affect colorfastness to washing, the 

results being very poor to poor for unmordanted and mordanted silk. By contrast, mordanted 

silk dyed with xylindein demonstrated colorfastness to washing whereas unmordanted silk dyed 

with xylindein was not colorfast to washing. Based on a comparison the results of these two 

studies, xylindein performs better with regards to colorfastness to washing than some natural 
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dyes, even when mordants are used. This could indicate xylindein’s greater affinity to adhere to 

cotton and silk fibers than either natural extracts or mordants. 

Although nylon (polyamide) was not tested in the current study, it is a manufactured synthetic 

fiber and may be compared to polyester. In the study on nylon dyed with weld and 

pomegranate peel (Shams-Nateri et al., 2014), mordanting did increase colorfastness to 

washing. In the current study, polyester dyed with xylindein was colorfast to washing both with 

and without a mordant, again demonstrating xylindein’s superior colorfastness. The study on 

mordanted wool yarn dyed with several natural dyes (Inan et al., 2014) was a test on the effect 

of dye concentration on colorfastness properties. Colorfastness to washing decreased with 

increased dye concentrations, a counterbalance to the potential increase of colorfastness to 

rinsing. 

Perspiration Test 

Of the 30 fabric/dye/color combinations for unmordanted fabrics tested with perspiration, 19 

were colorfast. There were no obvious standout dyes, colors, or combinations thereof (see 

Appendices A and B). Of the 38 fabric/dye/color combinations for mordanted fabrics tested with 

perspiration, 13 were colorfast. Two patterns emerged from perspiration testing results on 

mordanted fabrics. First, no fabric dyed with fiber reactive dyes of any color were colorfast. 

Second, all of the tested fabrics that were dyed with fungal pigments were colorfast, with the 

exception of hemp (see Appendices A and C). P-values for interactions are given in Tables 9 and 

10. 
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Fabric Interaction P-value 

Cotton color*treatment 0.7023 

Linen dye*treatment <0.0001 

Linen color*treatment 0.0013 

Hemp color*treatment 0.0895 

Wool dye*color*treatment 0.0691 

Wool dye*treatment <0.0001 

Wool color*treatment 0.0007 

Silk dye*color*treatment <0.0001 

Rayon dye*treatment <0.0001 

Rayon color*treatment 0.0496 

Polyester color*treatment 0.0232 

Table 9. Interactions and p-values for unmordanted perspiration-tested fabrics (p-values at α = 
0.05). 

Fabric Interaction P-value 

Cotton dye*color*treatment 0.0252 

Cotton dye*treatment <0.0001 

Cotton color*treatment <0.0001 

Linen dye*treatment <0.0001 

Linen color*treatment <0.0001 

Hemp dye*color*treatment 0.0012 

Wool dye*color*treatment 0.0973 

Wool dye*treatment <0.0001 

Wool color*treatment 0.0099 

Silk dye*color*treatment <0.001 

Rayon dye*treatment <0.0001 

Rayon color*treatment <0.0001 

Polyester color*treatment 0.2457 

Table 10. Interactions and p-values for mordanted perspiration-tested fabrics (p-values at a = 
0.05). 

Although fungal pigments performed better than other dyes for colorfastness to perspiration on 

unmordanted fabrics (9 of 19), the results were not consistent enough to draw any concrete 

conclusions. The p-value shows no evidence for the color*treatment interaction for cotton. Both 

draconin red and xylindein were colorfast to perspiration. There is weak evidence of a 

color*treatment interaction for both hemp and rayon as none of the colors were colorfast. 

There is some evidence of a color*treatment interaction for polyester even though both 
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draconin read and xylindein were colorfast. There was weak evidence for a 

dye*color*treatment interaction for wool as only 50% of the dye/color combinations tested 

were colorfast. The results for perspiration testing on unmordanted fabrics were inconsistent 

overall indicating more testing may be needed. 

The results for mordanted fabrics were more consistent based on both clear patterns and 

interactions. That none of the fiber reactive dyes on mordanted fabrics were colorfast to 

perspiration, although 5 of the 19 on unmordanted fabrics were, suggests there may be some 

component of the synthetic perspiration that is causing the dye lake to either dissolve or release 

from the fabric, or that the fiber reactive dyes do not adhere as strongly to the mordant as they 

do to the fabric. Testing with different mordants may yield different results. That all but one of 

the fabric/fungal pigment combinations on mordanted fabrics were colorfast, where they were 

not on unmordanted fabrics, suggests that the mordant improved the colorfastness of the 

fungal pigments to perspiration. The results of the Punrattanasin et al. study on silk dyed with 

mangrove bark extract (2013) showed that mordanting did not affect colorfastness to 

perspiration. In the case of one mordant, ferrous sulfate (FeSO4), the colorfastness to 

perspiration was actually reduced.  This is one instance where adding a mordant to fabrics dyed 

with fungal pigments may be advisable. 

There is some evidence that there is a dye*color*treatment interaction for mordanted cotton. 

There is weak evidence of a dye*color*treatment interaction for mordanted wool, as was seen 

with unmordanted wool. There is no evidence of a color*treatment interaction for polyester 

(both draconin red and xylindein were colorfast). There was strong evidence that the other 

fabrics exhibited an interaction at the highest level possible. 

Crocking Test 

Of the 30 fabric/dye/color combinations for unmordanted fabrics tested with dry crocking, only 

6 were not colorfast, and with wet crocking 9 were not colorfast. Half of the tested samples 

dyed with draconin red were not colorfast to wet crocking, and only one sample dyed with 

xylindein (rayon) was not colorfast to wet crocking. Likewise, half of the tested samples dyed 
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with draconin red were not colorfast to dry crocking whereas all the tested samples dyed with 

xylindein were colorfast. Six of seven samples dyed with fiber reactive dyes were colorfast to dry 

crocking and half were colorfast to wet crocking (see Appendices A and B). Of the 38 

fabric/dye/color combinations for mordanted fabrics tested with crocking, 16 were not colorfast 

to wet crocking and 19 were not colorfast to dry crocking. Similar to the unmordanted samples, 

3 of 4 of the mordanted samples dyed with draconin red were not colorfast to wet crocking, and 

all samples but rayon dyed with xylindein were colorfast to wet crocking. All three mordanted 

tested samples dyed with the yellow pigment were colorfast to both wet and dry crocking. Over 

half of the mordanted samples dyed with fiber reactive dyes were colorfast to both dry and wet 

crocking (see Appendices A and C). Interactions and p-values are shown in Tables 11 and 12 for 

both dry and wet crocking. 

 

Unmordanted Dry Crocking  Unmordanted Wet Crocking 

Fabric Interaction P-value  Fabric Interaction P-value 

Cotton color*treatment 0.1439  Cotton color*treatment 0.0067 

Linen dye*treatment <0.0001  Linen dye*treatment 0.0110 

Linen color*treatment 0.0015  Linen color*treatment 0.0232 

Hemp color*treatment 0.2887  Hemp color*treatment <0.0001 

Wool dye*color*treatment 0.0613  Wool dye*color*treatment 0.0111 

Wool dye*treatment 0.0046  Wool dye*treatment 0.0003 

Wool color*treatment 0.1739  Wool color*treatment 0.0395 

Silk dye*color*treatment 0.0189  Silk dye*color*treatment <0.0001 

Silk dye*treatment 0.0064  Rayon dye*treatment <0.0001 

Silk color*treatment 0.0055  Rayon color*treatment 0.3353 

Rayon dye*treatment 0.0001  Polyester color*treatment 0.3392 

Rayon color*treatment 0.4387     

Polyester color*treatment 0.0018     

Table 11. Interactions and p-values for unmordanted wet and dry crocking-tested fabrics (p-
values at α = 0.05). 
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Mordanted Dry Crocking  Mordanted Wet Crocking 

Fabric Interaction P-value  Fabric Interaction P-value 

Cotton dye*color*treatment 0.0015  Cotton dye*color*treatment <0.0001 

Linen dye*treatment <0.0001  Linen dye*treatment <0.0001 

Linen color*treatment 0.4001  Linen color*treatment 0.5317 

Hemp dye*color*treatment 0.0006  Hemp dye*color*treatment 0.0020 

Wool dye*color*treatment 0.0299  Wool dye*color*treatment 0.0406 

Wool dye*treatment <0.0001  Wool dye*treatment <0.0001 

Wool color*treatment 0.4759  Wool color*treatment 0.5336 

Silk dye*color*treatment 0.0806  Silk dye*color*treatment 0.0492 

Silk dye*treatment <0.0001  Silk dye*treatment <0.0001 

Silk color*treatment 0.6293  Silk color*treatment 0.9877 

Rayon dye*treatment 0.0004  Rayon dye*treatment 0.0262 

Rayon color*treatment 0.9732  Rayon color*treatment 0.9730 

Polyester color*treatment 0.0389  Polyester color*treatment 0.0161 

Table 12. Interactions and p-values for mordanted wet and dry crocking-tested fabrics (p-values 
at α = 0.05). 

The Crockmeter test cloths are used to not only induce crocking, but also as a test for color 

transfer. As the current study was concerned only with color loss, not color transfer, the 

Crockmeter test cloths were retained but not color read or scanned. 

There were two samples of mordanted fabrics that were colorfast to wet crocking, but not to 

dry crocking: linen/disperse/yellow and polyester/draconin red. This is not a result one would 

expect as the wetted test cloth increases friction (as can be observed when conducting the test) 

and adds a potential for dissolving some of the dye on the samples. With the 

linen/disperse/yellow, the difference mean ΔE* for dry crocking compared to pre-treatment was 

greater than that for wet crocking (1.31 compared to 1.04). However, the combined standard 

deviation for pre- and post-treatment dry crocking was greater than that for wet crocking (1.14 

compared to .94). The explanation may lie in the mean standard deviation for wet and dry 

crocking as a whole. The mean standard deviation for wet crocking was 0.46 and for dry crocking 

was 0.39, enough of a difference compared to the small color changes that 

linen/disperse/yellow was statistically not colorfast. As the human eye can detect ΔE* of 2.0 or 

greater, the differences are small enough to be visually insignificant. 
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As can be seen in Figure 4, wet crocking on polyester/draconin red resulted in an obvious color 

change, leaving an almost purple streak. There are two possible explanations for this sample 

being statistically colorfast. The first, and most probable, is the more inconsistent results from 

wet crocking than from dry crocking, as explained above. The second is the caveat when using 

ΔE*. Because ΔE* is calculated from three parameters (ΔL*, Δa*, and Δb*), similar but opposite 

changes in two parameters could yield the same result. The samples that were wet crocked got 

lighter (+L*) and bluer (-b*), which may account for the smaller mean ΔE* for wet than for dry 

crocking (8.08 compared to 9.25). 

Several mordanted samples of both rayon and silk were statistically colorfast to wet crocking 

but not to dry crocking. With rayon, the two samples that exhibited this characteristic were 

dyed with fiber reactive red and fiber reactive green. The only other dye/color combination 

tested for rayon was xylindein, which was statistically colorfast to both wet and dry crocking. 

 

Figure 5. Unmordanted polyester dyed with draconin red shown after dry and wet crocking. 

The difference in mean ΔE* between pre- and post-dry crocking for rayon/disperse/red and 

rayon/disperse green was three times that of rayon/xylindein, and seven times greater for wet 

crocking. The difference was statistically significant. As stated before, the difference is visually 

insignificant, being less than 2.0. 

The three silk samples that were statistically colorfast to wet crocking but not to dry were acid 

reactive/green, disperse/red, and draconin red. These results are most likely due a combination 

of the reasons explained above for unmordanted polyester dyed with draconin red, i.e. 
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balancing changes in parameters of ΔE* and more inconsistency as a result of wet crocking. As 

seen in Figure 6, wet crocking on mordanted silk dyed with draconin red resulted in a darker, 

redder fabric. The average mean ΔE* for dry crocking on mordanted silk was 19.03 and for wet 

crocking was 17.97 and the mean standard deviations were 0.57 and 0.66. 

As with the other tests discussed so far, xylindein was the most colorfast dye to wet and dry 

crocking. Draconin red was disappointing and was outperformed by fiber reactive dyes in 

unmordanted dry crocking. The yellow pigment was surprisingly colorfast to crocking on 

mordanted fabrics, again demonstrating that mordanting appears to enhance the colorfastness 

of the yellow pigment. 

 

Figure 6. Mordanted silk dyed with draconin red before and after crocking. 

In two current studies that included tests for colorfastness to crocking (wet and dry) on silk and 

nylon, mordanting had either no effect on or slightly decreased colorfastness to crocking 

(Punrattanasin et al., 2013) (Shams-Nateri et al., 2014).  The results of these two studies 

combined with the results of the current study appear to confirm that, with the exception of the 

yellow pigment, mordanting is not a successful way to improve colorfastness to crocking.  

Light Test 

Only 4 of the 30 tested fabric/dye/color combinations for unmordanted fabrics tested with light 

were colorfast: cotton/draconin red, cotton/xylindein, linen/disperse/red, and wool/draconin 

red (see Appendices A and B). Eleven of the 38 tested fabric/dye/color combinations for 
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mordanted fabrics tested with light were colorfast. Of those 11, 8 were dyed with fungal 

pigments, 2 with fiber reactive dyes, and one with a natural dye (spirulina) (see Appendices A 

and C). For mordanted fabrics, p-values for all highest possible levels of interaction were < 0.006 

at α = 0.05. For unmordanted fabrics, p-values for all possible highest levels of interaction were 

< 0.0001 at α = 0.05, except for cotton where the p-value for color*treatment was 0.1396 at α = 

0.05. 

As neither the time nor the equipment was available to conduct the colorfastness to light testing 

according to AATCC standards, a new test method was developed based on available 

equipment. The QUV Accelerated Weathering Tester, as configured in the Computer-Aided 

Manufacturing Laboratory in the Department of Wood Science & Engineering at Oregon State 

University, simulates sunlight with UV-340 lamps which produce UV-A light in the spectrum of 

365 nm – 295 nm. In order to calibrate the QUV, AATCC L-2 Blue Wool Standard was used. The 

blue-dyed wool has a known fading rate. A ΔE* of 3.5±0.3 is equivalent to a gray scale level 4 

color change, the standard used for fading due to natural light. Several tests with the QUV and 

the blue wool standard determined that 15 hours of UVA exposure yielded a maximum ΔE* of 

3.8, so 15 hours of exposure was used for testing. 

Colorfastness to light is the one instance that draconin red performed better than xylindein, at 

least for unmordanted fabrics, although no fabric or dye/color was outstanding. Examination of 

clothing, fabric, or yarn that has been in a shop display window will show that fading due to 

exposure to sunlight is a problem with most dyes. With mordanted fabrics, colorfastness to light 

was a little more than double that of unmordanted fabrics (28% of samples compared to 13% of 

samples). This indicates that mordanting may improve colorfastness to light, especially with the 

fungal pigments. Every fungal pigment sample on unmordanted fabrics that was colorfast to 

light was also colorfast when mordanted, with the exception of cotton/draconin red, and five 

additional fabrics dyed with fungal pigments were colorfast to light when mordanted. 

Mordanting improved colorfastness to light on cotton, hemp, silk, and wool. In three recent 

studies that included testing for colorfastness to light for cotton, silk, and nylon dyed with 

natural dyes, mordanting had varying effects on colorfastness to light. In the Haar et al. study 

(2013), aluminum-based mordants did not affect colorfastness to light of cotton dyed with 
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madder or weld, and slightly decreased the colorfastness to light of cotton dyed with coreopsis. 

In the Shams-Netri et al. study (2014)  of aluminum potassium sulfate (AlK(SO4)2) mordanted 

nylon dyed with weld and pomegranate peel, colorfastness to light was decreased for weld 

except when the samples were post-mordanted (mordanted after dyeing). Colorfastness to light 

for nylon dyed with pomegranate peel increased except when the samples were meta-

mordanted (mordanted at the same time they were dyed). In the Punrattanasin et al. study 

(2013) on silk dyed with mangrove bark extract, aluminum potassium sulfate had no effect on 

colorfastness to light, ferrous sulfate and copper (II) sulfate (CuSO4) increased colorfastness to 

light, and stannous chloride (SnCl2) decreased colorfastness to light.  

There is no clear resolution as to whether mordanting improves, does not change, or decreases 

colorfastness to light for natural dyes. Results appear to be heavily dependent on dye type, 

mordant type, and fiber type. Despite the apparent improvement of colorfastness to light of 

fungal pigments when used on mordanted fabrics, fungal pigments may require a UV-protective 

finish if the end use of the textile requires prolonged exposure to sunlight.  

Combined Results 

As can be seen from the table in Appendix B, the only fabric/dye/color combination for 

unmordanted fabrics that was colorfast to all treatments was cotton/xylindein. Three other 

combinations were colorfast to all treatments but light: linen/xylindein, polyester/xylindein, and 

wool/xylindein. For mordanted fabrics, cotton/xylindein, silk/xylindein, wool/xylindein, 

wool/draconin red, and wool/yellow pigment were colorfast to all treatments. Hemp/xylindein 

and hemp/yellow pigment were colorfast to all treatments but perspiration, and 

polyester/xylindein and wool/disperse/red were colorfast to all treatments but light. All other 

combination for either mordanted or unmordanted fabrics were not colorfast to at least two 

treatments. For unmordanted fabrics, only rayon/fiber reactive/green was not colorfast to any 

treatment. For mordanted fabrics, four of the samples dyed with fiber reactive dyes were not 

colorfast to any treatment, nor was silk/acid reactive/yellow, silk/acid reactive/red, or 

wool/natural/yellow. That a great number of fabric/fiber reactive/color combinations were not 
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colorfast on mordanted fabrics indicates that the fiber reactive dyes adhere to the fabric more 

strongly than they adhere to the mordant.  

Looking at the overall picture, only fabrics dyed with fungal pigments were completely colorfast, 

and none of the fabrics dyed with fungal pigments was completely non-colorfast. Although the 

consistency in performance hoped for was not demonstrated, the extracted wood-staining 

fungal pigments definitely show good potential as textile dyes. There is at least one other factor 

besides consistency of performance that needs to be addressed before fungal pigments can be 

introduced as a competitor to commercial dyes: color intensity. 

Figure 7 shows pre-rinsed unmordanted silk dyed with green in all five dye categories. The 

samples dyed with xylindein are the least intense and become even less so after rinsing. If a very 

pale shade of green is desired, this is not an issue. However, the lack of color intensity severely 

limits the potential of fungal pigments as a competitor to commercial dyes. One seemingly 

obvious solution is to increase the concentration of the pigments. However, as previously 

described, pigment concentration is already at 100% (saturation). Additional pigment could be 

added only with the addition of heat, which would degrade xylindein, or pressure, which would 

require additional preparation steps or energy, either of which are at cross purposes with using 

short-duration immersion dyeing without heat. In the Inan et al. study (2014) of the effect of 

dye concentration on mordanted wool yarn, darker colors were achieved with increased dye 

concentration, but at the expense of colorfastness to washing and crocking. Increased dye or 

pigment concentration does not appear to be the answer to increasing color intensity. Two 

other possible solutions to lack of color intensity may also help to resolve some of the issues 

with consistency of performance. 

The three samples that were either completely colorfast unmordanted or colorfast to everything 

but light that performed as well or better when mordanted were all dyed with xylindein (cotton, 

wool, and polyester). Those three samples were also the only samples that exhibited any overall 

consistency. The three contemporary studies that included various colorfastness tests on nylon, 

silk, and cotton dyed with natural dyes both with and without mordants (Shams-Nateri et al., 

2014) (Punrattanasin et al., 2013) (Haar et al., 2013) emphasize the inconsistency of results 
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found with extracellular pigments from mold fungi discussed earlier. Studies with extracted 

wood-staining fungal pigments for use as stains/dyes on wood also exhibited overall 

inconsistency (Robinson, Sara C, Hinsch, Eric, et al., 2014) (Robinson, Sara C, Weber, Genevieve, 

et al., 2014). No clear patterns were observed based on wood density, porosity, etc. As the 

fungal pigments are natural substances and the wood in these two studies and most of the 

fabrics in the current and contemporary studies are also natural, an overall consistent result 

would have been unexpected. Nature is unpredictable. Without some sort of manipulation, 

natural substances and substrates will rarely behave in a certain manner just because humans 

want them to. This unpredictability is part of the appeal and charm of using effects from nature. 

Yet, once again, for competition in the commercial arena at least some consistency needs to be 

achieved. 

 

 

Figure 7. Unmordanted silk dyed with green from all five dye categories. 
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Two possible solutions for both color intensity and consistency, and perhaps even potentially 

increasing colorfastness, are dyeing method and solvent/carrier. Dripping the fungal pigment 

solution onto test fabrics, as described in Hinsch et al.8 yielded superior colorfastness to washing 

and perspiration than did the short-duration immersion method used in this study. The colors 

on the multi-fabric test strips were also more intense than that on fabric samples of the same 

fiber type used in this study. The working hypothesis is that, with the drip method, as the DCM 

evaporates all of the pigment remains in the fibers of the test fabric. With the short-duration 

immersion method, some of the pigment may be re-dissolved from the fabric as the sample is 

removed from the dye bath (solution). If this is the case, a spray method of application may yield 

more consistent results with greater color intensity and colorfastness, although this hypothesis 

will require further investigation. 

Another possible solution is using a different solvent/carrier. Replacing DCM as the 

solvent/carrier would be an ideal solution in any case as DCM is potentially carcinogenic and 

mutagenic, and would need to be used in large quantities for commercial applications. At this 

point, test results with xylindein indicate it will completely dissolved only in DCM, chloroform, 

and pyridine (Robinson, S. C. et al., 2014). A potential solvent/carrier the author intends to 

investigate is supercritical carbon dioxide in a single-pass process. Although both heat and 

pressure will be required, it is hoped that the decreased time needed to dye fabrics, elimination 

of water use for dyeing and rinsing, and elimination of drying time will be much more energy 

efficient and ecofriendly than current dyeing methods, as has already been demonstrated in 

several studies (Saus, Knittel, & Schollmeyer, 1993) (Yang et al., 2014). Different mordants may 

also have an effect on color intensity, performance consistency, and colorfastness, but mordants 

introduce their own potential problems such as toxicity and waste water containing residual 

heavy metals. 

Comparing the current study with recent studies of natural dyes on textiles is difficult at best.  

This research looked specifically at the ability of wood-staining fungi to colorize textiles without 

the use of heat or mordants. Current academic and scientific studies on other natural pigments 

                                                 
8 Hinsch, E., Weber, G., Chen, H-L., Robinson, S.C. Colorfastness of extracted wood-staining fungal 

pigments on fabrics – a new potential for textile dyes. In review. 
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focus on how pH or dye concentration affects dyeing capability and colorfastness, or on which 

mordant works best, or on using different natural materials as dyes (aside from fungi). 

Attempting to use natural dyes without mordants does not appear to be of interest to most of 

the scientific community, and there is no available research on the use of these specific wood-

pigmenting fungi for textile dyeing.  Even xylindein, which has been successfully extracted and 

hypothesized to be an excellent textile dye for over 100 years (Rommier, 1868), has not yet 

been used in this capacity. Most recent articles on natural dyes, including fungal pigments, are 

variations on the themes seen in the four articles used for comparison in the preceding 

discussion.  Overall, the study of natural pigments as dyes for textiles is barely explored, and the 

results from the few studies that do exist are scattered and have relied on human perception 

instead of mechanized color analysis. 

In contrast, artists and crafters are currently using fungal pigments for dyeing both with and 

without mordants, although their methodology does not yet appear to have made it into 

scientific literature.  In addition, the fungal pigments used by crafters are typically extracted 

from the fruiting bodies of basidiocarps (mushrooms). A few artists and crafters have been 

experimenting with these pigments (Allen, 2013) (BeeBee, 2013), but not by using scientific 

theory. Their focus is on methods of extraction and dyeing, some of which include dyeing 

without mordants, such as sun dyeing. Although there have been “how-to” books and articles 

published about mushroom dyeing, there is no published scientific data on the colorfastness of 

the textiles (typically wool yarn) dyed with the extracted pigments from mushrooms. Although 

these artists and crafters show interest in using fungal pigments as textile dyes, the lack of 

scientific investigation into the effectiveness of these pigments makes the current study unique. 

The novelty of the current study as a scientific endeavor and the very recent first-time inquiries 

of using extracted pigments from wood-staining fungi as textile dyes appear to be opening a 

new path for future studies in this burgeoning field. 
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Conclusions 

With the resurgence of interest in natural dyes, there is a need to overcome the limitations of 

traditional natural dyes as well as develop a natural competitor for potentially hazardous 

synthetic dyes. Wood-staining fungal pigments have the potential to fill this gap. This study has 

shown that xylindein, draconin red, and, to a lesser degree, the yellow pigment produced by 

Scytalidium ganodermophthorum perform better than synthetic and traditional natural dyes 

with regards to colorfastness when the short-duration dyeing method is used without heat. This 

is the case whether or not a mordant is used. Although mordanting fabrics prior to dyeing does 

appear to improve the overall colorfastness of wood-staining fungal pigments, especially the 

yellow pigment, the results are inconsistent. The use of mordants for small gains in colorfastness 

must be weighed against the advantages fungal pigments provide without mordants: No water 

usage for dyeing, no rinsing needed so no waste water, no additional chemicals needed other 

than the solvent/carrier, and no heat needed so no energy required. Contemporary studies on 

natural dyes emphasize that mordanting provides only small gains in colorfastness, even when 

heat is used for both mordanting and dyeing. 

One area that may require additional finishing for textiles to be used in direct sunlight may be a 

UV-protective finish as the fungal pigments are only marginally lightfast on a few fabrics. 

Additionally, different washing techniques and milder detergents will need to be tested to 

determine if colorfastness to washing can be improved. Fabrics dyed with draconin red are not 

advisable for next-to-skin uses as the pigment is not colorfast to perspiration. More research 

needs to be conducted to try to improve color intensity, consistency of performance, and overall 

colorfastness of the wood-staining fungal pigments before they can be considered a true 

competitor to either synthetic or traditional natural dyes. 
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Appendix A – Colorfastness Results for Washing, Perspiration, Crocking, and 
Light 

 

Figure 1. Results for colorfastness to washing, unmordanted. 

 

 

Figure 2. Results for colorfastness to washing, mordanted. 

 

*Percentages based on number of samples actually tested. 
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Figure 3. Results for colorfastness to perspiration, unmordanted. 

  

 

Figure 4. Results for colorfastness to perspiration, mordanted. 
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Figure 5. Results for colorfastness to dry crocking, unmordanted. 

 

 

Figure 6. Results for colorfastness to dry crocking, mordanted. 
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Figure 7. Results for colorfastness to wet crocking, unmordanted. 

 

 

Figure 8. Results for colorfastness to wet crocking, mordanted. 

  

0

20

40

60

80

100

Green Red Yellow Red Yellow Green Red Yellow Green Red

Acid Reactive Disperse Fiber Reactive Fungal

P
e

rc
e

n
ta

ge
Colorfast to Wet Crocking (unmordanted)

0

20

40

60

80

100

Green Red Yellow Red Green Red Yellow Green Red Yellow Green Red Yellow

Acid Reactive Disperse Fiber Reactive Fungal Natural

P
e

rc
e

n
ta

ge

Colorfast to Wet Crocking (mordanted)



59 

 

 

Figure 9. Results for colorfastness to light, unmordanted. 

 

 

Figure 10. Results for colorfastness to light, mordanted. 
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Appendix B – Unmordanted Tukey HSD Results for Colorfastness 

 
 
Fabric Dye Color 

Pre-
Perspira-

tion 

Post-
Perspira-

tion 
Pre-

Wash 
Post-
Wash 

Pre-Wet 
crocking 

Post-Wet 
Crocking 

Pre-Dry 
Crocking 

Post-Dry 
Crocking 

Pre-
Light  

Post-
Light 

Cotton FP Red A A A B B A A A A A 

             

Cotton FP Green B B C B, C C C B B B B 

Hemp FP Red B, C A A A, B B A B A A C 

Hemp FP Green C B C B, C C C C B, C B A 

Linen FP Red E E E F, G E D, E D, E E F E, F 

Linen FP Green E E G G F F F F G E 

Linen ID Yellow D D D F C, D C D C E D 

Linen ID Red D C C F B B B B C C, D 

Linen MX Green A B A B A A A A A B 

Polyester FP Red A A A B A A B A C A 

Polyester FP Green B B C C B B C C D B 

             

  No statistical difference 

  Xylindein-dyed fabric colorfast to all treatments 

  Xylindein-dyed fabric colorfast to all treatments but light 
 

AR = acid reactive dye, FP = fungal pigment, ID = disperse dye, MX = fiber reactive dye 

Table 1. Overall Tukey HSD results for unmordanted fabrics.  
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Fabric Dye Color 

Pre-
Perspira-

tion 

Post-
Perspira-

tion 
Pre-

Wash 
Post-
Wash 

Pre-Wet 
crocking 

Post-Wet 
Crocking 

Pre-Dry 
Crocking 

Post-Dry 
Crocking 

Pre-
Light  

Post-
Light 

Rayon FP Red D C C D, E C, D C C, D C E D 

Rayon FP Green D C E D E D E D, E F C 

Rayon MX Green A B A B A B A B A B 

Silk AR Green G G H K G G F F H D 

Silk FP Red H I K L J I I H K B 

Silk FP Green J J L M K K J J L G 

Silk ID Yellow F E I J H H G G I J 

Silk ID Red C C E G, H D D D D, E E G, H 

Silk MX Yellow B B C D B C C C C K 

Silk MX Red A A A B A B A A, B F L 

Silk MX Green D D F G E F E E A M 

             

  No statistical difference 

  Xylindein-dyed fabric colorfast to all treatments 

  Xylindein-dyed fabric colorfast to all treatments but light 

 
AR = acid reactive dye, FP = fungal pigment, ID = disperse dye, MX = fiber reactive dye 

 

Table 1 (continued). Overall Tukey HSD results for unmordanted fabrics. 

  

AR = acid reactive dye, FP = fungal pigment, ID = disperse 
dye, MX = fiber reactive dye 
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Fabric Dye Color 

Pre-
Perspira-

tion 

Post-
Perspira-

tion 
Pre-

Wash 
Post-
Wash 

Pre-Wet 
crocking 

Post-Wet 
Crocking 

Pre-Dry 
Crocking 

Post-Dry 
Crocking 

Pre-
Light  

Post-
Light 

Wool AR Yellow C A, B A J B B B A, B B C 

Wool AR Red D B, C C H C C C C D F 

Wool AR Green F F G K F F E E G H 

Wool FP Red G, H G L M H G G F I I 

Wool FP Green H H M L, M I I H H J I 

Wool ID Red E B H I E E E E F H 

Wool MX Yellow E E E F D D D D, E E F 

Wool MX Red A A B D A A A A, B A B 

             

  No statistical difference 

  Xylindein-dyed fabric colorfast to all treatments 

  Xylindein-dyed fabric colorfast to all treatments but light 
 

AR = acid reactive dye, FP = fungal pigment, ID = disperse dye, MX = fiber reactive dye 

Table 1 (continued). Overall Tukey HSD results for unmordanted fabrics. 

 

  

AR = acid reactive dye, FP = fungal pigment, ID = disperse 
dye, MX = fiber reactive dye 
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Appendix C – Mordanted Tukey HSD Results for Colorfastness 

Fabric Dye Color 

Pre-
Perspira-

tion 

Post-
Perspira-

tion 
Pre-

Wash 
Post-
Wash 

Pre-Wet 
crocking 

Post-Wet 
Crocking 

Pre-Dry 
Crocking 

Post-Dry 
Crocking 

Pre-
Light  

Post-
Light 

Cotton FP Yellow I H G H, I I I H H I J 

Cotton FP Red G G, H F H H G G G G H 

Cotton FP Green I H, I I H, I K, L J, K I, J I J J 

Cotton MX Yellow C D C D C D C D C E 

Cotton MX Red A B A B A B A B A B 

Cotton MX Green E F D E E F E F D F 

Cotton NT Green G H J H L J, K J I J J 

 

  No statistical difference   Red disperse-dyed fabric colorast to all treatments but light 

  Xylindein-dyed fabric colorfast to all treatments   Yellow pigment-dyed fabric colorfast to all treatments 

  
Xylindein-dyed fabric colorfast to all treatments but perspiration 
or light   

Yellow pigment-dyed fabric colorfast to all treatments but 
perspiration 

 

AR = acid reactive dye, FP = fungal pigment, ID = disperse dye, MX = fiber reactive dye, NT = natural dye 

Table 2. Overall Tukey HSD results for mordanted fabrics. 
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Fabric Dye Color 

Pre-
Perspira-

tion 

Post-
Perspira-

tion 
Pre-

Wash 
Post-
Wash 

Pre-Wet 
crocking 

Post-Wet 
Crocking 

Pre-Dry 
Crocking 

Post-Dry 
Crocking 

Pre-
Light  

Post-
Light 

Hemp FP Yellow G E, F B, C 
B, C, D, 

E E E D, E D, E B, C B, C 

Hemp FP Red F E B E E D E D B, C C, D 

Hemp FP Green H F D, E C, D, E F F F F D B, C, D 

Hemp MX Yellow A B A B, C A A A A A A 

Hemp MX Green C D A B, C, D B C B C A D 

Linen FP Green E E E F E E E E F E 

Linen MX Red A B A B A B A B A B 

Linen MX Green C C C D C D C C C D 

Polyester FP Red A A A C B A A B A B 

Polyester FP Green B B B B C C C C A C 

Rayon FP Green E E C D B B D D E C, D 

Rayon MX Red A B A D A A A B A B 

Rayon MX Green C D B D B B C D C D, E 

             

  No statistical difference   Red disperse-dyed fabric colorast to all treatments but light 

  Xylindein-dyed fabric colorfast to all treatments   Yellow pigment-dyed fabric colorfast to all treatments 

  
Xylindein-dyed fabric colorfast to all treatments but perspiration 
or light   

Yellow pigment-dyed fabric colorfast to all treatments but 
perspiration 

 

AR = acid reactive dye, FP = fungal pigment, ID = disperse dye, MX = fiber reactive dye, NT = natural dye 

Table 2 (continued). Overall Tukey HSD results for mordanted fabrics.  
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Fabric Dye Color 

Pre-
Perspira-

tion 

Post-
Perspira-

tion 
Pre-

Wash 
Post-
Wash 

Pre-Wet 
crocking 

Post-Wet 
Crocking 

Pre-Dry 
Crocking 

Post-Dry 
Crocking 

Pre-
Light  

Post-
Light 

Silk AR Yellow A D A I, J A B A B A C 

Silk AR Red A C B F B C C D B D 

Silk AR Green G H E H F, G G H I F G 

Silk FP Red I I I K I H, I L K I I, J 

Silk FP Green J J K K J J M M K J, K 

Silk ID Red E F C E C, D D, E E F D G 

Silk MX Yellow B D H I H H J J H H 

Silk MX Red A B D G D, E E, F F, G G, H E G 

Silk MX Green G H H J, K H H, I K K H I 

             

  No statistical difference   Red disperse-dyed fabric colorast to all treatments but light 

  Xylindein-dyed fabric colorfast to all treatments   Yellow pigment-dyed fabric colorfast to all treatments 

  
Xylindein-dyed fabric colorfast to all treatments but perspiration 
or light   

Yellow pigment-dyed fabric colorfast to all treatments but 
perspiration 

 

AR = acid reactive dye, FP = fungal pigment, ID = disperse dye, MX = fiber reactive dye, NT = natural dye 

Table 2 (continued). Overall Tukey HSD results for mordanted fabrics.  
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Fabric Dye Color 

Pre-
Perspira-

tion 

Post-
Perspira-

tion 
Pre-

Wash 
Post-
Wash 

Pre-Wet 
crocking 

Post-Wet 
Crocking 

Pre-Dry 
Crocking 

Post-Dry 
Crocking 

Pre-
Light  

Post-
Light 

Wool NT Red D, E F E G, H F G, H E, F F, G, H D, E F 

Wool AR Yellow A A D I F, G F, G, H E, F, G F, G, H C, D E 

Wool AR Red A A C H C, D E C D C E 

Wool FP Yellow H H I, J I, J I I I I H, I H 

Wool FP Green I H, I K J, K J I, J J I, J I H, I 

Wool ID Red C, D D, E D D, E G, H G, H G, H H D, E G 

Wool MX Yellow F G G, F H F F, G, H E E, F, G F F, G 

Wool MX Red B C B E, F C D, E B C, D B E 

Wool NT Yellow B E A D, E A B A B A C, D 

             

  No statistical difference   Red disperse-dyed fabric colorast to all treatments but light 

  Xylindein-dyed fabric colorfast to all treatments   Yellow pigment-dyed fabric colorfast to all treatments 

  
Xylindein-dyed fabric colorfast to all treatments but perspiration 
or light   

Yellow pigment-dyed fabric colorfast to all treatments but 
perspiration 

 

AR = acid reactive dye, FP = fungal pigment, ID = disperse dye, MX = fiber reactive dye, NT = natural dye 

Table 2 (continued). Overall Tukey HSD results for mordanted fabrics. 
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Appendix D – Fabrics dyed with wood-staining fungal pigments 

 

 

Figure 11. Mordanted and unmordanted rinse results for wood-staining fungal pigments.  
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Figure 11 (continued). Mordanted and unmordanted rinse results for wood-staining fungal 
pigments.  
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Figure 11 (continued). Mordanted and unmordanted rinse results for wood-staining fungal 

pigments. 



 

 

 


