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Abstract

:

Mold growth is a continuing issue when it comes to human health, as well as a growing concern in localized wood decay, as numerous ‘traditional’ molds have been found to have soft rotting capabilities. Mold inhibitors on the market are often synthetic; however, the fungal kingdom has a wide range of more ‘natural’ options. Pigments produced by many fungi have been found to be toxic to other fungi, especially soft rotting fungi. This study looked at the pigments produced by Talaromyces australis (red) and Penicillium murcianum (yellow) and their effect upon the growth and pigment production of two species of Trichoderma and two species of Penicillium. Penicillium murcianum pigment inhibited growth and pigment production of all tested species at 3 mg/mL and higher. Results from this study indicate that P. murcianum colorants have the potential to inhibit growth and pigment production against other select ‘mold’ fungi. This holds potential not only for the wood preservation industry, but for the greater natural dye industry, especially in the area of antimicrobial textiles.
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1. Introduction


Humans have a long history of using fungal pigments, both those derived from the fruiting form itself, and those produced by the hyphae directly. Some of the earliest uses include the red pigment from Monascus spp. for the red color in fermented rice products [1] and the blue-green spalted wood in German and Italian intarsia and marquetry, popular between the 1400s and 1600s [2,3,4].



While many fungi secrete extracellular pigments, the pigments vary in their structures and ‘abilities’. It is thought that many are anti-bacterial and anti-fungal, although some are known to play mechanical roles as well, such as protection from desiccation [5]. Many of the non-melanin based fungal pigments are quinones of some form, or very closely related. Some examples include yellow-brown fumigatin, a quinone from Aspergillus fumigatus Fresen [6,7,8,9], auroglaucin (orange-red), flavoglaucin (yellow), rubroglaucin (red) from Aspergillus glaucus (L.) [10], islandicin (green to red) from Penicillium islandicum Sopp. [11,12,13,14], xylindein (blue-green) from Chlorociboria species [15], and dramada (red-orange crystal) from Scytalidium cuboideum (Sacc. & Ellis) Sigler & Kang [16].



The antifungal properties of various Trichoderma species are so widely known that the pigments are utilized for applications such as textile dyeing [17,18], as well as Talaromyces australis C.M. Visagie, N. Yilmaz & J.C. Frisvad and Penicillium murcianum Ramírez & A.T. Martínez for wool textiles [19]. Antimicrobial pigments are of interest, especially to the textile industry, in terms of performance apparel that can prevent or minimize smells and potential fiber decay. Some fungal pigments, specifically the soft rotting ‘spalting’ pigments, have shown potential for colorfast textile dyes, such as the blue-green from Chlorociboria sp. and the red from Scytalidium cuboideum [20,21,22,23]. Some mold fungi have also been under investigation for textile dyes, among them Fusarium oxysporum Schlecht. emend. Snyder & Hansen) [24,25], Trichoderma virens [24], and Alternaria alternata (Fr.) Keissl. [17].



Mold fungi have traditionally been separated from decay fungi, although there is significant overlap between the two groups, particularly within the classification of soft rots (fungi that selectively decay the wood cell wall and cause localized damage) [26,27,28]. Specific pigments from soft rotting fungi are prized for their use in historic woodworks and are well known for their photostability. Unlike the stable blue-green of xylindein from the soft rotting fungi Chlorociboria species [15,29,30,31] or the melanin of soft rotting Xylaria polymorpha [32,33,34], the stability of these more traditional ‘mold’ pigments is understudied. Despite this, the benefit of using mold fungi pigments for dyeing instead of the more color-stable soft rotting pigments is in quantity generation. Mold fungi grow faster and produce more pigment in a shorter period than many soft rotting fungi [35]. There are also many more species to choose from. Hence, even though currently tested mold fungi may have less color stability, their growth rate and prevalence make them of continued interest. The purpose of this study was to look at the colorants produced by the common mold fungi Talaromyces australis (red) and Penicillium murcianum (yellow) for antifungal properties. If successful, the pigments, which have been tested for textile dying already (see previous citations), can move forward to testing for antimicrobial textiles. These colorants may also have use in wood preservation as a way to keep other mold fungi from potentially decaying wood in service.




2. Materials and Methods


2.1. Fungal Species


The fungal colorants used in this study were obtained from liquid cultures of Talaromyces australis C.M. Visagie, N. Yilmaz & J.C. Frisvad (strain TA2015) and Penicillium murcianum Ramírez & A.T. Martínez (strain PM2015). These microorganisms produced red and yellow extracellular colorants, respectively.



The cultures were obtained from Nothofagus sp. logs from central and southern Chile and isolated by the Hernandez lab in 2018. The extraction and quantification of the colorants followed protocols developed for textile dye production [19,28,36], i.e., cultivation in liquid media, followed by liquid/liquid extraction and drying to a powdered product. The colorants were re-solubilized to the five concentrations used in this study.



Four mold species were used: Penicillium verriculosum (strain M22), Penicillium magnanii (strain M38), Trichoderma sp. (strain M30), and Trichoderma sp. (strain M56). These species were selected based on their regular presence as a contaminating organism and their virulence. The species were sequenced, identified, and deposited in the publicly accessible Chilean Collection of Microbial Genetic Resources (CChRGM) of the Instituto de Investigaciones Agropecuarias (INIA Quilamapu, Chillán, Chile).




2.2. Incorporating Fungal Colorants to Culture Media


Colorants obtained from P. murcianum and T. australis were extracted with ethanol and then added to the media. A preliminary test identified that 1 mg/mL was the minimum concentration of colorants that exerted an inhibition effect on the test fungi. Consequently, five concentrations of colorant were used starting at 1 mg/mL with 1 mg/mL increments up to 5 mg/mL (Figure 1).



The dry colorants were diluted in 25 mL of ethanol and then added to 150 mL of 2% malt extract media. The media showed the typical color of each fungal colorant, red for T. australis and yellow for P. murcianum. The media was then autoclaved at 121 °C for 20 min, and 10 mL of media was distributed in Petri dishes 50 mm in diameter. Twelve 50 mm × 9 mm Petri dishes were prepared per concentration (Table 1).




2.3. Culturing and Monitoring


Three Petri dishes were cultured per concentration and three cultures without fungal pigment as the control. Each Petri dish was inoculated with a 3 mm diameter plug located in the center of the plate. The cultures were stored in an acclimatized chamber at 26 °C. The plates were incubated for 30 days. The growth area of the mycelium of each species tested was tested as the diameter of the area measured in millimeters in four stages: one day, three days, ten days, and thirty days after inoculation. This data was converted to an area in mm2. To compare the growth at the four stages of monitoring, the growth area was compared to the total area of the Petri dish, which was 1963.5 mm2. This value was analyzed in terms of the percentage of the total surface covered by the mycelium and based on the average of area per colorant concentration and colorant type.




2.4. Data Analysis


The dependent variable for this study was the growth of the mycelium of each of the four species tested, reported as an area in mm2. The independent variables were colorant type and colorant concentration. The colorant type was identified as PM for colorant obtained from P. murcianum and TA for colorant obtained from T. australis. Colorant concentration was expressed as 0 mg/mL for the control and from 1–5 mg/mL for the five concentrations used in this study. This data was analyzed using a two-way ANOVA, Tukey HSD, and Eta-Squared (η) for the effect size. The statistical analysis was conducted using R 4.2.0 [37] and RStudio 2022.02.0 [38].





3. Results and Discussion


All controls reached 100% plate coverage, although at different rates: P. magninii at 10 days, P. verruculosum at 30 days, and both Trichoderma sp. at one day. This showcases the different growth rates of the fungi, as well as showing the health and pure monocultures of the samples. Statistical breakdowns of the data can be found in the Supplementary Materials, along with other relevant graphs and charts that detail the more minute details that would otherwise be redundant in the main text (Table S1, Figures S1 and S2).



The most significant inhibition came from treatments with P. murcianum (Figure 2). At concentrations of 3, 4, and 5 mg/mL this fungus completely inhibited the growth of all tested fungi. The pigment(s) produced by P. murcianum have not yet been elucidated, although they have been used in numerous textile dyeing tests [19,28]. The unpurified pigments, which likely contain other mycotoxins, were found to be suitable for contact with human skin but still biologically active [39]. Without further elucidation of the pigment(s) it is hard to draw conclusions as to the mechanism of inhibition. However, numerous other articles show that inhibition between Penicillium species can inhibit the growth of other fungal species ([39,40,41], etc.). The antifungal effects appear to be indicative of the genus, and as such, are not surprising.



Treatment with T. australis had no significant effect on P. magninii, P. verruculosum, and Trichoderma strain M56. It inhibited 55% of growth (allowing 45% of plate coverage) with the Trichoderma strain M30 (Figure 2). The results varied heavily according to the species and treatment. Unlike P. murcianum, which showed steady behavior across the four tested species, T. australis showed erratic inhibition. It did completely inhibit, after 30 days at the highest concentration, P. magninii. It did not have a statistically significant inhibitory effect on any other species. The uncharacterized pigment produced by this fungus appears to be less effective as a Penicillium inhibitor. This is likely due to Talaromyces being a teleomorph of many Penicillium species [42]. Some fungi, such as Xylaria polymorpha, are antagonistic towards their own species and even their own strains [32], while others seamlessly coexist. Being closely related may have affected the antifungal efficacy of T. australis.



In general, Penicillium magninii was highly resistant to T. australis. Only the highest concentration was successful in inhibiting the growth of this species. In contrast, the treatments with P. murcianum were highly effective at lower concentrations. P. verruculosum, showed a very similar behavior to P. magninii in terms of being inhibited by lower concentrations of P. murcianum. However, it was not inhibited by any treatment concentration of T. australis. It showed an inhibitory effect in that as the concentration increased the growth decreased, but not to the point of total inhibition. Even the highest concentration of T. australis could inhibit the growth of this species. These results show that P. murcianum has potential as an antimicrobial pretreatment, specifically against traditional ‘mold’ fungi.



It was noticeable that the properties of the fungal colorants used in this study remained vibrant after being exposed to high temperatures (121 °C) and pressure in the autoclave. This is not the case for the more commonly utilized soft rotting ‘spalting’ fungal pigments, which are known to decolor at high temperatures [43]. The water miscibility and the resistance to higher temperatures of these ‘mold’ pigments help counterbalance their poorer stability when compared to spalting pigments [44]. Similar to spalting pigments, the ‘mold’ pigments will need to eventually be formulated into inks if they are to be of use to the textile industry [45]. Unfortunately, many ‘mold’ fungi require mordants to permanently adhere to fabric [46,47,48], which is another hurdle that must be overcome.



Laboratory-level research has already shown P. murcianum to successfully dye wool and to be safe for contact with human skin [28]. At this stage, the efficacy of the pigment is less important of a question than production. As with the production of spalting fungal pigments, generating the volume of pigment needed for testing was difficult [49]. Although the tested fungi grow more quickly and produce more pigment than most spalting fungi, they still do not routinely produce ‘industrial’ amounts. Future work will need to develop liquid media batch reactors or other sources and continue to manipulate media to maximize pigment production so that the use of P. murcianum can move into industrial textile use. In the more immediate future, the effectiveness of P. murcianum to inhibit Trichoderma will need to be tested directly on fabric, to make sure the antifungal properties transfer across substrates. It is also possible than in vivo testing may require a lower concentration of pigment to enact antifungal properties, as many natural textiles, such as cotton and wool, have limited antimicrobial properties.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/coatings12060821/s1, Figure S1: The treatment with P. murcianum at concentrations of 3, 4, and 5 mg/mL were highly significant. The treatment of colorant from T. australis and a concentration of 5 mg/mL showed similar behavior. The concentration of the colorant shows a large effect (0.64), while the type of colorant and its interaction with the concentration had a medium effect (0.08 and 0.07 respectively). Below shows distribution of growth area at different concentration of colorants from T. australis (red) and P. murcinaum (yellow). The concentrations are Control = 0 mg/mL, P1 = 1 mg/mL, P2 = 2 mg/mL, P3 = 3 mg/mL, P4 = 4 mg/mL, P5 = 5 mg/mL. (a) Growth area distribution of P. magninii; (b) Growth area distribution of P. verriculosum, Figure S2: Growth Inhibition of Trichoderma sp. (M30). The colorant type, the colorant concentration, and their interaction were statistically significant strain M30 (S1). The treatment with P. murcianum and concentrations of 3, 4, and 5 mg/mL were strongly significant. The treatment with T. australis colorant at concentrations of 4 and 5 mg/mL where significant within the treatment, however not as significant as the treatment with P. murcianum colorants at similar concentration. The concentration of the colorant shows a large effect (0.68), while the type of colorant and its interaction with the concentration had a medium and small effect (0.06 and 0.02 respectively). Below shows distribution of growth area at different concentration of colorants from T. australis (red) and P. murcianum (yellow). The concentrations are Control = 0 mg/mL, P1 = 1 mg/mL, P2 = 2 mg/mL, P3 = 3 mg/mL, P4 = 4 mg/mL, P5 = 5 mg/mL. (a) Growth area distribution of Trichoderma sp. (M30); (b) Growth area distribution of Trichoderma sp. (M56); Table S1: Growth Inhibition of Penicillium magninii. The colorant type, the colorant concentration, and the interaction of both variables was statistically significant in inhibiting the growth of P. magninii. Two-way ANOVA results for the interaction of colorant and colorant concentration are shown below.
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Figure 1. Dilutions of five different concentrations of T. australis (red labels) and P. murcianum (yellow labels). Control = 0 mg/mL, P1 = 1 mg/mL, P2 = 2 mg/mL, P3 = 3 mg/mL, P4 = 4 mg/mL, P5 = 5 mg/mL. 






Figure 1. Dilutions of five different concentrations of T. australis (red labels) and P. murcianum (yellow labels). Control = 0 mg/mL, P1 = 1 mg/mL, P2 = 2 mg/mL, P3 = 3 mg/mL, P4 = 4 mg/mL, P5 = 5 mg/mL.



[image: Coatings 12 00821 g001]







[image: Coatings 12 00821 g002 550] 





Figure 2. Interaction of colorant concentration of P. murcianum and T. australis, and mean growth area percentage of four mold species after 1 day, 3 days, 10 days, and 30 days of inoculation. The concentrations of colorant were C = Control, P1 = 1 mg/mL, P2 = 2 mg/mL, P3 = 3 mg/mL, P4 = 4 mg/mL, and P5 = 5 mg/mL. 
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Table 1. Treatments with five concentrations of colorants from Penicillium murcianum and Talaromyces australis incorporated in 2% MEA.
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Code

	
Concentration

	
Mold Species Tested at Each Concentration






	
Control

	
2% MEA

	
Penicillium magnanii (M22)

Penicillium verruculosum (M38)

Trichoderma sp. (M30)

Trichoderma sp. (M56)




	
P1

	
1 mg/mL colorant + 2% MEA




	
P2

	
2 mg/mL colorant + 2% MEA




	
P3

	
3 mg/mL colorant + 2% MEA




	
P4

	
4 mg/mL colorant + 2% MEA




	
P5

	
5 mg/mL colorant + 2% MEA
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