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a b s t r a c t 

The sterile conk caused by the infection of the basidiomycete Inonotus obliquus (Chaga) is an important 

source of bioactive compounds. However, its structure and biochemistry are only generally understood. 

Solid state 13 C NMR and FTIR spectroscopy have been utilized for the first time to investigate the sterile 

conk with non-invasive methods. The application of multivariate data analysis techniques and spectral 

distance algorithm to the obtained datasets showed clear distinction between the outer and inner layers 

of the sterile conk. Moreover, the sterile conk bark, compared to the inner layers, was spectroscopically 

more similar to wood tissues. The fungal tissue was proven to be concentrated below the bark. The sim- 

ilarity of the sterile conk inner layers to both decayed wood and hyphae of I. obliquus was shown by the 

multivariate data analysis of both spectra datasets. The spectroscopic data indicated lack of lignin degra- 

dation in the heart rot, except for demethoxylation, and a slight preference for hemicellulose degradation. 

Therefore, the results obtained suggest that the classification of I. obliquus as preferential lignin degrader 

(white-rot fungus) should be revised and clarified by further studies. 

© 2022 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Fungi are receiving increasing attention from the research com- 

unity as a source of bioactive compounds. Many species of inter- 

st are wood-decaying species, such as Ganoderma lucidum, Fomi- 

opsis pinicola , and Inonotus obliquus [1] . Due to their ecological 

ole, they are investigated also for biotechnological applications 

uch as bioremediation and biopulping [ 2 , 3 ]. Wood-decaying fungi 

re classified into three categories: white, brown, and soft. The 

lassification is based on morphological changes of the wood cell 

all, the type of degraded cell wall component, and, to a lesser 

xtent, the fungal taxonomy [4] . White-rot fungi degrade lignin, 

s well as cellulose and hemicelluloses, with a general preference 

or the first. There are two types of white-rot: “selective”, favor- 

ng lignin degradation, and “simultaneous”, with uniform degra- 

ation of all plant cell wall components. In the case of brown- 

ot, lignin is decomposed to a much lower extent, compared to 

ellulose and hemicelluloses. Polysaccharides are extensively hy- 
∗ Corresponding author. 
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rolyzed with slight alteration of the lignin matrix [ 4 , 5 ]. In soft-rot,

egradation of polysaccharides is generally preferred, while lignin 

s degraded to a lesser extent, and, in general, demethylated. Wood 

ecayed by brown-rot fungi becomes brittle, while soft-rot decay 

auses brash fractures and spongy texture. White-rot is caused by 

asidiomycetes and some ascomycetes, brown-rot is caused exclu- 

ively by basidiomycetes, and soft rot mainly by ascomycetes, al- 

hough it has been suggested that some basidiomycetes can switch 

etween white-rot and soft-rot types of degradation [ 4 , 5 ]. 

I. obliquus is a basidiomycetes of the family Hymenochetaceae 

Hymenochetales) of circumboreal distribution, usually found 

bove the 40th parallel north in United States, Canada, Scandi- 

avia, North-Eastern Europe, Baltic countries, Siberia, and North- 

rn China. It is an obligate parasite of the birch tree, classified as 

 white-rot fungi, producing yellow-brown resupinate basidiomes 

elow the birch bark only once in the life cycle, at the death of 

he host. Its most common feature is a black cracked-shape pro- 

rusion from the bark, resulting from the interaction between the 

ost and the parasite. I. obliquus penetrates the tree through open 

ounds and the sterile conk is formed at the site of the infection. 

his sterile conk, commonly called Chaga, is composed of sclero- 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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ial hyphae and wood [6] . The utilization of the sterile conk of I.

bliquus as traditional folk remedy goes back to the 16th century. 

ts extracts, in particular decoctions, have been used to treat a mul- 

itude of diseases, including gastro-intestinal and liver problems, 

uberculosis and other infections and cancer [7] . Starting from 

thnopharmacological evidence, multiple studies have focused on 

he bioactive components of I. obliquus , with a great deal of at- 

ention given to its polysaccharides. Over the years, the polysac- 

harides extracted from I. obliquus have been shown, among the 

vailable evidence, to scavenge radicals, to inhibit tumor growth in 

itro and in vivo , to activate macrophages and promote cytokine 

roduction, and in general to exert immunomodulative activity [8] . 

Despite the attention given to its components and bioactivities, 

he sterile conk of I. obliquus is in itself poorly understood. It is 

ormed at the inner periderm of the infection site, as the result of 

he pressure exercised by a wedge of fungal tissue on the outer 

ark. The pressure cracks open the bark, forming a protrusion of 

ecrotic tissue [9] . The growth of the sterile conk (1–2 cm/year) is 

nderstood as the result of the compartmentalization attempt of 

he host, a model elaborated by Biggs [10] . The barrier of lignified 

ood tissue formed around the infection site is penetrated or cir- 

umvented annually [9–11] . At the same time, the mycelium, while 

xercising pressure towards the outer bark, colonizes the wood to- 

ards the sapwood and heartwood [11] . This is the generally ac- 

epted development model but has never been subjected to chem- 

cal investigation. 

Different types of biomass have been studied with spectro- 

copic methods. Fourier Transform Infrared Spectroscopy (FTIR) is a 

apid and non-invasive or non-disruptive technology. It has the ad- 

antages of easy sample preparation and measurement and wide 

pplicability. FTIR provides information related to the presence or 

bsence of specific functional groups, as well as the chemical struc- 

ure of polymer materials. Shifts in the frequency of absorption 

ands and changes in relative band intensities indicate changes in 

he chemical structure or changes in the environment around the 

ample. FTIR has been applied to the analysis of polymeric sub- 

tances, such as cellulose and hemicellulose [ 12 , 13 ], starch [14] ,

nd chitin [15] . It has also been used to obtain structural finger- 

rints of biomass. In particular, it has been applied to the study of 

he effects of fungal degradation on the chemical structure of wood 

16] . Cross polarization magic angle spinning nuclear magnetic res- 

nance spectroscopy ( 13 C CPMAS NMR) is another non-invasive 

echnique, utilized for the analysis of solid samples. It is a common 

nalytical method for the study of wood and wood components 

17] . It has also been applied to the study of mushrooms [18] and

hitins [15] . Importantly, it is a common technique for the study 

f fungal degradation of wood. This technique has been applied to 

he investigation of wood decay both by white-rot and brown-rot 

 19 , 20 ]. To increase further the value and potential of these tech-

iques, multivariate statistical methods can been applied to FTIR 

nd 

13 C CPMAS spectroscopic data to identify similarities and dif- 

erences between the samples and reduce the complexity of the 

ataset. The most common statistical method utilized with spec- 

roscopic data for these purposes is principal component analysis 

PCA), which has been applied to FTIR data obtained from wood of 

ifferent geographical origin [21] , from pretreated wood [22] , from 

emicelluloses [12] , and fungal polysaccharides [23] . In addition, 

CA has been applied to 13 C CPMAS datasets obtained from wood 

fter thermal and brown- or soft-rot degradation [24] , from wood 

f different geographical origin [17] , from calcium alginates [25] , 

nd from dissolving pulp [26] . 

The objective of the present study was to investigate the na- 

ure of the sterile conk of Inonotus obliquus utilizing non-invasive 

ethodologies and to verify the dated model proposed by Biggs 

10] . The understanding of the starting material is becoming more 

elevant due to increasing attention to the sterile conk harvesting 
2 
fter artificial inoculation in birch stands [ 27 , 28 ]. Moreover, a pref-

rence to the inner layers of the sterile conk as a resource of fungal 

olysaccharides has been reported but without a clear prior chem- 

cal justification [29] . At the same time, while the birch wood col- 

nized and degraded by I. obliquus has been considered as a re- 

ource of polysaccharides, including fungal β-glucans [30] , the na- 

ure of the decay caused by the fungus has not been previously 

nvestigated. 

. Materials and methods 

.1. Starting material 

The stem section of a silver birch ( Betula pendula ) infected with 

. obliquus and analyzed in this study was obtained from the mu- 

icipality of Lieto (South-West Finland) after tree felling. A sterile 

onk of about 20 cm length, protruding from the same tree, about 

0 cm above the upper stem cut, was collected as well. A commer- 

ial sample of ground sterile conk of I. obliquus (henceforth called 

ommercial Conk) was obtained from Eevia Oy (Seinäjoki, Finland). 

Mycelium and aerial hyphae were obtained, for comparison 

urposes, from a strain of I. obliquus, previously isolated from a 

terile conk. The strain was maintained on potato-dextrose-agar 

PDA) slants at 30 °C and aerial hyphae were collected from the 

lants using a sterilized cutter and oven dried at 80 °C. The 

ycelium of I. obliquus was cultivated in 200 mL aqueous medium 

fter seeding about 1 cm of agar slant. The cultivation medium 

ontained (g/L): glucose 15; maltose 15; peptone 2; beef extract 

.3; MgSO 4 ·7 H 2 O 1.5; KH 2 PO 4 3; vitamin B1 0.01. The medium

as kept at 27 °C with a rotation speed of 140 rpm. At the end

f the cultivation time, the mycelium was filtrated with a 30-mesh 

ieve, washed with double-distilled water, oven dried at 80 °C for 

 h, and ground in a mortar to about 3 mm particles [31] . 

.2. FTIR 

.2.1. Sampling 

The cut birch stem was sampled on the upper surface, starting 

rom the bark and towards the heart rot, carving at approximately 

 cm of distance. Samples of outer bark, phloem, sapwood, and 

eart rot were collected with a clean chisel. Spectra were recorded 

rom the samples as such by pressing them against a cleaned dia- 

ond ATR crystal using about 22 N of force with the sapphire force 

pplicator. Clean crystal, with no force applied, was used as refer- 

nce. A section of sterile conk was carved and small sections were 

ampled using a clean lancet. Sectioning was based on macroscop- 

cal differences among layers. Commercial Conk, ground mycelium 

nd aerial hyphae were analyzed as such. 

.2.2. Data acquisition and pretreatment 

FTIR spectra were recorded using a Bruker Vertex 70 spectrom- 

ter (deuterated tryglycerin sulfate detector (DTGS)) equipped with 

 single bounce (angle of incidence 45 ̊) attenuated total reflection 

ATR) accessory (VideoMVP, Harrick), employing a diamond hemi- 

phere with a crystal surface of 0.5 mm 

2 . Spectra were recorded 

n duplicate, sampling the region 180 0–70 0 cm-1 with a spectral 

esolution of 2 cm 

−1 . For each spectrum, 128 scans were aver- 

ged. The ATR correction was performed with the OPUS software 

Bruker Optik GmbH, Germany) and the data were exported. The 

pectral baseline was corrected and intensities were normalized to 

he most intense wavenumber (about 1080 cm 

−1 ) using the Origin 

016 software. The data was then imported into RStudio [32] and 

he following steps were taken: The second derivatives of the spec- 

ra were calculated (package signal ) and smoothed (Savitzky-Golay 

lter with 19 smoothing points). Positive values were replaced by 

 to preserve only peak information in the dataset and the signal 
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Fig. 1. Solid state 13C CPMAS spectra of mycelium (black), aerial hyphae (red), and 

sterile conk (green) of I. obliquus samples, together with birch phloem (blue), sap- 

wood (blue), and heart rot (cyan) samples. Commercial Conk sample is highlighted 

in dark green. 
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ntensities were normalized to the range −1–0 (package BBmisc ). 

fter removal of wavenumbers with no variance, data were sub- 

itted to principal component analysis (PCA). 

.3. 13 C CPMAS NMR 

.3.1. Sampling 

Different from FTIR, cross-polarization magical angle spinning 
3 C NMR spectroscopy required up to 0.1 g of sample. Therefore, 

o precise layer sampling could be performed. Samples of outer 

ark, phloem, sapwood, and heart rot were collected with a clean 

hisel. Sections of the sterile conk were carved at approximately 

 cm of distance, sampling from the black bark towards the cen- 

er of the proximal margin between the conk and the tree. All the 

arved samples and aerial hyphae samples were ground before 13 C 

PMAS NMR analysis. 

.3.2. Data acquisition and pretreatment 

Cross-polarization magical angle spinning 13 C NMR spectra 

ere obtained with a Bruker AVANCE-III HD 400 MHz spectrom- 

ter. The powdered samples were spun at 14 kHz spin rate in 

 Bruker 1 H broadband double-resonance 4 mm CP MAS probe. 

he proton 90 ° high-power pulse was 2.9 μs and contact time 

 ms. The recovery delay time was set to 2 s and 10,0 0 0 scans

ere accumulated. The phase and baseline of the spectra were cor- 

ected with Bruker TopSpin software and exported. The 13 C CP- 

AS spectra published by Santoni and coworkers [17] were used 

s reference for the baseline. 13 C CPMAS spectra were then binned 

frequency ratio 10) and their intensities were normalized to 0–1 

ange. The crystallinity index of the sample cellulose was calcu- 

ated from the 13 C CPMAS NMR spectra according to Wikberg and 

aunu [33] . The methoxyl content of the lignin in wood and sterile 

onk samples was calculated using the calibration curve reported 

y Evstigneyev and coworkers [34] . Spectroscopic data were then 

mported in RStudio [32] and submitted to principal component 

nalysis. 

.4. Principal component analysis and spectral distance 

Principal component analysis was performed using the package 

hemoSpec . The s-plot function was used to determine the most in- 

uencing variables of the first three principal components, which 

ere represented by the extremes of the plot (Hanson B., per- 

onal communication). Therefore, frequencies situated below the 

0th percentile or above the 90th percentile of the plot axes were 

elected and used for the interpretation of the data. The spectral 

istance between samples was computed with the same package 

nd grouped by sample class comparison. For example, each dis- 

ance between a mycelium spectrum and birch heart rot spectrum 

as labeled “Heart rot vs Mycelium”. Kruskal-Wallis and pairwise 

ilcoxon tests (package car ) were used to assess significant dif- 

erences in the averages of spectral distances among the sample 

lasses, i.e., whether there was a significant difference between the 

verage distances of “Heart rot vs Mycelium” and “Mycelium vs 

apwood”. 

. Results and discussion 

.1. 13 C CPMAS NMR spectroscopy 

The 13 C CPMAS NMR spectra of I. obliquus mycelium, aerial 

yphae, and sterile conk samples, in addition to the spectra of 

hloem, sapwood and heart rot of infected birch, are reported in 

ig. 1 . 

The spectra showed clear differences between the different 

lasses of samples. The samples obtained from the sterile conk 
3

learly differed from the birch wood samples, in particular in the 

pectral area 120–180 ppm. The carbon distribution of the sam- 

les, crystallinity index, and the lignin methoxyl content were cal- 

ulated from the spectroscopical data and are reported in Table 1 . 

Samples obtained from the sterile conk had the highest amount 

f aromatic carbon and, together with mycelium and hyphae sam- 

les, of carbonyl carbon. The undecayed sapwood samples had 

he highest content of carbohydrate backbone (60–90 ppm) carbon 

nd, together with heart rot, of anomeric carbon. The sterile conk 

amples had the lowest amounts of carbohydrate backbone carbon. 

he spectroscopical data were submitted to principal component 

nalysis (PCA) for better visualization of the chemical similarities 

nd differences among the samples. The score and loading plots 

esulting from the analysis are shown in Fig. 2 . 

The PC1 vs PC2 plot, which already represented 70% of the data 

ariance, showed that PC1 (48% of total variance) distinguished the 

terile conk samples from the rest of the dataset. The second prin- 

ipal component, on the other hand, grouped the cluster made of 

apwood, phloem and heart rot samples with only certain samples 

btained from the sterile conk, while the other sterile conk sam- 

les grouped on the other side of the component with the cluster 

f mycelium and aerial hyphae samples. The sterile conk samples 

hat grouped with, and were therefore more similar to, birch wood 

nd cultivated fungal tissue, were the yellow surface and the bark 

amples, respectively. In the PC2vsPC3 plot ( Fig. 2 ), the third prin- 

ipal component grouped the sterile conk bark samples with the 

ycelium and aerial hyphae samples, indicating the presence of 

pectral similarities. The loading plots of PC1, PC2, and PC3, indi- 

ating which chemical shifts were responsible for the similarities 

bserved in the score plots, are reported as well in Fig. 2 . Notice-

bly, most of the significant chemical shifts of PC1 have negative 

oadings, indicating that the discrimination of the sterile conk sam- 

les from the other samples was based on the frequencies of the 

atter, except for the signal at 128 ppm. The assignments of the 

0% most important frequencies of the PCA loadings are reported 

n Table 2 . 

The PCA model was mainly affected by the spectral region 

f the carbonyl and aromatic signals (170–110 ppm) and by the 

olysaccharide structure signals (110–60 ppm). The chemical shifts 

t around 128 ppm, assigned to the unsubstituted carbon of aro- 

atic moiety, positively correlated with the sterile conk sam- 
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4 
les. Signals that are typically assigned to lignin, such as those 

t 152 ppm and 143 ppm [ 17 , 24 , 33 ], correlated as well with the

terile conk. However, these signals are produced by etherified 

nd free hydroxyl positions of aromatic units, therefore phenolic 

ompounds could also be ascribed for these signals [20] . The sig- 

al around 104 ppm, assigned to β-anomeric polymers (i.e., cellu- 

ose) was relevant for both PC1 and PC2, but while for the earlier 

ts loading was almost zero, for the latter the loading was neg- 

tive. Therefore, the signal distinguished birch wood and sterile 

onk bark samples from the others ( Fig. 2 ). The α-anomeric sig- 

al, on the other hand, had a positive loading on both PC1 and 

C2, therefore correlating with the sterile conk surface. Likewise, 

he PC1 and PC2 loadings of O-substituted C6 signal (69 ppm) cor- 

elated with the sterile conk surface samples. However, the load- 

ngs were determinant only for PC2. This signal can be observed 

n fungal polysaccharides such as β-glucans, α-mannans, and α- 

alactans [ 35 , 36 ]. The β-glucans and α-galactans were identified 

n the extracts of mycelium and sterile conk of I. obliquus [30] and 

re among the main compounds of interest produced by this fungi. 

he signals assigned to C4 of crystalline and amorphous cellulose 

88 and 82 ppm, respectively) correlated with the birch wood sam- 

les and with the sterile conk bark. This observation is supported 

y the calculation of the cellulose crystallinity index, which signifi- 

antly decreased only in the sterile conk surface samples ( Table 1 ). 

he backbone polysaccharide signals, in particular at 71 ppm (C2, 

3, and C5 of cellulose and hemicellulose), correlated with birch 

ood and sterile conk bark, highlighting their higher relative in- 

ensity compared to the other samples, except at 60 ppm, which 

orrelated specifically with the sterile conk yellow surface. The lat- 

er signal could be assigned to C6 of α-glucans, such as glyco- 

en, or β-(1,3)-glucans. The chemical shifts at around 172 ppm 

ad a clear correlation with the sterile conk surface samples. These 

ignals could be however assigned to the carbonyl of both ester 

nd amide [ 17 , 18 , 37 ]. The extracted and normalized 

13 C CPMAS

MR spectral area 190–140 ppm of mycelium, aerial hyphae, ster- 

le conk, and heart rot samples is reported in Fig. 3 . 

All the spectra showed the peak around 143 ppm, which de- 

ermined the position of the sterile conk surface samples on PC3, 

nd the peak around 152 ppm, which correlated with the ster- 

le conk bark ( Fig. 2 and Table 2 ). Moreover, the sterile conk sur-

ace and aerial hyphae samples showed peaks at around 157, 159, 

61, and 165 ppm. These peaks could be assigned to compounds 

f the stirylpyrone class [ 38 , 39 ], which have been isolated from 

terile conk and mycelium of I. obliquus and from other Inono- 

us spp. and have shown multiple biological activities, including 

nti-oxidant, citotoxic and anti-inflammatory [ 40 , 41 ]. The sterile 

onk samples showed a strong peak at 173.6 ppm, while this peak 

hifted to 172.6 ppm in mycelium and aerial hyphae samples and 

o 171.9 ppm in the birch heart rot samples (close to the 171.1 ppm 

ignal of sapwood, not shown). This peak, which was ascribable to 

cetyl or amide carbonyl, overlapped with the signal at 178 ppm, 

hich, on the other hand, was ascribable to the carboxylic moi- 

ty. Noticeably, the carboxyl group signal was the strongest in the 

terile conk bark samples ( Fig. 3 ). 

.2. FTIR 

The FTIR spectra collected from the sterile conk, mycelium, and 

erial hyphae of I. obliquus and from the sapwood and heart rot of 

irch infected by I. obliquus are reported in Fig. 4 a. 

The present study focused on the mid IR region, 1800–750 

m 

−1 . The samples showed clear differences in the wavenumber 

ntensities after ATR correction and normalization. The undecayed 

irch samples (light blue) showed the typical absorbance bands in 

he 1640–1595 cm 

−1 region ascribable to absorbed moisture and 

ignin skeletal vibrations. This typical pattern was absent in the 
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Fig. 2. Score (a) and loading (b) plots of the PCA of the 13 C CPMAS spectra dataset. Commercial Conk sample is highlighted in dark green. 

Table 2 

Loading assignments of the PCA model obtained from 

13 C CPMAS data. 

Principal component Chemical shift (ppm) Position on principal component Structural assignment ∗

PC2 172 + C = O Ester, amide 

PC2 152 – C = C Etherified position aromatic unit 

PC3 143 – C = C Free hydroxyl position aromatic unit 

PC1 128 + Unsubstituted aromatic C = C 

PC3 115 – Unsubstituted aromatic C = C 

PC1, PC2 104 – β-glycosydic linkage 

PC2 99 + α-glycosydic linkage 

PC1, PC2 88 – C4 crystalline cellulose 

PC2 82 – C4 amorphous cellulose, C4 hemicellulose 

PC1, PC3 71 -, + C2, C3, C5 cellulose, hemicellulose 

PC2 69 + C6 O-substituted 

PC3 65 + C6 cellulose, hemicellulose 

PC1 63 –

PC2 62 –

PC3 61 + 

PC2 60 + 

PC3 57 + O C H 

PC2 29, 23 + Saturated carbon chain (lipids, proteins) 

PC1 19 – CO C H3 

∗ Refs. [ 17 , 33 ]. 
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terile conk samples (green), while strong absorbance bands due 

o aromatic vibrations were present. On the other hand, the spec- 

ra recorded from cultivated I. obliquus (black and red for mycelium 

nd aerial hyphae, respectively) showed the clear protein signal at 

639 cm 

−1 . A detailed study of the frequencies of the absorption 

ands of the dataset was performed using the second derivate of 

he obtained FTIR spectra. The intensities (0 – −1) of the second 

erivatives are reported in Fig. 4 b, coupled with a hierarchical clus- 

er analysis. While the indication of the wavenumbers determining 

he clustering is absent from Fig. 4 b, groupings in the dataset were 

ighlighted, indicating similarities and differences among the an- 

lyzed samples. The function used the default Euclidean distance. 

he birch wood (birch softwood) samples clustered separately from 

he rest of the dataset. In the rest of the samples, birch wood 

phloem) and some sterile conk samples (layer 2, Supplementary 

ig. 1) separated from the others, which on the other hand sep- 

rated into two groups, one containing sterile conk (layer 1) and 

eart rot samples, the other containing sterile conk, aerial hy- 

hae, and mycelium samples. Therefore, hierarchical cluster anal- 

sis of the second derivatives indicated that some sterile conk 

ampled layers were more similar to cultivated I. obliquus than to 

ood. These similarities were further investigated with the princi- 
5 
al component analysis, which allowed also the identification of 

he most important wavenumbers influencing the separation of 

he samples. The resulting score and loading plots are reported in 

ig. 5 a,b. The numbering of the sterile conk sample followed the 

umbering of the different layers identified visually in the sampled 

ection (Supplementary Fig. 1). 

The PC1vsPC2 plot represented in total 82% of the dataset vari- 

nce, with PC1 representing already 65%. The PCA clearly showed 

he separation of the birch wood samples from the rest of the data 

et, which was marked by PC1. In Fig. 5 a, samples from cultivated 

. obliquus and sterile conk samples are situated opposite to birch 

ood samples. Stem phloem samples grouped together with the 

terile conk samples layer 2, close to the middle of PC1. Not only 

he spectra of these samples were similar, but also layer 2 of the 

terile conk section was macroscopically similar to birch phloem. 

he birch sample closest to the sterile conk samples in Fig. 5 a was

aken from the birch bark, while the adjacent sterile conk sample 

as taken from the outer black bark. In the same plot, heart rot 

nd the Commercial Conk sample grouped together and layers 6 

nd 7 of sterile conk were close to this group. The third principal 

omponent represented only 8% of the total variance, adding there- 

ore little information. However, in the PC1 vs PC3 plot ( Fig. 5 a)
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Fig. 3. Focus on the 140–185 ppm region of the solid state 13C CPMAS spectra of mycelium, aerial hyphae, and sterile conk of I. obliquus . Spectra were smoothed and 

normalized. Commercial Conk sample is highlighted in dark green. 

Fig. 4. (a) ATR-FTIR spectra of mycelium (black), aerial hyphae (red), and sterile conk (green) of I. obliquus samples, together with birch phloem (blue), sapwood (blue), and 

heart rot (cyan) samples; Commercial Conk sample is highlighted in dark green. (b) HCA of the second derivative of the ATR-FTIR dataset. 
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t

r

he grouping of aerial hyphae, mycelium, and sterile conk samples 

layers 3, 4, and 5, Supplementary Fig. 1) was clearly visible. These 

amples had however scores of PC3 similar to the birch wood sam- 

les. The loading plots reporting the most determinant variables 

or the position of the samples on PC1, PC2, and PC3 discussed be- 

ore are reported in Fig. 5 b. The position of the birch wood samples

as determined by the frequencies 1634, 1551, and 1082 cm 

−1 , 

hich are ascribable to O-H, aromatic C = C, and C-O bonds, re- 

pectively. The peculiarity of the first two was noticed also in the 

isual comparison of the FTIR spectra ( Fig. 4 a). The cluster made 

y the heart rot, phloem, and sterile conk bark samples on PC2 

as determined by the wavenumbers 1610, 1443, and 1385 cm 

−1 , 

hich could be assigned to the vibrations of aromatic C = C, COOR, 

nd C-H bonds, respectively. The position of the sterile conk sam- 

les in the lower left quadrant of PC1vsPC2 was determined by 

he wavenumbers 1113 (C-O-C), 1053 (C-O), and 976 (C-O) cm 

−1 . 

he position of mycelium and aerial hyphae samples was deter- 
6 
ined mainly by amide (1589 cm 

−1 ) and C-O-C (1161 cm 

−1 ) bands 

 Table 3 ). 

The obtained model discriminated the undecayed birch wood 

rom the rest of the dataset. A second PCA model was computed 

xcluding birch bark, phloem (including the samples found in the 

terile conk), and sapwood, to further assess the spectroscopical 

imilarities between the different layers of the sterile conk, de- 

ayed wood and cultivated I. obliquus . Score and loading plots of 

he second model are reported in Fig. 5 c,d, respectively. The first 

rincipal component (37% of total variance) discriminated between 

he heart rot and cultivated I. obliquus samples. Noticeably, the 

osition of the sterile conk samples was not homogenous, some 

ayers positioned closer to mycelium and aerial hyphae samples, 

hile others were closer to heart rot. Particularly, layers 3, 4, and 

 grouped together with cultivated samples. On the other hand, 

he sterile conk layer 1 (black bark) grouped together with heart 

ot samples. The remaining layers were close to the heart rot sam- 
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Fig. 5. Score (a) and loading (b) plot of the PCA of the whole ATR-FTIR spectra dataset; score (c) and loading (d) plot of the PCA of the ATR-FTIR spectra dataset without 

undecayed samples. Commercial Conk sample is highlighted in dark green. 

Table 3 

Loading assignments of the PCA model obtained from ATR-FTIR data. 

PC1 PC2 PC3 

wavenumber position assignment wavenumber position assignment wavenumber position assignment 

Model from whole dataset 

1634 + O-H 1666 + amide 1734 + COOR 

1589 – amide 1610 – C = C aromatic 1657 - amide 

1551 + C = C aromatic 1524 + C = C aromatic 1445 + COOR 

1421 – C-H 1443 – COOR 1427 - C-H 

1369 – C-H 1385 – C-H 1383 + C-H 

1161 – C-O-C 1207 + C-O 1175 + C-O-C 

1150 + C-O-C 1113 – C-O-C 1153 - C-O-C 

1082 + C-O 976 – C-O 1047 - C-O 

1053 – C-O 964 + C-O 991 - C-O 

997 + C-O 800 + α-linkage 972 + C-O 

Model from dataset without undecayed samples 

1589 – amide 1684 + ketone 1736 - COOR 

1549 + C = C aromatic 1657 – amide 1718 - COOH 

1456 – C-H 1628 – O-H 1651 + amide 

1165 – C-O-C 1558 + amide 1628 - O-H 

1150 + C-O-C 1474 + C-H 1313 + C-H 

1078 + C-O 1450 – C-H 1177 - C-O-C 

995 + C-O 1302 + C-O 1047 + C-O 

1088 – C-O 1011 - C-O 

1070 + C-O 

1024 – C-O 

p

t

h

n

t

t

c  

P

s

w

1

g

h

l

1

O

b

t

les but about at the center of PC1. Their position would suggest 

hat these samples were spectroscopically similar to both the birch 

eart rot and cultivated I. obliquus . The second principal compo- 

ent (14% of total variance) grouped together these samples, al- 

hough the cluster was less clear, compared to the other two. In- 

erestingly, on PC2 the sterile conk samples 3, 4, and 5 positioned 

loser to aerial hyphae than to mycelium ( Fig. 5 c). The PC1 vs

C2 loading plot ( Fig. 5 d), the clustering of the aforementioned 

terile conk samples and aerial hyphae was determined by the 
7

avenumbers 1589 (PC1), 1456 (PC1), 1450 (PC2), 1165 (PC1), and 

024 (PC2) cm 

−1 . These wavenumbers were assigned to the amide 

roup and C-H, C-O-C, and C-O bonds, respectively. On the other 

and, the positions of birch heart rot and sterile conk remaining 

ayers on PC1 were determined by the wavenumbers 1549, 1150, 

078, and 995 cm 

−1 , which were ascribable to aromatic C = C, C- 

-C, and C-O, respectively ( Table 3 ). Particularly, the wavenum- 

ers 1165 and 1024 cm 

−1 can be assigned to fungal glucans, while 

he wavenumbers 1150 and 1068 cm 

−1 can be assigned to hemi- 
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Fig. 6. Boxplot of the spectral distances between sample classes in the 13C CPMAS (a) and ATR-FTIR (b) spectra dataset. Different letters mark significant difference ( p < 0.05). 

(c) Spectral distance of sterile conk samples from aerial hyphae, mycelium, and birch heart rot in function of the sampling distance from the bark. ∗Sample absent from ATR- 

FTIR dataset. 
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elluloses [ 13 , 42 , 43 ]. Infrared spectroscopy, differently from NMR, 

learly grouped the inner sterile conk layers and aerial hyphae ac- 

ording to the amide signal. This indicated higher abundance of 

ungal tissue below the bark but suggests also higher presence of 

olymers of interest, as the layers correlated with fungal glucan 

ignals, in accordance with 

13 C CPMAS data. 

.3. Spectral distance 

For both the 13 C CPMAS NMR and FTIR datasets, the Pearson 

istances between each pair of spectra were computed using the 

ampleDist function of the ChemoSpecUtils package. The Pearson 

istance has a range 0–1: samples with distance closer to zero 

ave high similarity, while a distance of zero indicates identity 

f the two spectra. The obtained matrixes were divided by sam- 

le class comparison. The classes “Conk_bark” and “Conk_surface”

ere used in the data analysis of the 13 C CPMAS NMR data due 

o the separation of the samples in the PCA, while the labels 

Conk_bark” and “Conk” were used for the FTIR dataset. Phloem 

nd sapwood were considered as two separated classes. Compari- 

on within the same class was considered as well and was labeled 

s “within”. Our investigation focused on the comparisons relevant 

o the investigation of the sterile conk of I. obliquus . The boxplot 

f the sample class comparisons are reported in Fig. 6 . The skew- 

ess, kurtosis, and variance of the spectral distance comparisons 

re reported in Supplementary Table 1. 

Different observations could be made regarding the spectral 

istance, and hence the similarity, of the samples taken from bark 

nd layers of sterile conk with birch heart rot, birch undecayed 

apwood, phloem, and cultivated I. obliquus . The boxplot of the dis- 

ances measured with the 13 C CPMAS NMR dataset is reported in 

ig. 6 a. The spectra of the sterile conk bark resulted equally distant 

rom birch heart rot and from the sterile conk surface. The sterile 

onk surface resulted, however, closer to the sterile conk bark than 

o the decayed wood and to the cultivated mycelium. On the other 

and, there was no significant difference in the distances between 

he sterile conk surface and its black bark and between the ster- 

le conk surface and aerial hyphae. Likewise, the distance between 

he sterile conk surface and the heart rot was equivalent to the dis- 

ance between sterile conk surface and aerial hyphae. At the same 

ime, the spectra of the sterile conk surface was significantly more 

imilar to aerial hyphae than to mycelium. Compared to the NMR 

pectra, different observations could be drawn from the distances 

bserved between the FTIR spectra ( Fig. 6 b). Infrared spectroscopy 

ndicated equal distances between the sterile conk bark, inner lay- 

rs (3–7), and the heart rot. At the same time, the distance of the 

terile conk layer from the black bark was equivalent to the dis- 

ance from the mycelium and the aerial hyphae. However, the FTIR 

ataset indicated, contrary to NMR spectroscopy, a higher similar- 

ty of the sterile conk layers with aerial hyphae than to heart rot, 

hile confirmed the higher similarity of the sterile conk internal 

ayers to the aerial hyphae, rather than to mycelium. 
8 
Since both datasets were obtained from samples carved from 

he bark towards the center of the sterile conk, it was possible 

o report the trend of the spectral distances of the samples from 

ycelium, aerial hyphae, and heart rot, in relation to the sampling 

istance ( Fig. 6 c). A decreasing distance from cultivated I. obliquus 

n the samples can be noticed, followed by an increase, moving 

urther from the bark. The samples taken from the surface of the 

terile conk for 13 C CPMAS NMR were taken at about 1 cm of dis- 

ance. Therefore, the reason of the sudden decrease of the spec- 

ral distance could be merely due to the sampling of a mycelium 

ranule in the amorphous structure [6] . The sampling for FTIR fol- 

owed visual differences in the layers and the samples taken were 

elow the black bark (except for the black-brown layer right be- 

ow, which was analyzed only by NMR spectroscopy). The observed 

hloem was excluded from Fig. 6 c. The similarity of the outer lay- 

rs with the aerial hyphae samples would indicate the presence 

f packed hyphae right below the bark, which in turn, as we have 

hown, was spectroscopically closer to birch wood. The hyphal col- 

nization would be then sparser in the inner layers of the sterile 

onk. There is no difference in the distance between these lay- 

rs and hyphae or heart rot. This was observed also in the PCA 

nalysis ( Fig. 5 c). While this has already been macroscopically de- 

cribed [6] , there are, to the best of our knowledge, no reports on 

he microscopical structure of the sterile conk of I. obliquus . Our 

ndings would confirm the model of conk formation proposed by 

iggs [10] , which has never been chemically verified with the ster- 

le conk of I. obliquus . Despite the importance of this nutraceutical 

esource, the research on its growth and development is lacking. 

Outer and inner sections of the sterile conk of I. obliquus have 

een considered distinct resources of biactive compounds only in 

 limited amounts of studies: Wold considered the inner layers 

s better source of polysacchardes [29] and Nakajima observed 

igher anti-oxidant activity in inner layer extracts [44] . Recently, 

im and coworkers found differences in the presence of bioactive 

erpenoids between inner and outer layers [45] . Our findings could 

xplain these differences. Moreover, the increased interest in the 

ultivation of the sterile conk with birch stands for industrial pur- 

oses gives higher importance to the understanding of its develop- 

ent and of the production of its bioactive compounds. 

The Commercial Conk sample has been included in the calcu- 

ation of the spectral distances in the datasets. Therefore, it was 

ossible to assess the spectral distance between the commercial 

ample and the different classes of samples studied in this work. 

he results are reported in Supplementary Fig. 4. In both FTIR 

nd 

13 C CPMAS NMR datasets, the farthest sample class was the 

ycelium, followed by aerial hyphae. In the first dataset, there 

ere no significant differences in the distances from mycelium, 

erial hyphae, and phloem. The sample classes closer to Commer- 

ial Conk were sterile conk bark and heart rot, with no significant 

ifferences. The inner layers of sterile conk and the sapwood were 

arther from Commercial Conk, however, without significant differ- 

nce from sterile conk bark and heart rot. Solid state NMR spec- 
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roscopy showed a different trend. Aerial hyphae samples were sig- 

ificantly closer to Commercial Conk, compared to mycelium, but 

he distance was the same as between Commercial Conk and sap- 

ood. Heart rot, phloem, and sterile conk surface were closer but 

ad statistically the same distance. The bark sterile conk had the 

hortest distance from the sample. This information is relevant be- 

ause it raises the question of the relative amounts of sterile conk 

ark and inner layers that would be present in Chaga products 

vailable from the market. Our results have shown the presence of 

ungal tissues mainly in the inner layers of the sterile conk. There- 

ore, bioactive compounds such as the β-glucans are expected to 

e present in higher amounts in the inner layers, where their 

hemical fingerprints have been observed. However, the amount of 

nner layers in the products would be influenced by factors such 

s dimensions (and therefore the age) of the sterile conk collected 

rom the forest. Further studies and the quantification of specific 

arkers of fungal colonization, such as fungal metabolites, would 

e required to establish a quantitative relationship between the 

resence of bioactive compounds and the amount of sterile conk 

ark in the commercial product. 

.4. Effect of I. obliquus degradation on birch wood 

The effect of I. obliquus degradation on lignocellulose biomass 

as studied by Xu and coworkers [46] . However, the study was 

erformed in submerged cultivation conditions using different 

traws as the lignocellulose supplement. In our study, the compar- 

son between degraded and undegraded wood was performed an- 

lyzing the heart rot caused by the fungus in a wild birch tree. In

he FTIR spectra, the clearest effect of I. obliquus colonization was 

he disappearance of the 1730 cm 

−1 band (COOR), which could be 

onnected to the degradation of hemicelluloses [47] , and the in- 

rease in intensity of the 1590 cm 

−1 band, which was ascribable to 

he deposition of phenolic compounds by the birch tissues. The in- 

rease in the intensity of this band would contradict the previous 

eport and the classification of I. obliquus as a white-rot fungus, 

ue to its production of ligninolytic enzymes [46] . The research on 

he topic is scant. However, experiments on wood colonization of 

nonotus hispidus have shown that, while the fungal host deposited 

olyphenolic compounds, the hyphae avoided the physical barriers 

nd the deposits of toxic substances [5] . These findings were also 

bserved in the present work. Moreover, little ligninolytic activity 

as observed during the colonization of wood, i.e., no reduction 

n the intensity of the aromatic signals. In addition, the relative 

ntensity of the 1640 cm 

−1 band increased, which would indicate 

he increase of conjugated ketone group, observed also in brown- 

ot and non-selective white-rot [16] . The FTIR spectra showed as 

ell the increase, although to a lesser extent, of the 1427 cm 

−1 

nd 1375 cm 

−1 bands, which Xu and coworkers have assigned to 

ignin monomer vibrations and C-H bending of cellulose and hemi- 

ellulose. The latter increase could be explained by the overlapping 

f C-H bending vibrations of hemicelluloses and fungal polysaccha- 

ides present in the heart rot [ 42 , 43 , 48 ]. The intensity of the aro-

atic C-O stretching signal at 1244 cm 

−1 increased in the same 

anner as the 1427 cm 

−1 band, further proving the increase in 

ignin/polyphenolic substance in the heart rot samples. Contrary 

o the fungal brown rot decay, no decrease in the carbohydrate 

ands were observed, including the anomeric signals at 898, 830, 

nd 805 cm 

−1 , except for the disappearance of the shoulder at 

round 985 cm 

−1 . This band could be assigned to pectic polymers 

nd hemicelluloses such as arabinogalactan or xyloglucan [ 12 , 13 ]. 

ince there is no clear reduction in the intensity of carbohydrates 

r lignin, it could be concluded that I. obliquus simultaneously de- 

ays the two polymers. The disappearance of the 985 and 1730 

m 

−1 bands suggested that I. obliquus has a slight preference for 

he degradation of hemicelluloses and pectic compounds. 
9 
To the best of our knowledge, this was the first time 13 C CP- 

AS NMR spectroscopy has been applied to the study of birch 

ood decay caused by I. obliquus . As reported in Table 1 , the ap-

lication of the lignin methoxyl content calibration curve obtained 

y Evstigneyev and coworkers [34] to our spectroscopic data indi- 

ated a decrease in the methyl content of lignin in the heart rot of 

irch. Lignin demethylation and hemicellulose degradation would 

e in agreement with the soft rot classification [5] . While, in the 
3 C CPMAS NMR spectra, the total carbon in the 5–45 ppm range 

ncreased from sapwood to heart rot ( Table 1 ), the intensity of the 

cetyl group decreased ( Fig. 1 ). The increase of the aliphatic car- 

on could be ascribed to the deposition of suberin as a defense 

echanism as it has been observed already in birch infected by I. 

bliquus [49] . On the other hand, the amount of carbonyl 13 C in- 

reased from sapwood to heart rot, although with high deviation. 

evertheless, some differences were observed: the sapwood lacked 

he 143 ppm peak (free hydroxyl position of the aromatic unit, 

able 2 ) and the shoulder around 178 ppm (COOH, Section 3.1 ). 

he lack of the 143 ppm peak is interesting, because it suggested 

he absence of demethylated lignin or of polyphenolic compounds 

ith free hydroxyl groups (such as lignans). The increase in the 

arboxylic carbon could be due to the synthesis of phenolic acids 

r similar molecules by the birch tissues. On the other hand, both 

rown- and white-rot decay have been shown to produce oxalic 

cid to degrade hemicelluloses and oxalate salts have been ob- 

erved in sections of colonized wood [5] . These spectroscopical 

ndings indicate that the classification of I. obliquus as white-rot 

ungus might not be adequate and its genomics should be investi- 

ated in more detail. The most recent genome analysis of this fun- 

us gave little insight on this aspect [50] , besides suggesting high 

arbohydrate degradation capacity, which would be in agreement 

ith the hemicellulose degradation observed in our study. 

. Conclusions 

Solid state 13 C NMR and FTIR spectroscopies have been applied 

or the first time to study the sterile conk of I. obliquus (Chaga). 

terile conk samples were compared to cultivated I. obliquus and 

irch heart rot caused by this fungus. The application of princi- 

al component analysis to the obtained datasets demonstrated that 

he sterile conk formation model of Biggs can be applied to Inono- 

us obliquus : the fungal tissue was concentrated below the black 

ark and hyphae spread in the birch wood towards the periderm. 

he black bark resulted, compared to the brown-yellow layers be- 

ow, spectroscopically more similar to wood tissues. The similar- 

ty of the layers below the bark to both decayed wood and hy- 

hae was shown by the multivariate data analysis of both spectra 

atasets and the use of the spectral distance algorithm. The spec- 

ra collected from the heart rot showed lack of lignin degradation, 

xcept for demethoxylation, and the slight preference for hemicel- 

ulose degradation, suggesting that the classification of I. obliquus 

s white-rot fungus should be revised by further studies. 
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