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Abstract

Tens of thousands of known mushrooms (incl. mycelia) represent, beside their nutritional
and economic value, a huge reservoir of biological active substances. A growing list of
publications reports beneficial or therapeutic health effects (e.g., immunomodulatory, lipid-
lowering, and antitumor properties) of so called “medicinal mushrooms”. Their potential
pharmacological properties, however, were not or still not sufficiently investigated.
Therefore, any novel approach that improves our knowledge on the medicinal relevance, as
well as quality control in the cultivation of medicinal mushrooms, should be welcome.

In the present study, 3-D surface mid-infrared (MIR) and near-infrared (NIR) microscopic
imaging as well as data analysis methods were combined to study 3-D molecular patterns of
the edible and potentially medicinal basidiomycete Hericium coralloides. For 3-D surface
measurements, spectral images from different planes within the surface layer of the
mushroom were acquired. We tested several evaluation processes and optimized the
methodology for use of complex infrared images to monitor 3-D molecular patterns in
fruiting body (basidioma) structures. It is demonstrated that 3-D surface MIR and NIR
microscopic imaging enables to gain a picture of the semi-quantitative distribution/location
of defined substance classes within the fruiting body. Such analyses might be useful for

quality and safety control in the production and consumption of medicinal mushrooms.
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1. Introduction

Fungi represent, concerning their number and species diversity, according to insects the
second largest taxonomic group of organisms on Earth and are far from being thoroughly
investigated. By now, more than 120000 species are known and annually 1800 new species
of fungi are described. According to current estimates, at least 1.5 million species of fungi
exist 2. In many respects the level of knowledge of already identified species is incomplete,
in which their potential pharmacological properties is insufficiently investigated >>. So far, it
is believed that only 16 % of the described species have (partly) been studied biochemically
4.

Natural products from fungi possess a promising potential in the development of new drugs
as well as in the search for environmentally friendly herbicides. Of particular benefit is the
ability of fungi to produce a variety of secondary metabolites, which — in contrast to primary
metabolites — are not considered to take a central role in energy production or cell structure.
Fungal secondary metabolites rather serve as scents and attractants or even as defence
mechanism against bacteria, viruses, insects, and competing-generating fungi, in which
several of these secondary metabolites are used as major drugs or herbicides °. Among the
well-studied fungi — mostly anamorphic Ascomycota and Basidiomycota — there are a few
that have turned out to be essential in human medicine (cf. penicillin from Penicillium
chrysogenum Thom ”®, cyclosporine from Elaphocordyceps subsessilis (Petch) G.H. Sung,

10, 11

J.M. Sung & Spatafora (= Tolypocladium inflatum W. Gams) , mevinolin from Aspergillus

12, 13 14-16

terreus Thom or Pleurotus ostreatus (Jacg.) P. Kumm. , taxol from Taxomyces

andreanae Strobel, A. Stierle, D. Stierle & W.M. Hess " 18

and asperlicin from Aspergillus
alliaceus Thom & Church **%). The variety of chemical compounds that have been detected
or isolated from fungi so far leads one to suspect that an enormous potential of
pharmacological and biomedical research is still available. Hence, more information about
bioactive fungal ingredients — in particular on metabolites of cultivable fungi — is welcome in
order to assess their relevance to medicine, as well as to improve their harvesting time and

23-2 . . .
>28 Consequently, a characterization of chemical components and structure-

culture quality
function relationships is desirable and promising. So far, the relatively few mushrooms

studied represent a vast source of biologically active ingredients, and therefore, among
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other scientific issues, a deeper characterization of structure—function relationships and
chemical components is still desirable.

In this study, the application of three-dimensional (3-D) surface mid-infrared (MIR) and near-
infrared (NIR) microscopic imaging is linked with data analysis methods in order to get a
deeper insight into structure-function relationships in the potentially medicinal and edible
fungus Hericium coralloides (Scop.) Pers. (Basidiomycota, Agaricomycotina).

Hericium fruiting bodies (basidiomata, ‘mushrooms’) or mycelia have long been used in
Traditional Chinese Medicine (TCM) to treat various diseases. Especially Hericium erinaceus,
which is taxonomically closely related to H. coralloides, has attracted great attention due to
its antimicrobial effect, anti-tumour immunomodulatory and lipid-lowering activities,
antioxidant properties, cytotoxic effect, the promotion of synthesis of neurogrowth factors
2 as well as the prevention of dementia % For that reason more information about
members of the genus Hericium is welcome to evaluate the efficiency of its representatives
and strains, also to improve mushroom yield and quality.

3-D images of basidiomata (fruiting bodies) or tissue specimens are extremely useful to
investigate such relationships. Conventional ways of generating such 3-D images are
computed tomography (CT), positron emission tomography (PET), and magnetic resonance
imaging (MRI), even if they have been rarely used for structural analysis of fungal tissues.
These methods, however, lack of information about the macromolecular composition in the
image contrast. Hence molecular imaging would provide a useful and novel alternative to
the conventional ways with the advantage of image contrast based directly on the
underlying macromolecular composition. The drawback of molecular imaging is the surface
sampling mode, precluding real time imaging of whole samples. An alternative is to build a
composite from 2-D images of adjacent sections or Z coordinates of a sample to get 3-D

31, 32

information . Regrettably, the available knowledge in this field is extremely sparse to

3336 are known. Thus, 3-D

date. Only few reports of 3-D infrared (IR) microscopic imaging
surface layer MIR and NIR microscopic imaging was achieved by reconstruction of 2-D
spectral images from different planes within the surface layer of a Hericium coralloides
basidioma. IR microscopic imaging is now regarded as attractive and promising analytical
tool for environmental mapping 7 precision farming 38 food quality evaluation 9 product
functionality *>**, determining the severity of plant diseases ** **, detecting defects ** and

contaminations *>*’, determining the distribution of certain chemical components 4852 3s
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367 |n this

well as detection and characterization of human malignancies in several tissues
study, MIR and NIR microscopic imaging is applied on a Hericium coralloides basidioma to
develop new tools for histo-anatomical analyses of fungal tissues and to study the
distribution of certain bio-molecules. Because 3-D surface MIR and NIR microscopic imaging
has not been applied until now to study fungal tissues, an important goal of this study was to
optimize measurement parameters and data analysis. To understand the signals of the
basidiome surface planes, the analysis of the spatial distribution of chemical constituents in
the fungal surface layers, which include the basidia as reproductive cells, is of prime
importance. On that account, a combined 3-D surface analysis based on 2-D spectral images
acquired from different tissue planes and 3-D surface rendering of the MIR and NIR dataset
was developed. Several algorithms for spectral interpretation were evaluated. Finally, the
efficiency of this 3-D approach to get novel insights into the anatomy and the

location/distribution of chemical substance classes in the basidiome is demonstrated and

discussed. A schematic diagram of the work flow is presented in Fig. 1.
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Figure 1 Overview of the application of 3-D surface MIR and NIR microscopic imaging to the
medicinal fungus Hericium coralloides. A dried and unstained basidiome sample is analysed by MIR
and NIR microscopic imaging to get a spatial distribution of different biomolecules (e.g., DNA,
proteins, peptides, lipids). A parallel taken photo of the specimen will be used to assign the different
anatomical structures of the sample by a mycologist. Overlay of all datasets will allow a 3-D

assignment of biomolecules to the different anatomical structures.
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2 Material and Methods

2.1 Tissue Preparation

Hericium coralloides basidiomes collected in a local forest near Innsbruck was used for this
study. Voucher material is deposited in the Mycological Collection of the Herbarium of the
University of Innsbruck (1B 20060500). One specimen from a fresh basidioma (319.77 mg
FW) including different orders of side branches was fixed with 3 % formaldehyde. After
fixation the specimen was critical-point dried (36.99 mg). The dried specimen (dimensions: x-
axis 171.0 mm, y-axis 6.2 mm, and z-axis 3.4 mm) was photographed for anatomical

reevaluation and comparison to the imaging results.

2.2 3-D Surface MIR and NIR Microscopic Imaging

Mid infrared (MIR) and near infrared (NIR) reflection measurements were performed at
room temperature using a Bruker Vertex 70 Fourier transform infrared (FTIR) spectrometer,
which was continuously flushed with dried air to minimize water-vapor background, coupled
to a Hyperion 3000 microscope equipped with a usual nitrogen-cooled MCT-D316-025
(mercury cadmium telluride) detector called single-element detector and a nitrogen-cooled
focal plane array (FPA) detector consisting of 64 x 64 MCT-D364 detectors. Visual image
collection was done via a charge coupled device (CCD) camera integrated in the microscope
stage motion and IR data acquisition.

The specimen was measured with a nominal lateral resolution of 50 um x 50 um per pixel for
each spot by mapping using a conventional MCT detector. MIR (detector range set from
4000 cm™ to 750 cm™) and NIR (detector range set from 7800 cm™ to 4000 cm™) spectra
were recorded with a spectral resolution of 8 cm™ with 16 co-added scans from a total
imaged area of 6200 um x 17100 um. Before each sample measurement, background
spectrum of a gold-coated substrate was recorded with a spectral resolution of 8 cm™ with
105 co-added scans to subtract the reference spectrum from the dataset automatically. Scan
rate and resolution were optimized to get a good signal to noise ratio of the recorded
spectra. For detailed information about detector theory, technology and current

developments the interested reader is referred to the cited literature 31,32,68
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To build a 3-D surface image, six image planes (500 um in distance) were scanned, including
the full range of features in the specimen under study. In this way 6 IR images were

generated, capturing the spectral variation of the fungal surface.

2.3 Data Processing

All spectral data processing and image assembling were performed using OPUS 6.5 software
(Bruker), The Unscrambler X 10.2 (Camo, Norway, Oslo) and CytoSpec™ software package
(www.cytospec.com, Hamburg, Germany). 3-D univariate chemical maps depicting a single
spectral feature and multivariate imaging analysis (MIAs) were generated by using
CytoSpec™ software, Fiji (http://fiji.sc/Fiji) and Amira 5.3.3 (Visage Imaging, Richmond,

Australia).

Principle component analyses (PCA)

Before principle component analyses (PCA) and image analysis it was necessary to remove
atmospheric absorptions and noise by using OPUS 6.5 software (Bruker).

PCA models were generated with The Unscrambler X 10.2 software, after atmospheric
correction and noise reduction. For PCA model generation, tissue type-associated spectra
were selected using the CytoSpecTM software. For this purpose, we evaluated the sample
and defined the regions of interest (ROls). Extracted spectra of ROIls were imported into The
Unscrambler X 10.2 software and underwent several data pretreatments (e.g., baseline

correction, normalization), before PCA model generation.

2-D MIR and NIR image analysis

For univariate image analysis as well as MIAs, 2-D IR images were loaded in the CytoSpec
software. Spectral quality test was performed to eliminate spectra from areas with poor
signal to noise ratio or without tissue. So, for further processing, a 400 for the minimal and
700 for maximal integrated intensity criterion in the wavenumber range of 5000 cm™ to
5330 cm™ was set. Remaining spectra were vector-normalized and smoothed (Savitzky-
Gloay, 13 smoothing points) in the wave number range 7600 cm™ to 750 cm™ before
univariate image analysis. These procedures lead to higher resolved peaks, eliminated

background slopes and reduced influence of intensity changes caused by differences in
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tissue density and roughness of the tissue ® The processed spectral datasets were used for
subsequent univariate image analyses and MIAs.

MIAs such as hierarchical clustering (HCA), k-means (KMC) clustering and fuzzy C-means
clustering (FCM) in the spectral ranges 6000 cm™ to 4200 cm™, 3000 cm™ to 2800 cm™ and
1800 cm™ to 850cm™ (fingerprint region) were used for data analyses. For detailed
information about univariate image analysis as well as MIAs theory and current

developments the interested reader is referred to the cited literature 2> 7%

3-D reconstruction of 2-D univariate and 2-D MIAs images

3-D univariate and MIAs models of the surface are constructed from the stack of images,
calculating x, y, and z coordinates for any point within the resolution of the scan, allowing
the reconstruction based on the underlying bio-chemistry. The 3-D univariate and MIAs
maps were rendered from a scalar volume field of absorbance values generated from 2-D IR
images stacked in Fiji and Amira. Furthermore, 3-D univariate maps and 3-D pseudo-colour
cluster images of MIAs were assembled and compared directly with the optical images
captured from the same sample. The different clustering techniques were used to find out
which method is the best to reproduce the actual morphology and the accumulation of
different ingredients. The use of any of the clustering algorithms increased the information
content of the IR images, as compared to univariate methods, and several authors employed

. . e .. . 78 7
multivariate pattern recognition methods such as principal component analysis ' 7°,

80-82

agglomerative hierarchical (AH) clustering , k-means and fuzzy C-means (KM, FCM)

. 4
clustering % .
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3 Results and Discussion

Analysis of the resulting data set by spectra analysis, principal component analysis (PCA), 3-D
surface chemical maps and 3-D pseudo-colour cluster images are illustrated in Figs. 2-4. Fig.
2 (A)-(B) display typical MIR (detector range set from 4000 cm™ to 750 cm™) and NIR
(detector range set from 7600 cm™ to 4000 cm™) spectra of the most basal branch (black),
subsequent lateral branch (blue), and end-branch (red) regions obtained from a randomly

selected part of the upper region of a fresh H. coralloides basidioma.

Prominent spectral features in spectra of all mentioned basidioma regions are the first
overtone of O-H deformation and C-H stretching at 4755 cm™?, the protein amide A vibration
at approximately 3300 cm™, the C-H stretching vibrations of phospholipids, of protein side
chains, nucleic acid sugars, complex carbohydrates as well as that of amorphous or fully
hydrated sugars between 3000 cm™ and 2800 cm™, the C-H deformation modes and some
carboxylic acid modes between 1450 cm™ and 1350 cm™, and carbohydrate bands, which
occur at 1185 cm™. The less resolved, broader bands in the carbohydrate region might arise
from amorphous simple sugars and/or polysaccharides like chitin and B-glucans. In fungal

cells, these chemical components are often produced in high amounts > .

Highly absorbing compounds in the basal branch region are phosphate groups of DNA, RNA
as well as some phospholipids (absorption at 1240 cm™), amide-Il proteins with high tyrosine
content (absorption at 1515 cm™), amide-Il proteins (absorption at 1550 cm™ ), and amide-|
proteins (absorption at 1630 cm™, considered as relevant marker for both peptide and
protein secondary structure). These observations clearly indicate that this anatomical

substructure features a high protein production rate.

It was observed that highly absorbing compounds in side branch regions were: vcoc
symmetric vibrations at 1060 cm™ of phospholipids, cholesterols, esters, and vp-o symmetric
vibrations at 1084 cm™ of the >PO, groups of nucleic acids and phospholipids. Symmetric
phosphate as discriminating spectral marker was first proposed as a feature of stem cells by
Walsh MJ et al ®; this group later presented a distribution of this spectral marker associated

with cancer stem cells ¥. In our study, this spectral marker is highly absorbing in tissues of
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basidioma side branches, indicating that they are strongly proliferating during basidiomatal

development.

End branch regions exhibit a high absorption at 1038 cm™ (vc.o carbohydrates), at 1740 cm™
(Ve-o esters, phospholipids as well as carbohydrates), at 4332 cm™ (C-H stretching and
deformation combination), at 5175 cm™ (O-H stretching and deformation vibration, H,O,
polysaccharides), and at 5796 cm™ (first overtone of C-H stretching), suggesting that this end
branches produce high amounts of carbohydrates as well as polysaccharides. This may be
related to the fact that these end branches (the “icicle-like” tips) represent the youngest
basidiomatal tissue, in which high amounts of wall components (e.g., chitin and B-glucans)

for the differentiating hymenium (incl. basidiospores) has to be synthesized.

For further spectra analysis, principal component analyses were performed to fully
characterize the range of spectral variations. With PCA the dimensionality of MIR and NIR
microscopic imaging spectra are reduced while as much information as possible is retained.
The scores of the first principle components are used to generate meaningful plots without a
detailed understanding of the underlying tissue biochemistry.

The results of spectra analyses with PCA of the basal branch, side branches, and end-
branches are illustrated in Fig. 2 (C)-(D). The score plot of the first and the second principal
component is based on 30 spectra in the MIR region (C) and in the NIR region (D) of the
specimen. For deploying PCA models, reflection spectra were transformed to log (1/R).
Additional pretreatments for MIR and NIR spectra such as baseline offset and area
normalization were utilized. The score plots display a 2-D visualization of spectra clusters for
the principal components 1 and 2 explain 80 % of the total variance and can separate the 3
different structure types. PCA models indicate that most of the descriptive information are
contained in the region from 3240 cm™ to 750 cm™ (MIR) and in the region from 5300 cm™
to 4000 cm™ (NIR). It is obviously seen in the scores plots that, in general, the black points
for the basal branch, the blue points for side branches, and the red points for end branches
fall apart. A better separation was achieved in the NIR region, indicating a varying production
of polysaccharides. To which extent this variation is caused by qualitative and/or

guantitative alterations could not be differentiated.
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Figure 2 (A)-(B) Typical MIR and NIR spectra of basal branch, side branch, and end-branch regions.

Major absorption bands are described in the MIR region. For more specific band assignments see

Tab. 1. Score plot of PC1 and PC2 of MIR spectra (C) and of NIR spectra (D) representation; each

colored data point (each sphere) represents one region of interest (ROI) co-registered with the

optical scan. This co-registration allows a parallel assessment of histo-anatomical features.

Tab. 1. Assignment of some characteristic bands in the MIR and NIR spectra of basal branch (Bb), side

branch (Sb), and end branch (Eb) regions. Upward arrows indicate strong absorption band.

|
|

~5796 first overtone of C-H stretching ™
~5175 O-H stretching and deformation vibration, H,0, polysaccharidessg' %0 ™
~4755 first overtone of O-H deformation and C-H stretching’38 ™ ~
~4332 C-H stretching and deformation combination®* o
~3300 protein amide A vibration>*** O
~3000 - 2800 C-H stretching vibrations of phospholipids, of protein side chains, nucleic acid sugars, complex 1 1 1
carbohydrates as well as that of amorphous or fully hydrated sugars>~ ®*

~1740 Veo esters, phospholipids as well as carbohydrates®” > ™
~1630 amide-| proteins% 9 ™

~1550 amide-l proteins®" ® ™

~1515 amide-I proteins with high tyrosine content™ **® ™
~1450-1350 C-H deformation modes and some carboxylic acid modes®" * O A
~1240 phosphate groups of DNA, RNA as well as some phospholipids’™ > ™

~1185 carbohydrate bands™ O O
~1084 Vp-o Symmetric vibrations of the > PO,. groups nucleic acids and phospholipids™ *”*®° ™
~1060 Ve.o.c symmetric vibrations of phospholipids, cholesterols and esters™ ™
~1038 Ve carbohyd rates'™" 1% o
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Results presented in Fig. 3 illustrate the capability of spectroscopic imaging to accurately
reproduce 3-D morphology of fungal material. The image displayed in Fig. 3 (A) was
collected from a H. coralloides basidioma measured by MIR and NIR imaging with a nominal
lateral resolution of 50 um x 50 um per pixel for each spot. The optical image was then
directly compared with the images constructed from chemical maps (Fig. 3 (B)-(D)). Three
histo-anatomical features can be recognized on the optical image: basal branch, side branch,
and end branch structures. Fig. 3 (B) depicts a 3-D chemical map generated by integrating
the area under the band absorption at 1084 cm™, which is commonly attributed to nucleic
acids. This observation indicates that side branch structures are highly proliferating areas.

In contrast, the 3-D chemical map resulting from the absorption at 2956 cm™ (Fig. 3 (C)),
which is commonly attributed to lipids, proteins, carbohydrates, and nucleic acids,
represents a more or less homogeneous distribution over the whole specimen. These
observations clearly indicate that the developing hymenial tissue features a generally high

metabolic activity.

The 3-D chemical map resulting from the absorption at 4332 cm™ (Fig. 3 (D)) represents a
higher signal in the end-branch region, which is commonly attributed to polysaccharides.
The result correlates well with the morphology/anatomy of the end-branch region: the
proportion of hymenial elements (basidioles, basidia, pseudocystidia, and basidiospores) in
the “icicle-like” tips is obviously higher than that of the underlying sterile tissue (an accurate
quantification was not made). This indicates that this tissue type produces a relatively high
amount of polysaccharides like chitin or B-glucans. More specific correlations with
morphological and histological features, however, cannot be gauged with this form of
processing. Therefore, different cluster analyses were performed to characterize the full

range of observed spectral variations.
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40 mm ~1080 vp_o ~2956 vc_o ~4332 C-H

Figure 3 Photograph of a Hericium coralloides specimen with marked regions: basal branch, side

j

branch and end branch. (B) 3-D surface reconstruction of the imaging result at 1084 cm™, which is
commonly attributed to nucleic acids. (C) 3-D surface reconstruction of the imaging result at 2956
cm™, which points to lipids, proteins, carbohydrates and nucleic acids. (D) 3-D surface reconstruction

of the imaging result at 4332 cm™indicates polysaccharides.

Fig. 4 (B) depicts a 3-D pseudo-colour image that was constructed by using HCA. The
displayed image represents a five-cluster structure reproducing histo-anatomical features of
the measured sample. Green and light blue pixels translate basal branch structures, orange
and red pixels encode side branches, blue and pink pixels convert end branches. A 3-D Fuzzy
C-means clustering image is displayed in Fig. 4 (C). The principal correspondence between
the optical image and the 3-D Fuzzy C-means clustering image is obvious; most of the
spectral clusters can be assigned to the histo-anatomical features. Fig. 4 (D) illustrates the
result of 3-D K-means clustering. Clustering analyses allow a rough assignment to the
defined basidioma regions (basal branch, side branches, and end branches), but it should be
noted that a more detailed discrimination was not possible so far: further differentiation
could not be achieved, even if the number of clusters was increased (data not shown). In our

study, it was not possible to check chemical alterations of the fixation and drying process in
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comparison with fresh material because no fresh material of this rare fungus was available

for the MIR and NIR study at that time. This will be done in a future work.

End branch

Side branch

R {~ 'l
40 mm

Figure 4 Photograph of a Hericium coralloides specimen with marked regions: basal branch, side

branches, and end branches. (B) 3-D Hierarchical Cluster Analysis. (C) 3-D Fuzzy C-means clustering.

(D) 3-D K-means clustering.
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4. Conclusion

In the present study, 3-D MIR and NIR microscopic imaging based on 2-D spectral images
acquired from different tissue planes followed by univariate and multivariate data analyses
were used to investigate the basidioma (fruiting body) tissue of the potentially medicinal
basidiomycete Hericium coralloides. We used different clustering techniques (K-means
clustering, Fuzzy C-means clustering, and HCA) and proofed that all these clustering
algorithms considerably increased the information content of the IR images. For the strongly
ramified H. coralloides basidioma type >* we were able to obtain reproducible high quality IR
reflection spectra from the basidioma morphology with MIR and NIR microscopic imaging
and to semi-quantitatively display the local distribution of substances of certain classes
within basidioma structures. Based on histo-chemical properties/information, morphological
features of the basidioma can be displayed in false colour representation obtained from an
unstained specimen. Specific correlations with morphological traits and discrete chemical
compounds, however, cannot be gauged with this form of processing; but, knowing the
semi-quantitative distribution of substances of defined classes, such non-destructive
techniques might not only be useful for mycological basic research, but also for strain

selections as well as quality and safety control in mushroom production.
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