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ABSTRACT In microbiological studies, a common goal is to link environmental factors
to microbial activities. Both environmental factors and microbial activities are typically
derived from bulk samples. It is becoming increasingly clear that such bulk environ-
mental parameters poorly represent the microscale environments microorganisms
experience. Using infrared (IR) microspectroscopy, the spatial distribution of chemical
compound classes can be visualized, making it a useful tool for studying the interac-
tions between microbial cells and their microenvironments. The spatial resolution of
conventional IR microspectroscopy has been limited by the diffraction limit of IR light.
The recent development of optical photothermal infrared (O-PTIR) microspectroscopy
has pushed the spatial resolution of IR microspectroscopy beyond this diffraction limit,
allowing the distribution of chemical compound classes to be visualized at sub-microme-
ter spatial scales. To examine the potential and limitations of O-PTIR microspectroscopy
to probe the interactions between fungal cells and their immediate environments, we
imaged the decomposition of cellulose films by cells of the ectomycorrhizal fungus
Paxillus involutus and compared O-PTIR results using conventional IR microspectroscopy.
Whereas the data collected with conventional IR microspectroscopy indicated that P.
involutus has only a very limited ability to decompose cellulose films, O-PTIR data
suggested that the ability of P involutus to decompose cellulose was substantial.
Moreover, the O-PTIR method enabled the identification of a zone located outside the
fungal hyphae where the cellulose was decomposed by oxidation. We conclude that
O-PTIR can provide valuable new insights into the abilities and mechanisms by which
microorganisms interact with their surrounding environments.

IMPORTANCE Infrared (IR) microspectroscopy allows the spatial distribution of chemical
compound classes to be visualized. The use of conventional IR microspectroscopy
in microbiological studies has been restricted by limited spatial resolution. Recent
developments in laser technology have enabled a new class of IR microspectroscopy
instruments to be developed, pushing the spatial resolution beyond the diffraction
limit of IR light to approximately 500 nm. This improved spatial resolution now allows
microscopic observations of changes in chemical compounds to be made, making IR
microspectroscopy a useful tool to investigate microscale changes in chemistry that are
caused by microbial activity. We show these new possibilities using optical photothermal
infrared microspectroscopy to visualize the changes in cellulose substrates caused by
oxidation by the ectomycorrhizal fungus Paxillus involutus at the interface between
individual fungal hyphae and cellulose substrates.
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long-standing goal in microbiology has been to link environmental factors such

as pH, temperature, moisture, nutrient concentrations, etc., to microbial processes
such as organic matter decomposition. Traditionally, both environmental factors and
decomposition activities have been derived from bulk samples. However, a growing
body of evidence indicates that this traditional bulk approach is limited in its ability
to link environmental factors to microbial processes quantitatively. Consequently, the
need for microbial processes to be studied at scales that are much more relevant to the
microorganisms involved has been advocated (1).

Infrared (IR) microspectroscopy is a very suitable technique for investigating the
spatial distribution of chemical compound classes and is thus particularly useful for
mechanistic studies on the modifications of organic substrates by microorganisms.
IR microspectroscopy has the advantage that samples can be held under ambient
conditions. No vacuum is required, as is the case for many other chemical imaging
techniques, such as scanning transmission X-ray spectroscopy, scanning electron or
transmission electron microscopy with energy dispersive spectroscopy, X-ray photoelec-
tron spectroscopy, X-ray fluorescence spectroscopy, or nanoscale secondary ion mass
spectrometry. IR microscopes are also typically compact bench-top instruments that are
more readily available than these other chemical imaging techniques. In addition, unlike
fluorescence microscopy, IR microspectroscopy is a label-free technique.

Historically, the spatial resolution of IR microspectroscopy, however, has been limited
by the diffraction limit of IR light. In such conventional IR microspectroscopy set-ups,
typically a Globar light source is used to generate IR light, and a pyroelectric or photo-
conductive detector is used to detect this IR light. The spatial resolution in this type
of IR microspectroscopy technique is wavelength-dependent, with a spatial resolution
of 16.9 um at 900 cm™ to 8.5 um at 1,800 cm™' (using a Cassegrain objective with a
numerical aperture of 0.4) (Fig. TA). The development of Quantum Cascade Lasers (QCL)
(2) and their implementation in IR microspectroscopy in a new technique called optical
photothermal IR (O-PTIR) microspectroscopy has pushed the spatial resolution of IR
microspectroscopy beyond the diffraction limit of IR light. In O-PTIR microspectroscopy,
the thermal expansions in a sample that are generated by the QCL are probed by a
green laser (532 nm) and a photodiode. As a result, the spot size that is probed with
O-PTIR is 416 nm (using a Cassegrain objective with a numerical aperture of 0.78) (Fig.
1B). O-PTIR thus features a 30 times higher spatial resolution compared to conventional
IR microspectroscopy, making it a very suitable technique to look at the interactions
between individual microbial cells and their microenvironments.

To examine the potential and limitations of O-PTIR microspectroscopy to probe the
interactions between fungal cells and their immediate microenvironments, we imaged
the decomposition of cellulose by cells of the ectomycorrhizal fungus Paxillus involutus
and compared the results obtained using O-PTIR with conventional IR microspectro-
scopy. Inhabiting the interface between tree roots and soil, ectomycorrhizal fungi are
thought to play a key role in soil organic matter dynamics, but their capacity to decom-
pose organic matter derived from plant litter remains unclear (3). P. involutus is wide-
spread in the Northern Hemisphere and forms ectomycorrhiza with numerous species of
coniferous and deciduous trees, making it an important player in nutrient cycles in
Northern Forest ecosystems (4). Moreover, analyses of bulk samples from batch experi-
ments have suggested that P. involutus has some capacity to decompose plant cell wall
compounds present in soil organic matter using oxidative mechanisms (5, 6).

MATERIALS AND METHODS
Preparation of cellulose films

All materials used were of analytical grade.
Gold-coated microscope slides measuring 2.5 cm by 2.5 cm with a 10-nm gold layer
on top of a 2-nm titanium adhesion layer were purchased from Platypus Technologies
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FIG1 Concept of IR microspectroscopy. (A) Conventional IR microspectroscopy. In conventional IR microspectroscopy, IR light is typically generated by a Globar
IR source, which is directed onto a sample through a set of mirrors and a Cassegrain objective in a microscope. In reflection mode, incident IR light passes
through a sample and reflects off of a reflective surface (in our study, this was a gold mirror layer on the microscope slide). IR light that has not been absorbed
by the sample is then collected on a detector, and the difference between the incoming IR light and the non-absorbed IR light is compared to calculate an
absorbance spectrum. The thickness of a sample that is suitable for conventional IR microspectroscopy depends on the optical density of the sample. For
biological samples, the sample thickness typically can vary between 1 and 10 um. The area that is probed by IR light in this set-up is wavelength dependent
with a probe area with a diameter of 16.9 um at 900 cm™' and 8.5 um at 1,800 cm™', when using a Cassegrain objective with a numerical aperture of 0.4. (B)
O-PTIR microspectroscopy. In O-PTIR, IR light is generated by a set of Quantum Cascade Laser chips. This IR light is guided onto a sample through a set of mirrors
and a Cassegrain objective in a microscope. The same surface area of the sample is illuminated by IR light as is the case in conventional IR microspectroscopy.
Absorption of the IR light by approximately the top 1 um of the sample generates a photothermal lens. This photothermal lens is probed by a green probe
laser, which is made coaxial and confocal with the IR light. In O-PTIR, it is the elastically scattered and reflected green laser light that scatters and reflects off of
the photothermal lens that is collected onto a photodiode detector. The changes in intensity in the reflected or scattered green light are proportional to the
expansions of the sample caused by IR irradiation, which is used to calculate IR spectra. As a result, the surface area probed in O-PTIR depends on the spot size of
the green laser, rather than the spot size of the IR light. In our case, the spot size of the green laser was 416 nm, as we were using a Cassegrain objective with a

numerical aperture of 0.78 and a green laser with a wavelength of 532 nm.

(Madison, Wisconsin, USA). These microscope slides were cleaned by soaking them in 2.5
M NaOH for 1 hour, followed by rinsing with distilled water and MilliQ water. Cleaned
microscope slides were dried in an oven at 60°C for 1 hour. After drying, the microscope
slides were autoclaved.
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Cellulose acetate (product number 419028, purchased from the Merck Group,
Darmstadt, Germany) was dissolved in acetone over 24 hours at a weight-to-weight
ratio of 8% cellulose acetate to 92% acetone. After dissolving, the solution was filter
sterilized using nylon syringe filters with a pore size of 0.45 um. One microliter of
filter-sterilized cellulose acetate solution was then aseptically spin-coated on top of a
sterile gold-coated microscope slide at 3,000 rpm for one minute. Spin-coating was
performed on a SPIN150i-NPP single substrate spin processor (SPS-Europe B.V., Putten,
The Netherlands). The spin coater was placed in a laminar airflow cabinet and sterilized
using 70% ethanol.

Microscope slides with cellulose acetate films were subsequently dried for 10 minutes
in a laminar airflow cabinet. Slides with films were then submerged in a solution of
0.1 M NaOH in 70% ethanol for 6 hours to remove the acetate sidechains from the
cellulose backbone, resulting in regenerated cellulose films. Regenerated cellulose films
were finally washed 5 times with 70% ethanol and dried in a laminar airflow cabinet for
1 hour. The complete removal of acetate sidechains from the cellulose films was checked
using conventional IR microspectroscopy. Deacetylation was considered complete when
the acetate peaks at 1,742 cm™ and 1,219 cm™' were completely removed from cellulose
spectra (Fig. S1).

The cellulose films prepared in this way were very flat and thin. They were designed
to be suitable for both conventional IR and O-PTIR microspectroscopy. The range of
thicknesses a sample can be is much narrower for conventional IR microspectroscopy
than it is for O-PTIR. O-PTIR uses the photothermal lens created by the surface of the
sample, making the signal obtained relatively independent of the sample thickness. Yet,
samples that are too thin will still result in very low signal and poor signal-to-noise ratios.
For conventional IR microspectroscopy, on the other hand, the IR light passes through
the entire sample (twice in reflection mode, as was the case for this study). As the IR light
passes through the sample, some of the IR light is absorbed. Hence, the amount of IR
light that is absorbed strongly depends on the sample thickness. Too thick a sample and
all IR light will be absorbed, giving no signal. Too thin a sample and not enough of the IR
light will be absorbed to give a good signal-to-noise ratio. Also, the flatness of a sample
is important. Differences in optical density within a sample can result in Mie scattering
in conventional IR microspectroscopy (7). Although artifacts in IR spectra that result from
Mie scattering from spherical objects can be corrected rather well (8), Mie scattering
caused by more complex structures in samples is much more difficult to correct. O-PTIR
spectra are much less affected by Mie scattering, but the way the laser light interacts
with different (biological) materials is much less well understood for O-PTIR than it is
for conventional IR microspectroscopy. Detailed investigations of possible artifacts in IR
spectra generated by O-PTIR will be needed in the future.

Fungal cultures and growth conditions

Fungal cultures of P. involutus (Batsch) Fr. strain ATCC 200175 (Manassas, Virginia,
USA) were maintained on solid modified Fries medium (9). The medium contained
406 pM MgSO4:7H,0, 342 pM NaCl, 1.34 mM KCl, 243 pM H3BO3, 20 pM ZnSO4:7H50,
5 HM CUSO4'5H20, 50 },lM MnSO4-H20, 0.16 |JM (NH4)6M07024-4H20, 220 HM KH2PO4,
177 uM CaCly+2H50, 56 uM myo-inositol, 0.30 uM thiamine-HCl, 0.10 uM biotin, 0.59 pM
pyridoxine, 0.27 uM riboflavin, 0.82 uM nicotinamide, 0.73 pM p-aminobenzic acid,
0.21 pM calcium-pantothenate, 543 mM di-ammonium tartrate, 74 pM FeCl3+6H50,
56 mM D-glucose, and 1% wt/vol agar. The pH of the medium was corrected to 4.8.
Cultures were grown at 21°C in the dark.

A P. involutus culture was grown on solid Fries medium for 7 days. After 7 days, a
sterile cellulose film was placed approximately T mm in front of the fungal colony. The
fungal colony was allowed to grow for another 7 days, after which the first few millime-
ters of the cellulose film were colonized by the fungus. To terminate the experiment,
fungal hyphae that connected the agar plate with the cellulose film were severed using
a scalpel. The film with mycelia was then removed from the agar plate and dried in a
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laminar airflow cabinet for 30 minutes. After drying, fungal cells were imaged with both
IR microscopes sequentially.

IR microspectroscopy

Conventional IR microspectroscopy was conducted on a Hyperion 3000 IR microscope
(Bruker, Billerica, Massachusetts, USA), which was coupled to a Tensor 27 spectrome-
ter (Bruker). The microscope was operated in reflection mode. Hyperspectral images
(images in which each pixel contains a full IR spectrum) were collected using a lig-
uid nitrogen-cooled Focal Plane Array detector with 64 by 64 detector elements. The
distance between detector elements (and thus the pixel size of hyperspectral images)
was approximately 2.3 pum. A Cassegrain objective with a numerical aperture of 0.4 was
used, resulting in a spatial resolution of 16.9 um at 900 cm™ and 8.5 um at 1,800 cm™. For
each pixel, 1,024 scans were co-averaged.

O-PTIR microspectroscopy was conducted on a mlRage system (Photothermal
Spectroscopy Corp., Santa Barbara, California, USA). Hyperspectral images were collected
in reflection mode using an Avalanche Photodiode Detector (Photothermal Spectro-
scopy Corp.). IR light was generated by a set of four QCL chips, covering the wavelengths
from 770 cm™ to 1,802 cm™. The IR light was directed onto the sample through a set of
mirrors in the microscope. Frequencies of IR light that matched the vibrational frequen-
cies of molecules in the sample excited these molecular vibrations, causing thermal
expansions in the sample and the formation of a photothermal lens (Fig. 1B) (10). These
thermal expansions were probed by a green laser at a wavelength of 532 nm, which was
made coaxial and confocal with the IR laser light (Fig. 1B). The thermal expansions of
the sample created changes in the intensity of the reflected and scattered green laser
light (11). These changes in intensity in the green laser light are proportional to the
IR radiation and were used to construct IR spectra (11). Hence, in the case of O-PTIR,
the IR light illuminated a large area of the sample, as was the case for conventional IR
microspectroscopy, but only the part of the photothermal lens that is probed by the
green probe laser (a Cassegrain objective with a numerical aperture of 0.78 was used
in this system, resulting in a spatial resolution of 416 nm) contributed to spectral data
acquisition in O-PTIR. The pixel size for this technique was 500 nm. For each pixel, three
scans were co-averaged.

Laser intensities for both the QCL and green probe laser were set to power levels that
did not cause any visible discoloration in the cellulose films or changes in the IR spectra.
Discoloration of the cellulose films or changes in IR spectra due to high laser intensities
can indicate burning of the sample. These power levels were experimentally determined
on cellulose films that were not colonized by fungal cultures. Laser intensities can
vary from machine to machine, and different substrates have different sensitivities to
laser damage. Hence, laser settings need to be determined experimentally for each
microscope and sample case by case. The Globar IR source used in the conventional
IR microspectroscopy method emits light of sufficient intensity to cause damage to
biological samples, even for prolonged periods (e.g., hours) of exposure to the sample.

Hyperspectral image analysis

Hyperspectral images collected with both microscopes were analyzed using OCTAVVS
version 0.1.17 (https://pypi.org/project/octavvs/; 12). Using OCTAVVS, spectra were
corrected for contributions from atmospheric H,O and CO; gasses, cut from 900 cm™ to
1,800 cm™', and baseline corrected using a rubberband baseline correction. Spectra were
normalized using a cellulose peak at 1,370 cm™. The distribution of chemical compound
classes in each hyperspectral image was analyzed using the SIMPLe-to-use Interactive
Self-modelling Mixture Analysis (SIMPLISMA) algorithm (13, 14) and Multivariate Curve
Resolution with Alternating Least Squares optimization (MCR-ALS) (14) implemented
in OCTAVVS. Using these calculated spectral components and their contributions,
hyperspectral image pixels were then clustered using k-means clustering with three
clusters, based on chemical similarity. This number of clusters was selected as it was the
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smallest number of clusters required to locate the hyphae, their surrounding decomposi-
tion zones, and the un-decomposed background cellulose films.

RESULTS

MCR-ALS processing and clustering of a hyperspectral image of a hyphal tip of P
involutus growing on a cellulose film collected with conventional IR microspectroscopy
revealed two distinct zones where the hypha had slightly altered the chemical composi-
tion of the cellulose film. A first zone occurred where the hypha itself was located. This
zone was approximately 4.6 um wide and corresponded to the width of the hypha in the
white light image. The average IR spectrum of this zone is designated as “Hypha” in Fig.
2A and is marked in green; the spatial distribution of pixels corresponding to this cluster
can be seen in Fig. 2C, colored in green. This first zone was surrounded by a second
zone that corresponds to the extracellular space of the hypha (the average spectrum
that corresponds to this zone was designated as “Decomposition zone” in Fig. 2A in
orange, with the distribution of pixels displayed in Fig. 2C in orange). This zone extended
approximately 11.1 um away from the edge of the hypha on both sides of the hypha.
In Fig. 2A, the blue spectrum designated as “Background” corresponds to the average
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FIG 2 IR imaging results of a hypha of the ectomycorrhizal fungus Paxillus involutus growing on a cellulose film collected

with a conventional IR microscope. (A) Average IR absorption spectra of pixels clustered to the background (blue), the

hypha (green), or the decomposition zone around the hypha (orange). Average spectra are shown +1 standard deviation. (B)

Visible light image of the investigated hypha of P. involutus. (C) Cluster map of the IR image collected using conventional IR

microspectroscopy. Blue pixels correspond to the undecomposed cellulose film (background). Orange pixels correspond to

the decomposition zone that surrounds the hypha. Green pixels correspond to the location of the hypha. Individual spectra

were recorded as 1,024 co-averaged scans per pixel (pixel size was 2.3 um).
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cellulose spectrum unaffected by fungal decomposition. The corresponding pixels are
displayed in blue in Fig. 2C. A visible light image of the studied cell can be seen in Fig. 2B.

MCR-ALS processing and clustering of a hyperspectral image of the same hyphal tip
of P.involutus collected with O-PTIR revealed a similar zone corresponding to the position
of the hypha with a width of approximately 4.6 um (green spectrum in Fig. 3A and green
pixels in Fig. 3C) and a surrounding decomposition zone that extended approximately
6.3 um away from the edge of the hypha (orange spectrum in Fig. 3A and orange pixels
in Fig. 3C). IR spectra unaffected by fungal decomposition are displayed in blue in Fig. 3A
and C. A visible light image of the investigated cell, collected with the O-PTIR instrument,
is shown in Fig. 3B. The red rectangle in Fig. 3B indicates the zone that was imaged with
O-PTIR and corresponds to the size of the IR cluster image in Fig. 3C.

The IR spectra collected using conventional IR microspectroscopy (Fig. 2A) closely
resemble each other. A decrease in IR absorption in the carbohydrate region from
approximately 1,100 cm™ to 950 cm™' can be seen, with the lowest IR absorption
occurring where the hypha is located (green spectrum in Fig. 2A and green pixels in Fig.
2C) and the highest absorption for the background (blue spectrum in Fig. 2A and blue
pixels in Fig. 2C). The decomposition zone that surrounds the hypha has an intermediate
absorption intensity in this wavenumber region, in between that of the hypha and the
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FIG 3 IR imaging results of a hypha of the ectomycorrhizal fungus Paxillus involutus growing on a cellulose film collected with

O-PTIR microspectroscopy. It is the same hypha that was imaged with conventional IR microspectroscopy, shown in Fig. 2. (A)

Average IR spectrum of pixels clustered to the background (blue), the hypha (green), or the decomposition zone (orange). (B)

Visible light image of the investigated hypha. Average spectra are shown as +1 standard deviation. The red rectangle indicates

the zone where the IR image was collected from and corresponds to Fig. 3C. (C) Cluster map of the IR image collected using

O-PTIR. Blue pixels correspond to the original cellulose film (background). Orange pixels correspond to the decomposition

zone. Green pixels correspond to the position of the hypha. This IR cluster map corresponds to the red rectangle displayed in

Fig. 3B. Individual spectra were recorded as three co-averaged scans per pixel (pixel size was 500 nm).
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background (orange spectrum in Fig. 2A and orange pixels in Fig. 2C). Conversely, the IR
absorption between 1,700 cm™ and 1,600 cm™ is lowest for the background and highest
for the hyphal tip, with the decomposition zone being intermediary to these two zones.
IR absorption in this wavenumber region can be ascribed to C=0 vibrations that could
result from the oxidation of cellulose (15), but also to the presence of peptide bonds in
proteins inside the fungal hypha (16). Therefore, the observed increase in absorbance
in this wavenumber region could be caused by the appearance of intracellular proteins
when measuring closer to the fungal hypha or by increased oxidation of the cellulose
closer to the hyphae. Due to the limited spatial resolution of conventional IR microspec-
troscopy, it is difficult to ascribe increases in IR absorption in this wavenumber region to
either one of these explanations unequivocally.

In the O-PTIR spectra in Fig. 3A, the IR signal in the 1,100 cm™ to 950 cm™ wave-
number region decreases the closer data are collected to the hypha. However, distinct
changes in the spectra within this carbohydrate region can now be observed that were
not apparent in the IR spectra collected with conventional IR microspectroscopy (Fig. 2A).
In the case of O-PTIR data, the IR signal in the wavenumber region between 1,700 cm™
and 1,600 cm™ is clearly higher in the average spectrum collected from the decompo-
sition zone (orange spectrum in Fig. 3A) than it is in the average spectrum collected
from the background (blue spectrum in Fig. 3A). A further increase in the IR signal at
the position where the hypha is located (green pixels in Fig. 3C) is masked by the clear
presence of two new strong absorption bands at regions between 1,650 cm™ and 1,550
cm™. These two new bands correspond to the absorption bands of C=0 and C-N/N-H,
respectively, in peptide bonds in proteins (16). Thanks to the high spatial resolution of
O-PTIR, these proteins can be precisely localized to the intracellular space of the hypha in
Fig. 3. The increase in IR absorption in the 1,700 cm™ to 1,600 cm™' due to the oxidation
of cellulose can thus be clearly distinguished from the contribution of C=0 from peptide
bonds of intracellular proteins, making it possible to conclude that the cellulose has
indeed been oxidized by P. involutus. This conclusion could not be unequivocally drawn
from the data collected using conventional IR microspectroscopy.

Two additional hyphae of P. involutus growing on cellulose were examined using
conventional IR and O-PTIR microspectroscopy sequentially (Fig. S2 to S5). The obtained
data closely resemble those reported in Fig. 2 and 3.

The high spatial resolution and spectral quality of the O-PTIR data encourage a closer
look at gradual changes in a region of interest. Figure 4A illustrates the selection of
spectra in the decomposition zone: a set of radial lines (white) were drawn from the
approximate edge of the hypha, and pixels (338 green dots) near the lines were selected
for further analysis. Examples of individual spectra along one of the radial lines (colored
points in Fig. 4A) are shown in Fig. 4B, suggesting a gradual change in the spectral
regions of interest. The 338 selected spectra were analyzed using MCR-ALS with two
components, to find the two major contributions to the spectra and their relation to
the position within the decomposition zone. The contribution of one of the components
(orange points, Fig. 4C) increased linearly with the distance to the midline of the hypha
but was constant outside the decomposition zone. This MCR-ALS component carries the
signs of decomposition, e.g., the IR signal from the C = O region (orange line in Fig. 4D),
while the other component (blue points and line) appears to represent the unaltered
cellulose. Note, however, that the background consists of a mixture of the two spectral
components. The seemingly pure examples of the two components about 7 um from the
hyphal midline (Fig. 4C) may just be noise from spectra with very low intensities (dark
bands in Fig. 4A).

To further illustrate that the chemical changes observed in the cellulose film did
not result from the presence of cellular components in the hypha, an IR spectrum from
proteins located in a cell of P. involutus growing on a gold-coated microscope slide
without a cellulose film was recorded (red spectrum in Fig. 5A) compared to an IR
spectrum from the cellulose background film (blue spectrum in Fig. 5A). The IR spectrum
of proteins located in a hyphal tip of P. involutus growing on a cellulose film was included
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FIG 4 Gradient of spectral compositions across the decomposition zone. (A) Heatmap of average absorbance values in

the O-PTIR image. Selected spectra (green dots) were examined along radial cuts (white) through the decomposition zone.

(B) Baseline corrected and normalized spectra from 11 spectra along one radial cut (filled circles in A) showing typical

differences in the decomposition zone from the unaffected cellulose film (dark red) to near the hypha (blue). (C-D) MCR-ALS

decomposition of the normalized selected spectra into two non-negative components. (C) The contributions of the two

spectral components (blue and orange) for each spectrum, as functions of the distance to the center line of the hypha.

Lowess regression (black lines) shows a steady change in the chemical composition with distance from the hypha in the

decomposition zone. The contributions follow this trend closely, deviating mainly because of a low-intensity band at 14 um

from the hyphal center. (D) The corresponding spectral components (blue and orange). Individual spectra were recorded as

three co-averaged scans per pixel. Pixel size was 500 nm.

for comparison (green spectrum in Fig. 5A). The blue spectrum in Fig. 5A is the same
spectrum presented in Fig. 3A. In the cellulose spectrum (blue spectrum in Fig. 5), the
strongest IR absorption occurs in the wavenumber region from 1,100 cm™ to 950 cm™.
This IR absorption is attributed to C-O stretching vibrations in cellulose (17). The other
clear peak in the blue spectrum in Fig. 5A at 1,160 cm™ can be attributed to C-O-C ether
stretching in cellulose (18). The IR spectra collected from hyphal tips growing on gold
(red spectrum in Fig. 5A) or growing on the cellulose film (green spectrum in Fig. 5A) lack
the strong absorption bands in the 1,200 cm™ to 950 cm ™' wavenumber region observed
in cellulose. On the other hand, the IR spectra collected from proteins inside hyphal tips
show two strong absorption bands in the 1,700 cm™ to 1,500 cm™' wavenumber region.
The absorption band around 1,650 cm™ can be primarily attributed to C=0 stretching
vibrations, and the absorption band at 1,550 cm™ can be attributed to C-N and N-H
bending vibrations in the peptide bonds of proteins (16). Since the IR absorption bands
of cellulose and those of the intracellular proteins in hyphae are separated from each
other by at least 300 cm™', we conclude that the chemical changes observed in cellulose
cannot be the result of spectral contributions from the fungal cell and can only be
attributed to extracellular oxidation of the cellulose film by the fungus.
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FIG 5 O-PTIR imaging of a single cell of the ectomycorrhizal fungus Paxillus involutus growing on a bare gold-coated
microscope slide without a cellulose film. (A) The red spectrum is a single spectrum collected using O-PTIR on the hypha
of P. involutus growing on a bare gold-coated microscope slide. The position this spectrum was collected from is indicated
with a red mark in panel (B). The blue spectrum is the background cellulose spectrum shown in Fig. 3A, added to this figure
for comparison. The green spectrum is a single O-PTIR spectrum collected on the hypha that was growing on the cellulose
film from Fig. 3. Note the similarity between the green and the red spectra. In both cases (the hypha growing on gold, red
spectrum, and the hypha growing on a cellulose film, green spectrum), mostly intracellular proteins from the fungal cell are
detected. (B) Visible light image of a cell of P. involutus growing on a bare gold-coated microscope slide. The orange rectangle
corresponds to the position from which a single wavenumber IR image was collected, displayed in panel C. (C) IR single
wavenumber image collected at 1,650 cm™', showing the distribution of proteins inside the P. involutus cell. The spectrum
collected on the cell of P. involutus growing on gold was recorded as three co-averaged scans. The pixel size in Fig. 5C is
100 nm.

DISCUSSION

Comparing the results obtained using both conventional and O-PTIR microspectroscopy,
we show that the spatial resolution at which microbial decomposition is studied can
drastically affect our interpretation of the ability of microorganisms to decompose
organic compounds. Data collected using conventional IR microspectroscopy suggested
that P. involutus has only a very limited ability to alter the chemical structure of cellu-
lose. O-PTIR data, on the other hand, indicated that P. involutus can drastically alter
the structure of cellulose. If one thinks of the volume of a sample that is probed by
conventional IR microspectroscopy (Fig. 1) and O-PTIR (Fig. 2), conventional IR microspec-
troscopy can be thought of as a less spatially sensitive technique compared to O-PTIR.
In that light, analytical techniques with lower spatial resolution will average out larger
volumes of a sample, making a sample look more homogeneous than it really is. For
many purposes, this is acceptable and appropriate. However, when studying processes
that are very localized, such as the decomposition of organic matter by microorganisms,
these processes clearly need to be studied at the appropriate spatial scales. This way,
more correct conclusions about the chemical changes that are introduced in organic
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matter can be drawn, and the ability of microorganisms to decompose different organic
substances can be more accurately evaluated. This observation thus implies that the
ability of many microorganisms to decompose organic matter may have been underesti-
mated in past studies where more bulk approaches have been used.

A downside to O-PTIR is the need for the QCL to cycle through the range of wave-
lengths of interest and raster scan through points within an image, making the collection
of full hyperspectral images much slower than in conventional IR microspectroscopy (the
Globar IR source sends out IR light with a wide range of wavelengths simultaneously,
while a focal plane array detector detects IR light at all points in an image simultane-
ously). Hence, conventional IR microspectroscopy and O-PTIR are highly complementary
techniques. For example, conventional IR microspectroscopy could be used to obtain a
broad overview of the distribution of chemical compound classes in a sample for which
little prior information is available, which can lead to the identification of wavenumbers
of interest for that sample. Images can then be collected for these selected wavenumbers
with high spatial resolution using O-PTIR. Finally, a limited number of spectra can be
collected from regions of interest in a sample to make more detailed comparisons of the
chemical makeup of a sample.

The extent to which ectomycorrhizal fungi decompose soil organic matter and the
mechanisms by which they do so are highly debated. Ectomycorrhizal fungi have lost
many of the genes encoding plant cell-wall degrading enzymes following adaptation
to a symbiotic lifestyle (19, 20). This is relevant to soil organic matter decomposition
because the major constituents of soil organic matter are compounds derived from
plant cell walls, including lignocellulose. We have shown in the past that P. involutus
has the capacity to decompose soil organic matter using a non-enzymatic, oxidative
mechanism involving the action of reactive oxygen species generated through an
electron shuttle-mediated Fenton reaction, similar to that of brown-rot wood-decaying
fungi (5, 6). Using conventional IR microspectroscopy, we have previously shown that
P. involutus can decompose lignin through oxidation (21). Data collected using conven-
tional IR microspectroscopy in this study indicated that P. involutus has a very limited
ability to decompose cellulose. However, the higher spatial resolution of the O-PTIR
method showed that P. involutus has a substantial capacity to decompose cellulose using
oxidative mechanisms. The mechanisms underlying the oxidation of cellulose are not
known but can involve the action of reactive oxygen species as described in brown-rot
fungi (22). In addition, P. involutus has several genes that encode lytic polysaccharide
monooxygenases (6), which are enzymes that can catalyze the oxidative cleavage of
cellulose (23). Moreover, we demonstrate that O-PTIR microspectroscopy has a resolution
that will allow studies of the chemical structure of the decomposition zone in more
detail. Most likely, this microenvironment contains extracellular polymeric substances
secreted by fungi (21). Extracellular polymeric substance matrices have been thought
to play an important function in regulating extracellular decomposition reactions in
fungi, but their structure and properties are not well known (24). The high spatial
resolution and chemical sensitivity of O-PTIR will be a valuable tool to further investigate
the involvement of extracellular polymeric substance matrices in fungal decomposition
processes.

In conclusion, O-PTIR is a label-free and non-destructive technique that allows the
spatial distribution of chemical compound classes to be determined at sub-microme-
ter spatial scales, while samples can be held under ambient conditions, opening up
the possibility of studying the interactions between microorganisms and their direct
surroundings in situ.

ACKNOWLEDGMENTS

This work was funded by the Swedish Research Council grants 2020-04293 and
2021-05188.

M.0.DB., C.T,, C.P, AT, and PP. contributed to the design of the experiment and the
writing of the paper. M.O.D.B. conducted the experiments and analyzed the data.

February 2024 Volume 90 Issue 2

Applied and Environmental Microbiology

10.1128/aem.01489-2311


https://doi.org/10.1128/aem.01489-23

Full-Length Text

AUTHOR AFFILIATIONS

Applied and Environmental Microbiology

'Centre for Environmental and Climate Science, Lund University, Lund, Sweden
*Microbial Ecology, Department of Biology, Lund University, Lund, Sweden

AUTHOR ORCIDs

Michiel Op De Beeck © http://orcid.org/0000-0002-8727-0999
Anders Tunlid & http://orcid.org/0000-0001-9645-0396

FUNDING

Funder Grant(s) Author(s)
Vetenskapsradet (VR) 2020-04293 Per Persson
Vetenskapsradet (VR) 2021-05188 Anders Tunlid
AUTHOR CONTRIBUTIONS

Michiel Op De Beeck, Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Project administration, Software, Validation, Visualization, Writing -
original draft, Writing - review and editing | Carl Troein, Data curation, Formal anal-
ysis, Investigation, Methodology, Software, Validation, Visualization, Writing - review
and editing | Carsten Peterson, Data curation, Formal analysis, Funding acquisition,
Investigation, Methodology, Project administration, Resources, Software, Supervision,
Validation, Visualization, Writing - review and editing | Anders Tunlid, Conceptualiza-
tion, Funding acquisition, Investigation, Methodology, Project administration, Resources,
Supervision, Validation, Writing — review and editing | Per Persson, Conceptualization,
Formal analysis, Funding acquisition, Investigation, Methodology, Project administration,
Resources, Supervision, Validation, Writing — review and editing

DATA AVAILABILITY

The datasets generated in this work can be retrieved from the authors upon reasonable
request.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (AEM01489-23-s0001.docx). Supplemental figures that show IR
data of the deacetylation of cellulose films and two additional hyphal tips that were
analyzed.

REFERENCES

1.

Baveye PC, Otten W, Kravchenko A, Balseiro-Romero M, Beckers E,
Chalhoub M, Darnault C, Eickhorst T, Garnier P, Hapca S, Kiranyaz S,
Monga O, Mueller CW, Nunan N, Pot V, Schliiter S, Schmidt H, Vogel H-J.
2018. Emergent properties of microbial activity in heterogeneous soil
microenvironments: different research approaches are slowly converg-
ing, yet major challenges remain. Front Microbiol 9:1929. https://doi.org/
10.3389/fmicb.2018.01929

Faist J, Capasso F, Sivco DL, Sirtori C, Hutchinson AL, Cho AY. 1994.
Quantum cascade laser. Science 264:553-556. https://doi.org/10.1126/
science.264.5158.553

Frey SD. 2019. Mycorrhizal fungi as mediators of soil organic matter
dynamics. Annu Rev Ecol Evol Syst 50:237-259. https://doi.org/10.1146/
annurev-ecolsys-110617-062331

February 2024 Volume 90 Issue 2

Wallander H, Soderstrom B. 1999. Paxillus, p 231-252. In Cairney JWG,
Chambers SM (ed), Ectomycorrhizal fungi: key genera in profile, 1st ed.
Springer-Verlag, Berlin, Heidelberg.

Rineau F, Roth D, Shah F, Smits M, Johansson T, Canback B, Olsen PB,
Persson P, Grell MN, Lindquist E, Grigoriev IV, Lange L, Tunlid A. 2012.
The ectomycorrhizal fungus Paxillus involutus converts organic matter in
plant litter using a trimmed brown-rot mechanism involving Fenton
chemistry. Environ Microbiol 14:1477-1487. https://doi.org/10.1111/j.
1462-2920.2012.02736.x

Shah F, Nicolas C, Bentzer J, Ellstrdm M, Smits M, Rineau F, Canbé&ck B,
Floudas D, Carleer R, Lackner G, Braesel J, Hoffmeister D, Henrissat B,
Ahrén D, Johansson T, Hibbett DS, Martin F, Persson P, Tunlid A. 2016.
Ectomycorrhizal fungi decompose soil organic matter using oxidative
mechanisms adapted from saprotrophic ancestors. New Phytol
209:1705-1719. https://doi.org/10.1111/nph.13722

10.1128/aem.01489-2312


https://doi.org/10.1128/aem.01489-23
https://doi.org/10.3389/fmicb.2018.01929
https://doi.org/10.1126/science.264.5158.553
https://doi.org/10.1146/annurev-ecolsys-110617-062331
https://doi.org/10.1111/j.1462-2920.2012.02736.x
https://doi.org/10.1111/nph.13722
https://doi.org/10.1128/aem.01489-23

Full-Length Text

February 2024 Volume 90

Mie G. 1908. Articles on the optical characteristics of turbid tubes,
especially colloidal metal solutions. Ann Phys 25:377-445. https://doi.
0rg/10.1002/andp.19083300302

Bassan P, Kohler A, Martens H, Lee J, Byrne HJ, Dumas P, Gazi E, Brown M,
Clarke N, Gardner P. 2010. Resonant Mie Scattering (RMieS) correction of
infrared spectra from highly scattering biological samples. Analyst
135:268-277. https://doi.org/10.1039/b921056¢

Fries N. 1978. Basidiospore germination in some mycorrhiza-forming
hymenomycetes. Trans Br Mycol Soc 70:319-324. https://doi.org/10.
1016/50007-1536(78)80128-4

Skumanich A, Scott JC. 1990. Photothermal deflection spectroscopy - a
sensitive absorption technique for organic thin-films. Mol Cryst Liq Cryst
Inc Nonlinear Opt Lett 183:365-370. https://doi.org/10.1080/
15421409008047475

Reffner JA. 2018. Molecular spectroscopy workbench advances in
infrared microspectroscopy and mapping molecular chemical
composition at submicrometer spatial resolution. Spectroscopy 33:12-
17.

Troein C, Siregar S, Beeck MOD, Peterson C, Tunlid A, Persson P. 2020.
OCTAVVS: a graphical toolbox for high-throughput preprocessing and
analysis of vibrational spectroscopy imaging data. Methods Protoc 3:34.
https://doi.org/10.3390/mps3020034

Windig W, Guilment J. 1991. Interactive self-modeling mixture analysis.
Anal Chem 63:1425-1432. https://doi.org/10.1021/ac00014a016

Windig W, Markel S. 1993. Simple-to-use interactive self-modeling
mixture analysis of FTIR microscopy data. J Mol Struct 292:161-170.
https://doi.org/10.1016/0022-2860(93)80098-G

Coseri S, Biliuta G, Zemlji¢ LF, Srndovic JS, Larsson PT, Strnad S, Kreze T,
Naderi A, Lindstrom T. 2015. One-shot carboxylation of microcrystalline
cellulose in the presence of nitroxyl radicals and sodium periodate. RSC
Adv 5:85889-85897. https://doi.org/10.1039/C5RA16183E

Issue 2

16.

17.

18.

19.

20.

21.

22.

23.

24,

Applied and Environmental Microbiology

Barth A. 2007. Infrared spectroscopy of proteins. Biochim Biophys Acta
1767:1073-1101. https://doi.org/10.1016/j.bbabio.2007.06.004

Abidi N, Hequet E, Cabrales L, Gannaway J, Wilkins T, Wells LW. 2008.
Evaluating cell wall structure and composition of developing cotton
fibers using Fourier transform infrared spectroscopy and thermogravi-
metric analysis. J Applied Polymer Sci 107:476-486. https://doi.org/10.
1002/app.27100

Langkilde FW, Svantesson A. 1995. Identification of celluloses with
Fourier-transform (FT) mid-infrared, FT-Raman and near-infrared
spectrometry. J Pharm Biomed Anal 13:409-414. https://doi.org/10.
1016/0731-7085(95)01298-y

Kohler A, Kuo A, Nagy LG, Morin E, Barry KW, Buscot F, Canbéck B, Choi C,
Cichocki N, Clum A, et al. 2015. Convergent losses of decay mechanisms
and rapid turnover of symbiosis genes in mycorrhizal mutualists. Nat
Genet 47:410-415. https://doi.org/10.1038/ng.3223

Pellitier PT, Zak DR. 2018. Ectomycorrhizal fungi and the enzymatic
liberation of nitrogen from soil organic matter: why evolutionary history
matters. New Phytol 217:68-73. https://doi.org/10.1111/nph.14598

Op De Beeck M, Persson P, Tunlid A. 2021. Fungal extracellular polymeric
substance matrices - highly specialized microenvironments that allow
fungi to control soil organic matter decomposition reactions. Soil Biol
Biochem 159:108304. https://doi.org/10.1016/j.s0ilbio.2021.108304
Green F, Highley TL. 1997. Mechanism of brown-rot decay: paradigm or
paradox. Int Biodeterior Biodegrad 39:113-124. https://doi.org/10.1016/
50964-8305(96)00063-7

Horn SJ, Vaaje-Kolstad G, Westereng B, Eijsink VGH. 2012. Novel enzymes
for the degradation of cellulose. Biotechnol Biofuels 5:45. https://doi.
org/10.1186/1754-6834-5-45

Op De Beeck M, Troein C, Siregar S, Gentile L, Abbondanza G, Peterson C,
Persson P, Tunlid A. 2020. Regulation of fungal decomposition at single-
cell level. ISME J 14:896-905. https://doi.org/10.1038/s41396-019-0583-9

10.1128/aem.01489-2313


https://doi.org/10.1002/andp.19083300302
https://doi.org/10.1039/b921056c
https://doi.org/10.1016/S0007-1536(78)80128-4
https://doi.org/10.1080/15421409008047475
https://doi.org/10.3390/mps3020034
https://doi.org/10.1021/ac00014a016
https://doi.org/10.1016/0022-2860(93)80098-G
https://doi.org/10.1039/C5RA16183E
https://doi.org/10.1016/j.bbabio.2007.06.004
https://doi.org/10.1002/app.27100
https://doi.org/10.1016/0731-7085(95)01298-y
https://doi.org/10.1038/ng.3223
https://doi.org/10.1111/nph.14598
https://doi.org/10.1016/j.soilbio.2021.108304
https://doi.org/10.1016/S0964-8305(96)00063-7
https://doi.org/10.1186/1754-6834-5-45
https://doi.org/10.1038/s41396-019-0583-9
https://doi.org/10.1128/aem.01489-23

	Elucidating fungal decomposition of organic matter at sub-micrometer spatial scales using optical photothermal infrared (O-PTIR) microspectroscopy
	MATERIALS AND METHODS
	Preparation of cellulose films
	Fungal cultures and growth conditions
	IR microspectroscopy
	Hyperspectral image analysis

	RESULTS
	DISCUSSION


