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The cytochrome distribution in hyphal tip cells of Schizophyllum commune was visualized using resonance

Raman mapping and CARS microscopy. For comparison, resonance Raman mapping and CARS

imaging of cytochrome was also performed during branch formation and in completely developed central

hyphae. Cytochrome, as an essential component of the electron transport chain in mitochondria, plays an

important role in providing energy to actively growing mycelia. It could be shown that mitochondria at

the growing hyphal tips and at branching regions are more active, i.e. contain more cytochrome, as

compared to those in older parts of the hyphae. This finding is compatible with the idea of high energy

consumption for biosynthesis and intracellular transport at the growing tip, while older hyphae have

lower needs for ATP generated via the respiratory chain in mitochondria. To the best of our knowledge

this is the first study reporting about the localization and distribution of cytochrome, as an indirect

mitochondria localization within S. commune or other basidiomycetous fungi, by means of resonance

Raman microspectroscopy and CARS microscopy. These Raman methods bear the potential of label-free

in vivo mitochondria localization and investigation.
Introduction

Filamentous fungi grow exclusively by apical extension of

hyphae. The hyphal apex contains large numbers of small

transport vesicles which accumulate and form the vesicle supply

center, which plays an important role in hyphal growth by

supplying the growing hyphal tip with enzymes and chemical

building blocks.1 The involvement of vesicles supplying cell wall

material and membrane lipids to the growing tip has been

extensively characterized in ascomycetes, where the ‘‘Spit-

zenk€orper’’ can be easily seen in light micrographs. In basidio-

mycetes, the vesicle supply center is not that easily visible. For

the model basidiomycete Schizophyllum commune (S. commune),

the role of a vesicle supply center in hyphal growth has been

demonstrated and a model for apical growth has been

established2–4 (Fig. 1A). S. commune is well investigated for

mating interactions5,6 and cell differentiation7–10 by microbio-

logical and molecular methods and can easily be grown on

artificial media.5,11 Fully grown hyphae in the central mycelium

appear often highly vacuolated and the nucleus is located

approximately at the median. Branching in such older hyphae

re-establishes a new region of localized, apical hyphal growth.

Within fungal mycelia, an inhomogeneous distribution of cell

components is observed. The chemical composition of filamen-

tous cells varies due to the different ages and functions between
Fig. 1 Schematic drawing of a hyphal tip cell (A) from the apex con-

taining the ‘‘Spitzenk€orper’’ and the subapical region to the first septum.

The nucleus is approximately located at the center of the cell. Mito-

chondria staining (B) by the fluorescent dye Mitotracker Green including

hyphal tip cells a, b (1) and a branch c (2) of Schizophyllum commune.
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and within hyphal sections. Mitochondria are visible throughout

cells of all ages. In this regard, it is possible that mitochondria are

either more active at the growing tip or that there are more

mitochondria present. In electron micrographs of S. commune

performed with respect to other questions, no accumulation of

mitochondria at the tip was visible.12 The visualization of mito-

chondria is commonly achieved within microbiology by fluo-

rescence microscopy applying fluorescence labels and thus

requiring extensive sample preparation. Here we will show that

the vibrational spectroscopic Raman techniques resonance

Raman mapping and Coherent anti-Stokes Raman scattering

(CARS) microscopy are an alternative to fluorescence micros-

copy to visualize intracellular substance distribution offering the

advantages of being label-free, minimal invasive and easy to

implement. Raman based methods have emerged in the last few

years as an extremely powerful method in biology or biomedi-

cine.13–21 The principle is that Raman spectra contain informa-

tion on molecular vibrations that provide a highly specific

fingerprint of the molecular structure and biochemical compo-

sition of cells, tissues etc. That way Raman microspectroscopy

has been successfully applied to study biological samples in their

natural environment22,23 e.g. alkaloids in plant cells.24–28 The

investigation of microorganisms such as bacteria29–37 and

yeasts38–42 by means of Raman microscopy has been established

and improved to the level of a single cell analysis.43–52 Further-

more vibrational spectroscopy has been used to study the

chemical compounds involved in cell differentiation of

S. commune53,54 or which are produced by S. commune itself.55 In

addition, vibrational spectroscopic characterization of fruiting

bodies56 and Raman spectroscopical studies of fungi57 and

spores58,59 have been carried out. The combination of Raman

spectroscopy with chemometrical methods is capable to identify

spores of macrofungi/basidiomycetes.60 Recently, S. commune

has been detected in wood and discriminated from another wood

decaying fungal species by FTIR spectroscopy61 and a classifi-

cation at strain level was achieved.62 Raman spectroscopy in

combination with a light microscope can be applied as an

imaging/mapping technique providing spatially resolved chem-

ical information with a resolution below 1 mm. Thus Raman

mapping is a suitable tool to generate chemical images of mole-

cules in two or three spatial dimensions e.g. of secondary

metabolites in plants.63 Raman and surface enhanced Raman

scattering (SERS) maps of Aspergillus nidulans hyphae grown on

nanostructured gold-coated substrates have been recorded.64 All

these examples demonstrate that Raman microspectroscopy is

capable of visualizing the chemical composition within a cell

without the need of external labels which may adversely affect

the living biological system. However, while the specificity of

Raman spectroscopy is very high its sensitivity i.e. the conversion

efficiency of the Raman effect is rather poor. Therefore, Raman

microspectroscopy cannot be applied to record Raman maps in

real time i.e. with video rate and is only applicable to study

problems where time plays no role.

To overcome this disadvantage of low sensitivity, special

Raman signal enhancing techniques exist. The two most prom-

inent approaches are the resonance Raman effect65 and the

surface enhanced Raman scattering (SERS).66 Besides these two

linear Raman signal enhancing techniques a nonlinear variant of

Raman spectroscopy called coherent anti Stokes Raman
This journal is ª The Royal Society of Chemistry 2010
spectroscopy (CARS) belongs to the most promising Raman

techniques because it combines signal enhancement due to the

coherent nature of the process with further advantages such as

directional emission, narrow spectral bandwidth and no dis-

turbing interference with autofluorescence.67,68 In order to

generate a CARS signal two laser beams at a pump and a Stokes

frequency are tightly focused onto the sample producing a signal

at the anti-Stokes frequency. As the CARS signal is generated in

a nonlinear process, the signal originates from the small spatial

volume where the fields are highest. This leads to a method with

intrinsic high spatial resolution and 3D sectioning capability. In

addition, CARS imaging in contrast to the conventional linear

Raman techniques achieves measurement periods in time scales

of video rates. CARS imaging is widely applied in material

sciences,69 analytics70,71 and life sciences.72–75

Here, Raman microspectroscopy and in particular resonance

Raman mapping and CARS microscopy were used to map cyto-

chromes in the mitochondrial membrane. For comparison,

mitochondria were stained in living cells of S. commune with

a mitochondrion-selective fluorescent dye and the distribution of

mitochondria was compared to intensities of cytochrome Raman

mapping. S. commune was chosen due to its significance within the

microbiological field, especially for mycological studies concern-

ing the complex reproductive cycle.6,76,77 Additionally,

S. commune gains importance for bioremediation application.78,79
Experimental

Strains and growth

S. commune 12–43 (matA3,5; matB2,2; ura1�; Fungal Reference

Center, University of Jena, Germany) was cultured at 28 �C for

3–6 days on solid medium (CYM: 2 g trypticase peptone, 2 g

yeast extract, 20 g glucose monohydrate, 0.5 g MgSO4$7H2O,

0.5 g KH2PO4, 1.31 g K2HPO4$3H2O and 18 g agar-agar per litre

of distilled water) with a glass cover slip (fluorescence micros-

copy) or a fused silica slide (Raman microscopy) onto the agar.

After 2–3 days at 28 �C, mycelium of S. commune was grown over

the slide with a monolayered growth front. For the Raman

spectroscopy, the slide was removed directly before the

measurements and kept under room conditions during the

spectroscopic analysis.
Fluorescence microscopy

Localization of mitochondria in living S. commune hyphae was

performed using Mitotracker Green (Molecular Probes, Invi-

trogen, The Netherlands). The hyphae were incubated with

25–40 nM Mitotracker Green in liquid CYM for 40 min at 28 �C.

Microscopy was carried out with an Axioplan 2 microscope

(filter set 10: ex BP 450–490/em BP 515–565, Zeiss, Jena,

Germany). Nuclei were stained with DAPI (1 mM 40,6-dia-

midino-2-phenylindole-dihydrochloride in embedding medium:

0.1 M Tris–HCl pH 8.0, 50% glycerol and 1 mg/mL phenylene

diamine) and detected with filter set 2 (ex G 365/em LP 420).

Documentation was achieved with a digital camera (Insight

Firewire 4 image sample, Diagnostic Instruments, Sterling

Heights) and analyzed by the software Spot (version 4.6, Diag-

nostic Instruments, Sterling Heights).
Analyst, 2010, 135, 908–917 | 909
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Raman spectroscopy

Raman measurements were carried out with a micro-Raman

setup (HR Labram invers; Jobin Yvon, Horiba) combining

a spectrometer with a focal length of 800 mm and a 300 lines per

mm grating with an inverse Olympus microscope BX41. The

entrance slit of the spectrometer was set to 100 mm and the

Raman scattered light was detected by a Peletier cooled, back-

illuminated CCD camera (1024 � 512 pixel). The spectral reso-

lution was approximately 6 cm�1. With this spectral resolution

a complete Raman spectrum is processed at once which is for the

benefit of measurement time. The Raman spectra were obtained

with an excitation wavelength of 532 nm from a frequency

doubled Nd:YAG-Laser (Coherent, Dieburg, Germany). The

laser beam was focused by a 100� microscope objective

(PL Fluotar L100�/0.75; Leica) with a working distance of

4.7 mm and a numerical aperture of 0.75 onto the sample with

a net power of about 3 to 5 mW on the sample and an approx-

imated diameter of 1 mm. For the Raman mapping experiments

the samples were moved by an x/y motorized stage (M€arzh€auser,

Wetzlar, Germany) with a minimal step size of 0.1 mm. The step-

size of the Raman map was configured to 0.7 mm in x and y

directions and the integration times were chosen to be 45 s for

each measured spectrum during the Raman mapping.

The Raman spectrum of human cytochrome b5 has been used

as reference for cytochromes bound to the mitochondrial

membrane. Spectra were processed with LabSpec software

(Horiba Jobin-Yvon, Benzheim, Germany). For intensity plots

of the Raman maps, the spectra were baseline corrected,

approximated by linear segments with manually chosen points

and the images were smoothened by the LabSpec software.

The CARS microscopy setup used was described previously by

Meyer et al.69 Differently from previous work we used only

a single optical parametric oscillator (OPO; APE, Germany) for

generation of the pump pulse, while the output of the Ti:

sapphire oscillator (Coherent Mira HP) was used as the source

for the Stokes pulses. The beams was focused using a NA 0.95

50� objective (Zeiss) and the CARS signal was collected by a NA

0.55 condenser. Filters separated the CARS signal from the

residual pump and Stokes light and detection has been carried

out by a photomultiplier (Hamamatsu R6357). The data acqui-

sition time for the CARS images reported herein (size: 512 � 512

pixels) did not exceed 25 s. CARS image series have been

recorded by varying the spectral shift between the pump and the

Stokes pulses thereby spectrally covering the spectral region

between 1552 and 1626 cm�1 characteristic for cytochrome and at

2990 cm�1 to monitor the spatial distribution of aromatic and

aliphatic C–H stretching modes.
Data analysis

In order to evaluate the spatial distribution of chemical

substances in Raman maps, chemometrical analysis was applied.

A k-means clustering analysis80 implemented in the statistical

language R81 was used. For data preprocessing cosmic ray

removal, baseline correction, vector normalization and trunca-

tion to the wavenumber region from 2149 cm�1 to 299 cm�1 were

performed. The number of clusters, k, was set to six. The algo-

rithm started with a random distribution and the spectral
910 | Analyst, 2010, 135, 908–917
distances to the mean of all clusters were calculated and the

indexing was renewed according to the minimal distance. This

was repeated until a stable arrangement was reached. The clus-

ters are color coded and the spatial distribution of the clusters

was plotted. For visualization of the cytochrome distribution,

relative band maxima intensity ratios between the peaks at

1652 and 1573 cm�1 were calculated. In doing so the peak

intensity of the band located around 1573 cm�1 was normalized

by the value of the band maximum of 1652 cm�1 (for an

assignment of these Raman peaks see section, Results and

discussion).

Results and discussion

Mitochondria distribution in hyphae

A simplified schematic sketch representing a hyphal tip cell of

S. commune is shown in Fig. 1A. The apical region of a hyphal tip

cell extends from 2 to 5 mm from the apex and is featured by the

‘‘Spitzenk€orper’’, an accumulation of vesicles, responsible for

supplying the growing hyphal tip with enzymes and chemical

building blocks. Mitochondria can be mainly found in the

subapical regions, about 10 to 15 mm behind the apex. Central

regions of tip hyphae show more vacuoles and the nucleus is

approximately located in the middle of the cell, while the length

of the hyphal tip cell is bounded by the first septum. In branching

regions, typical for subapical regions, vesicles and mitochondria

are accumulated. Within the fungal cells an inhomogeneous

distribution of cell components was observed. The chemical

composition of filamentous cells varies due to the different

functions of the hyphal section.

The microscopic inspection revealed a unilayered, nicely

distinguishable growth front which could be used to visualize

intracellular components. Mitochondria were visualized and set

apart from other organelles using the mitochondrion-specific

fluorescent dye Mitotracker Green (Fig. 1B). The mitochondria

are observed in all regions of hyphae including growing hyphal

tips (1a, b) and branching region (2c). Mitochondria occur

equally distributed along all hyphal parts within the mycelium.

In a few cases, accumulations of mitochondria were observed.

Specifically, no accumulation of mitochondria was observed in

growing tips or branches by fluorescence microscopy. The

occurrence of distribution pattern of mitochondria stained by

Mitotracker observed in this study correlates with the results of

studies in other filamentous fungi.82–85

Distribution of cytochromes

Raman mapping was performed on a hyphal tip of S. commune

by recording the Raman spectra within the marked area dis-

played in the microscopic image in the inset of Fig. 2. The length

of the mapped hypha was approximately 23 mm to cover the

region from the apex to the subapical region. Spectrum a1 in

Fig. 2A displays a typical Raman spectrum recorded within the

apical region of the hyphal tip cell while spectrum a2 represents

a Raman spectrum taken in the subapical region further away

from the hyphal tip. The most prominent band in the two Raman

spectra shown in the upper panel of Fig. 2A centered at

2924 cm�1 can be assigned to an asymmetric CH-stretching

vibration of methylene groups from all cell constituents.86 The
This journal is ª The Royal Society of Chemistry 2010
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Fig. 2 (A) Representative Raman spectra of a hyphal tip cell of S. commune (microscopic picture is depicted in the inset) at the two different locations a1

and a2, the difference spectrum (a1 � a2) and the cytochrome b reference spectrum. (B) Intensity distribution of the Raman band representing matrix

content by the central peak position at 1652 (1) and cytochrome marker bands with the central peak position at 1573 (2), 1114 (3), 735 cm�1 (4). The

relative cytochrome to matrix content is depicted by the relative intensity ratio of the bands centered at 1573 and 1652 cm�1 (5) and the overlay of the

microscopic picture and the relative intensity ratio of 1573 to 1652 cm�1 (6). The plotted intensity distributions are smoothened by the LabSpec software.

Bar: 2 mm for B1–5 and 5 mm for B6.
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View Article Online
Raman band located at 1652 cm�1 results from a superposition of

protein, lipid and polysaccharide vibrations and is therefore

a marker of all relevant cell substances i.e. is typical for the fungal

cell matrix and is used throughout this work as a reference band

for normalization.57,60,87 Raman bands due to DNA and RNA

vibrations are negligible for the applied Raman excitation

wavelength of 532 nm. The Raman bands at 1573, 1299, 1114

and 735 cm�1 can be assigned to cytochrome vibrations as can be

seen by comparison with the cytochrome reference spectrum,

labeled b in the lower panel of Fig. 2A. Cytochromes are

hemoproteins consisting of an iron ion coordinated to

a porphyrin cycle which is composed of a conjugated p system of

4 pyrrole rings interconnected by vinyl groups. The electronic

absorption spectrum of cytochromes exhibits an intense Soret

band around 400 nm and additional a and b bands between

500 and 560 nm.88 The Raman excitation wavelength of 532 nm

was chosen to be resonant with the electronic absorption of

cytochrome in order to achieve a selective resonance Raman

enhancement of the Raman modes of the cytochrome chromo-

phore. The porphyrin in-plane C]C stretching motion of the

porphyrin skeleton of cytochromes is commonly located around

1570 cm�1 and occurs in the Raman spectra a1 and a2 of Fig. 2A
This journal is ª The Royal Society of Chemistry 2010
at 1573 cm�1. The deformation modes of CCC and CNC bonds

of the chromophore are positioned at 1114 cm�1 and 735 cm�1.

The Raman signal at 1299 cm�1 is due to cytochrome ring modes

that are coupled with the peripheral vinyl groups. These Raman

bands have been reported as signals of b-89–91 or c-type cyto-

chromes91,92 and of b*c-complex cytochromes.93

The Raman spectra a1 and a2 in Fig. 2A exhibit similar signal

patterns but differ in band intensities. To visualize the differences

between the two fungal Raman spectra (a1 and a2) a difference

spectrum was calculated by subtracting the normalized and

baseline corrected spectrum a1 from spectrum a2. The difference

spectrum labeled as a1 � a2 in Fig. 2A exhibits the bands posi-

tioned at 1573, 1299, 1114 and 735 cm�1 thus showing the same

characteristic Raman signals as the cytochrome reference spec-

trum b in Fig. 2A.

It has been reported that S. commune contains b-type and

c-type cytochromes.76 The Raman spectra of mitochondria

published by Adar and Erecinska.93 are very similar to the

Raman spectrum a1 of S. commune and the difference spectrum

(a1 � a2) shown in Fig. 2A. Therefore, we assume that the

cytochrome distribution corresponds to the localization of active

mitochondria within the mapped area of the S. commune hypha.
Analyst, 2010, 135, 908–917 | 911

http://dx.doi.org/10.1039/b921101b


Pu
bl

is
he

d 
on

 1
2 

M
ar

ch
 2

01
0.

 D
ow

nl
oa

de
d 

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

09
/0

5/
20

16
 0

9:
10

:4
9.

 
View Article Online
Raman spectroscopical investigations of mitochondria have been

carried out before, but not under resonant conditions for cyto-

chrome and mitochondria activity.94,95

To generate spatially resolved Raman information within the

hyphal tip cell, Raman mapping was applied. Within the mapped

area shown in the microscopic picture in Fig. 2A, a complete

Raman spectrum was recorded for each measured point. The

false color plots visualize the intensity distribution of typical

marker bands (Fig. 2B) derived from baseline corrected Raman

spectra. Image 1 displays the intensity distribution of the Raman

band at 1652 cm�1 i.e. displays the cell matrix. Black regions are

due to negligible Raman intensities of the substrate material

while the areas containing substantial fungal information are

displayed by the colors: blue, green, red to yellow where the

intensities increase from blue to yellow. The intensity plot of the

Raman signal located at 1652 cm�1 (Fig. 2B1) exhibits the highest

intensities in the hyphal center (red to yellow) and low intensities

at the rim of the hypha (blue to green) while the intensity

distribution appears nearly homogeneous along the hypha. The

variations along the hypha present in the false color plot of the

matrix content (1652 cm�1) are mainly due to the heterogeneity of

the eukaryotic cell as well as varying sample thickness and the

resulting variation of the confocal plane. The tubular shape of

the hypha and the slight height inhomogeneities of the hypha are
Fig. 3 Panel A shows the microscopic pictures of the hyphal tip cell (imag

(image 3). Panel B contains the mean Raman spectra of the k-mean cluster a

branching region (spectrum 2) and the central hyphal compartment (spectrum

cytochrome (1573 cm�1) to protein (1652 cm�1) content. The distributions of t

coding correlates to the spectra B1–3. Bar: 5 mm for A1–3 and 2 mm for C1–

912 | Analyst, 2010, 135, 908–917
responsible for the different amounts of sample material within

the laser focus between the hyphal center and the rim. The

cytochrome distribution is represented by the intensity plots of

the cytochrome marker bands located at 1573, 1114 and 735 cm�1

(images 2, 3 and 4 in Fig. 2B). These intensity plots of the

cytochrome marker bands show an apical increase, which is

highlighted by normalizing the intensity plot of the 1573 cm�1

mode by the cell matrix plot i.e. the 1652 cm�1 distribution. Such

a normalized cytochrome distribution image is depicted in the

image 5 of Fig. 2B. The intensity variations of the matrix marker

band are smaller as compared to the concentration differences of

cytochrome. In image 6 of Fig. 2B the microscopic picture of the

fungal hypha is superimposed by the intensity distribution of the

relative band ratio plot shown in image 5. The yellow regions

illustrate the areas of highest relative intensity of the 1573 cm�1

signal within the apical region of the hyphal tip cell.
Visualization of cytochrome contents in different compartments

of the hyphae

The investigation of the cytochrome distribution has been

extended from the hyphal tip to branches, creating new centers of

mycelial growth and fully grown compartments in the middle of

a grown hypha. In Fig. 3 the microscopic picture of a branching
e 1), the branching region (image 2) and the fully grown central hypha

nalysis including the spectrum of the hyphal tip cell (spectrum 1), of the

3). The spectra contain the most relevant spectral region concerning the

he clusters are plotted as false color images in panel C (1–3) and the color

3.

This journal is ª The Royal Society of Chemistry 2010
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View Article Online
region (A2), a central compartment (A3) next to the hyphal tip

cell (A1) are presented. In order to achieve a better interpretation

and visualization k-mean cluster analysis has been applied to

analyze the Raman images. The relevant sections of the mean

spectra are depicted in row B of Fig. 3 demonstrating the

grouping characteristics most clearly. Spectrum 1 in panel B

shows the mean cluster Raman spectra from the hyphal tip cell

while in spectrum 2 and spectrum 3 the mean cluster spectra from

regions of the branching area and the central compartment are

displayed. The Raman signals at 1652 cm�1 and 1573 cm�1 due to

the reference matrix signal and the cytochrome marker band are

again used to monitor the cytochrome content within the map-

ped area. The mean spectra are colored in green, light blue, dark

blue, red and orange with increasing intensity ratios of the

1573 to 1652 cm�1 Raman signals and therefore increasing

cytochrome content. The intensity behavior of the other cyto-

chrome signals located at 1299, 1114 and 735 cm�1 correlate with

the intensity of the cytochrome marker band at 1575 cm�1

(compare with Fig. 2A). The color coding of the mean spectra are

consistent with the color coding of the false color images dis-

played in row C of Fig. 3. The areas where no Raman spectra
Fig. 4 (A) Microscopic pictures of a hyphal tip (A1), branching region (A2) a

of the cytochrome marker band (1573 cm�1) within the mapped regions o

compartment (B3). The normalized cytochrome content is determined by the 1

ending at the triangle (see B1–3). The calculated intensity ratios are depicted as

in the graphs C1 and C2, respectively. Maximum I is located within the api

correlates with the branching spot of B2. For further details see section, Res

This journal is ª The Royal Society of Chemistry 2010
were recorded are displayed as black regions. The green areas

display the substrate material within the Raman maps. The areas

containing fungal spectra are color coded from blue to orange.

The light blue spectra exhibit only weak spectral information and

can be found at the cell periphery. The images reveal that the

highest cytochrome content can be found within the apical region

of the hyphal tip cell (C1) and before the branching point (C2)

while the fully grown hypha shows a regular distribution within

the central compartment (C3).
Estimation of relative cytochrome contents in different

compartments of the hyphae

Fig. 4 illustrates the quantification of the relative cytochrome

content at different hyphal compartments. The microscopic

pictures of the analyzed parts are depicted in Fig. 4 panel A. The

cytochrome content is depicted in Fig. 4 panel B and quantified

in panel C. Fig. 4 panel B contains for visualization purpose the

distribution of the absolute cytochrome content with individual

intensity scales, exhibiting the cytochrome content within the

hyphal compartments. To compare the cytochrome contents of
nd the fully grown hypha (A3). False color plots of the absolute intensity

f the hyphal tip cell (B1), the branching region (B2) and the central

573 cm�1 to 1652 cm�1 ratio along the white line—beginning from star and

graphs C1, C2 and C3. The 2 cytochrome maxima I und II are highlighted

cal region of the hyphal tip cell (I in C1 and B1), whereas maximum II

ults and discussion. Bar: 5 mm.

Analyst, 2010, 135, 908–917 | 913
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the different hyphal compartments the intensity values of the

cytochrome marker band are normalized to a band which is

related to the biomass. The results are depicted in one graph in

Fig. 4C. Based on Fig. 2B picture 5 the assumption can be drawn

that the absolute and relative cytochrome contents are closely

related.

Fig. 4 visualizes an estimation of the different cytochrome

contents over the mapped hyphal compartments for the hyphal

tip cell (microscopic picture A1), for the branching region

(microscopic picture A2) and for the central compartment

(microscopic picture A3). The plots of absolute intensity distri-

bution of the Raman mode 1573 cm�1 are depicted in Fig. 4 panel

B as image B1 for the hyphal tip cell, image B2 for the branching

region and image B3 for the central hypha compartment. The

white lines mark the path which was used to determine the

normalized cytochrome content. Starting point is marked by

a star and the end is labeled by a triangle. The relative cyto-

chrome (1573 cm�1) to protein (1652 cm�1) intensity ratio along

this path is displayed in Fig. 4 as C1, C2 and C3. The ordinates of

the graphs C1–C3 are rescaled for simplification to set the lowest

values of the blue graph (C3) to about 1.

The relative cytochrome (1573 cm�1) to protein (1652 cm�1)

intensity ratios exhibit maxima in the hyphal tip cell (Fig. 4C1) at

the region I and at the branching region (Fig. 4C2) at region II,

whereas the relative cytochrome to protein content is more

regularly distributed over the central hyphal compartment

(Fig. 4C3). The maxima of the graphs C1 (I) and C2 (II) correlate

to the highlighted maxima I and II within the absolute intensity

plots B1 and B2, respectively.

The intensity ratio (1573 cm�1 : 1652 cm�1) monitoring the

cytochrome content exhibits its highest value for the hyphal tip

cell, featuring the maximum I which is located within the apical

region. The branching area (maximum point II) exhibits slightly

higher cytochrome content than the fully grown compartment

where lower need of energy can be postulated. The cytochrome

content within the middle compartment of a fully grown hypha

(blue graph C3) is lower and appears to be distributed regularly,

while the hyphal tip cell and the branching region show higher

cytochrome contents. The branching spot (II) exhibits a three-

fold and twofold higher cytochrome content as compared to the

average cytochrome content of the fully grown central hypha and

the branch region, respectively. The relative cytochrome content

of the hyphal tip cell (maximum I, red graph C1) is approxi-

mately seven times higher than the lowest cytochrome content of

the central part of the hypha (C3). Thus, the cytochrome

concentration is enhanced in growing regions of hyphae like

hyphal tip (A1) and branching region (A2). Accordingly, we

assume that the detection of cytochrome as a mitochondrial

associated protein in the hyphal tip and in branching regions also

reveals the localization of mitochondria in these regions. So, the

occurrence of mitochondria in the hyphal tip as well as in

branching regions correlates with the distribution of mitochon-

dria in other filamentous fungi published elsewhere.84,85
Visualization of cytochrome contents under real time conditions

and increased spatial resolution

The localization of mitochondria distribution via cytochrome

detection has been achieved by applying resonance Raman
914 | Analyst, 2010, 135, 908–917
spectroscopy exhibiting the advantages of minimal sample

preparation, noninvasive measurement procedure, label-free

technique and high specificity. Nevertheless, Raman mapping

cannot be performed in real time, therefore dynamics in mito-

chondria distribution and mitochondria activity during hyphal

growth cannot be observed. In contrast to linear Raman

microspectroscopy, coherent anti-Stokes Raman scattering

(CARS) allows for recording the distribution of a characteristic

Raman mode within the sample with video rate. In the following

we will show the potential of CARS microscopy to visualize the

cytochrome distribution, thereby providing a benchmark step

towards the online imaging of mitochondria distribution and

mitochondrial activity.

CARS images of the fungal hyphae are shown in Fig. 5. Panel

A of Fig. 5 depicts a CARS image recorded at 1572 cm�1. As can

be seen in Fig. 5A tuning the CARS signal to the cytochrome

resonance at 1572 cm�1 yields a strong signal at the hyphal tip (I)

and at the branching point (II), therefore reflecting the cyto-

chrome distribution within the hypha. According to Fig. 5A the

fully grown hypha (III) exhibits regular cytochrome content

without any enhanced signal as can be seen for the hyphal tip (I)

and the branching region (II). Panel B of Fig. 5 shows in image 1,

the hyphal tip cell (I) and in image 2, the branching region (II) as

well as parts of a central hypha (III) (seen in image 1 and 2)

recorded at a Raman shift of 1552 cm�1, establishing non-reso-

nant conditions for the cytochrome marker Raman band at

1573 cm�1. This cytochrome-related signal disappears under non-

resonant conditions, i.e. the energetic difference between the

pump and the Stokes-pulses are chosen not to coincide with

a Raman-active vibration. The different brightnesses observed in

Fig. 5 of the hyphal tip (I) and the branching region (II) under

resonant (Panel A) and under non-resonant conditions (Panel B)

clearly indicate the chemical information content in the contrast

mechanism of CARS microscopy and stem from the molecular

specificity of the CARS signal. The CARS image in Fig. 5A

shows higher cytochrome content in the hyphal tip cell (I) and the

branching region (II), reproducing the resonance Raman spec-

troscopic results discussed before (see Fig. 2B: image 5; Fig. 3: C1

and C2 and Fig. 4: B1/C1 and B2/C2). Whereas the central

compartment (III) within Panel A of Fig. 5, shows no signal

enhancement which indicates no specific increased cytochrome

content, which supports the resonance Raman spectroscopic

results (see Fig. 3C3 and Fig. 4B3/C3). Cytochrome accumula-

tion has been detected within hyphal tips cells and branching

regions via resonance Raman spectroscopy and CARS, whereas

no accumulation of mitochondria could be determined within

those regions by means of fluorescence microscopy. Since cyto-

chrome is part of the respiratory system to generate ATP within

the mitochondria, it can function as mitochondria activity

marker. The detection of increased cytochrome content in

specific regions and the detection of the mitochondria localiza-

tion are not mutually exclusive. In growing hyphal regions more

energy is demanded and so the mitochondria could be more

active, i.e. contain more cytochrome.

In addition to CARS images recorded at 1572 cm�1 Fig. 5C

displays CARS-microscopic images recorded in the

CH-stretching region, which is widely used for the analysis of

biological samples as it generally reflects the integrated content

of organic materials. As is apparent from Fig. 5C at this
This journal is ª The Royal Society of Chemistry 2010
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Fig. 5 CARS images of fungal hyphae. (A) CARS image of fungal hyphae recorded at 1572 cm�1 (cytochrome marker band, spectral resolution:

20 cm�1). The arrows point to the hyphal tip (I), the hyphal branching (II) and the central hypha (III). In the tip and the branching higher cytochrome

concentrations are observed indicated by the increased brightness. (B) The hyphal tip (I) (image 1), the branching (II) (image 2) and the central hyphal

compartments (III) (images 1 and 2) recorded under non-resonant conditions (images were recorded at a Raman shift of 1552 cm�1). The different

brightnesses observed compared to the image in Panel A clearly indicate the chemical information content in the contrast mechanism of CARS

microscopy. (C) CARS image of a hypha recorded at the CH stretching vibration (2990 cm�1) showing the high resolution achievable (spectral reso-

lution: 110 cm�1).
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Raman-shift no contribution of the cytochrome can be observed,

however, it gives an indication of the spatial resolution that can

be achieved with our setup. The field of view shows a hypha

revealing a branching. The pixel size obtained is 30� 30 nm. The

spatial resolution of the CARS images is much higher compared

to the spatial resolution of Raman microspectroscopy which is

determined by the step size of 0.7 mm within the Raman maps. In

principle both laserfoci are diffraction-limited in diameter.

The results of the CARS microscopic experiments support the

findings of the resonance Raman study and show the great

capability of using this nonlinear Raman based technique in

conjunction with (resonance) Raman spectroscopy. However,

CARS imaging allows for a significantly faster image acquisition

rate than conventional Raman imaging, hence it shall develop

into the method of choice for live imaging of biological processes.

In this context the herein highlighted selectivity of the CARS

process to cytochrome, by tuning the CARS process to be in

resonance to a fingerprint vibration of the cofactor, provides

a significant advance compared to imaging the global distribu-

tion of organic material or more specific proteins in general.3 The

benchmark observation of cytochrome distribution by means of

CARS microscopy reported here, will open the doorway for

future studies, which aim at the online monitoring of cytochrome

distribution and activity during the development of S. commune.
Conclusion

It has been shown that Raman and CARS microspectroscopy

could be used as a label-free detection method for mitochondria

in fungal hyphae. For cell investigations concerning metabolic

activities mitochondria, as the energy supply center of the cell,

are an important indicator for cell activity. The indirect visuali-

zation of mitochondria activity via cytochrome localization by

means of resonance Raman and CARS microspectroscopy

shows the potential of vibrational microspectroscopy for an

in vivo tracking of intracellular processes. In contrast to

conventional fluorescence microscopy and spectroscopy which is
This journal is ª The Royal Society of Chemistry 2010
e.g. able to localize mitochondria by Mitotracker staining,

Raman and CARS microspectroscopy can be applied in

a noninvasive manner i.e. are label-free and provide a molecular

contrast. Resonance Raman spectroscopy provides beside the

cytochrome information additional chemical characteristics due

to the complex fingerprint region. While Raman imaging cannot

be applied to monitor real time processes, CARS microscopy

allows for recording images of one particular vibration with

video rate. Thus CARS microscopy can be used in further

research to retrieve additional specifications on mitochondrial

function like e.g. on mitochondrial activity or to investigate

in vivo the influence of environmental factors on mitochondria

without the need of external labels. Mitochondria localization

via cytochrome detection by means of resonance Raman imaging

and CARS microscopy can possibly be transferred to other than

fungal cells when the mitochondria have a specific component

which is excited under resonant conditions.
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