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Abstract A method has been developed for the visual-
isation and three-dimensional (3D) measurement of
mycorrhizal fungal structures inside plant roots. Sec-
tions of Allium porrum L. roots colonised by Glomus
sp. ‘City Beach’ (WUM 16) and Lilium sp. roots colon-
ised by Scutellospora calospora (Nicol. & Gerd.) Walk-
er & Sanders (WUM 12(2)) were stained with acid
fuchsin. This allowed fluorescence from the fungal
structures to be observed under a laser scanning confo-
cal microscope (LSCM) without interference from the
plant cells. A series of horizontal optical sections were
collected from a Glomus sp. arbuscule and from a hy-
phal coil of S. calospora. These data were used to pro-
duce extended focus images. Axial distortion in micro-
scopic visualisation due to the refractive index mis-
match between the immersion and mounting media was
quantified using vertical scanning of the hyphae. A cor-
rection factor of 0.71 wm was used for the z-interval be-
tween the xy-slices. A series of binary xy-images from
each structure was rendered into a 3D graphical model
for viewing. The volume and surface area of the struc-
tures were estimated using computerised 3D measure-
ment and also by stereological integration of binary xy-
images. With both structures, the surface area estimates
varied greatly between the two measuring systems,
whereas differences in volume estimates were small.
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accurate than stereological integration of confocal bina-
ry images.
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Introduction

Over 80% of terrestrial plants are able to associate
symbiotically with mycorrhizal fungi and this usually
results in a positive plant growth response (Smith and
Read 1997). Mutual nutrient transfer between the fun-
gus and the plant provides the plant with phosphate
and micronutrients such as copper and zinc and the
fungus with carbon-based compounds. The most com-
mon form of symbiosis involves arbuscular mycorrhizal
(AM) fungi, which form two major structural classes of
mycorrhiza with different host plants: Arum- and Paris-
types (Gallaud 1905). Arum-type colonisation includes
intercellular hyphae, arbuscules and sometimes vesi-
cles, while Paris-type colonisation has intracellular hy-
phal coils with intercalary arbuscules in cortical cells
and, again, sometimes vesicles (Smith and Smith 1997).
The type of mycorrhiza formed depends on the host
plant and a single fungus can form either type (e.g. Bar-
rett 1958; Brundrett and Kendrick 1990).

In AM fungi, arbuscules are considered the major
site of nutrient transfer to the plant (Cox and Sanders
1974; Smith and Smith 1990). In plants forming Paris-
type mycorrhiza, although arbuscules may be present in
the fungal life cycle, intracellular coils appear to form a
large proportion of the fungal mass within the plant
cells. The functional relevance of the coils, in terms of
the area of interface capable of nutrient transfer, has
yet to be determined (Smith and Smith 1996). The effi-
ciency of phosphate transfer from fungus to plant (or
carbon in the reverse direction) can be expressed as
fluxes across the plant-fungus symbiotic interface. This
requires estimates of the interface surface area.
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Traditional methods of estimating volume and sur-
face area of arbuscules use morphometric techniques
based on a number of electron micrographs (Cox and
Tinker 1976; Toth and Miller 1984; Alexander et al.
1988, 1989). Cox and Tinker (1976) took electron mi-
crographs of eight arbuscules from onion (Allium cepa)
root sections colonised by Glomus mosseae, measured
them using image analysis and calculated the area and
perimeter of the arbuscule in 2D. They calculated the
invaginated plasmalemma of the arbuscule to be 2.07
times larger than the cell perimeter. Using a stereologi-
cal equation derived by Underwood (1969), based on
planar sections, to calculate the volume of a 3D struc-
ture, Cox and Tinker (1976) then calculated the phoso-
phate flux across the symbiotic interface. Image analy-
sis was also used by Smith and Dickson (1991) and
Smith et al. (1994) to measure the perimeters of meta-
bolically active arbuscules in cross-sections using bright
field microscopy. The surface area of the structures was
calculated using the value obtained by Cox and Tinker
(1976) together with a correction factor for immature
arbuscules. All of the above approaches are prone to
considerable errors due to artefacts created by tissue
preparation or by low precision of the measurement.

Laser scanning confocal microscopy (LSCM) allows
fluorescently stained structures to be visualised with
high resolution in fixed or fresh tissue by optical sec-
tioning without the need for mechanical thin sectioning
(Czymmek et al. 1994). Confocal visualisation of optical
slices through structures in fresh material is free of pos-
sible changes in volume and surface area caused by fix-
ation and embedding prior to sectioning. A series of
optical slices through entire fungal structures allows 3D
reconstructions to be created and quantitative esti-
mates of surface area and volume to be obtained much
more easily than with previous methods (Konig et al.
1991).

Various fluorochromes have been used to study fun-
gal cytology and differentiation with fluorescence mi-
croscopy (Butt et al. 1989). An important requirement
for the imaging and measurement of mycorrhizal fungal
structures is that the stain discriminates between fungus
and plant (Dickson and Smith 1998). Root segments
stained with acid fuchsin and observed by fluorescence
microscopy were used to determine the resolution of
mycorrhizal structures (Merryweather and Fitter 1991).
In the large number of plant species tested, fungal
structures were clearly visible at low levels of colonisa-
tion but structures were obscured in heavily colonised
roots. Melville et al. (1998) visualised mycorrhizal
structures in several plant species using a range of xan-
thene dyes to determine the best staining technique for
embedded material in the confocal system. However,
these stains did not work well with fresh material. Fun-
gal autofluorescence has been used recently for visual-
ising G. mosseae in living roots of Lolium perenne.
However, only collapsed arbuscules were observed and
the intercellular hyphae did not autofluoresce very
strongly (Vierheilig et al. 1999).

In this paper, we describe a method for freeze-sec-
tioning and staining of fresh plant material for AM
structures. LSCM was used to produce 2D and 3D
images of arbuscules and a hyphal coil. Different levels
of light intensity were used in the collecting of the
images and the quality of the visualisation of the struc-
tures are shown. We compared surface area and vol-
ume estimates of the structures obtained using two bi-
nary image analysis approaches: true 3D rendering and
stereological integration.

Materials and methods

Plant material and tissue preparation

Plants of A. porrum L. and Lilium sp. were inoculated with the
AM fungi Glomus sp. ‘City Beach’ (WUM 16) and Scutellospora
calospora (Nicol. & Gerd.) Walker & Sanders (WUM 12(2)), re-
spectively. Plants were grown in a growth room with a 14-h pho-
toperiod and temperatures of 23 °C and 18°C light/dark phases.
Photon flux density was 500 wmol m~2s~'. Plants were harvested
and roots washed free of soil. Root material was cut into approx-
imately 1-cm lengths and embedded into gelatin blocks contain-
ing 10% (w/v) gelatine and 2% glycerol. Blocks were frozen on a
Microm K-400 freezing stage and 120-um-thick longitudinal sec-
tions were cut using a Leitz 1320 freezing microtome following a
modified method of Smith and Dickson (1991).

Staining of fresh material

Sections, prepared as above, were stained overnight in a solution
containing lactic acid, glycerol, distilled water and 0.01% acid
fuchsin (Brundrett et al. 1994). Sections were removed from gela-
tin by rinsing with warm water, mounted in 100% glycerol be-
tween glass spacers on glass slides, covered with a cover slip and
sealed with nail polish. Samples were screened by epifluorescence
microscopy using a Zeiss Standard Lab 16 microscope and filter
set with excitation of 450-530 nm and emission of 455-490 nm.
Sites of interest (containing coils or arbuscules) were marked on
the slides for subsequent visualisation by LSCM.

Sulphorhodamine G and phloxine B were also tested for dif-
ferential staining of the fungi within fresh roots (Canny and
McCully 1986; Melville et al. 1998), but neither fluoresced strong-
ly using the following three combinations of fluorescent filters:
excitation (ex) 488/10 nm & emission (em) 522/35 nm, ex 568/
10 nm and em 605/35 nm or ex 647/10 nm and em 680/32 nm.

Confocal visualisation
Microscopy

A Bio-Rad MRC-1000 laser scanning confocal microscope system
in combination with a Kr/Ar laser and a Nikon Diaphot 300 in-
verted microscope in fluorescence mode with excitation at 488/
10 nm and emission at 522/32 nm was used to visualise acid fuch-
sin staining. Samples were observed with a x40 water-immersion
objective lens with a numerical aperture of 1.15 and working dis-
tance of 210 um. A series of optical xy-slices, each with a 1-um
interval on the z-axis, was collected for both mycorrhizal struc-
tures. Each image was averaged over 8 scans using a Kalman fil-
tering process and saved as a digital file with the size of 768 x 512
pixels; the intensity of staining was expressed in 256 levels of grey
(0=Dblack, 255 =white).



Correction of axial distortion

The refractive index mismatch between the immersion medium of
the objective lens (water, RI=1.33), the combination of the em-
bedding medium (glycerol, RI=1.47) and the plant and fungal tis-
sue (RI unknown) resulted in over-estimation of the actual depth
of tissue visualised by LSCM. Correction of the nominal z-dis-
tance between the optical slices was required (White et al. 1996).
X- and y-diameters of hyphae oriented perpendicular to the visu-
alised confocal xy-plane were measured for roundness. X- and z-
diameters of hyphae oriented parallel to the y- and perpendicular
to the z-axis were measured on optical yz-slices collected by verti-
cal scanning to evaluate the extent of optical stretching along the
z-axis. A correction factor for axial distortion was calculated using
the ratio of x- to z-diameter of the hyphae visualised vertically.
For both mycorrhizal structures, electronic zoom was used during
the image-collection process so that each optical slice was taken
in the central, relatively planar focal plane of the objective lens.

Measurement of surface area and volume
Binary images of optical slices

Acid fuchsin bound predominantly to the cell walls and to a lesser
extent to the cell interiors of the fungi. The coil image, recorded
using a high intensity of laser, had optical slices that were oversa-
turated so that the interior of the hypha was also visible. This
procedure allowed the complete structure to be discriminated in
each optical slice. Arbuscules showed varying levels of fluores-
cent staining depending upon the size of the hyphal branches
(Fig. 1). First-order branches of the arbuscules appeared undersa-
turated while 3rd-order branches were slightly oversaturated. An
intensity threshold separating hyphae from the background was

2nd Order branch

Jrd Order branch

Fig. 1 Integration of several optical sections through an arbus-
cule showing the differences in fluorescent staining due to the di-
ameter of the hyphal branches

Fig. 2 A single optical section
through an arbuscule showing
(a) the intensity of the fluo-
rescent signal and (b) the bi-
nary mask created using a de-
termined threshold level and
filling in non-discriminated in-
teriors; bar 10 pm
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used (Fig. 2a) to create binary masks for the whole z-series of the
arbuscule. Due to the varying intensities of staining in the inter-
iors of the 2nd- and 3rd-order branches, the hyphal interiors were
manually filled in to produce a complete image of the structure in
each binary slice using Scion Image software (Fig. 2b). These 2D
binary masks of z-optical sections were then rendered into a 3D
model of the fungal structure.

3D reconstruction

The binary masks of the z-series, expressed in pixels, were ren-
dered into a 3D isointensity contoured object, expressed in vox-
els, by the marching cubes algorithm using ImageVolumes 2-0
(Minnesota Datametrics Corporation, USA) software and a Sili-
con Graphics Indigo 2 computer. The 3D model was visualised
and its volume and surface area measured.

Stereology

The individual binary masks were also measured using the Video
Pro 32 Colour Image Analysis System (Leading Edge Pty Ltd,
Australia). The area and perimeter of the central arbuscule were
measured in each optical slice in the z-series and the total area
and perimeter determined. The volume and surface area of an
entire fungal structure in 3D were calculated as the arithmetical
product of the total area and perimeter, respectively, and the z-
distance between the optical slices.

Results
Staining

Of the three stains examined, only acid fuchsin per-
formed satisfactorily. Light pink staining of the fungus
produced a fluorescent signal clearly visible under the
confocal system with nearly no signal coming from the
plant cells. Staining, however, was irregular due to the
uneven thickness of the arbuscular branches. Trunk
hyphae (Ist-order branches) were relatively thick
(3.02£0.06 pm diameter, n=20) (mean=*+SD) and the
fluorescent signal appeared weak inside the hyphae
(see Fig. 1). Branches of the 2nd-order (1.64+0.07 pm
diameter, n=20) were also stained unevenly but fluo-
rescence was clearly detectable inside the hyphae. The
smallest branches (1.08%=0.06 pm diameter, n=20)
generally fluoresced strongly with a partial oversatura-
tion of the signal.
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Confocal microscopy
Visualisation

Forty-one xy-images were taken along the z-axis of a
group of Glomus sp. ‘City Beach’ Arum-type arbus-
cules in A. porrum cortical root cells. Representative
optical slices are shown in Fig. 3a—i at 2.1-pum intervals
on the z-axis (corrected z-distance). These images were
recorded with an unsaturated intensity of fluorescent
signal in order to produce a visually acceptable ex-
tended focus image. The difference in brightness of the
various orders of hyphal branching is clearly noticeable
in the individual slices. An extended focus image of the
arbuscules (11 images merged at 2.1-pm intervals) is
shown in Fig. 4. The x-dimension of the central arbus-
cule (boxed) was 49 pm, y-dimension 54 pm and z-di-
mension 22 pm.

Representative xy-images from a total of 39 images
of a Paris-type coil in a Lilium sp. cortical root cell are
shown in Fig. Sa—i. The selected optical slices were at
2.1-pm intervals on the z-axis (corrected z-distance).
Parts of the images appeared bright and were slightly
oversaturated in the individual optical slices. The ex-
tended focus image of the hyphal coil (13 images
merged at 2.1-pm intervals) is shown in Fig. 6. Combin-
ing these slices to form an extended focus image was
less satisfactory in quality than the composite image
formed of the arbuscule because definition within the
coil structure was lost. The x-dimension of this hyphal
coil was 48 pm, y-dimension 33 pm and z-dimension
28 pm.

Fig. 4 An extended focus
image of a group of Arum-
type arbuscules of Glomus sp.
‘City Beach’ in A. porrum (11
images merged at 2.1 inter-
vals); bar 25 pm
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Correction of axial distortion

The mean ratio between the x- and y-diameters of the
hyphae visualised by horizontal scanning demonstrated
that hyphae were round in cross-section (1.00%0.01
SD, n=10) and, therefore, could be considered as cy-
lindrical. The mean ratio between the x- and z-diam-
eters was 1.40£0.11 SD (n=10), which indicated a 1.40
times stretch of the optical signal along the z-axis.
Based on this axial distortion the nominal z-interval be-
tween the xy-slices of 1.0 um was corrected to
0.71 pm.

3-D reconstruction

The binary masks of the central arbuscule were set at
the threshold of 95 for all 31 optical slices and 207 for
all 39 optical slices of the coil. 3D image reconstruction,
created from the binary masks of the central arbuscule
in Fig. 4, is shown in Fig. 7. The 3D image looks similar
to the result produced by the extended focus image
showing detail of the hyphal branches (Fig. 3). The coil
(Fig. 8), which was recorded as an oversaturated confo-
cal image, is clearly defined in 3D.

Measurement of surface area and volume

Table 1 shows the estimates of surface area and volume
of the two fungal structures using 3D rendering (Image-
Volumes) and stereological integration (Video Pro).
With both structures, the surface area estimates varied
greatly between the two measuring systems, whereas
differences in volume estimates were small. Video Pro
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produced much smaller estimates for surface area than
ImageVolumes. This led to substantial differences in
the surface area/volume ratios for both structures. Both
methods of measuring the arbuscule produced much
greater ratios than those obtained for the coil

Discussion

Only fungal material that appeared very lightly stained
was brightly fluorescent under the confocal system.
This situation precluded visual assessment of the extent
of mycorrhizal colonisation using conventional bright
field light microscopy in sectioned roots. When time of

Fig. 6 An extended focus image of a Paris-type coil of S. calospo-
ra in Lilium sp.(13 images merged at 2.1 intervals); bar 25 pm

L_ - = =a

Fig. 7 3D reconstruction of an arbuscule of Glomus sp. ‘City
Beach’ in A. porrum from within the group shown in Fig. 4; bar
25 pm
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Fig. 8 3D reconstruction of the hyphal coil of S. calospora in
Lilium sp. shown in Fig. 5; bar 25 pm

acid fuchsin staining was lengthened or the staining re-
peated to make fungal tissue easily observable with
light microscopy, fluorescence was quenched to a sub-
optimal level. Weak fluorescence of strong acid fuchsin
staining could be partly remedied by uncaging the dye
into a strong fluorescence response by exposing the sec-
tion to a higher intensity laser beam before imaging.
However, this treatment extended the time for sample
visualisation considerably and also increased the back-
ground signal. Alternatively, the use of the red laser
line (ex 647 nm) allowed confocal visualisation of the
fungi in samples optimally stained for bright field mi-
croscopy. However, the plant cells could also be visual-
ised and extensive background signal was present. Us-
ing the combination of the 647 nm laser line and acid
fuchsin staining does not seem practical for 3D recon-
struction and measurements of fungal attributes, al-
though it may be useful in the calculation of plant cell
volume in relation to that of the fungal structure in-
side.

There are two different purposes for image proc-
essing: 1) to improve the visual appearance of images to
the human viewer and 2) to prepare images for meas-
urement of features and structures. It is not possible to
manipulate the data enough once it has been collected
by LSCM to perform both functions of observation and
measurement. The aim of any experiment must, there-
fore, be clearly defined before data collection is per-
formed.
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Table 1 Estimates of surface

Image Volumes Video Pro

area and volume of arbuscule

and coil using 3D rendering Arbuscule Surface area (um?) (SA 8672 6595

(ImageVolumes 2.0) and ste- Volume (,Lm—g)sz)) A 3375 3171

reological integration (Vldeo. SA/V ratio (pm") 257 2.08

g“’t” Colour Image Analysis 5 Surface area (um?) (SA) 12552 8439
ystem) Volume (um?) (V) 13783 13586

SA/V ratio (um™) 0.91 0.62

There are both advantages and disadvantages of re-
cording unsaturated images. Optimally stained samples
sometimes photobleached slightly during collection of
the data and, consequently, the signal-to-noise ratio
was decreased. In these cases, a sliding threshold is re-
quired to compensate for differences in signal intensity
through the optical sections. As shown in Figs. 3 and 4
(arbuscules), individual optical slices and composite
images collected from optimally unsaturated material
have a high resolution. The 3D reconstruction of the
central structure shows the detail of many of the
branches, although it does not exactly reproduce the
extended focus image (Fig. 7). In a finely detailed struc-
ture such as this, depending upon the thresholding, an
underestimation of surface areas and overestimation of
volumes are possible. On the other hand, oversaturated
images (Figs.5, 6, 8 - coil) provide us with possibly
more complete measurements from the 3D reconstruc-
tion, but the extended focus image shows less defini-
tion.

Measurements of both the arbuscule and the coil us-
ing 3D rendering (ImageVolumes) and stereology (Vi-
deo Pro) produced similar estimates for volume but not
for surface area (Table 1). The arbuscule had a much
larger surface area in relation to volume. Coil branches
were much wider (5.56+1.22 pm, n=32) and less nu-
merous than the arbuscular branches (see Figs. 7, 8),
leading to the coil having a greater volume in relation
to surface area than the arbuscule using both measuring
methods. Surface areas determined by Video Pro were
much smaller than those obtained using ImageVolumes
due to the nature of the software programmes.

The measurements obtained by 3D rendering using
ImageVolumes are more accurate than those calculated
by a simple stereological integration using Video Pro.
The mode of integrating the 2D binary masks using the
two approaches differ. 3D rendering used a polygon
and voxel generator to process serial section data and
stored it as a 3D geometric database of surface poly-
gons and voxel densities. These data were smoothed us-
ing a 2x2 median filter and were rendered into a 3D
structure which was then measured. Stereological inte-
gration combined the measurements of individual opti-
cal slices using a 3 X 3 median filter into a total surface
area and volume which were then multiplied by the z-
distance. Mathematical integration did not take into ac-
count the relative position of the optical slices to each
other. While integration had little effect on the total
volume of the structures, the surface area estimates

were underestimated to a much greater degree than can
be accounted for by the use of the 3 X3 median filter.
The value of this underestimation will depend upon the
size and complexity of the structure involved. Using
stereology, the estimate of the surface area of the coil
was underestimated to a greater extent than for the ar-
buscule.

Previously, stereological methods have been used to
measure arbuscules by measuring the surface area of
the structure in relation to the cell volume using the
equation Sy, =4N; where Sy is the surface area per unit
volume and N, is the number of times the test lines
intercept the host plasmalemma (Toth 1982; Alexander
et al. 1988, 1989). This equation does not determine the
surface area of the structure in relation to its own vol-
ume but to the test volume, such as that of the cell con-
taining the arbuscule (Toth 1992). Calculation of the
surface area using volume fractions can be difficult be-
cause of shrinkage due to resin embedding. The mag-
nification of the final micrographs also needs to be op-
timised for measuring with a superimposed grid pat-
tern. Alexander et al. (1989) measured arbuscules in
onion (Allium cepa), bean (Phaseolus vulgaris) and to-
mato (Lycopersicon esculentum) and obtained an aver-
age volume of 32963 wm?. This value is much larger
than the values we obtained (3 171-3 375 wm? using our
two methods). Although Alexander et al. (1988, 1989)
quantified a large number of arbuscules in various
stages of development and degeneration in their ex-
periments, all parameters measured were compared to
that of a mature arbuscule. If a cell when randomly cut
went through a highly developed arbuscule but ap-
peared to be from a ‘young developing-looking’ arbus-
cule then volume data would be overestimated (Toth
1992). Our arbuscule may not have been as fully devel-
oped or highly branched as those examined by Alexan-
der et al. (1989). They also used different fungal species
(G. fasciculatum) and plant, which may account for
some of the differences. We realise that further measur-
ements are required, using a range of arbuscules of var-
ious ages and from different plant and fungal species, in
order to make a more valid comparison. These measur-
ements may then be used to compare the size of arbus-
cules formed and to calculate the rates of transfer
across interfaces between the mycorrhizal symbionts.

In conclusion, our study shows that acid fuchsin can
be used for the staining of fungal structures in fresh
plant roots for visualisation using LSCM. The confocal
3D rendering method of volume and surface area meas-



urements presented is applicable to a range of mycolog-
ical morphometric analyses. It provides measurement
estimates much more easily and quickly than previously
attainable, particularly for complex structures, and does
not suffer from the problems of other morphometric
techniques, such as resin embedding and stereological
integration. Given adequate computer software, this
technique allows a large number of measurements to be
obtained for fungal comparison and nutrient transfer
calculations. Furthermore, the technique is likely to
prove useful for the study of associations of plant pa-
thogenic fungi with host tissues.
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