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SUMMARY

The sze and composition of grgpe berries is determined during the early stages of berry
development by factors that govern cdl divison and cell expanson. Variaion in berry sze and
compostion is due to variability in these developmenta processes. The am of this study was
to establish a methodology that would alow precise three-dimensona measurements of cell
gze in situ. The method uses confocd laser scanning microscopy and digita image
recongruction to visudise cdls in whole mounts of cleared, stained berry tissues. Cells from
the inner mesocarp of a single berry exhibited a much wider range of sizes and shapes than
had previoudy been observed.

This report is basad on the following publication (reproduced with permission of Blackwell

Science):

Gray, J.D., Kolesk, P., Hgj, P.B. and Coombe, B.G. (1999). Confoca measurement of
the three-dimensiond size and shape of plant parenchyma cdls in a developing fruit tissue. The
Plant Journal, 19, 229-236.



Confocal Measurement of the Three-Dimensonal Size and Shape of Plant

Parenchyma Cdlsin a Developing Fruit Tissue

John D. Gray"”, Peter Kolesik®, Peter B. Hgj™*? and Bryan G. Coombe'

! Department of Horticulture, Viticulture and Oenology, Waite Campus, The Universty of
Addaide, Glen Osmond, SA 5064, Austrdia
2 Australian Wine Research Indtitute, Glen Osmond, SA 5064, Audtrdia

For correspondence (CSIRO Pant Industry, Horticulture Unit, Merbein Laboratory,
Merbein, VIC 3505, Australia. Fax +61 35051 3111. E-mail john.gray@pi.csro.au).



SUMMARY

Parenchyma cdlls from the inner mesocarp of a grgpe bery (Vitis vinifera L. cv.
Chardonnay) were visudised in three-dimensions within a whole mount of cleared, stained
tissue usng confocal laser scanning microscopy and digital image recondruction. The whole
berry was fixed, bisected longitudinaly, cleared in methyl sdicylate, sained with safranin O
and mounted in methyl sdlicylate. Optica dices were collected a 1.0 um intervals to a depth
of 150 um. Neighbouring zseries were joined post-collection to double the field of view.
Attenuation at depth of the fluorescent signd from cell wals was quantified and corrected.
Axid digortion due to refractive index mismatch between the immersion and mounting media
was cdibrated usng ydlow-green fluorescent microspheres, and corrected. Transmission
electron microscopy was used to correct fluorescent measurements of cell wall thickness.
Digita image recondructions of wal-enclosed spaces enabled cells to be rendered as
geometric solids of measurable surface area and volume. Cel volumes within the inner
mesocarp tissue of a sngle grape berry exhibited a fourteen-fold range, with polysgmoidd
digtribution and groupings around specific Sze classes. Cel shape was irregular and the planes
of contact were rardly flat or smple. Variahility in cdl shape was indicated by the range in
surface area to volume ratios, from 0.080 to 0.198 pm™. Structurd detal at the internd
aurface of the cel wal was apparent. The technique is gpplicable to a wide range of
morphometric andyses in plant cdl biology, particularly developmenta studies, and reveds
details of cell sze and shape that were previoudy unattaingble.

|, wavdength; 3D, three-dimensond; CL SM, confoca laser scanning microscopy; FPAs,
formdin:propionic acid:50% ethanol 1:1:18; GMA, glycol methecrylates NA, numericd

aperture; RI, refractive index; TEM, transmission electron microscopy

INTRODUCTION

Elucidation of the relative postioning, shape and sze of plant parenchyma cdlls in situ has
hitherto been achieved by indirect methods involving microscopic andyses of thin, serid
sections followed by stereological andyss (Congdine, 1978; 1981; Cruz-Orive, 1997; Mdller
et al.,, 1990; Underwood, 1970; Weibd, 1979; 1980) or three-dimensond (3D)



recongtruction of physical dices (Bron et al., 1990; Korn, 1974, Korn and Spalding, 1973,
Lewis, 1926; Matzke, 1948; Williams, 1968). While appropriate for tissues composed of
isodiametric cells, sereologica methods underestimate mean cell sizes (Conddine and Knox,
1981) and do not alow accurate determinations of intra-tissue variation (Parsons et al.,
1989). Although 3D recongtruction of serid sections has yidded invauable indgghts into the
organisation of cdlls in specific tissues (e.g. Williams, 1970), the methodology has limitations
due to artefacts introduced during the preparation of tissue dices and the subsequent tedious
recongtruction.

It is degrable that methods be adopted for investigeting cdls within tissues in which
physca sectioning is not required. The recent development of confocd laser scanning
microscopy (CLSM) dlows this posshbility. Whole mounts of cleared, stained tissue in
combination with optica sectioning by CLSM and digital 3D image recongruction offers an
dternative to conventiond techniques.

CLSM combines laser light illumination, fluorescence microscopy and computer
imaging. Under ided circumstances it has sharp depth discrimination and produces horizonta
optical dices of tissuesin the plane of focus (Pawley, 1995). The resultant images are digitised
and stored as a vertical image stack, or zseries. Digital 3D image recongtruction engbles the
Z-series to be visudised as a geometric structure (Carlsson et al., 1985; Yu et al., 1994).
Applications of CLSM to the study of plant microstructure include 3D reconstruction of guard
cdisin Commelina leaves (White et al., 1996), the measurement of cell wall thickness in
soring barley and maize (Travis et al., 1997), and in vivo observetion of Seve tubesin fava
bean leaves (Knoblauch and van Bel, 1998).

In this sudy we describe a further development for the detailed study of plant cell
morphology and organisation using as object the parenchyma cdlls of the inner mesocarp of
the grape berry. The combination of traditiona clearing procedures with confocal microscopy
enabled entire parenchyma cdlls (wall-enclosed spaces) to be visuaised and measured in situ.
The technique was tested on a number of beries of different ages. The images and
measurements presented in this paper pertain to a collection of parenchyma cdlls from asingle
tissue block within one young grape berry (cv. Chardonnay, 26 days after anthess, 5 mm

diameter).



RESULTS

Staining and Mounting the Tissue Block

Fluorescence, either autofluorescence or stain induced, is a pre-requiste to imeaging cdl wals
under CLSM. Autofluorescence of berry cell walls was heterogeneous therefore staining was
needed to induce even fluorescence. Of the 16 dtains tested, the majority gave poor or
incomplete fluorescence of cdl wals. Safranin O was adopted because it exhibited adequate
labdling, suitable wavelengths of excitation and emisson, and resistance to photobleaching.
Methyl sdicylate proved the most successful clearing medium: tissue distortion appeared to be
minima and the entire berry haf was trangparent under bright-field illumination. The adopted

mounting procedure is shown in Figure 1.

Visualising Cell Walls

The tissue was imaged to a depth of 150 um with the CSLM. The 151 optica dices which
comprised the confoca z series indicated the high degree of resolution atainable. Parenchyma
cell wals were clearly visble in the consecutive optica dices, 1.0 um gpart, shown in Figure 2.
Membranous structures visible within certain cells indicated possble plasmolyss. Despite this,
cdl walls remained intact and no intercellular spaces were gpparent.
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Figurel. Grape berry tissues. Diagram of young grape berry showing location of tissues
and zone viewed by CLSM (berry and zone to scale). (a) Longitudinaly cut surface of the
berry. (b) Section of stained and cleared haf-berry positioned cut face down on coverdipina
well congructed of dlicone rubber filled with methyl sdicylae. The dimensons of the
visudised zone are x = 289 um, y = 385 um, z = 150 pm.



Figure2. Optical dices of parenchyma cells. (a-i) Consecutive optical dices, 1.0 nm
gpart, through a block of parenchyma tissue of the inner mesocarp of a Chardonnay berry
collected 26 days after anthesis. Fluorescent cell walls are white and the non-fluorescent wall-
enclosed spaces are black. Cell C, beginsto closein dice (c) and disgppears fully in dice ().
Cdl G, begins to appear in dice (€). Only G; isvigble in dices (¢i). Plasma membranes are
visible within some cdlls indicating possible plasmolyss due to the fixation process.

Correcting the Confocal Z-Seriesfor Signal Attenuation and Axial Distortion



Andysis of the zseries indicated the need to correct for sgnd attenuation. The number of
black pixels per optical dice increased linearly with depth (R? = 0.839). This would cause an
increese in the wal-enclosed area of 20% a 150 um depth. A 20% increase in unit area
would have led to to a 30% increase in unit volume and represented a serious potentia for
overesimating individua cdl sze. To minimise this error, attenuation of the fluorescent sgnd
was corrected by sequentidly increasing the intensity threshold. The corrected data displayed
no fluorescence attenuation with depth, as indicated by regression analysis (R* = 0.000).

To check the extent of axia digtortion within the confocal z-series, due to RI mismatch,
the diameters of fluorescent microspheres were measured. The mean x/z ratio was 1.0445
(SD = 0.0205, n = 10), suggesting an axid compression of 4.45%. A multiplication factor of
1.0445 was applied to the zseries, changing the zgtep from anomind 1.0 um to 1.0445 pm.
As a conseguence, the maximum image depth was expanded to 156.7 pm.

Comparison of Cell Wall Thickness (TEM vs CLSM)

The mean thickness of parenchyma cell walls obtained using transmission electron microscopy
(TEM) was 97 nm (SD = 25.2 nm, n = 15). The mean cdl wall thickness estimated from a
dratified random sample within the confoca series was 940 nm (SD = 170 nm, n = 29). This
discrepancy (843 nm) caused by excessve fluorescent emission within single confoca dices
could have resulted in an underestimation of cell volume by as much as 15%. To approximate
actud wall thickness the cdl wal signd was eroded by one pixe (752 nm) to 188 nm. Further

erosion was not possible.

Reconstructed Three-Dimensional (3D) Models of Cellsand Cell Walls

Two-dimendgond binary overlays of cdl wadls and wall-enclosed spaces from single optical
dices were integrated to form 3D images. The 3D recongtructions of (a) cell wals and (b) 29
individud cdls are shown in Figure 3. The sze range for individud cdls extended more than
14-fold, from 28 400 pm® to 411 000 pm?> (mean = 143 000 pm*, SD = 115 000 pm’°, n =
29). The population dynamics of the cdlls were represented graphicaly by plotting cell volume
in ascending order (Figure 4). Groupings of cdlls around specific Sze classes were evident. Six
digtinct plateaux suggest the maximum size for a cdl in that particular Sze class - 45 000 um3,



90 000 um3, 151 000 pm3, 224 000 pm3, 343 000 pm3, and 411 000 um3. Note the
decreasing interva between successive pairs of Sze class maxima. Cell shape was irregular
and the planes of contact between cells wererardly flat or smple. Variability in cell shape was
indicated by the range in surface area to volume ratios, from 0.080 to 0.198 pm™. Structural
detalls grester than 1.5 pum were apparent at the internal surface of the cdl wall. The regular,
large undulations were artefacts, typica of integrated serid sections. The interconnected
patterns of protuberances and invaginations appeared to be associated with the structure and
position of internd cellular membranes. The more irregular, solitary protrusons may indicate
the presence of primary pit fields.
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Figure3. Parenchyma cell reconstructions. Digitd 3D recondruction of (a) cel wals
prior to eroding and (b) 29 individud cdls indicate the variety of shagpes and Szes found
among parenchyma cdls in the inner mesocarp tissue of a Chardonnay berry harvested 26
days dfter flowering. Only entire cdls are included, partid cells are excluded. A recent cell

divisonisindicated a “cd’.
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Error! Notopic specified.

Figure4. Parenchyma cell volumes. Cdl volumes of al 29 recongtructed parenchyma
cdlsin Figure 3 from the inner mesocarp tissue of a Chardonnay berry harvested 26 days after
flowering, grouped in ascending order. The curve suggests 6 distinct plateaux around particular
Szeclasses.

DISCUSSION

Techniques Used

Judicious, minima cutting of the organ enabled the berry to maintain the integrity of its tissues,
thus reducing the likelihood of cdll distortion. This aspect of the project enabled individud cdls
to be viewed in situ.

The working distance of the objective lens (170 um) proved to be the main limiting
factor to the depth of tissue penetration in this experimentd sysem. Although optica
penetration was consstently high throughout the entire tissue, a high numerical aperture lens
(NA = 1.4) was required to resolve cdll wals running horizontd to the optica plane. This
trade-off between working distance and numericd gperture in opticd systems is unavoidable
(Pawley, 1995). Larger volumes of tissue can be studied by aigning and combining adjacent
z-series (Oldmixon and Carlsson, 1993): this increases the x and y dimensions of the scanned

region, but z remains unchanged.
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The use of fluorescent microgpheres to derive a single empirical correction factor for
axid digortion obviated the need for complex theoretical estimates involving geometric ray
tracing modds which often yidd conflicting results (Visser and Oud, 1994; White et al.,
1996). This correction was only an gpproximation to what is theoreticaly a nonmonotonic
function (Torok et al., 1997).

Cdl wadl thickness in confocd dices was greater than the estimates obtained using
TEM. Confoca dices were ddiberately over-saturated to ensure that dl cdl wals were
visualised to athickness of at least one pixd (0.752 pm). Attenuation of the fluorescent sgnd
with depth caused cell walls to appear discontinuous on unsaturated dlices. Thiswas especidly
problematic for horizontad cdl wals that emitted less fluorescence than ther verticd
counterparts. To avoid an under-estimation in the caculaion of cdl volume, each opticd dice
was corrected usng arank 3x3 filter which eroded the over-saturated cdll walls by one pixd,
thereby gpproaching the estimate of thickness obtained usng TEM.

The 3D recongruction software, ImageVolumes, was chosen on the grounds of the
agorithm used, Marching Cubes, and its ability to visudise and measure structures imaged by
CLSM. The merits of available 3D packages and agorithms are discussed in White (1995).
Shapes and Sizes of Parenchyma Cells
Contemporary 3D recongtruction techniques in plant biology are infrequent (Knoblauch and
van Bd, 1998; Travis et al., 1997; White et al., 1996) athough many of the stereologica
principles were established by botanists earlier this century. The group of 29 cdlls visudised
here, or each cdl individudly, can be viewed on screen from dl angles. Measurements can be
made of volume, surface area, surface morphology, and the number of surface planes.

The find resolution of the recongtructed images is a function of the opticd, digitd and
rendering resolution of the imaging system. Optica resolution is determined by the excitation
waveength (| =488 nm) and the numerica aperture (NA = 1.4) of the lens. It variesin the x-
y (0174 um) and z (~ 0.5um) planes. Digita resolution is prescribed by the CCD in
combination with lens magnification (0.376 um / pixd) and post- collection modifications to the
data (0.752 um / pixel after combining zseries). Rendering resolution in the x-y planeistwice
the unit pixe sze (1.504 um), but rendering resolution in zaxis is the distance between the
optical dices (1.0445 um). Each voxd therefore represents 2.36 um3. This number represents
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the precison of in situ volume messurements for individua, whole parenchyma cdls within a
block of grape berry mesocarp tissue.

The mean size found for grape mesocarp cels at this stage of development compares
favourably with published sources (Considine and Knox, 1981; Coombe, 1976; Harris et al .,
1968) but the range and variability have not previoudy been described. The indication of a
succession of sze classes deserves further study. Such classes might represent devel opmental
cohorts of cdls, where the smaler cdlls have arisen as mitotic divisons of the larger cdls. The
decreasing interva between successive cohorts suggest asynchronous divisions of different
gzed cdls.

A sudy of the shape of individud cdls could be developed from these results. Cdl
shape in space-filling tissues is described by the planes of contact (facets) with neighbouring
cdls. In homogeneous, space-filling tissues, the mean number of facets per cdl is said to
gpproach 14. This is true of some plant cells, soap bubbles and compressed metd grains
(Williams, 1968). The orthic tetrakaidecahedron, a geometricaly perfect 14-sded polyhedron
with 8 hexagonad and 6 quadrilateral faces, was proposed as the archetypa shape for
parenchyma cells (Kelvin, 1887; Korn, 1974; Korn and Spalding, 1973; Matzke, 1948;
Thompson, 1942), but this form is rarely achieved in nature due to the occurrence of varying
cdl szes within a devedoping tissue (Mazke and Duffy, 1956). Where both small and large
cdls are present in the same tissue, it is obligatory for the larger cdlls to have more facets than
the smaller cdls. The relevance of mean number of facets per cdl as a quantitative descriptor
of cdl gzeisquestionable, given that cell contacts are not dways flat, planar surfaces. It isless
precise than the absolute measurements of cell volume, surface area and shape obtained in the
present study.

The technique described in this paper for measuring and visudising plant parenchyma
cdlsin 3D using whole mounts of cleared, stained tissue in conjunction with CLSM and digita
3D recongtruction is gpplicable to a wide range of morphometric andysesin plant cell biology.
It could be a vauable complement to molecular genetics for eucidating factors criticd to the
development of plant form and function.

EXPERIMENTAL PROCEDURES
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Tissue Preparation

Grape berries were sampled from Vitis vinifera L. cv. Chardonnay vines, 26 days after
anthesis had commenced. The tissue of interest in this study was the parenchymatous inner
mesocarp of the grape berry conssting of about 10 layers of large, highly vacuolated cells.
Berries were fixed in FPA5y and stored in 70% ethanol. Individual berries were bisected
longitudindly using a razor blade fragment. The haf-berries were used in two ways. firg, for
testing of stains using thin, embedded sections; secondly, for confoca microscopy without
further cutting.

Berry haves were dehydrated through an acohol series, infiltrated with GMA,
embedded in GMA in gdatin capsules and oven-cured according to Feder and O’ Brien
(1968). Sections of 2 um thickness were checked for autofluorescence and treated with one
of the following sains acridine orange, aniline blue, aniline blue fluorochrome, Calcofluor
White M2R, Congo red, coriphosphine O, euchrysine 2GNX, Evans blue, FITC, magdaa
red, periodic acid-Schiff’s, Ponceau S, pontamine sky blue, resorcin blue, safranin O, trypan
blue. Stained sections were visualised under a fluorescence microscope.

Clearing of haf-berries was explored after it was found that untreated tissue was too
opaque to dlow sufficient penetration of laser light. Mounting the tissue in a medium of higher
RI increases optica penetration. The RI of parenchyma cells approximates that of water [RI ~
1.33] (OBrien and McCully, 1981). Severd highly refractive immerson media were tested in
this study: glyceral [RI ~ 1.47], xylene [RI ~ 1.50], methyl benzoate [RI ~ 1.52], and methy!
sdicylate [RI ~ 1.54]. More destructive clearing techniques were also tested: mounting the
tissue directly in 80% lactic acid a 50-60°C (Simpson, 1929) and the use of specidised
mixtures (Herr, 1971; 1982). Methyl sdicylate was sdlected.

The following protocol was adopted: berry halves were dehydrated under vacuum
through an ethanol series, cleared in methyl dicylate, sained with 0.5% safranin O in methyl
sdicylate and mounted, cut face down, on a glass coverdip in awdl congtructed of aring of
dlicone rubber filled with methyl <dicylate (Figure 1). The further work conssted of
examination of the visualised tissue zone, illudtrated in Figure 1.

Confocal Laser Scanning Microscopy (CLSM)
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Confocal images of the cdl walls were collected usng a BioRad MRC-1000 uv confocal
sysem attached to a Nikon Digphot-300 inverted microscope. The objective lens was a
Nikon 60x oil immerson plan gpochromat with a numerica aperture of 1.4 and a working
distance of 170 um. A krypton/argon laser was used to excite the specimen at 488/10 nm and
emisson was collected at 522/35 nm with the confocal aperture closed down to 1.5 mm. A
sequence of 151 x-y optical diceswas collected, each with a 1.0 um separation on the z-axis.
Images from a 289 x 193 um fidd-of-view (768 x 512 pixels) were captured as computer
files. Huorescent intensity was digitaly coded using 256 levels of grey, with O representing the
lowest intensity (black) and 255 the highest (white). The cdl wadl intensity was deliberately
oversaturated to compensate for reduced fluorescence in deeper parts of the tissue. Two
neighbouring z-series were combined post-collection thus doubling the volume of tissue
examined and increasing the number of cdls induded in the andyss. The combined field-of-
view was 289 x 385 um (384 x 512 pixels).

Calibration of I ntensity Attenuation with Depth

Signd attenuation is a function of absorption and scattering of both excitation and emission
light (Guilak, 1994; Rigaut and Vassy, 1991). In the present study, the collected fluorescent
sgnd represented cell walls, whereas the ungstained cell interior gppeared black. Lessening of
the fluorescent signd deriving from the cdll wals could result in an overesimation of the true
Szeof thecel.

A binary threshold that qudlitatively separated cdl walls (white pixels) from cdlls (black
pixels) was used to assess 9gnd attenuation. The number of black pixels in each optical dice
of the combined image stack was plotted againg dice depth usng NIH Image andysis
software (Verson 1.61 U.S. Nationd Ingtitute of Hedlth, 1996). Attenuation increased linearly
with depth s0 an intensity threshold correction factor was sought to minimise itsimpact on cell
dze cdculaions. An incrementa threshold adjusment which yielded a regresson line of zero
dope was used to recalculate intengity thresholds for each optica dice.

Calibration of Axial Distortion
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Some degree of axid distortion in the zaxis was anticipated on the basis of the RI mismatch
between the lens immerson medium (ol Rl = 1.5124 @ 22.5°C) and the specimen mounting
medium (methyl salicylate RI = 1.5358 @ 22.5°C) (Carlsson, 1991; Hell et al., 1993). This
was cdibrated with nomind 10 um yedlow-green fluorescent microspheres composed of a
polystyrene envelope containing a fluorescent dye. Confocal, non-saturated, vertical sections
of 10 microspheres mounted in methyl sdlicylate were collected using the same filter st as the
berry images. The x and z diameters of the spheres were determined as the distance between
the edges of the spheres located a 50% of the greyscale intensity threshold between the
centre of the microsphere and the adjacent background. A correction factor of 4.5% was
caculated using the ratio of x to z diameter of microspheres.

Transmission Electron Microscopy (TEM) of Cell Walls

Cdl wall thickness was verified usng TEM. Berry tissue was pod-fixed in 2% osmium
tetroxide, dehydrated through an acetone series, infiltrated with an araldite embedding resin,
embedded in fresh resn and polymerised under vacuum & 70°C (Mollenhauer, 1964).
Sections of 70 nm thickness were cut on an ultramicrotome, stained with 5% uranyl acetete in
70% ethanol and Reynaolds' lead citrate, and mounted on an duminium grid. The sections were
visudised under TEM and cell wall thickness was estimated from a dtratified random sample.
Differences in cdl wall thickness between TEM and CLSM were corrected by applying a
rank 3x3 filter to erode cell walls by one pixel in each optica dice.

Three-Dimensional (3D) Reconstruction

To visudise the confoca data, ImageVolumes (Verson 3.0 Minnesota Datametrics
Corporation, 1994) software run on a Silicon Graphics Indigo 2 computer under the Irix 5.3
operating system was used. Cell walls and cells were recongtructed from the z series using
two-dimensiond binary overlays of the cdl wals and wall-enclosed spaces. These overlays
were integrated in the axid dimension by the Marching Cubes agorithm (Lorensen and Cline,
1987), a surface-based technique used to render 3D images from voxe data by forming
isointensity contours of the object surface. Image rendering, smoothing and lighting techniques
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dlowed individua cdlsto be viewed as geometric solids. Cells were reconstructed only if they
were fully enclosed within a continuous cell wdl (i.e. only entire cells were consdered, partia
cdls were ignored).

Cdl surface area and volume were measured with a distance field andys's software
package (Dfield Verson 2.0 Minnesota Datametrics Corporation, 1994) which calculated 3D
scdar quantities whose vaues described the Euclidean distance from any given point in space
at Cartesian coordinates (X,y,z) to the closest surface of the 3D modd.
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