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INTRODUCTION

The plant Golgi apparatus is involved in the process-

ing of glycoproteins and also in the synthesis of cell

wall matrix polysaccharides, such as hemicelluloses

and pectins (Driouich et al. 1993; Saint-Jore-Dupas et
al., 2004). These biosynthetic functions rely on the

activities of glycosidases or glycosyltransferases, the

genes of which have been identified (Arabidopsis Ge-

nome Initiative, 2000). Information on the distribu-

tion and dynamics of these enzymes are currently ob-

tained by using green fluorescent protein (GFP) tech-

nologies and confocal laser microscopy (Brandizzi et
al., 2004). Transgenic tobacco Bright Yellow-2 (BY-

2) suspension-cultured cells (Saint-Jore et al., 2002;

Pagny et al., 2003; Yang et al., 2005; Dhanoa et al.,
2006; Saint-Jore-Dupas et al., 2006) were often used

as a model system for the expression of GFP-tagged

proteins. Immuno-electron microscopy is the only ap-

proach to study the distribution of GFP-labeling at

the organelle level, in contrast to light-based micro-

scopy. Therefore, a central issue for immunogold at

transmission electron microscopy (TEM) level is to
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preserve the epitopes of interest while minimizing the

loss of ultrastructural details. As previously reported

by Follet-Gueye et al. (2003) on the distribution of N-

glycan-‚ (1-2) xylosyltransferase, conventional tech-

niques using chemical fixatives have provided valua-

ble information on the subcellular locations of GFP-

fused proteins. In order to increase the specific label-

ing, additional treatments are often necessary after

the chemical fixation step, and are known to induce a

potential loss of structural details of membranes. To

overcome these problems, it is now well established

that the cryomethods (mainly cryofixation and cryo-

sectioning) offer the best alternatives to conventional

chemical techniques for ultrastructural and immuno-

cytochemical investigations. Under high pressure and

extremely low temperature, cryofixation allows im-

mobilization of cellular structures by achieving amor-

phous state in few milliseconds, thus minimizing dis-

turbance of natural processes (Studer et al., 2001).

When coupled to specific antibodies, high-pressure

freezing (HPF) combined with freeze substitution

(FS) have proven their efficiency in the localization of

cell wall matrix polysaccharides and glycoproteins

(Zhang & Staehelin 1992; Driouich et al., 1993; Dri-

ouich & Starehelin, 1997), actin cytoskeleton (Lan-

celle & Hepler, 1992), storage proteins (Jolliffe et al.,
2004) and vacuolar receptors (Hinz et al., 2007) in

many plant species. Compared to HPF/FS, Tokuyasu

cryosectioning (Tokuyasu, 1973) remains the most

suitable approach for the detection of membrane-

bound proteins. This technique optimizes immuno-

labeling as evidenced by the excellent preservation of

the epitopes, while the embedding and dehydration

steps are omitted. These promising techniques have,

however, scarce applications in plant suspension-cul-

tured cells. Only a few studies were devoted to pro-

tein or GFP-tagged protein localization in tobacco

BY-2 suspension-cultured cells using the HPF/FS

method (Samuels et al., 1995; Nebenführ et al., 1999;

Tse et al., 2004; Langhans et al., 2007; Toyooka et al.,
2009; Chevalier et al., 2010) as well as on other plant

cells (Zhang & Staehelin, 1992; Driouich et al., 1993;

Zhang et al., 1993; Driouich & Staehelin, 1997; Lam

et al., 2007; Ebine et al., 2008). Moreover, the Toku-

yasu immuno-cryosectioning method is widely used in

animal systems to study the distribution of membrane

proteins, such as receptor molecules (Liou et al.,
1997; Klumperman et al., 1998) but few applications

are available in plant systems so far. In Arabidopsis
root cells, immuno-cryosectioning has allowed locali-

zation of coat components such as COPI, as well as of

many other proteins involved in vacuolar trafficking,

including syntaxin, a transmembrane receptor protein

called BP-80, Ì-adaptin and vacuolar H+/ ATPase

(Conceiçao et al., 1997; Sanderfoot et al., 1998; Hinz et
al., 1999; Pimpl et al., 2000; Happel et al., 2004; Dett-

mer et al., 2006). More recently, Von der Fecht-Bar-

tenbach et al. (2007) localized a chloride transporter

(AtCLC-d-GFP) to the trans side of Golgi stacks in

ultrathin cryosections of Arabidopsis root epidermal

cells. Applied to tobacco BY-2 suspension-cultured

cells, the Tokuyasu immuno-cryosectioning method

has been published in a limited number of articles

(Saint-Jore-Dupas et al., 2006).

In this context, we report an overview of the tech-

nical conditions for tobacco BY-2 suspension-cultur-

ed cells preparation, using HPF/FS or cryosectioning

methods. The impact of different pre-cooling and free-

ze substitution media prior to HPF and pre-fixative

solutions for cryosectioning were assessed on both

the quality of endomembrane preservation in tobac-

co BY-2 cells and immunogold localization of GFP-

tagged Golgi proteins. Despite their high level of hy-

dration, we demonstrate that BY-2 cells were success-

fully prepared by these cryomethods which could be

routinely applied for the detection of Golgi-membra-

ne-bound proteins in this plant model.

MATERIALS AND METHODS

Growth conditions

Tobacco BY-2 suspension-cultured cells were grown

in vitro as described previously (Gomord et al., 1998).

Cells were harvested by filtration 3 d after subcultur-

ing and were immediately used for experiments.

Construction of GFP-tagged proteins and transforma-
tion of plant cells

The coding sequence of a xyloglucan-‚ (1-2) galacto-

syltransferase (At2g20370) from Arabidopsis thaliana
(MUR3) (Madson et al., 2003) was amplified by PCR

without the stop codon, using respectively Forward

Kpn1 (5′- GGGGTACCCCATGTTTCCAAGGGTT

TCT-3′) and Reverse Nhe1 (5′- CTAGCTAGCCTG

TGTCTTATCTCTCTG-3′) primers. The SALK cDNA

clones were used as template (S81470). The amplified

cDNA was then introduced into the pBLTI221 bina-

ry vector containing the sGFP, allowing a N-terminal

fusion to the sGFP, and the resulting construct was

verified by sequencing. Finally, the cassette containing

the chimeric protein was introduced into pBLTI121
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binary vector to allow plant transformation. Trans-

formation of Nicotiana tabacum (cv. BY-2) cells with

Agrobacterium tumefaciens was performed as describ-

ed by Gomord et al. (1998). Transgenic lines express-

ing ‚ (1-2) galactosyltransferase fused to GFP (MUR3-

GFP) were obtained as described by Chevalier et al.
(2010). Transgenic lines of tobacco BY2 suspension-

cultured cells expressing the first 99 amino acids of

soybean ‚ (1-2) mannosidase I (Nebenführ et al., 1999)

membrane protein fused to GFP (ManI-GFP) were

obtained as described by Saint-Jore-Dupas et al. (2006).

High-pressure freezing, freeze substitution and freeze
drying

HPF was performed with the freezer HPF-EM PACT

I Leica-microsystems (Studer et al., 2001). Prior to

freezing, 3 d-old tobacco (BY-2) suspension-cultured

cells were treated with different cryoprotectants such

as: 20% (v/v) glycerol (Sigma), 0.4 M (w/v) sucrose

(Sigma), 20% (w/v) Bovine Serum Albumin (BSA)

(Sigma), 20% (w/v) arabic gum (Sigma) or 25% (w/v)

dextran 70 KD (Sigma) diluted in culture medium.

For glycerol treatment, the cells were concentrated

on 50 Ìm nylon membrane and incubated successive-

ly in 5% and 10% glycerol (v/v) for 1 h at +4ÆC and

under light stirring. Cells were subsequently trans-

ferred to 20% (v/v) glycerol and immediately frozen.

For the other pre-cooling treatment, cells were incu-

bated for a few minutes in Murashige and Skoog (MS)

medium (Sigma) supplemented by cryoprotectants.

Tobacco BY-2 cells pre-treated or not were con-

centrated on 50 Ìm nylon membrane and transferred

into the cavity of a copper ring used for cryofracture,

which is 100 Ìm in depth and 1.2 mm in diameter. Ex-

cess medium was lightly absorbed by filter paper. Us-

ing a horizontal loading station, the specimen carriers

were tightened securely to the pod of specimen holder.

After fixation on the loading device, specimens were

frozen according to a maximum cooling rate of 10000ÆC

sec–1, incoming pressure of 7.5 bars and working pres-

sure of 4.8 bars. Rings containing frozen samples

were stored in liquid nitrogen until the freeze sub-

stitution procedure was initiated.

After HPF the samples were transferred to a FS

automate (AFS, Leica Vienna Austria) pre-cooled to

–140ÆC. FS conditions followed a modified procedu-

re from D. Studer (personnal communication). For

ultrastructure analyses, substitution media consisted

of anhydrous acetone, supplemented with 2% (w/v)

osmium tetroxide (Polysciences Inc.). The samples

were substituted at –90ÆC for 72 hrs. The temperatu-

re was gradually raised (2ÆC/hr) to –60ÆC and stabi-

lized during 12 hrs, then gradually raised (2ÆC hr–1)

to –30ÆC (12 hrs) and gradually raised again (2ÆC hr–1)

to 0ÆC for 2 hrs. The samples were washed at room

temperature with fresh anhydrous acetone (Fischer).

Infiltration was done at +4ÆC in acetone-Spurr’s resin

(Polysciences Inc.) (ratio 2v:1v; 1v:1v; 1v:2v, 8 hrs each

step) and with pure resin for at least 2 d. Polymeriza-

tion was performed at 60ÆC for 16 hrs. Samples des-

tined for immunocytochemistry were substituted in

anhydrous acetone +0.5% (w/v) uranyl acetate (Poly-

sciences Inc.), using a similar program as that describ-

ed above, except that the final substitution step was

performed at –15ÆC. The samples were rinsed twice

with anhydrous ethanol (VWR). Infiltration was pro-

cessed at –15ÆC in a solution containing ethanol: Lon-

don Resin White (LRW) (Polysciences Inc.) (ratio

2v:1v; 1v:1v; 1v:2v, 8 hrs each step) and with pure re-

sin for 2 x 24 hrs. Polymerization was performed into

the AFS apparatus at –15ÆC under UV light for 48 hrs.

Cryosectioning

For cryosectioning (Tokuyasu, 1973 modified), 3 d-

old tobacco BY-2 cells were harvested by filtration on

50 Ìm nylon membrane and fixed at +4ÆC with a mi-

xture of 1.5% (v/v) paraformaldehyde (PAF) (Prola-

bo) and 0.2% (v/v) glutaraldehyde (GA) (Agar) (fix-

ative solution 1) or 2% (v/v) PAF and 2% (v/v) GA

(fixative solution 2) in 0.1 M Na-phosphate, pH 7.2

buffer (PB) for 16 hrs. After successive washing with

a mixture containing 0.1 M glycine (Fischer) in PB sa-

line (PBS: 0.01 M Na-phosphate pH 7.2, Sigma), and

0.15 M NaCl (Fischer), the cells were progressively

embedded in 12% gelatin (w/v) in 0.1 M PB. Small

blocks (1 to 2 mm3) of gelatin were cut at +4ÆC and

transferred into 1.2 M sucrose in 0.1 M PB for 1 hr,

then into 2.3 M sucrose in 0.1 M PB for 2 hrs, follow-

ed by infiltration with fresh 2.3 M sucrose in 0.1 M

PB overnight and then into successive solutions of 2.3

M sucrose in 0.1 M PB for 72 hr periods. The sucrose

infiltration method mentioned just above was per-

formed at +4ÆC with stirring. Gelatin cubes were

then mounted onto specimen stubs, frozen in liquid

nitrogen by plunging, and cut into 70 nm ultrathin

sections at –120ÆC with Ultracut UCT microtome

(Leica Vienna Austria). Frozen sections were picked

up as described by Liou et al. (1996) by using a mix-

ture of 2.3 M sucrose in PB and 2% (w/v) methylcel-

lulose and transferred on formvar-coated nickel grids

stabilized with carbon.
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Immunogold labeling of GFP-tagged membrane 
protein

Ultrathin sections (50-70 nm; ultracut UCT Leica Vi-

enna Austria) of HPF-prepared tobacco BY-2 cells

expressing MUR3-GFP fusion protein were collected

on carbon-formvar-coated nickel grids and blocked in

Tris-Buffered Saline (TBS: Tris HCl 20 mM pH 7.2,

Fischer, 200 mM NaCl) supplemented with 0.2%

(w/v) BSA and 0.05% (w/v) Tween 20 (Sigma) for 15

min. Sections were then incubated with the polyclon-

al anti-GFP antibody (BD living colors A.v peptide

antibody – Clontech) at 1:5 dilution in TBS + 0.2%

(w/v) BSA and Normal Goat Serum 1:30 (NGS; Bri-

tish Biocell International) for 2 hrs at room tempera-

ture. After washing in TBS + BSA, the grids were in-

cubated for 1 hr at room temperature in the anti-rab-

bit secondary antibody conjugated to 10 nm gold par-

ticles (Tebu-British Biocell International). After wash-

ing and fixing in TBS +2% (v/v) GA, the sections

were first stained with 4% (w/v) vapour osmium fol-

lowed by classical staining (uranyl acetate and lead ci-

trate). 

Cryosections of tobacco BY-2 cells expressing the

soybean ‚ (1-2) mannosidase I-GFP fusion protein

were immunolabelled with anti-GFP antibodies de-

rived from a rabbit’s polyclonal serum (Pagny et al.,
2003). To this purpose, grids with frozen sections we-

re first incubated in PBS containing 0.1% (w/v) gly-

cine to inactivate any residual fixative. The grids were

blocked in PBS with 1% (w/v) BSA for 2 min and

then incubated with the anti-GFP antibodies diluted

1:100 in blocking buffer for 30 min. After washing in

PBS, the grids were blocked in NGS 1:30 in PBS con-

taining 0.1% (w/v) BSA. After incubation with the

secondary antibody (British Biocell International,

EM gold conjugates, goat-anti-rabbit IgG-10 nm) di-

luted 1:25 in blocking buffer for 30 min, the grids

were incubated with glutaraldehyde 1% (v/v) in PBS

for 5 min and finally washed in water. The specimens

were stained for 5 min with cold 2% (w/v) methyl cel-

lulose (Sigma) containing 0.4% (w/v) uranyl acetate,

at pH 4. Two controls were systematically done by la-

beling sections of non-transformed tobacco cells and

by omitting the first antibody. 

Observations were made with a Tecnai 12 Biotwin

TEM (FEI company Eindhoven NL) at 80 KV. Ima-

ge acquisitions were made with a coupled charge de-

vice Megaview II camera controlled by AnalySis soft-

ware (Eloise Paris France). 

RESULTS

HPF/FS and Tokuyasu cryosectioning methods were

used to process 3 d-old tobacco BY-2 suspension-cul-

tured cells before TEM investigations. With the HPF/

FS approach, five types of components for freezing

conditions were tested on subcellular preservation,

using a standard osmium tetroxide/acetone condition

for FS followed by Spurr’s resin embedding. The best

conditions were then selected to determine their im-

pact on the detection of xyloglucan-galactosyltransfe-

rase fused to GFP (MUR3-GFP), using acetone/ura-

nyl acetate as FS medium followed by LRW embed-

ding. According to the Tokuyasu method, the effect

of two fixative solutions were assessed on ultrastruc-

tural patterns of the cells as well as immunogold la-

beling of another glycosyltransferase fused to GFP,

the N-Glycan-mannosidase I (ManI – GFP).

Ultrastructural preservation of high pressure frozen
and freeze substituted tobacco BY-2 suspension-cul-
tured cells 

Freezing medium composition was firstly studied on

the subcellular structure of 3 d-old BY-2 cells. Freez-

ing of cells directly in their culture medium MS with-

out any additive induces important ice damage lead-

ing to very poor preservation of the cell structure (da-

ta not shown). Similar damage was observed in sam-

ples in which freeze drying and FS were applied as

dehydration processes. Noticeable injuries came from

an inefficiency of freezing, including tonoplast dis-

ruption, segregation phase and extremely low integri-

ty of organelles within the cytoplasm (data not

shown). As for Golgi membrane preservation, those

conditions were not sufficient to obtain a well pre-

served ultrastructure. Thus, to get an optimal freezing

of this organelle in BY-2 cells, cryoprotectants are re-

quired (Figs 1 and 2). 

Pre-freezing treatment with glycerol or sucrose and em-
bedding in Spurr’s resin

Figure 1A-E shows the general appearance of a to-

bacco BY-2 suspension-cultured cells frozen in cul-

ture medium containing 20% (v/v) glycerol. The cy-

toplasm presented no visible ice damage and was de-

prived of any phase segregation. Its ground appeared

densely stained with granular texture and was partic-

ularly rich in organelles, demonstrating that no ex-

traction occurred during sample preparation. The nu-

cleus was well preserved, showing a smooth nuclear
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FIG. 1. Electron micro-

graphs of tobacco BY2

suspension-cultured cells

cryofixed by HPF. Cells

were frozen in 20% (v/v)

glycerol (A-E) or in 0.4 M

sucrose (F, G). Cryofixed

cells were substituted in

acetone + 2% (w/v) osmi-

um tetroxide and embed-

ded in Spurr’s resin. CW:

cell wall; ER: endopla-

smic reticulum; G: Golgi

stacks; IE: intercisternal

elements; M: mitochon-

dria; MF: microfilaments;

MT: microtubules; MVB:

multi-vesicular body; N:

nucleus; NM: nuclear mem-

brane; NP: nuclear pore;

PM: plasma membrane;

SV: secretory vesicles; V:

vacuole. Scale bars = 100

nm.
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membrane which exhibited regular disconnections

corresponding to nuclear pores. In our conditions,

the condensed chromatin showed no evidence of ice

crystal damage and appeared as flocculent substances

in localized areas. Figure 1C-E depicts the fine ultra-

structural details of organelles reported to be partic-

ularly susceptible to ice damage. As illustrated in Fig.

1B, Golgi stacks were well preserved. Figure 1B

shows trans cisternae characterized by a lumen filled

with densely stained material and the presence of in-

tercisternal elements. It is worth noting that in plant

cells, intercisternal elements are maintained only in

cryofixed material showing optimal preservation (see

Driouich & Staehelin, 1997). Endoplasmic reticulum

membranes were frequently observed with ribosomes

lining up their surface. Multi-vesicular bodies and mi-

tochondria both exhibited a typical rounded shape

(Fig. 1C-D). Aggregated microfilaments (Fig. 1E)

supposed to be actin filaments could often be ob-

served in the vicinity of Golgi vesicles as shown in Fig.

1B. Microtubules were also frequently observed (Fig.

1D) proving that the freezing protocol used is appro-

priate. 

We also assessed the impact of 0.4 M sucrose on

the freezing of tobacco BY-2 suspension-cultured

cells. This pre-freezing condition provided similar re-

sults as glycerol regarding cytoplasm and endomem-

brane preservation (Fig. 1F, G). The abundance of ri-

bosomes and other organelles throughout the cyto-

plasm indicated that little or no extraction had occur-

FIG. 2. Electron micrographs of tobacco BY-2 suspension-cultured cells cryofixed by HPF. Cells were frozen in 20% (w/v)

BSA (A), 20% (w/v) arabic gum (B) and 25% (w/v) dextran (C, D). Cryofixed cells were substituted in acetone + 2% (w/v)

osmium tetroxide and embedded in Spurr’s resin. CW: cell wall; ER: endoplasmic reticulum; G: Golgi stacks; M: mitochon-

dria; MT: microtubules; N: nucleus; PM: plasma membrane; V: vacuole. Scale bars=100 nm.
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red (Fig. 1G). Plasma membrane appeared regular as

a straight line with no cracks (Fig. 1G). Golgi stacks

and associated vesicles were also clearly discernable

(Fig. 1F, G). The vacuolar sap, filled with dense ma-

terial, was also well preserved (Fig. 1G). Comparing

images obtained by glycerol (Fig. 1A-E) and sucrose

(Fig. 1F, G), constrasting differences appeared on the

membranes. It seems that membranes are “negative-

ly” stained by glycerol pre-treatment and positively

stained by sucrose.

Pre-freezing treatment with high molecular weight
compounds and embedding in Spurr’s resin

We have also assessed the ultrastructural preserva-

tion of BY-2 cells by supplementing the freezing me-

dium with some high molecular weight cryoprotec-

tants (Fig. 2). The addition of 20% (w/v) BSA was not

sufficient enough to preserve well the cell structures

(Fig. 2A). Similar damage was observed as in samples

that were not cryoprotected before freezing. Although

scattered ice defaults were present, treatment with

arabic gum before freezing enhanced the quality of

morphological preservation (Fig. 2B). The cytoplasm

was dense with numerous ribosomes and some well

preserved and clearly discernable Golgi stacks. Nev-

ertheless, the last freezing medium tested, which con-

sisted of MS medium with 25% (w/v) dextran, yield-

ed the best ultrastructural preservation of BY-2 cells

(Fig. 2C, D). In addition to the excellent preservation

of different cellular organelles, including Golgi stacks,

endoplasmic reticulum, mitochondria and tonoplast,

cells appeared turgescent with the plasma membrane

tightly appressed to the cell wall (Fig. 2C). Excellent

preservation of Golgi stacks was obtained, making

the cis-to-trans polarity very easily recognizable (Fig.

2D). The well preserved cytoplasm was however con-

fined to small areas of the cell. 

Pre-freezing treatment with glycerol, sucrose or dextran
and embedding in LRW resin

FS for ultrastructural analyses was performed in ace-

tone containing 2% (w/v) osmium tetroxide as a stan-

dard substitution medium, according to McCully &

Canny (1985). Osmium-free substitution method was

secondly investigated for subsequent LRW embed-

ding (Fig. 3). Tobacco BY-2 suspension-cultured cells

FIG. 3. Electron micrographs of tobacco BY-2 suspension-cultured cells frozen by high pressure in 20% (v/v) glycerol (A), in

0.4 M sucrose (B), and 25% (w/v) dextran (C). Cells were substituted in acetone + 0.5% (w/v) uranyl acetate and embedded

in LRW resin. ER: endoplasmic reticulum; G: Golgi stacks; TGN: trans-Golgi network. Scale bars=100 nm.
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frozen in glycerol (Fig. 3A) or sucrose (Fig. 3B) and

freeze-substituted in acetone containing 0.5% (w/v)

uranyl acetate presented excellent ultrastructural pre-

servation. The well preserved Golgi cisternae were

easily distinguishable with cis to trans polarity and se-

cretory vesicles of various sizes. It is worth noting

that, under these conditions of FS, BY-2 cells frozen

in glycerol yielded the highest quality of preservation.

In contrast, cells frozen in dextran followed by FS in

uranyl acetate /acetone presented ice crystal damage

throughout the whole cytoplasm. In general, organel-

le preservation was poor and endomembranes, includ-

ing Golgi cisternae, were hardly discernable (Fig. 3C).

FIG. 4. Electron micrographs of transgenic tobacco suspension-cultured BY-2 cells preserved by cryosectioning method. Cells

were chemically pre-fixed with 1.5% (w/v) PAF + 0,2% (v/v) GA (A) or 2% (w/v) PAF+ 2% (v/v) GA (B-E). ER: endopla-

smic reticulum; G: Golgi stacks; M: mitochondria; MVB: multi-vesicular body; N: nucleus; NM: nuclear membrane; P: plas-

tid; SV: secretory vesicles. Scale bars=100 nm.
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Ultrastructure of cryosectioned suspension-cultured
BY-2 cells

Chemical fixation is a prerequisite for cryosections to

maintain integrity during thawing and subsequent im-

munolabeling. Therefore, the effect of two fixative so-

lutions was investigated on subcellular features of

BY-2 cells that were fixed for 16 hrs with 1.5% (v/v)

PAF – 0.2% (v/v) GA (fixative solution 1) or 2% (v/v)

PAF – 2% (v/v) GA (fixative solution 2) prior to cry-

osectioning.

The use of fixative solution 1 affected drastically

the preservation of cellular organelles (data not shown).

Membranes were not clearly discernable and the cy-

toplasm did not appear uniformly preserved, suggest-

ing that extraction occurred. As illustrated in Fig. 5C,

similar results were observed for Golgi stacks whose

cis to trans polarity was not preserved. 

Increasing concentration of GA to 2% (v/v) (fixa-

tive solution 2) enhanced the quality of ultrastructure

(Fig. 4A-E) and the visualization of membranes lim-

iting different organelles, including the nuclear mem-

brane (Fig. 4A), endoplasmic reticulum (Fig. 4B), mul-

ti-vesicular bodies (Fig. 4C), mitochondria (Fig. 4D)

and plastids (Fig. 4E). Compared to the first fixative

solution, Golgi stacks have preserved their structural

integrity with distinct compartments as well as the a-

FIG. 5. Electron micrographs showing immunogold localization of GFP-tagged Golgi proteins under cryopreparation methods

in transgenic tobacco BY-2 suspension-cultured cells. (A, B) Distribution of MUR3-GFP in cells prepared with HPF/FS, pre-

treated by 0.4 M sucrose (A) or 20% (v/v) glycerol (B), shows labeling in Golgi stacks (A) and in medial / trans Golgi margins

(B). (C-E) Distribution of ManI-GFP in cryosectioned cells pre-fixed with 1.5% (w/v) PAF + 0.2% (v/v) GA (C) or 2% (w/v)

PAF + 2% (v/v) GA (D, E). A cross-section view (D) of Golgi apparatus or a top view (E) of cisternae showing abundant la-

beling of the central zone as compared to the margins. CZ: central zone; ER: endoplasmic reticulum; G: Golgi stacks; GV:

Golgi vesicles; MT: microtubules. Scale bars=100 nm.



bundance of Golgi-derived vesicles (see Fig. 4A and

Fig. 5D, E). It appeared that the original structure of

Golgi stacks is better stabilized with high concentra-

tion of GA, allowing the identification of different

subtypes of cisternae (Fig. 5C, D) according to the

cis, medial and trans polarity previously described

(Staehelin et al., 1990; Zhang & Staehelin, 1992; Dri-

ouich et al., 1993). Moreover, Figures 4B and 5D, E

showed the presence of numerous secretory vesicles

in the vicinity of Golgi, illustrating that the quality of

endomembrane preservation was improved using tho-

se conditions.

Immunogold localization of GFP tagged-Golgi pro-
teins under HPF/FS method

To assess antigenicity preservation of our samples pre-

pared under various conditions, we used transgenic

lines of BY-2 cells expressing GFP-fused proteins. A

xyloglucan-galactosyltransferase from Arabidopsis
(MUR3-GFP) and a soybean mannosidase I (ManI-

GFP) were localized respectively using HPF/FS and

cryosectioning procedures. Since the best conditions

of HPF/FS amenable to immunocytochemistry were

obtained by using sucrose and glycerol as freezing

medium, only these two treatments were applied to

the MUR3-GFP detection (Fig. 5A, B). As shown in

Figure 5B, labeling with the polyclonal GFP-antibod-

ies was found specifically over Golgi stacks and most-

ly detected in the margins of medial / trans cisternae.

Similar results in terms of localization were observed

for samples frozen in sucrose (Fig. 5A).

Immunogold localization of GFP tagged-Golgi pro-
teins with Tokuyasu method

The impact of the two fixative solutions on the immu-

nogold localization of ManI-GFP within the Golgi

stacks was also examined. Detection of GFP-labeling

over Golgi stacks was possible in both conditions as

shown in Figure 5C-E. With an improved ultrastruc-

ture quality, Figure 5D illustrates specifically the dis-

tribution of the ManI-GFP with most of the labeling

over the cis moiety of the Golgi stacks, on cryosec-

tioned transformed BY-2 cells prepared with 2% (v/v)

PAF-2% (v/v) GA (fixative solution 2). In addition, the

top view of the Golgi cisternae (Fig. 5E) showed that

the majority of gold particles were associated with the

central zone of the cisternae. The density of labeling

was compared and found to be higher in conditions

with great concentration of GA (Fig. 5D) than in low

GA concentration (Fig. 5C): an average of 21±4.2

gold particles per Golgi stack was numbered with 2%

(v/v) GA, compared to 9±1.4 with 0.2% GA (v/v).

DISCUSSION

HPF/FS and cryosectioning are recognized respec-

tively as the best established fixation and immunode-

tection methods. Nevertheless, in spite of the avail-

ability of those tools, relatively few studies on plant

suspension-cultured cells have been reported to date.

In our work, technical conditions in HPF/FS and cry-

osectioning for tobacco BY-2 cell preparations were

overviewed with a particular focus on the Golgi ap-

paratus and their impact on GFP-tagged protein lo-

calization is discussed below.

In the HPF/FS procedure, the most critical phase

of the whole fixation process is undoubtedly the pre-

ceding preparation prior to freezing of specimen, as

very well described in the recent upgrade published

by McDonald et al. (2007). In our study, the use of FS

media free of strong fixatives amenable for immuno-

analysis, provided optimal freezing quality. It is well

known that the water content of vacuolated cells

(such as tobacco suspension cells) is a crucial factor

for vitrification of hydrated specimens. The complex

interactions between water and intracellular com-

pounds and the various forms of water present in the

different compartments, including vacuoles, cytoplasm

and apoplast, greatly influence phase transitions dur-

ing cooling procedures in spite of high cooling rate

generated by HPF. Studer et al. (1995) demonstrated

the dependence of vitrification on proteoglycan con-

centration and water content in articular cartilage. Si-

milarly, Lepeault et al. (1997) studied vitrification of

water and showed that amorphous ice of pure water

could be obtained by HPF only by adding at least 20%

(w/v) sucrose. 

In the case of tobacco suspension-cultured cells, it

was already described that freezing without any cry-

oprotectant gives some sufficient ultrastructural re-

sult to immuno-analysis of specific vacuolar or vesic-

ular compartment, and multi-vesicular bodies (Tse et
al., 2004; Oliviusson et al., 2006; Langhans et al., 2007).

In our work, we showed that freezing tobacco cells

without any additive induced important ice damage

leading to poor preservation of cell structures, includ-

ing the Golgi stacks. These ice injuries are not depen-

dent on the dehydration process but result in the lack

of efficiency of vitrification. In this context, cryopro-

tectants become essential to improve the quality of

freezing by ensuring a rapid heat removal from the
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sample without the formation of ice crystals. Usually,

cryoprotectants are divided into two categories, in-

cluding non-penetrating (e.g. dextran, BSA, arabic

gum and sucrose) and penetrating compounds (e.g.

glycerol). Extracellular compounds act as an “em-

bedding agent”, thereby increasing the viscosity of the

outside medium. Thus, by preventing freezing outside

the cell, the ice nucleation within the cell is delayed

and ice damage is prevented (Echlin, 1992). They are

often more suitable than intracellular cryoprotec-

tants, which might change cell physiology. However,

another classification of these agents, based on their

osmotic activities, should be considered. Dextran, BSA

and arabic gum are molecules with low osmotic activ-

ity, compared to sucrose or glycerol. Dextran and su-

crose have previously been used in large HPF/ FS ap-

plications on sycamore or tobacco suspension-cul-

tured cells (Driouich et al., 1993; Zhang et al., 1993;

Samuels et al., 1995; Driouich & Staehelin, 1997; Wi-

nicur et al., 1998; Nebenführ et al., 1999) in contrast

to glycerol. As shown in our results, dextran could be

an effective cryoprotectant when tobacco suspension-

cultured cells were freeze-substituted in osmium te-

troxide and embedded in Spurr’s resin (Fig. 2C, D)

but not when FS conditions deprived of strong fixa-

tives followed by LRW resin were applied (Fig. 3C).

In this case, segregation compartments caused by cry-

stallization were present. These data are in line with

the previous report of Matsko & Müller (2005), who

demonstrated that Spurr’s components were involved

in the stabilization of fine structures after HPF, re-

sulting in higher quality of ultrastructure compared to

LRW resin. Nevertheless, the major drawback in the

use of dextran is its incompatibility with substitution

fluids such as acetone supplemented with uranyl ac-

etate suitable for immunolabeling. The possible in-

teraction of dextran with uranyl salts (Kiss et al., 1990;

Giddings, 2003) leads to an important reduction of

freeze substitution efficiency inducing re-crystalliza-

tion when temperature increases during the substitu-

tion process. In those conditions, ultrastructure is da-

maged. In addition, high concentration of dextran

may exert a non colligative osmotic pressure involved

in some membrane shrinkage. 

Freezing in glycerol or sucrose provided good pre-

servation with LRW resin (Fig. 3A, B), avoiding the

necessity of using osmium tetroxide in the freeze sub-

stitution medium as generally proposed in the litera-

ture (Nebenführ et al., 1999; Toyooka et al., 2009).

Glycerol is a natural compound found in the plant

cell membranes and known to play a key role in tol-

erance to various abiotic stresses such as cold or de-

hydration (Eastmond, 2004). Although glycerol is i-

dentified as a penetrating cryoprotectant, its entry in-

to the plant cell may be limited by the cell wall

(McGann, 1978; Echlin, 1992; Hayat, 2000). In our

experiments, glycerol incubation was performed grad-

ually on non-fixed cells at +4ÆC, which decreased

greatly the cell glycerol penetration (McGann, 1978;

Echlin, 1992). Thus, in this context, the glycerol play-

ed the role of an osmotic agent, like sucrose. The good

ultrastructural preservation of Golgi stacks obtained

with sucrose and glycerol treatment is due to an os-

motic effect that does not occur with dextran. This

finding suggests that the optimal freezing of BY-2

cells requires their light dehydration. To preserve the

integrity of endomembranes, osmotical action of su-

crose or glycerol is more successful than dextran.

The lack of membrane staining when glycerol is

used as cryoprotectant, compared to sucrose, could

be explained by the behaviour of membranes during

high pressure freezing. Because of the structure and

composition (phospholipids closely arranged to each

other in a double lamellar layer) of membranes, the

ultrarapid freezing process could be modified and be-

came different of free water. Wolfe & Bryant (1999)

have shown that membrane vitrification is dependent

on the ability of cryoprotectants to diffuse in the in-

terlamellar spaces and each side of phospholipid lay-

ers. A good vitrification of membrane can be achiev-

ed if the cryoprotectant diffuses efficiently in the in-

terlamellar spaces. Otherwise, the presence of differ-

ent types of ice in intra- or extra- compartments could

induce drastic injuries, such as membrane cracks or

swells (Wolfe & Bryant, 1999). We can also speculate

that the visibility of membranes could be modified ac-

cording to vitrification status. Although no link be-

tween vitrification quality and their contrast was es-

tablished, some authors notice the poor staining of

membranes after HPF/FS, and added low rate of wa-

ter in the FS medium to increase membrane contrast

(Walther & Ziegler 2002; Giddings, 2003).

When sucrose or glycerol is added to the freezing

medium, no difference in immunogold localization of

specific Golgi enzymes (Fig. 5A, B) was observed.

These findings are illustrated by the localization of

the MUR3-GFP fused protein involved in the syn-

thesis of the xyloglucan, a major hemicellulosic poly-

saccharide of dicotyledonous primary cell wall (Car-

pita & McCann, 2000). In line with the previous work

of Zhang & Staehelin (1992) on the distribution of

oligosaccharide linked to xyloglucan, we recently
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showed that the enzyme responsible for the galacto-

sylation of this polymer is mostly localized in the me-
dial / trans margins of Golgi cisternae (Chevalier et al.,
2010). We demonstrate here that whatever the pre-

cooling treatment applied to BY-2 cells, sucrose or

glycerol, the localization of these GFP-Golgi fused

proteins is the same. Given the fact that ultrastruc-

tural preservation is better with glycerol pretreatment,

we also used this procedure to describe two other XyG

synthesizing enzymes localization in BY-2 cells pre-

pared by HPF/FS (Chevalier et al., 2010). 

Tokuyasu thawed cryosectioning technique is bas-

ed on fixation with aldehydes, infiltration with high

concentration of cryoprotectant, followed by plung-

ing in liquid nitrogen and finally cryosectioning on a

microtome cryo-chamber at –90ÆC and –130ÆC. Dur-

ing this process, two major difficulties are generally

encountered: the cryoprotection step and the retrie-

val section. The presence of sucrose, widely used in

high concentration, ensures the vitrification of the bi-

ological material when freezed upon plunging into li-

quid nitrogen. Thus infiltration of sucrose into the

cell seems to be essential to prevent ice damage and

to achieve vitrification, in contrast to the HPF/FS ap-

proach. Therefore, aldehyde fixation plays an impor-

tant role by permeabilizing the plasma membrane, in

addition to stabilizing cell structure. Despite that fix-

ed cells are permeable to sucrose, the infusion rate

into cell is dependent on the fixation intensity (Hay-

at, 2000). When applied to plant cell material, sucro-

se infiltration is obviously impaired by the presence of

cell wall, which constitutes a great biological barrier.

This results generally in severe plasmolysis of the cell,

which can be overcome by increasing fixative concen-

tration and length of incubation to 72hrs, in gradual

sucrose solutions. 

Section retrieval step in the cryo-chamber is known

to be a critical step in the cryosectioning approach.

This step can induce damage of the cell endomem-

branes (Skepper, 2000) and must be performed rapi-

dly to avoid the freezing of the retrieval medium.

When 2.3M sucrose solution is used, the time needed

to retrieve sections in a cryo-chamber maintained at

–100ÆC was estimated at 3 sec (Skepper, 2000). An

alternative mixture of 2% (w/v) methyl cellulose and

2.3M sucrose helps to avoid tissue over-streching

caused by the strong osmotic activity of sucrose (Grif-

fiths, 1993). Consequently, this solution freezes faster

than sucrose, shortening the section retrieval time.

Thus, we believe that improving pre-fixation will pre-

vent damage occurring at this critical stage. Indeed,

fixation with 1.5% (v/v) PAF – 0.2% (v/v) GA for 16

hrs at +4ÆC resulted in insufficient ultrastructural

preservation (see Fig. 5C) with a quality below that

obtained after chemical co-fixation method (Follet-

Gueye et al., 2003). 

Increasing the fixative concentration proved a

marked improvement of cellular preservation. In par-

ticular, the morphology of the endomembrane system

was very well preserved, matching that obtained with

HPF technique in BY-2 cells (see Fig. 5). This me-

thod also allowed a clear distinction of the cis to trans
Golgi polarity. Despite the good patterns of cell ul-

trastructural preservation, the use of a high fixative

concentration is known to hamper epitope accessibil-

ity. In our work, use of 2% (v/v) GA fixative com-

bined to PAF afforded a high density of gold particles

(Fig. 5C, D) and the precise GFP localization within

Golgi membranes (Fig. 5C, D). We observed that the

GFP localization was predominantly associated with

the cis and less frequently in the medial Golgi cister-

nae compartments, as previously described (Saint-

Jore-Dupas et al., 2006). Similar distribution of this

Golgi membrane protein was obtained using either

high-pressure frozen tobacco BY-2 cells (Nebenführ

et al., 1999) or chemically co-fixed cells (data not

shown), but the density of labeling was much weaker

than that obtained in cryosectioned samples. More

recently, Staehelin & Kang (2008), in a paper dedi-

cated to EM tomography, showed also that the native

‚ mannosidase was predominantly located to the cen-

tral zone of the medial cisternae in Arabidopsis root

tip as presented here in Figure 5D, E.

Impacts of Tokuyasu cryosectioning versus HPF/

FS preparations on antigenicity are highly dependent

either on the sample and the antigen (Lauber et al.,
1997; Hess, 2007; Stierhof & Kasmi, 2010). Provided

that antigens were maintained in their original loca-

tion and not extracted during chemical fixation and

sucrose infiltration, the accessibility of epitopes at the

thawed cryosection surface is better when compared

to that of the resin section surface. Moreover, in the

Tokuyasu cryosectioning approach, because tissues

are only fixed with low concentrations of aldehydes

and remain in an aqueous environment prior to im-

munolabeling, epitope detection would sometime turn

out to be more favorable. Here, in the Tokuyasu

technique, to perform the ultrastructural preservation

of tobacco BY-2 cells, we fixed them with an alde-

hyde mixture containing 2% (v/v) PAF and 2% (v/v)

GA and then infiltrated them slowly with 2.3M su-

crose. We show here that this process is not deleteri-



ous to GFP-tag detection in transgenic BY-2 cells.

On the other hand, we also reveal that the GFP-tag is

insensitive to HPF/FS procedure following by LRW

resin embedding. 

Whereas Tokuyasu cryosectioning is often assum-

ed to be the most suitable approach to label membra-

ne-bound proteins (Liou et al., 1996; Griffiths & Pos-

thuma, 2002), the ultrastructural features of BY-2

cells was often inferior to HPF/FS experiments. The

major drawback is the great cell plasmolysis which is

reduced by a progressive sucrose infiltration and stron-

ger fixation. Alternatively, it would be interesting to

combine the quality of the ultra-rapid cooling with

the sensitiveness of thawed frozen section technique.

In practice, a modified approach was proposed by

Van Donselaar et al. (2007) and Ripper et al. (2008)

named the “rehydration method”. It combines HPF/

FS procedure followed by a rehydration step, infiltra-

tion in sucrose and cryo-sectioning. The rehydration

method is particularly sufficient to investigate some

extractable epitopes like polysaccharides that are of-

ten lost during Tokuyasu process and was recently

used to immunolocalize epitopes associated with a

hemicellulosic compound, the xyloglucan (Viotti et
al., 2010). This new approach was also successfully

applied to Arabidopsis thaliana plant model on pollen

grains, cotyledons and root tip (Stierhof & Kasmi,

2010) but never described on tobacco BY-2 cells. Con-

sidering the high hydration level of BY-2 cells, suc-

cessive dehydration and rehydration steps might be

delicate. However, it could be of interest to adapt the

rehydration method to plant suspension cells like to-

bacco BY-2 cells. 
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