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Nitrogen is quantitatively the most important nutrient that plants
acquire from the soil. It is well established that plant roots take up
nitrogen compounds of low molecular mass, including ammonium,
nitrate, and amino acids. However, in the soil of natural ecosys-
tems, nitrogen occurs predominantly as proteins. This complex
organic form of nitrogen is considered to be not directly available
to plants. We examined the long-held view that plants depend on
specialized symbioses with fungi (mycorrhizas) to access soil pro-
tein and studied the woody heathland plant Hakea actites and the
herbaceous model plant Arabidopsis thaliana, which do not form
mycorrhizas. We show that both species can use protein as a
nitrogen source for growth without assistance from other organ-
isms. We identified two mechanisms by which roots access protein.
Roots exude proteolytic enzymes that digest protein at the root
surface and possibly in the apoplast of the root cortex. Intact
protein also was taken up into root cells most likely via endocy-
tosis. These findings change our view of the spectrum of nitrogen
sources that plants can access and challenge the current paradigm
that plants rely on microbes and soil fauna for the breakdown of
organic matter.

nitrogen uptake � organic nitrogen � plant nutrition � plant roots �
soil protein

Soil organic matter contains nitrogen predominantly as pro-
tein, which is considered a nitrogen source exclusively for

microbes and animals (1, 2). Despite the importance of protein
in soils, little research has been carried out to elucidate the role
of complex organic nitrogen as a nitrogen source for plants. The
current view is that in ecosystems where the rate of microbial
mineralization is slow, such as in boreal forests and heathlands,
woody plants rely on ecto- or ericoid mycorrhizal fungal sym-
bioses to break down soil protein, whereas in ecosystems with
high microbial activity and mineralization rates, such as grass-
lands and tropical forests, herbaceous and woody plants use
mostly inorganic nitrogen (2–4). However, there is conflicting
evidence about the roles and interactions between microbes and
plants for converting and accessing nitrogen in soils (1).

Plants take up organic nitrogen compounds of low molecular
mass, including amino acids and possibly di- and tripeptides, via
membrane transporters into root cells (5). Amino acids are a
nitrogen source for plants in natural ecosystems and agricultural
systems (6–10), but peptides and proteins have received less
attention as potential nitrogen sources for plants. There is
limited knowledge about peptides in soils, and protein is con-
sidered to be not directly accessible to plants. Previously, it was
shown that heathland and forest plants can use protein as a
nitrogen source when grown in axenic culture with fungal
symbionts, but not when grown without fungi (2–6, 11, 12).

To investigate the possibility of protein utilization by nonmy-
corrhizal plant species, we studied a woody and a herbaceous
plant species from contrasting ecosystems. We hypothesized that
Hakea actites is able to access soil protein because (i) soil in its
heathland habitat is protein-rich and inorganic nitrogen-poor

(13), (ii) most other heathland plants have mycorrhizal symbi-
oses and/or form symbioses with N2-fixing microbes (13), and
(iii) Hakea forms cluster roots that have a role in the acquisition
of organic nitrogen (14). We further hypothesized that Arabi-
dopsis thaliana is unable to use protein as a nitrogen source
because it does not form cluster roots and grows in ruderal
habitats that typically contain inorganic nitrogen. With the aid
of fluorescent proteins, we show that both plant species, in the
absence of microbes, can use protein as a nitrogen source.

Results
Axenically Cultivated H. actites and A. thaliana Use Externally Sup-
plied Protein as a Nitrogen Source for Growth. Grown with protein
as the sole nitrogen source, Hakea seedlings produced signifi-
cantly more root biomass and had a greater nitrogen content in
roots than plants grown without nitrogen (Fig. 1 A and B). Shoot
biomass and shoot nitrogen content, as well as total plant
biomass and nitrogen content, were similar in Hakea grown
without nitrogen or with protein, and best shoot and root growth
was observed with inorganic nitrogen (Fig. 1 A and B). Arabi-
dopsis grown with protein (1.5 or 6 mg BSA per ml of growth
medium) as the sole nitrogen source had significantly greater dry
weight and nitrogen content than plants grown without nitrogen
(Fig. 1 C and D). Arabidopsis grown with a low amount of
inorganic nitrogen (0.04 mg NH4NO3 per ml of growth medium)
produced more dry weight but had similar nitrogen content as
plants grown with 6 mg BSA per ml growth medium. Arabidopsis
supplied with a mixture of protein and a low amount of inorganic
nitrogen (5.4 mg BSA per ml and 0.04 mg NH4NO3 per ml
growth medium) grew significantly better than plants grown with
either nitrogen source individually and produced the same dry
weight as plants grown with a high amount of inorganic nitrogen
(0.4 mg nitrogen per ml growth medium) (Figs. 1 C and D and
2). Greater concentrations of protein in the growth medium led
to concentration-dependent increases in root length in Arabi-
dopsis (Fig. 3). Thus, protein as the sole source of nitrogen
stimulated root growth in both Hakea and Arabidopsis.

Roots Have Proteolytic Activity. We used a fluorescent protein
substrate to examine whether axenic Hakea and Arabidopsis
roots exhibit proteolytic activity. The protein–chromophore
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complex (DQ green BSA) fluoresces upon proteolysis. The
diameter of BSA (without the chromophore) is �6 nm, and
intact BSA does not pass through cell wall pores that have a
diameter of �4 nm (15). Fluorescence was observed at the root
surface of Hakea, indicating that proteases at the root surface
cleaved the protein (Fig. 4A). Fluorescence also was observed in
the outer and inner root cortex of Hakea roots after incubating
roots for 1.5 and 24 h, respectively (Fig. 4 D and F). No
fluorescence was observed in the outer cortex of Hakea after 24 h
of incubation most likely because substrate depletion prevented
further movement of fluorescent peptides into the apoplast
because only small amounts of protein were detected in the
incubation solution 3 h after commencing the experiment. The
results show that proteolysis occurred at the root surface of
Hakea, but do not rule out the possibility that it continues
throughout the cortical apoplast. Distinct f luorescence was
associated with root cortex cells of Arabidopsis (Fig. 4 H and J).

The fate of protein in the liquid medium also was monitored
and visualized with gel electrophoresis. Protein content of the
incubation solution was strongly reduced over a 3.5-h period in
the presence of Hakea roots (Fig. 5A). No protein-degradation
products were detected in the incubation solution, indicating that
protein was removed as intact protein from the solution, that
protein breakdown occurred but that smaller peptides were not
visible, or that smaller peptides were taken up or otherwise
associated with the roots. In Arabidopsis, the concentration of
initial protein in the incubation solution of roots was reduced
after 3.5 h incubation, and a peptide of �50 kDa increased in
abundance over time, indicative of protein degradation (Fig. 5B).

Root Cells Take Up Protein. The absorption of intact protein by
roots was investigated by incubating intact roots of axenic Hakea
and Arabidopsis in liquid medium with GFP. GFP was observed
on the surface of Hakea and Arabidopsis roots (Fig. 6 A, B, F, and
I) and inside intact root hairs (Fig. 6C), where it was associated
with cytoplasmic streaming [supporting information (SI) Movie
1]. GFP was observed in root cortex cells (Fig. 6 F and I),
providing further evidence that intact GFP entered root cells.
Acquisition of intact protein as shown by GFP fluorescence was
not observed in newly formed lateral roots that lacked root hairs

Fig. 1. Axenic H. actites and A. thaliana use external protein for growth. (A
and B) Root and shoot dry weight and nitrogen content of Hakea seedlings
grown without nitrogen, with protein, or with inorganic nitrogen; 30 mg of
nitrogen was supplied to each plant as protein or inorganic nitrogen (17 mM
protein nitrogen as BSA or 17 mM inorganic nitrogen as NH4NO3). (C and D)
Arabidopsis dry weight and nitrogen content grown without nitrogen or with
nitrogen supplied as protein (1.5 or 6 mg BSA per ml), inorganic nitrogen (0.04
or 0.4 mg NH4NO3 per ml), or protein and inorganic nitrogen combined (5.4
mg BSA per ml and 0.04 mg NH4NO3 per ml). Bars represent averages and SD
of five to eight Hakea plants and 7–10 plates with �80 Arabidopsis plants per
plate (see also Fig. 2). Different letters indicate significant differences at P �
0.05 (Hakea) and P � 0.01 or P � 0.001 (Arabidopsis) (ANOVA, Neuman–Keuls
post hoc test; data were log-transformed before analysis to account for
different variances between groups).

Fig. 2. Protein and low inorganic nitrogen in combination supported better
growth of Arabidopsis than protein or low inorganic nitrogen alone. (A) No
nitrogen added. (B) Protein only (6 mg BSA per ml). (C) Inorganic nitrogen only
(0.04 mg NH4NO3 per ml). (D) Protein plus inorganic nitrogen (5.4 mg BSA per
ml and 0.04 mg NH4NO3 per ml).

Fig. 3. Root length of Arabidopsis increased in response to increasing
protein levels in growth medium. Bars represent averages and SD of two to
four plates with �20 Arabidopsis plants per plate. Treatments included no
nitrogen added to growth medium, protein added (0.3–12 mg BSA per ml), or
inorganic nitrogen (0.4 mg NH4NO3 per ml). Different letters indicate signif-
icant differences at P � 0.001 (ANOVA, Neuman–Keuls post hoc test).
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(data not shown), suggesting that protein uptake depends largely
on the presence of root hairs in Hakea and Arabidopsis.

These findings were further supported by the localization of
GPF in Hakea roots by using immunogold labeling for EM.
Gold particles indicative of intact GFP and/or its cleaved
fragments were found in apoplast and cytoplasm of root cortex
cells (Fig. 7B).

Discussion
This article provides evidence that plants can assimilate protein
without assistance from soil organisms. Whether the ability to
use protein as a nitrogen source is limited to nonmycorrhizal
plant species or is more widespread in the plant kingdom has to

be established. In the experimental systems used here, protein
did not support plant growth to the same extent as inorganic
nitrogen sources. The slower growth of plants supplied with
protein alone suggests that there may be metabolic bottlenecks
associated with protein catabolism in the absence of inorganic
nitrogen sources. In natural conditions, soil contains a combi-
nation of organic and inorganic nitrogen forms (16), and the
addition of inorganic nitrogen significantly increased the ability
of Arabidopsis to use protein as a nitrogen source. Our study
shows that protein as a sole nitrogen source does not support
plant growth to the same extent as inorganic nitrogen, but that
protein can supplement plant nitrogen demand. The interaction
between protein and inorganic nitrogen use by plants should be
a focus of future investigations. Contrary to our initial hypoth-
esis, Hakea seedlings did not have a greater capacity than
Arabidopsis to use protein as a sole nitrogen source. However,
the early growth of Hakea seedlings occurs after fire when
inorganic nitrogen is more abundant (13), and the ability to use
protein could improve in older plants. We excluded microbes
from our study, and future research should address the capacity
of plants to directly use protein in the presence of microbes. The
techniques presented here may be useful in this respect.

We identified two mechanisms by which Hakea and Arabi-
dopsis access protein. First, root-derived proteases break down
protein. A smaller protein (�50 kDa) was generated in the
incubation solution of Arabidopsis roots when roots were sup-
plied with a larger protein (66 kDa), and a protein–chromophore
complex was cleaved by root-derived proteases of Hakea and
Arabidopsis.

The Arabidopsis genome encodes 828 proteases (http://
merops.sanger.ac.uk) (17), and secreted proteases have been

Fig. 4. Protease activity and protein fragments in roots of axenic Hakea and
Arabidopsis after incubation with protein–chromophore complex (DQ green
BSA) that fluoresces upon proteolytic degradation. (A) Protease activity re-
sulted in fluorescence at the surface of Hakea cluster roots after 1.5 h of
incubation. (B) Root cross-section of negative control with no protein–
chromophore complex added. (D and F) Hakea roots incubated with protein–
chromophore complex for 1.5 h (D) and 24 h (F) and cross-sectioned. (H and J)
Arabidopsis roots incubated for 6 h. (C, E, G, and I) Bright-field images of D, F,
H, and J, respectively. Images in B, E, and F were taken with a fluorescence
microscope; all others were taken with a confocal microscope.

Fig. 5. Proteolysis and/or depletion of BSA as observed by analyzing protein
solution incubated with H. actites (A) and A. thaliana (B) roots. The presence
of protein in the incubation solution of intact Hakea roots is strongly reduced
over the course of 3.5 h. No peptides of lower molecular mass were observed
in the incubation solution of Hakea. The incubation solution of Arabidopsis
roots contained decreasing amounts of BSA but also a smaller protein frag-
ment that increased over time. Protein solution was supplied to the root as 50
�g BSA per ml. Numbers on the left side identify peptide standards of 15–116
kDa (BSA has a molecular mass of 66 kDa); numbers across columns indicate
hours of incubation.
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detected in the apoplast of several plant species including
Arabidopsis (18, 19). Cluster roots of H. undulata exude acid
phosphatases (20), and evidence for root-secreted proteases has
been recently reported in several crop and wild species (21).
Digestive glands of carnivorous plant Nepenthes alata also are
known to secrete aspartic proteinases into the liquid of the
pitcher (22). Our results confirm the notion that cluster roots of
Hakea are active in enzyme exudation (20, 23) and show that
exudation of enzymes is not restricted to cluster roots. Root-
derived proteases should now be isolated and characterized to
determine the contribution of root proteases to protein break-
down in the rhizosphere. In an evolutionary context, such a
strategy would only be advantageous if nitrogen gain from
accessing protein outweighed nitrogen loss in the form of
proteases exuded from roots or, alternatively, if protein break-
down products played important signaling roles in the
rhizosphere.

The second mechanism of protein acquisition observed was
the uptake of intact protein. Although the uptake of protein into
roots has not been considered previously, integrated endocytotic
and secretory networks have been described in tip-growing root
hairs (24). It is likely that protein enters root hairs via endocy-
tosis and that root cells subsequently catabolize the acquired
protein, but other possibilities, including membrane transport,
cannot be ruled out. Protein uptake was visualized with GFP that
entered into root hair cells and root cortex cells. In Hakea, the
presence of GFP was analyzed with immunogold labeling that
confirmed the presence of GFP in apoplast and cells of the root
cortex. Immunogold labeling does not allow distinguishing be-
tween intact or degraded protein because only small peptides
(more than five amino acids) are required to selectively bind the
GFP antibody. We did not study whether in planta proteins or
large peptides are transported through roots via the symplastic
pathway, but it is well documented that proteins can move cell

to cell through plasmodesmata (25). In animals, so-called TAP
transporters import degraded protein, 6–59 amino acids in
length, into the lumen of the endoplasmic reticulum (26), but
GFP is considerably larger (238 amino acids) (27). The Arabi-
dopsis genome encodes three TAP-like members of this trans-
porter subfamily, but their function has not been established (5).
It appears likely that, apart from the suggested uptake of protein
via endocytosis, the protein of a sufficiently small size to move
through the root apoplast could be degraded by apoplastic
proteases. Evidence for this suggestion exists because in Arabi-
dopsis a serine-protease was detected that is exclusively localized
in intercellular space (19).

The ability of Hakea and Arabidopsis to digest and take up intact
protein without assistance from microbes has far-reaching impli-
cations. Microbes and soil fauna have been considered crucial for
converting soil protein into nitrogen compounds of low molecular
mass, and microbes compete with plants for soil nitrogen (1). It is
not well understood how nonmycorrhizal plant species like Hakea
and Arabidopsis compete for nitrogen with mycorrhizal plants, but
root-derived proteases may function similarly to proteases of ecto-
and ericoid mycorrhizal fungi (2, 12). Our initial hypothesis was that
Hakea uses specialized cluster roots for acquisition of protein
similar to what has been described for other soil nutrients (23).
However, Arabidopsis lacks cluster roots, but also is able to degrade,
take up, and assimilate protein. Digestion and uptake of protein
may be widespread in the plant kingdom and may be crucially

Fig. 6. Roots of axenic Hakea and Arabidopsis seedlings incubated with GFP
show intact protein associated with root surfaces, root hairs, and root cortex
cells. (A) GFP was associated with Hakea root hairs. (B) The whole root surface
of Arabidopsis. GFP also was observed inside Arabidopsis root hairs and cortex
cells. (C, F, and I) SI Movie 1 shows cytoplasmic streaming in C. (E and H)
Bright-field images of D and G, respectively, and combined in F and I. Fluo-
rescent images were taken with a confocal microscope.

Fig. 7. EM of Hakea root-transverse sections show GFP in apoplast and root
cortex cells. (A and B) Roots were incubated without GFP (A, negative control)
and with GFP (B) and probed with immunogold labeled anti-GFP. GFP was
detected in the apoplast, cell wall (cw), and cytoplasm (c) of root cortex cells.
Gold labeling is marked with short arrows. The plasma membrane (pm) also is
indicated. (Scale bars: 1 �m.)
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important for the 10% of plant species that do not form mycorrhizal
symbioses.

Taken together, the findings change our view of nitrogen cycling
in soils and question the concept of the soil microbial loop, the
cycling of nitrogen and carbon between soil and microbial pools (28,
29). Previously observed effects of plants on nitrogen cycling in soils
(28) may be due to the ability of plants to be actively involved in the
turnover of soil organic matter. Our study is a step toward a broader
view of plant nitrogen relations that also may offer opportunities for
developing sustainable agriculture based on organic nitrogen
sources (30).

Materials and Methods
Axenic Plant Culture. Surface-sterilized H. actites seeds were grown individually
in sterile polycarbonate containers with 20 g of vermiculite and 125 ml of liquid
growth medium (14) because H. actites does not grow well in agar culture and
does not produce cluster roots. Seedlings were grown without added nitrogen,
with protein, or with inorganic nitrogen. Both nitrogen treatments received 30
mg of nitrogen (17 mM nitrogen in nutrient solution) per container. The protein
treatment received 0.24 mg high-purity protein nitrogen per ml liquid growth
medium (�99% purity BSA, 193.2 mg of BSA per container; Sigma–Aldrich). To
eliminate any minor contamination, BSA was solubilized in sterile distilled water,
sterile filtered (0.22 �m; Millipore), and twice subjected to dialysis at 4°C against
distilled water (1:100 vol/vol) for 12 h each time. The dialysis tubing (Spectra/Por;
Spectrum Laboratories) has a nominal molecular weight cutoff of 25 kDa to
remove traces of nitrogen ions, amino acids, or small peptides. The resulting
protein solution was analyzed for ammonium and amino acid by liquid chroma-
tography (Acquity, UPLC; Waters) equipped with a BEH C18 1.7 �m 2.1 � 50 mm
column and tunable UV detector at 254 nm. Protein solution (40 �l) was mixed
with 120 �l of borate buffer (Waters) and 40 �l of Acqutag-derivatizing reagent
(Waters). No ammonium or amino acids were detected (detection limit 100
pmoles/ml). After dialysis, the solution was sterile filtered (0.22-�m filter) and
added to the growth medium. The inorganic nitrogen treatment received 0.24
mg of inorganic nitrogen per ml (85.7 mg NH4NO3 per container). Plants were
cultivated in a growth cabinet (30°C, 60% humidity, 1,000 �mol per m2/s light
intensity, 18-h/6-h day/night). At 12 weeks, verified axenic plants were analyzed
for dry weight and nitrogen content. Visibly contaminated containers were
discarded throughout the experiment. To verify sterility, samples of vermiculite
and growth solution were taken from each container at 6 and 12 weeks in a
laminar air flow and plated on LB nutrient agar. If no microbial growth occurred
after7daysof incubationat30°C, containerswereconsideredaxenic.Phosphorus
was supplied at 5 �M because this concentration does not induce cluster root
formation in H. actites with adequate nitrogen supply (14). Here Hakea produced
cluster roots in all treatments. Additional axenic plants grown without nitrogen
additiontothenutrient solutionwere incubatedwithfluorescingproteinsGFPor
DQ green BSA (Molecular Probes).

Surface-sterilized seeds of A. thaliana Columbia were sown on Petri dishes (80
seeds per dish) with 25 ml of nitrogen-free Murashige and Skoog (MS) (31) basal
salt solution (M0529; Sigma–Aldrich) supplemented with 10 g of sucrose, 3 mM
CaCl2, 1.5 mM MgSO4�7H2O, 1.25 mM KH2PO4, and 0.3% phytagel (pH 5.3)
(Phytotechnologies). Nitrogen was added as protein (1.5 or 6 mg of BSA per ml
growth medium, 16.1 or 64.4 mM protein nitrogen), inorganic nitrogen (0.04 or
0.4 mg of NH4NO3 per ml, 1 mM or 10 mM inorganic nitrogen), or a combination
of protein and inorganic nitrogen (5.4 mg of BSA per ml and 0.04 mg NH4NO3 per
ml). Plants were incubated in a cold room for 3 days and then transferred to a
growth room (21°C, 16-h/8-h day/night, 150 �mol per m2/s). GFP or DQ green BSA
was applied to additional plates of axenic plants grown with inorganic nitrogen
(0.4 mg of NH4NO3 per ml).

Axenic Hakea seedlings were separated into roots and shoots while entire
Arabidopsis plants were rinsed and cleaned three times in 0.5 mM CaCl2 to
remove nitrogen from plant surfaces. Plants were dried at 60°C for 2 days,

weighed, homogenized, and analyzed for nitrogen content with a flash com-
bustion elemental analyzer (Thermo Finnigan EA 1112 series; CE Instruments).

Root Length Measurement. Twenty sterile A. thaliana seeds were sown per
plate on nitrogen-free MS medium amended with 0, 0.75, 3, and 12 mg/ml BSA
or inorganic nitrogen (0.4 mg of NH4NO3/ml). Plates were kept in a cold room
for 3 days and then transferred and placed vertically in a growth cabinet with
21°C, 16-h/8-h day/night, 150 �mol per m2/s. Root length was measured 11
days after sowing.

Proteolysis of BSA and Analysis on SDS/PAGE. Axenic H. actites seedling were
grown in sterile polycarbonate containers without nitrogen (see Axenic Plant
Culture above). A. thaliana plants were grown axenically on N-free MS media
amended with 5 mM NH4NO3 (see Axenic Plant Culture). After 8 (Hakea) and
5 (Arabidopsis) weeks, plants were carefully removed from containers and
incubated in sterile inorganic N-free nutrient solution with 50 mg BSA/ml for
3.5 h in a laminar flow. Samples of the incubation solution were taken every
30 min. Protein was concentrated with TCA, resuspended, and loaded on
SDS/10% PAGE. Gels were stained with Coomassie brilliant blue R-250.

Fluorescence Imaging. Proteolysis releases protein fragments of DQ green BSA
that contain dequenched fluorophores to emit green fluorescence. Hakea
roots were incubated for 1.5 or 24 h in 50 �g/ml DQ green BSA. Root
cross-sections were washed with growth medium, and images were taken
with a fluorescence microscope (Eclipse E600; Nikon) at excitation and emis-
sion wave lengths of �505 nm and �515 nm, respectively, or a confocal
microscope (see Confocal Microscopy). Axenic Arabidopsis roots were
incubated in 50 �g/ml DQ green BSA for 6 h and imaged with a confocal
microscope.

GFP was expressed from proviral vectors in tobacco leaves (32) and purified
by using anion exchange chromatography. Protease inhibitors (5 �g/ml leu-
peptine, 5 �g/ml aprotinin, pepstatin 5 �g/ml, and 5 mM PMSF) were added to
purified GFP solution (50 �g of GFP per ml) to limit degradation of GFP by
root-derived proteases. Axenic roots of Hakea and Arabidopsis were incu-
bated for 2 h in GFP solution and washed with PBS buffer before confocal
microscopy.

Confocal Microscopy. A Zeiss LSM501 Meta (Carl Zeiss) confocal laser scanning
microscope was used with 10� dry and 20� water-immersion objectives, as
well as �40 and �60 oil-immersion objectives. GFP and DQ green BSA were
visualized by excitation with an argon laser at 488 nm and detection with a
505–530 nm band-path filter.

Immunocytochemistry. Hakea root tissues were incubated in the presence or
absence (negative control) of GFP solution for 4 h. Freshly excised tissues were
fixed in 8% (wt/vol) paraformaldehyde in 0.1 M phosphate buffer (pH 6.8) and
stored at 4°C until further processing. Roots were washed three times in 0.1 M
phosphatebuffer.Rootsamplesof�200-�mdiameterwerecutbehindrootcaps.
Tissues were dehydrated for 1 h in a graded series of ethanol solution (30%, 50%,
70%, and 100%) at progressively lowered temperatures. Tissues were then em-
bedded in Lowicryl HM20 resin. The UV-polymerization step was performed at
�50°C and 20°C for 48 h each. Tissue samples were sectioned with a diamond
knife to 60-nm thickness and incubated with anti-GFP (Invitrogen), diluted in PBS
at 1:100 for 30 min. PBS contains as a blocking agent 0.2% fish skin gelatin, 0.2%
BSA, and 20 mM glycine. Tissue for negative controls was not incubated in GFP
solution. Tissue was incubated in protein A/gold diluted in PBS/FBG (diluted 1:60)
for 30 min. Sections were examined on a transmission electron microscope (JEOL
1010; JEOL Limited) at 80 kV, and images were recorded on a Megaview III digital
camera (Soft Imaging Systems).
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