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Summary

We describe the use of a secreted form of Aequoria victoria green fluorescent protein (secGFP) in a non-
invasive live cell assay of membrane traffic in Arabidopsis thaliana. We show that in comparison to GFP-
HDEL, which accumulates in the endoplasmic reticulum (ER), secGFP generates a weak fluorescence signal
when transported to the apoplast. The fluorescence of secGFP in the apoplast can be increased by growth
of seedlings on culture medium buffered at pH 8.1, suggesting that apoplastic pH is responsible, at least in
part, for the low fluorescence intensity of seedlings expressing secGFP. Inhibition of secGFP transport
between the ER and plasma membrane (PM), either by Brefeldin A (BFA) treatment or by genetic interven-
tion results in increased intracellular secGFP accumulation accompanied by an increase in the secGFP
fluorescence intensity. secGFP thus provides a valuable tool for forward and reverse genetic analysis of
membrane traffic and endomembrane organisation in Arabidopsis. Using this assay for quantitative sub-
lethal perturbation of secGFP transport, we identify a role for root hair defective 3 (RHD3) in transport of

secreted and Golgi markers between the ER and the Golgi apparatus.
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Introduction

Plant cells, like other eukaryotic cells, are characterised by
an elaborate endomembrane system that includes the
endoplasmic reticulum (ER), Golgi apparatus, vacuole
and plasma membrane (PM). Membrane traffic between
organelles of the endomembrane system is essential for
plant cell division, growth, differentiation and function
during development. Detailed molecular and genetic ana-
lyses in the unicellular budding yeast Saccharomyces cer-
evisiae and many specialised mammalian cells revealed
that cells have evolved complex regulatory mechanisms to
ensure accurate and efficient membrane trafficking
between specific compartments of the endomembrane
system. These mechanisms involve a multitude of pro-
teins, either specific for a particular trafficking event or
general for multiple transport stages (Mellman and War-
ren, 2000). The Arabidopsis genome project has revealed
the existence of many homologues of yeast genes involved
in membrane traffic, but only recently, some of them have
been confirmed to play a role in specific membrane
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trafficking events (Assaad et al, 2001; Batoko et al,
2000; Cheung et al.,, 2002; Geelen et al., 2002; Geldner
et al., 2003; Kim et al., 2001; Pimpl et al., 2003; Sohn et al.,
2003; Steinmann et al., 1999; Takeuchi et al., 2000, 2002).
One of the major obstacles in studying membrane traffic in
plants is the lack of convenient markers that can be used to
report traffic events.

Many of the recent studies of membrane trafficking
mechanisms have utilised the jellyfish green fluorescent
protein (GFP) as a visual marker of protein trafficking in
various transient expression systems (Batoko et al., 2000;
Boevink et al., 1999; Cheung et al., 2002; Geelen et al., 2002;
Kim et al., 2001; Sohn et al., 2003; Takeuchi et al., 2000,
2002). For example, by transient co-expression of dominant
inhibitory Rab GTPase mutants with a secreted form of
Aequoria victoria green fluorescent protein (secGFP) - a
GFP fusion that is transported from the ER to the extra-
cellular space (Batoko et al., 2000) - we reported that a Rab1
protein was required for ER-to-Golgi traffic (Batoko et al.,
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2000) and that the soluble N-ethylmaleimide sensitive
factor attachment protein receptor (SNARE) protein Nt-
Syr1 (NtSyp121) was probably involved in post-Golgi
membrane traffic (Geelen et al., 2002). Many key protein
families controlling endomembrane traffic can be pre-
dicted from their similarity to known yeast proteins and
some can be readily modified to generate dominant inhi-
bitory forms. These include some of the most important
families such as the Rab GTPases and SNAREs. In Arabi-
dopsis, these protein families are several times greater
than those in yeast and are different in composition to
those of mammals (Rutherford and Moore, 2002; Sander-
foot et al., 2000). The differences in Rab GTPase and
SNARE complement most probably reflect differences in
membrane trafficking events that occur in each group of
organisms. Transient expression systems provide a
means to test the functions of these conserved protein
families in amenable cell types. However, the approach
has clear limitations. The interpretation of phenotypes
generated by dominant negative mutants is not simple,
and not all proteins can be readily converted to dominant
inhibitory forms.

The plant endomembrane system is morphologically
distinct from the mammalian system and interacts differ-
ently with the cytoskeleton (Boevink et al., 1998; Brandizzi
et al., 2002; Nebenfiihr et al., 1999), so it may not be pos-
sible to identify the underlying molecular machinery by
similarity to yeast and mammalian sequences. Multicellu-
larity arose independently in the animal and plant lineages,
so itis likely that higher plants, like mammals, have evolved
tissue-specific membrane traffic pathways or specific mod-
ifications of the common regulatory machinery to facilitate
some of the characteristic aspects of plant development
and cell function. Known examples include cell plate for-
mation, polarised distribution of membrane proteins and
protein sorting to distinct vacuoles (Jurgens and Geldner,
2002). Molecular components of each of these processes
have been identified by genetic and biochemical means
(Ahmed et al., 2000; Lukowitz et al., 1996; Steinmann et al.,
1999). It is also noteworthy that extreme environmental
conditions (Bolte et al., 2000), as well as pathogen attack
(Bogdanove and Martin, 2000), evoke expression of Rab
GTPases. It is not clear that these processes can be studied
in cell types, such as protoplasts and leaf epidermal cells,
which are most amenable to transient expression.

In yeast, the combination of genetic and biochemical
assays has led to the isolation of secretory mutants that
have allowed an incisive analysis of many important steps
in the secretory pathway (Mellman and Warren, 2000). In
Arabidopsis, the mutagenesis approach is standard for the
genetic dissection of many developmental and biochem-
ical processes. Some mutants such as gnom, knolle, keule
and vac1, which were initially identified by virtue of their
defect in embryo development, have subsequently been

found to encode components of the plant membrane
trafficking pathways (Assaad et al., 2001; Lukowitz et al.,
1996; Rojo et al., 2001; Shevell et al., 1994). However, the
lack of predictable phenotypes and convenient assays has
hindered the systematic isolation of mutants defective in
various membrane-transport processes. To facilitate sys-
tematic studies of gene function in membrane traffic
during plant development, we developed a visual screen
and biochemical assay system for potential mutants with
perturbed endomembrane dynamics. The principle of the
assay is similar to the transient expression assay using
secGFP reported previously for tobacco epidermal cells
(Batoko et al., 2000). It exploits the observation that GFP
exhibits strong fluorescence when it accumulates in the ER
or Golgi, but fails to accumulate in a fluorescent form if it is
transported to the apoplast. Furthermore, transport of
secGFP from the ER to the apoplast is accompanied by
a carboxyl-terminal proteolytic event that is readily
detected by gel electrophoresis. To demonstrate the utility
of the secGFP assay, we have used the system to inves-
tigate ER-to-Golgi transport in root hair defective 3 (rhd3)
mutant.

rhd3 was originally isolated because it exhibits short
roots and short wavy root hairs in comparison to wild-type
(wt) roots (Schiefelbein and Somerville, 1990). RHD3
encodes an 89-kDa protein with putative GTP-binding
motifs near the amino-terminal region (Wang et al.,
1997). Detailed study of the expression and regulation of
RHD3 gene found that it is expressed in all major Arabi-
dopsis organs, and multiple levels of regulation are
employed to ensure appropriate expression of the gene
(Wang et al., 2002), indicating that RHD3 is not root-hair-
specific. The major defect in rhd3 mutants is reduced cell
size, particularly in longitudinal axis, and it has been inter-
preted to have defects in the orientation and extent of cell
expansion, but not in cell number (Wang et al., 1997).
Galway et al. (1997) reported that the rhd3 mutant has a
reduced vacuole and an abnormally large quantity of vesi-
cles in the subapical region of root hairs, whereas vesicles
are primarily located in the apical regions of wt root hairs.
These observations led to the hypothesis that the pheno-
type of rhd3 mutant cells might result from impaired
vacuole biogenesis or from uneven or reduced deposition
of secretory vesicles during cell elongation. However, there
has been no direct test to establish whether RHD3 indeed
plays a role in endomembrane traffic from the ER to the PM
in expanding cells.

Using the secGFP assay, we present evidence that RHD3
is required for normal rates of membrane traffic between
the ER and Golgi and for normal ER organisation. The data
indicate that secGFP, when expressed in Arabidopsis, can
be used for the direct analysis of mutants and identification
of genes involved in endomembrane dynamics in the secre-
tory pathway.
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Results

Transgenic Arabidopsis reveals differential fluorescence
between secGFP and GFP-HDEL lines

To develop an in vivo visual screen and assay system for
the analysis of membrane traffic in Arabidopsis, we used
plasmids pVKH18-secGFP and pVKH18-GFP-HDEL descri-
bed by Batoko et al. (2000). These plasmids direct expres-
sion of secGFP and GFP-HDEL respectively. We previously
showed that when transiently expressed in tobacco leaf
epidermis, secGFP was transported to the apoplast and
exhibited weak fluorescence in comparison to GFP-HDEL,
which accumulated in the ER by virtue of its carboxyl-
terminal His-Asp-Glu-Leu (HDEL) retrieval signal (Batoko
et al., 2000). Arabidopsis was transformed with each plas-
mid and GFP fluorescence intensity was examined in T,
seedlings of 9 independent GFP-HDEL and 20 independent
secGFP transformants that were phenotypically normal and
inherited the T-DNA as a single Mendelian locus (Chi-
square data not shown). In each population, a range of
fluorescence intensities was observed (Figure 1), but the
secGFP lines (Figure 1g,i,k) generally exhibited weaker
fluorescence than the GFP-HDEL lines (Figure 1a,c,e) in
all tissues and at all developmental stages. Fluorescence
intensity in the brightest secGFP line, S76 (Figure 1g), was
lower than in most of the GFP-HDEL lines. Fluorescence

Figure 1. Comparison of GFP fluorescence
between secGFP and GFP-HDEL-expressing
Arabidopsis lines.

(a—f) Fluorescent (a,c,e) and bright-field (b,d,f)
images of seedlings of the transgenic GFP-HDEL
lines H13 (a,b), H27 (c,d) and H16 (e,f) emitting
different levels of GFP fluorescence.

(g-1) Fluorescent (g,i,k) and bright-field (h,j,1)
images of seedlings of the transgenic secGFP
lines S76 (g,h), S8 (i,j) and S18 (k,) showing
different levels of GFP fluorescence.

RHD3 is required for normal ER-to-Golgi transport 3

intensity in roots was stronger than in shoots, probably
reflecting the properties of the 35S promoter used (Jeffer-
son et al., 1987). Lines S76 and H13 exhibited the strongest
secGFP and GFP-HDEL fluorescence, respectively, and were
chosen for further study.

Higher magnification examination of the GFP-HDEL line
H13 by confocal microscopy revealed GFP fluorescence in a
typical ER network and fusiform bodies with bright fluore-
scence (Haseloff et al., 1997; Figure 2a). Recent evidence
has suggested that these fusiform bodies, labelled by GFP-
HDEL, reside within the ER lumen (Hawes et al., 2001) and
were induced under stress conditions (Matsushima et al.,
2003). In comparison to H13, GFP fluorescence from the
secGFP line S76 was much dimmer. When S76 was exam-
ined with the same imaging conditions used for H13, some
fusiform bodies with weak fluorescence were detectable in
mature root epidermal cells (Figure 2b), but the ER network
was not detectable. No GFP fluorescence was seen in the
apoplast either. When more sensitive imaging parameters
were used, fluorescence was detectable in the ER network,
but we were still unable to detect it in the apoplast.

secGFP accumulates less efficiently than
GFP-HDEL in seedlings

In tobacco, differential fluorescence between secGFP and
GFP-HDEL is, at least in part, because of reduced GFP
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Figure 2. The localisation of GFP fluorescence in transgenic Arabidopsis
expressing either GFP-HDEL or secGFP.

(a) Confocal laser scanning microscopy image of the transgenic H13 line
expressing GFP-HDEL in mature root cells showing the commonly
described open ER polygonal network and the fusiform bodies.
Bar = 10 pm.

(b) Confocal micrograph of GFP fluorescence in mature cells of a root of the
S76 line expressing secGFP showing some fusiform bodies. Bar = 10 um.

accumulation in secGFP-expressing tissues. secGFP was
transported to the apoplast via a Brefeldin A (BFA)-sensitive
pathway, and during this transport, GFP was subjected to
proteolysis (Batoko et al., 2000). We therefore investigated
whether similar mechanisms operated in Arabidopsis.

Total proteins were extracted from roots of three GFP-
HDEL lines and three secGFP lines that represented the
range of fluorescence exhibited by each transgenic popula-
tion. Protein probed with anti-GFP revealed that both
secGFP and GFP-HDEL accumulation correlated positively
with the intensity of GFP fluorescence exhibited in the
respective population (Figure 3a). GFP accumulation in
the population of secGFP lines was, however, generally
lower than in the GFP-HDEL lines (S76 versus H13, S8
versus H27 and S18 versus H16; Figure 3a). This indicated
that the lower fluorescence of the secGFP lines was, at least
in part, related to lower secGFP accumulation.

To establish whether the reduced accumulation of
secGFP arose from reduced steady-state mRNA abun-
dance, we analysed secGFP and GFP-HDEL transcript levels
in the lines investigated by Western blot. We found that
secGFP transcripts were not less abundant than GFP-HDEL
transcripts (Figure 3b). In secGFP line S76, which exhibited
the highest GFP fluorescence intensity of over 100 pVKH18-
secGFP primary transformants, the secGFP mRNA level
(Figure 3b, lane S76) was comparable to that of GFP-HDEL
line H13 (Figure 3b, lane H13), which exhibited substan-
tially higher fluorescence and GFP accumulation. This indi-
cated that low GFP protein accumulation in secGFP lines,
relative to GFP-HDEL lines, cannot be explained by secGFP
mRNA abundance. This result is consistent with other
studies of artificial secretory proteins (Denecke et al.,
1990; Wandelt et al., 1992).
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Figure 3. secGFP accumulates less efficiently than GFP-HDEL in seedlings,
although both are subjected to a C-terminal proteolysis.

(a) Immunoblot analysis of protein extracts from roots of transgenic GFP-
HDEL lines H13 (lane 3), H27 (lane 4) and H16 (lane 5) and secGFP lines S76
(lane 6), S8 (lane 7) and S18 (lane 8). The immunodetection was carried out
with an antiserum against full-length GFP (anti-GFP). Lane 1 shows wt
Arabidopsis and lane 2 contains molecular weight markers. The arrow
indicates a molecular weight of 30 kDa.

(b) RNA blot analysis of total RNAs extracted from roots of transgenic
Arabidopsis lines S76, S8 and S18 that express secGFP, and lines H13,
H27 and H16 that express GFP-HDEL.

(c) Immunoblot analysis of shoots of transgenic GFP-HDEL line H13 (lane 1)
and secGFP line S76 (lane 2) revealed the same GFP-accumulation pattern as
that in roots (a).

(d) Immunoblot analysis of the same protein extracts as in (a) with anti-
GFPN15 (antiserum against C-terminal peptides of GFP; lanes 1-7) and anti-
c-myc for secGFP line S8 (lane 8) indicating that the lower GFP band is C-
terminally truncated. The arrow indicates molecular weight of 30 kDa.

secGFP and GFP-HDEL are subjected to C-terminal
proteolysis to different extents

In roots, GFP-HDEL predominantly accumulated as a band,
which migrated with an apparent molecular weight of
slightly less than 30 kDa (Figure 3a, lanes 3-5). The band
was associated with a less intense band that was approxi-
mately 2 kDa smaller than expected. Two similar bands
were detected when shoot tissues of line H13 were exam-
ined (Figure 3c, lane 1). secGFP also exhibited two bands in
root (Figure 3a, lanes 6-8), as well as shoot extracts, as
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exemplified by S76 (Figure 3c, lane 2). The upper band
appeared to migrate at the expected position for full-length
secGFP with an apparent molecular weight approximately
1 kDa greater than that of the predominant GFP-HDEL band,
owing to the c-myc epitope tag at its carboxyl terminus
(Batoko et al., 2000). The lower secGFP band migrated to
the same position as the minor GFP-HDEL species. How-
ever, in contrast to the GFP-HDEL lines, this lower band was
either the predominant secGFP band (line S76; Figure 3a,
lane 6) or was of similar intensity to the upper band (line S8;
Figure 3a, lane 7). To investigate the nature of the lower
molecular weight secGFP and GFP-HDEL bands, proteins
were probed with anti-GFPN15, an antibody raised against
a carboxyl-terminal peptide of GFP, and with anti-c-myc.
Both anti-GFPN15 and anti-c-myc recognised the upper
secGFP band, but failed to recognise the lower band
(Figure 3d, lanes 5-8), indicating that the predominant
secGFP species had been truncated at its carboxyl termi-
nus. Anti-GFPN15 also failed to bind the lower GFP-HDEL
band (Figure 3d, lanes 2-4), suggesting that the small
portion of GFP-HDEL had undergone a similar carboxyl-
terminal truncation.

secGFP is present in the apoplast in a truncated form

As we were unable to detect apoplastic GFP fluorescence
even in line S76, protoplast and apoplast fractions of lines

{a) S76 HI13

— — _— - BiP

I 2 4 5 6

“E e
3

(b)

protoplast  vacuole
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. - GFP
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Figure 4. secGFP is present in the apoplast in a truncated form.

(a) Immunoblot analysis of proteins extracted from seedlings (lanes 3and 6),
protoplasts (lanes 2 and 5) and the extracellular space (lanes 1 and 4) of
transgenic Arabidopsis expressing secGFP (lanes 1-3) and GFP-HDEL (lanes
4-6). Lanes 5 and 6 were diluted threefold in comparison to lanes 2 and 5.
(b) Immunoblot analysis of proteins extracted from protoplasts (lanes 1 and
2) of the transgenic Arabidopsis GFP-HDEL line H13 (lane 1) and secGFP line
S76 (lane 2) and a vacuole-enriched fraction (lanes 3 and 4) prepared from
the protoplasts of GFP-HDEL line H13 (lane 3) and secGFP line S76 (lane 4).

RHD3 is required for normal ER-to-Golgi transport 5

S76 and H13 were prepared to determine whether secGFP
had indeed been secreted to the apoplast.

In protoplast extracts, secGFP appeared as a single band
(Figure 4a, lane 2) that co-migrated with the upper secGFP
band present in extracts of whole seedlings (Figure 4a, lane
3). secGFP extracted from extracellular spaces of S76 seed-
lings also appeared to migrate as a single band (Figure 4a,
lane 1), but it co-migrated with the C-terminally truncated
form of secGFP that was observed in whole seedling
extracts. Extracellular extracts contained no detectable
BiP, indicating that the sample was not contaminated by
intracellular proteins. Thus, none of the truncated form, but
all the full-length secGFP, appeared to be intracellular.
These data suggested that secGFP is indeed transported
into the apoplast, but is efficiently truncated shortly before
or after arrival at this location. The apoplastic form there-
fore represents the major secGFP species at steady state in
S76, and the absence of apoplastic fluorescence indicates
that it does not fluoresce to a detectable level in this
environment.

In the GFP-HDEL line H13, the extracellular extract had
relatively little GFP, but a small quantity of the truncated
form of GFP-HDEL was detectable (Figure 4a, lane 4). Using
BiP as an intracellular marker, it was shown that contam-
ination with intracellular proteins was below the level of
detection. This indicated that some GFP-HDEL was
exported from the ER to the apoplast and that, as with
secGFP, GFP-HDEL transport was associated with trunca-
tion. However, in proteins extracted from H13 protoplasts,
both the predominant upper band and the minor lower
band were observed (Figure 4a, lane 5) in a ratio similar to
that seen in whole tissue extracts (Figure 4a, lane 6). These
data indicated that, in contrast to secGFP, much of the
truncated GFP-HDEL species was located intracellularly.

To investigate the location of this intracellular truncated
form of GFP-HDEL, vacuole-enriched fractions were pre-
pared from protoplasts. These vacuole fractions were
marked by an Arabidopsis tonoplast intrinsic protein (At-
a-TIP), but excluded BiP, and contained a single GFP-HDEL
band migrating at the same position as the lower band in
protoplast extracts (Figure 4b, lane 3), indicating that the
truncated form of GFP-HDEL was present in this TIP-
enriched vacuolar fraction. In contrast, no secGFP was
detectable in At-a-TIP-enriched fractions prepared from line
S76 (Figure 4b, lane 4).

Apoplastic secGFP fluorescence is sensitive to
environmental pH

The fractionation data show that secGFP is transported to
the apoplast, even though fluorescence of GFP is not read-
ily detected in this location. This could be because of the
conditions of the apoplastic environment, for example, a pH
that is not conducive to GFP fluorescence, or because the
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Figure 5. Apoplastic secGFP can be fluorescent, but it is sensitive to environmental pH.
(a—f) Low magnification confocal images of GFP fluorescence in secGFP line (a,b), wt (c,d) and GFP-HDEL (e,f) line cultured in MS medium adjusted to pH 5.7

(a,c.e) or pH 8.1 (b,d,f). Bar = 250 um.

(g-j) Merged confocal laser scanning images of GFP fluorescence and FM4-64 fluorescence in cells of either secGFP (g,h) or GFP-HDEL (i,j) seedlings grown in MS

medium having pH 5.7 (g,i) or 8.1 (h,j). Bar = 25 um.

(k) Immunoblot analysis of protein extracts from GFP-HDEL line H13 (lanes 1-3) and secGFP line S76 (lanes 4-6) incubated in pH 5.7- (lanes 1 and 4) and pH 8.1
(lanes 3 and 6)-buffered MS medium, as well as in BFA (36 uM; lanes 2 and 5). Immunodetection was carried out with anti-GFP.
(I-o) Merged confocal laser scanning images of GFP fluorescence and FM4-64 fluorescence in cells of secGFP line S76 grown at pH 5.7 (I,m) or 8.1 (n,0) in the

presence (m,0) or absence (I,n) of cytD. Bar = 25 ym.

truncated form of secGFP, which exists in the apoplast, is
not capable of fluorescing. To investigate these possibili-
ties, seedlings of lines S76 and H13 were cultured on MS
medium adjusted to pH 8.1 and, as usual, were compared
with seedlings grown at pH 5.7. At low magnification, GFP
fluorescence was seen to have increased in intensity in
S76 seedlings grown at pH 8.1 for 2 days (Figure 5b versus

Figure 5a). In contrast, no clear change in fluorescence
was found in either wt Arabidopsis (Figure 5d versus
Figure 5¢) or line H13 (Figure 5f versus Figure 5e), indicat-
ing that fluorescence enhancement on media with pH 8.1
was specific to secGFP. Examination by confocal laser
scanning microscopy revealed that S76 seedlings cultured
at pH 8.1 showed clearly visible secGFP fluorescence in the
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apoplastic space as defined by FM4-64 staining of two
adjacent PMs (Figure 5h), while those cultured at pH 5.7
exhibited no detectable secGFP in the apoplast (Figure 5g).
S76 seedlings cultured at pH 8.1 did not display any change
in the intensity or pattern of intracellular fluorescence,
indicating that the effect of environmental pH on fluores-
cence was specific to apoplastic secGFP. In the case of GFP-
HDEL line H13, seedlings cultured at pH 8.1 exhibited the
same ER-localised GFP distribution as those at pH 5.7, and
no apoplastic fluorescence was detectable (Figure 5i,j). The
data further suggest that secGFP is transported to the
apoplast and it can fluoresce, but its fluorescence is sensi-
tive to the pH of the culture medium surrounding the plants.

To investigate the mechanisms that underlie the
enhancement of apoplastic secGFP fluorescence at
pH 8.1, proteins extracted from S76 and H13 seedlings that
had been grown at each pH were analysed by immunoblot-
ting using GFP antiserum. GFP-HDEL extracted from H13
seedlings grown either at pH 5.7 or 8.1 exhibited identical
banding patterns with a predominant upper band and a
minor lower band, as described above (Figure 5k, lanes 1
and 3). This is consistent with the lack of any change in GFP-
HDEL fluorescence in H13 at pH 8.1, when examined by
confocal microscopy. On the other hand, secGFP extracted
from S76 seedlings cultured at pH 8.1 showed a small
increase in the intensity of the already predominant lower
band in comparison to extracts of S76 cultured at pH 5.7
(Figure 5k, lane 6 versus lane 4). This suggests that visible
secGFP fluorescence in the apoplast of S76 seedlings cul-
tured at pH 8.1 resulted principally from the truncated
lower band, implying that this truncated species can be
fluorescent in a suitable environment.

Treatment with BFA, but not cytochalasin D (cytD),
results in enhanced intracellular GFP fluorescence that
resembles the ER network

We next asked whether secGFP transported to the apoplast
of S76 seedlings could report on perturbation of intracel-
lular membrane traffic. It has been shown that inhibition of
anterograde membrane traffic by BFA in tobacco epidermal
cells results in intracellular secGFP accumulation asso-
ciated with enhanced GFP fluorescence (Batoko et al.,
2000; Boevink et al., 1999). To test whether secGFP fluor-
escence in S76 is also sensitive to BFA, seedlings were
incubated with 36 um BFA for periods ranging from 5 h to
2 days, and were subjected to confocal analysis. No clear
change in secGFP fluorescence was discernible after 20 h of
incubation in BFA, but detectable enhancement of secGFP
fluorescence was evident in seedlings incubated in BFA
for 25 h or more (Figure 6d versus Figure 6a). No change in
the intensity of green fluorescence was observed in wt
(Figure 6e versus Figure 6b) or H13 seedlings incubated
in BFA for up to 2 days (Figure 6f versus Figure 6c¢).

RHD3 is required for normal ER-to-Golgi transport 7

Examination at higher magnification revealed that the
enhanced GFP fluorescence observed in S76 seedlings in
the presence of BFA resulted from enhanced intracellular
fluorescence. In contrast to control seedlings, where weak
GFP fluorescence was visible only in fusiform bodies
(Figure 6g), BFA-treated seedlings imaged with the same
parameters exhibited a pattern typical of the ER network
along with some small dots and bodies with irregular
shapes (Figure 6h). Similarly, in H13 seedlings incubated
with BFA, GFP-HDEL marked a typical ER network, but some
small dots and some irregular bodies were also seen
(Figure 6k versus Figure 6j). Similar small dots have been
reported in BFA-treated tobacco epidermal cells transiently
expressing secGFP and GFP-HDEL (Batoko et al., 2000).

When proteins were extracted from BFA-treated S76
seedlings and analysed by immunoblotting with GFP anti-
serum, the upper secGFP band was seen to have increased
inintensity at the expense of the lower band (Figure 5k, lane
5 versus lane 4), indicating that secGFP proteolysis is
sensitive to BFA action. This is consistent with the proposal
that the carboxyl-terminal truncation of secGFP occurs after
export from the ER. GFP-HDEL extracted from BFA-treated
H13 seedlings exhibited no clear change in the ratio of the
two bands (Figure 5k, lanes 1 and 2).

In Tradescantia pollen tubes, maize root cap and auxin-
stimulated oat coleoptile cells, treatment with the actin
de-polymerising drug cytD has been shown to induce
accumulation of vesicles around Golgi bodies (Phillips
et al., 1988; Shannon et al., 1984). However, in tobacco
cells, actin de-polymerisation does not appear to inhibit
the transport of membrane markers between the ER and
Golgi (Brandizzi et al., 2002; Saint-Jore et al., 2002), even
though the mobility of the ER and Golgi is dependent on the
actin cytoskeleton (Boevink et al., 1998; Liebe and Quader,
1994; Nebenfiihr et al., 1999). To determine if disruption of
actin filaments by cytD would inhibit secGFP transport
leading to enhanced intracellular secGFP fluorescence,
seedlings of S76 and H13 were incubated with 39.4 um
cytD and the GFP fluorescence and subcellular locations
in the treated seedlings were examined. In contrast to
BFA treatment, we found no clear difference in secGFP
fluorescence intensity and location between cytD-treated
(Figure 6i) and non-treated secGFP seedlings (Figure 6g).
Cytochalasin-D-evoked disintegration of ER tubules (Liebe
and Quader, 1994) was evident in the treated H13 seedlings
(Figure 61). We also noted that all treated seedlings exhib-
ited retarded root and root hair growth, increased radial
expansion and wavy root hairs with swollen tips as
described previously by Baskin and Bivens (1995), indicat-
ing the efficacy of cytD in the treated seedlings (data not
shown). When S76 seedlings grown on medium at pH 8.1
were treated with cytD, secGFP was clearly visible in the
apoplast, indicating that secGFP can indeed continue to be
secreted in the presence of this drug (Figure 50).
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rhd3 has enhanced intracellular secGFP fluorescence and
an unusual ER organisation in roots

Data from the molecular characterisation of transgenic
lines expressing secGFP indicated that the S76 line may
be used as a visual in vivo assay for the analysis of inhibi-
tors that perturb protein transport and endomembrane
dynamics. To determine whether the system could be used
to report on genetic defects that affect membrane traffic, we
examined secGFP distribution in rhd3 (Schiefelbein and
Somerville, 1990; Wang et al., 1997). Following an ultra-
structural analysis of rhd3 root hairs, a number of possible
roles for RHD3 were postulated, including a role in biosyn-
thetic membrane traffic (Galway et al., 1997). Such a role
has not yet been demonstrated, but if RHD3 is required for
anterograde vesicle transport, secGFP expression in rhd3
plants should be accompanied by enhanced intracellular
GFP fluorescence relative to wt plants.

Line S76 was crossed with rhd3-1, and hygromycin-resis-
tant secGFP rhd3 seedlings of the F, and F3 generations

Figure 6. Treatment with BFA, but not cytD,
results in enhanced intracellular GFP fluores-
cence that resembles the ER network.

(a-f) Low magnification confocal laser scanning
microscopy of GFP fluorescence in secGFP
(a,d), wt (b,e) and GFP-HDEL (c,f) seedlings
incubated in water (a-c) or BFA (36 pm; d-f).
Bar = 250 pm.

(g-1) Confocal laser scanning images of GFP
fluorescence in either secGFP (g-i) or GFP-HDEL
(j-1) expressing Arabidopsis seedlings incu-
bated in water (g,j), BFA (hk) or cytD (il).
Bar = 25 um.

were examined by fluorescence microscopy. At low
magnification, detectable enhancement of fluorescence
was evident in the roots of secGFP rhd3 seedlings when
compared with RHD3 sibling S76 (compare Figure 7a and
Figure 7b), but no change in GFP fluorescence was appar-
ent in the shoots of secGFP rhd3plants. Closer examination
by confocal microscopy confirmed the enhancement
of secGFP fluorescence in rhd3 roots (Figure 7f versus
Figure 7e). In contrast to rhd3, no detectable difference in
intensity of GFP fluorescence was observed in seedlings of
another root hair mutant shv1-4 (Parker et al., 2000) crossed
with secGFP (compare Figure 7g and Figure 7e). Unlike wt
secGFP plants, where GFP was detected only in weakly
fluorescent fusiform bodies (Figure 7h), secGFP fluores-
cence in epidermal cells of rhd3 plants was readily visible
in a reticulate structure in addition to the fusiform bodies
(Figure 7i). However, in contrast to the fine meshwork of the
cortical ER in wt plants, the network labelled by secGFP in
rhd3 plants had a much coarser cable-like organisation
often oriented parallel to the long axis of the cell (Figure 7i).

© Blackwell Publishing Ltd, The Plant Journal, (2003), doi: 10.1046/j.1365-313X.2003.01969.x
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Figure 7. rhd3 has enhanced intracellular
secGFP fluorescence that marks an unusual
cable-like structure in root epidermal cells and
root hairs.

(a—d) Fluorescent (a,b) and bright-field (c,d)
stereoimages of secGFP-expressed rhd3 (a,c)
and wt seedlings (b,d).

(e-g) Low magnification confocal laser scan-
ning microscopy of GFP fluorescence in roots
of secGFP-expressing wt (e), rhd3-1(f) and shv1-
4 (g). Bar = 250 um.

(h—j) Confocal GFP fluorescence micrographs of
root epidermal cells of a secGFP expressing wt
plant (h), rhd3-1(i) and shv1-4(j) mutants. Inset
in (i) is a confocal image of GFP fluorescence in
a root hair of secGFP-expressing rhd3.
Bar = 25 um.

No similar structure was noticed in shv1-4 plants expres- When the GFP-HDEL marker in line H13 was introgressed
sing secGFP (Figure 7j), suggesting that this was not a into the rhd3 background, GFP-HDEL in root epidermal
general feature of mutants with developmentally abnormal cells marked structures that were very similar to those that
root hairs. accumulated secGFP, with characteristic cables extending

Figure 8. The unusual cable-like structure is
related to unusual ER network in root epidermal
cells and root hairs of rhd3 and it is an intrinsic
characteristic of the mutant.

(a-d) Confocal laser scanning fluorescence
micrographs of GFP-HDEL in root cells of wt
(a), rhd3 (b) and shv1 backgrounds (c), and a
root hair of rhd3 (d). Bar = 25 pm.

(e, f) Confocal laser scanning microscopy of
DiOCs fluorescence in a root hair of wt (e) and
rhd3 mutant plant (f). Bar = 25 um.

© Blackwell Publishing Ltd, The Plant Journal, (2003), doi: 10.1046/j.1365-313X.2003.01969.x
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(a) (b}

rhd3  wt

GFP-HDEL

Figure 9. Inhibition of the C-terminal proteoly-
sis of secGFP and distribution of ST-GFP in the
ER.

(a) RNA blot revealed no apparent difference in
steady-state abundance of secGFP mRNA in

secGFP rhd3 (lane 1) and wt (lane 2) background.

rhd3

wi

B

parallel to the long axis of the cells (compare Figure 8b,d to
Figure 8a). This suggests that the unusual cable-like struc-
ture highlighted by secGFP fluorescence in rhd3roots was a
disorganised form of the ER. To rule out the possibility that
the observed ER disorganisation was caused by accumula-
tion of GFP in the rhd3 mutant, rhd3 plants that did not
express GFPs were stained with 3,3'-dihexyloxacarbocya-
nine iodide (DiOCg). In the rhd3 mutant, DiOCg fluorescence
identified a cable-like network similar to the one revealed by
GFP-HDEL (Figure 8f), whereas the dye stained a typical ER
network in wt Arabidopsis (Figure 8e). This result sug-
gested that the disorganised ER labelled by secGFP and
GFP-HDEL was intrinsic to rhd3. Such a disorganised ER
system was not observed in GFP-HDEL plants homozygous
for shv1-4 (Figure 8c), indicating again that the unusual ER
pattern was not a general feature of root hair mutants.

rhd3

(b) Immunoblot analysis of secGFP (lanes 3 and
4) and GFP-HDEL (lanes 1 and 2) accumulation
in rhd3-1 (lanes 1 and 3) in comparison to wt
(lanes 2 and 4).

(c, d) Confocal images of ST-GFP distribution in
rhd3 (c) and wt (d). Bar = 25 um.

(e, f) Projections of series of confocal images of
ST-GFP distribution in wt (e) and rhd3 (f).
Bar = 20 um.

wi

There was no apparent difference in steady-state abun-
dance of secGFP mRNA extracted from wt and rhd3
(Figure 9a), so the increased intracellular secGFP fluores-
cence in rhd3is unlikely to have resulted from an increased
rate of secGFP synthesis. We also investigated whether the
ratio of full length to truncated secGFP caused by a BFA-
sensitive proteolysis was altered in rhd3. Total proteins
were extracted from roots of wt and mutant seedlings
expressing each marker. There was no detectable alteration
in the ratio of the two GFP-HDEL bands in wt and rhd3
seedlings (Figure 9b, lanes 1 and 2). In the case of secGFP,
there appeared to be a slight increase in the ratio of upperto
lower bands in rhd3extracts in comparison with those from
RHD3 seedlings (Figure 9b, lanes 3 and 4), indicating an
increase in the proportion of secGFP that was protected
from the C-terminal proteolysis that occurs downstream

© Blackwell Publishing Ltd, The Plant Journal, (2003), doi: 10.1046/j.1365-313X.2003.01969.x



of the ER. These observations are consistent with a quanti-
tative reduction in the rate of anterograde transport of
secGFP in rhd3.

Distribution of ST-GFP in the ER of rhd3

The enhanced fluorescence of secGFP in the ER and inhibi-
tion of secGFP proteolysis in rhd3 suggested that the
mutant might be at least partially defective in protein
transport out of the ER. To further test this notion, we
examined the intracellular distribution of ST-GFP, a GFP
fused with the amino-terminal 52 residues of the rat trans-
Golgi enzyme sialyltransferase, which targets GFP to the
Golgi in plants (Boevink et al., 1998; Saint-Jore et al., 2002).
In roots of transgenic Arabidopsis-expressing ST-GFP, the
fluorescence pattern is typical of Golgi stacks that are
scattered throughout cells (Boevink et al., 1998; Saint-Jore
et al., 2002; Figure 9d,e). However, in the rhd3 background,
in many root epidermal cells examined, ST-GFP labelled an
additional cable-like structure that resembled the disorga-
nised ER that characterises this mutant (Figure 9c). Remark-
ably, in some cells, no ST-GFP-labelled Golgi stacks, but
only the cable-like ER structures (Figure 9c (arrow) and
Figure 9f), were visible.

Discussion

The potential of secGFP for the analysis of mutants and
gene products involved in endomembrane traffic and
organisation in Arabidopsis

Arabidopsis has, for many years, been used as a model
plant to elucidate the molecular regulation of biological
processes. However, genetic analysis of the secretory path-
way in Arabidopsis has been hampered by the lack of either
simple phenotypic traits that are indicative of secretory
defects, or a visual non-invasive secretory marker. In this
study, we demonstrate that secGFP, a chimeric GFP fusion
(Batoko et al., 2000), when constitutively expressed in Ara-
bidopsis, functions as a simple, visual, non-destructive
in vivo marker that can be used to monitor protein transport
and endomembrane dynamics. secGFP exhibits reduced
GFP fluorescence in comparison to GFP-HDEL, an ER-resi-
dent GFP. secGFP is exported from the ER and transported
to the apoplast where its fluorescence is weak. The protein
accumulates poorly and is subject to proteolysis at the
carboxyl terminus that results in steady-state accumulation
of a C-terminal-truncated form in the apoplast. It is not clear
where, in the secretory pathway, the carboxyl-terminal
proteolysis occurs, but it is reduced in the presence of
BFA, so it is most likely a transport-dependent post-ER
event. Only full-length protein was detected in protoplasts,
while the apoplast contained only the truncated form, so

RHD3 is required for normal ER-to-Golgi transport 11

proteolysis probably occurs shortly before or soon after
delivery to the apoplast.

Fluorescence of GFP has been shown to tolerate loss of 12
amino acid residues at the carboxyl terminus (Li et al.,
1997), and such a deletion would produce a species similar
in size to the truncated apoplastic form of secGFP. Our data
suggest that the carboxyl-terminal truncation in secGFP is
unlikely to be the major reason that secGFP seedlings
exhibit weak fluorescence, because seedlings grown at
pH 8.1 exhibited increased apoplastic GFP fluorescence
accompanied by an increase in the abundance of the trun-
cated form. Thus, it seems likely that the truncated form can
fluoresce, but that the apoplastic environment does not
favour the accumulation or fluorescence of this molecule.
Tamura and colleagues have recently reported very similar
observations with vacuolar-targeted GFP in Arabidopsis
(Tamura et al., 2003). These authors found that a pH-depen-
dent carboxyl-terminal processing event occurs shortly
after GFP arrives in vacuoles of light- or dark-grown Arabi-
dopsis seedlings, followed by rapid light-dependent degra-
dation. However, growth of seedlings in the dark or
inhibition of vacuolar H"-ATPase activity resulted in a
marked increase in the stability of the truncated form with
a concomitant increase in vacuolar fluorescence (Tamura
et al., 2003). In case of apoplastic secGFP, it appeared that
under alkaline culture conditions, the turnover of the trun-
cated secGFP in the apoplast was slow, leading to an
increase in secGFP protein accumulation. Such an increase
might contribute to the enhancement of apoplastic secGFP
fluorescence. We do not know the apoplastic pH in roots of
secGFP seedlings growing at pH 5.7 and 8.1, and we cannot
determine the relative contributions of increased protein
accumulation and increased GFP brightness to the
enhancement of apoplastic GFP fluorescence at pH 8.1.
GFP fluorescence is known to be pH-sensitive (Tsien,
1998), and the pK, of mGFP5 was reported to be similar
to that of wtGFP, which is near 4.5 (Liu et al., 2001; Tsien,
1998). The pH of the apoplast is generally believed to be
lower than that of most intracellular compartments, and
estimates of apoplastic pH in maize roots cultured hydro-
ponically are typically in the range of 4.8-5.3, depending on
external growth solutions (Kosegarten et al., 1999). Conse-
quently, apoplastic secGFP in Arabidopsis might be cap-
able of fluorescence, but under routine culture conditions,
its intensity might be compromised. Alternatively, if
secGFP molecules are secreted to the apoplast before they
have acquired fluorescence, they may become fluorescent
at a slow rate relative to their turnover in this environment.

How does a minor portion of GFP-HDEL escape
from the ER?

In this study, a minor portion of the GFP-HDEL protein was
found in a vacuolar compartment, as well as in the apoplast.

© Blackwell Publishing Ltd, The Plant Journal, (2003), doi: 10.1046/j.1365-313X.2003.01969.x
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Previous studies have also reported loss of artificial HDEL-
containing proteins from the ER of transgenic plants
(Gomord et al., 1997; Herman et al., 1990), and at least one
protein containing the ER tetrapeptide Lys-Asp-Glu-Leu
(KDEL), auxin-binding protein (ABP), has also been found
to be secreted at low levels (Jones and Herman, 1993). One
possible explanation for GFP-HDEL escape from the ER is
saturation of the K/HDEL receptor that can lead to the protein
entering the anterograde bulk flow pathway to the apoplast
(Crofts et al., 1999). Second, the efficiency with which the
HDEL signal is recognised can be influenced by local
sequence and structural features (Denecke et al., 1992);
therefore, it is possible that the HDEL signal is presented
suboptimally in GFP-HDEL. Another alternative possibility
is that the C-terminal proteolysis, which removes the HDEL
signal, occursinthe Golgi. Any one ofthe above mechanisms
could account for the small portion of GFP-HDEL that accu-
mulates in the apoplast of H13 at steady state; however, the
predominant location of the truncated form is a vacuole. It
may be that GFP-HDEL contains a cryptic vacuolar sorting
determinant that results in escaped protein entering one of
the vacuolar sorting pathways as reported for GFP in yeast
(Kunze et al., 1999). Alternatively, Toyooka et al. (2000)
demonstrated that sulfhydryl-endopeptidase (SH-EP), a
vacuolar cysteine proteinase possessing a C-terminal KDEL
sequence, was transported to protein storage vacuoles via
ER-derived granules or vesicles of 0.2-0.5 um, which
bypassed the Golgi. It was proposed that this ER-derived
vacuolar ontogenesis might be common in storage tissues
of young seedlings (Chrispeels and Herman, 2000). If this
pathway operates in some or all cells of the Arabidopsis
seedlings, GFP-HDEL could be exported to the vacuolar com-
partment from the ER by such an alternative pathway. It has
also been reported that the spindle-shaped fusiform bodies,
labelled by GFP-HDEL, selectively accumulate a KDEL protein
B-glucosidase and might fuse with vacuoles in response to
stress conditions (Matsushima et al., 2003). This might also
explain the leakage of GFP-HDEL to vacuolar fractions.
Indeed, we found that the abundance of the truncated form
of GFP-HDEL was not significantly affected by incubation in
BFAforupto48 h.Oneexplanationforthisisthattransportto
the vacuole occurs via a BFA-insensitive Golgi-independent
route. We cannot discount the simpler hypothesis that the
truncated form is stable in the vacuole over the course of our
BFA treatment, even though the apoplastic form is not. How-
ever, this possibility seems less likely following the recent
report that vacuolar GFP is rapidly degraded via a light-
dependent mechanism that would be expected to operate
during the 16-h photoperiod used in our experiments
(Tamura et al., 2003).

Although we were able to detect increased intracellular
accumulation of secGFP in Arabidopsis root epidermal
cells treated with BFA, it took more than 20 h for this to
become apparent. In contrast, BFA-induced changes in the

distribution of PIN proteins in Arabidopsis root tips and
embryos occur within minutes (Geldner et al., 2001, 2003;
Steinmann et al., 1999). This discrepancy must, in part,
reflect the time taken for sufficient new secGFP to accu-
mulate, following inhibition of anterograde traffic in our
assay. Yet, during transient expression of secGFP in
tobacco leaf epidermal cells, secGFP accumulation was
evident 4-6 h after BFA treatment (Batoko et al., 2000).
While it is possible that the rate of secGFP synthesis is
higher in the tobacco transient expression system, BFA
seems to be a less potent (and possibly indirect) inhibitor
of anterograde traffic in Arabidopsis root epidermal cells
than it is of endocytic recycling in Arabidopsis root tips or
of anterograde traffic in tobacco leaf epidermal cells. It was
reported recently that anterograde traffic of a PM marker
was unperturbed by short-term treatment of Arabidopsis
root tips with 50 pmM BFA, although endocytic recycling was
rapidly affected (Grebe et al., 2003). Furthermore, BFA
causes Golgi markers to cluster around BFA bodies in
Arabidopsis root tips, rather than to fuse with the ER as
in tobacco leaf epidermis (Boevink et al., 1998; Grebe et al.,
2003; Saint-Jore et al., 2002). Geldner et al. (2003) have
pointed out that Arabidopsis has eight ARF-GEFs (the
targets of BFA) that differ in their sensitivity to BFA and
probably also differ in their sites of action in the cell, as well
as their distributions in various tissues. Consequently,
differences in the reported effects of BFA are likely to reflect
the differing sensitivities of the ARF-GEFs involved in
anterograde and endocytic traffic in each cell type of a
particular species.

RHD3 is required for anterograde membrane traffic and
normal ER structure

The secGFP line is an attractive tool for genetic and trans-
genic analysis of genes that might interfere with membrane
traffic in the plant secretory pathway. The behaviour of
secGFP in BFA-treated seedlings suggested that by analysis
of the intensity and distribution of secGFP fluorescence
coupled with an analysis of secGFP processing, gene pro-
ducts involved in membrane traffic, at least from the ER to
the Golgi, could be identified. We confirmed this by intro-
ducing secGFP into a known mutant line, rhd3, and identi-
fied a requirement for RHD3 function in ER-Golgi traffic and
ER organisation.

rhd3 was shown to be defective in cell expansion in root
hairs and epidermal cells (Wang et al., 1997). Ultrastruc-
tural analysis of its root hairs revealed an abnormal dis-
tribution of vesicles in the subapical region and altered
vacuole organisation (Galway et al., 1997). Based on this,
roles for RHD3 in some aspect of membrane trafficking,
ionic homoeostasis or vacuole function have been pos-
tulated, but none has been demonstrated. Here, we show
that RHD3 is required for normal secGFP export from the ER
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and for normal ER organisation in roots. Furthermore, the
Golgi marker ST-GFP, which normally exhibits an exclu-
sively punctate labelling of the Golgi stacks (Boevink et al.,
1998; Saint-Jore et al., 2002), was found to accumulate in
the disorganised ER of rhd3 root hairs and epidermal cells.
These observations suggest that RHD3 is required for nor-
mal anterograde traffic between the ER and Golgi. It is very
likely that the deficiency in ER-Golgi traffic is partial: the
fluorescence of secGFP in rhd3 was substantially lower
than that of GFP-HDEL, the reduction in transport-depen-
dent processing of secGFP was lower than that induced by
BFA and rhd3root hairs continued to grow at about half the
rate of wt (Galway et al., 1997). Furthermore, efficient inhi-
bition of ER-Golgi traffic is expected to result in cell death.
Thus, our data demonstrate that the secGFP assay is able to
identify sublethal quantitative reductions in the rate of
anterograde membrane traffic.

In support of our conclusions, it is interesting to note
that the yeast homologue of RHD3, Sey1p, is a synthetic
enhancer of Yop1p (Brands and Ho, 2002). Yop1p is an
integral Golgi membrane protein involved in biosynthetic
membrane traffic in conjunction with Yip1p (Calero et al.,
2001), which is another integral membrane protein that is
packaged into ER-derived vesicles, required for ER-Golgi
vesicle fusion and interacts with the Rab GTPases Ypt1p
and Ypt31p/32p (Barrowman et al., 2003; Yang et al.,
1998). Yptlp is required for ER-Golgi and intra-Golgi
traffic in yeast, while Ypt31p/32p is required for export
from the trans-Golgi compartment, where secretory,
Golgi-resident and vacuolar proteins are sorted into
distinct membrane vesicles (Ortiz et al., 2002). A role
for RHD3 in facilitating Rab GTPase function on the
Golgi in Arabidopsis could account for the diverse phe-
notypes in cell growth, ER-Golgi traffic and vacuole
organisation. It is known that rhd3 root hairs exhibit an
abnormal distribution of vesicles in the subapical region
(Galway et al., 1997). It will be of interest to identify the
origin of these vesicles and to investigate possible
genetic interactions between RHD3 and the four Yptip
homologues or the 26 Ypt31p/32p homologues in Arabi-
dopsis (Rutherford and Moore, 2002). The abnormal orga-
nisation of the ER network could also be a consequence of
impaired ER-Golgi transport in the mutant. In fact, one of
the effects of dominant negative Yop1 or Yip1 mutant is
abnormal ER membrane structure (Calero et al., 2001;
Yang et al., 1998).

We found that the abnormally bundled ER of rhd3 was
also closely associated with actin filaments throughout the
length of the root hair and epidermal cells (data not shown).
According to Galway et al. (1997), cytoskeletal organisation
in rhd3was not significantly different from the wt; however,
vesicles in the subapical region of rhd3 root hairs were
often found aligned along bundled actin filaments in this
region. In plants, the mobility of both the ER and the Golgi is
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dependent on the actin cytoskeleton (Boevink et al., 1998;
Brandizzi et al., 2002; Liebe and Quader, 1994; Nebenflihr
et al., 1999). Furthermore, in rapidly growing Tradescantia
pollen tubes, maize root cap cells and auxin-stimulated oat
colepotile cells, de-polymerisation of the actin cytoskeleton
led to a rapid accumulation of vesicles around Golgi (Phil-
lips et al., 1988; Shannon et al., 1984). Therefore, one pos-
sible role for RHD3 could be to mediate interactions
between the endomembrane system and the actin cytos-
keleton.

Nevertheless, we think it is unlikely that RHD3 functions
primarily or solely in actin-based motility per se. First, we
did not observe any clear difference in the mobility of the
ER, the spindle-bodies or the Golgi stacks in rhd3, although
the aberrant morphology of these structures made direct
comparison difficult. Second, although ER and Golgi mem-
branes each move on actin filaments, de-polymerisation of
the actin network in tobacco has no observable effect on
the rate of GFP-marker transport to the Golgi (Brandizzi
et al., 2002) or on the rate at which Golgi membrane
markers fuse with the ER and re-emerge following BFA
application and wash-out (Saint-Jore et al., 2002). Finally,
treatment of secGFP seedlings with cytD did not cause a
clear increase in intracellular secGFP fluorescence as in
rhd3. As secGFP was also found to accumulate in the
apoplast of cytD-treated seedlings grown at pH 8.1, it
appears that disruption of actin networks and actin-based
motility does not lead to significant reduction in trafficking
of secGFP from ER to PM of Arabidopsis seedlings under
our conditions. A recent study used fluorescence recovery
after photobleaching (FRAP) to investigate the trafficking
of a GFP marker to the PM, and also concluded that cytD
had no effect on this pathway, although endocytic traffic
was perturbed (Grebe et al., 2003). It has also been
reported that treatment with cytD had little impact on
the steady-state distribution of PIN1 in Arabidopsis roots
(Geldner et al., 2001).The discrepancy between the results
obtained in Arabidopsis roots and those obtained in pollen
tubes, maize root cap and oat coleoptile cells (Phillips
et al., 1988; Shannon et al., 1984) may reflect the differing
assay systems used or differing requirements for actin
networks in each system.

We found that the dye FM4-64 took roughly two times as
long to be internalised from the PM and to label internal
compartments in rhd3 seedlings compared to wt (data not
shown). This dye has been shown to label vacuoles and pre-
vacuolar/endosomal compartments that accumulate recy-
cling PM proteins (Geldner et al., 2003). The reduced uptake
of FM4-64 in rhd3raises the possibility that rhd3is defective
in transport from the PM to the vacuole. However, the
reduced rate of FM4-64 uptake could easily arise seconda-
rily from a primary defect in anterograde traffic, with the
associated reduction in root hair growth, resulting in
reduced rates of membrane recycling.
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With regard to the primary function of RHD3 in mem-
brane traffic, another possibility is that the cable-like ER
structure of rhd3 might be the first manifestation of the
phenotype that secondarily influences transport to the
Golgi. In animal cells, Dreier and Rapoport (2000) demon-
strated that the formation of the ER network is a controlled
vesicle fusion process. If a similar ER network formation
model applies to Arabidopsis, itis possible that RHD3 might
be a factor required for vesicle fusion during the extension
of the ER network. Defects in this process could lead to loss
of the typical network in rhd3 and to an accumulation of
vesicles associated with actin/bundled ER tubules in the
organelle-rich subapical region of root hairs (Galway et al.,
1997).

Wang et al. (2002) reported that rhd3 plants exhibit
reduced cell expansion in shoot tissues, as well as in root
tissues, suggesting that RHD3 may be required throughout
Arabidopsis development. However, in our studies, rhd3
shoot tissues did not exhibit clearly enhanced secGFP
accumulation. The reason for this is currently unclear,
but it is possible that secGFP is not expressed at a level
that can reveal the membrane traffic defects in rhd3shoots.
However, rhd3 shoot tissues also lacked the clearly abnor-
mal ER organisation and Golgi marker distribution that
characterised the roots, so it seems possible that the
impairment of membrane traffic in the rhd3 shoots is not
as strong as in the roots. In this regard, it is noteworthy that
although the rhd3 gene is expressed throughout the Ara-
bidopsis plant, the primary tissue of its expression might be
roots (Wang et al., 2002), and there are two other putative
RHD3 homologues in the genome that could have over-
lapping function in the shoot. It is also notable that young
rhd3seedlings growing in vitro for use in our studies were
not readily distinguishable from wt on the basis of their
shoot morphology, although roots were obviously shorter.
Although the shoot growth phenotype (Wang et al., 1997,
2002) was pronounced in older plants under greenhouse
conditions, its penetrance was low in the shoot of seedlings
growing in vitro under our conditions.

In summary, secGFP provides a simple non-invasive
assay for membrane traffic in plants that can identify sub-
lethal, quantitative reductions in anterograde traffic and
provide morphological information about the endomem-
brane compartments affected. It should be possible to use
the S76 line in forward screens to identify new mutations in
endomembrane traffic and organisation. Indeed, in two
screens of EMS-mutagenised M, seedlings of the S76 line,
we have identified numerous seedlings with increased
intracellular secGFP accumulation in a variety of subcellular
structures accompanied by a range of seedling lethal and
developmental phenotypes (H. Zheng, A. de Kerchove,
unpublished). These potentially new membrane trafficking
mutants are being characterised genetically and ultrastruc-
turally.

Experimental procedures

Plant materials and growth conditions

Transgenic Arabidopsis lines expressing secGFP and GFP-HDEL
were generated by Agrobacterium-mediated transformation of
plasmids pVKH18-secGFP and pVKH18-GFP-HDEL (Batoko et al.,
2000) into Arabidopsis plants (ecotype Columbia-0) using vacuum
infiltration (Bent et al., 1994). The freshly prepared infiltration
medium (11) was: 22g MS salt; 1x B5 vitamins (1000x
(100 ml): nicotinic acid (100 mg), thiamine-HCI (1 g), pyridox-
ine-HCI (100 mg), glycine (200 mg)); 50 g sucrose; 0.044 uM ben-
zylaminopurine (pH 5.7); 200 pl Silwet-77 (Lehle Seeds, USA,
Catalog vis-01). Transgenic plants were selected on an MS med-
ium (2.2 g I”" MS salt (pH 5.7), 0.8% agar) containing 15 ug ml~"
hygromycin (Calbiochem, USA). Transgenic Arabidopsis homo-
zygous for ST-GFP was made available by Claude Saint-Jore
(Oxford, UK). Mutant allele rhd3-1 was obtained from the Arabi-
dopsis stock center (http://nasc.nott.ac.uk). Mutant allele shv1-4
was kindly provided by C. Grierson (Bristol, UK). Introgressions of
secGFP and GFP-HDEL into mutant alleles rhd3-7 and shv1-4, and
ST-GFP into rhd3-1, were carried out by crossing transgenic Ara-
bidopsis homozygous for the GFP fusions (pollen donors) with
rhd3-1and shv1-4. Plants were grown either on soil or on the MS
medium at 20-22°C under a 16-h photoperiod.

pH 8.1, BFA and cytochalasin D treatments

For pH 8.1 treatment, Arabidopsis seedlings grown on MS med-
ium (pH 5.7) for 4-7 days were transferred onto MS medium
adjusted to pH 8.1 with KOH (1N) for further growth. BFA
and cytD treatments were performed by growing Arabidopsis
seedlings in small Petri dishes (lwaka, Japan) containing either
3 ml solution of BFA (36 uMm) or cytD (39.4 um). Seedlings were
first grown on MS plates for 7-21 days before the drug treat-
ments.

FM4-64 and DiOCg staining

Arabidopsis seedlings from either pH 5.7- or pH 8.1-buffered MS
media were immersed in 3 ml FM4-64 (8.2 uM) in a small Petri dish
for 10 min for PM staining. For DiOCg staining, 7-day-old rhd3and
wt seedlings from MS plates were immersed into DiOCg solution
(1.8 um) for 30 min.

Fluorescence stereo and confocal laser scanning
microscopy

Intensity of GFP fluorescence in all seedlings was monitored with a
fluorescence stereo microscope (Leica, Germany), and all images
were captured with a digital camera (Photometrics CoolSnap,
Roper Scientific, Marlow, UK). The filter set used was either
GFP1 or GFP3. The subcellular localisation of GFP fluorescence,
FM4-64 and DiOCg staining in seedlings were examined with a
confocal laser scanning microscope (Carl Zeiss, LSM 410 or
LSM510, Germany). The excitation wavelength for GFP and DiOCg
was 488 nm and emitted fluorescence was collected with either
510-525 or 505-530 nm band-pass filter. FM4-64 was excited with a
543-nm argon ion laser line and a 580-nm long-pass emission filter.
All confocal images obtained were processed with LSMdummy
3.92 (Zeiss, Germany) and PHOTOSHOP 3.0 (Adobe, San Jose, CA,
USA) software.
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Protein extraction

Approximately 200 mg of plant material from whole seedlings, roots
or shoots were ground in liquid nitrogen and then homogenised in
2x (w/v) protein extraction buffer (75 mm Tris (pH 6.8), 1 mm EDTA,
2% SDS, 3% B-mercaptoethanol, T mM phenylmethylsulfonyl fluo-
ride (PMSF)). The homogenates were centrifuged for 5 min at
13 000 g to remove plant debris. Proteins in supernatants were
precipitated in 6% trichloroacetic acid (TCA) (20 min on ice followed
by 15 min centrifugation at 14 000 g) and were washed two times
with acetone and one time with 100% ethanol. Pellets were com-
pletely dried in air and then dissolved in one volume of 1x SDS
loading buffer (50 mm Tris-HCI (pH 6.8), 100 mMm dithiothreitol
(DTT), 2% SDS, 0.1% bromophenol blue, 10% glycerol).

Subcellular fractionation

Extracellular proteins were extracted according to Monroe et al.
(1999). To extract proteins from protoplasts, 7-day-old seedlings
were briefly rinsed with MM buffer (0.4 M mannitol, 20 mm 2-[N-
morpholinolethanesulfonic acid (MES) (pH 5.8)) and cut into small
pieces with a sharp blade. The cut Arabidopsis pieces were then put
into MM buffer containing 1% cellulase ‘Onozuka’ RS (Yakult Honsha,
Tokyo) and 0.1% pectolyase (Sigma, UK). Digestion was allowed for
2 h at room temperature. Protoplasts were filtered through a miro-
cloth (Calbiochem) and washed five times with MM buffer. Pelleted
protoplasts were re-suspended in protein extraction buffer and lysed
through three consecutive freezing (liquid nitrogen)/thawing cycles.
For vacuolar protein extraction, vacuoles were first isolated accord-
ing to Sansebastiano et al. (1998) and were briefly centrifuged and re-
suspended in protein extraction buffer and lysed through three
consecutive freezing (liquid nitrogen)/thawing cycles. All extracted
proteins were then precipitated with 6% TCA and dissolved in 1x
SDS-PAGE loading buffer for SDS-PAGE analysis.

Immunoblot analysis

Protein samples were first separated on a 12% polyacrylamide gel
and then electro-transferred onto a nitrocellulose membrane. Pro-
tein detection was carried out using the ProtoBlot Western Blot AP
system (Promega, Southampton, UK) according to instructions
provided by the manufacturer, with several modifications. Non-
specific binding sites were first blocked for 1 h with 10% non-fat
milk in PBS (pH 7.4; Sigma P3813). The concentrations of primary
antibodies were: rabbit anti-c-myc, 1:1000; rabbit anti-GFP,
1:2000; rabbit anti-GFPN15, 1:2000; chicken anti-At-a-TIP,
1 : 500; rabbit anti-GRP78(BiP), 1 : 1000. The concentration of alka-
line phosphatase-conjugated secondary antibodies (goat antirab-
bit IgG or antichicken IgG) was 1 : 5000. Rabbit antiserum against
GFP (anti-GFP, A6455) was purchased from Molecular Probes
(Eugene, USA). Rabbit antibody against GFP C-terminal peptides
(anti-GFPN15, ab290-100) was purchased from ABCam (Cam-
bridge, UK). Rabbit anti-c-myc (A14, sc-789) was purchased from
Autogen Bioclear (Calne, UK). Rabbit anti-GRP78(BiP) (Cat. PA1-
014) was purchased from Affinity BioReagents (Golden, USA).
Chicken anti-At-a-TIP was kindly made available by T. Schaeffner
(Muenchen, Germany). All secondary antibodies used in this study
were purchased from Promega.

RNA extraction and gel blot analysis

Arabidopsis plant materials of approximately 200 mg were ground
in liquid nitrogen and then homogenised in 400 pl GTC buffer (4 m
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guanidium thiocyanate, 25 mM sodium citrate (pH 7.0), 0.5%
lauryl sarcosine) with freshly added B-mercaptoethanol at
7 ul ml~". The mixture was vortexed for 1 min, followed by addi-
tion of 40 ul 2 M NaOAc (pH 4.0), 400 pl phenol (pH 7.0) and
vortexing for 1 min. The mixture was shaken for 30 min prior to
addition of 80 pl chloroform/isoamyl alcohol (24 : 1) and was then
incubated on ice for 15 min, followed by centrifugation at 13 000 g
at 4°C for 20 min. The water phase (approximately 450 pl) sepa-
rated was transferred into a new tube, and the same volume of
isopropanol was added into the water phase. The mixture was
incubated at —20°C for 15 min, followed by centrifugation at
13 000 g at 4°C for 15 min. The pellet was dried in air and was
then dissolved with 300 ul GTC with freshly added B-mercap-
toethanol at 7 ul ml~". The suspension was spun for 5 min at
13 000 g, and the supernatant was transferred into a new tube
followed by addition of the same volume of isopropanol. The
mixture was incubated at —20°C for 15 min followed by centrifu-
gation at 13 000 g at 4°C for 15 min. The RNA pellet was washed
with 80% ethanol, air dried and dissolved in 20-60 pl de-ionised
formamide. For gel blot analysis, approximately 10 ug RNA per
lane was separated on a 1.1% denaturing agarose gel, transferred
onto a nylon membrane and hybridised with *2P-labelled GFP DNA
followed by detection by autoradiography (Figure 9) or phosphor-
imaging (Figure 3).
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