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An ARF-GEF acting at the Golgi and in selective
endocytosis in polarized plant cells
Ooi-kock Teh1 & Ian Moore1

Circumstantial evidence suggests that intracellular membrane
trafficking pathways diversified independently in the plant
kingdom1–10, but documented examples are rare6,11,12. ARF-GEFs
(guanine-nucleotide exchange factors for ADP-ribosylation factor
GTPases) are essential for vesicular trafficking in all eukaryotic
kingdoms, but of the eight ARF-GEF families, only the ancestral
BIG and GBF types are found in plants1,2. Whereas fungal and
animal GBF proteins perform conserved functions at the Golgi,
the Arabidopsis thaliana GBF protein GNOM is thought to act in
only the process of recycling from endosomes3–5. We now show
that the related Arabidopsis GBF protein GNOM-LIKE1 (GNL1)
has an ancestral function at the Golgi but is also required for
selective internalization from the plasma membrane in the pres-
ence of brefeldin A (BFA). We identified gnl1 mutants that accu-
mulated biosynthetic and recycling endoplasmic reticulum
markers in enlarged internal compartments. Notably, in the
absence of functional GNL1, Golgi stacks were rendered sensitive
to the selective ARF-GEF inhibitor BFA, which caused them to fuse
with the endoplasmic reticulum. Furthermore, in BFA-treated
gnl1 roots, the internalization of a polar plasma-membrane mar-
ker, the auxin efflux carrier PIN2, was selectively inhibited. Thus,
GNL1 is a BFA-resistant GBF protein that functions with a BFA-
sensitive ARF-GEF both at the Golgi and in selective endocytosis,
but not in recycling from endosomes. We propose that the evolu-
tion of endocytic trafficking in plants was accompanied by neo-
functionalization within the GBF family, whereas in other
kingdoms it occurred independently by elaboration of additional
ARF-GEF families.

Plant membrane trafficking exhibits several unusual features with
respect to vacuole and Golgi organization, endocytic cycling, cell
polarity and cytokinesis6,7. Because gene families that are essential
for membrane identity and vesicular traffic have diversified indepen-
dently in the plant kingdom2,8–10, it has been suggested that trafficking
pathways have been elaborated independently in plant cells2,8–10. Few
examples have been provided, however, and plant trafficking pro-
cesses remain poorly described in molecular terms.

To further our understanding of plant-specific trafficking pro-
cesses, we isolated Arabidopsis mutants defective in biosynthetic
membrane traffic to the plasma membrane by screening mutagenized
seedlings for intracellular accumulation of a secreted green fluor-
escent protein (secGFP)13,14. Mutant 44 and mutant 54 carried allelic
mutations that caused the accumulation of secGFP in spheroid
bodies, the diameters and heterogeneity of which increased (from
diameter 0.5 mm to 3mm) with the age of root epidermal cells (Fig. 1a,
b, and Supplementary Fig. 2). Mutant 44 exhibited more pronounced
secGFP accumulation and various developmental abnormalities that
were absent in mutant 54 (Fig. 1c, and Supplementary Figs 3 and 4).
In wild-type roots, secGFP existed predominantly in its truncated
apoplastic form13, whereas in mutant 44 its full-length intracellular

form accumulated (Fig. 1d, e, arrowhead). Positional cloning and
sequencing identified stop codons in the GNL1 locus (At5g39500) in
mutant 44 and mutant 54, which were named gnl1-2 and gnl1-3,
respectively (Fig. 1f and Supplementary Fig. 5). A T-DNA allele
(gnl1-1) showed allelism to and similar developmental phenotypes
as gnl1-2, which could be complemented by a GNL1–YFP (yellow
fluorescent protein) fusion (Supplementary Fig. 5). gnl1-1 also accu-
mulated secGFP in the spheroid bodies, which were termed gnl1-
bodies. Thus, the trafficking defects exhibited by all three mutants
were attributed to loss of GNL1 function.

GNL1 is a putative ARF-GEF: these are nucleotide exchange fac-
tors for ARF GTPases, which have diverse functions in vesicle coat
formation and vesicle–cytoskeleton interactions15,16. In animals and
fungi there are eight ARF-GEF families, but only the apparently
ancestral GBF and BIG families are known in plants1,2. GNL1 is
one of three GBF proteins encoded by the Arabidopsis genome and
is the closest relative of GNOM, the only Arabidopsis ARF-GEF char-
acterized so far (Supplementary Fig. 1). Whereas mammalian and
yeast GBF1-family ARF-GEFs function at the cis-Golgi, GNOM is
essential for recycling from endosomes to the plasma membrane3,4,12

but is not thought to act in the secretory pathway12. In contrast,
the intracellular accumulation of secGFP in gnl1 mutants suggested
that this close relative of GNOM does function on a biosynthetic
trafficking pathway. Consistent with this, the fluorescent dye FM4-
64—which labels a variety of endosomal and vacuolar compart-
ments7,12,16–18—was excluded from gnl1-bodies, even after treatment
with brefeldin A (BFA), which causes the aggregation of endosomal
and trans-Golgi compartments12,16,17 (Fig. 1g). Furthermore, gnl1-
bodies co-accumulated fluorescent protein markers14,18,19 of secretory
and vacuolar traffic (Fig. 1h, i, and Supplementary Fig. 6) as well as a
lumenal endoplasmic reticulum (ER) marker that recycles from the
Golgi by virtue of an ER retrieval signal (Supplementary Fig. 6; all
markers used in this study are described in Methods). Therefore gnl1
mutants seemed to be defective in biosynthetic traffic at a point
before the divergence of secretory and vacuolar pathways at the
trans-Golgi.

The Golgi membrane marker ST–RFP (sialyltransferase–red fluor-
escent protein) was excluded from the gnl1-bodies (Fig. 1j). Although
Golgi stacks maintained their characteristic flattened-ring morpho-
logy, their apparent diameter in confocal microscopy was increased
by 50% in gnl1, from 1.2 6 0.07 mm to 1.8 6 0.25 mm (n 5 275 and
287, respectively) (Supplementary Fig. 7). GNL1 therefore has a role
in maintaining Golgi organization. Consistent with this, YFP-tagged
GNL1 (a gift of S. Richter and G. Jürgens) colocalized with a Golgi
marker (Supplementary Fig. 8a–i). However, the subtlety of the Golgi
defect in gnl1 and the viability of gnl1-1 and gnl1-2 plants suggested
either that GNL1 acts in a non-essential process or that its function
overlaps with another ARF-GEF. To distinguish these possibilities we
used the selective ARF-GEF inhibitor brefeldin A (BFA). Sensitivity
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of ARF-GEFs to BFA is determined by the identity of five residues in
the Sec7 domain1,2. Of the three Arabidopsis GBF-family ARF-GEFs,
only GNL1 is predicted to be BFA-resistant1,12. Therefore if GNL1

shares a function with either of the other two GBF-family ARF-GEFs,
this function should be rendered BFA-sensitive in gnl1 mutants.
Consistent with this prediction, growth of gnl1 seedlings or of gnl1
seedlings complemented with a BFA-sensitive GNL1 mutant was
severely inhibited by BFA concentrations that did not affect wild-
type plants (Fig. 2a, b, and Supplementary Fig. 9). Therefore GNL1 is
BFA-resistant in vivo and acts redundantly with a BFA-sensitive ARF-
GEF in a function essential for growth.

In BFA-treated Arabidopsis roots, Golgi stacks do not fuse with
the ER as they do in several other species12,20–25 but remain apparently
intact and functional25, often clustering around the drug-induced
BFA-bodies. These are derived from endosomal membranes and
accumulate endocytosed markers, but apparently exclude biosyn-
thetic cargo12,20–25 (Fig. 1g). To determine whether GNL1 is the
BFA-resistant ARF-GEF responsible for maintaining Arabidopsis
root Golgi organization in the presence of BFA, we examined the
localization of two integral Golgi membrane markers and two
peripherally associated Rab GTPase markers. Strikingly, although
the Golgi remained intact in BFA-treated wild-type plants, in gnl1
mutants the integral Golgi markers were rapidly transferred to the
ER and the peripheral markers redistributed to the cytoplasm (Fig.
2c–j, and Supplementary Fig. 10a–l). Furthermore, the ER-resident
glycoprotein calreticulin accumulated in an endoglycosidase-H-
resistant form, indicating processing by Golgi-resident enzymes
(Fig 2k, and Supplementary Fig. 10m, n). We conclude that BFA
treatment of gnl1 induces fusion of ER and Golgi membranes, indi-
cating that GNL1 acting together with one or more BFA-sensitive
ARF-GEFs performs an essential function in maintaining Golgi
integrity. Moreover, GNL1 activity can explain the BFA-resistance
of Arabidopsis root Golgi. These observations also show that GBF
proteins can be naturally BFA resistant and imply that the effect of
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epidermis of gnl1-2 expressing secGFP (green) incubated with FM4-64 (red)
and treated with 100mM of BFA for 90 min; scale bar, 10mm. h, i, Vacuolar
marker aleu-GFP18,19 (green) and the secreted marker secRFP14,18 (red) in
roots of the indicated genotypes; scale bar, 5 mm; accumulation of apoplastic
secRFP (arrowheads) and vacuolar aleu-GFP is reduced in gnl1-2; arrows,
gnl1-bodies. j, Golgi marker ST–RFP (red) and secGFP (green) in mature
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Golgi membrane marker ST–RFP (c–f) and peripheral Rab GTPase marker
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BFA in other plant species will depend on the presence or absence of
largely neutral amino acid substitutions in their GBF proteins. For
example, the three GBF proteins of rice are all predicted to be BFA
sensitive16.

In BFA-treated Arabidopsis root tips, endocytosed proteins accu-
mulate in BFA-bodies because recycling from endosomes to the
plasma membrane is inhibited but traffic from the plasma membrane
to endosomes is not (Supplementary Fig. 1)7,12,16. Traffic to the endo-
somes is therefore either independent of ARF-GEF activity or uses
BFA-resistant ARF-GEFs such as GNL1 (refs 12, 25, 26). To establish
whether GNL1 normally contributes to BFA-insensitive endocytosis
we asked whether plasma membrane markers were trafficked to BFA-
bodies in gnl1 mutants.

The plasma-membrane marker PMA4–GFP and the lipophilic
endocytic dye FM4-64 accumulated in the BFA-bodies of BFA-
treated wild-type and gnl1-2 roots with similar efficiency (Fig. 3a,
b), indicating that endocytosis can occur in the absence of GNL1
function. In epidermal and cortical cells, the auxin efflux carrier
PIN2 adopts distinct polar distributions that are determined by lar-
gely unknown trafficking mechanisms27–29. Strikingly, PIN2 exhib-
ited substantially reduced accumulation in BFA-compartments of
gnl1-1 and gnl1-2 (Fig. 3c–i, and Supplementary Fig. 11) and in
gnl1 complemented with BFA-sensitive GNL1 (data not shown),
even though BFA-bodies were clearly detectable in these cell types
using other markers (Fig. 3b). Thus trafficking of PIN2 from the
plasma membrane to endosomes is selectively promoted by GNL1,
which is the only BFA-resistant ARF-GEF that acts in this step. We
also investigated the internalization of PIN1 in the stele. In BFA-
treated wild-type roots, PIN1 was almost completely internalized
into BFA compartments after 1 h. This was greatly reduced in

gnl1-2, in which PIN1-labelled BFA-bodies were less distinct and
more PIN1 was retained at the plasma membrane where its polar
distribution was lost (Supplementary Fig. 12). Because PIN proteins
in gnl1 were polar before BFA treatment, GNL1 function in endocytic
trafficking apparently overlaps with one or more BFA-sensitive ARF-
GEFs, as it does at the Golgi (Supplementary Fig. 1). Support for
independent functions of GNL1 at the Golgi and in endocytosis was
provided by the observation that a BFA-sensitive GNL1 derivative,
GNL1(L696M)–YFP, accumulated prominently at the cell periphery
in BFA-treated meristematic cells of gnl1 seedlings (Supplementary
Fig. 8j–n). This may have resulted either from stabilization1–5,12 of
BFA-sensitive GNL1 at a peripheral site of action, or from perturba-
tion of GNL1 trafficking at this location.

Our results indicate that GNL1 has an ancestral function at the
Golgi but is also required for selective endocytosis in the presence of
BFA. The simplest interpretation is that GNL1 promotes selective
internalization at the plasma membrane, but we cannot rule out
either a role in subsequent traffic to an endosome or an indirect
selective effect on cycling. ARF-GEFs of the EFA6 family have been
implicated in endocytosis in mammalian cells15,30 but are absent in
plants. Whereas other eukaryotic kingdoms have elaborated several
families of small ARF-GEFs that function in endosomal trafficking
and post-Golgi sorting, plants rely solely on the ancestral large ARF-
GEFs of the GBF and BIG families1,2. Within the GBF family, the
distinct phenotypes of gnom (ref. 12) and gnl1 plants and the BFA-
sensitivity of the GNOM-mediated endocytic recycling pathway12

show that GNOM and GNL1 have distinct functions. We propose
that during land plant evolution the endocytic cycling pathways that
underpin cell polarity have arisen in part by duplication of GBF genes
whose products have acquired distinct novel functions indepen-
dently of ARF-GEF evolution in other kingdoms.

METHODS SUMMARY
Arabidopsis thaliana seedlings of the Col ecotype were grown and transformed as

described in ref. 14. Sequence alignments and phylograms were produced using
ClustalW with default parameters (www.ebi.ac.uk/clustalw/). GNOMLIKE1 is

At5g39500; TAIR accession, Locus:2175728; GenBank, NM_123312.

Genetic screen and confocal microscopy. M2 seedlings expressing secGFP (S76)

were screened for increased fluorescence intensities using a Leica MZ FLIII

fluorescence stereomicroscope. Mutants identified were backcrossed twice

before being used for phenotypic characterization and positional cloning. An

LSM 510 META confocal laser-scanning microscope (Carl Zeiss) was used for

confocal analysis as described in refs 13, 14, and Zeiss AIM software was used for

image processing and analysis as described in Methods.

Staining and inhibitor treatment. FM4-64 (Invitrogen-Molecular Probes) was

prepared from a 5 mM stock in water. Brefeldin and cycloheximide (Sigma-

Aldrich) were prepared as 200 mM and 355 mM stocks in dimethylsulphoxide

(DMSO), respectively. Four-to-six-day-old seedlings were treated in 5 ml water,

with equal amount of solvents as the controls.

Immunoblot analysis and immunolocalization on intact root tissues. Proteins

from roots of 8-day-old seedlings were extracted and analysed by immunoblot as

described14. Immunolocalization was performed by indirect immunofluores-

cence on 4-day-old seedlings as described in Methods.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Miscellaneous. Transient expression was performed in leaves of 2-week-old

greenhouse-grown Arabidopsis seedlings, as described in ref. 14 but with

300 mM MgCl2 in place of the infiltration buffer. Expressed proteins were

imaged 3 or 4 days after infiltration.

Fluorescent marker constructs. aleu-GFP has a sequence-specific vacuolar sort-

ing signal from petunia aleurain and traffics to the central vacuole via the ER,

Golgi and a punctate prevacuolar compartment18,19. secRFP14,18 is a secreted

version of mRFP1 carrying the same signal peptide as secGFP. N-YFP–HDEL

is a YFP-based spectral variant of N-GFP–HDEL22, which carries the ER-retrieval

signal His-Asp-Glu-Leu at its carboxy terminus and a signal peptide followed by

an engineered N-glycosylation site at its amino terminus. ST-RFP31 is an mRFP1

derivative carrying the amino terminus and transmembrane domain of rat N-a-

2,6-sialyltransferase, which targets proteins to the plant Golgi apparatus13,22,23,25,

preferentially to trans-cisternae17. YFP–RAB-E1d is YFP fused to an Arabidopsis

paralogue of Rab8 and Ypt2 of mammals and yeasts8,18. YFP–AtRAB-B1b is a YFP

fusion to an Arabidopsis paralogue of animal Rab2 (ref. 8) that localizes to the

Golgi (ref. 32; and C. Chow and I.M., unpublished results ). YFP–AtRAB-H1b, a
YFP fusion to a paralogue of Ypt6 and Rab6 in yeast and mammals, respectively8,

that localizes to the plant Golgi (C. Chow and I. Moore, unpublished results).

N-ST–RFP-2A-GFP–HDEL14, which produces a Golgi-localized RFP (red) and

an ER-localized GFP (green) in stoichiometric quantities from a single polypro-

tein that is cleaved by the FMDV 2A peptide14. Targeting signals are the same as

those of ST–RFP and N-YFP–HDEL (see above). N-secRFP-2A-GFP–HDEL14

produces stoichiometric quantities of an ER-localized GFP and an RFP that is

targeted to the vacuole via the ER and Golgi by virtue of the FMDV 2A-peptide

sequence at its carboxy terminus (see ref. 14 for further details). Nag-EGFP is an

Arabidopsis N-acetylglucosaminyl transferase I fusion to EGFP. PMA4–GFP is a

GFP fusion to a Nicotiana plumbaginifolia plasma membrane H1-ATPase33.

Confocal microscopy and image analysis. An LSM 510 META laser-scanning

microscope (Carl Zeiss) with 25mW Argon and 2mW HeNe lasers was used for

confocal analysis. The instrument was configured as described in refs 13 and 14

except for imaging of: GNL1–YFP and GNL1(L696M)–YFP fusions, which were

detected using 488 nm excitation and a 505–550 nm bandpass filter; Alexa Fluor

488, which was excited using a 405/488/543 primary dichroic mirror and the

488 nm argon line and detected with a 490–510 nm bandpass filter; and FM4-64
and MitoTracker Orange, which were each excited using a 458/543 nm primary

dichroic and 543 nm excitation from a HeNe laser and were detected with 585–

615 nm band pass or 585 nm long-pass filter (FM4-64) or 565–615 nm bandpass

filter (Mitotracker). When GFP was imaged together with other fluorescent

molecules, GFP was excited by the 458 nm line of the argon laser in a multi-track

configuration with line sequential scanning. Projections are maximum projec-

tions in z. Measurements of apparent Golgi sizes were performed on z-stack

images acquired using a C-Aprochromat 340/1.2 numerical aperture water-

immersion coverslip-corrected objective at scan zoom 4. The ‘Measure’ mode

of the Zeiss LSM Image Browser was used to measure the diameter of ST–RFP-

labelled Golgi stacks in face view with sub-saturating fluorescence, as revealed by

a look-up table in the image palette. The presence or absence of PIN2-labelled

BFA bodies was determined in z-stack images acquired using a C-Aprochromat

340/1.2 water immersion coverslip-corrected objective at scan zoom 1.1. To

score cells with PIN2-labelled BFA compartments the percentage of cells with

BFA compartments from each seedling, gathered from two experiments using

two independent anti-PIN2 antisera, were used to compute the average values

and standard deviations.

For live cell imaging seedlings were mounted whole in water with dyes or
drugs added at the appropriate concentration. For analysis of transient express-

ion, infiltrated leaves were excised and mounted in water immediately before

imaging. Material was mounted under a coverslip raised by two strips of insu-

lating tape and retained by Whatmann 3M micropore tape.

All images are presented in 8-bit linear greyscale or linear RGB and were

imported into Microsoft Powerpoint for assembly of figures. Brightness and

contrast were sometimes adjusted equally for sets of images in Microsoft

Powerpoint. In Supplementary Information, an Excel file named Image

Parameters lists the imaging parameters and processing for each individual

image of Figs 1–3.

Staining and inhibitor treatment. FM4-64 (Molecular Probes) was prepared

from a 5 mM stock in water. MitoTracker Orange (Molecular Probes) was used

at 0.5 mM. Brefeldin and cycloheximide (Sigma) were prepared as 200 mM and

355 mM stocks in DMSO, respectively. Four-to-six-day-old seedlings were

treated in 5 ml of water, with equal amounts of solvents as the controls.

Genetic screen. M2 seedlings expressing secGFP (S76) were screened for

increased fluorescence intensities using a Leica MZ FLIII fluorescence stereo-

microscope. In total, 141,000 M2 seedlings from 28,000 M1 plants were sown in
Petri dishes and after 4 days growth were screened for enhanced GFP fluor-

escence using a dissecting microscope equipped for epifluorescence. To identify

potential temperature-sensitive (ts) mutants, plates were then transferred to

31 uC and rescreened daily for 3 days. Eleven mutants exhibited a non-ts

enhancement of fluorescence and transmitted the phenotype to the M3 and

the F2 of a backcross to Col-0. These mutants were analysed by confocal laser

scanning microscopy to confirm that they accumulated increased quantities of

secGFP in intracellular compartments. Two mutants, numbered 44 and 54,

exhibited a similar pattern of secGFP accumulation, which they inherited as a

monogenic recessive mendelian trait. Both mutants identified were backcrossed

twice before being used for phenotypic characterization and positional cloning.

Immunoblot analysis, and immunolocalization on intact root tissues.
Proteins from roots of 8-day-old seedlings grown on agar plates were extracted

and analysed by immunoblot as described14. Endoglycosidase-H treatments

were performed as described34. Rabbit anti-GFP (Molecular Probes) and anti-

calreticulin (gift from J. Denecke) were diluted at 1:1,000 and 1:10,000, respect-

ively. Four-day-old seedlings were used for immunolocalization of PIN1 and

PIN2 as previously described in refs 12 and 35, respectively, with either Cys3- or
Alexa Fluor 488-conjugated secondary antibody (Molecular Probes) diluted

1:600 and 1:500, respectively. Rabbit anti-PIN1 and PIN2 (refs 28, 30) were

diluted at 1:200 and 1:250, respectively.
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