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The Golgi apparatus in plant cells consists of a large number of
independent Golgi stack/trans-Golgi network/Golgi matrix units
that appear to be randomly distributed throughout the cytoplasm.
To study the dynamic behavior of these Golgi units in living plant
cells, we have cloned a cDNA from soybean (Glycine max), Gm-
Man1, encoding the resident Golgi protein a-1,2 mannosidase I.
The predicted protein of approximately 65 kD shows similarity of
general structure and sequence (45% identity) to class I animal and
fungal a-1,2 mannosidases. Expression of a GmMan1::green fluo-
rescent protein fusion construct in tobacco (Nicotiana tabacum)
Bright Yellow 2 suspension-cultured cells revealed the presence of
several hundred to thousands of fluorescent spots. Immuno-
electron microscopy demonstrates that these spots correspond to
individual Golgi stacks and that the fusion protein is largely con-
fined to the cis-side of the stacks. In living cells, the stacks carry out
stop-and-go movements, oscillating rapidly between directed move-
ment and random “wiggling.” Directed movement (maximal veloc-
ity 4.2 mm/s) is related to cytoplasmic streaming, occurs along
straight trajectories, and is dependent upon intact actin microfila-
ments and myosin motors, since treatment with cytochalasin D or
butanedione monoxime blocks the streaming motion. In contrast,
microtubule-disrupting drugs appear to have a small but reproduc-
ible stimulatory effect on streaming behavior. We present a model
that postulates that the stop-and-go motion of Golgi-trans-Golgi
network units is regulated by “stop signals” produced by endoplas-
mic reticulum export sites and locally expanding cell wall domains
to optimize endoplasmic reticulum to Golgi and Golgi to cell wall
trafficking.

The Golgi apparatus of plant cells consists of a large
number of small, independent stack-trans-Golgi network
(TGN) units that are distributed throughout the cytoplasm
(Driouich and Staehelin, 1997; Andreeva et al., 1998b; Du-
pree and Sherrier, 1998). This seemingly random organiza-
tion within plant cells is in striking contrast to the highly
ordered Golgi complex in animal cells (Rambourg and
Clermont, 1997). Presumably, these different forms of spa-
tial organization reflect different mechanisms for control-
ling the localization of Golgi membranes. Similarly, the
distinct distributions found in the two organisms likely
impose different requirements on the transport of vesicles
to and from the Golgi. However, while many of the mole-

cules underlying Golgi positioning and functioning have
been identified in animal systems (Barlow, 1998; Lowe and
Kreis, 1998), very little is known about these processes for
the plant Golgi (Andreeva et al., 1998a).

The juxtanuclear position of the Golgi apparatus in ani-
mal cells depends on the presence of an intact microtubule
(MT) cytoskeleton (Burkhardt, 1998). Golgi membranes as-
semble around the centrosome in close proximity to the
nucleus, where the cis-cisternae are anchored to the minus
ends of MTs (Infante et al., 1999). Vesicular transport from
the peripheral endoplasmic reticulum (ER) to this central
Golgi complex occurs in a targeted fashion along MTs
(Presley et al., 1997; Scales et al., 1997), and post-Golgi
transport also often follows MT tracks into the periphery of
the cell (Hirschberg et al., 1998; Toomre et al., 1999). In
contrast, the Golgi stack-TGN units of angiosperms are
dispersed throughout the cytoplasm (Robinson and Kris-
ten, 1982). This distribution conceivably reduces the dis-
tance that transport vesicles have to travel, both from ER
export sites to the Golgi and from the Golgi to the plasma
membrane or vacuole. However, it is unclear whether this
traffic is directed, as is the case in animal cells, or whether
it occurs by passive diffusion or cytoplasmic streaming
(Williamson, 1993).

Cytoplasmic streaming is a process found in many plant
cells that moves large quantities of cytoplasm (including
organelles) around the cell. This phenomenon is most pro-
nounced in larger, highly vacuolated cells and is generally
assumed to allow for efficient mixing and distribution of
solutes. Cytoplasmic streaming has been studied exten-
sively in internodal cells of characean algae (Kuroda, 1990;
Shimmen and Yokota, 1994). It usually is driven by the
acto-myosin system, although instances of microtubule-
based organelle movement have been described (e.g. Mi-
zukami and Wada, 1981; Mineyuki and Furuya, 1986).
Studies of streaming events in the past have relied on
visualization of moving organelles with phase-contrast or
Nomarski microscopy. The nature of the organelles was
therefore mostly unknown. The participation of Golgi ves-
icles in cytoplasmic streaming was inferred based only on
the effects of inhibitor studies (e.g. Mollenhauer and
Morré, 1976).

It also has been proposed that entire Golgi stacks might
participate in the streaming motion (Staehelin and Moore,
1995). This postulated movement of Golgi stacks has re-
cently been demonstrated in tobacco (Nicotiana clevelandii)
leaf epidermal cells by means of green fluorescent protein
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(GFP) transiently expressed in the Golgi as a fusion with
the targeting domain of mammalian sialyltransferase (Bo-
evink et al., 1998). Golgi stack movement may also provide
the mechanism responsible for their dispersed distribution
throughout the cytoplasm. At the same time, this move-
ment imposes additional constraints on the possible mech-
anisms for transport to and from the Golgi.

To investigate these Golgi dynamics in greater detail, we
set out to develop a plant-gene-based Golgi marker in a
stably transformed cell line. Such a system would allow
quantitative analysis of this Golgi movement in great de-
tail, and also enable us to study Golgi dynamics in dividing
cells and to carry out novel biochemical fractionation stud-
ies. In this report we describe the isolation of a cDNA from
soybean (Glycine max) encoding an a-1,2 mannosidase I,
GmMan1, the first enzyme of the N-linked oligosaccharide
pathway cloned from plants. Fusion of this protein to GFP
when expressed in stably transformed tobacco Bright Yel-
low 2 (BY-2) cells is localized to the cis-Golgi. In living
cells, Golgi stacks show characteristic saltatory movements
throughout the cytoplasm. Inhibitor treatments demon-
strate that this movement is dependent on the acto-myosin
system, and that MTs can limit Golgi mobility in a subset of
cells.

MATERIALS AND METHODS

Cloning of GmMan1

A partial soybean (Glycine max) a-1,2 mannosidase I
clone was generated using degenerate oligonucleotides
corresponding to conserved regions 1 and 3 as described
previously (Herscovics et al., 1994). The clone (kindly pro-
vided by A. Herscovics, McGill University) was sequenced,
and gene-specific primers to this partial soybean sequence
(MannoN: 59-TGGTTTTATGARTAYTTGYTGAAA, Man-
noC: 59-ATACTTCAGCGTCTCCGCAAG) were designed
(marked by thin underlines in Fig. 1). These primers were
used in a PCR-based screen of a soybean cDNA library
(kindly provided by J. Mullet, Texas A&M University,
College Station). Plates of plaques were top-laid with SM
medium (Sambrook et al., 1989), which was then tested by
PCR for the presence of inserts that could be amplified with
MannoN and MannoC. Positive pools were then repeatedly
plated at lower plaque densities until a PCR product could
be detected on a plate of about 100 plaques. A clone of
approximately 2.6 kb was then isolated by plaque-lift
screening.

Sequence Analysis

Multiple sequence alignments were initially performed
with the PileUp program from the Genetics Computer
Group (Madison, WI) and subsequently optimized manu-
ally. Prediction of transmembrane domains was done with
TMpred (http://www.ch.embnet.org/software/TMPRED
_form.html; Hofmann and Stoffel, 1993). Coiled-coil pre-
diction was carried out with the COILS program (http://
www.ch.embnet.org/software/COILS_form.html) using
the algorithm of Lupas et al. (1991).

Construction of GmMan1::GFP Fusion Protein

The gene encoding a modified GFP (HBT-SGFP-TYG-nos
in pUC18, obtained from J. Sheen, Massachusetts General
Hospital) was subcloned with BamHI and EcoRI into pBlue-
script (Stratagene, La Jolla, CA) to obtain an in-frame XbaI
site at its 59 end. This was then spliced to an internal XbaI
site in GmMan1, thus removing the C-terminal 11 amino
acids of the mannosidase-coding region. To drive expres-
sion in plant cells a modified cauliflower mosaic virus 35S
promoter (with a dual-enhancer element) generated by
PCR from a plasmid (pZEV V, J. Oliver and K. Danna,
University of Colorado, Boulder) was used. This expres-
sion cassette was then inserted into the SacI and KpnI sites
of pBIN20 (Hennegan and Danna, 1998) and transformed
into Agrobacterium tumefaciens strain LBA4404 to yield
strain BP37. Transformation of tobacco (Nicotiana tabacum)
Bright Yellow 2 (BY-2) suspension-cultured cells (3 d after
subculture) was achieved by co-cultivation with strain
BP37 for 2 d at 27°C. Cells were then transferred onto
selective medium (BY-2 medium plus 500 mg/mL carben-
icillin and 100 mg/mL kanamycin).

Growth Conditions

Transformed cells were grown in a modified Linsmaier
and Skoog medium (Nagata et al., 1982) with constant
shaking (120 rpm) at 27°C in the dark. Cells were subcul-
tured weekly into fresh medium at a dilution of 1:50. Cells
were harvested by low-speed centrifugation at 500g for 2
min 6 to 8 d after subculturing and immediately used for
experiments.

Electron Microscopy

Transformed BY-2 cells were high-pressure-frozen/
freeze-substituted and embedded for transmission electron
microscopy, as described in Samuels et al. (1995). For im-
munogold detection, the following modifications of the
standard protocol were applied. After staining with os-
mium, samples were embedded in LR White. Sections (90
nm) of the samples were cut and placed on formvar-coated
300 mesh nickel grids. After a 20-min exposure to saturated
sodium metaperiodate, the grids were washed briefly and
blocked with 5% (w/v) nonfat milk in phosphate-buffered
saline containing 0.1% (w/v) Tween (PBST). The sections
were then exposed to the primary anti-GFP antibody (kind-
ly provided by J. Kahana, Harvard University) for 2 h.
Following a thorough rinse with PBST, the sections were
labeled with 15 nm of goat anti-rabbit IgG secondary anti-
body (British BioCell International, Cardiff, UK) for 1 h.
The final rinse was with PBST followed by water. The grids
were then post-stained in 2% aqueous uranyl acetate and
Reynold’s lead citrate. Sections were observed on an elec-
tron microscope (model CM10, Philips, Eindhoven, The
Netherlands).

Fluorescence Microscopy

Cells were observed using the standard fluorescein iso-
thiocyanate filter set. Confocal images were obtained on a
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Sarastro MultiProbe system (Molecular Dynamics, Sunny-
vale, CA) using a 3100 objective (Nikon, Tokyo). Conven-
tional fluorescence microscopy was on an Axioscope mi-
croscope (Zeiss, Jena, Germany) with a 3100 objective and
a Nikon Eclipse microscope with a 360 objective (for video
capture). Videos of streaming Golgi stacks were captured
with a color CCD camera (Optronics, Goleta, CA) at an
exposure setting of 1/8 s. Video frames were recorded on a
PowerMacintosh computer equipped with a graphics digi-
tizer board (RasterOps) at a rate of 10 frames per s. Individ-
ual frames in 1-s intervals were imported into the public
domain NIH Image program (developed at the National
Institutes of Health and available on the Internet at http://
rsb.info.nih.gov/nih-image), optically enhanced, and used
for determination of x/y coordinates of individual stacks.

To quantify the streaming behavior of individual stacks,
the “streaming coefficient” was calculated according to the
formula:

sc 5 vnet 3 dir (1)

where sc is the streaming coefficient, vnet is the net velocity,
and dir is a directionality factor. The net velocity is calcu-
lated as:

vnet 5 nd/t (2)

where nd is the net displacement during the observation
period (i.e. the distance between the first and last position

Figure 1. Predicted amino acid sequence of GmMan1 and its alignment with selected other a-1,2 mannosidase I protein
sequences. The sequences and their accession nos. are: soybean, AF126550 (this report); mouse1b, U03458 (Herscovics et
al., 1994); Drosophila, X82641 (Kerscher et al., 1995); and yeast, M63598 (Camirand et al., 1991). Homologous residues
are highlighted by shading; residues identical in soybean and other sequences are boxed. The solid bar highlights the
predicted membrane-spanning domain of GmMan1. The predicted catalytic domain is bracketed by arrows. Dots indicate
conserved cysteyl residues that form a disulfide bridge (Lipari and Herscovics, 1996). Conserved acidic residues required for
enzymatic activity are highlighted with asterisks (Lipari and Herscovics, 1999). The primers used for cDNA library screening
were designed against the underlined sequences.
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of the tracing), and t is time (i.e. the duration of the obser-
vation period). The directionality factor dir is defined as:

dir 5 nd/tdt (3)

where tdt is the total distance traveled during the observa-
tion period. The streaming coefficient for straight trajecto-
ries therefore equals the average velocity of the stack. For
curved trajectories, the streaming coefficient roughly
equals the average velocity in the preferred direction of
movement, corrected by the directionality factor. Inclusion
of this factor ensures that stacks displaying a high degree
of random motion will have a low streaming coefficient,
even in the presence of substantial amounts of drift.

Drug Treatments

Drugs (from Sigma, St. Louis) were prepared as a 1,000-
fold concentrated stock solution in DMSO and stored at
220°C, except for 2,3-butanedione monoxime (BDM),
which was freshly dissolved in BY-2 medium just prior to
the experiment. Drug treatments were performed for 15 to
45 min. Controls containing an equivalent concentration of
DMSO (0.1%, w/v) did not show any response to the
solvent.

RESULTS

Cloning of Soybean a-1,2 Mannosidase I

The enzyme a-1,2 mannosidase I belongs to the class I
a-mannosidases, a family of enzymes which remove a-1,2-
mannosyl residues from the high Man N-linked oligosac-
charides that are synthesized in the ER (Moremen et al.,
1994). These are the first modification reactions to occur in
the Golgi. A number of class I a-1,2 mannosidases have
been cloned from animal and fungal organisms (Herscov-
ics, 1999b), but no enzymes of the N-linked oligosaccharide
pathway have been cloned from plants. Degenerate prim-
ers based on a-1,2-mannosidase sequences from mouse and
yeast (Herscovics et al., 1994) have previously been used to
amplify cDNA fragments from other species, among them
soybean (A. Herscovics, personal communication). Specific
primers were designed based on the termini of this partial
soybean clone (target sequences are underlined in Fig. 1)
and used in a PCR-based screen of cDNA libraries from
soybean, Arabidopsis, and tobacco. Using this approach, a
clone was isolated from the soybean library with an insert
of approximately 2.5 kb, which could serve as a template
for PCR with our gene-specific primers and also hybridized
with the original gene fragment from degenerate PCR on a
DNA gel blot (data not shown).

Sequencing of the cDNA clone revealed an open reading
frame of 1,734 bp, encoding a hypothetical protein of 578
amino acids and a calculated molecular mass of 65,345 D
(Fig. 1, GenBank accession no. AF126550). Sequence anal-
ysis predicts a single, very short transmembrane domain
(amino acids 30. . . 45 [black line in Fig. 1]) with the N
terminus of the protein on the cytoplasmic face of the
membrane. This type II orientation is typical of Golgi pro-
teins and is also found in all other known a-1,2-

mannosidases (Herscovics, 1999a, 1999b). The lumenal do-
main consists of a putative stalk region (46. . . 101), the
catalytic domain (102. . . 548), and a C-terminal tail (549. . .
578). The stalk region has a high probability of forming a
coiled-coil structure. The stalk and tail show no sequence
similarity to other known mannosidases.

In contrast, the putative catalytic domain is approxi-
mately 55% similar and 45% identical to corresponding
parts of a-1,2-mannosidases from either mouse or yeast
and also contains several features predicted to be impor-
tant for enzymatic activity of a-1,2-mannosidases. In par-
ticular, two conserved Cys residues that form a required
disulfide bond in yeast (Lipari and Herscovics, 1996) are
present in the predicted soybean protein (C387 and C420;
bullets in Fig. 1). Several carboxyl residues shown by site-
directed mutagenesis to be crucial for enzymatic activity
(Lipari and Herscovics, 1999) are also conserved (asterisks
in Fig. 1). Based on these extensive similarities, we predict
that the isolated soybean cDNA encodes a class I a-1,2-
mannosidase (EC 3.2.1.113; glycosyl hydrolase family 47,
Henrissat and Bairoch, 1996) and propose to call it Gm-
Man1.

Localization of a GmMan1::GFP Fusion to the cis-Golgi in
Tobacco Cells

Some a-1,2 mannosidases are localized to the Golgi (Her-
scovics et al., 1994; Lal et al., 1994), although other mem-
bers of the family were found in the ER (e.g. Roth et al.,
1990; Burke et al., 1996). The localization of GmMan1 was
tested by creating an in-frame fusion to a modified GFP
(GmMan1::GFP) and expressing it in stably transformed
tobacco suspension-cultured cells (BY-2, Nagata et al.,
1982). Most of the recovered cell lines displayed a punctate
pattern of GFP fluorescence, as would be expected from the
dispersed organization of Golgi stacks in plant cells (Fig. 2).
Some cell lines showed an additional reticulate fluores-
cence that resembled the fluorescence seen in cells express-
ing ER-targeted GFP (data not shown).

Immuno-electron microscopy on high-pressure frozen/
freeze-substituted samples with antibodies against the GFP
part of the fusion protein was performed to determine
whether the punctate fluorescence does indeed highlight
individual Golgi stacks. As shown in Figure 3C, gold label
accumulated predominantly over the cis and medial cister-
nae of stacks, with very little staining in trans and TGN
cisternae. In some cells, weak labeling of ER (Fig. 3D) and
multivesicular bodies could also be observed. These local-
izations could mark fusion proteins in transit to the Golgi
or targeted for degradation, respectively. Therefore, the
GmMan1::GFP fusion construct is predominantly targeted
to the cis-Golgi in BY-2 cells. The fluorescent spots shown
in Figure 2 thus represent Golgi stacks and can be used to
investigate Golgi dynamics in living cells. The overall mor-
phology of Golgi stacks is not altered by overexpression of
the fusion protein (compare Fig. 3, A and B). However, we
frequently noticed an increase in staining intensity of the
cisternal membranes on the cis side of the stack (Fig. 3B). In
addition, Golgi stacks in the transgenic lines had a slight
reduction of diameter (0.636 versus 0.803 mm, n 5 33),
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which was accompanied by an marginal decrease in aver-
age number of cisternae per stack (5.0 versus 5.4, n 5 33).

As illustrated in Figure 2, BY-2 cells contain several
hundred individual Golgi stacks. The stacks were more or
less evenly distributed throughout the cytoplasm in both
the cortical region underlying the plasma membrane and in
cytoplasmic strands that traverse the large central vacuole.
Careful examination of individual fluorescent spots re-
vealed that they either appeared as discs (arrows in Fig. 2)
or as short lines (arrowheads in Fig. 2). The length of the
lines was identical to the diameter of the discs and uniform
throughout the cell. In living cells, we could observe indi-
vidual spots change from one shape to the other. These
data suggest that the fluorescently labeled Golgi cisternae
can be seen in both face-on views, when they appear as
discs, and from the side, when they appear as lines. In a
few cells we could also observe ring-like fluorescent struc-
tures (arrow in Fig. 2C). The diameter of these rings was
approximately 1 mm, i.e. similar to Golgi stacks (Fig. 2, A
and B). Occasionally these rings could change into short
lines of the same length (arrowhead in Fig. 2C), suggesting
that the rings represent a face-on view of Golgi stacks in
which the fusion protein is restricted to the rim region of
the cisternae.

Analysis of Golgi Stack Movement in Living Cells

Observation of living BY-2 cells expressing the
GmMan1::GFP fusion protein demonstrated that Golgi
stacks can participate in cytoplasmic streaming and move
throughout the cell (a video of Golgi stack movement
can be viewed at http://www.plantphysiol.org/cgi/
content/full/121/4/1127/DC1). This movement was most
pronounced in transvacuolar strands and in certain regions

of the cortical cytoplasm. Golgi stacks that were not par-
ticipating in directed movement displayed random “wig-
gling” reminiscent of Brownian motion. Those stacks that
appeared to stream showed saltatory movement in which
episodes of rapid movement alternated with periods of
relative inactivity and wiggling. Golgi stacks that followed
the same track occasionally paused at the same position
along the track, suggesting that directed movement is in-
hibited at these sites. Within a given culture, only about
two-thirds of the cells displayed “active streaming” of
Golgi stacks. In the remaining cells, the stacks exhibited
only wiggling motions (Table II). The percentage of active
cells depended on the status of the culture, with younger
cultures, which typically contained smaller cells, being less
active in terms of their Golgi streaming. Most of the obser-
vations of streaming cells were therefore conducted on 7-
to 8-d-old cultures. Within a given population, larger cells
tended to have more active streaming, whereas small,
round cells were mostly inactive.

Movement of individual Golgi stacks was quantitated by
video microscopy. Cells with bright green spots that
showed active streaming were selected for recording over
a period of 10 to 75 s with 1/8-s exposure time. The x-y
coordinates of individual stacks were extracted in 1-s in-
tervals to obtain tracings reflecting their movements (Fig.
4). This approach allowed for visualization of the relative
activity of different regions of the cortical cytoplasm. In
Figure 4, the tracings of individual stacks are color-coded
according to the level of streaming they displayed over the
entire observation period. Streaming stacks are marked
with warm colors (yellow–red), whereas tracings of “wig-
gling” stacks are blue. The streaming level is defined by the
“streaming coefficient,” which is calculated as the net ve-
locity of a stack during a certain time interval multiplied by

Figure 2. Distribution of GmMan1::GFP in living tobacco BY-2 suspension-cultured cells. A, Single optical section from a
confocal microscope through the middle of a group of cells. B, Optical section through the cortical cytoplasm of a single
cell. Brightly fluorescing spots can be found throughout the cytoplasm in both cortical regions and transvacuolar strands but
not the vacuole (V) or the nucleus (N). The insets (33 enlargement) demonstrate that some spots appear as short lines
(arrowheads), whereas others resemble discs (arrows). C, Conventional epifluorescence picture of cortical cytoplasm.
Several Golgi stacks appear as ring-like structures (arrow). Some of the other stacks changed in appearance from lines to rings
over time (arrowhead; compare video sequence at http://www.plantphysiol.org/cgi/content/full/121/4/1127/DC1).
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a directionality factor (see “Materials and Methods”). The
resulting pattern shows that streaming Golgi stacks follow
preferred paths (Fig. 4). These tracks are separated by
regions of limited or random movement. It is also evident
that large differences in mobility can exist between stacks
that are spatially close together.

The percentage of stacks displaying streaming was
higher in cytoplasmic strands than in cortical regions.
When stacks were selected at random for tracing analysis
(n 5 50 per cell, two cells each for cortical regions and
transvacuolar strands, respectively), it was found that 15%
to 50% of the stacks in cytoplasmic threads had a streaming
coefficient greater than 0.2 over the entire observation pe-
riod, while this fraction was less than 2% for cortical re-
gions (Table I). This difference confirms the observation
that large areas of the cortical cytoplasm do not show
directed movement (Fig. 4A).

The tracing data were used to calculate the average
speed of individual stacks as well as instantaneous veloc-
ities. As shown in Figure 5, the saltatory movement ob-
served under the microscope is immediately evident in the
variations of speed derived from the tracings. Every stack
alternated between episodes of rapid movement and peri-
ods of relative inactivity. These alterations did not follow
any pattern, and Fourier analysis revealed no periodicity
(data not shown). The maximal velocity observed for any
stack was 4.2 mm/s. Golgi stacks in cortical regions tended
to stream more slowly than those in transvacuolar strands
(Table I). The variations in instantaneous velocity are also
reflected in changes between streaming and wiggling
events. Figure 5 exemplifies some of the patterns that could
be observed when the streaming coefficient was calculated
for 4-s intervals. In particular, some stacks initially dis-
played a high degree of directional movement (i.e. stream-
ing) that later changed to reduced directionality (i.e. wig-
gling) (Fig. 5A). Other stacks showed the opposite
behavior, with a sudden start of streaming late in the
observation period (Fig. 5B). In addition, many stacks
showed several reversals of streaming behavior over the
75-s observation period (Fig. 5C). Periods of predominantly
translational movement (Fig. 5B, between arrows 2 and 4)
could be interrupted by short wiggling events (arrow 3 in
Fig. 5B).

The movement of Golgi stacks showed a high degree of
specificity. Rapidly moving stacks were often seen to pass
slower stacks in close proximity (e.g. Fig. 6). The differ-
ences in instantaneous velocities could be as high as 2.2

Figure 3. Ultrastructure of Golgi stacks in untransformed (A) and
transformed (B) BY-2 cells and immunogold-localization of the
GmMan1::GFP fusion protein (C and D). A, Thin section image of
single Golgi stack in high-pressure-frozen/freeze-substituted control
cell showing normal appearance of Golgi stacks in BY-2 cells. B, In
transformed cells, the cisternae generally have a normal appearance,
except for stronger staining of the cis-cisternae. As in control cells,
intercisternal elements are present between the trans-cisternae. C,
Localization of GmMan1::GFP, as detected by antibodies against the
GFP protein, is mostly restricted to the cis-side of the Golgi stack. D,
In some cells, weak, non-Golgi labeling was observed over the ER
(arrows). M, Mitochondrion; G, Golgi stack. Bar, 0.2 mm.
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mm/s for stacks that were less than 1 mm apart (Fig. 7).
When stacks were seen in an edge-on view as they were
traveling through the cytoplasm, the edge was usually
aligned with the direction of movement and maintained
this orientation over the entire streaming event (double
lines in Fig. 6).

When individual cells were observed for longer periods
of time, it was found that the level of activity varied (com-
pare E and F in Fig. 8) and that the regions of the cell with
streaming tracks also shifted laterally (compare Fig. 8, D
and E). The phenomenon of variable streaming activity was

quantified by counting the number of tracks with active
streaming in cells that were kept in a perfusion chamber
with constant supply of fresh, aerated growth medium
(flow rate 0.5 mL/min). Figure 9A shows typical examples
for this variability in streaming activity. Cells usually
maintained a fairly constant level of streaming activity,
which was interrupted by short episodes of reduced activ-
ity. Interestingly, sister cells that were connected to each
other sometimes displayed parallel fluctuations in activity
level (cells A1 and A4 in Fig. 9A), suggesting that a global
signal influencing cytoplasmic streaming can travel

Table I. Statistics of Golgi stack movement in cortical regions and cytoplasmic strands of two cells per experiment
Fifty randomly selected stacks in two different cells for either region per treatment (eight cells total) were traced for 30 s. Instantaneous

velocities were calculated for every stack at all time intervals. Ranges of maximal and average velocities for all stacks from both cells per region
are given. “% Fast stacks” indicates the range of percentages of stacks at any moment that display velocities $1 mm/s. “% Streaming stacks” gives
the fraction of stacks in the two cells whose movement shows a streaming coefficient $ 0.2 over the entire observation period.

Control 3.3 mM Nocodazole

Cortical region Transvacuolar strand Cortical region Transvacuolar strand

Average velocity (mm/s) 0.03–0.46 0.11–1.55 0.09–1.33 0.12–2.37
Maximal velocity (mm/s) 0.34–2.41 0.49–3.85 0.34–2.78 0.49–4.19
% Fast stacks 0–6 4–42 0–7 2–73
% Streaming stacks (30 s) 0, 0 14, 47 0, 2 44, 94

Figure 4. Tracing of selected Golgi stacks over 30 s. A, Cortical region in untreated cell. B, Transvacuolar strands in
untreated cell. C, Cortical region in cell treated with 40 mM cytochalasin D for 30 min. D, Cortical region in cell treated with
3.3 mM nocodazole for 30 min. The positions of individual Golgi stacks are marked in 1-s intervals. The tracings of the stacks
are color coded according to the streaming coefficient of movement over the entire observation period (see text). Tracings
in warm colors (red and yellow) represent stacks with a high degree of streaming, tracing in cold colors (blue) represent
stacks that are mostly wiggling (compare color scale in C). Note that streaming stacks follow straight, preferred paths. Arrows
denote the direction of movement. Cytochalasin D treatment eliminated streaming (C), while nocodazole did not affect
directed movement (D). Video sequences can be viewed at http://www.plantphysiol.org/cgi/content/full/121/4/1127/DC1.
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through plasmodesmata. Most cells also showed a decrease
in activity over the course of an experiment (approximately
2 h), with some of them losing streaming activity during
the observation period (e.g. cells A1 and A2 in Fig. 9B).

Molecular Basis of Golgi Movement

To determine the molecular basis for the observed move-
ment, the streaming behavior of Golgi stacks was investi-
gated after treatment with different drugs that disrupt
specific components of the cytoskeleton. Golgi stacks in
cells that had been treated with 40 mm cytochalasin D for 30
min to disrupt actin filaments were still wiggling, but
showed essentially no translational movement (see tracings
in Fig. 4C). Occasionally, single stacks were observed that
followed a clear trajectory (not shown). We attribute these

few streaming stacks to residual actin filaments that were
not affected by the drug. Latrunculin A, another actin-
filament-disrupting drug, also inhibited movement of
Golgi stacks. At the concentration used (0.1 mm), latruncu-
lin A appeared more potent in that no moving stacks were
observed (data not shown). Movement was also reversibly
inhibited by 30 mm BDM, an inhibitor of the myosin
ATPase (Herrmann et al., 1992; Fig. 9B). All drug effects
could be reversed by washing with growth medium; how-
ever, most cells were not able to recover fully. It is unclear
whether this reduced level of streaming activity reflects
normal decrease in cell viability during prolonged obser-
vation (see above) or some irreversible component of the
drug effect. While the inhibition of directed movement by
actin-disrupting drugs was usually accompanied by a
breakdown of transvacuolar strands, BDM did not show
such an effect (not shown).

A number of microtubule-disrupting drugs was tested,
namely nocodazole (at 3.3 mm), colchicine (at 250 mm), and
propyzamide (at 6 mm). All had similar effects on the stream-
ing behavior. Here we report data mostly from the nocoda-
zole experiments. Casual observation of nocodazole-treated
cells under the microscope revealed that microtubule-
disrupting drugs did not inhibit streaming. Instead we
noticed an apparent slight increase in streaming activity
over control cells. The percentage of cells with actively
streaming stacks was increased to a small extent (Table II).
This difference, albeit small, is statistically significant when
the results from matched drug and control treatments are
compared (paired t test, P , 0.004).

While the number of cells with active streaming was
increased by microtubule-disrupting drugs, no consistent
effect on the activity levels of individual cells could be
observed (Fig. 9C), although some cells seemed to show an
increase in streaming activity during the drug treatment
(e.g. cell A2 in Fig. 9C). Analysis of tracing data for four
nocodazole-treated cells (two cortical regions, two thread
regions, 50 stacks per cell) showed no significant differ-
ences from control cells (Table I). Some of the parameters
analyzed appeared elevated in drug-treated cells (e.g. per-
cent streaming stacks in the transvacuolar strands of one of
the cells; Table I), but the high degree of variability for the
control cells precludes any firm conclusions.

From these experiments it can be concluded that the
directed movement of Golgi stacks in plant cells requires
intact actin filaments and is probably propelled by myosin
motors. Microtubules do not appear to have an effect on
movement, except for a subset of cells in which they seem
to limit streaming.

DISCUSSION

The Plant a-1,2 Mannosidase Is Homologous to
Corresponding Animal and Fungal Enzymes

We have isolated a cDNA from soybean, GmMan1, en-
coding a protein with a high degree of similarity to animal
and fungal class I a-1,2 mannosidases. While the final
confirmation of this assignment has to await demonstration
of the appropriate enzymatic activity, it appears that the

Figure 5. Variation of instantaneous velocity of individual Golgi
stacks in control cells over 75 s. Tracing data of three different stacks
(A–C) was used to calculate the instantaneous velocity between the
marked positions (broken lines). The streaming coefficient was cal-
culated for a 4-s interval centered on the respective time points (solid
lines). Note the rapid changes in velocity that do not follow any
predictable pattern. Also note that the streaming coefficient of the
movement can change over time. Low values for the streaming
coefficient indicate wiggling motion; high values indicate streaming
motion. Corresponding points on the tracing and the graph are
marked with numbered arrows.
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strong conservation of key features found in other manno-
sidases supports the conclusion that the isolated message
encodes this enzymatic function in soybean (Fig. 1). To our
knowledge, this is the first report of an enzyme of the
N-linked oligosaccharide processing pathway cloned from
plants. However, an Arabidopsis expressed sequence tag
with 80% similarity to GmMan1 has been reported previ-
ously (GenBank accession no. W43154).

GmMan1 shows the typical type II orientation of other
Golgi membrane proteins, with a short cytoplasmic tail at
its amino terminus followed by a single transmembrane
domain. This region, as well as the following putative stalk
domain, show little similarity to other a-1,2 mannosidases
at the sequence level. In contrast, the catalytic domain is
45% identical in amino acid sequence to either mouse or
yeast a-1,2 mannosidase and contains all residues that
were shown in other species to be essential for enzymatic
function (Fig. 1). This striking distribution of sequence
conservation is also found between the a-1,2-mannosidase
homologs of other species (Herscovics, 1999a). The soybean
cDNA described in this report therefore displays all the
hallmarks of known a-1,2 mannosidases.

The high degree of conservation in the catalytic domain
is contrasted by the near complete absence of sequence
similarity at the N terminus of the protein. This part of the
protein is most likely responsible for correct localization of
the mannosidase (for review, see Colley, 1997). The lack of
sequence conservation led to the formulation of two mod-
els that explain the targeting/retention of Golgi proteins in
terms of structural features. According to one model, Golgi
proteins with their typically short transmembrane helices
preferentially partition into the thinner membranes of the
early secretory pathway (Pelham and Munro, 1993). The
other model proposes a “kin-recognition” mechanism,
where resident proteins of the same compartment can
physically interact and thereby maintain their specific lo-
calization (Nilsson et al., 1993). The sequence of GmMan1 is
compatible with both models. The predicted membrane-
spanning domain is unusually short, only 16 amino acids.
At the same time, the stalk region has a high probability of
forming a coiled-coil structure, which is often indicative of
protein-protein interactions. Interestingly, two recent re-
ports describe proper targeting of mammalian sialyltrans-
ferase to the trans-Golgi in plant cells (Boevink et al., 1998;

Figure 6. Stacks maintain their orientation during streaming events. Sequence of 12 video frames from cortical cytoplasm
taken in 1-s intervals. General direction of movement is from lower right to upper left. The stack marked with a double line
maintains its orientation from 2 to 8 s and from 10 to 12 s. At 9 s it appears to dive under a slowly moving stack and its
orientation cannot be resolved unambiguously. The Golgi stack marked with the arrow first shows a rotational movement
(2–4 s), followed by translational movement to the end of the sequence. Asterisks denote a stack that did not move during
the entire observation period.
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Wee et al., 1998), suggesting that the targeting mechanism
of Golgi oligosaccharide processing enzymes could be a
common structural motif conserved between animals and
plants.

GmMan1::GFP Fusion Can Be Used as an in Vivo
Marker for cis/Medial Golgi Cisternae

The fusion protein of GmMan1 to GFP is localized to the
cis side of plant Golgi stacks of suspension-cultured to-
bacco BY-2 cells (Fig. 3) and can therefore act as a marker
of Golgi stack localization in living plant cells. The Golgi
stacks of BY-2 cells appear to be randomly distributed
throughout the cytoplasm. This is consistent with predic-
tions based on electron micrographs (Robinson and Kris-
ten, 1982) and observations made in a number of other
systems. For example, similar patterns of fluorescent dots
have been observed in chemically fixed maize root cells
stained with the monoclonal antibody JIM84 (Satiat-
Jeunemaitre and Hawes, 1992), which recognizes Golgi-
and plasma membrane-specific Lewis a type epitopes
(Fitchette-Lainé et al., 1997), as well as in transgenic Ara-
bidopsis cells expressing an epitope-tagged sialyltrans-
ferase (Wee et al., 1998) and in tobacco leaf epidermal cells
transiently expressing GFP fusions of sialyltransferase and
the KDEL receptor protein AtERD2 (Boevink et al., 1998).

Occasionally, we could observe cells that had a green
fluorescent ER in addition to Golgi stacks (data not shown).
It is not clear whether this reflected a bottleneck in the
export from the ER or an increased rate of retrograde trans-
port from the “saturated” Golgi. A few cells also contained
Golgi-sized fluorescent structures that appeared as small
rings (Fig. 2C). Similar structures have been observed when
a GFP-tagged sialyltransferase was transiently expressed in
tobacco leaf epidermis cells; the images were interpreted as
edge-on views of highly curved stacks (Boevink et al., 1998).
The observation that the rings can change into lines with

a length similar to that of the ring diameter (compare video
sequence at http://www.plantphysiol.org/cgi/content/
full/121/4/1127/DC1), however, suggests that they repre-
sent face-on views of Golgi stacks in which the fusion
protein is concentrated in the rims of the cisternae. This
distribution could be caused by conditions that lead to an
osmotic collapse of the cisternal lumen and the exclusion of
the bulky fusion proteins from the central region of the
cisternae where the membranes became appressed. This
interpretation could also explain the distribution of the
sialyltransferase-GFP fusion construct, since the trans-
cisternae in cryo-fixed and freeze-substituted cells typically
exhibit a collapsed central domain with minimal intracis-
ternal volume (Staehelin et al., 1990).

The Saltatory Movement of Plant Golgi Stacks Is
Acto-Myosin Based

The Golgi stacks of BY-2 cells usually alternate between
episodes of random “wiggling” motion reminiscent of
Brownian motion and directed movement along linear
tracks. The wiggling periods can last from seconds to min-
utes and during such periods individual stacks can “drift”
several micrometers without participating in any directed
translocation events. In contrast, the stacks displaying di-
rected movement appear to follow the same tracks as cy-
toplasmic streaming (Williamson, 1993). This was con-
firmed by staining mitochondria with a rhodamine-labeled
dye (MitoTracker, Molecular Probes) and observing the
movement of the two organelles in the same cell. Streaming
Golgi stacks and mitochondria typically traveled along the
same paths and also showed qualitatively similar stop-
and-go movement (data not shown). Individual Golgi
stacks followed more or less straight trajectories, often with
several stacks following the same track (Fig. 7). Progress
along these tracks was intermittent, so individual stacks

Figure 7. Movement of several Golgi stacks
along one track in cortical cytoplasm of a con-
trol cell. A, Positions of individual stacks were
marked in 1-s intervals for up to 30 s. Tracing
coordinates were transformed so that the ab-
scissa runs along the track, and the ordinate lies
perpendicular to it. B, Temporal relationship
between stacks that are at the same position
along the strand. Note that stacks that are in
close proximity (less than 1-mm distance, arrows
in A and circles in B) can have drastically dif-
ferent velocities.
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showed stop-and-go movement (Figs. 5 and 7). Interest-
ingly, stacks moving along the same track often paused at
the same position, suggesting that these sites can inhibit
movement (see below).

To determine the molecular basis for this saltatory mo-
tion, BY-2 cells were treated with a number of inhibitors
that interfere with normal functioning of cytoskeletal ele-
ments. Drugs that disrupt the actin cytoskeleton (cytocha-
lasin D, latrunculin A) also stopped the streaming of Golgi
stacks (Fig. 4C). “Wiggling” motion usually was not af-
fected. Cytochalasin D used at 40 mm often did not lead to
a complete block of directed movement, and in some in-
stances produced localized circular movements. We as-
sume that this drug concentration did not disrupt all actin
filaments and that the few remaining filaments allowed
Golgi stack movement to occur. Streaming of Golgi stacks
therefore requires intact actin microfilaments. A similar
conclusion was reached by Boevink et al. (1998). Interest-
ingly, these authors found a tight co-localization of actin
filaments and tubular ER, suggesting that the movement of

Golgi stacks occurs in close association with the ER. This is
consistent with the finding of Lichtscheidl et al. (1990) that
actin filament bundles in the epidermal cells of Drosera
tentacles often co-localize with tubular ER cisternae. In our
transformed BY-2 cells this ER-Golgi streaming relation-
ship was less evident.

The involvement of myosin motors in this movement
was tested by applying the myosin inhibitor BDM, which
has been shown to inhibit the ATPase function on isolated
skeletal muscle myosin II (Herrmann et al., 1992). Move-
ment of Golgi stacks could be stopped by adding 30 mm
BDM to the perfusion medium of the cells (Fig. 9B), sug-
gesting that myosin provides the motive force for the ob-
served motion. This conclusion is consistent both with
observations that have implicated myosin as the motor for
cytoplasmic streaming (Shimmen and Yokota, 1994) and
with reports in which the translocation of organelles in
pollen tubes has been linked to myosin (Kohno and Shim-
men, 1988). We assume that the movement of plant Golgi
stacks occurs by active translocation along actin filaments

Figure 8. Shift of regions with active streaming
in cortical cytoplasm. Ten-second video se-
quences of the same cortical region taken in
10-min intervals were analyzed for movement
of Golgi stacks. A to C, Single enhanced video
images of cortical region in 10-min intervals. D
to F, Movement analysis of the video sequences
corresponding to A to C, respectively. The posi-
tions of Golgi stacks were automatically detected
using a peak-finding algorithm. Positions where
stacks were detected most of the time (slowly
moving and wiggling stacks) are coded in light
gray and as hollow spots; positions where stacks
were detected only rarely (fast-moving stacks) are
coded in black. Video sequences can be viewed
at ht tp: //www.plantphysiol.org/cgi/content/full/
121/4/1127/DC1.
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as opposed to passive drift in a general cytoplasmic stream.
This interpretation is based on, among others, on the high
degree of specificity observed in the movement of individ-
ual stacks (see e.g. Fig. 6). This implies that Golgi move-
ment is mediated by a specific myosin, presumably asso-
ciated with the Golgi-matrix that surrounds the individual
Golgi stack-TGN units.

Microtubule Disruption Does Not Inhibit Golgi
Saltatory Movements

In animal cells, the localization of the Golgi complex and
the movement of transport carriers to and from the Golgi

depend on the presence of intact microtubules (Presley et
al., 1997; Scales et al., 1997; Burkhardt, 1998; Hirschberg et
al., 1998; Toomre et al., 1999). Therefore, we tested the role
of microtubules in directed movement of plant Golgi
stacks. Treatment of BY-2 tobacco cells with 3.3 mm nocoda-
zole, 250 mm colchicine, or 6 mm propyzamide did not
inhibit streaming (Figs. 4D and 9C; data not shown), indi-
cating that microtubules are not required for the movement
of Golgi stacks. Quite unexpectedly, we noticed an appar-
ent increase in streaming activity during the drug treat-
ments. Such a stimulatory effect of microtubule-disrupting
drugs on cytoplasmic streaming has to our knowledge not
been described before.

Careful analysis of a variety of streaming parameters
revealed that the enhanced streaming effect of microtubule
disruptors is brought about by increasing the percentage of
cells displaying saltatory Golgi movement (Table II).
Movement of individual stacks was unaffected with re-
spect to average and maximal velocities, maximal acceler-
ations, and changes between streaming and wiggling
events. A few cells appeared to have a higher percentage of
streaming stacks after drug treatment (Fig. 9C, cell A2;
Table I, cell 2 of transvacuolar strands), while the other
cells were not affected. It is not known whether the cells
with higher activity are examples for the increase in num-
ber of cells with streaming Golgi stacks (see Table II), or
whether they represent extremes within the normal vari-
ability that was also seen in control cells.

It is unclear how disruption of microtubules can trigger
cytoplasmic streaming in a subset of cells. One possibility
is that cells in a certain phase of the cell cycle have reduced
streaming, and that this inhibition could be mediated in
part by microtubules. Disruption of the microtubule scaf-
fold would then release the constraints on the Golgi trans-
location machinery. For example, it is known that cytoplas-
mic streaming ceases during mitosis (Mineyuki et al., 1984).
However, the percentage of cells in mitosis is too small to
account for the observed increase in numbers of cells with

Table II. Fraction of cells with active streaming in a population (%)
Aliquots of a suspension cultures were treated with 3.3 mM no-

codazole or 0.1 % (w/v) DMSO (control). After about a 45-min
incubation, 100 cells per treatment were classified as displaying
active streaming or not. Ten independent experiments were per-
formed. While the average fraction of cells displaying active stream-
ing was not significantly changed by the drug treatment, a consistent
small increase was observed in most experiments (P 5 0.004, paired
t test).

Experiment 3.3 mM Nocodazole Control Ratio

1 81 74 1.09
2 83 82 1.01
3 84 84 1.00
4 77 64 1.20
5 73 64 1.14
6 78 57 1.37
7 68 60 1.13
8 81 78 1.04
9 53 46 1.15
10 61 56 1.09
Mean 6 SD 74 6 11 67 6 13 1.12 6 0.11

Figure 9. Level of streaming activity of individual cells over time.
Individual cells were observed every 5 min, and the number of
strands with active streaming in the entire cell were counted. Times
are given in minutes from the start of perfusion. In some cases,
strands could not be classified unambiguously, since only single
stacks showed directed movement or the velocity was slow. A,
Activity levels in control cells. f, A1; M, A4; Œ, B1; ‚, B2. B, Activity
levels prior, during, and after treatment with 30 mM butanedione
monoxime. �, A1; ƒ, A2; ‚, B1; F, C1; f, D1. C, Activity levels
prior, during, and after treatment with 10 mM propyzamide. E, A1; F,
A2; f, B1; Œ, C1; ‚, C3. Shaded areas indicate the duration of drug
treatments. Cells coded with the same letter are sister cells that share
a cell wall. Differences in basal activity are usually related to cell
size, with smaller cells showing less Golgi streaming.
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streaming. Therefore, we speculate that Golgi movement
may also be constrained during another stage of the cell
cycle. We are currently investigating this possibility in
synchronized cells.

Is the Stop-and-Go Movement of Plant Golgi Stacks a
Regulated Process? A Hypothesis

The rapid stop-and-go movement of plant Golgi stacks
raises the question of how the secretory pathway in plant
cells can function efficiently. One of the consequences of
the streaming behavior of Golgi stacks is that there is no
fixed spatial relationship between the ER and Golgi. The
variable spatial orientation of Golgi stacks to nearby ER
cisternae has been known to plant cell biologists for over 20
years (for review, see Robinson and Kristen, 1982), but the
mechanistic basis for this variability has remained an
enigma. This report and that by Boevink et al. (1998) help
to explain this apparent random distribution as a steady-
state intermediate of continuously moving stacks. At the
same time, these findings raise the question of whether
vesicle trafficking between the ER and Golgi is based
strictly on random encounters, or if it is regulated by
mechanisms yet to be discovered.

The observation that in leaf epidermal cells Golgi stacks
usually track along the well-defined ER elements underly-
ing the plasma membrane has led to the suggestion that the
Golgi stacks act as “vacuum cleaners” that move around to
pick up products from the ER (Boevink et al., 1998). How-
ever, this movement was predominantly observed along
tubular ER strands (Boevink et al., 1998), which may not be
very active in protein synthesis. It is also difficult to envi-
sion the targeting of ER-derived transport vesicles to cis-
Golgi cisternae when the stacks travel at speeds most likely
greater than vesicle diffusion rates. In the model depicted
in Figure 10, we offer an alternative hypothesis, in which
the stop-and-go motion of Golgi stacks is postulated to be
regulated to increase the efficiency of ER-to-Golgi trans-
port, as well as the delivery of secretory products to spe-
cific cell wall domains.

Our model postulates that active ER export sites produce
a localized signal that leads to the uncoupling of nearby
Golgi stacks from the actin tracks and to their pausing in
the vicinity of the activated ER export site (Fig. 10B). This
would increase the efficiency of ER-to-Golgi (and Golgi-to-
ER) trafficking. Upon completion of the transfer, the ER
stop signal would be turned off, allowing the stacks to
resume their movement. A similar stop signal may be
produced by regions where Golgi products are required,
such as areas of wall expansion or sites of secondary cell
wall thickenings (Fig. 10C). It is well-known that secretion
can be directed to specific cell wall sites (Fowler and Qua-
trano, 1997), and a patch-like distribution of secretory ves-
icle profiles in freeze-fracture images of plasma mem-
branes of root tip and cultured cells has been reported
(Staehelin and Chapman, 1987; Craig and Staehelin, 1988).
The gradual shifting of Golgi streaming domains over
larger time intervals (Fig. 8) may help to ensure an even
deposition of cell wall products over time.

A potential candidate for the postulated stop signal is
calcium, since it is known that elevated calcium concentra-
tions can block cytoplasmic streaming (Shimmen and
Yokota, 1994) by a calmodulin-mediated inhibition of my-
osin (Yokota et al., 1999). Such sites of localized inhibition
of movement may be recognized by studying the behavior
of several stacks within one streaming strand. Indeed, we
have found positions along a strand where two or three
sequentially arriving stacks stop briefly before moving
on (compare videos at http://www.plantphysiol.org/cgi/
content/full/121/4/1127/DC1). Of course, this circumstan-
tial evidence is not conclusive, as discontinuities in actin
filaments could cause similar effects. We are currently initi-
ating experiments to address this question more directly.
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