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ABSTRACT
Formation of large perinuclear brefeldin A (BFA)-induced compartments is a charac-

teristic feature of root apex cells, but it does not occur in shoot apex cells. BFA-induced
compartments have been studied mostly using low resolution fluorescence microscopy
techniques. Here, we have employed a high-resolution ultrastructural method based on
ultra rapid freeze fixation of samples in order to study the formation of BFA-induced
compartments in intact maize root epidermis cells in detail. This approach reveals five
novel findings. Firstly, plant TGN/PGN elements are not tubular networks, as generally
assumed, but rather vesicular compartments. Secondly, TGN/PGN vesicles interact with
one another extensively via stalk-like connections and even fuse together via bridge-like
structures. Thirdly, BFA-induced compartments are formed via extensive homotypic fusions
of the TGN/PGN vesicles. Fourthly, multivesicular bodies (MVBs) are present within the
BFA-induced compartments. Fifthly, mitochondria and small vacuoles accummulate
abundantly around the large perinuclear BFA-induced compartments.

INTRODUCTION
Formation of large perinuclear brefeldin A (BFA)-induced compartments is a charac-

teristic feature of root apex cells, but it does not occur in shoot apex cells.1-10 In the root
apex, BFA-induced compartments are characteristic for cells of the meristem and transition
zone, but not for cells in the elongation region.1 BFA-induced compartments start to be
formed within 15–20 minutes of exposure to BFA and reach full size at about 120 minutes
of BFA treatment. At this time, they are visible in the light microscope as compact and
roundish structures closely apposed to the nuclear surfaces,1 suggesting that there are
strong attractive forces between the BFA-induced compartments and the nuclear surface.
This causes their progressive fusion and, at the end, one or two large compartments are
found closely apposed to the nuclear surface.1,3,8,11 Importantly, these large BFA-induced
compartments can resolve back to the normal endomembrane configuration in recovering
cells after BFA washout (reviewed in ref. 12).

Originally, BFA-induced compartments were proposed to represent aggregated vesicles
and compartments derived from disintegration and vesiculation of Golgi stacks (reviewed
in ref. 12). This early interpretation, based entirely on the observation that the disinte-
grating Golgi stacks localize closely to the assembling compartments, has been accepted
for almost ten years.1,6,12 It could be abandoned only after the recent breakthrough stud-
ies on plant endocytosis and endosomes, revealing that endosomes and endosomal
trans/ post-Golgi networks are the prevalent membrane source feeding into the BFA-
induced compartments.5,6,13 On the other hand, in accordance with the situation in animal
and yeast cells, cis cisternae of Golgi stacks of BFA-treated suspension plant cells merge
with ER (reviewed in ref. 12). Recently, we have discovered that cell plates of cytokinetic
cells are formed by progressive fusions of secretory endosomes2,10 and that the early cell
plates show similarities to BFA-induced compartments.10 Moreover, cytokinetic plant cells
develop BFA-induced compartments at their growing edges.2,10

So far, studies on BFA-induced compartments in intact roots have employed low
resolution fluorescence microscopy techniques. Here, we have accomplished a high-resolution
ultrastructural study based on ultra rapid freeze fixation of root epidermis samples. This
approach reveals five major novel findings. Firstly, plant TGN/PGN elements are not
tubular networks, as generally assumed, but rather vesicular compartments. Secondly,
these TGN/PGN vesicles interact with one another extensively, via stalk-like connections,
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RESULTS
Root apex epidermis cells are highly cytoplasmic with only few

vacuoles and abundant mitochondria and Golgi stacks (Fig. 1A,B).
Golgi stacks have some 3–5 cisternae, coated vesicles closely associated
with cis- and median cisternae, and prominent electron-transparent
round and pear-shaped vesicular structures are loosely associated
with their trans-sides (Fig. 1B–H). These trans/post-Golgi network
(TGN/PGN) vesicles show coating at their surfaces and have mostly
lighter contents (Fig. 1D–H). However, in several cases, we also
observed groups of TGN/PGN compartments located independently
from Golgi stacks (Fig. 1B,C,G). Characteristically, they communicate
with each other via distinct stalk-like connections and partial bridge-
like fusions (Fig. 1C–H). Interestingly, limited fusion among these
TGN/PGN vesicles occurs in control cells. Both, pear-shaped vesicles
and partially fused roundish vesicles are present, reaching sizes about
120–150 nm. Ocassionally, MVBs were visible near the TGN/PGN
vesicles suggesting close communication between these two
organelles (Fig. 1A). 

Brefeldin A (BFA) is a well characterized drug which inhibits ADP
ribosylation factor-guanine-nucleotide exchange factor (ARF-GEF)
resulting in a rapid block of secretory vesicle trafficking in both
plants and animals (for plant cells see ref. 12). Already after 10 minutes
of BFA exposure, some trans-Golgi cisternae become bent, shed off
from Golgi stacks, and are progressively transformed into small vesicles
(Fig. 2A–D). Moreover, TGN/PGN compartments, which are loosely
associated with the trans Golgi face in control cells, leave this location
and start to accumulate in distinct aggregates (Fig. 2D). They also
increase their interaction and/or fusion activities (Fig. 2C). Conspicuous
is the inflation of ER elements (Fig. 2D). After 20 minutes of 
treatment, prominent BFA-induced compartments are already

and even fuse together via bridge-like structures. Thirdly, BFA-induced
compartments are formed via extensive homotypic fusions of the
TGN/PGN vesicles. Fourthly, multivesicular bodies are present
within the BFA-induced compartments. Fifthly, mitochondria and
small vacuoles accummulate abundantly around these large BFA-
induced compartments.

MATERIAL AND METHODS
Roots of 5 days old seedlings of Zea mays were treated with 

10-4M BFA (Sigma, Taufkirchen, Germany) for 10, 20, 30, 45, 60
and 90 minutes. Thereafter, a section of the central part of the root
tip was transferred to a specimen holder filled with 20% bovine
serum albumine (Sigma, Taufkirchen, Germany) and cryofixed with
a high pressure freeze fixation apparatus (HPM 010, BAL-TEC,
Liechtenstein, Germany). This extremely rapid fixation procedure
allows excellent ultrastructural preservation of plant cells and their
endomembrane systems. Subsequently, the specimens were cryosub-
stituted with 0.25% glutaraldehyde (SIGMA, Taufkirchen,
Germany) and 0.1% uranyl acetate (Chemapol, Czech Republic) in
acetone at -80˚C for 4 days using special cryosubstitution equipment
(FSU, BAL-TEC, Liechtenstein), and finally embedded in HM20
(Polysciences Europe, Eppelheim Germany) at -20˚C. Ultrathin
sections were poststained with uranyl acetate and lead citrate in an
EM-Stain apparatus (Leica, Bensheim, Germany) and subsequently
observed with an EM 900 transmission electron microscope (Carl
Zeiss SMT, Oberkochen, Germany). Micrographs were taken with a
Variospeed SSCCD SM-1k-120 camera (TRS, Dünzelbach,
Germany). Three different roots for each treatment were analyzed
and there were no qualitative differences scored between the indi-
vidual roots and cells.
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Figure 1. Control cells of maize root epidermis. (A,B) Numerous Golgi stacks with loosely associated vesicles of trans/post-Golgi network (TGN/PGN)
(boxed areas in B) and multivesicular bodies (MVBs, indicated by arrow in A). (C,D) Higher magnification views of TGN/PGN vesicles from boxed areas
in part B reveal stalk-like connections (empty arrowheads) and bridge-like partial fusions (filled arrowheads). (E,F) Pear-shaped vesicles resulting from the
advanced fusion between TGN/PGN vesicles (filled arrowheads). (G,H) Abundant TGN/PGN compartments near or at some distance from Golgi stacks
(see also B and C). Arrowheads indicate bridge-like connections. Bar = 1.2 µm for A; 1 µm for B; 0.25 µm for C and F; 0.3 µm for D; 0.2 µm for E; 0.5
µm for G and 0.35 µm for H.
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scored within root epidermis cells (Figs. 2E,F). These are presumably
formed from the TGN/PGN compartments which fuse together
(Fig. 2G–I), often via tubular protrusions covered with prominent
coating (Fig. 2G). After 30 minutes, massive homotypic fusions
among TGN/PGN vesicles, which progressively loose their coat, are
obvious in the centre as well as periphery of BFA-induced compart-
ments (Fig. 2J–K). These findings indicate that BFA-induced
uncoating of TGN/PGN vesicles is associated with massive homo-
typic vesicle fusions within maturing BFA-induced compartments.
Within these compartments, intact non-fused multivesicular bodies
(MVBs) are entrapped (Fig. 2E, H–I). At peripheries of the BFA-
induced compartments, vesicles arrive and continue to fuse (Fig. 2H),
driving the progressive enlargement of these compartments. During
continued merging of newly arrived TGN/PGN vesicles into the

BFA-induced compartments, they lose their coating (Fig. 2J,K).
Inflated cis-cisternae of disintegrating Golgi stacks are located at the
peripheries of BFA-induced compartments (Fig. 2E,F). Autophago-
some-like compartments enclosed with double-membranes (Fig. 2L,M)
are also sometimes found in the BFA-treated cells.

After 60 minutes of BFA treatment, fused TGN/PGN vesicles
aggregate within the core of the BFA-induced compartments and
lose their structural identity (Fig. 3A–C). At this time point, 
BFA-induced compartments are surrounded by curled Golgi stacks
with dilated cis-cisternae (Fig 3C), small vacuoles containing vesicular
inclusions, and with mitochondria (Fig. 3A–D). In contrast to the
extensively fused TGN/PGN vesicles, MVBs are located both within
the core or at peripheries of BFA compartments, keep their integrities
and do not undergo heterotypic fusions with fused TGN/PGN

Ultrastructure of Brefeldin A-Induced Compartments

Figure 2. Maize root epidermis cells treated with brefeldin A (BFA) for 10-30 minutes. (A–D) After 10 minutes of BFA treatment, progressive degradation of
trans Golgi cisternae via vesiculation (arrowheads in A, B and D) and bending was obvious (A). Boxed area in B is presented as C. Note that occasionally
trans Golgi cisternae can be lost (C, arrow) and inflated ER elements appear early after BFA treatment (D, arrows). Elipses in A and B highlight prominent
dense coating of edges of cis and median Golgi cisternae. (C) Coated vesicles enhanced their contacts and fusion events (arrowheads). (E–I) 20 minutes
of BFA treatment. (E–F) Note progressive fusions of TGN/PGN vesicles in the centre and periphery of BFA compartments while MVBs retain their structural
identity (arrows in E). Note accumulation of Golgi stacks surrounding BFA-induced compartments in F. (G) Fusing TGN/PGN vesicles typically show pear-
shaped forms with coated protrusions (filled arrowheads). (H,I): Detail views of fused TGN/PGN vesicles and unfused MVBs (arrows). (J–M) 30 minutes 
of BFA treatment. Boxed area in J is presented as K. (J,K) Most of the TGN/PGN vesicles fuse together extensively and almost lose their identity as well as
coatings (empty arrowheads). (L,M) Autophagosome-like compartments enclosed with double-membranes (arrows). Bar = 0.73 µm for A and M; 0.65 µm
for B; 0.26 µm for C and I; 0.80 µm for D; 1.35 µm for E; 1.25 µm for F; 015 µm for G; 0,40 µm for H; 0.50 µm for J; 0.20 µm for K and 0.27 µm for L.
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compartments (Fig. 3A,E,F). Few ribosomes and some cytoplasmic
material is visible in cytoplasmic space between the fusing vesicles
forming local electron-dense areas (Fig. 3E,F). In cells undergoing
cytokinesis, homotypically fused large TGN/PGN vesicles are organ-
ized in form of the BFA-induced compartments (Fig. 4A,B; 
arrowheads) occur between the postmitotic telophasic nuclei 
(Fig. 4A,B). 

DISCUSSION
In our study, we have revealed that the TGN/PGN elements are

represented by vesicles, rather than by tubular networks. These
TGN/PGN vesicles are interconnected by stalk-like structures and
bridge-like partial fusions. Recently, a similar appearance of the
TGN/PGN elements was reported for Arabidopsis cells.14,15

Relevant in this respect is that living animal cells overexpressing
Rab5 GTPase form enlarged endosomes via homotypic fusion events
mediated by bridge-like fusion intermediates.16 Similar bridge-like
fusion events occur also between phagosomes and late endosomes.17

TGN/PGN vesicles, which partially fuse together already in
control cells, initiate the formation of BFA-induced compartments
by their excessive fusions forming an amorphous mass of intercon-
nected vesicles (e.g., Fig. 2E,F and Fig. 3A). As another original
finding of this study, we show that the BFA-induced compartments
contain also MVBs. Intact MVBs in BFA-treated plant cells were
reported already earlier18 but their localization within and around
BFA-induced compartments is a novel finding. In this respect, it is
important to keep in mind that TGN/PGN vesicles, as well as

MVBs, emerge as integral parts of the endocytic and secretory networks
in plant cells.6,19 Recently, this new endocytic concept of the
TGN6,19 was confirmed for the TGN/PGN compartments by
Dettmer et al. (2006)13 who suggested that TGN/PGN act as early
endosomes in plants. This is further supported by recent results
suggesting that late endosomal MVBs function as secretory
organelles in both animal20 as well as plant21 cells. Moreover, even
early endosomes seem to act as secretory organelles as far as cell plate
formation is concerned.2,10,13 There is growing evidence for a tight
interaction between endocytic and exocytic pathways in plant cells
including tip-growing cells like pollen tubes and root hairs.22-25 This
is also seen on the molecular level, where Rab11 is important for pollen
tube tip-growth22 as well as for homotypic fusion of endosomes.20 

Importantly, the partial fusions of TGN/PGN elements in both
controls and BFA-treated cells, resemble the membraneous struc-
tures involved in the formation of the early cell plate during plant
cytokinesis.10,14,26-29 Similar to the early cell plates, BFA-induced
compartments represent pectin and xyloglucan-enriched cell wall
‘islands’ within the cytoplasm.2 The most important difference is
that the phragmoplast array of microtubules forces the membrane
cisterna of the cell plate into a thin and flat structure. This ultimately
spans the whole diameter of dividing cell; whereas the BFA-induced
compartments are of roundish shapes, closely apposed to the nuclear
surface (for maize root cells see refs. 1 and 2). All these features are
reminiscent of so-called ‘compound exocytosis’ which was recently
proposed as a new type of regulated secretion in animal cells based
on secretory endosomes.30-31 The fusigenic TGN/PGN compartments
in plant cells, initiating and driving the formation of BFA-induced
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Figure 3. 60 minutes of brefeldin A (BFA) treatment. (A–D) Large BFA-induced compartments containing clusters of fused TGN/PGN vesicles and MVBs
(arrow in A) as well as peripherally associated mitochondria (empty arrows), small vacuoles (stars), and Golgi stacks having inflated cis-cisternae
(arrowheads),. Boxed area in A is presented as E. (E,F) Detail views on MVBs (arrows). Bar = 0.83 µm for A and C; 1.35 µm for B; 1.48 µm for D; 0.17 µm
for E; 0.2 µm for F.
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compartments, are of endosomal nature and are obviously accom-
plishing ‘compound exocytosis’ in plant cells.10,13

Why do the BFA-induced compartments fuse progressively
together and associate closely with the nuclear surface? And why do
they form only in specific types of root cells? These urgent questions
need to be addressed next in the coming years. There are several
emerging clues pointing into directions towards which future studies
should move. For instance, endosomes in animal cells are well-known
to act as motile signalling platforms for communication between the
cell periphery and the nucleus.32-35 Moreover, several endocytic
proteins enter the nucleus and regulate both the chromatin structure
and gene expression.34 This has also been shown in plants, where the
classical trithorax-like nuclear protein ATX1 has been localized also
to the plasma membrane, especially at the cell-cell contact domains
and bulges/tips of root hairs, and endosome-like PI5P enriched
vesicles.36 In addition, perinuclear BFA-induced compartments
resemble clusters of starvation-induced acidic vesicles, known as
autolysosomes in plant cells, as well as aggresomes of animal cells; all
of which accumulate at perinuclear locations.37-40 Plant endosomes
are participating in autolysosome formation.39-40 Besides their
perinuclear locations, there are also several interesting ultrastructural
similarities between acidic vesicles of starvation-induced autolysosomes
and BFA-induced compartments (this study; see also ref. 38). 

It is intriguing that only root cells, but not shoot cells,4,7 form
large perinuclear BFA-induced compartments. Cell-cell commu-
nication via endosome-based vesicle recycling across the cell wall at
end-poles in root tissue has features resembling those of neuronal
synapses in animals.41,42 Indeed, recent studies confirmed that
components of the putative auxin transporter machinery PIN1
accumulate at plant synapses41,42 in dependency on cell-cell contacts,9

as it is the case in neuronal and immunological synapses.43

Interestingly in this respect, polar auxin transport is inhibited within
a few minutes of exposure to BFA in both suspension cells44 and
intact root apices.45 Besides auxin transporting plant synapses in
root tissue,46 which determine and depend on cell polarity,9,46

another type of cell-cell contact is formed between a penetrating
fungal pathogen and the plant host resembling the immunological
synapse of animal cells.42 To prevent the access of these pathogens
into plant cells, the latter assemble papilla21,47 via the fusion of
multivesicular bodies21 and presumably also other endosomes filled
with cell wall material and reactive oxygen species.6,21 Interestingly,
a SNARE-protein termed PEN1, which drives the papilla formation47

is an endosomal SNARE that localizes not only to endosomes, but
also to endosomal cell plates, and BFA-induced compartments in

dividing root cells (Boris Voigt, Hans Thordal-
Christensen, Diedrik Menzel, Frantisek Baluska,
manuscript in preparation). So obviously, compound
exocytosis in plants is operating in those situations
when rapid cell wall assembly is essential. It seems to
be achieved via secretory endosomes enriched with
cell wall pectins and xyloglucans.1,2,10 In cytokinetic

plant cells, compound exocytosis-like drives cell plate formation;
while in plant cells under pathogen attack, compound exocytosis
drives papilla formation. In addition, BFA induces intracellular
compound exocytosis resulting in the formation of BFA-induced
compartments in dividing root cells.

An intriguing possibility would be that the active plant synapses
recycle their components and transported cargo (e.g., auxin and
pectin) via recycling pathways which get transformed into perinu-
clear BFA-induced compartments. This scenario is strongly supported
by the entrapping of recycling cell wall pectins, xyloglucans, putative
auxin transporters, and of auxin itself, within the perinuclear 
BFA-induced compartments.1,2,5,8,48 A similar scenario is valid also
for neuronal synapses which are build from prefabricated 
TGN-derived vesicular packets equipped with many components of
the presynaptic active zone.49,50 In polarized neurons, TGN elements
are localized independently, at the synapse,51 whereas the Golgi
apparatus is associated with nucleus. Similarly in polarly growing
plant cells, like root hairs, endosomes and TGN elements accumu-
late at the very tips of growing cells, while Golgi stacks are localized
more basally.52 As root synapses are generated during cytokinesis
from endosomal/TGN compartments,2,10 resembling the BFA-
induced compartments described here, we can suggest that neuronal
and plant synapses are generated via similar processes. Finally, our
study provides the first ultrastructural evidence strongly supporting
the view that the BFA-induced compartment is indeed an endocytic
hybrid organelle composed of fused TGN/PGN vesicles, as well as
structurally independent MVBs, all representing secretory endosomal
organelles in plants. With this ultrastructural study, we are comple-
menting recent avalanche of data on the BFA-induced compartments
obtained in planta at the level of light microscopy.
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