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Multiple steps of plant growth and development rely on rapid cell
elongation during which secretory and endocytic trafficking via
the trans-Golgi network (TGN) plays a central role. Here, we iden-
tify the ECHIDNA (ECH) protein from Arabidopsis thaliana as a
TGN-localized component crucial for TGN function. ECH partially
complements loss of budding yeast TVP23 function and a Populus
ECH complements the Arabidopsis ech mutant, suggesting func-
tional conservation of the genes. Compared with wild-type, the
Arabidopsis ech mutant exhibits severely perturbed cell elonga-
tion as well as defects in TGN structure and function, manifested
by the reduced association between Golgi bodies and TGN as well
as mislocalization of several TGN-localized proteins including vac-
uolar H+-ATPase subunit a1 (VHA-a1). Strikingly, ech is defective in
secretory trafficking, whereas endocytosis appears unaffected in
the mutant. Some aspects of the ech mutant phenotype can be
phenocopied by treatment with a specific inhibitor of vacuolar H+-
ATPases, concanamycin A, indicating that mislocalization of VHA-
a1 may account for part of the defects in ech. Hence, ECH is an
evolutionarily conserved component of the TGNwith a central role
in TGN structure and function.
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Cell division and anisotropic cell expansion determine the final
size and shape of plant organs. Cell expansion poses a mecha-

nistic problem to plant cells, because their plasma membrane
is surrounded by a cell wall. Cell elongation requires modulation of
cell wall components, involving delivery of cell wall polysaccharides
and proteins needed for cell wall remodeling. Additionally, sig-
naling proteins, such as receptors and proteins involved in nutrient
and hormonal transport, have to be regulated at the plasma mem-
brane. However, molecular components of vesicle trafficking and
protein targeting are only starting to be discovered in plants.
Recently, the trans-Golgi network (TGN) has been identified as

a key component for plant vesicle trafficking and protein targeting
that is required for cell elongation (1, 2). The TGN is a tubular-
reticular network derived from the trans part of the Golgi, from
which it is morphologically and functionally distinct (3, 4). After
separation from the Golgi apparatus, the TGN may undergo mat-
uration into early and late compartments (5). The TGN is a highly
dynamic structure displaying rapid association/dissociation with
Golgi bodies (6, 7), and individual TGNs can undergo reversible
homotypic association events (7). The functional importance of the
TGN has been highlighted by experimental disruption of vesicle
trafficking and cell expansion by perturbing the function of the
TGN-localized vacuolar H+-ATPase (V-ATPase) subunit a1 by
using genetical and pharmacological approaches (VHA-a1) (2).
Endocytic and secretory traffic intersect at the TGN in Arabi-

dopsis and tobacco, and roles of the TGN in vacuolar sorting as
well as secretory targeting have been reported (8, 9). Cargo des-
tined for the plasma membrane or for secretion, e.g., the receptor
kinase BRASSINOSTEROID INSENSITIVE1 (BRI1), cell-wall
components like xyloglucans, or the secretion reporter-secreted

green fluorescent protein (secGFP), transit the TGN on the way
to the plasma membrane (7) presumably on TGN-derived mobile
secretory vesicles that deliver components to plasma membrane,
as shown for tobacco BY-2 cells (10). Additionally TGN receives
endocytosed material from the plasma membrane (1, 7, 11), re-
vealing its role in the anterograde late secretory pathway and the
retrograde early endosomal (EE) trafficking.
Although several proteins have been localized to the TGN, our

knowledge of its structure and molecular function in plants
remains limited. Moreover, the secretory and endocytic pathways
intersect at the TGN, but how these two trafficking pathways are
regulated and how their separation is achieved remains poorly
understood. Here, we report that the ECHIDNA (ECH) protein
from Arabidopsis thaliana is required for cell elongation in Ara-
bidopsis. Importantly, we show that ECH is an evolutionary con-
served component within A. thaliana, hybrid aspen, and budding
yeast that is required for correct localization of TGN-resident
proteins, TGN integrity, and protein secretion via the TGN.

Results
ECHIDNA Is Required for Cell Elongation in Arabidopsis. Plant cells,
e.g., root cells (12), frequently undergo several fold increases
of their original dimensions during growth and development.
To discover components contributing to cell elongation, we in-
vestigated publicly available microarray datasets describing gene
expression in cell types with rapid expansion, both in Arabidopsis
and in hybrid aspen (Populus tremula × P. tremuloides) (13–15).
This analysis identified At1g09330 to be consistently expressed
at higher levels in all of the datasets in tissues and cell types
undergoing elongation and expansion in both Arabidopsis and
Populus (see SI Materials and Methods for details). To address the
function of this gene, a T-DNA insertion (SAIL_163_E09) in the
homologous Arabidopsis sequence (At1g09330) was analyzed.
Based on its phenotypic appearance, we named the mutant line
echidna (ech) (Fig. 1A). Analysis of the ech mutant revealed a
severe size reduction of all organs compared with the WT (Fig. 1
A–D and Fig. S1A). A reduction of epidermal cell length in the
root and hypocotyl of ech plants by 34% and 57%, respectively
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(Fig. 1D), correlates with the overall length reduction of those
organs (Fig. S1B). These data suggest that altered root and eti-
olated hypocotyl length in ech are largely caused by defective cell
elongation. Twenty-five percent of plants of a heterozygous seg-
regating population exhibited reduced stature and bushy ap-
pearance, suggesting that the phenotype was caused by a single
recessive mutation. Southern blot and sequence analysis of ge-
nomic DNA from wild-type (WT, Col-0) and homozygous ech
mutants (Fig. S1C, lane 2) confirmed the presence of a single
T-DNA insertion in the promoter of ECH (Fig. S1D). To detect
the ECH protein, an affinity-purified antibody was raised against
an ECH-derived peptide that detected a single band of 22 kDa
on Western blots from WT that was absent in echmutant protein

extracts (Fig. S1E). These findings are in agreement with a pre-
dicted size of ≈20.5 kDa for the 186-aa ECH protein and suggest
that ech represents a protein-null mutant allele of the At1g09330
gene. Furthermore, a C-terminal fusion of enhanced yellow
fluorescent protein (EYFP) to the ECH protein expressed under
control of the ECH promoter rescued the ech mutant phenotype
(Fig. 1A), demonstrating the phenotype is caused by an ECH
defect and that the fluorescent protein fusion is functional.

Evolutionary Conservation of ECH Function. The ECH protein is
predicted to have three to four transmembrane domains (Fig.
S1F) and lacks an N-terminal signal sequence. Sequences ho-
mologous to ECH are found in various eukaryotes, suggesting
a potential evolutionary conservation of ECH function (Fig.
S1G). Indeed, the cDNA of ECH homolog from hybrid aspen
(PttECH) when driven by the 35S-promoter in the Arabidopsis
ech mutant background completely restored the mutant pheno-
type to WT (Fig. 1A), highlighting the conservation of ECH
function between the annual weed Arabidopsis and perennial
hybrid aspen trees. Interestingly, ECH also displayed sequence
conservation outside the plant kingdom. For example, it shared
34% identity and 53% similarity with the Tlg2p-vesicle protein
23 (Tvp23p) from the budding yeast Saccharomyces cerevisiae
(16). We therefore investigated whether ECH is functionally
related to TVP23. The yeast tvp23Δ mutant does not show per-
turbed growth, but enhances the phenotype of a mutant defective
in the RabGTPase gene YPT6 ; tvp23Δ ypt6Δ double mutants are
unable to grow at 35 °C but grow at a permissive temperature of
22 °C (ref. 16 and Fig. 1E). Importantly, ECH expression re-
stored the growth of the tvp23Δ ypt6Δ double mutant at 35 °C to
the same level observed for ypt6Δ (Fig. 1E, last row), suggesting
that ECH can functionally replace yeast TVP23. Thus, aspects of
ECH function appear to have been conserved during evolution
of plants and budding yeast.

ECH Localizes to the EE/TGN Compartments. We next investigated
subcellular localization of ECH in Arabidopsis root tip cells by
using functional ECH-EYFP (Fig. 1A) and the ECH-specific
antibody (Fig. S2A), whose signals overlap in immunofluores-
cence microscopy (Fig. S2B). ECH-EYFP displayed a punctate
pattern in the cytosol and revealed colocalization with TGN
compartments labeled by the SNARE SYP41-GFP (Fig. 2A and
Fig. S2C), homologous with yeast Tlg2p (8, 17), VHA-a1-GFP
(Fig. 2A and Fig. S2D) previously shown to colocate at the TGN
with SYP41-GFP (1) and SYP61-CFP, closely related to SYP41
(8) (Fig. 2A and Fig. S2E). Interestingly, a lower degree of
colocalization was observed between ECH and RABA2a-YFP
(Fig. 2A and Fig. S2F), which partially colocalizes with the TGN
domain labeled by VHA-a1-GFP (18). In contrast, only limited
colocalization of ECH signal was observed with late endosomes/
multivesicular bodies (MVBs) labeled by the MVB markers
(9, 19–21) RABF1-GFP (Fig. 2A and Fig. S2G), RABF2b (Fig.
2A and Fig. S2H), ELP or SYP21 (Fig. 2A and Fig. S2 I and J),
and with the Golgi markers EGFP-NAG (22) and N-ST-YFP
(22, 23) (Fig. 2A and Fig. S2 K and L). In further agreement with
ECH localization at early endosomes (EE)/TGN, the endocytic
tracer FM4-64 (21) colabeled with ECH-EYFP as rapidly as
3 min after application (Fig. 2B). Moreover, upon brefeldin A
(BFA) treatment, ECH and VHA-a1 rapidly coaggregated in the
core of BFA bodies (Fig. 2C) surrounded by N-ST-YFP-positive
Golgi stacks (Fig. 2D) as described for early endosomal and
TGN-derived material (22, 24, 25). These results strongly sup-
port that ECH largely resides at TGN/EE compartments.

Golgi Structure and TGN-Golgi Association Is Perturbed in ech. The
TGN localization of ECH prompted us to investigate the ultra-
structure of Golgi bodies and TGN in ech. No gross malforma-
tion of Golgi stacks was observed (Fig. S3) and the number
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Fig. 1. Characterization of the Arabidopsis ech mutant and complemen-
tation of yeast tvp23Δ by ECH. (A) Five-week-old ech mutant, wild-type
Columbia-0 (WT), ech rescued by the expression of ECH-EYFP fusion driven
by the native ECH promoter (ECH-EYFP), and ech rescued by over expression
of hybrid aspen PttECH under the 35S-promoter (PttECH). (B) Seven-day-old
WT and ech seedlings. (C) Four-day-old etiolated WT and ech seedlings. (D)
Average length of fully elongated epidermal cells from root and dark-grown
hypocotyls of WT (black) and ech (gray) seedlings. Measurements are an
average (±SD) of three biological replicates, each of 50 cells from 12 seed-
lings. Significant differences determined by Student’s t test are indicated as
*P < 0.01 and **P < 0.001. (E) tvp23Δ, ypt6Δ and tvp23Δypt6Δ mutant yeast
strains transformed with either ECH driven from the constitutive PMA1
promoter or with the empty plasmid. Dilutions of cells were incubated at
22 °C or 35 °C on rich medium plates lacking uracil.
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of cisternae per Golgi stack was unchanged in the ech mutant
(4.4 cisternae per stack; n = 75 stacks) compared with the WT
(4.6 cisternae per stack, n = 82 stacks). However, the average
width of stack cisternae was significantly decreased in ech (685 ±
60 nm, n= 46 stacks) compared with WT (1,226 ± 59 nm, n= 65;
Student’s t test, P < 0.0001) (Fig. S3). Interestingly, qualitative
analysis further revealed 75.4% of theGolgi stacks associated with
a TGN in WT, compared with only 34.8% in ech (n = 80). These
results suggest a requirement of ECH function for the length of
the Golgi cisternae and the association of TGNs with Golgi stacks.

ech Displays Defects in Protein Secretion Rather than Endocytosis.
Our observations prompted us to investigate whether the endo-
cytic or secretory pathways are affected ech. Therefore, we ana-
lyzed FM4-64 internalization in elongating root epidermal cells of
the WT (Fig. S4A, Upper) and the ech mutant (Fig. S4A, Lower).
After 15 min of FM4-64 internalization, large endosomal com-
partments are stained in both WT and ech roots (Fig. S4A). Be-
tween 1 and 3 h after initial application of FM4-64, MVB-like

compartments and provacuoles were observed in both genotypes,
whereas the tonoplast was labeled after 4 h 30 min. Incorporation
of FM4-64 into vacuolar membranes did not appear to be reduced
in the ech background compared with WT, but overall vacuolar
appearance was altered in ech and aggregation of vacuoles was
often observed (Fig. 2E and Fig. S4A). Hence, although in-
ternalization from the plasma membrane did not appear to be
affected, vacuolar morphology was clearly altered in ech. Because
the TGN is also involved in secretion, we investigated whether
ech is defective in the secretory pathway. We used the secGFP
reporter that only displays strong accumulation within endo-
membranes of cells defective in secretion, because secGFP is
normally secreted to the cell wall where its fluorescence is
quenched due to the acidic apoplastic pH (26). In striking con-
trast to the WT, secGFP in ech was strongly retained inside the
cells (Fig. 2F), and this signal partially colocalized with the ER
marker BIP (27) (Fig. S4B), suggesting defective secretion of
secGFP in the ech mutant. The specificity of the observed se-
cretion defect was further investigated by examining the fate in
ech roots of other secreted proteins, e.g., the plasma membrane-
localized auxin efflux carrier PIN2 and BRI1-YFP. Polar PIN2
localization at the plasma membrane appeared identical in WT
and ech epidermal and cortical cells (Fig. S4C). Similarly, 1 h after
induction of heat shock (HS)-inducible BRI1-YFP, plasma mem-
branes of WT and ech root cells displayed similar BRI1-YFP
labeling (Fig. S4D). Importantly, the vacuolar transport of pro-
teins e.g., Aleurain-GFP (28, 29) was not affected in ech mutant
(Fig. S4E). Taken together, these results suggested that ECH is
required for the route of secretory traffic defined by secGFP but
not for all secretory cargos.

Missorting of TGN Proteins to Vacuolar and Cell Plate Compartments.
Although most BRI1-YFP correctly localized at the plasma mem-
brane and at the TGN, someBRI1-YFP signal was also observed in
vacuoles of the ech mutant but not in the WT (Fig. S4D, arrows).
This mislocalization could imply a defect in BRI1-YFP sorting to
the plasma membrane via the TGN (7). Therefore, we investigated
the localization of RABA2a-YFP, VHA-a1-GFP, and SYP61-CFP
known to reside on partially overlapping domains of the TGN (18).
The RABA2a-YFP localization in cell plates and intracellular
compartments (Fig. 3A) and its rapid colocalization with FM4-64
(Fig. 3B) (18) remained unchanged in ech (Fig. 3 C and D).
Moreover, after BFA treatment, RABA2a-YFP appeared in the
core of BFA-bodies in ech similarly to the WT (Fig. S5A) (18).
However, we additionally observed RABA2a-YFP in amorphous
aggregates of various sizes in echmeristematic cells (Fig. 3C, double
arrows), which became more rounded (Fig. 3G) and colabeled
with FM4-64 (Fig. 3H) after long-term internalization in the
elongating cells of ech mutant, implying their vacuolar nature.
Similarly, VHA-a1-GFP and SYP61-CFP displayed partial mis-
localization in ech. Although VHA-a1-GFP was found in com-
partments labeled by FM4-64 within 4 min of internalization in
both WT (Fig. 3 I and J) and ech (Fig. 3 K and L), the signal often
aggregated in the echmutant (Fig. 3K) but still responded to BFA
treatment (Fig. S5A). In striking contrast to WT (Fig. 3I), VHA-
a1-GFP also resided at cell plates and vacuolar ring-shaped
membranes in ech cells (Fig. 3K). Tonoplast-like labeling of VHA-
a1-GFP persisted in elongated cells (Fig. 3O) and colabeled with
FM4-64 after 4 h (Fig. 3P). Similarly, in ech, a part of SYP61-CFP
signal localized to the tonoplast ofmeristematic and elongated cells
(Fig. S5B) in addition to the punctate-TGN pattern observed in the
WT (Fig. S5B). Overall these findings suggestedmissorting of TGN
proteins to vacuolar and cell plate compartments in ech.

ech Is Hypersensitive to Concanamycin A (ConcA) Treatment. The
enlarged VHA-a1-labeled compartments observed in ech re-
sembled the abnormal VHA-a1 compartments observed in WT
cells treated with ConcA (1), an inhibitor of V-ATPases (30–32).
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In agreement with previous work (33), ConcA treatment reduced
etiolated hypocotyl (Fig. 4A) and root (Fig. 4B) length in both
WT and ech seedlings. However, elongation of both organs in ech
was hypersensitive to ConcA compared with theWT (Fig. 4A and
B), Thus, the ech mutant defects resemble those caused by the
pharmacological inhibition of VHA-a1 by ConcA in the wild type.

Concanamycin A Phenocopies TGN Marker Mislocalization Observed
in ech. We subsequently investigated the appearance of VHA-a1-
GFP– and RABA2a-YFP–labeled compartments after ConcA
treatment. As reported (1), VHA-a1-GFP–labeled compartments
in WT appeared aggregated after treatment with 10 μM ConcA
for 1 h (Fig. 4C). Intriguingly, an additional mislocalization of
VHA-a1-GFP to cell plates was also observed in WT cells treated
with ConcA (Fig. 4C, star), as seen in untreated ech cells (Fig. 3K).
Similarly, RABA2a-YFP–labeled compartments displayed ag-
gregation in WT after ConcA treatment (Fig. 4D), strongly re-
sembling its distribution in untreated ech cells (Fig. 3C).

Discussion
ECHIDNA Is Necessary for Cell Elongation. In this study, we identify
ECH as an evolutionarily conserved, unique plant protein that

localizes to the TGN and plays an important role in its function.
Our analyses of the Arabidopsis ech mutant revealed that ECH
mediates cell elongation in root and shoot epidermal cells.

ECH Localizes to TGN Domain Defined by VHA-a1/SYP41/SYP61 and Is
Required for Protein Secretion. The strong colocalization of ECH
with the TGN markers SYP41, SYP61, and VHA-a1 suggest that
they reside on a common subdomain of the TGN. Furthermore,
rapid colabeling of ECH-EYFP with an endocytic tracer is in
agreement with the proposed EE function of the TGN (1).
However, ECH is not required for the immediate internalization
step of endocytic trafficking because FM4-64 internalization
remained unperturbed in ech. Rather, accumulation of secGFP
inside ech-mutant cells suggests a function of ECH in the secretory
pathway. Given that ECH localizes to the TGN, it may seem
surprising that some secGFP was found in the ER. However, the
most likely explanation for this observation is that this is a sec-
ondary effect of the altered Golgi and/or Golgi-TGN association
in ech mutants, as discussed below. It may initially appear sur-
prising that accumulation of BRI1 and PIN2 at the plasma
membrane did not seem to be perturbed in ech, although BRI1 is
exocytosed via the TGN, like secGFP (7). However, accumulation
of BRI1 in vacuolar structures may be consistent with a diversion
of some BRI1 protein into the vacuolar targeting pathway. ECH
may therefore be required for keeping the appropriate balance
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between secretory trafficking and vacuolar targeting of a subset
of proteins.

ECH Is Required for Proper Localization of TGN Resident Proteins. A
major defect in the ech mutant is the mislocalization of the pro-
teins VHA-a1, SYP61, RabA2a, and BRI1, which localize to and
traffic via the TGN/EE (7, 34). Hence, ECH function appears
essential for correct localization of these proteins at the TGN and
an important question is what leads to their mislocalization in
the ech mutant. This mislocalization may not be primarily due to
structural defects, because ultrastructural analysis of ech mutant
cells did not reveal structural defects in the TGN, but rather
a reduced association of TGN with Golgi stacks. This reduced
association could potentially reflect an alteration of the dynamic
interaction between the TGN and Golgi apparatus. As shown re-
cently, individual TGN compartments dynamically interact with
Golgi stacks (7). Importantly, not all TGN compartments are able
to interact with each other, suggesting potential regulation of
these events. Hence, a possible function of ECH could be to pre-
vent SYP61-, VHA-a1-, RABA2a-, and BRI1-positive compart-
ments from interacting with other TGN compartments from
which proteins might be targeted to the vacuoles.

Inappropriate Trafficking of VHA-a1 May Explain Aspects of the ech
Phenotype. Cell elongation relies on the secretory system to de-
liver cell wall components, together with a variety of proteins and
enzymes involved in cell wall remodeling, to the cell periphery.
Given the secGFP secretion defects observed in ech, it is not
surprising that the mutant displays cell elongation defects, par-
ticularly because secGFP appears to use a similar secretory
pathway to pectins in BY-2 cells (10).
Several lines of evidence reveal that abnormalities in ech may

arise from the mislocalization of key TGN components including
VHA-a1. VHA-a1 has an integral role in both TGN function and
cell elongation, with several studies showing that V-ATPases are
crucial for cell expansion in Arabidopsis (2, 33, 35–37). Among
the three isoforms of the VHA subunit a in Arabidopsis, VHA-a1
is the only nontonoplastic one and its specific inhibition is suf-
ficient to inhibit cell expansion (2).
Several aspects of the ech mutant phenotype could be phe-

nocopied in WT by ConcA application. Treatment with ConcA
causes growth inhibition (ref. 33 and this work), mislocalization of
VHA-a1-GFP (1), and defective protein secretion (7). All these
aberrations are also observed in ech in the absence of ConcA
treatment. Furthermore, BRI1 also mislocalizes to vacuoles after
ConcA treatment (38). It is therefore likely that such defects in ech
are related to VHA-a1 mislocalization. This hypothesis is further
supported by the hypersensitivity of ech to ConcA treatment. Such
hypersensitivity could be caused by partial VHA-a1 mislocaliza-
tion resulting in less functional V-ATPase being present on the
endomembrane compartment in ech compared with the WT.
Another consequence of less VHA-a1 at the TGN might be the
reduced association of TGN with Golgi in ech. The TGN has been
suggested to be derived from Golgi and electron tomographic
analyses, suggesting that the TGN is sloughed off from Golgi
stacks (5). Moreover, inhibition of VHA-a1 coincides with aber-
rant Golgi structure and loss of TGN identity (1, 7).
Our data suggest that perturbed trafficking of VHA-a1 is the

most straightforward explanation of the defects observed in ech.
Recent research in mammals, yeast, and plants extended the role
of V-ATPase implicated primarily in energizing membranes in
eukaryotic cells by proton extrusion (39), V-ATPases are now
increasingly known to be involved in vesicle formation, mem-
brane trafficking, and membrane fusion (40, 41). For example,
ARNO/ARF6 is recruited onto membranes via its interaction
with the Vo sector subunit a2, in a luminal–pH-dependant man-
ner, before recruitment of coatomer proteins essential for vesicle
formation (42), indicating a role for V-ATPases in vesicular

trafficking. Therefore, targeting and vesicular trafficking of
V-ATPases to specific membranes is an important regulatory
mechanism for acidification and vesicular trafficking per se; it
may then not be surprising that mislocalization of VHA-a1 in ech
leads to defects in trafficking.

ECH Localization and Function May Be Conserved Among Eukaryotes.
Proteins similar to ECH are found in most eukaryotic genomes,
suggesting that its conservation reflects a fundamental cellular
function. However, the exact molecular nature of this function
remains unknown. The loss of yeast ECH ortholog TVP23 does
not lead to an easily observable phenotype, but the suppression
of the ech mutant phenotype by PttECH, and the suppression of
tvp23Δ/ypt6Δ yeast double mutant growth defects by ECH show
that ECH function is at least partially conserved among peren-
nial trees, annual plants, and yeast.
Importantly, it has been shown that the yeast ortholog of

VHA-a1 (STV1p), continuously cycles between the PVC and the
late Golgi but is concentrated back at the late Golgi at steady
state (43). Interestingly, like in the ech mutant, many small un-
fused vacuoles are observed in yeast when STV1p localization is
altered, e.g., by ectopic expression at the vacuole (44), or when
STV1 is mutated (45). These observations would suggest that
mechanisms must exist that are crucial to maintain the correct
steady-state localization of VHA-a1 and STV1p in plants and
yeast, respectively, and that ECH may play a key role in main-
taining correct localization of VHA-a1 in plants. The factors
involved in maintaining STV1p localization remain unknown in
yeast and whether TVP23 could play a role in this process re-
mains to be investigated.
Further clues toward ECH function can be derived from work

on TVP23 in yeast. The tvp23Δ mutation enhances both the
ypt6Δ (16) and the vti1-2 (46) yeast mutant phenotypes. The
Ypt6p and Vti1p proteins play a role in transport of carboxy-
peptidase A and alkaline phosphatase transport to the vacuole,
but no conclusive effect was recorded in tvp23Δ concerning their
routing (16, 46). Similarly, no defect of aleurain transport to the
vacuole was observed in ech. TVP23 has also been shown to have
a role in the retrograde pathway between TGN and Golgi in
budding yeast (46), which might provide an explanation for the
smaller Golgi stacks found in ech mutant. A defect in the ret-
rograde pathway could also well explain the reduced TGN-Golgi
association observed in the echmutant that, in turn, could lead to
the defect in the secretion of secGFP.
Taken together, we identified ECH as a unique component of

the plant TGN with a conserved role in poplar, Arabidopsis, and
yeast. Although the TGN is clearly an important cellular com-
partment, several aspects of its structure and function remain
largely unexplored in plants. Identification of ECH thus repre-
sents an important step toward understanding of TGN structure
and function. Further investigation of ECH and other proteins
that it interacts with should provide significant insight into the
diverse roles of TGN function in plant growth and development.

Materials and Methods
Plant Material. The ech T-DNA insertion mutant line (SAIL_163_E09, Col0,
BastaR) was obtained from the SALK Institute. See SI Materials and Methods
for details.

Bioinformatic Analysis for Selection of ECHIDNA for Functional Analysis. See
SI Materials and Methods for details.

Root, Hypocotyl, and Cell Lengths Measurement. See SI Materials and Methods
for details.

Plasmid Construction and Plant Transformation. See SI Materials and Methods
for details.
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Antibody Production. Amino-terminal 20-aa sequences (MDPNNQIQAP VEN-
YANPRTC) were used to raise a rabbit antiserum (AgriSera). The serum was
purified by immunoaffinity using the peptide as bait fixed on the column.

Confocal Laser-Scanning Microscopy, Immunostaining, FM4-64 Staining, and
Inhibitor Treatments. See SI Materials and Methods for details.

Quantitative Analysis of Colocalization. See SI Materials and Methods for
details.

Yeast Complementation. See SI Materials and Methods for details.
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