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SUMMARY

Membrane trafficking is vital to plant development and adapta-
tion to the environment. It is suggested that post-Golgi vesicles
and multivesicular bodies are essential for plant defence against
directly penetrating fungal parasites at the cell wall. However, the
actual plant proteins involved in membrane transport for defence
are largely unidentified. We applied a candidate gene approach
and single cell transient-induced gene silencing for the identifica-
tion of membrane trafficking proteins of barley involved in the
response to the fungal pathogen Blumeria graminis f.sp. hordei.
This revealed potential components of vesicle tethering complexes
[putative exocyst subunit HvEXO70F-like and subunits of the con-
served oligomeric Golgi (COG) complex] and Golgi membrane
trafficking (COPIg coatomer and HvYPT1-like RAB GTPase) as
essential for resistance to fungal penetration into the host cell.

INTRODUCTION

Plant cells constantly survey their surface for nonself molecules or
for signs of nonself activity. Conserved microbe-associated
molecular patterns (MAMPs), which are absent from plants, can be
recognized as nonself molecules. Damage-associated molecular
patterns (DAMPs) are released from the plant itself on microbial
activity that harms plant cell integrity. DAMPs can be fragments of
cell wall polymers or molecules derived from damaged proteins or
membranes. Pattern recognition receptors bind MAMPs or DAMPs
and mediate cross-membrane signal transduction to symplastic
signalling for subsequent immune responses (Boller and Felix,
2009). In addition, mechanosensitive plasma membrane proteins
may contribute to defence signalling (Hématy et al., 2009). The
plant immune response includes a transcriptional and metabolic
reprogramming of the plant cells that are in contact with the
microbe, and can additionally lead to systemic priming of the plant
for future pathogen challenge (Spoel and Dong, 2012). The effi-

cacy of the plant defence response may differ greatly depending
on its spatiotemporal accuracy. Membrane transport is probably
pivotal for the spatial control of plant defence that is focused to a
particular area of the plant cell or apoplast. This is demonstrated
by mutants that are affected in factors of polar membrane traf-
ficking and thus defective in different types of immunity to
adapted or nonadapted pathogens. Pathogens also secrete viru-
lence effectors into plant host cells for direct manipulation of host
membrane trafficking (for excellent reviews, see Frei dit Frey and
Robatzek, 2009; Lipka et al., 2010).

The plant’s secretory pathway is activated during the plant’s
resistance response (Wang et al., 2005). Membrane trafficking
appears to be particularly important in the interaction of plants
with cell wall-penetrating fungi, such as powdery mildew fungi.
The interaction of plants with powdery mildew fungi is considered
as a model for the study of the cell biology of plant–pathogen
interactions (Hückelhoven and Panstruga, 2011). This is because of
the microscopically accessible, highly polarized immune response
of plant epidermal cells at sites of attempted penetration. Polar-
ized defence includes localized formation of plant cell wall appo-
sitions (Zeyen et al., 2002), as well as localized secretion of
defence-related compounds (Bednarek et al., 2011; von Röpenack
et al., 1998). Focal secretion of plant defence compounds in Ara-
bidopsis attacked by the nonadapted barley powdery mildew
fungus Blumeria graminis f.sp. hordei depends on a ternary SNARE
(soluble N-ethylmaleimide-sensitive-factor attachment receptor)
complex consisting of SYP121 (PEN1), SNAP33 and VAMP721/722
(Collins et al., 2003; Kwon et al., 2008). Some of these SNARE
proteins may have functions specific for defence, whereas others
may also participate in plant development (Assaad et al., 2004;
Collins et al., 2003; Kwon et al., 2008). The SNARE complex
appears to be conserved in structure and function in the monocot
model barley (Hordeum vulgare) (Collins et al., 2003; Douchkov
et al., 2005). Cell wall-associated defence against B. graminis
further involves polarization of the cytoskeleton, and can be inhib-
ited by drugs that affect the polymerization of actin or tubulin
(Hoefle et al., 2011; Kobayashi et al., 1997; Miklis et al., 2007;
Opalski et al., 2005). In addition, the endoplasmic reticulum
and the Golgi apparatus accumulate close to the site of attack
from B. graminis f.sp. hordei (Eichmann and Hückelhoven, 2008;
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Hückelhoven and Panstruga, 2011). Together, these observations
suggest that polar transport of defence-related compounds is
required for penetration defence.

The nature of vesicles that carry defence compounds to the site
of attempted penetration is not entirely understood. Transmission
electron microscopy in barley suggested that, in addition to the
Golgi apparatus and endoplasmic reticulum, multivesicular bodies
(MVBs) accumulate at the site of local cell wall defence (An et al.,
2006b). Live cell imaging further showed the incorporation of
plasma membrane-resident proteins into cell wall appositions in
Arabidopsis. These observations led to the hypothesis that
exosome-like vesicles are secreted during fungal attack (An et al.,
2007; Meyer et al., 2009). MVBs also occur in cells successfully
penetrated by powdery mildew fungi both inside the plant and the
fungus (An et al., 2006a; Micali et al., 2011). In addition, a
defence-associated ADP ribosylation factor (ARF) GTPase,
ARFA1b/c, which co-localizes with the MVB/trans-Golgi network
RAB GTPase ARA7, is required for callose deposition and penetra-
tion defence of barley to B. graminis f.sp. hordei (Böhlenius et al.,
2010).

The compatible interaction with powdery mildew fungi may
also require proper membrane trafficking for building the hausto-
rial complex, which consists of the fungal haustorium as the
assumed feeding organ, the extrahaustorial matrix and the extra-
haustorial membrane. The so-called neckband seals the complex
from the plant’s apolast. The plant likely partially or entirely pro-
vides neckband, extrahaustorial matrix and extrahaustorial mem-
brane to the complex (Green et al., 2002; Koh et al., 2005; Micali
et al., 2011). Hence, host membrane transport is postulated to be
key to both defence and pathogenesis of haustoria-forming patho-
gens (Feechan et al., 2011; Hoefle et al., 2011; Hückelhoven and
Panstruga, 2011; Koh et al., 2005; Lu et al., 2012). However, the
precise components of the membrane trafficking complexes par-
ticipating in defence mechanisms are largely unknown. Here, we
report the application of a candidate gene approach used for
identification of barley genes that code for potential membrane
trafficking proteins required for penetration defence to
B. graminis f.sp. hordei.

RESULTS

Transient-induced gene silencing (TIGS) screening
identifies membrane trafficking proteins with function
in barley penetration defence

The technique of TIGS can be used to identify genes involved in
immunity or resistance to grass powdery mildew (e.g. Collins
et al., 2003; Douchkov et al., 2005; Hoefle et al., 2011; Rayapuram
et al., 2012). To identify candidates, we used a keyword-based
approach to search databases for proteins that had been
described to be involved in membrane trafficking in yeast, meta-

zoans or other plants. Keyword-based searches were not compre-
hensive, but involved RAB and ARF GTPases, proteins regulating
GTPase activity, vesicle coat proteins, proteins of vesicle tethering
complexes, yeast secretion (SEC) proteins and proteins containing
C2 or VHS (Vps-27, Hrs and STAM) membrane-targeting domains.
Keyword-based searches were carried out in the barley HarvEST 35
annotation (http://harvest.ucr.edu/) and led to 135 hits. Plasmids
containing expressed sequence tags (ESTs) of corresponding
contigs were provided by Patrick Schweizer (IPK Gatersleben,
Germany) and, after polymerase chain reaction (PCR) amplifica-
tion, cDNA fragments were cloned into the Gateway-compatible
vector pIPKTA30N for TIGS according to Douchkov et al. (2005).
This was successful for 78% of the ESTs, which we then further
tested for gene function in TIGS experiments. We challenged
barley epidermal cells after microprojectile-mediated transforma-
tion with spores of B. graminis f.sp. hordei. Subsequently, we
microscopically scored the susceptibility of transformed cells to
fungal penetration and compared it in all individual experiments
with that of empty vector controls and of a positive control for
TIGS-mediated reduction of susceptibility [TIGS of the MILDEW
LOCUS O (MLO) susceptibility gene] using the green fluorescence
protein (GFP) as a transformation marker. The average suscepti-
bility index (percentage of penetrated cells relative to all trans-
formed cells) was 14.2% over all control experiments in the initial
TIGS screening with empty vectors. When TIGS of a candidate
halved or doubled the susceptibility index in individual experi-
ments, we selected the candidate for experimental repetition.
Statistical analyses are based on five or more biological repetitions
of the TIGS effects. Three TIGS constructs caused statistically sig-
nificant effects.All appeared to affect basal penetration resistance,
because knockdown supported the establishment of haustoria,
which was documented by an increase in the relative susceptibility
index when compared with the controls (set to 100%, Table 1).
These TIGS constructs contained cDNA fragments of an

Table 1 Membrane trafficking genes significantly affect basal resistance on
transient-induced gene silencing (TIGS)

Target gene (TIGR or GenBank
accession of the full-length gene)

Relative susceptibility index (number
of independent experiments)†

Empty TIGS vector 100%
HvMLO (Z83834) 26% (n = 29)***,†
HvARFA1b/c (TA29770_4513) 169% (n = 9)*
HvCOG3 (AK249208) 174% (n = 20)*
HvEXO70F-like (AK362856) 173% (n = 7)**

TIGR, Institute for Genomic Research.
*P < 0.05, **P < 0.01, ***P < 0.001 (one-sided Student’s t-test against
100%).
†Each experiment contained an empty vector control and an HvMLO-TIGS
positive control. The number of MLO-TIGS experiments differs from the sum of
all experiments in the table (n = 36) because MLO was used as a common
positive control for more than one test construct in some of the experiments.
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HvARFA1b/c gene (EST HO30E03S, susceptibility index of 169% of
the control), recently published to be involved in basal penetration
resistance to B. graminis f.sp. hordei (Böhlenius et al., 2010), an
HvExo70F-like gene (EST HD14N02r, susceptibility index of 173%
of the control), coding for a potential subunit of an exocyst
complex, and HvCOG3 (EST HA14A08r), also known as SEC34 in
yeast, coding for subunit 3 of the conserved oligomeric Golgi
(COG) complex. The average susceptibility index after TIGS of
HvCOG3 was 174% of the control.

Function of HvCOG3 in protein secretion and Golgi
stack assembly

We decided to investigate HvCOG3 and its function in more detail,
because little is known about the function of the COG complex in
plants. For this purpose, we isolated the full-length cDNA sequence
of HvCOG3 prepared from barley leaf RNA and generated an
over-expression construct driven by the cauliflower mosaic virus
(CaMV) 35S promoter. Subsequent transient over-expression of
HvCOG3 in barley epidermal cells resulted in a significant reduction
in the penetration rate of B. graminis f.sp. hordei (percentage of
penetrated cells relative to all attacked cells) to 71% of the pen-
etration observed in empty vector control experiments (Fig. 1).
Hence, over-expression and TIGS of HvCOG3 had opposing effects
on the susceptibility of barley epidermal cells.

In yeast and mammals, COG3 is one of eight subunits of the
COG tethering complex, which is involved in retrograde transport
processes at the Golgi apparatus (Ungar et al., 2006). In addition

to its function in retrograde trafficking, the COG complex is also
required to maintain Golgi integrity and the functionality of the
secretory pathway (Ungar et al., 2002; Zolov and Lupashin, 2005).
Therefore, we examined the possibility that the interference with
the HvCOG3 expression level in TIGS experiments may lead to
defects in secretory processes, which may result in a defective
plant defence against B. graminis f.sp. hordei. Therefore, we tran-
siently expressed a secreted GFP (sGFP) and red-fluorescing
mCherry, together with the HvCOG3 RNA interference (RNAi) con-
struct or the empty vector pIPKTA30N, in barley epidermal cells.
Transient expression of sGFP leads to very low fluorescence inten-
sities inside cells when compared with cells expressing cytosolic
GFP (data not shown), because the majority of the protein is
secreted into the apoplast where GFP does not fluoresce because
of its sensitivity to low pH values (see Bartetzko et al., 2009). We
examined the transformed cells for GFP fluorescence 2 days after
bombardment using a confocal laser scanning microscope. To
eliminate differences in the general expression potential of the
analysed cells, the GFP fluorescence of each cell was normalized to
the fluorescence intensity of co-expressed mCherry. As expected,
the fluorescence intensity in empty vector control cells expressing
sGFP was low. By comparison, cells transformed with the HvCOG3
RNAi construct showed significantly enhanced sGFP fluorescence
inside the cell (Fig. 2). This suggests that the secretion of sGFP is
hampered when HvCOG3 is silenced. Fluorescence of sGFP was
often strong at the nucleus or tubular structures in HvCOG3 RNAi
experiments. This may reflect GFP restricted in the endoplasmic
reticulum or GFP leaking out into the cytoplasm when Golgi trans-
port is hampered.

The depletion of mammalian COG3 transcript leads to an exten-
sive fragmentation of the Golgi complex into Golgi ministacks
(Zolov and Lupashin, 2005). To test whether TIGS of HvCOG3
expression had a similar effect, we transiently co-expressed the
HvCOG3 RNAi construct together with a green fluorescing Golgi
marker protein, sGFPHDEL (Hückelhoven and Panstruga, 2011).
sGFPHDEL represents an in-frame substitution of a part of barley
CALRETICULIN 3 by GFP. It co-localizes with the known Golgi
marker GmMAN1-RFP (Yang et al., 2005), but provides a much
brighter fluorescence signal in barley. We analysed transformed
cells 3 days after bombardment using fixed settings for confocal
laser scanning microscopy. The microscope detector gain was
adjusted such that it was able to distinguish small potentially
fragmented Golgi bodies, which fell below the detection limit,
from larger detectable Golgi bodies. Detectable Golgi bodies were
counted in whole-cell maximum projections and cells were
assigned into one of the following categories: 0–10, 11–20, 21–50
and more than 50 Golgi bodies per cell. The results indicated a
significantly different distribution of brightly fluorescing Golgi
bodies in HvCOG3 RNAi cells (Fig. 3). Cells with only 0–10 Golgi
bodies per cell were ten times more abundant in HvCOG3 RNAi
cells, whereas the number of cells exhibiting 50 or more Golgi

Fig. 1 Transient over-expression of HvCOG3 supports basal penetration
resistance. Barley epidermal cells of detached barley cv. ‘Golden Promise’
leaves were transiently transformed with an HvCOG3 over-expression
construct, together with green fluorescence protein (GFP), by particle
bombardment. As control, the empty pGY-1 vector was used. Inoculation with
spores of Blumeria graminis f.sp. hordei took place 2 days after
transformation and microscopic analysis followed 2 days after inoculation.
The columns represent the mean values of the relative penetration rate. The
respective control was set to 100%. The mean values are based on seven
independent over-expression experiments. The bar represents the standard
error; the difference of the means is significant at P < 0.05 according to
Student’s t-test.

232 M. OSTERTAG et al .

© 2012 THE AUTHORS
MOLECULAR PLANT PATHOLOGY © 2012 BSPP AND BLACKWELL PUBLISHING LTDMOLECULAR PLANT PATHOLOGY (2013) 14(3 ) , 230–240



bodies was clearly reduced in these cells when compared with the
controls. This suggests that TIGS of HvCOG3 affects the formation
or induces fragmentation of Golgi bodies/stacks.

Functional characterization of putative barley COG
complex subunits

Because COG3 belongs to a complex that contains seven addi-
tional subunits, we used human and Arabidopsis COG sequence

information (Koumandou et al., 2007; Quental et al., 2010) for
BLAST research in the National Center for Biotechnology Informa-
tion (NCBI) and Institute for Genomic Research (TIGR) sequence
databases to identify additional putative homologues of COG
complex components in barley. The barley genome seemed to
harbour a single copy gene of each COG complex subunit, and the
same is true for rice (data not shown). According to CLUSTALW2.0
protein alignment, the identities between the human and plant
COG complex subunits range between 18% and 35%, whereas

Fig. 2 Analysis of green fluorescence protein (GFP) secretion in cells expressing the HvCOG3 RNA interference (RNAi) construct. GFP was N-terminally fused with a
signal peptide. The resulting construct (sGFP in pGY-1) was transiently co-transformed, together with either the empty vector pIPKTA30N as a control or the
HvCOG3 RNAi construct and the transformation marker mCherry, into epidermal cells of detached barley leaves (cv. ‘Golden Promise’) and analysed by confocal
laser scanning microscopy 2 days after transformation. (A) The intensity of sGFP in the cytoplasm of transformed cells was normalized against the fluorescence
intensity of mCherry. In each of three independent repetitions, 50 cells were examined. All cells were imaged with the same excitation and detection settings. To
warrant detection within the dynamic range of the system, the brightly fluorescing mCherry was recorded at low detector gain, whereas weakly fluorescing sGFP
was recorded at higher detector gain. Average GFP fluorescence in HvCOG3 deficient cells is significantly higher than in control cells (Student’s t-test, P < 0.05). (B)
Confocal laser scanning micrographs of barley epidermal cells expressing sGFP together with either the empty vector (top) or the HvCOG3 RNAi construct (bottom)
2 days after transformation. Photographs were taken using the same detection settings. Size bars, 20 mm.

Fig. 3 Analysis of Golgi body frequency in cells expressing the HvCOG3 RNA interference (RNAi) construct. Epidermal cells of detached barley leaves (cv. ‘Golden
Promise’) were simultaneously transformed with a green fluorescing Golgi marker (sGFPHDEL) and the empty vector pIPKTA30N or the HvCOG3 RNAi construct.
Transformed cells were analysed 3 days after particle bombardment using confocal laser scanning microscopy, and the number of brightly fluorescing Golgi bodies
per cell was counted. (A) The cells were classified into four categories with 0–10 (white), 11–20 (light grey), 21–50 (dark grey) and >50 (black) Golgi bodies per
cell. Statistical analysis using a c2 test showed that the expression of the two constructs led to a significantly different distribution concerning the number of Golgi
bodies per cell, with a probability of 99.5%. Seventy cells were examined per variant in three independent repetitions. All cells of the same experiment were imaged
with the same excitation and detection settings. (B) Confocal laser scanning whole-cell projections of barley epidermal cells expressing sGFPHDEL together with
either the empty pIPKTA30N vector (top two photographs) or the HvCOG3 RNAi construct (bottom two photographs) 3 days after bombardment. The transmission
channels show the cell borders of scanned cells.
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the identities between the plant subunits of the barley and Ara-
bidopsis COG complex range between 47% and 71%. COG3,
COG4 and COG6 represent the most conserved subunits of the
COG complex. The CLUSTALW2.0 protein alignment scores, derived
from the comparison of the human, Arabidopsis and barley COG
subunits, are summarized in Table S1 (see Supporting Informa-
tion). Accession numbers are given in Table S2 (see Supporting
Information).

For further investigations on the potential involvement of the
COG complex in the interaction of barley with B. graminis f.sp.
hordei, we isolated cDNA fragments of the remaining seven
barley COG complex subunits for TIGS. In addition to HvCOG3
(Table 1), knockdown of HvCOG1 led to a significant increase (to
167% of the control) in the susceptibility index. Interestingly,
COG1 is the central subunit of the complex and is supposed to
be a direct interaction partner of COG3 within the COG complex
(Loh and Hong, 2004; Ungar et al., 2006). The abundance of both
COG subunits seems to be important for basal penetration
resistance to B. graminis f.sp. hordei. TIGS of the other HvCOG
complex subunits did not reveal significant effects. Nevertheless,
there was a tendency to enhanced susceptibility of barley to
B. graminis f.sp. hordei after TIGS of HvCOG2, HvCOG4 and
HvCOG5 (Fig. 4).

Functional characterization of potential HvCOG3
interaction partners

Suvorova et al. (2002) identified protein interaction partners of
yeast COG3/SEC34 by tandem affinity purification tagging.A nucle-
otide BLAST search against the TIGR database identified barley
homologues of the proteins co-purified with COG3 from yeast. We
successfully isolated cDNAs of a small RAB GTPase (HvYPT1-like), a
subunit of the COPI vesicle coat (HvCOPIg-like) and three vesicle-
SNAREs (HvSEC22-like, HvYKT6-like and HvVTI1-like) and intro-
duced them into TIGS and over-expression vectors [for accession
numbers, see Table S3 (Supporting Information)]. Database search
identified only a potential C-terminal fragment of the vesicle-
SNARE HvGOS1-like sequence. Isolation of the homologous
sequence of a t-SNARE protein, SED5, failed in several attempts.
Transient transformation experiments revealed that knockdown of
HvYPT1-like (susceptibility index of 148% of the control) and
HvCOPIg-like (susceptibility index of 129% of the control) and
over-expression of HvVTI1-like (susceptibility index of 197% of the
control) significantly enhanced the susceptibility to B. graminis f.sp.
hordei (Fig. 5). Taken together, the functional analysis of HvCOG3
and further proteins that might be involved in Golgi transport
suggests that this transport is important for barley defence against
B. graminis f.sp. hordei, as several of these proteins enhanced
susceptibility when they were knocked down or over-expressed.

Subcellular localization of the RAB GTPase HvYPT1-like

We generated N-terminal fusions of GFP with HvCOG3 and
HvYPT1-like and a C-terminal fusion with HvCOPIg-like. However,
only GFP fusions of HvYPT1-like gave fluorescence signals suffi-
ciently bright and specific to study subcellular distribution by
confocal laser scanning microscopy in vivo. To determine the
localization in nonattacked cells, the construct was transformed
transiently into barley epidermal cells by particle bombardment,
together with mCherry as a cytosolic and nuclear marker or with
the Golgi marker GmMAN1-RFP (Yang et al., 2005). The GFP
fusion constructs of HvYPT1-like produced bright fluorescence
signals and partly co-localized with GmMAN1-RFP (see Fig. 6B,C).
In addition, GFP-YPT1-like labelled the cytoplasm. Moreover, GFP-
HvYPT1-like labelled Golgi bodies that accumulated, together with
cytoplasmic aggregations, at the site of interaction with
B. graminis f.sp. hordei (Fig. 6D).

DISCUSSION

Vesicular traffic is a major mechanism of cytoplasmic transport in
eukaryotes. It includes the budding and release of vesicles from a
donor membrane, as well as its tethering to and fusion with the
target membrane. One can distinguish the transport of cargo in two
general directions. Anterograde transport represents the transport

Fig. 4 Functional analysis of the barley conserved oligomeric Golgi (COG)
complex subunits in barley interaction with Blumeria graminis f.sp. hordei.
Epidermal cells of detached barley leaves (cv. ‘Golden Promise’) were
transiently transformed with the marker gene green fluorescence protein
(GFP) and the transient-induced gene silencing (TIGS) construct of one of the
eight HvCOG subunit genes or empty pIPKTA30N vector via particle
bombardment. Leaves were inoculated 2 days after transformation and the
microscopic evaluation took place 2 days after inoculation. The susceptibility
index of the empty vector control was set to 100%, and the TIGS results of
HvCOG complex subunits are given as the mean values of at least five
independent experiments. The bars represent standard errors. In addition to
HvCOG3 (please note data for HvCOG3 are identical to those in Table 1,
given here for better comparability of the results), TIGS of HvCOG1
significantly enhanced the susceptibility according to Student’s t-test
(P < 0.05).
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of material towards its destination, e.g. the transport of newly
synthesized proteins from the endoplasmic reticulum via the Golgi
to the plasma membrane or the vacuole. The retrograde transport
route is primarily responsible for the recycling of escaped proteins
and lipids back to the home compartments, and also comprises
endocytosis. A balance of anterograde and retrograde trafficking
may be pivotal for membrane homeostasis and function of vesicle
transport.Plant vesicle transport is comparably weakly understood.

However, many proteins of the well-studied transport and secretory
machinery of yeast are conserved in other eukaryotes, including
plants (Koumandou et al., 2007). Their function in plants is often
unknown and their possible involvement in plant–pathogen inter-
actions is an emerging field of research. Recently, an increasing
number of publications have suggested an important function of
membrane trafficking in interactions of plants with mycorrhizal
fungi and pathogens, including powdery mildew fungi (e.g. Böhle-
nius et al., 2010; Eschen-Lippold et al., 2012; Genre et al., 2012;
Hückelhoven and Panstruga, 2011; Koh et al., 2005; Lu et al., 2012;
Nielsen et al., 2012; Uemura et al., 2012).We have shown here that
proteins, which are homologues of well-characterized mammalian
or yeast membrane trafficking components, are required for basal
penetration resistance to B. graminis f.sp. hordei. Basal resistance
is expressed as a quantitative trait in barley, and vesicle trafficking
genes are over-represented in loci for quantitative resistance to
fungal leaf pathogens (Schweizer and Stein, 2011).

In a first round of screening, three candidates changed signifi-
cantly basal resistance on knockdown by TIGS. HvARFA1b/c was
one of the candidate genes apparently required for basal penetra-
tion resistance to B. graminis f.sp. hordei. HvARFA1b/c has been
identified previously by Böhlenius et al. (2010) to be required for
penetration resistance, papillary callose deposition and subcellular
accumulation of HvROR2, a barley subunit of a ternary SNARE
complex at the plasma membrane involved in basal penetration
resistance to powdery mildew. HvARFA1b/c was independently
included into the screening because of its annotation as an ARF
GTPase potentially involved in membrane budding and was pulled
out because of its strong and statistically significant effect. The
recovery of HvARFA1b/c supports the results of Böhlenius et al.
(2010) and validates the methodology adapted from Douchkov
et al. (2005) for the identification of components of basal resist-
ance to powdery mildew.

HvEXO70F-like was also found to be involved in basal resistance
to fungal entry.The protein contains an exocyst70 domain and may
thus be involved in vesicle tethering via an exocyst complex. The
exocyst is an oligomeric vesicle tethering complex possibly involved
in exocytosis. Recently, an Arabidopsis EXO70B2 protein has been
described to modulate the cellular defence response to attack from
nonadapted B. graminis f.sp. hordei. Interestingly EXO70B2 can
interact in a yeast two-hybrid assay with SNAP33, a part of the
ternary SNARE complex involved in basal penetration resistance
(Collins et al., 2003; Pecenková et al., 2011). In plants, the EXO70
family has diversified when compared with animals or yeast.This is
particularly true for the EXO70F subfamily in grasses. Hence, one
may speculate about a specific function of HvEXO70F-like in patho-
gen defence (Cvrčková et al., 2012).

The third TIGS construct that gave significant results during
screening targeted HvCOG3, a subunit of the COG complex
involved in vesicle tethering in retrograde trafficking at the Golgi
apparatus (Miller and Ungar, 2012). Little is known about the

Fig. 5 Functional characterization of potential HvCOG3 interaction partners
in transient-induced gene silencing (TIGS) and over-expression experiments.
Detached leaf segments of the barley cv. ‘Golden Promise’ were transiently
transformed via particle bombardment. Potential interaction partners were
either knocked down by TIGS (A) or over-expressed (B), together with the
transformation marker green fluorescence protein (GFP). The empty vectors
pIPKTA30N (in A) and pGY-1 (in B) served as controls. The leaf segments
were inoculated 2 days after transformation and the microscopic evaluation
was conducted 2 days after infection. The susceptibility index (frequency of
penetrated cells relative to all cells transformed, A) and penetration rate
(frequency of penetrated cells relative to all cells attacked, B) of the empty
vector control were set to 100%. Columns for the potential HvCOG3
interaction partners represent mean values relative to the control of five to
six independent experiments in (A) and three to six over-expression
experiments in (B). Knockdown of HvYPT1-like, HvCOPIg-like and
over-expression of HvVTI1-like significantly enhanced the susceptibility at
P < 0.05 according to Student’s t-test.
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function of the COG complex in plants (Ishikawa et al., 2008), but
its structural conservation suggests similar functions to those
described for yeast and mammals. An intact COG complex is also
a prerequisite for protein N-glycosylation in the Golgi apparatus
(Pokrovskaya et al., 2011).

Over-expression of HvCOG3 enhanced basal resistance to
B. graminis f.sp. hordei. This was consistent with the result that
TIGS of HvCOG3 had the opposite effect. However, as COG3 is
supposedly a subunit of an oligomeric complex, over-expression of
HvCOG3 alone was not necessarily expected to have a defence-
supporting effect. This could be explained if HvCOG3 has an as yet
unknown regulatory function on Golgi membrane trafficking. An
alternative explanation could be that HvCOG3 is a possible target
of fungal virulence, and over-expression compensates for the
inhibitory effects of fungal effectors. Interestingly, the COG
complex is hijacked for virulence by Chlamydia trachomatis, an
obligate intracellular bacterium, that survives and multiplies in
nonlytic membrane-surrounded inclusions in human host cells
(Pokrovskaya et al., 2012).

In a more targeted approach, focusing on the other seven
subunits of the COG complex and six potential interaction part-
ners of HvCOG3, we identified three of 13 TIGS constructs that
significantly weakened basal penetration resistance to fungal
entry. In addition, over-expression of VTI1-like weakened basal
resistance.This, together with the finding that GFP-fused YPT1-like
proteins co-localized with Golgi stacks in barley epidermal cells,
indicates that Golgi membrane trafficking is important for basal
penetration resistance to B. graminis f.sp. hordei.

In yeast, homologues of the HvCOG complex components
investigated here, as well as potential COG3 interaction partners
(HvSEC22-like, HvYKT6-like, HvCOPIg-like, HvVTI1-like and
HvYPT1-like), participate in retrograde Golgi transport (Suvorova
et al., 2001, 2002). The yeast COG complex, which resides mainly
at the cis-Golgi compartment (Kim et al., 2001), is thought to be
responsible for the tethering of COPI vesicles to the cis-Golgi
membrane (Ungar et al., 2006). During this work, HvCOPIg-like,
HvVTI1-like and HvYPT1-like, like HvCOG3, were found to alter the
susceptibility of barley to the barley powdery mildew fungus.

Fig. 6 Subcellular localization of GFP-HvYPT1-like. GFP-HvYPT1-like was transiently expressed in barley epidermal cells (cv. ‘Golden Promise’), together with either
the cytoplasmic and nuclear marker protein (mCherry) (A, D) or the Golgi marker protein GmMAN1-RFP (B, C). (C) Enlargements of the boxed areas in (B) showing
the overlay of GFP-HvYPT1-like with the Golgi marker (yellow pixel in the merge image). (D) Polarization of the cytoplasm (mCherry) and GFP-HvYPT1-like-labelled
Golgi bodies in cytoplasmic strands (arrow heads) to the site of nonsuccessful attack by Blumeria graminis f.sp. hordei (arrows). The nucleus (n in the mCherry
channel) is also attracted to the site of interaction by 24 h post-inoculation. Photographs are whole-cell projections of single optical sections at 2-mm increments
recorded by confocal laser scanning microscopy. Size bars, 20 mm.
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COPIg is one subunit of the coat of COPI vesicles, which are
responsible for retrograde transport and recycling of proteins in
between the Golgi and from the Golgi to the endoplasmic reticu-
lum (e.g. McMahon and Mills, 2004). Interestingly, in an independ-
ent screening, HvCOPIg has been identified as being required for
nonhost resistance of barley to penetration by nonadapted
B. graminis f.sp. tritici (D. Douchkov and P. Schweizer, personal
observation).

Over-expression of VTI1-like and HvCOPIg-like weakened basal
resistance, although this was not significant for HvCOPIg-like. The
over-expression of single components of protein complexes might
sequester interaction partners from functional complexes and
therefore exert a negative effect on protein function. VTI1 is a
SNARE protein responsible for the fusion of vesicles during several
transport steps. In yeast, this SNARE protein is involved in the
transport from the trans-Golgi network to the prevacuolar compart-
ment, in transport to the vacuole and in retrograde transport to the
cis-Golgi (Fischer von Mollard et al., 1997; Fischer von Mollard and
Stevens, 1999; Lupashin et al., 1997). The third, HvYPT1-like,
is a small RAB GTPase similar to yeast YPT1, rice RAB1C1
(locus Os01g0179700) and Arabidopsis ARA5/RABD2A (locus
At1g02130), which is involved in protein secretion (Pinheiro et al.,
2009).YeastYPT1 is involved in different tethering events occurring
during anterograde and retrograde transport (Hutagalung and
Novick, 2011; Jones et al., 2000; Suvorova et al., 2002).

The transient nature of the TIGS assay may allow for the iden-
tification of genes which would have pleiotropic effects when
permanently silenced or knocked out during plant development.
Hence, the question arises as to whether the TIGS effects observed
here indicate a specific function in defence of COG complex pro-
teins and associated proteins, or simply reflect a general weaken-
ing of the plant cells. We favour the interpretation that these
proteins are probably generally involved in the maintenance of
Golgi integrity and function. However, the COG complex and asso-
ciated proteins may be co-opted for defence-associated functions
in cells attacked by B. graminis f.sp. hordei (see also Assaad et al.,
2004; Kwon et al., 2008). This view is supported by the following
indications. COG complex genes are single copy genes and prob-
ably essential for general Golgi membrane transport. An essential
function of COG3 in plants is supported because attempts to
produce stable transgenic knockdown barley plants of HvCOG3
failed as a result of lethality of the RNAi construct during regen-
eration in tissue culture (G. Hensel, IPK Gatersleben, Germany,
personal communication). In addition, TIGS of HvCOG3 inhibited
general secretion of sGFP, such that the protein accumulated intra-
cellularly. TIGS of HvCOG3 also reduced the number of Golgi
bodies which reached a size sufficient to be visualized under the
fixed settings of confocal laser scanning microscopy. Together,
these observations indicate that HvCOG3 is a general factor of
Golgi membrane homeostasis, and hence is generally required for
protein secretion, which is similar to its function in yeast and

mammals. Protein secretion may be pivotal to polarized plant
defence of fungal penetration (Lipka et al., 2010). Up-regulation
of the protein secretory pathway at the transcriptional level may
reflect a higher demand for flux through the pathway during
defence (Wang et al., 2005). For the interaction of barley with
B. graminis, this has already been shown for proteins of a ternary
SNARE complex at the plasma membrane (Zierold et al., 2005)
and for chaperones from the endoplasmic reticulum (Eichmann
et al., 2006). We analysed the expression of the eight COG genes
of barley and six potential interaction partners of COG3 in patho-
gen response in public databases. This supported the pathogen-
responsive expression of most of these 14 genes in barley. A
cluster analysis of all barley challenge experiments in Genevesti-
gator (Hruz et al., 2008) further revealed a large cluster of inde-
pendent experiments, in which most of the genes were
up-regulated in response to either B. graminis f.sp. hordei or the
rust fungus Puccinia graminis (Fig. S1, see Supporting Informa-
tion). This indicates that these genes are responsive to
pathogenesis-related signalling. Together, our data suggest that
the barley COG complex and, potentially, COG3-associated pro-
teins are general Golgi trafficking components that are involved in
plant defence against penetration by B. graminis f.sp. hordei.

EXPERIMENTAL PROCEDURES

Plant material, growth conditions and pathogen

Transient transformation experiments were carried out with the powdery
mildew-susceptible barley (Hordeum vulgare L.) cv. ‘Golden Promise’. Total
RNA from inoculated and noninoculated leaves of the susceptible barley
cv. ‘Ingrid’ served as template for the isolation of cDNAs encoding COG
complex subunits or their interactors. Plants were grown in a growth
chamber (Conviron, Winnipeg, MB, Canada) at 18 °C, with a relative
humidity of 65% and a photoperiod of 16 h light at 150 mmol/s/m2 photon
flux density. Barley leaves were infected with the powdery mildew fungus
B. graminis f.sp. hordei (Bgh) race A6 at a density of about 150 conidia/
mm2, which was maintained on the barley cultivar ‘Golden Promise’ at the
conditions described above.

Cloning of membrane transport-associated ESTs into
the TIGS vector pIPKTA30N

The candidate genes for RNAi screening, which were supposedly involved
in membrane trafficking and secretion, were selected via a keyword-based
search in the EST database (http://harvest.ucr.edu/) of the Leibniz Institute
of Plant Genetics and Crop Plant Research (IPK, Gatersleben, Germany;
Zhang et al., 2004). ESTs were provided in one of the following vectors:
pCRblunt, pBluescript SK+, pSORT or pLambdaZAP. cDNAs of these ESTs
were amplified by PCR using vector-specific primer pairs (Table S4, see
Supporting Information), and subcloned via the Gateway entry vector
pIPKTA38 into the pIPKTA30N Gateway destination vector, as described by
Douchkov et al. (2005).
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Isolation and cloning of COG complex-associated
cDNA fragments

Further COG3 interaction candidate cDNAs were isolated from a cDNA
pool comprising inoculated and noninoculated leaves of the barley cultivar
‘Ingrid’. Primers used for the amplification of cDNA fragments for TIGS or
full-length cDNAs for over-expression are listed in Tables S5 and S6 (see
Supporting Information). For TIGS experiments, the respective cDNA frag-
ments were subcloned into the Gateway-based vector system pIPKTA38
and pIPKTA30N (Douchkov et al., 2005, see above), whereas the plant
expression vector pGY1 was used for over-expression experiments (Sch-
weizer et al., 1999). Subcloning for over-expression was carried out via
PCR-mediated introduction of unique restriction sites XbaI and PstI at the
end of full-length cDNAs.

Transient transformation of barley epidermal cells for
gene function analysis

The first leaves of 7-day-old barley plants were transiently transformed via
gold particle delivery. Per shot, 1.65 mg of 1.0-mm gold particles were
coated with 7 mg of pGY1-GFP (GFP under the control of the CaMV 35S
promoter; Schweizer et al., 1999) as transformation marker and 7 mg of
pGY1/pIPKTA30N vector containing the gene of interest or the empty
vector, respectively. The ballistic transformation of barley epidermal cells
was performed using the biolistic PDS-1000/He system (Biorad, Munich,
Germany) according to Douchkov et al. (2005). Detached leaf segments
were inoculated for TIGS experiments 2 days after transformation. Micro-
scopic analysis took place 2 days after inoculation. For TIGS, we recorded
the relative susceptibility index (percentage of penetrated cells relative to
all cells transformed) and, for over-expression, we recorded the relative
penetration rate (percentage of penetrated cells relative to all cells
attacked by the fungus). Both parameters gave similar results (Douchkov
et al., 2005). For statistics, we calculated P values based on Student’s t-test
for relative values against the empty vector control.

Analysis of the impact of HvCOG3 depletion on
protein secretion

To examine secretory defects in HvCOG3 deficient cells, an sGFP protein
was used. To create this, we amplified GFP with primers 5′-GGATC
CATGGTGAGCAAGGGCGAG-3′ (creating a BamHI restriction site) and
5′-TCATTTGTACAGCTCGTCCAT-3′ from pGY-1-GFP (Schweizer et al.,
1999), and cloned it into the BamHI restriction site of empty pGY-1. The
coding sequence of the signal peptide of an Arabidopsis basic chitinase
protein was amplified by PCR from mGFP5 endoplasmic reticulum
(Haseloff et al., 1997) using primers 5′-CCCGGGGATCGATCCAAGGA-3′
and 5′-CCCGGGGGAATTCGGCCGAGG-3′ (both creating a SmaI restriction
site) and inserted in frame in front of GFP using the SmaI site. We
co-transformed barley epidermal cells with 1 mg of pGY-1-sGFP, together
with 1 mg of pGY-1-mCherry and 1 mg of either empty pIPKTA30N vector
or pIPKTA30N-HvCOG3. sGFP-expressing cells were analysed using a Leica
TSC SP5 confocal laser scanning microscope (Leica Microsystems CMS
GmbH, Mannheim, Germany). GFP fluorescence was excited with a
488-nm laser line and detected between 496 and 530 nm. mCherry was
excited at 561 nm and detected between 570 and 625 nm. To show

disturbed secretion, we measured the sGFP fluorescence intensities in
HvCOG3 RNAi and empty vector control cells, and normalized them to the
fluorescence intensities of mCherry in each cell. In three independent
experiments, we measured GFP fluorescence in 50 cells per variant. Sta-
tistical analysis was performed using a two-sided Student’s t test.

Analysis of the impact of HvCOG3 depletion on
Golgi stacks

sGFPHDEL was used to investigate the number of brightly fluorescing
Golgi bodies in HvCOG3 deficient cells. For the cloning of sGFPHDEL, the
barley CALRETICULIN 3 (TIGR ID TA32081_4513) full-length sequence was
amplified from barley cDNA using primers 5′-GTCGACGCCACCACCT
ACTCTTCGTC-3′ (creating a SalI restriction site) and 5′-CTGCAGTG
TCAAATCCCAGCTTCTCC-3′ (creating a PstI restriction site), and cloned
into the SalI/PstI restriction sites of the pGY-1 expression vector (Schweizer
et al., 1999). GFP was amplified by PCR using primers 5′-GGATCCCATGGT
GAGCAAGGGCGAG-3′ and 5′-GGATCCTTGTACAGCTCGTCCAT-3′ (both
creating a BamHI restriction site) from pGY-1-GFP (Schweizer et al., 1999).
GFP was inserted in frame into the HvCRT3 coding sequence using two
internal BamHI restriction sites, thereby replacing a 501-bp fragment in
between the predicted signal peptide and the HDEL endoplasmic reticulum
retention signal. Barley epidermal cells were co-bombarded with 1 mg of
sGFPHDEL plasmid, together with 1 mg of either empty pIPKTA30N vector
or pIPKTA30N-HvCOG3. sGFPHDEL-expressing cells were analysed using
confocal laser scanning microscopy. GFP fluorescence was excited with a
488-nm laser line and detected between 496 and 530 nm. To quantify the
differences in the assembly of Golgi bodies in HvCOG3 RNAi and empty
vector control cells, brightly fluorescing Golgi bodies per cell were
counted, and classified into four categories: 0–10, 10–20, 20–50 or more
than 50 Golgi bodies per cell. The detection settings were chosen at an
intentionally low level to obtain GFP signals only from brightly fluorescing
Golgi bodies. All cells of the same experiment were imaged with the same
excitation and detection settings. We counted Golgi bodies in whole-cell
maximum projections of 2-mm increments for 20–30 cells per variant. The
results were averaged over three independent experiments. To test for a
significantly different distribution of the different categories in empty
vector and HvCOG3 RNAi cells, we used the c2 test.

Subcelllular localization of GFP-tagged HvYPT1-like

For the generation of GFP-HvYPT1-like, GFP (DSTOP) cDNA was excised
from pGY1-GFP (Schultheiss et al., 2003) with BamHI and inserted in
frame into the BamHI restriction site of pGY1-YPT1-like, creating an
N-terminal fusion. The subcellular localization of GFP-HvYPT1-like was
examined in planta by confocal laser scanning microscopy. Barley cv.
‘Golden Promise’ epidermal cells were transformed by particle bombard-
ment with 0.24 mg of 1.0-mm gold particles coated with 1 mg of GFP-
HvYPT1-like together with 1 mg of mCherry or GmMAN1-RFP (Yang et al.,
2005) expression plasmids, and analysed 2 days after bombardment. GFP
was excited with a 488-nm laser line and detected between 496 and
530 nm; red fluorescing GmMAN1-RFP and mCherry were excited with a
561-nm laser line and detected between 570 and 625 nm. In order to
avoid channel cross-talk, cells were scanned sequentially, if required.
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Fig. S1 Hierarchical clustering of barley gene expression experi-
ments at Genevestigator 4. Analysis was carried out for conserved
oligomeric Golgi (COG) subunit genes and genes of putative inter-
action partners of COG3. Gene IDs on barley 1 chips
are: HvCOG1, Contig13332_at; HvCOG2, Contig11948_at;
HvCOG3, Contig7930_at; HvCOG4, Contig11310_at; HvCOG5,
Contig13262_at; HvCOG6, Contig10684_at; HvCOG7, Con-
tig14245_at; HvCOG8, Contig9113_at; HvGOS1, Contig12134_at;
HvYKT6, Contig8337_at; HvSEC22, Contig18727_at; HvVTI1,
Contig9598_at; HvYPT1, Contig4865_s_at; HvCOPIg, Con-
tig7764_at and/or Contig7765_at. Colour code shows log2 trans-
formed changes in expression (from -2.5 to +2.5, i.e. from 18% to
566% of the expression level of the respective control).
Table S1 Protein sequence similarity scores for subunits of the
human, Arabidopsis and barley conserved oligomeric Golgi (COG)
complex.
Table S2 Accession/locus numbers of human and plant con-
served oligomeric Golgi (COG) subunits.
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(COG3) identified in yeast by Suvorova et al. (2002) and their
barley homologues.
Table S4 Oligo DNA primers for the isolation of vector-provided
sequences for transient-induced gene silencing (TIGS) construct
generation.
Table S5 Oligo DNA primers for isolation of cDNA fragments for
transient-induced gene silencing (TIGS) construct generation.
Table S6 Oligo DNA primers for isolation of full-length cDNA
sequences for over-expression constructs.
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