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A strategy was developed for the high-throughput localization of unknown expressed proteins in 

 

Nicotiana benthamiana

 

.
Libraries of random, partial cDNAs fused to the 5

 

�

 

 or 3

 

�

 

 end of the gene for green fluorescent protein (GFP) were expressed
in planta using a vector based on 

 

Tobacco mosaic virus

 

. Viral populations were screened en masse on inoculated leaves
using a confocal microscope fitted with water-dipping lenses. Each viral infection site expressed a unique cDNA-GFP fu-
sion, allowing several hundred cDNA-GFP fusions to be screened in a single day. More than half of the members of the li-
brary carrying cDNA fusions to the 5

 

�

 

 end of 

 

gfp

 

 that expressed fluorescent fusion proteins displayed discrete, noncytoso-
lic, subcellular localizations. Nucleotide sequence determination of recovered cDNA sequences and subsequent sequence
searches showed that fusions of GFP to proteins that had a predicted subcellular “address” became localized with high fi-
delity. In a subsequent screen of 

 

�

 

20,000 infection foci, 12 fusion proteins were identified that localized to plasmodesmata,
a subcellular structure for which very few protein components have been identified. This virus-based system represents a
method for high-throughput functional genomic study of plant cell organelles and allows the identification of unique pro-
teins that associate with specific subcompartments within organelles.

INTRODUCTION

 

Plant genomic and cDNA sequencing programs have identified
large numbers of genes, many of which can be ascribed puta-
tive functions through bioinformatic approaches. However, for
many others, a function cannot be ascribed, and there is cur-
rently a need to relate genes to their functions. Because eu-
karyotic cells are highly compartmentalized and the subcellular
localization of a protein is intrinsic to its function, insights into
the functions of genes can be gained through the subcellular
localization of their products.

The use of green fluorescent protein (GFP), which as a re-
porter allows the facile in vivo subcellular localization of fusion
proteins, has greatly facilitated cell biological studies. Fusion of

 

genomic or cDNA fragments to the 5

 

�

 

 or 3

 

�

 

 end of the gene for
GFP has permitted the development of high-throughput cell-
based methods for localizing the products of ectopically ex-
pressed yeast genes (Sawin and Nurse, 1996; Ding et al., 2000)
and mammalian genes (Fujii et al., 1999; Rolls et al., 1999;
Misawa et al., 2000). More recently, a protein trap strategy, in which
the 

 

gfp

 

 gene is carried as a mobile, artificial exon by a transpos-
able element, has been used to localize interrupted full-length
proteins expressed from their endogenous locus in 

 

Drosophila

 

(Morin et al., 2001). In plants, random cDNA fragments fused to
the 3

 

�

 

 end of the 

 

gfp

 

 gene have been transformed en masse into
Arabidopsis using 

 

Agrobacterium tumefaciens

 

 to localize plant
gene products (Cutler et al., 2000). In that study, many useful
subcellular markers were obtained, although a high proportion
of out-of-frame fusions to 

 

gfp

 

 displaying artifactual localizations
also were recovered. A major limitation to plant transformation
approaches for screening random cDNA libraries is that they are
labor intensive and time consuming.

The speed and ease with which plant virus-based vectors can
be produced and used subsequently to express cDNA sequences
in differentiated plant tissues has made them an attractive alterna-
tive to stable transformation in studies of plant gene function
(Lacomme et al., 2001). These attributes make vectors based on
RNA viruses, such as 

 

Tobacco mosaic virus

 

 (TMV) and 

 

Potato vi-
rus X

 

 (PVX), amenable to high-throughput screening for gain- and
loss-of-function phenotypes by protein overexpression and virus-
induced gene silencing, respectively (Pogue et al., 2002). How-
ever, foreign genes inserted into such vectors can be lost during in
planta propagation through recombination between duplicated or
homologous sequences (Rabindran and Dawson, 2001), and this
instability increases with increasing foreign insert size.

Plant virus-based vectors have been used extensively to ex-
press free GFP to localize viruses to specific cells and tissues
(Oparka et al., 1997) and to express GFP fusion proteins to de-
termine the subcellular localization of both plant and viral pro-
teins (Oparka et al., 1997; Boevink et al., 1998; Gillespie et al.,
2002). We wished to determine whether such vectors could be
used in a high-throughput manner, in preference to stable
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transformation, to determine the subcellular localization of pro-
teins expressed from random cDNA-

 

gfp

 

 fusions. Vectors based
on TMV and PVX are particularly suitable for population screen-
ing, because each infection focus on a leaf is initiated essen-
tially by a single RNA molecule (Haupt et al., 2001). Previously,
TMV and PVX vector populations have been used to express
and screen libraries of full-length tobacco and 

 

Cladosporium
fulvum

 

 cDNAs for genes that elicit hypersensitive resistance re-
sponses (Karrer et al., 1998; Takken et al., 2000). More re-
cently, we screened a population of TMV-based vectors that
contained a library of shuffled viral movement protein (

 

mp

 

)
genes, through the simple observation of fluorescent lesion
size, for mutants enhanced in 

 

mp

 

 gene function (Toth et al.,
2002).

The 30-kD MP of TMV, which has been shown to bind sin-
gle-stranded nucleic acids in vitro (Citovsky et al., 1990), also
accumulates in plasmodesmata, the intercellular cytoplasmic
bridges between plant cells, during viral infection (Tomenius et
al., 1987). Although these intercellular structures are believed to
play a critical role in coordinating plant physiology and devel-
opment, little is known about their protein composition, and to
date, no plasmodesmata-specific genes have been identified
(Aaziz et al., 2001; Blackman and Overall, 2001). The difficulty
of isolating plasmodesmata without accompanying contami-
nants makes proteomics approaches based on the large-scale
isolation of plasmodesmata difficult (Kotlizky et al., 1992; Turner
et al., 1994; Blackman and Overall, 2001) compared with the
isolation of plasma membranes, mitochondria, and chloro-
plasts (van Wijk, 2001). Therefore, we tested whether a vi-
rus-based library screen could be used to identify proteins as-
sociated with a subcellular structure that is refractory to
fractionation. In addition, many plant proteins are thought to
interact transiently with plasmodesmata (reviewed by Ding,
1998). Such proteins are unlikely to be major constituents of
the plasmodesmata pore and consequently would not be iden-
tified from isolated plasmodesmata fractions. We reasoned that
such interacting proteins might be identified more readily by
their colocalization with plasmodesmata using a random virus-
based screen.

Here, we describe the use of 30B.GFPc3, a previously de-
scribed TMV-based vector in which GFP expression is driven
from a duplicated viral subgenomic promoter (Shivprasad et al.,
1999), to screen libraries of random cDNAs that were fused to
both the 5

 

�

 

 and 3

 

�

 

 ends of 

 

gfp

 

 for high-throughput localization
studies. Using this approach, we were able to screen several
hundred cDNA-

 

gfp

 

 fusions daily. Furthermore, we describe the
use of this system to identify genes that encode specific pro-
teins that associate with plasmodesmata and demonstrate the
utility of this approach in ascribing proteins to subcellular “ad-
dresses” that are not amenable to fractionation and proteomics
approaches.

 

RESULTS

Viral Library Construction

 

To allow the fusion of partial plant cDNAs to both the 5

 

�

 

and 3

 

�

 

 ends of the 

 

gfp

 

 gene, derivatives were produced from

 

the full-length cDNA hybrid tobamovirus vector 30B.GFPc3
(Shivprasad et al., 1999). The vector’s 

 

gfp

 

 gene was modified in
one of two ways. For fusions to the 5

 

�

 

 end of the 

 

gfp

 

 gene, a
vector (pOL2-Asc) was produced in which the initiating Met
codon of 

 

gfp

 

 was replaced with a polylinker containing unique
AscI and NotI sites (Figure 1). For fusions to the 3

 

�

 

 end of 

 

gfp

 

, a
set of three vectors (pXNE0, pXNE1, and pXNE2) was pro-
duced in which the termination codon was replaced with a
polylinker containing unique EcoRV and NotI sites, with the
three vectors differing in the number of intervening nucleotides
to allow insertions in all three frames. RNA extracted from 

 

Nic-
otiana benthamiana

 

 roots was used to synthesize both the 5

 

�

 

and 3

 

�

 

 fusion libraries to avoid the prevalence of mRNAs en-
coding proteins involved in photosynthesis that might bias the
libraries toward chloroplast localizations. For fusions to the 5

 

�

 

end of 

 

gfp

 

, cDNA was synthesized using a cap structure-
dependent protocol and size selected. After digestion, this
cDNA was ligated to the vector pOL2-Asc and transformed into

 

Escherichia coli

 

, producing a population of 

 

�

 

6.5 

 

�

 

 10

 

4

 

 trans-
formants that is referred to hereafter as the 5

 

�

 

 fusion library.
The cDNA synthesized for fusion to the 3

 

�

 

 end of 

 

gfp

 

 was sub-
jected to normalization and size selection before ligation to an
equipartite mix of the three receptor vectors described above
and transformation of 

 

E. coli

 

 to produce a population of 

 

�

 

3.5 

 

�

 

10

 

3

 

 transformants that is referred to hereafter as the 3

 

�

 

 fusion li-
brary. DNA prepared from these populations was used to pro-
duce in vitro transcripts, which were reassembled subse-
quently with purified TMV coat protein into virus particles to
increase their infectivity.

 

Library Characterization

 

Because each lesion is initiated by a single RNA molecule, the
proportions of the two populations that expressed fluorescent
fusion proteins were investigated through the inoculation of re-
assembled transcripts onto tobacco cv Xanthi NN, which car-
ries the hypersensitivity resistance gene 

 

N

 

. After propagation at
a permissive high temperature and counting of the fluorescent
infection foci, plants were shifted to a lower, nonpermissive
temperature and the necrotic lesions that developed were
counted. The means for the percentage of infection foci that
expressed a fluorescent product were 20 and 98% for the li-
braries of fusions to the 5

 

�

 

 and 3

 

�

 

 ends of 

 

gfp

 

, respectively. All
members of the 3

 

�

 

 fusion library are expected to produce some
form of GFP fusion protein; thus, the 2% of lesions that were
not discernibly fluorescent could represent variants that ex-
pressed/accumulated low levels of fusion protein or in which
the GFP portion of the fusion protein did not fold correctly. That
20% of the 5

 

�

 

 fusion library was fluorescent was encouraging,
because for members of this population to produce a fluores-
cent protein, the cDNAs must have had an initiation codon that
was in frame with an open reading frame (ORF) that was in
frame with the 

 

gfp

 

 ORF and between which there were no inter-
vening stop codons. Thus, if all aspects of the cloning proce-
dure had been completely successful, only one-third of this
population would have been expected to be fluorescent.

In an initial characterization of the localizations of the fusion
proteins expressed by the library members, reassembled virus
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was inoculated onto the leaves of 

 

N. benthamiana

 

. Between 2
days and 2 weeks after inoculation, the localizations of the GFP
fusion protein in fluorescent infection foci were observed with a
confocal laser scanning microscope. Because it is not al-
ways possible to unambiguously define subcellular compart-
ments with the confocal laser scanning microscope, at least
without a secondary marker, and to avoid being too prejudiced
concerning the localizations observed, the members of the two
libraries were categorized into the following broad classes (Ta-
ble 1): cytosolic (the phenotype of the unfused GFP and that
expected for members of the 3

 

�

 

 fusion library that carried no
targeting information); nuclear (including homogeneous nuclear
labeling, nucleolar labeling, nucleolar exclusion, and other sub-
nuclear structures); chloroplastic; endoplasmic reticulum and
associated structures; membrane (including the plasma mem-
brane and tonoplast) and extracellular (including labeling of
specific wall regions and the free space); blobs (a general de-
scriptive term referring to small regular structures within the cy-
tosol that probably included mitochondria, peroxisomes, and
small vesicles); and granules (a general descriptive term for
large irregular aggregates within the cytosol). Concerning the
last category, many of these granular phenotypes were pre-
sumed to result from the very high level of expression from the
plant virus vector, leading to saturation and aggregate forma-
tion. Inoculations of the libraries to tobacco, which is a less
permissive host for the vector, resulted in a lower proportion of

infection foci with the granular phenotype (data not shown),
substantiating the notion that such irregular granules may have
arisen from protein overexpression. Furthermore, the granular
phenotype was discernible more frequently in mesophyll cells
than in epidermal cells and occurred early in the infection pro-
cess, both features that correlate with higher levels of fluores-
cent fusion protein expression.

In the case of the 3

 

�

 

 fusion library, only 

 

�

 

17% of the fluores-
cent infection sites showed subcellular localizations other than

Figure 1. Library Vectors.

(A) Schemes of the genome organizations of the four vectors (pOL2-Asc, pXNE0, pXNE1, and pXNE2) used for cDNA insertions. Restriction enzyme
sites used in various constructions are indicated. CP, coat protein gene; GFP, green fluorescent protein gene; MP, movement protein gene; 126/183-
kD, genes for viral components of RNA-dependent RNA polymerase.
(B) cDNAs sequences of TMV and Tobacco mild green mosaic virus (TMGMV) hybrid vectors. Sequence numbering is according to Shivprasad et al.
(1999). The variable G stretch in the pXNE series of vectors is underlined.

 

Table 1.

 

Distributions of Phenotypic Classes for 5

 

�

 

and 3

 

�

 

 Fusion Libraries

Phenotype 5

 

�

 

 Fusion Library 3

 

�

 

 Fusion Library

Cytosol 56.5% 83.4%
Nucleus 9.9% 5.3%
ER 1.2% 0.2%
Membrane 6.2% 0.3%
Chloroplast 5.0% 0.2%
Blobs 6.8% 7.4%
Granules 14.3% 3.2%
Plasmodesmata 0.0% 0.05%

The proportions of fluorescent infection foci in each phenotypic class
are given as percentages. The number of random fluorescent infection
foci inspected by confocal laser scanning microscopy was 4395 (3

 

�

 

 fu-
sion library) or 161 (5

 

�

 

 fusion library).
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cytosolic localizations, whereas for the 5

 

�

 

 fusion library, 

 

�

 

43%
of the fluorescent infection sites expressed GFP fusions with
discrete subcellular localizations. In light of this result and the
greater complexity of the 5

 

�

 

 fusion library, subsequent work fo-
cused mainly on the 5

 

�

 

 fusion library. In addition to clearly rec-
ognizable subcellular distributions, many of the expressed fu-
sion proteins showed novel localizations. Some examples of
the observed fusion protein localizations, for which the encod-
ing cDNA sequences were determined, are described below.

 

Nucleus

 

A high proportion of both libraries showed nuclear localiza-
tions. Subsequent nucleotide sequencing showed many of
these localizations to be predictable based on sequence ho-
mology (Table 2). However, some unidentified protein fusions
revealed unique structures associated with the nuclear enve-
lope or nucleoplasm (Figure 2). Some protein fusions were ex-
cluded from the nucleolus (Figure 2A), whereas others showed
discrete nucleolar localization (Figure 2F). One unknown protein
decorated the nuclear envelope and possibly was associated
with nuclear pore complexes (Figure 2D). Another unidenti-
fied protein fusion formed discrete, mobile, doughnut-shaped
structures that sometimes were arranged helically within the
nucleus (Figure 2J), whereas yet another unknown protein ap-
peared to be wrapped around the nucleolus in the form of fila-
mentous structures (Figure 2B).

 

Chloroplast

 

Despite the deliberate production of cDNA libraries from root
mRNA, chloroplast-localizing fusion proteins were found when
the libraries were inoculated onto leaves. For some, such
plastidic localizations of the expressed fusion protein were pre-
dictable from sequence homology (Table 2), whereas others,
labeling specific structures within chloroplasts, represented un-
known proteins. Some of the expressed cDNA-

 

gfp

 

 fusions la-
beled the stroma and were present in chloroplast protrusions
known as “stromules” (Gray et al., 2001). One of these stromule-
labeling sequences was similar to that of an aspartate amino-
transferase (Figure 3E), whereas others represented unknown
proteins (Figure 3A). During the course of screening, it was
noted that some GFP fusion proteins (e.g., thiazole biosynthetic
enzyme chloroplast precursor; Figure 3B) were associated with
small vesicles that adhered to the outer chloroplast membrane.
In these cases, it is possible that the partial protein sequences
encoded by the cDNA-

 

gfp

 

 fusions were sufficient to permit
chloroplast targeting but insufficient to deliver the protein to its
natural final address within the chloroplast. Furthermore, the fil-
amentous structures observed in Figure 3F, which are com-
posed of a GFP fusion to an unknown protein, may represent
crystalline protein aggregates within the chloroplasts.

 

Plasma Membrane and Tonoplast

 

Although a large number of transporter proteins are known to
be associated with the plasma membrane and the tonoplast,
specific transporters from plants have been cloned only re-

cently (Raghothama, 2000). During screening of the 5

 

�

 

 fusion li-
brary, a number of proteins were shown to associate with both
the plasma membrane and the tonoplast. Plasma membrane–
labeling proteins included GFP fusions to a Ser/Thr/Tyr kinase
and a plasma membrane integral protein (Table 2, Figure
4C). Although some plasma membrane–associating proteins
were distributed evenly across the plasma membrane, others
showed specific punctate accumulations associated with the
outer plasma membrane leaflet (Figure 4B) or associations with
discrete vesicle populations (Figure 4A). One of the tonoplast-
associated proteins identified from screening of the 3

 

�

 

 fusion li-
brary localized to motile vesicular structures that were present
within the central vacuole (Figure 5A). These structures ap-
peared to be anchored to the tonoplast and frequently fused
and budded from it. Treatment of cells with latrunculin, an
inhibitor of the actin cytoskeleton, completely inhibited the
movement and fusion of the vesicular structures, allowing their
reconstruction by optical sectioning (Figure 5B).

 

Cell Wall

 

Some of the proteins identified by virus-based screening were
detected in the apoplast. Interestingly, secreted GFP normally
is not stable in the apoplast of 

 

N. benthamiana

 

 leaves (Boevink
et al., 1999) and undergoes rapid degradation by proteases.
Thus, some protein fusions appeared to confer apoplastic
stability to GFP. One of these encoded a RALF (Rapid Alka-
lization Factor) peptide precursor (Figure 6C), a recently dis-
covered peptide hormone involved in defense signaling
(Pearce et al., 2001). Other apoplastic proteins remain to be
identified. For example, the fusion protein depicted in Fig-
ure 6D was stable in the apoplast and formed discrete pro-
tein “bridges” between adjacent palisade and mesophyll
cells. The same fusion protein, when expressed by the virus
in epidermal cells, was present along the inner wall layers
but was absent from the three-way junctions between ad-
joining cells (Figure 6E). Another isolate, containing a cDNA
that is similar to a glucosyltransferase-like protein, ex-
pressed a fusion protein that associated stably with cell wall
microfibrils (Figure 6F).

 

Endomembrane System

 

Several proteins from the 5

 

�

 

 fusion library were shown to asso-
ciate stably with the endoplasmic reticulum (ER), including the
cortical ER and the nuclear envelope (Figure 7A). In addition,
some proteins labeled a motile population of structures that
moved along the ER network (Figures 7B and 7C). We have
tentatively identified these structures as Golgi bodies (Boevink
et al., 1998; Nebenfuhr et al., 1999), although the association of
novel proteins with this organelle requires future confirmation.

 

Mitochondria

 

The small size of mitochondria made them difficult to distin-
guish from other small subcellular organelles, including motile
vesicle populations. However, some proteins, such as a threo-
nyl-tRNA synthetase mitochondrial precursor (Table 2), were
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Table 2.

 

Examples of In-Frame Fusions Homologous with Known and Unknown Proteins

Phenotypic Class Isolate Homolog
Accession
Number

 

a

 

3

 

�

 

 library
Nuclear 3

 

�

 

-50 Putative RSZp22 splicing factor (At) AAD23894
Nuclear 3

 

�

 

-14 Ribosomal protein L21 (Os) T50602
Nuclear 3

 

�

 

-32 Calmodulin (Bd) AAA16320
Nuclear 3

 

�

 

-27 Oxygen-evolving enhancer protein1, chloroplast precursor (Nt) Q40459
Membrane (plasma membrane) 3

 

�

 

-06 Pit1 protein, Pi starvation induced (Nt) T03673
Membrane (bulbs) 3

 

�

 

-47 Inorganic phosphate transporter (Nt) AAF74025
5

 

�

 

 library
Chloroplast 5

 

�

 

-012 Thiazole biosynthetic enzyme, chloroplast precursor (Cs) O23787
Chloroplast 5

 

�

 

-098 Asp aminotransferase, chloroplast precursor (At) NP_194927
Chloroplast 5

 

�

 

-083

 

�

 

-1,4-Glucan phosphorylase, chloroplast precursor (St) P04045
Chloroplast 5

 

�

 

-111 Biotin carboxyl carrier protein subunit (Gm) AAG44776
Chloroplast 5

 

�

 

-014 Ferritin (Gm) BAB64536
Chloroplast 5

 

�

 

-131 Probable lipoxygenase (St) T07065
Chloroplast 5

 

�

 

-017 ADP/ATP translocator (Le) AAB49700
Chloroplast 5

 

�

 

-067 ATP synthase (Gm) S48643
Nuclear 5

 

�

 

-154 Histone H1 (Nt) BAA88671
Nuclear 5

 

�

 

-162 Putative histone H2A (Os) BAB44136
Nuclear 5

 

�-053 Putative histone H3 (At) NP_189372
Nuclear 5�-072 High-mobility-group protein2 (In) AAC50019
Nuclear 5�-065 Avr9/Cf-9 rapidly elicited protein 111B (Nt) AAG43549
Nuclear 5�-041 Putative TINY transcription factor (At) NP_177301
Nuclear 5�-003 Basic helix-loop-helix protein (At) NP_563839
Nuclear 5�-151 Nuclear protein Ytm1p (Mm) AAF44683
Nuclear 5�-045 60S ribosomal protein L10A (Pc) AAG17879
Nuclear 5�-124 60S ribosomal protein L23A (Nt) Q07761
Nuclear 5�-166 Elongation factor EF-1� (At) Z35399
Nuclear 5�-133 RNA binding protein AKIP1 (Vf) AAM73765
Nuclear 5�-010 RNA binding protein (At) NP_188119
Nuclear 5�-167 Putative RNA binding protein (Os) BAA95888
Nuclear 5�-168 Putative RNA binding protein LAH1 (At) AAL07086
ER 5�-095 Protein disulfide isomerase–like protein (At) CAC81067
ER 5�-148 Probable protein disulfide–isomerase precursor (Nt) T03644
Blobs (mitochondria) 5�-024 Threonyl-tRNA synthetase (At) NP_198035
Blobs 5�-005 Enoyl-CoA hydratase (At) NP_193413
Membrane (cell wall) 5�-126 Rapid alkalinization factor precursor (Nt) AAL26478
Membrane (plasma membrane) 5�-016 Plasma membrane protein (Nt) T03680
Nuclear 5�-001 Putative protein (At) NP_190563
Nuclear 5�-009 Hypothetical protein (At) AAD08935
Nuclear 5�-121 Expressed protein (At) NP_566175
Nuclear 5�-149 Unknown protein (At) AAL06537
Nuclear 5�-159 � response I protein (At) CAB41332
Nuclear 5�-165 UDP glucose dehydrogenase–like protein (At) CAC01748
ER 5�-147 Putative integral membrane protein (At) NP_187740
ER 5�-032 Expressed protein (At) NP_563744
Blobs (mitochondria) 5�-144 Expressed protein (At) NP_565389
Blobs (mitochondria) 5�-143 Hypothetical protein (At) AAG52341
Blobs (mitochondria) 5�-145 Putative protein (At) NP_196176
Membrane (plasma membrane) 5�-138 Shock protein SRC2 (Gm) T07080
Membrane (plasma membrane) 5�-074 Ser/Thr/Tyr kinase (Ah) AAK11734
Membrane (cell wall) 5�-127b Glucosyltransferase-like protein (At) BAB01433

Broad phenotypic classes are given, with more refined descriptions in some instance. Ah, Arachis hypogaea; At, Arabidopsis thaliana; Bd, Bryonia di-
oica; Cs, Citrus sinensis; Gm, Glycine max; In, Ipomoea nil; Le, Lycopersicon esculentum; Mm, Mus musculus; Nt, Nicotiana tabacum; Os, Oryza sa-
tiva; Pc, Phaseolus coccineus; St, Solanum tuberosum; Vf, Vicia faba.
a Accession number in NCBI, PIR, or SWISS-Prot database.
b Clones recovered for isolate 5�-127 were out of frame with gfp.
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associated with small, elongated structures that were likely to
have been mitochondria (Figure 8).

Strategy Verification

To check the veracity of the approach for ascribing subcellular
localizations to uncharacterized genes, 50 infection foci from
the 3� fusion library and 161 infection foci from the 5� fusion li-
brary that showed localizations other than to the cytosol were
selected for analysis. Individual infection foci were excised, and
homogenates were passaged to separate N. benthamiana
leaves to confirm the phenotypes. For the 5� fusion library, 12%
of the passaged viral subpopulations produced either no
fluorescent infection foci or foci showing altered subcellular lo-
calizations for the fusion proteins by confocal laser scanning
microscopy, whereas for the 3� fusion library, 35% of the pas-
saged viral subpopulations gave these results. There are a
number of explanations for the lack of apparent infection foci:
(1) simple infection failures, the insertion of foreign sequences
correlating with reduced infectivity in a size-dependent manner;
(2) for samples derived from the 5� fusion library, a contaminant
subpopulation originating from an infection initiated by a viral
RNA that does not express a functional GFP fusion may have
predominated; (3) during in planta propagation, recombination
events may have resulted in a significant proportion of the sub-
population containing deletions so that they no longer could
produce a functional GFP fusion. Such deletion events in the
inserted cDNA sequences also can explain the observed alter-
ations in sucellular localizations, although these alterations

could merely reflect cross-contamination by other fluorescent
infection foci.

During the rescreening procedure, it was noted that some li-
brary members displayed different subcellular localizations de-
pending on the time of inspection. For instance, the RALF pre-
cursor described above initially showed localization to the ER
(Figure 6A) but subsequently showed both ER and cell wall
localization (Figure 6B), and by 7 days after inoculation, it
showed localization only to the cell wall (Figure 6C). This tem-
poral change in distribution for the GFP fusion to an apoplasti-
cally secreted protein is assumed to reflect the maturation pro-
cess of the protein, with the protein initially being translated on
the ER and subsequently being trafficked to its final destination
in the apoplast.

As described in Methods, RNA was extracted from the pas-
saged leaves from the recovered isolates that reproduced the
original phenotype. This RNA was used in reverse tran-
scriptase–mediated (RT) PCR with flanking primers specific to
TMV sequences and gfp to recover the cDNA sequences. For
both libraries, �40% of the amplification reactions produced
single major products larger than the insert-free vector con-
trols. The other reactions produced more than one major prod-
uct, a product of the same size as the insert-free vector control,
or failed completely. As discussed above, the extra bands are
proposed to represent either contaminants or recombinant
progeny arising from in planta deletion events. Major amplifica-
tion products larger than those from the controls were cloned,
and nucleotide sequences of the inserts were determined. The
sequences obtained were analyzed using Basic Local Alignment

Figure 2. Nuclear Localizations of Virally Expressed cDNA-gfp Fusions.

Fusions of unknown proteins to GFP produced a variety of subnuclear distributions: nucleolar exclusion (A); filamentous structures wrapped around
the nucleolus (B); uniform labeling of the nucleoplasm (C); association with the nuclear envelope, possibly at or within nuclear pore complexes (D);
hollow spheres that were sometimes arranged helically within the nucleoplasm (J); and “speckle”-like structures (I) similar to a GFP fusion with a ho-
molog of a splicing factor (E). Likewise, GFP fusions to homologs of known proteins showed various localizations, including both nucleoplasmic and
nucleolar labeling ([F] to [H]): a fusion between GFP and a putative histone H3 homolog (G) labeled loop-like structures associated with the nucleolus.
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Search Tool (BLASTX and BLASTN) searches. Sixty-four per-
cent of the 44 sequences obtained from clones isolated from
the 3� fusion library had significant similarity to known or pre-
dicted genes, whereas for the 150 sequences from the 5� fu-
sion library, a higher proportion (74%) were similar.

3� Library

Of the 28 homologous sequences from the 3� fusion library,
only 11 were in frame; the others were in the wrong frame or
orientation. Thus, only 39% of the identified sequences were in
frame, which is only slightly more than the 33% expected on a
purely random basis. Similarly, in the transgenic study by
Cutler et al. (2000), a low proportion (52%) of the sequences
identified were in frame, indicating the potential for many se-
quences that are naturally not translated to cause targeting. Of
the identified sequences with predictable localizations, two
(3�-14 and 3�-50) gave expected localizations (Table 2) and two
(3�-27 and 3�-47) gave unpredicted localizations. That the GFP
fusion to the oxygen-evolving enhancer protein homolog (Table
2) did not localize to chloroplasts as expected is unsurprising
given the absence of the N-terminal chloroplast transit peptide.
As mentioned previously, the fusion protein produced by 3�-47,

which contained a sequence homologous with the tobacco
high-affinity phosphate transporter PT1, localized to tonoplast-
associated vesicles rather than demonstrating the predicted
plasma membrane distribution.

5� Library

Sixty-six percent of the clones from the 5� fusion library that
were homologous with known or predicted sequences were
found to be in frame with gfp. The other one-third of the se-
quences were excluded from the analysis because they could
not be responsible for the observed patterns of fluorescence
and represented either nonfluorescent contaminants or recom-
binant progeny that had undergone in planta deletions. All of
the genes whose fusion products had a predictable localization
fell within the expected phenotypic classes, with three excep-
tions (Table 2). These three exceptions (5�-017, 5�-067, and
5�-165) were homologous with an adenine nucleotide translocator,
an ATP synthase subunit, and a UDP-glucose dehydrogenase–
like protein, respectively. The fusion proteins expressed from
5�-017 and 5�-067 were predicted from their homology to local-
ize to mitochondria, but instead they localized to chloroplasts.
Notably, the product encoded by 5�-017 was extended at its N

Figure 3. Chloroplast Localizations.

Some GFP fusions were distributed throughout the stroma ([A], [D], and [E]), including stromules ([E], arrow; aspartate aminotransferase homolog fu-
sion); others were associated with the chloroplast envelope ([B]; thiazole biosynthetic enzyme homolog fusion), single chloroplast inclusions ([C]; fer-
ritin homolog fusion), or spindle-shaped structures within chloroplasts ([F]; unknown protein fusion).
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terminus by 21 amino acids relative to its potato homolog and
also showed little similarity to the extreme N terminus of the ho-
molog (data not shown).

Plasmodesmata

Our original rationale for developing virus-based cDNA-gfp
screens was to identify plasmodesmata-interacting proteins.
During our initial screening of the 3� fusion library, two infection
foci showing localization of the expressed fusion protein
to plasmodesmata (Figure 9A) were isolated (3�-29 and
3�-42, alias plasmodesmata01 and plasmodesmata02), and the
cDNA-derived sequences were recovered. However, foci with
such a phenotype occurred with very low frequency (Table 1).

Because of our interest in plasmodesmata proteins, large-scale
screening of both the 5� and 3� fusion libraries was performed
to obtain additional such isolates. Through screening of
�20,000 fluorescent infection foci, another 10 isolates that dis-
played plasmodesmata localization were obtained: two from
the 3� fusion library (plasmodesmata03 and plasmodesmata04)
and eight from the 5� fusion library (plasmodesmata05 to
plasmodesmata12). The isolates were passaged onto fresh
leaves and RNA extracted from single infection sites show-
ing the desired phenotype. Despite RNA preparation from sin-
gle infection sites, three of the isolates, plasmodesmata07,
plasmodesmata10, and plasmodesmata12, produced more
than one major amplification product in RT-PCR. The major
amplification products were cloned back into the progenitor, in-

Figure 4. Plasma Membrane Localizations.

(A) The inner plasma membrane surface is shown as part of an optical stack taken into a single epidermal cell. The fusion protein is concentrated in
vesicular structures adhering to the inner surface of the plasma membrane.
(B) and (C) A GFP fusion to an unknown protein formed punctae associated with the outer plasma membrane surface (B), and a fusion to a plasma mem-
brane–intrinsic protein homolog uniformly labeled the plasma membrane (C). The plasma membrane indents (arrows in [C]) represent primary pit fields.

Figure 5. Tonoplast Localizations.

A GFP fusion to a protein homologous with a high-affinity phosphate transporter (NtPT1) was localized to vacuolar bulb-like structures attached to the
tonoplast. Bulbs that were budding from the tonoplast are shown in (A). Incubation in the presence of 25 �M latrunculin, an inhibitor of the actin cy-
toskeleton, for 1 h allowed immobilization of the bulbs and their three-dimensional reconstruction (B).
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sert-free vectors, and the nucleotide sequences of the inserts
were determined (Table 3). Clones derived from one of the iso-
lates, plasmodesmata05, contained a deletion that resulted in
the formation of an in-frame fusion between the TMV mp gene
and gfp. Such MP-GFP fusion proteins have been shown previ-
ously to accumulate in plasmodesmata (Oparka et al., 1996;
Crawford and Zambryski, 2000; Gillespie et al., 2002); thus, this
isolate represented a false positive.

To confirm which sequences were responsible for the ob-
served phenotypes, reassembled transcripts from the regener-
ated full-length viral clones were inoculated onto N. benthami-
ana plants. For the three isolates that produced more than one
amplification product, only clones derived from one of the am-
plification products resulted in fluorescent infection foci in each
case. Furthermore, the fusion protein in these fluorescent foci
showed plasmodesmata localization, indicating that the clones
derived from the other amplification products represented con-
taminants that did not express a functional GFP fusion. How-
ever, one of the isolates, plasmodesmata06, which produced a
single amplification product, yielded no clones that produced
fluorescent infection foci. Such clones could not be obtained

directly in spite of repeated attempts: the ORF in the cDNA-
derived sequence was always out of frame with gfp. Therefore,
to generate clones with in-frame fusions, PCR was performed
with mutagenic primers to adjust the reading frame. Inoculation
of transcripts from the resulting modified, full-length clones
produced fluorescent infection foci on plants, and the ex-
pressed fusion protein accumulated in plasmodesmata.

There was variation in the phenotypes produced by the re-
generated plasmodesmata clones, with many of the clones ini-
tially producing fluorescent aggregates that were presumed to
result from excess viral expression of the fusion proteins. Fur-
ther, inoculations performed with plasmodesmata03-derived
clones resulted in fluorescent infection foci that displayed two
phenotypes on the same leaf: infection foci showed either cyto-
solic GFP fluorescence or plasmodesmata labeling. Passaging
of those infection foci that showed cytosolic GFP localization
resulted solely in infection foci showing the same phenotype.
By contrast, passaging of infection foci that showed the plas-
modesmata phenotype resulted in infection foci showing both
phenotypes. This result suggested that the inserted sequence
was unstable in the viral vector and was lost during in planta

Figure 6. Cell Wall Localizations.

A GFP fusion to a RALF peptide homolog showed temporal changes in distribution after viral inoculation of leaves. The RALF-GFP fusion was first de-
tected within the ER (A) at 4 days after inoculation. By 5 days after inoculation, the fusion protein was observed in both the ER and the cell wall (B),
and by 7 days after inoculation, it was observed solely in the cell wall (C). A fusion between GFP and an unknown protein formed narrow bridges be-
tween adjacent palisade and mesophyll cell walls (D), and in epidermal cell, it was aligned along the inner wall region but absent from the three-way
wall junctions ([E], arrow). A GFP fusion to a protein homologous with a putative glucosyltransferase was associated with wall microfibrils when
viewed in optical sections of the wall face (F).
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propagation, resulting in the cytoplasmic distribution. This hy-
pothesis was confirmed by extracting RNA from the two lesion
types followed by RT-PCR and nucleotide sequencing of
clones. Although foci showing plasmodesmata phenotypes re-
tained the insert sequence, those showing cytoplasmic pheno-
types had undergone deletions within the inserted sequence
(data not shown).

All of the clones, with the exception of those derived from
isolate plasmodesmata08, eventually showed a low cytosolic
background and specific labeling of plasmodesmata. Plas-
modesmata labeling was confirmed by immunogold electron
microscopy of infected tissue using GFP-specific antisera.
Gold labeling was concentrated in plasmodesmata but not in
adjacent wall regions (Figure 9B). In contrast to the other
clones, those derived from isolate plasmodesmata08 produced
labeling of the plasma membrane in addition to plasmodes-

mata localization. The phenotype displayed by clones based on
isolate plasmodesmata10, which contained sequence homolo-
gous with that of a Rab protein (Table 3), was unusual in that
fluorescence was observed in a motile vesicle population (Fig-
ure 9C) before the accumulation of the fusion proteins in plas-
modesmata (Figure 9D). Such a phenotype is not incongruous
with the known involvement of Rab GTPases in vesicular shut-
tling between donor and acceptor membranes (Rutherford and
Moore, 2002).

DISCUSSION

In the postgenomics era, a variety of methods have been used
to help ascribe functions to unknown genes. Because a pro-
tein’s localization is intrinsic to its function, proteomics ap-
proaches have been used to elucidate plant gene function.

Figure 7. Endomembrane Localizations.

Several fusion proteins stably labeled the cortical ER and nuclear envelope (A). Others labeled a small, motile population of structures, tentatively
identified as Golgi bodies, that moved along the ER network ([B] and [C]).

Figure 8. Putative Mitochondrial Localizations.

Low-magnification (A) and high-magnification (B) views of small, elongate structures labeled by GFP fusions.
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These approaches have proven effective for subcellular com-
partments, such as the chloroplast and the plasma membrane,
because they can be fractionated easily. Although more infor-
mation may be extracted in the future from these studies,
through correlation with known subcellular markers, the use of
GFP fusions for in vivo localization offers the prospect of a
much finer subcellular resolution and may be especially useful
for gene products found in compartments that cannot be frac-
tionated readily. These benefits make this strategy worthwhile,
despite the fact that the expressed proteins are not completely
native. Previously, transgenic Arabidopsis plants were used to
screen a library of cDNAs fused to the 3� end of gfp (Cutler et
al., 2000). Because of the requirement to regenerate transgenic
plants, this method is time consuming; therefore, we wished to

develop a higher throughput method. We have been successful
in this objective and have developed a plant virus vector-based
method that allows the daily screening of several hundred
clones. This method relies on the observation that each infec-
tion focus is initiated by an individual RNA transcribed from the
library (Haupt et al., 2001; Toth et al., 2002).

In addition to the speed advantages, the use of a viral system
also results in advantageous high-level expression of the fusion
proteins. For the 3� fusion library, this meant that fluorescence
could be detected from virtually all of the fusions. This occurred
despite the fact that the form of GFP used in this study is not
expected to be fluorescent in some compartments, such as the
apoplast (Boevink et al., 1999). In some respects, this high-
level expression might be considered a disadvantage, because

Figure 9. Plasmodesmata Localizations.

A search of 20,000 infection sites identified 12 isolates that expressed fusion proteins that targeted plasmodesmata. The fusion protein expressed by
isolate 3�-29 (alias plasmodesmata01) localized strongly to epidermal plasmodesmata, including the truncated plasmodesmata between epidermal
cells and guard cells ([A], arrows). Immunogold labeling of thin sections with antiserum against the GFP portion of the expressed protein revealed
gold particles associated with plasmodesmata pores ([B], arrows). The fusion protein expressed by isolate plasmodesmata10, which was homolo-
gous with a Rab protein, was associated first with a small, motile vesicle population ([C], arrows; 5 days after inoculation) and then associated stably
with plasmodesmata ([C], arrowhead). By 10 days after inoculation, the fusion protein expressed by plasmodesmata10 was associated only with the
plasmodesmata ([D], arrows).
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it could lead to the saturation of targeting pathways and to ag-
gregate formation. The latter problem could be circumvented
for isolates that show nonspecific aggregate formation by re-
screening on a less susceptible host (e.g., tobacco) in which
the “granular” phenotype is less prevalent. In future studies,
appropriate development of RNA-based viral vectors for use in
Arabidopsis should allow the direct screening of Arabidopsis
cDNA libraries on this species. Because vector-based expres-
sion in differentiated leaf tissue is transient, it may permit the
localization of fusion proteins whose expression would cause
lethality in transgenic plants. Furthermore, the transient nature
of the system allows the observation of temporal changes in fu-
sion protein localization, exemplified by the progressive local-
ization of the fusion proteins expressed by isolates 5�-126 and
plasmodesmata10 from the ER to the apoplast and from vesi-
cles to plasmodesmata, respectively.

As in the earlier work of Cutler et al. (2000), random cDNAs
were fused to the 3� end of gfp; additionally, random cDNAs,
synthesized using a cap structure-dependent protocol, were
fused to the 5� end of gfp. Unsurprisingly, given the N-terminal
location of most signal peptides, a much higher proportion of
fluorescent infection foci showed specific localizations in the 5�

fusion library than in the 3� fusion library. Therefore, we con-
centrated our efforts on the former.

3� Library

For the 3� fusion library, �17% of infection foci showed a phe-
notype that differed from the simple cytosolic phenotype of the
control, whereas in the study by Cutler et al. (2000), only 2% of
the transgenic lines obtained showed a distribution of fusion
protein that differed from cytosolic GFP. This difference could
reflect lower stringency in ascribing specific phenotypes during
the screening of our 3� fusion library or differences in the

amounts of encoded targeting information. That the former
might be the case is suggested by the fact that only 39% of the
clones recovered from the 3� fusion library were in the correct
frame, whereas a figure of 52% was obtained by Cutler et al.
(2000) and this was increased to 69% when one phenotypic
class was excluded. Even so, these results demonstrate the
potential of out-of-frame fusions to contain cryptic targeting in-
formation.

The use of a secondary marker could facilitate unambiguous
subcellular localizations. For example, in the case of small sub-
cellular organelles, such as mitochondria and Golgi bodies, in-
oculation of viral libraries expressing cDNA-gfp fusions, or pas-
sage of selected isolates onto transgenic plants expressing a
second fluorescent protein (e.g., yellow fluorescent protein or
red fluorescent protein) fused to a known subcellular targeting
sequence, would provide unambiguous confirmation of the un-
known fusion protein’s localization.

Because out-of-frame fusions can be excluded from analy-
sis, the authenticity with which in-frame fusions localize is per-
haps more important. For the 3� fusion library, only four isolates
containing in-frame fusions of cDNAs with predictable subcel-
lular localizations were obtained: two, 3�-50 (a splicing factor
homolog) and 3�-14 (a ribosomal protein homolog), localized as
expected, and one, 3�-27 (an oxygen-evolving enhancer protein
homolog), clearly was mistargeted, probably as a result of the
absence of its natural N-terminal transit peptide. This isolate,
which was recovered independently from the 3� fusion library
twice, also is of interest because it was reported recently that
silencing of this gene enhances TMV replication (Abbink et al.,
2002), suggesting that the presence of this sequence within the
TMV-based vector may confer some selective advantage to its
propagation. The sequence found in the fourth isolate, 3�-47,
was homologous with the tobacco high-affinity phosphate
transporter NtPT1, and on this basis, it was expected to local-

Table 3. Homologs of cDNAs Recovered from Isolates Expressing Plasmodesmata-Localizing Fusion Proteins

Isolate Homolog
Accession
Number E Value Comment

plasmodesmata01 Hypothetical protein MMB12.12 (At) T52393 9e-10
plasmodesmata02 No significant similarity GenBank accession number

CB968091
plasmodesmata03 Unknown protein (At) AAK93625 1e-26
plasmodesmata04 No significant similarity GenBank accession number

CB968092
plasmodesmata05 Deletion mutant giving MP-GFP

fusion protein
plasmodesmata06 Probable reticuline oxidase (Ps) T07969 1e-38 Product N-terminally truncated

relative to homolog
plasmodesmata07 Putrescine N-methyltransferase (Nt) AAF14879 6e-73
plasmodesmata08 Unknown protein (At) AAK76647 6e-69 Product N-terminally truncated

relative to homolog
plasmodesmata09 Monodehydroascorbate reductase (Le) T06407 e-114
plasmodesmata10 Ras-related protein Rab11b (Nt) Q40521 5e-43
plasmodesmata11 Protein T1N15.3 (At) D96524 9e-60 Homology with 1-aminocyclopropane-1-

carboxylate deaminases
plasmodesmata12 Predicted NADH dehydrogenase 24-kD subunit (At) AAK96519 1e-84

At, Arabidopsis thaliana; Le, Lycopersicon esculentum; Nt, Nicotiana tabacum; Ps, Papaver somniferum.
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ize to the plasma membrane (Raghothama, 2000). Instead, the
expressed fusion protein was found specifically in recently de-
scribed vacuolar structures termed “bulbs” that were shown to
be enriched in the aquaporin �-TIP (Saito et al., 2002). Re-
cently, high-affinity phosphate transporters were implicated in
phosphate remobilization (Karthikeyan et al., 2002), and it is
possible that the expression of PT1 on bulb structures may be
associated with the remobilization of phosphate from the cen-
tral vacuole. Recent GFP fusion and proteomic studies have lo-
calized the Arabidopsis phosphate transporter PHT2;1 and its
spinach ortholog IEP60 to the chloroplast (Ferro et al., 2002;
Versaw and Harrison, 2002), showing the spatial regulation of
phosphate transporters within cells. In contrast to an earlier re-
port regarding the vacuolar bulbs, in which they were found
only in the vacuoles of cotyledon and hypocotyl cells (Saito et
al., 2002), we found the bulbs in all cells in which the fusion
protein was expressed.

5� Library

Compared with the 3� fusion library, the 5� fusion library pro-
duced more specific localizations, and a greater proportion of
the recovered cDNAs were in frame with gfp. Those clones that
contained upstream ORFs that were out of frame with gfp were
excluded from the subsequent analysis on the basis that they
were either contaminants or recombinant progeny that had se-
quences deleted from the RNA molecule that initiated the infec-
tion focus. This level of contamination could have been re-
duced by diluting the initial inoculum to give fewer infection foci
per leaf, by extracting RNA for cloning purposes only from sin-
gle lesions rather than from passaged leaves, or by additional
rounds of viral passage. That the out-of-frame exclusion crite-
rion might have resulted in false negatives is demonstrated by
the case of isolate plasmodesmata06, for which the upstream
ORF was never recovered in frame with gfp, despite repeated
attempts. That such false negatives might have occurred dur-
ing library screening is illustrated by isolate 5�-127 (Figure 6F),
which encoded a homolog to a glucosyltransferase-like protein
and showed labeling of cell wall fibers, although the ORF for
this homolog was out of frame with gfp.

Based on the library verification procedure, there was little
evidence of false positives, because all of the recovered in-
frame fusions with predictable localizations gave phenotypes
consistent with their known properties, with three exceptions.
Two of these exceptions, 5�-017 and 5�-067, were expected
based on homology to be found in mitochondria; instead, they
were localized to chloroplasts. Chloroplast localization in itself
might be considered a mislocalization because the libraries
were prepared from root tissue lacking such organelles. How-
ever, this is presumed to reflect the generality of plastid target-
ing information. Although missorting of chloroplast proteins to
mitochondria using in vitro systems has been reported, the
mistargeting of mitochondrial proteins has not (Rudhe et al.,
2002). Some proteins are targeted to both of these organelles
(Chabregas et al., 2001), and a recent study has shown that the
use of multiple transcription start sites allows the expression of
mitochondrial and chloroplast isozymes from the same gene
(Obara et al., 2002). Previous studies have shown that the 76–

amino acid presequence of the potato ADP/ATP translocator is
neither necessary nor sufficient for mitochondrial targeting (Mozo
et al., 1995). Thus, because the sequence encoded by 5�-017
was N-terminally extended over its potato homolog, the observed
chloroplast localization might not be completely artifactual.

Some of the other chloroplast-localizing isolates showed a
phenotype in which the GFP fusion protein accumulated in ves-
icles associated with the surface of the chloroplasts. This ob-
servation suggests that for these isolates, there may have been
a block in the targeting pathway, resulting from either the fusion
of GFP to the C terminus or the omission of sequence from the
partial cDNAs necessary for the completion of targeting. The
selection of larger cDNAs for insertion might result in more au-
thentic end-point targeting. However, the consequences of the
inclusion of larger foreign inserts are increased viral genomic
instability and reduced levels of fusion protein expression. The
latter phenomenon may not be a problem because it still may
result in detectable levels of fluorescence and reduced aggre-
gate formation. Genomic instability, or rather selection pressure
for the recombinant progeny that arise from it, could be re-
duced by using more robust vectors that have been developed
through DNA shuffling (Toth et al., 2002).

Putative Plasmodesmata Proteins

The major rationale for undertaking a high-throughput screen of
cDNA libraries was to identify plant proteins that interact with
plasmodesmata. To date, we have identified a number of pro-
tein sequences that consistently localize to plasmodesmata,
and a future aim will be to characterize the functional signifi-
cance of these interactions. The identification of the false-posi-
tive plasmodesmata05, which expresses a fusion protein with
known plasmodesmata-localizing properties, indicates the ve-
racity of this approach for identifying such proteins. However,
further studies are being conducted to prove that the native
plant proteins also localize to this subcellular organelle. That
some others might be false positives is suggested by the isola-
tion of plasmodesmata06, whose cDNA sequence showed
similarity to a berberine bridge enzyme. The sequence recov-
ered from this isolate encoded a protein that was N-terminally
truncated relative to its homolog and that lacked the se-
quences shown previously to be necessary to direct GFP to the
ER and subsequently to the vacuole (Bird and Facchini, 2001).
The phenotype of plasmodesmata10, which contains a Rab se-
quence, suggests that the native protein may associate only
transiently with plasmodesmata and that vesicular transport of
the fusion protein is blocked at the acceptor membrane-target-
ing stage. Not surprisingly, given the paucity of known plas-
modesmatal proteins, almost half of the sequences that local-
ize to plasmodesmata exhibited no significant similarity or
similarity to unknown proteins in BLASTX searches.

Of the other homologous sequences recovered from the
plasmodesmata isolates, one encoded an enzyme related to
the ethylene biosynthetic pathway (plasmodesmata11), one en-
coded the enzyme for the first committed step in the nico-
tine biosynthetic pathway (plasmodesmata07), and two (plasmo-
desmata09 and plasmodesmata12) encoded proteins involved
in “redox”-based signaling reactions (Pastori and Foyer, 2002).
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However, to date, only partial cDNA sequences have been
expressed, and these sequences have been expressed only
from a TMV-based vector. It is possible that some of the se-
quences that we isolated associate with plasmodesmata in re-
sponse to viral infection. For example, TMV infection is signaled
by increased levels of monodehydroascorbate radicals (Fodor et
al., 2001), suggesting that plasmodesmata09, which encodes a
monohydroascorbate reductase homolog, might be localized to
plasmodesmata in response to infection. This observation may
be significant in light of the fact that the highly charged ascor-
bate radical can traffic significant distances away from the site of
fungal infection (Muckenschnabel et al., 2001). Future studies in
which the same plasmodesmata-localizing sequences and full-
length cDNA sequences are expressed from both viral and non-
viral expression systems should distinguish proteins that interact
with plasmodesmata in response to pathogenesis from those
that are normal constituents of plant signaling pathways and elu-
cidate which localizations are truly significant.

Although the system we have developed is not easily appli-
cable to genes that encode products with both N- and C-termi-
nal targeting information, it will allow the fine subcellular local-
ization of many gene products. For genes whose products
have targeting sequences at both termini, it may be necessary
to use transgenic plants and employ a strategy analogous to
the mobile artificial gfp exon approach used with Drosophila
(Morin et al., 2001). However, the virus-based system offers
many advantages over transgenic plants; the most obvious of
these is speed and the potential of the system to be truly high
throughput, making it feasible to screen very large numbers to
identify rare subcellular localizations, as exemplified by the iso-
lation of plasmodesmata-localizing sequences. Second, be-
cause screening is performed on mature plants, sequences
that might be lethal during transgenic plant regeneration will
not be lost. Third, because there is a burst of protein expres-
sion, changes in subcellular localization during progression
through a targeting pathway can be observed, rather than
merely the final localization. Fourth, because viral isolates can
be passaged to transgenic plants expressing known, fluores-
cent, subcellular marker proteins, more precise subcellular lo-
calizations can be achieved than by screening of transgenic
plants by confocal laser scanning microscopy.

The development of “mammalian cell microarrays” (Wu et al.,
2002) should facilitate studies to relate genes and functions.
However, to date, no such systems exist for plant cells. Despite
the various caveats we have highlighted, we believe that the
high-throughput, virus vector–based system described here
should provide a useful addition to the armory of techniques
available to help relate plant genes to their functions.

METHODS

Vector Construction

Four vectors (Figure 1), from which GFP fusions could be expressed af-
ter the insertion of partial cDNAs, were produced from a previously de-
scribed plasmid, p30B.GFPc3 (Shivprasad et al., 1999) using standard
techniques (Sambrook et al., 1989). An intermediate plasmid, pOL2, in
which the initiating Met codon of the gfp gene was replaced with unique

EcoRV and NotI sites, was produced through overlap extension PCR with
mutagenic oligonucleotides (Higuchi, 1990). The mutagenized DNA was
recloned as an NcoI fragment. The plasmid pOL2 was used to create the
vector pOL2.Asc by digestion with EcoRV and insertion of an AscI linker
(New England Biolabs, Beverly, MA). The three vectors pXNE0, pXNE1,
and pXNE2, in which the stop codon of the gfp gene was replaced with
unique EcoRV and NotI sites, were produced by PCR with three different
mutagenic oligonucleotides to allow fusions in each of the three frames.
The mutagenized DNAs were recloned as XhoI fragments.

Library Construction

To create random cDNA fusions to the 3� end of gfp, 4 g of root tissue
from 5-week-old Nicotiana benthamiana plants was ground in liquid ni-
trogen and RNA extracted using Tri Reagent (Sigma) according to the
manufacturer’s instructions. mRNA was purified from the total RNA
preparation using Oligo(dT)25 Dynabeads (Dynal, Oslo, Norway) accord-
ing to the manufacturer’s instructions. The immobilized mRNA was used
to synthesize first-strand cDNA with a Superscript cDNA Synthesis Kit
(Invitrogen, Carlsbad, CA), and after heat inactivation of the enzyme, the
first-strand reaction products were used for second-strand synthesis. After
collection of the magnetic beads, second-strand products were eluted in TE
(10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and a half volume of 3� hybridization
buffer (12� SSC [1� SSC is 0.15 M NaCl and 0.015 M sodium citrate], 15�

Denhardt’s solution [1� Denhardt’s solution is 0.02% Ficoll, 0.02% polyvi-
nylpyrrolidone, and 0.02% BSA], and 1.5% SDS) was added. After denatur-
ation by boiling for 5 min, the second-strand products were hybridized with
the immobilized first-strand products at 65�C for 8 h. The partially normal-
ized second-strand products were collected, and bound products were
eluted in water before discarding. This hybridization process was repeated
three times before purification of the normalized second-strand products
with a QIAquick PCR Purification Kit (Qiagen, Valencia, CA).

Double-stranded cDNA was regenerated from the normalized second-
strand products by priming with NotI-dT oligonucleotide [(T)6GCGGC-
CGC(T)20] and extension with cloned T7 DNA polymerase (Amersham
Biosciences) at 37�C for 1 h. The products were purified by phenol:chlo-
roform extraction and, after T4 DNA polymerase treatment, phosphory-
lation with T4 polynucleotide kinase and digestion with NotI separated
by agarose gel electrophoresis. Fragments of �400 bp were recovered
with a QIAEX II Gel Extraction Kit (Qiagen), ligated to an equipartite
mixture of the three vectors, pXNE0, pXNE1, and pXNE2, that had been
digested previously with EcoRV and NotI, and dephosphorylated with
calf intestinal phosphatase. The ligated populations were transformed
into Escherichia coli, and after plating of aliquots to determine the library
complexity, the library was grown for DNA preparation.

To create random cDNA fusions to the 5� end of gfp, total RNA was
prepared from root tissue as described above. mRNA was purified from
total RNA using a Micro Poly(A)Pure Kit (Ambion, Austin, TX) according
to the manufacturer’s instructions, and the eluted mRNA was precipi-
tated with ethanol. The mRNA was resuspended in water and used for
first-strand cDNA synthesis with Superscript II in the presence of 0.6 M
trehalose in a thermocycler (Carninci et al., 1998). The mRNA was incu-
bated initially at 65�C for 10 min with N6-NotI primer (5�-AAGCAGTGG-
TAACAAAGCAGAGTACGCGGCCGCNNNNNN-3�) before cooling to
45�C and the addition of other reagents. The reaction then was sub-
jected to the following thermal profile: incubation at 45�C for 10 min;
ramp to 35�C at 0.2�C/s; incubation at 35�C for 5 min; incubation at 45�C
for 5 min; ramp to 55�C at 0.2�C/s; incubation at 55�C for 1 min, followed
by an additional nine 1-min incubations at 0.5�C incremental tempera-
tures; and 10 cycles of 2-min incubations at 60�C followed by 2-min in-
cubations at 55�C. At the end of this process, the reaction was cooled,
proteinase K was added to a final concentration of 0.4 mg/mL, and the
reaction was incubated at 45�C for 15 min.
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After purification by ethanol precipitation, the heteroduplex was bio-
tinylated as described by Carninci et al. (1996). After isopropanol precip-
itation, the resuspended, biotinylated heteroduplex was treated with
RNase I (Ambion) at 37�C for 15 min and immobilized on M-280 Strepta-
vidin Dynabeads (Dynal) according to the manufacturer’s instructions
before second-strand synthesis with a Superscript cDNA Synthesis Kit
(Invitrogen). The double-stranded cDNA products in the supernatant
were collected and purified by phenol:chloroform extraction and ethanol
precipitation. The purified products were ligated to AscI linkers and di-
gested with AscI and NotI. The digested products were passed through
cDNA Size Fractionation Columns (Invitrogen) according to the manu-
facturer’s instructions, and pooled fractions were concentrated by etha-
nol precipitation. The resuspended products were ligated to pOL2.Asc,
which had been digested with AscI and NotI, and dephosphorylated. The
ligated populations were transformed into E. coli and, after plating of al-
iquots to determine the library complexity, the library was grown for DNA
preparation. The sizes of the inserts present in the library were charac-
terized by PCR analysis of individual clones from the library and sizing of
the amplified products after gel electrophoresis. The mean insert size
was 956 bp, and the standard error of the mean was 67.

Library Screening

Unlinearized, plasmid DNA prepared from the libraries was transcribed
with a T7 mMessage mMachine kit (Ambion), reassembled with purified
Tobacco mosaic virus (TMV) coat protein, and inoculated to plants as
described by Toth et al. (2002). After the development of fluorescent in-
fection foci, inoculated leaves were detached, stuck to microscope
slides with double-sided adhesive tape, and imaged with a spectral con-
focal laser scanning microscope fitted with water-dipping lens as de-
scribed by Gillespie et al. (2002). Infection foci that displayed GFP distri-
butions of interest were excised, homogenized in 10 mM sodium
phosphate buffer, and passaged as described by Toth et al. (2002).

Cloning of Library Isolates

Leaf tissue was homogenized in liquid nitrogen, and total RNA was iso-
lated using Tri Reagent (Sigma-Aldrich) according to the manufacturer’s
instructions. RNA was reverse transcribed with Superscript II (Invitro-
gen). For isolates from the 3� fusion library, first-strand cDNA synthesis
was primed with oligonucleotide E (5�-ATCCAAGACACAACCCTTC-3�),
which is complementary to TMV sequence downstream of the cDNA in-
serts, whereas for isolates from the 5� fusion library, first-strand cDNA
synthesis was primed with oligonucleotide C (5�-ACCTTCACCCTCTCC-
ACT-3�), which is complementary to the downstream gfp sequence.
Regions encompassing the cDNA inserts were amplified by PCR from
the first-strand cDNA products with Taq DNA polymerase (Invitrogen)
with primer pairs flanking the cDNA inserts. For isolates from the 5� fu-
sion library, primers A and B (5�-AAAAAAGTCGACGCAAAGGGAAAA-
ATAGTAGTAGT-3� and 5�-GAATTGGGACAACTCCAGTG-3�) were used,
and for isolates from the 3� fusion library, primers D (5�-CCTGTCGAC-
ACAATCTGC-3�) and E were used. The amplification products were sub-
jected to agarose gel electrophoresis, and fragments of interest were
cloned into the vector pGEM-T Easy (Promega). Insert sequences were
determined with an ABI PRISM Big-Dye Terminator Cycle Sequencing
Ready Reaction Kit (Applied Biosystems, Foster City, CA) and analyzed
using Basic Local Alignment Search Tool (BLASTN and BLASTX)
searches (Altschul et al., 1990; Gish and States, 1993).

Reconstitution of Plasmodesmata-Localizing Clones

To regenerate full-length clones of isolates from the 3� fusion library, re-
verse transcriptase–mediated (RT) PCR–derived products were digested

with SalI and NotI or SalI and BsiWI where the NotI site was not intact
and inserted into plasmid pXNE0 digested with the same pairs of restric-
tion enzymes. Similarly, to regenerate full-length clones of isolates from
the 5� fusion library, RT-PCR–derived products were digested with AscI
and NotI and inserted into pOL2-Asc that had been digested with the
same pair of restriction enzymes. For the isolate plasmodesmata9, in
which the NotI site was not intact, RT-PCR was repeated with primers A
and E, the amplification product was digested with AscI and SalI, and
the released fragment was inserted between the same sites of pOL2-
Asc. To correct the frame in the full-length clone produced from isolate
plasmodesmata6, the cDNA insert was reamplified by PCR with a
mutagenic antisense primer (5�-TTGCTAGCGGCCGCACCACCTGAA-
ATATGA-3�), which introduced two extra nucleotides between the
cDNA sequence and the downstream NotI site on one side, and primer
A on the other. The reamplified product was digested with AscI and NotI
and inserted into pOL2-Asc. DNA produced from the regenerated full-
length clones was used for transcription before reassembly of in vitro
transcripts and plant inoculations as described above. Inoculated tissue
was inspected with a confocal laser scanning microscope as described
above. Immunogold labeling of ultrathin sections from infected tissue
with GFP-specific antiserum was performed as described by Santa
Cruz et al. (1996).

Upon request, all novel materials described in this article will be made
available in a timely manner for noncommercial research purposes.
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