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Abstract

The ATP-binding cassette (ABC) protein superfamily constitutes one of the largest protein families known in plants. In this
report, we performed a complete inventory of ABC protein genes in Vitis vinifera, the whole genome of which has been
sequenced. By comparison with ABC protein members of Arabidopsis thaliana, we identified 135 putative ABC proteins with
1 or 2 NBDs in V. vinifera. Of these, 120 encode intrinsic membrane proteins, and 15 encode proteins missing TMDs. V.
vinifera ABC proteins can be divided into 13 subfamilies with 79 ‘‘full-size,’’ 41 ‘‘half-size,’’ and 15 ‘‘soluble’’ putative ABC
proteins. The main feature of the Vitis ABC superfamily is the presence of 2 large subfamilies, ABCG (pleiotropic drug
resistance and white-brown complex homolog) and ABCC (multidrug resistance-associated protein). We identified orthologs
of V. vinifera putative ABC transporters in different species. This work represents the first complete inventory of ABC
transporters in V. vinifera. The identification of Vitis ABC transporters and their comparative analysis with the Arabidopsis
counterparts revealed a strong conservation between the 2 species. This inventory could help elucidate the biological and
physiological functions of these transporters in V. vinifera.
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Introduction

The ATP-binding cassette (ABC) protein family is one of the

largest and most diverse protein families in plants. These genes

encode integral membrane proteins that translocate a wide range

of solutes across membranes [1–6]. ABC proteins can act as

importers, exporters, receptors, and channels [2]. Members of this

protein family are involved in diverse cellular processes, including

cell division, nutrient uptake, lipid trafficking, antigen processing,

drug efflux from cancer cells, and pathogenesis [1–4]. ABC

proteins have been conserved between prokaryotes and eukary-

otes.

A functional ABC protein contains a core unit of 2 transmem-

brane domains (TMDs) and 2 nucleotide-binding domains

(NBDs). The TMD contains 4–6 transmembrane a-helices that

are involved in translocating and possibly binding the substrate.

The NBD contains highly conserved motifs of Walker A and

Walker B boxes and an ABC signature, the H loop and the Q loop

[7]. The ABC signature is situated between 2 Walker boxes. The

sequences of the TMDs are highly variable compared with those

of the NBDs, which contain the evolutionarily conserved Walker A

and B consensus motifs for nucleotide binding [8,9].

The domain organizations of ABC transporters are almost as

varied as their function [10,11]. In many prokaryotes, the NBDs

and TMDs are encoded as separate subunits; however, in

eukaryotic ABC proteins, the domains are fused to form a single

polypeptide [2,10,12], also known as full-size ABC proteins, which

contain 2 NBDs and 2 TMDs either in forward (TMD1-NBD1-

TMD2-NBD2) or reverse orientation (NBD1-TMD1-NBD2-

TMD2). The ABC transporters that have 1 NBD and 1 TMD

are known as half-size ABC proteins.

Eukaryotic ABC proteins can be classified into 8 major

subfamilies (A–H) according to domain organization, the presence

of additional domains, and whether the protein is a half-size or

full-size transporter, although some subfamilies contain both full-

size and half-size transporters [13]. The subfamily H genes have

been reported to be absent in plants [13]. Plant ABC subfamilies

are usually named after their human or microbial prototypes (e.g.,

pleiotropic drug resistance (PDR) and multidrug resistance-

associated protein (MRP), etc.) as described by Sanchez-Fernan-

dez et al. (2001), while Garcia et al. (2004) used the ABC systems:

information on sequence, structure, and evolution (ABCISSE)

system of nomenclature for rice ABC proteins.

Several ABC transporters have been characterized in plants.

The complete inventories of plant ABC transporters are available

for Arabidopsis, rice, and Lotus japonicus [3,14–16]. The Arabidopsis

genome contains 131 open reading frames (ORFs) encoding ABC

genes, including 54 full-size transporters [3,14]. However, the

physiological roles of these transporters remain to be determined.

In the rice genome, 45 sequences encoding putative full-size ABC

transporters have been identified [17], while the Lotus genome

contains 91 putative ABC proteins with 43 full-size, 40 half-size,

and 18 soluble proteins [16]. In plants, the best-characterized

subfamilies are the multidrug resistance (MDR), MDR-associated

proteins (MRP), pleiotropic drug resistance (PDR), and white-

brown complex homolog (WBC) subfamilies. ABC transporters in

plants can be regulated by a broad range of external signals. For

example, PDR-type ABC transporters have been reported to be
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involved in the response to pathogens [18] and to be regulated by

salinity, cold, and heavy metals [19–21]. The PDR/ABCG

subfamily of plant ABC transporters is able to transport terpenoids

[19,22]. It has been also reported that AtPDR12/ABCG40

functions as a plasma membrane abscisic acid (ABA) uptake

transporter and plays a role in the response to ABA [23].

The functions of 4 members of the WBC subfamily have been

reported. AtABCG12 and AtABCG11 are required for wax export

and elaboration of the cuticle [24–27]. AtABCG19 confers

antibiotic resistance [28]. AtABCG25 has been shown to be

responsible for ABA transport and involved in the ABA signaling

pathway [29].

Multiple members of the MDR subfamily are involved in the

transport of auxin [30], one of the most important hormones for

cell differentiation and response to environmental signals [31].

MRP subfamily members have roles in detoxification and in the

vacuolar transport of compounds, including glucuronides and

chlorophyll catabolites, and they also show cadmium resistance

when expressed in yeast [3,32].

The recent sequencing of the whole genome of Vitis vinifera [33]

makes analyses on a genomic scale possible. Here, we describe the

first complete analysis of the ABC protein superfamily from the

updated 12-fold sequencing and assembly of the grapevine

genome. Using these databases, we characterized all members of

the ABC protein superfamily of V. vinifera and carried out a

phylogenetic analysis in comparison with members of Arabidopsis

ABC superfamily. We employed in this report the nomenclature of

human ABC proteins [34], which is commonly approved by the

Human Genome Organization (HUGO).

Materials and Methods

Identification of ABC Transporter Genes in the V. vinifera
Genome
The Arabidopsis Information Resource (TAIR) database was first

used to retrieve Arabidopsis ABC protein sequences. V. vinifera

putative ABC transporters were searched performing a BLASTP

analysis (http://www.ncbi.nlm.nih.gov/blast) [35] against the V.

vinifera proteome 126 database (http://www.genoscope.cns.fr/

externe/GenomeBrowser/vitis) using Arabidopsis ABC transporter

protein sequences as queries. Scores higher than 400 with an ‘‘E’’

value over e-120 were assigned as significant [15]. The sequences

of polypeptides corresponding to V. vinifera ABC transporters were

then analyzed in the Conserved Domain Database (CDD) at

NCBI (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)

and PROSITE (http://prosite.expasy.org/) for the presence of

ABC signature motifs [36,37]. In addition, the NCBI non-

redundant protein database was screened with each sequence in

order to independently validate the automatic annotation.

Figure 1. Phylogenetic tree of Vitis ABC proteins. The amino sequences of all Vitis ABC proteins were aligned using the ClustalW program and
were subjected to phylogenetic analysis by the distance with neighbor-joining method. The reliabilities of each branch point, as assessed by the
analysis of 1000 computer-generated trees (bootstrap replicates), were in excess of 90%, except for those discussed in the text. The Human Genome
Organization (HUGO) nomenclature was used, and the abbreviations of ABC proteins are as follows: ATH, ABC-two-homolog; ATM, ABC transporter of
mitochondria; GCN, general control non-repressible; MDR, multi-drug resistance; MRP, multi-drug resistance–associated protein; NAP, non-intrinsic
ABC protein; PDR, pleiotropic drug resistance; PMP, peroxisomal membrane protein; RLI, RNase L inhibitor; SMC, structural maintenance of
chromosome; TAP, transporter associated with antigen processing; WBC, white-brown complex. ATH belongs to the ABCA subfamily; MDR, TAP, and
ATM belong to the ABCB subfamily; MRP belongs to the ABCC subfamily; PMP belongs to the ABCD subfamily; RLI belongs to the ABCE subfamily;
GCN belongs to the ABCF subfamily; and WBC belongs to the ABCG subfamily, as described in the text.
doi:10.1371/journal.pone.0078860.g001
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Sequence Analysis and Phylogenetics
The deduced amino acid sequences of the putative ABC

proteins were aligned using CLUSTAL W and subjected to

phylogenetic analysis by both the maximum parsimony and

distance with neighbor-joining methods with 1000 bootstrap

replicates [38,39]. The phylogenetic tree was visualized using

MEGA5. Because similar results were obtained with both

methods, only the single tree retrieved from the distance analysis

is discussed in detail.

For ABC protein subfamilies from both V. vinifera and A. thaliana,

multiple sequence alignment was performed using the multiple

sequence comparison by log-expectation (MUSCLE) alignment

tool (http://www.ebi.ac.uk/Tools/msa/muscle/) [40] with default

program options, and the phylogenetic analysis was performed

using a neighbor-joining method with 1000 bootstrap replicates.

The phylogenetic trees were constructed with MEGA5 software

[41]. The protein theoretical molecular weight and isoelectric

point were predicted using compute pI/MW (http://au.expasy.

org/tools).

Orthology Analysis
Orthology analysis was performed using the PHOG web server

(http://phylofacts.berkeley.edu/orthologs/) [42]. The sequences

that have similarity over 70% and an ‘‘E’’ value of 0.0 were

selected. The selected sequences were used in a BLASTP search

against the V. vinifera protein sequence database, and the best hits

were annotated as putative orthologous sequences [43].

Expressed Sequence Tags Database
The sequences of all of the ABC transporters that were

identified were used to query the V. vinifera expressed sequence tag

(EST) database (http://www.ncbi.nlm.nih.gov/dbEST) for ESTs.

The positives sequences were then confirmed by alignment with

the query ORF.

Results/Discussion

Identification of ABC Transporters in Vitis vinifera
Systematic BLAST searches of the grapevine genome proteome

126 database with the amino acid sequences of the ABC

transporters from A. thaliana as queries identified 135 ORFs

encoding putative ABC transporters in V. vinifera that contained at

least 1 ABC signature (Table S1). Using the presence of TMDs

followed by nucleotide-binding folds (NBFs) as criteria for ABC

transporters, the V. vinifera genome possesses 135 ORFs encoding

ABC transporters with 1 or 2 NBFs. Of these, 120 encode intrinsic

membrane proteins and 15 encode proteins without TMDs (Table

S2). The V. vinifera ABC transporter family consists of 79 full-size

molecules and 41 half-size transporters.

Phylogeny of V. vinifera ABC Transporters
All predicted protein sequences were aligned using ClustalW

[39], and a phylogenetic tree was generated by the MEGA5

program and maximum parsimony and distance with neighbor-

joining methods [38]. One thousand bootstrap replicates were

performed for each analysis. Using the MEGA5 program, we built

a phylogenetic tree of 135 sequences, which is presented in Fig. 1.

Figure 2. Phylogenetic relationship of Arabidopsis and Vitis ABCA (ATH) proteins. The amino acid sequences of all Arabidopsis ABCA (ATH)
proteins and those of Vitis vinifera were aligned using the MUSCLE program and subjected to phylogenetic analysis by the distance with
neighborjoining method using MEGA5 programme. Accession numbers for Arabidopsis sequences are AtABCA2 (NP_190357.2), AtABCA3
(NP_190358.2), AtABCA4 (NP_190359.4), AtABCA5 (NP_190360.2), AtABCA6 (NP_190361.2), AtABCA7 (NP_190362.2), AtABCA8 (NP_190363.3),
AtABCA9 (NP_200981.1), AtABCA10 (NP_200982.1), AtABCA11 (NP_200977.1) and AtABCA12 (NP_200978.1). AtSKD1 (AEC08019.1) and VvSKD1
(XP_002266534.1) were used as outgroups.
doi:10.1371/journal.pone.0078860.g002
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Plant ABC proteins can be divided into 13 subfamilies on the

basis of protein size (full, half, or quarter molecules), orientation

(forward or reverse), the presence or absence of idiotypic

transmembrane and/or linker domains, and overall sequence

similarity [14]. The V. vinifera genome contains all 13 subfamilies of

ABC proteins. The members of each subfamily clustered together

more closely with bootstrap values of at least 90% (Fig. 1). The

members of most subfamilies grouped more tightly with each other

than with members of other subfamilies. MRPs, PDRs, and

general control non-repressible proteins (GCNs) grouped within

their respective subfamilies. The VvABCG (WBC) subfamily

clusters tightly, with the exception of VvABCG15, VvABCG20,

and VvABCG22, which clustered closely with the main WBC

cluster. The VvABCF (GCN) subfamily is composed of 5

members, and the 5 members cluster within the same clade.

Among the members of the VvABCI (NAP) subfamily,

VvABCI1, VvABCI2, VvABCI3, and VvABCI4 clustered with

structural maintenance of chromosome proteins (SMCs) within the

same clade, whereas VvABCI5 grouped with VvABCAs (ATH) in

the same clade, and VvABCI6 was closely related to the VvABCF

(GCN) subfamily. The lack of coherence within the ABCI (NAP)

subfamily was to be expected since this heterogeneous group of

proteins lack contigous transmembrane domains and grouped

together by their lack of any systematic resemblance to previously

defined ABC proteins [14]. Similarly, in Arabidopsis, some NAPs

did not group with each other or within other subfamilies with

high confidence [14]. All of the VvABCB (MDR) subfamily

members grouped together with bootstrap values of 90% with the

exception of VvABCB16, which was distributed close to the

transporter associated with antigen processing (TAP) subfamily.

The only member of the ABCA (AOH) subfamily, VvABCA1,

Figure 3. Phylogenetic tree of ABCB (MDR) protein sequences from Arabidopsis and Vitis vinifera. The amino acid sequences of all
Arabidopsis ABCB (MDR) proteins and those of Vitis vinifera were aligned using the MUSCLE program and subjected to phylogenetic analysis by the
distance with neighborjoining method using MEGA5 programme. Accession numbers for Arabidopsis sequences are AtABCB1 (NP_181228.1),
AtABCB2 (NP_194326.2), AtABCB3 (NP_192091.1), AtABCB4 (NP_182223.1), AtABCB5 (NP_192092.1), AtABCB6 (NP_181480.1), AtABCB7
(NP_199466.1), AtABCB8 (NP_683599.1), AtABCB9 (NP_193539.6), AtABCB10 (NP_172538.1), AtABCB11 (NP_171753.1), AtABCB12 (NP_171754.1),
AtABCB13 (NP_174115.1), AtABCB14 (NP_174122.1), AtABCB15 (NP_189475.1), AtABCB16 (NP_189477.4), AtABCB17 (NP_189479.1), AtABCB18
(NP_189480.1), AtABCB19 (NP_189528.1), AtABCB20 (NP_191092.1) and AtABCB21 (NP_191774.1). AtSKD1 (AEC08019.1) and VvSKD1
(XP_002266534.1) were used as outgroups.
doi:10.1371/journal.pone.0078860.g003
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grouped with the members of the VvABCA (ATH) subfamily

(Fig. 1). The peroxisomal membrane protein (PMP) subfamily

contains only 1 member, and it is classified as a half-size

transporter. Three members of the VvABCA (ATH) subfamily

grouped within the same clade with bootstrap values up to 100%,

whereas 1 member, VvABCA5, clustered within the VvABCB

(MDR/TAP) clade. In accordance with our results, in Arabidopsis,

none of AtATHs grouped within any of the other subfamilies with

the exception of AtATH12 which grouped within the MDR/

TAP/ATM clade [14]. The VvABCE (RLI) subfamily contains

only 1 member, VvABCE1, and it clustered within the VvABCF

(GCN) clade. The VvABCB (ATM) subfamily has only 1 member,

and it grouped within the TAPs/MDRs/ATH clade.

ABCA subfamily. The plant ABCA subfamily consists of full-

size and half-size proteins. Only 1 full-size ABCA gene

(AtABCA1), also known as the ABC one homolog (AOH), is

present in the Arabidopsis genome, whereas no homolog has been

identified in the rice genome [14,17]. In the Lotus genome, 1

ABCA member similar to AtABCA1 has been found [16]. The

Arabidopsis genome contains 11 half-size ABCA genes, also known

as ABC two homologs (ATH) [14,15], while the Lotus genome has

at least 2 half-size members of the ABCA subfamily [16].

The Vitis genome harbors only 1 ORF (VvABCA1) with high

resemblance to AtAOH1, a full-size transporter in the forward

orientation [14]. VvABCA1 is one of the longest ABC transporter

proteins located on chromosome 8 with 2001 amino acid residues

including a putative regulatory domain that is interrupted by a

Figure 4. Phylogenetic tree of ABCB (TAP) protein sequences from Arabidopsis and Vitis vinifera. The amino acid sequences of all
Arabidopsis ABCB (TAP) proteins and those of Vitis vinifera were aligned using the MUSCLE program and subjected to phylogenetic analysis by the
distance with neighborjoining method using MEGA5 programme. Accession numbers for Arabidopsis sequences are AtABCB26 (NP_177218.3),
AtABCB27 (NP_198720.2) and AtABCB28 (NP_194275.2). AtSKD1 (AEC08019.1) and VvSKD1 (XP_002266534.1) were used as outgroups.
doi:10.1371/journal.pone.0078860.g004
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hydrophobic segment in the central region of the molecule (Table

S1), which is similar to the human protein and AtAOH1. Its

mammalian counterpart, ABC1 is localized to the plasma

membrane and Golgi complex and is responsible for Tangier

disease [44,45]. The function and the localization of AtAOH1, the

Arabidopsis homolog, remains unknown, and it is speculated that it

may play a role in lipid accumulation during seed maturation or

lipid mobilization during seed germination [19]. At present, the

representation of VvABCA1 in EST databases (6 ESTs) is

observed in leaves, berries, flowers, and roots tissues (Table S4),

and no cDNA corresponding to VvABCA1 has been isolated.

The ATH subfamily, which has 4 members in the Vitis genome,

is the half-size transporter category with 723–958 amino acid

residues (Table S1, Fig. 2), whereas the Arabidopsis genome

contains 11 ORFs. VvABCA2 and VvABCA3 are located on

chromosome 17 and share 23% similarity. Twenty-two plant

orthologs from different species have been found using an

orthology analysis program for this subfamily (Table S3). The

human orthologs are involved in Stargardt disease or fundus

flavimaculatus [46,47]. The expression of AtATH14 and

AtATH15 in Arabidopsis is regulated in response to salt stress

[48]. We identified 20 ESTs corresponding to Vitis ATH subfamily

members in various tissues (Table S4).

ABCB subfamily. The ABCB subfamily consists of full-size

members, which are conventionally named MDR or PGP, and

half-size members such as TAPs and ATMs. In the Arabidopsis

genome, 22 full-size members (MDR) and 6 half-size members (3

TAPs and 3 ATMs) are present [14,15], whereas the rice genome

contains 24 full-size (MDR) and 4 half-size (3 TAPs and 1 ATM)

proteins [15]. In total, the number of Lotus ABCB proteins is

estimated as 15, which implies 12 full-size MDR-type, 2 TAP-like,

and 1 ATM-like protein [16]. The Vitis ABCB subfamily consists

of 19 MDR-type, 5 TAP-like, and 1 ATM-like proteins.

Figure 5. Phylogenetic tree of ABCC (MRP) protein sequences from Arabidopsis and Vitis vinifera. The amino acid sequences of all
Arabidopsis ABCC (MRP) proteins and those of Vitis vinifera were aligned using the MUSCLE program and subjected to phylogenetic analysis by the
distance with neighborjoining method using MEGA5 programme. Accession numbers for Arabidopsis sequences are AtABCC1 (NP_174329.1),
AtABCC2 (NP_181013.1), AtABCC3 (NP_187915.1), AtABCC4 (NP_182301.1), AtABCC5 (NP_171908.1), AtABCC6 (NP_188762.3), AtABCC7
(NP_187917.3), AtABCC8 (NP_187916.3) AtABCC9 (NP_191575.2), AtABCC10 (NP_191829.1), AtABCC11 (NP_178811.7), AtABCC12 (NP_174331.2),
AtABCC13 (NP_174330.3), AtABCC14 (NP_191473.2) and AtABCC15 (NP_191656.2). AtSKD1 (AEC08019.1) and VvSKD1 (XP_002266534.1) were used as
outgroups.
doi:10.1371/journal.pone.0078860.g005
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With 19 members, the MDR subfamily represents the fourth

largest full-size molecule ABC transporter subfamily in V. vinifera

(Table S1, Table S2). All of the identified ORFs were named

VvABCB1 through 19; they contain 2 TMDs and 2 NBDs in the

forward orientation and range from 814 amino acids (VvABCB18)

to 2405 amino acids (VvABCB12) in length (Table S1). Members

of the Vitis MDR subfamily show 22–79% identity to each other.

The VvABCB17 amino acid sequence shows 84% similarity with

AtABCB1, and VvABCB4 shows 88% similarity with AtABCB19

from A. thaliana. VvABCB17 shares between 84.5% and 89.6%

similarity to the MDR members from A. thaliana, Oryza sativa, and

Ricinus communis (Table S3). The similarity between VvABCB17

and its homolog AtABCB1 and between VvABCB4 and

AtABCB19 was confirmed in a phylogenetic tree that was

constructed with all of the Arabidopsis members with bootstrap

values of 100% (Fig. 3). Similarly, the phylogenetic analysis of V.

vinifera and A. thaliana MDR subfamilies confirmed the orthologs of

VvABCB8/AtABCB20/AtABCB6, VvABCB13/AtABCB20, and

VvABCB14/AtABCB3/AtABCB11/AtABCB12/AtABCB21

(Fig. 3).

The ABCB proteins were first characterized in mammalian cells

because their overexpression confers a multidrug resistance

phenotype [49]. One member of this subfamily in Arabidopsis,

AtMDR1, also known as AtPGP1, was reported to confer

herbicide tolerance when it was overexpressed in plants [50].

Multiple members of the ABCB/PGP/MDR subfamily are

involved in the transport of auxin [30], suggesting that the ABCB

subfamily probably plays an important role in auxin transport.

Recently, it was proposed that both ABCB14 and AtABCB15 in

Arabidopsis promoted auxin transport, and reduced auxin transport

was correlated with a mild disruption in vascular development

[31]. All 19 identified ORFs encoding MDR proteins are

transcriptionally active. We identified 177 ESTs corresponding

to the members of Vitis MDR subfamily (Table S5). The BLAST

analysis of ESTs revealed their expression in various tissues such as

flowers, roots, tendrils, berries, buds, and leaves (Table S5).

Five ORFs (VvABCB21 through VvABCB25) were identified

that encoded putative TAP-like proteins with high similarity with

3 TAPs from A. thaliana (Table S1). Vitis TAP-like proteins and

their orthologs from A. thaliana grouped into the same clade and

shared strong similarity (70–80%) with each other. Vitis TAP-like

transporters encode half-size proteins in the forward orientation.

VvABCB24 and VvABCB25, which are located on chromosome

14, contain 658 and 1265 amino acids, respectively (Table S1).

Figure 6. Phylogenetic tree of ABCF (GCN) protein sequences from Arabidopsis and Vitis vinifera. The amino acid sequences of all
Arabidopsis ABCF (GCN) proteins and those of Vitis vinifera were aligned using the MUSCLE program and subjected to phylogenetic analysis by the
distance with neighborjoining method using MEGA5 programme. Accession numbers for Arabidopsis sequences are AtABCF1 (NP_200887.1),
AtABCF2 (NP_196555.2), AtABCF3 (NP_176636.1), AtABCF4 (NP_567001.1) and AtABCF5 (NP_201289.1). AtSKD1 (AEC08019.1) and VvSKD1
(XP_002266534.1) were used as outgroups.
doi:10.1371/journal.pone.0078860.g006
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VvABCB21 shares 71% similarity with VvABCB24, and

VvABCB22 shares 73% similarity with VvABCB25. Based on

phylogenetic analysis, 3 ortholog pairs between 2 species were

identified: VvABCB21/AtABCB26 (80% similarity), VvABCB22/

AtABCB27 (75% similarity), and VvABCB23/AtABCB28 (70%

similarity) (Fig. 4). Orthology analysis by the PHOG program

reveals that only VvABCB21 shares more than 80% identity with

TAPs from Populus trichocarpa, A. thaliana, and R. communis (Table

S3).

The function of AtABCB26, 27, and 28 remain to be

determined. While the function of the yeast TAP homologs,

MDL1 and MDL2 [51], as well as that of the Arabidopsis homolog

are unknown, mammalian counterparts participate in peptide

secretion and translocation across endoplasmic reticulum (ER)

membranes [52]. The size of the Vitis TAP subfamily seems to be

larger than that of Arabidopsis, which contains 3 TAP-like genes.

Four of the 5 ORFs encoding Vitis TAP-like proteins are

represented in the EST (67 ESTs) database (Table S5) and are

expressed in different tissues such as leaves, roots, fruits, flowers,

berries, and buds. No ESTs have been identified for VvABCB23,

suggesting that it is not transcriptionally active.

The Vitis genome contains only 1 ORF encoding an ATM-like

protein, and this ORF is located on chromosome 6 (Table S1).

This subfamily is composed of a half-size transporter of 726 amino

Figure 7. Phylogenetic tree of ABCG (WBC) protein sequences from Arabidopsis and Vitis vinifera. The amino acid sequences of all
Arabidopsis ABCG (WBC) proteins and those of Vitis vinifera were aligned using the MUSCLE program and subjected to phylogenetic analysis by the
distance with neighborjoining method using MEGA5 programme. Accession numbers for Arabidopsis sequences are AtABCG1 (NP_181467.1),
AtABCG2 (NP_181272.1), AtABCG3 (NP_850111.1), AtABCG4 (NP_194305.1), AtABCG5 (NP_178984.1), AtABCG6 (NP_196862.1), AtABCG7
(NP_178241.1), AtABCG8 (NP_200098.1), AtABCG9 (NP_194472.2), AtABCG10 (NP_175734.1), AtABCG11 (NP_173226.2), AtABCG12 (NP_175561.1),
AtABCG13 (NP_175557.1), AtABCG14 (NP_564383.1), AtABCG15 (NP_188746.2), AtABCG16 (NP_191069.2), AtABCG17 (NP_191070.1), AtABCG18
(NP_191071.1), AtABCG19 (NP_191073.1), AtABCG21 (NP_189190.2 ), AtABCG22 (NP_568169.1), AtABCG23 (NP_197442.1), AtABCG24 (NP_175745.4),
AtABCG25 (NP_565030.1), AtABCG26 (NP_187928.2), AtABCG27 (NP_190799.1) and AtABCG28 (NP_200882.4). AtSKD1 (AEC08019.1) and VvSKD1
(XP_002266534.1) were used as outgroups.
doi:10.1371/journal.pone.0078860.g007
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acids with the forward orientation that is named VvABCB20. To

date, 11 ESTs corresponding to VvABCB20 have been described

(Table S5). The ATM subfamily from Arabidopsis, which includes

3 ORFs, is larger than that of V. vinifera. The Arabidopsis ATM

homolog, AtATM3, has been implicated in the biogenesis of iron-

sulfur proteins [53] and has a crucial role in molybdenum cofactor

(moco) biosynthesis [54]. AtATM3 was also reported to be

involved in heavy metal resistance [55]. The deficiency of

AtATM3 causes dwarfism and chlorosis [53,56]. A barley half-

size TAP-like protein, ID17, was identified as an iron deficiency–

induced gene [57]. The biochemical roles of plant half-size TAP

proteins of subfamily B have not yet been determined.

ABCC subfamily. ABCC subfamily proteins are full-size

ABC transporters also known as MRPs, which contain an N-

terminal extension of the TMD. This subfamily consists of 15

members in the Arabidopsis genome and 17 members in the rice

genome [14,15]. With 26 members, the ABCC (MRP) subfamily

represents the third largest subfamily of V. vinifera full-size ABC

Figure 8. Phylogenetic tree of ABCG (PDR) protein sequences from Arabidopsis and Vitis vinifera. The amino acid sequences of all
Arabidopsis ABCG (PDR) proteins and those of Vitis vinifera were aligned using the MUSCLE program and subjected to phylogenetic analysis by the
distance with neighborjoining method using MEGA5 programme. Accession numbers for Arabidopsis sequences are AtABCG29 (NP_190919.1),
AtABCG30 (NP_566543.1), AtABCG31 (NP_193258.2), AtABCG32 (NP_180555.2), AtABCG33 (NP_180259.1), AtABCG34 (NP_181265.1), AtABCG35
(NP_181179.2), AtABCG36 (NP_172973.1), AtABCG37 (NP_176196.1), AtABCG38 (NP_190916.1), AtABCG39 (NP_683617.1), AtABCG40 (NP_176867.2),
AtABCG41 (NP_173005.1), AtABCG42 (NP_680692.1), AtABCG43 (NP_680693.5) and AtABCG44 (NP_680694.2). AtSKD1 (AEC08019.1) and VvSKD1
(XP_002266534.1) were used as outgroups.
doi:10.1371/journal.pone.0078860.g008
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transporters, which is larger than that of A. thaliana (15 members).

ABCC (MRP) subfamily members are full-size molecules in the

forward orientation containing (TMD-NBD)2 and ranging in size

from 759 amino acids (VvABCC19) to 2772 amino acids

(VvABCC8) (Table S1). The members of the MRP subfamily in

the Vitis genome share 29–95% similarity with each other. Among

them, 7 ORFs that share strong similarity (76–85%) are localized

on chromosome 2 (Table S1). Similarly, VvABCC2, VvABCC3,

VvABCC4, VvABCC5, VvABCC6, and VvABCC26 show

between 73% and 95% similarity with each other with bootstrap

values of 99% (Fig. 5). Interestingly, these 6 ORFs are located on

chromosome 19 in tandem regions (Table S1). Four other ORFS

(VvABCC17, VvABCC18, VvABCC19, and VvABCC20) dis-

playing between 69% and 77% similarity with each other are

located on chromosome 10. The phylogenetic analysis of MRP

subfamilies from V. vinifera and A. thaliana reveals that these

subfamilies can be classified into 5 major groups (Fig. 5). A first

group contains MRPs mostly from V. vinifera and includes 6 ORFs

located on chromosome 2, while a second group presents the A.

thaliana orthologs of VvABCC21, AtABCC4, and AtABCC14.

VvABCC21 is 74% and 76% identical to its A. thaliana orthologs,

AtABCC4 and AtABCC14, respectively (Table S3), by phylogeny

analysis (Fig. 5). The other groups include protein sequences from

both species. By phylogeny analysis, we also identified orthologs of

Figure 9. Phylogenetic tree of ABCI (NAP) protein sequences from Arabidopsis and Vitis vinifera. The amino acid sequences of all
Arabidopsis ABCI (NAP) proteins and those of Vitis vinifera were aligned using the MUSCLE program and subjected to phylogenetic analysis by the
distance with neighborjoining method using MEGA5 programme. Accession numbers for Arabidopsis sequences are AtABCI8 (NP_192386.1),
AtABCI21 (NP_199224.1), AtABCI17 (NP_176961.1), AtABCI19 (NP_563694.1), AtABCI7 (NP_564404.1), AtABCI6 (NP_187678.1), AtABCI20
(NP_195847.1), AtABCI1 (NP_176516.1), AtABCI13 (NP_564850.1), AtABCI10 (NP_195072.2) and AtABCI11 (NP_196914.1). AtSKD1 (AEC08019.1) and
VvSKD1 (XP_002266534.1) were used as outgroups.
doi:10.1371/journal.pone.0078860.g009
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Vitis MRPs in Arabidopsis such as VvABCC17/AtABCC1/

AtABCC2 (76 and 78% similarity), VvABCC22/AtABCC5

(78% similarity), and VvABCC21/AtABCC14 (75% similarity)

with strong bootstrap values (99–100%). VvABCC9 shares 80.2%

identity with its homolog from Arabidopsis (NP171908) on the basis

of orthology analysis, which is confirmed by the phylogenetic

analysis of the same sequences (Fig. 5, Table S3).

MRPs consist of 3 additional subfamily-specific structures: a

200–amino acid hydrophobic N-terminal extension (TMDO)

containing 5 putative transmembrane spans, a linker (L) domain

contiguous with NBF1 and rich in charged amino acid residues,

and a hydrophilic C-terminal extension [58]. Interestingly both

AtMRP11 and AtMRP15 lack the TMDO characteristic of many

members of this subfamily [14,59]. Human MRP1 and MRP2 can

transport glutathione S (GS)-conjugates, whereas their orthologs

from Arabidopsis are able to transport materials other than GS-

conjugates. This structural divergence was also determined within

this subfamily among human and yeast MRP transporters [58,60].

The ABCC subfamily is also involved in the detoxification

processes. These proteins have a role in vacuolar transport and

confer cadmium tolerance in yeast [3,61]. To date, none of Vitis

MRP homologs have been cloned or characterized. However,

435 ESTs were found for this subfamily in various tissues in

response to stresses (Table S6). The ESTs for all of the MRPs have

been identified (Table S6).

ABCD subfamily. The ABCD subfamily contains predom-

inantly half-size proteins that are conventionally designated as

PMPs, which are localized at the peroxisome. The members of this

subfamily homodimerize and heterodimerize to form transporters

that are responsible for the import of fatty acids into the

peroxisome.

The Arabidopsis and rice genomes contain 1 and 2 half-size

ABCD members, respectively, in addition to 1 half-size protein for

each plant [14,15]. In the Lotus genome, 4 and 3 fragments have

similarity to half-size and full-size ABCD proteins, respectively

[16]. The Vitis ABCD subfamily consists of 1 member of the PMP

type, which is named VvABCD1 (Table S1). VvABCD1 has

orthologs from O. sativa, R. communis, A. thaliana, and P. trichocarpa

with up to 93.8% similarity (Table S3).

In Arabidopsis, full-size ABCD proteins also known as peroxi-

somal ABC transporter (PXA1), peroxisome defective (PED3), and

comatose (CTS) or AtPMP2 are involved in the peroxisomal

import of acyl-CoA esters [62–64]. These mutants have defects in

germination, fertility, and growth [65,66]. There are 8 ESTs

found in the Vitis genome (Table S7).

Soluble ABC Proteins
ABCE subfamily. The members of the ABCE subfamily

have 2 NBDs but no TMD, and they are also known as RNase L

inhibitors (RLI) [67]. In the Arabidopsis and rice genomes, there are

2 members of this subfamily, and the Lotus genome has at least 1

member [16]. The Vitis genome contains only 1 ORF encoding an

RLI-like protein, VvABCE1, which has 2 NBDs but no

transmembrane spans (Table S1). RLI1 contains N-terminal

‘‘ferrodoxin’’ (4Fe4S-type) motifs. These motifs have been shown

to interact with nucleic acids [68]. On the basis of sequence

identity, VvABCE1 shares more than 90% identity with its

orthologs from Arabidopsis, O. sativa, and Triticum aestivum (Table

S3). The Arabidopsis ABCE protein AtRLI2 has been shown to

suppress RNA silencing [69]. Nine ESTs have been identified for

this subfamily in V. vinifera (Table S7).

ABCF subfamily. Genes in the ABCF subfamily, which have

2 NBDs and no TMD, are also conventionally known as the GCN

subfamily. Both the Arabidopsis and rice genomes have 5 members

of this subfamily [14,15]. The Vitis genome contains 5 members of

ABCF/GCN subfamily that have 2 NBDs but no TMDs (Table

S1). The members of the ABCF/GCN subfamily share 24–79%

identity with each other and are distributed on various chromo-

somes (2, 6, 7, and 18) (Table S1). They also show 76–84%

similarity to 5 ORFs that correspond to the GCN-like proteins in

Arabidopsis (Fig. 6). Four members of the Vitis ABCF/GCN

subfamily (VvABCF1, 2, 3, and 4) share 80.5–94.8% similarity

with their orthologs from various plants (Table S3). At least

125 ESTs have been identified for all of the Vitis ABCFs (Table

S8).

ABCG subfamily. The ABCG subfamily is a large group of

half-size transporters with the reverse orientation (NBD-TMD)

and is also known as the white-brown complex (WBC) subfamily.

This subfamily has 29 and 30 members in the Arabidopsis genome

and the rice genome, respectively [14,15]. Since AtWBC15 and

AtWBC22 were reassigned as AtABCG15 according to new

nomenclature in the Arabidopsis Information Resources (TAIR),

28 ORFs were subjected to phylogenetic analysis.

Thirty ORFs showing strong similarity with the 28 Arabidopsis

WBC-like proteins were identified (Fig. 7) and shared 17–99%

similarity with each other. They have been named VvABCG1

through 30 and are half-size transporters with the NBD-TMD

organization (Table S1). Among the identified ORFs encoding

putative WBCs in Vitis, the VvABCG2 amino acid sequence

shares 99% similarity with VvABCG5 (bootstrap values of 100%).

The main difference between these 2 nucleotide sequences was

found in some single nucleotide polymorphisms and in the 39

Figure 10. Phylogenetic tree of SMC protein sequences from
Arabidopsis and Vitis vinifera. The amino acid sequences of all
Arabidopsis SMC proteins and those of Vitis vinifera were aligned using
the MUSCLE program and subjected to phylogenetic analysis by the
distance with neighborjoining method using MEGA5 programme.
Accession numbers for Arabidopsis sequences are AtSMC1
(CAB77587), AtSMC2 (CAB61972.1), AtSMC3 (BAB10693.1), AtSMC4
(BAB11491.1). AtSKD1 (AEC08019.1) and VvSKD1 (XP_002266534.1)
were used as outgroups.
doi:10.1371/journal.pone.0078860.g010
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untranslated region (UTR). Interestingly, VvABCG2 and

VvABCG5 are located on different chromosomes, unknown and

7, respectively (Table S1). Similarly, VvABCG2 and VvABCG4

are located on unknown chromosomes and share 86% similarity

with each other. In addition, VvABCG4 shows 84% similarity

with VvABCG5. VvABCG12 displays 84% similarity with

VvABCG13. The phylogenetic analysis of Vitis putative WBC

transporters and those of Arabidopsis reveals that this subfamily is

divided into 3 main groups with bootstrap values up to 90%

(Fig. 7). The members of the Vitis ABCG/WBC subfamily are

distributed almost equally in all 3 subclasses with their homologs

from Arabidopsis. Finally, the phylogenetic analysis of V. vinifera and

A. thaliana WBC proteins allowed us to identify several orthologs in

the 2 species (Fig. 7) such as VvABCG7/AtABCG7 (76%

similarity), VvABCG11/AtABCG26 (76% similarity),

VvABCG17/AtABCG5 (74% similarity), VvABCG18/

AtABCG22 (76% similarity), VvABCG21/AtABCG2 (74% sim-

ilarity), VvABCG21/AtABCG20 (75% similarity), VvABCG24/

AtABCG3 (80% similarity), and VvABCG29/AtABCG14 (79%

similarity) that were grouped into the same clade and shared 74–

80% similarity with each other. In addition, VvABCG19 showed

95.3% identity to its ortholog from R. communis by orthology

analysis (Table S3).

The yeast genome harbors only 1 WBC homolog (ADP1) of

unknown function [51], and the human genome contains 5

homologs, which participate in the transport of sterols and possibly

other lipids [70]. Drosophila ABCG proteins are required in eye

pigment formation, while human ABCG transporters are involved

in sterol transport [71,72]. Plant WBC homologs have been

recently cloned. AtABCG11 and AtABCG12 were reported to be

involved in the transport of cuticular wax, and AtWBC19 confers

kanamycin resistance in Arabidopsis [24,28]. It has been reported

very recently that AtABCG25 is responsible for ABA transport

and is involved in the ABA signaling pathway [29]. There are at

least 198 ESTs for all members of this subfamily from V. vinifera

(Table S9), but none of the ESTs have been cloned or

characterized.

In addition to half-size ABC transporters, plant genomes

contain a large group of full-size ABCG subfamily transporters

in the reverse orientation (NBD1-TMD1-NBD2-TMD2), which

are also PDR. In the Arabidopsis and rice genomes, 15 and

21 PDRs have been identified, respectively [14,15].

The PDR subfamily in V. vinifera is the largest ABC transporter

subfamily and includes full-size ABC transporters that are encoded

by 33 ORFs, namely, VvABCG31 through VvABCG63 (Table

S1). Its size is larger than that of the A. thaliana PDR subfamily,

which contains 15 members [14,73]. The PDR subfamily is

characterized by the presence of NBDs and TMDs in the reverse

orientation and is only found in fungi and plants [51,74]. The

sequence analysis of ORFs encoding V. vinifera putative PDR

subfamily members revealed the presence of (NBD-TMD)2 in the

reverse orientation (Table S1). Five PDR subfamily members are

located on chromosome 4, 4 members on chromosome 13, 5

members on chromosome 6, 2 members on chromosome 11, 1

member on chromosome 5, 1 member on chromosome 8, 1

member on chromosome 14, and 14 members on chromosome 9

(Table S1). Most PDR subfamily members are distributed on

chromosome 9. Members of the Vitis PDR subfamily share up to

92% similarity between each other and contain between 804

(VvABCG61) and 3142 (VvABCG46) amino acid residues (Table

S1). The phylogenetic tree analysis of V. vinifera and A. thaliana

subfamilies reveals that these proteins can be classified into 3

major groups (Fig. 8). The phylogenetic analysis of V. vinifera and

A. thaliana PDR subfamilies identified 5 ortholog pairs that

included VvABCG31/AtABCG32 (77% similarity),

VvABCG37/AtABCG35 or AtABCG36 (73% similarity),

VvABCG37/AtABCG29 (76% similarity), VVABCG53/

AtABCG34 or AtABCG39 (76% similarity), and VvABCG46/

AtABCG40 (73% similarity) with bootstrap values up to 75%

(Fig. 8).

Members of this family confer resistance to various biotic and

abiotic stresses [20,21,75–77]. The first plant PDR gene identified,

SpTUR2, is regulated in response to abiotic stress [73,78].

Another plant PDR, OsPDR29 from rice, participates in the

abiotic stress response [79]. It was recently shown that NpPDR1

plays a role in plant defense responses [80], while AtPDR12 is a

plasma membrane ABA uptake transporter in guard cells and is

involved in resistance to lead [20,23]. We identified 543 ESTs

corresponding to 32 members of the Vitis PDR subfamily (Table

S9). No ESTs have been identified for VvPDR31, suggesting that

it is not transcriptionally active. Among the ORFs corresponding

to the PDR subfamily in Vitis, 32 are transcriptionally active, but

none of them have been cloned in their entirety and characterized.

ABCI Subfamily. The ABCI subfamily consists of ABC

proteins with a single NBD that has similarity to prokaryotic

soluble ABC proteins and is designated as non-intrinsic ABC

proteins (NAPs). The Arabidopsis genome contains 15 members of

this subfamily, whereas the rice genome has 10 members [14,15].

Recently AtNAP8 and AtNAP15 were reassigned to AtABCB and

AtABCE subfamilies, respectively in TAIR In addition, both

AtNAP5 and AtNAP12 were identified as fragments of AtABCC

and AtABCG subfamilies, respectively [15].We identified 6 ORFs

showing the strongest similarity to the 11 putative NAPs from A.

thaliana (Fig. 9). Members of the NAP subfamily in the Vitis

genome contain only a single NBD and range from 329 to 511

amino acid residues (Table S1). The members of the NAP

subfamily in Vitis share 1–18% similarity with each other and are

distributed on different chromosomes (Fig. 9, Table S1). We

identified orthologs for 4 of the Vitis NAPs with more than 80%

identity from different plant species (Table S3).

These transporters have not yet been functionally characterized

in plants. However, AtNAP1 (alias LAF6) is known to be a

component of the plastid ‘‘mobilization of sulfur’’ system that is

responsible for the biogenesis and repair of iron-sulfur clusters

[81]. An interaction between AtNAP1 and AtNAP7 has been

demonstrated [81,82]. There are currently 70 ESTs for all of these

transporters in various tissues in V. vinifera (Table S10).

SMC Subfamily
SMC proteins are not ordinarily classified as ABC proteins

because they lack an ABC signature motif between the Walker A

and the Walker B motifs. Both the Arabidopsis genome and the rice

genome have 4 members of this subfamily [14,15]. The Vitis

genome contains 3 ORFs that encode putative SMC proteins with

strong similarity to the 4 putative NAPs from A. thaliana (Fig. 10;

Table S1), and they all contain an ABC signature motif between

the Walker A and the Walker B motifs. Vitis SMCs have orthologs

from P. trichocarpa and R. communis with more than 80% similarity

(Table S3). The SMCs have functions in chromatin condensation,

gene dosage compensation, and sister chromatin adhesion [83].

There are currently 13 ESTs for all of the Vitis SMCs in various

tissues (Table S11). There is no report on the functions of SMC

proteins in plants.

This work represents the first complete inventory of ABC

transporters in V. vinifera. The identification of Vitis ABC

transporters and their comparative analysis with the Arabidopsis

ABC transporters revealed a strong conservation between the 2

species. In this report, we identified 135 ORFs encoding ABC
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proteins in V. vinifera using a bioinformatics approach. One of the

most remarkable characteristics of the V. vinifera ABC proteins is its

size. It is the largest family of ABC proteins reported to date with

135 members. Another remarkable characteristic of the Vitis ABC

protein inventory is its large group of full-size transporters,

including ABCB, ABCC, and ABCG subfamily members. This

inventory could help elucidate the biological and physiological

functions of these transporters from V. vinifera.
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tools: BÇ OK. Wrote the paper: BÇ.
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