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The Arabidopsis thaliana NPR1 protein (for Nonexpressor of PR genes) is a key positive regulator of the systemic
acquired resistance (SAR), a general defense response in plants that is characterized by the expression of pathogenesis-
related (PR) genes. Herein, we present a combination of coffee genome sequence resources, gene cloning experiments,
and transient expression assays to make possible the functional characterization of the orthologous NPR1 (CaNPRL1) gene
from coffee (Coffea arabica). Data obtained suggest that this gene likely play a role during coffee defense responses to
pathogen infection The CaNPR1 gene may represent a promising candidate for engineering resistance in coffee to
achieving broad spectrum resistance to pathogens.
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1. General remarks

Inducible defenses against a number of pathogens are quickly expressed in the primary infection sites and are often
visible as necrotic local lesions on the leaves of resistant plant varieties. This loca reaction is referred to as the
hypersensitive response (HR). Subsequently, the HR triggers a general resistance mechanism that renders uninfected
parts of the plant tolerant to further pathogen attack, a phenomenon called systemic acquired resistance (SAR) [1]. The
elicitation of the HR and SAR reactions is accompanied by the coordinated induction of a heterogeneous group of
proteins which are impaired in the absence of salicylic acid (SA) [2-5]. Thus, therisein SA levelstriggers the activation
of a number of defense genes. Among these genes, the best characterized code for an essential regulator of SAR,
namely the NPR1 gene (for Nonexpressor of PR genes; also known as NIM1 - non-immunity, or SAI1 - salicylic acid
insensitivity) [6-8]. According to Cao et al. [8], the NPR1 protein is congtitutively expressed and activated following
pathogen recognition and SA treatment, suggesting that this protein acts as a key positive regulator of the SA-dependent
resistance signaling pathway [9-10]. In hedlthy tissues, NPR1 is known to be an oligomeric, cytosolic protein.
Following SA treatment, Arabidopsis NPR1 (AtNPRZ1) dimers become monomers and move into the nucleus to interact
with TGA transcription factors [11]. It was demonstrated that NPR1 directly control the expression of PR 1 geneswhich
encodes a basic protein reported to be pathogen-responsive [12-14]. In Fig. 1, we summarize the data concerning the
role of NPR1 proteinsin plant defense responses to pathogens.

NPR1 proteins are highly conserved across many plant species and a conserved role in disease resistance has been
suggested, as described by Cantu et al. [21]. By instance, overexpression of AtNPR1 in carrot tissues offered the ability
to control a wide range of different pathogens [22]. Given the pivotal role of NPR1 gene in plant defense, we assessed
the contribution and regulation of this protein during biotic stress responses in coffee (Coffea arabica), a key export and
cash crop in tropical and subtropical developing countries. One of the major limiting factors for coffee production is
coffee leaf rust (or orange rust) disease caused by the Basidiomycete fungus Hemileia vastatrix Berkeley and Broome
[23]. This fungus infects the lower surface of the leaves where it produces large, orange colonies of urediospores,
leading to premature leaf fall and yield losses in coffee (C. arabica) production [23].

Combining in silico databases searches, a genome walking strategy and phylogenetic analyses, NPR1 orthologous
sequences (termed CaNPR1) were isolated from the genomic DNA of C. arabica. Moreover, the promoter region of
CaNPRL gene was characterized and transiently expressed by agroinfiltration in leaves of Nicotiana benthamiana for
functional analyses. According to our results, transcript levels of CaNPR1 were not affected following infection of
coffee plants with H. vastatrix. Interestingly, the activity of the CaNPR1 promoter was found to be SA-dependent.
These data demonstrate that SA strongly stimulates the transcriptional activity of the CaNPR1 promoter, and suggest
that different cis-acting elements located in this region, such as the plant hormone- and/or infection-related motifs,
might contribute to SA responsiveness.
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2. Findings

2.1. Isolation and characterization of the complete coffee NPR1 gene sequence

To isolate the NPR1 cDNA from C. arabica (CaNPR1), ESTs encoding a NPR1 protein were retrieved in subtractive
libraries, associated with expression of early resistance mechanisms of coffee plants to the leaf rust pathogen H.
vastatrix, constructed by Fernandez et al. [24] and in the Brazilian Coffee EST database [25]. These ESTs contained a
687 bp coding region that covered the C-terminal part of the encoded protein, as determined by a BLASTX search.
They were used to design a pair of nested gene-specific primers to conduct the genome walking procedure for
amplification of the 5' flanking region of CaNPR1. Hence, the 5 -flanking region of the CaNPR1 gene was amplified
using a set of nine gene-specific primers (CaNPR1-1 to CaNPR1-9). The first two (CaNPR1-1 and CaNPR1-2) were
designed based on the starting EST sequence selected in the database while the others were designed based on the
nucleotide sequences of the fragments amplified by genome walking.

A 4375 bp-long genomic fragment encompassing the entire CaNPR1 coding region was obtained (Fig. 2a). The
CaNPRL open reading frame encoded a protein of 609 amino acids (Fig. 2b). The deduced amino acid sequence of
CaNPRL1 displayed highest identity with the NPR1 proteins from different Solanaceae including Capsicum annuum
(ABG38308, 71%), Nicotiana tabacum (ABH04326, 71%) and Solanum lycopersicon (AAT57637, 71%). Detailed
analysis of the deduced amino acid sequence of CaNPR1 reveded the typical highly conserved features of NPR1
proteins [7, 26-28] (Fig. 2b). Previous studies have demonstrated that residues Cys82, Cys150, Cysl55, Cys160 and
Cys216 present in the BTB/POZ domain are involved in oligomer-monomer transition [10, 29]. All these 5 cysteine
residues are conserved in CaNPR1 (data not shown). Curiously, an unexpected leucine zipper (LZ) motif was found in
the CaNPRL1 protein (Fig. 2b). This domain has never been reported in NPR1 proteins. The LZ are usually found as part
of a DNA-binding domain in various transcription factors [30], and are therefore involved in many gene regulatory
proteins such as octamer-binding transcription factor 2 (Oct-2/OTF-2) [31], CCATT-box and enhancer binding protein
(C/EBP) [32], nuclear oncogene fos and jun [33], cAMP response element (CRE) binding proteins (CREB, CRE-BP1,
and ATFs) [34], and C-myc, L-myc and N-myc oncogenes [35]. According to Viedma et al. [36], the LZ motif
modulates the equilibrium between monomeric and dimeric forms of a protein. Interestingly, this motif was aso found
in Solanaceae studied herein (data not shown).
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Fig. 2 Genomic organization of the coffee NPR1 gene (CaNPR1). a) Schematic representation of the 4375 bp-long genomic
fragment amplified by genome walking of CaNPR1, that contains a coding region with two exons and one intron, as well as its
upstream and downstream non-coding region (1444 and 25 bp respectively). b) The encoded protein (609 amino acids) harbors the
three main domains of NPR1 proteins: the BTB/POZ domain, an ankyrin (ANK) repeat domain, and the nuclear localization signal
(NLS). An atypical leucine zipper (LZ) domain was also observed in the CaNPR1 protein.

2.2. Phylogenetic analysis of NPR1 homologs

Phylogenetic analysis was based on the entire amino acid sequences of NPR1 proteins retrieved from public databases:
S lycopersicum (AAT57637.1, Le), Capsicum annum (ABG38308.1, Ca), Nicotiana tabacum (AAM62410.1, Nt),
Ricinus communis (EEF48081.1, Rc), Musa acuminata (ABL63913.1, Ma), Oryza sativa (ABE11613.1, Os), Hordeum
vulgare (CAJ19095.1, Hv), Brassica napus (AAM88865.2, Bn), Brassica juncea (ABC94642.2, Bj), Arabidopsis
thaliana (NP_176610.1), Musa spp. ABB (ACJ04030.1, Md), Zea mays (NP_001147587.1, Zm), Glycine max:
GmMNPR1-1 (ACH5013.1) and GmNPR1-2 (ACJ45015.1), Populus trichocarpa (XP_002322351.1, Pt), Malus x
domestica (ACC77697.1, Mp), Pyrus pyrifolia (ABK62792.1, Pp), as well the sequences from A. thaliana NPR2
(NP_194342.1, At), NPR3 (NP_199324.2, At), NPR4 (NP_193701.2, At), NPR5 or AtBOP1 (ABH04470.1, At), and
NPR6 or AtBOP2 (AAU90063.1, At).

Analysis using bootstrap consensus for neighbor joining showed that CaNPR1 grouped with members of the
Solanaceae family like tobacco (N. tabacum), tomato (S lycopersicum) and pepper (C. annuum) (Fig. 3). This suggests
a conserved pattern in the NPR1 protein among plant families that belong to the Asterid | clade of dicots [37]. The
closer taxonomic affinities of coffee and Solanaceae are also paralleled by a number of striking botanic and genetic
similarities, including the production of fleshy berries [38], similar genome content [39] and similar basic number and
architecture of the chromosomes [40-42]. Accordingly, plants belonging to the Brassicaceae family (A. thaliana,
Brassica napus and B. juncea) formed a separate sub-clade. Within the monocots and dicots, a relative close grouping
was obtained between NPR1 proteins from the Asterid | clade of dicots and from monocots belonging to different
families (Fig. 3), which isin agreement with reports by Henanff et al. [27] and Zhao et al. [43].
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2.3. Expression pattern of CaNPR1 during compatible interaction with Hemileia vastatrix

Analysis of rust infection in susceptible coffee varieties showed that the fungus germinates at the leaf surface,
penetrates through stomata and produces intracellular infection structure (haustoria) in leaf cells as soon as 24 hours
after infection (hai) [47]. Drastic changes in defense gene expression may be observed at 6 to12 ha [47-48]. To test
whether the expression of CaNPRL1 is affected by biotic stress, transcript accumulation in coffee plants exposed to H.
vastatrix infection was monitored by quantitative real-time PCR during the first 24 hai. No significant changes in
CaNPRL transcript levels were observed (Fig. 4), suggesting that CaNPR1 expression is not regulated at the
transcriptional level upon H. vastatrix infection. Thisisin line with previous studies showing constitutive expression of
NPRL1 genes under pathogen infection [11, 27, 49].

CaNPR1

o7 Fig. 4 Expression pattern of CaNPR1 following
infection with H. vastatrix. Leaves of C. arabica cv
05 Mundo Novo were inoculated with H. vastatrix race
11 (10 mg spores mL™Y). Control leaves were sprayed

0.25 . with water. Leaves were collected at different time

points as indicated. The log-transformed gene

— expression levels are presented and indicate

2 - 120 normalized expression levels in inoculated leaves
compared to normalized expression levels observed

in water-treated leaves at the same time point. The

GAPDH gene was used for normalization. The two

05 thin dashed lines represent the minimal standard
deviation, with a log expression levels difference

075 between 0.5 and -0.5. hpi: hours post inoculation.
Time (hpi)

-025

log Expression Levels
o

2.4. Sequence analysis of CaNPR1 promoter

The nucleotide sequence of the 5’ upstream region of CaNPR1 was identical among 11 clones analyzed, suggesting
either that the upstream sequences of the two CaNPR1 copies of the tetraploid C. arabica genome are high similar or
that our gene walking strategy impaired cloning of only one of the duplicated sequence.

To assess the set of putative cis-acting elements present in the CaNPR1 promoter, named pCaNPR1, an in silico
search was performed in PLACE using the 1444-bp sequence located upstream of the start codon as query. In this
analysis we looked for TATA-box consensus sequences and for consensus segquences described as binding sites for
defense-related transcription factors. A TATA-box was identified 496 nucleotides upstream of the start codon. The
presence of CAAT motifs that are generally associated with gene regulation was also observed. The CAAT-boxes are
core promoter sequences important in binding RNA Polymerase |1 [50]. Additional important regulatory elements
detected in the CaNPR1 promoter were those related to defense as well as ELRECOREPCRPL [51], MYBPLANT [52],
T/GBOXATPIN2 [53], GTIGMSCAM4 [54], PALBOXAPC [55] and W-box [56], suggesting a biotic regulation [57-
62]. Moreover, severa cis-elements reported to be associated with the responsiveness to plant hormones, such as
sdlicylic acid (ASFIMOTIFCAMYV), auxin (NTBBFLARROLB), jasmonic acid (JERE), citokinin (CPBCSPOR),
ethylene (ERE, WBOXNTERF3), abscisic acid (MYB1AT, MYCCONSENSUSAT, MYB2CONSENSUSAT,
WRKY 710S, DPBFCOREDCDC3, LTRECOREATCOR15, ABRELATERD1), as well as gibberellin (WRKY 710S,
PYRIMIDINEBOXOSRAMY 1A, TATCCACHVAL?21, CAREOSREP]) were observed. The presence of such large
number of cis-elements suggests that CaNPR1 expression might be regulated by hormonal action.

2.5. CaNPR1 promoter activity is SA-dependent

GUS expression levels driven by the CaNPR1 promoter was evaluated using a transient expression assay in leaves of N.
benthamiana and compared to that obtained using the CaMV35S promoter. Transient GUS activity was assayed
fluorometrically at 3 day post-infiltration (Fig. 5). It was observed that the level of GUS activity driven by the CaNPR1
promoter was very weak compared to that driven by the 35S promoter. As previously mentioned, the NPR1 gene is a
key regulator of the SA-mediated SAR pathway [3, 13, 63-64] and its expression levels is dslightly induced in A
thaliana upon foliar SA treatment [7, 65]. Given that the upstream promoter region of CaNPR1 harbors cis-acting
elements implicated in plant hormone responses, we examined whether this promoter showed a SA-inducible
expression pattern. As aresult, a significant alteration in the level of GUS activity was detected in SA-treated leaves as
compared to control leaves treated with water (Fig. 5).These data demonstrate that SA strongly stimulates the
transcriptional activity of the CaNPR1 promoter.
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quadruplicate in three independent experiments.

3. Taken to acquire knowledge

Coffea arabica cv. Mundo Novo (IAC 388-17-1) and C. arabica cv. Caturra were obtained from IAC (Instituto
Agrondmico de Campinas - Campinas, S80 Paulo, Brazil). Plants were grown in potting soil for 4 months (16h/8h
light/dark; 28°C; 70% RH) before use for leaf DNA extraction (C. arabica cv. Caturra) or pathogen inoculation (C.
arabica cv. Mundo Novo). Plants of Nicotiana benthamiana were grown in potting soil under a 16/8h photoperiod for 6
weeks prior to being used for Agrobacterium infiltration. Hemileia vastatrix race Il was kindly provided by Dr. Maria
do Céu Silva (CIFC, Centro de Investigagdo das Ferrugens do Cafeeiro - Oeiras, Portugd).

For biotic stress assays, 4-month old Coffea arabica cv. Mundo Novo plants were kept in a growth chamber (16h/8h
light/dark; 23°C; 70% RH) for at least one week, before being inoculated with the coffee leaf rust fungus H. vastatrix
race |1, that elicits a compatible reaction in coffee. The urediniospores (100 mg) were diluted in 10 mL of sterile water
under dark conditions. Leaves from the second pair of plagiotropic shoots from the apex of coffee plants were
inoculated with urediniospores. To allow spore germination, the inoculated leaves were covered with awet black plastic
film for 24h. The inoculated leaves were not detached from the plants. Mock-inoculated controls as well as non-
inoculated controls were performed. The biological samples were obtained from three independent experiments. Leaves
were randomly sampled at different time-points after inoculation: 0, 8, 12, and 24 hours, and immediately deep-frozen.
To confirm the infection by the leaf rust fungus, some inoculated leaves were maintained in the plants.

RNA extraction, reverse transcription, and quantitative PCR experiments were performed as described in
Barsalobres-Cavallari et al. [66]. The specific oligonucleotides used for gene expression studies are shown in Table 1.

Table 1 Sequence of primers used for quantitative PCR in coffee.

Primer Name Primer Sequence (5’ to 3')

CaNPR1 F TGGACGAAGGAGCGTGATGTCAGCTT
CaNPR1R ACATCCTTGGGCGACGGCCTAACTCT
CaGAPDH F TTGAAGGGCGGTGCAAA

CaGAPDH R AACATGGGTGCATCCTTGCT

The genomic DNA from C. arabica cv. Caturra was isolated using the DNeasy Plant Minikit (Qiagen, France)
following the manufacturer’ s recommendations. Gene walking by PCR was performed as described in Petitot et al. [67].
The promoter region of CaNPR1 was amplified using nine GSPs (termed CaNPR1-1 to CaNPR1-9), where the first two
(CaNPR1-1 and CaNPR1-2) were designed based on the EST sequence retrieved in the coffee database, while the
others were designed based on the nucleotide sequences of the genome walking amplified fragments (Table 2). All the
amplified genomic fragments were cloned into the pGEM-T Easy vector (Promega) and sequenced (Genome Express,
France).
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Table 2 Primers used for genome walking.

PRI MER NAME GENE- SPECI FI C PRI MERS

CaNPR1- 1 5' CATACGCAGATCATCGCCTGCCATAGCS!
CaNPR1- 2 5' CCCAGCAGTGGATCTCTTCTTTCTGCC3!
CaNPR1- 3 5' GCCCTTGCAAACCAAGI TCCCTGCG3!
CaNPR1- 4 5' CATCTGCAGCAGCTTTGTGAAGAACGS!
CaNPR1- 5 5' GRAAACTATAGTAGGGECGT CCAGCACS!
CaNPR1- 6 5' CCAAGCAGT CAGGAGAAGACGACGCG3!
CaNPR1- 7 5' GCGAGAGCCGT TGAAGT GAGACGACGS!
CaNPR1- 8 5' GACGACT GAACT GGAGCCGGAGC3!
CaNPR1-9 5' CGGTCGATCGGECTAGGAGACT GACG3'

The DNA seguences were analyzed with the BLAST network services at the National Center for Biotechnology
Information [68]. The software tool TSSP was used for the prediction of the transcription start site, RNA polymerase |1
binding site and TATA-box [69], and the PLACE database were used for the prediction of cis-acting elements [70]. For
protein analysis, it was used the follows software: the Pfam database [71], the PSITE from Softberry [72] and the
Bioinformatics Toolkit from Max-Planck Institute for Developmental Biology [73].

For the phylogenetic and molecular evolutionary analyses, the neighbor joining method with 1000 bootstraps was
used. The NPR1 amino acid sequences used were: Solanum lycopersicum (AAT57637.1, Le), Capsicum annum
(ABG38308.1, Ca), Nicotiana tabacum (AAM62410.1, Nt), Ricinus communis (EEF48081.1, Rc), Musa acuminata
(ABL63913.1, Ma), Oryza sativa (ABE11613.1, Os), Hordeum wulgare (CAJ19095.1, Hv), Brassica napus
(AAMB88865.2, Bn), Brassica juncea (ABC94642.2, Bj), Arabidopsis thaliana (NP_176610.1), Musa spp. ABB
(ACJ04030.1, Md), Zea mays (NP_001147587.1, Zm), Glycine max:. GmNPR1-1 (ACJM5013.1) and GmNPR1-2
(ACHA5015.1), Populus trichocarpa (XP_002322351.1, Pt), Malus x domestica (ACC77697.1, Mp), Pyrus pyrifolia
(ABK62792.1, Pp), as well as the sequences from A. thaliana NPR2 (NP_194342.1, At), NPR3 (NP_199324.2, At),
NPR4 (NP_193701.2, At), NPR5 or AtBOP1 (ABH04470.1, At), and NPR6 or AtBOP2 (AAU90063.1, At).

The construction of B-glucuronidase (GUS) reporter cassettes, as well as the Agrobacteriumr-mediated transient
expression assays, abiotic treatments and the GUS activity measurement were performed as described in Petitot et al.
[67] and Barsalobres-Cavallari [74].

4. Conclusions

We have isolated the orthologous sequence of the Arabidopsis SAR controlling master switch NPR1 gene in coffee, that
we called CaNPRL1. Typica features of NPR1 proteins were found in CaNPR1, including the BTB/POZ domain, an
ankyrin (ANK) repeat domain, and a nuclear localization signal (NLS). As expected from A. thaliana, soybean and
grapevine results [8, 27, 49], transcript levels of CaNPR1 were not affected following pathogen infection. Interestingly,
the activity of the CaNPR1 promoter was found to be strongly activated by SA-treatment. The different cis-acting
elements identified in the pCaNPR1 sequence, such as the plant hormone- and/or infection-related motifs, might
contribute to SA responsiveness. From these results, it is tempting to speculate that the mechanisms underlying C.
arabica resistance to the rust pathogen are SA-dependent, as already suggested by other molecular studies [47, 75]. Our
data also indicate that CaNPR1 may represent a promising candidate for engineering resistance in coffee to achieving
broad spectrum resistance to pathogens. Further functional studies are required for assessing the role of this gene in
coffee disease resistance responses. We anticipate that transgenic plants containing CaNPR1 promoter-reporter
constructs will provide tools for the future analysis of defense signaling networks in coffee.
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