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IDENTIFICATION AND CHARACTERIZATION OF A RESISTANCE GENE ANALOG
(RGA) FROM THE Caricaceae DUMORT FAMILY?

PAULO DE PAIVA ROSA AMARAL2, PAULO CESAR MARTINS ALVES?, NATALIA FLORENCIO MARTINS,
FELIPE RODRIGUES DA SILVA®, GUY DE CAPDEVILLE®, MANOEL TEIXEIRA SOUZA JUNIOR”.

ABSTRACT - The mgjority of cloned resistance (R) genes characterized so far contain a nucleotide-binding site (NBS) and aleucine-rich
repeat (LRR) domain, where highly conserved motifs are found. Resistance genes analogs (RGAS) are genetic markers obtained by a PCR-
based strategy using degenerated oligonucleotide primers drawn from these highly conserved “motifs’. This strategy has the advantage of
the high degree of structural and amino acid sequence conservation that is observed in R genes. The objective of the present study was to
search for RGAs in Carica papaya L. and Vasconcellea cauliflora Jacg. A. DC. Out of three combinations of primers tested, only one
resulted in amplification. The amplified product was cloned in pCR2.1TOPO and than sequenced using M 13 forward and reverse primers.
Forty-eight clones were sequenced from each species. The 96 sequences generated for each species were cleaned of vector sequences and
clustered using CAP3 assembler. From the GENEBANK, one RGA was identified in C. papaya showing a BlastX e-value of 2x10°® to the
gblJAAP45165.1] putative disease resistant protein RGA 3 (Solanum bulbocastanum). To the extent of our knowledge thisisthefirst report of
aRGA in the Caricaceae Dumort family. Preliminary structural studies were performed to further characterize this putative NBS-LRR type
protein. Effortsto search for other RGASsin papaya should continue, mostly to provide basis for the devel opment of transgenic papayawith
resistance to diseases.

Index Terms: Caricaceae, nucleotide-binding site (NBS), V. cauliflora, C. papaya, papaya.

IDENTIFICACAO E CARACTERIZAGCAO DE UM ANALOGO DE GENE DE RESISTENCIA (AGR) DA
FAMILIA DE CARICACEAE DUMORT.

RESUM O — A maioriados genes deresisténcia (R) clonados e caracterizados até o momento contém dominios NBS (nuclectide binding site)
e LRR (leucine-rich repeat). Dentro destes dominios, encontram-se “motifs’ altamente conservados. Andlogos de genes de resisténcia
(RGASs) sdo marcadores genéticos obtidos por uma estratégia, baseada em PCR, gque usa primers degenerados desenhados a partir desses
“motifs’ altamente conservados dos genes R. Esta estratégia possui a vantagem do elevado grau de conservagdo da estrutura e seqiiéncia
dos aminoécidos observados nos genes R. O objetivo do presente estudo foi realizar uma busca por RGAs em Carica papaya L. e
Vasconcellea cauliflora Jacg. A. DC. De trés combinagdes de primers avaliadas, somente uma obteve sucesso na amplificagdo. O produto
daamplificacéo foi ent&o clonado em pCR2.1TOPO e sequienciado utilizando os primers universais M 13 forward e reverse. Quarenta e oito
clones foram seqlienciados de cada espécie vegetal. Das 96 seqliéncias geradas para cada espécie, retiraram-se as sequiéncias do vetor e, em
seguida, as mesmas foram agrupadas utilizando o programa “ CAP3 assembler”. A partir do GENEBANK, foi identificado um RGA em C.
papaya apresentando um BlastX e-value de 2x10%! com o “gb|JAAPA45165.1| putative disease resistant protein RGA3 (Solanum
bulbocastanum)”. Na extensdo do nosso conhecimento, este é o primeiro relato de um RGA na familia Caricaceae Dumort. Estudos
preliminares de estrutura foram realizados visando amaior caracterizacdo deste potencial “NBS-LRR type protein”. Esforcos para encontrar
novos anédlogos de genes de resisténcia devem continuar, principalmente para fornecer bases para o desenvolvimento de plantas de maméo
transgénicas com resisténcia a doencas.

Termos paraindexacdo: Caricaceae, sitios de ligagdo de nucleotideos (SLN), V. cauliflora, C. papaya, mamao.

INTRODUCTION

Carica papaya L. is the most well-known and cultivated
speciesin the Caricaceae Dumort family. Cylicomorpha, Jacaratia,
Horovitzia, Vasconcellea and Jarilla are the other five genera of
thisfamily. The Carica genus contains only one species, C. papaya,
whilethe genera Vasconcellea contains several species, which were
originaly classified as belonging to the Carica genus, including
Vasconcellea cauliflora Jacg. A. DC. This species, known as
“tapacul0”, “ papayo de montafia’ or “zonzapote” isfound from the
South of Mexicoto the North of South America, aswell asin Trinidad.
Such speciesisawell-known source of natural resistance to Papaya
Ringspot Virus (PRSV), the main virus attacking papayaworldwide
(Badillo, 1993, 2000 e 2001; Manshardt & Wendlaff, 1989).

The majority of the resistance genes (R genes) cloned and
sequenced until now are part of the nucleotide binding site-leucine-
richrepeat (NBS-LRR) genefamily (Rommens& Kishore, 2000). The

NBS-LRR gene products are generally composed of three main
domains: @) avariable N-terminal domain of approximately 200 amino
acids; b) aNBS domain of 300 amino acids, and ¢) amore variable
tandem array of approximately 10 to 40 short LRR (leucine-rich-
repeat) motifs(Cannon et a., 2002). The NBS domainisbelieved to
participate in signal transduction, while the LRR domain is thought
to beinvolved in ligand binding and pathogen recognition (Young,
2000). P-loop, RNBS-A, kinase 2, RNBS-B, RNBS-C, GLPL, and
RNBS-D are also highly conserved motifs generally present in the
NBSdomain of theR genes(Leeet a., 2003).

A new PCR-based strategy, using degenerated primers
designed from these conserved moatifs, has resulted in the isolation
of numerousresistance gene anal ogs (RGAs) from avariety of plant
speciessuch aspotato (Leister et a., 1996), bean (Ferrier-Canaet al.
2003), rice (L eister & Katagiri, 2000) and several others (for review
see Chelkowski & Koczyk, 2003). Once found, a series of uses can
be assigned to this type of marker: @) as a probe to screen BAC or
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cDNA libraries, in the process of searching for R genes; b) as a
marker to be applied in marker assisted selection; and c) to obtain
resistance by its overexpression in the plant genome. The objective
of the present study was to search for RGAs in C. papaya and V.
cauliflora using primers designed from the P-loop and RNBS-D
motifs. To the best of our knowledge, no RGA has so far been
described for Caricaceae.

MATERIAL AND METHODS

Plant genomic DNA from the transgenic papaya Embrapa
PTP18 (Souza Jr. et al., 2005) and from V. cauliflora plants was
extracted as described in Souza Jr. et a. (2005). The DNA was
quantified and stored at -20°C until use.

PCR was performed in atotal volume of 30 pl containing 5,0
W of DNA (10 ng/W!), 0,25 pl dNTPs (25 mM), 3,0 Wl 10X Tag DNA
Polymerase Buffer, 1,2 ul MgCl, (50 mM), 3,0 Wl of each primer (5
pmol/ul), and 0,25 I of Recombinant Taq DNA Polymerase (5 u/pl)
(Invitrogen Life Technol ogies). Amplification of NBS domainswere
performed using the following sense primers: a) Pla (5'-
goiatgcciggiiiiggiaaraciac-3'), b) P1b (5'-ggiatgggiggiiiiggiaaraciac-
3') (Bertioli et al., 2003) , and c) LM 638 (5'-ggiggigtiggiaaiaciac-3')
(Kanazinet al., 1996), al of them designed from the consensus motif
P-loop. The antisense primer used was RNBS-D (5'-
goraaiarishrcartaiviraarc-3') (Pefiudlaet al ., 2002). Cycling conditions
consisted of a3 mininitial denaturation step at 96°C followed by 30
cycles at 96°C for 1 min, a1 min annealing at 40°C and a 1 min
elongation at 72°C. Ten microliters of the reaction mix were |oaded
onto a 1% agarose gel to visualize the PCR products.

DNA products from the PCR reaction were cloned into the
pCR2.1-TOPO vector (TOPO TA Cloning Kit - Invitrogen Life
Technologies). Forty-eight white TOP10 E. coli colonies were
randomly selected per species, and sequenced using M 13 forward
and reverse primers at the Embrapa Genetic Resources and
Biotechnology DNA  Sequencing Platform (http://
www.cenargen.embrapa.br/laboratorios/laboratorios .html#dna).

The software PHRED (Ewing et al., 1998) was used to base
call and to estimate error probability inthe 192 chromatograms. After
trimming (Telles& daSilva, 2001) to remove off artifacts, low quality
sequences, vector and primer regions, the 123 remaining sequences
were clustered using the CAP3 assembler (Huang & Madan, 1999).
BLAST (Altschul et d. 1997) wasused to identify similarities between
the resulting 76 clusters (43 singlets and 33 contigs) and sequences
inthe NCBI’snr database (Benson et al ., 2002). Sequence aignment
wasperformed using CLUSTALW (Thompson et a., 2000). To further
characterize the translated protein we submitted the amino acid
sequence to a secondary structure prediction server. The PSIPRED
method was used (Jones, 1999). The preliminary homology molecular
modeling was performed in the Meta-Server from CBS-CNRS site
(http://bioserv.cbs.cnrs.frIHTML _BIO/tito.html)

RESULTS AND DISCUSSION

The primer combination P1b and RNBS-D wasthe only one
that successfully amplified DNA. The profiles generated after
running on an agarose gel were different for thetwo Carica species,
with the number of strong and well-defined DNA bands being higher
inV. cauliflora. DNA bandsof expected size (~700 bp) were observed
in both species (Figure 1).

Multiple alignment of the C. papaya sequence with retrieved
RGAs demonstrates that all of them share the same conserved
sequences described in other plant resistance genes (Pan et a.,
2000). The alignment is shown in Figure 2. This finding indicates
that in C. papaya might have members of the family of NBS-LRR
disease resistance genes. In particular interest for comparison are
sequences conserved in plantsNBSregion. Thisregionisatripartite

FIGURE 1- Gel imageof the PCR amplified RGAsfragments (arrow)
with the size of approximately 700 bp for both species.
(M) marker, (P) Carica papaya and (C) V. cauliflora.

RNBS-A
P-loop Non-TIR
1
Solanum ILGMGGLGKT TLAQMVENDQ RITEH.FNLK IWVCVSDDFD EKRLIKAIVE
252 8
Carica .. .DGGGGKT TLAQLAFNDK GVKEH.FEKR IWVCVSDPFD EIRIAKAILE
Glycine  .......... .LAQHVFNDP RIQEARFDVK AWVCVSDDFD AFRVIRTILE
Oryza  ..... GVGKT TLAKMVYNDT RVRDH.FQLK MWHCVSENFE AVPLLKSIVE
Hordeum ... it et e e
A.thaliana IVGIGGVGKT TLSQLLYNDQ HVRSY.FGTK VWAHVSEEFD VFKITKKVYE
Coffea = ..... GVGKT TLAKKVYNDS SVICN.FHIR LWCTVSPEFN TKSLLIQILC
G.barbadense = ..... GVGKT TIMKHIHNDL LKEQR.FERV IWVTISKEFD IVKLQODDIAS
Malus . .GMGGIGKT TLARAVFSKY HHSFN..GQC YLEEVSKKKN MVGLQEQLLR
Kinase 2
51 100
Solanum SIEGK. ..SL GDMDLAPIQK KLQELLNGK. .RYFLVLDDV WNEDQEKWDN
Vitis i e e WNRDREKWLK
Carica SVLGS...TP NLVELENLLQ AIQQYIKNK. .KFLLVMDDV WNEDSLKWAC
Glycine AITKS...TD DSRDLEMVHG RLKEKLTGK. .RFLLVLDDV WNENRLKWEA
Oryza LATNRRCQVP DKDTIELLRR QLEGAIGSR. .RFLLVLDDV WNEDENKWKD
Hordeum = ... e e e LLVLDDV WNEDERKWED
A.thaliana SVTSR. . .PC EFTDLDVLQV KLKERLTGTG LPFLLVLDDL WNENFADWDL
Coffea SNGKQSRMDE ELKNLNEHEL LHKLYQRLKT KRYLVVFDDV WD..IKVWNE
G.barbadense ALNGY. . ..M PKEGNKVRRA AILSELLKKV GKHVLILDDV WDKVSLEEVG
Malus DILKR....P DIKVSSVAEG TKEIGKRLGS VKVLIVVDDI DDADQLDELA
RNBS-B RNBS-C
101 - I 150
Solanum LRAVLKIGAS G...ASILIT TRLEKIGS.. .IMG..TLQL YQLSNLSQED
Vitis LRALLMGGGH G...SKIIVT TRKIGVGP.. .IMG..TIQT YVLSPLPPEE
Carica LEHSLKCGLQ G...SKILVT TRKESVAN.. .IMGSRSTHM YFLEKLSEEE
Glycine VLKHLVFGAQ G...SRIIAT TRSKEVASTM R...... SRE HLLEQLQEDH
Oryza ELRPLLCSAA GGHGSVVVVT TRSQQVAS.. ... IMGTMRS HELACLNDDD
Hordeum VLKPLLCSVG G.PGSVIVVT TRSQKVAS.. ... IMQTLGT HKLACLSEQD
A.thaliana LRQPFIHAAQ G...SQILVT TRSQRVAS.. ... IMCAVHV HNLQPLSDGD
Coffea LRISFPDEKK G...SRIIFT SRSSNVAS.. ..QVEFGGKP HNLVPLSEKE
G.barbadense IPEPS..SSN G...CKLVLT TRVEQVCK.. .... YMECKV IKVKPLSKEE
Malus IEHESFGPGS R..... IIIT TRDEQVLN.. ... IHKVDKR YKAQEMTNEE
RNBS-C GLPL
151 200
Solanum CWLLFKQRAF CHQTET.SPK LMEIGKEIVK KCGGVPLAAK TLGGLLRFKR
Vitis SRSLFLKHAC VERVEGESSN LMEFGYQVVE KCGGIPIQVR MSGNLMYSAK
Carica CWSVFSNIAF FGRTDEECKH LEDIGRKIAR KCNGLPLAAK FLGGLLRFRK
Glycine CWKLFAKHAF QDDNIQPNPD CKEIGTKIVE KCKGLPLALK TMGSLLHDKS
Oryza SWELFSKKAF SEEVR.ETAE LVTIGRLIVK KCKGLPIALN AMGGLMSSKQ
Hordeum SWKLFAQKAY SNGVEQNQAE LVSIGKRIAN KCRGLPLALK TMGGLLSSFQ
A.thaliana CWSLFMKTVF GNQEPCLNRE IGDLAERIVH KCRGLPLAVK TLGGVLRFEG
Coffea SFELLLKKVF G..NEDCPQA LHGLGMEIAK KCRGFPFA.. ..........
G.barbadense ALTLFLNKVG P..NILQSPT LMPTLRLVVK ECAGLPLAL. ..........
Malus AFELLSWHAF R..NPCPDKE YIELARDVVD YRGGLPFALQ ND........
RNBS-D
201 250
Solanum VRD SEIWNLPQDE NSVLPALRLS YHHLPLDLRQ CFAYCAVFPK
Vitis ETEDWTSMRD NGIWSSEH.. ... LPALKLS YEKLPSHLKP CFT.......
Carica TREQWESVLD NQIWELKEAE QELFPHLLLS YYDLPSEVRQ CFPYCCFF. .
Glycine SVTEWKSILQ SEIWEFSTER SDIVPALALS YHHLP..... ..........
Oryza QLHEWKAIAD S..... ARDK DEILSMLKLS YRHLPSEMKQ CFAFCSIFPR

Hordeum QVQEWKAIEE NDIGDSVRGK DEIMSILKLS YRHLSSEMKQ CFAF......
A.thaliana KVIEWERVLS SRIWDLPADK SNLLPVLRVS YYYLPAHLKR CFAYCSIFPK
Coffea = L i e e e
G.barbadense
o

FIGURE 2 - Alignment of amino acid sequences of RGAsfrom Carica
papaya (bankit558486), Vitis vinifera (AAM21291),
Oryza sativa (BAC45162), Hordeum vulgare
(AAQ16121), Glycine max (AAL50031), Solanum
bulbocastanum (AAP45165), Arabidopsis thaliana
(Q9LRR4), Coffea arabica (CAC82607), Gossypium
barbadense (AAP93894) and Malus baccata
(AAM77271) using CLUSTALW. Residuesin red bold
areinternal conserved motifsasdetermined by Meyers
et al (1998). The underlined residue at the end of the
kinase—2 moatif can be used to predict the presence of
the Toll/Interleukin-1 receptor-like domain (TIR). The
blue arrow indicates primers region.
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conserved motif considered to beinvolved in the nucleotide binding
(Holt 111 et al., 2003). Betweenthe NBS and the LRR regionsthereis
ahydrophobic domain (RNBS), whosethree motifs (RNBS-A, B and
C) are conserved in the mgjority of the R genes of the NBS-LRR
class(Chelkowski & Koczyk, 2003). The presence of two conserved
phenylaanine residues, separated by four amino acids, comprises
the kinase 2 motif, which is a characteristic feature of NBS-LRR
proteins (Mago et a., 2002). In the C. papaya sequence the mgjority
of conserved feature wereidentified. At the N-terminus of the NBS
domain, the conserved region denominated RNBS-A motif, may play
asigna transduction function, and the consensus G-X-X-G-X-G-K -
T-T appears asthe P-loop or kinase 1 motif with an essential function
for the orientation of the phosphate group (Moffett et al., 2002).
Other important features are the hydrophobic residues usually
present in RNBS-B and C, which are also shown in the C. papaya
sequence. In addition, the consensus amino acid domain GLPL is
present and it is functionally associated with structural stability of
domains adjacent to the NBS complex in protein-proteininteractions
(Shirasu & Schulze-Lefert, 2003).

Intracellular R proteins can be divided into subfamilies with
members that have either a coiled-coiled (CC) structure or a motif
TIR. The TIR sequences contain domains in their amino terminus
very similar to the Drosophila Toll or human interleukin receptor-
like(TIR) region (Meyerset al., 2002). The TIR domain seemsto be
found only in dicotyledonous plans, whereas CC are found in
monocotsand dicots (Pan et al., 2000). For the TIR classification the
characteristic amino acid is the Aspartic acid (D) at the end of the
kinase-2 domain (position 91 - underlined in Figure 2). When there
isareplacement for tryptophan (W), the sequence can be classified
asnon-TIR group. Consequently, asthe C. papaya candidate shows
the W residue at position 91, it should be classified as a non-TIR
resistance gene analog.

A phylogenic tree (Figure 3) of RGAs from C. papaya and
nine other plant species, based on alignment of amino acid sequences
using CLUSTALW, shows an evolutionary proximity of the papaya
sequence with RGAs from Solanum bulbocastanum (AAP45165),
Vitisvinifera (AAM21291), and Glycine max (AAL50031).

|: Oryza
Hordeum

Clycine

Carica

Solanum

Vitis

A.

1.
Malus
— Coffea

FIGURE 3 - Phylogenic tree based on alignment of amino acid
sequences of RGAs from Carica papaya
(bankit558486), \itis vinifera (AAM21291), Oryza
sativa (BAC45162), Hordeum vulgare (AAQ16121),
Glycine max (AAL50031), Solanum bulbocastanum
(AAP45165), Arabidopsisthaliana (QILRR4), Coffea
arabica (CACB82607), Gossypium barbadense
(AAP93894) and Malus baccata (AAM77271) using
CLUSTALW.
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FIGURE 4- (A) Secondary structure prediction from PSIPRED server

(http://bioinf. cs.ucl.ac.uk/psiout/
106200617814952.pdf) for the C. papaya NBS type
protein. (B) Partial three-dimensional structure
prediction for the common core GLPL domain. The
model was built using the CBS/CNRS Meta server
(http://bioserv.cbs.cnrs.fr/ HTML_BIO/tito.html). The
target has 42% identity with the template (1K09). The
B-strand is colored in yellow as the coil is drawn in
white. Small dotsindicate the CPK region for theamino
acids side chains. Green dotted lines represent the
hydrogen bonding inside the B-strand.

The secondary structure prediction for the putative
resistance gene from C. papaya PSI-BLAST algorithm to detect
distant homologues reveals four potential &strand and 11 &helices
whichissimilar to a predicted plant disease resistance gene product
(Rigden et a., 2000). The secondary prediction is shown in Figure
4A.
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Pai rwise comparisons of the NBS candidate with the Protein
DataBank showed the highest similarity between the GL PL sequence
domain and (1K 09) 8-oxoguanine DNA glycosylase (42% identity).
The proposed model for the common core domain is shown in the
Figure 4B. The common core GLPL structure is organized by a &
strand followed by a coil. The hydrogen bond network is organized
and the portion of the structure seems to be stable. Preliminary
structural evaluation indicates that the sidechains of the conserved
leucine residues might have a similar tridimensional structure to
leucine-zipper domains and the binding helicesmight havethe same
motif. To determine the precise three dimensional structureit would
be necessary to investigate other templates in the NBS region in
order to stabilish further structural features.

CONCLUSIONS

At the extent of our knowledge, no partial or complete
sequence of an NBS-LRR type protein has so far been described for
any member of the Carica genus. The sequence described here is
restricted to the NBS domain, and isthefirst one ever described for
C. papaya. At our lab new degenerated primers were designed from
conserved motifs present in the NBS, as well as in the N-terminal
and LRR domains of resistance genes described in theliterature and
at the NCBI database. Seven new primers combinations were tested
and all of them were successful in amplifying DNA from C. papaya
and V. cauliflora (data not shown). Cloning and sequencing of these
PCR products are in progress, and new RGAs are expected to be
identified from thiswork. Effortsto search for other RGAsin papaya
should continue, mostly to provide basis for the development of
transgenic papaya with resistance to diseases.
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